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Abstract

Heavy metal pollution and waste management are two major environmental problems
faced in the world todayAnthropogenic sources of heavy metals, especially effluent from
industries, are serious environmental and health concerns by polluting sadgceund
waters. Similarly, on a global scale, thousands of tonnes of industrial and agricultural
waste are discarded into the environment annually. Thezeseveral conventional
methods to treat industrial effluents, including reverse osmosis, oxidéttoatjon,
flotation, chemical precipitation, ion exchange resins and adsorption. Among them,
adsorption and ion exchange&nown to be effective mechanisms for removing heavy
metal pollutionespeciallyif low-cost materials can be used.

This thesis s a study into materials that can be used to remove heavy metals from water
using lowcost feedstock materials. The synthesis of-tmst composite matrices from
agricultural and industrial bgroducts and lowzcost organic and mineral sources was
carriedout. The feedstock materials being considered include chitosan (generated from
industrial seafood waste), coir fibre (an agriculturaplpgduct),spent coffee grounds (a
by-productfrom coffee machings hydroxyapatite (from bovine bone), and naturally
saurced aluminosilicate minerals such as zeolite.

The novel composite adsorbents were prepared using commercially sourced HAp and
bovine sourced HAp, with two types of adsorbents being synthesized, includignisivo
threecomponent composites. Standard thgtic methods such as precipitation were
developed to synthesize these materials, followed by characterization of their structural,
physical, and chemical properties (by using FTIR, TGA, SEDIX and XRD).

The synthesized materials were then evaluateth®&r ability to remove metal ions from
solutions of heavy metals using singtetal ion type and twmetal ion typesolution
systems, using the model ion soluspwith quantification of their removal efficiency. It

was followed by experimentation ugithe synthesized adsorbents for metal ion removal

in complex systems such asindustrial input stream solution systevbtained from a

local timber treatment company

Two-component composites were considered as control composites to compare the
removalefficiency of the threeomponent composites against. The heavy metal removal
experiments were conducted under a range of experimental conditions (e.g., pH, sorbent

dose, initial metal ion concentration, time of contact). Of the four metal ion systems



corsidered in this study (Gd PlI¥*, Ci?* and Cr as chromate ions),®bn removal by

the composites was found to be the highest in simgtal and twemetal ion type
solutionsystems, while chromate ion removal was found to be the loWesthovine
bonebased hydroxyapatit®lAp) composites were more efficient at removing the metal
cations thartomposites formed from a commercially sourced hydroxyapatit@).

In industrial input stream solution systeif@®ntaining Cu, Cr and Asthe C@"* ion
removal was the highest, which aligned with the observations recorded in the single and
two-metal ion typesolutionsystemsArsenate ion was removed to a higher extent than
chromatdon using the threeomponent emposites, while the removal of chromaie
wasfound to behigher than arsenaten when usinghe twecomponent compositesd.,
thecontrolsysten).

The project also aimed to elucidate the removal mechanisms of these synthesized
composite materialsybusing appropriate adsorption and kinetic models. The adsorption
of metal ions exhibited a range of adsorption behaviours as both the models (Langmuir
and Freundlich) were found to fit most of the data recorded in different adsorption
systems studied. Theseudesecondorder model was found to be the best fitted to
describe the kinetics of heavy metal ion adsorption in all the composite adsorbent systems
studied, in singlanetal ion type and twmetal ion typesolution systems. The ion
exchange mechanismaw considered as one of the dominant mechanisms for the removal
of cations (in singlanetal and twemetal ion typesolutionsystems) and arsenabas(in
industrial input stream solution systems) along with other adsorption mechanisms. In
contrast, elecobstatic attractions were considertm be the dominant mechanism of

removal for chromate ions.



Acknowledgements

Alhamdulillah! I am thankful to almighty ALLAH for blessing me with good physical
and mental health to pursue PhD studies, and | owe HIjinweg.

| amincredildy grateful to the Higher Education Commission of Pakistan-{fak) for
grantingme a prestigious scholarship to support my doctoral degree.

| want to express my heartfelt gratitude to my chief supervisor, Associate Professor
Michael Mucalo, who accepted my application for being the chief supervisor and
supported me throughout my PhD reseakéh. ¢ h asubjedd lmowledge and expertise

in research methods helped me innovate and improve my researchgotiknely and
developmentaldedback helped me improve individual chapters and the overall thesis
during the thesis writing phadde isan adorableperson with a smiling face and a kind

aura. Dear Michael, | am immensely thankful for your guidance, valuiedbackand
continuousbelief in me throughout my PhD studies. | am also equally thankful to my co
supervisor, Associate Professor Adam Hartland, for his guidance and valuable feedback.
| am also thankful to all the laboratory staff and technical persons (Haleer, Jenny
Stockdill and Annie Barker) for providing technical assistanadaracterising materials
(using FTIR, SEM and XRDWywhenever required.pay special thanks to Annie Barker,

as she not only helped me to rilme AAS analysis, but her smilinga€e and positive
energy always boosted me up whenever | faced difficulties in the experimental research
processeslhanks tdDr Amanda French and Danielle Blackwell for their help in the- ICP

MS analysisPaulBrown from School of Computing and MathematiSaiencedor his

help in data analysis arek Megan Grainger for her expert advice on {MB analysis
methods | am grateful also to a local wood treatment company in Rotorua, NZ for the
supply of the industrial input stream solution containing coppeonainm and arsenic

based based ions with which the composite matrices in this study were tested.

After ALLAH, | owe my parentsNleri pyari Ammi or Abbeverything in this world and

could not find enough words to pay my gratitude to them. They showered their
unconditional love and always trustetdipported, anguided me through thick and thin.

My father wanéd me to become a doctor, and his wish wassthengest motivation to

do my PhD studies. Mybiggéstsetbaek rl faced duengthis e wa's

journey (in July 2020), but | continued to finish my studies on time. | am sure he will be



extremely happy and proud in the heavens (Insha Allahipwhet my doctorate, Insha
Allah.

| could not thankny husband, Muhammad Salman Rashkitbughfor his love, support,

and guidance. During this taxing journey, he was my prime support and comfort. He
shaded me | i ke a nki ndundelarutldess siumhhe shelteredr
me when | faced stormy events and guided me like a firefly whenever | lost my path.
Thank you, Salman! | could not have done this without you. Yournessland
unconditional love were my powerhouses to regayrenergy.You kept me positive and
confident whenever | doubted myself. | love you and pray for your success. May Allah
(SWT) bless you with the best of health and wealth.

| am thankful to my brothers (Shahzad and Masood (late)), my sisters (Hina, Fakhra and
Guriya(late)) for decorating my childhood with their affections and being part of my life.

| express my love and appreciation to my niedé¢grgm Fatima and Bakhtawar) and
nephews (Ali, Fahad, Zaid, Junaid and Masood) for making me smile with their beautiful
innocent moves.

In the end, | pay my heartfelt gratitude to my teachers, especially Dr Muhammad Shahid,
Dr Faiq Siddique and Sir Siraj Asim (late), who always encouraged me to achieve this
milestone of my life. | also express my love andigrdeto all my friends (especially Dr
Amna khan, Sobia Tufail, Dr Shazré and Hudda Riaz) and family members (Amma Ji,
Tarig Bhaj SidraAapa, Sadia Aapa and Ejaz Bhaiho were always there to have my
back.

Thank you to everyone who played a direct and indireetirohchieving this important

milestone in my life.

f

[



Dedicated to
the memories of My father Zia ul Haq (late) and brother Masood Zia (late), to whom |

could not say the last goodbye

To my belovetusband Salman Rashid for his unconditional love and support during

this whole journey.

Vi



Tabl e of Content s

ADSTIACT. ...t et e e e e e e e i
Table Of CONTENIS .. ..o rrnne e e e Vil
S o ) T TSP Xiii
LISt O TADIES. ... et eereees XVii
(4 F=T o1 (=T g 1 1o To {1 o3 1o o LR 1
1.1 Water and water pollution as an environmental iSSUE...............c.evvieemninnnee 1
1.2 Sources of heavy metal pollution............cccooiiieiiicccciiicecc e 2
1.3 Major heavy metals included in this research and their sources................ 3.
1.3.1 AISENIC (AS) . iiiieie it e ettt enena bbbt e e e e e e e eeans 3
1.3.2 Cadmium (Cd).....ccoeeiiiiiieeeeeeeeee e 4.
1.3.3 LA (P 5
1.3.4 ChromiUM (Cr)uuuueceie e eeeeie e eene e e e e e e e e e eeereeeaanaanes 6.
1.3.5 COPPEE (CU) it ee et erena bbbt e e e e e e e e e e 7

1.4 Wastewater treatment and conventional heaeyal removal methods........... 7
1.4.1 Adsorption as a promising wastewater treatment method.................. 9.

1.4.2 Characteristics of model adsorbents for the removal of heavy metal ions from
the aquEeOUS SOIULIONS..........ccooiiiiiiieeeeeee e 11

1.4.3 Selection of candidate materials for synthesising the adsorbents for the heavy
metal ions removal from aqueous SolutiaN..........cccoeeieieericeeicciieeenn. 13

1.4.4 Composite matrices to remove heavy metal ions from aqueous solutidns

1.4.5 The lowcost candidate material to synthesise composites for heavy metal
IONS FEMOVAL ... 15

1.46 Supporting literature to justify the addition of a third component into the
CH/HAD COMPOSITES. .. eeeeeeeeeeeee e eaeeees 16

vii



1.5 Literature review of seléed candidate materials used in this study to synthesise

the composite adsorbents...........ccceuiiiiiimmer e 17
1.5.1 HydroXYapatite........ceeviiiiiiiiiieiiii i 17
1.5.2 CRILOSAN....ceiiiiiiiiiiiiei e eceee et 27
1.5.3 COIr FIDre (CR) ettt eeee e 32
1.5.4 Spent Coffee Grounds (SCGS).......uuuuuuruiiiiiiiiieemreiriiiiisse e e e e e eeeeeeenas 38
1.5.5 ZEOIES...coeiiiiiiieeeee e e 41

1.6 Proposed mechanisms of selected materials for the removal of metal.iomg}

1.6.1 Electrostatic interactions for the metal ion removal from aqueous solutions
.......................................................................................................... 44

1.6.2 The Meté-ligand complexation (metal chelation) mechanism for metal ions
removal from the aqueous solutions..............ccccccccccmeeveeeeeevivinnnnnnn. . 45

1.6.3 The ionexchange médwnism for metal ions removal from the aqueous

0] 11 1[0 o PO PPPP S PPPPPPRIPRY”

1.7 AdSOrption MOAeIlING......covviiiiiiiiie e 49
1.7.1 Langmuir ISOtNEIML......uuiiiiiiiiiiiiiie e 51
1.7.2 Freundlich iISOtNEIML..........oiiiiii e 53
1.7.3 SIPS ISOINEIML...ceiiiiiiiiiiee e 54
1.8 AdSOrption KINELICS.......coiiiiiieiiiii e e e e e e e e 55
1.8.1 PseudeFirst Order KiNELICS.........cccuuviiiieeiiiiieeeiieeee e eeeae 56
1.8.2 PseudeSecond Order KiNELICS..........uuuuiiiiiiiiiiiieeeiiiiiiieieeeeee e e 56
1.8.3 WeberMorris IntraParticle Diffusion Model...........cccoovvviiiiiiiaannnnnnn. 57
1.9 Significance of the selected feedstock materials and this research......... 62

1.10Aim of this study and the overview of synthesised composite materials..63
1.11Experimental Set up for the removal of metal iaagg the adsorbent systeéts

1.11.1Singlemetal ion type solution SYStemS.......ccccoeeeeeeeviiivieeeie e, 67

1.11.2Two-metal ion type solution SYStEmMS...........eeeeeiviieeieeeeciiiieieneeeeeee . OF

viii



1.11.3Industrial input stream sample SYStemM.............uuueiiiiiccmeeriiiiinnnenn 63

L L 2SUMIMABIY ettt e e e e e et et eme e s st e e e e e e e e e e e e eensree b nnneeeeeeeees 68

Chapter 2 Raw Materials making up the Composite Matrices: Their Sources, Processing

and CharacCteriSatiQ................uuuureriiieeeiiiiiieeiirieeeeeeeeeeesesemeeeeeeeeeeeeeeeeeensnn O
2.1 INEFOTUCTION.....eeiiiitiiiee et ettt e e e e e e e e s e e e s nmmme e 70
2.2 Experimental details of the raw materials used in this study.................... 71
2.2.1 ChItOSAN......cciiiiiiiiiiiiiieiccceee e eee e ee e e e e e eeemeene o L
2.2.2 HydroXyapatite SOUICES..........uuuuuuuiiiiiiicereerrniiine s e e e e e e e e e e e emeninaa e e e as 71
2.2.3 COIN FIDIE (CF) ittt e e 12
2.2.4 Spent coffee grounds (SCGS)......cceeeviviiviiiiiiieeme e eeen ] 2
2.2.5 ZeOlite PellEtS......uuiiiiiiiiiiiii e 12
2.3 Instrumental Methods used in this Study..........cccooeeiiiiiiiceeiiiiiic e, 13
2.3.1 Fourier Transform Infrared Spectroscopy (FTIR)..........c..oeeeeeeeiiieeee 73
2.3.2 Powder Xray Diffraction (pPXRD)........ccouiiiiiiiiiiiieeen e 73
2.3.3 Scanning Electron Microscopy and Enejgpersive Xray spectroscopy
(SEM & EDX) ...ooeoeeeeeeeeeeeeeeeeee e 74
2.3.4 Thermogravimetric Analysis (TGA).......cccoovivirieeieiiieemee e D
2.3.5 Specific Surface aresstimation using the Mastersizer........................ 77
2.4 Results and Discussion: Raw materials Characterization......................... 77
2.4.1 Characterization of Chitosan................oooiiiiiin e 78
2.4.2 Characterization of the hydroxyapatites used in this study................J 83
2.4.3 Characterization of coir fibres used in the studies...........ccccccoevveeeneee. 93

2.4.4 Characterization of the spt coffee grounds (SCGs) used in this stud97
2.4.5 Characterization of the zeolite material (mordenite) used in this stutly?2

2.5 SUMIMBIY ettt eeeee ettt ettt nnne e e et et et e e e eae bbb smmme e nnnee 108

Chapter 3 Synthesis and Characterisation of Composite Systems to be trialled for Heavy
Metal REMOVAL...........ooi e e 110



I M [ (0 Yo [ U 170 ] o TSR 110

3.2 Experimental Methods............cooviiiiiiiiiie e 110
3.2.1 Chemical REAJENTS........cccciiiiiiiiii e ieee e 110
3.2.2 Processing methods of raw materials...............coovvvviieeeeeeeeiieeeeeiin, 111
3.2.2.1ChitOSAN PrOCESSING....cceeiiiiiiieiiiiitiieeea s e e e eenneseeneeneeees 111

3.3 SyNthesis Of COMPOSILES.......uuuuiiiiiiiii e 112

3.3.1 Synthesis of the Chitosan/Hydroxyapatite composites (CH/cHAp and

(@ /o] VAN o ) TP 113

3.3.2 Synthesis of Coir Fibre composites with chitosan and HAp (CH/cHAp/CF
aNd CH/DHAP/CE) ... et e e e e 114

3.3.3 Synthesis of Spent Coffee ground composites with chitosan and HAp
(CH/cHApP/SCGs and CH/bHAP/SCGS).....ccovvvvvviiiiiiiiiimmmeeeeeinninnnnn 115

3.3.4 Synthesis of zeolite (mordenite) composites with chitosan and HAp
(CH/cHAp/Zeolite and CH/bHApP/Zeolite)............oovvvvvvieiiiieeeeiiinns 116
3.4 ReSUItS and iSCUSSION........uuuuuiiiaeeee e e ceeeeeee e e e e e e e e e e e e enrer e e e e e e e e e eeeeeees 116

3.4.1 Charactedation of the control twweomponent -chitosan/cHAp and

chitosan/bHADP COMPOSILES.........oovvvviiiiiiiiimr e e 121
3.4.2 Characterization of the Chitosan/cHAp/@rd Chitosan/bHAp/CE......130
3.4.3 Characterization of the Chitosan/cHAp/SCGs and Chitosan/bHAp/SCGs
COMPOSIES. ...t e bbb e e 137
3.4.4 Characterization of the Chitosan/cHAp/Zeolite and Chitosan/bHAp/Zeolite
COMPOSITES. ..o e e bbb e e 143
G T8 SIS0 10 11 4= /S 150

Chapter 4 Methods drProcedures for Studying the Removal of Heavy Metals via Novel

Synthesised Composite MatriCeS..........uuiiiieiiiiiiiie e 152

v R g 10T [FTox 1o o I PPPRRRRN 152
4.2 EXPEIMENTAL ....uutiiiiiiiiiiiiiii e eeaes 153
4.2.1 BatCh eXpPerimentS.......ccccoiiiiiiiiiiiiieeee e 153
4.22 Types of metal ion removal experimentsS...........ccoeeeeeveevieennii e, 154



4.2.3 Atomic Absorption SPeCtrOMELIY.......ccoeeeeeeeiiiiieeiieeee e e e ee e e e e 155

4.2.4 Inductively Coupled Plasma MaSpectrometry (ICRMS).................... 158
4.2.5 Parameters for studying the removal of metal ions from single metal ion
systems by the composites generated in this study............cccccceuneee 159
4.2.6 Parameters studied for the twmetal ion type system..............c........ 163
A.2.7 Data ANAIYSIS.......cooiiiieiiiiiiii et a e 163
4.2.8 Statistical ANAlYSIS.........ccooiiiiiieiiieeee e 164
4.2.9 NonLinear Regression Methad................uuuvviiiiieeciiiiiiiiieieecceceeee e 164

Chapter 5 Results and Discussion: Metal Removal Experiments using Composite
1Y L 0= USRS 165

5.1 Singlemetal ion type solution system for the synthesised composites (commercial
& DOVINE-AENVEA).....coiiiiiiiiiieie e 166

5.1.1 Experiments involving the removal of metal ions by the CH/HAp composites
(commercial & bovinalerived) from the singimetal ion type systenil66

5.1.2 Experiments involving the removal of metal ions by the CH/HAp/CF
composites (commercial & Bovirgerived) from the singlenetal ion type
£ ] 1011 1P 189

The chitosan/HAP/COir fIDre........ccoooeiiiiiieeee e 189

5.1.3 Experiments involving the removal of metal ions by the CH/HAp/SCGs
composites (commercial & Bovirgerived) from the singleetal ion type

5.1.4 Experiments involving the removal of metal ions by the CH/HAp/zeolite
composites (commercial & bovirgerived) from the singtenetal ion type
SOIULION SYSTEIML.....uiiiiiiiii e e e s 229

The ChitoSaN/HAP/ZEONITE.........uuiiiiiiiiiiiiii e 229

5.2 Experiments involving the removal of metal ions by the composite adsorbents

from solutions containing two metal ion types (competitive adsorptio@h2

5.2.1 Comparison of the removal efficiencies of the synthesised composites for the
removal of PB* and Cd* ions in twemetal ion type systems (competitive
o T0 K0 0110 TS} Y1 (=] 1 1) TSRS 254

Xi



5.2.2 Preferential adsorption of Pbin competitive adsorption systems from
solutions containing both dand PB* by using the composite adsorbents
Of thiS STUAY.....eeeeeieice e e 256

5.2.3 Kinetic modelling of competitive Pband Cd* ion adsorption on the
composite adsorbents and comparison of kinetic model parameters
calculated for adsorption from solutions containing either one or two metal
0] 4181 1= PSSR 259

5.3 An industrial input stream sample containing three heavy metals for testing the

adsorption performance of the composite adsorbents.................cc..... 261

5.3.1 Pretreatment and dilution of water for analysis and metal removal treatment

5.3.2 Results and discussion for experiments involving metal ion removal from the
industrial type of input stream sample by the composites synthesised and

discussed in the present StudY............ooovvviiiviicceiieeeeee e 264
5.4 SUMIMIIY ..ttt ee ettt e e e e e e e enena s 276
Chapter 6 Conclusionkjmitations and Future Research..............cccccceeiiimmeennnns 279

6.1 Characterisation of the candidate materials used to synthesise the composite
=10 K50 ] 0= | £ S 280

6.2 Synthesis and characterisation of the-lmvst composite materials............ 281

6.3 Application of synthesised composite systems for the removal of metal ion
(50 1110 1 1SS 282

6.3.1 Adsorption modelling for the adsorption of the metal ions from simgial
ion systems using the synthesised compasite.................ccoveeeeeennn. 285

6.3.2 Kinetic modelling for the adsorption of the metal ions in sifrgkgal ion type
and twemetal ion types of systems using the synthesised compasi287

6.4 Limitations of current research project and suggestions for future resea28i

0.5 RO OIS . ettt eaa e e e e e e e e e e ——————_ 289

Xii



Li st of Figures

Figure 1-1: Synthesis and types of meligiand complexe¥* displayed with
permission under a Creative Commons Attribution 4.0 International
o] 1S PP RRR 46

Figure2-1: A typical thermogram with a single weiglokss event................ccc......... 76

Figure 2-2: SEM micrographs of commercial chitosan 5.0 kV (a & b), 15 kV (c)

used in the Present STUAY...........iiiiiiii e e 78
Figure 2-3: SEM micrograph and EDX analysis of theraseived TCI chitosan

used in the present StUAY...........ceiiiiii e e e 79
Figure2-4: The basic structural unit of chitosan biopolyff&r................ccccuveue... 80
Figure2-5: FTIR spectrum of TCI chitosan usediiis study...............cceeeevvvvrvieenn. 80

Figure2-6: X-ray diffractogram of powdered TCI chitosan used in this studly.....81

Figure2-7: Thermogram of chitosan used in this study (Derivative % weight loss

Figure2-9: SEM micrographs of the commercial HAp (cHAp) used in this study83
Figure2-10: EDX spectrum of commercial hydroxyapatite (CHAR)............ccccu..... 84
Figure2-11: SEM micrographs of bHAp (a) x30 (b) x500 X6)00k (d) x15.0k......85
Figure2-12: EDX spectrum and analysis of bovisaurced HAp (bHAp)................ 86
Figure2-13: FTIR spectra of cHAp and bHAPD........oooriiiiiiiiee 88

Figure 2-14: The reference diffraction pattern of stoichiometric hydroxyapatite
((ICDD no. 090432), and the diffractograms of bHAp and cHAp....... 89

Figure2-15: Thermogram of cHAp and corresponding DTG curve.................... 92
Figure2-16: Thermograms of bHAp and corresponding DTG curves................. 92
Figure2-17: SEM micrograph of coir fibre with accompanying EDX analysis......93
Figure2-18: FTIR spectrum of COIr fibre..........cooiiiiiiiiiiece e 94
Figure2-19: X-ray diffractogram of coir fibre...........ccoooeei i a5

Figure 2-20: Thermograms of coir fibre (A) DTG curve (B) Thermogram of coir



Figure2-21: SEM micrographs of spent coffee grounds............cccceeeeivieecnennnnnnns 97

Figure2-22: EDX micrographs of spent coffee grounds...........cccccceeeveiieamnneennnn. 98
Figure2-23: FTIR spectrum of spent coffee grounds (SCGS)........cccvvvvvvvvvrieeeen. 99
Figure 2-24: Powder Xray diffractogram of spent coffee grounds used in the

CUITENT STUAY. ..ttt e e e e e e eeeecc s s s e e e e e e e e e e e e e e e aeneeeeeeeeaeeeeeeeneeennnnes 100
Figure 2-25: Thermograms of spent coffee grounds (SCGs) (A) DTG Curve (B)

B L= 4T o = Lo ¢ 1P 101
Figure2-26: SEM micrograph of zeolite (mordenite)............ccccvvvviiimemniiinnnnnne. 102
Figure2-27: EDX spectra and analyses of zedlit®rdenite)...................cccevvvvenn. 103
Figure2-28: FTIR spectrum of zeolite (mordenite)..............ooooiiiiemmn i 104

Figure2-29: X-ray Diffractogram of zeolite (mordenite) used in this study........ 105
Figure2-30: The reference diffraction pattern of mordenite (ICDD0QO-1257)... 106

Figure2-31: Thermograms of mordenite used in this study (A) DTG Curve (B)

TREIMOGIaM...ccoiiiiiiii e 107
Figure3-1: Schematic diagram shing the composite matrices synthesised in this

SEUDY ettt 113
Figure3-2: The synthesis of the CH/HApP COMPOSItES............evvvvviiiiicmreeeeiiinnns 117
Figure3-3: The synthesis of the CH/HAP/CF COMPOSILES..........cccuvvvvviiiieennnnnnne 118
Figure3-4: The synthesis of the CH/HApP/SCGS COMPOSILES.........uvvveieeieeeeeenns 119
Figure3-5: The synthesis of the CH/HAp//Zeolite composites............cccoeevviieee 120

Figure3-6: SEM micrographs of C/idHAp composites at different magnificatian$21

Figure3-7: EDX analysis of the CH/CHAP COMPOSILE........ccoevviiiiiiiiiiiiaciieeeeee, 122
Figure3-8: SEM micrographs of CH/bHAp (A) x40.0k magnification (B) x5.00k
MAGNITICATION. ....eiiiiiiiiee e e e 123
Figure3-9: EDX analysis of the CH/bHApP COMPOSIte.........ccovvviieiiiiiieemeeiiie, 123
Figure3-10: FTIR spectra of the CH/HAP COMPOSIES........cccevviiiiiiiiiicacieeeeeenn. 125

Figure 3-11: Diffractograms of CH/HAp compositesdathe candidate materials
used to synthesise the COMPOSILE..........ccccvviviiiimmmniiiiie e 126

Figure3-12: The characteristic diffraction peaksabiitosan and HAp recorded in
the CH/HAp composites and presented as a detailed.view.............. 127

Xiv



Figure3-13: Thermograms of the CH/cHAm@& CH/bHAp composites................. 130
Figure3-14: SEM micrograph and EDX analysis of CH/cHAp/CF composites..131
Figure3-15: SEM micrograph and EDX analysis of the CH/bHAp/CF compaosite32

Figure 3-16: FTIR spectra of coir fibre (dust), CH/cHAp/CF and CH/bHAp/CF
COMPOSITES. 1.t eeeeetettiiie e e s e e e e eeeett s e e e e e e e e e e e e e e s aneeaaseaeeeaeaaeeeeeesssennnnns 133

Figure3-17: The Xray diffractograms of CH/cHAp/CF and CH/bHAp/CF and the
raw candidate materials of the composites.............ccccvvvvvieeeeeeeeeennn. 135

Figure3-18: Thermograms of the CH/cHAp/CF and CH/bHAp/CF composites137

Figure3-19: SEM micrograph an@DX analysis of the CH/cHAp/SCGs composite

Figure3-21: FTIR spectra of the CH/cHAp/SCGs and CH/bHAp/SCGs composites
as well as those of the raw chitosan and SCGs materials............... 140

Figure 3-22: X-ray diffractograms of the CH/cHAp/SCGs and CH/bHAp/SCGs
COMPOSITES. ...ttt e ee bbbttt e et et e e s eeer e e e e e e e e e e e aaaeeeaeeeanaans 141

Figure3-23: Thermograms of CH/cHAp/SCGs and CH/bHAp/SCGs................. 143

Figure 3-24: SEM micrograph and EDX analysis of the CH/cHAp/Zeolite
(00 141 010 1S | (= 144

Figure 3-25: SEM micrograph and EDX analysis of the CH/bHAp/Zeolite
(00 141 010 1S | (= 145

Figure 3-26: FTIR spectra fo the CH/cHAp/zeolite and CH/bHAp/zeolite
COMPOSITES. c.eeieeieeeititiie et e e e e e eeeet e e e e e e e e e e e e e e e s aeeeeeeeeeaaeeaeeeeeesssssaaaans 146

Figure 3-27: X-ray diffraction patterns of theCH/cHAp/Zeolite and
CH/bHAp/Zeolite composites as well as those of the raw materials148

Figure 3-28: Thermograms of the CH/cHAfeolite and CH/bHAp/Zeolite
(000 ] 101 010 157 (=TSSR 150

Figure5-1: Comparison of the removal efficiencies of the synthesised composites
for the competitive removal of Pband Cd* by adsorption (in solutions
containing two metal ion types) when using 0.01 g of adsorbent.....255

Figure5-2: Comparison of the removal efficiencies of the synthesised composites

for the removal of Pi3 and Cd* in competitive adsorption system (in
solutions containing two metal ion types) at 0.05 g of adsorbent.do?86

XV



Figure5-3: Comparison of the removal efficiencies of the synthesised composites
for the removal of C#i in industrial input stream sample when using
0.01 g of adsorbent dOSe........ccceeeveeeeeiiiiieeei e 265

Figure5-4: Comparison of the removafficiencies of the synthesised composites
for the removal of Cif ions from an industrial input stream sample
using 0.1 g of adsSorbent ... 266

Figure5-5: Comparison of the removal efficiencies of the synthesised composites
for the removal of chromate ions from an industrial input stream sample
using 0.01 g of adsorbent...............uuueiiiiiccee e, 268

Figure5-6: Comparison of the removal efficiencies of the synthesised composites
for the removal of chromate ions in industrial input stream sample using
0.1 g of adsSOrbent dOSE.........ccccuuuiiiiiiiiieeri e 269

Figure5-7: Comparison of the removal efficiencies of the synthesised composites
for the removal of arsenate ions from th@ustrial input stream sample
using 0.01 g of adsorbent dQSe..........ccoeeeeeiiiiiieeeii e 270

Figure5-8: Comparison of the removal efficiencies of the sgaibed composites

for the removal of arsenate ions in industrial input stream sample using
0.1 g Of @dSOrDENL......ccoiiiiiii e 271

XVi



Li st of Tabl es

Tablel-1: Hydroxyapatitebased adsorbents to remove heavy metals................ 23

Tablel-2: Chitosarbased adsbents to remove heavy metals from water reported
IN the literature StUIES..........ovvviveiiiiiieeeeeir e 31

Table1-3: Coconut Fibre (CF) based adsorbents to remove heavy metals reported
IN the literature StUIES..........ouvvuveiiiii i 37

Table1-4: Composition of Spent Coffee Grounds (sourced from Brewing industry
and commercial cafeterias)......ccccovviiiiiiiiiiiicc e 39

Tablel-5: SCGs based adsorbents to remove heavy metals................cceceeenens 41

Table 1-6: Zeolitebased adsorbents to remove heavy metals reported in the
[iterature STUAIES.......cooove i e 44

Tablel-7: Different linearised forms dfangmuir isotherm model......................... 92

Tablel-8 Literature studies showing the adsorption and kinetic models fitted to the

composite baseddsorption SYStEMS.........uuviiiiiiiee e 60
Table2-1: Characteristic IR absorption peaks of ChitG¥&i®.............ccovvevviveivree, 79
Table 2-2: Observed IR absorption peaks in the FTIR spectra of hydroxyapatite
(CHAp and bHARJOCA1242824 e 87
Table2-3: Characteristic IR absorption peaks of Coir FibrE............ccovvvirin 94

Table2-4: The characteristic IR absorption peaks of spent coffee grounds (SCG8)
Table2-5: The characteristics of IR peaks of zeolite (i.e., mordémitef45862 103

Table 3-1: Characteristic IR absorption peaks observed in the spectra of the

CH/cHAp and CH/bHAp composit&/d406.424423,429,467.468 ... 124
Table3-2: Characteristic IR absorption peaks of CH/cHAp/CF and CH/bHAp/CF
COMPOSIEEED A8 e 132
Table 3-3: Characteristic IR absorption peaks of CH/cHAp/SCGs and
CHIBHAP/SCGE 45443 oot nma e 140
Table 3-4: Characteristic IR absorption peaks of CH/cHAp/Zeolite and
CH/bHApP/Zeolite COMPOSILES.......cccvvviiieiiiiiii i 145
Table4-1: Metal ion salts used to prepare model solutions of metals............... 153
Table4-2: Instrumental settings to analyse metal ion solutions.....................cee 157
Table4-3: Initial metal ion concentrationsed in batch experiments................... 159

Xvii



Table 5-1: The effect of the adsorbent dose on the removal efficiency (%) and
adsorptioncapacity (mg @) of the CH/HAp composites for the
adsorption of the metal ions in the singhetal ion type solution
YY1 (=] 1 PP 168

Table5-2: The effect of the solution pH on the adsorption capacity (in M
the CH/HAp composites for the adsorption of metal ions from solutions
containing only one type of metal ion..............coooovviiiccce e 175

Table5-3: The effect of the initial metal ion concentration on removal (%) and the
adsorpibn capacity (in mg ¢) of different metal ions adsorbed on the
CH/HAp composites from a singlaetal ion type solution system......177

Table5-4: Adsorption isotherm parameters for metal ion(CBI¥* and C3* and
chromate ions) adsorption on the CH/HAp composites................... 182

Table5-5: The linearized equations calculated for chromate ion adsorption on the
CH/HAp composites using the linearized Langmuir and Freundlich
55011 1= 1 1 - PP UUPPU P PR PP 184

Table5-6: The effect of the contact time on the % removal of metal ions on the
CH/HAp composites system from a single metal ion type solution

Table 5-7: The parameters calculated for metal ion adsorption on the CH/HAp
composites based on each kinetic model fitted.................c..vvveeere.. 188

Table 5-8: The effect of the adsorbent dose on the removal efficiency (%) and
adsorption capacity (mg™y of the CH/HAp/CF compositefor the
adsorption of metal ions from singheetal ion type solutions.............. 191

Table5-9: The effect of the solution pH on the agg@n capacity (in mg¢) of
the CH/HAp/CF composites for the adsorption of metal ions from
solutions containing only one type of metal ion.............cccvvvvveiieeenne 196

Table5-10: The effect of the initial metal ion concentration on removal (%) and the
adsorption capacity (in mgky of different metal ions adsorbed on the
CH/HAp/CF composites from a singheetal ion type solution system199

Table5-11: Adsorption isotherm parameters for metal ions’{Cely* and C3*
and chromate ions) adsorption on the CH/HAp&Omposites............. 202

Table5-12: The linearized equations calculated for chromate ion adsorption on the
CH/HAp/CF composites usingnkarized Langmuir and Freundlich
550 1 =] 1 1RSSR 204

Table 5-13: Comparison of adsorption capacitiesagng g') of the CH/HAp
(contol) and CH/HAp/CF composites as estimated by the Langmuir
ISOtherm MOdel..... ... 206

Xvili



Table5-14: The effect of the contact time dme % removal of metal ions on the
CH/HAp/CF composites system from a singietal ion type solution

Table5-15: The mrameters calculated for metal ion adsorption on the CH/HAp/CF
composites based on each kinetic model fitted...................ovvieeee.. 211

Table 5-16: Theeffect of the adsorbent dose on the removal efficiency (%) and
adsorption capacity (mg* of the CH/HAp/SCGs composites for the
adsorption of the metal ions in the singhetal ion type solution
)T (] 1 T PP 213

Table5-17: The effect of the solution pH on the adsorption capacity (in"thgfy
the CH/HAp/SCGs composites for the adsorption of metal ions from
solutions containing onlgne type of metal ion...............cccvvvviiiieennns 216

Table5-18: The effect of the initial metal ion concentration on the adsorption of
different metalons on the CH/HAp/SCGs composites in a singlal
0N type SOIULION SYSTEIML.......uvvviiriiiiiie e e e eeeer e 219

Table5-19: Adsorption isotherm parameters fioetal ions (C&", Pi¥*and Céd*and
chromate) adsorption on the CH/HAp/SCGs composites................ 221

Table5-20: The linearized equationslcalated for chromate ion adsorption on the
CH/HAp/SCGs composites using linearised Langmuir and Freundlich
550] 1 =T 1 1SR 223

Table 5-21: Comparison of adsorption capacitiesagng g') of the CH/HAp
(control) and CH/HAp/SCGs composites as estimated by the Langmuir
ISOthErM MOAEL.......uiiiiiiiiiiiii e 225

Table5-22: The effect of the contact time on the adsorption (% removal) of metal
ions on the CH/HAp/SCGs composites system from a single metal ion
107 O LEST0 ] (U110 ] g IS YA (=] o 1P 226

Table 5-23: The parameters calculated for metal ion adsorption on the
CH/HAp/SCGs composites based on each kinetic model fitted......228

Table5-24: The effect of the adsorbent dose on the removal efficiency (%) and
adsorption capacity (mg*) of the CH/HAp/zeolite composites for the
adsorption of the metal ms in the singlenetal ion type solution
)T (] 1 T PP PPT 231

Table5-25: The effect of the solution pH on the adsorption capacity (ig fhof
the CH/HAp/zeolite composites for the adsorption of metal ions from
solutions containing only one type of metalion..............ccccoeevieeeen. 235

Table5-26: The effect of the initial metal ion concentration on removal (%) and the
adsorption capacity (in mg.y of different metal ions adsorbed on the
CH/HAp/zeolite composites from a singieetal ion type solution
)T 1(] 1 T PP PP 237

XiX



Table5-27: Adsorption isotherm parameters for metal iong{@®I¥* and Céd*and
chromate) adsorption on the CH/HAp/zeolite composites............... 239

Table5-28: The linearised equations calculated for chromate ion adsorption on the
CH/HAp/zeolite composites using linearised Langmuir and Fiexlmd
55011 1= 1 1 - PP UPP PP P PP PP 241

Table 5-29: Comparison of adsorption capacitiesaggng g*) of the CH/HAp
(control) and CH/HAp/zeolite conagites as estimated by Langmuir
ISOtherm MOdEL.........oooeii e 242

Table5-30: The effect of the contact time on the adsorption of niatal on the
CH/HAp/zeolite composites system from a single metal ion type
SOIULION SYSEEIML...uuiuiiiiiei e e ceeecc e reee e e e e e e e e e eeaeeaens 243

Table 5-31: The parameters calcwddt for metal ion adsorption on the
CH/HAp/zeolite composites based on each kinetic model fitted......245

Table5-32: The IPD kinetianodel equations calculated for the kinetics data of
CH/HADp/zeolite COMPOSILES..........ceevveeeeiiiiiiiemme e eaees 248

Table5-33: The IPD model parameters caltathfor metal ion adsorption on the
CH/HAp/zeolite composites calculated by using the linear equations
gIVEN IN Table B32.......ii e 248

Table 5-34: Summary of optimal experimental conditions recorded for metal ion
adsorption on the synthesised composite system in this study, in a single

Table 5-35: Comparison of the maximum adsorption capacityajqof the
synthesised composites in this study to remove metal ions as calculated
by using the Langmuir adsorption isotherm model.......................... 251

Table5-36: The calculated parameters from the fitted-lnosar PSO kinetic model
for competitive PB" and Cd* adsorption tjvo-metal ion type solution
system) and single metal ion adsorption on 0.01 g of the composite
=10 £ 0= 1 | £ S 259

Table5-37: The ckulated parameters from the fitted Alimear PSO kinetic model
for competitive PB" and Cd* adsorption (twemetal ion type system)
and single metal ion adsorption on 0.05 g of composite adsorbent260

Table5-38: The percentage increase in the concentration ©fi@s analysed by
ICP-MS in an industrial input stream sample during its exposure to 0.01
g and 0.1 g of the composiadsorbents of the present study............. 273

Table5-39: The percentage increase in the concentration of elemental P analysed

by ICP-MS in an industrial input stream sample during its exposure to
0.01 g and 0.1 g of the composite adsorbents of the present.study.274

XX



Table6-1: The coefficient of determination fRvalues recorded for the ndinear
Langmuir and Freundlich isotherms fitted to the adsorption data of the
metal ion adsorption on the composite Systems............coeeeeeevveeennn. 286

XXI



Chapter 1

| ntroducti on

The general theme of the research described in this thesis is the development of novel
composite matrices fdreating water through the removal by adsorption of metal ions and
specifically heavy metal ions such as lead or cadmium and others. The function of this
introductory chapter is to include the background of the research undertaken to explain the
researclproblem (i.e., heavy metal pollution in water). Secondly, it discusses conventional
methods targeted at solving that problem. (the removal of heavy metals) that have been

in use for several years and describes the use of adsorption materials bhsedast
composite matrices from waste materials for heavy metal removal. It identifies some
research gaps relating to possible composite matrix combinations valuable to achieving
water treatment by adsorptive removal of metal ibasther it describes some of the well
known adsorption and kinetic models which are extensively used to describe the
mechanism of heavy metal removal and estimate the maximum adsorption capacity of such
adsorption systems atffichally concludes by describing thenaiof the research embodied

in this thesis and the selection of materials studied in light of these aims.

1.1 Water and water pollution as an environmental issue

Human society development shows that access to good, clean water is one of life's
necessities. Asur global population grows, there is international concern regarding the
availability of clean water. The cleanliness of water supplies, as contamination of
waterways (primarily through anthropomorphic activities and natural obespmes a
matter of surival for society as the global population grows the last centuryyater use
increasedylobally at a rate of more than twice the population increase. Currently, it is
estimated that approximately 1.1 billion people have no access to clean water worldwide,
while about 2.7 billion people face water scarcity for at leasiooeh of the year. It has

been estimated that twhirds of the world's population may face water shortages by 2025,
and the impacts of this shortage could be even worse for ecosy§tordwide Fund,
WWF). As an example of the effect of rapidly rising populations, the urban population of
Asia and the Rafic region more than doubled between 1950 and 2000, creating a massive
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demand for new and improved wastewater treatment systems. As of 2009, 30% of this
region's urban population were reported to live in slums, with over half of the regional rural
residents lacking access to adequate sanitation, compared to 25% of urban residents
addition to the water demand from the agricultural sector, which is currently responsible
for 70% of water extraction worldwide, significant water demand increases aretg@aedic
shortly, particularly in industry and energy production

Many polluants can make their way into essential water bodies and deteriorate drinking
water quality. One of the most persistent water contaminants of coickaavy metafs

"Heavy metal” is a term that refers to elements of relatively higher atomic densities among
metals that have toxic effectsesvat low concentratiohsA group of elements (metals and
metalloids) having a density of more than 4 g3ie. with densities at least fivartes
greater than water, are generally referred to as "heavy nfetalsiastewater, the metals
commonly found include cadmium, arsenic, lead, chromium, nickel, mercury, zinc, silver,
and copper. A significant challenge of water purification processes is the presdreseof t
heavy metals in excessive quantities, making it difficult to clean water to an acceptable
level. Heavy metals originate from the earth's crust and are persistent contaminants in the
environment due to their neregradative properties. Bioaccumulatmrheavy metals in

any living body occurs in tiny quantities of soil, water, and food over a long Péribd

can lead to serious consequences if these heavy metals exceed the permissible limits

required to maintain the environment safe.

1.2 Sources of heavy metal pollution

Two primary sources of heavy metal contaminatiordaseribed, including 1) natural and

2) anthropogenic sources. In anthropogenic sources, mining is considered the primary
source of heavy metal emissions into the environfrténHeavy metal pollution can be
prevalent in areas with excessive mining operations, and this pollution decrels
distance from the mining sités Acid mine drainage (AMD) is a phenomenon that
generally happens in certain areas due to mining activities and geochemical processes. The
AMD can produce metal ions, acidity, or a concentration of sudgbas in the water body
concernetf. Theleaching of heavy metals from soil makes its way into streams through
acidified water sources, facilitating the dissolution of heavy metals into their ions. These

heavy metals can be converted into organometallic forms such asmathgimercury or



dimethyl-cadmium by bacterial action. Toxicity and Rblodegradability are the two
significant characteristics of heavy metals, making them persistent in wastéwEier

major sources of heavy metals in thevismnment include volcanic eruptions, erosion,
aerosolsand urban runoff. Dangerous heavy metal impacts from volcanic activity on the
environment, climate and human health have also been reported. Volcanic eruptions can
cause rapid deterioration of socald environmental condition§he activity can release
different air pollutants (e.g., hydrogen sulphide, carbon monoxide, carbon dioxide, sulphur
dioxide), organic compounds (e.g., volatile halogenated compounds), and heavy metals
(gold, lead,and mercwy). The quality of water is hence affected adversely due to this
sudden infusion of heavy metals. Volcanic rock erosion represents a critical source of
heavy metal pollution in soil and water. This natural contamination can be an unavoidable
source of heawmetals in the environment, with the metals making their way into natural
waterways®, where they accumulate and persist for very long periods and become
distributed.

The metals commonly foann the environment (soil and water mainly) include cadmium,
arsenic, lead, chromium, nickel, mercury, zinc, silver, and copper. It is crucial to treat
industrial effluents before they can enter any water body from which potable water is
extractedi(e.,lake, river or groundwater) or where aquatic life thrives. The contamination
can be the leading cause of severe waterborne diseases, and medical problems like
accelerated cancers of the kidney and liver can lead to organ Yiladglitionally,
recycled and treated wastewater could be considered a potential water source for industrial
and agricultural activitiedA significant challenge of water purification processeshen

these heavy metals in water are high, making them difficult to clean to the extent of
providing potable waterThis research focuses on removal strategies (in the form of
materials) of some of the major heavy metals which can cause severe envirbnmenta
damage from their excessive intrusion into the water bodies (such as rivers and lakes).

following section discusses the heavy metal ions targeted in this research project.

1.3 Major heavy metals included in this research and their sources

1.3.1 Arsenic (As)

Arsenic (As), a metalloid, and its inorganic compounds are highly poisonous and are

classified as a Group 1 carcinogenic by the International Agency for Research on Cancer.



They hence pose a serious health concern for hdf&@igonic exposure to As present in
drinking water may cawesarsenicosis. Worldwide, a total of about 130 million people in
different countries of the world, such as India (40 million), Bangladesh (>30 million
exposed people), the United States (2.5 million) and China (1.5 million), are exposed to
concentrations 50 pg L' ! of this elemenif. Arsenic is a developmental metoxicant that
affects brain functioning such as 1Q and memory in adults and cHifdfein New
Zealand, arsenic is also widespread in terrestrial and aquatic environments sourced by
geochemical activities. In the Taupo volcanic zone (TVZ) inNloeth Island of New
Zealand, some lakes and rivers contain As at levels exceeding the World Health
Organisation (WHOpermissible limit of 0.01mg L. Arsenic is abundant in all
geothermal areas and waterways of the TVZ, which extends from Mt Ruapehhiteo W
Island in the North Island of New Zeal&hdn the Waikato river, the longest river in New
Zealand, arsenic levels mostly exceed the WHO limit recommended for drinking water,
i.e. > 0.01mg L?! 2L In Pakistan, the Punjab and Sindtoyinces also have water
contaminated wi ltlhn 3% and &6%tohtlein respdrtive rgqatural water
resource€. Mineral dissolution, desorption occurring via redox chemistry and
geothermally influenced groundwater are the significant sources of arsenic contamination
in affected watewvays2. The timber industry is another primary source of As because it is
used as a timber preservative in ansaned coppechromiumarsenate (CCA) cocktafl

The wastewaters generated in this industry have high As concentrations that require
treatmentcosts before discharge into the environment. Otherwise, it can contaminate the
water bodies if the effluents are discharged without proper treatment. Coal ash disposal
sites and the mining industry are also sources of contamination in New Zealandpalbeit

a lesser extefft?>

1.3.2 Cadmium (Cd)

Cadmium (Cd) is another heavy metal of concern because of its toxicity which destroys
red blood cells in the bogigauses bone fractures, redaorders, high blood pressure and
kidney damag®. Major cadmium sources include mining and electroplating industries,
phosphate fertilizers, batteries, stialers, pigments and allogs In New Zealand, the main
point of concern regarding cadmium contamination emanates from fertilisers imported
from overseas, which are applied doil for augmenting pasture growth. The average
cadmium content in phosphate fertilizers is estimated to be 180 rkg'®ifrom 2001 to
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2005 in New Zealand. This has led to an accumulation of Cd in the soils of New Zealand,
which make it a matter of nabnal concerrwith respect to possible food contamination
that may breach food standards in New Zealand and ov&is&asgnificant amount of
bioavailable Cd has been reported ia Waikato region due to the typically acidic nature

of Waikato soils. For instance, topsoil the maximum net accumulation rate of Cd was
reported®to b e 1 871yBl whilg thek et average accumulation rate of Cd was
recorded t dyrblaNed.Zénalara gastéral soils, the mean concentration of
Cd was reported as 0.43 mgkavhich is more than twice the natural background levels

of 0.16 mg kg *°.

Regarding waterway contamination, soil leaching is a possible way for cadmium to enter
water bodies by washing out from the surface of the soil, posing a potentthlristalFor

the reduction of applied cadmium into the soil by superphosphate application,
agriculturalists voluntarily limit the amount of fertiliser application so that the net amount
of Cd is 280 mg Cé#g™ P. It is estimated that superphosphate apjidicaccounts for an
average of 8.3 tonnes of cadmium applied annually according to a report prepared by the
Waikato Regional Council (New Zealand) in 2005 on cadmium contamination of
agricultural soils of the regiods stated, this can eventually entee tvater supply; hence
there is an urgent need to determine ways of removing this potentially toxic element from
the water. This could be achieved by subjecting any potentially contaminated water to

suitable water treatment matrices.

1.3.3 Lead (Pb)

Lead (Pb)is a globally welknown toxic material that is extensively distributed and
mobilized in soil and water. Although a nessential element, its exposure and uptake in
the human body have increased, causing serious health concerns. Anthropogenic sources
primarily cause lead dispersion in the environment, including mining and smelting of ores,
lead-containing products, coal and oil combustion, and incineration of waste. In the past,
Pb-containing antiknock additives in petrol sold in New Zealand also corgdbta
environmental pollution from this element. Rain removes the lead present in the air in the
form of particles that settle down gravitationally on the upper layer of soils. Natural sources
such as windblown dust, volcanic activity and erosion cancaistsibute minor additions

of lead to the environment. Mining and smelting of lead ores arpritmary industrial
sources of lead in the environment globally. Air is polluted by lead when the flue gases of
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electrical utilities are emitted. For instancéigaite fuel having 4.2x10 pounds of lead/ton

of coal can emit about 420 pounds of lead when a million pounds of lignite coal isBurned
Aquatic pollution oflead is reported from lead production and processing and from iron
and steel industries which emit lead into thé?aiktmospheric deposons bring this Pb

to land, and urban runoff pollutes the water bodies. Lead poisoning can cause renal diseases,
reproductive toxicity and neurological disord8rs In growing children, Pb was found
responsible for preventing the absorption of iron, calcium, and zinc minerals into the blood,
which are necessary minerals for developing nerve and brain function. Bbeneri of
violent behaviour in criminals has been linked to childhood lead exposure by medical
researchefé3. Several studies linktt@ntion deficit hyperactivity disorder (ADHD),
aggression, delinquencgnd destructive and criminal behaviour with elevated bone or
blood lead levef$3537 Its removal from water bodies destined for human ingestion or that

involved in hosting or producing food for animal or human consumption is hence vital.

1.3.4 Chromium (Cr)

Chromium (Cr) is a transition element and a heavy metal usedsesdnin industry
Metallic chromium is used to make steel, while its ionic forms Cr (lll) and Cr (VI) are used

in wood preservation, dyes and pigments, chrome plating and leather tanning. Among these
forms, Cr (V) is regarded as the most toxic form lseaof its carcinogenicit§, In New
Zealand, leather is the seveitdingest industry in the country. Tanning is an essential part

of leatter processing. Yearly, about 2.5 million lambskins are tanned. Chemical processing
in the leather industry uses water as a primary solvent, which adds chromium to wastewater
outputs from the leather industry.

Most wastewater generated by tanneries is diggd into sewerage systems treated with
other domestic water inputs. Chromium is challenging to treat in wastewater streams due
to the many organic and inorganic pollutants that can interfere with the removal agents or
surfaces to reduce extraction effiocy. Furthermore, chromium is undesirable in sewerage
inputs because it is toxic to the microbes used to treat sewage. The other drawback of Cr
in sewerage water is its conversion into chromium oxide compounds at neutral pH, which
precipitate out and beowe part of the sewage sludge. Its presence in sludge makes it
undesirable for using this waste product as an applied agricultural fertiliser. Hence, there
is a need to treat industrial effluent for Cr remdvedoreallowing it to enter sewerage

system¥.



1.3.5 Copper (Cu)

Copper (Cu) is a heavy metal of group IB in the periodic table with an atomic number 29
and a density of 8.96 g c¢inlt is soft and malleable and has high electrical and thermal
conductivity’’. It takes part in several physiological processes in plants growth, ingludin
photosynthesis, oxidation, and cell wall metabolism. In plants, high Cu levels can lead to
Cu toxicity, causing DNA and enzyme malfunctions, resulting in growth inhiBtioim
humans, it is an essential micronetri necessary for the growth of connective tissues and
iron metabolism (Fe). Chronic Cu toxicity in humans can cause liver damage, while acute
intoxication can lead to gastrointestinal probl&mns

High concentrations of Cu in the environmeme harmful to organisms. It enters the
environment through natural and anthropogenic sources. Natural sources of Cu pollution
include volcanoes, forest fires, windblown dust, and vegetation decomposition.
Anthropogenic sources involve Cu mining, domestiastewater, fertilizer, and other
industries such as batteries, pigments, and paint, which use Cu and Cu products. About
939,000 metric tonnes of Cu have been released into the environrtietast decadés

Cu enters the aquatic system through mine fly ash disposal, industrial wastewater and solid
andmunicipal waste dispo$4l Copper pollution in the soil is a secondary source of Cu in
water bodies added via stormwater. The contaminated soil andoaateause Cu toxicity

in plants and ultimately in humans if it exceeds a permissible limit in water and edible
plants. It is crucial to control Cu pollution by treating wastewater before its disposal in
water bodies. The abovaentioned heavy metals weselected as candidate metal ions in
this research in which adsorption systems made fronctmst composites synthesised in

this study were designed for their removal from aqueous solutions.

For the removal of metal ions, sevecahventionaimethods haveden usedwhich are

described in the following section

1.4 Wastewater treatment and conventional heavy metal removal

methods

Due to growing populations and the scarcity of potable water, there is a growing
recognition that wastewater needs to be used aater wesource for different sectors.
However, an estimated B80% of all wastewaters produced in the Asia and Pacific region

are released untreated, polluting ground and surface water resources and coastal



ecosystems. A shift to using treated wastewatdiffarent sectors, such as agriculture, is

a growing trentP, so there is a need to find out sustainable ways by using appropriate
environmetal technologies for treating wastewater for its potential reuse in such sectors.

Many conventional and novel treatments are being applied to remove heavy metals,
including coagulation, chemical precipitation, adsorption, ion exchange, complexation,

electo-deposition, and membrane operations.

Coagulation and flocculatiomay be simple methods to use superficially. Still, the major
drawbacks include the use of excess materials and toxic solid waste generatiomrevhich
challenging to handle and not appropriate to dispose of in the environment. Electro
deposition represents a somewhat unfavourable method due to the need to use electricity,
making it very costly for water treatment.

lon exchangas an effective techniques remove heavy metal ions as it uses-tmst
materials to prepare ieexchange chambers. Still, its sucaessse is critically dependent

on pH, which is a drawback for the technitfue

Chemical precipitationnvolves using hydroxides or limes to coagulate and flocculate the
dissolved pollutant. It requires adjusting the water media to specific pH values depending
on the metal ions precipitated from the witer

Biologically based techniquesich as the use oficroorganismgor the removal of heavy
metals also existctivated sludge, trickling filters, stabilization ponds, and lagoanes
commonly used biologal methods to treat industrial water, constituting relatively cheap
removal methods and slow and inefficient ones. Adsorption is found the most appropriate
due to simple operational procedures and low*ost

Among the existing treatment methods for wastewater treatment, particularly for heavy
metal ions removal, adsorption is considered the most efficiemgjronmentally
sustainable, economically feasible, and simple métHogparticular, the use of lowost
materials from the industrial and agriculturakfmpducts, which are discarded into the
environment, provides a promising source to synthesisectmivadsorption systems for
removing heavy metal ions from aquatic syssefmong these lovwost materials, several
agricultural byproducts such as rice straw and husk, maize cob, wheat straw, coconut fibre,
and coconut pith have been successfully employed for heavy metal ions removal.
Lignocellulosic (such as coir fibre anghet coffee grinds (SCGs) and biopolymeric

materials (such as the chitosan) have also been employed and showed good potential for



heavy metal removal, as the constitutional functional groups of these materials, which
include amidic, alcoholic, carbonyl, gholic, and amino moieties possess high affinities
for heavy metal ion immobilisation by chemical complexdfiohe mechanisms of
metatcomplex formation by such functional groups present in the selected materials will

be discussed irestion 1.6.

1.4.1 Adsorption- as a promising wastewater treatment method

Adsorptionis defined generally as the surface phenomenon in which adsorbate molecules
are accumulated via binding to the surface of an adsorbent. The adsorption process can be
explainedby the chemisorption of adsorbate molecules using simple equitin$918,
Langmuir explained chemisorption by demoasirg the adsorption process of adsorbate

on a surface with a limited number of adsorption sites (S). The bare sjta(®l be

given as:

$=S-S (4-1)

In equationl-1, Siis given as the sites occupied by the adsorbate moleéudssrption
equilibrium is a dynamic state when the rate of adsorption is equal to the rate of desorption.
The adsorption rate is neactivated and proportional to the frequency of the collisions
between the adsorbate molecules and bare sites, and tisi®ndtequency is proportional

to the pressure P, so the rate of adsorption could be taken as follows:

Rate of adsorption =RS = koP (S S1) (1-2)

While the rate of desorption is proportional to th€rfimber of occupied sites):

Rate of desorption =1 (1-3)

By taking the two rates to be equal, from equaib@ & 1-3, and then solving foriSthe

following equation 34 is obtained:

4 (1_4)



In equation 34, thef r act i on of surf ace coirequalsabgTde i s equ
Il i mi ti nsgc ovrarleusep o(meds t o d,3mwlo,u | wdh ibceh engeuaanls ttoh e

equation 14 could be rawritten as follows:
’ w > (1-5)
P WU

Equation 15 is knownas the Langmuir isotherm model. It will be covered further in
upcoming sectionsegardingthe adsorption of heavy metal ions on sqlithse adsorbents

from aqueous solutions (in sectibi).

The rate of adsorption can be slow, depending upon the temperature. It could be increased

by increasing the temperature, which indicates activation energy for the adsorption process.

So, the adsorption would not be reversible in some cases. Thefdwrfbemed adsorption

systems exhibit a rapid adsorption process, and there will always be an equilibrium amount

of adsorption for each adsorbate pressure atiserption isotherns plotted as the amount

of adsorbate adsor bed (.dreamormatatisofption pygoressy er s u s

the adsorbed amount of adsorbate (g) i ncr
molecules (or concentration of metal ions) and appemah | i mi t impile val ue ¢

decreaing by increasing the temperatuvat keeping the pressure constint

The natue of interaction or bonding between the adsorbate (i.e. the metal ions) and the
adsorbent (the substrate on which the adsorption would occur) depends upon the type of
the species (adsorbate and adsorbent) involved in the adsorption Pro&ssdly, the
adsorption mechanisms are described as physisorption (physical adsorption) and
chemisorption (chemical adsorption).

Physical adsorptions described as a nepecific binding procesthatdoes not involve
specific functional groups in the adption of molecules on the adsorbent surface. It is
reversible in nature due to the weak interactions (Van der Waals forces)edvohe Van

der Waals forces are weak electric forces that allow the molecules of adsorbate and
adsorbent to adheteeach other. When the adsorption cannot be explained by electrostatic
or chemical interaction, it is classified as physisorption by tthvesé force®. Hydrogen
bonding could also be involved in the weak interaction of physisoPption

Chemical adsorption (chemisorption)s irreversible and very specific and describes a

chemical interaction between the adsorlaate adsorbent molecules in terms of new bond
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formatior?®. In contrast with physical adsorption, ethisorption involves (stronger)
chemical interactions (or valence forces) by forming new bonds (e.g. covalent bonds)
between the sorbate and sorbent molecules, which take part in the process of aefsorption
Generally, the adsorption is characterised as chemisorption when the activation energy is
more than 260 kJmol?. Metalcomplexation (also termed mettielation) is described

as a welknown mechanism fahe removal oheavy metals and can also be classified as
chemisorption.The detailed mechanism of metamimplexation is described in the
upcoming section1(6.2. The functional groups of lignocellulosic and biopolymeric
adsorbents are reported to adsorb heavy metals by this mechanism.

lon exchange(adsorption) on the surface of adsorbents is also included as a principal
mechanism along with chemisorption for alebn removal. The ioexchange mechanism

is described for the adsorption process, especially when involving the exchange between
metal ions in aqueous solutions with ions present on the surface of inorganic adsorbents
(minerals). lon exchange is a resibie phenomenon (but not physical adsorption), which
involves electrostatic interactions and could be stated as electrostatic ad$drfuien
exchange mechanisms dawmolve both cation and anieexchange®. For instance, the ien
exchange mechanism is extensively reported féf @bcation) which can exchange with

the C&* ions of HAp when HAp is used as an adsorbent for the removal of metal cations
from aqueous solutions.

Similarly, arsenate (As@) is a water pollutant that is also removable by arexchange
mechanism by exchange with phosphate anionss3(P@resentin hydroxyapatites.
Potential adsorbents used for the removal of heavy metal ions are sbksxedortheir
potential to participate in the abewgentioned adsorption mechanisms.

Several characteristics of adsorbents make them valuable for applying heavy metal ions

removaland aradescribed as follows.

1.4.2 Characteristics of model adsorbents for theemoval of heavy metal ions

from the aqueous solutions

Adsorption using lowcost adsorbents is a sustainable solution for heavy metal removal.
When using adsorption as an option for the removal of heavy metal ions from wastewater,
the ideal adsorbent shalhave the following characteristics, namely:

¥ High adsorption capacity and large surface area
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# Compatibility and mechanical stability
¥ High selectivity

£ Costeffectiveness and environmental friendliness

Adsorption capacityor loading) isthe amount of adsbate taken up by the adsorbent per

unit mass (or volume) of the adsorheftt generally depends upon the nature of the
adsorbent used or surface areas of the adsdfbEotr example, activated carbons are
known to be materials that possess large adsorption capacities for treating wastewater due
to their high surface aréé

The sirface areaof the adsorbent is an important parameter to consider in studying this
process, as adsorption is a process that depends on the surface area available. Highly porous
engineered adsorbent materials generally have a surface area ranging®ftomhAm?/g

0 The surface area of an adsorbent influences adsorption capacity in that an adsorbent
with a high surface area should have a higher adsorption cZp&kity

The mechanical stability and compatibildfadsorbents to apply in wastewater treatment
systems is alsacritical factor to consider. Wastewater treatment systemsoanglex and

diverse because thegontain various pollutants and are subject to variable environmental
conditions. For instance, the pH values and temperature of the wastewater system could
affect the adsorbents by dissolving them and ultimately affecting their removal efficiencies.
The compatibility and stability of the material could be regulated bytpratment of the
wastewater (by adjusting the pH or temperature) or by modification of the adsorbent
materialswhich could also assist in increasing the applicability of the potentiairialato

water treatment systemiBor this, the combinations of more than one material have been
studied to improve the applicability of materials in wastewater treatment. For instance,
hydroxyapatite has been used to make composites with chitosan ataseethaterials to
increase the removal efficiency of these matéfiafternatively, the addition of chitosan

to HAp in the form of a composite increases its applicability in fixed bed column systems
where the powdered HApauses pressure drops due to the high packing density of
powdered materiét.

High selectivityis an important feature of the adsorbent for it to be acieffi removal

agent of metal ions from the wastewater treatment systems. The presence of other chemical
species (metal ions) could affect the adsorption of targeted metal ions. For instance, the

removal of targeted cations such ag'Rimd Cd" could be canpromised by the presence
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of other positive ions such as proton§ Na" and Mg which could occupy the binding

sites on the adsorbent surface and so decrease the removal efficiency of the adsorbents for
the targeted metal ioffs

Materials with iorexchange abties (e.g.,HAp and zeolites) could favowations €.g.,

PI?*) adsorption.Lignocellulosic materials such as coir fibre and spent coffee grounds
could be considered for the availability of negatively charged functional groups such as
carboxyl and hydmoyl groups. Additionally, the HAp could be used in a composite with
these materials to provide an additional removal mechanismtifjat of ion exchange)

along with the electrostatic interactions and complexation. In this way, the removal ability
of thelignocellulosic composite materials could be enhanced by adding the HAp to provide
binding sites for ion exchange, particularly for cation removal.

Costeffectiveness and environmental friendliness of matearalshe mostritical factors

for selecting dsorbent materials for the adsorption of heavy metals ions. The cost of the
raw materials and design of water treatment systems should be at a minimum to run an
economically feasible water treatment system. For this purpose, agricultural and industrial
by-products could be considered a potential resource for making adsorbents.-The by
products could be selected by doing the literature review and by selecting the materials
constituted with the functional groups that could participate in the aforementioned
medanisms (seeection 1.4.1for the effective adsorption of heavy metal ions.

1.4.3 Selection of candidate materials for synthesising the adsorbents for the

heavy metal ions removal from aqueous solution

For this project, the raw materials chosendgmthesising adsorbents for heavy metal ion
removal were selected after extensive literature research (summarsssdion 1.5 The
characteristics of the ideal adsorbergecfion 1.4.2 were focused on selecting the
materials for the synthesis of adsents. It wazonfirmedthat the chemical composition
of the selected raw materials effectively removes the heavy metal ions from the aqueous
solution assupported by literature studies. The materials which were selected include:

Z  Hydroxyapatite

Z  Chitosan

Z  Coir Fibre

Z  Spent coffee grounds (SCGSs)
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"3 Zeolite

The detailed literature reviethat provideshe rationale for the selection of these materials

is presentedh sectionl.5.Generally, all the materials represent potentially very-¢ost
matrices as most of themg(, chitosan, coir fibre and spent coffee grounds) are generated
in excess as industrial or agriculturakpsoducts. Similarly, zeolite is an aluminosilicate
mineral that is plentiful in New Zealand. Hydroxyapatite is ascabundantcalcium
phosphate mineral that could be synthesised chemically or able to be sourced from
mammalian bones (byroducts of the meat industry).

Apart from the low cost of these materials, all of these materials can potentially remove
heavy metaions from aqueous solutions. The composition of these candidate materials
(studied and confirmed by their detailed characterisation described in section 1.5) means
they can act as effective adsorbents.

Generally, thénydroxyl groups (in all selected neaials), amino and acetamide (chitosan),
carboxyl (coir fibre)andphenolic groups (SCGs) can form mdighnd complexes with

the metal cations. Similarly, the cations of HAp and zeolité*{C&", K* and Md¢*) can
ion-exchange with the heavy metal cations’tRBu?* and Cd* found in aqueous solutions.
Additionally, the phosphate groups of the hydroxyapatite could be potential sites for the
anion exchange for arsenate ion due to their chemical similarity.

Most of the literature studies (discussed in secti@pconcerning heavy metal ion removal
discuss the combination of different materials into composite matoieeprove the metal

ion removal efficiencies and increasiee applicability of the materislin the water

treatment systems.

1.4.4 Composite matrices to remove heavy metal ions from aqueous solutions

CompositesA composite is defined as a combined matrix of two or more materials with a
unique set of properties. All the constitutional components afdah®gosite matrix retain

their fundamental characters while being a part of the composite. Composites are also
explained asbeing heterogeneousiulti-phase materials, which could be considered
homogenous materials on a microscopic level due to the eghilofi similar physical
propertie&>®’.

In composites, one or modéscrete phase@suallymore complexnaterials such as fibres)

are embedded in @ntinuous phase obtain a superior material (a composite) than its
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constituent material in terms of properties. The material that forms the continuous phase of
the composite is present in a higher quantity and termed "matrix". The discrete phase is
used to reinforce thcomposite material to improve its mechanical properties and is usually
made up of fibrous material consisting of lignin, pectin and cellulose or biopolymeric

materials.

1.4.5 The low-cost candidate material to synthesise composites for heavy

metal ions remova

The stability and cost of material synthesis are challenges in the rapidly growing composite
materials market, especially in wastewater treatment.aSloieving minimum cost to
synthesise the composite systems for the effective removal of the metab®ose of the

most fundamental aims of this study, as described earlier. For this, biocomposites, using at
least one biegsourced material froranagricultural or industrial byproduct, wereselected

to synthesise the adsorbent systems. The low coseahtierials was justified dbey

were bio-sourced materials, which originate from agricultural or industrigbiogucts,

and are produced in bulk, which ultimately lowers their cost.

Additionally, most of the candidate materials selected for this g8wbh as chitosan, coir

fibore and SCGs arenormally regarded asliscarded byproducts however, their
employment in water treatment systeraadershem beneficial. The doubleld benefit

is achieved by employing these materialsa® disposabr discading of these materials
traditionally requires an additional cost which could then be avoided or minimised as a
consequence. The effective management of the selected industrial and agricuttural by
products could be one potentially beneficial side goahisf $tudy, which is ultimately
associated with their fundamental rosl@emoving heavy metal ions from aqueous systems.
The naturally sourced materiaks.@.,zeolite minerals, which also justify the low cost, as
they are available in bulk quantities dteelocal availability) and easy availability of
agricultural and industrial bgroducts such as the CF and SCGs, make them attractive for
composite preparation in heavy metal removal. Another source material is the
biopolymeric polysaccharides studied eligifor synthesizing adsorbefftswhich explains

why chitosan was selected for this study.
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1.4.6 Supporting literature to justify the addition of a third component into
the CH/HAp composites

As mentioned above in the definition of composites, the discrete phaseanintipesite

could include more than one material to add into the continuous phase. A third component
added into the CH/HAp composite as additional material with chitosan (discrete phase) to
enforce the continuous phase (HAp) was considered in this stuehs lypothesized that

the addition of the third component could provide additional mechanical strength as the
lignocellulosic materialse(g., CF and SCGs) were considered to provide mechanical
strength to the chitosan and HAp. Moreover, it was assumeththaddition of the third
component could also enhance the removal efficiency of the CH/HAp composites. For
instance, the zeolites were selected to add into the CH/HAp composites by assuming that
the zeolites would provide the additional binding sitesle ion exchange of metal cations

as literature studies into the i@xchange abilities of the zeolites are well established.
These hypotheses were based on the literature review (discussed in section 1.5), while the
summary is given below.

Chitosanis one of the most widely used polysaccharides in water treatment due to its
relatively greater natural abundance, biodegradability andtmocity (details in an
upcoming chaptety and found to be a promising adsorbent for metal removal due to the
presence of hydroxyl and amine groups which provide active sites for metal ad<$8rption
However, there are some challenges to using chitosan directly in water treatment
applications, such as low mechanical strength and dissolution in acidic pt¢diad)),

which require some moditations to the chitosan before its use. Cellulosic materials have
been studied extensively for strengthening the chitosan for increasing its applicability in
low-cost wastewater treatment systems. For instano@nmercially available
microcrystalline celllose has been extensively used to make a composite with chitosan for
the purpose of its reinforcement, resulting in higbest materials. Similarly, Rahmi et

al.”? reported using palmil extracted cellulose to reinforce chitosan with the composite
being used to remove Cd(ll) ions. The cellulose used in this composite led to improved
strength in the material. The results indicated that the increase iensite strength of
chitosan was about 10% in part due to the inclusion of cellulose. The increase in
mechanical strength was mentioned as the immobilization of the chitosan molecules and

the presence of celluloSewhich is made possible due to #vecellentadhesion between
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the two components via hydrogen bonding. The use of-nalhdose to form chitosan and
cellulose blends has also been reported to lead to a reinforced chitosan composite with the
material*,

Similarly, lignin, pectincellulose and hemicellulodgased biomaterials (such as coconut
husk and coir pith) are other prominent examples studied for their adsorptive characteristics
for several solutes, especially for the adsorption of metal c&tiofkese literature studies
provide the foundation knowledge for selectinglowest lignocellulosic materials such as

the CF and SCGs to add into the CH/HAp composites to geaviechanical strength to

these composites. These materials (CF and SCGs), as stated previously, also have
adsorptive abilities related to the functional groups in their structures which can improve
removal efficiency with respect to metal ions. The folloyvsections are a detailed
literature review of these candidate materials to show how the employment of these

materials in heavy metal ion removal systensgraven worth.

1.5 Literature review of selected candidate materials used in this study

to synthesse the composite adsorbents

1.5.1 Hydroxyapatite

Hydroxyapatite (HAp) or [Ca(PQu)s(OH)2] is a naturally occurring, netoxic mineral

from the apatite mineral family, which is the major inorganic component of bone and teeth.
It possesses a hexagostaicture with a Ca:P mole ratio of 1.67 and is thermodynamically
the most stable calcium phosphate to form under different physiological conditions (pH,
temperature etdd,

Calcium hydroxyapatite (HAp) is a prormg material for metal ion removal from
wastewater owing to several favourable characteristics such as its high adsorption capacity,
low solubility in water, easy availability, low cost and chemical stability under redox
conditiong’. It has been shown to have higemoval efficiency, especially for divalent
metallic ions such as Cd(Il), Cu(ll), Pb(ll), Zn(Il) and Fe@l)rhere is extensive research
demonstrating the application of HAp as an effective adsorbent for removing heavy metals
from aqueous solutions.

In the literature studies, two types of calcium hydroxyapatite aisised for the heavy
metal ions removal, including the synthetic (or chemically sourced HAp synthesised using

chemical reagents) and bsourced HAp (from animal bones). The following section
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describes the literature studies for both types of HAps aidéghyglication in heavy metal

ion removal systems

1.5.1.1 Inorganic sourced hydroxyapatite for heavy metal ions removal

Phosphogypsumdalcium sulfate hydrate having a formula Ca2€-0) is a mineral
source of hydroxyapatite, with the phosphogypsum beind ase feedstock to prepare
nanoesized HAp (RCaHAp, particle size 587 nm) by using a method previously
described by Mousa and HarhaThe HAp synthsised using this mineral source
(phosphogypsum) was applied to rera®&b(ll) ions from model solutions of the lead salt.
The removal efficiency of about 98.1% feb(l) was attained when the experiment was
conducted in a pH range between 4.5 and 5.5.ak noted that the removal Bb(l)
increased gradually as solution pH was raised from 1.0 to 4.5, with removal efficiency
stabilizing between pH 4.5 and 5.5. At pH values < 4.4, HAp is known to dissolve, and it
was shown in this study that the dissolutairHAp was 49% at pH 1.0 but only 16% at

pH 2.0, which affected the removal efficiency. At pH 3.0, there was no effect on removal
efficiency from the dissolution of HAp. It was concluded from here that the adsorption
might be suppressed at lower pH segatively affecting the adsorption of PbfffL
Moreover, it was revealed that the surface-6fAp is predominantly positively charged

at pH <3 which repelPb(l) ions and decreases the adsorption, whilevatpH values of

3, the surface of the adsorbent is negatively chargewsouring Pb(ll) ion adsorption.
Another study confirmed a similar effect of pH on ?Phkion adsorption by
nanohydroxyapatite (i.e. nanorods of HAp), which reported 100% removehaffrom

200 mL of metal solution (100 ppm) at pH %.6An electrostatic force of attraction
between the adsorbent and adsorbate was described as a possible reason for the favourable
adsorption for heavy metal rema®? in the case of cationic heavy metal ions. Another
study was done to evaluate the adsorption behaviour ofmairoxyapatite to remove
Cd?*, Ni?* and PB* using model solutions of (100 to 400 mg)lof the heavy metal salt.
Some studies reported the wdehemically synthesised HAp in metal adsorption systems.
For instance, the hydroxyapatite nanocrystals prepared by a simple precipitation method
showed maximum adsorption of 1000, 142.857 and 40 hanganehydroxyapatite for

P?*, CP* and NP ions, respectivefff. The Lewis aciebase concept can explain the
higher removal of P as compared to other divalent cations. The adsorbent contains hard

Lewis basesif., OH, PO groups), which show a higher affinity for a hard Lewis acid
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suchas PB* than for metal ions such as?Nand Cd*, which are softer Lewis acids. It was
concluded from this literature study that hydroxyapatiteldtbe applied as an effect
adsorbent for the removal of heavy metals (haawis acids) from wastewater.

