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development. Both Escherichia coli and F-specific RNA bacteriophage, indicators of human pathogens contami-
nation, were absent from the residual biomass. The chemical composition of the biostimulant was complex,
consisting of growth-promoting substances, free amino acids, and minerals. The O. calcareum cellulose fractions
yielded between 9.5% and 10.1% (w/w) with purities from 84% to 90% and closely resembled microcrystalline
cellulose. Biostimulant extraction improved cellulose quality by increasing crystallinity from 59% to 62%.
Biomass condition, drying process, and biostimulant production influenced the crystallinity index. This study
demonstrates a two-step process of biostimulant and cellulose extraction from wastewater-grown Oedogonium,
simultaneously disinfecting biomass and isolating high-quality cellulose as a sustainable alternative to conven-
tional extraction methods.
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1. Introduction

Globally, 60% of nitrogen and phosphorus-rich primary treated
municipal wastewater is released untreated into streams, rivers, lakes,
and coastal waters increasing eutrophication in adjacent aquatic eco-
systems (Neveux et al., 2018). However, the cost of the implementation
and operation of advanced wastewater treatment technologies to reduce
this impact is a significant impediment to upgrading many primary
wastewater treatment plants (WWTPs) (Lyu et al., 2020). Microalgal
pond systems are widely known to offer a low-cost alternative to treat
point source nitrogen and phosphorus-rich wastewaters with the addi-
tional benefit of nutrients being assimilated into algal biomass
(Sutherland et al., 2020). Recently, there has been increasing interest in
cultivating freshwater filamentous macroalgae in nutrient rich waste-
waters (Hariz et al., 2023) as macroalgae are typically easier to harvest
than microalgae. Additionally, the algal biomass is suitable as a feed-
stock for product development (Neveux et al., 2020).

The filamentous macroalgal genus Oedogonium has been identified as
a high performer for bioremediation of wastewater due to its broad
ecological distribution, and high productivity (syn. with its capacity to
take up nutrients) over varied environmental conditions (Lawton et al.,
2021). Oedogonium biomass is also a valuable resource with applications
in animal feeds (Vucko et al., 2017), biostimulants (Neveux et al., 2020),
biochar/biosorbents (Kidgell et al., 2014), and cellulose (Piotrowski
et al., 2020). However, the quality of biomass grown in primary effluent
may be reduced due to contamination with pathogenic bacteria (e.g.
Campylobacter jejuni, Escherichia coli, Salmonella spp. and Vibrio cholera)
(Chahal et al., 2016), parasitic protozoa (G. intestinalis and Cryptospo-
ridium spp.) (Berglund et al., 2017) and viruses (Hepatitis A, Hepatitis E,
Echovirus and Human calicivirus) (Chahal et al., 2016) limiting the
range of socially acceptable products. In this regard, a preliminary
disinfection step would be beneficial in a biorefinery process targeting
products from the biomass.

In advanced WWTPs microbial pathogens are inactivated during
tertiary treatment with chemical oxidation processes and/or UV disin-
fection. In the context of a cascading biorefinery using primary
wastewater-grown biomass it is important to determine if the biomass is
adequately disinfected during the processing conditions, in this case, the
high temperature and alkali conditions of biostimulant extraction. Bio-
stimulants extracted in this way from Oedogonium intermedium were
demonstrated to contain proteins, minerals, and phytohormones, and
enhanced adventitious root development in tomatoes and mung beans
(Neveux et al., 2020). The decontaminated residual algal biomass could
be further exploited to produce other products such as bioethanol and
cellulose. Cellulose is used widely in textiles and high-tech materials (e.
g., wound dressings, aerogels, and scaffolds for tissue engineering) and
is predominantly sourced from wood. Cellulose can also be sourced from
grasses, bacteria, and macroalgae, and its phytochemical properties vary
depending on the organism’s biosynthetic machinery and environ-
mental conditions (Zanchetta et al., 2021). Cellulose from freshwater
filamentous macroalgae has unique properties compared to cellulose
extracted from terrestrial plants, such as ease of extraction due to lack of
lignin (Roesijadi et al., 2010), high crystallinity (Zanchetta et al., 2021),
and high specific surface area (Jmel et al., 2019), providing the oppor-
tunity to engineer new materials with unique properties and applica-
tions. However, the properties of cellulose isolated from Oedogonium
species grown in primary wastewater, and the influence of biostimulant
extraction and drying processes on disinfection and product quality re-
mains unclear.

Therefore, the objectives of this study were to develop a feasible two-
product cascading biorefinery suitable for Oedogonium grown in primary
wastewater. A biostimulant was targeted as the first product in the
cascade and to determine if this process would also disinfect the
biomass, while a high-quality cellulose was targeted as a second prod-
uct. The chemical characteristics of the biostimulant are reported,
including contents of total dissolved solids, polysaccharides,
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phytohormones, proteins, ash, and minerals. The effect of drying and
biostimulant production on the yield and quality of cellulose isolated
from Oedogonium calcareum was determined using a range of physico-
chemical measures.

