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Abstract: In the present study, a magnetic nanocomposite based on biochar (BC) derived from sugar-
cane bagasse, nanoscale zerovalent iron (nZVI), and chitosan (CS) was fabricated to investigate its
efficacy for the removal of two widely used pharmaceutically active compounds (PhACs), namely
aspirin (ASA) and carbamazepine (CBZ). The synthesized nanocomposite (BC-CS@nZVI) was charac-
terized using XRD, FTIR, and FESEM-EDX. The Response Surface Methodology—Central Composite
Design (RSM-CCD) model was used for the optimization of removal efficacies for both drugs using
five variables, i.e., adsorbent dose (0.05-0.1 g), pH (2-10), drug concentration (20—40 ppm), time
(40-80 min), and temperature (40-60 °C). Under optimized conditions of adsorbent dose: 0.075 g,
pH: 2, drug concentration: 30 ppm, time: 60 min, and temperature: 50 °C, the maximum removal effi-
ciency of ASA drug was observed to be 97.8%, while in the case of CBZ drug under similar conditions
with pH 6, the maximum removal was found up to 89.32%. The isotherm models revealed that both
ASA and CBZ adsorption data fit well with the Langmuir isotherm showing monolayer adsorption.
The kinetics of adsorption was well explained by the pseudo-first- and pseudo-second-order models
in the case of ASA and CBZ, respectively. Thermodynamic parameters confirmed the feasibility of the
reaction and its spontaneous and exothermic nature. The reusability and efficiency in water samples
of the Ha'il region were investigated to demonstrate its potential for practical application.

Keywords: aspirin; carbamazepine; sugarcane bagasse; Ha'il; biochar; chitosan; nZVI

1. Introduction

In recent years, the contamination of water resources by pharmaceutically active
compounds (PhACs) has become a major issue of concern all over the world due to their
increased demand in the health sector [1]. To address these demands, the rate of production
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of various categories of PhACs, such as non-steroidal anti-inflammatory drugs (NSAIDs),
antiseptics, antimicrobials, antiepileptics, antibiotics, tranquilizers, etc., has experienced a
rapid surge in the past few decades [2]. Aspirin and carbamazepine are two such PhACs
which are widely used in the society. Aspirin, also recognized as acetylsalicylic acid (ASA),
is a common NSAID, having antipyretic and analgesic properties used to treat inflamma-
tion, cold-related headaches, renal functions, and other conditions, such as Alzheimer’s
disease, cancer, and cardiovascular diseases [3-5]. Another drug is carbamazepine (CBZ)
which belongs to the class of benzodiazepines and is principally used to treat epileptic
disorders [6]. CBZ is also used to treat bipolar illness, nerve diseases, psychiatric therapy,
and trigeminal neuralgia, in addition to helping epileptic patients control their seizures [7].
The primary sources of the presence of these drugs in the environment include effluents
generated from pharmaceutical manufacturing plants, hospitals, and households, runoff
from agricultural farms, livestock, aquaculture industries, municipal wastewater treat-
ment plants, and unregulated dumping of expired or unused drugs [8,9]. Several studies
reported significant quantities of ASA and CBZ in surface water bodies, domestic efflu-
ents, and WWTPs, with concentrations ranging from 5 pg/L to 2 mg/L [10,11]. Both of
these drugs have been reported to have adverse impacts on exposed organisms, even
at very low concentrations. For instance, ASA exposure leads to gastrointestinal ulcers,
tinnitus, DNA damage, induces oxidative stress, and has an inhibitory effect on blood
platelets [12,13]. Similarly, CBZ exposure results in endocrine disruption, hepatic injuries,
acute pneumonia, and lethal cardiovascular diseases and bears neurotoxicity and develop-
mental toxicity [14,15]. Due to the persistency, recalcitrancy, and toxicity of ASA and CBZ,
their removal from contaminated matrices is much needed.

In recent years, green, or environmentally friendly, adsorbents have gained ample
attention in the area of pollution abatement due to their easy availability, low cost, environ-
mental friendliness, and decent adsorption efficacies [16,17]. Green adsorbents are prepared
mainly from agro-wastes, natural resources, aquatic biomass, etc., and have demonstrated
significant removal efficiencies for varied contaminants [18,19]. However, biomass-based
adsorbents have certain limitations, such as poor adsorptivity, low regeneration capacity,
low stability, high sensitivity to pH and temperature changes, etc., which lowers their
overall performance [20]. The conversion of biomass to high-value-added products, such
as biochar, could address these shortcomings.

Biochar (BC) derived from agricultural by-products and residues has gained significant
attention across the globe, as it promotes waste management practices, circular economy, en-
vironmental protection, and sustainability [21,22]. Earlier studies have reported that biochar
has better treatment efficiency in comparison with its biomass counterparts due to its greater
surface area, abundance of surface functional groups, high porosity, stability, etc. [23,24].
In recent times, attempts have been made to further enhance the efficiency of biochar
by incorporating/modifying it with nanomaterials. For instance, biochar-incorporated
Zn-Co-layered double hydroxide nanostructures were synthesized for the degradation
of gemifloxacin, and the results revealed removal up to 92.7% [25]. In another study,
olive stone biochar-supported Co3O4 nanoparticles were employed successfully for ri-
fampicin and tigecycline removal from wastewater with 95.18% and 75.48% efficiency,
respectively [26]. Similarly, biochar derived from banana pseudo-stem fibers impregnated
with CoFe,O4 nanoparticles and a nitrogen-enriched Co@N-BC composite was successfully
synthesized for the efficient removal of amoxicillin antibiotic and doxycycline, respec-
tively [27,28]. The studies have reported significant removal of pharmaceutical drugs using
nanomaterial-modified biochar, however, their separation from the aqueous solution is still
a challenge, which could be addressed using magnetic-nanoparticle-incorporated biochar.

In the present study, we reported impregnation of biochar obtained from sugarcane
bagasse with chitosan-modified magnetic zero-valent iron nanocomposite (BC-CS@nZVI)
to simultaneously remove two PhACs, namely ASA and CBZ. Table 1 displays the physico-
chemical properties of both the drugs. Sugarcane-bagasse-based biochar has been selected
in this study, as India shares 20% of the global production of sugarcane, with each ton of
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sugarcane processing yielding ~260 kg of sugarcane bagasse [21]. Chitosan has been used
herein for surface modification of nZVI, which prevents surface oxidation and aggregation
of nZV], thereby increasing its reactivity and practical applicability [29,30]. The primary
objective of this research includes (a) investigation of the effectiveness of synthesized BC-
CS@nZVI for removing ASA and CBZ drugs from aqueous solution; (b) optimization of
the process parameters influencing drug adsorption using Response Surface Methodology-
Central Composite Design (RSM-CCD), and (c) elucidation of reaction mechanism via
adsorption isotherms and kinetic models. Further reusability of BC-CS@nZVI and its
application in real water samples collected from the Ha'il region was investigated.

Table 1. Physico-chemical properties of ASA and CBZ.

S.No. Property ASA CBZ

1. Molar mass 180.16 g/mol 236.27 g/mol

2 pKa 3.49 15.96

3. Solubility <1 mg/mL >35.4 ug/mL

4. Density 144+0.1g/cm? 1.3+0.1g/cm3
5 Boiling point 140 °C 411.0 £48.0°C

2. Materials and Methods
2.1. Materials

CBZ (% assay: 99.00%) and ASA (% assay: 98.00%) drug was acquired from Himedia
laboratories private limited, Mumbai, Maharastra, India. Iron (II) sulphate heptahydrate
(FeSO4-7H,0), chitosan from shrimp shells (C54H103N9O39), and sodium borohydride
(NaBH,) were purchased from Sigma Aldrich, St. Louis, MI, USA.

