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ABSTRACT

The development of a simple method to synthesize highly efficient and stable magnetic microsphere
beads for sulfathiazole (STZ) removal from contaminated aqueous media was demonstrated in this study.
Conocarpus (Conocarpus erectus L.) tree waste (CW) derived biochar (BC) was modified to fabricate
chitosan-BC (CBC) and magnetic CBC (CBC-Fe) microsphere beads. Proximate, chemical, and structural
properties of the produced adsorbents were investigated. Kinetics, equilibrium, and pH adsorption batch
trials were conducted to evaluate the effectiveness of the synthesized adsorbents for STZ removal. All
adsorbents exhibited the highest STZ adsorption at pH 5.0. STZ adsorption kinetics data was best emu-
lated using pseudo-second order and Elovich models. The equilibrium adsorption data was best emulated
using Langmuir, Freundlich, Redlich-Peterson, and Temkin models. CBC-Fe demonstrated the highest
Elovich, pseudo-second order, and power function rate constants, as well as the highest apparent diffu-
sion rate constant. Additionally, Langmuir isotherm predicted maximum adsorption capacity was the
highest for CBC-Fe (98.67 mg g 1), followed by CBC (56.54 mg g~!) and BC (48.63 mg g~ '). CBC-Fe and
CBC removed 74.5%-108.8% and 16.2%-25.6% more STZ, respectively, than that of pristine BC. mt-t
electron-donor-acceptor interactions and Lewis acid-base reactions were the main mechanisms for
STZ removal; however, intraparticle diffusion and H-bonding further contributed in the adsorption pro-
cess. The higher efficiency of CBC-Fe for STZ adsorption could be due to its magnetic properties as well as
stronger and conducting microsphere beads, which degraded the STZ molecules through generation of
HO*® radicals.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

ates a serious problem for the surrounding environment, water
resources, and human habitant in vicinity of the farms. Direct dis-

Antibiotics are natural or synthetic chemical agents commonly
used to suppress bacterial and parasitic diseases in human and ani-
mals. Additionally, antibiotics are used to improve livestock health.
It is estimated that the global antibiotic consumption has crossed
63,151 £ 1,560 tons in 2010 and may reach to 105,596 + 3,605 tons
by 2030 (Van Boeckel et al., 2015). Incomplete metabolism results
in excretion of antibiotics from animal via urine and feces. This cre-
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posal of dry and wet animal effluents along with partially decom-
posed antibiotics are polluting the fresh and wastewater resources
in the vicinity of livestock yards. Consequently, this increases the
production and accumulation of antibiotic resistance bacteria
(ARB) and antibiotic resistance genes (Wang and Chen, 2020;
Wang et al., 2020). In a study conducted to assess potential con-
tamination of antibiotics in water, Huang et al. (2011) found that
antibiotic concentrations in untreated wastewater ranged from
3.9 to 27,000 ng L. In Saudi Arabia, use of antibiotics in livestock
production has become a vital public health concern due to micro-
bial resistance. Enormous use of antibiotics in livestock and poultry
farming has resulted in ARB growth and antibiotic residues in meat
and milk products. Al-Nazawi (2006) collected milk samples from
the Al-Hassa region of Saudi Arabia and found that 9.2% of the milk
samples contained antibiotic residues, with 17.1% of these same
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milk samples showing production and growth of antibiotic resis-
tant Staphylococcus aureus bacteria. In a review study, Al-Mogbel
et al. (2015) found that the maximum allowable limit of tetracy-
cline residues in chicken eggs and food borne ARB was exceeded
due to misuse of antibiotics in poultry and livestock industries.

Sulfathiazole (STZ), a member of sulfonamide family, is one of
the most significant and important antibiotics due to its massive
consumption in the fields of medicine, animal husbandry, and
poultry production (Awad et al., 2014). Previous studies have
reported potential toxicity of STZ in fresh and wastewater
resources, sewage treatment plants, aquatic environments and ter-
restrial ecosystems (Kim and Carlson, 2007; Choi et al., 2008). STZ
may enter into the natural system through different pathways
including medical waste from expired products, poorly managed
wastewater treatment plants, dung and urine from grazing ani-
mals, seepage from agricultural waste, and direct disposal of farm-
yard waste to nearby land and water bodies (Wang et al., 2019).
STZ is water soluble because it is a weak acid. Thus, it is likely to
run-off into surface water or seep into ground water when released
in the environment. Additionally, the toxic effects of STZ on the
environment may be compounded due to the presence of other
compounds, such as pesticides (Boxall et al., 2003). Dumping of
farmyard manure and poultry waste containing partially adsorbed
residues of consumed STZ into soil may deteriorate the environ-
ment. Thus, STZ residues are characterized as potential organic pol-
lutants that require immediate action to be removed from
ecosystem.

