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Design of Sustainable Biomaterial
Composite Adsorbents for
Point-of-Use Removal of Lead lons
From Water

Mohamed H. Mohamed?, Inimfon A. Udoetok’, Mostafa Solgit, Bernd G. K. SteigerT,
Zexian Zhou' and Lee D. Wilson*

Department of Chemistry, University of Saskatchewan, Saskatoon, SK, Canada

The uncontrolled release of contaminants into aquatic environments has created the
need for improved adsorbent materials for point-of-use (POU) treatment applications
to address water security. The goal of this study was to prepare a low-cost sustainable
adsorbent material with tailored Pb(ll) adsorption properties in aqueous media. Several
types of ternary composite adsorbents were prepared that contain chitosan, kaolinite,
and a biomass additive (oat hulls or torrefied wheat straw), along with spectral
characterization and thermal analysis of the adsorbents. The adsorption properties of
the ternary composites with lead nitrate were studied at equilibrium using batch mode
and dynamic conditions with a fixed bed column under variable experimental settings
[flow rate, bed height, and Pb(ll) concentration]. The adsorption capacity at equiliorium
in synthetic or tap water was found to depend on the relative composition (wt.%) of
additive components in the composite. The optimal composite adsorbent for maximum
Pb(ll) removal had the following composition (wt.%): chitosan (50%) + kaolinite (10%)
+ oat hulls (40%). Using this adsorbent, the dynamic adsorption properties with lead
nitrate were studied in a fixed bed column at pH 6.5 and 295K to reveal optimized
Pb(ll) removal that concur with the results obtained from batch studies. The sustainability
of the biocomposite adsorbent was demonstrated with the use of relatively low-cost
and locally available materials, whilst achieving favorable Pb(ll) adsorption properties.
The facile preparation of the optimal biocomposite adsorbent herein is proposed for
use as a disposable POU filter media technology for the removal of lead and other
multivalent heavy metal cations, including organic contaminants such as cationic dyes
and agrochemicals.

Keywords: chitosan, ternary composites, fixed-bed column, lead ions, adsorption, agricultural biomass

INTRODUCTION

The widespread occurrence of heavy metals in the environment has led to increasing concerns of
such contaminants on human and ecosystem health. Among the various types of heavy metals,
lead species have drawn widespread interest due to its utility in diverse industrial products such
as batteries, paint pigments, agrochemicals, alloys, and infrastructure such as water distribution
systems and pipelines. In North America, lead and iron piping systems are still in place in many
urban centers for distribution of drinking water. The dissolution of lead species into drinking water
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supplies due to corrosion effects is known, where the Flint water
crisis in Michigan (USA) brought international attention in 2014
(Santucci Jr and Scully, 2020). The improper use of corrosion
inhibitors and water quality conditions in the distribution system
led to exceedingly high levels of lead (13,200 ppb) leaching
into the drinking water supply for the city of Flint, where such
values were ca. 900-fold higher than the 15-ppb limit set by
the US EPA (Torrice, 2016). The elevated lead levels during the
Flint crisis led to serious concerns for human health due to
its neurotoxicity, behavioral and cognitive development effects,
where ca. 10% of the children had significantly elevated blood
levels in this region (Hanna-Attisha et al., 2016). The widespread
occurrence of lead contamination was outlined due to leaching
from the distribution systems in various Canadian cities (Cribb
et al, 2019). In 2019, elevated lead levels were reported in
two Saskatchewan cities, where the average value (22 ppb) was
above the prescribed maximum guideline (5 ppb) set forth
by Health Canada (Wilson and Ackerman, 2019). Apart from
other contaminants in drinking water, the occurrence of lead-
species such as Pb(II) has established the need to develop more
accessible point-of-use (POU) methods to address such water
security issues.

Among the various physical- and chemical-based techniques
available: precipitation, biosorption, reverse osmosis, membrane
filtration, electrocoagulation, and adsorption represent
established methods for contaminant removal. As well,
the infrastructure and operating costs for such techniques
vary considerably, along with their relative efficiency of
contaminant removal. In the case of adsorption-based methods,
the infrastructure and operating costs are relatively low, whereas
the efficiency of contaminant removal often depends on the
nature of the adsorbent material. While there are various
industrial adsorbents (e.g., activated carbon and zeolites) for
metal-ion removal, there is ongoing interest in the development
of sustainable biosorbents due to their renewable abundance
and utilization in composite materials (Bailey et al., 1999;
Shareef, 2009; Zhou and Haynes, 2010; Mudhoo et al., 2012;
Pandey, 2020; Shakoor et al., 2020; Shabtai et al., 2021). The
use of biopolymers such as chitosan and its modified forms for
metal-ion adsorption are widely reported. In a recent review
article, Shabtai et al. (2021) surveyed the use of additives such as
clay among multi-component constituents for the preparation of
composite materials. The incorporation of clay into composites
may follow several strategies: adsorption, in-situ polymerization,
cross-linking, and grafting. The adsorption approach is unique
since it generally involves blending of the components and
physical processing, whereas the other methods employ covalent
modification and other chemical steps, according to the synthetic
preparation. In an earlier study, Sabzevari et al. (2018) reported
the synthesis of chitosan-graphene oxide (GO) composites using
a facile method that revealed the ability to tailor the adsorption
properties of such chitosan-GO composites toward cationic dyes
in aqueous media. The tailoring of biocomposite adsorbents
relates to the ability to alter their surface chemistry and textural
properties. The variation of the additive composition within a
multicomponent system represents a facile approach for meeting

this goal, as reported elsewhere (Anisimov et al., 2020; Mohamed
et al., 2020; Elanchezhiyana et al., 2021).