2.2. Synthesis of BC-CS@nZVI

The preparation method and characteristics of the biochar derived from sugarcane
bagasse are reported in a previous study [24]. Herein, the wet chemical reduction method
was employed for the synthesis of biochar-incorporated chitosan-modified nZVI (BC-
CS@nZVI) with minor changes in the method reported by [31,32]. In brief, 0.75 g of the
biochar was dissolved in 0.027 M solution of FeSO,4-7H,0O in 100 mL of deionized water
and mixed for one hour with a magnetic stirrer. After that, 0.5% w/v of chitosan containing
1% acetic acid was added and ultra-sonicated for 2 h. To the solution freshly prepared
solution, 0.108 M NaBH, was added dropwise and then continuously stirred for one hour.
When the prepared borohydride solution was added to the precursor mixture, a black-
coloured precipitate was instantly formed, indicating the complete reduction of ferrous
iron (Fe?* to zero-valent iron (Fe®). The underlying mechanism could be attributed to the
occurrence of redox reaction represented in the following equation:

Fe?* + 2BHy~ + 6H,0 — Fe’| + 2B(OH); + 7H, 1 (1)

The precipitate was collected by filtration and then washed several times with ethanol
and distilled water. Lastly, the formed nanocomposite was allowed to dry and then stored
in a closed vessel in an inert condition.

2.3. Point of Zero Charge (pHpzc)

It is important to determine the point of zero charge (pHp,c) of the BC-CS@nZVI in
order to identify the best pH at which the adsorbent will function most effectively. In the
present study, the salt addition technique was used to calculate the (pHp,c) value of the
adsorbent [33]. In accordance with the procedure, a solution of sodium nitrate (0.05 M)
was prepared in 40 mL of distilled water. The solution was prepared in a series in 50 mL
of beaker with initial pH (pH;) adjusted between 2 and 9 with hydrochloric acid (0.1 M)
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and sodium hydroxide (0.1 M), and 1 g of adsorbent was added into each beaker and
kept on a shaker for 48 h at room temperature. After the shaking was completed, the
sample was centrifuged to separate the adsorbent from the solution, and the final pH
was measured using the same method mentioned above. The graph was plotted between
ApH = (pH¢ — pH;) vs. pH; to evaluate the pHp,¢ value of BC-CS@nZVIL.

2.4. Instrumentation

The phase identification, size, surface morphologies, elemental composition, and
functional groups of the synthesized nanocomposite were determined using an X-ray
diffractometer (XRD) (PANalytical Empyrean), field-emission scanning electron microscope
(FE-SEM) coupled with energy dispersive X-ray (EDX) (Merlin Compact, Carl Zeiss), and
Fourier transform infrared (FI-IR) spectroscope (PerkinElmer), respectively.

2.5. Batch Experiments

To evaluate the efficacy of the prepared nanocomposite for ASA and CBZ removal, the
experiments were conducted using the desired amount of BC-CS@nZVI mixed in 40 mL
of ASA and CBZ solution (100 ppm). The initial removal experiment was conducted at
the natural pH of the ASA and CBZ solution, i.e., 4.25 and 6.72, respectively. The pH of
the drug solution was measured using Labtronics microprocessor digital pH meter. For
optimization, ranges of the influencing parameters were set to investigate the maximum
removal efficiency of BC-CS@nZVI for ASA and CBZ drug. The pH of the drugs solution
was varied from 2 to 10 using NaOH and HCl of 0.1 M solutions, the dose of adsorbent var-
ied from 0.05 to 0.1 g, ASA/CBZ concentration was altered from 20 to 40 ppm, temperature
variation ranged from 40 to 60 °C, and the contact time was varied in the range from 40 to
80 min. The reaction mixture was then kept on a shaker for a predetermined time interval
and then centrifuged. The remaining concentration of ASA and CBZ in the supernatant
solution was measured at 236 nm and 284 nm, respectively, on a Cary 100 UV-Vis spec-
trophotometer. All the experiments were conducted in triplicate. The ASA /CBZ removal
percent (R%) and adsorption capacities at equilibrium (g.) (mg/g) were determined using
Equations (2) and (3):

Co

G —C 00 2)

R% =
Co

G —Ce

fe= "W

where, C, (ppm) is the initial ASA/CBZ concentration, C, is the amount of ASA/CBZ

residue in the sample, W denotes the BC-CS@nZVI dose (g), and V is the volume of the

solution (L). Reaction kinetics, adsorption isotherms, and thermodynamic parameters were
studied using suitable models and are described in Section 3.

XV 3)

2.6. Optimization of Process Parameters through RSM-CCD

RSM-CCD is a valuable tool for designing, enhancing, and optimizing process param-
eters in a multivariable system [34]. In contrast to the traditional OVAT (one-variable-at-a-
time) approach, the RSM-CCD model reduces the number of experimental runs required for
investigating the simultaneous interaction of process variables and their effect on response,
saving a lot of time and cost. Herein, the optimization of ASA and CBZ removal was
carried out by RSM-CCD using five independent variables, viz. concentration of drugs,
pH, time, BC-CS@nZVI dose, and temperature. The low level and high level were coded as
—1and +1, respectively, for the independent variables (Table 2).
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Table 2. Experimental range and levels of independent process variables.

Coded Levels

Independent Variable Units Symbol

—alpha -1 +1 +alpha
Drug concentration ppm A 10.00 20.00 40.00 50.00
Contact time min B 20.00 40.00 80.00 100.00
pH o C 2.00 4.00 8.00 10.00
Adsorbent dose g D 0.025 0.05 0.1 0.125
Temperature °C E 30.00 40.00 60.00 70.00

The number of experiments (N) needed in a 2% factorial CCD for five independent
variables was calculated using Equation (4) [35]:

N =2"+2n+n, 4)

where n = 5, number of independent variables; and n. = 6, central point’s number. Thus,
32 experiments were performed to create a model equation and identify the optimized
condition to obtain the maximum response (Table 3).

Table 3. Central composite design matrix and its actual and predicted values for both ASA and CBZ.

% REMOVAL
Drug . Adsorbent
S.NO. Concentration ~ 1ime pH Dose Temperature ASA Bz
(ppm) (min) (g Q) Expt. Pred. Expt. Pred.
1 40 80 8 0.1 60 54 55.32 64.27 65.35
2 40 40 4 0.1 60 85.32 85.67 50.2 51.40
3 20 80 8 0.1 40 65 65.97 70.28 71.66
4 40 40 4 0.05 40 75.98 76.01 40.36 41.38
5 20 80 4 0.1 60 96.2 96.06 47.33 48.43
6 20 80 4 0.05 40 91.3 90.84 42.53 43.45
7 30 60 6 0.075 30 77.61 76.61 76.39 73.76
8 20 40 8 0.05 40 41.6 42.39 70.96 72.08
9 30 60 6 0.075 50 76.21 69.53 88.56 88.19
10 40 40 8 0.1 40 49 50.46 66.05 67.53
11 30 60 6 0.075 70 77.812 76.80 82.21 80.52
12 30 60 6 0.125 50 78 76.35 76.23 73.24
13 20 40 8 0.1 60 55.21 56.33 76.29 77.60
14 30 60 6 0.075 50 65 69.53 88.39 88.19
15 30 60 6 0.025 50 58.32 57.96 77.96 76.64
16 30 20 6 0.075 50 60.56 59.26 78.65 76.16
17 30 60 6 0.075 50 65.2 69.53 89.32 88.19
18 40 40 8 0.05 60 38 39.14 78.69 79.51
19 30 60 6 0.075 50 70.8 69.53 88.21 88.19
20 30 60 10 0.075 50 33.84 30.61 69.2 66.95
21 10 60 6 0.075 50 75.25 74.94 752 7291
22 20 80 8 0.05 60 52 52.65 83.21 83.94
23 50 60 6 0.075 50 62.8 61.10 71.32 69.29
24 40 80 4 0.1 40 85 85.21 62.98 64.25
25 30 60 2 0.075 50 97.89 99.11 28.64 26.57
26 40 80 4 0.05 60 79.89 79.77 59.62 60.24
27 30 100 6 0.075 50 73.25 72.54 78.2 76.37
28 20 40 4 0.05 60 82 81.68 62.25 63.10
29 20 40 4 0.1 40 88 88.01 61.54 63.04
30 40 80 8 0.05 40 46 46.99 78.25 79.15
31 30 60 6 0.075 50 67.98 69.53 85.32 88.19
32 30 60 6 0.075 50 69.98 69.53 85.02 88.19