Many techniques including biological processing, electrochem-
ical treatment, ozonation, membrane filtration, activated carbon,
and advanced oxidation have been employed to mitigate antibiotic
contamination in wastewater (Liu et al., 2020; Wang and Zhuan,
2020; Wang and Wang, 2018). Most of these techniques are costly,
less efficient, and generate by-products which may cause sec-
ondary pollution. These negative factors limit the use of these tech-
nologies for antibiotics removal. Adsorption is a widely accepted
technology due to its simple design, easy implementation, lower
operation costs, and higher efficacy (Liu et al., 2020). However,
the efficiency of an adsorption process depends on the type of
adsorbent and adsorbate as well as conditions and composition
of the medium. Until recently, a variety of low cost adsorbents
have been developed and used for antibiotics removal. These
include saw dust (Bajpai et al., 2012), date palm leaflets (El-
Shafey et al., 2012), corn bracts (Yu et al.,, 2017) and biochars
(Zheng et al., 2013; Ahmad et al., 2019a and b).

Among these adsorbents, biochar, has been globally endorsed as
an innovative adsorbent for the removal of a range of environmen-
tal pollutants (Lehmann, 2007; Wang and Wang, 2019). Biochar is
a solid by-product of organic waste combustion from a controlled
oxygen supply that make biochar a promising adsorbent for a vari-
ety of pollutants due to its variety of surface functional groups,
spongy structure, high specific surface area, and net negative sur-
face charge. However, its heterogeneous nature, high pH and neg-
atively charged surface make it an inconsistent adsorbent (Yao
et al., 2013). To address this problem, biochar needs to be activated
and modified by certain physical, mechanical, and chemical pro-
cesses to overcome these restraints and to improve its efficiency
as an adsorbent.

Biochar has been engineered with foreign materials to induce
desirable functional groups, enhance specific surface areas, and
escalate its recalcitrance potential. Biochar engineering has inves-
tigated a range of foreign materials such as zeolite, silica, metal
oxides, and polymers to improve its adsorption -efficiency
(Ahmad et al., 2018a; Rafique et al., 2020). For instance, Chen
et al. (2019) has reported that addition of -OH functional groups
to FeCls-6H,0-loaded corn husks derived biochar resulted in higher
adsorption of levofloxacin and tetracycline due to bidentate com-
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plexation and hydrogen bonding. Peng et al. (2014) demonstrated
higher adsorption (95.86 mg g~ ') of tetracycline by using biochar
modified with iron oxide. Chitosan has been investigated as an
inexpensive, environment friendly and biodegradable adsorbent
with excellent adsorption capacity for a range of pollutants
(Wang and Zhuang, 2017; Mututuvari and Tran, 2014). A novel iron
imprinted chitosan-Fe™ composite adsorbent showed excellent
adsorption capacity for simultaneous removal of tetracycline and
cadmium in wastewater (Chen et al., 2017). However, the effec-
tiveness of chitosan-biochar-iron microsphere beads for STZ
removal from contaminated aqueous media has yet to be explored.
Therefore, in this study, conocarpus (Conocarpus erectus L.) tree
waste-derived biochar was produced and modified to synthesize
chitosan-biochar and magnetic chitosan-biochar microsphere
beads. The produced adsorptive materials were successfully
employed for STZ removal from contaminated water through the
pH, kinetics, and equilibrium adsorption batch trials. Further, the
efficacy of the synthesized adsorptive materials and adsorption
processes were explored by using kinetics and isotherm models.

2. Materials and methods
2.1. Biochar and magnetic biochar production

Conocarpus (Conocarpus erectus L.) tree waste, including leaves
and small branches, was collected from Riyadh province, Saudi
Arabia. After washing with tap water, the collected waste was
air-dried. The dried and crushed conocarpus waste (CW) was pyr-
olyzed in electrical furnace at 400 °C for 180 min. The pyrolysis
was conducted under limited oxygen supply with pyrolysis tem-
perature of 5 °C min~'. After completion of the pyrolysis, the fur-
nace was cooled and the obtained charred material was
collected, washed with deionized water, and dried at 65 °C in an
oven. The dried biochar was then ground into a powder for
30 min using a ball-mill at 650 rpm and labeled as BC.

To synthesize the magnetic biochar, 10 g of BC was suspended
in 100 mL of deionized water and then stirred for 120 min to pro-
duce a homogenized suspension. Next, a 500 mL solution contain-
ing mixture of FeCl3-6H,0 (10 g) and FeSO4-7H,0 (5.55 g) was
added to the BC suspension. Then, the mixture was stirred for
another 120 min for complete homogenization. This mixture was
poured into an air-tight container and hydrolyzed for 120 min at
180 °C. Finally, the hydrolyzed material was collected, washed sev-
eral times with deionized water and ethanol, and dried at 65 °C.

