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Abstract: The feasibility of using cellulose from Pinus spp.
sawdust from Zomba, Malawi, treated with commercial
and lemon-derived citric acid (CA) for ciprofloxacin (CFX)
adsorption from water has been tested. Different CA con-
centrations were used on NaOH-pretreated sawdust for cel-
lulose esterification. The material was analysed using a
variety of techniques. Adsorption tests for CFX were per-
formed using the batch method, and the data were analysed
using Langmuir, Freundlich, and Temkin’s isotherms. The
Fourier transform infrared spectroscopy (FTIR) and point
of zero charge results showed surface charges increasing
(hydroxyl, -OH, and carboxyl, -COOH groups) due to the
CA reaction. The Temkin model was the best fit for the experi-
mental data with R? test values of 0.9515, while pseudo-
second-order was the best fit (R? = 0.9999) in an exothermic
adsorption process. The adsorption efficiency was 83% on
0.8 g of the material at pH 4 in 20 mL (20 mg-L™") CFX. The
different CA concentrations during sawdust treatment had a
negligible impact on morphology. A regression analysis (R*
and p-values) of structural data showed that the particle size,
distance, and crystallinity index had negligible impact, while
surface charges and functional groups had a significant
impact on adsorption. Overall, the adsorption of CA-treated
sawdust material on CFX is satisfactory.

Keywords: pharmaceutical pollutants, ciprofloxacin, citric
acid-modified sawdust, Pinus sawdust decontamination

1 Introduction

Adsorption is one of the more effective methods for the
transfer, removal, and transformation of active pharmaceutical
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ingredients (APIs), and various adsorbents have been
designed for such applications. The drug delivery applica-
tions of adsorbents include pH-sensitive, temperature-
sensitive, and porous adsorbents used for the delivery
of drugs, such as ultrasonic hydrogels for ciprofloxacin
(CFX), oligo-p-aminoesteruratan hydrogen for doxorubicin,
and chitosan for paclitaxel [1]. The environmental applica-
tion includes the removal of pollutants such as drugs and
heavy metals from wastewater. Adsorbents have proved
superior to conventional water treatment options due to
their flexibility in design and operation, low energy con-
sumption, high removal efficiency, nontoxic secondary hy-
products and sludge, and compatibility with other water
treatment systems [2]. Adsorbents such as activated charcoal
have also been used to treat chemical overdoses in the sto-
mach [3]. Studies have also tested the potential of using kaolin
and bentonite for gut decontamination of fluoroquinolones
(CFX hydrochloride, ofloxacin, and norfloxacin) [4]. Adsor-
bents have also been used in analytical and environmental
sciences as solid-phase extraction platforms during sample
pre-treatment techniques [5].

The adsorption process interfaces of materials are
affected by several factors, such as the presence of water
molecules (due to the presence of hydroxyl groups), salts,
adsorbent particle size, adsorbate solubility, ionization,
pH, and the sample matrices that keep evolving due to
industrialization growth and social demands and chal-
lenges. These factors have led to limitations among devel-
oped adsorbents, which has raised the need for further
studies on the widely developed and used adsorbents to
have more and improved adsorbents. Biomass-derived
materials are promising three-dimensional (3-D) adsor-
bents due to their large surface area, versatile surface
chemistry, easy separation from aqueous media, and easy
availability. They are also passive, eco-friendly, renewable,
and cost-effective, and there is a growing interest in their
research [6,7].

Fluoroquinolones are an important and widely pre-
scribed group of antibiotics [8], and CFX is one of the
most prescribed antibiotics in this group. CFX is adminis-
tered orally, and 15% is metabolized, 45-62% is discharged
unchanged in the urine, and 15-25% in faeces. CFX is one of
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the drugs that are also widely found in environmental
water, such as domestic wastewater and wastewater from
hospitals, with as much as 31 mg-L ™ being reported from a
study in India that worked on effluents of a wastewater
treatment plant for pharmaceutical industries [9]. It is also
faced with drug overdose in humans [4], and it has delivery
challenges to wounds and the stomach [10]. Attempts have
already been made to develop adsorbents for antibiotics like
CFX from aqueous media, such as wastewater, and these
include activated carbon [11], zeolite [12], montmorillonite
[13], kaolinite [14], goethite [15], magnetite [16], birnessite
[17], and pumice [12]. However, due to the challenges men-
tioned above, further investigations on adsorbents from
biomass are being pursued to produce economical and
eco-friendly processes and materials [16,18]. Pinus spp. is
an abundant biomass with many wastes and by-products,
including sawdust. In particular, sawdust is often thrown
away but is now commonly utilized as an additive to feed-
stock and for making useful products related to this work,
such as adsorbents and biochar. Pinus spp. sawdust is also
one of the renewable biomass resources rich in lignin, cel-
lulose, and hemicellulose, which have become sustainable
and excellent sources for adsorbent production [18-20].
However, many studies have focussed on the production
of biochar rather than the utilization of the raw material
through surface and morphological changes. Biochar pro-
duction involves chemicals and methods that are expensive,
high-energy-dependent, and not eco-friendly [18,20]. Further-
more, different sawdust materials from different species
have also shown different elemental compositions, such as
differences in C, O, H, N, and S atom contents and percent
compositions, which may affect their natural and modified
physicochemical properties [21]. Citric acid (CA) is naturally
occurring, relatively low in toxicity, food-grade, less corro-
sive, and a cheap acidic chemical modifier [20,22]. Therefore,
this study presents a chemically modified low-cost and low-
toxicity cellulose adsorbent derived from the sawdust of
Pinus spp. from Malawi prepared from varying concentra-
tions of CA, a green acid. The adsorbent was utilized for CFX
adsorption in aqueous media to remove it as a simulation for
wastewater and gut decontamination, drug delivery, and
solid-phase extraction.

2 Materials and methods

HPLC-grade CFX, Cy7H;gFN303 (298% purity from Sigma
Aldrich/Merck), was analysed using a Shimadzu UV-Vis-
NIR spectrophotometer UV-3600. The solution pH was
measured using a SevenExcellence-Modular Multi-Channel
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Benchtop pH meter. A DragonLab SK-0330-Pro shaker was
used for adsorbate and adsorbent agitation during the batch
adsorption method. Boeco filters were used to filter the test
materials after adsorption tests. A stainless-steel fine-mesh
strainer was used to sieve the sawdust materials. A
PerkinElmer Spectrum 100 Fourier transform infrared spec-
troscopy (FTIR) spectrometer was used to identify the func-
tional groups. Variable particle size sawdust powder was
collected from Zomba plateau, Malawi, where Pinus spp.
(Pinus patula, Pinus orcapa, Pinus kesiya, and Pinus taeda)
trees are grown and sustainably milled into wooden pro-
ducts. Analytical-grade NaOH, CA, NaCl, and HCl purchased
from Merck (SA) were used. All salts and standards for CFX
were prepared using deionized water. All analyses were
done in duplicate.

