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Abstract

Over the past few decades, the world is facing critical water supply problems caused by the relentless increase of global
human populations and the associated rise of anthropogenic activities. Heavy metals are among the main water pollutants
which pose a great threat to human health. Hence, globally there has been a large amount of research devoted to investigat-
ing cost-effective and sustainable methods for removal of heavy metals from polluted water. One such area of interest is the
utilization of construction and demolition waste (CDW) materials for the adsorptive removal of heavy metal ions (As, Cd, Co,
Cr, Cu, Hg, Ni, Pb, Sr, and Zn). This review focuses on the most current research for the use of CDW as an adsorbent. The
different heavy metal ion removal mechanisms involved are also discussed. Further, this article documents the regeneration
and reuse strategies for heavy metal treated adsorbents and the efforts to apply these materials in large-scale applications.

Finally, the main research gaps are identified and future research directions suggested.
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concept

Introduction

Water can be considered as one of the prime natural
resources for which maintenance of quality is mandatory for
the survival of living beings (Chaplin 2006). Apart from its
obvious involvement in bodily functions, water is essential
for many other applications, specifically in the industrial,
electrical, and agricultural sectors. Hence, the unaddressed
contamination of water on the planet has serious repercus-
sions for global populations.

Water pollution is defined as any change in the physical,
chemical, or biological properties of the water that is harm-
ful to living beings (Helmer and Hespanhol 1997). Water
can become contaminated with pollutants relatively easily
because it is a universal solvent for many substances: organic
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chemicals, dyes, fertilizers (higher amounts of nitrates and
phosphates), heavy metals (common examples include As,
Cd, Cr, Cu, Hg, Pb, and Zn), chlorinated solvents, pesticides,
solid particles, and infectious microorganisms. All of these
can dissolve in water and thus contaminate it (Gambhir et al.
2012).

Heavy metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Zn, etc.) are
elements that have a high density (greater than 5 g/cm?).
These metals are non-biodegradable, highly bio-accumu-
lative, and difficult to eliminate naturally from the envi-
ronment (Murugesan et al. 2006). Heavy metals have both
natural and anthropogenic origin. Natural origins include
erosion of sediments, soil weathering, and volcanic activity,
while anthropogenic origins include activities such as min-
ing, processing, and industrial wastewater discharge (Lata
et al. 2015; Davy and Trompetter 2018).

Heavy metal contamination in water has been reported
throughout the world, including in Nigeria (Oyeku 2010),
Bangladesh (Mohiuddin et al. 2011), Turkey (Varol and Sen
2012), India (Singh and Kumar 2006), Pakistan (Rasool
et al. 2016), and Canada (McGuigan et al. 2010). It has
been reported that chronic heavy metal poisoning affects
millions of people, and that each year, 1.6 million children
die from diseases caused due to contaminated drinking water

a
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(Fernandez-Luqueno et al. 2013). As heavy metals have been
proven to show toxicological effects even at very low con-
centrations, organizations such as the World Health Organi-
zation (WHO) have set permissible exposure limits of these
contaminants in drinking water (see Table 1).

Given the dangers of heavy metal pollution in water sup-
plies, there is thus a strong incentive to try and remove these
pollutants. There are various procedures that are available
such as adsorption, reverse osmosis, chemical precipita-
tion, ion exchange, and ultrafiltration (Ahalya et al. 2003).
Adsorption is reasoned to be one of the best pollution con-
trol technologies to use for heavy metal treatment because
of its low cost, easy operation, and high efficiency (Senthil
Kumar et al. 2013). Moreover, adsorbents can be regenerated
via a desorption process on some occasions as the adsorption
is often a reversible reaction (Burakov et al. 2018). Another
advantage is that various natural or waste materials could be
considered as potential adsorbents which means that there is
an opportunity to repurpose superfluous by-products, which
will reduce waste sent to landfill. Therefore, evaluation of
the adsorption potential of different types of waste materi-
als such as agricultural waste, industrial waste, and CDW
for heavy metal treatment has become an emerging research
area (Amin et al. 2006; Amarasinghe and Williams 2007,
Labidi 2008; Hua et al. 2015; Bayuo et al. 2019; Krishna-
moorthy et al. 2019; Kumara et al. 2019). The effectiveness
of an adsorption process is evaluated by performing batch
and column adsorption studies. Isothermal adsorption stud-
ies and adsorption kinetic studies are performed to explain
and to delve more deeply into the mechanisms involved with
the process.

Batch adsorption process

In batch mode adsorption, the same adsorbate solution
remains in contact with the adsorbent until equilibrium is
established. The isotherm models that are discussed in this
article are briefly explained below.

Table 1 The World Health Organization (WHO) drinking water max-
imum permissible exposure levels for heavy metals (WHO 2011)

Heavy metal Maximum permissible
exposure level (mg/L)

Arsenic (As) 0.01

Cadmium (Cd) 0.003

Chromium (Cr) 0.05

Copper (Cu) 2.0

Lead (Pb) 0.01

Mercury (Hg) 0.006

Nickel (Ni) 0.07
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e Langmuir isotherm model

The Langmuir isotherm model is based on the assump-
tion that the adsorbate adsorbs onto localized active sites
present on the adsorbent surface and that the adsorbent
possesses active sites, which are energetically equivalent,
having the same affinity for adsorbates to form a mon-
olayer, that no interaction occurs between adsorbed mol-
ecules, and adsorption approaches equilibrium between the
adsorbate in the solution and the adsorbate adsorbed on
to the adsorbent. The nonlinearized form of the Langmuir
isotherm model is given by Eq. (1) (Langmuir 1918).

_ qubC,
= Tybc, M

where g, denotes the amount of solute adsorbed per unit
mass of adsorbent at equilibrium (mg g~"), qp, is the amount
of solute required to form a complete monolayer (mg g~ ),
C. is the residual liquid phase concentration at equilibrium
(mg dm~3), and b is the adsorption coefficient or Langmuir
equilibrium constant which is related to the binding energy
or affinity parameter of the adsorption system (dm> mg™")
(Wong et al. 2003; Ghosal and Gupta 2017).

e Freundlich isotherm model

The multilayer adsorption of an adsorbate on a hetero-
geneous surface of an adsorbent in aqueous medium is
explained by the Freundlich isotherm model (Poorkarimi
et al. 2013). The nonlinearized form of the Freundlich iso-
therm model is given by Eq. (2) (Freundlich 1906).

q. = KC\" )

where K and 1/n are Freundlich isotherm constants. 1/n (het-
erogeneity factor) is related to the adsorption intensity and
adsorption capacity is implied by K (Olalekan et al. 2013).

e Redlich—Peterson isotherm

The Redlich—Peterson isotherm combines elements of
both the Freundlich and Langmuir isotherm models and is
represented by Eq. (3) (Redlich and Peterson 1959).

_aC,
~ T+bC )

qe

where a (L g'l) and b (L mg'l) are constants, and » is an
exponent which lies between 0 and 1 (Maji et al. 2007).

e Koble—Corrigan isotherm model
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The Koble—Corrigan isotherm model is a three-param-
eter isotherm model which is represented by Eq. (4). This
isotherm model also incorporates both Freundlich and
Langmuir isotherm models for representation of adsorp-
tion data at equilibrium (Koble and Corrigan 1952).

() 4
9. Akcs Ak ( )
where A, By, p are Koble—Carrigan’s isotherm constants
(Ayawei et al. 2017).

o Radke—Prausnitz isotherm

The Radke—Prausnitz isotherm model is explained by
Eq. (5). This model reduces to a linear form at low initial
metal ion concentrations and becomes the Freundlich iso-
therm model at high adsorbate concentrations (Radke and
Prausnitz 1972).

_ gvrpKrpCe
qe - )MRP (5)

(1 + KppC.
where Kgp is the Radke—Prausnitz equilibrium constant,
gumrp 18 the Radke—Prausnitz maximum adsorption capacity
(mg g~1), and MRP is the Radke—Prausnitz model exponent
(Ayawei et al. 2017).

e Dubinin—Radushkevich (D-R) isotherm

The D-R isotherm model is based on the assumption
that adsorption in micropores is pore filling rather than via
layer by layer surface coverage (Hutson and Yang 1997).
This model is represented by Eq. (6) (Radushkevich 1947).

e = G Xp — € ©)

where f is a constant related to the mean free energy of
adsorption (mol® J=2) and « is the Polanyi potential which is
given by Eq. (7).

1
=RTIn(1+ —
=rrmn (1) ®
where R is the universal gas constant (J K~' mol™') and T'is
the absolute temperature (K) at equilibrium (Inyinbor et al.
2016).

o Brunauer—Emmettt—Teller (BET) isotherm model

The BET theory extends the Langmuir model to multi-
layer adsorption scenarios and assumes adsorption occurs
on a homogenous surface with no lateral interaction
between molecules, and on one binding site per molecule/

adsorbate where multiple molecules can get adsorbed with
different affinities. This model is represented by (Brunauer
et al. 1938);

4,CperCe
(C, = C[1+ (Cper = 1)] [%]

®

where C is the adsorbate monolayer saturation concentration
(mg LY, g, is the theoretical isotherm saturation capacity
(mg g7, and Cpgr 1S a constant relating to the energy of
surface interaction (Itodo et al. 2018).

