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rated agro-waste adsorbent
pellets for sustainable orthophosphate capture
from aqueous media†

Bernd G. K. Steiger, Nam T. Bui, Bolanle M. Babalola and Lee D. Wilson *

In this study, granular adsorbents containing varying ratios of torrefied wheat straw (TWS), eggshells (ES),

and chitosan (Chi) were prepared, which are referred to as ternary wheat straw composites (TWCs). The

TWCs were assessed for mechanical stability during handling in aqueous media and their

orthophosphate (Pi) adsorption properties were studied at equilibrium. The characterization of the TWCs

employed spectroscopy (IR, solids 13C NMR, PXRD), TGA, and surface area/pore size analysis via N2 gas

and dye (4-nitrophenol) adsorption. The BET surface area for the composites increased with greater ES/

Chi content from 0.26 m2 g−1 for C72 (80% TWS content) to 2.2 m2 g−1 for C22 (20% TWS content; 40%

each ES and Chi content). The Pi adsorption properties of selected TWC adsorbents were evaluated via

the Langmuir, Freundlich, and Sips isotherms at variable pH (4.5, 8.5) and 295 K. The TWCs showed

moderate Pi uptake (23–30 mg g−1) at pH 4.5 with a slight decrease (9–12 mg g−1) at pH 8.5 for elevated

Pi concentrations. Environmentally relevant Pi concentrations (<5 mg L−1) revealed that TWCs with 20–

80% TWS content observed similar uptake (ca. 1 mg g−1). This study demonstrates that sustainable

composite adsorbents that contain TWS, Chi and ES were modified to yield mechanically stable systems

with tailored orthophosphate adsorption properties, especially at low concentrations for neutral or

slightly alkaline pH. The proof-of-concept for this adsorbent technology reveals the role of synergistic

effects, along with its overall sustainability and scalability, according to a facile synthetic strategy that

includes support based on a preliminary cost analysis for these granular adsorbents.
Sustainability spotlight

Orthophosphate (Pi) effluent from industrial and agricultural run-off pose risks to aquatic life through eutrophication and ecosystem disruption. The design of
safe and suitable biosorbent technology for controlled removal of Pi near 5 mg L−1 at variable pH is urgently needed and environmentally relevant. The proof-of-
concept herein relates to the development of sustainable biosorbents with favourable Pi removal across a wide concentration range at variable pH (4.5 and 8.5).
We demonstrate the valorization of biomass waste into effective biosorbents for Pi adsorption that address the UN Sustainable Development Goals 6 (water and
sanitation) and 9 (industry, innovation and infrastructure). The bioadsorbent technology is highly sustainable, accessible, and scalable, according to a facile
synthetic strategy and an initial cost analysis.
1. Introduction

Orthophosphate (Pi) is an essential trace nutrient for all human
and plant life. The use of Pi as a key ingredient in fertilizer is
directly linked to food security for a growing world population.1

Currently, a drastic drawback of phosphate rock mining and
utilization of Pi is related to the non-sustainable depletion of
this non-renewable resource.2 However, the recovery of Pi from
agricultural effluent and aquatic environments will offset
eutrophication and other known detrimental environmental
atchewan, 110 Science Place – Room 156

C9, Canada. E-mail: lee.wilson@usask.ca

tion (ESI) available. See DOI:

98–1507
effects. Orthophosphate recovery aligns with the UN Sustain-
able Development Goals (UN SDGs), especially SDG 6 for a clean
water supply since the removal of Pi as a target pollutant is of
increasing importance.3 Since access to clean water is essential,
reducing contamination and recovery of Pi from secondary
sources presents an alternate and sustainable source of Pi. In
turn, this will reduce societal dependence on phosphate rock
mining, whilst enabling access to secondary and sustainable
sources of Pi fertilizer, which can address UN SDG-1 and -2 by
reducing poverty and addressing hunger. To this end,
adsorption-based removal of Pi offers a facile water treatment
strategy, as demonstrated by other studies.4–9

Biopolymers are a sustainable and abundant source of
potential adsorbent materials. Biopolymers such as chitosan
(Chi), cellulosic materials, and their modied forms are
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d3su00415e&domain=pdf&date_stamp=2024-05-04
http://orcid.org/0000-0001-7099-4934
http://orcid.org/0009-0007-0264-8512
http://orcid.org/0000-0001-7428-1317
http://orcid.org/0000-0002-0688-3102
https://doi.org/10.1039/d3su00415e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00415e
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU002005