2.1 Synthesis of citric acid-treated sawdust
cellulose (CATSC)

Meftahi et al. described the reaction between cellulose and
CA [23]. Figure S1 shows the pathway for the esterification
and partial crosslinking of cellulose in CA solutions.

2.1.1 Step 1 (S1): Sawdust preparation

Sawdust powder was collected and dried thoroughly under
a shade at room temperature, sieved using a stainless-steel
fine mesh strainer to yield fine-sized (<700 pum) particles,
and kept in glass bottles for further studies.

2.1.2 Step 2 (S2): Removal of dust, iron fillings, and
water-soluble extractives

A mass of 100g of fine sawdust powder was added to
2,000 mL of distilled water (pH = 7) and stirred at ~25°C
for 1h using a magnetic stirrer. The supernatant liquid was
decanted, and the stirrer was removed (covered with iron
fillings). The sawdust was washed repeatedly with deio-
nized water and dried in an oven at 60°C until constant
mass (~24 h). About 1 g of the sawdust powder was used for
characterization.

2.1.3 Step 3 (S3): Treatment with sodium hydroxide

The S2 sample was taken into a 2,000 mL beaker and mixed
with 2,000 mL of 0.025 M NaOH. The mixture was stirred
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for 1h using a magnetic stirrer at ~25°C. The supernatant
liquid was decanted, followed by repeated washing with
deionized water until it reached a neutral pH. The material
was dried in an oven at 60°C until a constant mass (~24 h).
About 1g of the sample was used for characterization.

2.1.4 Step 4 (S4): Treatment with CA

To six beakers (250 mL) containing 5 g of S3 sample each,
50 mL of different concentrations (0.14 M, 0.28 M, 0.42 M,
0.56 M, 1.12 M, and lemon extract) of CA was added. Lemon
juice was extracted by cutting, squeezing, filtration, and
centrifuging. The S3 sample and CA mixtures were stirred
using a magnetic stirrer for 30 min at ~25°C and then
heated in an oven at 60°C for 100 min. Excess CA was dec-
anted from the CATSC sample beakers and washed with
excess water until neutral. The CATSC was dried in an oven
at 60°C until constant mass (48 h). The CATSC was kept in
tightly closed glass bottles until analysis. About 1g of the
sample was used for characterization.

2.2 Material characterization

Different characterization methods were used to deter-
mine the material morphology, functional groups, and sur-
face charges. The point of zero charge (PZC) (using the salt
titration method) was used to identify surface charges.
Transmittance FTIR spectroscopy (Perkin Elmer Spectrum
100 FTIR) was used to identify surface functional groups
with four scans per minute in the 4,000-400 cm™ range. A
scanning electron microscope (SEM) (Zeiss EVO MA 15 EDS/
WDS SEM) and a scanning transmission electron micro-
scope (STEM) (using Zeiss Merlin FEG SEM) were used to
determine the morphology of the materials. Elemental
composition was determined using a Zeiss EVO MA 15
EDS/WDS SEM. An X-ray diffractometer (Rigaku MiniFlex600)
was used to determine the crystallinity (crystallinity index
and crystallite size) with Cu-Ka radiation at 45kV and
15 mA from 3 to 90° at a scanning speed of 10° per minute.

2.2.1 PZC determination using the salt titration method

PZC was determined using two salt addition methods, as
reported in the literature. The first method was reported
by Bakatula et al. [24]. This involved the addition of iden-
tical amounts of 40.0 mL of 0.1 M NacCl solution to nine
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50 mL beakers containing 200 mg of CATSC substrate. The
pH of each beaker was adjusted using 0.1 M HCl and 0.1 M
NaOHt02,3,4,5,6,7,8,9,and 10 (+0.1 pH units). The initial
pH (pH;) was measured, followed by shaking and mea-
suring the pH (pHy) again after 24 h of shaking. The two
pH values for each beaker were used to calculate the pH
change (ApH). A pH; vs ApH graph was plotted.

The second method was reported by Al-Maliky [25]. In
this method, seven pairs of 50 mL Erlenmeyer flasks con-
taining 20 mL solutions and 1g each with different pH
values were prepared with different amounts of HCl and
NaOH solutions (HCl:NaOH:H,0) ratios: 5:0:15, 4:0:16, 3:0:17,
2:0:18, 0:0:20, 0:3:17, and 0:5:15. The mixtures were shaken
for 1h, followed by an initial pH measurement (pH;). Then,
1mL of 0.1M NaCl was added to each flask and again
shaken for 30 min, followed by a final pH (pHy) measure-
ment. The data were used to calculate the change in pH
(ApH) to plot a graph of pH; vs ApH. The graph projection’s
vertical point is the PZC.

2.3 Adsorption studies
2.3.1 CFX preparation

The stock solution was prepared by dissolving the CFX
powder in deionized water containing 3mL of 0.1M HCl
solution. A 100 mg-L ™ solution was prepared by dissolving
100 mg of pure CFX in a 1 L volumetric flask. The stock
solution was diluted to prepare lower concentrations.

2.3.2 Batch adsorption method

The batch adsorption method was used at different adsor-
bent masses (10-1,000 mg), temperatures (10-65°C), loading
doses (0.5-20 mg-L ™), and pH (2-12 adjusted by the addi-
tion of 0.1 M HCl or 0.1 M NaOH dropwise, and contact time
of 5-360 min). All experiments, except the mass effect of
the parameter studied, were done at 300 mg, 20 mL CFX
solution, 25°C, 40 min, 150 rpm, and 20 mg-L™* CFX. After
analysis, the supernatants were filtered using BOECO filter
papers (grade 3 hw, 65 g-'m % 125 mm). The CFX concentra-
tions of the control, blank (containing deionized water and
3mL HCI used in API dissolution), and test materials were
analysed using a Shimadzu UV-Vis-NIR spectrophotometer
UV-3600 at an average wavelength of 276 nm. Sample con-
centrations were derived from a calibration curve pre-
pared from different concentrations of CFX.
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2.4 Data analysis

The data were assessed for mean + SD, adsorption or
removal efficiency (%), adsorption capacity, and adsorp-
tion isotherms [26]. OriginPro 2020b and Microsoft Excel
software were used to draw the spectral graphs, tables, and
analyses. Image] software was used to analyse SEM and
STEM images and to calculate particle area, size, and
inter-particle distance. Correlations between different influ-
encing parameters were calculated using STATA 17.0 SE —
Standard Edition.