The kinetic models for adsorption processes that are dis-
cussed in this article are as follows.

e Pseudo-first-order kinetic model

This model is based on the assumption that the rate-limit-
ing step in the adsorption depends on the collisions between
adsorbates with vacant single sites on the adsorbent surface.
This model is illustrated by Eq. (9) (Lagergren 1898).

g =q.(1—e™") ©9)

where k, (min~") is the equilibrium rate constant of pseudo-
first-order adsorption, ¢, is the amount adsorbed on to the
adsorbent surface at equilibrium (mg g™'), and ¢, is the
adsorption capacity at time ¢ (mg g™ !).

e Pseudo-second-order kinetic model

The pseudo-second-order kinetic model which (Eq. 10) is
based on the assumption that the rate-limiting step is chem-
isorption involving valency forces through exchange or shar-
ing of electrons between the adsorbent and adsorbate as ion
exchange and covalent forces (Blanchard et al. 1984).

kzqzt

=— 10
1 + kyq.t (10

q:
where k, is the rate constant for pseudo-second-order
adsorption (g mg~! min~!).

e Elovich kinetic model

The Elovich kinetic model (Eq. 11) assumes that the sol-
ute adsorption rate exponentially decreases as the adsorbed
solute amount increases (Elovich and Larinov 1962).

dg

— ge—Pa. 11
3 % (11)

where a is the initial sorption rate (mg g~! min~!) and g is

related to the activation energy for chemisorption and the
extent of surface coverage (g mg~") (Riahi et al. 2017).

]
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e Bangham kinetic model

This model assumes that the only rate-controlling step in
the adsorption process is pore diffusion. It is suggested that the
adsorption process mainly occurs at the surface of the adsor-
bent and only slightly in internal pores (Ghazy and Gad 2014;
Yokogawa et al. 2017). This model is represented by Eq. (12)
(Aharoni et al. 1979).

log 4 1 G ] Kom 1\ | o log (1
0 og| ———— =lo olo
L%\, —gqm £\ 2303V g

12)
where m is adsorbent amount (g), Cy, is initial liquid phase
adsorbate amount (mg), V is used solution volume (L), and

k, (L g ! and o (< 1) are both Bangham equation parameters
(Barkakati et al. 2010).

Fixed-bed adsorption process

In fixed-bed adsorption, the influent solution continuously
flows through the column packed with the adsorbent. The
fixed-bed column modelling of CDW-derived adsorbents has
been performed by using models such as the Adam—Bohart
model and Yan model.

o Adam-Bohart model

This model assumes that the rate of adsorption is propor-
tional to the residual capacity of the adsorbent and the con-
centration of the adsorbate. It is illustrated in nonlinear form
as (Bohart and Adams 1920);

C H
_t _ eKAB Cot=KapNo~
C,

o

13)

where C, and C, are effluent and influent concentrations,
respectively (mg L™1), K Ap 18 the Bohart—Adams rate con-
stant (L mg~" h™!), N, is the saturation concentration of the
column (mg LY, H is the packed column depth (cm), ¢
is the flow time (h) and « is the flow rate per unit cross-
sectional area (cm h™1).

e  Yan model

The Yan model is represented by Eq. (14) and it was
developed for the purpose of minimizing the errors result-
ing from the Thomas model which is another model used
to model the column adsorption process (Yan et al. 2001;
Chittoo and Sutherland 2020).

C, 1

1+ [%qu](KY_QCO) (9

where m is mass of the adsorbent packed in the column (g),
gy is the maximum capacity of adsorption (mg g1, Ky is
Yan’s rate constant (L mg‘1 h™!), and Q is the flow rate (L
hh.

Definition of construction and demolition waste

Construction waste is defined as waste from construction,
remodelling, and repair of individual residences, commercial
buildings and other structures. Demolition waste is defined
as waste generated from razed buildings and other structures
(Tchobanoglous et al. 1993). Table 2 summarizes the com-
position of CDW in a selected number of countries or large
urban centres.

Construction practices differ from country to country. For
instance, concrete, steel, and wood are the most widely used
construction materials on the North American continent,

Table2 CDW composition in several countries/urban centres of varying populations

Country/Region Popula- Year % composition of CDW References
tion (Mil- .
lion) Concrete  Wood Glass Plastic Metal Other (Paper,
and Textile, Hazardous
bricks etc.)
Dhaka-Capital of Bang- 8.5 2016 81 3 0.6 0.6 3 11.8 Islam et al. (2019)
ladesh
Mainland Portugal 10.6 2012 35 5 1 5 52 Tonini et al. (2018), Passos
et al. (2020)
New Zealand 4.2 2007 25 38 1 6 29 Inglis (2007)
Norway 4.5 2002 67.24 1458 0.26 N/A 363 1429 Keilman et al. (2002),
Bergsdal et al. (2007)
Tehran-Capital of Iran 8.4 2011-2016 37 0.51 N/A 0.7 60.79 Asgari et al. (2017)
United States 319 2014 67 7 >1 >1 1 23 Townsend et al. (2014),

Colby and Ortman (2015)

]
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whereas in Europe the main construction materials are
concrete and masonry (Khan 2016). The most commonly
used wood products in the USA include softwood lum-
ber, engineered wood, plywood, and oriented strand board
(McKeever and Elling 2015). The use of wood in the con-
struction sector is highly limited in Europe. Asian countries
mostly utilize baked clay, stone masonry, and concrete for
construction (Okazaki et al. 2012). Currently, New Zealand
and Australia mostly use engineered wood products for con-
struction which mainly include laminated veneer lumber,
glue-laminated timber, and cross-laminated timber. Along
with engineered wood products, concrete, steel, and plaster-
board are also being used in the construction sector of these
countries (Evison et al. 2018).

Resource recovery from CDW materials and improve-
ments towards a circular economy (CE) are becoming a
fast-growing research area recently (Kirchherr et al. 2017).
Currently, the main application of the CE concept for CDW
management is recycling and repurposing these materials
into construction materials (del Rio Merino et al. 2010;
Schwerin et al. 2013; Adamopoulos et al. 2015; Ndukwe
and Yuan 2016; Menegaki and Damigos 2018; Risse et al.
2019). However, it is beneficial to find alternative uses for
CDW outside the construction industry; one potential appli-
cation of these materials is the investigation of these materi-
als as adsorbents for the removal of pollutants from aqueous
solutions (Caicedo et al. 2020). Improvements in utilizing
CDW as adsorbents will be beneficial to contribute towards
attaining a “zero-waste society” in the future especially if
they can be regenerated for repeated use in this application.

Herein, we review and summarize the latest research
advancements into the application of CDW for heavy
metal ion treatment. The specific objectives of this review
are as follows: (i) to report the adsorbents developed from
CDW for heavy metal ion treatment, factors influencing the
adsorption process, heavy metal ion removal mechanisms,
and comparison of their adsorption capacities, (ii) to evalu-
ate existing regeneration methods for the treated adsorbents,
(iii) to investigate the current research efforts towards indus-
trial scale applications of the CDW-derived adsorbents, and
(iv) to provide possible future prospects for how further
developments in this field can be advanced.

CDW as adsorbents for heavy metal ion treatment

CDW has been used for heavy metal treatment in the form
of either direct application as an adsorbent or after modifica-
tion by different treatment methods such as activated carbon
production, biochar production, and chemical modification
(Argun et al. 2007; Ghazy et al. 2008; Rafatullah et al. 2009,
2012; Salim and Munekage 2009a, b; Ghazy and Gad 2014;
Yoo et al. 2018; Wu et al. 2019; Herath et al. 2021). Figure 1
summarizes the different methods utilized in the application

of CDW as adsorbents for heavy metal remediation. The
experimental results of the studies which used CDW directly
for heavy metal ion treatment are summarized in Table 3.

Direct application of CDW-derived adsorbents
for heavy metal ion treatment

Concrete

Concrete waste is generated in large amounts every year, as
it is globally one of the most widely used materials. Con-
crete waste is generated in several forms: concrete sludge,
demolished concrete, and fine concrete waste (Ho et al.
2020). Several adsorption studies have been conducted using
various types of concrete CDW with varying results.

Concrete sludge is a slurried industrial waste consisting
of aggregates, hydrated cement, and water. Yoo et al. studied
the removal of Pb(II), Cu(Il), and Zn(II) utilizing dried con-
crete sludge (<25 um particle size fraction), which primar-
ily consisted of muscovite (KAl,(Si;AlO,,)(OH),), quartz
(Si0,), and albite (NaAlSi;Oy), and obtained percentage
removal values of 99.9%, 98.3%, and 95.2%, respectively,
during 1440 min (Yoo et al. 2018).

Ali et al. performed a similar study using demolished
concrete (1-2 mm fraction) as an adsorbent for removal of
Pb(II), Cu(Il), and Ni(II) ions from a synthetic wastewa-
ter sample. Both batch and column adsorption studies were
performed to evaluate the adsorption potential of the demol-
ished concrete. According to energy-dispersive X-ray (EDX)
analysis, Al, Ca, Fe, K, Mg, Na, S and Si were identified as
the major components of the adsorbent. Maximum adsorp-
tion capacities of 86.297, 39.286, and 13.560 mg g~' have
been obtained for Pb(Il), Cu(Il), and Ni(II) ions, respec-
tively, after 180 min of exposure (Ali and Abd Ali 2020).