2.2. Fabrication of microsphere beads

To synthesize the beads, 2.0 mL of acetic acid was mixed with
98 mL of deionized water. 2.0 g of chitosan was dissolved in this
solution. Then, 4.0 g of either BC or magnetic BC was added to
the acetic acid-chitosan solution and stirred for 180 min to prepare
a homogenous suspension. Next, this suspension was drop-wise
added to a 1.2% solution of NaOH by using a syringe to form beads
of uniform particle size. The produced spherical beads were
allowed to float in the solution overnight. The following day, beads
were collected and washed with deionized water, and heated in
500 mL deionized water at 60 °C for 120 min under continuous
stirring. Finally, the beads were allowed to float in deionized water
for 240 min, and then separated. After washing with deionized
water, the beads were dried at 60 °C in an oven. Hereafter,
chitosan-biochar beads were named as CBC and magnetic
chitosan-biochar beads as CBC-Fe.
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2.3. Characterization of adsorbents

Chemical, surface, and structural properties of the materials
were investigated. Proximate analyses such as ash and moisture
contents as well as volatile and fixed matter were analyzed using
ASTM D1762-84 standard methods (ASTM, 1989). A 1:10 suspen-
sion of adsorbent to deionized water was used to analyze the elec-
trical conductivity (EC) and pH. An ammonium acetate method
was used for cation exchange capacity (CEC) analyses (Richard,
1954). The pHy,. (point of zero charge) was examined for the pH
range of 2.0 to 12 by using 0.1 M NaCl (Ahmad et al., 2019b).
The surface morphology of the adsorbents was determined by
coating the samples with nanogold particles and then analyzing
with a EFI S50 Inspect (Netherlands) scanning electron microscope
(SEM). Different magnifications were used to capture images of the
samples at 30 kV under high vacuum conditions. The composition
of the functional groups was explored with a Bruker Alpha-Eco
(Bruker Optics Inc.) ATR-Fourier transforms infrared spectroscopy
(FTIR). The mineralogical phases of the adsorbents were deter-
mined by analyzing a portion of the adsorbent with a MAXima_X
XRD-7000 (Shimadzu, Japan).

2.4. Sorption batch trials

A series of different adsorption batch studies were conducted to
test the efficiency of the synthesized adsorbents for removing STZ
(Sigma-Aldrich Inc.) antibiotics from aqueous solutions. Initially,
STZ was dissolved in 1.0% methanol aqueous solution to prepare
a 1000 mg L~! STZ stock solution. The adsorption batch trials were
conducted by diluting the stock solution in deionized water and
adjusting the required pH. Next, 20 mL of the STZ solution was
poured into polypropylene tubes and 10 mg of adsorptive material
was added. The suspension was mechanically shaken at 150 rpm
for a specified period of time at room temperature (23 °C + 2 °C).
This procedure was repeated three times for every adsorbent and
a blank. Next, the suspension was withdrawn from the shaker, fil-
tered through 0.45 pm syringe filters and the remaining STZ con-
centration was analyzed wusing high-performance liquid
chromatography (Prominence-i, LC-2030C, Shimadzu, Japan)
attached with a reversed-phase Raptor C18 column and a PDA
detector. The STZ analyses were performed by using a gradient
flow comprised of a 70% mobile phase A (99.9% of ultrapure water
and 0.1% of formic acid) and a 30% mobile phase B (99.9% of ace-
tonitrile and 0.1% of formic acid) (Ahmed et al., 2017). A flow rate
0f 0.15 mL min~" with 10 pL of injection volume was used. The STZ
adsorption capacity of the adsorptive materials was calculated by
using Eq. (1):

1%
qe. :a(co -C)

(1)

where ¢, is the adsorbed amount of STZ (mg g~ ') at time ¢, C, is
initial STZ concentration (mg L™!), C; is the remaining STZ concen-
tration (mg L~1), V is the volume of the STZ solution (L), and m is
the dose of adsorbent material (g).

A pH range of 3.0 - 9.0 was used to evaluate the effect of initial
solution pH on the removal of STZ from the aqueous media at
100 mg STZ L. For the kinetics trials, an initial STZ concentration
of 100 mg L~! and a pH of 4.5 were used and the remaining STZ
concentrations in the solutions were analyzed after 0.0 to
1440 min. The equilibrium batch studies were performed with dif-
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ferent initial STZ concentrations between 0.0 and 100 mg L~! and
with an initial solution pH of 4.5.

