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Abstract: An agro-waste composite with a pelletized form was prepared and characterized via
IR and 13C solids NMR spectroscopy. Thermal gravimetry analysis (TGA) was used to study the
weight loss profiles, while SEM images provided insight on the biocomposite morphology, along
with characterization of the sulfate adsorption properties under equilibrium and dynamic conditions.
The sulfate monolayer adsorption capacity (qe = 23 mg/g) of the prepared agro-waste pellets was
estimated from the adsorption isotherm results by employing the Langmuir model, and comparable
fitting results were obtained by the Freundlich model. The dynamic adsorption properties were
investigated via adsorption studies with a fixed bed column at pH 5.2. The effects of various
parameters, including flow rate, bed height and initial concentrations of sulfate, were evaluated
to estimate the optimal conditions for the separation of sulfate. The experimental data of the
breakthrough curves were analyzed using the Thomas and Yoon–Nelson models, which provided
satisfactory best-fits for the fixed bed kinetic adsorption results. The predicted adsorption capacities
for all samples according to the Thomas model concur with the experimental values. The optimum
conditions reported herein afford the highest dynamic adsorption capacity (30 mg/g) as follows:
1100 mg/L initial sulfate concentration, 30 cm bed height and 5 mL/min flow rate. The breakthrough
time was measured to be 550 min. This study contributes to a strategy for controlled separation of
sulfate using a sustainable biocomposite material that is suitable for fixed-bed column point-of-use
water treatment systems.

Keywords: adsorption; composite; pelletization; chitosan; fixed-bed column; agro-waste; sulfate;
separation

1. Introduction

Sulfate is a ubiquitous waterborne contaminant that contributes to water salinity
worldwide, and which also affects the quality of safe drinking water (500 mg/L EPA
limit) [1]. Elevated sulfate has been identified as a water security issue for agricultural
irrigation or livestock operations in the province of Saskatchewan that is located in the
Western Canada Sedimentary Basin, due to geological weathering and/or anthropogenic
activities such as mining [2–4]. A poignant example of sulfate contamination with wide
environmental ramifications can be highlighted in case of the Florida Everglades ecosystem
through agricultural fertilizer run-off events, where methyl mercury production was linked
to elevated sulfate in aquifers [5]. Conventional treatment methods for reducing water
salinity include reverse osmosis (RO), ion exchange resins and biological sulfur removal,
with variable efficiency and water treatment costs [6,7]. This trend has inspired the devel-
opment of cost-effective and sustainable remediation strategies [8–11]. In contrast with
membrane-based separations, adsorption-based processes offer a cost-effective removal
strategy, especially for sustainable and renewable adsorbent materials [12–14]. The field
of unconventional bioadsorbents has received greater attention due to efforts to address
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the United Nations Sustainable Development Goal 6 (UN-SDG6) for clean water and san-
itation [12,15]. A crucial point concerning the efficacy of employing adsorbents in a real
setting relates to their practical utility, especially for column filtration processes. Therefore,
the morphology of the adsorbent material can pose limitations on the practical utility for
wider deployment in pollutant-removal applications. For the case of beads and pellet-
based systems, these adsorbent morphologies possess lower surface area and adsorption
capacity versus powdered materials. The limited surface area of pelletized adsorbents
must be addressed to increase their efficiency for practical applications. In particular, the
development of bioadsorbents has received greater attention, since renewable materials
offer cost advantages over conventional synthetic resins. Common and prevalent waste
materials (e.g., from black liquor) are lignin and lignin-derived materials from (agro-)waste
as bioadsorbents for cation [16,17] or anion contaminants [18].

In recent years, significant research interest in the conversion of low-value by-
products (without extractive or fractionation procedures) into high-value composites
for various applications has emerged, which includes biocomposites for water and
wastewater treatment [10,14,19].

Agriculturally intensive regions of Saskatchewan produce a large acreage of crops
along with equally large amounts of low-value, non-food agro-wastes, such as straw, oat
hulls, etc. A selected list of pellet or bead type adsorbent systems for pollutant removal is
given in Table 1.

Table 1. Non-powdered adsorbents derived from agro-waste sources for contaminant removal.

Citation Adsorbent Material
(Pellets or Beads) Contaminant Capacity

(mg/g) Year

Jung et al. [20] Alginate/Biochar Phosphate 158 2016

Solgi et al. [13] Chitosan/Ca-Chitosan Sulfate 47 2020

Wang et al. [21] * Alginate/Corncob Char/Bacteria Nitrate/phenol/Mn(II) 95/73/94 * 2022

Gubitosa et al. [22] Kiwi Peel Ciprofloxacin 40 2022

Hamidon et al. [23] Nanocellulose Beads 4-Chlorophenol 65 2022

Mohamed et al. [24] Agro-Waste/Chitosan Lead 1.9 2022

Steiger et al. [25] Agro-Waste/Chitosan Methylene Blue 135 2023

* Note: The contaminant removal in this study is stated as removal in % (not as mg/g capacity).

Synthetic procedures for adsorbent preparation can vary significantly from washing
and slight modification (Gubitosa et al. [22], Mohamed et al. [24]) with low capital input
per kg adsorbent to more sophisticated and intensive treatment (Hamidon et al. [23]; Wang
et al. [21]). Although these adsorbents may not reach the adsorption capacities of powdered
adsorbents (ca. 500 mg/g for methylene blue and 625 mg/g for lead species by cow-dung-
derived active carbon [26]), the benefits of other types of adsorbent morphology (e.g., beads,
pellets, granules) include the ease-of-use and efficient column separation of pollutants from
contaminated water sources, as compared to powdered materials [20,27].