2. Materials and methods
2.1. Materials

Microcrystalline cellulose (MCC) (Product No: 435236), hydrochlo-
ric acid (Product No: 258148), sodium chlorite (Product No: 244155),
sodium acetate (Product No: S2889), sodium hydroxide (Product No:
$5881), sulfuric acid (Product No: 258105), 2-deoxy- d-glucose (Product
No: G8270), D-(+)-glucose (Product No: D6134), D-(+)-mannose
(Product No: M2069), D-(+) galacturonic acid monohydrate (Product
No: PHR9231), L-(+) rhamnose (Product No: R3875), fucose (Product
No: F2252), D-(+)- xylose (Product No: X3877), 1-phenyl-3-methyl-5-
pyrazolone (PMP) (Product No: M70800), formic acid (Product No:
27001), ammonium solution (Product No: A/3295/pb05), ninhydrin
(Product No: N4876), bovine serum albumin (BSA) (Product No:
B3883), arginine (Product No: A8094), were purchased from Sigma
Aldrich, chloroform (Product No: 200-663-8) was from MERCK and used
as received.

2.2. Experimental design

This study aimed to assess the effect of biostimulant extraction and
drying process of primary wastewater-grown O. calcareum biomass on
disinfection, yield and quality of cellulose produced. A three-factor
experimental design to quantify the effect of three treatments; treat-
ment 1: biomass was either fresh or freeze-dried; treatment 2: bio-
stimulant production, the biomass was extracted with 0.1 M potassium
hydroxide; treatment 3: the biomass was either used wet or oven-dried
at 40 °C for 48 h for cellulose extraction (Fig. 1). Note that treatments
for T5 and T6 were the same, giving a total of seven discrete treatments
per batch of biomass.

To assess the potential use of Oedogonium cellulose in materials,
characterisation was conducted using Fourier Transform Infrared, X-ray
Diffraction and Scanning electron microscopy, and Thermogravimetric
Analysis to determine bonding, morphology and thermal stability,
respectively.

2.3. Cultivation of biomass

In this study, Oedogonium cf. calcareum Cleve ex Wittrock 1870
(Lawton et al., 2021) cultures were grown in an outdoor tank under high
nutrient loads (14 mg/L of N and 1.2 mg/L of P), at the Facility for
Aquaculture Research of Macroalgae at the University of Waikato
(UoW), Tauranga, New Zealand. Oedogonium samples grown on primary
effluent were supplied by National Institute of Water and Atmospheric
Research (NIWA), Hamilton, New Zealand to assess the efficacy of bio-
stimulant extraction (alkaline treatment) on disinfection of faecal indi-
cator bacteria and viruses. The ammonia and phosphate concentrations
of primary effluent at the NIWA facility were measured fortnightly, and
the average concentrations were 40 mg/L and 10 mg/L, respectively.
Three batches of O. calcareum biomass were cultivated over three
consecutive production cycles (2 weeks per cycle). Harvested biomass
was subdivided (7 x 100 g fresh weight) and stored in polyethylene
resealable bags at —20 °C prior to processing. Three samples (approxi-
mately 100.0 (+) 0.01 g) from each batch were freeze-dried (Buchi
Lyovapor L-200) and milled using a domestic blender (<0.5 mm particle
size), and the rest were stored frozen at —20 °C until further use. The
freeze-dried samples were used to determine fresh weight to dry weight
ratios (FW:DW) for each harvest of biomass. FW to DW ratios were used
to standardise the total solids of biomass in treatments that used fresh
biomass to those that used dried biomass.
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2.4. Biostimulant production

Biostimulant was prepared using a published method (Neveux et al.,
2020) with some modifications. Briefly, fresh (100 g) or equivalent mass
of milled freeze-dried biomass (~20.0 g) (i.e., always corresponding to a
dry weight loading of 2% w: v) was extracted with 1 L of KOH (0.1 M,
pH = 13) at 70 °C for 3 h with stirring using a mechanical stirrer at a
speed of 400 rpm. The residual biomass was separated from the extract
by filtration using a 20 um mesh and the alkaline liquid extract was
stored at —20 °C until further use. The residual biomass was subjected to
further processing according to the experimental design (Fig. 1) and
cellulose production as per section 2.4.

2.5. Extraction of cellulose

Cellulose from (20.0 (+) 0.01 g freeze-dried) O. calcareum biomass or
residual biomass was extracted following the three step method reported
in (Mihranyan et al., 2004). To achieve satisfactory homogeneity, a
mechanical stirrer was used at a speed of 400 rpm. Step 1: biomass was
treated with 36.17 g of NaClOs in 1L of acetate buffer (0.1 M, pH = 4) at
60 °C for 3 h. Step 2: Biomass was treated with 1L of NaOH (0.5 M, pH =
13) at 60 °C for 12 h. Step 3. Biomass was treated with 1L of HCI (5% w/
w, pH = 1) heated until boiling, cooled, washed until neutral pH and
freeze-dried to obtain cellulose material. Between each step, successive
washings of the biomass were carried out until neutral (pH = 7) by first
separating the solids (centrifugation at 3214 Relative Centrifugal Force
(RCF) for 10 min) followed by resuspension in reverse osmosis (RO)
water and centrifugation again (at 3214 RCF for 10 min) to collect the
washed solids. The weight of the freeze-dried cellulose was recorded to
obtain the yield. The freeze-dried cellulose fractions were stored in
sealed plastic bags at room temperature to prevent moisture absorption
and degradation until further use.