2.4.1. Kinetics modeling

Kinetic adsorption data was simulated using several kinetic
models (Ahmad et al., 2018b). The mathematical expressions of
the kinetic models used are shown in Eq. (2) to (6):

Pseudo — first — order In(q, — q,) = In(q,) — k;t (2)

where, g, is the adsorption capacity (mg g~1), k’; is the rate con-
stant, and ¢ is tim.

t 1 t
Pseudo — second — order —=-——+— 3
Q ka; g @)
where, k; is the pseudo-second-order rate constant
Elovich Q, — %ln(ocﬁ) + %lnt )

where, § = Elovich rate constant, « = initial adsorption rate (mg
g ! min~1)
Intraparticle diffusion Q, = ¢ + kist%>

()

where, ¢ represents intraparticle diffusion constant, and k4 is
the apparent diffusion rate constant [(mg g~!)%°]

Power function I[n(Q,) = In(b) + ke((In(t)) (6)

where, b is the rate constant, and k; is therate coefficient (mg
g ' min™1)

2.4.2. Isotherm modeling

The equilibrium adsorption data was simulated by using differ-
ent isotherm models as shown in Eq. (7) to (11) (Redlich and
Peterson, 1959; Ahmad et al., 2018b):

Freundlich g, = KiC!'" (7)

where, Kr is the Freundlich isotherm constant (mg g~!)(L
mg~")'/", n is the adsorption intensity, and C. is initial concentra-
tion of STZ

QLCeKL
1+K.Ce ®

where, K; is Langmuir isotherm constant (L mg~!) and Q; is
maximum adsorption capacity (mg g~ ')

Langmuir ¢, =

. AC.
Redlich — Peterson ¢, = T4 B 9)
where, A (L g71) and B (L mg~!]8) are constants
Temkin ¢, = %ln(ACe) (10

where, b represents Temkin isotherm constant, A represents
binding constant (L g '), T is absolute temperature, and R is gas

constant.
-l 2
1+ C—)} (11)

where, gp is maximum adsorption capacity (mg g~ '), Bp is iso-
therm constant (mol?/kJ?)
The bonding energy (E) was calculated by using Eq. (12).

Dubinin — Radushkevich g, = qpexp(-Bp {RTln(
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Table 1
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Chemical and proximate characterization of the produced adsorptive materials (CW: conocarpus tree waste, BC: biochar derived from CW, CBC: chitosan-BC beads, and CBC-Fe:

magnetic chitosan-BC beads).

Materials Yield EC (dSm™1) pH PHpzc Moisture (%) Mobile matter (%) Ash (%) Resident material (%)
cw - 0.89 + 0.05 6.18 + 0.88 - 4.96 £ 0.54 82.65 * 2.65 8.54 + 0.83 3.85 £0.31
BC 34.61 £ 2.82 1.54 £0.12 9.31 £ 1.01 7.55 £ 0.53 0.26 + 0.05 45.84 +2.85 21.95 £ 1.18 31.95 £ 2.37
CBC - 2.83£0.14 8.78 £ 0.98 8.57 + 0.86 3322021 4035 £ 1.75 30.92 £ 2.02 25.40 + 2.84
CBC-Fe - 1.03 £ 0.08 6.55 + 0.72 5.61 + 0.56 1.40 £ 0.18 30.84 + 1.89 44,10 +3.21 21.66 + 1.59
E— 1 (12) moisture contents were in CW (4.96%), followed by CBC (3.32%),
V2Bp and the lowest moisture contents occurred in CBC-Fe (1.40%),
and BC (0.26%). Overall, mobile matter contents were reduced,
however, the resident matter and ash contents increased with
3. Results the pyrolysis process. The highest ash contents were in CBC-Fe

3.1. Characterization of the adsorptive materials

Table 1 shows the chemical and proximate properties of the
materials. The pyrolysis of the CW yielded 34.61% of BC. The EC
of the CW increased with the thermalization process in BC, CBC,
and CBC-Fe. The CBC had the highest EC value (2.83 dS m~!) than
the other materials. Pyrolyzing the CW increased the pH by three
units, while treatment with chitosan and chitosan plus Fe
decreased the pH by one and three units, respectively. CBC exhib-
ited the highest pHp,. (8.57), followed by BC (7.55) and CBC-Fe
(5.61). The results of proximate analyses indicated that the highest

8/2014| det | HV |mag O|s
AM |ETD |30.00 kV| 2 400

mag CI| pressure | det HV WD
1 600 x |1.94e-2 Pa|ETD [25.00 kV|28.8 mm

(44.10%) compared with BC (21.95%) and CBC (30.92%). Fig. 1 dis-
plays the captured SEM images of the adsorptive materials. The
surface of the BC is rough and porous, while, deposits of chitosan
and iron particles can be seen in the CBC and CBC-Fe. Fig. 2 displays
the X-ray diffraction (XRD) patterns of the adsorptive materials
before and after STZ adsorption. Fig. 2a displays the XRD patterns
of the adsorptive materials before STZ removal. Peaks appearing
at 260 of 26.6°, 35.9°, and 57.7° in CBC-Fe, were designated as iron.
The peak appearing at 9.1° in CBC was due to the presence of chi-
tosan. A sharp peak appearing at 14.2° in CW and BC was assumed
to be mellite. Similarly, two peaks representing the presence CaCO3
were visible in CW, BC, and CBC at 31.5° and 37.9°, but were absent