The generation of fine concrete waste residues dur-
ing the production of autoclaved aerated concrete (AAC)
is unavoidable (Bao et al. 2016). AAC is a highly porous,
lightweight wall material consisting of SiO,, tobermorite
(Ca;Siz0,4(OH),-4H,0), anhydrite (CaSO,), and gypsum
(CaS0O,.2H,0) (Jerman et al. 2013; Kumara et al. 2019).
Several studies have reported its potential as a water treat-
ment matrix. A study has been carried out by Kumara
et al. for sequestering Cd(II) and Pb(Il) ions using AAC.
The adsorbent was characterized using X-ray diffraction
(XRD), Brunauer—-Emmett—Teller (BET), and EDX analy-
sis. The effects of parameters such as particle size, initial
metal ion concentration, ionic strength, initial pH, contact
time, and the presence of competitive metals were studied.
The adsorption behaviour for both Cd(II) and Pb(II) ions
followed the pseudo-second-order kinetic model and Lang-
muir isotherm model at initial metal ion concentrations at
or below 2000 mg L~! with higher initial metal ion con-
centrations following the Freundlich isotherm model. This

a
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Application of CDW derived adsorbents
for heavy metal treatment
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Fig. 1 Summary of different methods utilized in the application of CDW as adsorbents reported in the literature (Argun et al. 2007; Ghazy et al.
2008; Rafatullah et al. 2009, 2012; Salim and Munekage 2009a, b; Ghazy and Gad 2014; Yoo et al. 2018; Wu et al. 2019; Herath et al. 2021)

suggested that monolayer adsorption behaviour shifts to
multilayer adsorption on exposure of the adsorbent to higher
metal ion concentrations (Kumara et al. 2019). Based on
the experimental results of previous studies, concrete has
been shown to be useful for the adsorption of Cd(II), Cu(Il),
Ni(II), Pb(II), and Zn(II) ions under various adsorption
conditions.

Marble waste

Marble dust is a by-product produced during marble pro-
cessing which has been previously tested as an adsorbent.
Ghazy et al. studied the potential of the powdered marble
waste obtained from the marble processing workshops as
an adsorbent for the removal of Pb(II) ions from aqueous
solutions. The marble samples used as adsorbents consisted
of 60% CaCO; and 6% MgCO;, with the remainder being
composed of Si0,, feldspar, clays, pyrite, and siderite. Both
Langmuir and Freundlich isotherm models fit well with the
experimental data, and the sorption capacity of the adsorbent
was reported as 101.6 mg g~! (Ghazy and Gad 2014).

A similar study was performed to evaluate the marble
waste adsorption potential towards Cd(II) ions. A maximum
adsorption capacity of 30.92 mg g~' was obtained based
on the adsorption isothermal studies, and it was found that

% @ Springer

the Langmuir and Freundlich adsorption isotherms best
described the adsorption process. lon exchange, precipita-
tion, and chemical interaction were identified as the main
mechanisms of Cd(II) ion removal (Ghazy et al. 2008). Mar-
ble waste was also used to treat arsenic. The adsorption pro-
cess was best explained by the Langmuir model with a maxi-
mum monolayer adsorption capacity of 0.04 mg g~!. Based
on the SEM analysis of the materials studied, the adsorbent
possesses an uneven surface structure with a large number of
pores, which can provide active sites for binding of adsorb-
ate either physically or chemically (Bibi et al. 2015).

The experimental results of these studies indicate that
marble waste has the potential for the removal of heavy metal
ions. The sorption capacity values have changed in a wide
range (0.04—-101.6 mg g~ for the studied metal ions. One
of the factors that may have caused this is the wide range of
the studied initial concentrations (Arsenic: 0.1-1 mg L,
Cd(II): 20-60 mg L', Pb(Il): 500-1500 mg L), Previous
studies report that metal ion adsorption capacity increases
with increasing initial metal ion concentrations due to fac-
tors such as a higher probability of collisions between the
adsorbents and metal ions and enhanced driving force of
metal ions diffusion onto the adsorbent surface (Putra et al.
2014; Ouyang et al. 2019). The nature of the metal ions
(electronegativity and hydrated ionic radii) can be suggested
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Table 3 (continued)
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Rafatullah et al.

Pseudo-second-
order

Langmuir and

SEM/EDX, Batch (20-100 g L™},

Meranti Sawdust 0.1-0.15 mm, 25.34 nm, 35.971

Ni(II) ions

(2009)

Dubinin-Radu-
shkevich

1-200 mg L™, pH: 1-8,

FTIR, BET

0.62m?g™!

1-180 min, 100 rpm,

15-45 °C)
Batch (20-100 g L™},

Rafatullah et al.

Pseudo-second-
order

Langmuir and

SEM/EDX,

34.246

Meranti Sawdust 0.1-0.15 mm, 0.62 m? g_l,

Pb(II) ions

(2009)

Dubinin-Radu-
shkevich

1-200 mg L™}, pH: 1-8,

FTIR, BET

25.34 nm

1-180 min, 100 rpm,

15-45 °C)
Batch (10 gL™!, 10-150 mg Langmuir

Kovacova et al.

N/A

FTIR

1.46

<2.00 mm

Cherry sawdust

Zn(II) ions

(2020)
Kovacova et al.

L~!, 1440 min, 22 +2 °C)

Freundlich

FTIR

2.01

<2.00 mm

Spruce sawdust

(2020)

*N/A not available

as another factor. The adsorption behaviour of marble waste
towards different metal ions can be better understood by per-
forming adsorption experiments changing the metal ion type
while keeping the other factors (contact time, initial metal
ion concentration, adsorption dose, etc.) constant.

Brick

Clay-based masonry materials including bricks significantly
contribute to the generation of construction and demolition
debris generation (see Table 2). Research has been conducted
to evaluate the adsorption potential of brick powder towards
heavy metal ion removal. Bibi et al. used commercially avail-
able bricks as a water treatment matrix for the removal of
arsenic. The collected bricks from a kiln were washed with
distilled water, dried, and ground to obtain a fine powder.
XRD diffractograms have indicated quartz as the major com-
ponent of the brick powder. The adsorption behaviour was
modelled by the Langmuir isotherm model with a maximum
adsorption capacity of 0.04 mg g~! (Bibi et al. 2015).

Arabyarmohammadi et al. examined the potential of
hand-made bricks (H-bricks) and machine-made bricks
(M-bricks) to sequester Zn(II) ions from aqueous solutions.
Based on BET analyses, the M-bricks and H-bricks specific
surface areas were 1.2655 and 0.3317 m? g~!. According
to XRF analysis, main mineral constituents of both adsor-
bents were identified as SiO,, CaO, Al,O;, Fe,05, MgO,
and K,O. Removal capacities of 3.9 mg g and 2.45 mg g~!
were observed for the M-bricks and H-bricks, respectively.
The maximum removal capacities for an initial 40 mg L™
Zn(II) ion concentration, 10 g L~! adsorbent dosage, at
pH 6-7 were 75 and 50% for the M-bricks and H-bricks,
respectively (Arabyarmohammadi et al. 2014). M-brick has
higher adsorption potential towards Zn(II) ions compared to
H-bricks. According to the results, the M-bricks have higher
surface area than H-bricks. The higher specific surface area
provides more active sites leading to adsorption enhance-
ment (Rong et al. 2017). Therefore, M-bricks may have
shown a higher removal capacity due to the higher surface
area of M-bricks.

Zhang et al. performed column adsorption studies to inves-
tigate the potential of crushed brick to remove Cu(1Il) ions. The
adsorbent mainly consisted of CaO, SiO,, MgO, Al,O5, and
Fe,0;. The best removal efficiency was observed at 0.5 mg
L~! Cu(II) ion concentration, 20 cm bed height, and a 12 min
residence time. Sorption capacity values of 0.088, 0.104, and
0.1696 mg g~! were obtained at initial metal ion concentra-
tions of 0.5, 1.0, and 2.0 mg L! (Zhang et al. 2019).

The potential of the crushed bricks for removing Hg(II)
from aqueous solutions has also been analysed. The adsor-
bent was characterized by performing XRD analysis which
indicated that the sample was mainly composed of quartz,
dolomite (CaMg(COs;), and CaCO;. Batch adsorption studies
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were conducted with varying solution pH, sorbent dosage,
and contact time to determine the adsorption capacity for
Hg(II) ions. The results indicated that isotherm data fol-
lowed the Langmuir equation, and the obtained maximum
removal capacity was 87 mg g~! (Labidi 2008).

Hai et al. studied crushed laterite block in the particle
size fractions 0.105-2 mm and < 0.105 mm for adsorptive
removal of Cd(Il) ions. Laterite is mainly composed of iron
oxides, aluminium, and silica, and the chemical composition
varies based on the formation. This material is abundantly
available in tropical countries (Abhilash et al. 2016). The
adsorption process followed the Freundlich adsorption iso-
therm model in the studied initial metal ion concentration
range (25-900 mg L™!). A percentage removal of 76 +7.7%
was obtained at the initial metal ion concentrations 25 and
50 mg L~! for the particle size fraction <0.105 mm (Hai
et al. 2018).