2.6. Characterisation of biostimulant and cellulose products

Elemental analysis (% C, N, and S) was carried out on freeze-dried
O. calcareum biomass, biostimulant and cellulose samples using Gas
Chromatography — Thermal Conductivity Detector and ash content was
determined by microashing by OEA labs (https://www.oealabs.com,
Callington, UK). Total dissolved solids in biostimulants were determined
gravimetrically by weighing the residual solid (mg) from freeze-dried
samples of biostimulant (10 mL). Results are reported in mg/mL. Re-
sidual biomass samples were analysed for F-specific RNA (fRNA)
bacteriophage and E. coli at the Institute of Environmental Science and
Research, Christchurch. Enumeration of fRNA bacteriophage was car-
ried out using a Single Agar Layer (SAL) technique; Method 1602
(USEPA, 2001) and Escherichia coli was enumerated using a pour-plate
method.

Bioresource Technology 403 (2024) 130850

2.6.1. Free amino acids and protein composition of biostimulant extract
Free amino acids (FAA) in the biostimulant extract were analysed by
a modified ninhydrin protocol using arginine (2.5-40 pg/mL) as the
standard (Zhu et al., 2009). Biostimulant extract was diluted (dilution
factor (DF) of 100) with RO water, and the diluted sample (250 pL) was
treated with ninhydrin reagent (250 pL, pH 5.5) prepared as per
(Starcher, 2001). This solution was then heated at 100 °C for 10 min in a
water bath to allow derivatisation. After cooling to room temperature
the derivatised analyte solution (200 pL) was transferred to a poly-
styrene 96-well plate and the absorbance was measured at 575 nm
(Starcher, 2001) using a BMG Labtech SPECTROstar Nano. FAA con-
centrations are reported as pg of FAA/ mL of biostimulant extract.
Protein content in the biostimulant extract was analysed using (BSA) as
the standard. The diluted biostimulant extracts (DF of 100 with RO
water) and the BSA samples (in the range of 15-250 pg/mL) were
hydrolysed in NaOH (2.1 mL, 13.5 M) in a heating block at 120 °C for 20
min (Zhu et al., 2009). After cooling the samples, hydrolysate (400 pL)
was neutralized by adding glacial acetic acid (500 pL). Then, the
neutralized samples (250 pL) were treated with ninhydrin reagent (250
pL) and heated in a water bath for 10 min at 100 °C and following
cooling to room temperature the absorbances of samples were measured
as for the FAA described above. The total protein content of biostimulant
extracts is reported as pg BSA equivalents/mL of biostimulant extract.

2.6.2. Metals analysis

Metal analysis of the biostimulant extracts was performed in helium
mode using an Agilent 8900 Inductively Coupled Plasma-Mass Spec-
trometer (ICP-MS; Agilent Technologies, Santa Clara, California, USA)
controlled by MassHunter Workstation (version 4.5). Freeze-dried bio-
stimulant (100 mg) was pre-digested in a mixture of 1 mL of HNOs
(65%) and 0.4 mL of concentrated HyO2 (30%) overnight at room
temperature. This mixture was then heated at 80 °C for one hour. A
further 0.4 mL aliquot of Hy04 was then added and the mixture heating
at 80 °C for 30 min. The solution was cooled and diluted to 50 mL with
RO water. The diluted solution (15 mL) was then filtered using a 0.45 ym
filter and analysed using the ICP-MS. Standards of trace elements were
prepared using stock standard IV71-A, and the standards of main ele-
ments (Ca, Si, P, S, K, Fe) were prepared using single-element standards
(Inorganic Ventures, Christiansburg, VA, USA)

2.6.3. Non-targeted gas chromatography-mass spectrometry (GC-MS)
profiling of biostimulant

The freeze-dried biostimulant extracts were analysed following
(Rawlinson et al., 2015) to detect phytohormones. Briefly, freeze-dried
biostimulant samples and standards (10 mg) were dissolved in NaOH
(200 pL, 1% w/v) in a 1.5 mL Eppendorf tube followed by addition of
deuterated cinnamic acid (20 pL of 20 pug/mL in methanol), methanol
(147 pL) and pyridine (34 pL). The suspension was vortexed for 30 s to
ensure proper mixing. Into this suspension, 20 pL of methyl chlor-
oformate (MCF) was added and vortexed for 30 s. The latter process was