Herein, the overall goal of this study was to prepare low-cost
and sustainable adsorbent materials with favorable adsorption
properties toward Pb(II) species in aqueous media. To this end,
several types of binary and ternary composite adsorbents were
prepared and characterized, which contain chitosan, kaolinite,
and biomass agro-waste (oat hulls or wheat straw) with variable
composition. In turn, the adsorption properties of the ternary
composites with lead nitrate was studied at equilibrium (batch
mode) and under dynamic conditions with a fixed bed column
at variable conditions. We demonstrate that such composite
adsorbents can be prepared with tailored properties that are
desirable for single-use applications for the controlled removal of
Pb(II) from aqueous media. In turn, this study contributes to the
science and technology of sustainable biocomposite adsorbents
whilst employing a facile bottom-up synthetic method. We
anticipate that such types of composite adsorbent materials are
amenable as disposable POU water filters, especially for regions
with limited access to advanced water treatment, to address the
controlled removal of heavy metal cations such as lead and
organic dyes (Mohamed et al., 2020).

MATERIALS AND METHODS

Materials

Chitosan was obtained from the POS Pilot Plant Corp.
(Saskatoon, Canada). Kaolinite, KBr (spectroscopic grade), lead
nitrate, sodium hydroxide, hydrochloric acid, and glacial acetic
acid were obtained from Fisher Scientific Canada. All materials
were of the highest chemical purity and were used as received
without further purification. Oat hulls and wheat straw were
sourced locally through the College of Engineering torrefaction
plant (Prof. R. Evitts) at the University of Saskatchewan.
Wheat straw was partially torrefied at 220°C for 10min
at the University of Saskatchewan (College of Engineering)
torrefaction plant. The agro-waste biomass was ground using a
coffee grinder and passed through a size 40 mesh sieve prior
to use.

Pellet Preparation

The protocol for pellet preparation was adapted from another
study (Mohamed et al, 2020). Chitosan pellets (CP) were
prepared by mixing chitosan powder (5 g) with 15 mL of aqueous
acetic acid (0.2M), followed by extruding the resulting paste
through a syringe. The cylindrical extrudate was cut into 0.5 cm
lengths, washed with 0.5M sodium hydroxide, followed by
copious amounts of Millipore water to a neutral pH, followed
by air-drying. The composition of the CP-based materials were
prepared by blending ternary mixtures that contain chitosan
(CP), kaolinite (K), and biomass [oat hulls (O) or torrefied
straw (S)]. The pelletized adsorbents were prepared at different
feed ratios on a weight (wt.%) basis, as outlined in Table 1 for
this study.
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TABLE 1 | Composition of the binary and ternary chitosan pellet (CP)
biocomposites at variable weight content (%).

Adsorbent Chitosan Kaolinite Oat hull Wheat straw
sample ID? (wt.%) (wt.%) (wt.%) (wt.%)
CPK10 90 10 0 0
CPK20 80 20 0 0
CPKO20 70 10 20 0
CPKO30 60 10 30 0
CPKO40 50 10 40 0
CPKS10 80 10 0 10
CPKS20 70 10 0 20
CPKS30 60 10 0 30
CPKS40 50 10 0 40

aKaolinite (K), oat hulls (O) and torrefied wheat straw (S) are defined for the adsorbent
sample ID designation.

Methods

Thermogravimetry Analysis

Samples of the CP-based materials were prepared by grinding
the pellets into a powder form using liquid nitrogen along with
a mortar and pestle prior to the thermogravimetry analysis
(TGA). TGA profiles were obtained using a TA Instruments Q50
Thermogravimetric analyzer that operated with a heating rate
of 5°C min~! to a maximum temperature of 500°C, where the
sample was purged using nitrogen as the carrier gas. Thermal
stability of the respective component materials was examined
using first derivative (DTG) plots of weight with temperature
(%/°C) against temperature (°C).

Diffuse Reflectance Infrared Fourier Transform
Spectroscopy

The DRIFT spectra of the pellets were obtained using a Bio-
RAD FTS-40 spectrophotometer. The pellets were crushed into
powders with the aide of liquid nitrogen followed by mixing
with pure spectroscopic grade KBr in a polymer/KBr weight ratio
of 1:10 using mortar and pestle. The spectra were obtained in
reflectance mode at room temperature (23°C) with a resolution
of 4 cm™! over the 400-4,000 cm ™! spectral range. Sixteen scans
were recorded and corrected relative to a background spectrum
of powdered KBr.

13C Solids NMR Spectroscopy

13C solids NMR spectra of the powdered materials were acquired
using a Bruker AVANCE III HD spectrometer equipped with
a 4mm DOTY CP-MAS (cross polarization with magic angle
spinning) solids probe operating at 125.77 MHz (\H NMR
frequency = 500.23 MHz), constant spinning speed (10kHz),
with a fixed 'H-90 pulse [3.5 s, fixed contact time (0.75 ms)],
and a ramp pulse on the 'H channel. The spectra were recorded
using 4,000 transients with a 2s recycle delay, along with
a 71kHz SPINAL-64 decoupling sequence during acquisition.
Adamantane was used as the external standard (5 = 38.48 ppm
for the low field adamantine signal) to reference the !3C chemical
shifts (ppm).

Equilibrium Adsorption Study

A stock solution of 100 ppm (or mg/L) of lead was prepared
using lead nitrate in 0.03 M acetate buffer at pH 6.5. A series of
aqueous solutions with variable lead concentration were prepared
from a stock to cover a range (80-100 ppm) of concentrations. A
fixed weight of the CP-based adsorbent (ca. 60 mg) was added to
20 mL of the PbNO3 solution for variable stock concentration,
followed by shaking on a horizontal shaker table for 24h to
achieve equilibrium (Udoetok et al., 2016).