Table 1 Composition and acronyms of the prepared pellet systems

C72 C20 C21 C22

TWS (g) 8.0 6.0 4.0 2.0
ES (g) 1.0 2.0 3.0 4.0
Chi (g) 1.0 2.0 3.0 4.0
V0.2 M AcOH solution (mL) 12 13 11 11
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versatile adsorbents for the removal of waterborne pollut-
ants.10,11 Chitinaceous materials derived from crustaceans are
appealing adsorbents for anion adsorption due to their cationic
nature.12,13 Although chitosan has been successfully utilized for
Pi capture, its widespread adoption has been limited due to the
higher material cost of chitosan, along with its relatively low
surface area and limited mechanical properties.6,14,15 To afford
more cost-effective materials, composites that contain llers
can offset the chitosan content and improve the physico-
chemical properties whilst preserving acceptable orthophos-
phate adsorption properties.16

Sustainable and cost-effective precursors for composite
formation include agro-wastes (e.g., oat hulls, wheat straw and
other mineral waste resources). The use of such waste materials
offers valorisation and supports a circular economy. Torreed
wheat straw (TWS) represents a promising agro-waste for
conversion into higher value composite adsorbents. Such
products can benet agriculturally intensive regions such as
Saskatchewan in Canada, where the use of agro-waste offers
a closed-loop strategy to recover Pi, which also serves to address
the UN SDG-6. Raw biomass such as lignocellulosic materials
(e.g., wheat straw) are oen ineffective for anion removal due to
the negative surface charge of such biomass. The torrefaction of
agro-waste biomass can reduce the amount of polar surface
functional groups, along with the improvement of other phys-
ical properties. In turn, torrefaction of biomass affords
improved properties such as handling, processing, and envi-
ronmental stability.11,17–23

Global egg production steadily rose from 35 million metric
tons in 1990 to more than 86 million metric tons in 2021, where
a typical eggshell (ES) constitutes ca. 10 wt% calcite of the egg
bioproduct.24–26 ES waste from industrial processing plants have
limited utility since it contains organic matter that supports
pathogen growth. In turn, ES waste is considered a potential
biohazard, based on EU regulations.27 Disposal of ES in landlls
is themain disposal strategy for such biomass waste.28However,
the residual protein content may result in problems for land-
lling due to the attraction of vermin and the related effects of
microbial buildup on human health. Thus, the innovative use of
ES waste is a key solution for alleviating such issues and to
increase the environmental sustainability of the egg industry.29

To address this challenge, researchers have investigated
potential ES applications that range from the design of bio-
diesel catalysts to soil amendment additives due to its calcite
content.24 Recent studies have revealed that ES waste improves
soil fertility and its mechanical properties (expansion and
stability).30,31 Plant growth studies on the use of ES mixtures and
food waste have demonstrated benets to both soil pH and
plant growth.32,33 The utility of eggshells as additives for Pi
capture and release media has been reported for ES in calcined
forms.34 This research aims to expand the development of
sustainable adsorbents for orthophosphate capture and release
through the design of composites that require lower energy and
less demanding synthesis via physical compositing of renew-
able feedstocks11,21,22 to afford enhanced Pi capture.

The goal of this study is to explore synergism among
components (chitosan, TWS, and ES waste) to prepare a cost-
© 2024 The Author(s). Published by the Royal Society of Chemistry
effective and valorized biomass-derived adsorbent in granular
form with tailored Pi adsorption properties. This research is
anticipated to valorise agro-waste through a circular economy
approach to yield adsorbents for controlled Pi removal by
providing a sustainable ES upcycling strategy, along with
addressing the UN SDGs 1, 2 & 6.
2. Materials and methods
2.1. Materials