Solgi et al. [12] reported the preparation of biocomposite pellet systems that contain
chitosan (with and without surface modification) via crosslinking and/or calcium imbibing
for sulfate removal. More recent developments have focused on cost reduction through
agro-waste incorporation and their utility for removal of pollutants such as cations [20,21].
Further studies are required to establish the suitability of such agro-waste systems for
the design of low-cost bioadsorbents for addressing sulfate removal, relative to higher
cost systems such as chitosan-based pellets. Thus, the primary goal of this study was to
evaluate pellets of a ternary biocomposite (kaolinite + chitosan + torrefied wheat straw)
for efficacious sulfate separation from wastewater streams. Furthermore, it is posited that
this study will demonstrate the utility of such pelletized biocomposite adsorbents for facile
point-of-use separation of sulfate anions under dynamic fixed bed conditions.
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2. Materials and Methods

Chitosan (low molecular weight, ca. 87% deacetylation degree) was obtained from
the Pilot Plant Corp. at the University of Saskatchewan (Saskatoon, SK, Canada). Kaoli-
nite (spectroscopic grade), KBr (FT-IR grade, 99%+), NaCl (ACS grade), barium chloride
anhydrous (99.9%+) were obtained from Sigma-Aldrich (Oakville, ON, Canada). Glacial
acetic acid (99.7%), NaOH (97%), HCl (36.5%), sodium sulfate anhydrous (ACS Grade,
99%+), glycerol and isopropanol were received from Fisher Scientific (Ottawa, ON, Canada).
Wheat straw was torrefied at 220 ◦C for 8 min by the College of Engineering torrefaction
plant at the University of Saskatchewan (Saskatoon, SK, Canada). The two-stage plant con-
sists of two horizontal screw-driven moving beds, with a single drying/preheating stage
and a torrefaction stage. The plant has a throughput of 10 kg of material per hour. A full
description of the plant, including the process flow diagram was reported by Campbell [28].
Water (Millipore from Sigma Aldrich, Oakville, ON, Canada) was used for the synthesis
and solution preparation, which had a resistivity of 18.2 MOhm·cm.

2.1. Adsorbent Preparation

Kaolinite and chitosan powder were used without additional grinding or treatment.
To obtain the composite with 60% torrefied wheat straw content (WS60), the following
procedure was followed: Torrefied wheat straw (WS) was ground and sieved through a
combined sieving of coarse and fine powders (ca. 65 wt.% with particle size below 425 µm,
and ca. 35 wt.% with particle size below 150 µm). The pelletized adsorbents were prepared
in 10 g batches by mixing 6 g ground torrefied wheat straw, 1 g kaolinite powder, 3 g
chitosan powder, and mixed with ca. 15–20 mL 0.5 M acetic acid (aq) to yield an extrudable
paste. The blended paste was loaded into a glass syringe (5 mm extruding diameter). The
extruded material (diameter = 5 mm) was cut into ca. 5–7 mm long pellets and dried
for 24 h at room temperature. Subsequently, the pellets were washed in 250 mL 0.5 M
NaOH solution for 16 to 24 h with occasional swirling of the quiescent solution. Then,
neutralization was performed via washing in multiple steps with Millipore water until a
pH 7–8 was reached.

2.2. Sulfate Concentration Determination and Adsorption Experiments

Sulfate concentration was determined via a turbidity method adapted from the Indian
Standard 3025 method that employs BaCl2 and UV-VIS for concentration determination via
turbidity formation [29]. Briefly, sodium sulfate solutions were prepared with Millipore
water and an aliquot added to a 25 mL flask, where also 1.25 mL conditioning reagent (HCl
(aq), isopropyl alcohol, glycerol, NaCl) was added to control the size uniformity of the
resulting barium sulfate precipitate [30,31]. Herein, ca. 100 mg of BaCl2 was used for each
sample analysis. The wavelength was set to 420 nm (Thermo Fisher Scientific Spectronic
200E). Adsorption isotherms were analyzed by fitting of the experimental results to the
Langmuir and Freundlich isotherm models [32,33]. Dynamic adsorption experiments were
conducted using a variable flow rate peristaltic pump (Fisherbrand 0.4—85.0 mL/min;
Fishersci, Waltham, MA, USA).

For the equilibrium adsorption capacity, ca. 100 mg of pellets were used in 10 mL
solution with varying initial sulfate concentration (C0) from 200 to 2100 mg/L. By
comparison, for the dynamic adsorption studies, a glass column and peristaltic pumps
were used with a bed height that changed in accordance with the amount of adsorbent,
as described by Solgi et al. [13].

Sulfate desorption experiments were conducted after the adsorption process with
subsequent washing with Millipore water to remove sulfate-laden water from the column
from the exhausted material. NaCl (aq) was chosen to avoid extreme pH conditions
(acidic/basic), due to potential pellet instability. Firstly, a 0.5 M NaCl (aq) solution was
used to desorb sulfate and the pumping ceased once the measured sulfate concentration in
the effluent stopped decreasing after the initial rise. Secondly, a 1.0 M NaCl (aq) was used
to test for additional desorption and the measurements ceased after the measured sulfate
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concentration decreased or remained negligible. Thirdly, a 2.0 M NaCl (aq) solution was
employed to strip the remaining sulfate from the column to evaluate whether any sulfate
remained, and measurements stopped after the sulfate concentration in the effluent ceased
to decline after the initial rise.

2.3. Materials Characterization
2.3.1. Thermogravimetric Analysis (TGA)

The weight loss profiles of the composites were carried out using a Q50 TA Instru-
ments thermogravimetric analyzer (TA Instruments, New Castle, DE, USA). Samples were
equilibrated in an open aluminum pan at 30 ◦C for 5 min to allow for equilibration prior to
heating at 5 ◦C/min up to 500 ◦C.