Lead Analysis

The lead nitrate concentration before and after sorption was
determined using a Varian SpectrAA 55 flame atomic absorption
spectrophotometer. The lamp current was set to 5mA while
using an air-acetylene flame. The wavelength was 283.3nm
with a 0.5 nm slit width and optimum working range from 0.5
to 50 pg/mL similar to that reported elsewhere (Vafakish and
Wilson, 2020). The calibration results for the PbNOj; analytical
standards covered a linear range (R? = 0.9915) between 5 and
100 ppm.

Dynamic Adsorption Study

A dynamic adsorption study for the continuous removal of lead
was carried out in a glass column with a diameter of 20 mm
and a bed height of 300mm. The column was packed with
glass beads (2mm diameter) at the bottom of the column to
a height of 5cm and 2cm near the head of the column to
conduct an upward flow of lead nitrate solution and to maintain
the fixed bed within the column bed height. The fixed-bed
column was equipped with a peristaltic pump to transfer the
solution through the column from bottom to top, as previously
described (Solgi et al., 2020). Three different external operating
parameters for the dynamic adsorption process include the
following: initial lead concentration (Cp), bed height (Z), and
flow rate (Q). These parameters were studied to investigate the
effect of different parameters that govern the adsorption of Pb(II)
species on an optimized biocomposite adsorbent from Table 1.
Before each experiment, a specific amount of CP-based pellets
(CPKO40) were pre-soaked in Millipore water overnight to allow
the adsorbent to reach a maximum level of equilibrium solvent
swelling. During each experiment, a 2 mL sample of lead solution
was collected at the outlet of the column to analyze the Pb(II)
concentration at variable time intervals. The column adsorption
experiment was continued until the concentration of lead in the
effluent reached to the concentration value of lead in the influent
solution (Ci/Cy = 1). The laboratory scale fixed-bed system is
presented in Figure 1. The lead concentrations were estimated
using atomic absorption spectrophotometry, as described above.

RESULTS AND DISCUSSION

A review of the literature reveals that studies describing the
preparation of adsorbent materials for lead ion removal have
emphasized adsorbent systems with a powder-like morphology
(Beni and Esmaeili, 2020; Pandey, 2020; Shakoor et al., 2020;
Boominathan and Sivaramakrishna, 2021; Shabtai et al., 2021).
Despite the practical limitations of powdered adsorbents in
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FIGURE 1 | The fixed-bed system for the adsorption of lead onto the CPKO40
ternary composite adsorbent system: (a) Influent, (b) effluent, (c) Peristaltic
pump, (d) glass beads, and (e) CPKO40 ternary composite adsorbent.

column-based systems (Mohamed and Wilson, 2015; Patel,
2019), there are sparse reports that detail other types of adsorbent
morphology for chitosan-based materials such as pelletized
forms, as described herein (Syauqiah et al., 2015; Mohamed
et al.,, 2017, 2020). This study describes a synthetic alternative
to conventional covalent modification of biomaterials using a
bottom-up preparation method for several types of binary and
ternary adsorbent systems. The use of physically blended and
pelletized extrudate forms of multicomponent adsorbents are
proposed for the removal of Pb(II) under equilibrium and
dynamic conditions. The biocomposites contain chitosan (CP),
kaolinite (K), and agro-waste biomass (oat hulls, O; or wheat
straw, S), where the sample ID in Table 1 denotes the relative
composition of the additive components. In the accompanying
sections below, the CP materials were structurally characterized
by several complementary methods: spectroscopic (IR and *C
NMR) and thermal gravimetry analysis. A study of the adsorption
properties of the CP materials was carried out at equilibrium
conditions to evaluate the maximum adsorption capacity (Qp)
for Pb(II) species in aqueous lead nitrate solutions at pH 5 and
6.5 with the use of purified laboratory and tap water. Then, an
optimal CP material formulation was selected for further study
under dynamic conditions for a fixed-bed column study at pH
6.5, where various parameters such as column flow rate, bed
height, and lead concentration are evaluated to characterize the
column efficiency for practical applications.

Thermogravimetry Analysis
Thermogravimetry analysis (TGA) of weight loss profiles vs.
temperature provide insight on the thermal stability and

compositional information of components in such composites
(Sabzevari et al,, 2018). The thermal stability profiles of CP,
single component additives and the various CP-based composites
(binary and ternary) are shown in Figures 2A-D. The profiles
are presented as derivative (DTG) profiles, as plots of derivative
weight (%/°C) vs. temperature (°C). The DTG profiles of the
biomaterials and kaolinite (Figure 2A) reveal that the agro-waste
biomass (O, S) have a slighter broader range of thermal stability
vs. the chitosan pellet (CP) material. The former may relate
to the presence of (hemi)cellulose and lignins, which impart
greater thermal stability to the agro-waste biomass over chitosan
alone (Alabi et al., 2020; Dehabadi et al., 2020). By contrast,
kaolinite (K) remains stabile over this temperature range, in line
with a reported decomposition temperature of 521°C (Cheng
et al., 2010). Binary composites (CP+K) show comparable TGA
profiles relative to CP in Figure 2B, where evidence of the
presence of micropore domains and/or ionic adsorption sites
is revealed by the extended thermal stability profile of water
desorption between 100 and 200°C for these binary composites.
By comparison, ternary composites show incremental mass loss
contributions in the 250-375°C region that concur with the loss
of biomass content, where the appearance of more fine structure
may indicate the role of adhesive (electrostatic) interactions
between CP or K with the biomass agro-waste components
[(hemi)cellulose and lignins], as evidenced in Figures 2C,D.