Eggshells (ES) were collected aer removal of the proteinaceous
components. Chitosan (Chi) with low molecular weight and
degree of deacetylation (DDA) ca. 82%, KBr (FT-IR grade),
sulfuric acid (98%+), ascorbic acid (ACS), potassium sodium
tartrate tetrahydrate (ACS, 99%+), potassium phosphate
(dibasic), potassium antimony(III) tartrate hydrate (99%), anti-
mony molybdate tetrahydrate (99.9%) were purchased from
Sigma-Aldrich (Oakville, CA). Potassium phosphate (mono-
basic, ACS), glacial acetic acid (AcOH; 99.7%), hydrochloric acid
(37%) was acquired from Fisher Scientic (Ottawa, CA). Torre-
ed wheat straw (220 °C) was obtained from the College of
Engineering at the University of Saskatchewan. L-Ascorbic acid
was obtained from BDH Chemicals (Mississauga, CA). All
materials were used as received, unless specied otherwise.
Solutions were prepared using MilliPore water (18.2 Mohm.cm
resistivity).
2.2. Methods

2.2.1. Pellet preparation. ES biomass was rinsed with
several portions of distilled water, twice with Millipore water
and oven-dried overnight at 105 °C. The TWS agro-waste
biomass and ES were separately ground with a coffee grinder
and sieved using size no. 40 (425-micron mesh) U.S.A. Standard
Testing Sieve. The agro-waste pellet systems were prepared by
combining ca. 10 g of sieved materials (according to wt%
described in Table 1) in a mortar with mixing, along with 0.2 M
acetic acid solution (ca. 15 mL) was added to the mixture until
a pasty consistency was reached. The resulting product was
pressed into plastic moulds (Small Pistol Primer Trays; S&B), as
illustrated in Fig. S1 in the ESI.† The product was dried at ca.
22 °C overnight, followed by removal of the pellets from the
moulds and used without any further modication.

2.2.2. Orthophosphate (Pi) determination. To determine
the Pi concentration, an antimony–molybdate solution was
employed. Briey, the antimony–molybdate solution was
prepared weekly by mixing with 613 mM ascorbic acid solution
(4 mL), 24 mM ammonium molybdate solution (4 mL), 8 mM
RSC Sustainability, 2024, 2, 1498–1507 | 1499
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Fig. 1 Differential thermogravimetric (DTG) and thermogravimetric
(TG; as inlay) curves of the prepared pellet systems and raw materials.

Fig. 2 FT-IR spectra (DRIFT) of the composite pellet systems with
a comparison of the raw materials.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 6
:2

6:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
antimony potassium tartrate solution (2 mL), and 2.5 M sulfuric
acid solution (10 mL). To determine the Pi concentration, an
aliquot of Pi solution was added to 3 mL of the prepared anti-
mony–molybdate solution with mixing and colour development
(15–20 min) to yield a blue-coloured complex. The absorbance
of the solution was measured via a UV-vis spectrophotometer at
900 nm (Spectronic 200E, Waltham, MA, USA).35–37

2.2.3. Adsorption experiments. For orthophosphate (Pi)
adsorption, 1 pellet (ca. 25–35 mg) was added to a 4-dram vial
with 10 mL of Pi solution. The pH was adjusted to pH 4.5 and
pH 8.5 without additional buffer solution. The vials were
shaken for 18–24 h on a Scilogex SK-0330-Pro (Rocky Hill, CT,
USA), where the adsorption capacity was calculated according to
eqn (1):

qe ¼ Ce � C0

m
� V (1)

qe represents the amount of Pi adsorbed at equilibrium (mg
g−1), Ce is the equilibrium concentration (mg L−1) aer the
adsorption process, and C0 (mg L−1) is the initial Pi concen-
tration prior to adsorption. V (L) is the total volume and m (g) is
the weight of the adsorbent.

The maximum adsorption capacity was evaluated via the
Sips isotherm, which is also known as the Langmuir–Freund-
lich isotherm,11,38,39 according to eqn (2):

qe ¼ QmðKaCeÞ1=n
1þ ðKaCeÞ1=n

(2)

Qm (mg g−1) refers to the maximum monolayer adsorption
capacity, Ka is the adsorption constant at equilibrium and n is
the heterogeneity constant. The Freundlich and Langmuir
isothermmodels were also employed (cf. Table S3 in ESI† for the
model equations).40,41