Some other studies (summarised in Tably teportedthe use of commercially sourced
HAp application in heavy metal ions removal systems, which was found to be an excellent
adsorbent showing >99% removal efficiency (summarised in Taldlp Apart from
chemical precipitation and mineral sources of HAp, anati@rsource of hydroxyapatite

is via chemical synthesis using last feedstock reactants such as calcium carb@meat
orthophosphoric acid, which eventually give HAp as a product in at&pereaction in a

2.3 L glass Wform reactor as described by Minh eflln this reaction, calcium carbonate
powder (100 g) and deionised water (Z3D g) were introduced into tlieactor, which

was kept stirring (20800 rpm). Orthophosphoric acid (6@Pwas added at a 1 mL rhin

rat e. The resultant suspension was filterec
washing and drying of the solids at 185 leading to a powdergaroduct. A study was
conducted to evaluate the adsorption capacity of the CaHAp for the removal of lead (Pb)
from a model solution prepared from the Pb salt. The reaction temperature was 25 to 80
C. This study reported a good removal efficiency of thigleesised material up to 750 mg

g for Pb(I1)®.

The studies mentioned above illustrated the potential of synthetic/inorganic HAp to remove
heavy metal ions from aqueous solutiodence, the HAp coultbe used to enhance the
removal ability of otherdw-cost materials by making composite materials. Several studies
described the employment of HAp with other materials to make composite materials for

the removal of heavy metal ions (mentioned in the upcoming section).

1.5.1.2 Bone sourced hydroxyapatite as ansatbent for heavy metal removal

Bone charcoal (BC) is an "organic" source of hydroxyapatite. It is the product of animal
bone carbonizationat 5000 0 U C, c o-f68icadcium mydroxyapatitd (BIAp); 9
11% carbonaceous material, aré% calcium cavonaté’.

Bovine bone 50000 °C/5h BC residue + steam + oil + ammonia liq (1-5)
S
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Bone char is a mixeddsorbent that has been shown to exchandgei@es for Cd* Cu?*

and Zrt* 88, Bonederived hydroxyapatite is used extensively in the sugar refining industry
to decolourize thedjuors from cane sugar crystals. Animal bone sourced charcoal has also
been employed to adsorb cupric ions from an aqueous solution. Cupric ion solutions of
different concentrations {800 mgL ™) were prepared, and about 0.1 g of adsorbent was
added to 50nL of solution in a batch experimental sgt. The pH was maintained at a
value < 5.5 to eliminate any possibility of the cupric ions precipitating. Bone charcoal was
found to be an efficient adsorbent for the removal of cupric ions showing fast removal
kinetics within 10 minutes of exposéfe

Bone char also shows higher removal efficiency for arsenic (in the form of arsenate ion) at
higher pH (9 to 13). A complex mechanism is implicated in removing As(V) by bone char
which includes ceprecipitation ofhydroxyapatite and calcium hydrogen arsenate and ion
exchange between hydroxyl ions and calcium hydrogen arsenate. It is evident that the
divalent anions (HAs@*) dominate at pH -1 °. Bone char particles provide a seed
crystal for stimulating nucleation, leading to-jprecipitation between calcium hydrogen
arsenate and hydroxyapatite on the surfadeefdsorbent. After adsorption of As(V) on

the bone char, ion exchange occurs between anions wheler@tbf CaOH groups are
replaced by HAs@F L. The adsorption and garecipitation of As(V) can be summarized

in the following equations:

Adsorption:
Cag(PQy)s(OH) +Ca* +HASOs? 'Y C ao(PQu)s(OH)2-Ca (HASOs) (1-6)
lon exchange:
Caro(PQu)s(OH) +HASO2 Y GofPQu)s(HASOs) + 20H (1-7)

Increases in adsorbent dose cause a corresponding increase in arsenic adsorption, as
expected due to the availability of greater surface area for the calcium arsenate salt to
precipitate on. For 0.5 mgiof arsenic, about 99.18% removal can be achieved at pH
10.0 by applying bone charcoal as an adsortlelone charcoal has also beendise

remove radioactive isotopes of europium and antimony from radioactive wastes. In this
system, chemical adsorption is the main suggested mechanism for métar¢Ewval

from aqueous soluti§A®. A batch study confirmed the findings of those authdms.

another study, Moreno et #lwas performed to remove €uNi?* and Fe fromanaqueous
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solutionwith bone charcoal. Different quantities of adsorbent ranging from 0.01 to 0.08 g
were added to 100 mL of each metal solution to evaluate the removal potential of bone
charcoal. Removal efficiency between 75% to 98% was attained by adding a dosage of
adsorbenh between 0.02 g to 0.03 g per 100 mL of metal solution. Afterwards, this
experiment was repeated using industrial wastewater with the same metal components in
quantifiable concentrations (i.e., more than 500 iy IA high removal capacity of up to
34.9mg g* was attained for copper ions. Chemisorption was described as a mechanism for
heavy metal removal, attributed to the presence of calcium phosphate as a major component
of bone charcoal, providing adsorption sites for effective metal adsorption.u@alci
phosphate also enables the ion exchange process demonstrated as a mechanism of metal
removal in which the following reactions may ocur

Additionally, a mechanism describday Moreno et af® showing the involvement of

p h os ph alt)eand-OHIgPuPs of HAp to remove cations is given below:

For Cuif™":
[ POH % YCU P O€H' (1-8)
[ POrC’¥* Y [ POCu+ (1-9)
[ CaOH 2% QL a'G¢t (1-10)

The potential of bone sourced HAp to remove heavy metal ions was demonstrated in the
literature studies as mentioned above. The chemical adsorption and ion exchange were the
dominating mechanisms for removing metal ions using the bone sourced HAp.
Additionally, a metal cations eprecipitation method (as described above in equations)
was also described as a mechanism for removing metal ions. A few literature studies report
the use of bonsourced hydroxyapatite composites in heavy metal ions removal system
BazargarlLari et al®® reported the synthesis of CHAg nanocomposites using bovine
sourced HAp and crustacean shell sourced chitosan. The synthesised composite was used
to remove C&" ions from aqueous solutions and reported a maximum adsorption capacity
of 1.776 mmol g for Cu** ion adsorption. Other thahis study, no related literature was
found using the bovine sourced HApmpositeso remove heavy metains
Hydroxyapatitecomposites for heavy metal removal

Keeping in view the effectiveness and the efficiency of chitosan and HAp for heavy metal

removal, combinations of these two materials have, in the past, been considered a
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excellentoption for increasing the efficiency of removal and its applicability in wastewater
treatment processes. Moreover, a good mechanical strength has been repotted for t
composites themselves as a body. Moreover, they have been used in biomedical
applications and have been said to possess good biocompatibility and biodegradability
when employed in different applicatidhs A composite of chitosan and
nanohydroxyapatite has also been shown to have good chemical and mechanical properties
and was recommended for fluoride remdtalAnother study that reported good
mechanical and thermal stability of chitosan/HAp composites was one made up-of krill
sourced chitosan for the removal@d(l), Cr(lll) and Cu(ll) ions and was demonstrated

to have favourable metal ion removal efficieiie90%). Aliabadi et at? reported material

of good mechanical strength made by using chitosan and hydroxyapatite in which
hydroxyapatite was used as a binding material for the chitosan. It was used to remove lead,
cobalt and nickeons from an aqueous solution. It showed adsorption capacities of 296.7
mg g?, 213.8 mg ¢ and 180.2 mg ¢for lead, cobalt and nickel ions, respectively. The
stable and highly flexible crystal lattice of HAp allows easy substitution of differemsanio

and cations, including M, CO:*, F&*, Fe* and F %, which combined with the
additional adsorption ability of the chitosacan further help enhance the removal
efficiency of metal ions.

Chitosan utilises metal complexation asdieeninant mechanism to remove heavy metals.

It is further explained in two mechanisms: metal chelation versusxoimange depending

upon the pH of the solution (as pH affects protonation of the pol§inamine groups of
chitosan take part in metal chelation to form metal complexes. In contrast, hydroxyl groups
(especially in the € position of the chitosan monomer unit) are responsible for the
adsorption of heavy metalChitosan is a cationic polymer (with pikanging from 6.2 to

7 for the amino groups) that is protonated in acidic solution and hence exhibits electrostatic
properties on account of this. So, in this situation, it may involve the ion exchange
mechanismd remove heavy metaf via the exchange of protons for metal cations. In
another study, Feubstituted HAp /chitosabased composites were prepared to remove
Pb(I1) from an agueous solution. A simptEn-exchange technique was used to synthesise
the Fesubstituted HAp involving exchanging €aons with F&*. The prepared Fe
substituted HAp was then used to prepare a composite by embedding it into chitosan to
remove a dye and a heavy metal. The peggpaomposite was used to remove methylene

blue (MB) dye and lead (Pb(ll)) ions under various experimental conditions. The results
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revealed that the composite has an efficient adsorption capacity for removing the pollutants
above from aqueous solutidfs

Table 1-1: Hydroxyapatite-based adsorbents to remove heavy metals

Heavy Metal

Materials Adsorption Capacity =~ Reference
Removed
HAp (Synthetic) Cd 1.22 mmol ¢ 105
HAp (Synthetic) Uranium >99.5% 106
Bone charcoal Cu 34.9mg & 88
Bone charcoal Cu 9615 mg ¢ 107
Nano Hydroxyapatite ~ Pb 769.23 mg o 83
Nano Hydroxyapatite ~ Pb, Cd, Ni 20-430 mg ¢* 108
HAp gel Pb 750 mg ¢ 109
HAp Zn 3.99x10° mol g* 110
Hydroxyapatite/@itosan F 1560 mg kd 97
Hydroxyapatite/Chitosar Pb, Co, Ni 56.1671.80 mg ¢ 62
Cellulose
/hydroxyapatite Cu 175 mg ¢ 104
Chitosan/Fe
hydroxyapatite Pb 1385 mg ¢ 101
Cellulose 0 o
acetate/HAp Pb and Fe ?I?e; % (Pb), 95.46 %
nanofitre 111
Hydroxyapatite/FgD,
nanocomposite Pb 109.89 mg g 112
Fe;04/Hydroxyapatite Fe, Mn 98% Fe, 95% Mn 113
Natural HAp Ni, Cu > 95 % 114
HAp (Synthetic) Cd, Pb, Cu, Cr > 60% 115
1352, 272, 285 and 30
HAp (nano) Pb, Cu, zn. Cd mg gt 116
HAp (nano) Pb 99.2 % 117
Chitosan/Ag
hydroxyapatite Cu 40. 11 mg ¢
118
Fluor-hydroxyapatite
composite Cd 236.41 mg g
119
Chitosan/hydroxyapatite
composie Pb, Cu, Zn, Ni .1,1021 431'48’ 62.5, 322
99 120
Hydroxyapatite o
bentonite composite Ni, Cd 29. 4 E‘mn_wol g
10. 34 “mmol 121
Hydroxyapatite 3. 70, 1.99, 1.17, 0.9
attapulgite Pb, Cu, Cd, Zn mmol g* 122
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The combination of chitosan and HAp in a composite matrix provides a highly efficient
adsorbent for the heavy metal ions removal. The addition of HAp into the chitosan polymer
could enhance the adsorption abilities of the chitosan in the chitosan/HAp siteripp
providing additional binding sites for the removal of metal ions. This composite (which
already has been utilised and reported in the literature studies) was synthesised as a
referencefor the control composite system in the present study for the otheithyase
composite systems.

Hydroxyapatite composite in the form of hydrogels has also been studied for heavy metal
ion removal. Hydrogels are threlimensional hydrophilic polymers thabsorb large
amounts of water and swell to form a solid gel while maintaining their physical structure
without dissolving®2. There has been an increased effort to enhance these physical
properties and functiotiies by incorporating filler particles as physical criggers into

the hydrogel network. Such fillers can enhance the mechanical, optical, electrical and
thermal conductivity properties of the hydrod2l For example, hydroxyapatite was
employed as a filler in a celluloggated-polyacrylamide hydrogel, which was used as an
adsorbent to remove €lions from aqueous solutions. For this purpose, the hydroxyapatite
powders were embedded into the hydrogel matrix through ionic crosslinking between the
OH, C&*" and PQ* moietiesand amide groups of acrylamide and hydroxyl groups in the
cellul ose backbone. T hGu(1l) hopsdfrono apeebus solutersi | i
was investigated and found to have a maximum adsorption capacity of 175 g g
Cellulosic materials such as coir fibre from the coconut industrgpent coffee grounds

(as a lowcost byproduct from the instant coffee machines or cafes) could be considered
as potential materials to make composites with the hydroxyapatite in this study as no
literature studies reported the use of these celltlasel materials to make adsorbents in

composite form with the HAp.

1.5.1.3 Heavy metal removal mechanism as used by hydroxyapatite

The studies mentioned above for applying commercial (synthetic) HAp and bone sourced
HAp into the heavy metal ions removal use sim@chanisms for metal adsorption. These
include 1) surface complexation involving the electdmmating ligand atoms such as
oxygen of hydroxyl group 2) ieexchange within the HAp lattice for €aons during
stirring 3) formation of metal phosphates bg tissolution of hydroxyapatite and its re

precipitation as either a wholly different metal hydroxyapatite compound or as a partially
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substituted hydroxyapatite compodfit! In low-pH systems (usually under 4.0), Ma et
all?* described HAp dissolution followed by reprecipitation as the major mechanism
occurring for heavy metal removal, which was confirmed by the observation of hydroxy
pyromorphite (HP) [Pta(PQs)s(OH)2 formed during Phmmobilization study by HAp as

shown in the following equations1Il and 112:

Cag(POy)s(OH) + 14H" Y 1 96ELRQr + 2H,0  (Dissolution)  (1-11)
10PB* + 6HPQy + 2H20 Y *+ PhioP@:)s{OH). (Reprecipitatior) (1-12)

Additionally, a study reported the removal of Cd(Il) by HAp due to a substitdif@usion

process in which Cd(ll) is taken up by incorporation into the crystal lattice of HAp
((substituting for C&), which leads to a more significant upt&Reln another stdy, Fuller

et all%reported the surface complexation as a metal removal mechanism by HAp during
the removal of metal ions. In the adsorption of the metal ions from the aqueous solutions,
which employ HAp as an adsorbent, ion exchange processes are the most reported and
discussed mechanisms for removing heavy metal ions from wastewater through HAp as an

adsorbent.

1.5.1.4 Hydroxyapatite-as anion exchange material for heavy metal removal

As has been mentioned earlier, hydroxyapatite is found to be an efficient material for heavy
metal removal due to its ion exchangeability via its lattice cationic and anionic grodps (Ca
PQ:* and OH). Its specific ability for heavy metal ion removal, suchtasse ofCd, Pb,

Zn, As, U, Sb and V, has been studf&d?**?’. Hydroxyapatite sudtitution within its

|l attice Iis possible due to its stable yet
cations or other functional groufis Go Eme z .M eeporteR eh&ion erchange |
mechanism for the removal of €dZr** and C3*from effluent in a columgbased study.
Similarly, an iorexchange interaction between adsorbent and metal ions was reported in a
column study in which HAp was used to remove different metal ions, includitig ",

Zn?*, Ni?* and Md"* ions. The ion exchange mechanism was concluded by measuring the
concentrations of removed metal and calcium ions in sofifion

lon-exchange mechanisms involving the phosphates (present in the hydroxyapatite) can
also remove anions such as arsenates or chromatssrfate) fronthe solution.Chen et

al®! explained that the ieexchange mechanism for arsenate ion removal by bone char is
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as follows However, this involves more theexchange of hydroxyl ions instead of

phosphate ions:
Cao(PQu)s(OH), + HAsQ:>  Cawo(PQu)s(HASOs) + 20H (1-13)

Arsenate (HAsOs%) and phosphate (HR®) have chemical similaritié®, which means

that arsenate ion could exchange for phosphate ion on a hydroxyapatite surface.'ffu et al.
proposed a mechanism of iemchange between arsenate and phospbatspecies for

the removal of arsenic using synthetic hydroxyapatite as givérefollowing equation:

( A Hemotes surface)

[ HAPQS + AsQ®> [ HARsO® + PQ* (1-14)

Like arsenate, no literature was found to report the ion exchaetgeeen phosphate and
chromate anions. However, the possibility could be considered for chromate anions found
in the solution containing the phosphatntaining substrate such as HAp. The effect of
phosphate ions on the removal of Cr (as chromate iorss)apartetflin a binarysolution
removal system, using hydrotalcite [bM8I(OH)s]-COs.3HO as the ion-exchange
mediunt®L In this literature study?, the co-existing chromate and phosphates ions in
solution were found to be negatively affecting the-émehange ability of each other on

the [Mg.Al(OH)6]2C03.3HO substrate. Though there was no ion exchange between
chromate and phosphate, it could be ded@i@ad this finding that the phosphates of HAp
present in the composites could affect the chromate ion concentrations in the solution. For
the removal of chromate ions, an earlier study proposed theximirange mechanism using
HAp*®2, which involves iorexchange between the hgatyl and chromate anionghisis
described in the following equation:

[ Ca(PQy) x(OH)x+ H:O*+xMe C&(PQw)xMe + HO (1-15)

Protonated hydroxyl groups on the surface of HAp attract negatively charged chromate
ions to attacho the surface, which ultimately exchasgéath negatively charged hydroxyl
groups of the HAp. All the mechanisms described for the adsorption of meté&tabioss

& anions)could be considered on the part of HAp to remove metal ions using the HAp

based composites systems in the present study
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1.5.2 Chitosan

1.5.2.1 Chitosan a low-cost polymer for heavy metal ions removal

Chitosan foly [(1,4)b-linked 2 amine2-deoxy-D-glucose] or (polyglucosamine)) is the
deacetylated form othitin, a modified, N-containing polysaccharide -getamide?-
deoxyD-glucose). The precursor feedstock to chitosan is the second most abundant
polysaccharide orearth after cellulose. Its derivative chitosan has several useful
characteristics: low toxicity, chemically reactive, biodegradable, and versatility in
chemical and physical characteristics. Hence, these characteristics make chitosan a
promising material dr several applications that can be extended to include the
environmental and biomedical fields. Chitosan biopolymers, in particular, are beneficial
for this purpose due to their unique properties such as hydrophilicitytorimity and
biodegradability®®>. Their abundance and easy availability make them appropriate
materials in terms of cost, as economic viability is the key factor for designing and
maintaining any adsorbent system.

Crustacea shells (crabs, prasyand lobsters), fungi and crabs provide a source for chitin
extractior’®*. A huge quatity of shrimp and crab shells is produced as-@itmduct of the
seafood industry during seafood processing. Such normallyoffagtiantities of these
materials have attracted particular interest from a technological and scientific point of view
for repuposing the chitin and chitosan in environmental applications. Crab and shrimp
cuticles are the principal sources of chitin and, ultimately, chitds&@hrimp constitutes
about 45% of the total processed matter in the seafood industry, which is the major
chitosar®®. In raw shrimp processing, about 50% to 70% of material is generated as a waste
by-product after its processing. This-pyoduct contaia valuable materials such as chitin

and protein, which offer themselves as prime candidates for repurposing.

1.5.2.2 Reactivity with metalsMechanisms involved in metal ions removal using the

chitosan as a metal adsorbent

Chitosan is a versatile and heterogersgepolymer due to the presence of glucosamine and
acetylglucosamine units. At the same time, the amine group is very reactive due to the
nitrogen atoms, which have free electron pairs availatitéch enables them to interact

with metal cations to form ckete (metal complexes). The presence of acetylglucosamine
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and glucosamine units in the chitosan structure contributes to its usefulness and versatility
in the polymer.

Due to nitrogen atoms possessing spare electron pairs, amine groups of chitosan can
interact with metal cations, forming metal complexes. This is knowchaktionand

allows metal ions uptake from wastewater and aqueous solutions. The protonation of these
amine groups of chitosan leads to a different interaction, nastesdfrostatic attration of

anionic compounds (such as metal anions or anionic ‘dyes)

In chitosan, the hydrophilic nature of this polymer and the presence of many functional
groups such as amidenae and hydroxyl moieties provide easily chemically modifiable
centres and this, together with the versatility of the polymer chain, exfiteigood metal
adsorption performance of this biopolymer. The above characteristics of chitosan indicate
it might be an appropriate adsorbent component to consider in designing novel composite

materials for heavy metal adsorption in wastew?atéf'.

1.5.2.3 Physically modified chitosan used in heavy metal ions removal

Chitosan in its raw form (such as flakes and powder or in solution form) has been used to
treat waste Table %2). Chitin and chitosan have been modified physically in different
forms such as membrart&s'*3 hydrogel$* bead&®, sponge¥’ and scaffold$®4’to

use them in environmental applications.

One effective method to increase the removal ability of chitosan is to immobilize it on a
supporting medium. Immobilization does not necessarily hinder the molecular mobility of
the mateal total. Instead, the number of active sites increases as the supporting medium
(sand or mineral) also provide adsorption sites for metal adsorption. For instance, efficient
inorganic arsenic removal was achieved using immobilized chitosan whereuppoirts

of sand*®or ceramic alumind®was provided Similarly,the adsorption ability of chitosan
wasalso found to increase by the addition of-@@endly fillers (such as clay minerals),

which reinforce the chitosan.

1.5.2.4 Use of chitosan composites for heavy metal removal

As defined earlier in earlier section 1 (1.4.4), a composite comprises omnerer
component materials in its makeup. Some materials act as reinforcing fillers (discontinuous

phase of composite) fixed in a matrix (known as the continuous phase of composite).
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Natural or synthetic fibres such as (chitosan) can be used as a disamfimase of the
composite to reinforce the fixed matrix, e.g. HAp (continuous phdse)

The use of chitosabased composites (bamsorbents) has been reported extensively to
remove heavy metals in wastewater strédhfsummarised in Table-2). Studies about

the wastewater treatment using the chitdsased composités?®139.146.15255 gng
adsorption modelling data have also beemmarisedn Table 18. The summarised data
illustrated that the modern literature focuses on preparing chitosan composites with novel
materials, including lovwcost adsorbents, which may enhance the removal efficiency of
chitosan for heavy metal removal and provide mechanieaigth to chitosan.

Apart from HAp, different materials have been employed in the literature studies to
synthesise composites with chitosan for heavy metal removal. The materials used
extensively to form composites with chitosan in past studies ingotieirethan&®,
montmorillonité®’, bentonité® activated clay?®, polyvinyl chloride, polyvinyl alcohol,
kaolinite'®®, perliteé®®* andpalm oil ash®2. Among them, clay minerals are a good choice to
make composites with chitosan, as clay is more useful as an adsorbent when it is compared
with other adsorbents inrras of cost, availability, and effectiveness.

Clay is an adsorbent material of choice, having a nontoxic nature, high surface area, easy
availability and remarkable adsorption properties, which show a high ion exchange
potential. The special attention givto clay minerals is due to their exchangeability of
cations and anions used extensively for water treatment. Clay minerals have been used
effectively to make composites with chitosan for their application in heavy metal
removal®3, Perlite/chitosan composites were prepared and used to adsorb heavy metals
such as chromiutf®, cadmium?®, nickel and coppé?®. This composite was also applied

in tertiary solutions of Co(ll), Cu(ll) and Ni(ll) to evaluate the competitive adsorption of
these metals on the compo&ifelt was reported thau(ll) ions demonstrated the greatest
affinity for the composite, witlthe order of adsorption capacity beiNgl) < Co(ll) <

Cu(ll). Montmorillonite is an example of a clay mineral that was used to synthesise
composites with chitosan for water remediation. Chiteszaated montmorillonite (CCM)

beads were synthesised foetremoval of Cr(W®’. Bentonite is another aluminosilicate
mineral clay that could serve as a material to combine with chitosan. Yart§®eepbrted

that Hg* ions were efficiently removed from aqueous solution by using a
chitosan/bentonite composite. In other systems, it has been reported that a layered

composite of silicate mineral and chitosan was prepared and used for the removal of Cd
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(1N, Cr(VIl) andCr(lll) ions. The highest removal efficiency was obtained at neutral/pH (

for Cd(ll) and Cr(l11) while for Cr(VI) it was obtained at pH 4%

Similarly, aluminosilicate minerals can provide support for chitosan composites to allow
the efficient removal of heavy metals. As mentioned above, chitosan's immobilisation on
inert materials (such as clay and sand) can help to increase its removal efficiency by
providing additional binding sites for metal ion adsorption. Additionally, the
immobilisationof chitosan on aluminosilicate minerals can also increase its surface area
consequently increasing the adsorption ability of chitosan. For instance, alumi@g) (Al

has been used to synthesise ceramic alumina/chitosan composites. It is effectivigy used
the removal of heavy metals such as As(V) and As(lll), Cdfiland Ni(l1):"°.

Other polysaccharides also can form composites with chitosan, especially for
environmental applications. Alginate is a polysaccharide obtained from brown sé&weed
which can be made into porous, eggdadable materials. Such composites can be easily
modified to form an efficient adsorbent for heavy metal pollutant rerfévilgah et at.”®
reported alginate immobilisation on chitosawith the resultant composite beads being
used to adsorb heavy metals.

Cellulose is an abundant polysaccharide having a similar structure to chitosan. It is obtained
from plant sources by using simple acid hydrolysis. It is anfeeadly material that can

be used to reinforce and fill biopolymers such as chifd&ai? The structural similarities

of celluloseand chitosan make it easy to form composites of the two. There is no need to
add any coupling agent as there is the possibility of a goodrildérix interface formation

due to hydrogen bonding involving both chitosan and cellulose, which can proviggheno
adhesion for composite formatidh Cotton (a cellulosic fibre) has also been used to
prepare a composite with chitosan to remove Pb(ll), Ni(ll), Cd(Il), Cu(ll), and At
Microcrystalline cellulose is a type of cellulo$@athas a highly crystalline structure due

to strong hydrogen bonding between glucans and exhibits unique chemical and mechanical
properties. It can be used to synthesise highly efficient adsorbents for water tr&&tment
Commercially available microcrystalline cellulose has been extensively aiseshforce
chitosan, but this results in higheost materials. Rahmi et HP reported using palroil
extraded cellulose for the reinforcement of chitosan, with the composite being used to
remove Cd(ll) ions. The cellulose used in this composite led to improved strength in the

material.
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Table 1-2: Chitosan-basedadsorbents to remove heavy metals from water reported in the

literature studies

Chitosan-based Heavy Metal ions Adsorption References
composites Removed Capacity
Chitosan/ Silica Cu(ll) 73.31 mg ¢ 181
Poly (arylic acid) /chitosan Pb(ll) 734.3 mg ¢ 182
Chitosan/Acrylamide Cu(ll) and Co 1501220 mg ¢ 183
Pollen/chitosan Cd(i), Cr(ll), Cu(ll), Ni 49.5567.10 mg ¢ 184

(I and Zn(ll).

Chitosan / F&

Nano-chitosan
Iron/chitosan

Chitosan/Hydroxyapatite
Hydroxyapatite/Chitosan
Hydroxyapatite/ Chitosan
Chitosan/hydroxyapatite
Hydroxyapatite/chitosan

Chitosan/Fe
hydroxyapatite
Hydroxyapatite/Chitosan
Hydroxyapatite/chitosan
Aniline/Chitosan
Chitosan/sodium
alginate/cellulose
Chitosan/ cellulose
Magnetic/humic
acid/chitosan

Chitosan/ alginate beads

Chitosan/sodium
alginate/calcium
Modified
chitosan
Biomimetic
SiO@chitosan
Chitosan/cysteine
glutaraldehge

Bacterial cellulose/chitosa

magnetic

Chitosan / Leaf extract
Cellulose/Chitosan

Porous  poly
acid)/chitosan

(Llactic

cu(ll), Cd(ll), Pb(ll), Cr
)

As(Ill), As(V)

As(Ill), As(V)

Cdqn, Cu(l, Cr
Cd(1y, Zn(ln, Cr
cd(n

Pb(l), Co, Ni
Cu(ll

Pb(l)
cd(lly, PK(IN)
Pb(Il)
cull)
cu(lly

Cd(ll)
Cu(ll), cd(Ir), Pb(ll)

cu(ll), cd(l
Pb(I1), Cu(ll), Cd(ll)

Cr(Vl)

Ha(ll), As(V)
Cu(ll) and Cr(VI)
Cu(lly and Cr(VI)

Ha(l)
Cu(ll)

cu(lly

44.8 82.6 mg ¢t

86.87-114.9 mg
g -1

1.776 mmol ¢

190 mg ¢
328.4mg ¢

204.082 mg g
105.15 221.24 mg
g-l

207.0-5273mg g*
70-176 mg ¢

163.93 mg §

19 82041
mg g
138.53156.49
mglg
152.1
200. 6

mg

75.8"mg

111.66 N

mngg

185

186
187

188
189
189

62
190

101

191
192
193
194

179
195

196
197

198

199

200

201

202
203

204
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The results indicated that the increase in the tensile strength of chitosan was about 10% in
part due to the inclusion of cellulose. The increase in mechanical strength is due to the
immobilization of the chitosan molecules and the presefcellulosé®®, which is made
possible due to the good adhesion between the two components via hydrogen bonding.
The applicability of the chitosalbased composites could be increased by increasing the
mechanical strength of the chitosan. The strength of the chitosgah loe increased by
adding the cellulosbased materials, which could be used to increase the overall stability
and strength of the CH/HAp (control) composites synthesised in this study. For this, the
lignocellulosic materials such as coir fibre and smerfitee grounds could be selected as
low-cost industrial and agricultural fjyroducts, which hae lignocellulosic composition

and could serve the purpose of providing strength, ultimately increasing the applicability

of the synthesised composite systemthefpresent study.

1.5.3 Caoir Fibre (CF)

Coir fibre, as mentioned earlier section, can provide some mechanical strength in
chitosan/HAp based composites. It is a vkelbwn agricultural byproduct that has been
used to synthesise lewost bio adsorbents temove heavy metals like Cu, Cr, Hg, Cd
and NP, Globally, millions of tonnes of coir fibres are produced apitmgucts each year.
About 5 to 6 million tonnes of coir fibres are produced apitmducts each year. Only 10%

of this product is used commercially, while that remaining behind is disc8td¥d The
management of such waste is a major environmental issue. Therefore, using this in an
environmental application constitutes affeetive way of managing/utilizing this
consideral#d quantity of environmental waste and assists in cyclability of use. The removal
abilities of the coir fibre could be enhanced by including it as a compositing material with
other adsorbents such as hydrapatite, which is well known for its metal ion removal

abilities, as discussed abave

1.5.3.1 Coir - a lignocellulosic fibre with the potential to form a composite with other

materials

Coir is a natural fibrewhich mainly constitutes cellulose, lignin and hemicellulose. It is
generally regarded as an agriculturalgrgduct, being the inner husk of coconut from the

coconut palm. Coir pith is made up of 70% pith and 30% fibrous material. The pith is a
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waste poduct, and its disposal is a serious environmental concern as large quantities are
produced during coconut harvestifijThe main constitent of coir pith includes cellulose
(35.0%), lignin (25.2%), pentosane (7.5%), fats (1.8%), ash content (8.7.5%), moisture
(11.9%) and other components (10.6%b)As ithas a high lignin content, coir is considered

a tougher, stiffer and longdasting fibre among the natural fibres. This property makes it
suitable as a reinforcing material for biopolymers such as chitosan.

Compared to manufactured fibresturally sourced fibrous materials such as jute, kenaf,
palm and coir, etc., are more suitable for this purpose due to their being lightweight, low
cost, and high biodegradabifty. If being bonded to polymers, increased agitesan be
achieved through chemical modification of the natural fibre. It is difficult to elaborate on a
definite mechanism for describing the bonding in composites. Generally, chemical
modification optimizes the interface of the fibres by helping toease the effectiveness

of natural fibres in two ways. Firstly, the chemical modifying agent reacts with hydroxyl
groups on cellulose and secondly, they react with functional groups on the fibres
themselves in such a way as to facilitate chemical bindihgeaa the natural fibres and

biopolymers:®.

1.5.3.2 Coir fibre potential to remove the heavy metal ions

Lignocelluloses (mainly plant biomass) in some naturally wowy materials such as coir

fibre haveadsorptive abilities and ion exchange capacities related to their basic constituent
polymer and structure. Proteins, lignin, pectin, cellulose, and hemicellulose are prominent
polymers studied for theadsorptive claracteristics for several solutes, especially for the
adsorption of metal catiofts Coir has been used to synthesise-tmst bio adsorbents to
remove heavy metals like Cu, Cr, Hg, Cd and®N{summarised in Table-3). Coir
materials have been applied to wastewater treatmen ipatst

As mentioned above, it is a lignocellulosic material, and these materials can have a large
surface area. About inch? of this material and with a specific gravity of 0.4 may have
about 15 square feet (1.39%) of surface area; moreover, grindiitgfurther helps to
increase the surface area of these materials. Additionally, these fibres are hygroscopic and
hence have higher water affinity, making them more suitable for an adsorption
applicatiot'’, hence could be used to make a composite with suspended powdered

adsorbents (such as HAp) to enhance their applicability in the water treatment systems.
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Further, it is considered suitable for adsorption duksttower bulk density and higher

pore space volume. It possesses different carboxyl, phenolic, amino and hydroxyl groups
that are further known for their efficient removal capabilities for different pollutants. Coir
has been used to remove Ni, Cu andrédm model solutions of these metals. Results have
indicated that it was an effective adsorbent for removing these pollutants, but it showed
lower efficiency than other adsorbents, which led to higher consumption of this adsorbent.
Thematerials, likeHAp, could be used to improve the removal efficiency of the coir fibre
and could be used as a unique combination for making the composites for the removal of

metal ions (as this was not studied earlier).

1.5.3.3 Literature studies employing coibased adsorbents fahe heavy metal ions

removal

The following section discusses the literature studies that employebasad adsorbents

to remove the heavy metal ions to demonstrate the potential of coir fibre for removing
heavy metal ions.

Several literature studies haxeported the application of coir for the removal of metal ions
such as chromium (as chromate ion) in the3¥adh a fixed-bed column experimeng
maximum adsorption of Cr(VI) up to 201.47 mg Cr(VI)/g adsorbent was reported at the
highest bed depth of 60 cm and for the lowest flow rate of 10 me¥ni¢adirvelu et af
investigated the mechanism of Cr(VI) removal from wastewater by applying coconut coir.
Results revealed that at pH 3.0, chromium reduction occurs, which pradr(désions

from Cr(VI). The possible binding sites f@r(lll) could be provided by ph®lic methoxyl

and hydroxyl groups located on lignin which binds @#lll) and causes its removal.
Another study reported the potential application of coir as aclost adsorbent for
removing copper and lead iG%3 An important parameter dictating the removal efficiency

of this heavy metal was pH. It was noted that Pb ions were most efficiently removed at pH
4.5, withpH 5.0 being the best pH at which to remove copper ions. The adsorption capacity
of coir (at pH 4.5) for the lead was 48.84 my although, for Cu ions, it was much lower,
i.e.,19.30 mg ¢. Quek et aP!® used coir pith for the adsorption of Co(ll), Cr(lll) and
Ni(ll) ions from singleion solutions as well as from a mixture of them. The pH at which
maximum metal ion adsorption was obserf@dCr(ll) was at 3.3, for Co(ll) 4.3, and
Ni(ll) 5.3. At these pH values, the adsorption capacity of coir pith was 12.82'd. 66

mg g* and 15.95 mggfor cobalt, chromium and nickel ions, respectively.
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1.5.3.4 Coir based activated carbons for heavy metal removal

Activated carbons are the bdstown adsorbent for removing heavy metal ions such as
Ag(l), Au(l), V(VI, V), Ni(ll), Zn(Il), Fe(ll, 11, Cu(ll), Hg(ll), Cd(1) and Cr(lll, VI).
Commercially available aivated carbons (also known as activated charcoals) are
processed to produce materials withy low volume pores, which help increase surface
area for adsorption. Generally, all organic materials can be processed by physical and
chemical activation to syhesise activated carbons. Char is prepared by physical means
(carbonization of the precursor at a temperature below°@0 an inertatmosphere)
followed by activation of the carbonized precursor using activated agents. Activated agents,
which are mody used for activationinclude acids or alkalis (e.g. KOH, NaOH, and
HsPQy)?17218  Activated carbons are expensive to prepare, and it is not feasible
economically to generate very cheap water treatment sy3fdros these.

Generally, lowdensity materials are processed to synthesise actigatbdns, including

rice husk, sugarcane bagasse, coir pith, etc. Coir pith carbons can be activated by mixing
the coir pith with polyvinyl acetate to get a granular matefie prepared granular
material has been applied to remove Zn, Cd, and Cu ianbaich experiment to compare

the removal efficiency of coir pith activated carbon to commercially available activated
carbon for the removal of these heavy metals famraqueous solution. For the treatment

of large volumes of water on an industrial s¢calontinuous flow systems are preferred
over batch systems. The batch experiment was extended to column studies by applying the
optimum conditions developed from the batch studies. The results of this study indicated
the removal of heavy metal ions incsea with an increase in pH.

Column scale studies revealed that the activated carbon in coir is superior to commercially
available activated carbon materials. They can be used to treat large volumes of industrial
effluents with different heavy metéf8 Coconut shell fibre was used as a source of low
cost activated carbon to remove Cr(lll) ions from water and wastewater and was compared
with carbon fabric clotticommerciallyavailable activated carbon fabric cloth) to evaluate
removal efficiency. Resuliadicated that the adsorption capacity for removing Cr(lll) ions
was 39.56 mg-gand 12.2 mg g for activated carbon from coconut fibre and carbon fibre
cloth, respectiveRf*.

Activated carbon in coir pith was also used tmogeCd(ll) ions. It was activated by using

a procedure describéy Namasivayanetal 222and was found to be effective for removing

cations from aqueous solutféhd Adsorption of Ni(ll) ions was also reged by the
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application of carbonized coir pftf. Coir pith carbon was activated y(busing

concentrated sulphuric acid and ammonium persulp(idi¢:]>S>Og)] as activating agents.

Activated coir pith was found to be more effective than unmodified coir pith. Adsorption
capacities of 38.9 and 9.5 mg-gespectively, were noted for the actigd and non

activated system®. All these studies show that leswst organic materials (such eoir)

can be used as factivated carbonso to repla

activated carbon adsorbents.

1.5.3.5 Coir-based composites for the heavy metal removal

As describeckarlier, acomposite might have more than one discrete phasafone the
continuous phase (such as the HAp). The coir fibre, as a biopolymer, could be included as
a discrete phase to make composites with other materials.

Composites are formally defined as materials made by mixing two or more materials of
differentphysical or chemical properties to create a hybrid material. The product material
will have both properties, but the individual components tend to retain their distinctive
properties. Chemical composition is very important for synthesizing a compasatel Gl

fibres with other natural materials, as adhesive bonding is necessary for achieving adequate
mechanical strength in the resultant composite. Materials of similar chemical compositions
have a natural affinity for each other.

A way to use coir fibrenore efficiently is through its binding with other natural polymers,
which may enhance its properties. Hence, materials with known high efficiencies for
removing heavy metal ions can be used to synthesise composites wihidoias chitosan,
hydroxyaptite and hemicellulo£é®. Modifications of coconut fibre can provide it with
enhanced removal properties for wastewater treatment than unmodifieéffil@es pith,

a byproduct of the coir production industry and consisting of lignocellulosic polymers,
may be used as a potential adsorbent to remove heavy nfaisnalatha et &P°
investigated the coir pith to remove Zn, Cu, and Ni fraodel solutions othese heavy
metals. It was found to be an effective removal agent for low and high concentrations of
heavy metals in water.

For increasing the water adsorption property of coimibellulose can be used to make a
composite with coir, which can enhance its water adsorbing ability due to the presence of
the cellulosic hydroxyl groups. This increases its utility in wastewater treatment

applications. Moreover, modifications of compesitaterials can be enhanced further by
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using strong oxidizing agents such as nitric acid. A composite adsorbent was prepared by
modifying coconut shell charcoal with chitosan. This composite was further modified by
using oxidizing agents (nitric acid analfsiric acid). These materials were used to remove
Cr(VI) from simulated electroplating wastewater. Results indicated a better adsorption
capacity forCr(VI) was obtained on the composite material that was further modified by
nitric acid (10.88 mg¢g) compared to a composite that was modified with sulfuric acid
(adsorption capacity 4.05 mgtg For the unmodified composite, the adsorption capacity
was only measured to be 3.65 gid.

Table 1-3: Coconut Fibre (CF) based adsorbents to remove heavy metals reported in the
literature studies

Coconut fibre- Metals removed Adsorption References

adsorbents capacity/Removal %

Coconuffibre Zn, Ni, 0.31, 0.20, 0.42 in mg'y 21

Coir pith Cr(VI) 76.3mg ¢ 212

Coir pith Cr(VI) 197.3mg ¢ 213

Coir fibre Cr(i, Cr(vi) Not mentioned 229

Coir fibre Pb, Cu 48.84 mg ¢ (Pb), 19.30 215
mgg* (Cu)

Coconut husk sawdust Hg, Ni 100%, 84.30%

Coir pith Cr(lll) 11.56mg g* 228

Coir pith Ni 62.5mg d 224

Coir pith Ni 9.5mgd 225

Coir pith (modified) ~ Ni 38.9 mg ¢ 225

Coir pith (modified) Hg® 956.282ng g* 230

Coir pith Ni, Cu, Zn 76.24 % (Ni), 85.12 % 205
(Cu), 86.58 % (Zn)

Coir pith (modified) Cd, Cu, Zn 93.2%, and 54.1% t 21
83.1%

Coir pith Co, Cr, Ni 12.82,11.5615.95in mg 282
gt respectively

Modified Coir Ni, Zn, Fe 4.33,7.88 and 7.49 in m 233
g-l

Coir pith (modified) Ni 24.39 mg ¢ 234

Esterified coir pith Co 34.13mg ¢ 235,236

1.5.3.6 Possible mechanisms involved in the adsorption of heavy metal ions using the

coir-based adsorbent systems

Coir fibres have selective adsorption, cation exchange capdeftydratioiirehydration,
and catalysis properties that might make them effective in eliminating heavy metals.
Adsorption is the dominant mechanism for heavy metal removal at pH values less than 7.

However, in alkaline conditions, precipitation of the matak occurs preferentially due
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to complex formation. In the pH range 3.0 to 9.0, removal of Zn(ll), Cd(ll) and Cu(ll) ions
increases from 54.1% to 83.1%, 68% to 93.2% and 70.8% to 97.6%, respectively, using
the coir fibre as an adsorbent. This trend ddnd attributed to an increase in the negatively
charged surface of the adsorbent with the increase in pH, which ultimately favours the
adsorption of cations (#). Parab et &2 reported that the combination of ion exchan

and surface complexation of metal ions was the possible mechanism for the adsorption of
Hg(ll), Cd(Il) and Cr(lll) ions onto coconut husk.

1.5.4 Spent Coffee Grounds (SCGs)

1.5.4.1 Coffeeas a source o¥aluableby-products

Coffee is one of the most favourite caffaied beverages worldwidmdis cultivatedin

more than 70 countries. It is the secandst largelytraded product after petroled

Despite its popularity, its mass consumption is posing negative impacts on the environment.
According to the International Coffee Organization (ICO), about 8.5 billion kg of coffee
was produced in one year (2014) consume in Brazil, the USA, Japan and the EU
(European Uniorfy. After-harvest processing of such large volumes of cdffsns and
consequently coffebrewing on an industrial scale produces enormouprbgiucts. The

coffee industry produces 8.5 million tons ofjpgoducts as municipal waste, with an annual
production of 9.34 million tons of coffee worldwidlesuch large quadities of by-products

are responsible for economic and environmental issues linked with their manag&ment

1.5.4.2 Composition of Spent Coffee Grounds (SCGSs)

The spent coffee grounds (insoluble powder) are the primaprdguct of coffee beans
produced after dehydration, milling, and brewing coffee beans. Several components,
including carbohydrates, proteins, lipids, nitrogenous compoueds, peptides and
alkalies), caffeine and phenolic compounds, constitute the coffee ground spent. Their
quantities depend upon their source and processing méthddisnstituents of different

spent coffee grounds from industrial sources were studied by some researchers and are
summarized in the followingable Table1-4).

The spent coffee grounds (insoluble powder) are the primaprdgud of coffee beans
generated by two sources. One from the ceffiexessing industries produces soluble or

instant coffee products and consumes about 50% of coffee beans production worldwide.
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The second source is the cafés and the public taking part tengertise remaining 50% of
coffee productioff’. These byproducts are dumped in landfills as municipal waste by
industries, causing an alteration of local ecotdyyn Sydney (Australia), 7% of the total
3000 tonnes of SCGs are reused in agricultural applications such as fertilizers or to feed
worms At the same time, the remaining is dumped as raw infidedwhich are causing
greenhouse gas emissiét€*®  Australia could be considered the thirdost carbon
emitting member after China and USA therefore, it demands a serious waste
management strategy wadwide to deal with the detritus. Contrary to this, food waste (or
organic waste) management can potentially benefit $700 billion if it successfully finds new

markets that can accommodate organic ste

Table 1-4: Composition of Spent Coffee Grounds (sourced from Brewingndustry and

commercial cafeterias)

Groups Sub-groups Composition References
Carbohydrates Mannose 46-57 % 246248
Galactose 26-30.4 %
Glucose 11-20 %
Arabinose 3.86 %
Proteins Total protein conteni 12.816.9 % (w/w) 241249
Coffee nitrogen 8.513.6 %
compounds
Caffeine (1,37 0.734t0 41.3 g 241250253
trimethykxanthine) A purine alkaloid mg?
0.007 31%
1.8mg g*
Lipids Oils consising of 7-25 % 254256

linoleic, palmitic,
stearic and oleic
acids
Phenolic compounds Gallic acid 16-399 mg ¢ 257,258
equivalent
s (GAE)
Minerals K, P, Mg, Ca, Na, Fe 0.823.52 % 241,251
Cu,
K as a major minera  3.1221.88 mg ¢

1.5.4.3 Sources and application of spent coffee grounds (SCGSs)

National regulations of many coffggoducing countries require a proper waste
management plan for the 4pyoducts generated during the production of coffee products.
For instance, in Europe, Nestlé pledged to reduce coffee grounds waste by employing
spert coffee grounds in renewable energy production by 2020 in their >20 fa¢tdridse
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coffee gounds (spent) have been used in several applications, including biochar
production for consequent heametals and dye remova, biodiesel productigi® and

as a subgrade construction material for réd#n contrast, their use in animal feed is
restricted due to toxic compounds such as caffeine, polyphenols and #inG6Ss are
mainly composed of lignocellulosic material in which the core of cellulose is sheathed by
covalently bonded lignin and hemicellulose. Organic compounds which constitute spent
coffee grounds miee it a potential material for activated carbon prodigtadsorbent for

antibioticg®®, sugaf*® and composf:.

1.5.4.4 Spent Coffee Grounds as a Baxsorbent for heavy metal removal

Generally, SCGs are described as organic particles with a large surface area (&round 7
m? g1), making them useful for adsorption applicatféhsThe presence of tannins in SCGs
provides the polyhydroxy and pghenol groups that take part in the adsorption of heavy
metal$%>2%¢ Spent coffee grounds with and without treatment have been extensively used
for heavy metalremoval. For instance, spent coffee grinds without any treatment
effectively removed Cr, Cd, Cu, Pb and Hg from w&fe¥?2%°, While in another study,
spent coffee grounds were activated for their adsorption sites using HCI to remove Pb and
F270.

Similarly, Kim et al?’* studied the effect of spent coffee grounds (SCGs) and charred spent
coffee (SCGchar) grounds on ameliorating heavy metataomnated water. They applied

the SCGs and SGEhar to remove heavy mesétom acid mine drainage (sourced from a
gold mine) containing Cd, Pb, Cu and Zn. SCGs and-8k® were highly efficient to
remove these heavy metals giving a more than 80% reratiicéncy.

SCGs have also been studied to prepare composites with other materials for metal removal,
but the work is very limited to date. Coffee residues and a clay composite were prepared
to remove heavy metals such as Pb, Cd, Cu, Zn affd Miay was used as a binding
material for coffee residues to prepare coffee/clay granules. Befomegnixiffee residues

and clay were pyrolyzed at different temperatures ranging frorBB00°C before their
mixing. The mixture was used to prepare a granular adsorbent of about 10 mm long and 1
6 diameter. Adsorption capacity order of heavy metals usegpthgranules estimated by
Langmuir adsorption model was given ag'NiZr’*< PP*<Cw?* < Cd*. Another study
reported the preparation of a magnetic composite of coffee waste ugiygaoparticles

and used this composite to remove Pb36hs
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The adsorption capacities of spent coffee grounds (raw or treated) and coffee waste
composites used for heavy metal removal are summarized in Tablactording ¢ our
knowledge, only a few studies have been done on the composite synthesis of spent coffee
grounds with other materials to use as adsorbents. To further explore the potential of spent
coffee grounds as a lewost adsorbent, spent coffee grounds wered use make
composites with chitosan and hydroxyapatite. As described earlier, the HAp could increase
the removal abilities of these legost byproducts. The SCGs (as lignocellulosic materials)
could provide mechanical strength to the CH/HAp compositesinoreasing their
application in heavy metal ion removal applications.

Table 1-5: SCGs based adsorbents to remove heavy metals

Material Source Metals removed  Adsorption capacity References

SCGs Industry  Cr(VI) 10.2mg gt 264

SCGs (activated) Industry  Pb and F 61.6mggPb, 9.7 270
FI

SCGs and SCG Cafeteria Cd, Cu, Pb, Zn 91%, 58%, >99%, 82% an

char 99%, 88%,>99%, 99%

Untreatedcoffee Cafeteria Cu and Cr 70mggiCu, 45Crr 269

residues

SCGs Cafeteria Cd, Cu, Pb 0.12, 0.21, 268
g?, respectively

MagneticSCGs Cafeteria Pb 41. 15" mg g 272

nanocomposite

SCGs Cafeteria Cu 0.214 mmol ¢ 273

SCGs/Silicon Cafeteria Pb, Hg 13.5mg g* for (Pb) and 274

elastomer 17.1 mg ¢ (Hg)

SCGs Industry  Cu, Pb and Zn 8.2, 27.6, and 8.0 mglg 215
respectively

1.5.5 Zeolites

Zeolites are naturally occurring hydrated aluminosilicates with a porous structure. There is
a vast number of crystal structures reported for zeoli#®scording to a report in the
Inorganic Crystal Structure Database (ICSD 1995), there are 273 zeolite crystal structures
registered, with the number of cation exchanged zeolites beingf%09

Costeffectiveness is the most important parameter before the application of any method
for water treatment. This is especially so if it is to be used on a large scale. Among all
available options, inherently leaost materials (such as clay minerals) are hence the best
option for water treatment. The use of locally available-tmst natural materiale(Q.,
zeolites) with a chemical structure that supports heavy metal removatigbyption and

ion-exchange mechanisms) can economically provide a feasible option. It is proven in
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literature (given below) that these materials could constitute an effective water treatment
method due to the enhancement of metal ion removal abilitidselbseveral mechanisms
that would exist in any composite made with this and other materials that have the potential

for being water treatment matrices.

1.5.5.1 Zeolites in the Taupo Volcanic Zone (TVZ) of New Zealand

In New Zealand, there is a presence of zea#posits in the TVZ, and their geology and
mineralogy are well establish@d In Ngakuru (TVZ), an extensive deposit of zeolites has
been discovered, which is less than 50,000 year$’dld. 1992, the first deposit was
discovered at Mangatete Road (Rotorua), which was available for commercial use soon
after its discovery. Deposits from this area have been used effectively to soak up oil,
chemical spills and animal was and have shown excellent adsorption capacties
Zeolite presence in lower temperature areas such as in Wairakei (a geothermaléfda in

has been known since the 1960 he local availability of zeolites offers a levost option

for the synthesis of adsorbents, especially for heavy metal ion removal.

1.5.5.2 Potential of Zeolites for heavy metal ion removal

A zeolite crystal is composed dhreedimensional frameworks of SiCand AIQy
connected through oxygen bridg€s Each tetrahedral unit contains at its centre an
aluminium ion which is surrounded by four oxygen atoms. A negative charge is produced
by the isomorphous replacement of*$iy AI**in the lattice. Exchangeable catiomsy(,
sodium, potassiurand calcium) balance out this negative charge.

The zeolites have potential industrial applications such as adsorbents, detergent builders,
molecular sieves and ion exchang&#&: The literature shows that heavy metals from
industrial, municipal and agricultural wastewaters have been removed by the application
of zeolite®?. Easy availability and extraction makeeth lowcost adsorbents of great
interest due to their high surface area and easy ion exchangeability. It has been shown that
ion exchange is the major mechanism for heavy metal removal by Z83ftésn a study
reporting the efficiency of three aluminosilicate minerals (perlite and vermiculite along
with natural zeolite$§°, natural zeolites were reported to be the most efficient agents for

lead ion removal from wastewater.
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1.5.5.3 Modifications of Zeolites to remove heavy metals

Clay minerals €.g.,zeolites) have negatively charged surfaces, which hence show a low
affinity for anions. Inorganic cations, mainly Fe(ll) ions and other cationic sp@cgeof

PK** Ba?* and Ag), have been used to modify clay minerals for using the modified clays
to remove anionic species from wat&f%8 Pb-modified mineals (such as zeolite, perlite

and vermiculite) have been used to remove Cr(VI) (in the form of chromate anions).
Among these clay minerals, zeolites and vermiculite (another silicate mineral) show a
higher removal efficiency with respect to Cr(VI), i.e.986and 60% for zeolite and
vermiculite, respectiveRf®. A proposed mechanism to account for this ion removal
property suggests that a-egchange process between the potassium ion of potassium
chromate (KCrOs) and lead takes place initially. In other words, insoluble lead chromate
is formed by the combinatn of PB* and CrQ% which deposits on the surface of the lead
modified mineral®. Therefore, surface modification of minerals Isdip increase their

ion exchange and adgdion ability.

Chitosan has been reported as a potential material to remove heavy asetaétioned
previously®L It can be used to make a biocomposite with the zeolites with enhanced
properties for heavy metal ions removal from water. Chitosadified zeolites have been
used to extract divalent metal ions {RIC*, and C@*) from acidic mediaife., HsPQ
soluion, which ha metal ions present as impurities). Modified zeolites have shown a
remarkable removal efficiencgf > 90 % for these cations after only 10 minutes of
exposure A study reported the synthesis of hydroxyapatite/zeolite nanocomposites by
using asimple solgel method. This nanocomposite was used to rerRbvl) and Cd (1)

from agueous solutions. Adsorption of cationic species on the surface of this composite
was demonstrated to be the removal mechanism for ions in thig%tudlgrature studies

have been summarized in Tabk 1oillustrate the zeolitdbased adsorbents' removal and
adsorption abilities. It shows that the zeolites could be eraglag a potential material to
make composites with chitosan and HAp with enhanced properties and abilities for the

heavy metal ions from the agueous solutions.
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Table 1-6: Zeolite-basedadsorbents to remove heavy metals reported in the literature studies

Zeolite-based adsorbents Metals Removal%/Adsorption References
Removed capacity

Synthetic Cd 85 % 292

Mordenite

(modified)

Zeolite (Natural) Cu, Ni, Co, Fe  0.0110.03mg ¢ 293

Zeolite (Synthetic) Zn, Cu,Pb,Cd >91% 294

Clinoptilolite (Modified) Chromate 9.83 mgg? 295

Zeolites (synthetic) Cr, Cu, Cd 0.83, 0.79, 0.45 in mmolYy 296
respectively

Zeolites (Natural) Cr, Cu, Cd 0.07, 0.09, 0.04 in mmoly 296
respectively

Zeolites (synthetic) Pb, U 20.1 (Ph, 37.6 (U) mg ¢ 297

Erionite (Natural) Pb, Cd 26 mgg,3.8mgd 298

Clinoptilolite (Natural) Pb, Cd 32mggh,16mgd 298

Scolecite (Natural) Pb, Cu, Cd 56¢ ed’,130e edj’, 299
3.2¢ eg)t

Fe-Zeolite (composite) As 38.26 N13.509 300

Clinoptilolite (modified) Pb 0.537 mmol ¢ 301

Clinoptilolite (composite)  Pb >99.9 % 302

Zeolite (Natural) Pb 54 mg ¢t 303

Fe modified Zeolite Pb 76 mg ¢ 303

1.6 Proposed mechanisms of selectedaterials for the removal of metal
ilons

The selected candidate materials (mentioned above) have been reported in the literature
studies to use some fundamental adsorption mechanisms mentioned in their respective
literature review sections. This mechanism has been summarised in the followioi, sect

as explained in the literature studies.

1.6.1 Electrostatic interactions for the metal ion removal from aqueous

solutions

The first and the most common mechanism that could be considered for the removal of
metal cations (Cd, PI?* and Cd*is the electrostatic interactions between these positively
charged metal i@and negatively charged functional groups (binding sites) on the surface
of the composité8* The oppositely charged species attract each dtraating to
attachment andesulting in metal iomemovalfrom agueous solutions.

In the chosemadsorbenmaterialdor this study, the hydroxyl groups are the most dominant

functional groupswvhich arefound in all the selected materials, with a negative charge
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which principally plaga role in metal cations by electrostatic interactibhsThe carbonyl

(C=0) and carboxyl groups (COQwhich are found in coir fibre (from hemicellulo¥®)

307 andspent coffee grounds (SCGs), participate indf@ementionednedanism forto

remove cations Similarly, negatively charged phosphate groups £PCare the
fundamental components of the hydroxyapatite to assist the metal cations removal from
the aqueous solutioly electrostatic attraction

The positively chargeduhctional groups (produced by the protonation of the active sites
at lower pH values) of adsorbents (chitosan, coir fibre, SCGs etc.) and hydroxyapatite must
remove anionic species (metal ions) such as chromate and arsenate by electrostatic
interactions aslocumented in the literature stud®s. The pH of the solution is an
important parameter to accomplish the removal of the anionic metal species, as it is
essential for the protonation and deprotonation of the functional groups to create a positive
charge on the surfader removingthe negatiely charged metal ions from the solution
electrostatic interactio8-3!2 A lower pH (acidic)in the solution provides an excess of

H* ions, which cause protonation of the functional groups, such as the hydroxyl, amino and
carboxyl groups, to pouce a positive charge on these functional graapallowing the

remo\al of anions (chromate and arsenate) by electrostatic interatflons

1.6.2 The Metal-ligand complexation (metal chelation) mechanism for metal

ions removal from the aqueous solutions

The metal chelation is an extensively reported mechanism for the removal of metal ions
from the desired sites (e.g., an aqueous solution). This mechanism is founded on the
coordination chemistry, involving tlehelating agentt form a complex structuretielate)

with the metal ions to bind them for the remé¥&IThe chelating agents could be organic

or inorganic, possessing ligand(s) or chelating atoms that coordinate with the metal ions by
covalent and coordinate linkages. The ligand atpprgnarily N, O, and Sare present in

the chemical groups of the materials (such asabsorbents). The most common
functional groups involved in metahelation by their ligand atoms inclueldHz, =NH, -

OH, and OPGH314,

In the metaichelation mechanism for the metal ions removal, the chelating ageasarct

Lewis base (electron donor) to bond twinetal cations such as PpbCd* and Cl#*. In

contrast, the metal ions act as Lewis acid (electron acceptors) to make covalent/coordinate
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linkages with the chelating agents (Figur&)3*. In this process, the metal atoargheld

a central place surrounded by neutral or ionic groups (ligand) to form a complex structure.
In this way, the adsorbents' functional (chemical groups) immobilizendrthe metal ions

on their surface to remove them. The mdigdnd complexes could be monodentate
(involving one donor atom), bidentate (involving two donor atoms) or polydentate

(involving more than two donor atom¥)

M +— ‘ Monodentate Ligands

red

M Bidentate Ligands

N

\ / Polydentate Ligands
/M \ (Formation of Chelate)

Figure 1-1: Synthesis and types of metdigand complexeé'“displayed with permission under

a Creative Commons Attribution 4.0 International License

The functional groups present in the chosen cateithaterials, such as hydroxyl groups,
carboxyl groups and amino groups, which are the constitutional part of the selected
materials, contain the ligand atoms such as N and O and actively participate hgagthl
complexation for their remov&P3¢ The literature studies extensively reported metal
chelation as one of the dominant mechanisms involveahatal ion removal (cations
particularly) by the functional groups of biopolym&fsThe biopolymers such as chitosan
and lignocellulosic materials (coir fiore and SCGs) contain the hydroxyl, aamdo
carboxylic groups. They are reported to form metal compléx&s’*®for metal cation

removal from aqueous sadions Similarly, the hydroxyl groups are the fundamental part
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of the hydroxyapatite and zeolites and could be considerede involved in this
mechanisrir®.

To remove negatively charged metal ions such as chromates, the functional groups with
ligand atoms (such as the amino groups of chitosan & carboxylic groups of the
lignocellulosic materials) could work differently. Theetal oxides, such as the oxides of
Cr(VI1), contain many Hions, or at acidic pH conditions, there is an excess"abib in

the solution. The Hions can protonate the negatively charged or neutral functional groups
to create an electron donor grétip The electrordonating group resulting from the*H
ions' protonation can trafes electrons to Cr(VI) to reduce it into Cr(lll). The Cr(lIl) could
remain in the aqueous solutions or form complexes with binding groups of the
bioadsorbenf$’. The reduction of Cr(VI) to Cr(lll) is also mentioned in the literature to

remove chromate ions using bioadsorb&atich as chitosan and coir fiBfré

1.6.3 The ion-exchange mechanism for metal ions removal from the aqueous

solution

lon exchange is anof the fundamental mechanisms involved in metal ions removal by
using the materials contang norrtoxic metal cations or anions, which could exchange
with toxic heavy metal cationic or anionic species. Hydroxyapatite and zeolites are well
reported mateals using the iorexchange mechanism to remove toxic heavy metal cations
such as PY, Cu#*, C*, Zr** and anions such as arsenate

The C&"ions present in the apatites éagoured asdsorption sites for the metal cations
using the iorexchange mechanism. The’Cians are exchanged by the metal cations'(Pb
Cd?") when they areemovedfrom solutionusing the hydroxyapatite or HApased
composites. Similarly, the metal cationshe zeolitessuch aghose ofsodium, calcium

and potassiurrare the potential sitesf removalfor metal catios by ion exchange.

For removing heavy metals from industrial effluent, ion exchange is another very efficient
and essential mechanisfor ionexchange purposes, a solid material must be used with
ion exchange sites for either anions or cations through interaction with the targeted ions for
removal. lon exchange formally occurs by an ion of identical valency being released on
acceptance into thresin's site of the "pollutant ion", so preserving net neutrality in solution.
As stated above,atcium hydroxyapatite can remove heavy metal ions by exchanging
calcium ions (C&) with heavy metal cations the crystal lattice of HAplon exchange
between calcium and lead iom&s beestudied, and equimolar ion exchange was observed
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by measuring the concentration of released calcium ions and consumed lead during all
reaction time¥°. However, hydroxyapatite can also exchange out anionic species through
replacement with Otbr orthophosphate ioA study reported removing copper, cadmium,
lead and iron iom species by using synthetic hydroxyapatite. The exchange of calcium
ions with these metal ions was reported as a mechanism for heavy metal removal, which
was concluded due to an observed increase of calcium ion concentration in solution during
the experinanf?,

Synthetic and natural zeolites are walown adsorbents for removing heavy metal ions

by ion exchang®®. These materials possess negatively charged tetrahedsar&i@IQ,

groups, which effectively remove cations through ion exchange. Natural and synthetic
zeolites have been studied as removal agents for Cd(Il), Cu(ll), Zn(ll), Ni(ll) and Cr(VI)
ion species, and results have shown that synthetic analogues of theselmadiesigher
removal efficiency compared to natural zeofit€sThis is due to synthetic zeolites' higher

H* exchange capacity and cation exchange capacity, which results from their lower Si/Al
ratio (1.7) compared to natural zeolites3}4 Studies have shown that zeolites with lower
Si/Al ratios exhibit greater adsorption capacités The presence of harmless
exchangeable ions (sodiurpalcium, and potassium ions) makes zeolites suitable for
removing heavy metals fromastewaters as thesgchangeablens are found naturally

in waterways. The selectivity order of clinoptilolite was studied for a series of heavy metal
ions for their removal, and it was found that the order of ion removal efficiency was as
follows: PF*>Cd?* > Cs> C#*> Co*> CP*> Zre*™> Ni?">Hg?+ 3%,

There are different methods to interpret the adsorption mechammwsmlyed in the
adsorption of metal ions when composite adsorbents are employedter treatment
systems to removmetal ions. One of the most studied and the most rehadethods is
adsorption modelling which involves fitting different adsorption models on the
experimental data to interpret the adsorptioralveu of metal iors in adsorption systems.

The fllowing section discusses the adsorption models which are oolymsed in
composite adsorption systems for the eg&bn of the mechanism involved in metal
adsorption and also provides the ground for theaseh of adsorption moels which have

been employed in this study to fit the experimental data of metal ions removal on the

composite adsorbents.
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1.7 Adsorption Modelling

The adsorption process is the fundamental technique applied using tbedbsynthesised
composies for the heavy metal ions removal from the aqueous solutions in this study. It
has been mentioned earlier (section 1.4.1) that adsorption could involve different
mechanisms for the removal of the heavy metal ions mechanisms, such as the
chemisorption @rmation of new bondsandthe physisorption (by Van der Waals forces)

and ionrexchange. The understanding of the adsorption mechanism is important for the
design of the adsorption systems for the efficient application of wastewater treatment plants.
Different methods have been employed to explore the possible mechanism of adsorption
involved in the removal of heavy metal ions. These methods include the characterisation
of adsorbent materials before and after the adsorption process, density functional th

the molecular dynamics stutfy(using a computer simulation program) and the adsorption
modelling of the experimental data of adsorption, which is recorded atp&dso
equilibriun®3, Among these methods, the adsorption modelling of the experimental
adsorption data is the most common and widely used method, which also can assist in the
evaluationof the removal efficiency of adsorbents (by some models) by calculating the
maximum adsorption capacities of the adsorbent materials.

Adsorption modelling involves the application of different adsorption isotherms to
elucidate the mechanism of metal ramloor metal adsorption by adsorbents. When an
adsorbent is employed in a solution, sorbate molecules (metal ions in this study) adsorb at
the surface of the adsorbent depending upon their concentration present in the solution at
a constant temperature.gkaphical representation of this adsorbed quantity of sorbate in
the solid phase (mg'pr mmol g') vs sorbate quantity in the solution phase (mgok

mmol L) is called adsorption isotherm or adsorption isotherm. This isotherm is typically
used to cleulate the efficiency of adsorption. At equilibrium, a certain amount of adsorbent
(g) adsorbs a certain amount of sorbate (mg) for a particular concentration of adsorbate
(mg L) for a constant volume of solution ¢4,

Several adsorption isotherms have been reported to model the adsorption data, including
the Langmuir, the Freundlich, the Temkin, the Sips and the Brunauer, Emmet and Teller
(BET) models. These models are classified depending thgor isotherm shapes or the
number of parameters calculated. However, this is not an effective way to classify these

models, as the classification is not enough to describe the adsorption mechanism. For
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instance, the Langmuir and the BET adsorption rsodee classified as twparameter
models. The Langmuir is used to mention chemical adsorption (monolayer adsorption),
and the BET mostly involves physical adsorptfon

Most of the adsorption mets are empirical, such as the Freundlich isotherm model, the
Temkin and the Sips isotherm models, which lack theoretical support to describe the
adsorption mechanisms in the adsorption systems. Each adsorption model has its
limitations, which limis its gpplicability to a wide range of adsorption systenifhe
physical meanings of the adsorption isotherm parameters offer a way to comment on
possible adsorption mechanisms. The isotherm parameters are calculated by using the two
methods.

The first one is thdinear regression methodpplied using the linearized form of the
adsorption isotherms. It is the simplest and most convenient method used extensively in
published papers to report the adsorption mechanisms.

The ®cond is thenonlinear regression methqgdwhich employs theéMicrosoft Excel

solver adein using nonrlinear regression functions (error functions) to calculate the
adsorption isotherm parameteltsis relatively more complex than the linear regression
method and considereudore reliable to calculate the accurate values for the isotherm
parameters.

The linear regression is reported as a biased method that can cause errors in the estimated
adsorption data. The actual model equation is convertedtilioearised form, which
possbly affects the dependent and independent variables of the model. In contrast, non
linear regression was found to report relativalyreaccurate calculations of the estimated

i sotherm model 6s parameters.

The following sections describe the different istn models, including the twmarameter
isotherm models (e.g., the Langmuir and the Freundlich) and thepwrameter isotherm

model (e.g., the Sips model). Both the linear andlim@ar forms of the isotherm models

have been given. However, the Langmand the Freundlich isotherm models were used

in this study's experimental data due to their applicability to the vast variety of adsorption
systems. Considering this study's extremely large data sets, only two models were selected
to explore the possibladsorption mechanigmvolved in heavy metal ion removal using

the synthesised composite systems.
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1.7.1 Langmuir Isotherm

ThelLangmuir isotherm is one of the most applied adsorption models used to describe the
adsorption behaviour of adsorbentsailsorbent system# was initially established by
Irving Langmuir (1916) to define the adsorption of gas at specific, confined sites of an
adsorbent as a function of pressure and has been employed to explain both chemical and
physical adsorption. It ass@® monolayer formation of sorbate molecule on the
homogenous surface of adsorbent by interacting with one active site of adsorbent with one
molecule of sorbafé”. It alsoholdsthat adsorption energy is constant, and there is no or
negigible interaction between adsorbate moleculé following equation applies:

0l @

n b 0O (1-16)

Where @ is the experimental quantity of adsorbate at equilibrium (Mg Ge is the
adsorbate concentration in solution at equilibrium (Y gmax(mg g*) and K (L mg?)

are the Langmuir constants related to estimated adsorbate quantity at equilibriur (mg g
and affinity between sorbate and adsorbent, respectively. There are two constant quantities
(parameters) calculated with the Langmuir adsorption isotherm (kex,aqd K),
classified as a twparameter model in the literature studies.

Equation 116 is used to calculate the Langmuir isotherm parameters usingjnean
regression functions (error functions) as given in appendix 1A (section 1.3A).

The different linearised forms of Langmuir isotherm derived from equatiel® tb
represent and intergrenodel constants agiven belowin Table 17 336 These forms are

used in the literature studies to calculate the parameters by a simple linear regression
method using Excel. However, these methods to calculate the Langmuir isotherm
parameters have been reported to produce biased and inaccurate nelstiles % errors

were calculated to be up to 40% using these linearized equations (linearisation M&thods)
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Table 1-7: Different linearised forms of Langmuir isotherm model

Isotherms Equation Linear Form Plot
Langmuir | qm K Ce 1 1 1 1 :
4= T v r o ——r— TR T — S
L [\L(‘v e thL(Je' qm qr
Langmuir 2 amK,C, € | 1 C
Qo = T pedan Snrmutl (0 o - — VS.
1ot ’\L {'b' e G qrul\l_ e
Langmuir 3 qmK.Ce 1 q, Y
- qe = L I: é e = _fl_ + i Qe l'5'(
1+K,C, K, C,
anemuir K:.C. de . " e
Langmuir 4 — Ao 1 C = = —K,q. + q,.K; — vs.
1 + "L{"(’ (‘u‘ e
Langmuir 5 Gm K. Ce 1 X 1 7 1
Qe = ————— — =K gy, —— — vS.—
8= KL, C, L9m o : .

The Langmuir constant (K is used to calculate a dimensionless parametestitch can

be used to determine the favourability of the adsorption pré€elsss given by equation

1-17:

(1-17)

The extent of favourability of the adsorption process could be explained in terms of R

value. When the Ris closer to zerd.e. R, <<<1, then it demonstrates a more irreversible

and more favourable adsorption process. In contrast, when treuRs approach unity, it

illustrates the reversibility of adsorption and also indicates less favourable adsorption

process. It means that whére R > 1, it indicates unfavourable adsorption. Hence, R

<<< 1 means irreversibladsorption, whilegenerally 0 < R < 1 is indicated as a

fifavourabl® adsorption process.

For

t he

Langmuir

sotherm model ,

A hausnogeno u:

surfaces on a macroscopic level. However, literature studies also show the applicability of

this model to describe adsorption on irregular or -aoiiorm surfaces, such as

microplasticé®®, modified minerals, shal® and naturally sourced activated carbéhs

which were examined using microscopic characterisation techniques.

The explanations for the Langmuir isotherm fitting on adsorption data recorded for

heterogeneous surfabasedsystems were supported by a good number of literature

studies. The studies have been summarized in tabular form (F8hlsHowing the fitting
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of the Langmuir adsorption isotherm on similar compeisésed adsorption systems. The
fitting of the Langmuirisotherm illustrates homogeneous adsorption of the adsorbate
molecules on these heterogeneous surfaces, which appear homogenous at macroscopic
levels but are irregulahéterogeneogsat the microscopic level.

The Langmuir model is also associated with tihemical adsorption mechanfSt It
assumes the monolayer adsorption of the adsorbate molecules on specific adsorption sites
at the homgenous surface of adsorbents. Suppose an adsorbent system follows the
Langmuir model of adsorption on a surface; in that case, it is known that as the
concentration of metal ions initially increases from zero to higher values, the adsorption
rate of the ans on the surface of the adsorbent is first order with respect to the metal ion
concentration. As a monolayer is established on the surface of adsorbed metal ions,
adsorption slows down gradually to a constant ratexdubiting zereorder kinetics with

the establishment of equilibrium. The initially faster rate of adsorption is attributed to the
availability of more significant numbers of active (empty) sites on the adsorbent. At
equilibrium, there is no more change in the adsorption capacity of theadseven after
increasing the metal ion concentration, as the rate of reaction exhibisrderdinetics

for the metal ion concentrations at this stage. It is assumed that the adsorbate
molecules/ions have occupied all the available adsorbent sit@glanot adsorb any more
until existing molecules/ions | eave the surf
after a certain amount of time allowed for adsorption on the composite samples, the
equilibrium concentration measured in solutionresents the situation where the rate of
adsorption = the rate of desorption of the metal ions. The model is considered one of the
most reliable adsorption isotherm models, which has the theoretical background to explain
the physical meanings of the paraerstand provides reasonable derivations. So, the
Langmuir isotherm model was selected for the adsorption modelling of the experimental

data in the present study.

1.7.2 Freundlich isotherm

Freundlich discovered a possible relationship between adsedobdte and the sorbate
concentration at equilibrium in 1906 while investigating material adsorption in animal

sourced coal adsorbents. He expressed this relationship in edi+a8on
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r'l O 6 (1-18)

Where g and G are the exact quantitiessitgibed earlier in Langmuir isotherm, while K
and 1/n are Freundlich isotherm constants related to Freundlich adsorptiaiheand
heterogeneity factor, respectivéy The linearized form ofhe Freundlich isotherm is

given as follows:
§ERQ & T gc‘x £50 (1-19)

A plot of log G vs log gwas used taalculate 1/n and Kby slope and intercept of the
graph, respectivelylhe Freundlich adsorption isotherm is one of the most commonly used
adsorption models, which is used to representlimaar adsorption described as a two
parameter model due tbetwo parameters calculated using this model (1/n and K

As described above, it has been considessth empirical isotherm model that lacks the
theoretical background to support the physical meaning of the paramatesveral
research articles, it wassed to represent the mulélyer adsorption on heterogeneous
surface®**345, Adsorption intensity or surface heterogeneity is measured by a slope that
lies between 1 and 0. The more the value of 1/n closer to zero indicates more heterogeneity
of the surface. 1/n is also regarded as the measure of favourability sfttinerm. Suppose

the value is 0 < 1/n <1 it shows the favourability. If 1/n is equal to zero, it is irreversible,
and if the value is > 1, it represents the unfavourable condition of isotfieriitse valie

of Ke (Freundlich constant) is used to estimate adsorption capacity {)#d. g

The Freundlich isotherm is a commonly employed adsorption isotherm reported in most
adsorption studies conducted to report heavy metal ion rentteate it was also used to

fit the adsorption data collected in the heavy mieta adsorption systems in the present

study, along with the Langmuir isotherm.