Notes: Expt. = Experimental value; Pred. = Predicted value.
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The prediction of the response, i.e., removal efficiency of BC-CS@nZVI for ASA and
CBZ, was carried out using the mean of triplicate experimental observations that was fed
into the experimental matrix to obtain a regression model equation [36]. To determine
the optimal removal conditions for ASA and CBZ, the data were eventually modelled to
correlate the relationship between removal efficiency and the independent variables using
a quadratic polynomial equation (Equation (5) [32].

n n n—1 n

Y = BoY pixi+Po) Pii i+ ), Y Pij xix; )
i=1 i=1 i=1j=i+1

where Y is the response; x; and x; are independent variables (i and j varying from 1 to n);
Po is the constant term; B; is the linear coefficient, f;; is the interaction coefficient, B;; is
the quadratic coefficient; and n is the number of independent variables. The polynomial
equation is based primarily on the estimation of the ordinary least squares, which helps
to minimize the SSE (sum of squared errors) when evaluating the predicted values of the
response (dependent variable). Further, to assess the model’s adequacy and to calculate
the coefficients of the individual and interacting model parameters, analysis of variance
(ANOVA) was applied. Based on the p-value and F-value, significant model terms were
chosen [37]. The correlation coefficient (R?) was utilized to assess how well the quadratic
model fitted the experimentally measured efficiency of drug removal. Regression analysis,
evaluation of the statistical significance of model equations, and response optimization

were all performed using Design Expert (Trial version 12).

2.7. Reusability

The adsorption—-desorption study was conducted to investigate the reusability of
BC-CS@nZVI using ethanol as the desorption solvent. The experiments were carried out
under optimized conditions of adsorbent dose: 0.075 g, drug concentration: 30 ppm, time:
60 min, temperature: 50 °C, pH 2 in the case of ASA, and pH 6 in the case of CBZ, for
5 consecutive cycles to evaluate the practical and economic value of the process. After the
adsorption process, BC-CS@nZVI, was soaked in 40 mL of the ethanol solution and stirred
for 180 min followed by centrifugation for 5 min at 4000 rpm. The adsorbent was washed
5 times with ethanol and distilled water to remove the excess ethanol and then dried for
3 h for further reuse.

2.8. Application in Real Water Samples

The removal efficiency of the synthesized nanocomposite for ASA and CBZ was
examined under optimized conditions in real water samples collected from the Ha’il region.
Two samples were collected from sewage and three from tap water. From each sample,
30 mL was taken and filtered, then it was spiked with the known concentration of both ASA
and CBZ (30 ppm). Then, 0.075 g of nanocomposite was added to the spiked samples and
studied under optimized pH, temperature, and contact time. After 60 min, all the samples
were centrifuged and analyzed to obtain the removal percentage of both the drugs.

3. Results and Discussion
3.1. Characterization of the Synthesized BC-CS@nZV1 Magnetic Nanocomposite
3.1.1. XRD

The phase structure of chitosan (CS), biochar (BC), nZVI, and BC-CS@nZVI was
studied using X-ray diffraction (XRD) within the 26 range of 50 to 70°. Figure 1(a) shows
two broad diffraction peaks at 9.50° and 20.08°, corresponding to the reflection plane
of 020 and 120, respectively, which are the typical fingerprints of chitosan with semi-
crystalline structure [38,39]. The low intensity peaks observed at 26 = 16.53°, 20.8°, 40.5°,
and 50.08° are indicative of cellulose and hemicellulose constituents of biochar, as seen in
Figure 1(b) [40], while the diffraction peak present at 26.5° corresponds to SiO;, which is the
only crystalline phase in the biochar structure [41]. Bare nZVI displayed a sharp crystalline
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characteristic peak at 44.9°, corresponding to the plane 110 (Figure 1(c)) [42], which was
also evident in the XRD pattern of the BC-CS@nZV], indicating successful loading of nZVI
particles on the composite (Figure 1(d)). The crystallinity of the nanoparticles remained
intact, likely due to the presence of CS in the nanocomposite. The broad and low-intensity
peaks observed between 8.45° and 27.2° could be attributed to the presence of biochar in
the composite [43]. The absence of iron oxide phases in BC-CS@nZVI indicates that CS and
BC impede the oxidation of nZVI, enhancing the longevity and practical application of the
composite. The size of the synthesized nanocomposite was determined using the Scherrer
equation and was found to be 20.05 nm.

(d) BC-CS@nZVI

44.9°
(c) nZVI
44.9°

(b) Biochar

Intensity (a.u.)

50.08"

(a) Chitosan

JE VLT R A SRR LT (R S ONR. A S S FEE U [, F R RS .
10 15 20 25 30 35 40 45 50 55 60 65 70
2 theta (degrees)
Figure 1. XRD image of (a) Chitosan, (b) Biochar, (c) bare nZVI, and (d) BC-CS@nZVI.

3.1.2. FTIR

The molecular fingerprints of the functional groups present on the surface of the
adsorbent are displayed in Figure 2. The FTIR spectra of nZVI were acquired in the range
of 500-4000 cm !, as shown in Figure 2A(a). Here, the peaks of absorption observed at
687.14 cm~! correspond to Fe-O stretching vibration. The absorption peak appeared at
3419.24 cm ! and 1612.07 cm ™!, corresponding to the O-H stretching and bending vibration
of water molecules adsorbed onto the nZVI surface. This suggests the formation of a ferric
oxyhydroxide (FeOOH) layer on nZVI [44]. Similarly, the peak observed at 3462.54 cm ™!
represents the stretching vibration of hydroxyl functional groups of water molecules
present on the surface of biochar, as shown in Figure 2A(b). The peak at 2920.4 cm ™! is
assigned to aliphatic group CHj, present in the biochar structure. The peak at 1594.23 cm ™!
corresponds to the C=0O vibrations in hemicellulose. Further, the peak at 1395.49 cm~! may
be attributed to the C-O stretching in cellulose and hemicellulose, respectively. The peak
observed at 1034 cm~! is due to stretching vibration of the C-OH bond, corresponding
to the polysaccharides and lignin present in biochar [45,46]. As shown in Figure 2A(c),
the characteristic peak at 2929.73 cm ! is attributed to the stretching vibration of C-H
bond of the alkyl groups present in chitosan. The characteristic peak at 1377.70 cm~! and
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3480.24 cm ™! may be ascribed to the O-H and N-H stretching vibrations, indicating the
amide (II) and hydroxyl groups of chitosan, respectively [32,47].