Oedogoniumbiomass

Sample condition

Freeze-
dried &
milled

Biostimulant extraction

Drving process Wet Oven Wet Oven Wet Oven Wet Oven
yingp biomass dried biomass dried biomass dried biomass dried
. T1 T2 T3 T4 S~ -7 T6 T7 TS
Cellulose extraction : TR .
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Fig. 1. Experimental Design.
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repeated before the addition of chloroform (400 uL) and sodium bicar-
bonate solution (400 pL, 50 mM). This mixture was vortexed for 15 s
prior to separation of organic and aqueous phases with centrifugation
(60 sec at 16,000 g). The organic layer was transferred into a second 1.5
mL Eppendorf centrifuge tube and dried over anhydrous sodium sulfate
prior to transferring 100 pL to a 2 mL Shimadzu GC-MS vial fitted with a
250 uL glass insert (CAT number: 226-50523-00). Samples were ana-
lysed on a Nexis GC-2030 — Shimadzu gas chromatograph coupled with
a single quadrupole mass spectrometer (GCMS-QP2020 NX) using an
SH-I-5Sil MS column (30 m x 0.25 mm x 0.25 pm). The ion source used
electron ionisation (EI), and the MS was run in scan mode to identify the
analytes. Helium was used as the carrier at a flow rate of 0.96 mL/min.
The flow control mode was set to linear velocity, and the pressure was
set to 9.0 psi. The injection volume was set to 2 pL in spitless injection
mode. The oven temperature for the method was set at 80 °C, held for 1
min and ramped up to 320 °C at a rate of 10 °C /minute, and held for 2
min. Amino acids, fatty acids, and other compounds, with a similarity
index exceeding 85%, were identified in the biostimulant with reference
to the GC-MS solution NIST 17 library.

2.6.4. Constituent sugar analysis

Cellulose samples (10 mg) were hydrolysed in HySO4 (300 uL, 13 M)
at 30 °C for 30 min, prior to dilution to 0.72 M H2SO4 with Type 1 water
and further hydrolysed at 120 °C for 40 min (Manns et al., 2014). Hy-
drolysates were derivatised with PMP as per the protocol by (Rozaklis
et al., 2002) with some modifications. Briefly, hydrolysed cellulose (100
uL) was neutralised with NaOH (71.6 pL, 2 M) prior to the addition of
PMP-derivatising reagent (400 pL), and internal standard 2-Deoxy-
glucose (40 pL of 1 mg/mL). The reaction mixture was then heated at
70 °C for 90 min with stirring. On completion the samples were
neutralized with formic acid (400 pL, 0.8 M), and the excess PMP
extracted with CHCl3 (750 pL) prior to centrifugation (5 min at 13,000
g) of the aqueous phase. The aqueous supernatant was transferred to a
HPLC vial and analysed with a Shimadzu LC-20AD Prominence fitted
with a Restek Raptor C18 column (5 um particle size, 150 mm x 4.6 mm)
with an oven temperature of 30 °C and flow rate of 0.8 mL/min. Samples
(5 pL) were injected and fractionated using a gradient elution (25% B
0-15 min, 25-100% B at 15-40 min, 100% B 40-55 min, 25% B 55-60
min) at pH 7 using 0.1 M phosphate buffer in 10% acetonitrile (v/v)
(solvent A) and 0.1 M phosphate buffer in 17% acetonitrile (v/v) (sol-
vent B). Peak areas were obtained using Shimadzu LabSolutions soft-
ware. Monosaccharides (fucose, arabinose, rhamnose, galactose,
glucose, xylose, mannose, galacturonic acid, glucuronic acid, and idur-
onic acid) were quantified using response calibration curves of stan-
dards with concentrations ranging between 0.05 — 3 mg/mL. The results
were reported as w/w% of the anhydrous sugar content.

2.6.5. Attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR)

FTIR spectra (4000 — 400 cm’l) of dried O. calcareum and extracted
cellulose fractions were recorded at room temperature using a Shimadzu
IRSpirit fitted with a QATR-S accessory with an average number of 45
scans per sample. Microcrystalline cellulose (MCC) was used as the
reference. The data were ATR and baseline corrected and normalized
relative to 1022 cm ™! peak using Shimadzu LabSolutions IR software.

2.6.6. Scanning electron microscopy (SEM)

The morphology of extracted cellulose was visualised by scanning
electron microscopy with a Hitachi Regulus SU8230 FE-SEM. To prepare
the freeze-dried cellulose samples for SEM, they were attached to the
sample disks using double-sided carbon tape and sputter-coated with
fine platinum particles with a Q150V Plus sputter coater.

2.6.7. Thermogravimetric analysis (TGA)
The thermal stability of extracted cellulose and MCC was determined
using a Netzsch Jupiter STA449 F5 instrument. Samples (10 mg) were
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analysed in alumina crucibles using a temperature program ranging
between 30-800 °C with a constant heating rate of 10 °C/min and an
argon flow rate of 50 mL/min. The ash content was calculated as the
weight remaining at the end of the heating program.

2.6.8. X-ray diffraction

The crystallinity of extracts of cellulose from O. calcareum biomass
and MCC was determined using a Panalytical Empyrean XRD using CuKa
(. =1.54 nm) radiation equipped with a PixCel linear detector. Data was
collected over a scan range of 10° — 40° at a step of 0.01° and an
equivalent exposure time of 40 s with a voltage and current of 45 kV and
40 mA, respectively. The crystallinity index (CI) of cellulose was
calculated according to Equation (1) (Segal et al., 1959) where Ij19
(crystalline peak of cellulose Ia) refers to the intensity of the peak at 260
~ 22°, and I, (amorphous region of cellulose) refers to the intensity at
20 = 18.5°.