CFX adsorption capacity was calculated using the fol-
lowing equation:

- (Ci B Ce)V
m

A M
where ¢, is the adsorbed CFX amount (mg-g ") at equili-
brium time; V is the solution volume (L); m is the adsorbent
amount (g); and C, is the equilibrium CFX concentrations
(mg-L™Y at equilibrium time t.

The percent removal or removal efficiency of CFX was
calculated using the following equation:

G- C
R% = % x 100 V)

0

where C; is the final CFX concentration and Cj is the initial
concentration at t = 0. Calibration curves were plotted
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using seven concentrations of standard CFX solutions:
0.5, 1, 5, 10, 15, and 20 mg-L™" and a blank.

Adsorption kinetic data were fitted to the pseudo-first
order and pseudo-second order model equations. Adsorption
isotherm data were fitted to Freundlich, Langmuir, and
Temkin isotherm models. Thermodynamic parameters
were calculated at 10°C, 20°C, 30°C, and 45°C with CFX
concentrations ranging from 5 to 20 mg-L™. Gibb’s free
energy change (AG"), enthalpy change (AH®), and entropy
change (AS®) were calculated using standard equations
[27]. Adsorption data and the CATSC property correlations
were statistically evaluated using regression coefficients
(R* and p-values).

3 Results

3.1 Material characterization
3.1.1 FTIR spectroscopic analysis

The untreated sawdust cellulose (USC) and CATSC material
showed various peak characteristics of the cellulose and
sawdust materials. Figure 1 and Table S1 summarize the
functional groups identified in the materials.
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Figure 1: Stacked FTIR absorption spectra of the USC and CATSC materials.
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Based on the results, 0.14 and 0.28 M citric-treated cel-
lulose were selected and used as the best adsorbents for
the subsequent tests. The lemon-treated material was not
used despite having a better removal efficiency compared
to the 0.28 M material due to the limited amount of juice
needed to produce enough adsorbent for the tests.

3.1.2 PZC

The PZC of 0.14 M CATSC was evaluated and found to be 2.3,
indicating that the adsorbent’s surface was negatively
charged above pH 2.3 and positively charged below it.
Figure 2 shows the results of the two PZC tests.

3.1.3 XRD characterization

The XRD characterization data shown in Figure 3 were
used to compare crystallinity using the crystallinity index
and crystallite sizes of the materials treated with different
CA concentrations.

The data shown in Figure 3 were used to calculate the
crystallinity index using the peak height method, which is
known to undervalue the CI but is good enough for com-
parative analysis [28]. The crystallite size was also calcu-
lated from the data using the Scherrer equation. Table 1
shows the calculated CI and crystallite sizes.

The results show that the CI and crystallite sizes differ
for the CATSC with concentration changes, although the
differences did not follow any pattern (Table 1).
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Figure 2: PZC determination for 0.14 M CATSC by the methods of
Bakatula et al. (black) [24] and Al-Maliky et al. (red) [25].
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Figure 3: XRD peaks showing the intensities for various CATSC materials.

Table 1: Crystallinity index and crystallite sizes of the USC and CATSC
materials

Material Crystallinity Crystallite
index (CI) size (nm)

Unwashed, 32.24 2.73

untreated

Washed untreated 20.69 N/A*

NaOH-treated 4176 2.00

0.14 M 23.90 1.93

0.28 M 16.26 2.52

0.42M 28.28 N/A*

0.56 M 33.64 2.16

1.12M 25.64 N/A*

*N/A: not calculated due to lack of data from the instrument measure-
ments. Manually generated ones would not provide a good comparative
analysis with the automatically generated ones.

3.1.4 SEM and STEM analysis

3.1.4.1 Material elemental composition

The changes in the elemental composition of the materials
along the treatment line were monitored using SEM EDX,
from which the amounts and distribution of the elements
were calculated. Significant changes in the C and O atom
concentrations were observed in the 0.14 M CATSC mate-
rial compared to the other materials treated with different
acid concentrations. Figure 4 (left) shows how the distribu-
tion was measured for one of the materials (0.14 M CATSC).
Figure 4 (centre) shows the morphological changes, parti-
cularly the surface changes in terms of the pores and
breakage of the cellulose, lignin, and hemicellulose struc-
tures, that occurred after the treatment with different
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Figure 4: Selected images of the CATSC (0.14 M) material (left: EDX; middle: 300x SEM and right: 12,000x STEM).

Table 2: Elemental composition of USC and CATSC materials

Material Carbon Oxygen c/0 Standard deviation
(€) (0) ratio
content  content Carbon  Oxygen
content content
Unwashed, 56.76 43.23 1.31 4.20 419
untreated
Washed, 54.74 50.97 1.07 2.06 2.04
untreated
NaOH- 54.09 45.78 1.18 0.32 0.38
treated
0.14 M 66.96 33.04 2.03 0.97 0.97
0.28 M 54.60 45.39 1.19 0.75 0.77
0.42M 53.94 46.00 1.17 0.61 0.63
0.56 M 54.82 45.17 1.21 0.96 0.97
1.12M 52.72 47.23 112 1.46 1.50

concentrations of CA. Figure 4 (right) shows the irregularly
shaped particles and the distribution and sizes of the amor-
phous (dark) and crystalline (light) areas.

Table 2 compares the elemental composition changes
found for all the material phases and their distributions.

The larger elemental standard deviation showed huge
elemental distribution variations across the material sur-
faces, which meant a non-uniform material structure.

3.1.4.2 Particle analysis

The STEM images (Figure 4) were analysed for amorphous
and crystalline particles’ average distances and areas or
sizes. Tables 3 and 4 summarize the results.

3.2 Adsorption of CFX on USC and CATSC
materials

The USC and CATSC materials from different CA concentra-
tions were comparatively tested for CFX adsorption. Figure 5
summarizes the adsorption results for the USC and CATSC
materials.