2.3.2. FT-IR Spectroscopy

The FT-IR spectra were recorded using a Bio-Rad FTS-40 (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) in reflectance mode. Dry samples were mixed with FT-IR grade
KBr in a 1:10 weight ratio (sample: KBr) and thoroughly mixed. The diffuse reflectance
infrared Fourier transform (DRIFT) spectra were measured at 22 ◦C, over a spectral range
of 400–4000 cm−1 with a resolution of 4 cm−1. A minimum of 128 scans were recorded
and background correction was obtained with KBr as the background matrix; all reported
spectra were normalized.

2.3.3. 13C Solids NMR Spectroscopy
13C NMR spectra were obtained with a 4 mm DOTY CP-MAS probe and a Bruker

AVANCE III HD spectrometer operating at 125 MHz (1H frequency at 500.13 MHz). The
13C CP/TOSS (Cross Polarization with Total Suppression of Spinning Sidebands) spectra
were obtained at a sample spinning speed of 7.5 kHz, a 1H 900 pulse of 5 µs, and a contact
time of 2.0 ms with a ramp pulse on the 1H channel. For all 13C NMR spectra, ca. 2500 scans
were accumulated with a recycle delay of 1 s, along with a 50 kHz SPINAL-64 decoupling
sequence during acquisition. 13C NMR chemical shifts were referenced to adamantane at
38.48 ppm (low field signal), where all spectra were normalized.

2.3.4. Acid Stability

The synthetic conditions showed that the morphology of WS60 appeared to remain
stable in aqueous media above pH 6.5. Hence, the stability below pH 6.5 was also evaluated.
The lower bound pH condition tested for the adsorption studies was selected near pH 5. In
addition, a pH of 1.85 was tested to gain insight as to the stability of the materials under
acidic pH, such as acid mine drainage conditions [34–36]. An acetate buffer (0.03 M) was
used for pH 5 and HCl (aq) solution was used to adjust the solution to pH 1.85 prior to
adding to the sorbent materials.

2.3.5. Mechanical Characteristics

Tension tests of the composites were performed to evaluate the Young’s modulus.
The measurements were conducted using a Mark-10 Force Test Stand, ESM 1500LC. A
500 N load cell and Mark-10 Model5i digital force indicator was used. An elongated
(ca. 5 cm) specimen was put between two parallel tensile jaw grips (large-model G1100).
From the slope of the obtained stress-strain curve, Young’s modulus was calculated. All
measurements were performed in triplicate with a calculated standard deviation. Stress is
defined as the ratio of the applied load (F) in Newtons (N)) to the original cross-sectional
area (S; mm2) of a sample (F/S; N/mm2 or MPa) while strain can be described as the
elongation (∆l/l) of the material (l represents the original length of the material). The
equation for Young’s modulus (MPa) is defined according to Equation (1):

E =
Fl

S∆l
(1)
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2.3.6. SEM Imaging

A Jeol JSM-6010LV (Tokyo, Japan) scanning electron microscope (SEM) with a tungsten
filament source (accelerated voltage, 10 kV) was used for analyzing the surface morphology.
The sample was gold coated prior to SEM imaging (Edwards S150B sputter coater; Crawley,
UK). The instrument was used under a high vacuum imaging mode using a secondary
electron image (SEI) detector. A slow scan mode (60 s−1) was used for all images.

2.3.7. Moisture Uptake and Density

For estimation of the moisture uptake, a relative humidity (RH) chamber with 97%
RH (saturated potassium sulfate) was used and the pellets were placed inside. The weight
was measured before exposure to the 97% RH and after 96 h within the chamber after
reaching constant weight. The wt.% was calculated as the ratio of ∆wt/(initial-wt). For
density measurements, the physical dimensions of the pellets before and after exposure
to 97% RH were measured (digital caliper with ±0.005 mm error; balance with ±0.1 mg
error). Herein, six measurements for estimating the length and diameter were performed
per pellet/experiment, and triplicate measurements were performed for each experiment.

3. Results and Discussion

In noted in Section 1 above, the overall goal of this study relates to the preparation of
a pelletized agro-waste biocomposite adsorbent (WS60) over a suitable composition range
and to evaluate the utility of WS60 for the separation of sulfate from water in a fixed bed
column system. Based on the composition of the WS60 pelletized biocomposite (Table 2),
several complementary characterization techniques were employed: IR/13C NMR spec-
troscopy, TGA, SEM imaging and mechanical properties. The sulfate adsorption properties
were characterized under batch conditions at equilibrium and under kinetic conditions in a
fixed bed column to gain insight on the optimal parameters to achieve controlled sulfate
separation. Accordingly, the materials characterization and various parameters related to
the fixed bed column studies were evaluated (initial sulfate concentration, flow rate, and
column bed height), as described in the sections below.

Table 2. Mechanical and physicochemical properties of the WS60 biocomposite pellets.

Sample
ID

Young’s
Modulus

(E, MPa; Dry)

Young’s
Modulus

(E, MPa; Wet)

Density
(ρ, g/cm3)

Moisture
Uptake
(wt.%)

WS60 1447 ± 64 102 ± 10 1.29 ± 0.03 340 ± 9

3.1. FT-IR Spectral Characterization

FT-IR spectroscopy can be used to identify characteristic chemical groups, where
changes in the spectral intensity and spectral band width may indicate chemical interactions
between different groups (e.g., H-bonding). The composite and respective precursors were
analyzed (Figure 1) by IR spectroscopy.