(a)
—(b)

Tranmittance (%)

(c) Chitosan

3462.54

nZVI
Biochar

3419.24

2920.45

3480.24

1594.23

1612.01

2929.73

'

1395.49

1034

1377.70

' T
4000 3500

T 3 T
3000 2500

T
2000

T > T T
1500 1000 500

Wavenumber (cm_l)

(A)
(¢) BC-CS@nzZVI-CBZ M
——(b) BC-CS@nZVI-ASA 4| 1634.19, 1378.94 , )
(a) BC-CS@nZVI Kl : : :
£ 1 |
— Z | 162589, 1387.24, ==
X & : : :
~ 1634.19, | 623 1
e ' 1387.24 | '
: 1 5'()0 Iﬁ'ﬂ() 5(‘)1]
[ ™ ] :
: Wavenumber (cm™)
o
2
= 1634.19
s -y N 1378.94
- / 2858.54
3399.12 2930.13 1625.89
3846.21 1387.24 575
1634.19 /
2850.24 1387.24 623
342298 2930.13
T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

(B)

Figure 2. (A) FTIR spectra of (a) nZVI, (b) biochar, and (c) chitosan; (B) FTIR spectra of (a) BC-
CS@nZVI before adsorption, (b) BC-CS@nZVI after ASA adsorption, and (c) BC-CS@nZVI after

CBZ adsorption.
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The FTIR spectra of various functional groups present on the surface of BC-CS@nZVI
before and after adsorption of aspirin (ASA) and carbamazepine (CBZ) are shown in
Figure 2B. The functional groups of individual components of BC-CS@nZVI nanocom-
posites can be seen on the surface of BC-CS@nZVI with slight or no prominent shifts
(Figure 2B(a). The characteristics peak at approximately 3422.98 cm ! may be attributed
to the stretching vibrations of the N-H and O-H groups, corresponding to the amide (II)
and hydroxyl groups present in the structure of chitosan, respectively [48]. The stretching
vibration of the -CH and -CH, bond of the alkyl groups and C=C (aromatic) groups of
chitosan and biochar are represented at 2930.13 cm ™! and 2850.24 cm !, respectively [48,49].
The peak at 1634.19 cm~! is attributed to the stretching vibration of C=0 of -NH-C=0
present in CS or carbonyl present in carboxyl group of the biochar [50]. The peak at approx-
imately 1387.24 cm~ 1 is ascribed to the stretching vibration of N-O, which further indicates
successful loading of chitosan on the BC-CS@nZVTI structure [51]. The asymmetrical vi-
bration of FeO was present at 623 cm ™!, signifying the existence of iron in BC-CS@nZVI
structure [42,52,53]. The above finding indicates that biochar was successfully impregnated
with CS@nZVI. The FTIR spectra of BC-CS@nZVI after adsorption of ASA and CBZ are
shown Figure 2B(b,c). After adsorption, the peaks at approximately 3422.98 (-OH and
-NH bond) in BC-CS@nZVI were shifted to 3414.68 cm ™! and 3399.12 cm ™!, while the
peak at 1387.24 cm 1 (N-O) shifted to 1378.94 cm ! in CBZ-adsorbed BC-CS@nZVI. The
1634.19 cm~! (C=0) peak was shifted to 1625.89 cm ! after adsorption of the ASA drug,
while its intensity increased slightly in the case of CBZ. In addition, the 623 cm ™! peak
(Fe=0) shifted to 575 cm ™! in ASA, but it disappeared in the CBZ spectra, which could be
due to the participation of Fe=O bond in the removal of carbamazepine drug. The reason
behind shifting of the peaks observed after removal of the drugs and changes in their
intensity may be due to the substitution of active sites present on BC-CS@nZVI by drug
molecules, which results in the alteration in the surface composition of the composite.

3.1.3. FE-SEM/EDX

The surface morphologies of the nanocomposite before and after adsorption of ASA
and CBZ are shown in Figure 3. Biochar is known to have a porous structure that provides
a favorable platform for loading of the nanomaterials [54,55]. In the present study, chain-
like nanostructures of CS@nZVI arranged in a branched and zigzagged manner have
been seen over the surface of BC-CS@nZVI (Figure 3a). The linear orientation of the
nanoparticles could be due to the magnetic dipole-dipole interaction of iron [42,56], and
the prevention of aggregation of the nanoparticles could be ascribed to the electrostatic
repulsion and steric hindrance provided by chitosan and biochar. The role of chitosan
and biochar in stabilization of the nanoparticles and prevention of their oxidation is well
documented [57-59] and has been reported in our previous study [32]. The porous structure
of the biochar is not apparent in the image possibly due to the of the blockage of the pore
channels with the modified nanoparticles [50]. The microsphere structure present over the
BC surface enhances the surface area of the BC-CS@nZVI, thereby increasing its removal
capacity by providing more active sites for adsorption and other reactions [60]. Figure 3b,c
display the surface of the nanocomposite after adsorption of ASA and CBZ, respectively.
The images show deposition of the target compounds on the surface removing the crisp and
defined structures of BC-CS@nZVI. The surface of the nanocomposite was observed to be
rougher and more irregular, with the appearance of some flocculent particles that illustrate
uneven and bulk attachment of ASA and CBZ molecules on the surface nanocomposite,
endorsing its spontaneity and effectiveness for drug removal [32,61]. EDX analysis showed
the elemental composition of BC-CS@nZVI before and after adsorption of ASA and CBZ.
As illustrated in Figure 3a, the presence of Fe (31.92%) confirms the existence of iron
nanoparticles in the synthesized nanocomposite. The presence of C (21.86%), N (12.21%),
and some amount of mineral fractions, such as Si (0.8%), K (2.59%), Ca (0.19%), and
K (2.59%), confirms successful loading of CS@nZVI on the biochar. The existence of
O (28.46%) could be attributed to partial oxidation of nZVI. After adsorption of the drugs,
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an increase in the carbon and oxygen percentages from 56.26% and 26.08% in the case
of ASA and 51.01% and 30.04% in the case of CBZ was noticed (Figure 3b,c). On the
contrary, a decline in the Fe percentage to 0.05% and 1.22% was observed in ASA and CBZ,
respectively. The increase observed in the carbon and oxygen percentages could be ascribed
to the accumulation of ASA and CBZ molecules or its intermediates on the surface of the
nanocomposite, while the decrease in Fe percentage could be due either to accumulation of
target molecule/intermediates or to dissolution of iron at lower pH conditions [62].
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o |
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Figure 3. SEM and EDX pattern of (a) BC-CS@nZVI before adsorption, (b) BC-CS@nZVI after
adsorption of ASA, and (c) BC-CS@nZVI after adsorption of CBZ.
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3.2. Optimization of Process Variables Using RSM-CCD

RSM-CCD was used herein to optimize five variable factors for the removal of ASA
and CBZ using BC-CS@nZVI magnetic nanocomposite. The experimental results of the
removal (%) of ASA and CBZ using five factors CCD experimental design are displayed in
Table 3.

3.2.1. Model Fitting and ANOVA Analysis

The ANOVA results shown in Tables 4 and 5 provide the calculated response of the
quadratic surface model. It determines the acceptability of the response generated by
the quadratic model for representing ASA and CBZ drug removal by BC-CS@nZVI. The
result in the present study indicates that the coefficient of the linear effect in the case of
ASA for all the factors (p < 0.05) were highly significant, except temperature (E), while
for CBZ, only pH (C) and temperature (E) (p < 0.05) were found to be significant. The
coefficient of the quadratic effect of initial drug concentration (A X A), contact time (B x B),
pH (C x C), and adsorbent dose (D x D) were non-significant (p > 0.05), except temperature
(E x E) (p <0.05) in ASA; however, all the variables were observed to be significant in
the case of CBZ. Further, the combined effects of all the variables were observed to be
insignificant in ASA. In contrast, for CBZ, the interaction effects, AB, BE, and CD were
significant, whereas all other combinations were found to be non-significant (p > 0.05).
Equations (6) and (7) represents the quadratic model of ASA and CBZ drug removal by
BC-CS@nZV], respectively:

ASA Removal (%) = 69.52 — 3.45A + 3.32B — 17.12C + 4.59D + 0.047E — 1.32 AB
+0.28AC — 0.25AD + 0.10AE + 0.75BC — 0.55BD — 0.69BE + 1.26CD — 0.34CE +  (6)
0.42DE — 0.376A2 — 0.90B? — 1.16C2% — 0.59D? + 1.79E?2

CBZ Removal (%) = 88.18 — 0.90A + 0.05B + 10.09C + —0.84D + 1.68E + 3.59AB
— 0.81AC — 0.62AD — 1.16AE + 0.36BC — 1.28BD — 1.75BE — 321 CD + 0.30 CE  (7)
—465DE — 4.27 A2 — 298 B2 — 10.35C2 — 3.31D? — 2.76 E2

where A, B, C, D, and E represent the drug concentration, contact time, pH, BC-CS@nZVI
dose, and temperature, respectively.