mag O | pressure | det [ HV WD [
1 600 x |1.94e-2 Pa|ETD [30.00 kV28.1 mm|

Fig. 1. Scanning electron microscope images of (a) conocarpus tree waste derived biochar (BC), (b) chitosan-BC beads (CBC), (c) magnetic chitosan-BC beads (CBC-Fe), (d) and

synthesized microspheres.
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Fig. 2. XRD (X-ray diffraction) patterns of conocarpus tree waste (CW), biochar derived from CW (BC), chitosan-BC beads (CBC), and magnetic chitosan-BC beads (CBC-Fe)

before (a) and after (b) sulfathiazole adsorption.
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Fig. 3. FTIR (Fourier transform infrared spectroscopy) spectra of conocarpus tree waste (CW), biochar derived from CW (BC), chitosan-BC beads (CBC), and magnetic chitosan-

BC beads (CBC-Fe) before (a) and after (b) sulfathiazole adsorption.

in the CBC-Fe beads. Additional peaks appearing at 26 of 24.7°,
64.6°, and 77.9° were determined to be SiO,, turbostratic carbon,
and graphite carbon, respectively. The FTIR spectra, as shown in
Fig. 3, exhibited a broad absorption band around 3320 cm !, which
was attributed to O-H stretching vibrations of water molecules. In
all the adsorptive materials, C = O stretching vibrations associated
with carboxyl and carbonyl groups were detected by a band

around 1610 cm™!. An absorbance band around 1050 cm' was

attributed to C-O-C stretching vibrations in CW. The absorbance
bands ranged from 1310 to 1460 cm~! were detected in all of
the adsorptive materials. These were attributed to C-H stretching
vibrations. Similarly, aliphatic C-H stretching was found in all
the materials around 2980 cm™!. The peaks of the Fe-O functional

groups occurred around 790 and 1170 cm™ .
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3.2. Adsorption studies

3.2.1. Effect of pH on STZ adsorption

The effect of pH on STZ removal by synthesized adsorptive
materials was studied in pH range of 3.0 to 9.0. Overall, the highest
STZ adsorption was observed at pH 5.0 in all the adsorptive mate-
rials, which subsequently decreased with increasing solution pH
(Fig. 4a). The adsorption capacity of CBC-Fe at pH 5.0 was
78.21 mg g~ !, while the adsorption capacity of CBC and BC at pH
5.0 was 35.33 and 26.74 mg g~ '. A sudden drop in STZ adsorption
was observed when the pH increased above 6.0 in all the adsorp-
tive materials. Overall, CBC-Fe showed the highest STZ adsorption
at all pH levels as compared to rest of the adsorbents. Table 1
shows that BC, CBC, and CBC-Fe contained a pHp,. of 7.55, 8.57,
and 5.61, respectively.

3.2.1.1. Kinetic adsorption trials. Fig. 5a illustrates the dynamics of
STZ adsorption onto the synthesized adsorptive materials, which
can be broken down into three distinct phases. A relatively quick
adsorption phase was observed during initial 90 min, followed by
a comparatively slow phase (90 - 180 min), and finally reaching
an equilibrium state (360 min and onward). Overall, CBC-Fe
showed the highest STZ adsorption capacity compared with the
other tested adsorptive materials, suggesting its superior efficacy
for STZ removal. To further evaluate the STZ adsorption process,
the data was simulated with kinetic models. The estimated stan-
dard error of the estimate (SEE) values were less than 1.0 for all
the simulated kinetic models, indicating good fit between the data
and the models (Table 2). Table 2 shows the associated R? values,
which indicate the best fit with pseudo-second order (R = 0.99)
and Elovich (R? = 0.90-0.98) kinetic models (Fig. 5b and c, respec-

(a)
80 - & —e— BC
—v— CBC
o @ CBC-Fe
60 -
Tm
(=2
E 404
o -
20 -
@
0 . - .
2 4 6 8 10
Initial pH
(b)
stz* ST2° STZ
c
K]
=]
(v
S
(N
0 2 4 6 8 10
pH