In Figure 1, kaolinite only shows characteristic peaks around 3700–3500 cm−1

(-OH groups) and SiO4 tetrahedral stretching around 1109 cm−1, Si-O-stretching around
1024 cm−1, Al-OH bending (918 cm−1) as well as Si-O-bending (532 cm−1) [37]. By contrast,
chitosan shows broad -NH and -OH bands near 3500 cm−1, with a C-H band around
2800 cm−1 [38,39]. A sharp band near 1665 cm−1 indicates the presence of amine groups,
combined with the characteristic C-O band around 1160 and 1120 cm−1 [39,40]. In con-
trast to chitosan, torrefied wheat straw shows no evidence of amine groups, but a band
near 1730 cm−1, indicates a contribution due to ketones, potentially from lignocellulosic
constituents as a result of the torrefaction process [41].
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Figure 1. FT-IR spectra of chitosan, kaolinite, torrefied wheat straw and the WS60 biocomposite
pellet material.

The WS60 composite exhibits no such identifiable signal around 1730, whereas the
band at 1670 cm−1 corresponds to the N-H bending of chitosan. The skeletal C-O-C
asymmetric stretching around 1050 cm−1 is observed as well as C-O vibrational bands
near 1140 and 1120 cm−1, which indicate potential H-bonding between torrefied wheat
straw and the additive components (chitosan and kaolinite). Furthermore, the presence of
kaolinite was confirmed through the observed sharp bands around 3700 cm−1 [37,42].

3.2. 13C Solid State NMR Spectroscopy

To further investigate the composition of the pellets, solids NMR spectroscopy was
used to probe the structural features and local environment of the carbon framework of the
composite using 13C NMR nuclei of the organic fraction (wheat straw and chitosan) in the
solid state (Figure 2).
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In Figure 2, the spectra display prominent features of the polysaccharide fraction
(50 to 110 ppm region) for wheat straw and chitosan, which are preserved in the ternary
composite material [24,25]. Chitosan revealed sharp NMR bands around 175 ppm (C=O
from the acetyl moiety) and 23 ppm (-CH3 group of the acetyl moiety). The carbohydrate
framework between 50 and 110 ppm was observed for all constituents, whereas wheat
straw had additional signals between 115 and 155 ppm that are indicative of ligneous
materials (aromatic and/or unsaturated components), which can also be identified in WS60,
albeit significantly abated. The upfield signal (ca. 30 ppm) observed for WS60 and torrefied
wheat straw suggest that methylene carbons are adjacent to multiple C-O/C=O groups.
These results concur with the greater upfield shift of the –CH3 group for chitosan [43].

3.3. Thermogravimetric Analysis

Analysis of the TGA profiles of materials can highlight their thermal stability and differ-
ences in the decomposition profiles, as shown by the inset in Figure 3. The weight loss profile
or derivative weight loss profile (DTG) can be used to evaluate changes in the relative thermal
stability of the precursors and the corresponding WS60 composite material (Figure 3).
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Figure 3. Differential thermal analysis (DTG) of chitosan, kaolinite, torrefied wheat straw and the
WS60 ternary composite material. Normalized TGA profiles are provided for reference in the inset.

In Figure 3, it can be observed that the differential analysis profile (DTG) profile of
chitosan shows a sharp decomposition event near 300 ◦C, while torrefied wheat straw
has a thermal event with an earlier onset temperature near 220–250 ◦C. The latter may
relate to residual hemi-cellulosic constituents, while another thermal event near 350 ◦C
relates to cellulosic components (in contrast to chitosan). After composite formation, the
decomposition devolved into a broad overlapping peak with an onset temperature near
200 ◦C with lower stability compared to pristine torrefied wheat straw [44]; this concurs
with the presence in chitosan and torrefied wheat straw of incorporated additives that
contain O-based functional groups.

3.4. Mechanical Characteristics and Acid Stability

To briefly assess the mechanical characteristics (crucial to storage and transporta-
tion) pertinent to column applications of the adsorbent materials, several physical and
mechanical properties are listed in Table 2.
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The WS60 ternary composite exhibits a higher Young’s modulus (ca. 1447 MPa)
compared to the chitosan pellets (characterized elsewhere [45]), indicating a beneficial
contribution from the lignocellulosic wheat straw additive. Upon complete hydration of
WS60 by exposure to moisture at 100% humidity), the Young’s modulus decreased to ca.
100 mPa. The WS60 composite has a density of 1.29 g/cm3 that occurs through blending to
yield a dense composite material. It can be postulated that fibrous additives enhance the
adhesion of components with a higher Young’s modulus compared to pure chitosan blends.

The WS60 composite was stable with decreasing pH until pH 5; a loss of chitosan was
observed below pH 4.5–5, with partial dissolution at pH 1.85. This trend indicates that
the composition of the material provides sufficient cohesion despite protonation of the
amine-groups of chitosan, which aid in the dissolution of chitosan under acidic conditions
that are prevalent in typical wastewater [25].

3.5. SEM Imaging

To develop a better understanding of the surface morphology of the WS60 composite pellet
system, SEM imaging at variable magnification was carried out, as illustrated in Figure 4.
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Figure 4. SEM images of the prepared WS60 composite pellet with variable magnification: (a) 25×,
(b) 30×, (c) 50×, (d) 100×, (e) 500× and (f) 5000×.

The coarse domains of the composite are visible at low magnification (Figure 4a,b),
which can be attributed to the wheat straw particles and their elongated/fibrous shape.
The distribution of the incorporated particles in the chitosan/kaolinite matrix is rather
homogenous, which may account for the relative stability and resilience of pellets towards
acidic conditions down to pH 5.