1.7.3 Sips Isotherm

TheSips isotherm, also known #gL-R isotherm, is a hybrid model which combines the
Langmuir and Freundlich equat®rto explain the adsorption on homogesoor

heterogeneous surfacé$® It is considered the most applicablp@&ameter adsorption
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isotherm for monolayer adsorption of adsorbaie the adsorbent surfaég®: It also
overcomes the drawback die Freundlich isotherm related to increased adsorption
capacity by increasing the sorbate concentrattmough the incorporation offinite
adsorption for a sufficiently high concentration of adsorption. At low sorbate
concentrations, it is predicted to bEr@undlich adsorption isotherm illustrating monolayer
adsorption on a heterogeneous surface. In contrast, it is supposed to indicate monolayer
adsorption on the homogenous surface (showing Langmuir adsorption behaviour).

. EN #
N O — (1-20)
p E#

In the above equation, wherg, gnaxand G are the same quantities described earlier for
the Langmuir adsorption isotherm (E€l.&), while Ksand 1/n represent the Sips adsorption
model constants. The Sips isotherm mdaedthe potential to beemployed taexplore the
adsorption behaviowf the composite systems of the present study. The plots showing the
fitting of the Sips isotherm on the adsorption data of metal ions for the CH/HAp/Zeolite
composites are included in appendix 4, which indicateappé#cability of theSips model

to thesecomposites systems.

1.8 Adsorption Kinetics

Adsorption kinetics also has been used as a tool to ptediatisorption mechanissof

metal removal systems. The kinetic models which are generally employed to investigate
the adsorption are given below. Like adsorption modelling, thelinear regression
method was used to do kinetic modelling of the kinetics ctatacted forheavymetal ion
adsorption on the synthesised composite systevestigatedn this study. The four no

linear regression functions (also called the error analysis functions) were used and given in

Equations 1A to 1Appendix 1, section 1.3)
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1.8.1 PseudaFirst Or der Kinetics

In 1898, Lagergren described the rate of adsorption of a solute from a liquid solution by
expressing an equation knownmudaefirst-order (PFO) kinetics, and its ndimearized

and linearized forms are represented by the following eqdation
n np Qon o (1-21)

e Q
aeEim n a € mR -

ctom % (+22

In the above equations; Is the rate constant diie pseudefirst-order kineticamode| e
and qare adsorptiogapacity (mg @) at equilibrium and at a time "t". A graiilog (e

T q) vs "t" should give a straight line to allow calculation of thekd @ from the slope
and intercept of the graph, respectively.

If the adsorption kinetic data are well fittey the PFO kinetic model (i.e., if’Rs close to
unity for the fit), then physisorption is considered the-liatéiing step in the adsorption

process.

1.8.2 PseudeSecond Order Kinetics

Ho and McKay**3expressed theseudesecondorder (PSO) equation in 1999 by analysing
findings from 112 literature studies and providing evidence using correlation data that all
the experimental observations (frone thelected studies) followed psetskrondorder

kinetics. After the publication of the work done by Ho and McKay, the PSO kinetic model
became popular, and several studies conducted in the past years showed the dominance of
the PSO kinetic modelverthe PFO kinetic model, as most of the kinetic data were found

to follow PSO kinetic moddb abetterextentthan thePFO kinetic model.

The nonlinear and linear forms of the pseuslecondorder kinetic model are described as
below?®®.

Qn o

) —_— 1-23
n Y (1-23)
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o 0 (1-24)
noo n

Where k is the rate constant for pseudecondorder kinetics, a plot of t{eys t should

give a straight line to determine gnd k as determined from values of tspe and
intercept ottheplot, respectively. The PSO model fitted to the experimental dasirdtes

that the chemical interaction is involved in the adsorption process, and the chemical
adsorption is the ratemiting step for the adsorption process.

The present study used the Aorear regression method to fit the PSO kinetic model on
the heay metal ions removal kinetic data on the synthesised composite systems using
equation 1A1D. The method is described in appendix 1 (section 1.3) for the Langmuir
adsorption model, using the HYBRID error function. A similar method was used for the
kinetic models fitting to the experimental data using four different error -(inear
regression) functions to calculate the Héstd parameters of kinetic models. The best
fitted model values were decided by the calculated value$ oftich lie closer to omfor

the besffitted model values.

1.8.3 Weber-Morris Intra -Particle Diffusion Model

Weber and Morris described the inparticle diffusion model (IPD) to explain the
adsorption kinetics in 1962, which is given below:

n Qot & (1-25)

Where gis the amount of adsorbent in the solid phase (Hgkg is the diffusion constant

(mg g* min®9) of IPD and C (the intercept) is the adsorption constant for any experiment
in (mg gY)%* A plot of q vs t is employed in different ways to explain inparticle
diffusion.

A single linear line plot is used to force through the origin, assumingpattéele diffusion

as he only ratdimiting step. A multilinear plot explains more than one step in the
adsorption process that could be defined by adsorption boundary thickness. The value of C
gives an insight into boundary thickness as calculated by the intercept of dreplote A

significant value of C specifies an extraordinary boundary thickeffess>38
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Generally, this model explains that the adsorption capacity varies with the square root of
the time {°-%), and the adsorption process is typically following more than one step (as rate
limiting steps).

The adsorption process can include more than one step, such as boundary diffusion (film
diffusion), sorbate diffusion from solution to the adsorbent's external surface, and intra
particle diffusion. The slowest process controls the overall rate of adsgrpile more

than one process is considered as alnaiéng process for adsorption. Theoretically, in

the IPD model, if the intrparticle diffusion is the only ratiémiting step, then the plot
based on this model equation must be lim@aipass though the origif®®. Most adsorption
processes have been found to follow two or three steps, with the fastest initial step, which
is attributed to bulk diffusiorfollowed by slower ratdimiting step(s¥>®. The ratelimiting

steps could include chemical adsorption (occurring at particular adsorption sites to form
complexes) and the int@aricular diffusion in the pore spaces of the porous adsorbents.

In literature studies, three steps of the mlirigéar graph are explained as follGw/S>%

Step 1The bulk diffusion step, indicated by the steep line, describes the mass transfer from
liquid to the adsorbent surface. It is the fastest, giving the highéstté of diffusion in

step one) valuef all threesteps, due to the availability of excess adsorbate molecules in
the solution and active sites on the surface of the adsorbent. The value of C (boundary
thickness) is the lowest for this step because the lowest hindrancedortihée molecules

is at the start of the adsorption process.

Step 21n this step, the sorbate molecules adsorbed on the surface (in step one) diffuse into
intra-particle space tpenetratento the inner structure of the adsorbent. The value of C is
relatively higher than step 1 due to the adsorbed molecules on theesumfaomparison,

the value of kin this step (second) is lower than in step one due to slowespattigle
diffusion. The diffusion rate is slowed down because of interference caused by molecules
adsorbed on the surface.

Step 3describes the last step the adsorption process when it reaches equilibrium due to
the saturation of active sites on the surface. The-pdracle diffusion space becomes
narrow or blocked to allow more diffusion, not inside of pores. The concentration of sorbate
molecules s also decreased in the solution while reaching this stage. At this step, the C
(boundary layer thickness) is the highest due to adsorbed molecules in steps one and two,

and the kis the lowest due to hindrance caused by the boundary layer thickness.
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This kinetic model is applicable and described for porous materials. The model was
included to study the kineticef metal cation adsorption on the CH/HAp/Zeolite
composites systems (in Chapter 5, section 5.1a&k)ng into consideration the porous
nature ofzeolite materiks.
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Table 1-8 Literature studies showing the adsorption and kinetic models fitted to the composite basedsorption systems

Heavy metal ions Composite systems Bestfitted isotherm models  Bestfitted kinetic models References
Hg(l) Chitosan/cotton fibres Langmuir & Freundlich PSO 360
CU?, Ni?*, CcP? Chitosan/cotton fibres Langmuir & Freundlich PSO 361
P Freundlich PSO
CU*, Ni* Chitosan/Perlite Langmuir & Freundlich PSO 161
Cr(VI) Chitosan/Perlite Langmuir _ 164
As(lll) , As(V) Chitosan/Ceramic alumin: Langmuir, Freundlich 362
Cr(VI) Chitosan/Ceramic alumin: Langmuir, Freundlich : 363
CL2* Chitosan/Alginate Langmuir PSO 364
Cd* Chitosan/Ceramic alumin: Langmuir PSO
Cr(VI), Cu(ll) Chitosan/Orange peel Freundlich PSO 365
Cd* Chitosan/Mesoporous Freundlich PFO
silica
Cuw* Chitosan/Poly(Lactic Langmuir PSO 204
Acid)
Cuw* Chitosan/Montmorillonite  Langmuir PSO 366
Cw*, Zr?t HAp/naturalsnail Langmuir & Temkin PSO 367

shell/chitosan

i HAp/Cellulose acetate Freundlich PSO 111
P HAp/Chitosan Elovich PFO &PSO 368
Cu, Ni** HAp/Lignin/Alginate Langmuir PFO 369
PL HAp/Chitosan — PSO 370
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CWw*, PI¥*
As(V)
Cr(VI)
PR

PR

Pb?*, Ni?*, Co*
CU, Zrét, Ck PH*

Cc*
PL
PE

Pb?*, Ni?*, Co?*

P+

HAp/Bisphosphonate
HAp/Cellulose
HAp/Cellulose

HAp/Activated carbon
HAp/Calcium silicate
HAp/Chitosan
HAp/Cellulose
HAp/Chitosan
HAp/Polyurethane
HAp/Polyacrylamide
HAp/Chitosan
HAp/Magnitite

Langmuir

Langmuir
Langmuir
Langmuir, Freundlich

Langmuir
Langmuir
Langmuir
Langmuir
Langmuir
Langmuir
Langmuir, Freundlich
Langmuir, Freundlich

PFO
PSO

PSO
PSO

PSO
PSO
PSO
PSO
PSO

371

372
373
374

375

82

376

377

378

379

380

381

PFO = Pseuddirst order kinetic model
PSO = Pseudeecondorder kinetic model
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1.9 Significance of the selectetkedstockmaterials and thisresearch

Heavy metals, by nature, are ndegradable and hence persistent in the environment.
Moreover, they are easily soluble and able to make their way to cells in organisms. The
real threat to ecosystems is imposed by the entry of these contamtattie food chain.
Globally, pure water availability is becoming crucial over time and with its increasing
demand due to an expanding global population. Thus thea®f industrial wastewater
before its discharge into any local water body using efficgéategies to reduce heavy
metal contamination is an important research goal in the water treatment and purification
field®28

As mentioned above, globally, water demand is predicted to increase significantly over
the coming decades. In addition to the water demand from the agricultural sector, which
is currently responsible for 70% of water extractions worldwide, large increaseser
demand are predicted, particularly for industry and energy produclios.above
estimates support the ofterted approximation that, globally, it is likely that over 80%

of wastewater is released into the environment without adequate treatmaelejuate
wastewater management also directly impacts ecosystems services (such as food and
water availabilityy. Discharge effluent from industrial and agriculture activities are high

in volume so that heavy metals, including organic compounds and some effluents, can be
disposed of without proper treatment. This directly iotpavater qualits?®. It has been
estimated thattwo hi rds of the wor | do bortagnesphyd02b6t i o n
andtheimpacts of this shortage could be even worse for ecosysfoddivide Fund,

WWEF). There is a growing recognition of using wastewater as a water resource for
different sectors. A shift in using treated wastewater in differenbisectuch as for
agricultural purposes rather than discharging it lag-product is growing®. By paying
serious consideration to the abawentioned environmental problems, it will be crucial

to treat wastewater fansuringthe quality of surface and groundwater. Additionally,
treated wastewater may provide a source to reuse in industrial and agricultural industries.
Costeffectiveness idie most important parameter before the application of any method
for water treatment. This is especially so if it is to be used on a large scale. Among all
available options, the use of inherently toast materials is hence the best option for
water treamnent. For this purpose, agricultural or industriatgsgducts can be very

promising sources for developing materials/material composite for water treatment. This
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is because the management and repurposing of industrial and agricukpratibgts are
alsoserious environmental problems in every developed and developing country of the
world.

There is a drive towards sustainability, developing processes that solve present problems
without compromising future generations. One valuable opportunity to regutipese
by-products is by using these materials to develop products which may be reused to solve
another environmental problem issue. Global$, million tonnes of marine bgroducts

are produced, in which Southeast Asia alone accounts for 1.5 milinedoln developed
countries, the management of seafood waste is expensive, with its costing up to US$150
per tonne in Australia, while in developing countries, it may, unfortunately, be dumped
in landfills or at sea. The extraction of useful materialst{sas chitin) from these marine
by-productswill be one good solution to waste dispd&allin other areas worldwide, 5 to

6 million tonnes of coconut fibre are produced yearly, with only 10% of this amount
having been used commercialland the remainder being discarded into the
environment.,

So, the use of materials derived from marinepbyducts or even agridukral sources

would not only be desirable from a cost viewpoint but will also help to mitigate
environmental impactsAs described in detail in the literature review section, these
materials can serve as effective adsorbents for the removal of heavy metals from water
The chemical structure of these materials supports adsorption and ion exchange processes,
especially heay metals and their effectiveness, it is believed, may be increased by
developing innovative composites of these materials and applying them in different
operating systems under different conditions. It is hypothesized that these materials could
constitutean effective method of water treatment due to the enhancement of metal ion

removal abilities by the several mechanisms that would exist in the composite.

1.10Aim of this study and the overview of synthesised composite

materials

More broadly, this study wasased on one fundamental air,, "the removal of heavy
metal ions using lowost adsorbents which was achieved by selecting lawst

materials with the potential to remove heavy metal ions. Afterwards, the composite
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matrices using the candidate madési were synthesised to evaluate the removal

efficiencies of the composite materials.

The commercidy suppliedhydroxyapatite (cHAp) was added to commercially sourced

chitosan to maka chitosan/HAp (CH/cHAp) composite (the first composite considered

for this study), and it was expected that the HAp (commercial) would enhance the removal
ability of the chitosan. It was evaluated by comparing the removal efficiency of the
chitosan (from literature studies) with the CH/HAp composite (present silidg)two
componenbased composite systd@H/cHAp) wasused ascomposite control system.

As described earlier, animal bone sourced HAp (bHAah be used in place of

commercial HAp, as literature reported using-bourced HAp in the water treatment

systemsHence,another chitosan and HAp based composite was synthesised using the
bovinederived HAp (bHAp), and this composite (CH/bHAp) was used to compare with
the CH/cHAp composite for the adsorption of metal ions.

As the literature studies reported the use of chitosan/HAp (for commercial HAp)

composites for the removal of heavy metals, butno study reported the use of bowine

sourced HAp in combination with chitosan to remove heavy metal ions, thisemas
selected as a unique combination for applicati@naheavy metal ion removal system.

Additionally, the third component (asdiscrete phase) was added to CH/HAp (either

CH/cHAp or CH/bHAp) composites to make novel combinations of the composites. The

selectedcombinations (mentioned below) were not reported earlier in the literature for

heavy metal ion removal. It wads/pothesisedhat the addition of the third component

(e.g.,coir, fibre, SCGs or zeolite) into the CH/HAp composite would help to improve the

removal efficiency or improve the applicability of the composite by providing stability or

mechanical strengtio the compositeThe detailed synthesis and characterisation of two
componenbased and threeomponentased composites are given in tingcoming
chapter (Chapter 3). For the overview of these composite systamgollowing
combinations were selected and synthesised to remove the metal ions from the aqueous
solutions.

0] Two-component composite systemmntaining chitosan and hydroxyapatidy
(termed as control composites), which included Chitosan/commercial
hydroxyapatite (CH/cHAp) and Chitosan/bowderived hydroxyapatite
(CH/bHApP)
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(i) Three.component composite systemsere synthesised by adding a third
component into the CH/HAp based cmhtcomposites, either using CH/cHAp or
CH/bHAp. The materials added as a third component included coir fibre (CF), spent

coffee grounds (SCGs) and zeolite.

The combinations for bast2component composity/stems argivenas:
Z CH/HAp/CF

E CH/HAp/SCGs

E CH/HAp/Zeolite

In this way, two setef 3 component composi®ystems werérmed as:

0 cHAp-based compositeasing commercial hydroxyapatite and for these systems,
CH/cHAp (base2 component system) would be considered as composite control
systems

U bHAp-based compsite systemsising the bovineourced hydroxyapatite: For these
systems, the CH/bHAp would be taken as control composite systems to compare the

removal efficiencies for metal ion removal.

As mentioned earlier, the choice of these combinatiasmade afte carrying outthe
literature review to fulfil the fundamental aims of this studijch include usindow-

cost materialgo effectivdy adsorbheavy metal ions fronan aqueous solution. The
following sectionalso includesa justificationof the selectedcombinations, which also
aligned with the fundamental aims of this study.

Overall, this research aimed to provigavironmentally sustainablend economically
feasiblesolutions to remediate water pollution to target heavy metal removalukddc

on developing effective material composites with their adsorption cexohange
capacities for selected heavy metals.(Pb, Cd, Cr, Cubeingoptimized. It was of
interest to develop economically viable materials and provide a means to utilize
customarily discardeshdustrial and agricultural bgroducts. The key goals of this study
could be summarised as follows:

Adsorption: Adsorption is a popular technique used for wastewater treatment, as
discussed above in detail. The study is aimed atdierption process used to remove
the heavy metal ions from the agueous solutions. Polymeric mater@lsliitosan) and

lignocellulosic materialse(.g.,coir fibre, spent coffee grounds) are known to be very good
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adsorbents that were selected to synsieethe composite materials for the adsorption of
the heavy metal ions. Previous studies have given special attention to the potential of
biopolymers such as chitosan in various applications, including heavy metal ions removal.
Similarly, other candidate aterials selected for this study can also adsorb heavy metal
ions

Waste managementResponsiblemanagement of wastefAproducts from various
industries is needed to avoid their careless disposal into the environment leading to
pollution. For instance, ghmal seafood markets, including the processing of lobsters,
crabs, crayfish, crabs, and prawns, discard 50% of their shell waste, which adds up to
millions of tonnes of waste that annually end up in the enviroriffieblsing these by
products to produce valuable materials helps manage this environmental waste and create
more sustainable processes.

Low-cost materials:The precursor material cost and the cost of operation for applying
adsorbents for water treatment akey parameters. When making adsorbents for
application, the selection of materials must consider the environmental consequences;
therefore, agricultural or industrial iproducts were considered the most suitable
materials as these iproducts would haveden discarded into the environment anyway.
Hence, using industrial bgroducts would be a double advantage, one being their
relatively low cost and the other being a repurposing of the material to prevent its

pointless disposal into the environment. Aduhtilly, disposal costs would be spared.

1.11Experimental Set up for the removal of metal ions using the

adsorbent systems

The removal experiments are conducted in different experimental setups in the literature
studies. The batch adsorption experiments using the model solutions oiomgiad the

original wastewater/environmental samples are extensively used in the dapsettp.

For this, different experimental parameters are studied to evaluate their effect on the
adsorption efficiencies of the adsorbent systems. One parameter (as an independent
variable) is regulated or controlled by keeping all other parametersananst

Batch experiments using the model soluiacould be conducted using different
compositions of solution. For instance, the model solsomld contain a single metal

ion type, containing only one metal ion type, to evaluate the effect of different
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experimental parameters on the removal efficiencies of the employed adsorbent systems
for that particular (one) metal ioBimilarly, thesolutions contaiimg two or three metal

ion typeswere preparetb evaluate the competitive adsorption of these nienalon the
adsorbent systems. Similarly, muttietal iontype solutions have also been employed

in the literature studies to evaluate the competitive adsorption of the metal ions on the
given adsorbent systems.

In the present study, the batch experitaemere conducted usirige one metal ion type
solution, containing only one type of metal ion (e.g.2*Ga PIF"), andtwo-metal ion

type solution (containing two metal ions in equimolar concentration) to evaluate the
removal efficiencies of the employed systeMfter carrying out the experiments using

the singlemetal ion type and twmetal ion typesolutions, itwas desired to test the
peformance of the composites by exposing them to an industrial type of solution
consisting of three cdissolved heavy metal species of relevance to the wood treatment
industry. The sample supplied was not a sample of wastewater from the company but the
actual input streami(e., before it was exposed to the wood). Thisverthelesswas
regarded as a suitable mimic for an industrial wastewater saexdept that the
concentrations of heavy metals present were higher than they would have been due to
nonexposure to the wood. The other aspect of the sample was that it contained a metal
that had not previously been tested in the solutions containing either one or two metal ion
types (as it was not available as an element for analysis by AAS). This was arsenic
(presentas the arsenate ion).

The definitions of the three sampling scenarios are given below:

1.11.1Single-metal ion type solution systems

A system having only one metal ion typed., C*) dissolved in it to evaluate the
removal efficiency of each composite is describediasal mg t a | i on type sSys:¢
this study. The single metal ions covered in these experiments include the divalent cations

of C*, PIP* and Cd*) and the anionicystem containing Cr (as chromate ion).

1.11.2Two-metal ion type solution systems

The system that contained both the divalent metal cations SfgRt Cd*) in equimolar

concentrations was termed a twetal ion type system.
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1.11.3Industrial input stream sample sygem

This system was an industrial input stream sample that was kindly provided by a company
that subjected wood to the copper chrome arsenate treatment. The solution effectively
represented an environmental sample containing thrdessolved three metain types.

This was used to evaluate the utility of the synthesised composites to treat such solutions
where competitive metal adsorption would be taking place.

This study is based on the adsorption process, which is modelled using different
adsorption mdels. The following section describes the theoretical background and
justifications for using the adsorption and kinetic models employed in the current study

to explain the adsorption behaviours.

1.12 Summary

Global population growth has resulted in an iase in agricultural activities,
industrialisation and urbanisation and ultimately increasing pressure on water resources.
There is a need to treat wastewatgsing from industrial processéy using lowcost

and ecefriendly methods, as this water colid reused as a conventional source of water

in different sectors like agriculture.

Heavy metal ions are one of the most persistent and toxic water pollitheisare
associated with the risk of bioaccumulation and candkstewatercontaining these
heaw metal ionscould be treated to remoteem so thatheymay bereuse in, say, the
agricultural sector. Different conventional methods are used to remove metahostly

linked with high energy consumption and cost. Adsorption is considered one of the most
effective, simple and loweost methods to treat wastewater for heavy metal ion adsorption.
Agricultural and industrial byproducts have been used as a-tmst £edstock material

to make composite adsorbents for the removal of metal ions. Among thesedoygts,
biopolymeric and lignocellulosic materials have been employed in water treatment
systems for the removal of metal ions amdfound to be potential maials to remove

metal ions from water.

In the present study, aftan extensive literature reviewas carried out on the above
theme chitosan, coir fibre, spent coffee grounds, and zeolites were selected@sstow
feedstock materialto synthesise comgadesthat could be used t@movemetal ions

from wastewater by adsorption proces3dse chemical compositions (functional groups
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such as amino and hydroxyl groups) and physical properties (e.g., the higher surface area)
of these materialbave beememamstratedo havea high potential to remove the metal

ions. Hydroxyapatite is aaffective material for removing metal ions, as discussed in
many literature studies. It was chosen to make composites with the selected feedstock
materialgn this studyfor use in water treatment systems for the removal of metal ions.

In this study, two types of composites were prepdatesfirst typewas twecomponent
composite systems, which included only chitosan and hydroxyapétigesecondype

was a series otthreecomponent composite systemaere the third component was
chosen froncoir fibre, spent coffee grounds or zeohied combine@long with chitosan

and hydroxyapatitein a composite The twecomponent composite systems were
considered as aontrol composite system to evaludbeir potential to removéieavy

metal ionsfrom the solution while the third component was added to this sysiem
evaluate whether thadditional componenvould enhancéhe removal efficiency of the
control composé.

Further, each composite systeine.(the two-componenbr threecomponent composite
systems) wssynthesised using two types of hydroxyapatitesn either a commercial
sourcécHAp) orfrom a bovinederived sourcébHAp). These were preparedtompae

the removal efficiencies dhecHAp-based and bHAPpased composite systems.

Based on the chemical composition of the feedstock materials;ligatad complexation

and ion exchange were considereddbeinantmechanisrafor the adsorption of metal

ions. Additionally, different adsorption and kinetic models were also considered to fit the
experimental data to demonstrate the adsorption behawéghiisited bythe metal ions

when adsorbing othe synthesised composite adsorisystems.

After selecting the feedstock materiathaacterisatiorusing different microscopic and
spectroscopic techniquesas carried outo determinetheir physical and chemical
attributes, whichassisted their characterisation when combined with tther anaterials

in thecomposite systems. The next chapter comprehensively explains the methods used
in the material characterisation and discusses the results of the characterisation of the

selected materials
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Chapter 2
Raw Materi als making up
Matri ces: Their Sour ces

Characterisati on

The selected raw materials weiaitially characterisedby a suite of instrumental
techniqies to provide a molecular fingerprint to aidompairson betweenthe raw
materials andvhen they were incorporated into tresuling compositesThis chapter
hencesolely explains the methods and procedures of characterisation ubedscterise
the raw materials (and composite adsotb inthe next chapter) and discusses the results
of suchcharacterisatiorio set a foundatiofior discussingthe characterisationf the

composite adsorbents @hapter 3.

2.1 Introduction

When consideng the raw materials making up composites, several properties such as
chemical composition (functional groups), the nature of materials employed (be they
crystalline or amorphous), and surface characteristics all play a fundamental role in
synthesising amposites. It is essential to consider their suitability and efficiency when it
comes to the uptake of heavy metals (see Chapt&ome source materials may require
additional chemical or physical modificatiamen they are usad a composite synthesis

to produce the best possible composite matrices for water treatments. Physical changes
may take the form of grinding, for instance, to achieve smaller particle sizes and to
increase the surface area available for adsorgtitras been shown by Raghavemet

al 38that the hydration properties of coconut residue (coir fibre) improved after grinding,
possibly due to the expected increase in surface area and pore falufinés
modification hence made these fibres an attractive candidate for employment in water
treatment technology, where their efficiency in adsorbing heavy metal ions was expected

to increase. Similarly, in Chapter 1 (sectib’®.3, it was discussed idetail how the
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chemical and physical modifications of materials from past studies helped to improve
their metal removal capacities

The research described in this thesis empkiysdifferent raw materials, which are
examined and charactsed further inthis chapterThese raw materials were considered

in combinations (scheme of combination givenGhapter 1, section 8)) to make
composite matrices with hydroxyapatite that were then tested to assess their adsorptive
abilities for removing heavy metalne from aqueous solutions (dealt with in Chapter 5).
Most of the raw materials used in syntheses of composite systems were employed as
received without modification or processing. However, some materials did require some
simple processing, such as washithying, and grinding.

In addition, to discussing the experimental details of the raw materials used in composites
in this study, the various instrumental techniques used in the characterization of materials
in this chapter and subsequent chapters wslh &le introduced. Given the instrumental
techniques used for characterization are highly standard in materials science
characterization, only a brief introduction to these has been made. In general, these
methods include scanning electron microscopy (SEN®mental analysis by energy
dispersive Xray spectroscopy (EDX), Thermogravimetric analysis (TGRQurier

transform infrared spectroscopy (FTIR) and powdeaX diffraction (XRD).

2.2 Experimental details of the raw materials used in this study

2.2.1 Chitosan

Chitosan (referred to as CH for composite identification) was purchased from TCI (Tokyo
Chemical Industries, Japan). In appearance, these were white to light yellow, flaky

crystals with a stated degree of deacetylation >.80%

2.2.2 Hydroxyapatite sources

The hydroxyapatite used in these studies came from two sources. One was a commercial
powder, while the other had been supplied as received from a previously conducted
science project in which New Zealand cattle bone had been converted to hydroxyapatite

by usinga thermal calcination method.
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2.2.2.1 Hydroxyapatite (Commercial) powder (cHAp)

Analytical grade "Fluka" hydroxyapatite synthetic powder (pumim a90%) was
purchased from Sigmaldrich. The powder is referred to eslAp in this study.

2.2.2.2 Bovinesourced hydroxyapatite (bHAp)

The HAp sourced in this study was existing-precessed material in the laboratory in
the School of Science, University of Waikaltnis material was prepared in a previous
project involving thermal calcination of the defatted crushed bone (sourced from cattle
bones obtained from an abattoir) in a muffle furnace at 1000 °C, which burnt out the
collagenproducing a white crystalline paler with some visible specks of char present.

It is referred to abHAp in this study.

2.2.3 Coir Fibre (CF)

Coir fibre (CF) was purchased from a | ocal
Zealand. The material consisted of bregatoured, lightweightibres and had originally

come from Vietnam.

2.2.4 Spent coffee grounds (SCGs)

Spent coffee grounds were collected from a commercial autodiafiensing coffee
machine (Café Direct: c008965) located at the University of Waikatience and
Engineering tearoomYhe grinds were further ground after drying at 50 °C when used in
composites with hydroxyapatite.

2.2.5 Zeolite pellets

The zeolite used in the study was provided by WIS Pty. Ltd. and purchased from a local
hardware store. e zeolite (obtained commercially in a sack) was identified by powder

X-ray diffraction to be mordenite, with the representative chemical formula being

Al Si O L7H O. It was an odourl ess granul
have less thn 10% crystalline silica and a specific gravity of approximately 0.65% cm
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2.3 Instrumental Methods used in this study

2.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a fundamental molecular characterization technique of materials in solid, liqui

or gaseous states. When presented in various forms to the spectrometer (e.g., disks, thin
films, mulls, in gas cells or simply aeceived), the samples are irradiated with IR
radiation in the mid (400@00 cm?) IR rangeRadiation of these wavelengtissabsorbed

by stretching and bending vibrations undergone by the molecules which comprise the
material under analysis. Peaks detected in the IR spectrum usually represent fundamental
vibrational frequencieswith each molecule having a set of unique or characteristic
fingerprint peaks. These peaks occur at vibratitmegluencies, whichre sensitive to the
chemical functional groups contained within the molecule, which are well known and
extensively tabulatk in the literature. IR spectroscopy is hence highly useful for
identifying unknown samples or detecting the presence of certain chemical functional
groups in different materisfs’

Experimental All samplesanalysedby FTIR in the current study were recorded as
potassium bromide (KBr) disks prepared by adding thegypyand (and dried) analyte of
interest to overdried KBr (Merck) (in a 1:9 sample: KBr ratio) followed by grinding to
make a fine, bmogenized powder. The powder was then placed in a KBr sample die,
pressed at 7 tons pressure to prepare the-sansiparent KBr disks, which were
subsequently placed in a sample holder and scanned fromr45006m! on a Perkin
Elmer Spectrum 400 FBpedrometer using three scans acquired at 4' casolution

with a spectrum of the empty sample holder functioning as the background. Baseline
correction was done for each resultant spectrum using the Perkin Elmer proprietary

software, followed by peak pickin

2.3.2 Powder X-ray Diffraction (pXRD)

Powder Xray Diffraction (pXRD)i s used to gather i nformat.
structure, phase, and texture, including other structural parameters such as grain size,
strain, and crystal defect®uring pXRD analysisa polycrystalline solid sample is

exposed to Xays of known wavelengths which meaxXgays are diffracted from the

crystal lattice existing in the polycrystalline sample. This results in characteristic

diffraction patterns consisting of peaks with diiifig intensitied®*. Bragg's law given as
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ne2dsind can explain the patternsragbservec
"d" corresponds to distanes bet ween the different planes
represents the angle of diffract®8h To identify the phase(s) of maites examined, a
standard database (International Centre for Diffraction database ICDD) was used along
with software known asHigh Scorej®® that is associated with the instrument used and
which can search the database for matches.

Experimental All powder X-ray diffractograms presented in this study were recorded on

a Panalytical Empyrean mufburpose Xray Diffractometer, which used Hil tered, Cu

KU r adi=d6408\) a 10anm beam mask and a 1° astiattering slitFinely

ground sample material was packed into the aluminium metal sample holders to ensure a
flat surface. The complete list of instrumental settings used is givew:bel

Anode Material: Cu

K-Alphal wavelength:1.540598 A

K-Alpha 2 wavelengthst.544426 A

Ratio K-Alpha2/K-Alphal: 0.5

Divergent slit: Fixed (0.5) °

Receiving slit: 0.1 °

Generator voltage: 45 mV

Tube current: 40 mA

Scanning ralee: 2d = 5A

Scan stp size: 0.026

Time per step (ms): 236.64

The resultant Xay diffractograms were furthenalysedusing the "XperHigh Score

plus" software to elucidate phase or other structural information from the solid materials

examined.

2.3.3 Scanning Electron Microscopy and Energydispersive Xray
spectroscopy (SEM & EDX)

SEM is a microscopy technique that usesightenergy electron beam to provide a
detailed sample image at very high magnification. Areas ranging from approximately 1
cm to 5 microns in width can be imaged in the scanning mode using conventional SEM

techniques (magnification ranging from 20X to appmately 30,000X, a spatial
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resolution of 50 to 100 nm). In conjunction with SEM, another technique called Energy
dispersive Xr ay spectroscopy (EDS or EDX) is rout
elemental composition. The essential working requirérfeeran SEM is to work in a
vacuum to prevent any interaction between air molecules and the source's electron beam
Additionally, it is necessary to conduct electrons in the sample away from it to avoid any
charging effect at the surfasehich can leado poor image quality charactszd by extra
brightness being seen in the image.-&ating the sample with metal like gold or
platinum helps in the imaging of nmonductive materials like polymers or ceramics (e.g.
hydroxyapatite) by providingeadily conductive surfac#,

Experimental:All SEM/EDX analyses conducted in this study were performed using
ground, dried powders and analysed using a Hitaehi(® Field Emission Scanning
Electron microscope. Sampling involvagplying a thin layer of powdered sample to
doublesided adhesive tape mounted on a stairdessl sample holder, which was then
platinum coated to reduce charging whilst under the beam. Additional analysis for
hydroxyapatite was conducted without thatplum coating to allow a more reliable
measurement of the Ca:P ratio without interference from Pt signals. Different
accelerating voltages (5 to 15 keV) and working distances (10 to 15 mm) were used to
take images. EDX analysis of the powdered samplesaivegays done using high voltage

(15 keV) at a constant working distance of 15 mm. The method of EDX anabesis

was standardless. Several EDX anady§at least threeyvere acquirecby randomly
targeting different sites of the same sampleoldain a mae reliable estimation of
elemental percentages and to overcome the limitations of this analydisas the use of

a small sample, surface interactions (i.e. effects of roughness in sample surfaces) and

accelerating voltages that could produce differeatilt$8838°

2.3.4 Thermogravimetric Analysis (TGA)

TGA is used to determine the thermal stability of materials by measuring the recorded

loss in weight of the material as a function of temperature or time. A TGAnmstiithas

two modes of operation, depending on whether time or temperature measurements are of
interest. When time is selected as a funct
and "scanning mode" is the terminology used when the temperature i doose
determine weight losses. When TGA is performed under programmed conditions, weight

losses can explain or determine various thermal events occurring within the sample, such
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as dehydration, oxidation, reduction, vaporization, and sublimation. Addltipnal

thermograms can also be used to describe multiple gaseous losses from materials. The
types of material examinable by this technique are polymers and biopolymers,

nanomaterials, fibres, films and coatifjs

Weight loss (%)

Plateau

Figure 2-1: A typical thermogram with a single weightloss event

Temperature (°C)

A typical thermogram shown in Figurel2represents weight loss (%) as a function of

temperature, indicating a single decomposition event. T1 is the initial temperatne w

the decomposition starts, and T2 is the final temperature where it ends. The observed

plateau shown in Figure 2denotes a constant line region afterdacomposition event,

which occurs when no further weight loss to the material under examioatars.

Experimentalin the present study, all the materials (be they raw or composite materials)

were thermally analysed at different temperature ranges from 30 °C to 1000 °C under an

air environment using PerkinElmer 8000 TGA analyser. About 20 mg wil@ed

sample was placed in the sample holder and placed in the sample holding pan. The

analysis was done using a scanning speed of 10 ° & min

One of t he

effecti

vV e

ways

t o

nterpret

otherwise known as the TB curve®3%2 The first derivative of % weight loss is

calculated using OriginPro software 2021 (version 9.8.0.200xheatkrivative datare

then plotted against temperature. This highlights better the thermal ewveM&A

analyses of materials.
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2.3.5 Specific Surface area estimation using the Mastersizer

In addition tothe above characterisation methods, an estimatiahe$pecific surface
area of powdered raw maitds and synthesised composite adsorbents was donergy usi
the Malvern Masterger. This instrumentuses a laser diffraction method (LDM) to
measure the particle size distribution in terms of volume percentage. It was assumed
this methodhat the particles ateeated aspherical The particlesause the sttering of

the light beam, which will scatter at an angle that would be directly related to particle

Size§81,587

For this analysis, the materials were ground uaingprtar and pestlevhichproduceda
relatively heterogeneous sample in terms of grain sizes. Some of the raw materials could
not be analysedasilydue to theiphysical or chemicatature €.g.,chitosan, SCGs and

coir fibre). Additionally, some of the composites were extremely heterogeneous in nature
due to their compositiorior instance, the CH/HAp/CF and CH/HAp/SC&snposites

which containegarticles of he coir fibre and spent coffee grounds well as chitosan

In comparison, some other composites were relatively less heterogeneous, for instance,

the CH/HAp composites.

As the instrument measures the particle sizasedon the assumption of spherical
paticles it is thereforenot very accurate for the true measurement of santimdsnay
haveirregular and angular shapes. The synthesised materials were not uniform in size, so
this analysis was used best estimate thgparticle sizes anthespecificsurface area of

the composites. The results for the grain size and specific surface area of the composite

adsorfens studied by this techniguee included in appendix 3.

2.4 Results and Discussion: Raw materials Characterization

The following section proviels a detailed characterization of the raw materials used in
this project to prepare the composites under investigation. It is important to have a good
idea of these characteristics when analysing combinations of such materials so that
contributions from eeh material can be recognised without ambiguity

characterisationd hischapter will be referred back to in later sections of the thesis when

77



analysingthe composites made up of combinations of the raw materials as chagdcteri
below.

An important point to notes that the yaxis scaling of the figures (such as FTIR spectra,
XRD diffractogramsand TGA thermograms) was determined automatically by OriginPro
softwareused for plotting these figures in this study.

2.4.1 Characterization of chitosan

2.4.1.1 SEM/EDX characterization of chitosan

The micrographs of the chitosahQl) usedin the current study are illustrated in Figure
2.2. The micrographs show the surface morphology of the-fllked&ematerial at two
different resolutions (3 um and 30.0 um ldw voltage (Figure 2 a & b), it exhibited

a nonporous multilayer structure with a fibrous surface. It appears as ftagkeg
sheets with many microfibrils. The micrograph at high voltage (FigtdeRdisplays a
closeup view of the flakes showg them to consist of a smooth sheet with some irregular
orifices on the surface. This morphology of chitosan, as observed, is typical of that

reported in previous studié®3%4

{ 3 I . by

Figure 2-2: SEM micrographs of commercial chitosan 5.0 kV (a & b), 15 kV (cused in the

present study
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The EDX elemental analysis of the chitosan is presented in Figgjr&l@ich summarises

the percentage amounts of the major elemental components of chiidsase show

expectedly that carbon and oxygen are the principal constituent elements of chitosan.

Previous reports have shown that a low nitrogen level can also be present in these samples

(due to unconverted chitit??. A lower level of nitrogen could still be present (as

DDA >80%) but is not detectable in the chitosan @etal analysis at this level of

acetylation. The additional smaller peak at ca. 2 keV is due to the Pt coating on the

specimen.

El C 0 Toral
e | Element Wt.% ED 4245 10000
Error (Element +-0.88 =-1.03
We.%)
[ Wi %% Atom 64.36 3564 100.00
| Error (WL % Atom) - 0.98 /- 0.86

.
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Figure 2-3: SEM micrograph and EDX analysis of the ageceived TCI chitosanused in the

present study

2.4.1.2 FTIR analysis of chitosan

The FTIR spectrum of chitosan as a KBr disk is shown in FigtseThe range shows

the characteristic absorption bands due to chitosan, which have been assigned as per Table

2-1. The features observedTiable 21 entirely agree with previous literature reports on

the FTIR of chitosan.

Table 2-1: Characteristic IR absorption peaks of chitosaf’®3

Assignment Wavenumber (cnt?)
-OH and-NH stretching 34503500 (s)

C=0 stretching 1638 (s)

C-H bending 1380 (m)

C-H stretching 2877 and 2921(m)

C-O-C stretching 1150 (w)

C-O stretching 1032 and 1074 (s)

C-H twisting 896 (w)

C-N stretching 1320 (m)
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(s) = strong intensity, (m)= moderate, (w)=weak

The basic structural unit of chitosan polymer is given in Figudet@ identify the

corresponding absorption peaks in Figure 2.5.

OH

HO

NH
o=
CH,
Acetylglucosamine unit

Chitosan

OH

O

HO

NH,

Glucosamine unit

Figure 2-4: The basic structural unit of chitosan biopolymer3*®
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Figure 2-5: FTIR spectrum of TCI chitosan used in this study

2.4.1.3 Powder xray Diffraction of chitosan

1000

500

The XRD dffractogram (Figure ) of pure chitosan flakes displays two broad peaks

around

2d =10A

and

2d =20A,

wh i

e

anot her

observed3at 2da72Me dfftadogram with its broad peaks indicates
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some lowlevel crystallinity in the chitosan and is entirely in line with what was

previously reported in the literature for pure chitd$affo-4:

H Chitosan
A0 -
JiHHE)
]
5
g 20MHsD
1040
(1] M

T T T y
L} 5 10 15 n 25 0 35 40
2 Theta

Figure 2-6: X-ray diffractogram of powdered TCI chitosan used in this study

2.4.1.4 Thermogravimetric analysis of Chitosan

Figures 2-7 and 28 represent the TGA data relating to the TCI chitosan, which was
analysed over a temperature range of 30 °C to 800 °C. The thermogram curve @Figure 2
8) shows thermal degradation data, while the cRigure 27) represents the data for

the first derivatie of % weight loss (DTG).

No significant weight loss was observed before 100 °C. The thermdgigaore 28)

shows three variations corresponding to three weight loss events, at around 150 °C, 320
°C and 600 °C causing a weight loss of about 10.9%, 5898%, respectively.

Weight losses recorded between 70 to 150#attributed to the welknown dehydration

of the polymer, while the significant degradation occurring around 300 °C could be due
to the deacetylation of chitosan. This dominant weigbsevent around this temperature
range is directly related to the degree of deacetylation (DDA). With relatively low DDA,
chitosan shows a lower weight loss in this region and vice 4/%érsaA gradual weight

loss continues to occur up to 650 °C, finally reaching zero due to the burning of the

remaining carbonaceous matter comprising the chitéan
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Figure 2-7: Thermogram of chitosan used in this study (Derivative % weight loss curve)
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Figure 2-8: Thermogram of chitosan used in this study{Thermal degradation curve)
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2.4.2 Characterization of the hydroxyapatites used in thistudy

2.4.2.1 SEM/EDX characterization of cHAp and bHAp

cHAp: An SEM micrograph and EDX analysis of cHAp are presented in Fig9réa?2

and b) The morphology of cHAp has the appearance of rough surface aggregates of
irregular particles. Similar morphology has beebserved and reported in the
literaturé®40% for synthetically prepared HAp, which was prepared using ayeiol

method, indicating that cHAp has been prepared commercially via similar methods.

LU0 I R L I B JUA AN 9 W AJE 1 L)

5.0kV 8.:3mm x3.00k SE(M

Figure 2-9: SEM micrographs of the commercial HAp(cHAp) used in this study

Elemental analysis (Figure-1) showed oxygen, phosphorus, and calcium as
predominant elements at 22.67 %, 48.94 % and 33.75%, respectively. The Ca:P mole
ratio is an important parameter to evaluate the phase purity of hydesitgapifferent

Ca:P ratios in calcium phosphates correspond to different phases; for instance, the HAp
andt rbi cal ci um-TEH are twh diffeerst phasks of calcium phosphate,
which give Ca:P mole ratiaf 1.67 andL.5, respectively.

In literature studies, the Ca: P mole ratio is calculated using the atomic % values measured
by EDX analysi&®4%7 For the eHAp in the present study, the Ca:P mole ratio was
calculated using atomic % in at least three randomly measured spots on a given sample.
The Ca:P mole ratio easured from these fell within the range of 1163, with the €

HAp material falling within the range expected for stoichiometric HAp, which should
have a Ca:P mole ratio of 1887 The Ca: P ratio variation could be due to systematic
errors such as particle size or accelerating voltagesinghe analysi$®. Moreover, it

is known that the phosphorus (P) and platinum (Pt) (from coating) peaks coincide in the
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EDX spectrum. Hencthe phosphorus peak could be affectgdhe platinum peak so
giving variations in the Ca:P mole ratio.

To investigate the influence of any possible interaction between the two peaks (P and Pt)
on the Ca:P mole ratio, the EDX measurements were repeated by using HAp samples
without anyplatinum coating. The Ca:P ratio for these uncoated samples was31.7
close to the range measured for the platrooated samples.€., 1.67-1.8); hence the

effect of the Pt coating on the Ca:P mole ratio values was deemed negligible.

—
l
%
& e
. \
Elements Carbon | Oxygen Sodium Phosphorus Calcium Total
Element Wt.% 547 22.67 0.46 2246 48.94 100.00
Error (Element Wt.%) +/-0.40 +-0.77 +-0.10 +/-0.34 +-0.61
Wt. % Atom 11.86 36.19 0.53 18.89 3181 100.00
Error (Wt. % Atom) +-0.87 | +-126 +-0.11 +/- 0.29 +- 040

Figure 2-10: EDX spectrum of commercial hydroxyapatite (CHAp)

bHAp: Figure 211 (ad) shows the SEM micrographs for the bovierived
hydroxyapatite (bHAp). The HAp from this was found to have a morphology consisting
of irregular particles of different sizes. The magnified images (xX5000 and x15000) of the
larger particles showed interconnected ssptierical particles and pores. The identical
morphological characteristics were reported in an earlier study that dischedsaine
sourced synthesis of hydroxyapatite using thermal calcination as the method of
preparatiof. In this study, the porosity was attributed to the sintering of HAp powder

and referred to the pores as arising from spacegrring between the fine crystallites as
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they formed agglomerates from the coalescence of particles during calcfii4fidon
Similar morphological features were also observed for {soueed hydroxyapatite
sintered at 900000 °C%. This study described the HAp produced as possessing an
interconnected network of pores whichasvconsidered helpful for bone tissue in
growth:412 Similarly, in another study, HAp produced had been explained as being a
mimic of the bone structure via its having a combination of pores and solid structures,
making it desirable in orthopaedic applicatithis Several studies on bovine sourced
HAp#11:41241%17 have reported an interconnected cumulus like structure with pores that
appeared at >800 €,

20 D&V 15 Orren xS00 SEIM)

fh ) 1) ) oS ’ ‘
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Figure 2-11: SEM micrographs of bHAp (a) x30 (b) X500 (c) x5.00k (d) x15.0k

Elemental analysis of bHAp by EDX (Figurel?2) showed expectedly dominant Ca and

P peaks in the samplin addition, Mg and Na werebserved, which charactsgs the

HAp as being from a mammalian source because such elements are commonly found in
the bone. The O, Ca, and P atomic percentages in bHAp were 42.43%, 31.50%, and
18.15%, respectivelyThe Ca:P mole ratio was calculated gsihe same method as
mentioned above for calculating the Ca:P mole ratio for cHAp. The values ranged
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between 1.8(.84 for platinuracoated samples but were 2-B38 for samples without
platinum coating.

Others have reported Ca:P mole ratios in bovinecsd HAp prepared by thermal
calcination up to 1000 °C to be in the range of ILS&""41® while another study
reported a weight % Ca:P ratio of 1.Z83 using EDX analysis for bovine sourced
hydroxyapatite that was thermalbalcined between 1000 °C and 1100**CThese
findings of the literature study suggled that the hydroxyapatite produced from natural
sources is nostoichiometric with a Ca:P mole ratio greater than #%The carbonate
substitution could be considered a possible reason to increase the Ca:P, as the P content
would be less due to carbonate substitution resulting in an increase in the Ca:P ratio. It
could be futher explored in the FTIR analysis of the hydroxyapatites

Elements Carbon | Oxvgen Sodlum Magnesiom Phosphorus Calcium | Total |
ElementWt% | 416 19.53 0.69 0.49 18.73 56.40 100.00
Ervor (Element +040 | =055 +-0.12 +- 0.08 -023 +/-0.51
We%)
Wi % Atom 9,53 33.64 083 055 16.66 3877 | 10000
Error (Wt. % Atom) | --003 | «-094 +-0.15 +-0.09 +/-021 =-035 |

Figure 2-12: EDX spectrum and analysis of bovinesourced HAp (bHAp)

2.4.2.2 FTIR analysis of cHAp and bHAp

Figure 213 represerdthe FTIR spectra of both and bHAp as measured from KBr disks

prepared from both samples. The IR absorption peaks observed in each spectrum are
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summarised in Table -2 and generally agree with the reported literature on
hydroxyapatite IR spectra.

The pectra of the two hydroxyapatite phases do have some differences in appearance
from each other. The peaks in bHAp appear somewhat sharper compared to those from
cHAp. This confirms the more crystalline nature of the bHAp, which is most likely due

to the tlermal calcination process used to produce it. In addition, there is relatively less
moisture in the bHAp sample. This may be attributed to either less moisture inherently in
the bHAp sample itself or in the KBr powder used to produce the disk. Some ralditio
peaks were observed in the bHAp FTIR spectrum, wkiehe absent in the cHAp
spectrum. These were two lattic®H stretchindiberationalvibrations (weak) observed

at 3570 crmt and 632 crit. The presence of these vibrations is associated withhdy
crystalline hydroxyapatite phase. This observation is additional evidence to support the
fact that cHAp is less crystalline and indicates that its commercial preparation could have
been via a precipitation process at lower temperatures and wittivelglamild
heating/drying®>.

Table 2-2: Observed IR absorption peaks in the FTIR spectra of hydroxyapatite (cHAp and

bHAp) 406:412.422424

Assignment Wavenumber (cn?)
Asymmetric stretching of PO ( 3 10561095 (s)
Asymmetric bending of PO ( 4 570604 (m)

-OH libration (shoulder on P& ( 3 peak)) 632 (m/w)

-COs* (asymmetric stretching) 14151459 (m)
-OH, stretching from kD (moisture presence in powder or KBr) | 3432 (s, broad)
HOH bending mode from #D (moisture presence in powder 1621 (w)

-OH stretching (structural (lattice) hydroxyl group of apatite in bH 3570 (m/w, sharp)
only)

PQ* ( 3 symmetric stretch 960 (W)

-COs* (_8bending mode) 840-900 cm* (w)

s=strong, m= moderate, w=weak, vwery weak

An additional shoulder band (weak) was observed around 3640irrthe bHAp
spectrum, which could be associated with@Hl stretching peak due to the presence of
Ca OH)2. The observation of this peak in the bHAp is further proof of 1) the presence
of carbonates in the bHAp and 2) their thermal breakdown aftenattm as this would
produce CaO and COIf some of this CaO is in the bHAp powder after calcination, then

the interaction of the CaO with moisture (after cooling/during storage) can lead to the
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formation of some&a (OH).. Moreover, the bonapatite (such as bHAp) was reported as
carbonated apatite due to carbonate ion substitution in the crystal lattice of apatite, which
could affect the crystal lattice structure of apatite and affects the Ca:P ratio in
hydroxyapatites. The carbonate substitu could occur at two different anionic sites of
HAp, including typeA substitution (atOH sites) or typeB substitution (at P& sites).

B-type substitution in bone sourced mineral (HAp) could be considered to cause a higher
Ca:P ratio in the bHAT®.

The weak peak assignments around at 142bamd 1453 cm in the below Figure could

be assigned to antisymmetric stretching vibrations of carbonatgpéBsubstitution) in
thebHAp spectrum, whicls also used to justify the higher Ca:P ratio calculated earlier
for bHAp in EDX analysis (Figure-21) of bHAp. Baxter et &£’ observed the presence

of the Btype carbonate substitution in beapatite minerals by indicatintpat thess
(antisymmetric stretching vibrationjasdivided into twopeaksthese beingsaa n dv 3

at 1423 crit and 1426 cm, respectively.
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Figure 2-13: FTIR spectra of cHAp and bHAp
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2.4.2.3 Powder Xray Diffraction analysis of cHAp and bHAp
Figure 214 represents the powderrdy diffractograms of the cHAp and bHAp powders

used in this study. The observed peaks were found to be in good agreement with those
reported in the reference diffraction patterns representing phase pure hydroxyapatite
(ICDD no. 090432). This is given below in Figurel2l to compare with the other
hydroxyapatites {XRD patterns acquired.
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Figure 2-14: The reference diffraction pattern of stoichiometric hydroxyapatite ((ICDD no.
09-0432), and the diffractograms of bHAp and cHAp
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The pXRD for the cHAp (Figure 24 marked in green colopbottom spectrujrshowed
fewer, broader, lowntensity peaks than what was observed in theRp of bHAp
(Figure 214, marked in blue coloutopspectrun, which could be attributed to its poorly
crystalline nature as already observed in FTIR analysis. These peaks are in good
agreement with what is observed in powderaX diffractograms of synthetic HAp
samplesasreported in the literatufé&4?® Moreover, hydroxyapatite shows clear peaks
at 2 Theta =24° to 2 Theta =40° as observed and reported oy &rgl**°for chemically
precipitated hydroxyapatites using different Ca:P molar ratios. These characteristic peaks
reported for chemically precipitated HAp are in good agreement with those exhibited in
the pXRD patern of cHAp (Figure 2.3), indicating that the origin of this commercial
material is possibly from chemical precipitattéfh In contrast, the broader peaks were
attributed to the likely smaller sizes of precipitatecticah phosphate particles present
in the sample.
In contrast, the sintered bovhderived hydroxyapatite (bHAp) was found to be more
crystalline than cHAp, as evidenced from the sharper and more numerous XRD peaks
observed in Figure-24, which are in goodagreement with peaks exhibited in the
reference powder XRD pattern (ICDD no.-0832 illustrated in Figure-24). The
prominent peak positions (2 Theta) and respectigpating were recorded as 10.820
(8.17 ), 25.879 (3.44.8)1, 29.987103(@877),)
) . 34.049 (2.63), 39.819 (2.26 ) . 46.713
(Figure 214).
The preliminary characterization of the hydroxyapatite raw materials used in this study
has shown a difference in crystalty between cHAp and bHAp, which could be
attributed to how thepaw initially beensynthesised. The thermal calcination method
produces HAp with high crystallinity compared to the chemical precipitation nféthod
Thermal calcination involves heating at a high temperature {1800 °C) to crystallise
the HAp. Venkatesan et al. reported that the thermal calcination produced a more
crystalline HAp from fishbone than an alkaline heat treatment mé@iod@he better
(higher) crystallinity of bHAp is a direct result of its thermal treatment during its synthesis

from bovine bone, and the outcomes of such treatments are well documented in the

literaturegt16:417424
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2.4.2.4 Thermogravimetric analyses of cHAp and bHAp
The characteristic TGiermograms of cHAp and bHAp are presented in FERHES &

2-16. The thermograms show phase transformations and weight losses in both HAps as a
function of temperature. Total weight loss recorded for cHAmure 215) was
approximately 57%, while for bHg\ it was only about 2%, while heating samples up to
1000 °C.

Only two weight loss events were observed in the thermogram of bHAp (Figie 2

one with a minor weight loss around 100 to 250°C, which is indicative of dehydration of
the bovine sourced HApowder. According to previous reports, endothermic peaks
observed at 42560°C correspond to carbonate decomposition from the bovine bone,
which is known to occur between 400 °C to 600 °C in an air atmodpheeeadual
removal appears to contie up to 1000C. The same observation was reported in another
study of biesourced hydroxyapatite isolated from bovimeneé!®. The FTIR analyses
discussed above supptine presence of carbonaées these were detectedthe phases
examined.

Weight losgs observed for cHAp and bHAp differed from each other. cHAp exhibited a
significant weight loss overall, with approximately 9.03% weight loss occurring on initial
heating, which was attributed to dehydration. This was also observed by Chakravarty et
al. in thermograms reported of nak#&\p**3. However, over the temperature range of
350-530°C, a more significant weight loss of 48.57% was observed due to the degradation
of carbonate moieties in the cHAp.

In contrast, the weight loss exhibited by the bHAp sample wasdiedve to cHAp. This

was interpreted as being indicative of the more crystalline nature of bHAp as the major
weight loss, so as a resulthen it is heated in TGA, it has already undergone its major
weight changes. All the TGA process is doing is remosmge adsorbed moisty@nd
possibly, if relevant, some surface adsorbed carbonate over thH@58800 range of
temperature. In general, all three characterisation techniques (EDX, FTIRXRD)p
reinforce the fact that-ElAp is less crystalline and hagdn formed by some sort of
milder chemical precipitation process followed by mild heating (but not to the extent that
carbonate has been removed with crystallisation of the residual powder). In comparison,
the bHAp has been formed by a higher temperateartal calcination process which

has led to the more highly crystalline materials observed in the case of YH&p
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Figure 2-15. Thermogram of cHAp and corresponding DTG curve
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Figure 2-16: Thermograms of bHAp and corresponding DTG curves
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2.4.3 Characterization of coir fibres used in the studies

2.4.3.1 SEM/EDX analysis of coir fibre

Figure 217 represents micrographs of SEM/EDX analyses of ground coir fibre. The
tubular structure typical of natural coir fibre (Figurd2a) is visible, which exhibits a

large hole in the fibre centres amdmoottouter surface. The surface of the fibre appears

flat, and this has been interpreted in the past as being due to the presence of surface waxes
and oif*%  Major constitutional elements include unsurprisingly carbon and oxygen,
which make up 60.86% and 39.14 % of coir fibre, respectively, as shown tgtéoted

EDX peaks (Figure-27 c). The peak at 2 keV is due to Pt coating for imaging purposes,

as indicated earlier.

15.0kV 15.0mm x450 SE(M)

|Z] Elements C o Total
soo Element Wt.% 60.86 39.14 100.00
Error (Element +/-1.06 +/-1.22
Wt.%)
Wt. % Atom 67.44 32.56 100.00
Error (Wt. % Atom) +/-1.17 +/- 1.02

200

Figure 2-17: SEM micrograph of coir fibre with accompanying EDX analysis.

2.4.3.2 FTIR analysis of coir fibre

Figure 218 shows the FTIR spectrum of coir fibre (powdered consisting of smaller

fractured fibres). The observed IR absorption peaks recorded for CF are given in Table
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2-3. These peaks are reported for functional groups presehtdneCtoits constitutional
components (such as cellulose, lignin). The observed peaks are entirely in line with what
has already been reported in the literature for this material.

Table 2-3: Characteristic IR absorption peaks of Coir Fibre®>437

Vibrations Wavenumber (cni?)
C=0 1650, 1740 (m)
O-H stretching (hydroxyl group) 3407 (s)

C-H stretching 2918(m)

-OH (aromatic deformation) 1241 and1377 (m)
-OH (primary and secondary alcohols) 1108 and ~1050 (s)

The carbonyl vibrations observed at 1650 'cepuld be attributed to lignin and
hemicellulosé&®in the CF, while a sharp peak around ~3400 ésrassociated with the

-OH groups present in cellulose, lignin as well as adsorbed water (from moisture) in raw
fibre**>, while a moderate intensity peak at 2900coorresponds teCH stetching

vibrations due to the lignocellulosic constituents of coir fitire
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Figure 2-18: FTIR spectrum of coir fibre
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2.4.3.3 Powder Xray diffraction analysis of coir fibre

A typical coir fibre Xray diffractogram is presented in Figurd2 Peak positions were
assigned to 2 Theta= 10E6°, 22° and 35°. Generally, CF presents a poorly crystalline
phase due to lignin and pectin components, as reported €arliEne visible peak
positions could be attributed to partially crystalline cellulose(l), which is embedded in the
non-crygalline structural components of €&f439
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Figure 2-19: X-ray diffr actogram of coir fibre

2.4.3.4 Thermogravimetric analysis of coir fibre

The thermogram of coir fibrand correspatting DTG curve(Figure 220 A & B) show

the thermal decomposition of raw coir fibre (ground). Water loss due to evaporation from
the sample counts for 9.27% weight loss occurring fromd20 °C, while a significant
weight loss occurs around 280 °C and 326 °C, which counts for a tot@boigight

loss of CF. A gradual weight loss continues after 300 °C and approaches zero around
500 °C.
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The fact that \ater lossappears to stadt lowertemperature in thissamplemay be due

to its higher surface area caused by grinding. At the same,tiother decomposition

events may be occurring, i ncl u-ddluoge andh e t her
lignin. These observations are in line with results reported previously by Abraham et

al*%5 who studied coir fibre extraction, withstight change in endothermic temperature

peaks. The decomposition pattern also confirms the presence of various compounds (such
as lignin, lignin etc.) in coir fibre.
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Figure 2-20: Thermograms of coir fibre (A) DTG curve (B) Thermogram of coir fibre
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2.4.4 Characterization of the spent coffee grounds (SCGs) used in this study

2.4.4.1 SEM/EDX analysis of spent coffee grounds (SCGSs)

Figures 2-21 & 2-22 showthe SEM micrograph andEDX analysisof the spent coffee
grounds material usedhe SEM micrograph of spent coffee grounds shows an uneven
surface that is full of irregular cavities. These cavities were observed as channels (not
pores) onto the surface, as reported by other researchers heleds a similar
morphology for the spent coffee grouff§g40-441

Elemental analysis of SCGs is presented in Figu?8. Zarbon and oxygen were the
major component elements 74.41% and 22.29% of spent coffee grounds, respectively,
due to the abundance of polysaccharides in $€Qdowever, EDX also revealed the
presence of K in the SCGs, which was reported as the most prominent mineral of spent
coffee residued® Ash is also present in SCGs, constituting aboéolreported by
Mussatto, Ballesteros, et&f. The ICRAES analysis done in a studyagh from SCGs
revealed potassium as the most abundant element of tHf$ aghich is dso evident

from EDX analysis.

20.0kV 15.0mm x350 SE(M) 100um

Figure 2-21: SEM micrographs of spent coffee grounds
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Figure 2-22: EDX micrographs of spent coffee grounds

2.4.4.2 FTIR analysis of spent coffee grounds

Figure 223 represents the IR spectrum of coffee grounds as a KBr disk. The characteristic
IR peaks are given ihable 24.
Table 2-4: The characteristic IR absorption peaks of spent coffee grounds (SCGs)

Vibrations Wavenumber (cnt!)
O-H and NH stretching 30003600 (s) (broad)
C=0 1742 (s)

Cc=C 1653 (s)

C-H stretching 2923 and 2852 (s)
C-0O stretching and M bending 10001100 (s)

C-0-C 1160 (m)

C-O-H bending 1380 (m)

C-H bending 1458 (m)

R-O-C-O-R (stretching in chlorogenic acid) 1247 (m)

Spend coffee grounds (SCGs) are complex materials containing various organic
compounds, including polysaccharides, lipids, proteansiphenol$*°, as described in
Table 14 (chapter 1). The SCGs constituents are composed predominantly of
lignocellulosic polymers, containing various functional groups such as hydroxyl,
methoxyl, and ether linkagt& Similarly, several functional groups are present in lipids,
proteins, and phenols, which contribute to the appearance of the FTIR spddiasa.

are listed in detail in the abovable.
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Most of the vibrations of SCGs are very strong because they are associated with more
than one functional group coming from different compounds of SCGs. For instaHce, C
stretching vibrations around 28@300 cm' arise from both polysaccharides and lipid
Two sharper peaks in the same region have been previously reported in spectra of spent
coffee grounds and attributed to the backbone structure of cefftficS8enultaneously,
similar stretching vibrations in this region werpaoeed in caffeinated beverages such as
coffee, tea, and soft drinks and attributed to asymmetticsfretching from the methyl
group in caffeine molecul&s.

A strong band at 1742 ch{C=0) is associated with ester linkages of triglycerides (lipids)
and carboxyl groups present in both lignin (polysaccharides) and c&fféfie A wide

band representative of-B stretching of hydroxyl groups in polymeric components such
as pectin, cellulose and lignin andHNstretching of primary amines of proteins is also
an essential part of SCGs IR spectra. A stretching vibratiog4at ¢ém' is associated
with chlorogenic acid (CGA), indicating phenolic compounds in S¢Gs general, all
vibrations observed in the spectra have been well studiédvallreported for coffee

wastes from coffee processing industries and spent coffee wastes from

cafeteria&®441:447.448
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Figure 2-23: FTIR spectrum of spent coffee grounds (SCGs)
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2.4.4.3 Powder Xray diffraction analysis of spent coffee grounds (SCGSs)
Figure 224 represents the ERD of SCGs. The broad peak exhibited showed SCGs were

poorly crystalline materi al s, anddsmallpeakg t wo p
at 2d = 35A. This pattern is comparable wi
((ICDD card no. 08003-0226) used by Ballesteros et*&l.to explain the crystalline

cellul osic phase of spent coffee grounds. T
in the present study and also reported for typical cellulosic biomass earlier in the literature
studies, which indicate the presence ofutefie in SCG¥°*°A s mal | er peak at
in Figure 223 was observed, and it was indicated for cellulose | lattice in the litet2ure
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Figure 2-24: Powder X-ray diffractogram of spent coffee grounds used in the current study

2.4.4.4 Thermogravimetric analysis of spent coffee grounds (SCGSs)

Figure 225 (A &B) represents the TGA of spent coffee grounds (SCGsyhioh two
weight loss events were observed. The first event occurs arott@D8W and counts

for 11% weight loss and is attributed to the typical evaporation of the moisture present in
the beans. The critical thermal event causing the 70% weight thrgs at 300°C. It
continues up to 500 °C and has been attributed to the decomposition and

depolymerization of the polymers present in SCGs (such as cellulose and lignin)
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backbone structuf® with only a greyish ash material remaining after complete
combustion up to 1000 °C.
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Figure 2-25. Thermograms of spent coffee grounds (SCGs)A) DTG Curve (B)
Thermogram
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2.4.5 Characterization of the zeolite material (mordenite) used in this study

2.4.5.1 SEM/EDX analysis of mordenite

The SEM/EDX of the aseceived commercial zabt material is shown in lgures 226

& 2-27. Laterp-XRD analyses would identify this t.
morphology consisted of irregularly shaped neditie structures with a fragitooking,
patchy surface which is in line witthescriptions reported in previous literature reports
(i.e., mordenite§Z4%4,

The EDX analysis (Figure-27) of the zeolitic mordenite sample showed Si, Al and O
elemental components at 40.79%, 6.08% and 3% 88espectively. The zeolite was a
silicon-rich mordenite having SIAl ratio ranging between-8. Natural mordenite has a
Si/Al range between 4-8.5 and is usually found in siligich rock$®3 Dealumination
occurs in strongly acidic conditions, which could cause an increase in the Si/Al ratio for
mordenite zeolite€$>. Moreover, synthetic zeolites preparechgsa hydrothermal method

are known to have a Si/Al ratio of 8. It has also been shown that in natural mordenite
(from Greece), potassium contéKt)**’ can also be found. This is evident in samples
used in the present study (see Figuy) &hichshows K to be the highest in wt. %e(,

3.63%) compared to the amounts of Na, Mg and Ca.

15.0kV 14.8mm x2.50k SE(M)

Figure 2-26: SEM micrograph of zeolite (mordenite)
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e |

 Elements C [4) Na Al Si K Mg Ca Total
Element Wt.% 8.74 37.88 | 0.93 6.08 40.79 | 3.63 0.26 1.44 100.00
Error (Element Wt.%) | +/-1.03 | +/-0.47 | +/-0.07 | +/-0.20 | +-0.34 [ +/-0.19 [ +/-0.07 | +-0.1
Wt. % Atom 1466 | 47.70 | 0.73 454 | 29.26 1.87 0.22 0.72 100.00
Error (Wt. % Atom) | +/-1.75 | +/-0.59 | +/-0.05 | +/-0.15 | +/-0.25 | +/-0.10 | +/-0.06 | +/- 0.05

Figure 2-27: EDX spectra and analysesf zeolite (mordenite)

2.4.5.2 FTIR analysis of mordenite

Figure 228 representan FTIR spectrum of the zeolitic material used in the present study.

Table 25 summarizes the main features observed in the spectrum. In genespédtral

features observed were in good agreement with previous literature reports where the FTIR

spectrum of mordenite is discussed.

Table 2-5: The characteristics of IR peaks of zeoliteife., mordenite)*°2:453.45862

Vibrations Wavenumber (cnt)
O-H stretching (w) 3620 (w)

O-H stretching (s) 3440 (s)

H-O-H bending 1639 (m)

Si-O-Si (symmetric) 790 (m)

T-O-T asymmetric stretching (s) 1052 (s)

Si-O-Si (bending) 470 (m)

* T=Si or Al

The structural framework of zeolites consists of AKDd SiQ tetrahedra, connected

through oxygen atoms forming rings (as described earli€hapter 1). One of the most

important band vibrations of zeolites is th@OTasymmetric stretching vibration, where
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Figure 2-28: FTIR spectrum of zeolite (mordenite)

In the literature, a shift talower wavenumbeis indicative ofgreater Alpresence than

Si in the structural framework of the zeolites, which was attributed tociease irthe

Al-O bond length and a decrease in th@-T. This resultsn a lower observed vibrational
frequency. Fomstance, heulanditeas 9 Al atoms, and clinoptilolite has 6 Al atomsin
singleformula unit. The higher number of Al atoms (utendite ) gives a band vibration

at a relatively lower frequency around 1022 arompared talinoptilolite (which has
only 6 Al atoms)which exhibits astretching vibration at 1059 cHf°. Natural mordenite

has been reported to show this band around 1046undmen it hasa Si/Al ratio ranging
between 4.4.5%9 while in the present stugythe mordenite examined gave a peak
around 1052 cmhin the FTIR spectrum, which seems to indicate a somewhat lower
aluminium content in agreement with the EDX analysis. Other important characteristic
vibrations of mordenite in Fig.-26 were reported af96 cm' (symmetric stretching of
SiO) and at 1206 crhwhich corresponds to the asymmetric stretching mode of 8iO
possibly quart?? A peak at 470 crh can be associated with a-O bending mod&3,
Bands at 330@600 cm'and 1638 cm are associated with physically adsorbed water

the zeolité&>3461
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2.4.5.3 Powder Xray diffraction analysis of mordenite

The diffractogram of zeolite is shown in Figur@2 The XRD was a critically important
characterization technique for this commercial matéealusét served to identify the

main component present (as this is not otherwise indicated in the commercially supplied
specifications of this material). The XRD data indicates that this zeolite is chiefly
composed of mordenite through analysis of the data tis#igpert-Highscore software".

The recorded peaks agreed with the reference diffractogram for mordenjteCDD-
00-029-1257); see Figure-20. Mordenite is an orthorhombic mineral with the empirical
formula AbH14NapO31Si1o.
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Figure 2-29: X-ray Diffractogram of zeolite (mordenite) used in this study
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2.4.5.4 Thermogravimetric analysis of mordenite

Figure 231 (A & B) represents a typical thermogram of the zeolitic (mordenite) material
used in the current study. This reveals a sharp weight loss starting from 30°C to 300 °C
but with a value of 6 % only. A momgradual looking weight loss occurs with higher
temperatures (> 300 °C), with the graph giving a plateau after 600 °C indicating no further
weight loss in the zeolite on heating. A literature study reported the thermal
decomposition of thenordenite andthermaldecomposition (weight loss) was reported

up to 800 °C, illustrating no change in the structure of mordenite. At the same time, the
heating beyond this temperature was found to cause structural cifénges

This weight loss could be attributed to moisture removal from the surface and pore water
molecules from mordenite. A total weight loss of approximately 8% was recorded by
TGA analysis, which shows that the zeolitic material (consisting of mordenite) had
relatively good thermal stability at the higher temperature ranges used in the TGA
analysi§*464 Natural mordenite (studied in Turkey) was more stable than modified
mordenite beyond 800 °C with this thermal stability is attributed to its high K content and
Si/Al ratio, favouring the structural stability of zeolifé$ So, the thermogram recorded

for the natural mordenite used in thtady illustrated the thermal stability showing a little
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weight loss (%), which aligns with the literature reported for the natural mordenite

stability.
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2.5 Summary

This chapter broadly demonstrated the methods used to characterise the feedstock
materials. Similar methods would be used further in this study to characterise the

synthesised composite materials using the selected feedstock materials.

The morphological ltaracteistics of the feedstock materialerere analysed using
scanning electron microscopy (SEM). The SENrographs showethat the chitosan
has a fragile shedike appearance. The commercially sourced HAp micrographs
exhibited a nosporous and amorphsunorphology, while the bovirgurced HAp was
porous, showing a network of interconnected po&tsM analysisdemonstrated that
spent coffee groundxhibitedan irregular surface full of cavities while the coir fibre
appeared as a tubular structure witlceatral void. The zeolite powder micrographs

showed thatheyhadirregular, needldike morphology.

EDX analysisvas carried oub detecthe principal elements of the raw materials. Carbon
and oxygen were the major components of chitosan, coir filtfespent coffee grounds

as expectedn addition to C and O, SCGs also contained potassium and phosphorus in
small quantities. The hydroxyapatite exhibited calcium and phosphorus as principal
constitutional elements along with carbon and oxygen, whildtveesourced HAp

also contained a small amount of Mg, which indicated its biogenic source.

The Fourier transform infrared spectrometry was used for the molecular analysis of the
raw materials. All the raw materials exhibited the vibrationsthaf characeristic
functional groupsn the raw materialsvhich agreedwith previously reportediterature

studies of the materials.

PowderX-ray diffractometrywas used to determine the crystallinity of the raw materials.
The diffractograms of chitosan, coir fibesnd spent coffee grounds were found to be
poorly crystalline as broad peaksre detectedHAp samples exhibitethe characteristic
peaksof Hap in agreement withhose observed ithe reference diffractogram of
hydroxyapatite When comparinggHAp and bHAp, the bHAp was found to be more
crystallinein naturethan the cHAecause of theharp and narrow peakbserved in
the diffractogramThe diffractogram ofhe zeoliteused in the present study agreed with

the referencdiffraction pattern of mordenite
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The thermogravimetric analysis revealed that the chitosan and coir fibre decompose
completely atemperatures 700 °C. The bHAp was more thermally stable than cHAp
astheresidue of bHAp shoeda lower % weight loss than cHApgwn heated up to 1000 °

C. The zeolite waalso verythermally stableshowingonly ca. 8% weight loss in total

when heated up to 1000 ° C.

As stated earlierthese materials were employed the synthesis of theomposite
materialsunder studyThe upconmg chapter comprehensively discusses the processing

of the raw materialandthe synthesis and characterisatiortloé composite adsorbents
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Chapter 3
Synthesi s and Character

Systems to be trialled f

In the previous chapter, selected raw materials wehnaracterised using different
spectroscopic and microscopic techniquBEsesematerialswere subsequentlysed to
synthesise the composite adsaisin order that they can be trialledtreatment systems
for the adsorption oheavymetal ions.Hence, this chaptegxclusively discusss the
synthesis and characisation ofthe composite adsodsts, which were synthesisdtbm

the raw mateals discussed in chapter 2.