Table 3: Particle area and particle distances of the amorphous particles in the untreated and CATSC materials based on STEM image data

Material Amorphous
Particle area/size (pmz) Particle distance (pm)
Mean Min Max sD Mean Min Max sD

Untreated, unwashed 0.027 0.0008 1.451 0.102 2.118 0.331 6.128 1.261
Untreated, washed 0.01 0.0008 11.443 0.158 6.115 0.797 18.485 3.552
NaOH-treated 0.167 0.0008 13.794 0.608 2.196 0.499 5.946 1.251
0.14M 0.004 0.0004 9.686 0.09 0.507 0.037 2.074 0.408
0.28M 0.002 0.0004 28.485 0.1 0.085 0.027 0.334 0.05
0.42M 0.094 0.0008 1.718 0.21 3.203 0.644 10.704 2.211
0.56 M 0.006 0.0008 4.502 0.095 0.921 0.048 12.069 1.717
1.12M 0.002 0.0004 87.806 0.238 0.087 0.024 0.306 0.066
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Table 4: Particle area and particle distances of the crystallite particles in the untreated and CATSC materials based on STEM image data

Material Crystalline
Particle area (pmz) Particle distance (pm)
Mean Min Max SD Mean Min Max SD
Untreated,unwashed 0.001 0.0008 0.256 0.0Mm 3.521 0.553 10.614 1.993
Untreated, washed 0.0009 0.0007 0.643 0.007 0.295 0.049 1.828 0.31
NaOH-treated 0.001 0.0008 0.253 0.005 0.728 0.083 2.384 0.484
0.14 M 0.0009 0.0004 1314 0.005 0.073 0.024 0.209 0.04
0.28 M 0.001 0.0004 0.612 0.005 0.076 0.024 0.512 0.083
0.42 M 0.0009 0.0008 1.189 0.01 0.498 0.037 4.414 0.547
0.56 M 0.001 0.0008 0.368 0.006 0.205 0.042 0.979 0.178
1.12M 0.0006 0.0004 0.706 0.005 0.22 0.023 0.778 0.188
CFX adsorbed to different USC and CATSC materials
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Figure 5: CFX removal efficiencies of the various cellulosic materials.

The results presented in Figure 5 show that at pH 4 with
20mL of 20mgL™ using 0.3g of the adsorbate, CATSC
treated with 0.14 M had the highest CFX removal efficiency
of 74%, followed by lemon CA (65%), 0.56 M CA (62%), 0.28 M
CA (61%), 0.42 M CA (53%), 1.12 M CA (39%), untreated washed
cellulose (36%), and untreated unwashed cellulose (36%).

However, the activity showed an irregular removal
efficiency trend among the CATSC materials as the CA con-
centration increased, as shown in Figures 5 and 6.

3.3 Factors that affected the removal
efficiency and capacity of the best-
performing materials

Various factors were evaluated to find out how they would
affect the CFX adsorption efficiency of the 0.14 and 0.28 M
CATSC materials, and the assessed parameters were the

reaction time, mass of adsorbent used, pH of the reaction
solution, loading dose of CFX, and temperature.

3.3.1 Effect of a loading dose or initial concentration on
the removal efficiency of CFX

Different loading doses of CFX were tested to determine
their effects on removal efficiency. The results showed that
the increase in loading dose decreased the removal effi-
ciency. Figure 7a shows a summary of the results.

3.3.2 Effect of adsorbent dose on the removal efficiency
of CFX

The increase in the adsorbent dose also increased CFX
removal efficiency. Figure 7b shows the graph of removal
efficiency as the adsorbent dose increased.
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Table 5: Isotherm data for 0.14 M CATSC adsorption on the CFX

Models Constants Value
Highest efficiency % 83
Highest adsorption capacity ~ mg-L™ 2.04
Freundlich Equation Ing, = Ink; + %lnCE
R 0.7868
ng 0.6173
K¢ 0.3566
Langmuir Equation 1 L[L] L1
Qe Kiqm|Ce Im
R? 0.6721
Qm (mg:g™)  -0.5395
ke -0.1435
R 1.0773
Temkin Equation Ge = BrIn AT + Brin Ce
R? 0.9515
B 0.8570
Kt 0.7051
Thermodynamic parameters  Equation AG® = -RT In K,
AH -6.0184
AS -33.3724
AG (10°C) 3.4853
(25°C) 3.851
(35°C) 4.1761
(45°C) 4.695
Pseudo-first-order Equation In(Ge — gv) = In ge — Kyt
R? 0.7296
Ky -0.0024
Ge 0.3998
Pseudo-second-order Equation t_ 1 .1
Qe kzqez e
R? 0.9999
K> 1.03
Ge 1.0398
Intraparticle diffusion Equation q, = Cid + Kigt*
R? 1,1, 0.9768, 1
Chemisorption Equation a4l )
e “[q:] * Kae
R? 0.9981
Ge 0.9158

3.3.3 Effect of solution pH on the removal efficiency
of CFX

The pH of a solution plays a significant role in the adsorp-
tion processes because it determines the adsorbent surface
charges and, hence, the nature of interactions between the
adsorbate and adsorbent [29]. A series of experiments were
performed using 20 mg-L™" CFX solutions at different pH
values (ie., pH 2-12) to investigate the effect of pH on
removal efficiency, and the results are shown in Figure 7c.

Figure 7c shows that the percentage removal of CFX
increased with the increasing solution pH until the max-
imum removal occurred in the pH range of 4.5-5. The
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CFX removal efficiencies of materials treated
with different citric acid concentrations

Removal efficiency
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Figure 6: Removal efficiency trends.

removal efficiency decreased slightly to pH 6, after which
the efficiency increased slowly. The removal efficiency
behaviour was attributed to the adsorbents’ surface charge
and the CFX state across the different pH ranges. The sub-
strate’s performance depends on many factors, such as
surface functional groups, the presence or absence of
anions and cations, the availability and size of the porous
structure in the precursors [30] and the PZC, or isoelectric
point, a pH value at which the surface charge components
become equal to 0 (equal amounts of positive and negative
charges). The differences in the performance of the mate-
rial at varying reaction pHs are attributed to the chemical
changes observed in both the material and the CFX across
the pH gradient. This is illustrated in Figure 7d, which
highlights the zwitterionic state of CFX (pH 6-9) [24].

The CFX molecules exist in various forms at different
pH values. The first dissociation constant (pKa;) corre-
sponds to the carboxylic acid group, and the second acid
dissociation constant (pKa,) corresponds to N-moiety groups.
When the pH is less than pKa;, the amine group is proto-
nated, and the CFX" (cationic) form dominates the solution.
When the pH value exceeds pKa,, the carboxyl and N-moiety
groups get deprotonated, giving CFX™ (anionic) form as a
dominant species [26].

3.3.4 Effect of contact time on the removal efficiency
of CFX

Contact time was also studied to determine its effect on CFX
adsorption on the material. Figure 7e shows the trends in
removal efficiency with time.
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Figure 7: (a) Effect of loading dose on the removal efficiency of CFX. (b) Effect of adsorbent dose on the removal of CFX. (c) Removal efficiency as a
factor of pH. (d) States of CFX in different pH solutions and schematic illustration of the mechanism of adsorption for zwitterionic CFX onto CATSC
materials via H-bonding, electrostatic attraction, and m-Tt interactions. (e) Effect of contact time on the removal efficiency of CFX. (f) Effect of
temperature on the adsorption of CFX.
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Figure 7e shows that removal efficiency increased at a
decreasing rate of up to 75% at 40 min when the CFX
removal remained almost constant, showing that an equi-
librium state had been reached.