The results of these studies indicate that powdered brick
also has potential for the adsorptive removal of heavy metal
ions. These adsorption experiments have also been carried
out under a wide range of adsorption conditions (initial
metal ion concentration 0.04—-500 mg L~!, shaking speed
100-3500 rpm, etc., see Table 3). Therefore, further studies
can be carried out to identify which brick types are most
suitable for heavy metal ion treatment by changing the metal
ion and the brick type used as an adsorbent while keeping
the other adsorption conditions constant.

Roofing and flooring tiles

Clay tiles have been used to adsorb Zn(II) ions using three
different particle sizes (45-150 pm, 0.595-1.190 mm, and
2-4.760 mm) to perform batch experiments. The main
component of the adsorbent was SiO, according to XRF
analysis, and SEM analysis showed the presence of pores
with different sizes and shapes, which is favourable for the
adsorption process. According to BET analyses, the surface
area of the adsorbent was found to be 0.1717 m* g=!. The
Elovich kinetic model and Koble—Corrigan isotherm model
(See the introduction section for more details on these iso-
therm models) were found to be the best explanation for
the experimental data and the measured maximum removal
capacity is 1.76 mg g~!(Arabyarmohammadi et al. 2014).
Jeli¢ et al. (2017) studied roof tiles from building ruins
to adsorb Sr(IT), Co(II), and Ni(II) ions. The main mineral
phases of roof tiles identified according to XRD analysis
were SiO, and albite (NaAlSi;Ogz). Based on adsorption
kinetic studies, Sr(Il) and Co(II) ions adsorption followed
the pseudo-second-order kinetic model and with Ni(II) ions
following the pseudo-first-order kinetic model with respect
to adsorption. Adsorption capacities of 5.87, 3.83, and
2.63 mg g_1 were observed for Ni(II), Co(II), and Sr(II) ions,
respectively. The Freundlich isotherm model was a better fit

to the observed adsorption behaviour of all three metal ions
(Jeli¢ et al. 2017). Based on their results, the adsorbent has
higher adsorption potential towards Ni(II) ions compared to
Co(II) and Sr(II) ions. The difference in adsorption capacity
might be attributed to electronegativity. Pauling’s electron-
egativity of Ni (1.91) is higher than Co (1.88) and Sr (0.95).
Therefore, Ni(Il) ions might have exhibited comparatively
greater affinity towards binding sites on the adsorbent (Selim
et al. 2019).

Ceramics

Aluminosilicate minerals such as clay and zeolites have been
investigated as adsorbents due to their potential to adsorb
ionic species from aqueous solutions (Jiang et al. 2010;
Elboughdiri 2020). Ceramic materials are also aluminosili-
cates based and therefore can be investigated for immobiliza-
tion of heavy metal ions (Keppert et al. 2018).

A silica-based ceramic having the major chemical con-
stituents; SiO,, Na,O, Al,O5, Ca0O, and K,O was investi-
gated as a removal agent of Pb(II) and As(Il)-based ions
from contaminated solutions. Both Pb(II) and As(III)-based
ionic species exhibited adsorption behaviours which fol-
lowed pseudo-second-order kinetics. For As(IIl) removal,
there was a greater adherence in terms of the adsorption to
the Freundlich isotherm model, whereas, for Pb(II) ions, the
Langmuir isotherm model showed a better fit to adsorption
data. The maximum adsorption capacity was reported to be
2.7 mg g~! and 1.789 mg g~! for Pb(Il) and As(III)-based
ions, respectively (Salim and Munekage 2009a, b).

Wood waste

Timber is one of the main contributors of CDW generation in
some countries such as New Zealand and Norway (Table 2).
The wood waste mainly consists of untreated and treated
wood, waste wood mixed with virgin wood, sawdust, shav-
ings, and off-cuts (Grace et al. 2016). Hardwood, softwood,
and engineered wood are also used in construction projects
and are common waste materials. The common hardwood
species that are used for construction purposes include wal-
nut, maple, oak, birch, and cherry. Spruce, pine, cedar, red-
wood, and fir are some of the frequently used softwood spe-
cies in the construction sector. Engineered wood is thermally
or chemically treated wood and the most popular examples
are plywood, MDF (medium density fibreboard), composite
board, and CLT (cross-laminated board) (Copeland 2020).

Many studies have been performed to investigate the
capacity of timber waste to bind heavy metal ions. Wood
is essentially composed of lignin, cellulose, and hemicellu-
lose. However, the composition can vary based on the source
(Ramage et al. 2017).

* @ Springer
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Meranti tree is a common tree found in tropical countries
such as Indonesia and Malaysia and widely used in inter-
nal applications such as cabinetry, furniture, etc. Meranti
wood sawdust, which mainly consists of cellulose, hemicel-
lulose, lignin, and tannins, has been tested as an adsorbent
for Cu(Il), Cr(III), Ni(II), and Pb(II) ions. The BET surface
area of the adsorbent was reported as 0.62 m*> g~!, and based
on the SEM analysis, the adsorbent has a porous and irregu-
lar surface structure. FTIR analysis indicated the presence
of functional groups such as phenolic OH, C=0, C=C, and
C-0 groups. The intensity and position of these peaks were
found to be slightly affected after the adsorption process as
elongation and shifting of these bands were observed after
metal ion binding. Adsorption capacities of 37.878, 35.971,
34.246, and 32.051 mg g~! were obtained for Cr(III), Ni(II),
Pb(II), and Cu(Il) ions, respectively, and the Langmuir iso-
therm model fitted well to the experimental data obtained
(Rafatullah et al. 2009).

Researchers have also investigated the use of spruce and
cherry sawdust for removal of Cu(Il) and Zn(II) ions. Their
results indicated that cherry sawdust showed maximum
adsorption capacities of 1.46 and 2.16 mg g~!, while spruce
sawdust showed maximum adsorption capacities of 2.01,
and 2.48 mg g_1 towards Zn(II) and Cu(Il) ions, respec-
tively (Kovacova et al. 2020). An adsorption preference can
be observed for the Cu(Il) ion adsorption compared to the
Zn(II) ions for both adsorbents which is due to the higher
electronegativity of Cu (1.90) compared to Zn (1.65) and the
smaller hydrated radius of the Cu(Il) ion (0.419 nm) com-
pared to the Zn(II) ion (0.430 nm) (de Carvalho Izidoro et al.
2012; Chen et al. 2018). Metal ions with a smaller hydrated
radius can easily enter the pores on the adsorbent to become
adsorbed (de Carvalho Izidoro et al. 2012).

Sfaksi et al. tested waste cork powder obtained from cork
board manufacturing factories for Cr(VI)-based ion adsorp-
tion and observed about 97% removal from solutions in the
pH range 2-3. The adsorbent was characterized by perform-
ing FTIR and BET analysis which indicated the presence of
macropores and functional groups such as C—O, O-H, and
C=0 on the adsorbent surface that favour metal ion binding.
Their results further indicated that the adsorption process is
highly influenced by parameters such as contact time, metal
ion concentration, pH, and particle size (Sfaksi et al. 2014).

When comparing the adsorption capacities, Meranti
sawdust seems to have a higher adsorption potential when
compared with the spruce and cherry sawdust. Compara-
tively, the adsorption experiments of Meranti sawdust have
been conducted under higher pH and temperature condi-
tions (see Table 3). Lesser removal of metal ions occurs
at lower pH values due to the competition between the H*
ions and the metal ions for binding to the active sites on
the adsorbent surface (Deng et al. 2007). The experiments
of spruce and cherry sawdust have been conducted under a

a
* @ Springer

lower adsorbent dosage level compared to Meranti sawdust.
More binding sites on the adsorbent is available for binding
of metal ions at higher adsorbent dosages which favours the
adsorption process (Jayarama et al. 2009). The adsorption
capacities of these adsorbents can be better compared by
performing adsorption experiments under the same adsorp-
tion conditions.

Development of modified adsorbents from CDW
for water treatment

Previous discussion has centred on unmodified CDW and
its application as a matrix for heavy metal removal. How-
ever, a number of modification methods have been applied to
CDW which involve chemical modification, biochar produc-
tion, and activated carbon production in order to investigate
whether the adsorption capacity of the CDW adsorbents can
be enhanced thorough these modifications. Table 4 summa-
rizes the findings of the studies which used modified CDW-
derived adsorbents for heavy metal treatment.

Chemical modification methods applied to CDW

Chemical modification refers to techniques that alter the
surface properties and structure of adsorbents to improve
the adsorption potential of these materials (Abegunde et al.
2020). Literature reports indicate that numerous chemical
modification methods have been employed to improve the
adsorption potential of adsorbents derived from CDW using
acid, base, or mineral salts, etc., as the modification reagents.