The positive coefficient values in the above equation indicate the synergistic impact
of independent variables on the removal percentage of ASA and CBZ drugs. In contrast,
negative values show that variables have an antagonistic effect on ASA and CBZ removal
percentage in the verified range. The high values of R? (ASA: 0.9859 and CBZ: 0.9879)
and RZad]- (ASA: 0.9602 and CBZ: 0.9658) imply that the selected model is significant and
suitable for assuming ASA and CBZ removal (Tables 4 and 5). The Rzpred values of ASA
and CBZ were found to be 0.8896 and 0.7698, respectively, showing a high correlation with
the Rzadj values. These findings suggest that the selected model for this work is best for
predicting ASA and CBZ drug removal percentage over a broad array of parameters.

The low coefficient of variation (CV) percent for both the drugs (ASA: 4.81% and
CBZ: 4.02%) indicates that the performed experiments have excellent precision and reliabil-
ity. The precision ratios of 25.60 for ASA and 26.87 for CBZ further indicate the model’s
reliability. The predicted residual square sum (PRESS) value for ASA and CBZ removal
percentage was 937.06 and 1669.36, respectively. For ASA, the lack of fit (F-value) was 38.36,
and in the case of CBZ, it was 44.72. As the F-value was found to be non-significant in the
case of both the drugs, it indicates that the employed model was significant.
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Table 4. ANOVA results, coefficients of regression, and quadratic summary statistics for the removal

of ASA by BC-CS@nZVI obtained by CCD.

Sum of

df Mean

Source S F-Value p-Value Regression Coefficient
quares Square
Model 8364.66 20 41823 38.36 <0.0001 significant Factor E?X‘S“:;e
A-Drug concentration 287.18 1 287.18 26.34 0.0003 Intercept 69.53
B-Contact time 264.40 1 264.40 2425 0.0005 A-Drug —346
concentration
C-pH 7037.69 1 7037.69 645.45 <0.0001 B-Contact time 3.32
D-Adsorbent dose 507.10 1 507.10 46.51 <0.0001 C-pH -17.12
E-Temperature 0.0545 1 0.0545 0.0050 0.9449 D'Ajf)‘s’gbe“t 4.60
AB 27.83 1 27.83 2.55 0.1385 E-Temperature 0.0477
AC 1.27 1 1.27 0.1161 0.7397 AB -1.32
AD 1.03 1 1.03 0.0945 0.7643 AC 0.2813
AE 0.1849 1 0.1849 0.0170 0.8987 AD —0.2537
BC 9.15 1 9.15 0.8392 0.3793 AE 0.1075
BD 5.00 1 5.00 0.4581 0.5125 BC 0.7563
BE 7.78 1 7.78 0.7139 0.4161 BD —0.5587
CD 25.65 1 25.65 2.35 0.1533 BE —0.6975
CE 1.90 1 1.90 0.1747 0.6840 CD 1.27
DE 2.82 1 2.82 0.2589 0.6210 CE —0.3450
A? 4.16 1 4.16 0.3812 0.5495 DE 0.4200
B2 24.10 1 24.10 2.21 0.1652 A2 —0.3764
C? 39.91 1 39.91 3.66 0.0821 B? —0.9064
D? 10.30 1 10.30 0.9449 0.3519 2 -1.17
E? 94.52 1 94.52 8.67 0.0133 D? —0.5927
Residual 119.94 11 10.90 E? 1.80
Lack of Fit 32.50 6 5.42 0.3098 0.9070 not
significant

Pure Error 87.44 5 17.49
Cor Total 8484.60 31

Mean Std. Dev. CV%  PRESS R? Adj. R? Pred. R? Adeq. precision

68.59 3.30 481 937.06 0.9859 0.9602 0.8896 25.6066

Table 5. ANOVA results, coefficients of regression, and quadratic summary statistics for the removal
of CBZ drug by BC-CS@nZVI obtained by CCD.
Source SS um of df Mean F-Value p-Value Regression Coefficient
quares Square
Model 7163.00 20 358.15 4472 <0.0001  significant Factor E(sgg‘za)te
A-Drug concentration 19.67 1 19.67 2.46 0.1453 Intercept 88.19
B-Contact time 0.0630 1 0.0630 0.0079 0.9309 A-Drug —0.9054
concentration

C-pH 2446.42 1 2446.42 305.48 <0.0001 B-Contact time 0.0512
D-Adsorbent dose 17.32 1 17.32 2.16 0.1694 C-pH 10.10
E-Temperature 68.51 1 68.51 8.56 0.0138 D'Ajf)‘s’zbem —0.8496
AB 206.71 1 206.71 25.81 0.0004 E-Temperature 1.69
AC 10.55 1 1055 1.32 0.2755 AB 3.59
AD 6.14 1 6.14 0.7664 0.4000 AC —0.8119
AE 21.69 1 21.69 2.71 0.1280 AD —0.6194
BC 2.18 1 2.18 0.2726 0.6120 AE -1.16
BD 26.45 1 26.45 3.30 0.0965 BC 0.3694
BE 49.46 1 49.46 6.18 0.0303 BD —~1.29
CD 165.83 1 165.83 20.71 0.0008 BE -1.76
CE 1.52 1 1.52 0.1897 0.6716 CD 322
DE 346.24 1 346.24 43.23 <0.0001 CE 0.3081
A2 535.32 1 535.32 66.84 <0.0001 DE —4.65
B? 260.61 1 260.61 32.54 0.0001 A? —4.27
c? 3146.47 1 3146.47 392.89 <0.0001 B? —2.98
D? 322.00 1 322.00 40.21 <0.0001 2 -10.36
E? 223.76 1 223.76 27.94 0.0003 D? —3.31
Residual 88.09 11 8.01 E? —2.76
Lack of Fit 71.46 6 11.91 3.58 0.0915  not significant
Pure Error 16.63 5 3.33
Cor Total 7251.10 31

Mean Std. Dev. CV%  PRESS R? Adj. R? Pred. R? Adeq. precision

70.43 2.83 402 1669.36 0.9879 0.9658 0.7698 26.8791
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3.2.2. Interaction among Influencing Factors

The optimum level of process variables for obtaining the maximum response was
investigated using three-dimensional plots. These plots were produced to visualize the
interaction among the independent variables and dependent variables.

Effect of pH and Adsorbent Dose

As the pH affects the solubility, degree of ionization, and surface charge of the
nanocomposite, it is considered to be a significant factor [63]. Adsorbent dose, on the other
hand, determines the number of active sites available for reaction with the drug molecules.
Figure 4 displays the simultaneous influence of pH and the dose of nanocomposite on
ASA and CBZ removal efficiency. At a fixed dose of 0.025 g BC-CS@nZVI, ASA removal
efficiency was 79.92% at pH 2, while at pH 10, it was reduced up to 8.82% (Figure 4a). At
fixed pH 2, when the amount of adsorbent varied from 0.085 to 0.125 g, the ASA displayed
91.20-93.52% removal, showing an increasing trend with the increase in the dose. Similar
trends were observed at higher pH values. This specifies that in the case of ASA, the
removal efficiency shares an inverse relationship with increasing pH, while the adsorbent
dose is directly related to removal efficiency. The relationship of the adsorbent dose is easily
understandable, as the increase in the dose leads to an increase in the available active sites,
while the changes in the removal efficiency with pH could be explained by the point of zero
charge (pHp,c), which was found to be 3.89 for BC-CS@nZVI (Figure 5). When the solution
pH was less than pHp,, the adsorbent surface became protonated with H* ions and bore a
positive surface charge. ASA species, which are acidic in nature and have a high negative
charge density, show greater affinity towards the surface of the nanocomposite at lesser pH
due to the abundance of H* ions in and around the surface of the nanosorbent, resulting in
enhanced removal efficiency. On the contrary, at pH values > pHp,, the adsorbent had a
negative charge due to the existence of a large number of OH™ and COO~ ions, eliminating
electrostatic attraction between the ASA molecules and the adsorbent, and reducing overall
removal efficiency [13]. The results are in accordance with the study conducted by [64],
wherein the TiO,-mediated photocatalytic degradation rate of aspirin showed an increasing
trend with decreasing pH, which is similar to the present study [64]. Similar observations
were reported in the study conducted over other acidic drug molecules [65,66].