Crystalinityindex(%) = I“"I;Im x 100 €h)

110
The algal cellulose data was fitted to a simulated pattern of cellulose Ia
(the dominant cellulose polymorph in most macroalgae (Moon et al.,
2011; Onyianta et al., 2020)) using HighScore® Plus software. The
crystal information file for cellulose I« was obtained from (Nishiyama
et al., 2003). Commercially sourced MCC was analysed under the same
conditions as a reference.

2.6.9. Statistical analysis

In this study, all experiments were carried out in triplicate using
biomass cultivated in three different production cycles (each harvest
was 2 weeks apart). Data was analysed using non-parametric permuta-
tional multivariate analysis of variance (PERMANOVA) in PRIMER7
software using Euclidian distance resemblance matrices, TYPE III (par-
tial) sum of squares and based on 9,999 unrestricted permutations of
raw data (Clarke & Gorley, 2015). One-way PERMANOVA was used to
test the effect of the biomass condition (fresh or freeze-dried) on the C,
N, ash, FAA and protein contents in the biostimulant. To compare the
overall effect on the quality of cellulose in terms of purity, yield,
chemical composition, and crystallinity index, three-way PERMANOVAs
were run with “biomass condition” (fresh or freeze-dried), “bio-
stimulants extraction” (yes or no), and “drying process” (oven dried or
wet) as fixed factors. Permutation t-tests were conducted to examine
pairwise differences between factors (see supplementary material). The
measure of effect size (r12) between factors was calculated using the
following equation (Eq. (2)), where: SSzr refers to the sum of squares
of a particular factor and SS,, refers to the total sum of squares.

— x 100 (2)

3. Results and discussion

This study demonstrated the suitability of a cascading biorefinery
process to sequentially extract a biostimulant and a high-quality cellu-
lose product from O. calcareum biomass cultivated in primary waste-
water. The biostimulant was rich in amino acids, fatty acids and
minerals, and the extraction process disinfected the residual biomass
improving the quality of cellulose obtained.

3.1. Biostimulant characterisation

One of the primary goals of this study was to determine if bio-
stimulant extraction effectively disinfected the remaining wastewater-
grown algal biomass. Microbiological assessment of the remaining
algal biomass showed that biostimulant extraction was an effective
disinfection step, resulting in levels of fRNA (0 Plaque forming units
(PFU)/100 mL) bacteriophage and E.Coli (no E.coli present) that were
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below levels of detection. The use of high pH conditions, specifically
above pH 12, combined with heat treatments (above 65 °C), has been
proven to denature the intact RNA of microbial pathogens below the
limit of detection (Lemire et al., 2016). Therefore, this confirms the
biostimulant extraction process carried out in 0.1 M KOH (pH = 13), is
an effective method for disinfecting the biomass, ensuring its safety for
further applications.

Full compositional analysis of the biostimulant samples extracted
from fresh or freeze-dried biomass are detailed in. Briefly, freeze drying
the biomass had no effect on the C, N, ash, and protein content, but did
increase the free amino acid content (p = 0.0496) (30% lower in the
biostimulant produced from fresh than from freeze-dried biomass).
While the recovery of N from the biomass into biostimulant was 16.5%,
the nitrogen content (13,800 ppm) of the biostimulants was 9-fold
higher than the biostimulant reported by Neveux et al (1,500 ppm)
(Neveux et al., 2020), reflecting the exceptionally high nitrogen content
of the biomass used here (8.2 — 9.4% of dw biomass). Potassium made up
approximately 93% of the elements detected through ICP-MS, and along
with P, S, Ca, Na, Ca, Mg, and Fe made up over 99% of the metals, and
this was similar to (Neveux et al., 2020). The high content of ash is a
result of the production process (63% of the total ash resulted from the
KOH solution), and while active organic compounds contribute most of
the plant growth promoting effects in an algal biostimulant, this inor-
ganic potassium helps regulate the water status of plants, controls
photosynthesis through the opening and closing of stomata, and in-
fluences meristematic growth (Hernandez-Herrera et al., 2014). With
the method used here, only phenyl acetic acid, a known auxin with
growth-promoting activity (Cook, 2019), was detected. Neveux et al
reported an auxin-like activity equivalent to 5 x 107> M indole-3-
butyric acid and the presence of all five major classes of phytohor-
mones (abscisic acid and metabolites, cytokinins, auxins, gibberellins,
and ethylene) in their alkali extract of O. intermedium. Differences in
composition between the biostimulants produced here and in Neveux
et al. (2020), are expected, with the current study using a lower biomass
loading (2% w/v vs. 5% w/v) and harsher extraction conditions (0.1 M
KOH vs. 0.01 M KOH), which were chosen specifically to ensure disin-
fection of the biomass feedstock. In addition to Oedogonium, freshwater
macroalgae species such as Cladophora and Rhizoclonium have been
identified for their potential in wastewater bioremediation (Zrimec
et al., 2022; Hariz et al., 2023). Previous research indicates that Clado-
phora species contain high levels of proteins (16% to 21.5% of dry
weight), fatty acids comprising 11.7% of dry weight, micro and macro-
elements, vitamins and phytohormones, all of which stimulate plant
growth (Nutautaite et al., 2021; Lewandowska et al., 2022). Specifically,
Cladophora glomerata biostimulant extracts, obtained through ultra-
sound extraction in distilled water, have demonstrated significant ef-
fects on the growth parameters of soybean and red radish, such as
increased yield, root length, and plant height, compared to control
conditions (Dziergowska et al., 2021; Lewandowska et al., 2022).
Mungmai et al. (2014) reported presence of proteins (0.3-0.4 ng/g of
crude weight) and a series of amino acids in Rhizoclonium hier-
oglyphicum such as phenylalanine, alanine, proline and serine (Mungmai
et al., 2014). Nevertheless, a range of amino acids and fatty acids (see
supplementary material) demonstrated to be important for plant health
and nutrition (Yang et al., 2020) were identified in this study. Further-
more, Stirk et al. have mentioned that storing the biomass at —20 °C in
the dark can preserve the biostimulant properties such as proteins, lipid
and fatty acid content the up to fifteen months without a significant
decrease (Stirk et al., 2021). This suggests that similar long-term storage
conditions could be applicable for the biostimulant produced in this
study. Additionally, in line with the regulatory framework, this bio-
stimulant extract would need to comply with the European Union Fer-
tilising Products Regulation (EU) 2019/1009, which recognises
products that enhance plant nutrition processes, to fit the macroalgae-
derived biostimulant into the established parameters for agricultural
application (Kapoore et al., 2021)
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3.2. Cellulose characterisation