3.3.5 Effect of temperature on the removal efficiency
of CFX

The temperature effect on the CFX removal efficiency of
the material was investigated, and it was found that the
temperature increase reduced the removal efficiency of
the material. Figure 7f shows a plot representing the
phenomenon.

3.4 Adsorption isotherms

Adsorption can occur through various mechanisms, such
as cation exchange, surface complexation, cation bridging,
and hydrogen bonding. Adsorption processes can be clas-
sified mainly into two groups: chemical adsorption and
physical adsorption. In physical adsorption, the forces
between the adsorbate and solid surface are relatively
weak (mostly van der Waals interactions), while the forces
in chemical adsorption are strong. In chemical adsorption,
the formation of chemical bonds takes place between the
adsorbate and the solid surface. In physical adsorption, the
nature of the process is reversible. However, in chemical
adsorption, detachment of adsorbed compounds from a
solid surface can be difficult [19,31,32]. Typically, the adsorp-
tion process relies on many steps, i.e. three consecutive steps
[33]. The three steps start with an improvisation or external
adsorption process, followed by an intraparticle diffusion
phase that involves gradual adsorption occurring when
intraparticle diffusion is rate-limiting, and lastly, a final
equilibrium phase when intraparticle diffusion slows down
because of the significant decrease in the adsorbate concen-
tration. Intraparticle diffusion is a rate-limiting step when the
regression line passes through the origin. When the regres-
sion line does not pass through the origin, other mechanisms,
apart from intraparticle diffusion, contribute to the adsorp-
tion process [34]. These parameters were investigated to
determine if they had an impact on the adsorption process.

Adsorption isotherms were determined by Langmuir,
Freundlich, and Temkin’s isotherm models, which were
applied to the adsorption experimental data to investigate
the nature of the interaction between CFX and the mate-
rials. The analyses and results of the isotherms are sum-
marized in Table 5 and described below.
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3.4.1 Langmuir isotherm model

The Langmuir isotherm model is described by the fol-
lowing linearized expression [35,36]:

r_1 [L] L b
4. qum Ce n
where ¢, is the adsorption capacity determined at equili-
brium (mg-g™); ¢ is the maximum adsorption capacity
(mg-g™; and kg, is the Langmuir constant (L-mg ). The
Langmuir plot constructed between 1/q. and 1/C, yielded

- 1.85 with a correla-

a straight-line equationqie =12.92 Cle
tion coefficient (R%) = 0.6721 (Figure S2 and Table 5).

The q, and k;, values were calculated and found to be
-0.5395mg-g ! and —0.3119 L'mg ", respectively. The most
characteristic property of the Langmuir isotherm is given
by RL (separation factor, a dimensionless quantity), where
RL = 0 indicates irreversible isotherm; 0 < RL < 1 indicates
favourable isotherm; RL =1 indicates linear isotherm; and
RL > 1 indicates unfavourable isotherm [37]. The RL value
(at initial CFX concentration) was calculated to be 1.0773
using the expression RL = 1/1 + k;C;, where C; is the initial
adsorbent concentration (mg-L™). The RL value is greater
than 1, and the negative slope in this study indicates that
the Langmuir isotherm equation is an unfavourable fit; the
material surface is homogenous and gives non-monolayer
adsorption of CFX [38].

3.4.2 Freundlich isotherm

The Freundlich isotherm model is described by the linear-
ized expression

1
m%=mm+;mg

where k¢ is the adsorption capacity and n is the intensity of
adsorption.

When the Freundlich constant (1/n) is between 0 and 1,
it means heterogeneous surfaces; if the value of n > 10, then
the isotherm is irreversible, while n > 1 means preferential
adsorption and “n” <1 means poor adsorption [39]. The
Freundlich plot constructed between In g, and In C, yielded
a straight line with a coefficient of correlation of R* =
0.7868, as shown in Figure S3 and Table 5.

The kr and n values were calculated and found to be
0.3566 and 0.6173, respectively. The low value of n (<1)
showed that there was poor adsorption potential, while
the value of 1/n > 1 (1.6573) means cooperative adsorption
and homogeneity [36].
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3.4.3 Temkin isotherm

The Temkin’s isotherm model is described by the linear-
ized expression [40]

G, = BrIn AT + Br In C;

where By (heat of adsorption in J-mol™) = Ry/br; A is the
equilibrium-binding constant of the isotherm L-g™%; by is
the Temkin isotherm constant; R is the universal gas con-
stant (8.314 ] mol “K™); and T is the temperature (298 K).
Temkin’s plot constructed between g, and In C. yielded a
straight line with a coefficient of correlation of R* = 0.9515,
as shown in Figure S4 and Table 5.

The K; and By values were calculated and found to be
0.7051L-g™* and 0.8570 J-mol™, respectively. The positive
value of BT indicated that the reaction was exothermic.
This result agreed with the observation that an increase
in temperature led to a decrease in removal efficiency.

The correlation coefficients for Langmuir, Freundlich,
and Temkin’s isotherm models indicated a weak relation-
ship between the chosen variables, as the R? values were
less than 0.99. However, the Temkin isotherm model had a
higher correlation coefficient (0.9308) than the Freundlich
(0.8491) and Langmuir (0.7704) isotherm models. In addi-
tion to the R? value calculation, a statistical approach (an
error function called chi-square) was used to compare the
goodness of fit of the adsorption isotherms. The chi-square
values for the Langmuir, Freundlich, and Temkin iso-
therms were 0.8840, 0.9262, and 0.9837, respectively. The
highest R* and y* values were obtained using Temkin’s
model, indicating that it best described the uptake of CFX.

3.4.4 Adsorption thermodynamics

The orientation and feasibility of CFX uptake into the mate-
rial were assessed thermodynamically using Gibb’s free
energy (AG®) at room temperature using the following
equation:

AGY = -RTIn K,

where K. (equilibrium constant) = g, x1,000/Ce; R is the
universal gas constant (8.314 J-K “mol%); and T is the abso-
lute temperature (K). Figure S5 and Table 5 show the ther-
modynamic model plot.

AG® was calculated and found to be 4.695kj-mol™,
while AH® and AS® were —6.02 and —33.37 k]'mol " respec-
tively. Hence, the positive uptake of CFX onto chemically
modified material was non-spontaneous and thermodyna-
mically unfavourable. This meant an increment in tem-
perature (>298 K) would affect the uptake of CFX, which

DE GRUYTER

was also observed experimentally when the effect of tem-
perature on adsorption capacity and removal efficiency
were investigated. A negative AH value suggests that the
sorption process was exothermic, as also shown in the
temperature effect in this study (temperature). A negative
AS value suggests decreased randomness at the solid-solu-
tion interface during the adsorbate fixation at the adsor-
bent’s active sites. This also meant that solvent molecules
occupying the adsorbent surface were not easily displaced
by CFX molecules, which might have hindered the adsorp-
tion capacity [41].