Acid modifications improve the adsorption potential
mainly by enhancing the porous nature of adsorbents, such
as providing more surface area for adsorbate binding. A
number of acids used for this purpose have been detailed in
the literature and include hydrochloric acid (HCl), nitric acid
(HNO,), citric, malonic, and tartaric acid for adsorbent mod-
ification (Palma et al. 2003; Argun and Dursun 2006; Argun
et al. 2007; Salazar-Rabago and Leyva-Ramos 2016). Oak
sawdust modified by means of HCI (0.5-5 mol L™!) treat-
ment was applied as an adsorbent to remove Cu(II), Ni(II),
and Cr(VI)-based ions. The HCI treatment was performed to
enhance the proportion of active sites and to prevent elution
of tannin compounds which might greatly increase the COD
value of wastewater. The modified adsorbent was prepared
by shaking 25 g of sawdust with 250 mL of HCl solution at
200 rpm for 4 h at 25 "C. Maximum adsorption capacities of
3.22,3.29,1.70 mg g_l were observed for Cu(Il), Ni(II), and
Cr(VI)-based ion adsorption, respectively, at 20 C (Argun
et al. 2007). According to the results, the adsorption capacity
of Cr(VI)-based ions is comparatively low. The compara-
tively high adsorption capacity of Cu(II) and Ni(II) ions over
Cr(VI) ions may have resulted from the smaller hydrated
radii value of Cu(II) and Ni(II) ions which makes those ions



International Journal of Environmental Science and Technology

more accessible to the adsorbent pores (hydrated radii of
Cu(II), Ni(I), and Cr(VI) are 0.419, 0.404, and 0.461 nm,
respectively) (Chen et al. 2018; Obayomi et al. 2020).

A similar study was performed for Pb(II) ions removal
using Pinus durangensis sawdust modified with citric,
malonic, and tartaric acids at 0.5, 1, and 2 M concentrations.
The SEM analysis of raw sawdust and modified sawdust
indicated that the modification process enhanced the pores
and channel-like structures on the surface. Moreover, FTIR
analysis indicated that the modifications increased carbox-
ylic group concentration in the adsorbents compared to the
raw material. The authors of the study suggested that the
COOH groups of the acids reacted with the O-H groups on
the adsorbent surface via esterification reactions. The high-
est adsorption potential was displayed by sawdust modified
with 1 M citric acid which was reported to be 304 mg g~!,
whereas natural sawdust showed an adsorption capacity of
18.9 mg g~! (Salazar-Rabago and Leyva-Ramos 2016).

Comparatively, citric acid treatment seems to be very
effective at improving the adsorption capacity of adsor-
bents derived from wood waste. Therefore, further analy-
sis should be directed to this research area to explore
its potential. On the other hand, some studies report that
acid treatment decreased the adsorption potential of the
adsorbents. For instance, cedar sawdust and crushed brick
modified with H,SO, and H;PO, were inefficient and the
sorption potential decreased for Cu(Il) ions (Djeribi and
Hamdaoui 2008). A similar observation was made by
Argun and Dursun who investigated the adsorption poten-
tial of pine bark modified with HCI, HNOj;, and H,SO, for
Cd(II) and Pb(Il) ion removal. They suggested that even
though acid modifications improved the porosity of the
adsorbent, the positively charged adsorbent surface pre-
vented the enhancement of adsorption potential towards
positively charged metal ions in these adsorbents (Argun
and Dursun 2006).

Base modification can also enhance the surface area of
the adsorbent and also affect the functional groups distribu-
tion on the adsorbent surface. NaOH, KOH, and Na,CO; are
some of the bases used as modification agents that have been
reported in the literature (S¢iban et al. 2006; Djeribi and
Hamdaoui 2008; Nagy et al. 2014; Kovacova et al. 2020).

A base-modified adsorbent (using 1 M NaOH and KOH)
was synthesized using spruce sawdust for Cu(Il) and Zn(IT)
ion sequestration. The treated material was washed with dis-
tilled water to remove the access base present on the adsor-
bent. The comparative analysis of FTIR spectra acquired
of the unmodified and modified adsorbents indicated a sig-
nificant intensification of the OH functional group in the
modified adsorbent. The adsorption efficiency of KOH- and
NaOH-modified spruce sawdust improved by 4.9 and 4.2
times, respectively, at 150 mg L™! Zn(II) concentration com-
pared to the unmodified adsorbent (Kovacova et al. 2020).

NaOH- and Na,CO;-pretreated fir sawdust has also been
applied as an adsorbent for Cu(Il) and Zn(II) ions from
water. The modified adsorbent was prepared by treating
one part of the sawdust with 15 parts of the modification
agent using different concentrations. The modified adsor-
bent was washed with distilled water to remove excess base.
The authors reported that base modifications improved the
adsorption capacity of the adsorbent in comparison to raw
sawdust from about 15 times enhancement for Zn(II) ions
and 2.5 to 5 times for enhancement Cu(II) ions. Addition-
ally, leaching of organic matters from modified adsorbent
was about 23% less than unmodified adsorbent. However,
the authors highlighted that the modification process leads
to the generation of wastewater having high COD values
and alkalinity (Séiban et al. 2006). This negatively impacts
efforts towards a circular economy.

Several other modification methods for CDW-derived
adsorbents have also been reported in the literature; these
are oxidative and mineral salt treatments.

Treatment with mineral salts (NaCl, KCl, Na,HPO,, and
NaHCO;) has been reported to be a very effective modifica-
tion method for crushed brick to remove Cu(Il) ions. The
modification was performed by stirring 5 g of crushed brick
with 0.5 L of 0.1 M solution of reagent at 300 rpm for 24 h.
The sorption percentage of untreated adsorbent was 67.3% at
200 mg L™! Cu(II) ion concentration and 5 g L™! adsorbent
dosage. Under the same conditions, adsorption percentages
of 89.2%, 83.2%, 78.1%, and 73.6% were obtained for adsor-
bents modified with Na,HPO,, KCI, NaCl, and NaHCO;,
respectively (Djeribi and Hamdaoui 2008).

Nagy et al. investigated the use of oxidative treatment
to improve the adsorption capacity of fir sawdust. Several
reactions such as displacement of side chains and oxida-
tive cleavage of the aromatic ring structures in the sawdust
materials may occur during the oxidative treatment. These
modifications can affect the adsorption capacity of the adsor-
bent. The modification was performed by treating 50 g of
fir sawdust with 250 mL of 1 M H,0, for 3 h. Maximum
adsorption capacities calculated using the Langmuir model
were 2.67 and 2.20 mg g~ for treated and raw sawdust,
respectively, for Cd(II) ion removal (Nagy et al. 2014).

Biochar and activated carbon production

Biochar is produced when organic biomass is pyrolysed with
limited or no oxygen (Yuan et al. 2016). Biochar has been
extensively investigated as a material for water treatment in
recent years because it possesses high porosity, high surface
area, and high adsorption efficiency. Several studies report
the utilization of biochar generated from CDW waste mate-
rials such as wood chips, sawdust, and bark for water treat-
ment (Jiang et al. 2016; Karunanayake et al. 2018; Poo et al.
2018; Wu et al. 2019). The adsorption potential of biochar
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is dependent upon several factors including biomass source,
preparation method, nature of pollutants, and reaction condi-
tions (Tomcezyk et al. 2020).

Several studies have investigated hardwood waste
materials for biochar production (Jiang et al. 2016; Wu
et al. 2019). The effectiveness of jarrah wood biochar to
adsorb Cu(Il) and Zn(II) ions has been investigated. Cation
exchange capacity, surface alkalinity, and the negative sur-
face charge of biochar have affected the adsorption capacity
towards these divalent ions. Jarrah wood biochar has shown
adsorption capacities for Cu(Il) (4.39 mg g~') and Zn(II)
(2.31 mg g~!) ion treatment, and the adsorption process was
found to follow the Langmuir isotherm model. The higher
adsorption capacity of Cu(Il) ions compared to the Zn(II)
ions may have resulted due to the higher electronegativity of
Cu (1.90) compared to the Zn (1.65) (Jiang et al. 2016). Wu
et al. derived biochar (heating biomass in a muffle furnace
at 600 °C for 4 h) using walnut, cherry wood, and bam-
boo wood chips for Cd(II) ion adsorption which had shown
adsorption capacities of 18.06, 18.8, and 19.12 mg g™,
respectively (Wu et al. 2019).

Softwood waste materials have also been investigated for
biochar production. Pine wood sawdust-derived biochar has
been tested as an adsorbent for heavy metal ion treatment.
The results showed that biochar prepared at 700 °‘C removed
81% and 46% of Cu(II) and Cd(II) ions, respectively, from
solution when using a dosage of 50 g L™! biochar and an
initial metal ion concentration of 500 mg L~! (Poo et al.
2018). The prepared biochar has shown much higher affin-
ity towards Cu(Il) ions compared to Cd(II) ions. The higher
electronegativity of Cu (1.90) compared Cd (1.69) can be
suggested as one of the factors which may have led to the
higher adsorption capacity towards Cu(II) ions (Selim et al.
2019).

Some researchers have employed modifications to bio-
char. For instance, Karunanayake et al. investigated the use
of Douglas fir waste wood to produce Fe;0, magnetized bio-
char for the removal of Cd(II) and Pb(II) ions. The biochar
was produced by pyrolysing waste wood at 900-1000 “C for
1-10 s and Fe;O, was induced to deposit by precipitation
on the biochar by treating an aqueous solution of Fe(Il)/
Fe(III) with NaOH. Magnetic biochar can be easily removed
from water after treatment of contaminants using a mag-
net, thus avoiding time-consuming steps like filtration and
centrifugation. Maximum adsorption capacities of 27 and
11 mg g~! were observed for magnetic biochar, whereas 40
and 16 mg g~ were observed for raw fir biochar for Pb(II)
and Cd(II) ions, respectively (Karunanayake et al. 2018).
The higher adsorption capacity towards Pb(I) ions may have
occurred due to the higher electronegativity of Pb (2.33)
compared to Cd (1.69).