Cellulose was extracted from the residual (following biostimulant
production) biomass or untreated O. calcareum biomass using a mild
extraction technique that has previously been shown to yield a high
purity product (Mihranyan et al., 2004). The average percentage yield of
cellulose was 9.8 & 0.3% of the dry weight biomass, ranging from 9.5
—10.1% between treatments which were not statistically different. This
is lower than the cellulose contents in an Oedogonium sp. (24-58%)
grown in municipal wastewater effluent with carbon dioxide supple-
mentation in Minnesota, USA (Piotrowski et al., 2020). However, no
quantification of purity and composition (e.g., FTIR, sugar analysis,
nitrogen, or ash content), or functional analyses, were performed in that
study except for the morphological analysis by SEM, and SEM micro-
graphs of extracted cellulose in that study closely resembles the raw
biomass in this study. Higher yields of cellulose have also been reported
for other freshwater macroalgae species, e.g., Cladophora glomerata
(21.6%) (Xiang et al., 2016). While the contents of cellulose clearly vary
between species, growing conditions (seasonal changes/temperature,
and CO» availability) (Piotrowski et al., 2020) and the maturity of algae
(Wahlstrom et al., 2020) are also important drivers of cellulose content.
There were significant differences in the content of C, H, and N in the
cellulose between treatments due to the starting condition of the
biomass (i.e., fresh vs. freeze-dried), where the starting condition of the
biomass accounted for 25.6%, 26.9%, and 31.4% of the variation of C, H,
and N contents of the cellulose fractions, respectively. Cellulose prod-
ucts had a low content of nitrogen (<1%) and ash (<1%) (Table 1),
indicating that the pulping and purification processes effectively
removed proteins and other biomolecules from the biomass, as well as
the salts generated during the pulping process. Consistent with these
indicators of purity, the cellulose samples had a high glucose content
(85-90%) and a low mannose content (<0.5%), while other sugars
characteristic of hemicellulose, such as xylose, rhamnose, fucose and
galactose (Ren & Sun, 2010), were not detected. There was no signifi-
cant difference in the glucose content of the celluloses between the
treatments (see supplementary material).

3.2.1. Fourier Transform Infrared (FTIR) analysis

Cellulose has a unique FTIR fingerprint region in the range of
1800-600 cm ™. To assess the quality of cellulose produced in the cur-
rent study the FTIR of isolated cellulose fractions were compared with a
commercial sample of MCC. All cellulose fractions from O. calcareum
had absorbances characteristic of cellulose and were highly analogous
with the spectrum obtained for MCC (see supplementary material). All
spectra exhibited absorbance peaks in the 3000 to 3500 cm™! region,
indicating stretching and bending vibrations due to hydroxyl groups,
while the peak at 2896 cm™* was identified as the C-H stretching of
methylene groups (Paniz et al., 2020). The O-H bending at 1654 cm ™!
indicated the presence of absorbed water (Oh et al., 2005). Other peaks
characteristic of cellulose included C-H scissoring at 1424 cm™!, C-H
bending at 1363 cm™!, O-H in-plane bending at 1333 cm™!, CH,
wagging at 1310 cm™!, and G-O-C antisymmetric ring stretching at
1158 em ™. Furthermore, 1054 cm ™! and 1029 cm™! peaks were asso-
ciated with C-O stretching and C-O deformation at C6, respectively
(Paniz et al., 2020). The peak at 898 cm ™! is attributed to the C-O-C
asymmetric stretch of p-glycosidic linkages (Wahlstrom et al., 2020).