3.4.5 Adsorption kinetic model

Pseudo-first-order and pseudo-second-order kinetic models
were used to study the efficiency of CFX removal.

3.4.5.1 Pseudo-first-order kinetic model

The linearized pseudo-first-order kinetic model is repre-
sented by In (q. - q9) = In q. - kit, where q, is the adsorbate
amount in mg on to adsorbent (g) at time ¢ (min) and k; is
the rate constant (min). Ln(q. - q;) was plotted against ¢
and provided a straight correlation of In(q. — q) = —0.0969¢t
—0.9169 with a coefficient of correlation (0.7296), as shown
in Figure S6 and Table 5.

The data satisfied the pseudo-first-order requirements
for 1 point only; the experimental (1.0333) and calculated
(0.3998)q. values are far from each other. The low R? value
also indicates that the kinetic model did not fit the experi-
mental data.

3.4.5.2 Pseudo-second-order model
The adsorption data were analysed for a pseudo-second-
order kinetic model equation thus:

t 1 1

. ke 4

where k, is the pseudo-second order rate constant
(gmgmin). A plot of /g, against t was obtained (Figure S7
and Table 5), which provided a straight-line equation t/q, =
y = 0.9617t + 0.8980 with a correlation coefficient equal to
0.9999.

The g, value was calculated from the plot and found to
be 1.04mg-g™", which is very close to the experimental
value of 1.03mg-g™". The pseudo-second-order correlation
coefficient (R* = 0.9999) was very high and close to 1, with
all the data points on the line of best fit. Therefore, the data
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best fit the pseudo-second-order kinetic model and sug-
gests that the adsorption of CFX is favoured or controlled
by the chemisorption process, supporting the multilayer
adsorption onto the adsorbent surface. This suggests that
the adsorption process involved intermolecular interac-
tions between the material and CFX molecules, particularly
close contacts such as m-m interactions and hydrogen
bonding [39].

3.4.6 Kinetic adsorption mechanism

The kinetic adsorption mechanism was analysed using the
Weber and Morris intraparticle diffusion model and the
diffusion—chemisorption model [36].

3.4.6.1 Intraparticle diffusion model
The intraparticle diffusion model was used on the data to
investigate the rate-determining step [36]. The equation for
the Weber and Morris intraparticle diffusion model is illu-
strated using the following equation:

g, = Cid + Kt

where Kjq is the intraparticle diffusion rate constant
(mg-g *min™?) and Cid is the boundary layer thickness
(mg-g™"), which is a constant parameter. The plot of g
versus t'* yielded a multilinear relationship, as shown
in Figure S8 and Table 5, which means that the adsorption
process involved different phases of the material.

The linear equation provided the intercepts of 0.7869,
0.4038, and 1.0324, which suggests that intraparticle diffu-
sion might have played a significant role in the adsorption
of CFX but was not a rate-determining step because the
regression line did not pass through the origin (0) [42].
However, the lower R* value suggests otherwise.

3.4.6.2 Diffusion-chemisorption model

The diffusion—chemisorption model was selected to describe
the adsorption of CFX onto the CATSC. The equation is
expressed as follows:

1
22 1[1
4

where Ky, is the diffusion—chemisorption rate constant.
The plot of (t%/q) versus t'? yielded a straight line with
a coefficient of correlation of R? = 0.9976, as shown in
Figure S9 and Table 5.

The curve fits well with the diffusion—-chemisorption
model because the greater coefficient of correlation value
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(R* = 0.9981) is closer to 1 than the intraparticle diffusion
model (R* = 0.5405). In addition, the calculated g (0.9158 mg-g ™)
obtained by the slope of the diffusion—chemisorption equa-
tion was closer to the experimental ¢, (1.03 mg-g™"). Hence,
the adsorption of the drug could be well described by the
diffusion—chemisorption model.

The intraparticle model plot shows that the intrapar-
ticle diffusion had a limited impact on the solute adsorp-
tion behaviour portrayed by the material and was not
typical of the behaviour mostly portrayed by porous mate-
rials [34]. The high parameter value showed that the effect
of the boundary layer was also responsible for the adsorp-
tion of CFX on the material. This meant that CFX adsorption
was also influenced by the material’s high surface area and
functional groups [38,41]. Therefore, the adsorption rate of
CFX to the material was determined by liquid film diffusion
and surface adsorption [39,43].

4 Discussion

Sawdust is a multicomponent structural material com-
posed of several aromatic polymers of lignin, carbohy-
drates, and non-structural components called extractives.
The aromatic polymer of the lignin group comprises com-
pounds such as p-coumaric acid, ferulic acid, caffeic acid,
sinapic acid, vanillin, syringaldehyde, and vanillic acid.
The carbohydrate fraction is mainly composed of hemicel-
lulose and cellulose [44]. The extractives are a complex
myriad of fats, waxes, proteins, terpenes, gums, resins,
simple sugars, starches, phenolics, essential oils, pectins,
mucilages, glycosides, saponins, fatty acids, sterols, and
flavonoids [45]. Therefore, the diverse functional groups
identified in the treated and untreated material originate
from all the mentioned compounds. However, the reac-
tions in this study targeted cellulose, as it is known to react
with CA to introduce acidic functional groups in the mate-
rial. However, the presence of other substances might
interfere with this reaction. The materials were chemically
and morphologically characterized using various techni-
ques, followed by adsorption and kinetic studies.

4.1 Material characterization

The first characterization tool was FTIR, which evaluated
the functional group composition of the materials after
the reactions. The functional group composition changed
when the sawdust was subjected to various treatments
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(water, NaOH, and CA). When the material was treated
with CA, the free primary alcohol groups in the cellulose
reacted with some carboxyl groups in the CA (Figure S1).
This explains the variations in the amount of OH groups
when different amounts of CA were used (Table S1, Figure
1). This signalled a successful reaction between the CA and
cellulose. The interaction of the sawdust with water and
NaOH also brought changes that could be due to the sapo-
nification of esters associated with methylated carboxyl,
which increases the number of free carboxylate groups.
NaOH treatment also releases free primary alcohol groups
esterified in cellulose molecules. The water and NaOH also
remove low-molecular-weight soluble substances called
extractives [46,47]. These phenomena may explain the
increases in the peaks associated with the OH functionality
in the FTIR data (Figure 1 and Table S1). The hydroxyl groups
in cellulose could also combine with CA anhydride to form
some ester linkages (peaks at 2,898-2,901 cm™ assigned to the
C-H group; peaks around 1,716-1,718 and 1,641-1,648 em™
assigned to the C=0 group in ester, carboxylic acid, and
aromatic lignin). Compared with the IR spectrum of the
USC material samples, it could be seen that there was a
strong characteristic stretching vibration absorption band
of carboxyl groups around 1,716-1,718 cm™" in the IR spec-
trum of CATSC samples, and this reflected the CA and
esters. Furthermore, the broad absorption peaks around
3,342-3,345 cm ™" also confirmed the presence of more car-
boxylic O-H groups (Table S1). Therefore, the FTIR results
(Figure 1, Table S1) showed that CA treatment significantly
impacted the surface chemistry, which is relevant to the
mechanism of interaction with CFX (Section 4.4).