IR Spectroscopy

Infrared (IR) spectroscopy provides general structural
information related to the presence of functional groups in
composite materials and the presence of additive components,
according to the presence of resolvable spectral signatures,
as seen in Figure3 and the Supporting Materials (cf.
Supplementary Figures S1,S2). The IR spectra for CP and
the biomass (S, O) share similar features that are characteristic
of typical of polysaccharide materials: ~-OH/-NH groups (3,000
3,700 cm~!); -CH groups (~2,900 cm~!); carbonyl or amide
(1,650-1,750 cm™'); C-C (1,500-1,600 cm™'); C-H bending
(1,300-1,450 cm™'); C-O/C-O-C (1,000-1,200 cm™'); and
glycosidic (1,075 cm™!) bonds (Zawadzki and Kaczmarek,
2010; Alabi et al., 2020; Dehabadi et al., 2020). Kaolinite differs
due to its aluminosilicate structure, as follows: -OH groups
(3,600-3,700 cm™ 1), Si-O (1,000-1,150 cm™"), Al-OH (900-950
cm™!), Si-O-Al (750-800 cm™), and Si-O/Si-O-Al (400-550
cm™!). Signals for the lignins are mostly overlapping with the
IR bands for hemicellulose. However, a characteristic signature
near 1,508 cm™! can be inferred (within oat hull and wheat
straw) as skeletal aromatic vibrations (Horikawa et al., 2019),
which are absent for chitosan (CP) and kaolinite (K) in Figure 3.
The CP composites (CPKS40, CPKO40, and CPK10) reveal IR
signatures that are present in the single component materials,
where evidence of spectral broadening relates to electrostatic
interactions between the respective components due to the
presence of polar donor-acceptor groups. In summary, the
IR results in Figure3 and Supplementary Figure S1 provide
support for the presence of CP, K, and agro-waste biomass in the
composites, which concur with their variable mass composition
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(cf. Table 1) and the thermal stability of single components and
mixed systems for the case of composites (Sabzevari et al., 2018).

13C Solids NMR Spectroscopy

13C solids NMR spectroscopy provides valuable structural
information related to the carbon skeletal framework of organic

I c3,5
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FIGURE 4 | '3C CP-MAS solids NMR spectra for CP and its composites with
kaolinite and agro-waste biomass components (O, S), as described in

Table 1. NHR refers to amine or amide (R=H or R=COCHg3), in accordance
with the level of deacetylation of chitosan (see inset). The carbon- numbering

scheme is denoted in the inset and labeled in the uppermost spectrum.

materials and multi-component systems such as composites,
especially when the spectral signatures are well-resolved
(Anisimov et al., 2020). Figure 4 illustrates the '3C solids NMR
spectra for CP and its binary and ternary composites. Similar
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spectral features are noted for the polysaccharide region for
chitosan and the agro-waste biomass components (oat hulls,
wheat straw). The glucopyranose units (see inset) of chitosan
overlap with the polysaccharide fraction of the biomass due to
the dominant contribution of the pyranose units of cellulose
and hemicellulose for these lignocellulosic materials. The absence
of apparent arene signatures can be related to the relatively
low lignin content of the biomass, except for composites that
contain higher fractions of agro-waste biomass such as CPKO40
and the composite containing torrefied wheat straw (CPKS10 to
$40) in Figure 4. This is in contrast to the dominant fraction
of (hemi)celluloses of agro-waste biomass. The relatively low
lignin content is further supported by the results in Figure 3
that concur with the absence of any notable C-H vibrational
signatures ~3,100 cm~!. Another contributing factor that may
affect the ability to detect low content (below 10%) of lignins
relates to the reduced motional dynamics of lignins for such arene
species. This is in contrast to the polysaccharide fraction which
have greater motional dynamics in the solid state, according to
13C relaxation times for lignins (T} = 5-8s), which exceed the
T values obtained for polysaccharides (Kang et al., 2019).

Equilibrium Adsorption

The adsorption properties of CP and its other pelletized
composite materials (binary and ternary) were evaluated in
aqueous media that contain lead nitrate, where Pb?* is inferred
to have favorable affinity to the CP-based adsorbents due to the
Lewis base character of such lignocellulosic-based composites
and the Lewis acid nature of Pb%T (de Oliveira et al., 2017;
Gao et al,, 2018). Due to the water insolubility of the pelletized
composite materials, the uptake of Pb?* can be determined based
on the ability to carry out phase separation of the adsorbent
from the aqueous solution after the adsorption process, according
to Equation (1). Other studies that employ Equation (1) for
the case of dye-based probes is described elsewhere for other
types of multi-component biocomposites and their adsorption
properties (Sabzevari et al., 2018; Anisimov et al., 2020; Dehabadi
et al., 2020). Herein, the Pb(II) uptake of the single component
additives (chitosan, kaolinite, and oat hulls) in their powdered
form were evaluated at pH 5 and 6.5 in synthetic water in

acetate buffer (30 mM), along with tap water at pH 5 (cf.
Supplementary Figure S3). The general trend in Pb(II) uptake
for the single component additives in their powdered form are
listed in descending order: oat hulls (~18 mg/g) > chitosan (~10
mg/g) > kaolinite (~4.5 mg/g). The Q. values (cf. Equation 1)
in parentheses correspond to initial Pb(II) levels at 60 mg/L. The
results indicate that kaolinite has limited uptake of Pb(II) despite
its known cation exchange properties, whereas the biomaterials
display greater uptake of Pb(II) due to the polar functional
groups (e.g., -OH, -COOH) of polysaccharides and lignins, along
with their known chelation properties (Beni and Esmaeili, 2020;
Sajjadi et al., 2021) with metal-ion species.

(Co—Co) xV
m

Qe 1)
Qe is the level of adsorbed lead (jLg/g) by the CP-based adsorbent
at equilibrium, V' (L) is the volume of lead solution, m is
the mass of the pellets (g), C, (ng/L), and C, (ng/L) are the
initial and final (residual amount in solution at equilibrium)
Pb(II) concentration, respectively. C, and C, also refer to the
adsorbate concentration before and after the adsorption process
in Equation (1).