2.2.4. Characterisation. The materials characterisation
employed complementary techniques, where the details are
outlined in the ESI (cf. Section S1†). Thermogravimetric Analysis
(TGA) was performed via a Q50 TA Instruments TG analyzer (TA
Instruments, USA). X-Ray Diffraction (XRD) employed a Bruker-
D8 Advance Powder (Billerica, USA) XRD instrument. FT-IR
Spectroscopy employed a Bio-Rad FTS-40 (Bio-Rad Laborato-
ries Inc., USA) and spectra were obtained using a diffuse
reectance (DRIFT) conguration. 13C Solids NMR spectra were
analysed with a Bruker AVANCE III HD spectrometer at
125.77 Hz with a 4 mm DOTY CP-MAS probe, while the 1H
frequency was 500.13 MHz. The surface Area (SA) determination
for the dry granular pellets employed an ASAP 2020 surface area
and porosity analyzer with N2 as the backll gas at −196.2 °C.
The surface area (SA) in aqueous media employed a dye
adsorption method with p-nitrophenol (PNP).15,42

The monolayer dye adsorption capacity (Qm) was obtained
from the Sips isotherm (Table 4), which provide an estimate of
the adsorbent SA (m2 g−1) by employing eqn (3).

SA ¼ AmQmL

N
(3)

Am (m2 mol−1) is the cross-sectional molecular surface area
occupied by PNP (where Am for the two orientations are: planar
1500 | RSC Sustainability, 2024, 2, 1498–1507
is 5.25× 10−19; end-on is 2.5× 10−19 m2 mol−1), L is Avogadro's
number, N is the coverage factor, where N equals 1 for PNP at
these conditions.15,42
3. Results and discussion
3.1. Characterisation

The characterization of the granular adsorbents as physical
blends was accomplished through spectroscopic and gravi-
metric methods, in addition to the SA determination in the dry
and wet states. Fig. 1 with Fig. S2 and S3 in the ESI† outlines the
thermogravimetric (TG) decomposition proles of the
composites and raw materials. While all composites observe
a low water content (<10%), as indicated by a TG event below
100 °C, while other TG events for the raw materials are observed
above 100 °C. The TG prole reveals that ES contains residual
organic matter (ca. 2.7 wt%) and chitosan exhibits a depoly-
merization event near 307 °C, whereas TWS decomposed near
332 °C. The TG prole reveals that TWS has low hemi-cellulose
content.43 Decreasing chitosan content occurs for the compos-
ites (C22, C21, C20 to C72; Table 1), as revealed by asymmetric
peak shapes that correspond to the incremental fraction of TWS
and its relative thermal stability, in line with an earlier study.11
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 PXRD spectra of the prepared agro-waste composites (A) and
the raw precursor materials for direct comparison with the selected
TWC in the form of C72 (B).

Table 2 Identified signatures in the PXRD spectra of the prepared
composites (A) and the raw materials (B)

Peak ES (°) C72 (°) C20 (°) C21 (°) C22 (°)

1 23.3 —
2 29.7 29.6 29.6 29.6 29.6
3 31.6 — — — 31.6
4 36.2 — 36.1 36.1 36.2
5 39.5 — 39.5 39.5 39.7
6 43.4 — 43.4 43.4 43.4
7 47.6 47.7 47.7 47.7 47.8
8 48.6 — — 48.8 48.8
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FT-IR spectroscopy was employed to identify the chemical
groups of the granular adsorbents, as revealed in Fig. 2 and S4
(ESI†). With respect to ES, characteristic bands for CO3

−2 are
evident at 714 cm−1, 880 cm−1 and 1430 cm−1.44,45 A small,
distinct band at 1796 cm−1 stems from the eggshells, which is
absent for C72 due to its low ES content. The IR band at
2520 cm−1 was assigned to organic matter from the eggshell
membrane, which contains OH– or –NH3

+ groups, in agree-
ment with the (D)TG results.46–48 These key IR bands are
evident for the composites, where C72 shows low intensity IR
bands for eggshells, due to its low ES content (ca. 10%, Table
1). The attenuated carbonate band intensity was accounted
for by the occurrence of hydrogen bonding (ca. 3250 cm−1)
and electrostatic interactions with Chi and TWS within the
composites, according to spectral shis and broadening
above 3000 cm−1 in Fig. 2. As well, the C–H bands around
2800–3000 cm−1 were evident for all composites attributed to
TWS and chitosan, along with the –OH/–NH bands between
3000 and 3700 cm−1. A characteristic band for TWS was
assigned to 1731 cm−1 (fatty acid esters), whereas the band at
1647 cm−1 (amine bending) likely originates from chitosan.
The results herein concur with other reports for bio-
composite systems.11,49–51 The IR results indicate conserva-
tion of their original properties (partially amorphous) and
adhesive interactions among components such as hydrogen
bond formation, as evidence by IR spectral shis and broad-
ening (cf. Fig. 2).52