Fig. 4. (a) Effect of initial solution pH on sulfathiazole (STZ) adsorption onto
conocarpus tree waste derived biochar (BC), chitosan-BC beads (CBC), and magnetic
chitosan-BC beads (CBC-Fe), and (b) changes in STZ speciation with changing
solution pH.
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tively), while, with poorer fit with the intraparticle diffusion and
power function (R? = 0.75-0.88 and 0.82-0.95, respectively) mod-
els (Fig. 5d and e, respectively). Table 3 shows the predicted
parameters from the kinetics adsorption models. Predicted STZ
adsorption from the pseudo-second order model was highest for
CBC-Fe (75.84 mg g '), followed by CBC (42.73 mg g~ ') and BC
(34.05 mg g ). Similarly, CBC-Fe exhibited the highest rate con-
stants as predicted by the pseudo-second order (k* = 3.0 x 10™%),
Elovich (8= — 0.338), and power function (b = 1.051) models. Sim-
ilarly, the predicted pseudo-second order initial sorption constant
(o) was highest for CBC-Fe (11.15 mg g~ ! min~') compared with
BC and CBC. The highest predicted values of the apparent diffusion
rate constant (kiq) were for CBC-Fe (4.45 [mg g~ ']~%®), compared to
BC (0.881 [mg g ']7%°) and CBC (1.129 [mg g~ ']~%°). Overall, CBC-
Fe removed the highest amount of STZ from the contaminated
water compared to the other adsorbents tested in this study. After
1140 min, CBC-Fe resulted in 83% and 119% higher adsorption than
that of CBC and BC, respectively. Fig. 5f shows the highest adsorp-
tion enhancement percentage of CBC-Fe as compared to BC and
CBC.

3.2.1.2. Equilibrium adsorption trials. The equilibrium adsorption
trials were conducted using different initial STZ concentrations.
The data generated from the STZ equilibrium adsorption trials
were simulated using various isotherms models (Fig. 6). At lower
initial STZ concentrations, an H-type isotherm was constructed
by all the adsorptive materials. Contrarily, the shape of the iso-
therm transformed to L-type at higher initial STZ concentrations.
The parameters obtained from the non-linear isotherm models
are presented in Table 4. The calculated R? values demonstrated
that the best fits were obtained from the Langmuir (R? = 0.97 -
0.99), Freundlich (R? = 0.94 - 0.99), Redlich-Peterson (R? = 0.98 -
0.99), and Temkin (R’ 0.94 - 0.99) models. The Dubinin-
Radushkevich model only resulted in a moderate fit (R? = 0.84 -
0.96). The Langmuir model predicted Q; was the highest for CBC-
Fe (98.67 mg g~ '), while it was 56.54 mg g~ ! for CBC and
48.63 mg g~! for BC. Similarly, the Dubinin-Radushkevich model
predicted Qp was the highest for CBC-Fe (72.13 mg g~ '). Moreover,
the Kr values were higher for CBC-Fe (11.24 L g~!) than CBC (3.04 L
g 1) and BC (4.36 L g ). Likewise, b was the highest for CBC-Fe
(20.26 ] mol™!), compared to CBC (10.89 ] mol~') and BC
(7.57 ] mol1). The values of g were less than unity (0.456-0.811)
for all the adsorptive materials. Likewise, the values of E were also
lower for all the materials tested in this study (less than 8.0 k] g~ ").
Additionally, the favorability of STZ adsorption process was further
predicted by 1/n values from the Freundlich model. The values of 1/
n for all the adsorbents ranged from 0.504 to 0.549. Overall, the STZ
adsorption capacity of CBC and CBC-Fe increased by 16.2%-25.6%
and 74.5%-108.8%, respectively, as compared to the pristine BC
(Fig. 6f).

4. Discussion

The adsorptive materials exhibited varied chemical and proxi-
mate characteristics. The variations in pH was due to thermaliza-
tion and composite formation with Fe and chitosan. The
increased EC and pH values in biochar based materials indicated
the removal of acidic functional groups and condensation of alkali
salts during the pyrolysis process (Usman et al., 2015). However,
the lower pH of the CBC-Fe could be due washing out of the soluble
salts during several washings performed prior to the beads fabrica-
tion. Likewise, the highest ash contents in CBC-Fe were probably
due to the existence of thermally stable Fe contents, which may
have been confused with the ash contents. The XRD results demon-
strated a successful deposition of iron particles onto the biochar
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adsorption by modified BCs (f) as compared to the other tested adsorbents.

matrix with occurrence of peaks at 26.6°, 35.9°, and 57.7° in CBC-
Fe. However, peak appearing at 9.1° in CBC was of chitosan, which
was not visible in CBC-Fe due to the deposition of iron particles. It
was observed that mellite disappeared in the CBC and CBC-Fe due
to composite formation (Ahmad et al., 2019b). The peaks regarding
SiO,, turbostratic carbon, and graphite carbon were seen in the
XRD pattern of CW, BC, and CBC, while these were absent in the
CBC-Fe beads (Ahmad et al., 2020). The FTIR spectra of the pro-
duced adsorptive materials before and after STZ removal were gen-
erated for this study. The surface functional groups of adsorptive
materials are critical for adsorption efficiency. The FTIR results
demonstrated the successful binding of Fe particles to the biochar
matrix. Further, the FTIR spectra showed that the beads were suc-
cessfully synthesized by compositing with biochar, chitosan, and
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Fe particles. A broad absorption band of O-H stretching vibrations
due to water molecules was larger in CW and CBC, indicating
higher moisture contents, while it was smaller in BC and CBC-Fe,
showing lower moisture contents. This could also be correlated
whith the moisture contents of the materials provided in Table 1.
The presence of C-O-C stretching vibrations in CW indicated the
occurrence of non-decomposed oxygenated groups. This band
was reduced in BC due to the thermalization process, and vanished
in CBC-Fe due to deposition of iron particles. It further increased in
CBC, which could be due to the mixing of N-H associated with
chitosan.