Activated carbon is a material with high internal surface
area and porosity and commercially the most widely applied

* @ Springer

of adsorbents for water treatment (Ioannidou and Zabaniotou
2007). Materials with high carbon content and low inorganic
content can be used as raw materials for activated carbon
generation (Tsai et al. 1997). Activated carbon production
involves two steps: biochar production by pyrolysis of bio-
mass and activation by modification of adsorbent. The acti-
vation of the carbonized material is achieved by physical or
chemical activation (Ggca et al. 2022). Literature reports
utilization of CDW such as wood chips and sawdust for acti-
vated carbon production (Tuomikoski et al. 2021).

The physical activation process utilizes oxidizing agents
such as steam, CO,, air, or mixtures of these materials.
For instance, Tuomikoski et al. prepared activated carbon
from spruce sawdust for the Zn(II), Co(II), and Ni(II) ion
treatment. In their work, the sawdust was carbonized at
800 C in a reactor followed by activation with water steam
(120 g h~! at 140 °C) for 120 min at 800 “C. The result-
ant adsorbent material had a considerably higher surface
area (1010 m? g~!) compared to that of activated carbon
synthesized via other means in related studies. The high-
est maximum adsorption capacity was observed for Zn(I)
ion removal experiments (23.413 mg g_l), while for Co(II)
and Ni(II) ions, the maximum adsorption capacities were
comparatively low (5.371 and 8.580 mg g~!, respectively).
According to the results, the adsorbent had shown better
adsorption potential towards Zn(II) ions compared to Co(II)
and Ni(II) ions. The adsorption behaviour of Zn(II) ions is
different from that of Ni(II) and Co(II) ions as Zn(II) adsorp-
tion follows pseudo-second-order adsorption kinetics while
the Co(II) and Ni(II) ion adsorption was explained better by
the Elovich kinetic model. The different metal ion adsorp-
tion behaviour on this adsorbent can be suggested as one
of the factors which led to increased adsorption capacity
towards Zn(II) ions (Tuomikoski et al. 2021).

The activation via chemical treatments of activated car-
bon has been achieved using agents such as acids and bases.
Gao et al. prepared activated carbon from pine wood sawdust
for Cu(Il) ion adsorption. Phosphoric acid (85% wt) was
used to further activate the carbonized material. According
to BET analysis, the surface area of the activated carbon
significantly improved with acid treatment (Gao et al. 2018).
In a similar study, biochar derived from pine sawdust was
modified by treating with 47.5% wt. H;PO, solution at room
temperature for 24 h. The surface area analysis indicated that
the acid-modified biochar had a higher surface area com-
pared to the unmodified biochar prepared under the same
conditions. The modified biochar showed 4-13 times and
12-44 times higher adsorption capacity towards Cd(II) and
Cu(ID) ions, respectively, compared to the unmodified adsor-
bent (Peng et al. 2017).

NaOH-activated cedar wood has been applied to achieve
Pb(II) ion removal. The wood samples were carbonized at
500 °C for 2 h under a nitrogen atmosphere. For activation,
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the obtained materials were stirred for 2 h using a biomass/
NaOH ratio of 1:2. The prepared adsorbent was characterized
by FTIR, SEM, and BET analysis. SEM analysis revealed that
the adsorbent possessed a highly porous surface structure and
FTIR spectra demonstrated the presence of functional groups
such as C=0 and C=C which have the potential to bind heavy
metal ions (Rahmatnia et al. 2021). Herath et al. investigated
KOH-activated Douglas fir biochar for Pb(Il), Cr(VI), and
Cd(I) ion adsorption. Douglas fir wood chips-derived biochar
was stirred with KOH (4.00 g dissolved in 20 mL of distilled
water) for 1 h. Based on the BET analysis, the surface area and
the pore volume of the adsorbent were significantly increased
after base treatment. Maximum adsorption capacities of 29,
140, and 127.2 mg g~! were obtained at 318 K for treated
adsorbent, whereas untreated adsorbent showed maximum
adsorption capacities of 18, 84.1, and 33.5 mg g~! for Cd(II),
Pb(II) and Cr(VI)-based ions, respectively (Herath et al. 2021).
Peter et al. have studied base activated (using NaOH) biochar
derived from ultrasound pretreated (170 kHz, 1000 W, 80 C,
2 h) softwood woodchips for Cu(Il) ion removal from water.
According to SEM analyses, the ultrasound pretreatment sig-
nificantly enhanced the microchannels on the adsorbent surface
which improved the adsorption process. EDX mapping results
showed the presence of sodium ions on the adsorbent surface
after base modification. This observation has been stated as a
good indication that the adsorbents can provide cation exchange
ability which is an important metal ion removal mechanism.
Furthermore, their results indicated that the adsorbent exhibited
an equilibrium adsorption capacity of 19.99 mg g~! which was
about 22 times higher than the value for the corresponding non-
activated adsorbent (Peter et al. 2021).

Based on the results, NaOH-activated cedar wood, Citric
acid-modified Pinus durangensis sawdust, and KOH-acti-
vated Douglas fir biochar showed higher adsorption capacity
towards heavy metal ion adsorption (specifically for Pb(II)
and Cr(VI)-based ions) compared to the other adsorbents.
However, the adsorption experiments were performed under
different adsorption conditions (see Table 4). For instance,
adsorption studies of KOH-activated Douglas fir biochar had
been performed under higher initial metal ion concentration
conditions (25-1000 mg L=!) compared to other adsorbents
(magnetized fir biochar; 10-250 mg L~!, walnut biochar
5-60 mg L™1). The adsorption capacities of these adsorbents
can be better compared if the adsorption experiments were
performed under the same adsorption conditions.

Heavy metal ion removal mechanisms
involved with CDW-derived adsorbents

Heavy metal ion removal mechanisms are influenced by
physical and chemical interactions between the adsor-
bent and adsorbate and the physical form of the adsorbent

(Elwakeel et al. 2020). In literature, the heavy metal ion
removal mechanism is proposed on the basis of the micro-
structure analysis and adsorption kinetics and isothermal
results. These mechanisms can occur in many complex
forms, and several mechanisms can take place simultane-
ously (Putra et al. 2014). The most common heavy metal ion
removal mechanisms of CDW-derived adsorbents include
ion exchange, micro-precipitation, chemisorption mecha-
nisms such as complexation, and physisorption mechanisms
such as electrostatic interaction all of which are illustrated
in Fig. 2 (Ray et al. 2020).

lon exchange

Ion exchange involves the replacement of heavy metal ions
in the solution with similarly charged ions attached to the
adsorbent (Elwakeel et al. 2020). Ions present on the adsor-
bent surface such as Ca®*, Na*, and K* ions can participate
in the adsorption process of heavy metal ions. For instance,
Ca”* ion exchange on the hydrated adsorbent surface has
been identified as the main adsorption mechanism for auto-
clave aerated concrete (AAC) fines (Kumara et al. 2019). Ion
exchange mechanisms have also been observed with adsor-
bents including Pinus durangensis sawdust (Salazar-Rabago
and Leyva-Ramos 2016), marble waste (Ghazy and Gad
2014), NaOH- and Na,COj;-pretreated fir sawdust (Séiban
et al. 2006), and spruce sawdust and cherry sawdust (Kova-
cova et al. 2020). The functional groups on the adsorbent sur-
face such as COOH and phenolic OH groups participate in the
metal ion binding by exchanging H* ions with the metal ions
in adsorbents such as Pinus durangensis sawdust, spruce saw-
dust, and cherry sawdust (Salazar-Rabago and Leyva-Ramos
2016; Kovacova et al. 2020). Ion exchange mechanisms are
involved in the metal ion adsorption process undergone by
marble waste through the exchange of Ca>" ions present in
CaCO; which is a major constituent of marble waste with
metal ions from solution (Ghazy and Gad 2014). NaOH- and
Na,CO;-pretreated fir sawdust utilized ion exchange mecha-
nism in the adsorption process by exchanging Na™ ions with
metal ions. This mechanism was confirmed by the release of
Na™ ions during the adsorption process (Séiban et al. 2006).

Complexation

Complexation involves the coordination of heavy metal ions
with the functional groups on the adsorbents which can act
as electron donors (Elwakeel et al. 2020). Complexation
has been reported as a mechanism of metal ion adsorption
for spruce and cherry sawdust (Kovacova et al. 2020), AAC
fines (Kumara et al. 2019), and H;PO,-modified pine sawdust
biochar (Peng et al. 2017). The involvement of complexa-
tion adsorption mechanisms in heavy metal ion binding on to
AAC fines is explained by Eq. (15) (Kumara et al. 2019). The

a
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Fig.2 Heavy metal ion removal
mechanisms of CDW-derived
adsorbents. Based on the infor-
mation of (Peng et al. 2017;
Bartoli et al. 2020; Kovacova

et al. 2020)

Ion exchange

—-0-C

Micro-precipitation

Complexation

Adsorbent surface

Electrostatic interaction

@ Heavy metal ion

@ Ions on adsorbent surface such as OH-, CO;2-

Exchangeable groups on adsorbent surface

presence of functional groups such as -COOH/-OH groups on
the surface of sawdust and biochar facilitate metal ion binding
via the complexation mechanism (Peng et al. 2017; Kovacova
et al. 2020). This adsorption mechanism is further explained
in Eqgs. (16) and (17) (Peng et al. 2017).