A series of adsorption isotherms (cf. Figures 5A-C) were
obtained at pH 6.5 in aqueous media for the various CP-
based adsorbents (cf. Table 1) to evaluate the effect of additive
components, according to the Pb(II) adsorption properties in
aqueous media. The results are expressed by plotting Q. vs.
C. over a range of Pb(II) adsorbate concentration (ppm).
Turning to Figure 5A, the uptake profile adopts behavior typical
of Langmuir-type adsorption (Sabzevari et al., 2018), where
the uptake of Pb(II) is greater for CP relative to its binary
composites with kaolinite (CPK10 and CPK25). While kaolinite
has favorable affinity toward metal-ion species due to its known
cation exchange capacity (CEC) (Ma and Eggleton, 1999). The
formation of a composite with CP appears to attenuate the
adsorption properties for the binary CPK-based composites.
This may be due to reduced access of the Lewis base sites
of the biomass and/or the cation exchange sites of kaolinite,
in agreement with the results in Supplementary Figure S3
described above. The observed uptake of Pb(II) by CP relates
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TABLE 2 | Adsorption parameters for CP-based adsorbents with Pb(ll) in aqueous
media at pH 6.5 and 295K, according to the Sips isotherm model (cf. Equation 2).

Sorbent material Qnm (n9/9) K (L/g) ng

CP 218 + 22 126 1.22
CPK10 190 + 19 55.5 1.37
CPK25 91.5+9.2 94.6 1.72
CPKS10 163 £ 16 72.7 1.68
CPKS20 259 + 26 49.6 1.59
CPKS30 309 + 31 80.9 1.35
CPKS40 994 + 99 66.8 0.940
CPKO20 345 + 35 97.3 1.35
CPKO40 1,910 £ 190 14.8 0.777

to the metal-ion chelation properties of chitosan (Gao et al.,
2018; Wilson and Tewari, 2018) due to its abundant amine and
hydroxyl groups (see inset in Figure 4 above). In Figure 5B,
the uptake profile likewise follows Langmuir-type behavior for
CP and its ternary composites that contain wheat straw (S)
(Dehabadi et al., 2020; Mohamed et al., 2020). Based on the
various isotherms, the composites that contain 10-30% S show
comparable uptake properties to CP. By contrast, CPKS40 has
notably pronounced uptake of Pb(II) relative to the other CP-
based materials. A parallel trend is observed in Figure 5C for the
oat hull biomass composites, where CPKO40 has notably higher
uptake with Pb(II) relative to CP and CPKS20. It is noteworthy
that the overall uptake of CPKO40 exceeds that of CPKS40, where
this may be attributed to the role of surface polar groups [e.g.,
lignins and (hemi)cellulose] for each type of biomass. It should be
noted that the wheat straw was torrefied at 200°C, whereas the oat
hulls were used in their pristine form. The torrefaction of biomass
typically results in the loss of surface functional groups according
to the extent of torrefaction. The latter concurs with the thermal
decomposition profile noted in the TGA results (cf. Figure 2A)
for biomass (O, S) and concurs with the greater hydrophobicity
of torrefied biomass due to the use of reducing conditions
during torrefaction. The incorporation of torrefied straw into CP-
based adsorbents may result in materials with greater lipophile
character due to the loss of polar functional groups from the
biomass, as shown by the affinity of apolar anionic organic dyes
versus a lower affinity observed for hydrophilic inorganic anions
(Mohamed et al., 2020).

To gain insight on the adsorption isotherm parameters, the
Sips isotherm model (Sips, 1948; Guo et al., 2021) was employed
since it accounts for features of the Langmuir and Freundlich
models, as depicted by Equation (2).

_ QuKCo™

= T4 (KCo™ @

Qe

The Sips isotherm model has three adjustable parameters, where
K, (L/g) is the Sips equilibrium constant, Qn, (pg/g) is the
monolayer adsorption capacity, and ng is an exponential term
referred to as the heterogeneity factor. The Sips isotherm
provided the best-fit to the isotherm results and yielded estimates

of the adsorption parameters (cf. Table2). The monolayer
adsorption capacity (Qp) provides a selection criteria for
screening the relative uptake properties of adsorbents, as
described in recent reviews (Beni and Esmaeili, 2020; Shabtai
etal., 2021). As well, Qp, provides a basis for comparison with the
Qe term derived from the best-fit results for the dynamic column
studies (vide infra). The exponential term (ng) in Equation (2)
provides an indication of the homogeneity (ny = 1) or the
heterogeneity (ns # 1) of the adsorption sites on the adsorbent
surface (Guo et al., 2021).

An evaluation of the Qg values in Table2 for CP and
its composites reveal that CPKO40 has the highest adsorption
capacity among the two types of biomass composites. The uptake
of Pb(II) correlates with greater biomass content, where the
role of biomass was inferred to provide greater accessibility
to the active sites of the CP material in an independent
study (Mohamed et al., 2020). The exponential term (ny)
deviates from unity, which suggests that the adsorption sites
are not homogeneous on the biocomposite surface. The variable
adsorptive contributions of the polar groups concur with the
polysaccharide (-OH, -NHR) and lignocellulosic (phenolic, -
COOH) fractions of the ternary composites. The presence of
biomass (S and O) + chitosan + kaolinite appear to function
synergistically when the biomass content reaches 40 wt.%, where
the contribution of O exceeds S by two-fold, based on the Qpn,
values in Table 2. The role of O-heteroatom adsorption sites is
supported by the respective Pb(II) uptake results for kaolinite,
chitosan, and oat hull fractions (cf. Supplementary Figure S3).
In brief, the relative uptake capacity for these single component
materials with Pb(II) are listed in descending order: oat hulls
> chitosan > kaolinite. This trend parallels with the relative
abundance of polar O-atom functional groups for these materials
and also indicates that oat hulls serve as the active site for Pb(II)
in composites containing such agro-waste biomass. Based on the
results in Figure 5 and Table 2, the CPKO40 composite displays
significant improvement in uptake over CP, according to its 5-
fold greater Pb(II) uptake. Chitosan shows variable electrostatic
potential with pH near its pK,, as reported by Franca et al. (2008),
where the incorporation of oat hulls along with kaolinite into
chitosan pellets (CP) highlights a significant improvement in the
adsorption properties, according to the key role of the oat hulls.