3.1 Introduction

The modern literature (as dissed in Chaptet in detail) focuses on preparing bio
composites with novel materials, including la@est adsorbents, for achieving a better
removal efficiency for heavy metals from wastewafdre chosen raw materials (as
discussed in Chapter 2) were believed to be the most appropriate choices for making
composites that would be low cost, easily accessible in terms of raw materials and
effective as heavy metal ion removal agents.

This chaptediscusses the synthesis of the novel composites studied, including the pre
processing of the raw materials. Lastly, it also covers the characterisation of the composite

matrices produced using the techniques and methods described earlier in Chapter 2).

3.2 Experimental Methods

3.2.1 Chemical Reagents

All chemical reagents were sourced commercially as analytical grade reagents and used
as received without any further purification. The chemicals list, including their source

and their respective use in the compositgiseses, is given below.
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3.2.1.1 Acetic Acid (Glacial) 100% (CECOOH)

A 2% acetic acid solution (v/v) was used to dissolve chitosan. The 2% solution was
prepared by adding 20 mL of Mergkade glacial acetic acid to 250 mL of distilled water

in a dropwisdashion, with the final volume being adjusted to the mark in a 1 L volumetric
flask.

3.2.1.2 Hydrochloric Acid (HCI)

Analytical grade (Merck) HCI was used for two purposes in this stualy cbncentrated

HCI (12.178 mol ) and density 1.2 g mtwere diluted to4 mol L solutions used to
dissolve the cHAp and bHAp. Secondly, the HCI was further diluted to prepare 0.1 mol
L1 HCI solutions in pHrelated experiments to adjust pH. A fresh 0.1 niblsblution

was prepared each time for this purpose.

3.2.1.3 Sodium Hydrxide Pellets

Analytical grade NaOH pellets (Merk) were dissolved in distilled water to make a solution
with a concentration of 4 mol-L. NaOH. This solution was used to bring about the

precipitation of composite materials from their solutions as a cpeaitbf their synthesis.

3.2.2 Processing methods of raw materials

Chitosan and HAp (cHAp or bHAp) were used in all composite matrices produced in this
study, so the methodologies used to process these two materials were similar when

synthesising the compositeatrix systems.

3.2.2.1 Chitosan processing

The required quantity of fresh chitosan solution was prepared at the time of each
composite synthesigor this, 1 g of chitosan was dissolved in 2% acetic acid solution
(100 mL) and was stirred until compleatissolution of chitosan had occurred (up to 8 to

12 hours). This resulted in a viscous solution which was then ready for composite

synthesis
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3.2.2.2 Hydroxyapatite processing

Hydroxyapatite (cHAp or bHAp) was fully dissolved by addition to 4 mdl HCI
solution. Generally, 1g of HAp was added to 25 mL of diluted HCI and stirred for 15 to
30 minutes to effect dissolution, resulting in a clear, colourless solution. This solution
could then be used immediately in composite synthesis.

3.2.2.3 Caoir fibre processing for commposite synthesis

Coir fibre was washed with distilled water thrice before use and thefied at room
temperature (25 °C). Grinding of the fibre was necessary and was accomplished using a
mortar and pestle with the assistance (by embrittlement) od ligtrogen () (100 mL

g coir fibres) into a form consisting of small fibrous particles and fibre dust and stored
until use for composite synthesis. Coir fibre was suspended in tyater when it was

used in coir composite preparation (see later)

3.2.2.4 Spent coffee grounds processing

The spent coffee grounds (SCGs) were further gromitid a mortar and pestle after
drying at 50 °C and used in a suspended form in distilled water without further processing

when used to synthesise composites.

3.2.2.5 Zeolite (Madenite) processing

The mordenite zeolite pellets were ground in theireggived state into finer powders
and suspended in type | water, in which form they were further used in composite
synthesis.

3.3 Synthesis of composites

The compositesynthesis process was designed and carried out to make two sets of
composites based on the hydroxyapatite used (as described in chapter 1, section 1.9).
Group A: cHAp containing composites (using commercial hydroxyapatite)

Group B: bHAp containing compots (using bovine powder as a source of
hydroxyapatite)

The general scheme to prepare composite matrices system is given below (Higure 3
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Figure 3-1: Schematic diagram showing the compositmatrices synthesised in this study

In each composite synthesis, the chitosan and hydroxyapatite solution prepaeaion
the first stepof the synthesis, as shown in Figurd.3The first composite system was
based on the twoomponent (chitosan and HApaded systemsvhile the rest of the
novel composites made in this study were tu@®ponent systems, with the third
component being one of coir fibre, spent coffee groundszaalite (mordenite) These
were added to the CH/HAp solution after qmr@cessig of the third component, as
discussed above. Also, as mentioned earlier, thectwgponent composites would serve
as the control composites (in sectio®, Chapter 1) to evaluate the effect of the third
component on the removal efficiencies of the aadrdomposite with respect to the metal
ions trialled.

3.3.1 Synthesis of the Chitosan/Hydroxyapatite composites (CH/cHAp and
CH/bHApP)

The base twawomponent chitosan/hydroxyapatite composites were synthesised using the
chemical precipitation method describey BazargarLari et al®® with minor
modificatiors to the procedure. As mentioned earlier, th#/¢HHAp composite (using
synthetic HAp) has been synthesised and studied in earlier studies for its capacity to
remove heavy metal ions frothe solution (Table 11). In this study, this particular

composite was synthesised as a control for the noveltioreponent composite systems
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considered in this study. Similarly, the CH/bHAp composite has also been reported earlier
where it was considered as a removal agent féf iGns, although it is also of interest to
explore its removal abilities for other heavy metal ions. Hence like the CH/cHAp
composite, the CH/bHAp composite was synthesised in this study to not only compare
the cHAp and bHAp based composite systems buttalserve as a control for the three
component systems. Hence the third composite component was added to both CH/cHAp
and CH/bHAp composites.

CH/cHAp composite synthesidJsing the solutions of chitosan and cHAp described
earlier (3.2.2.1 & 3.2.2.2), trmombination was executed with stirring maintained for 48
hours. This resulted in a gkke thick, white mixture that indicated the premature
formation of the CH/CHAp composite. Further precipitation of the composite was
facilitated by adding L of NaOH ®lution (4 mol L'Y) to 500 mL of CH/HAp solution.

After the addition of NaOH, the mixture was kept for three days to mature in an open
atmosphere (undéumehoodand beaker covered with watch glass). After three days, the
mixture was centrifuged and washweith distilled water until a neutral pH was observed.
The resultant product was a white jelilge material, which was then dried in an oven at

50 °C The dried material was subsequently ground into a powder using an electric grinder
and stored in an dight jar until further use in adsorption experiments with heavy metal
ions with some set aside to allow for characterisation.

CH/bHAp composite synthesisA similar procedure was repeated to synthesise the
CH/bHAp composite. Similar observations weredeao the CH/cHAp composite as to

the physical appearance of the material.

3.3.2 Synthesis of Coir Fibre composites with chitosan and HAp
(CH/cHAp/CF and CH/bHAp/CF)

CH/cHAp/CF: Coir fibre composites with chitosan and hydroxyapatite were formed
following the method described by Rajesh et*#l.with some modification, who
synthesised the CH/HAp/CF composite specifically for its use as packaging materials and
not for watertreatment. There is no other literature study at the time of writing reporting
the synthesis or application of this trhH@@mponent composite in any other field.

The chitosan and cHAp solutions mixtuvereprepared as described in the earlier section

(33.1). To make a 1:1:1 composite of coir, chitosan, and hydroxyapatite, 1 gram of
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ground coir fibre was dispersed in 20 mL of type | water and immediately added into the
CH/cHAp solution (1:1) with vigorous stirring. The even distribution of the coir
dust/mrticles within the solution was ensured by a continuous stirring of the- three
component mixture for 24 h, after which NaOH solution (4 né) was added (1 L
NaOH to a 500 mL mixture of CH/HAp/CF) to the mixture to reprecipitate the 3
component materialcomposite. After reprecipitation, a similar procedure of
centrifugation and washing was done to wash out thprbgiucts from the composite,
followed by drying and grinding of the composite material.

CH/bHAp/CF: The same procedure used for the CH/cHApéGmposite synthesis was
used except that cHAp was replaced with bHAp to prepare the CH/bHAp/CF composite.
Apart from some material set aside for characterisation, both CHEFAmposites
prepared were stored in airtight jars until adsorption experiments were aarti@idh

heavy metal ions.

3.3.3 Synthesis of Spent Coffee ground composites with chitosan and HAp
(CH/cHAp/SCGs and CH/bHApP/SCGS)

The ovenrdried spent coffee grounds@&s) were suspended into type | water to add to
the predissolved chitosan/HAp solution (either cHAp or bHAp). Approximately 20 mL

of water was used to disperse 1 g of SCGs powder which was then added to the
chitosan/HAp solution with vigorous stirring wistribute the SCGs evenly into the
mixture. Additional time (24 h) was used to allow the mixture to be optimally
homogenized before 4grecipitation. As described earlier, a similarprecipitation
method was used by using a 4 mot NaOH solution. Howeer, in the case of the
CH/HAp/SCGs composite syntheses, the volume of the NaOH utilised was at least double
the volume of the materials mixture to ensure homogeneity of the composite formed.
Hence, for a 500 mL mixture of three components, 1 L NaOH salutias added,
followed by centrifugation and washing. It was dried and stored until its further use in

metal ion adsorption experiments.
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3.3.4 Synthesis of zeolite (mordenite) composites with chitosan and HAp
(CH/cHAp/Zeolite and CH/bHAp/Zeolite)

Ground zeolite (mordenite) was suspended in type | water (20 mL) and then added to the
pre-dissolved chitosan/HAp solution (either cHAp or bHAp). The mixture of chitosan,
HAp and mordenite was stirred vigorously to allow the Itik@ morcdenite to be evenly
distributed throughout the solution. Subsequently, NaOH (double the volume of the
mixture) was added to the solution using hsgpeed stirring in order to ensure
precipitation of the homogenized composite of the three components. ddtegdNaOH,

the reprecipitated material was further left to mature t&r days to ensure complete
composite precipitation. The composite material produced was then washed, dried and

ground for further use in metal adsorption experiments.

3.4 Results and digussion

The visual characterization of the synthesised compositss done by schematic
diagrams and presented below (see Figuw2<$®335). Physiochemical characterization
of the synthesised composite matrices is given in the following sections.
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Figure 3-2: The synthesis of the CH/HAp composites
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Figure 3-3: The synthesis of the CH/HAp/CFcompaosites
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Figure 3-5: The synthesis of the CH/HAp//Zeolite composites
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The following sectia describes the characterisation of the composite systems, which
were synthesised by using the raw materials (studied in chapter 2). As mentioned earlier
in chapter 2, the OriginPro software was used to plot the figures in this study which
automatically skects the yaxis scales for FTIR spectra, XRD diffractograms and TGA
and thermograms.

3.4.1 Characterization of the control two-component chitosan/cHAp and

chitosan/bHAp composites

3.4.1.1 SEM/EDX analysis of CH/cHAp and CH/bHAp composites

CH/cHAp: In Figure 36, the SEM micrographs ofthe CHcHAp compositesare
presented at high and low magnification. A high magnification view (X8000, FigGre 3

A) exhibits a homogenized material having random macropores on the surface. The
presence of macroporesgms confirmed byoing severatepeat SEM measuremeras

the composite. Similar macropores were reported in the literature in the earlier reported
synthesis of a chitosan and HAp nasemposite, which was prepared using a caleium
deficient source of hydxyapatité®®.

A lower magnification SEM image of the partially ground composite is presented in
Figure 36 B and shows aggregates made up of differeassiath irregular shapes. This
would have been brought about by the mechanical breaking up of the dried caked mixture.
The texture of these particles looked smooth when observed as low magnification images.

[ IR o o SRR LI ) B U S LR B |

S:0kV 11 2mm xB.00k SE(M) §.000m 5.0V 104mm x40 SEM!

Figure 3-6: SEM micrographs of CH/cHAp composites at different magnifications
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TheEDX analysisof the CH/cHAp composite is shown in Figur& 3The graph featured
prominent peaks due to carbon, oxygen, calcium and phosphorus, whilcé pracipal
elemental components of the precursor materials. The Ca:P ratio calculated for the various
CH/cHAp composite samples was found to fluctuate betweeh.T,&vhich is similar to

the Ca:P mole ratio of stoichiometric hydroxyapdatite

Elements Carbon Oxvgen Phosphorus | Calcium Total
Element Wt.% 2124 28.03 1575 3499 100.00
Error (Element Wt.%0) | +-1.13 +-1.15 =053 =-1.04
Wt. % Atom 36.08 35.74 1037 1781 100.00
400
Error (Wt. % Atom) | =-193 =-146 +-035 +-0353

»

g 1]

| |
| i i
ﬁﬁ}l il |\m

i | J "
)1‘«’ I'w-w-vir.-'ﬁ“\ \\w\ | J \,q‘l

8 T T T
o ) 2 3 . 5 & 7 s . 10
kov

N i ndh R ety S e ANt P et fA NIl fd A AN s it
' ' ; S : ——

Figure 3-7: EDX analysis of the CH/cCHAp composite

CH/bHAp: The SEM images ifrigure 38 illustrate the morpology of a partially ground
CH/bHAp compositeThe CH/bHAp composite surface shows the deposition of fine
particles (Figure B A). The surface of the composite was also observed to be rough,
with some pits and cracks. The heterogeneous looking CH/bHApasite morphology

could be due to the deposition of HAp particles on the surfAdeitionally, the
heterogeneity and deposition could be attributed to the mechanical breaking up of the
particles and intercalating the chitosardthe HAp Theparticle deposition was observed

and reported in another literature sttfyluring the course of a hydroxyapatite/chitosan
nanecomposite syntbsis, which wasuniform in size and round in appearance and
recognized as HAp particles. The literature study reported them as HAp particles that
were dispersed in a biopolymeric matrix of chitosan. In the present study, the deposited
particles could alsbe HAp deposition inside a biopolymeric matrix as reported in the

literature or simply be a representation of the composite itself. The interpretation is
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subject tosome doubbecausdhere wasot enougidatato confirm and conclude that

thiswas the case

15.0kV 15.0mm %40.0k SE(M) 5.0V 11.2mmx5 00k SE(M)

Figure 3-8: SEM micrographs of CH/bHAp (A) x40.0k magnification (B) x5.00k

magnification.

The EDX microanalysis of the CH/bHAp composite is presented in Figrangl shows

the expected major elementaimponents based on the raw material content. The Ca:P
mole ratio calculated for measured samples ranged betweeh8,.While Mg was <0.5%

in all measured samples. The presence of Mg in this composite confirms the-bovine
derived source of the hydroxyaje in the composite, as Mg is commonly found in HAp
derived from bovine sources. The cHAp (synthetic)contrast, shows no Mg in its

analysis, confirming its synthetic origin.
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Figure 3-9: EDX analysis of the CH/bHAp composite
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Overall, the micrographs of the two composites were different in terms of the surface, as
the fine deposition of particles was more apparent on the CH/bHAp composite surface.
In contras, the surface of the CH/cHAp composite was relatively homogenised/uniform
in its appearance.

3.4.1.2 FTIR analysis ofthe CH/cHAp and CH/bHApcomposites

Further probing of the molecular composition of the CH/HAp composites was achieved
using FTIRanalysis. The FTIR spectra of the KBr disks of both composites are shown in
Fig 3.10, and assignments of peaks are summarised in Fablehgre the peaks due to
chitosan and hydroxyapatite are denoted by "C" and "A" in Figl@ &ese are in good
accadance with characteristic peaks described earlier for chitosan (Fighbireard

hydroxyapatite in general as derived from the two sources (Figi@g 2

Table 3-1: Characteristic IR absorption peaks obsered in the spectra othe CH/cHAp and
CH/bHAp CompOSite§77,406,424423,429,467,468

Assignment Wavenumber (cni?)
-OH and-NH stretching (combined) 3420 (s)

C=0 (Chitosan) 1632 (m)

C-H stretching (Chitosan) 28532926 (w)

C-N stretching (Chitosan) 1320 (w)

PO (P-O-P bending) (Apatite) 550-600 (M)

PQO2 P-O asymmetric stretching (Apatite) 10401099 (s)

C-0O stretching 1380 & 1417 (w)
CO:% (asymmetric @) stretching modes) 1413 & 1460 (w)

In the FTIR spectrum of the CH/bHAp composite, some peaks that had been observed in
the bHAp spectruniseeChapter 2 Fjure 213) disappeared/changed their position when
forming a composite. For instance, the OH stretching vibration of lattice OH around 3572
cmi(see Figure 23) andthe librational mode of HAp at 632 chdisappeared in the
CH/bHAp composite FTIR spectrymwhich confirmed the formation of poorly
crystalline HAp in the composite with chitosdine characteristic acetyl group vibration

of chitosan at 1638 cmexhibited a lower intensity in the spectra of the composite
samples, which could be attributed to some further deacetylation occurring in chitosan re

precipitation using NaOH, which is known to act as a catalyst in such a gfcess
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Figure 3-10: FTIR spectra of the CH/HAp composites

3.4.1.3 Powder Xray diffraction analysis of CH/cHAp and CH/bHAp

Figure 311 represents the powder -pdy diffractograms

of

both

the

chitosan/hydroxyapatite composites. The features observed in the powdsr X

diffractograms of the two composites confirmed hydroxyapatite presence via peaks

observed

at ,2@° 34.082016d89.8° (Brasented in Figure1d). HAp

peaks were predominant in the diffraction patterns of the composites compared to

chitosan, though the intensities of peaks are lower and broader than for the precursor

hydroxyapatite sources. The broader peakth@composites than the candidate HAp

confirm the formation of a poorly crystalline HAJhitosan composite. Similar low

intensity and broad peaks were reported in powder XRD by Sala’étwaho studied

the development of a na#itydroxyapatite/chitosan composite.

The characteristic peaks of chitostiakes’400.40% t

around 2d =10A

observed in the composites and additionally illustrated in Figur2 & broad peak at

2d =20A

n t he r e pndidate ehdosan flakek was totind @ exailit o f

three smaller peaks, which could be attributed to the overlapping of the HAp diffraction
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peaks at 2d=21.8A and 2d= 22. 9A-11)withitse di f fr
broad peaks indicates the fornaetiof poorly crystalline composites, which was in accord
with the observation recorded in the FTIR spectra of the composites.
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Figure 3-11: Diffractograms of CH/HAp composites and the candidatanaterials used to

synthesise the composite
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Figure 3-12 The characteristic diffraction peaks of chitosan and HAp recorded in the

CH/HAp composites and presented as a detailed view
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The peaks illustratedbave in Figures 32 for the characterisation of chitosan and HAp were
recorded for the CH/HAp (control) composites. These paakmentioned to demonstrate the

presence of the CH/HAp part in the thim@mponent composite systems.

3.4.1.4 Characterisation of the CH/cHAp and CH/bHAp composites by

thermogravimetric analysis

Figure 313 represents the thermograms of the CH/cHAp and CH/bHAp composites
measured over a temperature range of 30 to 1000 °C. In the thermogram for CH/cHAp, a
7.61% weight loss occurs amai200 °C, while a total weight loss of approximately 45%
occurs in the range of 200 °C to 550 °C. There is no significant weight loss observed after
550 °C. The initial weight loss occurs because of dehydration of the composite Aatrix.
comparison othe CH/cHAp thermogram with that of chitosan (Figu+& i& chapter 2)
revealed that the weight loss over the -B80 °C temperature range is occurring due to
the combustion of the chitosan itself.

A comparison of the thermogram in Figl3 of the CH/cHA composite with those of

the raw material thermograms (Figurd 2chitosan) an@®-15 & 2-16 (HAp)) confirms

that the residual mass is due to the apatite component only, as chitosan completely
combusts up to 550 °C, leaving no mass behind in the parheFudre, the white
material counts for approximately 50% of total mass, as shown in-ERj.\Bhich shows

that the composite was approximately 1:1 chitosan and HAp by weight. After the analysis
was completed, the observation of a white residual powddhensample holder
confirmed that the organic chitosan had completely burnt out and that HAp remained.
The TGA of CH/bHAp is very similar in shape and form to that for ¢&EtAp and
indicateghat similar processes are occurring in the CH/bHAp compositehvatburning

out of the chitosan. After 600 °C, a gradual weight loss up to 1000 °C was observed in
the thermogram of the CH/bHAp, which counts for 11.35% and is probably dbe to
decomposition of carbonates contained within the HAp which were obsertreHTIR
analysis of the aseceived bHAp (Figure -23). After the TGA analysis, a simikar
looking residual white powder was observed, which accounted for approximately 55% of
the mass of the CH/bHAp composite.

A major difference between the two thergnams is the residual mass after burning up to
1000 °C. The total weight loss recorded for the CH/cHAp was 60%, while for the
CH/bHAp, 45% weight loss was recorded. It is known that the chitosan is dautrnt
completely by 6000 °C, as observed in theetimogram of chitosan alone (Figure 2
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8), while the cHAp itself showed a weight loss of 60% leaving behind 40% residual mass.
According to these observations, the residual left behind after heating CH/CHAp
composites up to 1000 € (decarbonated) cHAp.

In contrast, the bHAp thermograms showed a relatively smaller weight loss when heated
up to 1000 °C (Figure-26). The residual mass of 60% after the combustion of chitosan

in CH/bHAp is attributed todecarbonated) bHApIhe higher residual weight could be

due to the CH/bHAp composite containing more bHAp incorporated into the composites
than cHAp. The more incorporation of bHAp in the bHB@sed composite could be
attributed to the relatively higher purity (in terms of stoichiometry) of the besonieced

HAp (bHAp), as it represents sintered HAp
cHAp (which contains relatively more substituted carbon&se) the incorporation of
carbonates in commercially sourced HAp (cHAp) could be the reason for there being
lower incorporatioro fH Aip 0 i n -babked compdgite. When the equal mas$es
cHAp or bHAp are used to make a composite with the chitosan (see se&ti§nit is
possible that less HAp is deposited (as some mass is taken up by the carbonatgs, leadin

to less pure HAp) in cHAJpased composite compared to bHBgsed composites
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Figure 3-13: Thermograms of the CH/cHAp and CH/bHAp composites

3.4.2 Characterization of the Chitosan/cHAp/CF andChitosan/bHAp/CF

3.4.2.1 SEM/ EDX analysis of CH/cHAp/CF and CH/bHAp/CF
CH/cHAp/CF: Figure 314 presents the SEM micrograph and EDX analysis of the
CH/cHAp/CF composite. The micrographs generally showed an uneven aiponmos

surface with deposition of very finparticles on it. The fine particles could be

nanocrystals of HAp or coir fibre dust
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The EDX analysis of the composite showed that the principal elements wéte@zamd

O at atomic% valuesof 26.92%, 13.56 %, 24.29 % and 35.24 %, respectively. A
significant portion of C would be emanating from the presence of chitosan and the coir
fibre, while the Ca and P signals would be coming from the presence of hydroxyapatite

in the composite.

Elements Carbon Oxvgen Phosphorus Calcium Total
Element Wt. % 2429 3524 1356 2692 100.00
Error (Element Wt. +-0.97 +-0.91 +/-0.28 +/-047
| %0)
600 Wt. % atom 3791 4129 821 12,59 100.00
Error (Wt. % atom) | +-1.51 +/-1.07 +-0.17 +-022

L

N'WWJ

T ¥
Al 2 3

oV

Figure 3-14: SEM micrograph and EDX analysisof CH/cHAp/CF composites

Figure 315 represents the micrograph of the CH/bHAp/CF composite, which shows
similar uneven morphology as described for CH/cHAp/CF composite. It is not surprising
that the morphology would be likbat of CH/cHAp/CF compositdhe EDX analysis
(Figure3-15) indicated C, O, Ca, P, and Mg and Na. The presence of Mg and Na is due
to the biogenic (bovine) source of the HAp used to make the composite.
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Elem:::n : Clrl'ml Oa gel S.ndllua ‘L‘h’nulnm Phosphorus fnllclum 'l'ol‘nl

Error (Element | +-0.81 | +.0.79 +/-0.16 +-0.06 +/-0.22 +/-0.36
Wt %)

| We % atom |[4480 | 9008 0.85 0.20 549 830 100:00 |
Error (Wt. % | +. 115 | +/. 0.82 +/+0.12 +/+ 0.04 +/- 0.12 +/- 0.15

atom)

Figure 3-15: SEM micrograph and EDX analysisof the CH/bHAp/CF compaosite

3.4.2.2 FTIR analysis of CH/cHAp/CF and CH/bHAp/CF

The FTIR spectra of both coir composites are shown in Figlie Eharacteristic IR

peaks in the composite and their assignments are supethamiTable 32.

Table 3-2: Characteristic IR absorption peaks of CH/cHAp/CF and CH/bHAp/CF
composite§>438

Vibration Wavenumber (cnt?)
Symmetric PQ? 560601
Asymmetric P@Q3 1032

-OH stretching 3443

-CH and-NH stretching 13801421

C=0 stretching 16451647

C-H symmetrical stretching 28002920
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Figure 3-16:. FTIR spectra of coir fibre (dust), CH/cHAp/CF and CH/bHApP/CF composites

In the spectra for both composites (Figurd63, the peaks in regions 1 and 2, the
composites are dominated by the HAp, as the peaks are assowidledhe
hydroxyapatite component (see Fig@d3 for reference) andepresent bending and
stretching modes of the phosphates within the HAp. The IR absopei#is in regions
labelled 3, 4 and 5 are associated with the composite's coir fibre and chitosan components
andrepresent €0, C=0, CH and NH stretching vibrations. The dominant peak in region

6 is due to OH stretching of moisture and the chitosan and@wmiponents.

Both IR spectra indicate the CH/cHAp/CF and CH/bHAp/CF composites are similar and
successfully incorporated the chitosan, HAp, and CF, showing the characteristic peaks of

all three components.
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3.4.2.3 Powder Xray diffraction analysis of CH/cHAp/CFand CH/bHAp/CF

Figure 317 represents the powderedy diffractograms for the CH/HAp/CF composites

and raw chitosan, coir fiore and HAp. In both the composites, the XRD pattern is
dominated by peaks from the hydroxyapatite component, which has chatiagesss

at 2 d2(002)532.87 (112) and 34.049202) and 39.8 (310). Similar peaks of
HAp-content were observed in theX-ray diffractogram ofthe CHHAp (control)

composites (Figure-33) andwerealso in good agreement with the referenceaition

pattern for HAp (Figure -24).

For chitosan,alow nt ensity peak signal at 2d=10A was
centred around 2d=20A which was divided in
composite diffractograms (Figureld). A celluloseassociated peak from the coir fibre

was not observed at 2 dthecd@l@dde patterh ICDB80was r ef €
050-2241)for the crystalline cellulose in the XRD diffractogram of coir f8feThe

actual reason of théisappearance of this peak is unknown. Howewes could bedue

to theformationof poorly crystalline materialwhile being part of the composite.

The formation of the composites by reprecipitation led to a reduction in crystallinity for

the raw componest particularly HAp. For instance, the intensity of characteristic peaks

of HAp was reported to decrease when it is employed with biopolymeric materials (such

as chitosan and coir fibre) due to reprecipitation and incorporation of polymers into the
inorgaric matrix of HAp"®,

In the XRD diffractogram of the CH/HAp composites (Figurelll, the bHAp
charact er i st-d41¢thaye beekconvated inbb & br8aller peak at 42.220

the diffractograms of CH/HAp/CF composites (Figuw&73. Broad pXRD peak patterns,

as illustrated by the diffractograms of the CH/HAp/CF composites, can be atiribute

the formation of poorly crystalline solids in the composite matéffals
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Figure 3-17: The X-ray diffractograms of CH/cHAp/CF and CH/bHAp/CF and the raw
candidate materials of the compdges

3.4.2.4 The thermogravimetric analysis of the CH/cHAp/CF and CH/bHAp/CF
composites

Figure 318 exhibits the TGA thermograms of both the CH/HAp/CF composites. The
thermograms showed features in three distinct regions. if$terégion lying below
200 °C led to approximately-P1% weight loss in both composites. The second region is
between 20@50 °C and is where significant weight loss -@P %) occurs in the

composites. After 450 °C, only gradual weight loss is observied.fifst weightloss
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event could be attributed to the dehydration of the composite. The second could be due
to the breakdown of its carbonaceous component, i.e., chitosan and coir, which are known
to decompose up to 500 °C as shown in Figus@g¢far chitosan) & 218 (for coir fibre).

It infers that the weight loss occurring after 500 °C is mainly caused by changes occurring
in the HAp solid component.

After heating up to 1000 °C, about 40% of the mass is left behind for the CH/bHAp/CF
composite and abo@0% for the CH/cHAp/CF composite, as shown in the following
Figure 318. The higher residual mass % for the CH/bHAp/CF composite could be due
to more incorporation of the bHAp into the CH/bHAp/CF composite material than cHAp

in the CH/cHAp/CF composite.

These observations of more residual for the bHbped composites indicated that the
bHAp wasrelatively more able to incorporate into the composite materials than cHAp. A
similar mass of both the HAps was used to make composites witmtlagseals. As Ly

of bHAp was used to make a composite with 1 g of chitosan, and similarly, 1 g of cHAp
was added into chitosan to make the composite. Similarly, 1:1:1 of three components was
used to form the CH/HAp/CF composites. It could be assumedlgbat cHAp
incorporates into the composites than bHAp, as explained earlier in the TGA analysis of
the control composite (see section 3.4.1.4 above).

Additionally, the comparison of the TGA analysis of the raw materials (chitosap, H

and CF (Figure 28, 2-15 and 220, respectively) withtheir composite system
(thermogram of CH/HAp/CF composites in Figure below) indicated that the chitosan and
CF completely burnt off up to 550 °C, while beyond this temperature the residue in the
pan is assumed to be HApdinating at least 280% weight of HAp in these composites

(see Figure below).
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Figure 3-18 Thermograms of the CH/cHAp/CF and CH/bHAp/CF composites

3.4.3 Characterization of the Chitosan/cHAp/SCGs and
ChitosanbHAp/SCGs Composites

3.4.3.1 SEM/EDX analysis of the CH/cHAp/ SCGs and CH/bHAp/SCGs composites
Figure 319 and Figure 20 represent the SEM micrographs of the S®Gésed

composites. These shoav roughand pitted surface with rifts and crackEhe open
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channels ated in Chapter 2 on the surface of the raw SCGs (Figa® are not visible
in the SEM of the CH/HAp/SCGs composites. It could be due to the deposition of the

SCGs wi

material. The literature available on the synthesis of such composites of SCGs with
biopolymers or apatites is very sparse; hence interpretatibriceonature of the
morphology and why it is that way cannot be firmly concluded.

The EDX analysis is shown in Figuresl8 & 3-20. Carbon is the principal element of

these composites, accounting for-ZP% and also confirming the successful

th the

chitosan/ HAp

s ol i deposited ,

wh i

incorporation of the SCGs (as well as the chitosan) into the composite. Oxygen is the next

mostabundant element accountifg 31-34% by weight, with the remaining elements

of Ca, P and Mg confirming the presence of hydroxyapatite into the composites. As

observed in earlier analyses, Mg is present only in the bHAp composite due to its natural

origins (ovine bone).

Py

| I

15,06V 15 Omm >250'SE(M)

Figure 3-19: SEM micrograph and EDX analysis of the CH/cCHAp/SCGs composite
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Elements Carbon | Magnesium | Oxygen | Phosphorus | Calcium Total
oo Element Wt, % 2921 0.32 34.12 13.73 262 100.00
Error (Element Wt. | +.1.11 +/-0.07 =/-0.99 +/-0.30 =/-0.48
%)
Wt. % atom 43.54 0.24 34.18 7.94 10.11 100.00
Error (Wt. % atom) | =/-1.64 =/-0.05 +/-1.11 +/-0.17 +/-0.22
oo
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Figure 3-20: SEM micrograph and EDX analysis of theCH/bHAp/SCGs composite

3.4.3.2 FTIR analysis of the CH/cHAp/SCGs and CH/bHAp/SCGs composites

Figure 321 shows the IR spectra of the CH/cHAp/SCGs and CH/bHAp/SCGs
composites. The characteristic IR absorption peaks observed in the spectra are
summarised in Table-3 and assigned to chitosan, HAp or to vibrations associated with
the spent coffee grounds

Key changes in the IR spectra of the SCGs were observed when they became part of the
composite. For instance, the characteristic vibration of the C=0 stretchidddialv42

cml) associated with ester linkages (fatty acids) disappeared in the spectra of the
compositesThe GO and GO-C stretching vibrations of both chitosan and the SCGs
were difficult to observe, possibly due to the overlapping of these peaks with the peak
due to the phosphate group vibrations from hydroxyapatite in this region of the spectrum.
However, the C=0 vibration of amide | (in chitosan) and tluit C=C (phenolic
compounds of SCGs) are visible around 1650'ciithe presence of hydroxyapatite is
confirmed by peaks appearing in the spectra due to the phosphate groups in HAp around
550-600 cm! and1038 cn.
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Table 3-3: Characteristic IR absorption peaks of CH/cHAp/SCGs and CH/bHAp/SCG¥*

445 443

Assignments Wavenumber (cn!)
-OH (adsorbed water antllH stretching (aming 3430

group of chitosan)
CH stretching in backbone structure of cellul¢ 29302850
(SCGs) and polysaccharides (chitosan)

CH bending (chitosan) 1320
PQ* bending modes HAp 620-550
C-O and GO-C stretching of chitosan 1200900
PQ? (stretching modes)f HAp 1038

C=0 (amide I) and GZ of phenols in SCGs 1650
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SCGs
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Figure 3-21: FTIR spectra of the CH/cHAp/SCGs and CH/bHAp/SCGs compositeas well

as those of the raw chitosan and SCGs materials
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3.4.3.3 Powder Xray diffraction analysis of CH/cHAp/SCGs and CH/bHAp/SCGs

The powder Xray diffraction patternsf chitosan/hydroxyapatite/SCGs composites are

given in Figure 22. The most prominent peaks in these are that of hydroxyapatite which

was observed at

12), while the presence of chétaa n

2d=

coul

25. 8A

d be

2d=

inferred

and

20@77,400,401.[ A

s ma l

di ffracti

on

peak

at

3. 7A (as
from cl e
2d= 22. 7.

present in SCGs, which agreeghathe reference XRD for celluloséCDD =00-050-

2241. Both composites showed similar diffraction patterns with broad peaks. The broader

peaks are due to the poorer crystallinity of the reprecipitated HAp solid in the composites.
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Figure 3-22: X-ray diffractograms of the CH/cHAp/SCGs and CH/bHAp/SCGs composites
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3.4.3.4 Thermogravimetric analysis of CH/cHAp/SCGs and CH/bHAp/SCGs

The thermograms of the CH/cHAp/SCGs and CH/bHAp/SCGs composites seatpie

in Figure 323. Two weightloss events were observed at approximately 100 °C and
300 °C and counted for about 13 % and 40% of the observed weight loss, respectively.
No significant weight loss was observed after 550 °C.

The first weight loss is atbuted (as seen in TGAs of other composites) to the dehydration
of the composite material. The second weight loss is due to the oxidation and combustion
of the carbonaceous components of the compoisée ¢hitosan and cellulose). Low
weight losses werebserved after 500°C and could be due to the decomposition of
carbonates associated with the reprecipitated HAp. The HAp itself (both types) does not
lose much mass in this region due to its thermal stability apart from carbonate
decomposition. This is flected in Chapter 2, when the individual HAp starting materials
were charactesed The thermogram of CH/cHAp/SCGs composite is different from the
thermograms recorded earlier for the cHBgsed composites. As the earlier cHAgsed
composites showed amstant weight region starting from 550 °C or higher temperatures,
the residual weight (in the pan) for the cHBased composites was always less than the
bHAp-based composites of similar materials. The CH/cHAp/SCGs and CH/bHAp/SCGs
show similar residual nss (47%). It could be due to an earlier mentioned reason (section
3.4.1.4) of morebservedHAp incorporation in the bHAfpased composites thavhat
occurredn the cHApbased composites

A white powder with a minute touch of greyish material was colleatede end of the

TGA analysis (at 1000 °C), representing the composite's inorganic (HAp) part. Both
composites show similar weight loss patterns in the TGA analysis and confirm XRD,
SEM, and FTIR findings, which also show similar characteristics for cmtiposites.

The comparisons of thermograms of the raw materials (chitosan (FiglieHAp
(Figure 215) and SCGs (Figure-25) with the thermograms of the composites (given
below) indicated that the chitosan decomposes completely under a temperature of 600 °C,
while amajor part of the SCGs also burnt off in a temperature range ef@DOC. The
residual mass of the CH/HAp/SC@Gauld be attributed to the ash of the SCGs and HAp,
constituting about 47% of the composite's mass. In this, the major part would be attributed

to the HAp (at least >40%), keeping in view the thermogram of the HAp.
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Figure 3-23: Thermograms of CH/cHAp/SCGs and CH/bHAp/SCGs

3.4.4Characterization of the Chitosan/cHAp/Zeolite and
Chitosan/bHAp/Zeolite Composites

3.4.4.1 SEM/EDX analysis of CH/cHAp/Zeolite and CH/bHAp/Zeolite composites

In SEM micrographs of the zeolite composites prepared for this stadyigure 324
& 3.25), similar surface morphology was observed for both composites. The typical
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morphology shown was that of formation Erge, homogenizegbarticles having
depositon of crystals on the surface. The surface deposition could be hydroxyapatite
agglomerates covering the chitosan and zeolite composite, which aligns with the similar
observations made in another study, where the HAp was reported to cover the surface
whereit was a part of a surfactantodified hydroxyapatite/zeolite composite, which was
synthesised as a copper removal atjént

In EDX microanalyses (Figure4 & 3-25), prominent peaks of oxygen, carbon, calcium,
aluminium, and silicon could be observed as expected. CH/bHAp/Zeolite is differentiated
from CH/cHAp/Zeolite by the presence of the Mg (< 1%) peak, which arises from the
biogenic source of the HABomevariation in elemental composition was observed
between the two composites.

Oxygen was found to be the elemental compopeggent by morthan 35% by weight

in both compositedfollowed by calcium from hydroxyapatite (4%), carbon from
chitosan (1415%), aswell as Si (1614%) and Al (12%) from the zeolite component of

the composite. The minor elements sasliKand Na emanate from the zeojpat of the

composites.

A .
|
Elements C P 0 Na Al St K Ca Total

Element Wt.% 15.18 10.18 38.88 123 238 1417 137 16.62 100.00

Error +/- 0.88 033 063 0.15 017 0.32 0.20 0.36
(Element Wt.%%)
WL % Atom 24,69 6.42 47.48 1.04 1.72 9.86 0.68 8.10 100.00
Error +/- (Wt % | 143 0.21 0,77 0.13 0,12 0.22 0.10 017
Atom)

GO0

100 -

) ‘ \

200

Figure 3-24: SEM micrograph and EDX analysis of the CH/cHAp/Zeolite composite
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B o Elements C (4] P Mg | Na Al Si K Ca Total
wi| Element 14.71 | 4269 | 1048 | 0.26 | 0.86 | 196 | 1063 | 0.83 17.58 | 100.00

Wit.%
Error +/- 0.79 0.62 0.28 | 006 | 0.09 | 0.08 | 0.26 008 | 033

e (Element

W1.9)
Wt % Atom | 2359 | 5140 [ 652 | 021072 | 140 | 730 | 041 | 845 | 100.00
Error +/- 126 | 074 | 017 | 005] 007 | 006 | 018 | 004 | 016
(Wt. % Atom)
| »

400
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Figure 3-25: SEM micrograph and EDX analysisof the CH/bHAp/Zeolite composite

3.4.4.2 FTIR analysis of the Chitosan/cHAp/Zeolite andhitosan/bHAp/Zeolite
composites

Figure 326 shows the IR spectra of the CH/cHAp/Zeolite and CH/bHAp/Zeolite

composites. All observed peaks in the spectra and assignments are summarised in Table

3-4.

Table 3-4: Characteristic IR absorption peaks of CH/cHAp/Zeolite and CH/bHAp/Zeolite

composites
Assignments Wavenumber (cn?)
T-O-T bending 470
T-O-T stretching (overlapping P®) 1048
Si-O-Si stretching 792
CH stretching (chitosan) 2914
OH stretching 3440

*T refers to zeoliteassociated IR vibrations

FTIR spectra of the zeolitic composites appear to be dominated by the spectra of the
zeolite itself. It is evident that the characteristic peaks of F@m hydroxyapatite are

more challenging to find due to the overlapping eé®AT framework peaks (*T= Si or

Al) with those peaks due to the phosphate vibrations. The strong peak at around 1050
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cmit corresponds to the asymmetric stretching vibration-® T in mordenite. Similarly,

biopolymeric peaks of chitosan are not visible in the spectra, while those related to CH

stretching exhibited decreased intensity. The-liotensity peaks around 58D0 cmt

are attributed to both mordenite and apatite. Batve characteristic peaks in this region

because of the tetrahedral structural similarities of’Sgdd PG* in the phosphate and

silicate groups associated with the zeolite and hydroxyaffati#e broad absorption peak

in the region of 3308600 cm! was assigned to the characteristic OH stretching,peak

which is merely due to adsorbed moisture on the composites.
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Figure 3-26. FTIR spectra of the CH/cHAp/zeolite and CH/bHAp/zeolite composites
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3.4.4.3 Powder Xray diffractogram analysis of the Chitosan/cHAp/Mordenite and
Chitosan/bHAp/Mordenite composites

Figure 327 presents the powder-rdy diffractograms of the mordenite (zeolitegsed
composites of chitosan/HAp. The diffractigratterns of mordenite and apatite were
compared with the reference powdtifraction pattern for HAp (ICDD = 0009-0432)

and mordenite (ICDD= 0029-1257), as discussed @hapter 3. The characteristic peaks

of mordenite wer e R%256°26.2°and&%6°ahdiwerein@aod 5 A, 2
agreementvith the mordeniteeference pattern.

As predicted from the FTIR spectra, the XRD pattern was more dominated by-zeolite
associated features than with those coming from HAp. The most prominent XRD peaks

of HAp at ,32d197732.903 hnd B4.049 are hard to distinguish apart from

one clear and broad peak at31’8. Peaks at 23fconfilnBthe praserte 2 d =
of chitosan

Igbal et al*’® reported that when the amount of zeolite powder is 10% or more in
composite synthesis, it decreases the intensityAp peaks in the diffraction pattern of
composité”. It probably implies that in the presence of a higher amount of zeolite, HAp
crystallinity decreases, as shown by thekvess or noobservation of any XRD peaks

due to HAp. Both composites produced showed similar crystallographic features so that

these were unaffected by the source of the HAp
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Figure 3-27. X-ray diffraction patterns of the CH/cHAp/Zeolite and CH/bHAp/Zeolite

(Intensity a.u.)

compositesas well as those of the raw materials.

3.4.4.4 Thermogravimetric analysis of the Chitosan/cHAp/Zeolite and
Chitosan/bHAp/Zeolite composites

The thermogravimetric analyses for both the CH/pl#eolite and CH/bHAp/Zeolite
composites are shown in Figure28. In both analyses, two weiglalss events were
observed around 10@°andanother around 250 °C.

The weight loss temperatures were compared with thermograms of the component raw

materials ie., chitosan, HAp andzeolite). As was typical, the first weight loss (about
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10%) was attributed to the removal of moisture and dehydration of the powdered
composite material. After 250 °C, decomposition of chitosan starts and structural
dehydation of hydroxyapatite and mordenite zeolite occurs. About 32% and 28% weight
loss was recorded for cHAp and bHAp based composites in this resgaoting from

250 € t0 1000 °C, respectively. This confirms the thermal stability of bH#gethan
cHAp, as we have already observed during their characterization.

After 500 °C, thecHAp-basedcomposite did not show any weight loss, while a gradual
weight loss was observed in bHAp based composite. It is already recorded that no weight
loss occurs for rawHAp (Figure2-15, Chapter2) and mordenite (Figur2-31, Chapter

2) after 550 °C. While the bHAp continues to lose weight (although very little) up to high
temperature (1000 °C). The trends of weight loss are also visible in the respective
composites of cHp and bHAp. The residuahaterialof these compositas made up of

both zeolite and HAp.
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Figure 3-28: Thermograms of the CH/cHAp/Zeolite and CH/bHAp/Zeolite composites

3.5 Summary

Thecharacterisation of the composite materials synthesised and discussed in this chapter
is summarised as follows:

In SEM analysis of the CH/HAp (control) composites, CH/cHAp exhibited a
homogenised surface. At the same time, the CH/bHAp was relatively ¢eteaus,
showing fine particles deposition at the surface attributed to the deposition of the nano

bHAp crystal or the composite matrix itself. Overall, both the compositaibited
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similar morphological characters as particles of irregular shapes. TheagBlysis
showed that Ca, P, C and O were present. The bovine sourced HAp in CH/bHAp
contained an additional feature in the form of a Mg peak in the micrograph. The FTIR
spectra of the composites exhibited fewer peaks than the candidate materialsn(chitosa
and HAp) after the formation of the composites, showing the poorly crystalline nature of
the materials. Overall, both the composites showed similar morphological and
spectroscopic charactstics, whichwereattributed to the r@precipitation of the matals

during the synthesis of the composites, which could be a reason for similar HAp
deposition in the composites. The differences between the two composite systems were
recorded in the TGA analysis and XRD analysis. The XRD diffractogram of the
CH/bHAp showed some additional peaks than CH/cHAp composites, attributed to the
higher crystallinity of the bHAp.

Similarly, the residual mass for the CH/bHAp is higher than CH/cHAp. The white
coloured powder residue was identified as HAp. It revealed the réjatiess
decomposition of HAp in the CH/cHAp composite, most likely due to its higher
crystallinity of bHAp inthe CH/bHAp composite or relatively higher mass deposition of
bHAp than cHAp in their respective composites. Another possible reason could be the
less deposition of cHAp in the CH/cHAp composites due to the lower purity in a
stoichiometric sense of cHAp (as mentioned in section 3.4.1.4).

In the threecomponent composite systems, SEM analysis showedhéh@H/HAp/CF

and CH/HAp/SCGs composites exhibited highly amorphous and irregular surfaces. The
deposition of finely powdered particles of coir fibre dust and spent cgftaends vere

visible in their respective composites in SEM micrographs. The carbon content was high
due to their constitutional components (coir fibre and SCGs along with chitosan), while
the presence of the HAp was evident by the observation of Ca and P peaks. The Mg was
present in the bHApased composites smonfirming its biogenic origins. Similarly, the
FTIR and XRD analysis showed similar results for the cHAp and bHAp based composites.
Like the control composites, the TGA analysis exhibited a higher weight losti(%)
cHAp-based composites (CH/cHAp/CF and CH/cHAp/SCGs) than the Hidapd
composites (CH/bHAp/CF and CH/bHAp/SCGs). It confirmed the higher thermal
stability of the bHAp than cHAp in the composites. It may also be due to more HAp
contentper g when weighg out bHAp compared to cHAp due to the presence of

carbonates in cHAp.
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Chapter 4
Met hods and Procedures f
Removal of Heavy Metals v

Composite Matrices

4.1 Introduction

This chapter is exclusively a methodology chapter, which only explains how the use of
the novel synthesised composites in this study were studied in relation to their ability to
remove heavy metal ions from the solution. As similar experimental parameters and
experimental methods were used to analyse the composite systems, this chapter explains
and sumrarises how the batch experiments used to remove metals were performed in
three systems to evaluate the maximum adsorption capacity and removal efficiency of
composite matrices. This chapter conedimo experimental data amndasincluded to

avoid the regtition of mention ofmethods desdredin thenext ctapter (Chapter 5).

In the single metal ion type system, solutions containing only one metal ion were prepared.
These solutions contained Cd, Pb, Cu, and @itlercationic (Cd*, P?*, Cu?*) form

or in ananionicform (as chromate ion). Removal of these ions from thetisolwas

studied for the composites producétie twometal ion type system used experimental
parameters optimised through the studies of the single metal ion type systems and was
tested with the composites using®Cdnd PB* co-dissolved in solution inationic form.

The third type of syst evat pamglea whicliiwastdkers t r i al
from arealtlife industrialinput stream of a treatment chemical used to prgieetwood

from decay or insect action. Thisput streamsample containedopper, arsenic (as
arsenate ion) and chromium (as chromate ion). This sample represented a realistic
environmental sampld.€., containing more than one metal ion type) and tested the
composites in terms of their removal abilities for such samplassenariq which was

outside the model solutions prepared for this study
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4.2 Experimental

4.2.1 Batch experiments

As mentioned earlier ilChapterl (section 1.9), batch experiments are conducted to
evaluate the effect of different experimental parameters aemheval efficiencies of the
adsorbents.

In order to carry out the adsorption experiments for testing the ability of the individual
composites to remove heavy metal ions from the solution, a series of batch experiments
were executed by varying environmentnditions in each adsorbent systara.(the

composite) when exposed to the selected metal ion solutions.

4.2.1.1 Heavy Metal salts

Analytical grade heavy metal salts were used to prepare the corresponding model
solutions of metal ions that were exposed todbmposites produced in this study to
gauge heavy metal ion removal. Stock solutions of 1000 ppm concentration were
prepared for each metal using the salts of metals with preparation details ghadian

4-1.

The following metal salts were used to preptre respective stock solutions of metals

Table 4-1: Metal ion salts used to prepare model solutions of metals

Reagent Name Chemical Molar Mass  Purity  Suppliers
Formula (g mol?)

Cadmium Chloride CdCb. 2.5H0 228.36 ~99.5% BDH

Lead Nitrate Pb (NQ): 331.208 ~99.0 % MERCK

Cadmium Nitrate Cd (NGs)2. 4 O 308.47 ~99.0 % BDH

Copper Sulphate CuSQ 159.60 ~98.0 % AJAX

(Anhydrous) Chemicals

Potassium Dichromate K>Cr.0Oy 294.185 ~99.9 % Merck

Working solutions used in adsorption experiments were prepared according to the
requirement of each experiment by diluting the metal stock solutions. Concentrations and
volumes of working solutions were calculated usingy &C;V2, where G and
represehthe concentration and volume of the stock solution andn@ \% refer to the

concentration and volume of the required solution.
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4.2.1.2 Stock solutions preparations (1000 ppm)

The quantities of salts needed to prepare these are given in Appendix 2, -Taflee2

concentrations and volumes prepared using these salts for conducting the metal removal

experiments are also given in Appendix 2.

Given the hygroscopicity of some of the metal salts used to make the stock solutions, a

minor error could be expected in kiag up the solutions. Some preventative measures

were taken to minimize the errors in the concentration valuesding:

 Storing the stock solutions in plastic containers instead of glass bottles to prevent any
possible adsorption of metal ions that would occur if stored in glass vessels. This
would have compromised the integrity of the concentrations.

Z Preparing and usingnty freshly prepared solutions of required concentrations and
required volumes at the times when experiments were actually conducted.

Z Performing a 0.2% acidification of stock solutions using HNIDe acidification acts
to prevent any unforeseen precifita of the metal ion and also prevents surface
deposition or adsorption on the walls of the containing vessels

Z Measuring the initial metal ion concentrations in solutions before any adsorption
experiments using an atomic absorption spectrometer to iwothfe initial (nominal)

concentrations as calculated in their preparation.

4.2.2 Types of metal ion removal experiments

Though the experimental sep has beendescribed earlier (section }.8the
methodologies used to conduct the experiments with the synthesised composites in the
present study are again described below to recap:

Singlemetal ion typesolution systemi These experiments involved exposing the
composites to solutions containing omlge heavy metal ion type dissolved in solution
and the adsorptiohehaviour fnodel of adsorption/kinetics) with the calculation of the
removal efficiencies.

Two-metal ion typesolution systems These experiments involved exposure of the
composites to soligns containing two types of heavy metal ion dissolved in solution and
the adsorptionbehaviour hodel of adsorption/kinetics) with the calculation of the
removal efficiencies. This probed competitive binding.
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Industrial input streamsample system

This system was an industrial input stream saitiaiewas kindly provided by a company

that subjected wood to the copper chrome arsenate (CCA) treatment. The solution
effectively represented an environmental sample containing thrdessmved heavy

metd ion types. This was used to evaluate the utility of the synthesised composites to
treat such solutions where competitive metal adsorption would likely be taking place.
Three replicates were used to conduct each batch experiment in order to assess
reproducibility error. Two analytical instruments were employed to analyse the metal ion
concentrations in solutions when the synthesised adsorbents were exposed to these
solutions to study heavy metal ion removal. These analytical instruments included the
atomc absorption spectrometer (AAS) and inductively coupled plasma mass
spectrometer (ICPMS). AAS was used to analyse the metal ion concentration in single
metal ion typeand two metal ion type solutions. The ICPMS was used specifically to
analyse the induséal input stream sample. The details of analysis using these instruments
and the associated limitation of analysis of these instruments are discussed in the

following section.

4.2.3 Atomic Absorption Spectrometry

Atomic Absorption Spectroscopy (AAS) is a letgque used for qualitative and
guantitative analysis of chemical samples by measuring the absorbed radiation by a
specific elemental species of interest. Every atom has its own distinct absorption energy
wavelength, which enables quantitative analysisasfiples. Each element has several
energy levels that give very narrow absorption lines in an atomic Stegerincige by

which AAS worksis that the atoms (or ions) of an element can absorb light of a specific,
unique wavelength. When the sample conitgjra specific element is exposed to a light
source at the characteristic wavelength of that element, it absorbs the light. The
concentration of the element in the sample is directly proportional to the amount of light
absorbed by the atoms of that eleméntAAS, when the sample is introduced to the
flame, it atomises the atoms. The free atoms are exposed to the light (produced from a
specific light source). The electronic transition frimaground state tthe excited state
occurs when atoms absorb ligif their characteristic wavelength.

Quantitative analysis is achieved by obtaining a calibration cuevéhe analysis of
standard solutions of known concentration for the elements of interest. These are prepared
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from a stock solution. The AAS usesdBs Law which states that absorbance is directly
proportional to the concentration of the element. After preparing the calibration curves
(given in appendices) for each element being tested, the curves were used to measure the
actual test sample conceations.

A weakness of AAS is that it is sensitive to the matrix of the sample. For instaste, Ca
cannot be analysed in the presence of phosphate ions due to complex formation (insoluble
solids), leading to calciurassociated signals being redutédThe matrix must be
modified by adding various complexing agergg(,ethylene diamine tetracetic acid,

EDTA) to prevent compound formation, such as between calcium ions and phosphate
ions. Fortunately, matrix effects are well known for the heavy metal ions of interest, so
this was researched in advance and certain naixesled. For instance, similar salts of

Pb and Cd (nitrates) were used in a-wetal ion type system.

Experimental: For metals of interest (Pb, Cd, Cu, Cr), no significant interferences were
observed. Standard solutions of at least three known concensratere prepared for
preparing a calibration curve. The solutions were then analysed by a Flame atomic
absorption spectrometer (GB@odel: AVANTA G (Graphite furnace). Standard

instrumental settings used in this for each metal analysis are given indfable
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Table 4-2: Instrumental settings toanalysemetal ion solutions

Instrument settings table for metal analysis

Principal

Lamp

Metal Sensitivity Flame type i Flameinterferences Correction
ine Current
Chromium 0.05 A_dr/Aceterne (Fuel 357.9 nm| 12 mA Transition ele_ments could affe Use lean flame
(Cr) rich) the response in fugich flame
(Céi;j)mlum 0.01 Air/Acetylene (Lean) | 228.8 nm| 6 mA Silicates could affect the respon No interference
Copper (Cu) 0.035 Air/Acetylene (Lean) | 324.8 nm| 5 mA Transition e[ements ~in th No major interference
presence of mineral acids were observed
2170 or 283.3 nm line is use
Lead (Pb) |0.1-0.2 Air/Acetylene (Lean) 283'3 am 8 mA No major interferences for a better signal t

noise ratio
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4.2.4 Inductively Coupled Plasma MassSpectrometry (ICP-MS)

The heavy metals of interest in industrial input stream sapgulel as arseniwere not
amenable to the AAS technique due to a lack of lamps, or the technique could not be used
for that element. In such a case, an alternative elemental analysis technique was employed,
namely Inductively Coupled Plasma M&dgectromty (ICP-MS). This technique is
used to analyse and determine elements in different samples by combimdgdaively
Coupled Plasma (a state of Argon at very high temperatures) with a mass spectrometer.
The sample is typically converted into an aerdsointroduction into the ICP plasma by
aspirating the sample through a nebulizer, or (in the case of ablation studies) a laser may
be used to convert an initially solid sample directly into an aerosol. These aerosols are
then converted into a gaseoudsetillowed by ionization (atoms convert to ionic form).
After this, these ions are brought into the mass spectrometer to analyse where they are
detected by separating them according to their fttasbarge ratio. Arsenic is able e
analyse by using his technique as the correct lamps were not possessed to analyse this
element by AAS.
ICP-MS has superior detection capability and offers many advantages over other
analytical techniques such as atomic absorption spectroscopy (AAS)AtdGHC
Emission  Spectroscopy (IGRES), and Optical emission spectroscopy.
Some of these advantages ud#
1 Better detection limits for the various elements
f Mini mum matrix interferences (though oth
combinations may occur, which can confound mass spectral analysis because their
masses coincide with that mass of speciesganalysed)
Superior detection abilities
1 Provision of isotopic information which can be modelled and hence predicted for
direct comparison and confirmation (however, only one isotope of each metal was
selected (with the least number of mass spectral fenggrces), and the
concentrations measured were employed to assess the metal ion removal
efficiencies of the synthesised composites
1 Capability to do multelement determination compared to AAsich is restricted

to measurements of one element concepimait a time in samples.
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A prime disadvantage of the technique (aside from the mass spectral interferences) is cost

because the Argon gas used to create the plasma is relatively expensive.

4.2.5 Parameters for studying the removalof metal ions from single metal

ion systems by the composites generated in this study

4.2.5.1 Initial metal ion concentration

Initial metal ion concentration is an important factor as it provides the initial driving force
for an instantaneous adsorption process. When meta ions are present in the solution,

the more they tend to adsorb on the available binding sites of the adsorbent. However,
after the equilibrium adsorption time or after the saturation of the active/binding sites (at
adsorption equilibrium), a furthencrease in the initial metal ions does not affect the
adsorption ability of the adsorbents.

Experimental: The initial concentrations of heavy metal ions exposed to the composite
samples were calculated by the method as described by Mohammé&#. éhaially, 0.1

g of adsorbent (composite sample) dose was added to aqueous solutions of the heavy
metal ions of different concentrations (e.g., 5 to 50 ppm) at an optimum pH (initial pH of
metal ion solution 4, see below) and time (minimum 2 h). The userperimental
procedure involved shaking of the composite with the metal ion solutions to effect
adsorption, filtration of composite from the solution and analysis of the residual
concentration of metal ions in the filtrate solution. The optimum initiatame
concentration was selected by repeating the batch experiments using varying
concentrations of metal ions. The optimized initial metal concentsaiged to evaluate
metal ion removal efficiency for the composites are summaris€dble 43.

Table 4-3: Initial metal ion concentrations used in batch experiments

Metals (in cationic Initial Metal ion Adsorbent Time Solution volume
or anionic form) concentration (ppm) dose (g) (minutes) (mL)

Cadmium (Cd) 5, 10, 15, 20, 25

Lead (Pb) 10, 20, 30, 40,50

Copper (Cu) 5,10,15, 20, 25 0.01 120-180 20

Chromium (Cr) 10,20,30,40,50
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Trend recorded in the literature for the effect of initial metal ion concentration on
adsorption capacity of adsorbents:

Generally, an increase in initial metal ion concentration was found to increase the
adsorption ability of the adsorbents. The studieheavy metal ion adsorption reported

an increase in the adsorption capacity of the adsorbents with an increase in the initial
metal ion concentration in solution, and the increase in adsorption was attributed to the
availability of more metal ions to aold on available binding sites (or per unit mass of
the adsorbent)in contrast, a lower concentration of metal ions causes a barrier in the
mass transfer of metal ions between the liquid and solid phase surface by limiting ion
diffusion. Contrary to thishigher concentrations of metal ions in the solution obviously
help to overcome these limitations by providing a driving force for more metal ion
adsorption by increasing the diffusion pro¢és&’®

4.2.5.2 Adsorbent Dose

Adsorption efficiency is affected by the number of available active sites or surface area
of the adsorbent, especially for an adsorptimsed mechanism, as ig a surface
phenomenadH”.

Experimental: The effect of adsorbent dose on metal ion removal efficiency was
evaluated for various adsorbent doses ranging from 0.01 to 0.05 g by keeping other
parametersg.g.,metal ion concentration, contact tinaad thevolume of the metal ion
solution exposedand pH constant. The procedure of shaking (solution exposed to
adsorbent dose), centrifugation (at equilibrium time) and filtrati@ne consistently
followed prior tothe analysis of metal ions using the atomic absorption spectrometer
(AAS).

Trend recorde in the literature for the effect of adsorbent dose on adsorption capacity

of adsorbents:

The literature studies reported that an increase in the dose of adsorbent exposed to the
metal ion solutions (at a given constant concentration) was found to ienfhrvemoval
efficiencies of the adsorbent. This can be obviously attributed to the availability of more
binding/active sites for the adsorption of metal ions from the solution. In contrast, the
adsorption capacity was always found to decrease with egase in the adsorbent dose
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as the adsorbent has an inverse relation with the quantity of adsorbate adsorbed, which is

calculated as milligrams of adsorbater gramof adsorbent.

4.2.5.3 Initial pH of the metal ion solution

The pH of the solution can be a créidactor in terms of its influence on the removal
efficiency of heavy metals by a specific adsorbent. The pH value plays a vital role in the
removal mechanism by changing the charge on the surface of the adsorbent. For instance,
the protonation of the funtional groups in acidic conditions pH <5.0 could affect the
adsorption abilities of the adsorbent. The active sites are occupied by the protons in acidic
conditions (at low pH) and can reduce the adsorption of the targeted metal cations.
Alternatively, rdatively less acidic conditions such as pH >-8.6 may favour the
adsorption of the metal cations as a result of deprotonation of the binding sites as the
proton concentration.

pH may also alter the solubility of the metal ion in the solutidnder some conditions,

the metal ions targeted for removal from a solution may do so predominantly via a
precipitation mechanism due to the formation of insoluble hydroxide salts due to the
higher pH; hence, it is essential to be conscious of this phemon@account for it when
studying metal adsorption on substrates. Thus, the pH range for different metals was
selected and adjusted, keeping in mind the relative solubilities of the metal salts studied.
For instance, a milky solution was observed for sb&ution containing P9 ions at

pH >5.5, which could be attributed to the formation of Pb(Q&f reported in other
studied’® Similarly, for copper ion removal, any solutions with pH above 6.0 were not
studied in batch experiments involving composites due to their precipitation as a copper
hydroxide salt above that pH vafii

Experimental: A range of pH values from 4 to 8 for the cadmium and chrorbased
solutions were used, while for copper and eaded solutions, a pH range of between 4
and 5.5 was used. A cstant amount of adsorbemt. ¢.,0.01 g/20 mL of solution or 0.05
g/20mL) for a constant initial concentration of metal ioersg(,50 ppm of PB") and a
specific time of contact (2 h) were used for a range of pH values to evaluate the metal
removal efficiency adsorbents. The pH was adjusted by using (0.1 M HCI or NaOH).

The suspensions were shaken, centrifuged and filtered after appropriaterexposs

and then analysed to assess for metal ion removal efficiency by AAS. The optimal pH at
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which removal efficiency is maximised was recorded for each composite material system

tested.

4.25.4 Contact Time

It is evident from the literature that the contaete of adsorbent with adsorbate is also

an important parameter influencing removal efficiency but, more importantly, from the
point of view of knowing when equilibrium will be established in terms of surface
adsorption/ion exchange. In the initial staghse to the availability of a larger number

of available active sites, the removal rate is high but slows down over time as the surface
attains a monolayét, as the active sites become occupied through adsorption of heavy
metal ions on the sites.

Experimental: The experiment was performed to test for the influence of contact time
between the time ranges of 1 to 120 minutes by keeping other conditions (&uthlas

metal ion concentrations, pH, and adsorbent dose) constant. To give a degree of control
and to allow for comparisom, constanamount of adsorbent was added to the metal ion
solution (at a pralecided initial concentration and optimum pH valuetfe solution).

When the composite was mixed with the heavy metal ion solution in such experiments, it
was kept under continuous magnetic stirriiojowed by removal of the composite from

the solution by filtration using 0.45 um syringe filters and ysialby AAS at regular

time intervals. For the first 5 minutes of exposure of the composite to the solution,
readings of metal concentration in the stirred sample were taken every 1 minute; after that,
readings were taken every 5 minutes up to 15 minatakéxposure time and, then after

15 minutes, solution measurements were taken every 30 and 60 and 120 minutes. The
data recorded in the kinetics experiments were employed in kinetic modelling to explore
the kinetic behaviour and adsorption mechanismibgtic models mentioned @hapter

1 (sectionl.11).

Once an equilibrium time was established from the contact time experiments, the decision
was made to use this determined exposure time in later soaking experiments where the

desire was to determine adgtion capacities (adsorption modelling experiments).

162



4.2.6 Parameters studied for the twemetal ion type system

A two-metal ion type system was designed by using optimized parameters developed as
a result of carrying out the single metal ion system experiminisvestigating these
systems, only solutions containing?Pand Cd* ions were studied due to limiting factors
developing during this research, such as shortage of time due to the 2020 -C®VID
lockdown in New Zealand), instrument breakdown (centrifuge and AAS) and the cost
factor due to the need to use an alternative eneapensive analysis technique such as
ICP-MS.

Experimental: The desired combinations of £and Cd* in equimolar concentration
solutions were prepared. Two adsorbent dase€).01 g and 0.05 g, were used, taking
them as a minimum and maximum qugnof adsorbent. After adding the composites,
the samples were collected at different time intervals, allowing a maximum time of 180
minutes to attain equilibrium.

Single metal ion type and twoetal ion type systems helped to evaluate the optimum
experinental parameters to remove heavy metals ions from water. However, the
industrial input stream samplewere a threemetation-type system with high
concentrations.

Experimental:An industrial input stream solution containing high concentrations 8t Cu

Cr (as chromate ion) and As (as arsenate ion) was provided on request from a wood
treatment industry. Initial characterization of this input stream solution was done prior to
its use (as a diluted solution) in adsorption experiments.

The water pH was adjued between 4% using 0.1 M NaOH. The dilution was done to
make working solutions of the industrial input stream solution using Type | water.

4.2.7 Data Analysis

All experimental data weranalysedising different equations to calculate the adsorption
capacitiesand removal efficiencies. The removal efficiency (%) was calculated by using
the following equation:

Equation 4-1:

nUHE T 7 He %
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In the aboveequation, Cand G are theinitial and equilibrium concentrations of metal

ions in solution (mg 1), which areanalysedusing an AtomicAbsorption Spectrometer
(AAS).

The quantity of adsorbate that is adsorbed by the adsorbent for a concentration and
volume of solution is calculatl experimentally using equation 4.2

Equation 4-2

P FwT
A 5

In the above equation,,@nd Gare adsorbate initial and equilibrium concentrations in
the liquid phase (mg1). V is the volume of the solution in L and m representing the
mass of adsorbent added (g), whildsgthe equilibrium quantity of sorbate in the solid
phase (mg .

4.2.8 Statistical Analysis

It has been already mentioned that the experimentation imgoboaking of composites

in metal ion solutions to gauge removal efficiencies was done in triplicate to ascertain
reproducibility error. For each optimised soaking experiment (from which AAS or ICP
MS data had been obtained), the standard error (SE)domded data was carried out by
using the following formula in Microsoft Excel:

uYnO \”_‘_
Ve

Where "0" is the standard devi dreplicationsand " n"
4.2.9 Non-Linear Regression Method

A method to overcome the limitations of thieear regression for the adsorption
modelling (mentioned in section7), is to use noitinearised regression functions by
employing the true sorption modelling equations to fit the data to a model. It requires an
assessment of the error analysis using énror functions (or nehlinear regression
functions) to optimise procedifé

Different nonrlinear regression functions have been used to determine th lbestiel

in earlier literature by calculating the coefficient of determinatiof) (B norlinear
regression functiod>% Among them, a few that have been used in this study for

adsorption and kinetic modelling of experimental #&tare given in appendix 1.3.A
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Chapter 5

Results and Discussi on

Experi ments using Compo:¢

After the detailed discussion d@he characterisation of synthesised comfess and
confirmation ofthesuccessful incorporation of caddie components into the composite
adsorbents, the next step was to employ the synthesised adsorbents into the metal removal
systems. Irthe previous clpter (4), the experimentglarameters studied toaude the
removal efficiency of the composite adsorbents and methods employed to conduct the
experimentswere sumnarised. This chapter includes the results obtained in metal
removal experiments using the composite matrices (tepapation of which was
discussed in detail in chapter 3he objective of this chapter is the evaluation of the
removal efficiency of synthes#d composites for the adsorption of metal ions in different
removal systems. A compson between cHAjbased components andHAp-based
composites was also studied to find out the better composite system between the two
hydroxyapaites.Additionally, a compason between twaomponent composite systems
(regarded as a&ontrol) and threeomponent composite systems walso drawn to
evaluatehow the addition oathird componentféected the removal ability of the control
composites.
To recap, this study considerenlif novel composite systems, which were tested for their
ability to remove heavy metals from model sanos and a redife
"environmental/industriastyle” sample. These composite systems were as follows:

1 Chitosan/Hydroxyapatite (CH/cHAp and CH/bHAp)

1 Chitosan/Hydroxyapatite/Coir Fibre (CH/cHAp/CF and CH/bHAp/CF)

1 Chitosan/Hydroxyapatite/SCGs (CH/cHAp/SC&wl CH/bHAp/SCGs)

1 Chitosan/Hydroxyapatite/Zeolite (CH/cHAp/Zeolite and CH/bHAp/Zeolite)

Chitosan/hydroxyapatite (CH/HAp) composites were considered as a "control" as these
were composed of two components only (viz., chitosan and HAp), to compare the

remowal efficiencies of the other three systems studied, which were made up of an
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additional third componemt addition to the chitosan and HAPhis served to ascertain
whether the addition of the third component (e.g., coir fibre, zeolite and spent coffee
grounds (SCGs)) to the chitosan/hydroxyapatite "base composite” was increasing,
decreasing, or having zero or a marginal effect on their removal efficiency toward heavy
metal ions from aqueous solution.

Each composite system (in ,albur studied) was madep of two different types of
hydroxyapatite source (called Acommerci al o
"synthetically" derived or bovinrderived hydroxyapatite. In essence, given the
characterisation results of Chaptersi.2.(the raw material used in this study) and
Chapter 3 (the synthesised composite systems), these experiments were effectively
comparing "crystalline HAp" (the bovirderived HAp) to "lower crystallinity/more
carbonated HAp" (the Acommercial 6 HAp) .
All the synthesised composites (mentioned above) were investigated in three different
sampling scenarios (mentioned in chapter 4, section 4.2.2) to test the heavy metal ion
removal efficiency of the composite materials. These sampling scenarios related to how
manymetal ion types existed in the solutions to be tredthdse are discussed in detail

with respect to each composite system synthesised and studied.

5.1 Singlemetal ion type solution system for the synthesised

composites (commercial & bovinederived)

5.1.1 Experiments involving the removal of metal ions by the CH/HAp
composites (commercial &ovine-derived) from the singlemetal ion type

system

As mentioned earlier, this is the twomponent composite system against which
comparisons of the thremomponent commte matrices were made in this study.

Chapter 3 detailed the spectroscopic and microscopic characterization of the
chitosan/hydroxyapatite (CH/HAp) composite system (sedfpnin this section of
Chapter 5, the CH/HAp composite system was tested for its heavy metal ion removal
ability in the singlemetal ion type solution systems, following the general experimental
methodologies described in cheap 4. The specific methods used in each batch

experiment are, however, described in their respective sections below.
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The following describes the results of using this composite system to remty®&d

Cu?* and Cr (as chromate ignfrom various model solutions and their adsorption and
kinetic modelling to understand better the adsorption mechanisms undergone by each
metal ion and the kinetics of the adsorption process on the composite system. Given that
theCH/HAp composite systems functioned as a reference system for thednnpenent
systems, threeomponent composites studied (see later sections of thesis), comparisons
of the adsorption behaviour and kinetics will be made with the data collected and
corclusions drawn for these ta@dmponent composite systems.

The following sections discuss fithe effect
removal efficiency of the CH/HAp composites for the removal of metal ions using the
solution containing only ongpe of metal ions dissolved. It also includes the adsorption
and kinetic modelling of the composites to understand better the removal mechanism
involved in the metal ions removal and estimate the maximum adsorption capacity of the

CH/HAp composites for thmetal ion adsorption (in mg™y.

5.1.1.1Effect of adsorbent dose on metal ions removal by the CH/HAp composites

Experimental: The effect of adsorbent doses orfC®F*, Ci#* and Cr as chromate ions
removal was measured by varying the adsorbent dose between 0.01g to 0.05 g for an
initial metal ion concentration of 25 ppm for €énd CE" adsorption and 50 ppm for
the PB* and Cr (as chromate ions) removal. The experimente w@nducted without
any pH adjustment at an initial metal ion solution pH of@l@ The removal (%) and
adsorption capacity (mg*y of the CH/HAp composites were calculated using equations
4-1 and 42, respectively, in Chapter Blo precipitation of thenetal ions was noted in
the solution at this pH.

Results: Table 51 (andFigures 41 to 44, Appendix 4 presentshe metal ion adsorption
capacity (mg @) and removal efficiency (%) as measured by Atomic Absorption
Spectroscopy (AAS) and calculatedings equations 4 and 42 for the CH/HAp

composite system with different adsorbent doses ranging between 0.01g to 0.05 g.
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Table 5-1: The effect of the adsorbent dose on the removal efficiency (%) aratisorption
capacity (mg g*) of the CH/HAp composites for the adsorption of the metal ions in the
single-metal ion type solution systems

The effect of the adsorbent dose on removal (%) of metal ions using the CH/HAp composit

Dose 0.01 0.02 0.03 0.04 0.05
Cd|] 31.78 4950 60.25 67.37 72.40
CH/cHAp Pb] 4957 85.38 94.88 96.12 96.59
Cu] 26.84 4859 61.45 70.44 80.25
Cr (as chromate ions) 21.00 24.11 26.07 27.53 29.10
Cd|] 39.45 69.03 87.28 95.22 97.89
Pb| 87.99 99.75 99.83 99.89 99.95
CH/bHAp Cu] 34.68 66.89 83.24 86.06 87.93
Cr (as chromate ions) 17.00 1895 20.50 21.85 23.28

The effect of the adsorbent dose on the adsorption capacitye(jp mg g?') of the CH/HAp
composites with respect to the metal ions adsorbed

cd]) 15.89 12.37 10.04 8.42 7.24
Pb] 4957 4269 31.63 24.03 19.32
CH/cHAp Cu| 1342 1215 10.24 880 8.03
Cr (as chromate ions) 21.00 12.05 8.69 6.88 5.82
cd] 19.72 1726 1455 1190 9.79
Pb| 87.99 49.88 33.28 2497 19.99
CH/bHAp Cu| 17.34 1672 13.87 10.76 8.79
Cr (as chromate ions) 17.00 9.47 6.83 5.46 4.66

As Table 51 shows, a gradual increase in removal efficiency and a gradual decrease in
adsorption capacity (mg*y of both the composites were observed with an increase in the
adsorbent dose for all the metal ions studidte CH/bHAp composite showed a higher
removal of metal ions studied at equilibrium than the CH/cHAp composites.