Then, PZC was conducted using the salt addition method
and found to be 2.3 (Figure 2). The results meant that the
adsorbent’s surface was negatively charged above pH 2.3
and positively charged below it [48]. The salt addition
method has been primarily used to determine the PZC of
natural organic substrates or vegetable wastes. Obtaining
statistical agreement between PZC data from different
authors is unclear because it mostly depends on substrate
origin and the method used [24].

To evaluate the crystalline and amorphous nature of
the materials, XRD was conducted and the results are pre-
sented in Figure 3 and Table 1. The structure of natural
cellulosic fibres has crystalline and amorphous regions. A
comparison of the XRD data shows that the USC and CATSC
materials had no significant differences in their crystalli-
nity indexes. This shows that the degree of crystallinity was
not affected by the treatment or differences in CA concen-
trations. But, the results showed that the USC and CATSC
crystalline and amorphous parameters differed randomly
with concentration changes. However, the results of
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microscopic evaluation using STEM and SEM techniques
showed that the USC and CATSC materials had significant
differences in elemental composition, particle sizes, and
distances (Figure 4; Tables 2—4). All the SEM images showed
that the materials had irregularly distributed pores of
varying sizes and some breakage of the cellulose, lignin,
and hemicellulose structures. The apparent observation in
the STEM images showed that both the amorphous and
crystalline particle sizes and distributions are similar for
all the materials. Although there are differences in the
breakage patterns for the different materials, there is no
clear relationship to the changes in the concentration of
CA. This is also observed in the image analysis results, with
evidence of changes in particle size and distance but no
linear relationship with the CA concentration (Tables 3 and
4), suggesting that the backbone of the material remained
intact despite the various acid treatments. Therefore, to
have significant changes to the material, other treatments
are needed to break the underlying bonds for maximum
interaction of the CA with the material and produce a
material that might have more improved properties than
those exhibited in this study. However, the SEM EDX
results showed a significant change in the C and O content
for 0.14 M CATSC material. This could be attributed to the
amount of CA reacting with the sawdust cellulose com-
pared to the other concentrations. These changes might
have contributed to the modification in the material’s sur-
face charges that led to the enhanced removal efficiency of
CFX. The results obtained here are 56.76% for C and 43.23%
for O, which is comparable and within the ranges reported
in the literature for acid-treated cellulose materials. Reported
values are in the range of 27-58% for C and 0.03-72.50% for
0 [21].

4.2 Adsorption studies

The results indicated that CATSC materials had higher
removal efficiencies than USC materials. This can be attrib-
uted to the increased number of functional groups, parti-
cularly carboxyl groups (Figure 1). According to Figure 1
and Table S1 results, both CATSC and USC materials had an
increased number of OH functional groups, yet only CATSC
materials had increased removal efficiency. This could be
attributed to the ionizable functional groups brought by CA
that provide electrostatic interactions, additional and
stronger hydrogen-bonding interactions, as well as increased
surface area for interactions (Figure 1, Table S1). Base treat-
ment and carboxylic acid functional group addition to cellu-
lose by CA treatment are known to enhance cation-exchange
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capability significantly in materials [46]. On the other hand,
the lower activity in USC material could be due to the hin-
drance of lignin, hemicellulose molecules, and extractives.

The activity showed an irregular removal efficiency
trend among the CATSC materials as the CA concentration
increased, as shown in Figures 5 and 6. This could be attrib-
uted to the formation of crosslinking chain reactions and
hydrogen bonds among the introduced CA residues on the
cellulose surface (Figure S1), depending on the concentra-
tion that would mask the responsible functional groups for
the CFX removal activity [23,49]. According to Nasution
et al., CA can act as a crosslinking agent for methylcellulose
molecules, producing a crosslinked molecule like hydrogels,
which then decrease water vapour permeability, swelling,
and increased gas barrier properties (decreased pores,
decreased water, and oxygen affinity), and this could
occur at lower concentrations like 5% CA w/w [50]. A
similar study on the synthesis of CA-based carboxymethyl
starch-based films showed that increased CA concentra-
tion also increased crosslinking [51]. Another study also
showed that methylcellulose produced a hydrogel with
increasing equilibrium swelling/average swelling values
as the CA % increased from 5% to 3%, whereas 1% had no
significant difference from the control [52]. In this study,
crosslinking in the synthesized materials was also observed in
the FTIR spectrum peak at 1,716-1,718 cm™ > which increased to
the highest level in CATSC treated with 1.12 M CA (Table S1,
Figure 1). Statistical results also showed that the CA treat-
ment had an impact on surface chemistry, with functional
groups at 3,835-3,840 cm™ (R* = 0.9026, p = 0.0054 and
<0.05) and 2,160-2,163cm™" (R* = 0.8033, p = 0.0296 and
<0.05) having a significant impact on the removal efficiency
of the materials.

4.3 Factors that affect the removal of CFX

Various factors known to affect adsorption efficiency and
capacity, such as CFX loading dose, time, adsorbate mass,
pH, and temperature, were investigated as reported in
similar studies [48,53,54]. The data on the impact of the
loading dose on the removal of CFX showed a sudden
decrease from 100% to 55% at the 5 ppm loading dose for
the 0.14 M CA material, followed by a gradual increase and
stabilization around 70% above the 12 ppm CFX loading. It
may be due to mass transfer resistance to CFX adsorption
at the interface between the solid and aqueous phases and
the fact that higher initial CFX concentrations above 12
ppm provide a driving force to overcome the resistance.
The results are similar to a study by Wakejo et al., whereby
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increasing the CFX initial concentration from 10 to
40 mg-L™" decreased the CFX removal efficiency from 100
to 76% at pH (7.5), adsorbent dose (0.5 g-L'l), and contact
time (46.25min). However, the CFX adsorption capacity
increased from 20 to 60 mg-g™" when the initial CFX con-
centration changed from 10 to 40 mg-L™. They also attrib-
uted it to the reduction of the resistance to CFX uptake
from the aqueous solution [39]. Similarly, a study by You-
sefi et al., where CFX concentration was increased from 30
t0 100 mg-L ™", showed a decrease in CFX removal efficiency
from 83% to 59% [55]. However, in the study by Wang et al.,
the adsorption capacity of cationic CFX increased very
quickly for CFX initial concentrations of less than 50 mg-L™
but decreased as the CFX initial concentration was increased
beyond 50 mg-L’1 [56]. This was attributed to the lack of avail-
able sites on the adsorbent for the uptake of excess CFX at
higher concentrations [57]. The observed trend of adsorption
capacity increases with an increase in the loading dose of CFX
beyond a certain concentration, may be attributed to the
improved adsorbate—adsorbent interaction at the adsorbent
binding sites. However, a further increase in the loading dose
leads to binding site saturation, whereby the adsorption capa-
city remains constant irrespective of CFX concentration [41].
Similar results were observed in several reported studies,
including those by Gulen and Demircivi, where a 2:1 diocta-
hedral clay structure increased CFX adsorption from 1.8%
(0.034 gL™) to 99.2% (2 g'L™ [58]; and those by Shang et al,
where the CFX removal efficiency increased from 36% to
100% for a herbal residue biochar when the dosage increased
from 0.025 to 0.5 g-L™ [59].