3.6. Equilibrium Adsorption and Sorbent Selection
3.6.1. Selection and Equilibrium Adsorption Experiment

The composition of 60% torrefied wheat straw was chosen for this study due to its
relatively high agro-waste content and the presence of chitosan uniformly incorporated
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throughout the matrix [46]. A preliminary test showed that sulfate adsorption at pH 5.2 was
considerably higher than at pH 6.5, due to greater protonation of the active amine-groups of
chitosan. Therefore, pH 5.2 was selected for the experimental conditions. A pellet dosage of
approximately 100 mg/10 mL was chosen for carrying out the batch equilibrium isotherm
study [47]. The applicable sulfate concentration range (100–2100 mg/L) for equilibrium
and column adsorption properties were evaluated as a baseline condition. Regarding the
isotherm profiles in Figure 5, the Freundlich and Langmuir isotherm models are commonly
used to characterize adsorption properties of adsorbent-adsorbate systems. The Freundlich
model is an empirical model that enables characterization of heterogeneous adsorption
sites, but it does not enable estimation of the adsorption capacity. The Langmuir model
assumes strict monolayer adsorption onto homogeneous sites [48].
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Figure 5. Isotherm adsorption studies of WS60 composite pellet and sodium sulfate at pH 5.2 after a
24 h equilibration period.

The adsorption profile of the sulfate uptake by the WS60 pelletized adsorbent reveals
a sharp initial increase that approaches saturation of the adsorption sites near a residual
equilibrium sulfate concentration (Ce) of 1000 mg/L. Fitting of the experimental data to
the Freundlich (K = 9.7, n = 8.2; R2 = 0.964) and the Langmuir (qe = 22.9 mg/g; R2 = 0.959)
models yields comparable goodness-of-fit results [32,33]. Although the dosage of the
adsorbent can drastically influence the adsorption capacity due to the presence or absence
of abundant adsorption sites [49], the profile reveals the viability and general adsorbent
efficacy. Based on the isotherm studies, it can be posited that the adsorbent surface offers
heterogeneous adsorption sites with a defined monolayer adsorption profile.

The adsorption profile of WS60 indicated the potential for anion exchange according to
the chemisorption-like isotherm, as denoted by the sharp rise in uptake capacity at relatively
low concentration. WS60 reveals sulfate adsorption properties even at low concentrations
(below 500 mg/L), unlike other chitosan-based sorbent materials [50]. The promising
removal efficiency of sulfate even at high concentrations by the pelletized WS60 adsorbent
would reduce the toxicity of sulfate at levels that exceed 500 mg/L through such adsorption-
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based separation. This was further evaluated via dynamic adsorption studies that employed
a fixed-bed column setup (Section 3.7).

3.6.2. Regeneration

Regeneration of adsorbent materials is a critical parameter for gauging the practical
utility and cost-effectiveness of materials for practical applications. Aqueous NaCl was
selected as the regenerant at neutral pH, in contrast to a NaOH washing solution. The use
of acidic solutions for washing was avoided since it would lead to dissolution of the WS60
pellet material, due to protonation and solubilization of chitosan (pKa = 6.3). To simulate a
process that is relevant for regeneration, the spent column was washed with water after
exhaustion and then subjected to the lowest NaCl concentration with incremental levels of
NaCl to evaluate the role of the regenerant (NaCl) concentration.

The regeneration (Figure 6) with 0.5 M NaCl (aq) resulted in partial sulfate desorp-
tion. Subsequent washing with 1.0 M NaCl (aq) did not result in release of the residual
adsorbed sulfate, whereas a concentration of 2.0 M (aq) resulted in complete desorption of
residual sulfate.
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Figure 6. Desorption test to evaluate regeneration of the composite material with 0.5 M NaCl colution
and subsequent use of 1.0 M and 2.0 M NaCl solution to attain an in-depth desorption profile for
sulfate stripping.

It can be surmised that sulfate at the labile surface sites of the adsorbent can be
desorbed with 0.5 M NaCl solution, whereas less labile sulfate at the micropore sites
may require a regenerant solution with greater ionic strength (2 M NaCl vs. 1 M NaCl)
to fully regenerate the material. However, the use of elevated salt concentrations has a
destabilizing effect on the mechanical stability of the pellet matrix, which renders the
regenerated materials unsuitable for further use. The limited desorption with 0.5 M NaCl
further indicates the utility of WS60 as single-use material, obviating any additional unit
operations after the regeneration steps. This trend in desorption and WS60 pellet stability
concurs with the role of chitosan as a binding agent, in conjunction with the role of acetic
acid in maintaining the pellet microstructure, as reported previously for such ternary
composite pellet systems [25].

3.7. Fixed-Bed Column Adsorption Experiments

To investigate the performance of the WS60 ternary composite pellets for the uptake of
sulfate from water, the adsorption experiments were performed under dynamic conditions
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in a glass column with a diameter of 20 mm and a bed height of 50 mm. The pH of the
sulfate solution in all adsorption experiments was held constant at pH 5.2 by using sodium
acetate buffer (0.03 M). The lower part and the upper part of the column were packed with
glass beads to prevent any movement of the granular WS60 adsorbent within the column.
Additionally, this afforded a uniform flow rate within the column. The WS60 pellets were
pre-soaked in Millipore water for 24 h to avoid the presence of bubble formation around
the surface of the pellets during the adsorption process and to enable maximum swelling
under equilibrium hydration conditions. The sulfate solution was pumped in an upward
direction through the column (bottom to top) by employing a peristaltic pump to prevent
any channeling. When the residual sulfate ions reached the head of the column, 2 mL
samples were collected at variable time intervals to estimate the sulfate concentration of the
effluent. As the sulfate concentration of the effluent reached equilibrium with the influent
during the adsorption experiments, the influent flow to the column inlet was stopped. To
assess the fixed bed parameters of the sulfate adsorption onto WS60, breakthrough curves
were constructed. The profile is illustrated in a plot of the concentration ratio of sulfate in
the effluent to the influent (Ct/C0) against time (t, min). The breakthrough point (tb) is the
time required for Ct/C0 to reach 5%, and the exhaustion point (ts) occurs when adsorbents
become saturated at Ct/C0 equal to 95%. Parameters of the dynamic adsorption can be
calculated by the following equations.