According to Table 2, the deviation of the heterogeneity factor
(ns) from unity (n; # 1) indicates the role of heterogeneous
multi-adsorption sites (cf. illustration in Figure 6, vide supra) for
the uptake of Pb(II). This is corroborated by the NMR spectral
results (cf. Figure 4), which reveal the increasing presence of
lignins (ca. 125-160 ppm region) for composites that contain
greater content of biomass (oat hulls and torrefied wheat straw).
In addition, FT-IR spectroscopy (cf. Figure 3) also reveal the
complexity of the materials and overlapping signals in the regions
(1,600-1,000 cm™!) that provide spectral support of lignins
within the ternary composites. Based on the trends in Figure 5
and the Q, values in Table 2, the agro-waste biomass was
inferred to play a key role for the adsorption of Pb(II). The
composition of such agro-waste is mainly (hemi)cellulose and
lignins, where the predominant binding sites can be related to the
hydroxyl (-OH) groups of the polysaccharide or the phenolic and
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FIGURE 6 | lllustrative view of multi-adsorption sites for the hydroxyl groups of the polysaccharide (PS-OH) fraction of the ternary composite, whereas the lignin site is
depicted by an ionized ferulic acid as a model lignin constituent to illustrate an active ion-exchange site for Pb(ll). The brown cylinder represents the pelletized
morphology of the biocomposite adsorbent, where the role of hydration was omitted for the sake of clarity for this process.

-COOH groups of lignins in the lignocellulosic biomass fraction
(oat hulls and wheat straw).

The greater uptake of Pb(II) from pH 5 to 6.5 in laboratory
and tap water, along with the range in pK, values for lignins
(pKa phenolics ~ 6.2-11.3). This includes the less acidic
polysaccharide fraction of the biomass such as hemi (cellulose),
which possess higher pK, values between 11 and 12. The greater
acidity of the lignins concurs with their lower pK, values,
which supports their primary role as ion-exchange sites for the
adsorption of Pb(II). The greater uptake of Pb(II) between pH
5 and 6.5 (cf. Supplementary Figure S3) parallels the greater
ionization tendency of the phenolic hydroxyl groups of the
lignins, in agreement with a report by Ragnar et al. (2000). By
contrast, the ~-OH groups of the polysaccharide (PS-OH) do not
undergo ionization over this range since the average pK, ~ 10-12
(Sajjadietal., 2021) for the (hemi)cellulose fraction lies well above
the pH conditions of the solution at pH 6.5 (pH << pK,; PS-OH
groups). An illustration of the primary role of ionized lignin sites
and the non-ionized polysaccharide sites are shown schematically
in Figure 6.

Given that the isotherm results reported in Figure 5 and
Table 2 were obtained using laboratory prepared water samples,
there is a need to understand the role of Pb(II) adsorption in
more complex matrices that resemble environmental samples.
To gain insight on the role of competitor ion effects on the
uptake of Pb(II), the adsorption properties of CPKO40 was
evaluated in the presence of a various single component dication
species; Fe(Il), Ca(II), Mg(II), and Cu(Il), respectively. In
Supplementary Figure $4, the equilibrium Pb(II) uptake results
are shown for CPKO40 in the presence of single component
metal cations at pH 5 and 6.5 in 30 mM acetate buffer, along
with tap water samples at pH 5. As well, the uptake of Pb(II) was
compared in an equimolar metal cation mixture to approximate
the conditions of environmental samples. Based on the uptake
results at pH 5 in tap and synthetic water, the presence of single
component cations (0.05mM, 3.28 mg/L for Cu’**, 1.22 mg/L
for Mg, 2.79 mg/L for Fe>T, 2.00 mg/L for Ca*", 10 mg/L

for Pb2*) or their equimolar mixtures show negligible effects on
the uptake of Pb(II). By comparison, the results for synthetic
water at pH 6.5 show systematically greater Pb(II) uptake, along
with negligible effects due to such competitor cations. Sajjadi
et al. (2021) have also reported on the relative affinity of Pb*t
by lignins over other competitor cations in descending order, as
follows: Pb** > Cu?t > Zn?* > Cd** > Ca?". This trend is
also borne out by the negative zeta-potential of oat hulls reported
elsewhere (cf. Table 2 in de Oliveira et al., 2017), where lignins
serve as the primary adsorption site for Pb(II), as illustrated in
Figure 6.

In contrast with oat hulls, the lower uptake of Pb(II) for
chitosan at pH 6.5 is understood due to its charge repulsions
with Pb(II) since chitosan adopts a positive charge at pH values
below its pK, (pK,, chitosan =~ 6.7). As well, Pb(II) exists as a
doubly charged cation species up to pH 6.5 (Powell et al., 2009;
Huang, 2016; Overah and Ifeanyi, 2017). This further illustrates
the key contribution of bentonite (Au and Leong, 2016) and oat
hulls (de Oliveira et al., 2017) to the negative surface charge of
the ternary composite, according to their negative zeta-potential
contributions at pH 6.5. The overall negative surface charge for
CPKO40 is consistent with an independent study reported by
Li and Bai (2005), where the point-of-zero (PZC) charge for
chitosan-cellulose hydrogel composites was estimated at pH =
6.7. The contribution of bentonite and lignocellulose components
in CPKOA40 is estimated to have an even lower PZC value. In
addition to the equilibrium study outlined above, an evaluation of
the adsorption properties of CPKO40 with Pb(II) under dynamic
conditions is shown to provide further insight on the utility of
such CP adsorbents for practical POU applications, as outlined in
the next section (cf. Dynamic Adsorption Results) and following.