The results also showed that the extent of CFX removal
(%) increased with increasing solution pH until the max-
imum removal occurred in the pH range of 4.5-5 (Figure
7c). The removal efficiency decreased slightly to pH 6, after
which the efficiency increased slowly. This removal effi-
ciency behaviour is attributed to the surface charge of
the adsorbents and the state of the CFX across the different
pH ranges (Figures 2 and 7d). The substrate’s performance
depends on many factors, such as surface functional groups,
the presence or absence of anions and cations, and the
availability and size of the porous structure in the precur-
sors [30]. Most natural and organic substrates possess func-
tional groups such as carboxyl, sulthydryl, hydroxyl, and
amino groups that give rise to negative or positive charges
on their surface upon ionization. The magnitude of the sur-
face charge depends on the type of function and the pH of
the solution and material PZC [24]. The PZC is a pH value at
which the net charge of the surface components equals zero
(same amounts of positive and negative charges) at a spe-
cific temperature, applied pressure, and aqueous solution
composition. PZC values help optimize substrate selection
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for adsorption. Substrates with low PZC values are suitable
for cations, while those with high PZC values are suitable for
anions (Figures 2 and 7d).

The results presented in this study are similar to those
reported by Wakejo et al., where the CFX removal effi-
ciency of a modified bamboo char material increased
with an increase in pH (5.25-7.5) followed by a decrease,
and by Dehghan et al., where CFX removal efficiency using
a metal-organic framework increased with an increase in
pH (3-7.5) followed by a decrease. All the decreases in
efficiency were in the zwitterion stage of the CFX molecule.
The adsorption behaviour was attributed to protonation-—
deprotonation reactions between the CFX molecules and
the materials [39,60].

Reaction time was also a factor that was investigated
for effects on adsorption, and the results showed that
removal efficiency increased with time at a decreasing
rate until it became constant (Figure 7e). This may be
attributed to the availability of abundant free active sites
of the material in the early stages of the process, followed
by saturation of the active sites over time. The stage at
which no significant change was observed was chosen as
the equilibrium time, and it was used for all the experi-
ments. Similar results were also reported in the literature
[39,57]. On the other hand, temperature increases affect
removal efficiency (Figure 7f). This meant an increment
in temperature affected the uptake of CFX, which was
also confirmed by the negative value of delta H calculated
for the thermodynamic isotherms (Table 5).

4.4 Possible mechanisms for CFX adsorption

Based on the adsorption mechanism described by Tatarchuk
et al,, the key mechanistic pathway of adsorption of CFX to
the CATSC material is postulated to be chemisorption [61]. A
simplified diagram highlighting CATSC interactions with the
zwitterionic form of CFX is illustrated schematically in
Figure 7d. Chemisorption occurs when adsorbent and adsor-
bate have complementary functional groups such as amine
(-NH,), carboxylic acid (-COOH), and hydroxyl (~OH). The
CATSC material and CFX satisfy this condition and are
bound via H-bonding and electrostatic attraction. This is
evidenced by the improved adsorption efficiency of the
treated CATSC materials when compared to the parent
material (USC). Adsorption by chemisorption also involves
charge transfer, exchange, or sharing of electrons. In this
case, there were changes in the state of the material charges
(COOH to COO™ after PZC) and the CFX with changes in
solution pH (anionic, zwitterionic, and cationic) due to the
charge transfer processes (Figure 7d). This is because
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variation in solution pH affects the availability of ioniz-
able functional groups in the CATSC and CFX, leading to
enhanced electrostatic interactions, additional and stronger
hydrogen-bonding interactions, and an increased surface
area for interactions (Figure 1, Table S1). The piperazine
rings in the CFX molecules are positively charged (NH3) in
the neutral phase of the solution. They created an attraction
between CFX" and the negatively charged surface of the
material, releasing additional H* in the process [62]. Addi-
tionally, the C-H and C=C groups in the aromatic rings of
the remaining lignin molecules also interact with the CFX
via m—m interactions (Figures 1 and 7d; Table S1). In sum-
mary, -7 donor—-acceptor interactions, electrostatic attrac-
tions, and H-bonding interactions are responsible for CFX
adsorption. The proposed mechanism is supported by the
kinetic model; the pseudo-second-order model has shown
that the adsorption of CFX is favoured and controlled by
the chemisorption process. Also, the Temkin model showed
that the adsorption process follows the chemisorption
process. Similarly, chemisorption is characterised by
exothermic reactions, and the thermodynamic model
showed that the adsorption process was exothermic.

5 Conclusions

The adsorption of CFX dissolved in water was achieved at
up to 20 mg-L™" concentration with over 70% efficiency and
100% removal at 1 mg-L™" within 40 min of contact. This is
important because the long-term environmental impact of
CFX and other large-volume antibiotics in water, even at
very low concentrations, is still not fully understood. The
CATSC is a very effective adsorbent for CFX that is below its
saturation levels. The adsorption process was interpreted
in terms of the Langmuir, Freundlich, and Temkin iso-
therm models, with the latter agreeing well with the
adsorption parameters and data range. Overall, the CA-
treated sawdust material showed potential for the adsorp-
tion of CFX for a wide variety of applications that may
include drug removal from aqueous environments, gut
decontamination (in case of an overdose or poisoning),
drug delivery, including wound dressing, and solid support
for phase extraction, with further studies needed to opti-
mize the conditions and material properties for each poten-
tial application. Despite some of the limitations highlighted
in this study, there is enormous potential for using inexpen-
sive, readily available, and sustainably produced sawdust
and CA-based materials for the mentioned adsorption appli-
cations of CFX and related quinolone antibiotics in aqueous
environments.
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