The CH/bHApshowed $5% removal of C# ions at equilibrium (after 2 h) for 0.05 g

of adsorbentywhile the CH/cHAp composite achieved approximately 72% removal under
the same conditionSimilarly, the % removal of Pbwas 96% and 99% for a 0.05 g
adsorbent dose of CH/cHAp and CH/bHAp, respectivEhe PB* removal (%) is higher

for CH/bHAp (99.75%than CH/cHAp (85.37%) at lower adsorbent doses {0.02 Q).

The removal efficiency of Pb plateaued for doses 0.03 g for both the composites.
Hence, 0.03 g was found to be the optimum dose for realising the maximum removal (%),
i.e., 96.58% and 99396 for CH/cHAp and CH/bHAp, respectively. The removal%
values for Cd' ions agree with the observations made for th& @dd PB* adsorption

on the CH/HAp composites, which indicated that the removal éfiGos was better on

the CH/bHAp composites thahe CH/cHAp composites (Tablelj.

The general trend of reduction in adsorption capacity (Mg wvgth increasing the

adsorlert dose could be explained mathematically by equatie®).(&he adsorption
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capacity (@) is inversely proportional to the massaofsorbent (m) in grams (g), affecting
equilibrium between the metal ion concentration in solution and active sites when the
dose increases (with metal ion concentration in the solution beingdegtanti®. So,

the increase in removaefficiency is attributable to there being more adsorption sites (such

as amino and hydroxyl groups in chitosan and Kt&ferringto FTIR analysis ifChapter

2) on the adsorbent surface with an increase in adsorbent dose. Hence when the adsorbent
dose is increased for a constant concentration of adsorbing ion, there is a greater surface
area provided by the CH/bHAp or CH/cHAp composites.

Thedifferent results shown by the CH/cHAp relative to the CH/bHAp composites (Table
5-1) can be understood by estimating the specific surface areas using average particle
sizes from the Mastersizer analysis (included in appendix 3). The estimated specific
suface area of the CH/bHAp composite was found to be higher (52/&8,Appendix

3, Figure 3B than that of the CH/cHAp composite (27.98kyg, Figure 3A). Hence the

better removal efficiency (%) of the CH/bHAp composite relative to the CH/cHAp
composite an be directly attributed to this higher surface area of the Hbéspd
composite system.

This was reasoned to be the best explanation for the difference even though the
Mastersizer estimation of the specific surface area is at best approximate dusrdb sev
factors such as the heterogeneity of composites and the dissolution or detachment of
component materials making up the composites. The accuracy of measurement using this
analysis is also compromised by the shape of the particles, as for the measofeme
particle sizes, it assumes that the particles are sptétitakddition, the specific surface

area estimation by the Matersizer analysis is linked with the particle sizes of composites;
for instance, the average particle size of CH/cHAp caites (the median given &/

50)) wa s Figure 3A, pravidi{g relatively less specific surface area than
CH/ bHAp composites (average particle size 2
in the particle sizes of the adsorbent doses exposth@ imetal ions solutions could be a
factor to influence the specific surface areas and affecting the adsorption abilities of the
composite systems.

Besides the specific surface area, more incorporation of bHAp mass into the composite
(CH/bHAp) than cHApin CH/cHAp composite could be considered as a factor for the

better adsorption ability of the bHApased composite system as mentioned earlier in

169



TGA analysis of the CH/Ap compositesdection3.4.1.4. The higher quantity of HAp

in composite directly camfluence the adsorption of metal cations by providing more
adsorption sites, which could be favourable for their application in water treatment
systems.

The optimum dose is an essential factor in
The adsoption capacity of the CH/cHAp composite coulddmhaned by increasing the
adsorbent dose up to an optimum level by keeping the ion concentration in the solution
constant. This would cause greater metal ion removal by providing more adsorption sites
for Cd?* present in the solutigas observed in an earlier stdéfyin which maximum
adsorption (with a plateau in the graph) was achieved by increasing the adsorbent dose
up to 1.0 g, with an optimum removal efficiency (value not mentioned) f6rr€ahoval.
Further, it was noted that higher remoefficiencies (%) for PH ions were attained for
adsorption on CH/bHAp composites at low adsorbent doses, which were attributed to its
relatively higher surface area. Both composites performed well in termg‘afeRipval

when doses exceeded 0f)3 he alsorbent dose of the CH/HAp composites for attaining

a maximum removal of at least >95% forPlvas lower (0.03 g) than required ford

and C@*ions (0.05 g). It illustrated that the CH/HAp composites were more efficient at
removing PB' than Cd* (SeeFigure inappendix 4or reference)The literature studies

in this area have cited several mechanisms for explaining catiéi @4 and Cd")

uptake on adsorbents, such as ion exchange, chemisorption, complexation, and
precipitation on hydroxyapatitbased composite systefris’®3484(see sectionl.6),
additionally the P® ions were more preferentially adsorbed thaid*@nd Cd* on such
composite systems.

Table 51 also summarises the effect of adsorbent doses for chromate anion adsorption
and removal on the CH/cHAp and CH/bHAp composifegeneral trend of gradual
increase in removal efficiency is in line with the observations recorded for catimoval.
However, it was noted that the maximum removal of chromate ions did not increase
beyond 30% for the batch experiments containing the maximum adsorbent dose of 0.05
g. In contrast, the composites were found to achieve approximat&l9 80 removal of

the cations from those solutions (see Tablg.5

The surface group charges of hydroxyapatite and ionic species of chromium present in

the solution influence the specifichmviour relating to the removal of chromate by the
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CH/HAp composites. Hokkanen et'af explained the different possible mechanisms
which could be involved in chromate ion removal by hydroxyapatite in particular which
include 1) the iorexchange between the negatively chargeecies (hydroxyl) in the
crystal lattice of the HAp adsorbent and the chromate anion in solution 2) the electrostatic
attraction between the chromate (anion) and positively charged species present on the
surface of the HAp adsorbent, 3) the electrasttraction between the chromate (anion)
and protonated hydroxyl groups present on the surface of the HAp adsorbent, in acidic
conditions.
Hokkanen et at*? described these mechanisms assuming thaCi#fé, -PQ,> and-OH
functionalities were the principal surface fuocial groups on the surface of HAp. The
dominance of the species HGr@r pH <7.0 @nd >5.0) could cause an terchange
reaction between hydroxyl groups (but not phosphates) of hydroxyapatites and this
anionic species. Different chemical reactions oattinis pH range in solution to produce
i HR@IO0 a n d'o ([PdBitively charged hydroxyl groups) on the surface of the HAp,
resulting in the potential for electrostatic interactions andeikshange reactions to
remove HCr@ *2from the solutionThe mechanisms for the removal of chromate ions
using the HAp as an adsorbent, as given in the previously restutdids, areliscussed
below.
N.B. *(HCrOsisdenot ed as sarfsloe of the adsobens ihdeeated by the
sy mbl@l) n
An ionrexchange mechanism involving hydroxyapatite to remove Cr (VI) ions from the
solution
lon-exchange between the hydroxyl groups and metal anions (Me) was presented as
follows:
Equation 51:

[ Ca(PQuw) x(OH)+ H3O*+ xMe C&(PQy)xMe + HO
Electrostatic interaction between positively charged surface groups and negatively
charged Chromate ions
The most dominant ionic species in a chromate ion sofitiane CrQ% and HCrQ
when considering a pH range of 2.0 < pH < 5.0. In this pH range, the hightratioa
of protons inthe solution causes the protonation of the functional groups of chitosan and

hydroxyapatite, producing ionic species such-Mbls* and -OH;". These positively
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charged ionic species on the surface of the adsorbent can attract ttieehegharged
chromate ion speciesd., CrOs%, HCrQy) by electrostatic interactions. The following
equations demonstrate this process.
Equation 52:

[ HE®O+Me [ HEDHE. .. Me (electrostatic in
Equation 53:

[ CaOBO"#+MeH [ Ca®H Me:0 feledttostatic interaction)
Equation 54:
[ NHMe [ N®&... Me (electrostatic inte

5.1.1.2 Effect of solution pH on metal ions removal by the CH/HAp composites

Experimental:In this experiment, the effect of the solution pHlo& adsorption capacity

(in mg gh) of the CH/HAp composites was measured using different environmental
conditions for each metal ion removal experiment.

For instance, to record observations in this batch experiment, the pH of the Cd
containingsolutions was varied between 4.0 and 8.0 for an initial concentration of 25
ppm Cd* and a 0.01g dose of CH/HAp adsorbent. In contrast, the effect of pH?6n Pb
ion adsorption on the CH/HAp composites was examined via AAS measurements in only
a restrictedH range from 4.05.8 because of the risk of precipitation of Plbn*&6:487

as Pb(OHy at pH > 6.0. The solution concentration ofPlas initially 50 ppm, and the
adsorbent dose of the QH#Ap composite sample was 0.05 g. The effect of pH off Cu

ion removal by the composites was studied in the pH range e16450 The initial C&"

ion concentration in solutions exposed to adsorbent was 25 ppm, and the adsorbent dose
was 0.05 g. A narrow b range for C&" adsorption was selected due to its risk of
precipitationandforming copper hydroxid&® which is usually reported to occur in the

pH range 712. The influence of pH on the adsorption of chromate ion on the CH/HAp
composites was studied over the pHgar.0 8.5 using a solution with an initial
chromate ion concentration of 5.0 ppm, which was exposed to constant adsorbent dose
samples of 0.01 g.

Results:AAS data in Table £ shows the effect of pH (of the heavy metal ion solutions

exposed to the CH/HAcomposite samples) on the adsorption of metal ion¥ (€4,
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Cu?* and chromate ions) on the CH/HAp composites. The results are also presented in
appendix 4 (and ifigure 45 to 48 in appendix %

In general, an increase in cation {GdPl’* and C@") adsorption was observed with
increasing the pH from acidic to alkaline. ForCidns, themaximum adsorption (12.55

mg g* and 18.83 mg gfor the CH/cHAp and CH/bHAp composites, respectivas
recorded at pH 7.0. The literature studies reported that a pH rangeé wi$é optimum

for C#* ion removal by the chitosan composites prepared with celftffosad
hydroxyapatit’’. However, the use of higher pH solutions wouldve led to
precipitation from the solution as the cadmium hydro¥¥evhich occurs around pH
11.0. No precipitation was expected in the pH range 4.0 to 8.0, which was confirmed
through a calculation of the sollity product quotient (@) of Cd(OH} in the solutions
tested, which turned out tee 8.9 x 10'). It should be noted th#tis was less than the
literaturé®! Ksp value (2 x 104 of Cd(OH). Contrasting with literature studies,
Kami Es Kk i and 42 r¢pored 0@ Porereamovalaof heavy metal cations,
including Cd*, for pH up to 5.6 when solutions were stirred with pure chitosan.&lpil

the optimum pH for C& ion removal on a mukivalled carbon/HAp composite was
noted to be 5.0, according to other previous wdfR Based on the current studies and
judging from studies reported in the literature, a pH range of 5 to 7 was considered optimal
for Ccf* adsorption on various substat These substrates notably included biopolymers
and hydroxyapatite

For the adsorptionf Pi#* ions on the CH/HAp composites, a pH value of 5.0 was found
to be optimal for giving maximum adsorption {86 mg g') and a maximum removal %
valueof >95%. The optimum pH range aligns with what has been reported in the literature,
which has stated that a pH range o£8.8 was found to be optimal for the uptake of'Pb
ions on similar adsorbents previously studied. For instance, pH 5.0 was reported as the
optimum pH for the adsorption of Pbon a chitosan/femur bone extractddp*®*. At

this pH (5.9, thedominance of negatively charged functional groups on hydroxyl and
phosphate groups of the composite to adsorb tR&i@ts in solutionwerethought to

attain the maximum adsorption.

The C#*ion adsorption was not greatly affected by adjusting the pH of the solution from
4.0 to 6.5 on both the composites. It was found that at a pH6po€&* ion removal was

observed at its maximum with an adsorption capacity of about 9-higr doth the
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composites tested. A similar study in the literature showed that a composite made from
chitosan and HAp and used to remové'Gon was optimise® for adsorption at pH 6.0,
where a maximum adsorption value capacity of 1.443 mrhalas observed.

In general, lower adsorption of cations measured at lower pH values (< 5.0) is most likely
dueto the hydrogen ion competition and protonation of the active sites on the CH/HAp
composite surfaces such as amino and hydroxyl gf&upée protonation of active sites
leading to a decrease in the overall adsorption capacity of adsorbents at lower pH values
is a general trend observed in adsorption studies, especially for the adsorption of cations.
Stirring the conposite in higher pH metal ion solutions means there are lower
concentrations of protons to compete with cations for the active sites provided by chitosan
and HAp (i.e.;NHa, -OH groups), which ultimately leads to higher uptake of catfns

In respect to HAp and chitosan, at lower (acidic pH, <**0bhe functional groups of
hydroxyapatite and chitoséfiar e neut r al ( s u@Hm or positivglyh o s p h a't
chargeddue t o pr ot ona@H"'aml NK's UThe iprot@nation [oiCtiese
binding sites at lower pH (<4.0) decreases the removal of positively charged metal ions
by repelling the cation®(g.,Cd?* PI¥* ions), and protons instead occupy the active sites
(such as-NH2 groups). A gradual increase in pH >4.0 promotes the adsorption of these
cations by deprotonation of these active sites and by creating negatively charged
funct i on a-0O)fgr ancovepalt nedativé®charge to adsorb metal cations onto the
surface of the CH/HAp composif$*®* Additionally, the PB is described as an
intermediate Lewis acid that can sorb on a hard Lewis basis (su€taand PQ* )

present in the CH/HAp composité% This has support from hard and soft acid and base
theory (HSAB theory¥”. The amino groups (a functional group on the chitosam

found to be 99% protonated at pH 4.3 in a literature $tfidywhere the chitosan was
employed in a solution as the metal adsorbent, which could lead to a decrease in the
adsorption of the metal cations (such a$Can chitosan part of the CHA#b composites.

A slight decrease in adsorption capacity of the CH/HAp for thé i©ds was recorded

after pH 7.Q(Figure 45, Appendix 4)which could beattributedto the speciation of the

metal ions in this pH range. A study repofféthe formation of hydroxyl Cd ion species

such as Cd(OH)in a pH range of 7:8.0 in a metal ion solutig which possibly

decreases the free €dion adsorption on negatively charged functional groups of
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adsorbent and hence decreases the adsorption capacity*frag gH >7.0, which is
evident inFigure 45 (Appendix 4).
Table 5-2: The effect of the solution pH on the adsorption capacity (in mg¥ of the CH/HAp

composites for the adsorption of metal ions from solutions containing only one type of metal

ion
pH 4.0 5.0 6.0 7.0 8.0
cd| CH/cHAp 8.93 10.08 10.09 12.95 12.56
CH/bHAp 13.58 14.52 17.81 19.80 18.83
pH 4.5 5.0 55 6.0 6.5
Pb] CH/cHAp 34.27 35.06 22.55 22.93 28.80
CH/bHAp 38.76 39.13 32.42 33.12 37.80
pH 4 5 5.5 6 6.5
Cu] CH/cHAp 8.18 8.39 8.38 8.35 8.38
CH/bHAp 9.18 9.17 9.17 9.18 9.18
pH 4.55 5-5.5 6-6.5 7-7.5 8-8.5
Cr as chromate ions CH/cHAp 2.44 1.63 1.32 1.00 0.88
CH/bHAp 1.12 0.91 0.79 0.80 0.57

In contrast with the effect of pH on cation adsorption discussed above, a gradual decrease
in chromate ion (an anion) adsorption was observed, as demonstrated in-Z @biguse

4-8, Appendix 4)when the solution pH was increased in both the compdssésd The

pH of the chromate ion solution appears to be a key parameter influencing the extent of
adsorption of chromate ions on the CH/HAp composites. Chromate ion was more readily
removed from lower pH chromate solutiéfisexposed to the adsorbent. The most
dominant chromium species are known to be HEEMACrOs% in the pH range of 2:0

5.0. These anionic species could possibly interact with and be removed by protonated
NH2groups (see equationd on the chitosan and positively charged species on the HAp
surface. lon exchange with hydroxide or carbonate (in cHAp) in the HAp part of the
composite could also occur but could not be confirmed as a mechanism for the removal
of chromate ion$2:590:50! Earlier reports state that the decrease in removal of chromate
ions with increasing pH is due to the deprotonation of active sites (amino and hydroxyl
groups) and a greater abundance of negative ions in solugoi®f¢) which may create
competition for anion adsorptiéfit on thesurface of the composites.
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5.1.1.3Effect of the initial metal ion concentration on metal ion removal by the

CH/HAp composites

Experimental: The initial metal ion concentration was varied (between 5 ppm and 25
ppmfor Cf* and Cd*ions and between 10 ppm and 50 ppm foi Bbhdchromate ions)

for a constant adsorbent dose of 0.01g, with initial solution pH &.9.% evaluate the

effect of adsorbate concentration in solution on metal removal. Further, the data recorded
in this experiment were used to study the adsorption mechanism by fitting adsorption
models (discussed in the upcoming section) that are commonly proposed (and
experimentally provenChapter 1, Table-8) for such adsorption systems. These were
given with equationgn Chapter 1. The results recorded using the AAS are presented in
Table 53.

Results: Table 53 shows the AAS data recorded for the effect of the initial metal ion
concentration on metal ion adsorption onto the CH/HAp composites (also presented in
Figures 49 to 412, Appendix ¥ A gradual decrease in removal efficiency with
increasing metal ions concentration was observed for both the composites tested. At the
same time, the adsorption capacity (my of the composites was noted to increase.

The loweradsorption capacity (in mgy of the adsorbent at low concentration values
could be due to the lower concentration of metal ions present in the solution. The lower
concentrations of ions cause a barrier in the mass transfer of metal ions betweeitdthe lig
and solid phase surface by limiting ion diffusion. Contrary to this, higher concentrations
of metal ions in the solution obviously help to overcome these limitations by providing a
driving force for more metal ion adsorption by increasing the diffusiones$>4'%

The maximum adsorption of Powas recorded at 50 ppm, which was 49.08 mangl

84.19 mg ¢ on the CH/cHAp and CH/bHAp composites, respectively. At the same time,
the highest removal (%) was recorded at 10 ppm initidl @b concentration ranging
between 88 and 99% for both composites. The explanation for these trends is similar, as
describeckarlier (see abov®. The maximum adsorption of €uions (at a initial ion
concentration of 25 ppm) was found to be 12.22 rhgrgl 16.01 mg¢on the CH/cHAp

and CH/bHAp composites, respectively.
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Table 5-3: The effect of the initial metal ion concentration on remosal (%) and the
adsorption capacity (in mg g@') of different metal ions adsorbed on the CH/HAp composites
from a single-metal ion type solution system

The removal (%) of metal ions using the CH/HAp composites
Metal ionconcentrations(ppm) 5.0 10.0 15.0 20.0 25.0

cd| CH/cHAp 50.37 44.61 40.40 35.77 30.69
CH/bHAp 57.27 52.36 4755 44.27 39.70
Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
Pb| CHI/cHAp 88.75 87.33 72.00 58.71 49.09
CH/bHAp 99.37 97.18 95.32 92.68 84.19
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
Cu] CH/cHAp 50.33 44.51 37.36 30.46 24.44
CH/bHAp 53.62 49.22 46.49 39.94 32.02
Cr as chromate Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
ions CH/cHAp 33.45 28.85 26.66 25.15 23.86
CH/bHAp 32.31  26.90 23.27 22.72 22.00

The adsorption capacity (in mg ¢) of the CH/HAp composite for the adsorption of the metal ions
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0

cd} CH/cHAp 5.04 8.92 12.12 1431 15.35
CH/bHAp 5.73 1047 1426 17.71 19.85
Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
Pb| CHI/cHAp 17.75 34.93 4320 46.97 49.09
CH/bHAp 19.87 38.87 57.19 74.14 84.19
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
Cu| CH/cHAp 5.03 8.90 11.21 1219 12.22
CH/bHAp 5.36 9.84 1395 1598 16.01
Cr as chromate Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
ions CH/cHAp 6.69 11.54 1599 20.12 23.86
CH/bHAp 6.46 10.76 13.96 18.18 22.00

Literature reveals that the adsorption capacity (in Mgaj metal ions onto synthetic
hydroxyapatite varies depending upon the initial metal ion concentrations. For instance,
Cd?* ion adsorption on synthetic nabtAp was found to increase from 91.96 gigto

209.6 mg ¢ for 100 ppm Cé& and 500 ppm Cd respectively’’. Similarly, another
study reported the maximum adsorption of about 30 tipig100 ppm and around 70

mg g* for an initial Cd#* concentration of 200 ppm. It reveals that the increase in ion
concentration positively affects the adsorpti@pacity (hng g*) of adsorbents. Like the
literature studies, in the present study, the maximum adsorption capacity/ at 6gppm

initial concentration was % mg g It increased up to 15.35 mgt@nd 19.85 mg ¢for

the CH/cHAp and CH/bHAp composites, respectively, when the initial concentration was
increased from 5 ppm to 25 ppm. It confirms that the initial metal ion concentration is

alsoa crucial parameter for changing the efficiency of the adsorption system, and the
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adsorption capacity of the adsorbent could be increased up to a particular level by
increasing the initial metal ion concentration in solution for a constant dose.

The dah presented in Table®revealed that the CH/bHAp composite exhibited a better
removal efficiency for the metal ions removal than the CH/cHAp composite. The better
removal ability trend for the bHApased composite is recorded for all the metal ions
studied.

In common with cation adsorption, in Table35a continuous increase in adsorption
capacity (mg @) and a decrease in removal efficiency (%) were also observed with
increases in the initial chromate ion concentration. The decrease in removahefficie

with an increase in the initial chromate ion concentration can naturally be attributed to
the decrease in adsorption sites (as the adsorbent dose was kept constant in these
experiments). The maximum adsorption of chromate ion on the CH/HAp composites
ranges from 225 mg ¢! for an initial chromate ion concentration of 50 ppm.

Schmuhl et al. reported the adsorption capacity (fjgofjchitosan for Cr(VI) to be 78

mg g! by using an initial chromate ion concentration of 1000 PanThe higher
adsorption capacity reported in the literature study corresponds to a system that had been
exposed to a higher initial metal ion concentration because it has been obsdrttesl tha
higher initial metal ion concentration helps to increase the adsorption capacity of the
solution exposed to a constant amount of the adsorbent, providing more molecules in
solution to adsorb on active sites of adsorbents. A study from the litetsgtade a
composite made from chitosan and hydroxyapatite to adsorb Cr (VI) (as chromate ion),
and the adsorption capacity (mg)gvas found to be 3.45 mg@t 0.01 g adsorbent dose

of adsorbent when exposed to a 10 ppm solution of Cr(VI) at pH 4.0.rAtlite study
discussed the electrostatic interactions between the negatively charged sorbate anions
(HCrOr) and the positively charged €aons (HAp on its surface) as one of the possible
mechanisms that may have been responsible for removing Cr(\Vd) theiichitosan/HAp

based composite. The literature stt¥dylescriled the low pH of the solution (ranging
between pH %) as an assisting factor for encouraging uptake of the Cr(VI) species on
the chitosan/HAp composite due to the protonation of the active sites such as amino

groups which encourage electrostatic attradtito anions such as HGO
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5.1.1.4Adsorption modelling of the CH/HAp composites for the adsorption of metal
ions
The adsorption modelling of the synthesised composite systems was carried out to explore
the adsorption mechanisms and to estimate the maximwrpéida capacity (gaxin mg
gl) of each composite system for each metal studied in this project. For this, the two
parameter adsorption models, including Langmuir and Freundlich (describbdpter
1), are the most studied adsorption isotherm models for such biopolymeric composite
systems. These two models were used to analyse the adsorption data of this study to
determine which of these was the bi#smodel for each composite system in terof
adsorption of metal ions. The theoretical background of these n{atejster 1, section
1.10)and supporting literature (Table8) have been extensively described earlier.
To recap these ndimear adsorption models, the model equations and tHaretmon of
their parameters are given as follows:
Non-Linear Langmuir isotherm:
Equation 55
0 0
" e
In equations %, ¢ and G are quantities of adsorbate adsorbed to the solid (fharg
present (as ions) in the liquid phaseg(L™) at equilibrium. The termqgx (also termed
a s f b diterature)ig theeestimated maximum adsorption capacity of the system in
mg g’ calculated using the Langmuir model equatio) 5Ky is the Langmuir equation
constant that describes théirity between the sorbate and the adsorbent, which indicates
how favourable thermodynamically the adsorption of the species is on the composite
surfaces. The Kis used to calculate the dimensionless factar, d&® the Langmuir

isotherm model using thelfowing equation:

Equation 56:

RL demonstrates the nature of the adsorption process as given in many literature

Studie§76,504506-
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1 Irreversible if R = 0 or maybe R<<< 1, i.e.,it is almost equal to zerodicating
an irreversible adsorption process), which degticiesa r@al |y favour at
adsorption
Unfavourable if R > 1
Favourable if 1 >R> 0 or could be descrideas fAmoder ately fav

adsorption

Norntlinear Freundlich isotherm:
Equation 57:

n 06
In the Freundlich model equation,(ong g*) and G (mg L?) are the same quantities as
described above for the Langmuir isotherm model, whieaKd 1/n are Freundlich
constants. The value of 1/n describes the adsorption process as follows: if 1/nis less than
unity and greater than zero, it implies the
1 describes an irreversible adsorption proté8s
In contrast with the adsorptiomodelling for the cations, linearized Langmuir and
Freundlich isotherms were used in the adsorption modelling exercise in regard to the data
obtained for chromate ion adsorption. The linearized Langmuir and Freundlich model
equations used for chromate iadsorption modelling are given as follows (see theory
discussion in Chapter 1):

The linearized equation for the Langmuir isotherr: 5

In the above equation,mgk is the estimated maximum adsorption capacity of the
adsobent in mg ¢ ge (mg g*) and G (mg LY) are sorbate quantities in the solid and
liquid phases, respectively, after reaching equilibrium. Hence, the above equation is that
of a straight line if 1/gvs 1/G is plotted, giving gaxthrough the yintercep and K_from

the slope of the linearized equation.
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The linearized equation for the Freundlich Isotherf: 5

N
IR 1D é—lb

With the linearized Freundlich model, a plotlofe vs InCe should give a straight line
from which the Freunel iacnhd elg uwa tciaonn bceo ncsat | acnut
intercept and slope respectively of the straigtd plot.

The data collected from the studies into the effect of initial metal ion coatenton

metal ion adsorption were analysed using the algoxen adsorption models. The best
fitted adsorption model between Langmuir and Freundlich was then decided by
comparing the Rvalues of the two fitted models. Similar methods (inear regressin
method for cations and linear regression for the chromate ions) were used to calculate the
isotherm parameters in all the composite systems studied. Fdinean model fitting,
norlinear regression functions (also called error functions) were usedhare given

in appendix 1 (section 1.3).

Modelling of cation (Cd*, Pk?*) adsorption on the CH/HAp composites

Experimental: An additional method of standardization for adsorption modelling, termed
as the sum of normalized error (SNE), was useeryloying the error functions for the
adsorption modelling of Cd and PB* on the CH/HAp and CH/HAp/CF composite
systems only and described Appendix 1, section 1.3Bhe importance of using this
standardisation method is also explainedppendix 1.3B

Results:

Adsorption modelling of cationsThe calculated isotherm parameters (using the non
linear regression methd@ppendix 1, section 1).8r the two adsorption models for cation
adsorption on the CH/HAp composites are given in Takle(bigures4.13 and 420 in
Appendix 4show the fitting of nodinear adsorption isotherms for metal ion adsorption

on the CH/HAp composites.

The comparison of Rvalues of Langmuir and Freundlich models revealed that the
Langmuir isotherm model was thestfitted model for explaining the adsorption of<d

and C@d" onto the CH/HAp composites with?’R 0.95, which is in agreement with the
modelling results recorded for these metal ions adsorption in similar adsorption systems
118479 The significance of the befit of the Langmuir isotherm model for both the
composites (CH/cHAp and CH/bHAplggested a monolayer adsorption model fdt Cd
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and Cd* on a homogeneous adsorbent surfdfceThe finding is supported by the
literature studies, which suggested the fitting of the Langmuir adsorption isotherm to
adsorption data recorded for metal ion adsorption on similar heterageoemposites
(Table 18).

Table 5-4: Adsorption isotherm parameters for metal ion (Cd*, Pb** and Cu?* and
chromate ions) adsorption on the CH/HAp composites

Adsorption models Langmuir Freundlich

Metal ions Composites  gmax(Mg g') Ko R? R 1/n Ke R?

C* CH/cHAp 24.338 0.106 0.996 0.274 0560 3.309 0.969
CH/bHAp 33.932 0.094 0999 0.298 0.620 3.824 0.988

P CH/cHAp 52.422 0.588 0.965 0.064 0.240 23.804 0.858
CH/bHAp 90.031 1468 0.938 0.027 0.280 49.676 0.964

C* CH/cHAp 15.910 0.217 0.156 0.973 0.373 4.405 0.896
CH/bHAp 23.670 0.150 0.211 0.961 0471 4.610 0.900

Chromate CH/cHAp 45.045 0.026 0436 0.996 1666 0.731 1.000
CH/bHAp 34.722 0.033 0.376 0.988 1.699 0.689 0.995

Both adsorption models (Langmuir and Freundlich) showed a good fit to tHe Pb
adsorption data on the composites with the goodness of fanBing between values

0.86 to 0.96, and demonstrating a range of adsorption behaviour from monolayer
adsorption on the homogenous surface to monolayer adsorption on heterogeneous
surfaces. The Freundlich was a better fit to the adsorption data than the Langmuir model
for the CH/bHAp composites with a relatively higher value &ftRan calculated for the

fitted Langmuir model R(see Table &). The better fitting of the Freundlich isotherm
relative to the Langmuir one for Ptadsorption on the CH/bHAp composites indicates
that theadsorption is occurring on a heterogeneous surface. This was justifiable as the
surface of the CHHAp was also found to be heterogeneous with visible fine particle
deposition at the surface (SEM analysis of CH/bH@Ipapter 3, Figure-8)). Overall,
between the two adsorption isotherms modelled, the Langmuir isotherm could be
considered the befitted model, as it gives more reliable maximum adsorption values
(gmaxmg g%) values (Table &) for both composite systems, as the fitted (calculated)
values br P¥* adsorption on the CH/HAp composites are numerically closer to the
composite systemeXperimental valuedditionally, the fitting of the Langmuir model

is well-supported by the literature studies conducted for similar adsorption systems (Table
1-8).
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Using the Langmuir model, the calculateghgin mg g*) of Cd** was 24.33 mg¢and

33.93 mg ¢ on CH/cHAp and CH/bHAp composites, respectively. The maximum
adsorption capacity in relation to €adsorption on the composites was 15.91 rhgrd

23.66 mg ¢ (calculated using the Langmuir model) for the CH/cHAp and CH/bHAp
composites, respectively. The maximum capacity of the CH/HAp composites in relation
to the PB* adsorption is higher than the calculated@f CP* and Cd+which indicated

the higher adsorption of Pbthan the other two metal cations on this composite system.
The values of the dimensionless facter(Ealculated using equation3jfor all the three
cations adsorption on CH/HAp composites given in TabfeiBdicated aavourable
adsorption process as 0 g R1595:508

The literdure studies reported that Langmuir adsorption was representativé‘ab@d
adsorption behaviour on a hydroxyapatite/clay mineral comptsited on bone chaif,

which lends support to the applicability of the Langmuir isotherm model to describing
the Cd* adsorption on such biopolymeric (chitosan) and HAp based adsorption systems
as used in the presently studied syste@andhi et af? reported that Cii adsorption on
naneHAp and nRHAp/Chitosan composites ranged froné 4ng g when the composites
were exposed to an initial concentration of 10 ppnt*CHowever,the adsorption
capacity of the nHAp and nHAgHitosan composites calculated in this literature study is
lower than the Cti adsorption calculated in the present study for the CH/HAp composites,
illustrating the CH/HAp composites as a relatively more effitiadsorption system for
Cu?* removal. The better adsorption ability of the CH/HAp composites than the literature
study conducted for similar composites could be due to better optimisation of the
experimental conditions, such as the initial metal ion entration, appropriate adsorbent
dose and pH range in the present study, which could be the features to enhance the
adsorption abilities of the systems.

The mode of uptake of metal ions, i.e., via exchange with &bl cationsd.g.,Pt?")

from the hydrayapatite crystal lattice, is frequently discussed in literattite. In
general, the ion exchange mechanism is believed to be the predominant mechanism for
the adsorption of cations on HEH3? The ionexchange activity is found to be higher

for the composite samples having a higher surface aeeaie CH/bHAp composite).

As mentioned above, the linearised regmssnethod was used for the adsorption

modelling of chromate ions on the CH/HAp composites. FiguEsdnd 420 (Appendix
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4) illustrate respectively fitting of the linearized Langmuir and Freundlich isotherm
equations to the chromate ion adsorption datthe CH/HAp composites. The equations

generated from these linear fits using Microsoft Excel are given as follows:

Table 5-5: The linearized equations calculated for chromate ion adsorptioon the CH/HAp
composites using the linearized Langmuir and Freundlich isotherms

Composites Linearized Langmuir Equation Linearized Freundlich Equation
CH/cHAp y = 0.8583x +0.0222 R?= 0.995 y = 0.7315x +0.5107 R?*= 0.999
CH/bHAp y = 0.8679x +0.0288 R?= 0.989 y = 0.6894x +0.5298 R?= 0.995

Hence, using the above equations, the Langmuir isotherm parameters were calculated as
follows:

1/gmax= intercept

gmax= l/intercept

1/(KL*gmax) = slope

KL = 1/slope*hax)

The Freundlich isotherm parameters were calculated as follows:

InKe = intercept

K = gntercept

1/n = slope

The calculated parameters for the systems tested and derived from both the adsorption
models are given above in Tabl&d5 By comparing the values of Rr both adsorption
models, both the Freundlich and Langmuir adsorption isotherms were founthéodita

well. Although the Freundlich fit Rvalue is relatively higher than that calculated for the
Langmuir fit (Table %4), it was obvious that the Langmuir model was also showing a
reasonable fit with Rvalues of >0.98 being obtained from fits to d&averal authors

have reported better fits of the Freundlich isotherm to chitbaaed systems in earlier
studies.Kousalyaet al®®? reported the good fitting of both the Langmuir and the
Freundlich isotherm model to chromate ion adsorption data when reporting results from
using nHAp/chitosaitbased composites to remove chromatsimm aqueous solutions.

The value of the Freundlidhs ot her m const ant A lihdicalingl | e s

favourable adsorption of chromate ion on both the compdSites
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The maximum adsorption capacity (mg)@f the CH/cHAp and CH/bHAp composites

for chromate ion adsorption, estimated by the Langmuir isotherm model, is 45.045 mg g
1 and 34.022 mg d, respectively. The dimensionless factor &erived from the
Langmuir isotherm fit to data shows that adsorption of chromate ion in both the
composites is favourable as 0 <&l.

The fitting of both the adsorption isotherms suggests that the chromaigsiornption on

the CH/HAp could includea rangeof behaviours, including homogeneous and
heterogeneous surfaces. The literature studies equally favour the fitting of the Langmuir
and Freundlich adsorption isotherms to describe the chromate ion adsorpsiomlan

adsorption systems of biopolymers and hydroxyapatites.

5.1.1.5Effect of contact time on metal ions removal by the CH/HAp composites

Experimental: The effect of contact time on metal ion removal (%) by the CH/HAp
composites was measured by varyingdbetact time between 1 minute and 120 minutes
for measuring adsorption on a 0.01 g dose of adsarbbatexperiment was conducted

by exposing the 0.01 g of the adsorbensadm the metal ion solutions at different
concentrations. The initial metal ionsnzentration of Ctr and Cd* was 25 ppm exposed

to 0.01 g of the adsorbent, while it was 5 ppm fof'Rimd 50 ppm for chromate ions.
The initial pH of the solution ranged from 4600 to measure the removal efficiency per
minute for the first 5 minuteshen at 10, 15, 30, 60 and 1&0nute intervals.

Results:Table 56 presents the AAS data recorded to show the effect of contact time on
metal ions removal (%) using the CH/HAp composites. The results for the effect of the
contact time on the adsorptiof the metal ions are plotted and presenteligures 4

21 to 424 in Appendix 4.

The Cd* adsorption was rapid in the initial 15 minutes. While reaching a plateau in 30
minutes which illustrates the adsorption equilibrium, it means the active sitdseon t
adsorbent surface have been saturated, or monolayer adsorptiol*dbr@don the
adsorbent surface has occurred. There was no considerable variation in removal
efficiencies after 30 minutes. Maximum removal of 30% and 40% was recorded’for Cd
on theCH/cHAp and CH/bHAp composites, respectively, at equilibrium.

A sharp increase in the removal % ofFibn from the solution was recorded in the initial

10 minutes for both the composites testeéidire 422, Appendix ¥ About 8090% of
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PI?* removal wa achieved in just 30 minutes, with no significant change being observed
after 30 minutes of exposure to the solution to the adsorbent. The maximum removal
efficiency for both composites tested was calculated to B889%@ over the 2 hours of
exposure timeThe optimum time for realising the highest?Pon removal with the
CH/HAp composites was found to be 60 minutes.

The removal of C&f ions by the composites was very efficient, as both the composites
achieved more than 880% removal in just 15 minute$ exposure of the solution to the
composites. The maximum removal efficiency measured fét i6o by the CH/cHAp

and CH/bHAp composites was found to be 82.32% and 91.99%, respectively, after 120
minutes (which is considered the maximum time to achiegerption equilibrium for

Cu?* adsorption (mg d) on the CH/HAp composite surface.

Compared to cation adsorption, both the composites removed up to 22% of chromate ion
in solution within 1815 minutes of contact time with the solution, with a plateauing o

the uptake occurringfter 60minutes. The maximum removal was approximateh22%

of the solution chromate ion by both composites. The rapid increase in removal (%) for
both the composites for chromate ion adsorption in the initidlSLMhinutes of eposure

is attributed to the excess availability of adsorption sites at the beginning of the adsorption
process. The composites reached adsorption equilibrium for chromate ion adsorption at
60 minutes, which indicated that the saturation of the adsorptesan the surface of
adsorbents (as well as no further change in removal (%)) was recorded after 60 minutes
for both the composites.

The CH/bHAp composite showed a relatively better removal efficiency for the cations
than the CH/cHAp composite, which ddwbe attributed to a relatively higher specific
surface area of the CH/bHAp composite, as discussed earlier (seditimsftect of the
adsorbent doseodo). I n contrast, the chromate
composite tharon the CH/bHAp composite, which is in line with the observation
recorded in earlier batch experiments for the chromate ion adsorption on these composites

(see above).
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Table 5-6: The effect of the contact time orthe % removal of metal ions on the CH/HAp

composites system from a single metal ion type solution system

Contact fme 4, 3 4 5 10 15 30 60 120
(minutes)
cd| CHICcHAp 21.97 25.90 27.82 28.88 28.90 30.23 30.96 31.23 31.82 31.89
CH/bHAp 21.59 22.60 26.56 26.61 27.09 29.58 33.24 39.23 39.70 39.75
P b CHICHAp 40.44 4356 53.08 55.82 60.38 74.02 83.80 94.22 97.04 97.12
CH/bHAp 36.92 50.98 70.46 70.66 73.50 88.96 92.34 96.36 97.20 97.80
Cul CHICHAp 24.54 29.80 30.98 39.38 40.73 47.89 59.50 72.53 80.10 82.33
CH/bHAp 36.66 42.71 54.47 58.65 67.49 79.62 84.90 90.38 91.74 92.00
Cr as CHIcHAp 9.72 12.18 13.52 14.27 14.94 17.87 19.97 21.80 23.24 23.25
i%hr:gmate CH/bHAp 10.77 16.19 16.87 17.97 20.90 21.06 21.19 21.68 21.88 21.88

5.1.1.6Kinetics modelling of metal ion adsorption on the CH/HAp composites

Kinetic modelling of metal ion adsorption on the CH/HAp composites was performed

with testing done for nefinear pseuddirst-order (PFO) and pseudg®condorder (PSO)

kinetics (described irChapter 1 section 1.11). It waperformedby employing the

ki netics

The PFO andPSO arghe most common kinetic models used to study the adsorption of

dat a

recorded

n

it he

cont act

metal ions on such composite systeifise nonlinear kinetic modekquations of PFO

and PSO models are given in chapter 1 (section 1THB.parameters of the kinetic

models, including the rate constantsand k of PFO and PSO, respectively and the

adsorption capacity at equilibriume(ip mg g*), were calculatedising the non-linear

regression methodAppendix 1.3on the Microsoft Excel, using add solver function

and given in Table-5. The besfiitted parameters set of each model was selected based

on the maximum Rvalue calculated and realised for each emocfion. The best fit of

the PFO or PSO kinetic models was decided upon by comparing ttaéugs calculated

for both models and choosing thé\Rilue closest to 1 calculated for each model.
Results: The calculated parameters of the kinetic models used for modelling the

adsorption of metal ions on the CH/HAp composites are given in Tabledd models

fitted to the experimental data are presentedigmres 425 to 432 in Appendix 4The

comparisorof the coefficient of determination values?(Ralculated for both PFO and
PSO kinetic models showed that the PSO kinetic model turned out to be tfi¢tdubst

model, with its R value being greater than that for the PFO kinetic model for all four

metal ions adsorption on both composite systems. The calculated adsorptionesapacit

(gmaxin mg g?) for the metal ions by PSO are given in Table. 5

187

t

me



Table 5-7: The parameters calculated for metal ion adsorption on the CH/HAp composites

based on each kinetic model fitted.

, PFO PSO
Metal ions composite k1 .
systems (min) ge(mg gy R? k2(@gmgmin?) ge(mggl R?
C* CH/cHAp 1.113 15.207 0.831 0.139 15.931 1
CH/bHAp 0.49 17.675 0.561 0.039 19.071 0.992
P+ CH/cHAp 0.272 9.086 0.842 0.04 9.846 0.995
CH/bHAp 0.391 9.424 0.955 0.059 10.112 0.999
it CH/cHAp 0.16 7.505 0.858 0.025 8.302 0.992
CH/bHAp 0.317 8.836 0.935 0.049 9.518 0.999
Chromate CH/cHAp 21.26 0.33 0.8 22.99 0.021 0.996
CH/bHAp 21.34 0.62 0.94 22.56 0.049 0.998

The revelation that the PSO kinetic model was the best fit for data indicates that metal
i ons follow the
composites. The PSO fitting on experimental data of metal ion adsorption on both the

composies confirms the chemisorption mechanism is the-lnaiéing step for the

Achemi sorptiono

mechani sm

CH/HAp composites for removing these metal ions. The literature studies have discussed

the nature of the chemisorption of metal cations on chitosan and hydroxyhapagt:
c o tnstahce ocationgQc?*, i n
PP+ and Cd*) may adsorb on the CH/HAp composites via mbgmnd complexation

composié s .

through the NH> groups of chitosan (see mechanisms of removal sett@nChitosan

has an eldgcon-donating atom (N) and could form stable complexes with c&fitras

AChemi sorptiono

vari

discussed in the possible mechanism using the chitosan and HAp based composites in

Chapter 1.

Similarly, the hydroxyl groups (on the surface of HAp and chitosan) and carboxyl groups
(chitosan) could participate in tlelemisorption of these metal catidnysmetalligand

complexation®>18 Additionally,ion exchangeould be considered while discussing the

metal removal mechanisms using HAp (see sections 1.5.1 and 1.6.3). A study verified the

ion-exchange mechanism of HAp for Pland Cd* adrption while using synthetic
hydroxyapatite. The literature confirmed it by structural changes in HAp (using XRD)
and measuring Naand C&* concentrations in solution after €dadsorptiod'’. As
described inChapter 1 (section 1.4.2), adding HAp into chitosan (and otherctsy
materials) could introduce an additional removal mechanign géxchangg in

biopolymerbased composite systems like chitebaised adsorbents. So, this could be
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one of the dominating mechanisms in the adsorption of cation on the part of the HAp in
the CH/HAp composite systems. This finding of the -fadting chemisorption
mechanism for clemate ion adsorption is also reported in other previous studies, which
involved the removal of chromate ianusing similar adsorbent systems based on
chitosan/hydroxyapatite composit€®s®10-312 Similarly, the chemisorption of chromate

ions on CH/HAp composites could occur in the pH rafage-7.0) via electrordonating
functional groups-(NH>) of chitosan and also by hydroxyl groups (containing oxygen as
an electrordonating ligand atom) to form metizyand complexes as described in section
1.6.2.

The findings of the kineticnodelling performed on the three data sets for metal cation
adsorption on the CH/HAp composite systems (present study) generally agree with the
results from literature studies (Table8), which report metal ion adsorption on
hydroxyapatite  surfac&$-°*®5®  carbon/hydroxyapatite = compositts nane
HAp/chitosan composité§ and on other similar composites made from chitosan and
hydroxyapatit&*3%8483and concluded that the pseusteconeorder kinetic model was the

best fit kinetic model for explaining the mechanism of metal ion adsorption on these
composites.

All of the composite systems in this study discussed in the upcoming sections include the
CH/HAp component. So, the mechanisthat describeéhe adsorption of cations (Pb

Cd?*, CU) in this composite system, such as metahplexation, iorexchange,
electrostatic interactions and physical adsorption by weak Van der Waals forces, would
be considered fundamental mechanisms on the part of CH/HAp. The additional third
components added to @HAp to synthesise théhreecomponent composite systems
could further be discussed (in the respective sections) to participate in these heavy metal

removal mechanisms by involving their principal functional groups.

5.1.2 Experiments involving the removal of mé¢al ions by the CH/HAp/CF
composites (commercial & Bovinederived) from the singlemetal ion

type solutions

The chitosan/HAp/Coifibre (CH/HAp/CF) composite (a thremomponent composite
system) was synthesised by adding coir fibre (CF) to the CH/HAppaosite. The
spectroscopic and microscopic characterization of the CH/HAp/CF composites was
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described inChapter 3. The CH/HAp/CF composites were the first of the three
component composite systems in this study to investigate the effect of adding a third
component to the CH/HAp composite (2 component system). Other researchers have not
reported previous work into thisreecomponent composite.

This section presented the results recorded for the CH/HAp/CF composites for their heavy
metal ion removal abilityy following the general experimental methods described in
Chapter 4. The specific methods used in each batch experiment are, however, described
in their respective sections below.

The following describes the results of using this composite systemgle-anetal ion

type water systems for the removal of metals as described earlier in the CH/HAp
composites system (section 5.1.1). The adsorption behaviour of metal ions on the
CH/HAp/CF composite systems and kinetics comparisons of this system with that of
control composite (CH/HAp) will be made with the data collated #domic Absorption
Spectrscopy (AAS) measurements conducted on this thvemponent composite
system and in the control composite system (described earlier in section 5.1.1).

The following section describes the effect of different experimental parameters in batch
experiments for heavy metal ion removal from solutions containing only one dissolved

metal salt present (i.e., PbCt*, C*or ACr o as chromate ions).

5.1.2.1Effect of adsorbent dose on metal ions removal by the CH/HAp/CF composites

Experimental: A similar dose of 0.01 g to 0.05 g (as used earlier in control composites
for the removal of metal ions, sectibrl.1.]) of the CH/HAp/CF composites was added

to the metal ions solutions at 25 ppm (for?C& Cu?*) and 50 ppm (for PH and
chromate anions) to measure the effect of adsorbent ddiseamsorptiorof these metal

ions onandtheirremoval (%)y the CH/HAp/CF composite systems. The initial solution
pH was 4.57.0. The removal (%) and adsorption capacity' "(mg g!) of the
CH/HAp/CF composites were calculated using equatiehsdd 42, respectively, gien

in Chapter 4The solutions were stirred with an adsorbent for two hours before measuring
the final concentrations gCby AAS.

Results:Table 58 presents the metal ions adsorption capacify(tag g*) and removal
efficiency (%) as measured by Atomic Absorption Spectroscopy and calculated using

equations 41 and 42 (section4.2.7) for the CH/HA/CF composites system with
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different adsorbent doses ranging between 0.01g to 0.05 g (results are also presented in
Figures 433 to 434, in Appendix 4)

Table 58 showsa similar trend of the gradual decrease in adsorption capacity fing g

and a graduahcrease in removal efficiency (%) with increasing the adsorbent dose from
0.01 g to 0.05 g, as observed earlier for metal ion adsorption on the CH/HAp composites
(see section 5.1.1.1)hese trends could be attributed to similar reasons as described in
earlier sections of similar batch experimentfie CH/bHAp/CF composite showed a
better removal of metal ions #te equilibrium time (after 2 h) than the CH/cHAp/CF

composite under the same conditions.

Table 5-8: The effect of the adsorbent dose on the removal efficiency (%) and adsorption
capacity (mg g*) of the CH/HAp/CF composites for the adsorption of metal ions from singte

metal ion type solutions

The effect of the adsorbent dse on removal (%) of metal ions using the CH/HAp/CF composite

Dose (g) 001 002 003 004 005
cd| 3214 5835 7412 8393 9164
Pb| 5050 90.51 95.84 97.00 98.02

CHICHAp/CF Cu| 2067 52.81 7377 87.15 94.11
Cr (as chromate ions) 2587 2653 27.08 27.62 28.22
cd| 3403 6054 7884 8998 9459
Pb| 7028 96.31 97.90 97.98 98.36

CHIbHAP/CF Cu| 3226 6417 90.69 9504  96.27

Cr (as chromate ions) 21.12 2176 2227 2286 23.35
The effect of the adsorbent dose on thadsorption capacity (in mg g') of the CH/HAp/CF
composites with respect to the metal ions adsorbed

cd | 1607 1459 1235 1049 9.16
Pb | 59.50 4525 31.95 24.25 19.60
CHIcHAP/CF Cu | 1483 1320 1229 10.89 9.41
Cr (as chromate ions) 25.87 13.27  9.03 6.90 5.64
cd | 1701 1514 1314 1125 9.46
Pb | 7028 4815 32.63 2450 19.67
CH/bHAD/CF Cu| 16.13 1604 1512 11.88 9.63

Cr (as chromate ions) 21.12 10.88 7.42 5.71 4.67

The maximum adsorption &gin mg g* of Ccf* using theCH/HAp/CF composites was
16-17 mg ¢' for a 0.01 g adsorbent dose. At equilibrium, the % removal &f&ui C3*
ranged from 906%. In comparison, the % removal ofPlwas > 98% for a 0.05 g dose

of the CHHAp/CF composites showing a better removal lof* Ehan the other two metal
cations studied, which agrees with the observations recorded earlier for the CH/HAp

composite system.
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Moreover, the PB removal (%) is higher for the CH/bHAp/CF composite (about 20%
more) than the CH/cHAp/CF composite at wéo adsorbent dose (0.01g). The removal
efficiency of PB* plateaued for doses 0.03 g for both the composites. Hence, the
optimum dose for realizing the maximum removal (%) was 0.03 g, which achieved more
than 98% P removal for the CH/HAp/CF compos#eThe higher removal efficiencies

for PI?* were attained on the CH/bHAp/CF composite at 0.01 g to 0.04 g of adsorbent
doses and attributed to its relatively higher surface area than CH/cHAp/CF. Both the
composites performed equally well in??bemoval (% when the dose was 0.05 g which

was attributed to the excess of adsorption sites available at the higher dose (0.05 g) for
adsorption of available metal ions.

The different removal efficiency percentage shown by the CH/cHAp/CF composite for
cation adsoron relative to the CH/bHAp/CF composite could be due to their specific
surface area (estimated using Mastersizer analysis as described in section 5.1.1 and results
included in appendix 3, Figure 3C & 3D). The estimated specific surface area of the
CH/bHApP/CF composite was found to be higher (39.13 kgl) than that of the
CH/cHAp/CF composite (28.83n> kg™), consequently showing a better removal
efficiency. However, as forewarned earlier, the Mastersizer estimation of the specific
surface area is approxate due to several factors such as the heterogeneity of composites
and the dissolution or detachment of components (such as CF dust) making up the
composites. Similarly, the difference in the removal efficiency of the two composites
could only be due tdhe heterogeneity of the sample particles. The CH/HAp/CF
composite could not be ground well due to the presence of the coir fibre. This limitation
of processing may have resulted in a range of particle sizes (and ultimately a range of
values for the spedd surface area) in the adsorbent dose exposed to the metal ion
solutions so that it may cause variations in the removal efficiencies.

It has been mentioned in Chapter 1 that the addition of HAp could enhance the removal
ability of the coir fibrebased composites ifthe fibreswere the sole component of the
adsorbent. The ability of the CH/HAp/CF composite to adsortd ©ds from solution

was compared with the &dadsorption ability of natural CF as discussed in a literature
study’?®. The composite removal efficiency recorded in the present study was found to be
higher than the raw coir fibrgiterature study?), as the reported maximum adsorption

of Ccf*on natural CP° was relatively low (0.096 mg'g when it was used in adsorbent

192



doses of 0 to 5 g. However, in the mes study, the adsorption of €don the
CH/HAp/CF composites was 4657 mg ¢* for the same adsorbent dose, so it was
significantly enhanced. The maximum removal efficiency of 84 % was reported for the
raw coir fibre in the mentioned literature study, whihe present study showed >90%
adsorption of C#fions. Further, raw lignocellulosic fibres such as bagasse, coconut fibre,
kenaf bast and spruce showed maximum adsorption valuesFora@iging from 0.03 to

0.61 mg ¢ at an initial concentration of 1j9pm and an adsorbent dose of 0.5 g. The
addition of HAp into raw fibre to form the composites (as CH/HAp/CF in the present
study) could efficiently remove the €uions, which is evident by the present study's
findings (see Table-B). This better removdPo) could be attributed to the presence of
hydroxyapatite in CH/HAp/CF composites, which could enable an ion exchange between
C&* and metal cation®¥®in the CH/HAp/CF composites to remove metal cations.

Apart from the iorexchange mechanism on the part of HAptlee CH/HAp/CF
composites, the literature studies on lignocellulosic fibre (such as coir fibre) and
hydroxyapatitebased adsorbents also have cited several mechanisms for explaining
cations (e.g. P & Cd?") uptake on these adsorbentd®3484521The chitosan and CF

are carbonaceous materials coritggnthe ligand atom containing functional groups,
which could be mainly involved in the metajand complexation. However, the
spectroscopic characterisation of these composites (se&id.d indicated the
dominance of HAp in this composigystem. Additionally, the literature reported HAp
could perform more efficiently than chitosan and CF, which remove metal by ion
exchange mechanism (see sectlob.1.4. So, the iorexchange mechanism could be
considered to be the leading mechanism ferrédmoval of P ions in this experiment.
Overall,the constitutional functional groups of CH/HAp/CF composites (FTIR analysis
of CH/HAp/CF composites, TableZ chapter 3) act as binding sites for metal ions
removal by tleseremoval mechanism¥ 483484

Table 58 alsosummariseshe effect of adsorbent doses for chromate ion adsorption and
removal on the CH/cHAp/CF and the CH/bHAp/CF composites. A gradaedase in
removal efficiency was noted and was attributed expectedly to the availability of more
adsorbent surface area for the uptake of chromate ions. However, it was noted that the
maximum removal (%) was less than 30% for both the composites tioeslaontaining

the maximum adsorbent dose of 0.05 g. Contrary to this, a similar (0.05 g) doses, the
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composites were found to achievelaast 80% removal of the cations from those
solutions (see earlier discussion on this). This observation of réyativechromate ion
removal (%) relative to cation removale(, Ci#*, PI¥* and Cd*) on the CH/HAp/CF
composites agrees with the observations recorded earlier for chromate ion removal by the
control composite system (see section 5.1.1.1).

The removal efficiency (%) of CH/HAp/CF composites with respect to chromate ion
increased by only-3% with an increase in adsorbent dose from 0.01 g to 0.05 g. The
main reason why chromate removal by this composite system was so low could be due to
the chemical speciation of the chromate metal ion in solution, which has been discussed
in detail in thesection on the CH/HAp composites. As described earlier in section 5.1.1,
chromium (VI) is usually found in aquatic soluttéfin the form ofHCrOs and CpO7*

at pH > 4.0, which makes its adsorption difficult on negatively charged active sites of the
CH/HAp/CF composites, such a®H, -COO, and-PQs*. The acidic conditions (pH

<5.0) usully promote the removal of Cr as chromate ions by adsorption or reduction in
the presence of reducing agents such as nitrogenous compounds present in chitosan, as
described earlier in section 1.6.2.

Moreover, the protonation of Ntgroups fo formNHs*) and HAp disintegrated surface
functional groupsfiPQuCa' and OH*) could also participate i€rOs% ion removal via
electrostatic attractions (as described in equatidh & low pH (<5.0yangé? and by
opening up the surface. InehpH range of this batch experiment ¢6.0), the
CH/HAp/CF composites could remove chromate ions using both mentioned mechanisms
(electrostatic interactions and reduction of chromate ions to Cr (Ill)). The CH/cHAp/CF
composite was found to be more e#ict than the CH/bHAp/CF composite in removing
chromate iog, which aligns with the observations recorded earlier for the removal of
chromate ions using the CH/HAp (control) composites (section 5 lahdcould be
attributed to the similar reason as déseil earlier relating to the higher solubility of the
CH/cHAp/CF compositeelative to the CH/bHAp/CF composite which may facilitate
adsorption/exchange of chromate anioffi$e dissolution of cHAp (as described in a
literature stud$?¥ in cHAp-based composites (like CH/cHAp and CH/cHAp/CF) can
provide the disintegrated and more accessible surfacgrBdps which are protonated at
acidic pH <4.0 to form POH groups at the adsorbent surface. This could result in the

formation of metatomplexes with chromate anigres described by Kousalya et®.
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Relatively better adsorption of chromate ions observed on the CH/cHAp/CF composites
relative to the CH/bHAp/CF compites is aligned with the observations recorded earlier

for chromate adsorption on the CH/HAp (control) composites.

5.1.2.2Effect of solution pH on metal ions removal by the CH/HAp/CF composites

Experimental: In this experiment, the effect of pH on metal ion agson on the
CH/HAp/CF composites was examined via AAS measurements using different
experimental conditions for different metal ions.

Like the control composite systems, only a restricted pH range frorb.8.@vas used

for the PB* adsorption becausef dhe already mentioned (sectidnl.1.9 risk of
precipitation of PB" ion as Pb(OH)at pH > 5.5. The solution concentration of Plvas
initially 20 ppm, and the adsorbent dose of the CH/HAp/CF composites sample was 0.01
g. The efect of pH on Cé"ion and Cd"ion removal by the CH/HAp/CF composites was
studiedat pH rangs 4 - 6.5 and 4.68.0, respectively. The initial Giand Cd* ion
concentration in solutions exposed to adsorbent was 25 ppm (for both), and the adsorbent
dosewas 0.05 g for Ctf and 0.01 g for Ct" A narrow pH range for Gii adsorption was
selected due to its risk of precipitation and forming copper hydrjaehich is usually
reported to occur in the pH rangelZ. The influence of pH on the adsorption of chromate
ion on the CH/HAp/CF composites was studied over the pH rang8.8.0sing the
solution with an initial chromate ion concentration of 5.0 ppm, which was exposed to
constant adsorbent dose samples of 0.01 g.

Results:Table 59 (Figure 437 to 440, Appendix 49lemonstrates a similar trend for the
effect of pH on C#&, PI¥* and Cd* adsorption as described earlier in the control
composites (section 5.1.1.2).

For instance, the maximum adsorption values (15.20 hand 21.87 mg¢of Cc* for

the CH/cHAp/CF composite and CH/bHAp/CF, respectively) were recorded at pH 7.0.
Adsorption of PB' ions was at a maximum at pH 4.0 and 5.0, decreased slightly at >5.0
and increased again when solution pH was > 5.6, while tRei@uadsorgbn was not
greatly affected by the changing of pH in the solution from 4.0 to 6.5 in both the

composites.
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Table 5-9: The effect of the solution pH on the adsorption capacity (in mg4 of the
CH/HAp/CF composites for the adsorptionof metal ions from solutions containing only one
type of metal ion

pH 4.0 5.0 6.0 7.0 8.0
cd| CH/cHAp/CF  7.68 13.79 15.01 15.21 1491
CH/bHAp/CF  19.04 20.73 21.28 21.87 21.66
pH 4.5 5.0 5.5 6.0 6.5
Pb) CH/cHAp/CF  36.04 36.01 33.70 34.04 36.75
CH/bHAp/CF  38.21 38.12 35.85 37.25 37.65
pH 4 5 5.5 6 6.5
Cu| CH/cHAp/CF  9.34 9.33 9.31 9.48 9.48
CH/bHAp/CF  9.61 9.64 9.57 9.60 9.61
pH 4.55 5-5.5 6-6.5 7-7.5 8-8.5
Cr as chromate ions CH/cHAp/CF  0.81 0.77 0.70 0.45 0.42
CH/bHAp/CF  0.59 0.57 0.52 0.36 0.33

As described in the control composites systems (sediarl.d, the charges on
functional groups (binding sites of adsorbents) are affected by the change in the pH of the
metal ion solution and control the adsorption of the metal ions oadbkerbents. A
literature study dealing with a carbon/hydroxyapatite composite system reported the
ionization of the functional groups on the composite at pH > 2.5, which provided
negatively charged hydroxyl and phosphates groups on the daalsed/hydroxgpatite
composite for binding metal ions. Another study reported the deprotonation of carboxylic
groups {COQ) at pH > 4.0 omagriculturatbased adsorbestrface®>°?’. The principal
binding sites (functional groups) of ti@&H/HAp part of the CH/HAp/CF composites,
including the hydroxyl, amino, phosphates groups and additionally the carbonyl groups
of the CF, could be protonated at lower (acidic) pH and could result in a decrease in the
adsorption of metal cations at lowet palue$3349°

Contrary to this, the lower concentration of protons that would have competed with
cations at a higher (less acidic to neutral) pH range resultedna aalsorption of these

ions on binding sites of the CH/HAp/CF composites?® (such asNHz, -C=0, -PQ*>
and-OH groups). The literature stulf§f indicated that a pkb 6.3 is ideal due to the
existence of more negative charges at this pH on metal adsorption grebpg 6n
adsorbents (such as chitosan and HAp) which attract cations for adsfptieumrther,

the literature studigsncluding Cd* adsorption on CF° carboxymethyl chitosan/HAp
composité®! and CFbased composite¥, reported an optimumHhp range of 57 for

optimal Cd* adsorption on such composite systems. Based on literature reports dealing
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with similar adsorption systems of CF and chité8ait*and as indicated in the results

of this study (Table ®), a pH range of & was considered to be optimum for?Cd
adsorption.

In contrast to C# ions, a decrease in Pladsorption over the pH range of 5.0 <pH <5.5
could be due to a relative decredden free PB* ions to adsorb on binding sites, as a
literature study reported a decline in?Pgpecies in solution at pH > An increase in

PE?* removal at pH greater than 5.6 could be attributed f6 ®@mversiorinto lead hydroxyl
species such @b(OH), Pky(OH)+%*, Pb(OH) etc.,as milkiness in the Pbsolution was
observed in the present study when pH rose above 5.5. The presence of hydrolysed lead
species in solutidfi® such as Pb(OH) Py(OH)s** and Pb(OH)(aq) has been reported

to increase continually at pH > 6.PI’* as the dominant chemical species present in
solutior?®® under pH 5.0, is available for adsorption on the negatively charged ionic
species by electrostatic interactions. Hence a pH range of 4.0 todicated better
adsorption of PH cations on the CH/HAp/CF composites due to the presence of
negatively charged active sites (phosphates, hydroxyl and carbaydigpd as
supported by the literatui®:>25:528

The optimum pH range for Guadsorption on CH/HAp/CF composites was hence taken
as 46. The literature also reported that pH-8.0 was an optimum pH range for
removing Cd" from solution on lignocellulosic fibrbased adsorberté >33

In contrast with the cationic species, Tabi@ &lso presents the AAS data showing the
effect of initial solution pH in chromate (an anionic species) solutionssexpto 0.01 g

of adsorbent doses of the CH/HAp/CF composites on chromate ion adsorption on the
composites. Overall, the observations recorded for the effect of the pH on the chromate
ion adsorption on the CH/HAp/CF composites align with the observatonded earlier

for the removal of the chromate ions on the CH/HAp (control) compoSite4.2
indicating that the acidic/low pH favours chromate ion adsorption on such composite
system as evident frorRigure 440 (Appendix 4. Similar reasons describedrier
(section5.1.1.9 for the better adsorption of the chromate ions in the acidic conditions
could be considered for this system as wgadrticularly on the CH/HAp part of the 3
component composites. Additionally, the functional groups of the CF become protonated
under acidic conditions to provide the binding sites for the adsorption of the chromate

anions. The trend of better chromate a&sorption on low pH values (<5.0) agrees with
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other published studies for the adsorption of chromate ions on coir fibre, activated carbons
or chitosarbased composite systettfs?1°3 A continuous decrease in chromate ion
adsorptioA™® was reported on coconut fdpith and activated carbons of coconut shell

for a pH range of 2:00.0

5.1.2.3Effect of the initial metal ion concentration on metal ions removal by the
CH/HAp/CF composites

Experimental: Initial Cd?* concentration was varied between 5 ppm and 25 ppm for a
constant adsorbent dose of 0.01g. In contrast, the initial solution pH was kepbdbb
evaluating the effect of initial sorbate concentration in the solution on metal ion removal.
The effect ofinitial Pb?* ion concentration on the removal and adsorption éf 8 the
CH/HAp/CF composites was recorded for a range of concentrations from 10 ppm to 50
ppm. In comparison, similar recordings for?Cadsorption were done by exposing a
constant amourof adsorbent (0.01 g) to €usolutions of different initial concentrations
between 5 ppm and 25 ppm Tt an initial solution pH 4:5.0. Similarly, this effect

on chromate ion adsorption and removal (%) using CH/HAp/CF composites was
measured by chgmg the chromate ion concentration from 10 ppm to 50 ppm, at an
initial adsorbent dose of 0.01 g and pH-6.B.

Further, the data recorded using AAS in these experiments were used to study the
adsorption mechanism (in an upcoming section) by fittingsdme adsorption models
(Langmuir and Freundlich) as applied earlier in the control composites by using the non
linear regression method (see appendix 1, section 1.3) as used for the metal ion adsorption
data recorded for the control composites. An aoldi@i method of the SNEAppendix

1.3B) was applied to the Gdand PB* ion adsorption modelling as done for the control
composites.

Results:Table 510 shows the effect of the initial metal ion concentration on metal ion
adsorption studied on the CH/HA@g#@omposites and also presenteéfigures 441 to

4-44 (Appendix 4. A similar trend (as observed earlier in the control composites) of a
gradual decrease in removal efficiency and increased adsorption capacity, with increasing
metal ion concentration fr@o 5 ppm to 25 ppm, was observed. Moreover, these trends
could be attributed to similar reasons as mentioned earlier in the control composites

section. This trend also agrees with the literature studies, which reported a similar
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tendency for the effect omitial metal ion concentration in solution on metal ion

adsorptiont®>3739,

Table 5-10: The effect of the initial metal ion concentration on removal (%) and the
adsorption capacity (in mg g of different metal ions adsorbed on the CH/HAp/CF
composites from a singlemetal ion type solutian system

The removal (%) of metal ions using the CH/HAp/CF composites
Metal ion concentration:

5 10 15 20 25
(ppm)
cd | CHICHAp/CF 69.07 6255 50.60 39.28 32.49
CH/bHApICF 86.71 71.63 61.36 47.59 39.59
Metal ion concentration: 10 20 30 40 50
o | (ppm)
CHICHAp/CF 90.04 8991 8384 7036 56.85
CH/bHApICF 93.26 9451 94.65 90.22 75.51
Metal ion concentration: 5 10 15 20 25
cul (ppm)
CHICHAp/CF 6138 46.17 3870 32.36 26.91
CH/bHApICF 7427 67.92 5237 39.94 32.36
(l\:l)[e)tsl) lon concentration: 10 20 30 40 50
Cras chromate ion=c - Han/cF 2855 2433 2023 20.08 17.84
CH/bHApICF 20.00 19.28 1896 18.24 15.60

The adsorption capacity (in mg @) of the CH/HAp/CF composites or different metal ions
Metal ion concentrations

5 10 15 20 25
(ppm)
cd| CH/cHAp/CF 6.91 1251 15.18 15.71 16.24
CH/bHAp/CF 8.67 1433 18.41 19.03 19.79
Metal ion concentration: 10 20 30 40 50
Pb| (ppm)
CHI/cHAp/CF 18.01 3596 50.30 56.28 56.85
CH/bHAp/CF 1865 37.80 56.79 72.17 75.51
Metal ion concentration: 5 10 15 20 o5
Cu| (ppm)
CH/cHAp/CF 6.14 9.23 11.61 12,94 13.45
CH/bHAp/CF 7.43 13.58 15.71 1598 16.18
Metal ion concentration: 10 20 30 40 50
. (ppm)
Cras chromate ion=c e A /CF 571 973 1214 16.07 17.84
CH/bHAp/CF 4.00 7.71 11.37 14.59 15.60

Themaximum adsorption of G8ions ranged from 16.24 mg'go 19.79 mg 4. for the
CH/HAp/CF composites. The maximum adsorption of?‘Cgat an initial ion
concentration of 25 ppm) was 13.45 mg and 16.18 mg g on the CH/cHAp/CF
composite and the CH/bHAp/CF composite, respectiveig maximum adsorption of
Pt was recorded at 50 ppm, which was 56.85 migngl 75.51 mg § on the
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CH/cHAp/CF composite and the CH/bHAp/CF composites, respectively. At the same
time, the highest removal (%) >90% was recorded at 10 ppm initfalcBhcentration

for both the composites.

It was revealed that the CH/bHAp/CF composite exhibited a better rermaihcancy
relative to the CH/cHAp/CF composite (Tabld8). The difference between the removal
efficiency of the two composites for similar metal ion concentrations could again be
attributed to the high specific surface area of the CH/bHAp/CF compekiteve to that

of the CH/cHAp/CF composite. The higher surface area could assist the CH/bHAp/CF
composite in metal removal mechanisms such as ion exchangecoragakexation, or
electrostatic interactions by providing active sites. Another reasonisocdbld be the
availability of more HAp in CH/bHAp composites than CH/cHAp composites, as
indicated by the TGA analysis of the CH/HAp/CF composites. The higher availability of
the HAp constant in the CH/bHAp/CF than CH/cHAp/CF could have also participated
its better removal efficiency. A third reason could simply be the heterogeneity of the
particles in the sample (dose) exposed to the metal ions solutions, which could affect the
removal efficiency by offering more available surface area for the adsogstthe metal

ions.

Along with the iorexchange possibility of Ga(from HAp) with these metal cations in
solution, as a possible metal adsorption mechanism occurring on the CH/HAp/CF
composites, the literature studies also state that @disorption on CF itself, on
carboxymethyl chitosan/HAp composite and other Chbased composite¥® utilise
COO (from lignocellulosic and cellulosic components) as one of the fundamental
functional groups to remove metal ions via mdigand complexatioti®>3t So, the
mechanisms which could be consideredtfee removal of the metal cations using the
CH/HAp/CF composites include the i@xchange (mainly on the part of HAp) and metal
ligand complexation involving the electralonating ligand atoms such as N and O,
present in the functional groups (such asremhydroxyl and carboxyl) of the other
composite components (chitosan and CF) of the sySemilarly, the literature describes
P?* adsorption on lignocellulosit®®*t biopolymeric, and hydroxyapatiteased
composite®?483484 a5 complex processes involving several mkitading ligands
(amino, hydroxyl and carboxyl groups) to chelate metal ions. Several m&dsani

simultaneously assist Pbremoval from solution on such complex adsorption systems
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352483484 |n the present study, adsorption models were fitted to the experimental data to
ascertain the begit model for describing the adsorption of #ton the CH/HAp/CF
composites, as shown in the following section.

An irregular trend of difference in removal efficiencies (%) was observed in the case of
the metal cation adsorption on both the CH/HAp/CF casites (see Table-50). These
irregular results seen in the removal efficiencies shown by the two composites (i.e. the
CH/cHAp/CF and the CH/bHAp/CF composites) could be attributed to the highly
heterogeneous nature of the composites, which are madediffecént sizes and types

of particle such as coir fibre dust, homogenised chitosan/HAp matrices, a matrix of
chitosan and HAp filled with coir fibre dust etc.

In Table 510, the maximum adsorption of 1B mg g' for both the composites was
measured at 5ppm concentration of chromate ions in solution. The maximum removal
(%) of chromate ions was measured at 10 ppm concentration and ranged between 20 to
28% for both the composites. The CH/cHAp/CF composite was relatively more efficient
at removing chromateons than the CH/bHAp/CF composite by showing better
adsorption and removal of chromate ions for all concentratiins findingaligns with

the observation recorded in earlier batch experiments of the CH/HAp/CF composites and
agrees with the observat®necorded for chromate adsorption on the control composites.
To understand the removal mechanism and estimate the maximum adsorption capacity of
this composites system, the AAS data collected in this experiment was further analysed

using adsorption modehs has been done in other systems.

5.1.2.4Adsorption modelling of the CH/HAp/CF composites for the adsorption of metal
ions

Experimentat The adsorption data presented in the above batch experiment was gathered

to study the adsorption mechanism occurringtlbm CH/HAp/CF composites using

adsorption isotherms. The experimental results of cation adsorption on CH/HAp/CF

composites were tested against4iaear Langmuir and Freundlich isotherifisgures

4-45 to 450, Appendix 4)while linearised models were used for the chromate adsorption

modelling(Figures 451 and 452, Appendix 4)Each isotherm parameter was calculated

in Microsoft Excel using the nelmear regression method employed in earlier section 5.1

(control composits).
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Results: The besfitted model was then decided from the comparison of theaRies
from two fitted modelsThe calculated parameters of the adsorption models are given in
Table 511.

Table 5-11: Adsorption isotherm parameters for metal ions (Cd*, Pb** and Cu?* and

chromateions) adsorption on the CH/HAp/CF composites

Adsorption models Langmuir Freundlich

Metal ions Composites Omax(Mg g¥) Ko R? R. 1/n Ke(mggh) R?

C* CH/cHAp/CF  19.57 0.38 0.96 0.62 0.32 7.06 0.85
CH/bHAp/CF  20.66 1.04 0.98 0.50 0.25 10.48 0.93

PR CH/cHAp/CF  66.10 0.47 095 0.68 0.26 39.42 0.81
CH/bHAp/CF  89.85 0.72 0.89 0.60 0.29 27.73 0.72

cw? CH/cHAp/CF  15.95 0.29 0.99 0.16 2.93 5.20 0.98
CH/bHAp/CF  18.55 0.60 0.94 0.09 4.32 9.02 0.79
CH/cHAp/CF  29.41 0.03 0.99 0.42 159 0.66 0.99

Chromate IonS opHA/CE  72.46 001 100 076 071  0.85 0.99

The comparison of Rvalues obtained after fitting thaeonlinear Langmuir and
Freundlich models to data revealed that the Langmuir isotherm model was tfittdubst
model for explaining the adsorption of all four metal ions studied on the CH/HAp/CF
composites with Rat least > 0.94 indicating the goodnedsfib The fitting of the
Langmuir isotherm model to the experimental data for metal ion adsorption on the
CH/HAp/CF composites agrees with the modelling donehfese metal ion adsorptions

on the CH/HAp (control composites) and also is in accord witlasisystems described
earlier in the literature (Table§).