2(X,Si— 0) H + M** - (X, Si — 0);M** + 2H*

15
(X = Al Fe, K, Mg, and M = Metal ion) (15)
C - OH + M** + H,0 - C — OM" + H;0* (16)
2C — COOH + M** - (C — CO0),M + 2H* 17)

Micro-precipitation

Micro-precipitation is a process by which a substance is sepa-
rated from a solution by forming a chemical precipitate as
fine particles. For instance, the main heavy metal ion removal
mechanism for dried concrete sludge was identified as metal
hydroxide coprecipitation on the surface under high pH
conditions (Yoo et al. 2018). Additionally, this mechanism
has been suggested as a principal mechanism of metal ion

¥ @ Springer

removal in materials such as crushed concrete fines (Cole-
man et al. 2005), autoclaved aerated concrete (Kumara et al.
2019), marble waste (Ghazy and Gad 2014), and NaOH- and
Na,CO;-pretreated fir sawdust (S¢iban et al. 2006).

Electrostatic interaction

The electrostatic interactions between the heavy metal ions and
the surface charges on the adsorbent represent another mecha-
nism involved in heavy metal remediation (Qiu et al. 2021).
The pH of the adsorption medium greatly affects the strength
of the electrostatic interactions (Ozdes et al. 2020). This type
of adsorption behaviour has been observed with adsorbents
such as acid-modified Pinus durangensis sawdust (Salazar-
Rabago and Leyva-Ramos 2016) and H,SO,-modified oak
wood sawdust (Ozdes et al. 2020).

Comparison of adsorption performance
exhibited by CDW materials

The results of the studies summarized in this article show
that factors such as contact time, adsorbent dosage, initial
metal ion concentration, shaking speed, pH of the medium,
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Table 5 Batch adsorption results of biosorbents, geomaterials, and nanostructured materials for heavy metal treatment

Adsorbent Adsorbate (ionic species) Adsorption Adsorption conditions (Dosage (g~ References
capacity L"), Concentration (mg L"), Tem-
(mg/g) perature (‘C), pH, Agitation speed
(rpm), Contact time (min))
Biosorbents
Sugarcane bagasse Cu(II) ions 3.65 4 gL', 10200 mg L™!, pH 2-6, Putra et al. (2014)
100 rpm, 90 min
Aspergillus niger Cd(II) ions 69.44 0.5-1 gL™!,20-100 mg L', Tsekova et al. (2010)
220 rpm, 30 °C, 0-35 min
Lentinus edodes Hg(II) ions 336.3+3.7 1gL™",25-60 mg L™!, pH 3-7, Bayramoglu and Arica (2008)
400 rpm, 25 C
Pseudomonas aeruginosa Ni(II) ions 70 lg L', 0-160 mg L', 200 rpm, Gabr et al. (2008)
Pb(II) ions 79 0-60 min, 30+2 C, pH 2-6
Natural and industrial geomaterials
Phosphatic clay Pb(II) ions 37.2 30+ 1 rpm, 0-200 mg L', 25+3 Singh et al. (2001)
Cd(II) ions 245 'C, 8640 min
Zn(II) ions 25.1
Activated bentonite Co(II) ions 7.3 2540¢g L~!,2-60 min, 25+2 °C,  Al-Shahrani (2014)
20-250 mg L™, 200 rpm
Modified clay Ni(II) ions 80.9 10-200 mg L', 1440 min, 20+1 C Vengris et al. (2001)
Zn(II) ions 83.3
Cu(II) ions 63.2
Nanostructured materials
Multi-walled carbon nanotubes  Ni(II) ions 18.083 04¢g L', 10-200 mg L pH 2-7, Kandah and Meunier (2007)
0-180 min
Single-walled carbon nanotubes Zn(II) ions 43.66 05¢g L™, 10-80 mg L', 25°C, Lu and Chiu (2006)
Multi-walled carbon nanotubes  Zn(II) ions 32.68 180 rpm, 720 min, pH 1-12
Graphene nanosheets Pb(II) ions 22.42 0.5gL™!,5-80 mg L™!,30+0.5°C, Huang et al. (2011)
pH 2-8, 360 min
Graphene Sb(III)-based ions 10.92 0.4 g L™!, 200 rpm, 30 °C, 1-10 mg  Leng et al. (2012)

L', pH 3-11, 30-240 min

etc., greatly influence the adsorption performance of the
adsorbent. Adsorption experiments of CDW-derived
adsorbents have been performed under a wide range of
adsorption conditions as summarized in Tables 3 and 4.
As these experiments have been performed under various
adsorption conditions, it is difficult to directly compare the
adsorption performance of the adsorbents (De Gisi et al.
2016; Keppert et al. 2018). However, all the adsorbents
discussed in this article have shown potential for heavy
metal ion removal.

Under the same adsorption conditions, some CDW-
derived adsorbents have shown higher adsorption potential
towards a particular heavy metal ion compared to other
heavy metal ions or vice versa. For instance, roof tiles
have shown higher adsorption potential towards Ni(I)
ions compared to Co(II) and Sr(II) ions (Jeli¢ et al. 2017),
and machine-made bricks have shown higher adsorption

potential towards Zn(II) ions compared to hand-made
bricks (Arabyarmohammadi et al. 2014). Literature reports
several factors which may cause this behaviour, such as
pore size distribution of the adsorbent, size of the solvated
metal ion, surface charge of adsorbent and adsorbate, and
electronegativity of the metal ion (Liu et al. 2015; Baroud
2021). However, understanding the specific reasons for
these behaviours still remains a scientific challenge and
requires further investigations (Liu et al. 2015).

Table 5 summarizes the adsorption capacities of the
most commonly studied adsorbents. Comparatively, inor-
ganic CDW materials show similar potential for heavy
metal ion treatment to the reported natural and industrial
geomaterials. The organic CDW materials also show simi-
lar adsorption potential to the reported biosorbents and
carbon-based nanomaterials (see Tables 3 and 4).
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Fig.3 Pathway of wastewater treatment by CDW and potential applications of utilized adsorbents

Applications of CDW-derived adsorbents
containing adsorbed heavy metal ions (post
adsorption)

Disposal of heavy metal treated adsorbents in landfills
can be environmentally hazardous due to the existence
of the heavy metals within the treated adsorbents and the
risk of leaching from these adsorbents over time. There-
fore, to prevent any further environmental pollution and
to achieve circular economy goals, researchers have inves-
tigated potential regeneration and reutilization strategies
for spent CDW adsorbents (Fig. 3).

Regeneration of treated adsorbents via desorption

The reuse of the heavy metal treated adsorbents is very
important as it affects the economic success for the adsor-
bents and contributes to the idea of a circular economy. For
instance, after the treatment of large volumes of wastewa-
ter, the treated adsorbents can be regenerated. The concen-
trated solution of heavy metal ions obtained after regenera-
tion can be used to recover the metal ions via precipitation,

w @ Springer

electrolytic means, etc., or reuse for industrial applications.
Literature reports several desorption solvents which can be
used to regenerate the heavy metal-laden adsorbents such as
distilled water, acids (such as H,SO,, HCI), and bases (such
as NaOH) (Coleman et al. 2005; Karunanayake et al. 2018;
Ali and Abd Ali 2020; Herath et al. 2021).

Distilled water was investigated as a regeneration solvent
to treat the portion of metal ions bound to the concrete fines
without precipitation. These experiments were performed
by treating the utilized adsorbent with water at 0.1 g cm™
solid: solution ratio for 24 h. However, the authors reported
that only a very small percentage of the adsorbed ions were
readily soluble when using just water as a desorption solvent
(Cu(Il), 1.9%; Zn(II), 0.9% and Pb(1I), 0.2%) (Coleman et al.
2005). A similar experiment was performed by Ali et al.
with heavy metal-laden crushed concrete demolition waste,
and their results also indicated that a very small percentage
of the bound metal ions was leached from the adsorbent
(Pb(II), 0.004% and Ni(II), 0%) (Ali and Abd Ali 2020).

In contrast when acids are used for heavy metal ion des-
orption, there is a competition between metal ions and H*
ions at low pH to bind to the active sites and these binding
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sites hence tend to become protonated so causing metal
ions to desorb from the adsorbent surface (Lata et al. 2015;
Krishnamoorthy et al. 2019). Palma et al. performed desorp-
tion experiments for metal ion-laden modified pine bark by
treating 100 mg of the adsorbent with 10 mL H,SO, (1-5 M)
for 1 h. Metal ions such as Cu(Il) and Hg(IT) were observed
to be readily desorbed (47-50.5% and 18-62%, respectively),
whereas metal ions such as Cd(II) and Pb(II) desorbed less
readily (1.8-2.7% and 0.8-1.4%, respectively). Regeneration
of KOH-activated Douglas fir biochar has been investigated
using 0.1 M HCI with which almost all adsorbed Pb(II)
ions were reported to be successfully desorbed from the
biochar. However, the adsorption potential of the adsorbent
significantly dropped from 100 mg g™! in the first cycle to
52 mg g~! and 49 mg g! in the second and third regeneration
cycles, respectively. The authors suggest that this may have
occurred due to some chemical changes on certain binding
sites after the first regeneration cycle (Herath et al. 2021).