The interactions between ES and acetic acid were assessed by
the XRD results to ascertain the presence of the inorganic
carbonate signatures (cf. Fig. 3). The observed spectra for
biopolymer (TWS, Chi) components show highly amorphous
peaks that concur with other reports.49,51,53 Table 2 lists the rst
8 XRD bands observed for the eggshells (raw materials) and
ternary composites. The observed PXRD lines concur with the
expected results54 for the calcite form of CaCO3 as the main
component.55 The peak intensity roughly corresponds to the
incorporated amount of ES (cf. Table 1), indicative of retained
ES within the composites. The prole for TWS has two main
signatures at 16.0° and 21.8°, whereas chitosan has one XRD
band at 20.0°. In general, all XRD bands are generally observed
for the composite materials with variable band intensity, except
for C22, where the ES fraction dominates the observed intensity,
in agreement with the ES composition (cf. Table 1). The crys-
tallinity of the components does not seem to vary among the
raw materials and the composites.20

Structural properties of the composites were investigated by
employing solid state 13C NMR spectroscopy (cf. Fig. 4). At 23.4
and 173 ppm, the signature for C7 (methyl group of CH3CO) and
C8 of the carbonyl amide of chitosan was observed, respectively.
In the aromatic region between 125–170 ppm, and spectral
features of lignin's or polyphenolics occur at 147 ppm (except in
C22). At 104 ppm, prominent bands related to the glucopyr-
anose moiety are evident, while the C3/5 bands appear at
74 ppm. The C2 and C6 signatures appear at 55–57 ppm and 61–
65 ppm, which are structurally conserved relative to the pristine
biomass. Similarly, relevant signatures for C4 (82–84 ppm) and
C5 (88 ppm) are noted for the lignocellulosic materials.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The accessible surface area (SA) is a key factor that governs
the adsorption capacity, including the accessibility of the active
sites. In general, a larger SA enhances the uptake of adsorbate.
The relationship between the pellet composition and the
surface area of the composites (C72, C20–22) were investigated
via BET analysis, along with a dye-based adsorption method
that employs a p-nitrophenol (PNP) dye at pH 8.5 (cf. Table 3).

For the BET surface area determination, a granular chitosan
pellet without additives (ChP) was employed as a control system
RSC Sustainability, 2024, 2, 1498–1507 | 1501
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Fig. 4 13C solids NMR of all four composites and pristine chitosan
powder as comparison. Normalized [0, 1].

Table 3 BET surface area (SA) determination of all four composites in
comparison to a pure chitosan pellet without addition of eggshells
(ChP) at pH 8.5 and 295 K

SA ChP C72 C20 C21 C22

BET (m2 g−1) 0.793 0.256 1.22 1.84 2.16
PNPa (m2 g−1) 79.8 48.2 48.2 25.6
PNPb (m2 g−1) 167.6 101.2 101.2 53.8

a End-on orientation. b Planar orientation.

Fig. 5 Orthophosphate adsorption isotherm at pH 4.5 and pH 8.5 at
295 K for C22.

Table 4 Orthophosphate adsorption capacity (Qm) was taken as
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to reveal the variation in the accessible SA of chitosan-based
pellets where the estimated SA was 0.79 g m−2 in the dry state.