In addition, the broad band emerging at 2850 cm ™" in the untreated
algae biomass is attributed to aliphatic chains (e.g., lipids) in algae
biomass (Paniz et al., 2020). The absence of the peak at 2850 cm~tin
T6-T8 samples indicate successful removal of lipids in algae. Although
this peak is not as distinct as in the raw biomass, this peak is still evident
in other cellulose samples (T1-T4), indicating incomplete lipid removal
during the pre-treatment process.

3.2.2. X-ray diffraction
The crystal structure and crystallinity index of cellulose samples
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Table 1
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Yield and quality of cellulose products from each treatment (T) expressed O. calcareum biomass. Yield is expressed as % dry weight biomass (% dw) and quality
measures (C, H, N, ash, glucose (Glu) and mannose (Man) as % w/w of cellulose product. Entries are expressed as averages + standard deviations (n = 3). (Treatment
abbreviations are as follows F = Fresh, HD = freeze-dried biomass, NB = no biostimulant extraction, B = biostimulant extraction W = wet biomass, Od = oven-dried biomass after

biostimulant extraction).

Treatment Yield C H N Ash Glu Man
(% dw) (% w/w)

T1 (FNBW) 10.0 + 0.1 45.5 +1.2 7.0 +£0.2 0.40 + 0.2 0.1 +0.1 89.6 +£ 0.1 0.4 +0.1
T2 (FNBOd) 10.0 + 0.2 45.0 £ 0.7 6.9 + 0.1 0.2+0.1 0.1 +0.1 85.0 £5.2 0.3+0.1
T3 (FBW) 9.5+ 0.2 44.0 £ 1.2 6.7 £ 0.2 0.2 +0.2 <0.1 £0.1 87.6 £ 4.5 0.4 +0.1
T4 (FBOd) 9.7 +£0.1 44.8 + 0.4 6.8 +0.1 0.3 +0.2 0.1 +0.1 87.7 £ 3.6 0.5+ 0.1
T6 (HDNBW) 9.6 + 0.1 44.0 £ 1.4 6.7 + 0.2 0.2+0.1 <0.1+0.1 90.1 +£1.1 0.4 +0.1
T7 (HDBW) 9.5+0.3 43.8 £ 1.3 6.6 £ 0.2 0.2 +0.2 0.2+0.1 89.1 +£3.1 0.4 +0.1
T8 (HDBOd) 9.9 +0.1 43.2+0.3 6.6 + 0.1 0.1 +0.1 0.1 +0.1 89.5+1.1 0.4 +0.1

All experiments were carried out in triplicate using biomass cultivated in three different production cycles (each harvest was 2 weeks apart).

were determined by XRD and compared to MCC. Fig. 2a shows dif-
fractograms of cellulose from different treatments of O. calcareum
overlaid with the diffractogram of MCC. Cellulose is classified as crys-
talline when its crystallinity index (CI) falls within the range of 40-95%;
while cellulose with CI values below this range are classified as amor-
phous (Quiroz-Castaneda & Folch-Mallol, 2013). The crystallinity index
of O. calcareum (58-65%) was indicative of a moderately high crystal-
linity index (CI of MCC = 76.2%). These results were higher than the
extracted cellulose from Ulva lactuca (Wahlstrom et al., 2020) with a
crystallinity index of 48%, but lower than cellulose extracted from
Cladophora rupestris following the method by Siddhanta et al. (Siddhanta
et al., 2009) with a crystallinity index of 93.3%. The proportion of
amorphous regions within the Oedogonium cellulose may offer an
advantage by increasing susceptibility to enzymatic degradation (loe-
lovich, 2021), potentially enhancing biodegradability and bioconver-
sion processes.

In the current study, there was a significant main effect of bio-
stimulant extraction (p = 0.0052) and a significant interaction effect

between biomass condition (i.e., fresh or freeze-dried and milled) and
drying process (i.e., oven dried or wet) (p = 0.0151) affecting the
crystallinity index with biostimulant extraction explaining 18.2% of the
variance and the interaction 12.5%. Note that T1 (FNBW) and T2
(FNBOd) cellulose samples without the disinfection step show a split in
the peak at 20 = 21.6° (Fig. 2b), possibly due to the presence of silica
from diatoms present during cultivation (Flores-Rojas et al., 2021). This
shows that the additional step to extract the biostimulant improved the
quality of the cellulose produced.

Similar to most other cellulose sources, cellulose from macroalgae
consists of cellulose I, containing the polymorphs I,, with a triclinic
crystal structure, and I, with a monoclinic crystal structure, typically
with a higher proportion of cellulose I, (Siddhanta et al., 2009; Moon
et al., 2011; Siddhanta et al., 2013). Crystallographic data from a pre-
vious study was used to model these results with cellulose I structure
demonstrating the characteristic peaks at 20 = 16° and 22° and 34°,
corresponding to crystal planes of cellulose I, (100)/(010) and (110),
respectively (Nishiyama et al., 2003; French, 2014) (Fig. 2 c¢). While it is
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Fig. 2. X-ray diffraction pattern of (a) cellulose samples and MCC. The insert in (b) shows the shoulder peaks of T1 (FNBW) and T2 (FNBOd). (c) Experimental
diffraction pattern (red dots) of T4 (FBOd) sample fitted with simulated cellulose 1a structure (blue line).
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possible to observe a good fit between the experimental pattern (red
dots, Fig. 2c) and the modelled profile (blue line, Fig. 2c), cellulose Ij
may also be present in cellulose samples extracted from O. calcareum.