The Langmuir isotherm model fitted to the metal ion adsorption data for both the
composites (i.e. the CH/cHAp/CF and CH/bHAp/CF composites) suggested a monolayer
adsorption model for metabns on a homogeneous adsorbent suffAcé&Jsing the
Langmuir model, the calculategg (in mg g*) of CP* was 19.57 mg ¢and 20.66 mg

g’ on the CH/CHApCF and CH/bHAp/CF composites, respectivelJhe maximum
adsorption capacity fgxmg g') estimated for P¥ adsorption on the @/cHAp/CF
composite and the CH/bHAp/CF composite were 66.097 rh@rgl 89.85 mg §
respectively, an€w?* adsorption was 15.95 mg*@nd 18.55 mg 4 The value of K
(Langmuir constant associated with the affinity of sorbate towards adsdgyetdjvely

higher for the CH/bHAp/CF composite than for the CH/cHAp/CF composite (see Table
5-11). As described earlier @hapter 1(sectio.10.]), the K relates the free adsorption

energy and affinity for spontaneous adsorption of sorbate oadberbent surface as
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mentioned in literatuPé2. The higher value of K for the CH/bHAp/CF composite
represents a better affinity exhibited by cations (due to higher free ideoepergy)
towards the CH/bHAp/CF composite than for the CH/cHAp/CF composite. The values
of the dimensionless factor Rcalculated using equationgj for metal ion adsorption on
CH/HAp/CF composites given in Tablel13 also indicated a favourable agsttmon
process as 0 <K 1.

The literature supports the fitting of the Langmuir on these systems, assuming a
homogenous surface (Langmuir assumption) on these composites when observed as
macroscopic levels. Further, the fitting of the Langmuir on smtileterogeneous
appearing systems also supports this model fitting to describe thadwrption.

In a published stud§® an adsorbent system (similar to CF) of lignocellulosic mass (from
a camphor tree) reported that 2Cadsorption was modelled to be Langmuirian in nature.

It calculated a @ax value of 10.99 mg § as the maximum adsorption capacity. It
suggsted that surface complexation of metal ions, forming a Aigéald complex with

a functional group such as carbonyl as the primary adsorption meck&rimmuptake

of Cd#*. Another study® reported the Langmuir isotherm as the Hittd modelto
describe the Cd ion adsorption on coir fibre itself. It estimated a value of H29g*

for the maximum adsorption capacity for Cdadsorptiod’®. These two literature
studies*33% agree with the findings of the present study, as Langmuirian behaviour was
found to be tk bestfitted model for describing Cd adsorption on coir fibrbased
adsorbentdn another literature stuéif, the estimated adsorption capacity of CF fof'Pb
was 48.84 mg¢(at pH 4.5) calculated using the Langmsistherm modét*. Similarly,

the maximum adsorption capacity (md)gf raw coir fibre and alkalireated coir fibre

for Cl?* to be 2.77 mg¢gand 9.43 mg g, respectivel§/®.

In contrast, the estimated maximum adsorption capagity (Mg g*) of CH/HAp/CF
composites for these metal ions adsorption is higher (Tablg than the estimated value
calculated using the Langmuir isotherm model for CF in the mentioned literature studies
(mentioned above), which confirms the hypothesis of more efficient metal cation
adsorption occurring on the CH/HAp/CF composites system (present study) than raw CF
(literature), and very likely attributed to the presence of HAp in the CH/HAp/CF
composites, which hedpto increase the adsorption capacities of the CH/HAp/CF
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composites by providing an additional metal removal mechanismefonange as
mentioned in chapter {sectionl1.5.1.9.

Additionally, the ghax of PI?* ions (Table 511) is higher than the g estimated for the
Cd?*ions (Table 511) on the CH/HAp/CF composites. It indicated that the CH/HAp/CF

is more efficient at removing the Phons than the Cd ions. The better removal of the

P’ ions than C# ions could be due to better removal ofPtn the HAp part of the
composite due to physiochemical characters of t& ®hich favours its adsorption on

these composites than other cations as described earlier in sedtibnThis better
adsorption of PH than Cd* on the CH/HAp/CF composites observed in a singleame

ion type system would be explored further in a later section (competitive adsorption
system (containing two metal ion types) for the CH/HAp/CF composites) to confirm the
findings of the literature and the CH/HAp (control) composites of this study.

As mentioned above and in the control composites sections, the linearised models were
used for the chromate adsorption modelling using the composites systems studied. The
following Table presentshe linearized Langmuir and Freundlich equation calculated
using linear fitting of Langmuir and Freundlich isotherms on Microsoft Excel for
chromate ion adsorption on the CH/HAp/CF composites. The equations generated from

these fits using Microsoft Excel are given as follows:

Table 5-12 The linearized equations calculated for chromate ion adsorption on the

CH/HAp/CF composites using linearized Langmuir and Freundlich isotherms

Composites Linearized Langmuir Equation Linearized Freundlich Equation
CH/cHApICF y = 1.0176x+ 0.034 (R 0.9936) y = 0.6558x + 0.462 (R 0.9978)
CH/bHAp/CF y = 1.8822x+ 0.0138 (R 0.9978) y = 0.8519x- 0.346 (R= 0.986)

Hence using the above equations, the Langmuir and Freundlich adsorption isotherm
parameters werealculated as described earlier in section 5.1.1.4.

The calculated parameters for the systems tested and derived from both the adsorption
models are thus given in Tableld. The comparison ofRralues of both adsorption
models reveals that both the Freundlich and Langmuir adsorption isotherms were found
to fit the data and suggested that the adsorption of chromate ion was occurring on a surface

of heterogeneous nature. Though the Langmuir niRtehlues are relatively higher than
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the Freundlich (Table-31) for CH/HAp/CF composites, the Freundlich model also
shows a good fit with Rvalues of >0.98 being obtained from fits to data.

The maximum adsorption capacity (mg)gof the CH/cHAp/CF comgpsite and the
CH/bHAp/CF composite for chromate ion adsorption, as estimated by the Langmuir
isotherm model, is 29.41 mg'gand 72.46 mg g respectively, which is showing a
different trend from the experimental values of chromate ion adsorption on @HZIIFA
composites. Experimental values of adsorption (Y show higher chromate ion
adsorption on the CH/cHAp/CF composite than CH/bHAp/CF. The dimensionless factor
R of Langmuir isotherm also showed favourable adsorption of chromate ions on both
the canposites as 0 R<1.

The value of the Freundlich isotherm param
favourable adsorption of chromate ions on both the composites. The 1/n factor of
Freundlich isotherm is also used to describe the heterogengitg afisorption process

in literaturg*®-547

If the value of 1/n is higher for one adsorbent than the other, it means the adsorption is
occurring on a more heterogeneous suffdcdor chromate ion adsorption on the
CH/HAp/CF composites, the value of 1/n is higher for the CH/bHAp/CF composite than
for the CH/cHAp/CF, implying that the chromate ion adsorption is occurring on a more
heterogeneous surface of the CH/bHAp/CF composite than CH/cHAp/CF. The value of
Kr (Freundlichconstant), which is used to estimate adsorption capacity (#’gis

higher for the CH/cHAp/CF composite than for the CH/bHAp/CF composite, which
agrees with the experimental observation of this batch experithergans the extent of
adsorption is higher on CH/cHAp/CF composite than CH/bHAp/CF.

Based o the calculated parameters for the Langmuir and Freundlich isotherms, the
Freundlich isotherm lies closer to the experimental observations of chromate ion
adsorption on the CH/HAp/CF composites. It could be used to describe the adsorption of
chromate iongn this system.

Parab et al. reportétf the Langmuir $sotherm model as the bditted model to describe

the Cr(VI) adsorption on coir pitPf. Using the Langmuir isotherm model, they estimated

a maximum adsorption capacity (mg)gof 11.56 mg ¢. In the present study, the
estimated value of chromate ion adsorption on the CH/HAp/CF composites ranges from

2972 mg ¢! composite, which is higher than the estimated value of chromate ion
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adsorption on raw coir pith, indicating that the coconut fibre materials adsorption capacity
for chromate ion adsorption could be improved by making a composite with HAp, as is
evident from the batch experiments mentioned above for chromate ion adsorption on the
CH/HAp/CF composites

5.1.2.5Comparison of the maximum adsorption capacities of the CH/HAp/CF
composites and CH/HAp (control composites) for metal ion adsorption as

estimated by the Langmuir isotherm model

The comparison of the maximum adsorption capacities g mg g) of the control and
CH/HAp/CF composites, estimated by Langmuir for metal ion adsorption studied, is
presented in Table-53.

Table 5-13: Comparison of adsorption capacities (gax mg g*) of the CH/HAp (control) and
CH/HAp/CF composites as estimated byhe Langmuir isotherm model

Composites Cd? Pb?* Cu® Chromate ions
CH/cHAp 24.33 52.42 15.91 45.04
CH/bHAp 33.93 90.13 23.67 34.72
CH/cHAp/CF 19.57 66.097 15.95 29.41
CH/bHAp/CF 20.66 89.85 18.55 72.46

Cd% The maximum adsorption capacitynggmg g* of Cc?*) on the CH/HAp composites
(control composites) ranges from 24.33 my(GH/cHAp) to 33.93 mg g, which is
higher than the estimated value of?Cddsorption on the CH/HAp/CF composites. It
indicates the reduction in estimated adsorption capagity) @f the CH/HAp composites
after the addition of CF. There is a possipititat coir fibre blocks the HAp sites on the
composites as a possible reason for the decrease in removal efficiency.

P?*: The estimated maximum adsorption capacitya{dn mg g¥) of PI* on the
CHI/cHAp (control) is 52.42 mggand it increased to 687 mg ¢ on the CH/cHAp/CF.

It showed an improvement in the adsorption capacity of the CH/cHAp after adding CF
into it. This improved adsorption capacity of the CH/cHAp could be attributed to the
availability of more adsorption sites after adding the C®ntrary to this, the estimated
adsorption of C# was found to decrease after the addition of the CF into the CH/cHAp
composites (see Table above). The improvement in the adsorption capacity after
synthesising the composite of CF with the HAp alignshwthe literature findings
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discussed above. The experimental adsorption capacity {vaf the CH/cHAp was also
found to increase after the addition of CF to form the CH/cHAp/CF composites and agrees
with the findings of the adsorption modelling. The iidd of CF did not affect the
estimated adsorption capacity of the CH/bHAp (control) as it ranges betw<$nhr8g

g for both the CH/bHAp (control) and the CH/bHAp/CF composites. It could be due to
saturation of the active sites as the constant do€e04f g was used to conduct this
experiment. The CH/bHAp composite was more efficient at removidgiéis than the
CH/cHAp compositeSo,the additions of CF did not show any significant improvement

in the adsorption ability due to the low availability adsorption sites on the 0.01 g
adsorbent dose.

Cu?*: The comparison of adsorption capacity (mt) gf the CH/cHAp/CF composite

with the CH/cHAp composite (control systems) shows similar adsorption capacities for
Cu?*, which illustrates that there is néfext of the addition of CF into the CH/cHAp
composite on the adsorption capacity toward*CiThe addition of CF has reduced the
CH/bHAp adsorption capacity for €uadsorption from 23.67 mgigto 18.55 mg @

This trendaligns with the observation recorded for the?Plon adsorption on the
CH/HAp/CF compositesThis difference of adsorption capacities between the two
composites (CH/bHAp and CH/bHAp/CF) could be duethe heterogeneity of the
CH/bHAp/CF composite sample (hagi€F into it and it shows that the Langmuir model

is not suitable for describing the adsorption of cations on a highly heterogeneous
composite (like the CH/HAp/CF composites). The adsorption on these composites could
be considered to occur in a range dfddours that could fit in the Langmuir model (to
describe the homogenous adsorption behaviour) and could be explored further using other
models (such as the Sips or Temkin) to understand it better.

Chromate ions:The maximum adsorption capacity.ggmg g* of chromate ions) on the
CH/HAp composites (control composites) is presented in Tal@ & showed gax of
chromate ions 45.04 mgigCH/cHAp), higher than the estimated value of chromate
adsorption on the CH/cHAp/CF composites. The addition of €FcHAp-based
composite indicates the reduction in estimated adsorption capagityqothe CH/cHAp
composites after the addition of CF. There is a possibility that coir fibre blocks the HAp
sites on the composites as a possible reason for the decreas®val efficiency. This

observation aligns with the observations recorded for tR&iGus (see Table-53).
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Contrary to the cHAfbased composites, the estimated maximum adsorption capacity
(gmax in Mg g*) of chromate ions on the CH/bHAp (control)34.72 mg ¢ which
increased to 72.46 mgigon the CH/bHApP/CF. It showed an improvement in the
adsorption capacity of the CH/bHAp after adding CF into it. This improved adsorption
capacity of the CH/bHAp could be attributed to the availability of mosemudion sites

after adding the CF. However, it is not aligned with other observations recorded for the
bHAp-based composite for metal ion adsorption. This anomalous behaviour could be due
to the heterogeneity of the sample.

5.1.2.6Effect of contact time on metaons removal by the CH/HAp/CF composites

Experimental: The effect of contact time on metal ions removal (%) by the CH/HAp/CF
composites was measured by varying the contact time between 1 minute and 120 minutes
for measuring adsorption on a 0.05 g dose of adsorbent in 20 mL %fa@iCd* (25

ppm) solutiorand on a 0.01 g dose of adsorbent in 20 mL of @& ppm) and chromate

ion (50 ppm) solutions. Furthermore, the collected data was also used to evaluate the
kinetics of metal ion adsorption on the CH/HAp/CF composites adsorbents by kinetic
modelling.

Results: Table 514 presents the effect of contact time on metal ions removal (%) using
the CH/HAp/CF composites amslpresented ifrigures 453 to 456 (Appendix 4).

Table 5-14: The effect of the contact time on th8s removal of metal ions on the CH/HAp/CF

composites system from a singlmetal ion type solution system

Contact Time (minutes) 1 2 3 4 5 10 15 30 60 120
CH/cHAp/CF 18.02 34.86 42.30 50.44 56.46 69.92 73.38 77.84 82.22 85.82
cdl CH/bHAp/CF 36.38 45.66 53.86 60.30 61.24 68.24 75.88 82.80 86.02 88.08
b CH/cHAp/CF 21.87 32.32 37.47 43.09 51.62 57.18 63.50 75.68 79.26 84.83
CH/bHAp/CF 28.11 37.56 42.47 48.92 54.25 62.55 70.02 85.47 89.46 93.91
Cul CH/cHAp/CF 13.58 28.51 33.03 34.33 44.64 56.26 61.24 86.61 93.36 93.58

CH/bHAp/CF 23.16 27.05 28.64 39.74 49.76 73.50 79.30 88.08 95.95 96.01

ch CH/cHAp/CF 15.92 17.09 17.48 17.76 19.75 20.39 20.54 22.16 22.63 22.84
romate
CH/bHAp/CF 15.01 16.39 17.71 17.35 17.94 19.16 19.55 19.76 19.84 21.16

The Cd* adsorption was rapid in the initial 15 minutes. The adsorption increased steeply

in the initial 15 minutes, achieving about 70% removal (%), as observed by the steep
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slope part of the grap{Figure 453, Appendix 4)The adsorbents reached adsorption
equilibrium in 120 minutes, illustrating the saturation of active sites on the adsorbent
surface and achieving >80% €demoval on the CH/HAp/CF composites.

For PI3*, a sharp increase in removal % (more than 50%) &fiBbs fromthe solution

were recorded in the initial 5 minutes for both the composites tested (Tab#g. 5
Maximum removal efficiency for both the composites tested was calculated to be about
85-94% over the 2 hours of exposure time. The optimum timeefgrsing the highest

PK?* ion removal with the CH/HAp/CF composites was found to be 120 minutes.
Similarly, both composite samples achieved about 50% removal in just five minutes and
achieved equilibrium (saturation of adsorbent) in 60 minutes with thare90% C#&F
removal, as no further change in removal (%) was recorded after 60 minutes for both the
composites. The overall removal efficiency (%) of both composites was similar, ranging
from 93 to 96%. The rapid increase in removal efficiency of CH/I&&ptomposites

over the period of 1 to 15 minute$ contact time could be attributed to the excess
availability of active sites-NHz, -OH, -COO and -PQ:*) at the beginning of the
adsorption process, which gradually saturates and reaches equilibaomxamumtime

of 120 minutes.

The better metal ions removal (%) on the CH/bHAp/CF than the CH/cHAp/CF composite
was demonstrated by the Langmuir constanvddue (Table BL1), which is higher for

the CH/bHAp/CF composite compared to the value obtaioedtife CH/cHAp/CF
composite. The Kis used to describe the affinity of sorbate for adsorbent mol&tinés

so the higher K. value (Langmuir model) and higher removal % observed for the
CH/bHAp/CF composite compared to the CH/cHAp/CF composite show a better affinity
of metal ions towards the CH/bHAp/CF composite for adsorption. This better affinity of
all three metal cation&Cd?*, Pl¥* and C3*) towards the CH/bHAp/CF composite could

be attributed to the availability of relatively more adsorption sites due to the higher
surface area of the CH/bHAp/CF composite.

Similar to cation adsorption, the rapid increase in chromatadsorption (removal %)

by both the composites is attributed to the excess availability of adsorption sites at the
beginning of the adsorption process. The composites reached adsorption equilibrium at
60 minutes, which specified the saturation of adsongites on the surface of adsorbents.

No further change in removal (%) was recorded after 60 minutes for both the composites.
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The low removal efficiency of both the composites (as compared to cations removal)
could be due to the anionic nature of the alaite ion species present in the solution, as
discussed earlier (effect of pH experiment), which limits its adsorption on negatively
charged adsorption sites which dominate the surface of CH/HAp/CF composites in the

pH range (5.6.0) of this experiment.

5.1.2.7Kinetic modelling for metal ion adsorption on the CH/HAp/CF composites

systems

Kinetic modelling of metal ion adsorption on CH/HAp/CF composites was performed
with testing done for nehnear pseuddirst-order (PFO, section 1.11.1) and pseudo
secondorder (PSO, section 1.11.2) kinetics. The best fit of the PFO or PSO kinetic
models was decided upon by comparing tRev&ues calculated for both models and
choosing the Rvalue closest to 1 calculated for each model. The kinetics models fitted
to the expemental data of metal ion adsorption on the CH/HAp/CF composites are also
presented ifrigures 457 to 464 (Appendix 4).

Results: The calculated kinetic model parameters for metal ion adsorption are given in
Table 515. The comparison of coefficient of dgmination values (B of PFO and PSO
kinetic models showed that the PSO kinetic model was thefitiestmodel with an R

value closer to 1 than that for the PFO kinetic model for metal cation adsorption on both
composite systems (TablelB). The calclated adsorption capacity-gkin mg g*) using

the PSO kinetic model was 8.77 mg(@H/cHAp/CF) and 8.65 mg'g(CH/bHAp/CF)

for C?*, 41.85 mg ¢ (CH/cHAp/CF) and 46.43 mg'g(CH/bHAp/CF) for PB" and

10.06 mg ¢f (CH/cHAp/CF) and 10.41 mg'gCH/bHAp/CF) for Ci§*.

The best fit of the PSO kinetic model to the experimental data for metal cation adsorption
on the CH/HAp/CF composites indicated that the-liatéing step for these metal cation
adsorption on CH/HAp/CF composites waemisorption on the surfaté
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Table 5-15. The parameters calculated for metal ion adsorption on the CH/HAp/CF
composites based on each kinetic model fitted.

Metal Composite _PFO PSO

ions systems ki(min?) ge(mggh) R? ka(g mgtmin?t) ge(mggh R?

C* CH/cHAp/CF 0.249 7.990 0.980 0.037 8.772 0.999
CH/bHAp/CF 0.382 8.002 0.853 0.065 8.650 0.998

P+ CH/cHAp/CF 0.217 37.825 0.910 0.007 41.859 0.998
CH/bHAp/CF 0.218 42.102 0.875 0.006 46.433 0.996

it CH/cHAp/CF 0.115 8.980 0.945 0.014 10.063 0.996
CH/bHAp/CF 0.147 9.320 0.975 0.017 10.418 0.996

Chromate CH/cHAp/CF 1.118 20.612 0.447 0.086 21.918 0.998
CH/bHAp/CF 1.313 19.072 0.566 0.124 20.043 0.999

The chemisorption of metal cations on the CH/HAp/CF composites could occur through
the functional groups of chitosan, HAp, a@&. As mentioned earlier, the electron
donating groups of chitosanNH2) and the COO groups of CF could form metal
complexed'®>! which could assist the chemisorption of metal cations on the
CH/HAp/CF composite. Additionally, the HAp could beyiding the adsorption ability

(by introducing the iorexchange mechanism in CH/HAp/@Bmposites) givelCF on

its own is more weakly adsorbing of metal cations.

This finding is in good agreement with the adsorption literature, which has shown PSO
kinetics to apply for metal ion adsorption on the composites made from chitosan,
hydroxyapatite, and lignocellulosic fibféd1:368483 |t also aligns with the kinetic
modelling of metal ions on the CH/HAp (control) composites (see section 5.1.1.6).

For chromate ion adsorption modelligigure 451 and 452), the comparison of the
coefficient of determinationalues (R) from the PFO and PSO kinetic models showed
that the PSO kinetic model is the biged model with a higher R(>0.99) than that
calculated forthe PFOkinetic model for chromate ion adsorption on both composite
systems. The calculated adstion capacity (gin mg g*) of chromate ions by the PSO
kinetic model was 20.61 mg'dCH/cHAp/CF) and 19.07 mg'gCH/bHApP/CF). The
fitting of the PSO kinetic model to the data relating top chromate ion adsorption on the
CH/HAp/CF composites. It confirms that the chemisorption mechanism was the rate
limiting step for chromate ion adsorption using this composite. The findings of this batch
experiment align with the literature studies, which also reported the fitting of the PSO
kinetic model on the kinetics data of the chromate ion adsorption, using the

lignocellulosic fibre and coir pith bas@®mposites as adsorbefts?3
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5.1.3 Experiments involving the removal of metal ions by the CH/HAp/SCGs
composites (commercial & Bovinederived) from the singlemetal ion

type system

The chitosan/HAp/Spent coffee grouf@H/HAp/SCGs) composite (Ateecomponent
composite system) was synthesised by adding spent coffee grounds (SCGs) to the
CH/HAp composite. Like the control composites (section 5.1.1) and-tloraponent
composite systems (discussed earlier in section 5.1.2), the spectroscopicrasdapic
characterisation of the CH/HAp/SCGs composites was done and comprehensively
described in chapter 3 (in section 3.4.3).

The methods used in each batch experiment to remove metal ions using the
CH/HAp/SCGs composites are described in their regmedcections below. The
following describes the results of using this composite system to reméyeP@d, Cu*

and chromate ions from various model solutions and their adsorption and kinetic
modelling (using the same methods described for the earlspasite systems of this
study) to understand better the adsorption mechanism undergone by each metal ion and

the kinetics of the adsorption process in this composite system.

5.1.3.1Effect of adsorbent dose on metal ions removal by the CH/HAp/SCGS

composites

Experimental: The metal ion adsorption and removal (%) were measured using 0.01g to
0.05 g doses of the CH/HAp/SCGs composites for an initial metal ion concentration of
50 ppm (for Cé&*, Pl¥* and chromate ions solutionajd 25ppm (for C#*). The initial
solution pH ranged from 4-6.0.

Results:Table 516 (Figure 465- to 4-68, Appendix ¥presents the AAS results for metal

ion (Cd*, Pi¥*, CiP*and chromate ions removal efficiency (%) and adsorption capacity
"ge" (Mg g?) for the CH/HApP/SCGs anposite system with different adsorbent doses
(0.01g to 0.05 g). An obvious trend of gradual increase in removal efficiency (%) and
decrease in the adsorption capacity (mMyyaf CH/HAp/SCGs composites was observed

with an increase in the adsorbent dase attributed to similar reasons discussed in detail

in earlier sections (see neffect of adsorob

sections.1.1.1& 5.1.2.].

212



The maximum removal of Gtland PB* was recorded at 0.05 g of adsorbent dose, i.e.,
66-78 % (Cd*) and> 97% (PB") for a 0.05 g dose of the CH/HAp/SCGs composites.
Similarly, the removal%alues for Cd" ions range between 18:23.44 % recorded at

the 0.01 g dose and 81-28.77% recorded at the 0.05 g dose for both the CH/HAp/SCGs
composites tested. The systems demonstratecra%dncrease in the removal efficiency
when the adsorbentbde was increased from 0.01 to 0.05 g. These observations agree
with those made in the case of studies involving the metal ion adsorption systems on the
CH/HAp (control) composites, which indicated that the removal efficiency could be
enhanced by simply aneasing the adsorbent dose.

The comparison of Bband Cd* ions adsorption for a sorbent range of 0.01 g to 0.05 g
of the CH/HAp/SCGs composites indicated the removal ability of the CH/HAp/SCGs
composites is higher for Pbions than C# ions. This tred confirms the findings of
earlier composite systems studied for’Cand PB* adsorption (in sections 5.1.1 and
5.1.2), showing better adsorption ofPions and could be attributed to already explained
reasons related to the physicochemical charactersZfwlich allow for its relatively
higher adsorption than observed for’Con the HApbased composite systems.

Table 5-16: The effect of the adsorbent dose on the removal efficiency (%) and adsorption
capacity (mg g') of the CH/HAp/SCGs composites for the adsorption of the metal ions in

the singlemetal ion type solution systems

The effect of the adsorbat dose on removal (%) of metal ions using the CH/HAp/SCG:
composites

Dose (g) 001 002 003 004 005
cd| 1712 32.64 47.98 59.05 66.86
Pb| 3493 6001 89.78 9621 97.97

CHICHAP/SCGs 18.25 34.05 4914 6536 81.29
Cr (as chromate ions) 32.22 34.00 35.39 35.38 35.72
cd| 18.18 34.81 49.24 6337 77.98
Pb| 4578 66.33 9438 96.73 97.99

CHIbHAP/SCGs 23.44 4030 5895 7650 94.77

Cr (as chromate ions) 32.17 3353 3441 39.34 39.63
The effect of the adsorbent dose on thadsorption capacity (in mg g') of the CH/HAp/SCGs
composites with respect to the metal ions adsorbed

cd| 1712 1632 1555 1476 1337
Pb| 3461 3047 29.87 2406 19.58
CHICHAPISCGs 913 851 819 817 813
Cr (as chromate ions) 16.11 8.50 5.90 4.42 3.57
cd| 1818 1741 1659 1584 1541
Pb| 42.43 34.09 3129 2415 19.59
CHHAP/ISCGs 1172 10.07 9.82 956 9.8

Cr (as chromate ions) 16.09 8.38 5.74 4.92 3.96
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The maximum adsorption of €dwas 17.12 mg 4 and 18.18 mg § for the
CH/cHAp/SCGs and the CH/bHAp/SCGs composites, respectively, recorded at an
adsorbent dose of 0.01 g. Overall, both the composites showed similar adsorption
capacities (mg4 for C* as the maximum difference between the adsumgapacities

of thetwo composites is-2 mg g* at all adsorbent doses studied from 0.01 g to 0.05 g.

In contrast, better adsorption ability of the CH/bHAp/SCGs fof* Rbhan the
CH/cHAp/SCGs was recorded, which aggavith the effect of adsorbent dose Pi3*
adsorption on the CH/bHAp composite systems. It is associated with the higher removal
efficiencies of bHApbased composites for Phions due to the relatively higher surface
area of these composites than cH#gsed composites.

Generally, althree bHApbasedcompositesgee earlier sections 5.1.1 & 5.1.2) showed

a better removal efficiency for cations than the cH¥gsed composites. It could be
deduced from these observations that the presence of bHAp plays a role in the better
adsorption abilityof composites than cHAp. This better adsorption ability of these
composites could be attributed to the relatively higher surface area of-babpl
composites as observed in earlier systems.

The constitutional functional groups of CH/HAp/SCGs compogiadR analysis of
CH/HAp/SCGs composites, Table33Chapter 3) act as binding sites for metal cations
removal by iorexchangemetatcomplexation, and electrostatic interactird®348} The

HAp might be the mostominantly adsorbingomponent of CH/HAp/SCGs, which could
participate in cations removal in several ways, as described in detail in earlier sections
(section 1.5.4).

AAS data for chromate ion adsorption on the CH/HAp/SCGs composites is presented in
Table 515 (and inFigure 467 to 468, Appendix % which provides a summary of the
effect of adsorbent doses for chromate ion adsorption and removal on the
CH/cHAp/SCGs ad the CH/bHAp/SCGs composites. A gradual increase in removal
efficiency was noted (and aligned with the observations recorded for cation removal) and
was attributed expectedly to the availability of more adsorbent surface area for the uptake
of chromate ias. However, it was noted that the maximum removal (%) was less than
40% for both the composites in solutions containing the maximum adsorbent dose of 0.05
g. In contrastto this observation, when the same composites were exposed to solutions

containing Cd*, Pi¥*and Cd*ions At asimilar (0.05 g) dose, the composites were found
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to achieve atleast 380% removal of the cations from those solutions (see earlier
discussion on this). This observation of relatively low chromate ion removal (%) relative
to caton removal {.e., C#*, PI¥* and Cd") on the CH/HAp/SCGs composites agrees
with the observations recorded earlier for chromate ion removal by the control composite
system (section 5.1.1) and the CH/HAp/CF composite system (5.1.2). However,
compared to th control composites, the removal efficiency of CH/HAp/SCGs is better
(Table 515) for the adsorption of chromate anions than the CH/HAp composites (control)
(Table 51) as the maximum removal of chromate anion at 0.01 g to 0.05 g of CH/HAp
composites rareg from 1729%, while it is 3229% for the same dose of CH/HAp/SCGs.
This better adsorption of chromate anions on CH/HAp/SCGs than CH/HAp (control)
composites could be attributed to the presence of SCGs providing suitable adsorption
sites for the removalfahromate anions. These adsorption (binding) sites could be the
polyphenolic groups of tannins found in the SCGs and the carboxyl groups found in the
lignocellulosic portion of SCGs (Chapter 1, sectlob.4(Table 14)).

The removal efficiency (%) of CHIAp/SCGs composites with respect to chromate ion
increased by -3%, increasingthe adsorbent dose from 0.01 g to 0.05 g. The
CH/cHAp/SCGs composite and the CH/bHAp/SCGs composite showed comparable
adsorption of chromate anions (m@) ghromate, rangingdm 16.0816.11 mg ¢ at an
adsorbent dose of 0.@l

5.1.3.2 Effect of solution pH on metal ions removal by the CH/HAp/SCGs composites

Experimental: The effect of solution pH on metal ion adsorption (m§ gn the
CH/HAp/SCGs composites was recordedusyng an initial metal ion concentration of
50 ppm (for C&" and Cd*) at 0.05 g of adsorbent dose. The initial metal ion
concentrations of Phand chromate ion solutions were 20 ppm and 35 pismectvely,
which were exposed to 0.01 g of adsorbent fmsthe measurements of the effect of pH.
The pH was altered between 4.0 and 8.0 (fof*Gahs), betweerd.0 -5.8 for PB*
between 4.6.5 for Ci#* and 4.09.5 for chromate ion solution. A restricted pH range was
used for PB" and C@"* due to the prepitation risk of these metglas mentioned earlier
in the results and discussion involving adsorption on the control composites).
Results:Table 517 andrFigures 469 to 472, appendix 4the AAS datalemonstratéhe
change in adsorption capacity (mg)®f the CH/HAp/SCGs composites for metal ion

215



adsorption with changing the solution pHA similar trend in cations (Cd, Pi¥* and

Cu?") adsorption was recorded earlier for the CH/HAp (control) composites and base
three component composites.

About 2 mg ¢ increase in adsorption capacity of CH/HAp/SCGs composites was
recorded for C# ion adsorption when the pH of the solution was hfiem 4.0 to 5.0.

It slightly decreased after 5.0. No prominent changes in the adsorption capacity of the
composites were recorded by varying the pH of the solution from 6.0 to 8.0. Similarly,
the PB* adsorption was a maximum at pH 5.0, decreased lightpH >5.0 and
increased again when solution pH was >5.6. Th& @um adsorption was not greatly
affected by the changing of pH in the solution from 4.0 to 6.5 in both the composites. It
was found that at a pH of 5@0, the C&"ion removal was obseed to be at its maximum

with an adsorption capacity of about 9.16 and 9.51 rdog CH/cHAp/SCGs and
CH/bHAp/SCGs, respectively. The trends could be explained by similar reasons as

discussed in detail in earlier sections (see sexfidn1.2& 0).

Table 5-17: The effect of the solution pH on the adsorption capacity (in mg% of the
CH/HAp/SCGs composites for the adsorptiorof metal ions from solutions containing only

one type of metal ion

pH 4.0 5.0 6.0 7.0 8.0
cd| CH/cHAp/SCGs 12.68 13.19 12.44 12.62 12.71
CH/bHAp/SCGs 13.22 15.34 14.41 14.56 15.04
pH 4.5 5.0 5.5 6.0 6.5
Pb) CH/cHAp/SCGs 36.99 41.28 38.53 40.97 42.32
CH/bHAp/SCGs 41.32 42.94 41.17 42.67 42.71
pH 4.0 5.0 5.5 6.0 6.5
Cu| CH/cHAp/SCGs 9.10 9.16 9.15 9.15 9.09
CH/bHAp/SCGs 9.50 9.51 9.51 9.51 9.31
pH 4.55 5-5.5 6-6.5 7-7.5 8-8.5
Cr as chromate ions CH/cHAp/SCGs 18.3 17.45 15.3 9.518 8.264
CH/bHAp/SCGs 18.4 18.538 15.4 10.1 9.328

As discussed in detail ioontrol composites and the babeee component composites
(CH/HAp/CF composite systems), the charges on functional groups (binding sites of
adsorbents) are affected by the change in the pH of the metal ions solution. The functional
groups which could begtential binding sites for cation adsorption of the CH/HAp/SCGs
composites include the hydroxyl, amino, carbonyl and phosphates groups as presented in
FTIR Spectra of the CH/cHAp/SCGs (Table€3Chapter 3). So, the lower adsorption
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measured at lower pH @) could be attributed to hydrogen ion competition and
protonation of the mentioned active sites on the chitosan/HAp/SCGs composite. The
control composite system (CH/HAp) and the CH/HAp/CF composites showed an
increasing cation adsorption trend when tlodutson pH was >4.0 Similarly, the
CH/HAp/SCGs composite system was also found to perform efficiently in pH higher than
4.0. The literature studies that employed SCGs as a bio adsorbent reported pH > 5.0 as
an optimum pH for metal ion removal using th€@& as an adsorbent for metal
cation$®2>°3

The literature discussed above and in earlier sections (referred to the batch experiments
of the "effect of solution ptén cation adsorption™ in sectioBsl.1.2& 5.1.2.9 indicaes

that a pH range of > 4.0 is favourable for the availability of functional groups on the
surface of chitosan and HAp part of composites. Similarly, the availability of
binding/adsorption sites on carbonacepast of adsorbents (sues chitosan, coir fibre

and SCGs) for metal cation adsorption affects the surface charges on functionaP@jroups
by controlling the protonation and deprotonation of the active sites of the adsorbents in
the solution. For instance, the defmnation of carboxylic groups (COOfound in
carbonaceous materials (such as in SCGs) occurred at pH > 4.0 to provide adsorption sites
for metal cation adsorptiéfr>?’. Moreover, the excess of metal ions in the solution at pH
4.0-5.0 further enhances the adsorption of cations on these composiappasted by

the literaturé®’°2>526 So, in line with the CH/HAp (control) composites and the
CH/HAp/CF composites, the pH range 00%.0 was considered optimum for cation
adsorption on the CH/HAp/SCGs composites.

Table 517 also presents the AAS data showing the effect of initial solution pH in
chromate solutions exposed to 0.01 g of adsorbent doses of the CH/HAp/SCGs
composites onlromate ion adsorption on the CH/HAp/SCGs composites. Overall, the
observations indicate that the acidic/low pH favours chromate ion adsorption on such
composite systems and can be attributed to the factors discussed earlier, such as the
speciation of chnmateas HCrQ™ and CrQ? at pH <5.03% to favourits interaction with
protonated amino groups (NH on the chitosan and positively charged species on HAp
surface (see 5.1.1.1 &.1.1.9 by electostatic interactions. Additionally, a report on
chromate adsorption on SC&states that the decrease in removal of chromate ions with

increasing pH is due to the deprotonation of active sites (hydroxyl and carbonyl groups)
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at pH >5.3and abundance of negative ions in solution (e.g. &id COQ) which may
create competition for these ansadsorption®2->%3

The trend obetter chromate ion adsorption at low pH (<5.0) agrees with other published
studies for the adsorption of chromate ions on coir fibre, activated carbons or chitosan

based composite systems and SCGs based composite SyStImE>°>

5.1.3.3Effect of the initial metal ion concentration on metal ion removal by the
CH/HAp/SCGs composites

Experimental: Initial metal ion concentration was varied between 10 ppm and 50 ppm
(for C#* and PB"and chromate ions) and betwe® ppm and 25 ppm (for &) for a
constant adsorbent dose of 0.01g, while the initial solution pH w&s 3 for evaluating

the effect of initial sorbate concentration of the solution on metal removal. Further, the
data recorded using AAS in this expeent were used to study the adsorption mechanism
by fitting adsorption models (ndimear Langmuir and Freundlich for cations and
linearised adsorption models for chromates, discussedh the upcoming section) by
using the same methods as have alreaéy lolescribed for the control composite systems.
Results: Table 518 shows the AAS data, presenting the effect of the initial metal ion
concentration on Cd adsorption on the CH/HAp/SCGs composites. The results are also
exhibited in Figured-73 to 476 (Appendix 4).

There was a gradual decrease in removal efficiency of the CH/HAp/SCGs composites
with increasednetal ion concentration observed. At the same time, the adsorption
capacity (gin mg g*) of the composites was noted to increase witheasing the metal

ion concentration in solution when exposed to a constant adsorbent dose of 0.01 g.
Relatively better adsorption of cations GdCw*, PB*) on the CH/bHAp/SCGs
composites agrees with the observations recorded earlier for the lbd#&gh composites
systems. This observation further strengthens the better removal efficiency of bHAp
based composites in this study. It could be attributed to the availability of the higher
surface area in the CH/bHAp/SCGs composites than the CH/CHAp/SCGxsites
resulting in a good performance of bHApsed composite in the metal ions removal
mechanisms. The CH/HAp/SCGs composites were extremely heterogeneous as their
grain sizes (average) varied from 28kyg to 78 n¥/kg, as recorded using the Mastersizer

particle size analyserAppendix 3, Figure G & W This could be attributed to the
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heterogeneous nature of the components (like the SCGs) that constituted the composites.
It could also have an impact on the adsorption of the metal ions and can causarirreg

trends recorded for the removal of the metal ions by the CH/HAp/SCGs composites.

Table 5-18 The effect of the initial metal ion concentration on the adsorption of different
metal ions on theCH/HAp/SCGs composites in a singlenetal ion type solution system

The removal (%) of metal ions using the CH/HAp/SCGs composites

Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
cd| CH/cHAp/SCGs 40.48 34.21 28.16 22.82 18.87
CH/bHApP/SCGs 44.82 37.55 29.60 24.36 20.03
Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
Pb| CH/cHAp/SCGs 78.51 57.84 4571 3871 33.59
CH/bHApP/SCGs 79.79 64.60 58.26 49.67 41.87
Metal ion concentrations (ppm) 5.0 10.0 150 200 25.0
Cu]| CH/cHAp/SCGs 40.30 31.36 24.12 20.14 16.30
CH/bHApP/SCGs 57.93 42.69 35.09 29.71 25.11
Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
Cr as chromate ion CH/cHAp/SCGs 56.62 50.54 4451 39.49 37.46
CH/bHApP/SCGs 54.60 51.53 46.00 39.56 36.76
The adsorption capacity (in mg ¢') of the CH/HAp/SCGs composites for different metal ions
Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
cd| CH/cHAp/SCGs 8.10 13.68 16.90 18.26 18.87
CH/bHApP/SCGs 8.96 15.02 17.76 19.49 20.03
Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
Pb| CH/cHAp/SCGs 15.70 23.14 27.43 30.97 33.59
CH/bHApP/SCGs 15.96 25.84 34.96 39.73 41.87
Metal ion concentrations (ppm) 5.0 10.0 15.0 20.0 25.0
Cu| CH/cHAp/SCGs 4.03 6.27 7.24 806 8.15
CH/bHApP/SCGs 5.79 8.54 10.53 11.89 12.55
Metal ion concentrations (ppm) 10.0 20.0 30.0 40.0 50.0
Cr as chromate ion" CH/cHAp/SCGs 5.66 10.11 13.35 15.80 18.73
CH/bHApP/SCGs 5.46 10.31 13.80 15.83 18.38

The maximum adsorption of Phwas recorded at 50 pm, which was 33.58 mgugd

41.87 mg ¢ on the CH/cHAp/SCGs and CH/bHAp/SCGs composites, respectively. The
hi ghest removal (%) & 80 %, was rec®rded
adsorption is higher (about double) on the CH/HAp/SCGs composites ttfanasd
evident from the comparison of the removal (%) values &f Bhd Cd* ions by
adsorption on the CH/HAp/SCGs composites (Takl&p when a 0.01 g adsorbent dose

of the compsites is exposed to 10 ppm solution of Riy Cc*. It again implies the better

adsorption of PH ions than C& ions on these composite systems due to the already
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mentioned chemical characteristics ofRbns, which enable it to better adsorb on the
HAp-part of the composites by iexchange mechanisms (with Caions) and
electrostatic attractions (with negatively charged phosphates and hydroxyl groups).
Several mechanisms simultaneously assist these cations removal from solution on such
complex adsqation systems, as discusga@viouslyin earlier sections of this study.

To understand the adsorption behaviour of cations on the CH/HAp/SCGs composites
system, the batch experiment data of this experiment was evaluated usiligeaon
adsorption isothen models for Langmuir and Freundlich type adsorption (as described

in earlier sections of this study) and discussetiéupcoming section.

Similar to cation removal using thdHIHAp/SCGs composites, a continuous increase in
adsorption capacity (mg™y of both the composites for chromate adsorption with
increasing metal ion concentration from 5 ppm to 25 ppm is attributed to the availability
of more metal ions to sorb on a fixed number of active sites of 0.01 g of the adsorbent at
all concentrations. Ircomparison, a continuous decrease in removal efficiency (%)
corresponds to the availability of more metal ions to sorb on a limited number of active
sites to remove met al i 0 n s'for bdththe commpositesnu m a d s
was measured at 25 mpconcentration of chromate ions in solution. The maximum
removal (%) of chromate ions was measured at 5 ppm concentration and ranged between
54 to 56% for both the composites. Both the composites showed comparable removal
efficiencies at all the ion conetrations studied in this batch experiment. The maximum
difference between the removal efficiencies of the two composites is less than 1%. To
understand the removal mechanism and estimate the maximum adsorption capacity (q
mg g*) of this composites stam, the AAS data collected in this experiment was further

analysed using adsorption models as has been done in other systems.

5.1.3.4Adsorption modelling of the CH/HAp/SCGs composites for the adsorption of

metal ions

Experimental: The experimental results afetal ion adsorption on the CH/HAp/SCGs
composites were tested against 4iaear Langmuir and Freundlich isotherms as
described earlier (section 5.1.1.4) and present&thures 477 to 484 (Appendix 4).
Results: The calculated isotherm parameters for two adsorption models for metal ion

adsorption on all the CH/HAp/SCGs composites are given in Tab% 5
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Table 5-19. Adsorption isotherm parameters for metal ions(Cd?*, Pb** and Cu?*and
chromate) adsorption on the CH/HAp/SCGs composites

Adsorption . .
Metal ions Isothe?ms Langmuir Freundlich
Parameters gnax(Mggl) K. R? R 1n Ke(mgg!l) R?
C* CH/cHAp/SCGs 24.62 0.09 0.99 0.21 0.39 4.75 0.93
CH/bHApP/SCGs 25.46 0.11 0.99 0.19 0.36 5.65 0.93
P CH/cHAp/SCGs 34.69 0.31 0.93 0.09 0.28 12.75 1.00
CH/bHApP/SCGs 49.09 0.19 0.98 0.15 0.35 13.37 0.97
cwt CH/cHAp/SCGs 9.99 0.24 0.99 0.17 0.33 3.11 0.95
CH/bHApP/SCGs 14.57 0.29 1.00 0.16 0.35 4.63 0.99
Chromate CH/cHAp/SCGs 27.17 0.12 1.00 0.35 0.59 3.70 0.99
CH/bHApP/SCGs 31.34 0.09 1.00 0.40 0.61 3.57 0.97

The comparison of ®Ralues of nodinear Langmuir and Freundlich models revealed that
the Langmuir isotherm model was thestfitted model for explaining the adsorption of

Cd?* andCu?* on the CH/HAp/SCGs composite wittf R0.98. The Langmuir isotherm
model fitted to these cation adsorption data for the CH/HAp/SCGs composites suggested
a monolayer adsorption model for catsoon a homogeneous adsorbent suffice
However, the surface of these composites is highly heterogeneous, so the data could be
analysed further by using another adsorption model sutte&ips isotherm, whicls

used to describe the adsorption behaviour on heterogeneous surfaces.

In contrast, the Freundlich isotherm model better fit thé&" RBdsorption data on the
CH/cHAp/SCGs composites, with the goodneséitdR? value closer to unity than the
Langmuir isothem model (R >0.93). The Langmuir and Freundlich are equally fit for
describing adsorption on the CH/bHAp/SCGs composites, wittaRies ranging from
0.9720.973. Similarly, the Freundlich adsorption isotherm is also showing a good fitting
with R? values fom 0.940.99 being obtained (for Gliadsorption) and >0.90 for &d
adsorption. These findings indicate a complex adsorption mechanism involved in metal
ion adsorption on CH/HAp/SCGs as the surface morphology of these composites did not
show the homogesed surface to provide the adsorption siBesthe Langmuir model

could not alone describe the adsorption behaviour. The cation adsorption could be
considered to follow the range of behaviours while being adsorbed on these composites
The adsorption ofhese metdabns on the CH/HAp/SCGs composites could be explored

further to confirm the removal mechanism of the composites using more complex
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adsorption models (such as Sips), which deal with the heterogeneous adsorption
mechanisms.

The maximum adsorptionapacity (¢ax mg gl) in relation to C&" adsorption on the
composites was 9.98 mg @nd 14.57 mg ¢ (calculated using the Langmuir model) for

the CH/cHAp/SCGs and CH/bHAp/SCGs compositespectively. Similarly, @gx (Mg

gl of C* was 24.62 mg § and 25.46 mg 4 on the CH/cHAp/SCGs and the
CH/bHAp/SCGs composites, respectively, wihile maximum adsorption capacityég

mg g} was estimated using the Langmuir model for?*Phdsorption on the
CH/cHAp/SCGs composite and the CHAp/SCGs composite was 34.68 mg and

49.09 mg ¢, respectively. The higher Pbadsorption (gay than Cd* on the
CH/HAp/SCGs composites confirms the observations of earlier composites systems
discussed in earlier sections.X.1.4&5.1.2.4), which also presented better adsorption
capacity for PB'than Cd*when these composites were exposesingle-metal ion type

ion solutions of P or Cd*™.

The values of the dimensionless facter(Balculated using equatior9j for metal ion
adsorption on the CH/HAp/SCGs composites given in Taldl@ mdicatedh favourable
adsorption process as 0 €« R1.

Several literature studies reporteck tfitting of Langmuir to describe the adsorption
behaviour of cation on spent coffee grounds (SCGs). For instance, Patteré?et al.
estimated the maximum adsorption (4.48 iy of CcP* on spent coffee grounds using
thenontlinear Langmuir isotherm model, which is 6 émless than the estimated value

in the present study. Another stdeireported maximum adsorption of 15.65 myajf

Cd?* estimated sing Langmuir isotherm when a 100 ppm solution was exposed to 3 to
24 g of adsorbent dose. In contrast to these literature studies, the present study presents
higher maximum adsorption £g) of the CH/HAp/SCGs composite (Tablel9). It
indicated that th@dsorption capacity of SCGs to adsorb metal ions could be enhanced
by synthesising its composites with other efficient adsorbents such as HAp.

Apart from the removal mechanisms (discussed earlier in section 5.1.1) on the CH/HAp
part of thesecomposites,the metal complexation was reported as one of the prominent
mechanisms involved in metal cations removal using polyphenolic groups (from tannin)
of SCGS°"5%8(reactions are not explained in articles). The negatively charged carboxyl

and hydroyl groups of SCGs could also participate in electrostatic interactions to adsorb
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positively charged catiof®. Additionally, the presence of hydroxyapatite components

in the CH/HAp/SCGs composites could enhance the removal efficiency of these bio
adsorbents by providing the sites for an effectivearchange mechanism as described

in earlier setons.

As described above, linearized Langmuir and Freundlich isotherms were used in the
adsorption modelling of chromate ion adsorption on CH/HAp/SCGs composites by the
method described earlier in the CH/HAp (control) composite system (sécfidng.

The results of these calculations are presented in Telfe(8ee above).

Table5-20showsthe linearized Langmuir and Freundlich equation calculaitdlinear

fitting of theLangmuir and Freundlich isotherms using Microsoft Excel for chromate ion
adsorption on the CH/HAp/SCGs composites. The equations generated from these fits are

given as bllows:

Table 5-20: The linearized equations calculated for chromate ion adsorption on the
CH/HAp/SCGs composites using linearised Langmuir and Freundlich isotherms

Composites Linearised Langmuir Equation Linearised Freundlich Equation
CH/cHAp/SCGs | y =0.3042x + 0.0368 (R2=0.9987) | y = 0.594x + 1.3092 (R2 = 0.9933)
CH/bHApP/SCGs | y = 0.339x +0.0319 R? = 0.9963) y =0.6124x + 1.2722 (R2=0.974)

Hence using the above equations, tlamgmuir and Freundlich isotherms parameters
were calculated by the method described earlier in the CH/HAp composites (Section
5.1.1.4)

The comparison of Rvalues of both adsorption models reveals that both the Freundlich
and Langmuir adsorption isotherm&re found to fit the data and suggested that the
adsorption of chromate isna range of behavioursncluding homogeneous and
heterogeneous surfaces. Though the Langmuir modediRes are relatively higher than
Freundlich (Table 89) for CH/HAp/SCGs empositesandthe Freundlich model also
shows a good fit with Rraluesof >0.97 being obtained from fits to data. Keeping in view
the complex nature of CH/HAp/SCGs, which exhibited highly heterogeneous surfaces
under the SEM images (Figureld® & 3-20) and also exhibited heterogenedyge
surface characteristics at the macroscopic level (visual chasticir the data could be
explored bynmorecomplex adsorption models such as tHeetor adsorption models.Q.,

the Sips model).
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The maximum adsotjn capacity (mg @) of the CH/cHAp/SCGs composite and the
CH/bHAp/SCGs composite for chromate ion adsorption, as estimated by the Langmuir
isotherm model, is 27.17 mgt@nd 31.34 mg ¢ respectively, which is lying close to

the experimental values ehromate ion adsorption on the CH/HAp/SCGs composites.
The dimensionless factor. Rf Langmuir isotherm also showed favourable adsorption of
chromate ions on both the composites as 0<R

The Freundlich isotherm par ancdtiedcatng 1/ no v
favourable adsorption of chromate ions on both the composites. As described earlier (in
Chapter 1), the 1/n factor dahe Freundlich isotherm is also used to describe the
heterogeneity of the adsorption process in literatfr¥. If the value of 1/n is higher for

one adsorbent than the other, it means the adsorption is occurring on a more
heterogeneous surfaéé For chromate ion adsorption on the CH/HAp/SCGs composites,
the value of 1/n is similar forblot t he CH/ HAp/ SCGs composites
the chromate ion adsorption is occurring on a similar heterogeneous surface of the
CH/HAp/SCGs composites.

Loulidi et al. reportetP°the Langmuir isotherm model as the bitsed mockel to describe

the Cr(VI) adsorption on spent coffee grounds (SE&sJhey estimated a maximum
adsorption capacity (mg'y of 42.9 mg ¢, using the Langmuir isotherm model, at an
adsorbent dose of 2.5 g exposed to 100 ppm chromate ions solution. In the present study,
the estimated value of chromate ion apgson on the CH/HAp/SCGs composites ranges
from 2931 mg gt for 0.01 g of adsorbent dose of composite exposed to 52pppm
chromate ions solution. The lower adsorption capacity of the CH/HAp/SCGs for
chromate ions than the estimated value of chromat@adsorption on raw SCGs in the
mentioned literature study could be attributed to the higher adsorbent dose of adsorbent
(2.5 g) employed in the literature study, as it has been discussed earlier that the adsorption
capacity is dependent upon the sorbai@ecules providing the binding sites for the
removal of the metal ions. Another stétfyreported 10.2 mg Yas the maximum
adsorption capacity of SCGs for the chromate ions, estimated using the Langmuir
adsorption isotherm, using 0.1g of SCGscontrastjn the present study, the estimated
maximum adsorption capacity of the CH/HAp/SCGs is higher for the chromate ions,
using ten times less adsorbent dose (0.01 g) of adsorbent. It indicated that the addition of

HAp could enhance the adsorption capacitycfoomate removal from agueous solutions
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when the SCGs are used to form a composite with HAp (as shown by the CH/HAp/SCGs
composites).

Several studig8®**°reported the Freundlich isotherm model as the-fiéstl model to
describe the chromatadsorption on spent coffegrinds based adsorption systems,
indicating a heterogeneous nature of adsorption for chromate ions on these adsorbents. In
the present study, the Freundlich isotherm shows a suitable fittifre.@%-0.99).
Considering the finaligs of the literature studies and the nature of the CH/HAp/SCGs
composites, the Freundlich isotherm model could be regarded as a more suitable model
than the Langmuir isotherm model to demonstrate the nature of chromate ion adsorption
on this heterogeneogsmposite system. However, the empirical nature of the Freundlich
model does not support its applicability. So, other models dealing with heterogeneous
adsorption could be used to study the adsorption of the chromate ions on the
CH/HAp/SCGs composites.

5.1.3.5Comparison of the maximum adsorption capacities of the CH/HAp/SCGs
composites and CH/HAp (control composites) for metal ion adsorption as

estimated by the Langmuir isotherm model

The comparison of the maximum adsorption capacities iy mg g*) of the ontrol and
CH/HAp/CF composites, estimated by Langmuir for metal ions adsorption studied, is
presented in Table-B1.

Table 5-21: Comparison of adsorption capacities (gax mg g*) of the CH/HAp (control) and

CH/HAp/SCGs composites as estimated the Langmuir isotherm model

Composites Cd* Pb?* Cu?* Chromate ions
CH/cHAp 24.33 52.42 15.91 45.04
CH/bHAp 33.93 90.13 23.67 34.72
CH/cHAp/SCGs 24.62 34.69 9.99 27.17
CH/bHAp/SCGs 25.46 49.09 14.57 31.34

Table 521 illustrated the estimated adsorption capacity (in M@fthe CH/HAp/SCGs
for metal ions adsorption was lower than the control composites systems, which could be
attributed to the blockage of the adsorption sitesherHAp-part of the composites

particularleading to a reduction in the adsorption abitiffthe composites.
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5.1.3.6Effect of contact time on metal ions removal by the CH/HAp/SCGs composites

Experimental: The effect of contact time on metal ions removal (%) studied by the
CH/HAp/SCGs composites was measured using different experineantditions for

each metal ion by varying the contact time between 1 minute and 120 mAGtés g

dose of adsorbent was used forCahdP?* (50 ppm) and Cii (50 ppm) adsorption in

a singlemetal ion type solution system. In comparison, 0.01 g®fitise was exposed

to 25 ppm chromate solution to measure the effect of time on the chromate adsorption on
the CH/HAp/SCGs composites.

Results: Table 522 (Figures 485 to 488, Appendix ¥presents the AAS data recorded

for the effect of contact time ometal ion removal (%) using the CH/HAp/SCGs
composites. A similar trend of rapidetal ion adsorption in the initiat30 minutes was
observed and aligns with observations recorded earlier for control composites. The rapid
increase in removal efficiency ewthe period of 1 to 30 minutes contact time could be
attributed to the excess availability of active sitéH, -OH, -COO and-PQ:*) at the
beginning of the adsorption process, which gradually saturates and reaches equilibrium
at 120 minutes.

Table 5-22: The effect of the contact time on the adsorptior{% removal) of metal ions on

the CH/HAp/SCGs composites system from a single metal ion type solution system

Contact Time (minutes) 1 2 3 4 5 10 15 30 60 120

CH/cHAp/SCGs 10.60 14.84 20.01 24.46 26.40 32.93 41.13 54.76 60.12 67.87

Cdl CH/bHApP/SCGs 19.53 24.48 26.49 36.06 38.69 42.16 45.08 58.58 65.04 77.99
CH/CHAp/SCGs 24.34 28.45 33.90 34.06 42.09 57.47 66.37 85.34 97.58 97.59
Pb)
CH/bHAp/SCGs 15.71 25.33 28.95 31.37 39.23 50.47 71.64 95.89 97.81 97.99
Cu| CH/cHAp/SCGs 7.02 9.53 13.01 16.51 17.57 32.15 42.58 59.15 64.04 81.18
CH/bHAp/SCGs 6.43 13.53 18.4 19.19 23.74 35.09 43.04 68.06 76.29 89.73
Chromate CH/cHAp/SCGs 18.67 20.83 21.32 2255 22.74 23.70 36.11 36.25 36.36 36.40

CH/bHAp/SCGs 13.89 19.78 19.89 22.03 22.10 23.28 36.3 36.64 36.65 36.56

The adsorbents reached adsorption equilibrium in 120 minutes, illustrating the saturation
of active sites on the adsorbent surface and achieving 67% &ndd&ions(Cd | Pb]
and @umpval Yor the CH/HAp/SCGs compositeelatively better removal of the
CH/bHAp/SCGs than CH/cHAp/SCGs aligns with the observations recorded in earlier
batch experiments conducted using the CH/HAp/SCGs composites for the removal of

cations (see above).
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Forthe chromate ions, the composites achieved maximum refo@l3 6 %) wi t hi
minutes of contact time with the solution. This was also the adsorption equilibrium time
for the CH/HAp/SCGs composites for chromate ion adsorption, as no further change in
theremoval (%) was recorded after 15 minufBse rapid saturation of the binding sites

on the adsorbent surface is attributed to high affinity of chromate aniongor the
surface adsorption sites. Thigh affinity of chromatdon could be due to the avability

of excess hiding sites on the adsorbent surface for chromate anion adsorption. The
relatively lower removal efficiency (only 36 %) of both the composites (as compared to
cations removal, Table-32) could be due to the anionic nature of the clatemon
species present in the solution, which limits its adsorption on negatively charged
adsorption sites whictvould dominate the surface of CH/HAp/SCGs composites in the

pH range (5.66.0) of this experiment.

5.1.3.7Kinetic modelling for metal ions (C#, Pb?*, Cw* and chromate ions)
adsorption on the CH/HAp/SCGs composite systems

Kinetic modelling of metal ion adsorption on the CH/HAp/SCGs composites was
performed with testing done for ndinear pseuddirst-order (PFO) and pseug®cond

order (PSO) kintcs usingthe nontlinear regression method as described earli¢inen
control composites section (for detail see appendix 1.3).

Results: The calculated kinetic model parameters for metal ion adsorategiven in

Table 523. The comparison of coefficient of determination valued (RPFO and PSO
kinetic models showed that the PSO kinetic model is thefitiest model with greater

R? than PFO kinetic model for metal ion adsorption onto both composite systems. The
PSO kinetic model fitting the experimental data of metal ion adsorption on the
CH/HAp/SCGs composites indicating the rltmiting step for metal ions on these
composites is a@misorptio*’. These observations are in line with the findings of the
control composites, illustrating the chemisorption isatelimiting step of the metal
adsorption on these HApased composite3he finding is in good agreement with the
adsorption literature, which has shown the PSO kinetics to apply for metal cations (such
as Cd" and PB") adsorption on the composites mdiden chitosan hydroxyapatite, and

lignocellulosic fibre&3111.368:483
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Table 5-23: The parameters calculated for metal ion adsorption on the CH/HAp/SCGs
composites based on each kinetic model fitted.

Metal Kinetics Model PFO PSO

ions Parameters ki(min?) ge(mgg!) R? k2(g mg'min?t) ge(mggl) R2?

C* CH/cHAp/SCGs 0.08 12.99 0.96 0.01 14.65 1
CH/bHApP/SCGs 0.33 17.69 0.81 0.01 15.13 0.99

PR CH/cHAp/SCGs 0.11 18.56 0.93 0.01 20.78 0.99
CH/bHApP/SCGs 0.09 19.61 0.97 0.01 22.19 0.99

Cl* CH/cHAp/SCGs 0.01 17.5 0.92 0 27.52 0.97
CH/bHApP/SCGs 0.01 16.65 0.93 0 23.67 0.97
CH/cHAp/SCGs 0.35 16.84 0.56 0.03 18.06 0.98

Chromate CH/bHAp/SCGs 0.27 17.36 0.75 0.02 18.74 0.99

The chemisorption of metal ions on the CH/HAp/SCGs composites couldthoough

the functional groups of chitosan, HAp, and SCGs as described earlier in the batch
experiment "the effect of adsorbent dose" above. Metal chelation by the eldotating
groups of chitosanH2), polyphenolic groups of SCGs and hydroxyl groapall three
components of CH/HAp/SCGs composites could be involveithérchemisorption of

metal ions on tese composite¥'®>°7 Additionally, another mechanism such as ion
exchange between €a(of HAp) and cations, surface adsorption via electrostatic
interactions between positively charged metal cations and negatively charged species (
OH, -PQ:*, COO) on the surface of the CH/HAp/SCGs corsipes, simultaneously
could be involved in metal removal using such complex composite systems.

The calculated adsorption capacityifomg g*) calculated by the PSO kinetic model was
14.65 mg ¢f (CH/cHAp/SCGs) and 15.13 mg'gCH/bHAp/SCGs) for Ctf , 20.78 mg
gland 22.19 mg ¢ for P* and 27.51 mg §(CH/cHAp/SCGs) and 23.67 mg'g
(CH/bHApP/SCGs) for Cti.

The comparison of the coefficient of determination value {l@m the PFO and PSO
kinetic models showed that the PSO kinetic model ibdéiséfitted model with a higher

R? (>0.98) than that calculated for the PFO kinetic model for chromate ion adsorption on
both composite systemBhe calculated adsorption capacity{gin mg g*) of chromate

ions (related to the adsorbent dose) bythe RSOn et i ¢ mo d e'for battatse & 1 8
CH/HAp/SCGs composites. The fitting of the PSO kinetic model to the data relating the
chromate ion adsorption on the CH/HAp/SCGs composites confirms that the
chemisorption mechanism was the #atating step forchromate ion adsorption using

this composite.
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5.1.4 Experiments involving the removal of metal ions by the
CH/HAp/ zeolite composites (commercial &ovine-derived) from the

singlemetal ion type solution system

The ditosarHAp/zeolite (CH/HAp/zeolite) composite (a threeomponent component
composite system) was synthesised by adding zeolite (mordenite) to the CH/HAp
composite. Like the control composites and the temeaponent composite systems
discussed in earlier sections (5-5.1.3, the spectrosopic and microscopic
characterisation of the CH/HAp/Zeolite composites was done and comprehensively
described in chapter 3 (section 3.4.4)

In the threecomponent composite systems discussed earlier in this study, hydroxyapatite
was the dominant componeas evident by the characterisation of the composite systems
in Chapter 3. The HAp part contributed about5@® of the composites' total mass (as
estimated by the TGA analysis) in CH/HAp, CH/HAp/CF, and CH/HAp/SCGs
composites. The remaining part {60%) of the total mass of composites was assumed

to be made up of an inorganic component (that was HAp) in these composites. For
instance, in the CH/HAp/CF and CH/HAp/SCGs composite systems, it was assumed by
the TGA analysis of these composites (see sex8ahl4, 3.4.2.43.4.3.9 thatabout

40 % of the mass percentage were made up of one inorganic component (HAp). The
remaining 60% was made up of the other two constituétisqsarand CF and Chitosan

and SCGs in their respective composites).

In contrast,in the CH/HAp/Zeolite composites, the inorganic constituents (HAp and
zeolite) were making more than 60% of the mass of the composites. Both of these
constituents are weknown for their iorexchange potential to remove metal ions from
thesolution. Basé on the composition of these composites, it could be assumed that these
composites would perform differently as those composites (studied in earlier sections)
were made up of only one constituent (HAp) with-exthange potentialAt the same

time, this mmposite system has two components (HAp and zeolitere the additional
componen{zeolite)also has iorexchange potential of its own. Hence, a better removal
ability from these composites relative to those studied earlier could be expected.
Different experimental parameters in batch experiments were studied for heavy metal

ions removal using CH/HApéolite from solutions containing only one dissolved metal
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salt present (PB, CP*, C/* and Cr as chromate ions) and discussed in the following

section.

5.1.4.1Effect of adsorbent dose on metal ions removal by the CH/HAplite

composites

Experimental: The metal ion adsorption and removal (%) were measured at 0.01g to
0.05 g of the CH/HAeolite dose for an initial metal ion concentration of 50 pfon (

Cd?*, P?* andchromate ionsjind 25 ppm (for CGii) and initial solution pH 4.5.0.

Results: The results are presented in Tabl2%b(Figures 497 to 4100, Appendix 4 A
prominent trend of gradual increase in removal efficiency (%) deatease in the
adsorption capacity (mg™y of CH/HAp/zeolite composites was observed with an
increase in the adsorbent dose. It signifies that the removal efficiency of the adsorbent is
essentially dependent upon the adsorbent dose of the adsorbept@\ades the binding
sites/adsorption sites for the removal of the adsorbdties.maximum removal of metal
cations was recorded at 0.05 g of adsorbent dose, i.e., ab8684Cd") , & B % ( Cu
and > 97 % (PB) for both the composites. In contrathe maximum adsorption was
recorded at an adsorbent dose of 0.01 g (see Tt 5

The CH/bHApzeolite composite showed relatively better adsorption éf ©ds with a
maximum adsorption capacity of 25.80 mg gt 0.01 g of adsorbent dose. The
CH/cHAp/zeolite achieved 20.10 mg'qdsorption of C#tfor anequal dose of adsorbent,
which aligns with the observations recorded in the composite systems studied earlier in
the present stugdyvhere the bHAfased composites showed a better removal efficiency
for cations (Cé*, Pi* and Cé") than cHApbased composites. It could be deduced from
these observations that the presence of bHAp plays a role in the better adsorption ability

of composites than cHAp, as observed in all the composites systems aidkis st
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Table 5-24: The effect of the adsorbent dose on the removal efficiency (%) and adsorption
capacity (mg g') of the CH/HAp/zeolite composites for the adsorption of the metal ions in
the singlemetal ion typesolution systems

The effect of the adsorbent dose on removal (%) of metal ions using the CH/H/Agblite composites

Dose 0.01 0.02 0.03 004 0.5
cd | 2010  39.89  56.34  69.95 84.63
. Pb | 5421 9424 9461  97.47 97.97
CHcHAplzeolite ) 31.00 6102 7956  88.85 93.29
Cr (as chromate ions)  13.31 15.54 17.22 18.89 19.81
Cd | 25.80  46.62  63.70  77.53 86.92
. Pb | 67.23 9451 9632  97.96 98.07
CH/bHAplzeolite ) 33.99 6408 8243  92.37 93.87

Cr (as chromate ions) 13.25 14.71 15.85 16.94 18.12
The effect of the adsorbent dose on the adsorption capacity (in mgtgof the CH/HAp/zeolite
composites with respect to the metal ions adsorbed

cd| 20.10 1995 1878  17.49 16.93

, Pb | 5421 4712 3154 2437 19.59
CHicHApizeolite ¢ | 1550 1525 1326  11.11 9.33
Cr (as chromate ions)  6.65 3.88 2.87 236 1.98

cd| 2580 2331 2123  19.38 17.38

. Pb | 67.23 4726 3211 2449 1961
CHIbHAp/Zeolite | 17.00 1602 1374 1155 9.39
Cr (as chromate ions) 6.63 3.68 2.64 212 181

Alternatively, this slight difference in the adsorption abilities of the CH/cdgiite and
CH/bHAp/zeolite composites could be due to tineterogeneity of the adsorbent dose
(sample) exposed to the €dbns solution, as the grain size is a significant factor to affect
the available specific surface area for the effective adsorption of adsorbate molecules.
Keeping in view the overall obsemi@ns of the present study for the better removal ability

of bHAp-based composites for removing the metal cations, the better adsorption of the
CH/bHAp/zeolite could be attributed to the bHAp part of the composite. The maximum
adsorption (mg 9) of the CHHAp/zeolite composites recorded experimentally fof'Cd

ions removal is higher than all the composite systems studied in earlier sections (see
earlier sections for reference), which indicates a positive effect of the presence of zeolite
with HAp in thesecomposites. This could be attributed to the ion exchange between the
Cd?* and cations of zeolite and HAp.

Similar to Cd* adsorption, the CH/bHApéolite showed better adsorption for’Pthan
CH/cHAp/zeolite at a lower adsorbent dose (0.01hgwever, it becomes comparable at
0.020.05 g of the adsorbent dose ranging betwee®83%, indicating an equal tendency

of both the composites for Pbadsorption at the relatively higher dose (0.05 g) of
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adsorbent. Similarly, both the composite showedaural tendency for the adsorption of
Cu?*ions as demonstrated in Table28 (see above).

The adsorption ability of the CH/HAp#olites for PB* adsorption is about three times
higher (.e.,54-67 mg ¢! for PIZ* ions) than recorded earlier for theZddsorption (20

25 mg @') for the same adsorbent dose of the composites. It illustrates the preference
PI?*adsorption on the available binding sites of the CH/Réplite composites. It agrees
with the observations recorded in earlier sections, wiislo exhibited the better
adsorption of P ions than the Cdions.

The ion exchange could be considered the fundamental mechanism (due to HAp and
zeolites) for the adsorption of metal cations using the CH/kkglite composites. The

PI?* ions are betteremoved than Cd by the iorexchange mechanism due to their
supporting physiochemical characters (such as electronegatidiynic radius). So, the
higher adsorption of Pbion on the CH/HAeolites than the Cd adsorption could be
attributed to lheir better adsorption by the i@xchange mechanism on the binding sites
of the CH/HApzeolites, particularly on the HAp and zeolites parts.

The HAppart, as an impdant component of the CH/HApéolite composites, can
participate in cationeemoval in several ways, including the ion exchange betwe&n Ca
and cations, metalomplexation by hydroxyl groups, electrostatic interactions between
phosphates and positively charged cations.

AAS data for chromate ion adsorption on the CH/H#&plite composites is presented in
Table 524, showing a similar trend for the effect of adsorbent doses on chromate ion
adsorption removal on the CH/HAgeblite composites as recorded in cation adsorption
(above) and in earlier composite systems, illustratingradual increase in removal
efficiency and decrease in adsorption capacity (fHowgth increasingpf the adsorbent
dose. The maximum removal (%) was extremely low (< 20%) for both the composites,
which is also lower than the removal efficiency (%) & @H/HAp/keolite composite for

the cations removal (see above) and the maximum adsorption capacity of the
CH/HAp/zeolite for the chromate ion adsorption was about 6 thgegorded at 0.01 g

of adsorbent dose.

The adsorption of chromate ions on the CHffi#&olite composite is lower than
chromate adsorption on the CH/HApo(trol) compositegsee section 5.1.1.1). It

demonstrates that the addition of zeolite into the CH/HAp (control) composites decreases
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the removal efficiency of the CH/HAp compositesdbromate ions adsorption. Contrary

to this, in the earlier sections of the CH/H2gxdlite composites systems, the addition of
the zeolite into the CH/HAp composites exhibited a better removal efficiency féy Cd
PP+ and Cé*ions (see sections above)idimportant to note that zeolite is w&hown

for its ion-exchange abilities, so the addition of the zeolite could be considered to improve
the removal of cations(g.,Cc#*, Pi¥*and Cd*) using the ion exchange mechanism by
the metal cations present the structure of the zeolites. In contrast, chromate anions
could not easily be removed by this ierchange mechanism by zeolites. Instead, the
addition of zeolite could affect the chromate ion adsorption on the chitosan and HAp by
blocking the bindingsites available by involving other possible mechanisms described
earlier (inChapter 1, sectidn6) for the adsorption of the chromate anions such as the
electrostatic interactions and metal chelation (section) to remove chromate ions, resulting
in a decrase in adsorption ability of the CH/HAgblite composites.

The recordings mentioned above for the chromate removal on the CHathw
composites align with the findings of the earlier discussed composite systems, showing
lower adsorption oEhromate (anions) than the cations {C®I¥* and C3"), similarly,

In the CH/HApzeolite composites system, the maximum adsorbent dose of 0.05 g
showed relatively less adsorption ability for the chromate ions (ranging betwa&d4d)5

than cations, e.®®?*, Cf* and Cé*(ranging between 809%).

5.1.4.2 Effect of solution pH on metal ions removal by the CH/H&pblite composites

Experimental: The effect of solution pH on metal ion adsorption (m§ gn the
CH/HAp/zeolite was recorded by usisglutions of different concentrations for different
metals. For instance, the pH was altered between 4.0 and 8.0 for the solutiéh(&0Cd
ppm), which was exposed to 0.05 g of the CH/H#plite composites and kept on
stirring (usingamagneticstirrer)for two hours before the analysis of final concentrations
Ce (Mg g*) by AAS. Similarly, the effect of pH on Phadsorption on the CH/HAp#olite
composites was examined via AAS measurements in only a pH range freirB4i8ing

a PB* ion solution of ® ppm exposed to 0.01 g of the CH/H2gulite composites.
Moreover, the effect of pH on €lion removal by the CH/HAg£olite composites was
studied in a narrow pH rangd 4- 6.5 as selected for earlier composite systems. The

initial Cu?* ion concentratin in solutions exposed to adsorbent was 25 ppm, and the
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adsorbent dose was 0.05 g. The influence of pH on the adsorption of chromate ion on the
CH/HAp/zeolite composites was studied over the pH rang8A.Qsing a solution with

an initial chromate ionancentration of 35.0 ppm was exposed to constant adsorbent dose
samples of 0.01 g.

Results: Table 525 shows the AAS data that changes the adsorption capacityymg g
of the CH/HApEeolite composites for metal ions adsorption with changing the solution
pH. A similar change in metal ion adsorption was recor@sdnoted earlierfor the
CH/HAp (control) composites and threemponent composites (discussed in earlier
sections). This could be attributed to the reasons discussed in detail in earlier séctions
this study.

Cd?* adsorption was favoured at pH >5.0, which agrees with the observations recorded
for the earlier composite systenBased on the recordings of this batch experiment and
the literature observations recorded for the simitamposité®®°¢! the pH 5.67.0 was
considered optimum for Gtladsorpion using the CH/HAeolite composites. Similarly,

the adsorption of Pbhwas maximum at pH 5.0, decreased slightly at >5.0 and increased
again when solution pH was >5TBhe decrease in Pbadsorption at a pH range of 5.0
<pH <5.5 to adsorb on bindinges of the composites was considered a primary reason
for this PB* decline®® as mentioned earlier, and an increase fi RRioval at pH greater

than 5.6 was attributed to precipitation of Pb to convert into hydroxyl species of lead
such as Pb (OH) Pky(OH)s2" or Pb(OH) as milkiness in the Pb solution was
consistently observed in all the batch experiments conductédsipl range (>5.5) in

all the composite systems of this study.

Further, the AAS results (TableZs) showed the effect of pH on €uadsorption. A
similar trendo fno éffectontheClii on adsorption by the changi
from 4.0 to 65 in both the composites was observed as recorded in all earlier studied
composite systems.