Dynamic Adsorption Results
Analysis of Fixed-Bed Column Data
Adsorption processes in a continuous system have the potential
to treat large volumes of contaminated water with high
efficiency. Also, the fixed-bed column experiments provide useful
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FIGURE 7 | (A-C) Breakthrough curves for the adsorption of lead ions onto CPKOA40 at; (A) different flow rates. Z = 10cm, Co = 100 mg/L, and pH = 6.5, (B)
different initial Pb(ll) concentration. Z = 10cm, pH = 6.5, and flow rate = 2 mL/min, and (C) different bed heights. Co = 100 mg/L, pH = 6.5, and flow rate = 2
mL/min.

information in terms of scale-up for field-based applications
(de Franco et al.,, 2017). Based on the equilibrium adsorption
results in Table2, it was established that the CP-based
composite (CPKO40) containing 40% oat hulls was the optimal
adsorbent material. Consideration of the relative permeability
and morphology of the CP materials reveals their potential
utility for such fixed-bed column studies (Solgi et al., 2020). The
greater adsorption capacity for CPKO40 listed in Table 2 (Q, =
1,910 pg/g) provided the basis for selection of this CP material for
the fixed-bed column study. The parallel trend of the batch results
in Table2 with the dynamic adsorption properties is further
described in the sections below.

To characterize the adsorbent properties in a continuous
adsorption process, an analysis of the breakthrough curve profiles
is a key requirement. The breakthrough curve is a plot of the
ratio of adsorbate concentration in the effluent (C;) relative to
the concentration of adsorbate in the influent (Cp) against time.
Equations (3-9) were obtained by mass-balance for any ion at any
given time are considered useful for a complete interpretation of
the breakthrough curves (Basu et al., 2019; Solgi et al., 2020).

Madt = Mine — Moyt t (3)
e
o = o [ (S @
o Co
t C
Madt COQfO (1 o Cfo) dt
qm = M = M (5)
Mad ¢
R (%) = edt o 6)
Min,t
Mint = 1000.Q.Co.t (7)
Vs = Q'ts (8)
Vi = Q1 )

Based on the above relations, the term mj, (mg) is the level of
Pb(II) ions entering into the column at any specific time t, moyg;
(mg) denotes as the amount of non-adsorbed lead ions in the
effluent at any time t, Cy is the lead concentration in the influent
(mg/L), and C; is the Pb(II) concentration at any given time t
in the effluent. M (g) is the amount of adsorbent packed in the

TABLE 3 | Parameters obtained from breakthrough curves at variable operating
conditions for the adsorption of Pb(ll) ions onto CPKO40 at pH 6.5 and 295 K.

Co z Q tb ts Jde R vb VS

(mg/L) (cm) (mL/min) (min) (min) (mg/g) (%) (mL) (mL)
50 10 2 18 210 0.5 18.7 36 420
100 10 2 - 270 1.5 18.2 - 540
100 20 2 20 420 1.4 25.4 200 840
100 10 4 - 270 2.2 13.2 - 1,080

fixed-bed column, R is the removal (%) of Pb(II), qn (mg/g) is
the maximum monolayer adsorption capacity, V}, and Vg (mL) is
the amount of solution until breakthrough time and exhaustion
time, respectively. ty and t; (min) is the breakthrough time (C¢/Cy
= 0.05) and exhaustion time (C{/Cy = 0.95), respectively, and Q
is the volumetric flow rate (mL/min).

Effect of Flow Rate

Among the various operating factors, which affect the efficiency
of a fixed-bed column, the flow rate plays an important role since
it directly relates to the contact time between the adsorbent and
adsorbate in the column, which also affects the resistance to the
mass transfer (Ahmed and Hameed, 2018). In order to study the
effect of flow rate on the adsorption of lead in fixed-bed column,
two different flow rates at 2 and 4 mL/min were studied. Other
parameters such as bed height, initial Pb(II) concentration, and
pH of the lead nitrate solution were held constant at 10 cm, 100
mg/L, and pH 6.5, respectively. The breakthrough curves for
different flow rates and the parameters of dynamic adsorption are
presented in the Figures 7A-C and Table 3. It is noted that the
rate of adsorption for both flow rates are fast at the beginning of
the process and reach a plateau value of 2 mL/min at 150 min. By
comparison, the use of a 4 mL/min flow rate yielded a significant
decrease to 50 min. The breakthrough time for both flow rates
occur before the first sample was collected, where the exhaustion
time for both flow rates are equal (270 min). Overall, a significant
change was not observed in the behavior of breakthrough curves
at a flow rate of 2 mL/min and 4 mL/min, except in the region
between 50 and 100 min. This trend occurs when the ratio of
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C/Cy for a flow rate of 2 mL/min is lower than that observed
for 4 mL/min. This implies that more Pb(II) ions were adsorbed
by the adsorbent in this region. Various column studies for the
adsorption of lead cations with different adsorbents have been
reported (Bulgariu and Bulgariu, 2013; Sabourian et al., 2016; Bai
and Venkateswarlu, 2018; Basu et al., 2019). In general, as the
flow rate in fixed-bed column increased, the breakthrough time
and exhaustion time decreased, where the breakthrough curves
for higher flow rate reach the saturation point more rapidly (Han
et al., 2006). Furthermore, as the flow rate increases from 2 to 4
mL/min, the maximum adsorption capacity increased from 1.5
to 2.2 mg/g. This may be related to the role of higher flow rate,
where greater levels of Pb(II) ions likely pass through the column,
as compared to lower flow rates. In turn, the use of lower flow rate
led to an increase in the maximum adsorption capacity.