The incorporation of greater ES/Chi content (decreasing TWS
content) resulted in an increase in the BET surface area from 0.26
m2 g−1 (C72) to 2.2 m2 g−1 (C22) as shown in Table 3. In part, this
trend can be explained by the morphology of the particles
included in the physical composite (cf. Fig. 2 in ref. 21 for
a comparable pellet system21). However, the TWCs can undergo
solvent swelling and expansion in aqueous media because of the
presence of pores and the polar surface groups due to chitosan.
For PNP, the accessible adsorption sites were highest for C72 and
lowest for C22, where a decreasing trend was observed. This
contrasts with the observed BET surface area (dry state) that can
be explained due to swelling and expansion of the TWCs in
aqueousmedia.16 Additional qualitative information on the pellet
stability in aqueousmedia was obtained at pH 5 and pH 1.85. The
TWCs showed no signs of disintegration at pH 5 even aer 48 h,
whereas C72 was the only stable composite at pH 1.85, while the
other pellet systems disintegrated. This is consistent with
a previous report for composites that contain kaolinite, which
can be attributed to the increased chitosan content.11
single points from the equilibrium isotherm studies at pH 8.5 and 4.5
within the environmentally relevant Pi concentration region (below
5 mg L−1) at 295 K

pH C72 (mg g−1) C20 (mg g−1) C21 (mg g−1) C22 (mg g−1)

8.5 1.13 � 0.12 1.11 � 0.12 1.00 � 0.05 0.63 � 0.22
4.5 0.98 � 0.45 0.79 � 0.32 0.98 � 0.14 0.68 � 0.38
3.2. Orthophosphate adsorption

3.2.1. Adsorption isotherms. The speciation of orthophos-
phate depends on the pH conditions, where the favoured Pi
species are the mono- and divalent anions. Thus, adsorption
studies were performed at pH 4.5 and 8.5, based on the pH
1502 | RSC Sustainability, 2024, 2, 1498–1507
stability of the pellets described above. The corresponding
isotherm parameters are listed in Tables S1 and S2 (ESI†).

While the Langmuir model assumes homogeneous adsorp-
tion sites that are energetically equivalent, the Freundlich
model assumes heterogeneous adsorption sites that are non-
equivalent.56,57 The Langmuir–Freundlich combination
isotherm (Sips) was employed, in addition to these isotherm
models, since it accounts for adsorption onto heterogeneous
sites, along with multilayer adsorption. The adsorption results
at pH 4.5 and 8.5 are better accounted for by the Sips isotherm
model, in accordance with the overall best-t results (R2 > 0.96)
for the composites (cf. Table S1†). This trend indicates that the
adsorption sites are energetically inequivalent, which concurs
with the multi-component nature of these adsorbents, where
orthophosphate adopts a monolayer adsorption prole. This
trend concurs with a heterogeneity factor (n) that diverges from
unity, according to the Sips isotherm model. As well, monolayer
adsorption occurs at multiple adsorption sites that are inequi-
valent (cf. Fig. 5).

According to Fig. 5, the composites reveal similar adsorption
capacity at equal pH conditions within the estimated experi-
mental errors, whereas the adsorption capacity doubles in value
from pH 8.5 to pH 4.5. This indicates that electrostatic inter-
actions between the chitosan and Pi anions highlight key role of
active adsorption sites.58 The adsorption capacity for Pi is
attenuated upon going from mono- to divalent anions.59 While
the maximum adsorption capacity at elevated concentrations
may be important when attempting to load orthophosphate
onto the TWC pellet systems described herein, the Pi
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison across a variety of adsorbents for phosphate capture with emphasis on lower Pi concentrations

Qe (mg g−1) Concentration of Pi (mg L−1) pH

Fe–zeolite-A60 18.8 4.725 5
Magnetic Fe–oxide61 10.9 2–20 2–6
Iron-modied biochar62 2–3 0–100 6–5
MIL-101(Al)–CS63 49.8 30 3–10
Chitosan–La beads64 107.7 50 4
SP–Zr–La65 23.5 30 3
La2O2CO3/g-Fe2O3

66 0.14 5–100 6.5
CaCl2–buckwheat biochar

67 75.3 5–1000 7
ES–bentonite68 55.7 15–100 3
Fe(OH)3@CNF69 142.9 10 4.5
Oh50–furfural58 4.9/1.1a 0–300 4.75/8.5
MGPA-3 hydrogel70 38.8 10–150 6
ES–TWS composites (this study) 20–30/1a 5–1200 4.5

a 1 mg g−1 was attained at ca. 5 mg L−1 Pi
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concentration below 5 mg L−1 occurs at environmentally rele-
vant conditions. Hence, a closer look at the singular data
determined from the isotherm at 5 mg L−1 Pi was employed to
gain insight on the Pi uptake for such environmental conditions
(cf. Table 4).