The observations for the effect of solution pH on chromate ion adsorption on the
CH/HAp/zeolite composites indicate that the acidic/low pH favours chromate ion
adsorption on such composite system as evident from TaBte &nd attributed to the
earlier discussed factors (in earlier sections) such as the speciation of cfffoasate
HCrOs and CrQ?% at pH <5.0 to favour its interaction with protonated amino groups

(NHz") on the chitosan and positively charged species on HAp surface (see equations 5
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4) by electrostatic interactiong.he trend of better chromate ion adsorption at lower pH
values (<5.0) agrees with other published studies for the adsorption of chronsad@ ion

zeolite, chitosan/HAp composite systems and zebksed composite syste¥dr®3

Table 5-25. The effect of the solution pH on the adsorption capacity (in mg% of the
CH/HAp/ zeolite composites for the adsorptiomf metal ions from solutions containing only
one type of metal ion

pH 4.0 5.0 6.0 7.0 8.0
cd | CH/cHAp/zeolite 16.28 17.02 17.27 17.26 16.92
CH/bHAp/zeolite 17.00 17.23 17.88 18.16 17.08
pH 4.5 5.0 5.5 6.0 6.5
Pb) CH/cHAp/zeolite 51.72 55.36 53.27 59.83 70.10
CH/bHAp/zeolite 62.05 74.03 70.40 73.85 76.03
pH 4 5 5.5 6 6.5
Cu| CH/cHAp/zeolite 9.5 9.5 9.4 9.4 9.43
CH/bHAp/zeolite 9.57 9.5 9.4 9.47 9.46
pH 455 555 6-65 7-7.5 8-8.5
Cr as chromate ions CH/cHAp/zeolite 1.37 1.32 0.99 0.70 0.64
CH/bHAp/zeolite 1.50 1.48 1.40 1.07 0.94

5.1.4.3Effect of the initial metal ion concentration on metal ions removal by the

CH/HAp/zeolite composites

Experimental:For Cd* and PB*ions adsorption on the CH/HAg®olite composites, the

initial metal ion concentration was varied between 10 ppm and 50 ppm for a constant
adsorbent dose of 0.01g, while the initial solution pH wa$&50r evaluating the effect

of initial adsorbate carentration of the solution on metal removal.

The effect of initial metal ion concentration on“Cadsorption and chromate ionss
studied by exposing a constant amount of adsorbent (0.01 g) to metal ion solutions of
different initial concentrations beegn 5 ppm and 25 ppm at an initial solution pH of 4.5

6.5.

Further, the data recorded using AAS in this experiment were used to study the adsorption
mechanism by fitting adsorption models (Horear Langmuir and Freundlich adsorption
models for cationsra linear adsorption model for chromate ions, discussed in the
upcoming section) by using the same regression metisadready been used for other

composite systems.
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Results:Table 526 (Figures 4105 to 4108, Appendix ¥shows the AAS dataresenting

the effect of the initial metal ion concentration on metal ion adsorption on the
CH/HAp/Zeolite composites. The metal ion adsorption on the CH/kbbtite
composites exhibited a similar trend of increasing adsorption capacity and decreasing
removal efficiency (%) with an increase in initial metal ion concentration (from 10 ppm
to 50 ppm for C& and PB*and 5 ppm to 25 ppm for €uand chromate ions) as recorded

in earlier sections of metal adsorption on all the synthesised composite systias in
present study.

The maximum removal (%) of Gtiwas 32.14% (CH/cHApkolite) and 37.3 % for the
CH/bHAp/zeolite) recorded at an initial concentration of 10 ppm of* CAit the same

time, the maximum adsorption capacityrfy g*) was noted at 50 ppm afc?* solution
(19.6mg g*and 22.2 mggon the CH/cHApZeolite and the CH/bHApéolite composite,
respectively). The maximum adsorption ofCat an initial ion concentration of 25 ppm)

was 15.28 mg ¢ and 16.73 mg ¢ on the CH/cHApeolite compode and the
CH/bHAp/zeolite composite, respectivelgimilarly, themaximum adsorption of Pb

was recorded at 50 ppm, which was 57.01 méangl 72.26 mg ¢ on the
CH/cHAp/zeolite composite and the CH/bHApblite composites, respectively. The

hi ghest r e nB8 Yavas recovtlpd ahil0 pp for both the composites.

It has been discussed in earlier sections (see above) that several mechanisms
simultaneously assist cations removal from sol#ion such adsorption systems.
However, asimilar trend of higher Pb adsorption on the CH/HApéolite composites

than Cd* was recorded as evident from the comparison of removal (%Y68R6 Cd*

on CH/HApkLeolite composites (see Table26). This study aligns with the observations
recorded, showin better PBion adsorptiorthanCc?* ion adsorption on the CH/HAp
based composite systems in the present study and also agrees with the similar trend in the
literature studies. The better adsorption of*Rban Cd* on such composite systems is
attributed to the chemical characteristics o?Phs mentioned in earlier sections and is

discussed in detail in upcoming sections (section 5.2.2).
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Table 5-26: The effect of the initial metal ion concentration on removal (%) and the
adsorption capacity (in mg g") of different metal ions adsorbed on the CH/HApZeolite
composites from a singlemetal ion type solution system

The removal (%) of metal ions using the CH/HApZeolite composites

Metalion concentrations (ppm 10.0 20.0 30.0 40.0 50.0
cd| CH/cHAp/zeoIite 32.15 29.04 27.77 23.58 19.67
CH/bHAp/zeolite 37.30 32.45 29.37 25.88 22.21
Metal ion concentrations (ppr 10.0  20.0 30.0 40.0 50.0
Pb] CH/cHAp/zeolite 84.39 80.39 79.79 70.68 57.10
CH/bHAp/zeolite 89.78 85.43 84.72 82.46 72.26
Metal ion concentrations (pprr 5.0 10.0 15,0 20.0 25.0
Cu]| CH/cHAp/zeolite 67.90 61.23 45.90 37.78 30.56
CH/bHAp/zeolite 68.32 67.19 55.57 42.18 33.46
Metal ionconcentrations (ppm 5.0 10.0 150 20.0 25.0
Cr as chromate ions” cH/cHAp/zeolite 20.87 18.41 14.49 11.31 10.33
CH/bHAp/zeolite 20.98 18.76667 14.18 10.89 10.07
The adsorption capacity (in mg d¢) of the CH/HAp/zeolite composites or different metal ions
Metal ionconcentrations (ppm 10.0  20.0 30.0 40.0 50.0
cd| CH/cHAp/zeoIite 6.43 11.61 16.66 18.86 19.67
CH/bHAp/zeolite 746 12.98 17.62 20.71 22.21
Metal ion concentrations (pprr 10.0  20.0 30.0 40.0 50.0
Pb | CH/cHAp/zeolite 16.88 32.15 47.88 56.54 57.10
CH/bHAp/zeolite 1796 34.17 50.83 65.97 72.26
Metal ion concentrations (ppn 5.0 10.0 15.0 20.0 25.0
Cul CH/cHAp/zeolite 6.79 12.25 13.77 15.11 15.28
CH/bHAp/zeolite 6.83 13.44 16.67 16.87 16.73
Metal ionconcentrations (ppm 5.0 10.0 15,0 20.0 25.0
Cr as chromate ion<” cH/cHAp/zeolite 2.09 3.68 435 452 5.16
CH/bHAp/zeolite 210 3.75 425 436 5.04

Relatively better adsorption of cation @dPEF*, C/*) on the CH/bHApeolite
composite could be attributed to the bHAp part of the composite, keeping in view the
observations recorded earlier for the bHBgsed composites system, which showed
better removal than cHApased composite in this studyThe availability of more
binding sites on the CH/bHAr#olite composite thaonthe CH/cHApzeolite composite

could be considered the fundamental reason for its higher removal efficiency. And the
larger specific surface area of CH/bHa@dlite could be the foundation for providing
more binding sites to perform in metal removal mechanisms such as ion exchange and
metatligand complexation.

Similar to the adsorption behaviour of cations on the CH/EBégiite composites, a

continuous increase in adsorption capacity (Mpaj both tle composites was recorded
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(Table 526) with increasing chromate ion concentration from 5 ppm to 25 ppm, which is
attributed to the availability of more metal ions to sorb on a fixed number of active sites
of 0.01 g of the adsorbent at all concentrationd arcontinuous decrease in removal
efficiency (%) corresponds to the availability of more metal ions to sorb on a limited
number of active sites to removelfomieothal i ons
the composites was measured 2bgpmconcentation of chromate ions in solution. The
maximum removal (%) of chromate ions was measured at a 5 ppm concentration of about
20% for both the composites. Both the composites showed comparable removal
efficiencies at all the ion concentrations studied is tfatch experiment. The maximum
difference between the removal efficiencies of the two composites is less than 1%.

To understand the removal mechanism and estimate the maximum adsorption capacity
(gmax Mg g*) of this composites system, the AAS dataexitd in this experiment was
further analysed using ndmearised and linearised adsorption models (Langmuir and
Freundlich) as has been done for chromate ion and cation adsorption modelling in other

systems of this study.

5.1.4.4Adsorption modelling of the CHHAp/zeolite composites for the adsorption of

metal ions

Experimental: The experimental results of cation adsorption on the CH/k&%ite
composites were tested against 4ioear Langmuir and Freundlich isotherms as
described earlier (section 5.1.1.41.2.4 & 5.1.3.4)The chromate adsorption modelling
was done using the linear adstion models using the method described earlier in control
composites. The befitted model was then decided from the comparison of theaRes

from two fitted models.

Results: The calculated isotherm parameters for two adsorption models for metal ions
adsorption on the CH/HApéolite composites are given in Tabl2b, and models fitted

to the experimental data are presentedigures 4109 to 1116 (Appendix 4).

The calculated isotherm parameters for two adsorption models for metal ions (all four
studied) adsorption on the GHAp/zeolite composites are given in Table2®. The
comparison of Rvalues of nodinear Langmuir and Freundlich models revealed that the
Langmuir isotherm model was the bé&tted model for explaining the adsorption of metal

ions on the CH/HAmeolite ®mposite with Rof Langmuir adsorption model is higher
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than the Rof Freundlich model. Both Langmuir and Freundistiowedgood fitting for

some composite systems. For instance, the Freundlich adsorption isotherm is showing
good fitting for Cd" adsorptbn on the CH/HAp/Zeolite composite wittf Ralue > 0.94
PI?*adsorption on the CH/bHAgolite with R > 0.91, and the chromate ion adsorption

on the CH/HApZeolite composites Ranging between 0.90.94.

Table 5-27: Adsorption isotherm parameters for metal ions (Cd*, Pb** and Cu?*and
chromate) adsorption on the CH/HApZeolite composites

Adsorption

Metal ions _Isotherms Langmuir Freundlich
Parameters gnax(Mgg) K. R?2 RL 1/n  gmax(Mggl) R2
C* CH/cHAp/zeolite 33.22 0.04 0.98 0.38 0.56 2.66 0.94
CH/bHAp/zeolite 37.04 0.04 1.00 0.39 0.56 3.05 0.98
P CH/cHAp/zeolite 72.49 0.24 095 0.16 0.36 20.72 0.84
CH/bHAp/zeolite 100.47 0.21 0.97 0.25 0.46 23.25 0.91
Cl* CH/cHAp/zeolite 17.56 0.47 097 0.11 0.28 7.37 0.87
CH/bHAp/zeolite 20.11 0.47 0.90 0.11 0.27 8.51 0.74
Chromate = CH/cHAp/zeolite 7.71 0.10 0.98 0.32 0.50 1.14 0.94
ions CH/bHAp/zeolite 7.27 0.11 0.97 0.30 047 1.21 0.91

The Langmuir isotherrmodel fitted to metal ion adsorption data for the CH/HAplite
composites suggested a monolayer adsorption model for metal ions on a homogeneous
adsorbent surfaé¥. However, the SEM analysis exhibited a highly heterogeneous
surface of the CH/HApEolite composites with deposited fiees, so the data could be
analysed further by using other adsorption models sucheaSips isotherm used to
describe the adsorption behaviour on heterogeneous surfaces. (Plots for the Sips model
fitted to the experimental data are giverAppendix 4Figure 4117 to 4119).

Using the Langmuir model, the calculateghb,gimg g*) of C* was 33.21 mg g and

37.04 mg ¢ on the CH/cHApZeolite and the CH/bHApéolite composites, respectively.
Similarly, the maximum adsorption of €uat an initial ionconcentration of 25 ppm)

was 15.28 mg ¢ and 16.73 mg ¢ on the CH/cHApZeolite composite and the
CH/bHAp/zeolite composite, respectively. At the same time, the CH/Ekgtite
composites exhibited a higher adsorption tendency fortRan Cd* and Cd* ions both,

with maximum adsorption (g« mg g') of 57.01 mg dand 72.26 mg ¢ on the
CH/cHAp/zeolite composite and the CH/bHApblite composites, respectively. This
observation aligns with the observations recorded, showing the greater degré&eoof Pb
adsorption than Cd ion adsorption on the CH/HApased composite systems in the

present study and also agrees with the similar trend in the literature studies. The better
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adsorption of P8 than Cd* on such composite systems is attributed to the chemical
characters of P¥yas mentioned in earlier sections. The values of the dimensionless factor
R. for metal ions adsorption on the CH/HApoblite composites given in Table2y
indicated a favourable adsorption process as 0<R

Several literature studies reported therfg of the Langmuir isotherm model to describe

the adsorption behaviour of metal catioasy(,Cd?*) on natural zeolites. For instance, a
study®®estimatedhe maximum adsorption (25.9 mg)epf C* on natural zeolites using

the Langmuir isotherm model, which is less than the estimated value of a maximum
adsorption capacity of CH/HAp#olite composite for Cd* adsorption in the present
study (Table 87). Another study?* recorded 13.4 mgfas the maximum adsorption
capacity (¢ay of natural zeolites when the €don solution (310 mmol L) was
exposedo 1.0 g of adsorbent dose of natural zeolites. The estimated maximum adsorption
capacity of natural zeolite® was found to be less (approximately haifin estimated in

the present study for the €don adsorption on the CH/HAg#olite composites. These
observations of the literature studies and the present study indicated that better adsorption
of the heavy metals could be achieved by making compasitestural zeolites with the

HAp.

The literature studies reported the ion exchange with metal cations (found @f the
sodium, calcium andhagnesiunzeoliteg asa principal mechanism for removing metal
cations (such as &t PI7*) ions from theaqueous solution using the natural zeolites. The
metal removal could be enhanced by HAp addition which could assist in tbeacbange
mechanism (by Caions) in the composites of HAp and zeolites. Additionally, chitosan
can also participate in other raktion removing mechanisms discussed in earlier
composite systems, such as the metalation by-NH> and-OH groups, to make it a
promising material for the heavy metal removal from the aqueous solutions.

Along with adsorption model parameters for tiagion adsorption modelling, Table2d

also shows the parameters of linearized Langmuir and Freundlich isotherm calculated for
the chromate ion adsorption data recorded for the CH/kédjite composites. The
equations generated for chromate adsorptionatlind from the linearised modelstéd

using Microsoft Excel are given as follows.
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Table 5-28 The linearised equations calculated for chromate ion adsorption on the
CH/HAp/ zeolite composites usindinearised Langmuir and Freundlich isotherms

Composites Linearised Langmuir Equation Linearised Freundlich Equation
CH/cHAp/zeolite y =1.3488x + 0.1296 (R2 = 0.9833) y =0.594x + 1.3092 (R2 = 0.9933
CH/bHAp/zeolite y =1.2968x + 0.1375 (R26.9709) y =0.6124x + 1.2722 (R2=0.974

The Langmuir and Freundlich isotherms parameters were calculated using the above
equations by the method described earlier in the CH/HAp (control) composites.

The calculated parameters for the systémssed and derived from both the adsorption
models are thus given in Table23. Comparing Rvalues of both adsorption models
reveals that the Langmuir adsorption isotherms were the best fit to describe the adsorption
of chromate ions on the CH/HAg0lites and indicatethe adsorption is occurring on a
homogeneous surface in a monolayer manner.

The maximum adsorption capacity (mg)gf the CH/cHApzeolite composite and the
CH/bHAp/zeolite composite for chromate ion adsorption, as estimated by thazata
Langmuir isotherm model, is 7.71 m¢ gnd 7.27 mg g, respectively, which is lying

close to the experimental values of chromate ion adsorption on the CHAOA®
composites. The dimensionless facterdR Langmuir isotherm also showed favousbl
adsorption of chromate ion on both the composites as ¥R

The fitting of Langmuir to describe the chromate ion adsorption on the CHzE@\jié
composites is in line with the observation recorded in the adsorption modelling of other
metal ion adsqation in this system (see the earlier section of the CH/Egite
composite). It illustrates that the adsorption on the CH/Hz&plite composites occurs

on a homogeneous surface. This observation aligns with the adsorption modelling done
in the literatue studies to describe the chromate ion adsorption on similar adsorbents (see
Table 18).

5.1.4.5Comparison of maximum adsorption capacities of the CH/H2gwmlite and the
CH/HAp (control composites) for metal ion adsorpticas estimated bythe

Langmuir isotherm model

The adsorption modelling of the CH/HAgblite composites confirms the findings of

control composites which also exhibited the Langmuir asebtfilted model to describe
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metal ion adsorption. The comparison of maximum adsorption capacitiem@g?) of
control and the CH/HApEolite composites, estimated by the Langmuir model for metal
ion adsorption, is presented in Tabie®

Table 5-29: Comparison of adsorption capacities (gax mg g*) of the CH/HAp (control) and

CH/HAp/ zeolite composites as estimated by Langmuir isotherm model

Composites C* PR cw* Chromate ions
CH/cHAp 24.33 52.42 15.91 45.04
CH/bHAp 33.93 90.13 23.67 34.72
CH/cHAp/zeolite 33.22 72.49 17.56 7.71
CH/bHAp/zeolite 37.04 100.47 20.11 7.27

Table 529 indicates the increase in thewgpf the CH/HAp composites (control) for the
adsorption of C# and PB' after adding zeolites into CH/HAp to synthesise the
CH/bHAp/zeolite composites. It could be attributed to the availability of more active sites,
particularly the iorexchanging sites for removing these ions from the aqueous solution
exposed to the CH/HAp#olite composites. The adsorption capacity of?**Cis
comparable, which is not aligned with the trends recorded for the other two cations, and
this unusual trend of Gticould be associated with other experimental factors such as the
heterogeneity of theasple (grain size etc.), affecting the adsorption ability of the
composites.

Expectedly, the adsorption capacity.4g of the CH/HAp (control) composites decreased
for the chromate ion adsorption after the addition of zeolite into the composites, which is
attributed to the availability of fewer adsorption sites for the adsorption of chromate ions,
as the iorexchange (particularly with cations) is considered the dominating mechanisms
for HAp and zeolite, which does not favour the adsorption of chromageanrthis

composite system.

5.1.4.6Effect of contact time on metal ion removal by the CH/HA&pdlite composites

Experimental: The effect of contact time on metal ion removal (%) by the
CH/HAp/zeolite composites was measured by varying the contact time betwaant#

and 120 minutes. The adsorption was measured on a 0.05 g dose of adsorbent in 20 mL
of solution using an initial metal concentration ofgf@n ©f Cc?* and PB*) and 25 ppm

(of CU?"). Similarly, the effect of contact time on chromate ion removal ¢¥}the
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CH/HAp/zeolite composites was recorded for a solution with an initial chromate ion
concentration of 25 ppm exposed to 0.01 g of composite adsorbent.

Results:Table 530 presents the AAS data recorded for the effect of contact time on metal
ionsremoval (%) using the CH/HAp¢olite composites. A similar trend of rapid metal
ion adsorption in the initial -BO minutes waobserved, asecorded earlier for the
CH/HAp (control) composites and attributed to the very obvious reason of excess

adsorptiorsites at the beginning of the adsorption process.

Table 5-30: The effect of the contact time on the adsorption of metal ions on the

CH/HAp/ zeolite composites system from a single metal ion tygelution system

Contact Time (minutes) 1 2 3 4 5 10 15 30 60 120

CH/cHAp/zeolite 20.96 26.60 32.26 36.76 39.34 48.43 55.32 67.82 74.46 86.39

cdl CH/bHAp/zeolite 30.47 36.18 40.00 42.65 44.34 55.96 60.22 76.03 78.89 87.62
b CH/cHAp/zeolite 41.19 57.09 61.06 72.31 75.64 91.06 92.75 93.25 93.32 93.32

CH/bHAp/zeolite 43.38 60.85 69.84 75.18 80.36 90.89 92.74 95.12 97.30 97.31
Cul CH/cHAp/zeolite 15.09 25.62 35.62 37.68 39.58 53.24 67.92 76.72 92.78 93.24

CH/bHAp/zeolite 22.65 32.47 40.83 42.69 52.32 67.42 67.89 92.50 93.14 94.83

ch CH/cHAp/zeolite 10.12 10.39 12.24 13.64 14.14 14.33 14.83 18.92 19.48 19.52
romate
CH/bHAp/zeolite 13.12 13.70 13.86 15.02 16.16 16.62 17.10 17.20 18.36 19.20

The adsorbents reachetisorption equilibrium in 60 minutes for €dadsorption,
illustrating the saturation of active sites on the adsorbent surface and achieving 85% and
87% Cd* removal for the CH/cHAmkolite and the CH/bHApgéolite composites,
respectively Similarly, maximum removal efficiency for both the composites tested was
calculated to be about 38 % for PB* adsorption over the 2 hours of exposure time. The
optimum time for realising the highest #don removal with the CH/HApkolite
composites wafound to be 60 minutes, as no prominent change in the removal efficiency
was recorded after 60 minutes. Both the composites showed comparable removal (%) of
Cd?* and PB* at 0.020.05 g of adsorbent dose, which agrees with the observations
recorded abovédor "the effect of adsorbent dose" on metal cation adsorption on the
CH/HAp/zeolite composites(Table 524). The similar adsorption capacities of the
CH/HAp/zeolite composites are attributed to the availability of excess adsorption sites at
0.05 g of adsdent (optimum) dose.
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Both composite samples achieved about3% removal in just 5 minutes and reached
equilibrium (saturation of adsorbent)60 minutesvith more than 92% Ctiremoval, as

no further change in removal (%) was recorded after 120 minutes for both the demsposi
The rapid increase (similar to kinetics data observations éf @dd PB* in this
compositesystem)in removal efficiency over 1 to 15 minutescontact timeindicating

about 67% removal, could be attributed to the excess availability of adtge(kitH,

OH, and PG* and cationic species of zeolites ) at the beginning of the adsorption process,
which gradually saturates and reaches equilibrium at 60 minutes.

Similar to the kinetics observations of cation adsorption on the CHaidAlite
composies, Table 80 shows that both the composites achieved maximum removal %
for the chromatéons @ 20 %) i n solution within 120 minu
solution. This was also the adsorption equilibrium time for the CH/kEgtite
composites for thehromate ion adsorption. The rapid saturation of the binding sites on
the adsorbent surface occurred in 5 minutes, where the composites achieved about 14
15 % removal, and additional 5% removal was achieved in the next 105 minutes. The
rapid adsorption i® minutes is attributed to the fast affinity of chromate anions and the
surface adsorption sites. The fast affinity of chromate anions could be due to the
availability of excess biding sites on the adsorbent surface for chromate anion adsorption.
The reldively lower removal efficiency (only 20 %) of both the composites (as compared
to cation removal) could be due to the anionic nature of the chromate ion species present
in the solutionas it has been recorded in all the batch experiments of this sthiotyy w
were conducted for chromate ion adsorption on the CH/HAp (control composites) and
other threecomponent composite systems. The anionic nature of chromate ions could
limit its adsorption on negatively charged adsorption sites which probably domieate th

surface of CH/HApeolite composites in the pH range (6.0) of this experiment.

5.1.4.7Kinetic modelling for metal ion (C#&, Pl?*, Ci?* and chromate ions) adsorption
on the CH/HApkZeolite composite systems

Experimental: Kinetic modelling of metal ion adsorption on the CH/HZgqwlite
composites was performed with testing done forliveear pseuddirst-order (PFO) and
pseudesecondorder (PSO) kinetics usirthenonlinear regression method as described

earlier inthe control composites section (for detail see appendix 1.3A).
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Results: Table 531 shows the calculated parameters of kinetic models fitted to the
experimental data of metal ion adsorption on the CH/l2égdite composites.

The comparison of coefficient of deteination values (B of PFO and PSO kinetic
models showed that the PSO kinetic model is thefiitsd model with a greater’Ralue

noted than that for the PFO kinetic model for metal ion adsorption on both composite
systems.

Table 5-31: The parameters calculated for metal ion adsorption on the CH/HAeolite

composites based on each kinetic model fitted.

Metal Kinetics Model PFO PSO
ions Parameters ki(minl) ge(mggy) R? ke(@mg'min?) ge(mgg! R?
CP CH/cHAp/zeolite 0.13 15.83 0.90 0.01 17.39 1.00
CH/bHAp/zeolite 0.18 16.76 0.83 0.01 17.62 0.99
b2+ CH/cHAp/zeolite 0.43 18.39 0.94 0.04 19.56 1.00
CH/bHAp/zeolite 0.48 18.74 0.95 0.04 19.95 1.00
cu CH/cHAp/zeolite 0.12 8.71 0.94 0.02 9.80 1.00
CH/bHAp/zeolite 0.17 8.95 0.93 0.02 9.92 1.00
CH/cHAp/zeolite 0.47 1.61 0.53 0.41 1.74 0.99
Chromate .
CH/bHAp/zeolite 0.88 1.65 0.54 0.80 1.75 1.00

The PSO kinetic model fitting the experimental data of metaladsorption on the
CH/HAp/zeolite composites, indicating the rdi@iting step for metal ions on these
composites is chemisorptivh These observations align with the findings of control
composites, illustrating #t the chemisorption is a ratémiting step ofmetal ion
adsorption on these HApased composites.

The chemisorption of metal ions on the CH/HZgwlite composites codloccur through

the mechanism involving the functional groups of chitosan, HAp, zaotite. Metal
chelation by theNH2 and hydroxyl groups would be considered one of the fundamental
mechanisms for chemisorption of metal cations on CH/Bégite composés, as
mentioned in earlier composite systems discussed in this study. The ion exchange is not
considered a chemisorption mechanism, but it is discussed as chemisorption in the
broader perspective of metal adsorption processes. It has been mentionedltieaisz

the dominating component of the CH/HAeblite composite systems (eafed to
charactergation of the composite). However, the ion exchange would be considered the
fundamental mechanism involved in the adsorption of cations by these composites,

mainly on the part of zeolite and HAp both.
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In all other composite systems discussed earlier in this study, the HAp was considered as
a dominating part of the composite systems to remove heavy metal ions as the addition
of the third component (like coir fib, SCGs) did not improve the removal efficiency of

the CH/HAp (control) composites. In the CH/HApoblite composites system, it was
realised while characterising the CH/HAgolite composites (Chapter 3, section 3.4.4)
that the zeolite was dominating tR&\p in the composites, as evident by the FTIR and
XRD analysis of the CH/HApEolites composites (see section 3.4.4). It is signified
further by the findings of these batch experiments (mentioned above) that, unlike the other
threecomponent composite sgshs, adding the third component (zeolite) into the
CH/HAp composites improved the adsorption ability attributed to the zeolites. It has also
been described in the literature review (chapter 1, section 1.5) that zeolites are well
known for ionexchange mdmnisms, so the increase in the-excthange ability of the
CH/HAp composites after the addition of zeolites could be a reason for the improved
removal efficiency of these composites.

For the chromate ion adsorption, the comparison of the coefficieneétefnaination
values (R) from the PFO and PSO kinetic models showed that the PSO kinetic model
is the besfitted model with a higher R>0.98) than that calculated for the PFO kinetic
model for chromate ion adsorption on both composite systems. [Eh&ated adsorption
capacity (¢axin mg gt) of chromate ions (related to the adsorbent dose) by the PSO
ki netic mod#@&fbrbathare ClA/HAEevlte cgmposites. The fitting of the
PSO kinetic model to the data relating the chromatadsorption on the CH/HApéolite
composites confirms that the chemisorption mechanism was thémmdieg step for
chromate ion adsorption using this composite. The earlier observations of this study
demonstrate that the PSO kinetic model is the-ttgstl model to describe the adsorption
behaviours of chromate ions on such composite systems.

The relatively lower adsorption ability of the CH/H&pblite than the CH/HAp (control)
composites could be attributed to the relatively lower surface area ofh&A@/zeolite

than the CH/HAp (control), or it could be due to less availability of the adsorption sites

suitable for chromate anion adsorption, as it is composed of HAp and zeolites.
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5.1.4.8Intra-particle diffusion kinetic model for the metal ion adsorption ome

CH/HAp/zeolite composites

It has been discussed in the literature review section of the zeolites (4ebtipthat the
zeolites are porous materials. Keeping in view the porosity factor of the CHzétNp2
composites, the kinetic data of the méal adsorption was further analysed using a third
model called the intrparticle diffusion model described @hapter 1 (sectiod.11.3,

which is applicable to porous adsorbents like zeolites.

The abovementioned kinetics models (the PFO and PSO) do not recognise the diffusion
mechanism during adsorption on a porous adsorbent surface. For this, the kinetic model
(also given in chapter 1), including the square root of time, is employed to explain

diffusion calledtheintra-particle diffusion model (IPD) and given as:

Equation 59

n Qot &

Where gis the amount of adsorbed metal ions (M atthet i me @At &),isth€ ( mg
interparticle diffusion constant equal tiee intercept of the line, giving an insighito
adsorption boundary thickness; & intraparticle diffusion constant (mglgmin®?
indicatingtherate of adsorptioh.

Generally, adsorption includes more than one®8teguch as boundary diffusion, which
involves the rapid transport of the sorbate molecule into the water film surrounding the
adsorbent surface (Step I), followed by sorbate diffusion to thenaktsurface of the
adsorbent (step 1l). Then the sorbate molecules diffuse from the outer surface of the
adsorbent to the intsparticle spaces (pore diffusion, step Ill). In some cases, the IPD
kinetic model involves two steps oA, including the rapid transport of the adsorbate
from bulk to the external surface of the adsorbent (step 1), followed by the pore diffusion
(ratelimiting step) as it is slower than stef®l

For the IPD kinetic model fitted to the metal ion adsorption data for CH/i¢aptes
composites; two distinct regions were recognised, attributed to bulk diffusion (fast initial
step) and intrgoarticle dffusion (step Il) for both composite syste(see Figures-4.32-

4-135, appendix 4 for referencehich is in line with results reported for heavy metal

removal by a cellulosbased adsorbet.
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The parameters of the IPD kinetic moderecalculted from the linear equations (Table
5-32), which were obtained from fitting of the IPD kinetic model to the kinetic data of
metal ion adsorption on the CH/HAmblites. The linear equations obtained from fitting
of the IPD model are given as follows:

Table 5-322 The IPD kinetic model equations calculated for the kinetics data of
CH/HAp/ zeolite composites

Metal ions Composites Step | Step Il

o CH/cHAp/zeolite y = 2.364x + 2.2131 (R2= 0.981 y = 0.6944x + 10.1 (R2 = 0.946)
CH/bHAp/zeolite y =2.0906x + 4.2484 (R2=0.98¢ y =0.4585x + 12.945 (R? = 0.859¢

- CH/cHAp/zeolite y =5.5493x + 2.9886 (R2=0.97¢ y = 0.0564x + 18.124 (R2=0.702
CH/bHAp/zeolite y =5.8842x + 3.3195 (R26:972) y = 0.1933x + 17.483 (R? = 0.965

e CH/cHAp/zeolite y=1.7071x + 0.1649 (R2=0.97¢ y = 0.2826x + 6.4809 (R? = 0.683
CH/bHAp/zeolite y=1.6414x +1.0457 (R?=0.93¢ y = 0.0433x + 9.0003 (R? =0.975

Chromate CH/cHAp/zeolite y=0.1776x + 0.8196 (R2=0.81¢ y = 0.0812x + 1.1215 (R2=0.767

CH/bHAp/zeolite y =0.1679x + 1.0607 (R2=0.93¢ y = 0.0399x + 1.4615 (R2 = 0.863

The parameters of the IPD kinetic model calculated from the linear equations (Table 5
32), obtainedfrom fitting of the IPD kinetic model to the kinetic data ofetal ion
adsorption on the CH/HApéolites are given as follows:

Table 5-33: The IPD model parameters calculated for metalion adsorption on the
CH/HAp/ zeolite composites calculated by using the linear equations given in Table&3

IPD Kinetic Model

Metal ions Composite systems Step | Step Il
Kad C R? Kd C R?
. CH/cHAp/zeolite 2.35 221 0.98 0.69 10.10 0.95
c CH/bHAp/zeolite 2.09 425 0.99 0.46 12.95 0.86
. CH/cHAp/zeolite 5.55 2.99 0.97 0.06 18.12 0.70
PE CH/bHAp/zeolite 5.88 3.19 0.97 0.19 17.48 0.97
. CH/cHAp/zeolite 1.71 0.16 0.98 0.28 6.48 0.68
cv CH/bHAp/zeolite 1.64 1.05 094 0.04 9.00 0.98
CH/cHAp/zeolite 0.18 0.82 0.82 0.08 1.12 0.77
Chromate
CH/bHAp/zeolite 0.17 1.06 0.94 0.04 1.46 0.86
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For all the metal ions studiethe slope values of the abemeentioned linear equations
(Table 532) are equal to thejland the boundary thickness (C) is equal to the intersection
value.

A higher slope value (§ of the first step than the second step of the IPD model fitted
(See Table 83) to the metal ion kinetic data for both the composites indicates the
availability of excessive adsorption sites initially to adsorb metal ions fast. It also
illustrates that the intrparticle diffusion is the ratBmiting step (with chemisorption)

for the metal ion adsorption on the CH/H2agdlite compositesas is evident from the
lower values of kat step (l), as a slow rate of diffusion indicates aliatéing step. A

more significant intercept (C values) in the second step {article diffusion) is
attributed to the boundary thickness due to the adsorption of metal itresboundary
diffusion stepg>.

However, the intrgarticle diffusion is not the only mechanism involved in the metal
removal, as the plots (FRigures 4132 to 4135 in appendi®) are not lirear and passing
through the origin. lon exchange and surface adsorption processes, possibly through
electrostatic interactions between negatively charged functional groups (hydroxyl,
phosphates), could also be involved in removing metal ions using thposdesystem.
Summary

The summary of the optimal experimental conditions recorded for each metal ion
adsorption by using the synthesised composite systems (discussed above)-meiagle

ion type solutions is presented in Tabids

Table 5-34: Summary of optimal experimental conditions recorded for metal ion adsorption

on the synthesisedcomposite system in this study, i single metal ion typesolution system

Optimal experimental conditions were recorded for the metal ion adsorption on

Composite the synthesised composites in singlaetal ion type solutions
adsorbents Metal Adsorbent _ ge (Mg g?) recorded at
) p Contact time
ions Dose (9) 0.01 g adsorbent dose
Cc?* 0.05 5.07.0 60 15.88
P 0.03 4.05.0 60 49.56
CH/cHAp Cuw 0.05 4.06.0 60 13.42
Chromate
) 0.05 4.05.0 60 21
ions
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C#* 0.05 5.07.0 60 19.72
PRt 0.03 4.05.0 60 87.99
CH/bHAp cw* 0.05 4.06.0 60 17.34
Chromate
) 0.05 4.05.0 60 17
ions
C#* 0.05 5.07.0 120 16.06
PRt 0.03 4.05.0 120 59.49
CH/cHAp/CF cw* 0.05 4.06.0 120 14.83
Chromate
) 0.05 4.05.0 30 25.87
ions
Cok* 0.05 5.0-7.0 120 17.01
PR 0.03 4.05.0 120 70.27
CH/bHApP/CF Cuw* 0.05 4.06.0 120 16.13
Chromate
0.05 4.05.0 60 21.12
ions
Cok* 0.05 7.0-8.0 90 17.12
PR 0.04 5 60 34.6
CH/cHAp/SCGs Cuw* 0.05 5 120 9.12
Chromate
) 0.04 4.05.0 15 16.11
ions
Cok* 0.05 7.0-8.0 90 18.18
PR 0.04 5 60 42.43
Cuw* 0.05 5 60 11.71
CH/bHAp/SCGs
Chromate
) 0.04 4.05.0 15 16.08
ions
CP* 0.05 5.07.0 60 20.09
PR 0.04 5 60 54.21
] Cuw* 0.05 5 60 15.49
CH/cHAp/zeolite
Chromate
) 0.04 4.05.0 60 13.3
ions
Ck* 0.05 5.07.0 90 25.79
PR 0.04 5 60 67.22
CH/bHAp/zeolite  Cw* 0.05 5 60 16.99
Chromate
) 0.04 4.05.0 60 13.25
ions
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This section demonstrates the comparison of the adsorption capaciti@sofqgthe
synthesised composite systems for the reahof metal ions in singlenetal ion type
systems.

There weredur composite systems studied to remowe tietal ions using the solutions
containing the single metal ion type. The Amear Langmuir isotherm model was used
to estimate the maximum adsorption capacii(m mg g*) of these adsorbents for each
metal ion studied and presented in TdbES.

Table 5-35: Comparison of the maximum adsorption capacity (gax) of the synthesised

composites in this study to remove metal ions as calculated by using the Langmuir

adsorption isotherm model

Metal ions Composite .
CH/HAp  CH/HAp/CF  CH/HAp/SCGs  CH/HAp/ zeolite
removed  systems

. CHAp-based 24.33 19.57 24.62 33.21
cd bHAp-based 33.93 20.66 25.46 37.04
. CHAp-based 52.42 66.09 34.68 72.49

P bHAp-based 90.03 89.85 49.09 100.47
. CHAp-based 15.91 15.95 9.98 17.56
cv bHAp-based 23.67 18.55 14.57 20.11
Chromate CHAp-based 45.04 29.41 27.17 7.71
bHAp-based 34.72 72.46 31.34 7.27

Table 535 demonstrated that the estimated adsorption &f iGds was the highest for

the CH/HAp/Zeolite composites, which could be due to the presence of zeolite and HAp
in this composite system which can remove the metal ions using thexébange
mechanism. The CH/HAp and CH/HAp/SCGs exhibit comparable renfovtiie Cd*

ions, followed by the CH/HAp/CF composites. Overall, the addition of the zeolite
exhibited an improvement in the removal efficiency of the CH/HAp (control) composites.
The bHApbased composites (in all four composite systems) were foundliettes at
adsorbing C# ions than the cHAp composites, which aligns with the experimental
observations of these composite systems.

The CH/HApZeolite composites showed the highest value of the estimated maximum
adsorption for P8 ions, which confirms th&end recorded for the €tlion (see above).
After the CH/HApkeolite composits, the CH/HAp (control) composites showed the
maximum adsorption capacity for Pbions, followed by the CH/HAp/CF and
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CH/HAp/SCGs composites. The bHMyased composites (il aur composite systems)

were found to be better at adsorbing thé'Rin (as recorded for the €dons) than the

cHAp composites, which agrees with the experimental observations of these composite
systems recorded for the removal of Pibns.

Generaly, the bHApbased composites exhibit a better adsorption capagity) (ifpan

the cHApbased composites for the Tuion adsorption, which agrees with the
observations of this study.

The chromate ion adsorptionn{g) was the lowest for the CH/HAg®olite composites,

which provides support to the higher ierchange ability of binding sites of this
composite system with respect to cation adsorption, resulting in lower adsorption
observed for chromate anions. The highest value of the vgas recorded for the
CH/bHAp/CF composite, which is supported by several literature studies which showed
that the cowbased composites were a favourable adsorbent for the removal of chromate
anions. The irregular trends recorded for the estimatgdfithe chromate ions on these
composites could be due to many factors, such as the heterogeneity of the samples (grain
sizes) or the applicability of the adsorption models on these systems. A comprehensive
data analysis using different adsorption modelsd:da done to confirm the findings
recorded for these systems. Overall, the bHv&ped composites (except CH/bHApP)
showed better adsorption of chromate ions than the ebé&ed composites.

5.2 Experiments involving the removal of metal ions by the composite
adsorbents from solutions containing two metal ion types

(competitive adsorption)

The results obtained from the optimal conditions deduced f&raPld Cd* removal by

the composite adsorbents (when exposed to solutions sinie metal ion systenfas
discussed in earlier section 5.1) were used to evaluate the adsorption of these metals from
solutions containing both dissolved?Pland Cd* ions where there will be competition

for the surface adsorption sites on the composites by the two metal iomg presdution.

The competitive P and Cd* adsorption experiments on the CH/HAp (control) and
threecomponent composites as a function of (contact) time were conducted at two
adsorbent doses, 0.01 g and 0.0&8nd he contact time varied from 15 minate 180

minutes. The removal efficiency was calculated using equatibr{sée earlier). The
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adsorption capacity:gmg g*) as a function of time was calculated using the following
equation (510):
Equation 510:

In the above equatiogo and G denote the metal ion concentrations in the liquid phase

(mg LY at contact times A00 and dAto, respe
litres (L), m (in g) represents the mass of adsorbent, amithge amount of sorbate
adsorbed to the solid phase (i.e., the adsorption capacity) ifmgg t he ti me @t 0
from 15 minutes to 180 minutes.

In terms of kinetic models, the PSO model was fitted to the data in order to estimate the
maximum adsqtion parameters, including gmg g*) and k (g mg* mint) for these

systems as the PSO kinetic model was always found to be tH#& bestel for describing

the kinetics of adsorption in the single metal ion adsorption systems both in this study an

in similar studies reported in the literatefe>C

Hence the next section describes the re$oits

1. Competitive adsorption of Gt and PB" on the composite adsorbents in
systems where two metal ion types have been dissolved on two doses of
adsorbent used (0.01 g, Figurd and 0.05 g, Figure-B)

2. The kinetic modelling for Cd and PB* competitive adsorption from a solution
containing both metal iondissolved,and comparison of the kinetic model
parameters as calculattad the single metal ion systems and for those where
two metal ion types were dissolved in solution and exposed fferent
adsorbent dose®.01 g, Table 86 and 0.05 g, Table 37)

3. Detailed results collected for this experimentaliget(twometal ion type
solution systems) are presented in Appendix 5.
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5.2.1 Comparison of the removal efficiencies of the synthesised comjtes
for the removal of P** and Cd?* ions in two-metal ion type systems

(competitive adsorption system)

This section demonstrates the removal gfRhd Cd*ions in a solution containing two

metal ion typesFigure 51 illustrates the removal % of theraposites for the Cdand
Pl?*ions recorded by AAS at 0.01 g of adsorbent dose in competitive adsorption systems.
The PB* ion removal is higher than €dion on all the composite systems studied (see
Figure 51), confirming the findings noted earlier in the singletal ion typesolution
systems. Similarly, the bHApased composite exhibited a higher removal for both the
cations than the cHApased compotgs, which also aligned with the observations of the
singlemetal in type systems discussed in detail in earlier sections.

The data was recorded for adsorption on 0.01 g of the adsorbent dose, showing the highest
removal of the PY ions on the CH/HAeolite compositeswhich agrees with the Pb

ion adsorption observations recorded in the singd¢al ion type solution systems (see
above 5.1.4). In contrast, €dons were removed to the highest extent by adsorption on
the CH/HAp/CF composites, followedykthe CH/HAp/SCGs, CH/HAgkolite and
CH/HAp composites. Overall, the threemponent composites systems showed better
removal of PB" and Cd* ions than the CH/HAp (control) composites in tmetal ion

type solution, which contradicts the results recordesinglemetal ion type solutions,
where the removal efficiency of the conttelo-component composites was better than
observed for the threeomponent composites.

The difference between the removal efficiencies in the two systems (single anmétalo

ion type) could be attributed to the irregularities in the sample conditions (sizes and
specific surface areas). Alternatively, the addition of the third component could have a
synergistic effect on the adsorption capacities of the composite in conmgatiserption

systems (like twanetal ion type systems).
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Figure 5-1: Comparison of the removal efficiencies of the synthesised composites for the
competitive removal of PB* and Cd?* by adsorption (in solitions containing two metal ion

types) when using 0.01 g of adsorbent

Figure 52 (for 0.05 g of adsorbent dose) exhibited the highest adsorptior?bafdb

Cd?* ions on the CH/HAp/Zeolite composites, followed by the CH/HAp/SCGs, which
agrees with the olesvations recorded for the singigetal ion type solution system. The
threecomponent composite systems were more efficient at removing fieat PB*

ions than the CH/HAp (control) composites, showing a better removal (%) than the
control composites ithis two-metal ion type solution, which agrees with the observations
recorded when using a low dose (0.01 g) of the adsorbents (Figyre 5

These findings are different from the observation recorded in the smegbdion type
solutionsystem. The results recorded in the competitive adsorption systems (Fijure 5
and 52) demonstrate that the performance of the CH/HAp (control) composites could be
enhanced by adding a third component when they are used as metaldval reubstrates

in competitive adsorption system scenariose tothelimited datacollected in this study

it is felt thatthese three component composites would be good systestisdy further

by using different experimental conditions and sattapxploretheirfutureapplicability

in complex water treatment systems.
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Overall, cHApbased and bHA{pased composites showed comparable removal
efficiencies when 0.05 g tfieadsorbent dose was used for the removal éf @ud PB*

ions. It could be attbuted to the higher adsorbent dose (0.05 g) used in experiments,
which would have provided the adsorption sites for maximum removal of these metal
cations from the solutions containing both?Cand PB* ions. The adsorbent dose was
one of the most imponté factors to attain the maximum adsorption of the metal ions on

the composite.
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Figure 5-2: Comparison of the removal efficiencies of the synthesised composites for the
removal of P** and Cd?* in competitive adsorption system (in solutions containing two

metal ion types) at 0.05 g of adsorbent dose

5.2.2 Preferential adsorption of PI#*in competitive adsorption systems from
solutions containing both Cd* and PK** by using the composite

adsorbents d this study

Overall, the better removal of Plihan Cd* was recorded for all the composite systems
using both adsorbent doses (0.01 g and 0.05 g). The results are presented (in detail) in
appendix 5 for reference, whielgres with the observations reaed in the singlenetal

ion type solution systems (as discussed in earlier sections above).
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The improved uptake of Pbrelative to other cations such as?CuCd*, Ni?* in
competitive adsorption systems has been reported before in literature studies for several
adsorption systems such as nanohydroxyap3tite hydroxyapatitebiochar
nanocomposifé®, carbonaceous nanofibPés xanthatemodified magnetic chitosan
adsorbent'! and modified chitosan/CoF®. particles’ Explanations for this enhanced
adsorption ability of PI can be offered as follows.

The literature studies describkigher electronegativity, stronger covalent bond strength,
and larger ionic radii of the Pbion as essential indicators for explaining why 2*Pb
adsorbs on substrates more readily thaA*@dcompetitive adsorption systems from
solutions containintghese two metal ioA%>"3 The literaturdnas many reports that agree

that the PB" and Cd* ionsare subject to differertemovalmechanisms such as surface
complexation and ion exchange for removal from the solution by the chitosgheand
hydroxyapatite adsorbents. These mechanisms have already been explained in chapter 1.
The following section discusses these two fundamental mechanisms in detail in the
context of preferential adsorption of ®lipbns using the composite adsorbents erygxdo

in this study.

5.2.2.1Metal-ligand complexation involved in preferential Pb adsorption on the

composite adsorbents

A ligand is a charged or uncharged molecular sp&éjeshich can cause metal ion
removal by forming metabn-ligand complexes (termed metal ion chelation). The ligand
contains electromonating atomse(g.,N or O), while the metal cations (Ptand Cd")

act as electroacceptors when forming the met@jand complexes via a covalent bond.
The metal ion interactions with ligands (such as amino and hydroxyl groups) to form
metatligand complexes are wethown mechanisms for removing heavy metal ions
using biological macmmolecules such as cellulose, chitin and chité®afthe CH/HAp
based composite has the potentialdmove P¥H and Cd*ionsusing this mechanism by
involving the-NH2 groups andOH groups detected to be present in the CH/Hbyased
composite system can form meligiand complexes while removing metal ions. When
the solution pH is low (acidic), it #&ls to protonation of théNH> groups to produce
positively charged NE groups, which could compromise the mataimplexation

mechanism
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The tendency of Pbto form metal complexes with ligands including N and O atoms
(e.g., amino and hydroxyl groupss) thermodynamically more favourable than it is for
Cd?* according to a classification discussing the miigaind complex formation and
stability constant (is.). Metals will tend to make more stable mdighnd complexes if

the stability constant is higi?’®. According to this classification, smlled Class B
metals are preferentially complexed with ligands in the following order S > N > O, with
PI?* having a greater tendency to form the chelation complé®8than Cd*. Hence

P is taken up to a larger extent thar’Cah these CH/HAgbased composites

5.2.2.2lon-exchange mechanisms involved in the preferential?Padsorption on the

composite adsorbents

Suzuki et af?®5"" provided the experimental evidence for highef*Rimisorption on
synthetic HAp compared to €d ion under the same experimental conditions. They
showed in their work that an ieexchange mechanism was responsible for removifty Pb
and Cd* when HAp was employed as an adsorbent to remove these metétibhs
lons with a more significant electronegativity value may exchange more favourably with
Ca* ions in HAp. los with radii in the range of 0B.3 A were readily exchanged for
C&*ions in HAp. The metal ions with a higher electronegativity value and ionic radius
in this range favoured the igxchange process with €alLiterature states that Phions

have higler electronegativity’®>7® (2.33) than C# (1.69) and larger ionic radii (Pb

has an ionic radius of 0.118 nso falling in the range given by Suzuki et%).compard

to CcF*ion (0.097 nm) hence this would explain why moré*Rban Cd" would be
attracted more strongly towards negatively charged adsorption sites of composites and to
ion exchange with Gaions on hydroxyapatite. Hence literature provides strongastipp

for why there is higher Pbadsorption than Cd, especially on HAfbased adsorption
systems such as the CH/HAyased composites discussed in the present study.
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5.2.3 Kinetic modelling of competitive Pi¥*and Cd?* ion adsorption on the
composite adsorbents and comparison of kinetic model parameters
calculated for adsorption from solutions containing either one or two

metal ion types

As has normally been the case in previous experiments and model fitting exerthises
study, the pseudsecondorder model (PSO) was the bésted model to describe the
adsorption of P§ and Cd" in the single metal system. The fitting of PSO was done on
kinetic data of competitive adsorption of4°and Cd* for all the synthesied composite
adsorbents of the present studhed Figures % and Figure 56 appendix h The
comparison of the calculated parameters of PSO for data pertaining to adsorption from
solutions containing either one or two metal ion types is given in Taekée(6.01 g) and
Table 537 (0.05 g) to show the estimated adsorption éf Bbd Cd* in two systems
using the composite adsorbents discussed in this study.

Table 5-36. The calculated parameters from the fited nonlinear PSO kinetic model for
competitive Pl?* and Cd?* adsorption (two-metal ion typesolution system) and single metal

ion adsorption on 0.01 g of the composite adsorbents

Composite SO Single-metal ion type solution system Two-metal ion type solution system
adsorbents ge (Mg g?) k2 (g mgtmin?) R?2 ge(Mmg gy) k2(g mgimint) R?2

Cc#* 15.930 0.139 0.999 15.507 0.003 0.998
CH/cHAp

PR 48.173 0.013 0.999 27.305 0.001 0.977

Cc#* 19.070 0.039 0.999 15.749 0.009 0.999
CH/bHAp

PR 49,518 0.014 0.999 45.042 0.001 0.997

Cc#* 19.274 0.010 0.993 15.664 0.013 0.996
CH/cHAp/CF

PR 46.912 0.003 0.998 34.995 0.002 0.978

C* 23.646 0.002 0.991 23.195 0.003 0.994
CH/bHAp/CF

P 49.797 0.003 0.999 43.384 0.002 0.998

C* 26.090 0.012 0.999 18.856 0.003 0.993
CH/cHAp/SCGs

PR 47.790 0.025 0.999 38.430 0.001 0.997

Cc#* 25.820 0.048 0.999 18.800 0.006 0.999
CH/bHAp/SCGs

PR 48.086 0.016 0.999 41.850 0.001 0.999

) Cc#* 20.890 0.003 1.000 15.560 0.005 0.991

CH/cHAp/zeolite

PR 48.390 0.006 0.998  48.390 0.006 0.998

C* 22.789 0.005 0.999 16.090 0.006 0.998
CH/bHAp/zeolite

P 48.954 0.006 0.999 48.010 0.007 1.000
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The PSO is fitted well with R> 0.97 to describe the kinetics of adsorption of these cations
on the CH/HApbased composites and confirms that chemisorption is thdimatieg

step for removing P and Cd" in the competitive adsorption system. The competitive
adsorption of PH is preferred over Cd adsorption on both types of composites (CHAp
based and bHApased composites) (see Table® & 5-37). This is because the
estimated g(in mg g*) of PI¥* ranges from 248 mg ¢' while it ranges from 15.50
23.19 mg ¢ for Ccf*, for all the composites studied (TablSB).

It reiterateghe preference of the CH/HApased composites discussed in this study to
adsorb PBions. Similarly, the estimated: galues (for both Pt and @F*ions) using
PSO are higher in the single metal ion system than in systems where two metal ions are
co-dissolved in solution, signifying the previously discussed antagonistic effect of
competitive adsorption of metal cations on the available adsotem(see Table-36

for reference).

Table 5-37: The calculated parameters from the fitted norlinear PSO kinetic model for

competitive PI?* and Cd?* adsorption (two-metal ion type system) and single metabn

adsorption on 0.05 g of composite adsorbents

Composite SO Singlemetal ion type solution system  Two-metal ion type solution system
adsorbents ge(mg gy kz2(gmg'min?) R2 ge(mMg gl ka(gmgimin?) R2

Cc#* 7.505 0.037 0.997 8.464 0.005 0.995
CH/cHAp

PR 9.625 0.080 0.999 8.450 0.030 0.999

Cc#* 9.808 0.127 0.999 8.450 0.015 0.999
CH/bHAp

P 10.172 0.041 0.999 8.590 0.181 0.999

Cc#* 11.804 0.002 0.998 9.176 0.008 0.998
CH/cHAp/CF

PR 9.969 0.025 1.000 9.107 0.060 1.000

C* 12.163 0.002 0.992 9.928 0.018 1.000
CH/bHAp/CF

P 9.946 0.036 0.999 9.623 0.036 1.000

C* 9.868 0.035 0.999 9.637 0.011 0.998
CH/cHAp/SCGs

P 9.890 0.047 0.999 9.970 0.007 0.999

C* 9.850 0.053 0.999 9.849 0.017 1.000
CH/bHApP/SCGs

P 9.690 0.083 0.999 10.087 0.007 1.000

] Cc#* 9.728 0.008 1.000 9.760 0.024 0.999

CHI/cHAp/zeolite

PR 9.262 0.050 0.999 9.483 0.042 1.000

) Cc* 9.881 0.008 0.999 9.770 0.024 0.999

CH/bHAp/zeolite

PR 9.546 0.038 1.000 9.515 0.045 1.000

260



Table5-37 (above) presents the calculated parameters for the fitting of the PSO kinetic
model to contact time data on the competitive adsorption &f & Cd* on the
CH/HAp-based composites (of the present study) using 0.05 g of adsorbent dose. The
PSO modelvas also a good fiior this data, with R> 0.99. In contrast to the 0.01 g
adsorption system (for adsorption from a solution containing two metal ion types), the
0.05 g adsorbent dose shows similar adsorption capacities in relatior" tanellbCd*
adsaption from both solutions with single metal iandtwo metal ion types. (see Table
5-36). The difference between the(mg g?) values was found to .1 mg g! or less
between systems. The similar adsorption abilities of bothstgheomposites (CHAp

based composites and bHM&psed composites) when exposed to the single metal ion and
two metal ion type (competitive) systems for?Cdnd PB* can be attributedot the
availability of excess adsorption sites from the use of the higher adsorbent dose (0.05 g
vs 0.01 g).

5.3 An industrial input stream sample containing three heavy metals

for testing the adsorption performance of the composite adsorbents

Experimental: After studying the adsorption behaviour of the-tvamponent (control)

and threecomponent composites (discussed in earlier sections) in solutions containing
either one or two metal ion types, it was desired to test the performance of the composites
by expong them to an industrial type of solution consisting of thredissolved heavy

metal species of relevance to the wood treatment industry. The sample supplied was not
a sample of wastewater from the company bumjpnt stream(i.e., before it was expode

to the wood). This nevertheless was regarded as a suitable mimic for an industrial
wastewater sample except that the concentrations of heavy metals present were higher
than they would have been due to rexposure of the solution to the wood. The other
aspect of the sample was that it contained a metal that had not previously been tested in
the solutions containing either one or two metal ion types (as it was not available as an
element for analysis by AAS). This was arsenic (as the arsenate ion).

The irdustrial input stream sample solution supplied was not in a suitable state to be
exposed directly to the composite materials. Particulate matter was present from the
industrial holding tanks they originated from. Also, the pH of the media was too acidic
(pH < 2), meaning that it would have dissolved the HAp in the composites studied. The
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i nput sample was dar k orange s wdich®matei n g
ion (i.e. CeO7%(aq)), which is known to exist at very acidic ¥ The fundamental
purpose of this experiment was an evaluation of the removal efficiency of the composites
when exposed to such a solution, so the initial metal ions concentration (before exposure
to the composites) and final metal ion concentration (&k@osing the water to the

synthesised composites, needed to be evaluated.

5.3.1 Pre-treatment and dilution of water for analysis and metal removal

treatment

Before the metal removal experimentation using the adsorbent-anglesis of the
industrial input stream water sample was done usingMISPFor theanalysis, thectual

(dark orange) sample was diluted by 2000X (the dilution factor) using doubléedisti
water. After the dilution, the colour of the water changed from dark orange to light yellow,
while the pH increased to values between 4 and 5. Dichromate is likely converted to
chromate ion under these conditipgven the colour change that was abse.

The subsample (from the 2000X diluted water sample) was taken for analysis by ICP
MS in a 100 mL volumetric flask and filtered twice using a syringe filter (0.45 micron).
The two replicates were taken in falcon tubes (15 mL) forMSPanalysis befre metal

ion removal experimentation to obtain a reliable-garacterisation of the industrial
water sample. The results generated by-M¥ analysis were in ppb units, which were
converted subsequently into ppm values. These were then multiplieddiluthos factor
(2000X) to get the actual concentrations of arseioatecopper and chromate ions in the
industrial input water samples.

For instance, the arsenic concentration in-NI® analysis was given as 831.7 ppb. To

get an actual concentratiorf arsenic in the industrial input stream sample, it was

fiCr

multiplied by the dilution factor 20000,

concentration was 1663,400 ppb. Then this value was converted to ppm unit by dividing
it by 1000. In this way, th calculation was also done for the other two metal ions
(chromium as chromate ion and copper (cupric) ion).

The calculations gave the following values for chromium, arsenic and copper ions
concentrations:

Arsenic (as arsenate) 1663.4 ppm
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Copper (as Cii) 999.8ppm

Chromium (as chromate) 1621 ppm

Isotopic concentrations of Cu and Cr elements (for different isotopes) were measured by
ICP-MS in the industrial water sample (Table 6.2B in appendix 6). Generally, the
concentrations of abundant isotopes of théateen nature are selected to represent the
metal ion concentrations {(Ppm) in later experimentation. For instarfé€u is the most
abundant isotope of copp&t, with an isotopic ratio of 68.94% and is usually taken into
account © evaluate the removal efficiency of synthesised composites with respect to
cupric iors. However, a number of mass interferences (resulting fhemse of Argon

or othercomponents) occurringp ICP-MS must also be considered in order to choose
the most sitable isotope to analyse for representing an accurate value of the metal ion
concentrations (i.e. which is not so affected by or subject to the mass interferences).
Usually, at least two different isotopes are measured using theM&PRand if the
difference between the concentrations of the two is very high, then it is assumed to be
caused by a possible interference. However, in industrial input stream samples, several
cations and anions were present in very low concentrations, which could be assumed to
be negligible for causing any interferences. The other interferences which would always
be present include the AB, H and N due to the argon plasma, water, and nitric acid. For
this, the quality control samples of known concentrations were used in dhgsian
Additionally, the results were recorded for at least two isotopes of the metaterefst

(Cw?*, chromate), which showed comparable concentrations in ppm. The primary purpose
was to evaluate the removal efficiency of the composite materialbe&&Cu and®*Cr
concentrations were selected to calculate the removal efficiencies of the composites in
this study.

Experimental:

Industrial water sample preparatiorf-or the batch experiments involving metal removal
using the composite adsorbents (discussed in the present study), the industrial input
stream sample was diluted by a factor of 1000.

Batch experiment:The kinetics of metal ion adsorption (of the threevabmentioned
metals Cd*, chromate and arsenate )pron the composites was studied usimg

adsorbent doses, 0.01gand 0.1 g
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Targeted metalsDue to technical issues with the AAS instrument, it was decided to use
ICP-MS to monitor the change of ioomcentrations in the industrial input stream sample
after exposure to the CH/HAp composites. The metals targetedccogper chromium
(chromate ion), and arsenic (arsenate ionpiven the ICPAMS technique can
simultaneously monitor many metal ion concatitms, it was also decided to measure

the concentrations afalcium (present as € and phosphorus (present as phosphate)

to explore if the iorexchange mechanism was occurring as reported for hydroxyapatite
containing composite matrices when adsorliiegvy metal ions. This would not have

been easy to do using AAS due to matrix interference issues and the need to use other

reagents to prevent this from occurring. AlBds not amenable to AAS measurement.

5.3.2 Results and discussion for experiments involeg metal ion removal
from the industrial type of input stream sample by the composites

synthesised and discussed in the present study

This section concludes the observations recorded for the €womate and arsenate ions

on the synthesised compositepesed to the industrial input stream solutions.

5.3.2.1Removal of C&* ions on the synthesised composite systems exposed to an

industrial input stream water sample

In Figure 53, the removal efficiencies of the composite adsorbents (of the present study)
recorded using the IGRIS to remove the Ctiions are demonstrated using 0.01 g of an
adsorbent dose. The €uion adsorption was the highest on the CH/Hzplite
compositestollowed by the CH/HAp/SCGs, CH/HAp/CF and CH/HAp composites. The
observation othe highest removal of the €uion (a cation) by the CH/HApéolite
composites agrees with the observations recorded for the other cations in thensitadjle

ion typesolutionsystem, which was attributed to the more-exchange ability of this
composie system (the CH/HApéolite) due to the presence of the HAp and zeolite than
other composite systems.

The lower removal of the Ctiions on the CH/HAp (control) composites compared to
that recorded on threeomponent composite systems illustrated thsitve effect of
third-component addition into the CH/HAp (control) composites, and this observation is
aligned with the observations recorded for the CH/HAp/CF and CH/tdaple
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composite systems, in the tvmeetal ion typesolutionsystems, where thesemposite
systems (CH/HAp/CF and CH/HAg®olite) performed well in term of removal
efficiencies compared to the CH/HAp (control) composite, for the removal%faRd

Cd?* in a competitive adsorption system (see section 5.2). It was concluded from these
observations that the addition of the third component (like Cizewide) in the CH/HAp
(control) composites could enhance its removal ability and utility for cation removal in
complex systems, as evidenced by the observations recorded in theetalam type
(section52) and #Aindustrial i nput streamo sampl e
The bHApbased composites showed a relatively better removal efficiency fott@un
observed for cHAfbasedcompositesKigure 53), which agrees with the observations of

the sngle metal ion type system where the bHBased composite systems showed a
better removal (%) for Cti cHAp-based composites (seeZremoval in single metal

ion type system ). This better removal ability of the bH¥gsed composites was
observed for all metatations studies (Bh CU/#* and Cd*) and attributed to its higher
surface area compared to the cHAgsed composites by providing more binding sites.
Additionally, the presence of more HAp in bHM&ased composites (deduced from TGA

analysis of the compdss) was also considered as a possible reason for this better

pefformane.
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Figure 5-3: Comparison of the removal efficiencies of the synthesised composites for the

removal of Ci?* in industrial input stre am samplewhen using0.01 g of adsorbent dose
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Figure 54 (see below) shows the removal efficiencies recorded byMSRvhenusing

0.1 g of adsorbent exposed to the industrial input stream water samples. All the

composites show comparable removal efficieacanging between % (Figure %4).

In earlier observations using the lower adsorbent dose (0.01 g), different trends of removal

efficiencies for the synthesised composite were observed for the removal of the metal

ions. However, all the composites gleml an optimal removal of 97% or more for the

Cl¥*'ions. Similar observations di

n

t er ms

systems to remove the metal ions (Figu#® Showed the positive effect of the adsorbent

dose on the removal ability ¢fie composites for metal cation removal. Based on this

observation, it could be concluded that the maximum adsorption of the metal ions in each

system could be achieved by simply increasing the adsorbent dose, which provides the

surface area and adsorptigites for the removal of the metal ions.
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Figure 5-4: Comparison of the removal efficiencies of the synthesised composites for the

removal of Cl#* ions from an industrial input stream sampleusing 0.1g of adsorbent
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5.3.2.2Removal of chromate ions on the synthesised composite systems exposed to an

industrial input stream water sample

Figures 55 & 5-6 present the ICIRIS data recorded for different composite systems
studied, which were exposed ittdustrial input stream solutions. Figures illustrate the
results recorded using two adsorbent doses at 0.01 g (Figi)rarsl 0.1 g (Figure-6)

for chromate ion adsorption.

The maximum adsorption of the chromate ion recorded on the CH/HAp (control)
composites ranged between -38%, while the lowest removal was recorded on the
CH/HAp/zeolite composites and was-14%. The removal of chromate ions on all the
composites ranged between34% which is lower than the removal of €yFigure 5

3) on these coposites, which ranged between33% using a similar dose of adsorbents
under similar experimental conditions. The more efficient removal of cationic species
(Cu?) relative to the anionic speciesd.,chromate ion) agrees with the earlier behaviour
obseved when chromate ion adsorption from single metal ion solutions was studied.
These tended to show removal % values of > 8", Cu?* and PB* but only 20

30% maximum for chromate ion.

The highest removal of chromate ions on the CH/HAp (control)posites could be
explained by the greater partidissolution of HAp in this twa&component composite
systemMore dissolution could lead to more availability of integrated surface groups on
the CH/HAp (control) composites. These integrated functional grafpgHAp could
assist intheadsorption of chromate ions. In contrast, the addition of the third component
can hinder this mechanism by blocking the adsorption sites on thepbiAmf the
composites. The lowest removal of the chromate ions on the CHzeidjpés could be

due toa relatively lower availabilityf the adsorption sites as most of the binding sites of
this composite system could be involved in theeéaohange mechanism for the removal

of cationsfrom the solution
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Figure 5-5: Comparison of the removal efficiencies of the synthesised composites for the

removal of chromate ions from an industrial input stream sample using 0.01 g of adsorbent

Similar trends, as described for chromate ion rerinasiag 0.01 g of the adsorbent, were
recorded using 0.1 g of the adsorbents (Figu) &nd could be explained by using
similar reasoimg as described above.

The removal of chromate ions on all the composites was recorded to be higher using 0.1
g (Figure5-6) of adsorbent than it was when using 0.01 g of adsorbent (Figbye 5
Removal %was the highest for the CH/HAp composites ranging betweet®3®while

the lowest removato wasrecorded for the CH/HApg£olite varying between 19 to 22%.

The better adsption recorded foithe higher dose (0.1 g) compared to the lower
adsorbent dose (0.019g) could be attributed to the relatively higher surface area offered by

theuse of the higher adsorbent dose (0.1 g) of the composite.
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Figure 5-6; Comparison of the removal efficiencies of the synthesised composites for the

removal of chromate ions in industrial input stream sample using 0.1 g of adsorbent dose

5.3.2.3Removal of arsenate ions on the synthesised composite syst&posed to an

industrial input stream water sample

Figure 57 & Figure 58 present the summary of the removal efficiencies recorded for the
arsenate removal using the KBS on different adsorbent systems at two doses, 0.01 g
and 0.1 g, respectively.

In general, the removal of arsenate was higher Iy 3-4%) on the bHAp-based
composites (Figure-B) thanonthe cHApbased composites. It could be attributed to the
higher component of HAp present in the bHBg@sed composites, providing relatively
higher adsorption sites for arsenate removahleyon-exchange mechanism (explained

in an upcoming section).

The arsenate removal was higher than chromate removal (%) on thectmp®nent
composites (see Figure®b& 5-7 for reference)in contrast, the chromate removalwas

higher than arsenatemoval % valuesn the CH/HAp (control) composites.
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The higher adsption of chromate ions on the CH/HAp composite than on the-three
component composite systems could be explained in terms of the dissolution of HAp in
these composites systems. The higher adsorption ability eEdwponent composite
systems (the CH/HAp coposites) could be associated with the relatively higher
dissolution of HAp to provide these surface groupscontrast,the threecomponent
composites could be assumed to dissolve less than the control composites (as
demonstrated bthe loweradsorptiorof chromataon on these systems), which could be
attributed to the presence of the third composite. Alternatively, the presence of third
components (like CF, SCGs and zeolite) could also cause the blockage of surface

functional groups, resulting in a dease in the removal of chromate ions.
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Figure 5-7: Comparison of the removal efficiencies of the synthesised composites for the
removal of arsenate ionsfrom the industrial input stream sample using 0.01 gof adsorbent

dose

Figure 58 shows the removal efficiency of the composite adsorbbeatsded using.1

g of the adsorbent. The arsenate removal is following a similar trend as readreled
using 0.01 g of adsorbent (Figure® and could be attributed tthe iorexchange
mechanism, assisting better the adsorption of arseoaten the CH/HAp/Zeolite

composites
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Figure 5-8: Comparison of the removal efficiencies of the synthesised composites for the

removal of arsenate ions in industrial input stream samplaising 0.1 g of adsorbent.

5.3.2.4Comparison of chromate ion and arsenate ion removal by the CH/HAp
composites from thendustrial input stream solutions

In general, arsenaten removal is better than that ofiromate iorfrom industrial input
stream samples when using a higher dosmdebrbent.1 g) as discussed above. The
mechanism of chromate ion removal involvescaiostatic interactions between the anion
and positively charged protonated active sites and metal complex formation involving the
electrondonating groups on the composite material (as discussed in section 5.1.1.1).

In contrast, the literature does rejhie possibility of ion exchange for arsenate ion when
hydroxyapatite is used to remove arsenic as arsenate ion. Arsenic is predominantly
present as arsenate [As(V)] in the industrial water sample (present study), which is a
commonly encountered arsengpecies thatis chemically stable under aerobic
condition$®. Chen et al! explained that the ieaxchange mechanism for arsenate ion

removal on bone char is as followghichinvolves the exchange of hydroxghs:
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Cao(PQi)s(OH), + HASO?  Cao(PQy)s(HASOs) + 20H 511

Arsenate(HAsOs?) and phosphate (HR®) have chemical similaritié®, which meas
that arsenate could exchange for phosphate on a hydroxyapatite surface. Lt et al.
proposed a mechanism of i@xchange between arsenate and phosphate ion species for

removal of arsenic using synthetic hydroxyapatite as given in the following equation:

( A Hebotes murface) [ HAPQ® + AsQ® [ HARSOS + PQ* 5-12

To confirm if the ion exchangemechanism shown above is occurrirtge elemental
phosphorus concentration was monitored by-M® before and after exposure of the
industrial input streargolution to the CH/HAp composites. The results of this experiment

are discussed in the next section.

5.3.2.8Investigation (by ICPMS) of the ionexchange mechanism for cation and
anion removal by the CH/HAp composites when exposed to the industrial input
streamsolutions

5.3.2.5.1 Increase in concentration of Cd ions in solution when the CH/HAp composites

were exposed to the industrial input stream solutions

Table 538 shows the CGaion concentratioranalysedusing ICPMS in the industrial

input stream solution after pasure to 0.01 g and 0.1 g doses of the CHABAped

composites.

In Table 538, results recorded for industrial input stream solutions at 180 minutes of

exposure with the composite systems are presented. For both the composite systems

tested, with the indstrial type of industrial input stream solution, the concentration of

C&*ions increased gradually throughout the contact time experiment (15 minutes to 180

minutes,see Figures ® to 612, Appendix b This was taken to mean that ion exchange

occurred @ the HAp part of the composite between HAp latticé*Gand the metal

cations present in solution (i.e., €uC*, and PB" etc.)

When using low adsorbent doses (0.01 g), cHb&ped composite systems showed a total

68.72 %tod 1 1 2 % (-3IBpircreasdan Te concentration of Ea(plots showing the

detailed presentatioof each system are givem appendix 6)Similarly, an increase of

163.56% t o 2Zontedtditidn was obsemed for the bHBased composite,
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which indicated that the bkp-sourced composite demonstrated a better cation
exchangeability than that of the commercially sourced HAp. This agreed overall with the
better cation removal efficiency of the bHApased composites as observed in the
experiments conducted in the singlee t a | ion type, two met al
input stream water samples. It is possible that the higher surface area of théddéalp
composite may also be assisting to improve adsorption outcomes for cation uptake
relative to the cHAgbased compa® system. Alternativelyit could be attributed to the
higher content of HAp in the bHApbased composites, as revealed by the TGA analysis
of these composites.

When using a higher dose of adsorbent (0.1 g, TaB®) 5the bHApbased composites
showeda relatively higher increase (%) in €#@ns concentration than that observed for

the cHApbased composites and could be attributed to higheexchangeetween the
cations and bHAfbased composites.

Apart from ion exchange between €aof HAp and cabns, the increase in the
concentration of Cdionswerevery high in all the solutions exposed to these composites
systems, and it could lzelditionallydue to thepartialdissolution of these composites to
release C4 ions in solution.

Table 5-38: The percentage increase in the concentration of Gaions analysed by ICPMS

in an industrial input stream sample during its exposure to 0.01 g and 0.1 g of the composite

adsorbents of the present study

) cHAp-based composites bHAp-based composites
Composite adsorbents
0.01g 0.1g 0.01g 0.1g
CH/HAp 68.73 138.86 163.56 172.15
CH/HAp/CF 157.72 202.35 200.33 399.74
CH/HAp/SCGs 178.90 185.74 197.99 181.57
CH/HAp/Zeolites 112.78 194.10 144.21 202.81

5.3.2.5.2 Increase in concentration of phosphorus (P) in solution during the metal removal
experimentation

As intimated earlier, the phosphate ions in the hydroxyapatite lattice could be a potential

site for ion exchange for metal anions such as arsenate, as presented in equd&ions 5

To confirm experimentally whether this ion exchange medamamiad occurred between

phosphate anion and other anionic chemical species in the industrial input stream solution
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(e.g., arsenate anion), the elemental phosphorus concentration was also monitored
simultaneously by ICRMS in adsaption experimentand theresults shown in Table-5

10.

In Table 539, a continuous increase in P concentration was observed (presumably as
mostly phosphate ion) for both composite systems tested with the industrial input stream
solution and presented Appendix 6 (Figures-3 to 616).

In Table 539, the reslts are presented for the composite systems exposed to the industrial
input stream sample, and P concentration was recordedl&feminutesof exposure

time.Using 0.01 g of composite, the cHAyased composite systems showed an increase

in phosphorus abc entrati on ranging between &376.

CH/HAp/SCGs) and 706.93 %the highest for the CH/HAEolite) composites. This
observation agrees witthoserecorded earliefor arsenateemoval using 0.01 g of
adsorbent dose (Figure-7/, showing the lowest removal of arsenate on the
CH/HAp/SCGs and the highest by using the CH/HA&plite of all the composites studied.
From this observation, it could be assumed that the exchange bedvgsgrate and
phosphate iogis a possible mechanism for the removal of arsenate using these composite
systems. The percentage increase in P concentration was found to be relatively higher for
the CH/cHAp compared to the CH/bHAp based composite, which teuddtributed to

the dissolution of HApwhich was reasoned to bggher in the cHApased system than

in the bHApbased composite system.