Total adsorption capacity, qtotal (mg/g) qtotal =
QC0
1000

∫ t=ttotal
t=0

(
1 − Ct

C0

)
dt (2)

Treated volume at breakthrough point, Vb (mL) : Vb = Q·tb (3)

Treated volume at exhaustion point, Vs (mL) : Vs = Q·ts (4)

Fixed − bed adsorption capacity at, qe (mg/g) qe =
qtotal

M (5)

Percentage removal of sulfate, R(%) : R(%) =
qtotal
mtotal

× 10 (6)

qtotal (mg) is the total amount of adsorbed ions, mtotal (mg) is the total amount of sulfate
ions which were fed into the column during the adsorption process, Vb (mL) and Vs (mL)
are the treated amount of simulated groundwater at breakthrough and exhaustion points,
respectively, qe (mg/g) is the maximum adsorption capacity, R(%) is the percentage removal
of sulfate, C0 (mg/L) and Ct (mg/L) are the sulfate concentrations of the initial influent
and at time t (min), respectively. M (g) is the amount of adsorbent, and Q (mg/L) is the
volumetric flow rate.

3.7.1. Effect of Initial Sulfate Concentration

The amount of sulfate ions during continuous adsorption depends mainly on the
concentration of SO4

2− in its sodium salt form that flows into the column. Hence, an
investigation of different initial sulfate concentrations is essential for the study of dynamic
adsorption processes. In this research, various initial sulfate concentrations (500, 1100, and
2100 mg/L) were tested at a constant bed height of 40 cm, with a flow rate of 2 mL/min,
and a pH of 5.2 (0.03 M sodium acetate buffer). According to Figure 7, most of the SO4

2−

ions were adsorbed onto the pellets and Ct/C0 was equal to zero before 60 min of the
reaction when the initial sulfate concentration was 500 mg/L. As the fresh sulfate influent
solution migrated into the column and active sites on the pellets become occupied by
adsorbed SO4

2−, the Ct/C0 ratio increased gradually until it reached 1. The latter condition
indicates that the pellets were fully saturated with adsorbed sulfate ions. This phenomenon
is related to the fact that at a constant bed height the number of active sites on the surface of
the pellets remains constant. As the initial concentration of SO4

2− was increased, the active
sites became saturated earlier in the kinetic profile, which led to a shorter breakthrough time
and exhaustion time. For instance, the exhaustion time decreased from 1020 min to 740 min
when the sulfate concentration of the influent was increased from 500 to 2100 mg/L. The
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trend was similar for 1100 and 2100 mg/L sulfate but with a steeper slope, as shown in
Figure 7. A parallel trend was observed by Solgi et al. for sulfate uptake [13], and also
by Chen et al. for mercury adsorption onto dendrimer-grafted polyacrylonitrile fibers
(PANF-TU) in a fixed bed column at variable initial concentrations (50, 100, and 150 mg/L)
that employed a constant inflow rate (10 mL/min), and bed depth (5 cm), at pH 6 [51].
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Figure 7. Breakthrough curve for the adsorption of sulfate onto WS60 composite pellet at different
initial sulfate concentrations. Bed depth, 40 cm; flow rate, 2 mL/min; pH 5.2 (0.03 M sodium acetate
buffer).

3.7.2. Effect of Flow Rate

Figure 8 illustrates the breakthrough profiles for sulfate adsorption variable flow rates
(mL/min): 2, 5, and 8 mL/min. Other operating parameters such as bed height (30 cm),
initial sulfate concentration (1100 mg/L) and pH (5.2) were held constant. As noted in
Figure 8, the breakthrough profiles shifted toward the origin when the flow rate increased
from 2 to 8 mL/min, and the WS60 pellets became more rapidly saturated. In Table 3, the
breakthrough parameters indicate an increase in the flow rate from 2 mL/min to 8 mL/min,
which led to a decrease in the exhaustion time from 780 min to 360 min. Additionally,
the adsorption capacity significantly increases from 38 to 60.2 mg/g when the flow rate
increases from 2 to 5 mL/min. This can occur when a higher level of sulfate encounters
the pellets at higher inlet flow rates, which results in greater adsorption capacity over a
shorter time [24]. Greater inlet flow rates lead to higher adsorption capacity, where a higher
flow rate is more favorable for fixed-bed adsorption, but if the flow rate increases beyond a
specific value, it may lower the adsorption capacity. This occurs because of poor contact
time between the adsorbate and the adsorbent, which was observed herein as the flow rate
increased from 5 to 8 mL/min, where the dynamic adsorption capacity decreased from
60.2 to 59.0 mg/g. Based on these trends, the most favorable flow rate in this study was
at 5 mL/min.
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Figure 8. The effect of inlet flow rate on the adsorption of sulfate by WS60 in a fixed-bed column.
Bed height, 30 cm; pH 5.2, with 0.03 M sodium acetate buffer; inlet sulfate concentration, 1100 mg/L.

Table 3. Breakthrough parameters for the adsorption of sulfate onto WS60 under variable conditions,
with pH 5.2 (sodium acetate buffer, 0.03 M).