Similar to the case of ASA, the removal efficiency of CBZ also displayed an accelerating
trend with the increase in the dose; however, the influence of pH was different. At a fixed
dose, the CBZ removal efficiency was observed to increase up to pH 6, and after that, it
remained consistent up to pH 10, as shown in Figure 4f. This indicates that CBZ removal
is quite independent of pH, and the increase observed in the removal efficiency up to pH
6 could be the effect of an adsorbent dose. The pKa value of CBZ could be the reason for
the pH independency observed herein. As the pKa value of CBZ is reported to be 13.9,
the molecules of CBZ would have a neutral charge in the studied pH range; therefore,
the electrostatic interaction between CBZ and the charged surface of BC-CS@nZVI is not
feasible [67,68]. The results are in line with other studies reporting on CBZ removal with
AC/Fe304 and phenyl-functionalized magnetic palm-based powdered activated carbon
adsorbents, wherein pH was varied from 4 to 9 and from 2 to 12, respectively, and the CBZ
removal was reported to be unaffected by the solution pH [68,69].
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Effect of Initial Drug Concentration and Contact Time

Figure 4b,g displays the effect of initial drug concentration and contact time on ASA
and CBZ removal efficiency. At 30 ppm of ASA and 60 min contact, the maximum removal
efficiency of 97.89% was observed, and 88.39% was noticed in CBZ. The removal efficiency
was observed to be increasing rapidly during the first 60 min, and after that, no significant
changes were noticed. The rapid increase in adsorption capacity noticed in the early phase
of the reaction could be due to the abundance of active sites available for adsorption;
however, as the time passes, the active sites gradually become saturated and the process
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reaches an equilibrium stage [70]. CBZ adsorption onto polypyrrole-chitosan-Fe3O4 mag-
netic nanocomposite (PPy-CS-Fe;O4 MNC) and removal of ceftriaxone sodium in aqueous
media with novel nanocomposite g-C3N; /MWCNT/Bi, WOg showed similar trends with
respect to initial drug concentration and contact time [71,72].

Effect of Contact Time and pH

As shown in Figure 4c,h, along with the increase in the reaction time from 20-100 min,
the removal efficiency also became enhanced from 82.57% to 97.89% at lower pH, i.e., 2 for
ASA drug, whereas the removal efficiency of CBZ drug at pH 6 increases from 28.64 to
89.32%. The reason for the enhanced adsorption over time could be attributed to increased
possibilities of collision between the drug molecules and the adsorbent. A similar result
was reported by Yousefi et al. (2021) [73] while studying CIP removal by functionalized
multi-walled carbon nanotubes, wherein removal efficiency was boosted up to 88% when
contact time was increased up to 24.4 min at pH 5.4.

Effect of Adsorbent Dose and Initial Drug Concentration

Figure 4d,i show the combined effect of adsorbent dose and initial drug concentration.
As displayed in the figure, when the drug had an initial concentration of 10 ppm and
the adsorbent dose was 0.025 g, the removal efficiency of ASA was 33.84%. At the same
concentration level, when the amount of absorbent dose increased up to 0.125 g, the
removal efficiency also increased to 68.56%. Similarly, in the case of CBZ, 28.64% removal
was noticed at 10 ppm initial concentration and 0.025 g adsorbent dose, which increased
up to 89.32% at 0.125 g of the adsorbent. This indicates that for both the drugs, the removal
efficiency is directly proportional to the adsorbent dose and inversely proportional to the
drug concentration. Similar results were also reported in other studies [13,74].

Effect of Temperature and pH

Figure 4e,j depict the effects of temperature and pH on the removal efficiency of ASA
and CBZ. In the case of both drugs, the rise in temperature coincided with the increase
in the removal efficiency. As the temperature increased from 30 °C to 70 °C, maximum
removal efficiency of 97.89% ASA and 82.21% CBZ was observed at pH 2 and 6, respectively.
The reason could be the increased mobility of drug molecules at higher temperatures, which
leads to a greater number of collisions and subsequent adsorption on the surface of BC-
CS@nZVI. A similar pattern was observed for CBZ removal by CosMnFeOg4 nanoparticles,
wherein a positive relationship between CBZ degradation and elevated temperature was
reported. When the temperature was raised to 40 °C, CBZ was removed entirely in
12 min [75,76].

3.2.3. The Diagnostic Plot Analysis

As shown in Figure 6a,b, the data points available on the plots were quite near
the straight line, which indicates that the predicted removal percentage of the model
matches the experimental removal percentage without outliers and validates the utilized
model as accurate and significant. The high order of predictability was confirmed by the
random distribution of residuals around the predicted value in both the drugs, as shown
in Figure 6¢,d. The Cook’s distance value lesser than 1 further indicates the excellent
predictability and reliability of the model in both cases (Figure 6e,f).
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Figure 6. (a,b) Plot of predicted versus actual; (c,d) Residuals verses predicted plot; (e,f) Cook’s
distance plot verses run number; Box—Cox plot for power transforms plot of ASA and CBZ adsorption

onto BC-CS@nZVI.

3.3. Adsorption Kinetic Model

The kinetic studies were performed to explain the adsorption behavior of the nanocom-
posite for removal of ASA and CBZ using the following models:

3.3.1. Pseudo-First-Order Reaction

The pseudo-first-order kinetic model follows Equation (8) [77,78]:

ln(ﬂe - Qt) = lnﬂe —kqt

®)
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where g, and g; represent the adsorbent capacity (mg/g) (BC-CS@nZVI) at equilibrium
and contact time ¢ (min), respectively, and k; depicts the velocity coefficients (1/min). The
graph plotted between I,, (g, — g¢) and time ¢ yields values of g, and k; (Figure 7a). The R?
values for both ASA and CBZ were calculated to be 0.9809 and 0.8006, respectively.
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Figure 7. Kinetic models of ASA and CBZ: (a) pseudo-first-order, (b) pseudo-second-order, and
(c) intraparticle diffusion.
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3.3.2. Pseudo-Second-Order Reaction

The rate equation used to determine the pseudo-second-order reaction kinetics is
given below [79,80]:

t_1 1

Ge  koqz e
where the rate constant is represented by k, (mg/g min). The regression coefficient value
(R?) was determined by plotting the graph between t/qt and t, and it was found to be 0.751
for ASA and 0.8722 for CBZ (Figure 7b).

The above findings indicate that the pseudo-first-order model fits well with the ad-
sorption data of ASA; thus, physisorption is mainly responsible for ASA removal. In
contrast, the best-fitted model for CBZ was observed to be the pseudo-second-order reac-
tion model, which indicates that chemisorption is the main mechanism of CBZ removal.
Similar observations have also been reported in other studies [70,81].