The effectiveness of the produced adsorptive materials for STZ
removal from contaminated aqueous media was evaluated through
sorption batch experiments. It was seen that the adsorption of STZ
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Coefficient of determination (R?) and standard error of estimate (SEE) of kinetic models for sulfathiazole adsorption onto conocarpus tree waste derived biochar (BC), chitosan-BC

beads (CBC), and magnetic chitosan-BC beads (CBC-Fe).

Adsorbent BC CBC CBC-Fe
First order R? 0.51 0.62 0.67

SEE 0.026 0.017 0.026
Second order R? 0.09 0.18 0.16

SEE 31x10°° 0.114 58 x 1073
Pseudo-first order R? 0.71 0.75 0.83

SEE 0.026 0.017 0.052
Pseudo-second order R? 0.99 0.99 0.99

SEE 0.029 0.003 0.015
Elovich R? 0.98 0.90 0.98

SEE 12 x 1074 8.1x107° 53 x 1073
Intraparticle diffusion R? 0.75 0.84 0.88

SEE 48 x 1074 7.3 x 1074 1.7 x 1073
Power function R? 0.83 0.95 0.82

SEE 32 x 1074 7.0 x 1074 25 %1074

Table 3

Parameters obtained from the kinetic models for sulfathiazole adsorption onto conocarpus tree waste derived biochar (BC), chitosan-BC beads (CBC), and magnetic chitosan-BC

beads (CBC-Fe).

Model Parameter Unit BC CBC CBC-Fe
First order k! - 1.4 x 1073 2.1 x 1073 1.7 x 1073
Second order K - —2.6 x 107° -8.8 x 107° -1.5 x 107°
Pseudo-first order k" - -14 x 1073 -15x 1073 -15x 1073

e mg g ! 3.098 3.547 4058
Pseudo-second order K - 1.0 x 104 29 x 1074 3.0 x 107*

qe mgg ! 34.05 42.73 75.84

h mg g~! min~" 1.227 0.542 1.612
Elovich o mg g ' min~! 5.12 6.8 11.15

i - —5.068 —7.726 -0.338
Intraparticle diffusion Kia [(mg g~ 1)) 0.881 1.291 4.45

c - 445 10.00 15.45
Power function ke mg g ' min~! 0.457 0.558 0.584

b - 0.808 0.193 1.051

suddenly dropped as solution pH increased above 6.0, indicating
the changes in the surface charges of the adsorbent/adsorbate,
which can be correlated with pHp,.. As the solution pH crosses
the pHy,. of each adsorbent, the surface of the materials become
negatively charged (Tran et al., 2016). On the other hand, STZ
molecules are amphoteric in nature, thus, they are highly suscepti-
ble to any change in solution pH (Fig. 4b). Previously, it was
reported that the STZ molecule behaves as a neutral ion (STZ%) at
pH 3.0 - 6.0 (Teixid6 et al. 2011). However, as pH increases, the
STZ molecules become negatively charged (STZ™), and, conversely,
become positively charged (STZ") if the pH decreases below 3.0
(Teixido et al., 2011). Thus, the solution pH above 6.0 in this study
resulted in an anionic form of STZ i.e., STZ". This anionic form
developed electrostatic repulsive interactions with negatively
charged surfaces of the adsorptive materials, subsequently reduc-
ing the STZ adsorption. However, compared to the rest of the
adsorbents, CBC-Fe resulted in higher adsorption capacity, even
above pH 7.0. This suggests that CBC-Fe has higher affinity toward
STZ molecules. When the pH reached 9.0, affinity was reduced by
4.5-fold for CBC-Fe, 6.3-fold for CBC, and 8.5-fold for BC. The high-
est STZ adsorption capacity of CBC-Fe could be due to the enhanced
surface area, presence of Fe particles, and possible m-donation
capacity.