For Pi capture from effluent run-off at low Pi concentration
(up to 5 mg L−1) suggest that C72 or C21 can be effectively
deployed (cf. Table 4). There is no appreciable difference of the
uptake at the selected Pi concentration, based on the estimated
experimental errors. A comparison of the estimated adsorption
capacities obtained, along with other materials selected from
the literature are listed in Table 5.

Various adsorbents (e.g., Fe(OH)3@CNF, chitosan–La beads,
MGPA-3 hydrogel) display greater maximum adsorption capac-
ities at relatively low Pi conditions. However, the facile physical
blending employed to prepare the granular adsorbents herein
bypass the need for more demanding and complex synthetic
procedures. In turn, the preparation of the TWCs exemplies
a facile and green synthetic strategy. Furthermore, granular
adsorbents possess advantages due to the facile ability to easily
separate from aqueous media aer the adsorption process, in
Table 6 Cost analysis illustration that shows the cost and adsorption sus
at pH 4.5 and 295 K

Sample ID Qm, H2PO4
− (g kg−1) Adso

C72 0.98 3.15
C20 0.79 6.16
C21 0.98 9.17
C22 0.68 12.17

Raw materialsa

Eggshell
Wheat straw
Acetic acid
Chitosan

a Estimates obtained from https://www.Alibaba.com and https://www.ex
applied.

© 2024 The Author(s). Published by the Royal Society of Chemistry
contrast with powdered adsorbents due to their greater surface
area and dispersal in aqueous media.

The adsorption capacity (Qe; mg g−1), was employed as
a measure of adsorbent efficiency. As well, Qe can provide
a measure of the unit cost and the sustainability of the pellet
systems.11 The cost analysis herein accounts for the direct cost of
the raw materials, but it does not account for other unit opera-
tions in the process (e.g., labour, energy inputs, drying of
eggshells and water supply required for washing and cleaning).
Based on Table 6, a four-fold cost benet or adsorption efficiency
was observed when C72 was employed, in contrast to C22. The
C72 composite system has the highest TWS content (80%) was
assessed for the removal of Pi from aqueous solution. Unsur-
prisingly, the TWC with the highest content of TWS has the least
material input cost to prepare this composite, since it employs
the lowest content of Chi. The latter represents the more costly
component of the TWC adsorbent. It is noteworthy that the
reduced chitosan content does not negatively impact the Pi
adsorption capacity, even at low Pi concentrations (5 mg L−1).
This further highlights the synergistic adsorption properties
among the components for this ternary composite system.16,23
tainability metrics of the pellet systems for orthophosphate adsorption

rbent cost (USD per kg) Qm, H2PO4
−/cost (g per USD)

0.31
0.13
0.11
0.06

US$ per kg

0.36
0.15
1.50
30

portersindia.com; where the currency exchange rate 06-11-2023 was

RSC Sustainability, 2024, 2, 1498–1507 | 1503
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4. Conclusions

Four distinct granular adsorbents were prepared for the uptake
of orthophosphate (Pi) with variable TWS, ES and Chi content.
As well, the physicochemical properties of the composites were
characterized. The adsorption capacity approximately doubled
for monovalent Pi when compared to the divalent anion (ca. 20–
30 mg g−1 at pH 4.5 vs. 10–12 mg L−1 at pH 8.5), the relative
uptake at low Pi concentration (5 mg L−1) was similar across the
TWCs. A cost evaluation based on material input, along with
evaluation of the composite stability under adverse pH condi-
tions (pH 1.85) revealed that C72 was the optimal composite.
This TWC contains 80% TWS content that displays the lowest
cost per kg of adsorbent, which also displays the highest
stability in acidic media.

In summary, this research demonstrated the proof-of-
concept related to orthophosphate capture at low Pi concen-
trations (below 5 mg L−1) for agro-waste composite pellets that
were prepared by a facile and sustainable method. Future
research will address Pi capture in real water samples with more
complex matrices that contain competitive ions, and column
adsorption studies in combination with orthophosphate release
studies. This research reveals the sustainable utility of such
composites as soil amendment materials for tailored agricul-
tural applications.
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