)

3.3.3. Intraparticle Diffusion Model
The intraparticle diffusion model is represented in the following equation [82]:

g = kit® + C (10)

where g; in mg/g depicts the adsorbate amount adsorbed on the adsorbent surface at time
t, C is the value of intercept representing boundary layer effect or surface adsorption, and
ki represents intraparticle rate constant. In the adsorption reaction, intraparticle diffusion
between the adsorbate and adsorbent is regarded as the primary rate-controlling step if the
plot of target molecules adsorbed against /2 yields a straight line. In the present study,
two-phase plots were observed for both the drugs, as shown in Figure 7c. The first phase of
the curve shows the external mass transfer of the ASA and CBZ from the solution to the
surface of BC-CS@nZVI, while the second phase displays intraparticle diffusion occurring
on the BC-CS@nZVI nanocomposite. In the case of ASA, the intraparticle diffusion rate
constant (k;) is higher, while the intercept C, representing the boundary layer effect, is
lower, signifying that in ASA, diffusion is the major rate-controlling step; thus, the removal
kinetics is controlled by physisorption In contrast, k; and C values of CBZ indicate that
the surface adsorption was comparatively higher, lowering the surface diffusion of the
CBZ molecules from the external surface of the adsorbent to its internal surface, indicating
chemisorption as the major rate-controlling step. These results are in agreement with the
kinetic data obtained for ASA and CBZ removal. As the linear segments in neither graph
plotted between g; and '/2 for the intraparticle diffusion model pass through the origin,
this indicates that intraparticle diffusion is not the only rate-controlling step; there are
additional kinetic processes, such as boundary layer effects, which regulate the adsorption
rate [77,83]. Table 6 displays the kinetic model parameters discussed above.

Table 6. Kinetic parameters for ASA and CBZ adsorption onto BC-CS@nZVI.

S.No. Kinetics Parameters Values

ASA CBZ

Jemax (Cal) =22.79 mg/g ge max (Cal) =118.63 mg/g
1. Pseudo-first-order %1'72{%%83(%37'% mg/g ‘Il<e1m:ax_(§?<1};) =14228 mg/g

R? =0.9809 R? =0.8006

Je max (Cal)=769.23 mg/g Je max (Cal)=625mg/g

Je max (exp) =37.95mg/g Je max (exp) = 142.28 mg/g
2. Pseudo-second-order ge?= 591716 ge?= 390625

K, =0.0013 K, =5.66

R?=0.751 R?=0.8722

k; = 1.3425 g/mg min ki = 0.2946 g/mg min
3. Intraparticle diffusion C=24.08 C=35.50

R2=0.9134

R? = 0.9007
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3.4. Thermodynamic Study

The thermodynamic parameters were calculated using the following equations [84]
and are represented in Table 7.

0 0
i = 85 oH! a
AGY? = —RTInK (12)

where R depicts the universal gas constant (8.314 ] mol K1), the equilibrium constant
is K, and T represents the absolute temperature, as shown in Figure 8. In the temperature
range of 303 K to 343 K, the calculated AG? value for ASA adsorption was found to be
—0.44 to —1.06, and for CBZ, it was —0.04 to —5.14 k] /mol. The negative values of AGY
confirm the spontaneity and feasibility of the reaction. The value of AH? for ASA and CBZ
was calculated as —0.073 and —0.003 kJ/mol, which validates the exothermic nature of the
adsorption reaction. The change in entropy (AS?) was —0.011 and —0.004 kJ /mol for ASA
and CBZ, which corresponds to a decrease in the degree of randomness of the adsorbate at
solid-liquid interface during the reaction.

Table 7. The thermodynamic parameters of ASA and CBZ adsorption onto BC-CS@nZVI.

PhAC Temlile(r)at“re ~AG? (KJ/mol)  AS® (kJ/mol) AH? (kJ/mol)
303 —0.44228
313 —2.21769

ASA 323 —4.28489 —0.01125 —0.0035
333 —9.96554
343 —1.06059
303 —0.04208
313 ~1.43613

CBZ 323 —3.0971 —0.00498 —0.0735
333 —4.74838
343 ~5.14778

BASA ¢CBZ
5 -
4
} ASA; R>=0.924
3
= CBZ; R*=0.9512

2

1

0 .

-1 8

Figure 8. Thermodynamic parameters for ASA and CBZ adsorption.

3.5. Adsorption Isotherms

The adsorption isotherm is a frequently used technique which can help to understand the
adsorption mechanism, surface properties, and the affinity between adsorbate and adsorbent.
In addition, it provides a description of the adsorbent’s capability [85]. In the present study,
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three isotherm models, viz. Langmuir, Freundlich, and Temkin isotherms, were used to
determine the maximum adsorption capacity of the adsorbent and the process viability.

3.5.1. Langmuir Isotherm

The Langmuir isotherm is based on several hypotheses, including monolayer adsorp-
tion and similarity in the energy of the active sites [86]. The following equation describes
the Langmuir isotherm model:

1 B 1 y i " 1
de K Gmax Ce Jmax

(13)

where C, depicts the concentration of drugs at equilibrium (ppm), 4. (mg/g) is the ad-
sorbent’s maximum adsorption capacity, g (mg/g) explains the theoretical maximum
adsorption capacity, and Ky, (L/mg) depicts the Langmuir adsorption constant. The graph
plotted between C, /g, and Ce gives the value of g4y, and K} was obtained by the intercept
and slope of the linear equation. As displayed in Figure 9a,b, the Langmuir isotherm model
fitted well for both ASA and CBZ adsorption data, with R? values of 0.7502 and 0.926,
respectively, indicating that the active sites are evenly distributed on the surface of the
nanocomposite, showing monolayer sorption of both the drugs over BC-CS@nZVI. The
ge of BC-CS@nZVI for ASA and CBZ drug removal was calculated as 20.62 mg/g and
55.24 mg/g, respectively.

3.5.2. Freundlich Isotherm

The Freundlich isotherm describes mainly multilayer adsorption of the adsorbate on
the non-uniform, or heterogenous, surface of the adsorbent (Equation (14)).

logqe = logKy + %logCe (14)

where K (L mg~!) demonstrates the Freundlich isotherm constants, and 1/n describes
the intensity of the heterogeneity factor [87]. The graph plotted between log C, and log g,
was used to calculate the value of n, and Kf was obtained using the slope and intercept
of the straight-line equation, as shown in Figure 9b. The low value of R? specifies that
the experimental data of neither drug fit the Freundlich isotherm model, eliminating the
probability of multilayer adsorption of ASA and CBZ over BC-CS@nZVI.

3.5.3. Temkin Isotherm

As per the Temkin model, the adsorption heat of surface molecules or particles varies
linearly and not in a coverage-dependent manner. The following equation explains this
model isotherm:

ge = Briln (A T) + Brln (C g) (15)

where Bt = Rr/br, At is expressed as the Temkin isotherm equilibrium binding constant
(L/g), Bt depicts the constant value of the heat of adsorption (kJ/mol), and R represents
the universal gas constant (8.314 J/mol/K). The experimental data of neither drug fit well,
with low R? values of 0.39 and 0.73, respectively (Figure 9¢). The values of isotherm models
are summarized in Table 8.
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Figure 9. Adsorption isotherms of ASA and CBZ drugs: (a) Langmuir isotherm, (b) Freundlich

isotherm, and (c) Temkin isotherm.

Table 8. Adsorption isotherm parameters for ASA and CBZ adsorption onto BC-CS@nZVI.

S.No. Isotherm Parameter Values
ASA CBZ
KL =0.442L/mg Ky =5171L/mg
. Jdmax =20.62mg/g dmax =55.25mg/g
1. Langmuir Isotherm R, =0.008 R, =0.101
R? = 0.7502 R? =0.926
1/n=0212 1/n=2.072
2. Freundlich Isotherm K¢{=25.81L/mg K¢=746L/mg
R? = 0.0051 R? =0.7524
Bt =0.0107 (J/mol) Bt =0.0057 (J/mol)
3. Temkin Isotherm At =1.894 (L/mol) A1 =9.094 (L/mol)

R? =0.3927

R? =0.7347
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3.6. Reusability of BC-CS@nZVI

The reusability of the adsorbent is one among the significant attributes for the prac-
tical and cost-effective application of the adsorbent. In the present study, the adsorp-
tion/removal efficiency of BC-CS@nZVI in five cycles was found to be in the range of
96-54% and 87-44%, while desorption varied within 90-47% and 80-40% in ASA and CBZ,
respectively (Figure 10). This finding indicates that the synthesized nanocomposite bears
good stability. In addition, the magnetic property of the BC-CS@nZVI, which facilitates the
easy and efficient separation of the nanocomposites while minimizing their loss after each
cycle, could have further contributed towards the retention of good removal efficiencies.