Effect of Lead Concentration

The initial concentration of a heavy metal has a significant
effect on the behavior of the breakthrough curves in a dynamic
adsorption process since the concentration provides a driving
force to transfer the ions onto the active surface sites of the
adsorbent. Herein, the effect of Pb(II) concentration on the
adsorption process was studied in a dynamic system. Two
different Pb(II) concentrations (50 and 100 mg/L) at constant
flow rate of 2 mL/min were tested with a fixed bed height of
10 cm. As depicted in Figure 7B, the breakthrough shifted to the
left when the concentration of Pb(II) was 50 mg/L. As compared
with the 100 mg/L Pb(II) concentration, this shift is negligible
for the initial part of the breakthrough curve. This trend may
relate to the limited number of active sites on the surface of the
adsorbent pellet, which can be occupied rapidly by the Pb(II)
ions. The breakthrough curves showed that as the initial Pb(II)
concentration is 100 mg/L, the ratio of Ci{/Cy is lower than
the 50 mg/L for Pb(II), relating to the higher driving force at
elevated initial concentration of Pb(II). According to Table 3,
the breakthrough time for the initial Pb(II) concentration at 50
mg/L is 20 min and the exhaustion time is 210 min. Also, the
exhaustion time for 100 mg/L Pb(II) is 270 min, whereas the
breakthrough time could not be measured since the ratio of C{/Cy
for the first sample was higher than 0.05. Various studies have
shown (Ji et al., 2013; Shabtai et al., 2021) that as the initial
concentration of contaminants increase, the breakthrough time
and exhaustion time undergoes a decrease. Herein, an opposite
trend is reported, which may relate to the porosity of the material
and the driving force that occurs for elevated Pb(II) levels.
Moreover, as the concentration of Pb(II) increased from 50 to
100 mg/L, the value of q, increased from 0.5 to 1.5 mg/g, in
agreement with the estimated value of Qp, from the batch study
(cf. Table 2). This observation relates to the greater driving force
at elevated levels of Pb(II) species (Masukume et al., 2011).

Effect of Bed Height

The amount of adsorbent that can be packed within the column
directly affects the parameters of the breakthrough curves:
breakthrough time (t,), exhaustion time (t;) and the adsorption
capacity (qm). It can be understood that the amount of adsorbent
provides sufficient active sites on the surface for Pb(II) ions
in the influent solution. Herein two different bed heights of

10 and 20cm were investigated, while the other operating
parameters such as pH (6.5), flow rate (4 mL/min), and the initial
lead concentration (100 mg/L) was held constant. As noted in
Figure 7C, the breakthrough curves shifted to the origin and
the adsorbent reaches saturation more rapidly as the bed height
decreases from 20 to 10 cm. This phenomenon relates to trend
of the increased bed height, where more active sites are available
for Pb(II) ions to bind with the adsorbent. Hence, the time
required to reach the saturation point increases (Basu et al,
2019). Similar observations were reported for the adsorption
of lead onto Auricularia matrix waste (Qu et al., 2019). The
breakthrough time for 20 cm bed height is 20 min, whereas it
was not measurable for a 10 cm bed height since the ratio of
C/Cy for the first sample at the outlet exceeds 0.05. Moreover,
the exhaustion point increased from 270 to 420 min when the bed
height increased from 10 to 20 cm.

CONCLUSIONS

This study reports on the preparation and characterization of
several binary and ternary composite pellet materials that contain
chitosan (CP), kaolinite and agro-waste biomass (wheat straw
or oat hulls) at variable composition (cf. Table 1). The spectral
(NMR, IR) characterization and thermal analysis results provide
complementary support for the adsorbent characterization and
the role of non-covalent stabilization effects among the pelletized
components. The batch adsorption results for lead nitrate at pH
6.5 and 295 K reveal that such composites with greater agro-waste
biomass fractions displayed greater adsorption on account of
the lignocellulosic contributions due to the role of ion-exchange
sites for Pb(II). The optimal ternary composite containing the
oat hulls (CPKO40) had the following composition: chitosan
(50 wt.%) + kaolinite (10 wt.%) + oat hulls (40 wt.%), where
oat hulls and bentonite contribute to a negative surface charge
of the adsorbent at pH 6.5. The monolayer adsorption capacity
(Qm) of CPKO40 with Pb(II) had the highest Pb(II) adsorption
capacity (1,910 pg/g) in batch mode. The primary adsorption site
serves as ion-exchange for Pb(II), which was attributed to the
lignin fraction of the agro-waste biomass due to ionization of
the phenolic sites and negative surface charge of the adsorbent at
pH 6.5. The abundant ~OH groups of the polysaccharide fraction
(chitosan and (hemi)celluloses) were assigned as the secondary
sites due to the role of electrostatic interactions with Pb(II)
(cf. Figure 6). A dynamic column adsorption study was carried
out using a fixed-bed CPKO40 system to analyze the break-
through time dependence for the Pb(II) species, where greater
influent concentration and flow rate led to shorter breakthrough
times, while greater bed height led to longer breakthrough
times. Convergent uptake results for Pb(II) by the CPKO40
adsorbent (cf. Tables 2, 3) were demonstrated for the batch
mode and results from the fixed-bed column study herein.
CPKO40 was shown to be a sustainable adsorbent material for
the controlled removal of Pb(II) ions, especially for POU water
treatment. The valorization of low-cost agro-waste biomass,
such as oat hulls, was demonstrated by a 5-fold enhancement
of the Qn value for CPKO40 with Pb(II), as compared with
pristine chitosan pellet systems. The incorporation of oat hulls
up to 40 wt.% was achieved without covalent modification to
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yield stable ternary composite adsorbents in aqueous media
at pH 6.5. Further studies are underway to investigate the
removal properties of diverse waterborne contaminants using
such types of pelletized biocomposite adsorbent technology to
address global water security issues for the controlled removal of
contaminants (Shabtai et al., 2021).
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