Table 5-39: The percentage increase in the concentration of elemexitP analysed by ICP

MS in an industrial input stream sample during its exposure to 0.01 g and 0.1 g of the

composite adsorbents of the present study

) cHAp-based composites bHAp-based composites
Composite adsorbents
0.01g 0149 0.01g 0.1g¢
CH/HAp 504.72 454.319 457.02 109.08
CH/HAp/CF 524.09 329.52 571.29 233.08
CH/HAp/SCGs 376.15 458.51 407.14 509.77
CH/HAp/Zeolites 706.93 199.25 671.95 138.32

For the 0.1 g dose of the composites, the ciBAped composite showed a higher relative

15

increase in phosphorus ( a4 5b4a% etdo clo9n®p. 02s5i %)e (r

to 233 %), except the CH/HAp/SCGs composite, which exhibited an unusual increase in
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the P concentration at 0.1 g of adsorbent dose which could be due to phosphate release
from coffee grounds as weB€eEDX analysis of SCGs, FigureID).

The higher phosphorus concentration in solutions exposed to theloét& composite

could be due to the higher solubility of the cHAptl@se compositesompared to the

bHAp in bHAp-basd composites. The large increase in % of P in the solution could also
mean that the phosphate detected could have come from the partial dissolution of
composites in the solutiohe same possibility was mentioned earlier for thé*Ca
concentration; hergit is probable thatotonly hasion exchange occurrdalt also some
dissolution of the composites themselves, albeit with the uptake %fafsenate and
chromate iorfrom solution into the composites

This observation of higher dissolution of Aptbased composite could be supported by

the results of chromate removal using these composites in the single metal system where
the cHApbased composite (such as the CH/cHAp) was found to remove chromate ion
more efficiently than the CH/bHAp composite, wini could be due to the better
adsorption properties of CH/cHAp for chromate ions relative to CH/bté8plting from

the cHApOGs greater relative solthehighéri ty i n
solubility of cHAp.The electrostatic interactions aree of the dominating mechanisms

for the removal of the chromate (as described above). The integrated surface functional
groups of HAp could adsorb the chromate ions by electrostatic interactions. Ftrehis,

[ PO groups of the HAp were reported to peidate in chromate adsorption, as, after the
dissolution of the cHAp, these groups were reported to dominate the surface of the HAp.
These groups are protonated in slightly ac
resulting in adsorption of the adsorbgech as chromate) from the aqueous solutféns

In the present study, the pH of the solution wasx0) which could cause the protonation

of Tffuacionalgr oups to produce [ POH species and
sites for chromate anions. This is evident by better chromate adsorption in single metal
ion type and industrial input stream water removal systems where the chromate was
removed more eitaciously using CH/cHAp than CH/bHAp.

Another possibility could be the higher percentage of carbonate in the cHAp samples,
which exchange out for chromate better, but this possible interpretation could not be
supported by any literature evidence. However, it was assumed that the higher HAp

content in the bHAgbased composite (as demonstrated in TGA analysis) could be due to
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the lower carbonate content in thmarticular HAp phaserelative to the cHAp
(commercial HAp). So, the presence of the carbonates in cHAp, arekdbange
between carbot@s and chromates could be considered as a mechanism for better
chromate ions removal yese systemand could be imresting to explore in future
studies

Contrary to this, the arsenate removal was repbftetb occur by an iorexchange
mechanism involving phosphates. The aasememoval (%) was relatively higher for the
bHAp-based composites than the cHB@sed composites, which could be attributed to
the relatively higher content of HAp in these composite systems, as mentioned above
providing higher adsorption sites for theriexchange removal of arsenate by the
phosphate groups.

From the observation of single metal ion type and industrial input stream system exposure
experiments, the CH/cHAp (control) composite was found to be more efficient at
removing chromate ions thaine CHbHAp composite. A higher concentration of P was
detected in solutions exposed to CH/cHAp. These two findings could be attributed to the
relatively higher solubility of CH/cHAp composites (due to cHAp) providing more
adsorption sit etesandEoulPhe the reasam for the higher presphorus
concentration in solution. The relatively better removal of arsenate ion from solution (at
both adsorbent doses of 0.01 g and @)lcould only be attributed to the ien
exchangeability of CH/bHAp, inctiing phosphates of the crystal lattice as presented in
equation 511.

In contrast, in the threeomponent systems, there was no regular trend for the chromate
ion adsorption and phosphorus concentratioth@solution exposed to these systems.
The arsenat ion removal appeared more efficient when using the bbbsed
composites than the cHAmased composites, which can be attributed to the higher
content of HAp in these systems, a fact also supported by TGA analysis of these

composite systems.
5.4 Summary

The batch experiments to evaluate the metal ion removal efficiency of the synthesised
composite systems were conducted in three different removal systems, inelattiglp

metal ion type, two metal ion typand three metal ion type removal systems.
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In sinde metal ion type removal systems,?CdPlF*, Cu/* and Cr (as chromatens)
modelsolutions were used, and the effect of experimental parameters such as dose, initial
metal ion concentration, time and pH on removal efficiency of the composite adsorbents
was studied. In all the systems studied, a continuous increase in removal efficiency and a
decrease in the adsorbent capacity of the composite adsorbents were recorded when the
adsorbent dose was gradually increased. On the contrary, a continuous inctease
adsorbent capacity of the composite adsorbents and a decrease in removal effigiency w
recorded when the initial concentration of metal ionghe solution was increased
gradually. A pH range of 5:(07.0 was recorded as an optimum pHriemoving Cd*, a

range between 45.5 for PB* and C@4*. The removal of C(as chromate ions) was
favoured in an acidic pH range <5.0. Cation{C®&l7*, C.#*) removal % was recorded

to behigher than anionaschromate ionsjemovalfor all the composé adsorberst In

terms ofcationadsorption all the composites showed a preferential removal efficiency
for the PB* thanfor the other two cations (Etland Cd*). The bHApbased composite
adsorbents showed a relatively higher removal % for cations tttercHApbased
composites.

In contrastthe cHApbased composites showed a higher removal efficiency for Cr (as
chromate ions) than the bHAm@msed composites. A maximum time of 120 minutes was
considered optimum to achieve equilibrium for the adsorptiometal ions using the
composite adsorbents. The addition of a third component (CF, SCGsdalité) into the
two-component composite systems (control composites) exhibited an improvement in the
removal efficiency of the composite adsorbents for the rehud\aations.

In adsorption modelling, most of the adsorption systerage found to fitLangmuir
adsorption behaviour. The Langmuir model showed a better fit than the kcaundtlel

when the adsorption data of metal ion adsorption using the composibeus was
analysed using the adsorption models (Langmuir and Freundlich). The pseoha

order kinetic model fiedthe kinetic datéor metal ion adsorption better than the pseudo
first-order kinetics modedid.

In two metal ion type removal systenw/o experimental parameters (adsorption dose
and time) were used to study the removal efficiency of the composite adsorbents in a
relatively complex removal system. In line with a single metal ion type removal system,

a positive effect of adsorbent dosetbe adsorption of metal ions was recorded while the

277



adsorbents achieved equilibrium in 120 minutes. All the systems showed good fitting for
to pseudesecondorder kinetic model, which illustrated that the chemisorptiasthe
ratelimiting step for theadsorption of metal ionentheadsorbentstudied A comparison

of the estimated adsorption capacities of the composites in-siregbd ion type and two

metal ion type removal systems showed lower adsorptigdhatwo-metal ions type
removal systemeelative to thesingle metal ion type removal systems. It illustrattesl
antagonistic effect dfavingtwo metalion typesn solution, whicHeads tcacompetition

of the ionswith each other for the available adsorption sites. The -toegonent
composite systems showed a better removal % than thedwmponent composite
systems (control composites), whitirther illustrated that adding a third component
(like CF, SCGs and fdite) improved the adsorption ability of the composite adsorbents.
The adsorbents weralso testedn a more complexreatlife industriattype system
containing three metal ions (EuCr (as chromate ions) and As (as arsenate ions). The
results illustréed that the Cii (a cation) removal % was higher than the other two ions
(anions) using the composite adsorbeimgontrast, e removal of As (as arsenate ions)
was higher than the Cr (as chromate ions). The bbi#ged composite adsorbents
showed higheCu?* andarsenate ions adsorption than the cH§sed composites. The
threecomponent composite systems showed a higher removal of metal ions thanthe two
component composite systems, which illustrated the positive effect of adding a third
component intdhe control composites.

The threemetal ion type removal systems were analysed to monitor the calcium and
phosphorus ions concentration. A continuous increase in the concentration of both Ca and
P ions was recorded, which indicated the occurrence of raaxichange mechanism
during the removal of cations (€Y and As (arsenate). However, the increase in the
concentration of Ca and P was very high, which couldadiéditionally due to the
dissolution of the compositésemselvesvhen these were exposedaqueous solutions

in the industrial input stream sample containing the three metal ion types.
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Chapter 6

Concl usi ons, Li mitations

This research focused on the design and testing of somerewatly viable materials

that could be used to remowans of some of the major heavy metalausing severe
environmental damage due to excessive intrusion into water bodies, includi@Et

Cu?*, Cr (as chromate ions) and arsenicgeenate anions).

Among the existing treatment methods for wastewater treatment, particularly for heavy
metal ion removal, adsorption was selected as the most efficient, environmentally
sustainable, economically feasible, and simple method. For thigdstamaterials such

as locally available zeolite and industrial and agriculturaptmducts, including HAp,
chitosan, coir fibre, and SCGs, which aestomarilydiscarded into the environment,
were selected as potential materials to remove heavy metlfiom the aqueous
solutions. These bpgroducts are produced in @mous amouts and offer a lowcost
option for synthesising the adsorbents vathigh potential to remove metal ions. These
candidate materials were used to make composite adsorbentyaritkyrapatiteBased

on the literature findings, it was hypothesised that the addition of HAp couldriepce

the removal efficiency of the selected candidate materials. Two different composite
systems were synthesised based on two different soureégoincluding commercially
sourced and bovingourced HApto make a comparison between the removal abilities of
cHAp-based and bHAased composite adsorbents. The composites were synthesised
using the chemical precipitation methdthe composites inclgdl the twecomponent
composite systems, such as chitosan and hydroxyapatite, which were used as the control
composites to compare the removal efficiencies with the novel -tom@ponent
composite systems developed in this study.s€&heovelthreecomponentcomposite
systems were developed by adding a third component CF. SCGs and Zeolite) o

the twacomponent composite systems (control composites) to evaluate the effect of the
third component on the removal efficiency of the control compositesiéoadsorption

of the metal ions.
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6.1 Characterisation of the canddate materials used to synthesise the

composite adsorbents

Before employing the composite systems, the candidate materials were characterised
using spectroscopic and microscopic techniquesjdimg SEM, EDX, FTIR, XRDand

TGA. The selected raw materials were watlidied and welteported in the literature
studies, so the characterisation results were compared with the obseregpticedin

the literature studies. Thmurpose of theharacerisation of raw materials wae make a
foundation for the characterisatioof the composite adsorbents and confirm the
successful incorporation of the candidate maemto the composites.

SEM micrographs of chitosan showed fldkee morphology, whi¢ the coir fibre and
SCGs showead tubularlike structure with central holes and cavities, respectively. The
zeolite powder exhibited needige particles with a patchy surface. The SEM
micrographs of cHAp and bHAp showed different morphologies. For ¢ldggregates

of irregular particles witha rough surface were recorded, while the bHAp showed
interconnected spherical particles and pores. The porosity originating from the
interconnected particles was attributed to the synthesis method (thermal caigiridie

EDX analysis of the chosen biopolymeric materials such as chitosan and lignocellulosic
materials like coir fibre and spent coffee grounds exhibited carbon and oxygen as the
major elemental components. The principal element of the hydroxyapatitesed Ca,

P, and O. The Mg was found to be due to the biogenic source of theldevined HAp
(bHAp). The Ca:P ratio calculated by elemental percentages of the hydroxyapatite was
1.67-1.8 (for cHAp) and 1.80.84 (for bHAp). The EDX analysis of ze@ishowed Al,

Si and O as principal elementsdsome cations (Naand K). The materials exhibited

all constitutional functional groups while being evaluated using the FTIR. These
functional groups provide the binding sites for the adsorption of the meeta) ions by
employing several adsorption mechanisms. The major functional groups of these
materials included hydroxyl, amino, carboxyl, alkanes and phosphatgsionally, the
presence of carbonate was also recorded by IR absorption peaks in the HAp

The diffractograms of selected candidate materials (XRD) were compared with the
reference patterns of the purmeaterials from the XRD database) to identify the
characteristic peaks in XRD analysis. The bHAp showed relatively haistallinity

than cHAp. The chitosan, coir fibre and SCGs were shown to be poorly crystalline phases

280



from the featuring of one or two broad peaks in the XRD diffractogrdiimne TGA
analysis showed the complete combustion of chitosan and coir fibre mparegure
rangeof <700 °C. The SCGs left a greyish powder after heating up to 1000° C, which
was attributed to the inorganic content of SCGs (ash). The bHAp showed relatively less
weight loss than cHAp, whiclvas interpreted as indicative of the more talme
(calcined) nature of bHAp.

In general, all three characterisation techniques (EDX, FTIR a@[p) reinforcedthe
observatiorthat cHAp was less crystalline. However, these techniques also indicated the
bHAp had been formed by a higher tempematinermal calcination process which gave

themorehighly crystalline materials observed in the case of bHAp.

6.2 Synthesis and characterisation of the loveost composite materials

The study's first aim was to synthesise the composite materials usingska chadidate
materials and their characterisation, which was achieved by formingadmponent and
threecomponent composite systems. The characterisation of the composites was done by
the same microscopandspectroscopic techniques as used for theidatel materials.

In SEM analysis of the control composites, CH/cHAp exhibited a homogenised surface
while the CH/bHAp was relatively heterogeneous, showing fine particles deposition at
the surface attributed to the deposition of the AatHAp crystal or the composite matrix

itself. Overall, both the composite exhibited similar morphological charstiteras
particles of irregular shapes. The EDX analysis presented the Ca, P, C and O as the major
constitutionalelementscoming from the chitosaand HAp. The presence of bovine
sourced HAp in CH/bHAp was confirmed by the Mg peak in the micrograph. The FTIR
spectrum of the composites exhibited fewer peaks than the candidate materials (chitosan
and HAp) after the formation of the composites, shgwire poorly crystalline nature of

the materials. Overall, both the composites showed similar morphological and
spectroscopic characters, which was attributed to thre@pitation of the materials
during the synthesis of the composites, which could kreason for similar HAp
deposition in the composites. The differences between the two composite systems were
recorded in the TGA a XRD analyse The XRD diffractogram of the CH/bHAp
showed some additional peaks comparedthe diffractogram of the CH/cHA

composites, whicimight be dugo the higher crystallinity of the bHAp.
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Similarly, the residual mass in TGA analysis for the CH/bHAp is higher than CH/cHAp.
The white coloured powder residue was identified as HAp. It reveéladtdarelatively

higher mas of pure HAp is incorporatedtmthe CH/bHAp compositebecause bHAp
hashigher purity than cHA.

In the threecomponent composite systems, SEM analysis showed that CH/HAp/CF and
CH/HAp/SCGs composites exhibited highly amorphous and irregular surfébes.
deposition of finely powdered particles of coir fibre dust and spent cgftaends vere

visible in their respective composites in SEM micrographs. The carbon content was high
due to their constitutional components (coir fibore and SCGs, and chitedzile,the
presence of the HAp was evident from the Ca and P peaks. The Mg was present in the
bHAp-based composites to confirm its source. Similarly, the FTIR and XRD analysis
showed similar results for the cHAp and bHAp based composites. Like the control
composites, the TGA analysis exhibited a higher weight loss (%) for did8ed
composites (CH/cHAp/CF and CH/cHAp/SCGs) than the bidAped composites
(CH/bHApP/CF and CH/bHApP/SCGS). It confirmed the higher thermal stability of the
bHAp relative to theeHAp usedin the composites.

6.3 Application of synthesised composite systems for the removal of

metal ion solutions

The second aim of the study was to employ the synthesised composites in aqueous
systems to evaluate thesfficiency at removing heavy metal ions by adsorption from
various solutionsThe synthesised composites were applied in three different systems and
showed good removal efficiency fbeavy metal iorcations.The characterisation of the
materials (FTIR analysis) exhibited that the hydroxyl, carboxyl and phosphates groups
are the dominating functional groups of the compositdgch provide the adsorptio

sites for the metal ions and favour the adBorpof cations on these composite adsorbents.
Moreover, the presence of HAp also fak®the ionexchange between the cations and
Ca* ions, which could also enhance the overall removal ability of the coitggd®er the
adsorption of cations. It showed that the selection of maitdrased upon their chemical
composition (functional groups)s an important indicator while synthesig the

compositeadsorbent$or the application of metal ions removal.
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The adsrbent dose positively affected the removal efficiency of the composites for the
removal of metal ions (both cations and anions), which was assigned to the availability
of more adsorption sites per g of adsorbent to adsorb the metal ions availableateithe m
ion solutions, exposed to these composites. It demabedtthe importance of the
adsorbent dose while applying the adsorbents into the water treatment systems. It
illustrated that the higher removal efficiency could be achieved by simpbneinig the
adsorbent dose of adsorbents.

A solutionpH >4.0 was found to be favourable for the adsorption of cation¥ (B,

Cu?"), while the adsorbents showed better adsorption of anions (chromate ions) at slightly
acidic pH <5.0. The pH of the solutioreis important paraeteras it controls the overall
charges on the surface of the composites and controls eébatgm of metal ionsThe
results revealed thdtthe adsorbentgarly a positive charge in acidic conditiqribey

favour removinganions in the acidic pH ranges. In the present study, the protonation of
some functional groups (such as amino and hydroxyl groupisg acidic pH range was
considered as a faumble charactestic for the removal of anis(such & chromataons)

from relatively low (< 5.0) pHsolutions In contrast a slight increase in pH frorhe

acidic range favars the adsorption of cations due to deprotonation of the functional
groups which ultimatelyprovide adsorption sites for the adsorption of cations.

The contact time ochpproximatelytwo hours was recorded as optimum for attaining an
adsorption equilibriunm regard tahe adsorption of metal ions on the adsorbents studied.
The findings werén ageemenin all three systems showing > 70% removal efficiency
for the removal of cations using the twomponent systems and >80% removal of cations
when using the threeomponent composite systeriifie chemical characterisation of the
composite adsorbenjsstifies preferential removal of cationgeranionswhenusing the
synthesised composites as all of the materials contain functional groups (such as amino,
hydroxyl and carboxyl), which predominantly provide binding sites for the cations.
Additionally, the presence of hydroxyapatite further enhanced the cation removal ability
of the composite adsorbents by providing adsorption sitesGal* in the HAp lattice

for the exchange of cations.

All the composite systems studied showed the preferentiat@totsn of PB* ions from

both the singlanetal ion and the twmetal ion type solution systemBhiswas attributed

to the physicochemical character ofPlwith prefeential removal of PE being
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attributed to its higheelectronegativity valuer¢lative tothe other twometal cations
studied and values of therespetive ionic radii. The higher electronegativity value
enhances its metiiband compéxation abilitywhen the metal ions undergaolsorption

onthe amino and hgroxyl groups. The ionic radii play a roletime metal iorexchange
mechanism. The ionic radii of €aand PB* makea more feasible exchange between
these two cations reldave to the other cations studied. It illustrated that the
physcochemical barateristics are also very importario considerwhen designing
composite adsorbendsd using them to adsorb metal ions.

The industrial input stream solutions sample exposed to adsorbents showed better
adsorption of cations(g.,Cl?* ions) than anions (chmoate and arsenate), in agreement
with observations recorded for therrespondinginglemetal ion type solution systems.

The bHApbased composites showed a better adsorption ability for the arsenate ions than
the cHApbased composites, which was attrilsute the higher iorexchangeability of
bHAp-based composites (between arsenate and phospdradeh)s waslue to the higher

level of HAp incorporated into these composites compared to the-tidégd composites.

The highest adsorption of arsenate and the lowest adsorption of chromate ions was
recorded for the CH/HAp/Zeolite composites, which was also expected to occur due to
the ionexchange mechanism involved in the removal of metal cations and anions by this
composite system.

Overall, the composites performed better (in terms of removal ability) in thenetal

ion type and the industrial input stream solution sample systems compared to the single
metal ion type systems for the adsorption of metal ions. It sidhat the applicability

of the CH/HAp (control) composites could be enhanced in complex systems (like two
metal or multimetal systems) by adding the thamimponent€.g.,CF, SCGs and Zeolite).
Similarly, the adsorption of cations could be maximisedaliging a zeolitic material
which could help to enhance the overall-exchange ability of the composites.

An increase irtalcium and phosphorus (elemental) concentraii@remonitored in the
solutions exposed to the composites. The increase 3hi@s was attributed to ion
exchange between cations and'@d HAp. Similarly, an increase in P was attributed to

ion exchange between P and Ag$owever, for an extremely large increase in the
concentrations of GaandP, itwas reasoned théte dissolutio of the composites was

alsooccurringalong with ion exchangerocesses
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6.3.1 Adsorption modelling for the adsorption of the metal ions from single

metal ion systems using the synthesised composite

Based on the literature reviesarried outfor the adsorption of the metal ions on similar
systems studied in this research, two-finear adsorption models were selected for the
adsorption modelling of the metal ion adsorption behaviour on these coaespdsiese
models included the Langmuir and the Freundlich isotherms. These are the most reported
models in the literature for describing the adsorption mechanism of the metal ions using
a variety of adsorbent¥he nonlinear regression method was usefttthese models on

the experimental data of the metal ion adsorption recorded for the adsorbent systems of
this study. Tabl&s-1s ummar i ses the fcoef firecordednfor o f
these models fitted to the experimental adsorption data ofi¢ked ions recorded for the
adsorption of these metals on the composites systems.

It is evident from Table 4 the adsorption behaviour of the metal ions is different in
different systems. Similarly, each composite system interacts with each metalaion in
different way. For instance, the Langmuir model is the -fiksti model for Cd*
adsorption on the CH/HAp composites, while thé"Rind chromate ion adsorption data

is best described by the Freundlich isotherm model (see the val@alod¥we). Moreogr,

Cu?* ion adsorption follows the Langmuir isotherm when modelling adsorption on the
CH/cHAp composites. Inontrast, théreundlich isotherm model is the béigied model

for CU?* adsorption on the CH/bHAp composite system. It illustrated that thd imeta

could follow different adsorption behaviowhen adsorption dhesame metal ion occurs

on different composite systems.
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Table 6-1: The coefficient of determination (R) values recorded for the nonlinear
Langmuir and Freundlich isotherms fitted to the adsorption data of the metal ion
adsorption on the composite systems

) ) cHAp-based composites bHAp-based composites
Composite systems Metal ions
Langmuir Freundlich Langmuir Freundlich
Cc?* 0.996 0.969 0.999 0.988
CHIHAP PR 0.965 0.986 0.938 0.983
cw? 0.973 0.896 0.961 0.900
Chromate 0.996 1.000 0.988 0.995
Cc* 0.961 0.847 0.977 0.925
CHIHAP/CF PR 0.952 0.810 0.890 0.720
cw? 0.987 0.978 0.939 0.793
Chromate 0.993 0.993 0.997 0.986
Cc* 0.987 0.931 0.993 0.933
CH/HAP/SCGs PR 0.932 1 0.975 0.972
cw* 0.994 0.947 0.995 0.991
Chromate  0.998 0.993 0.996 0.974
Cc?* 0.975 0.94 0.996 0.975
CHIHAp/Zeolite PR 0.947 0.839 0.97 0.913
cw? 0.968 0.871 0.895 0.744
Chromate 0.983 0.937 0.971 0.912

For most othecomposite systems, the Langmuir isotherm was found to be thitteebt

model to describe the adsorption of metal ions. However, Freundlich was also a good fit
for some systems. Based on the literature observations, the Langmuir could be suggested
as thebestfitted model for describing the adsorption of the metal ions on these systems,
as it is one of the most reliable models, as mentioned in severdlligestudies.

The data could be explored further by employing the other adsorption isotherm,models
which are suggested for the adsorption of the metal ions on heterogeneous surfaces, such

as the Sips isotherm model.
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6.3.2 Kinetic modelling for the adsorption of the metal ions in singlemetal
ion type and twometal ion types of systems using the synthesised

composite

The nonlinear pseuddirst-order and pseudsecondorder models were employed to fit

the contact time data of the metal ion adsorption on the synthesised composite.-The non
linear regression method was used to fit the-limwear PFO and PSO mels$ to the
experimental data.

Based on the observations recorded in all the composite systems, the gesauthprder

kinetic model was the befitted mode] with R? valuesbeing >the R2values calculated

for the PFO model. It suggestederefore thatchemisorption was the ralieniting step

for the adsorption of the metal ions on these systems. The functional groups of the
composites (as summarised in the FTIR analyses of the composites as detailed in chapter
4) were regarded as being the sites withemisorption of the metal ions occurred and
mainly involved metaligand complexation. Additionally, the ion exchange on the part

of HAp of the composites was demonstrated as the leading agent for the removal of the
metal ions by the ion exchange mechamitn the CH/HAp/Zeolite composite systems,

the zeolites also could be assumed to assist in thexidmange mechanism due to the
presence of cations in the zeolite structure.

The singlemetal ion typesolutionsystems established that the PSO kinetic mods

the besfitted model to the experimental data of the metal ions, which was further
employed in the twanetal ion types of removal systems. It showed a good fitting on the
kinetics data of Ctf and PB" ions recorded in these competitive adsorptigstesns It
confirmed that the chemisorption is the rhiteiting step for the adsorption of these metal

ions.
6.4 Limitations of current research project and suggestions for future

research

During this research, several challenges were faced, which limitechusmder of
experimentationsonducted and consequently affected the data collection, analysis, and
conclusions drawn based on that data.

Experimental LimitationOne of the most important limitations was the synthesis of small

quantities of composite maials. This project was based on various composite
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adsorbents, anckelatively smallerromposites were made to manage the available time
effectively. Consequently, a limited quantity of materials affected the comprehensive
characterisation of materials; fexample, the BrunauégimmettTeller (BET) analysis

could not be performed, as it requires a relatively larger quantity of materials to get
optimal resultsAdditionally, if synthesisingf a largeamountof materialsvere possible

a column studygould havebeen conducted to compangith the batch experimentand

it could alsohave beemused to test thpracticalapplicability of the materialgn water
treatment systems.

Instrumental limitation:;The Atomic Absorption Spectrometer (AA®as the angtical
instrument that was used in this study. It was easy to access and relatively cheap as
compared to other available instrumerdswever, InductivelyCoupled Plasma Mass
Spectrometry ICP-MS), in place of AAS could have beerusedto a greater exterio
analysdhe sampleas itprovidesmore reliable results as it is a more sensitive instrument

is notsensitiveto matrix interferences and can also do simultaneous analywsisliible
elements

Based on the limitations mentioned above, some suggssteparding the material
characterisation and metal removal experimentation are given below, whichaabirid
advancindguture researcin this area

The application of lowcost composite materials in water treatment systems could be
enhanced in differe ways. The first is to explore their chemical and physical
characteristics in detail with additional methods. For instance, surface area and pore size
distribution of materials could be studied using BET analysis. Secondly, physical and
chemical modifickon before their employment in composite matrices could help to
increase their effectiveness. For example, the surface area of clays (such as zeolites) could
be increased by converting them into nanosized materials using physical and chemical
methods. Thily, different proportions of raw materials could be used to make the
composites. It can help to evaluate the involvement of each raw material in the metal
removal mechanism. Faxample, theroportion of one raw material (such as HAp)
could be changedybkeeping the other material (e.g. chitosan) constant to make the
composite.

For the metal removal experimentation, a large mass of composites could be synthesised

to conduct relativelyarge scaleexperimental studies. A bulk quantity of materials could
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help to conduct comprehensive research using different experimental setups. For example,
in the currenstudy, onlybatch experimental systems were used, which are preferred for
smallscale laboratory studies due to dealing with small quantities of nmatand easy
operational methods; however, this is not effective for larger volumes of water. For
comprehensive research dealing with large volumes of water, a column bed design is
preferred, which provides a scaled design to apply in industries for wasiater
treatment. Therefore, a column study could be designed along with the batch experiments
to compare the removal efficiencies of the materials in two different experimental setups.
Moreover, different combinations of the metal ion solutiomsld be used to evaluate the
competitive adsorption of the metal ions using the composite systems. For this, different
metal ion concentrations could be usedy(, 10 to 50 ppm). Similarly, the metal ion
concentration of one metal could be varied by kegphe other metal concentration
constant. It could help evaluate the effect of one metal ion on the adsorption of the other
metal ion in a competitive adsorption system.

Lastly, a study by using the output stream water (indlistvastewater) could be
conducted to compare the results of removal efficiency of the composite materials which

were recorded for the industrial input stream water samples.
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Appendix 1
1.1A: Arrhenius equation
The Arrhenius equation is used to calculate the activation energy of the reaction by using
the rate constant, which an appropridtestic model usually calculates.
The linear form of the Arrhenius equation is given as follows:
1T 116 0O Y'Yy
In the above equation:
k = the reaction rate constant
A = Preexponential factor (demonstrate the collision frequency between the reactant
duringthereaction)
Ea= Activation energy of adsorption (kJ il
R = Ideal gas constant (8.31 J niéi?)
T = Absolute temperature (K)
When the activation energy is found to b8®kJ mot- then the adsorption is described
as physical adsorption, W for the chemical adsorption, the value of activation energy
should be higher than 80 kJ ri6f2
1.2 A: Error Analysis
It has been already mentioned that the experimentation involving soaking of composites
in metal ion solutions to gauge removal efficiencies was done in triplicate to ascertain
reproducibility error. For each optimised soaking experiment (from which AAS or ICP
MS data had been obtained), the standard error (SE) for recorded data was carried out by
using the following formula in Microsoft Excel:
YO ﬁ
Where " 0" ideviatioh ad "n'tisahe dumbedof measurement/replications.
1.3A: Non-linear regression functions (Error Functions)
A method to overcome the limitations of the linear regression for the adsorption
modelling (mentioned in section 1.6), is to use-tinearised regression functions by
employing the true sorption modelling equations to fit the data to a model. It requires an
assessment of the error analysis using the error functions (elinean regression
functions) to optimise procedifé
Different nonlinear regression functions have been used to determine thit nestiel
in earler literature by calculating the coefficient of determinatiod) (lr nonlinear
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regression functiod®°% Among them, a few that have been used in this study for
adsorption and kinetic modelling of experimental data are given B&low

1. The sum of the squares of the errors (SSE):

1-A

SSE = E?:J_(_qe.fa]f - qE'-BKPj-l_

2. The sum of the absolute errors (SAE):
1-B

SAE= E?:1|QE,::EL:' — Qeexp ;
3. The average relative error (ARE):
1-C

100
ARE=— 3%,
n

Qe.exp™ Qa,calc

Qeexp

4. The hybrid functional error function (HYBRID):
1-D

HYBEID = E E::l:J. l:qE"Bx'F'_ q"—‘-f&l}:]
n—p

Qe.exp ;

5. Marquardt's percent standard deviation (MPSD):
1-E

[ -
MPSD = 100 |——X= (—“*-“P‘ “*-““’)'
. ..\l n-p =1 Qaexp i

6. Nonlinear Chitest (2-test): (It wasused for the nofinear regression analysis of
kinetics data to fit the kinetics models in tin®-metalion type solution systems).
Equation 1-F
+ NBA b NAO
S RAO E

In the above equations,e & and @exp are the adsorbate quantities at adsorption

equilibrium in mg ¢. gecais calculated by model equations equation (using the solver
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addin in Microsoft Excel) and &gxp is calculated theoretically by experimental data
(using equation4).

"n" represets the number of points in a data set, for instance, in the present study, while
"p" represents the number of the adsorption isotherm parameters calculatestafme,

for the Langmuir and Freundlich isotherm model, the number of the parameters edlculat
is 2.

The adsorption isotherm parameters were calculated for each of the functions using
Microsoft excel solver adah. All non-linear regression functions produce different
adsorption isotherm parameters with different coefficients of determinati®yn TRe
bestfitted parameter set is decided by comparing theaRies. The error function which
produces the highest (close to oné\VRlue is selected as the béited modelling data

for describing the adsorption isotherm for a particular adsorpéta d

Non-linear regression mehod for adsorption isotherm model fitting: Example
Step I Enter experimental data values from the batch experiment, & @nd @.
Initially, supposehe values of modglarametersire closeo the experimental values.

Supposed values of Langmuir isotherm parameters
based on Experimental data, and used to calculate the

model qe values *
Experimental adsorbate quantity

calculated theoretically using equation 6 -
1 (chapter 6) "

SST-
Qran | 15.000 K, . 0.100 Wl ‘
|
» 0 |

R ) e e e el
s | 24 | 504 ' I
10 5.54 8.92 \
15 | £.94 | 1212 \
20 12.85 14.31 \
25 17.33 15.35 \

11.15 t \
1 1 ‘ Langmuir isotherm model based ge values will be
Initial metal lon calculated using the Langmuir non -linear model
concentrationgi, i metal lon concentration equation

(AAS data)
Average of all ge values used to
calculate R?
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Step 2:Calculate Langmuir model parameter values, using the adsorption model equation
i.e. theNontlinear Langmuir model, to calculate the galue for the model (using the

supposed parameter values)

Langmuir isotherm model ge values calculated using
the Langmulr non-linear model equation

Qmax 15.000 Ki 0.100 SST-SSE/SST
-1
(p::‘n) C:p';‘:sn qe (mgg) q“(:;:: N wyerio | sse | sst

5 2.48 5.04 2.98
10 5.54 8.92 5.35
15 8.94 12.12 7.08
20 12.85 14.31 8.43
25 17.33 15.35 9.51

11.15 6.67

Avewslo' all ge values used to
calculate R?

Step 2:Calculate the error values using the error analysis functiondifrear regression
function) givenabovein equations 4A to 1-D (one by one).
For instance, we use the hybrid error function to calculateettue, byusingthe Gxp

values and &cavalues, the Hybrid error function is given as follows :

2
H'Y-BR]I)_E E-. ' (qa.axp I:l-l!'I:‘Sljl

Qe.exp

In theabove formula,

QQ, cal p = 2 is two mode| parameters must
calculate
rac 15000 | 0.100 | 'SST-SSE/SST

Ci | Cemean q e(mgg ) . .
(ppm) | (ppm) 'qe(mgg ). siodel .HYBRID SSE . SST .

s | 28 | 504 | 298
10 | 5% | 892 | 535
15 | 8% 1212 | 7.08
20 | uss | 1431 | 843
25 | 17.33 1535 | 9.51

11.15 6.67

100 (erxp qf(\l)

+ t— HYBRID = 12 57 1[ e
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HYBRID Error function

(model parameters)

SST-
Gmax 15.000 K 0.100 SSE/SST
-1

5 248 5.04 2.98 0.8379
10 554 8.92 5.35 143264
15 894 12.12 7.08 20951
20 1285 14.31 843 2418
25 1733 15.35 9.51 22192
11,15 6.67 89965/

‘ 2988027

Important to note that the value of error is \7ery high for the suppose value of qmax and ke

Step 2:Calculate the coefficient of determination valug)(&sing the experimental and

calculated gax values:

which is given as
R?= SST-SSE / SST

SST

SSE

SSE = ¥(y - 9)*

rvan 15.000 K 0.100 \\ SST-SSE/SST
2. ¥ R’
Ce mean 1 qe (mg ')
G ™ HY B0 SSE 55T
{ppm) (ppm) qe {mg &) model
5 248 5.04 2.98 sk
10 554 18.92 5.35 14328
15 844 12.12 7.08 310051
20 12385 14.31 8.43 Rass
25 17331 15.35 9.51 3319
11,15 6.67 ad5ed
399.8031 —
Average value
-—
SST = Z@ 5
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F After the calculation of SST, SSE and Be following was obtained

HYBRID Error function
Qe | 15000 | K| 0.100 S;?/TSST

| o era)| 099 | o | ] 51|
5 248 5.04 2.98 0.8379 37.33| 4.220| -0.566
10 5.54 8.92 5.35 14326 4.95 [12.782
15 8.94 12.12 7.08 2.0951 0.95 |25.391]
20 12.85 14.31 8.43 2.4114 10.00{34.509
25 17.33 15.35 9.51 22194 17.64|34.057

11.15 6.67 8.9969 70.87|110.96

299.882]

Note the values ofjnax, K. ,R? and Hybrid error values (299.88Jhe next steps to
minimise the error value to calculate the Héstd model values with optimised

parameter values,hich would alsoallow calculation othe maximum possible’Ralue

Step 3:Calculate the error values again using the excel solveinatit this:

1. go to data in excel task nbbon,
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When we click the solver add-in, it opens a drop box as follows

2. Click on the solver function (if not found then it needs to be added into task bar by
using the (file < options< add <excel add in < go < solver-add in <ok) ,

Solver Parameters
Set Objective L5
To (®) prax (R X 1T ) Walue OF:
' E By Changing Varable Cells
% EVEERIEE |
J
- Subject to the Constraints
—
™
—
—
.
—
[57] Make Unconstrained Variables Non.Negative
Sglact a Solving GRG Nonlinear
Method:
Solving Method
Select the GRG Nonlinear engine for Solver Problems that are smooth nonlinear. Seled the P
Simpiex engine Tor linear Sotver Problems, and select the Evolutionaly engine for Solver
problems that are non-smooth.
Help So0lve

Ada
Lhange

Qelete

Beset AN

Load/Save

|
|
Ogtions |
!

Clgse

In set Objectivéab:da St SO0 G KS aOSft f ¢

In variable cells tab select the cells withugand K values

GAOK SNNRNJ gl tdzS Ol ¢

Select the minimise option just below the objective dellselect the error value in the objective

cell, and to minimise the error values fourocalculated models values to find the best fit

For example:
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| HYBRID Error function

SST-
. 15.000 0.100
Qnu g L Kl L sﬁ[ssT

Sobver Paremneters X/:)
: wvemio | SSE | SST R?
3\ ’ :
— [ & , _
v

os379) 37.33 [ 4.220 | -0.566
14326f 4.95 |12.782
203511 0.95 |25.391
24118! 10.00 |34.509
1 2219] 17.64 |34.057

#.9965| 70.87 | 110.96
299.2821|

T ) M Mg
Iy Changing Variatde Celu /

52582

Sybject 1o the Conttramts
Add

= L
.
Delete
Revet Al
LoadSave
7 Mate Unconstiamed Vanables Hon-Negative ! an

Step 4:After selecting all these options, click the solve button at the bottom of the dialog

box, it will give the following dialoge box

1 » 1 AA AL s

| Solver Results X

Solver has converged to the current soiution. All

Constraints are satisfied Reports
P oy oS P Answer
1 ©|keep Solver Soiution) Sensitivity
Limits

O Bestora Original Valuas

[J Return to Solver Parameters Dialog [ oytline Reports

| oK I Cancel Save Scenario..

Solver has converged to the current solution. All Constraints are satisfied.

Solver has performed 5 iterations for which the objective did not move significantly. Try a3 smaller
convergence setting, or a different starting point

Step 5:Click OK; it will calculate the optimied values of the parameters by calculating
the minimum error and maximunt Ralue. Those valiseorrespond to thieestfit model
values thatanbe used to plot the graph.
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HYBRID Error function |
[ 24.058 K, 0.109 sssglsgsr
| .
-1
o) | gy | 9288 | Cpoan | o | sse | st | @
4 248 | 5.04 511 | o.0010] 37.33 | 0.005 | 0.996
10 5.54 8.92 9.03 | 0.0014| 4.95 | 0.013
15 8.94 12.12 11.85 p.oos0{ 0.95 | 0.073
20 12.85 14.31 1401 | 0.0062| 10.00 | 0.088 ‘
25 17.33 15.35 15.71 | 0.008s| 17.64 | 0.130 |
11.15 11.14 0.0230 70.87 | 0.31 |
| 0.7683]

Compare the values of model parametefsaRd error values before aafter using the
solver adein function. The calculated errortiseeminimumvalueas it has reduced from
299.88 to 0.7683%imilarly, the values of R gmaxand K havealso been changed.

The ame method is employed by using all the mentioned error énsatnontlinear
regression function in equation 1¥c) for each model. For example, all the error
functions would be used to calculate thexgand K. values ofthe Langmuir isotherm
model, which will be different with different?Ralues. The besfitted parameters values
would be selected by comparing thé Rilues calculated for each error function. The
parameter set, with maximunt Rlose to unity)would be selected as the béittied set

for the Langmuir to plot and fit the experimental values.

A similar method using the error function would be repeatethi®Freundlich isotherm
model and to plot the Freundlich model fitted to the experimental data.

Finally, the R values of the Langmuir model and the Freundlich model would be

compared to find ouhe best fit model between the two.

1.3B: The sum of normalised error (SNE)

All the nonlinear regression function values make it more challenging to select the
optimum parameter set for a sorption isotherm as they lie very close to each other. Hence
a procedure was introduced to calculate the sum of normalised error (SNE),ited&in
account all the parameter sets calculated by all error functions to find out théased
optimised parameter set of sorption isotherm to fit the experimentaP¥&tq The
following method was sl as an example only for the adsorption modelling of tHé Cd

and PB* ion adsorption data on the first two composite systems. While for the rest of the
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systems and metal ions, orthefunctions mentioned above were used for the limear
regression mébd to calculate the adsorption isotherm parameters.

The sum of normalised error (SNE) was calculated to standardise the adsorption
modelling using the following proceduas dscribed irtheliterature®®#86

1. Adsorption Isotherm parameters (e.gnaxggnd K. for the Langmuir adsorption
isotherm model) were calculated by selecting one error function (from the functions
mentioned above) at a time to by selecting the minimise error option on Microsoft excel
solver adédin.

2. One parameter set calculated by anerdunction was used to calculate the parameters
sets for other error functions. It was repeated for all parameter sets calculated by all error
functions to calculate all associated errors.

3. All error values for a parameter set (calculated for alf éuractions)weredivided by

the maximum value of that error function to get all normalised errors

4. Lastly, add up all normalised errors for one parameter set

Hence, the parameter set that gives the least normalised error value is selected as the
optimumset of parameters to fit the experimental data best.

Appendix 2

The masses of the salts used to prepare 1 M stock solutions of metal ions in 1000 mL
volume is given in the following table.

Table 2-1: Metal ion salts to prepare solutions of 1 M (1000 ppinconcentration ina 1 L

volume

Metals Molar mass of Atomic mass | Mass of metal ion saltin g/L| Volume
salt used (amu) prepared

cd 228.36 112.411 2.0314 (CdGl. 2.5H0) 1L

308.47 2.7441 (Cd (N@2. 4 H0) 1L

Pb 331.208 207.2 1.5985 (Pb (NG),) 1L

Cr 294.185 51.9961 5.6578 (KkCr.0y) 1L

Cu 159.60 63.546 2.5116 (CuS@ 1L
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Appendix 3

3.1A: Average particle sizes and estimated specific surface areas of the synthesised
composites

Matersizer Analysis. Method

The grain (or particle) sizdistribution was measured using a Malvern Mastersizer 3000,
which produced results in 100 logarithmically spaced size classes of particles (in volume
distributions) ranging from 0.01 t0 10,060m. The particl e size di st
as three perceites, namely the Dv(10), Dv(50) and Dv(9@hich are interpreted below

(in results interpretations). The materials were "composites” in nature, so the refractive
index value was taken as 1.5 for all the composites.

The ground sample of the compositesused to make a suspension of materials in water.
The suspension was added to the "measurement cell" containing wateolasnt to

make a suspension (containing at least 1% weight of sarapltyesults were collected

as an average of the three repksat

Working principle of the instrument used in particle size measurement of the
composites

The Malvern Masterszier uses a laser diffraction method (LDM) to measure the particle
size distribution in termof volume percentage. For this, a monochromasierd&®eam is
passed through the measurement cell containing the suspended particles of the sample. It
was assumed that the particles are sphevidath would cause the scattering of the light
beam,and will scatter the lightat an angle that would be daty related to particle
Size'81587

Limitations of the analysis

Ground sampleof the composite materialgereused to analyse the average grain sizes

of the materials. The materials weregn usinga mortar and pestlavhich gave a
relatively heterogesous sample in tersof the grain sizes. Additionally, some of the
composites were extremely heterogmums in nature due to their composition, for instance
the CH/HAp/CF and CH/HAp/SCGs, whiatere rendered heterogeneous in nature on
account of the presence abir fibre andspent coffee grounda them In comparison,

some other composites were relatively less heterogeneous, for instance, the CH/HAp

composites.
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Additionally, the instrument measures the particle sizetheassumption of spherical
particles it is not very a&curate forthe true measurement of the samples with irregular

and angular shapes. The synthesised materials were not uniform in size, so this analysis

was used to take an estimation of particle sizes and specific surface area of the composites.

Interpretations of results

The plot is presented as the particle sizes in micnan(gin) atthe horizontal axis and

the percentage volume of the particles at thexig (vertical axis). The term Dv(10),
Dv(50) and Dv(90) are broadly expressed to illustthe percentage of the particle sizes.
The Dv(10) indicates that 2@ of the particles are smaller than the diameter given as Dv
(10). Similarly, Dv(50) illustrates that 50 percent particles are less or greater than the
diameter given as Dv(50), which gi¥ the median value of particle size of the sarfble

And Dv(90) describes the 90% of the particles are less than the diametem{etre.

For instance, if the sample analysis using the Mastersizer is showing the grain sizes as:

Dv(10) 100 e&m
Dv(50) 250 &m
Dv(90) 200 &m

Then it would be expressed: as0% of the grain sizes of the samples are less than 100
em, 50 % harne olre g e at e rthemédmmval2ebadd 99%nof thea s |

grain sizes are |l ess than 200 &m.

Specific Surface Area 27.98 m*/kg
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—_— Dv (30) 691 ym
> Volume Below (10) um 0.00 %
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Figure 3A: The average particle size othe CH/cHAp composites and estimated

specific surface area (the results are presented as an average¢hoée replicates)
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Figure 3B: The average particle size of CH/bHAp composites and estimated specific

surface area (the results are presented as an average of three replicates)
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Figure 3 C: The average particle size of CH/cHAp/CF composites and estimated

specific surface area (the results are presented as an average of three replicates)
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Figure 3 D: The average particle size of CH/bHAp/CF composites and estimated

specific surface area (the results are presented as an average of three replicates)
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Figure 3 G: The average patrticle size of CH/cHAp/SCGs composites and estimated

specific surface area (the results are presented as an average of three replicates)

359



Specific Surface Area 78.65 m*/kg
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Figure 3 H: The average patrticle size of CH/bHAp/SCGs composites and estimated
specific surfacearea (the results are presented as an average of three replicates

Appendix 4

The following sectionncludes the plots foillustratingthe effect of various
experimentafactors on the removal efficiency of the synthesised composites.
The plots were draw by using the OriginPro software. For tftedlowing

plots, the scales ofaxis and yaxiswere selected manually.
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Figure 4-1: AAS results showing the effect of adsorbent dose on €don removal
and adsorption of CcP* ion on the CH/HAp composites: Results are presented as the

average of measurements from 3 replicates. SE+=0.1
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Figure 4-2: AAS results showing the effect of adsorbent dose on Phion removal
and adsorption of P¥*ion on the CH/HAp composites: Results are presented as the
average of measurements from 3 replicates. SE+=0.1
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Figure 4-3: AAS results showing the effect of adsorbent dose on €uon removal
and adsorption of C.#* ion on the CH/HAp composites: Resit$ are presented as the

average of measurements from 3 replicates. SE#=0.1
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Figure 4-4: AAS results showing the effect of adsorbent dose on chromate ion
removal and adsorption of chromate ion on the CH/HAp composites: Results are

presented as the averge of measurements from 3 replicates. SE+=0.1
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Figure 4-5: AAS data showing the effect of initial solution pH on Cé& adsorption on the

CH/HAp composites. Results are reported as the average of 3 replicates. 3801
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Figure 4-6: AAS data showing the effect of initial solution pH on PH adsorption on the
CH/HAp composites. Results are reported as the average of 3 ragdies. SE=0.1
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Figure 4-7: AAS data showing the effect of initial solution pH on C& adsorption on the
CH/HAp composites. Results are reported as the average of 3 replicates. 3801
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Figure 4-8: AAS data showing the effect of initial solution pH on kromate ion adsorption
on the CH/HAp composites. Results are reported as the average of 3 replicates. $S&81
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Figure 4-9: AAS data showing the effect of initial metal ion concentration on C&
adsorption on the CH/HAp composites. Results are calculateals an average of 3

replicates. SE =+ 0.1.
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Figure 4-10: AAS data showing the effect of initial metal ion concentration on Pt
adsorption on the CH/HAp composites. Results are calculated as an average of 3

replicates. SE =+ 0.1.
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Figure 4-11: AAS data showing the effect of initial metal ion concentration on Ctt
adsorption on the CH/HAp composites. Results are calculated as an average of 3
replicates. SE =+ 0.1.
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Figure 4-12: AAS data showing the effect of initial metal ion concentration on
chromate ion adsorption on the CH/HAp composites. Results are calculated as an
average of 3 replicates. SE =0.1.
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Figure 4-13: Graph showing the fitting of the nonlinear Langmuir and Freundlich

adsorption models tothe experimental data for Cd* adsorption on the CH/cHAp composite
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Figure 4-14: Graph showing the fitting of the nonlinear Langmuir and Freundlich
adsorption models to the experimental data for C# adsorption on the CH/bHAp composite
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Figure 4-15: The fitting of various non-linear adsorption models to experimental data for
Pb?* adsorption on the CH/cHAp composites
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Figure 4-16: The fitting of various nortlinear adsorption models to experimental data for
Pb?* adsorption on the CH/bHAp composites
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Figure 4-17: The fitting of the nonlinear adsorption models to the experimental data for
Cu?* adsorption on the CH/cHAp composites
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Figure 4-18: The fitting of the nonlinear Langmuir and Freundlich isotherm models to the
experimental data relating to C#* adsorption on the CH/bHAp composites.
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Figure 4-19: Fitting of the linearized Langmuir isotherm model to the experimental data for

chromate ion adsorption on the CH/HAp composites
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Figure 4-20: The fitting of the linearized Freundlich isotherm model to the experimental

data for chromate ion adsorption on the CH/HAp composites.
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Figure 4-21: The effect of contact time on C# removal by the CH/HAp composites (from
AAS data). Results are reported as the averge of 3 replicates. SE£0.1
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Figure 4-22: AAS data showing the effect of contact time on Pbadsorption on the CH/HAp

composites. Results are reported as the average of 3 replicates. SEDAL.
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Figure 4-23: AAS data showing the effect of contact timen Cu?* adsorption by the CH/HAp

composites. Results are reported as the average of 3 replicates. SE)-1
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Figure 4-24: Effect of contact time of the composite adsorbent with the chromate ion
solution on removal (%) of chromate ion from solution usingthe CH/HAp composites.
Results are calculated as the average of 3 replicates. SEx1
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Figure 4-25: The fitting of the nonlinear pseudofirst-order (PFO) and pseudesecond
order (PSO) kinetic models tothe contacttime experimental data for C* adsorption on
the CH/cHAp composite
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Figure 4-26: The fitting of the nonlinear pseudcfirst-order (PFO) and pseudesecond
order (PSO) kinetic models to the contact time experimental data for CGd adsorption on
the CH/bHAp composite
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Figure 4-27: The fitting of the nonlinear pseudofirst-order (PFO) and pseudesecond
order (PSO) kinetic modelsof the contact time experimental data for PB* adsorption on the
CH/cHAp composite
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Figure 4-28: The fitting of the nonlinear pseudofirst-order (PFO) and pseudesecond
order (PSO) kinetic models to the contact time experimental data for Pbadsorption on the
CH/bHAp composite
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Figure4-29: The fitting of the non-linear pseudcfirst -order (PFO) and pseudesecondorder
(PSO) kinetic models to the contact time experimental data for Cti adsorption on the
CH/cHAp composite
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Figure 4-30: The fitting of the non-linear pseudofirst-order (PFO) and pseudesecond
order (PSO) kinetic models to the contact time experimental data for Cti adsorption on
the CH/bHAp composite
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Figure 4-31: The fitting of the non-linear PFO and PSO kinetic models to the@xperimental

contact time data for chromate ion adsorption on the CH/cHAp composites
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Figure 4-32: The fitting of the non-linear PFO and PSO kinetic models to the contact
time experimental data for chromate ion adsorption on the CH/bHAp composites
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Figure 4-33: AAS data showing the effect of adsorbent dose on €dion removal and
adsorption of Cc?* ion on CH/HAp/CF composites: Results are presented as the average of

measurements from 3 replicates. SE = 0.1
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Figure 4-34: AAS data showing theeffect of adsorbent dose on PB removal and
adsorption on the CH/HAp/CF composites. The results are presented as the average

of measurements of three replicatesSE =+ 0.1
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Figure 4-35: AAS data showing the effect of adsorbent dose on &uadsorption on the
CH/HAp/CF composites. Results are presented as the average of 3 replicates. SEDA
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Figure 4-36: AAS data showing the effect of adsorbent dose on chromate ion removal and
adsorption on the CH/HAp/CF composites. The results are presented as the eage of
measurements of three replicatesSE =+ 0.1
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Figure 4-37: AAS data showing the effect of solution pH on CGd removal and adsorption
on the CH/HAp/CF composites. The results are presented as the average of measurements

of three replicates. SE = 0.1
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Figure4-38: AAS data showing the effect of solution pH on Phremoval and adsorption on

CH/HAp/Composites. The results are presented as the average of measurements of three
replicates.SE =+ 0.1
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Figure 4-39: AAS data showing theeffect of adsorbent dose on Ctiremoval and adsorption

on CH/HAp/CF composites. The results are presented as the average of measurements of
three replicates.SE =+ 0.1
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Figure 4-40: AAS data showing the effect of initial pH of the metal ion solution on chromate
ion adsorption on theCH/HApP/CF composites. The results are presented as the average of
measurements of three replicatesSE =+ 0.1
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Figure 4-41: AAS data showing the effect of initial metal ion concentration on Cd
adsorption on CH/HAp/CF composites. Results are calculateas an average of 3 replicates.
SE=+0.1.
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Figure 4-42: AAS data showing the effect of initial metal ion concentration on Pbremoval
and adsorption on CH/HAp/CF composites. The results are presented as the average of
measurements of three replicatesSE=+ 0.1
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Figure 4-43: AAS data showing the effect of initial metal ion concentration on Ctiremoval
and adsorption on the CH/HAp/CF composites. The results are presented as the average of
measurements of three replicatesSE =+ 0.1
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Figure 4-44: AAS data showing the effect of the initial metal ion concentration on chromate
ion removal and adsorption on the CH/HAp/CF composites. The results are presented as

the average of measurements of three replicateSE =+ 0.1
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Figure 4-45: The fitting of non-linear Langmuir and Freundlich isotherm models to

experimental data for Cc?* adsorption on the CH/cHAp/CF composite.
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Figure 4-46: The fitting of non-linear Langmuir and Freundlich isotherm models to
experimental data for Ccf* adsorption onthe CH/bHAp/CF composite.
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Figure 4-47: The fitting of non-linear Langmuir and Freundlich adsorption isotherms to
experimental data for PI#* adsorption on the CH/cHAp/CF composite
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Figure 4-48: The fitting of non-linear Langmuir and Freundlich adsorption isotherms to

experimental data for PI?* adsorption on the CH/bHAp/CF composite.
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Figure 4-49: The fitting of the nonlinear Langmuir and Freundlich isotherms to data for

Cu?* adsorption on the CH/cHAp/CF composite
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Figure 4-50: The fitting of the nonlinear Langmuir and Freundlich isotherms to data for
Cu?* adsorption on the CH/bHAp/CF composite.
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Figure 4-51: Fitting of the Linearized Langmuir isotherm model to the experimental data

for chromate ion adsorption on the CH/HAp/CF composites

386



3.5

® CH/cHAp/CF e CH/bHAp/CF

2.5

Inge
N

15

0.5

1.5 2 25 3 35 4
InCe

Figure 4-52: Fitting of the linearized Freundlich isotherm model to the experimental data

for chromate ion adsorption on the CH/HAp/CF composites.
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Figure 4-53: AAS data showing the effect of adsorbent dose on €demoval (%) using
CH/HAp/CF composites. The results are presented as the average of measurements of three

replicates.SE =+ 0.1
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Figure4-54: AAS data showing the effect of contact time on Pbadsorption on CH/HAp/CF
composites. Results are reported as the average of 3 replicates. SEO=1.
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Figure 4-55: AAS data showing the effect of contact time on Ct removal by the
CH/HAp/CF composites. The results are presented as the average of measurements of three

replicates.SE=+ 0.1
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Figure 4-56: AAS data showing the effect of contact timen chromate ion removal
and adsorption on the CH/HAp/CF composites. The results are presented as the
average of measurements of three replicateSE=+ 0.1
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Figure 4-57: The fitting of the nonlinear pseudofirst-order (PFO) and pseudesecond

order kinetic models to the contact time experimental data for C# adsorption on the
CH/cHAp/CF composites
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Figure 4-58: The fitting of the nonlinear pseudofirst-order (PFO) and pseudesecond
order kinetic models to the contact time experimental data for C# adsorption on the
CH/bHApP/CF composites

45

40 - OQ---==-===~==="

35 S -

30 1/
/e

25

d
0|9
§
j

g, (mg g?)

15

O CH/cHAp/CF ===-- PFO - --PSO

0O 10 20 30 40 50 60 70 80 90 100 110 120 130
t (min.)

Figure 4-59: The fitting of the nonlinear pseudcfirst-order and pseudesecondorder

kinetics models to contact time data for PE adsorption on the CH/cHAp/CF composite
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Figure 4-60: The fitting of the pseudafirst-order and pseudesecondorder kinetics models

to contact time data for PI¥* adsorption on the CH/bHApP/CF composite
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Figure 4-61: The fitting of the nonlinear pseudcfirst-order and pseudesecondorder
kinetics models tocontactexperimental time data for Cu?* adsorption on the CH/cHAp/CF

composite
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Figure 4-62: The fitting of the nonlinear pseudofirst-order and pseudesecondorder
kinetics modelsto contacttime experimental data for Cu#* adsorption on the CH/bHAp/CF

composite
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Figure 4-63: The fitting of the nonlinear pseudcfirst-order and pseudesecondorder

kinetic models to the contact time data for chromate ion adsorption on the CH/cHAp/CF

composites
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Figure 4-64: The fitting of the nonlinear pseudofirst-order and pseudesecondorder

kinetic models to the contact time data for chromate ion adsorption on the CH/bHAp/CF

composites
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Figure 4-65: AAS data showing the effect of adsorbent dose on &€don removal and
adsorption of cadmium ion on the CH/HAp/SCGs cormosites: Results are presented

as the average of measurements from 3 replicates. SE-9.
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Figure 4-66: AAS data showing the effect of adsorbent dose on Plbemoval and adsorption
on the CH/HAp/SCGs composites. The results are presented as the averagk o

measurements of three replicatesSE= + 0.2
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Figure 4-67: AAS data showing the effect of adsorbent dose on &€uadsorption on the
CH/HAp/SCGs composites. Results are presented as the average of 3 replicates. SH.4
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Figure 4-68: AAS data showing the effect of adsorbent dose on chromate ion removal and
adsorption on the CH/HAp/SCGs composites. The results are gsented as the average of
measurements of three replicatesSE =+ 0.7
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Figure 4-69: AAS data showing the effect of the solution pH on Cdremoval and adsorption
on the CH/HAp/SCGs composites. The results are presented as the average of
measurements othree replicates.SE =+ 0.1
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Figure 4-70: AAS data showing the effect of solution pH on P adsorption on the
CH/HAp/SCGs composites. The results are presented as the average of
measurements of three replicatesSE =+ 0.2

10.0

9.5 [} e @ ®
"'.;‘ o
o
£
= - = -]
= =
9.0
B  CH/cHAp/SCGs
ssl ® CHMHAP/SCGs ' ' ' '
4.0 45 50 55 6.0 65

pH

Figure 4-71: AAS data showing theeffect of adsorbent dose on Cii adsorption on the
CH/HAp/SCGs composites. The results are presented as the average of measurements of
three replicates.SE =+ 0.07
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Figure 4-72: AAS data showing the effect of adsorbent dose on chromate ion removal and

adsorption on the CH/HAp/SCGs composites. The results are presented as the average of
measurements of three replicatesSE =+ 0.1
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Figure 4-73: AAS data showing theeffect of initial metal ion concentration on Cd*

adsorption on the CH/HAp/SCGs composites. Results are calculated as an average of 3
replicates. SE =+ 0.1.
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Figure 4-74: AAS data showing the effect of initial metal ion concentration on Phremoval
and adsorption on CH/HAp/SCGs composites. The results are presented as the average of
measurements of three replicatesSE =+ 0.3
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Figure 4-75 AAS data showing the effect of initial metal ion concentration on Cit
removal and adsorption on the CH/HAp/SCGscomposites. The results are

presented as the average of measurements of three replicat8g& =+ 0.3
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Figure 4-76: AAS data showing the effect of initial metal ion concentration on chromate ion
removal and adsorption on the CH/HAp/SCGs composites. The results are presented as the

average of measurements of three replicateSE= + 0.3
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Figure 4-77: Thefitting of the non-linear Langmuir and Freundlich adsorption isotherms
to experimental data for CcP* adsorption on the CH/cHAp/SCGs composite
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Figure 4-78: The fitting of the nonlinear Langmuir and Freundlich adsorption isotherms
to experimental data for Cd?* adsorption on the CH/bHAp/SCGs composite
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Figure 4-79: The fitting of non-linear Langmuir and Freundlich adsorption isotherms to
experimental data for PI#* adsorption on the CH/cHAp/SCGs composite
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Figure 4-80: The fitting of the nonlinear Langmuir and Freundlich adsorption isotherms
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Figure 4-81: The fitting of the non-linear Langmuir and Freundlich isotherms to data for
Cu?* adsorption on the CH/cHAp/SCGs composite
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Figure 482: The fitted nonlinear Langmuir and Freundlich isotherms for Cu?* adsorption

on the CH/bHAp/SCGs composite
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Figure 4-83: The fitting of the linearized Langmuir isotherm model to the experimental data

for chromate ion adsorption on theCH/HAp/SCGs composites
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Figure 4-84: The fitting of the linearized Freundlich isotherm model to the experimental

data for chromate ion adsorption on the CH/HAp/SCGs composites
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Figure 4-85: AAS data showing the effect of contact time on Cd removal (%) by the
CH/HAp /SCGs composites. The results are presented as the average of measurements of

three replicates.SE =+ 0.1
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Figure 4-86: AAS data showing the effect of contact time on Pb adsorption on the
CH/HAp/SCGs composites. Results areeported as the average of 3 replicates. SE+0.1.
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Figure 4-87: AAS data showing the effect of contact time on Ct removal by the
CH/HAp/SCGs composites. The results are presented as the average of measurements of

three replicates.SE=+ 0.02
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Figure 4-88: AAS data showing the effect of contact time on chromate ion removal and
adsorption on the CH/HAp/SCGs composites. The results are presented as the average of

measurements of three replicatesSE= + 0.2
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Figure 4-89: The fitting of the nonlinear pseudofirst-order (PFO) and pseudesecond
order (PSO) kinetic models to the experimental data for C# adsorption on the
CH/cHAp/SCGs composites
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Figure 4-90: The fitting of the nonlinear pseudofirst-order (PFO) and pseudesecond
order (PSO) kinetic models to the experimental data for Cé& adsorption on the

CH/bHAp/SCGs composites
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Figure 4-91: The fitting of the nonlinear pseudofirst-order (PFO) and pseudesecond
order (PSO) kinetics models to the experimental data for P% adsorption on the

CH/cHAp/SCGs composites
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Figure 4-92: The fitting of the nonlinear pseudofirst-order (PFO) and pseudesecond
order (PSO) kinetics models to the experimental data for P¥ adsorption on the
CH/bHAp/SCGs composites
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Figure 4-93: The fitting of the non-linear pseudofirst-order and pseudesecondorder

kinetics models to experimental data for Cé& adsorption on the CH/cHAp/SCGs composite
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Figure 4-94: The fitting of the nonlinear pseudofirst-order and pseudesecondorder

kinetics modds to experimental data for Ci#* adsorption on the CH/bHAp/SCGs composite
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Figure 4-95: The fitting of the nonlinear pseudcfirst-order and pseudesecondorder

kinetics model to the data for chromate ion adsorption on the CH/cHAp/SCGs composites
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Figure 4-96: The fitting of the nonlinear pseudofirst-order and pseudesecondorder

kinetics model to the data for chromate ion adsorption on the CH/bHAp/SCGs composites
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Figure 4-97: AAS data showing the effect of adsorbent dose on &€dion removal and
adsorption of Cd2+ ion on the CH/HApLeolite composites: Results are presented as the

average of measurements from 3 replicates. SE4=0.7

409



O CH/cHAp/Zeolite CH/cHAp/Zeolite
-0 ® CH/bHAp/Zeolite 100 CHVbHAp Zeolite
e
60
0
~ 50 =
- =
‘o ] §
o4
g &
-
# 40 ok
R °
®
20 ®
0.0l 002 0e3 0.04 0.02 0.01 08 0.0} 0.04 0.05
Adsorbent dose (g) Adsorbent dose (g)

Figure 4-98: AAS data showing the effect of adsorbent dose on Plbemoval and adsorption
on the CH/HAp/zeolite composites: The results are presented as the average of
measurements of three replicatesSE =+ 0.4
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Figure 4-99: AAS data showing the effect of adsorbent dose on Ewdsorption and removal

of Cu?** by the CH/HAp/zeolite composites. Results are presented as the average of 3

replicates. SE =+0.2
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Figure 4-100: AAS data showing the effect of adsorbent dose on chromate ion removal and
adsorption on the CH/HAp/zeolite composites. The results are presented as the avgeaof

measurements of three replicatesSE=+0.1
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Figure 4-101: AAS data showing the effect of solution pH on Cd adsorption on the

CH/HAp/ zeolite composites. The results are presented as the average of measurements of

three replicates.SE =+ 0.3
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Figure 4-102: AAS data showing the effect of solution pH on Pb adsorption on the
CH/HAp/ zeolite composites. The results are presented as the average of measurements of

three replicates.SE =+ 0.2
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Figure 4-103 AAS data showing theeffect of adsorbét dose on Cd" adsorption on the
CH/HAp/ zeolite composites. The results are presented as the average of measurements of

three replicates.SE =+ 0.01
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Figure 4-104: AAS data showing the effect of adsorbent dose on chromate ion removal and

adsorption on the CH/HAp/zeolite composites. The results are presented as the average of
measurements of three replicatesSE =+ 0.1

_ [
» B CH/cHAp/ Zeolite CH cHApZeolite
o CHMHAp Zeolite CHOHAp Zeolite
45
i3
0
v
- @
20 .
u
- . -
—_ . =
u :
- H
i =
& o 2
- 2
10
°
]
§
19 » 3 40 L » 20 3 10 L)

Cd?* concentration i solution mgL“l

a2~ concentration in solution mgL L

Figure 4-105: AAS data showing the effect of initial metal ion concentration on Cd

adsorption on CH/HAp/zeolite composites. Results are calculated as an average of 3
replicates. SE =+ 0.2.
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Figure 4-106: AAS data showing the effect of initial metal ions concentration on Pb
removal and adsorption on the CH/HApZeolite composites. The results are presented the

average of measurements of three replicateSE =+ 0.3
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Figure 4-107: AAS data showing the effect of initial metal ion concentration on Cti
removal and adsorption on the CH/HApkZeolite composites. The results are

presented as the average of mearements of three replicatesSE =+ 0.3
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Figure 4-108: AAS data showing the effect of initial metal ion concentration on chromate
ion removal and adsorption on the CH/HApZeolite composites. The results are presented
as the average of measurements of three replicat&E =+ 0.
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Figure4-109: The fitting of the nonlinear Langmuir and Freundlich adsorption isotherms
to experimental data for Cc#* adsorption on the CH/cHAp/zeolite composite
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Figure 4-110: The fitting of the nonlinear Langmuir and Freundlich adsorption isotherms

to the experimental data for CcP* adsorption on the CH/bHAp/zeolite composite
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Figure 4-111: The fitting of the nonlinear Langmuir and Freundlich adsorption isotherms

to experimental data for Pl¥* adsorption on the CH/cHAp/zeolite composite
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Figure 4-112: The fitting of the nonlinear Langmuir and Freundlich adsorption isotherms

to experimental data for Pl#* adsorption on the CH/bHAp/zeolite composite
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Figure 4-113: The fitting of the nonlinear Langmuir and Freundlich isotherms to data for

Cu?* adsorption on the CH/cHAp/zeolite composite
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Figure 4-114: The fitting of the nonlinear Langmuir and Freundlich isotherms to data for
Cu?* adsorption on the CH/bHAp/zeolite composite
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Figure 4-115: The fitting of the Linearized Langmuir isotherm model to the experimental
data for chromate ion adsorption on the CH/HApzeolite composites
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Figure 4-116: The fitting of the Linearized Freundlich isotherm model to the experimental
data for chromate ion adsorption on the CH/HApZeolite composites
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Figure 4-117: The fitting of the Sips isotherm model to the experimental data for

Cd?* ion adsorption on the CH/HAp/zeolite composites
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Figure 4-118: The fitting of the Sips isotherm model to the experimental data for

Pb?* ion adsorption on the CH/HAp/zeolite composites
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Figure 4-119: The fitting of the Sips isotherm model to the experintgal data for

Cu?*ion adsorption on the CH/HAp/zeolite composite
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Figure 4-120: AAS data showing the effect of adsorbent dose on €demoval (%) using the
CH/HAp/ zeolite composites. The results are presented as the average of measurements of

three replicates.SE =+ 0.3
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Figure 4-121: AAS data showing the effect of contact time on Pbadsorption on the

CH/HAp/ zeolite composites. Results are reported as the average of 3 replicates. SEDA.
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Figure 4-122: AAS data showing the effect of contact time on Curemoval by the

CH/HAp/ zeolite composites. The results are presented as the average of measurements of
three replicates.SE=+ 0.1

204
- :
m
a
184
e =
L)
=)
ilo. .
- a
o 1“ .
‘a
k=
12 .
@
4 ’ m CH/cHAp/Zeolite
® CHDHAp/ Zeolitd
0 20 E 60 §0 100 120
Time (min.)

Figure 4-123: AAS data showing the effect of contact time on chromate ion removal by using

the CH/HAp/ zeolite composites. The results are presented the average of measurements
of three replicates.SE =+ 0.02
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Figure4-124: The fitting of the pseudefirst-order (PFO) and pseudesecondorder (PSO)
kinetic models to the experimental data for Cé&" adsorption on the CH/cHAp/zeolite

composites
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Figure 4125: The fitting of the nonlinear pseudcfirst-order (PFO) and pseudesecond
order (PSO) kinetic models to the experimental data for C# adsorption on the

CH/bHAp/ zeolite composites
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Figure 4-126: The fitting of the nonlinear pseudacfirst-order (PFO) and pseude
secondorder (PSO) kinetic models to the experimental data for Pi adsorption on

the CH/cHAp/zeolite composites
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Figure 4-127: The fitting of the nonlinear pseudcfirst-order (PFO) and pseudesecond
order (PSO) kinetic models to the experimental data for P adsorption on the

CH/bHAp/ zeolite composites
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Figure 4-128: The fitting of the nonlinear pseudofirst-order and pseudesecondorder
kinetics models to experimental data for Cé& adsorption on the CH/cHAp/zeolite composite
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Figure 4-129: The fitting of the nonlinear pseudaofirst-order and pseudesecondorder

kinetics models to experimental data for Cé adsorption on the CH/bHAp/zeolite composite
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Figure 4-130: The fitting of the nonlinear pseudofirst-order and pseudesecondorder
kinetics model to the data for chromate ion adsorption on the CH/cHAzEolite composites
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Figure 4-131: The fitting of the pseudéfirst-order and pseudesecondorder kinetics

model to the data for chromate ion adsorption on the CH/bHAeolite composites
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Figure 4-132: The fitting of the intra-particle diffusion model (IPD) to the experimental data

for Cd?* adsorption on the CH/HAp/zeolite composites
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Figure4-133: The fitting of the intra -particle diffusion model (IPD) to the experimental data

for Pb2* adsorption kinetics data on the CH/HAp£eolite composites
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Figure 4-134: The fitting of the intra-particle diffusion model (IPD) to the experimental data
for Cu?* adsorption on the CH/HAp/zeolite composites
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Figure 4-135: The fitting of intra -particle diffusion model (IPD) to the experimental data
for chromate ion adsorption on the CH/HApkeolite composites
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Figure 5-1: The competitive Cd* and Pk?** ion removal (%) by 0.01 g doses of the CH/HAp
composites at contact times raging from 15 minutes to 180 minutes.
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Figure 5-2: The competitive adsorption of Cd* and Pk?* shown as removal (%) values at

0.01 g of the CH/HAp composites during contact times ranging from 15 minutes to 180

minutes.
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Figure 5-3: Comparison of removd data for Cd?* and Pk** ions by a 0.01 g adsorbent dose
of the CH/HAp composites from solutions containing either one or two metal ion types.
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Figure 5-4: Comparison of removal data for Cd*and Pk?*ions by a 0.05 g adsorbent dose
of the CH/HAp compostes from solutions containing either one or two metal ion types.
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Figure 5-5: The fitting of the pseudesecondorder kinetic model to experimental (contact

time) data relating to Cc?* and Pk?* competitive adsorption on the CH/HAp composites on

an adsombent dose of 0.01 g.
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Figure 5-6: The fitting of the PSO kinetic model to the experimental contact time data for

the CH/HAp composites exposed to solutions containing both €&dand Pk for an

adsorbent dose of 0.05 g
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Figure 5-7: Graph showing thecompetitive removal (%) of Cd* and Pk?* ions by 0.01 g
doses of the CH/HAp/CF composites at contact times ranging from 15 minutes to 180

minutes.
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Figure 5-8: The competitive Cd* and Pk?** removal (%) using 0.05 g of the CH/HAp/CF
composites at contactimesranging from 15 minutes to 180 minutes.
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Figure 5-9: The comparison of single metal ion type and twmetal ion type systems for Cé&
and Pk?* adsorption on 0.01 g of adsorbent dose of CH/HAp/CF composites
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Figure 510: The comparison ofsingle metal ion type and twemetal ion type systems for
Cd?" and Pk?** adsorption on 0.05 g of adsorbent dose of CH/HAp/CF composites.
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Figure 5-11: The fitting of the nonlinear pseudcsecondorder kinetic model to

experimental (contact time) data relaing to Cd?* and Pk** competitive adsorption on the

CH/HAp/CF composites for an adsorbent dose of 0.01 g
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Figure 512: The fitting of the nonlinear pseudosecondorder kinetic model to

experimental (contact time) data relating to Cd* and Pb?** competitive adsorption on the

CH/HAp/CF composites on an adsorbent dose of 0.05 g
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Figure 5-13: Graph showing the competitive removal (%) of Cé& and Pk?* ions by 0.01 g

doses of the CH/HAp/SCGs composites at contact times ranging from 15 minutes to 180

minutes.
15 m30 =60 =120 =180
120.00
100.00 95.25 95.62 95.53 95.87
811 81.23

< 80.00 02
= 62.29
S 60.00
S
(&)
@ 40.00

20.00

0.00
Cd (I Pb (Il) Cd (I Pb (Il)
CH/cHAp/SCGs CH/bHAp/SCGs

Figure 5-14: The competitive Cd* and Pk?* removal (%) using 0.05 g of the CH/HAp/SCGs

composites at contact times ranging from 15 minutes to 180 minutes.
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