(a) = ASA Adsorption = ASA Desorption

- 120 ~
=

g 100 4
= =<

g' 80 )
g 60 :

5 -
= 40

=

2 20
Z

O T T T T 1
Ist 3rd 4th 5th
Cycle

(b) = CBZ Adsorption CBZ Desorption

- 100 A

S~

5 80 - ;

3

aé} 60 A i

_S 40 ~ =
5 20 A

Z

O = T T T 1
Ist 2nd 4th 5th

Figure 10. Reusability of BC-CS@nZVI: (a) ASA adsorption/desorption percentage and (b) CBZ
adsorption/desorption percentage.

3.7. Comparison with Other Adsorbents

The comparison of the removal efficiency of different adsorbents with the prepared
nanocomposite for ASA and CBZ are summarized in Table 9. It could be seen here that the
removal percent of the nanocomposite (BC-CS@nZVI) reported in the present work has bet-
ter efficiency in comparison with other adsorbents, such as pinewood-derived nano biochar,
bimetallic nano zero-valent Fe/Cu, granular carbon nanotubes (CNTs)/alumina (Al,O3)
hybrid, and various other nanoparticles or nanocomposites for similar drug molecules.
This signifies that BC-CS@nZVI bears great potential as a remediation agent and could be
further explored for the removal of other categories of pollutants.
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3.8. Application in Real Water Samples

The results reveal that even in real water samples, BC-CS@nZVI has excellent removal
efficiency. In tap water, the maximum removal efficiency was found to be 81.6% and 87.5%
for ASA and CBZ, respectively, while in sewage samples, it was 69.8% and 58.2% for
ASA and CBZ drugs, respectively. The difference observed between the tap water, and
sewage is obvious, as the sewage water would have a high concentration of impurities,
which compete with target contaminants for the active locations of BC-CS@nZV], resulting
in relatively lower removal efficiency [88]. This finding implies that the BC-CS@nZVI
nanocomposite has a high potential for drug removal, making it a viable candidate for a
wide range of applications in real samples.

3.9. Mechanisms of ASA and CBZ Removal by BC-CS@nZVI

Based on the isotherm and kinetic studies, the possible mechanism of the interaction
between the surface of BC-CS@nZVI and the drug molecules has been explained below
and elucidated in Figure 11a,b.

L. Hydrogen bonding is a potential interaction that could occur between drug molecules
and the nanocomposite (BC-CS@nZVI). The carboxylic group in ASA, having an oxygen
and amide group in CBZ-containing oxygen/nitrogen, could form hydrogen bonds with
the free hydrogen and hydroxyl groups present on the surface of the composite [89-92].

II. -7t interactions could also be a probable mechanism. In ASA, the carbon/hydrogen-
containing benzene ring and carboxylic group of ASA could serve as a m-electron acceptor.
Similarly, in the case of CBZ, the amino functional groups and oxygen/nitrogen-containing
hetero aromatic ring serve as m-electron acceptors. The dominating functional groups, such
as -OH, C=0, and C=C present on the surface of BC-CS@nZVI act as a 7-electron donor.
This causes electrostatic attraction between the positively charged CBZ due to cationic
amino groups present on its surface and negatively charged BC-CS@nZVI surface due
to the hydroxyl and carboxyl group, whereas in ASA, adsorption is controlled by weak
interaction between molecules due to negative charges on both the surface of adsorbate
and adsorbent [40,93].

III. Another mechanism could be pore filling, which is basically a physical process
wherein small-size ASA molecules diffuse into the meso/macro pores of the adsorbent [88].

IV. Another possible mechanism may be Lewis’s acid-base interaction, where NH; of
CBZ functions as Lewis’s base, and oxygen-containing groups present in BC-CS@nZVTI act
as Lewis’s acid [94,95].

Table 9. Comparative study of different adsorbents with the present study.

S.No. Adsorbent Adsorbate Adsorption Capacity (mg/g or R%) References

1. Pinewood-derived nano biochar CBZ 74 ug/g [90]

2. Bimetallic nano zero-valent Fe/Cu CBZ 26.15 [92]
Granular carbon nanotubes (CNTs)/alumina

3. (Al,O3) hybrid CBZ 157.4 pmol/g [93]
UiO-66 (Universitetet i Oslo)//

4. Graphene nanoplatelet CBZ 156161971;1ng/ /g/ [7]
(GNP)/UiO-66 composites -/ M8/8
Upconversion particles (UCNPs@MIP) coated N

5 with new molecular-imprinted polymer CBz 223 mg/g (14]

6. UV/ZnO ASA 83.11% [13]
Magnetite nanoparticle immobilization on a o

7 carbon felt cathode ASA 94.3% [12]

8. 500 °C-calcinated nanosheets (TiO,-BNSs-500) ASA 87.8% [5]

9. Rice hull activated carbon ASA 95.42% [66]

10. Graphene nanoplatelets ASA 94.3% [95]
Biochar-supported chitosan-modified nanoscale 97.8%

11 zero-valent iron ASA (20.62 mg/g) Present stud

: CBZ 89.32% y

(BC-CS@nZVI)

(55.25 mg/g)
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Figure 11. Possible ways of interactions between (a) BC-CS@nZVI and ASA drug molecules and
(b) BC-CS@nZVI and CBZ drug molecules.

To sum up, the adsorption mechanisms of the two drugs onto BC-CS@nZVI were
relatively similar. They include hydrogen bonding, pore filling, 7-rr interactions, and
Lewis’s acid-base interaction; however, based on the structure and properties of the drug,
the contribution of all the mechanisms during the adsorption process could be different.

4. Conclusions

In the present study, a simple wet reduction method was used for the synthesis
of a magnetic nanocomposite of sugarcane-bagasse-based biochar, chitosan, and nZVI
nanoparticles (BC-CS@nZVI), which was employed as an adsorbent for the removal of
two PhACs, i.e., aspirin (ASA) and carbamazepine (CBZ), from aqueous solution. The as-
synthesized nanocomposite was characterized with XRD, FTIR, SEM, and EDX. The results
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of XRD and FTIR were found to be in agreement with SEM and EDX results, confirming the
presence of biochar, chitosan, and nZVI nanoparticles in the synthesized nanocomposite.
RSM-CCD model was employed to optimize and examine the effects of various process
parameters. The quadratic model was found to be the most suitable model to provide an
adequate prediction of ASA and CBZ removal efficiency. The experimental results showed
maximum removal efficiency of 97.89% for ASA and 89.32% for CBZ under optimized
conditions, viz. initial drug concentration: 30 ppm, adsorbent dose: 0.075 g, time: 60 min,
temperature: 50 °C, and pH:2 for ASA and pH:6 for CBZ. The adsorption of ASA fitted
well with the pseudo-first-order kinetic model, indicating physisorption as the major rate-
controlling step, while CBZ adsorption agreed with the pseudo-second-order kinetic model,
demonstrating chemisorption as the major rate-controlling mechanism. The isotherm
data for ASA and CBZ fitted well with the Langmuir reaction model, showing monolayer
adsorption on the surface of BC-CS@nZVI. The thermodynamic parameters revealed the
spontaneous and exothermic nature of the adsorption process. In addition, BC-CS@nZVI
exhibited good reusability and applicability in real water matrices of the Ha'il region. The
fast reaction kinetics and easy magnetic separation of BC-CS@nZVI suggest that it could
be employed as an efficient, economical, and environmentally friendly alternative for the
remediation of PhACs-contaminated water. Further, the conversion of agro-waste hazard
into highly efficient adsorbent paves the way for future research for utilizing biomass waste
in environmental remediation.
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