Regeneration of Fe;O,-magnetized biochar and raw Doug-
las fir biochar has also been investigated using a 0.1 M HC1
solution. Desorption experiments were carried out by treating
0.25 g of the loaded adsorbent with a 50 mL of 0.1 M HCl for
10 min followed by stirring with 10 mL of water for 10 min.
At the first regeneration cycle, 41% of the adsorbed Cd(II)
and Pb(II) ions were desorbed from the raw biochar whereas
87% and>75% of the Cd(II) and Pb(II) ions were desorbed
from the magnetic biochar, respectively. The authors suggested
that the amount of tightly held Cd(II) and Pb(Il) ions on mag-
netic biochar is less than that on the raw biochar. The adsorp-
tion of Cd(IT) and Pb(II) ions was reduced by a few per cent in
the second and third regeneration cycles for both modified and
unmodified biochar (Karunanayake et al. 2018).

Alkali solvents have also been investigated as desorbing
agents. For instance, an experimental study investigated the
use of 0.1 M NaOH to desorb Cr(VI)-based ions from raw
Douglas fir biochar and KOH-activated Douglas fir biochar.
They observed that the amount of metal ions desorbed was
considerably lower compared to the amount adsorbed in
each cycle. The authors suggested that strong chemisorp-
tion of metal ions occurs on the adsorbent surface which will
discourage desorption. Adsorption of Cr(VI)-based ions was
observed to drop off after the first regeneration cycle in this
study as well (Herath et al. 2021).

Use of heavy metal-laden materials in other
applications

The use of heavy metal-laden adsorbents for other applica-
tions has also been investigated by researchers as a way to
minimize waste. Mosoarca et al. demonstrated the potential
use of oak wood ash for the treatment of wastewater con-
taminated with Mn(II) ions. The used (heavy metal-laden)
adsorbent received after the adsorption process had been

tested as a soil amendment for Hordeum vulgare (a barley
crop). The experiment was performed by using various
wood ash/soil weight ratios from 1:25 to 1:100 along with a
control sample without adding the wood ash. After 28 days
from seed sowing, growth parameters such as germination
percentage, the height of the plant, and relative growth rate
were evaluated and demonstrated improvement compared
to the control samples (germination rate; up to 10% higher,
average length; 14-35% higher, plant growth rate 6-12%
higher than control samples) (Mosoarca et al. 2020).

Another study investigated the use of heavy metal treated
ceramic powder for cementitious composite production. The
unused ceramic powder was found to be an effective substi-
tute for ordinary Portland cement. However, due to the pres-
ence of the adsorbed metal ions on the used adsorbent, the
use of the loaded adsorbents caused a significant reduction
in the rate of strengthening and setting of concrete (Keppert
et al. 2018).

Efforts towards industrial applications
for CDW-derived adsorbents

Investigation of the feasibility of using CDW-derived adsor-
bents in large-scale applications is very important to apply
these materials in real-world applications. However, the
research outcomes in this area are still very sparse for adsor-
bents derived from CDW.

Ashoori et al. investigated the removal of metal ions,
nitrates, and trace organic contaminants using biochar-
amended woodchip (composed of different species such as
Douglas fir, redwood, and oak) bioreactors in a pilot-scale
study. Replicate columns containing woodchips, woodchips
and biochar, and wood chips and straw were operated for eight
months with saturated continuous flow utilizing water from a
watershed that drained an urban area. Then the columns were
challenged for a period of five months with continuous expo-
sure to synthetic wastewater containing heavy metals (i.e.those
derived from Cd, Cu, Ni, Pb, and Zn). Throughout these
experiments, heavy metal removal efficiencies in all treatments
were > 80% except for Zn(II) ions. The woodchips-biochar sys-
tem achieved about 50% removal, while the other systems only
removed about 20% of Zn(II) ions (Ashoori et al. 2019).

Another pilot-scale study was conducted using pine bark
as a treatment filter for highway runoff for which a synthetic
stormwater sample was prepared (Cu, Ni, Pb, and Zn, 1 mg
L~! each). The adsorbent (<4 mm particle size) was placed
in the pilot-scale columns with clean quartz sand, and the
columns were operated for 2.5 months. Effluent samples were
collected biweekly for analysis; the adsorbent showed high
performance for metal ion removal, with the highest removal
efficiencies observed for Pb(II) and Cu(II) ions (83% and
77%, respectively) (Monrabal-Martinez et al. 2017).

a
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Future research directions

Based on the experimental results of the examined litera-
ture, CDW possesses high potential for the adsorption of
heavy metal ions. However, when compared to various other
adsorbents such as biosorbents and the natural and industrial
geomaterials, adsorbents developed from CDW and recycled
materials still remain a very poorly studied area (Kumara
2018).

Construction materials vary based on the countries so
local variation is strong, and novel adsorbents can be tested
directly or after modification for heavy metal treatment.
For instance, CDW waste such as glass, plastic waste, and
grout can be tested as adsorbents for heavy metal remedia-
tion (Girods et al. 2009; Nageeb et al. 2018; Zhang et al.
2020). However, some of these materials may contain haz-
ardous substances due to industrial treatments. Therefore, it
is important to characterize these materials carefully prior
to adsorption experiments to ensure that hazardous sub-
stances do not leach into aqueous solutions, thus defeating
the purpose of remediation. Improvements in the adsorption
potential of CDW-derived adsorbents can be investigated
by mixing CDW with other adsorbents such as natural and
industrial geomaterials and biosorbents (Ok et al. 2007,
Ashoori et al. 2019).

Another noticeable factor is that most of the studies
that investigated the adsorption potential of the CDW are
restricted to batch scale analysis (Tables 3 and 4). This oper-
ation is scarcely found in real-world applications. Column
adsorption studies are more useful for practical applications
as a high quantity of wastewater containing a high pollu-
tion load can be treated using this technique. Therefore, the
adsorption potential of CDW should be investigated further
by performing column adsorption analysis. Most of the stud-
ies have evaluated the adsorption potential of adsorbents in
single-metal ion solution systems. Further analysis should
be carried out using multi-metal ion adsorption systems as
it is very important for industrial scale applications.

Another important research area that needs further investi-
gation is the application of these adsorbents for the treatment
of real wastewater samples, i.e. pilot scale. Very few studies
have analysed the adsorption potential of CDW for the treat-
ment of industrial wastewater samples. The adsorbents that
have shown high adsorption potential in batch studies and
column adsorption studies should be studied further to ascer-
tain their efficacy in industrial wastewater treatment. This is
needed as the use of CDW-based adsorbents for water treat-
ment still remains at the laboratory research stage.

In addition, adsorbent regeneration is an important topic
for study as it means CDW-derived adsorbents can be reu-
tilized. However, adsorbent regeneration studies are still
sparse for the materials derived from CDW such as ceramics,
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marble powder, and clay-based materials. As stated earlier,
the regeneration potential of these adsorbents has been
investigated using desorption solvents such as distilled
water, acids, bases, or other chemicals albeit with mixed
results so lends itself to further study. For instance, the dis-
tilled water leaching tests of some CDW-derived adsorbents
such as concrete have shown that a very small percentage of
the bound metal species are readily soluble (Coleman et al.
2005). Economical and efficient methods should be inves-
tigated to recover heavy metal ions from the concentrated
metal ion solutions produced after the regeneration process.
The utilization of the (heavy metal-laden/spent) adsorbents
for other applications is another research area that requires
more investigation as this would be an alternative applica-
tion to attempting to regenerate the spent adsorbents. For
instance, wood waste-derived adsorbents treated with heavy
metal ions derived from Cu, Zn, and Fe could be investigated
for their potential to be applied for soil amendments.

Conclusion

This review presents a comprehensive overview of the appli-
cation of CDW for heavy metal ion treatment. Researchers
have investigated the potential of CDW for heavy metal ion
removal either directly (i.e. as-received) or after modifica-
tions (chemical modifications, biochar production, activated
carbon production). The results of these studies indicate that
CDW has the potential for adsorptive removal of heavy metal
ions; however, this area is still in its infancy. The nature of
the adsorbent, adsorbate, and adsorption conditions such as
contact time, metal ion concentration, pH of the solution,
and temperature is known to have a significant effect on the
adsorption potential of the adsorbent. CDW-derived adsor-
bents utilize heavy metal ion removal mechanisms such as
ion exchange, precipitation, complexation, and electrostatic
interactions. After heavy metal ion treatment, the metal ion
bearing adsorbent can be investigated for regeneration using
desorption solvents such as acids, bases, and distilled water
or can be investigated for use in other applications such as
fertilizer production and cementitious materials production.
The nature of the adsorbent and toxicity of the adsorbed
metal ion has to be considered when using the utilized
adsorbents in other applications. As we have highlighted
in this review, there are still research gaps in this area to be
addressed. Therefore, further investigations of these materi-
als are required to effectively use abundantly available CDW
materials for wastewater purification in the future.
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