# C0
(mg/L)

Z
(cm)

Q
(mL/min)

ts
(min)

qe
(mg/g)

1 500 40 2 1020 26.1
2 1100 40 2 740 38.7
3 2100 40 2 540 39.5
4 1100 20 2 620 45.7
5 1100 30 2 780 38.0
6 1100 30 5 550 60.2
7 1100 30 8 360 59.0

3.7.3. Effect of Bed Height

According to a previous report during a dynamic adsorption process, the breakthrough
time and exhaustion time generally increase as the bed height increases, where the other
operating parameters are held constant. In turn, this results in the treatment of more
contaminated water [52,53], which occurs for two main reasons. Firstly, more active sites
would be available for the target anions with the column as the packed bed length increases,
where adsorbent saturation occurs over a longer interval. Secondly, the contact time
between adsorbate and adsorbent increases as the adsorbent bed height increases, where
the ions within the fixed-bed column have more time to adsorb onto the active adsorbent
sites. To investigate the role of bed height on breakthrough profiles, various bed heights
(20, 30, and 40 cm) were examined, while other operating parameters (flow rate, pH, and
initial sulfate concentration) were held constant at 2 mL/min, pH 5.2, and 1100 mg/L,
respectively. In Figure 9, the observed breakthrough profiles showed dissimilar behavior
according to the common S-shaped profiles, where the ratio of Ct/C0 is equal to zero at the
beginning of the process, which goes to 1 gradually as the adsorption process proceeds.
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Figure 9. The effect of bed height on the adsorption of sulfate by WS60 in a fixed-bed column. Flow
rate, 2 mL/min; pH 5.2 (0.03 M sodium acetate buffer); inlet sulfate concentration, 1100 mg/L.

In Table 3, the breakthrough times for all the bed height conditions occur before the
first samples were collected from the outlet, where greater bed depth values are suggested
for adsorption of sulfate by the WS60 composite pellet. As the bed height increases from
20 cm to 30 cm, the adsorption capacity decreases from 45.7 to 38 mg/g. This is due to the
inverse relation between adsorption capacities with the dosage of adsorbent. This inverse
trend continues by increasing the bed height to 40 cm. Although the higher bed height
has a positive effect on the mass transfer zone, it results in an attenuation of the column
performance of the dynamic adsorption process with a greater adsorbent dosage.

Thomas Model

The Thomas model is a popular second-order kinetic model utilized in the field of
dynamic adsorption studies. It offers valuable insights into the theoretical adsorption
capacity and adsorption rate constant within a fixed-bed column. The model is defined by
Equation (7), which allows for precise calculations and predictions [54]:

Ct

C0
=

1

1 + exp
[(

KTh
Q

)
(qThm − C0Qt)

] (7)

KTh is the Thomas rate constant (mL/min.mg), Q is the volumetric inflow rate (mL/min),
qTh is the theoretical adsorption capacity by the Thomas model (mg/g), m is the amount
of packed adsorbent in the column (g), C0 is the concentration of adsorbate (mg/L) in the
influent, Ct is the concentration (mg/L) of adsorbate in the effluent at a variable time, t.

3.7.4. Modeling of the Fixed-Bed Adsorption Results for Sulfate by the WS60 Pellet System

The fixed-bed experimental data at different operating parameters were applied and
the predicted breakthrough curves and the calculated parameters for the Thomas model
(Equation (6)) are presented in Figure 10a–c and Table 4. The relatively high values of
the regression coefficient factor (R2) for all the tests indicated that the model favorably
described the sulfate adsorption onto WS60.
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Table 4. Predicted parameters of Yoon–Nelson and Thomas models, and model deviations for sulfate
adsorption onto WS60.

C0
(mg/L)

Z
(cm)

Q
(mL/min)

Thomas Model Yoon–Nelson Model

kTH
(mL g−1 min−1)

qTH
(mg/g) R2 kYN

(min−1)
τ

(min) R2

500 40 2 0.0119 26.1 0.989 0.0059 522.4 0.989
1100 40 2 0.0058 35.6 0.980 0.0064 307.7 0.981
2100 40 2 0.0044 36.6 0.976 0.0092 144.7 0.976
1100 20 2 0.0077 42.0 0.990 0.0085 190.9 0.990
1100 30 2 0.0060 46.1 0.978 0.0071 263.4 0.978
1100 30 5 0.0068 57.4 0.973 0.0083 212.7 0.977
1100 30 8 0.0120 54.3 0.950 0.0140 61.5 0.960

The rate constant estimated by the Thomas model decreases constantly as the initial
concentration of sulfate increases (Table 4), which relates to the higher driving force at
elevated sulfate concentrations [55]. Moreover, Kth has an inverse relation with bed height,
where the rate constant increases from 0.0058 to 0.0077 mL g−1 min−1 as the bed height
decreases from 40 cm to 20 cm. Similar trends were noted at variable flow rates (Figure 8).
By comparing the maximum adsorption capacity of sulfate onto WS60 with qTh derived
from the Thomas model (see Table 4), the model provides reliable parameter estimates for
the dynamic adsorption of sulfate.

Yoon–Nelson Model

The Yoon–Nelson equation is a simple mathematical model that accounts for the
adsorption breakthrough behavior of a fixed-bed column in terms of the rate constant and
the required time for 50% adsorbate breakthrough. This model is built on the theory of
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adsorbate probability which accounts for the adsorption probability of each adsorbate;
this decreases in proportion to the probability of the bound adsorbate attaching to the
adsorbent, including adsorbate breakthrough. Although this is a simple model with limited
column parameters, it requires less computational time, and a key advantage relates to
the absence of characteristic parameters of the adsorbent and adsorbate, which may pose
limitations for this model [56]. The non-linear form of the Yoon–Nelson model is defined
by Equation (8):

Ct

C0
=

1
1 + exp[KYN(τ − t)]

(8)

C0 (mg/L) and Ct (mg/L) are the initial concentration of sulfate and outlet concen-
tration of sulfate at time t (min), respectively. kYN (min−1) is the rate constant of the
Yoon–Nelson model and τ (min) is the time required for the sulfate concentration to reach
twice its initial value (Ct/C0 = 0.5) [57].