3.2.3. Thermal analysis

The raw biomass, extracted cellulose fractions, and MCC were ana-
lysed by TGA (Fig. 3). The TGA analysis indicated three distinct thermal
processes. Primarily, between 50-150 °C there is a weight loss of 5-7%
due to vaporisation of bound water in the Oedogonium cellulose samples.
In a previous study, the weight loss due to bound and non-freezing water
was shown to be negatively correlated with the crystallinity index
(Nakamura et al., 1981). The results agree with this, as MCC with a high
crystallinity index has a lower content of absorbed water (3%), and
O. calcareum cellulose fractions with a lower crystallinity index have
higher contents of water. Secondly, a weight loss of 46-55% w/w was
recorded between 250-340 °C due to the thermal degradation of cel-
lulose. Finally, a gradual decline in weight 14-19% is recorded between
350-600 °C. The most significant mass loss was initiated around 260 °C,
showing that Oedogonium cellulose is thermally stable up to 260 °C. This
thermal stability falls towards the lower end found for freshwater
macroalgae and seaweeds (260-365.7 °C) (Sucaldito & Camacho, 2017;
Wahlstrom et al., 2020; Zanchetta et al., 2021). Cellulose extracted from
the seaweed Ulva lactuca collected along the Swedish west coast showed
a thermal stability up to 260 °C (CI = 63%) (Wahlstrom et al., 2020).
However, macroalgal cellulose extracted from the freshwater alga Cla-
dophora rupestris grown in a volcanic lake in Philippines had a very high
thermal stability of 365.7 + 2.2 °C (CI = 93%) (Sucaldito & Camacho,
2017). The thermal stability has been demonstrated to be proportional
to the crystallinity index of cellulose (Wahlstrom et al., 2020). There-
fore, the low thermal stability of the cellulose from O. calcareum is in
accordance with the measured crystallinity index (65%).

3.2.4. Morphologic characterisation

The morphology of untreated O. calcecarum biomass and cellulose
extracts was assessed using SEM (see supplementary material). Fila-
ments and cell structures of untreated freeze-dried O. calcecarum are
visible, while in the extracted cellulose fractions, the cell structures are
not visible demonstrating that the pulping process is effective in
degrading these cell structures. Nanofibril formation requires close
packing of molecules which is indicative of purified linear poly-
saccharides like cellulose (Wahlstrom et al., 2020). These intertwining
fibres form sponge-like aggregate structures with pores on the surface
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that are likely due to water evaporation during the freeze-drying
process.

Based on the findings, this two-step process can be seamlessly inte-
grated into the existing small-scale WWTPs; implementing biomass
disinfecting methods such as UV oxidation can be impractical due to
high implementation and operational costs (Lyu et al., 2020). Therefore,
hot alkaline extraction method used in this study may offer a practical
approach, disinfecting the biomass directly at the wastewater treatment
facility and ensuring safe handling for further use. Furthermore, the
biostimulant drying step after biostimulant extraction did not affect the
quality of cellulose, which could facilitate dry biomass transport and
enhance logistical efficiency. This integration could enhance the value
chain of macroalgal wastewater treatment plants and contribute to the
circular economy by enabling the recovery of valuable bioproducts from
wastewater-grown macroalgae feedstocks. Considering the moderately
high crystallinity index, high purity and low ash content, and thermal
stability up to 260 °C, O. calcareum cellulose has promising character-
istics for potential use as a biodegradable filler in thermoplastic-based
composite materials. In addition, derivatives obtained from
O. calcareum cellulose, such as microcrystalline cellulose, cellulose
nanocrystals and cellulose nanofibres, could also be used for the pro-
duction of cellulose-based foams and packaging with good barrier
properties (Zanchetta et al., 2021). Moreover, future work should focus
on pilot-scale studies to evaluate the operational feasibility and scal-
ability of incorporating this biorefinery process into established small-
scale WWTPs.

4. Conclusion

This two-step cascading biorefinery model provides a proof-of-
concept to produce disinfected and high-quality bioproducts from
wastewater-grown algal biomass. Primarily, this work demonstrated
that the extraction of a biostimulant also provides an effective disin-
fection step for macroalgae grown on primary wastewater. For the first
time, the composition and structural characteristics of cellulose from
Oedogonium were analysed. The cellulose produced had a moderately
high crystallinity index and was predominantly cellulose I,. Producing
biostimulant and semi-crystalline Oedogonium cellulose improves the
safe handling of biomass, and provides an alternative source of cellulose,
which may be less intensive to extract compared with conventional
sources.
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Fig. 3. Thermogravimetric analysis curves of MCC and the representative average of each harvest.
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