The kinetic results were fitted to the non-linear form of the Yoon–Nelson model and
the predicted breakthrough curves and parameters are presented in Figure 11a–c and
Table 4, respectively. In Table 4, the value of R2 > 0.96 for all experiments; this indicates
that the data can be predicted reliably by the Yoon–Nelson model. When the flow rate
increases from 2 to 8 mL/min, the kYN increases from 0.0071 min−1 to 0.0140 min−1. As
the flow rate increases from 2 to 8 mL/min, the required time for reaching 50% of the
breakthrough (τ) decreases from 263.4 min to 61.5 min. This is related to a lower residence
time of the sulfate ions on the fixed-bed column at higher flow rate [58]. As stated above,
more active sites on the adsorbent surface of WS60 are available for the adsorbate as the
bed height increases. Thus, the sulfate ions have a longer residence time in the column due
to longer time intervals. In turn, the resulting time for reaching to the halfway mark of the
breakthrough curve increases.
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3.7.5. Error Analysis

In order to determine which kinetic model better describes the behavior of break-
through curves, several error functions including the sum squares of error (SSE), coefficient
of regression (R2) and chi square test (χ2) were employed (Table 5) [59].

SSE = ∑n
i=1 (

(
Ct

C0

)
exp

−
(

Ct

C0

)
cal
)

2
(9)

R2 = 1 −
∑n

i=1 (
(

Ct
C0

)
exp

−
(

Ct
C0

)
cal
)

2

∑n
i=1 (

(
Ct
C0

)
exp

)
2
−
[
(∑n

i=1

(
Ct
C0

)
exp

)
2
/n
] (10)

χ2 = ∑n
i=1

(
(

Ct
C0

)
exp

−
(

Ct
C0

)
cal
)

2

(
Ct
C0

)
cal

(11)

Table 5. Error analysis for both Thomas and Yoon–Nelson model.

C0
(mg/L)

Z
(cm)

Q
(mL/min)

Thomas Model Yoon–Nelson Model

kTH
(mL g−1 min−1)

qTH
(mg/g) R2 SSE χ2 kYN

(min−1)
τ

(min) R2 SSE χ2

500 40 2 0.0119 26.1 0.989 0.03 0.001 0.0059 522.4 0.989 0.03 0.001
1100 40 2 0.0058 35.6 0.980 0.04 0.002 0.0064 307.7 0.981 0.04 0.002
2100 40 2 0.0044 36.6 0.976 0.03 0.002 0.0092 144.7 0.976 0.03 0.002
1100 20 2 0.0077 42.0 0.990 0.03 0.001 0.0085 190.9 0.990 0.02 0.001
1100 30 2 0.0060 46.1 0.978 0.05 0.02 0.0071 263.4 0.978 0.05 0.003
1100 30 5 0.0068 57.4 0.973 0.04 0.03 0.0083 212.7 0.977 0.03 0.002
1100 30 8 0.0120 54.3 0.950 0.04 0.03 0.0140 61.5 0.960 0.03 0.002

Both models are in good concordance with the experimental data, where no apprecia-
ble differences were found for the goodness-of-fit between the Thomas and Yoon–Nelson
models. The error analysis showed a good fit between the calculated and the experimental
data (R2 > 0.97) with low error values (SSE; χ2), as shown in Table 5.

4. Conclusions

In this study, a unique, low-cost agro-waste biocomposite pellet system was prepared
that contains 60% torrefied wheat straw, and the sulfate adsorption properties were char-
acterized under dynamic and equilibrium adsorption conditions. The sulfate adsorption
capacity of the pelletized biocomposite at equilibrium conditions approaches 23 mg/g at
pH 5.2, according to the Langmuir model. Structural destabilization of the pellet in 2 M
NaCl solution was noted upon adsorbent regeneration, which highlights the pellet utility
as a single point-of-use adsorbent material under these conditions.

Under dynamic conditions, the exhaustion time, with respect to the initial sulfate
concentration decreases from 1020 min (500 mg/L) to 740 min (2100 mg/L). An increase in
the flow rate shifts the breakthrough curves to shorter times with an increase in flow rate
from 2 mL/min to 8 mL/min. This shifts the exhaustion time towards the origin with an
increasingly steeper slope. The optimum flow rate was found to be 5 mL/min, where an in-
crease in flow rate yielded an increase in the adsorption capacity (up to 60.2 mg/g). Greater
flow rates did not lead to further increase in dynamic adsorption capacities. The optimum
conditions reported herein resulted in a maximum dynamic adsorption capacity (30 mg/g),
as follows: 1100 mg/L initial sulfate concentration, 30 cm bed height and 5 mL/min flow
rate, where the breakthrough time was estimated at 550 min. The Yoon–Nelson and Thomas
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models confirm an excellent uptake efficiency at low sulfate concentrations, which is a
critical parameter for such point-of-use remediation in sulfate- laden water.

This study investigated a low-cost and sustainable pelletized biocomposite derived
from agro-waste material with minimal synthetic modification and chemical inputs. Fur-
thermore, a praxis-oriented evaluation of dynamic adsorption parameters yielded an
improved understanding of the sulfate adsorption properties under slightly acidic (pH 5.2)
conditions. The pelletized biocomposites present a facile and versatile adsorbent material
for point-of-use treatment of sulfate-laden water through adsorptive separation of sulfate
via a fixed bed column filtration system.
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