Likewise, the STZ dynamics were studied in kinetics sorption
trials. The rate of the adsorption was higher at the beginning,
which could be due to the more active sorption sites. As time pro-
gressed, the active adsorption sites were slowly occupied until an
equilibrium state is reached, with no more active adsorption sites.
The sorption data was simulated with the kinetics adsorption mod-
els. The results shown that pseudo-second order, Elovich, and
power function models were fitted well with the adsorption data,
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indicating that STZ had chemically adsorbed to the synthesized
adsorptive materials (Wang and Guo, 2020a), which was further
augmented by diffusion into the pores (based on results from the
intraparticle diffusion model). The higher apparent diffusion rate
constant of CBC-Fe indicated a quicker diffusion of STZ molecules
into the porous surfaces of the CBC-Fe matrix (Ahmad et al,
2019b). Similarly, CBC-Fe showed higher rate constants, suggesting
that less time was required by this adsorbent to remove STZ from
contaminated water. Overall, the kinetics adsorption modeling
suggested that chemical adsorption, aided by the diffusion of the
adsorptive materials into the pores, were responsible for the
removal of STZ from contaminated water.

The results of equilibrium adsorption studies showed that the
STZ adsorption increased with increasing the initial STZ concentra-
tion in the solution (Liu et al., 2018). Therefore, it generated an H-
type isotherm at lower initial STZ concentrations due to the abun-
dance of active sorption sites on the adsorbents. Nevertheless,
when the initial STZ concentration increases in the solution, the
active adsorption sites become occupied by the STZ molecules until
an equilibrium state is reached, indicating no further free adsorp-
tion sites. Consequently, the shape of the isotherm is transformed
into L-type. The equilibrium adsorption data was simulated by the
isotherm models. The STZ adsorption data was best described by
Langmuir, Freundlich, Redlich-Peterson, and Temkin isotherms,
indicating both mono- and multilayer adsorption of STZ onto the
synthesized materials (Wang and Guo, 2020b). The Redlich-Peter-
son model integrates the properties of both the Freundlich and
Langmuir models. Thus, for this paper, the best fitness from Red-
lich-Peterson isotherm suggested the occurrence of multiple
mechanisms for STZ adsorption onto the synthesized adsorbents
(Liu et al., 2010). However, the lower g values indicated a higher
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other tested adsorbents.

imitation for the Langmuir isotherm. The values of E were less than
8.0Kk] g7, indicating the absence of an ion-exchange phenomena in
STZ removal process (Wang and Guo, 2020b; Ahmad et al., 2018b).
Overall, CBC-Fe exhibited the highest Q;, Qp, Kr, and b, while the
lowest E and 1/n, indicating that it is the most efficient adsorbent
for STZ removal from contaminated aqueous media, as compared
to the other tested adsorptive materials.

As the characteristics of adsorbate and adsorbent, as well as the
adsorption conditions significantly influence the adsorption pro-
cess, therefore, the mechanisms involved in adsorption process dif-
fer by adsorbent type and targeted contaminant. The adsorption of
antibiotics onto adsorptive materials may follow multiple mecha-
nisms simultaneously (e.g., electrostatic interactions, H-bonding,
and m-n electron-donor-acceptor (EDA) interactions). Generally,
ionic species are adsorbed via electrostatic interactions onto the
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adsorbents. Hence, due to the ionic form of STZ molecules, electro-
static interactions may play a vital role for its removal from con-
taminated media. Nevertheless, the ionic form of STZ molecule
varies with changing pH of the solution. The cationic form of STZ
(STZ") is prevalent under strong acidic conditions (pH ~ 3.0) while
the anionic form (STZ") is prevalent at pH of > 6.0. STZ exists as
zwitterions (STZ°) in the pH range of 3.0-6.0 (Teixid6 et al.,
2011). These changes in the ionic forms of STZ that accompany
changes in the solution pH make it a potent compound to be
attracted/repelled via electrostatic interactions. The highest STZ
removal was seen at pH 5.0 for all of the adsorptive materials, indi-
cating that electrostatic interactions were not the dominant mech-
anisms for STZ removal. Moreover, lower STZ adsorption above pH
6.0 may be due to the generation of electrostatic repulsions
between STZ™ and the negatively charged surface of the adsorptive
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Parameters obtained from isotherm modeling for sulfathiazole adsorption onto conocarpus tree waste derived biochar (BC), chitosan-BC beads (CBC), and magnetic chitosan-BC

beads (CBC-Fe).

Model Parameter Unit BC CBC CBC-Fe
Langmuir QL mg g~! 48.63 56.54 98.67
K Lg! 0.026 0.039 0.074
R? 0.97 0.99 0.99
Freundlich K (mgg™ ") (Lmg )" 3.04 4.36 11.24
1/n 0.549 0.536 0.504
R? 0.99 0.98 0.94
Redlich-Peterson Agrp Lg! 7.84 46.44 5.72
B [Lmg'J® 7.641 162.01 0.004
g 0.456 0.465 0.811
R? 0.99 0.98 0.99
Temkin b (Jmol ™) 7.57 10.89 20.26
Ar Lg™! 0.686 0.562 0.894
R? 0.94 0.99 0.99
Dubinin-Radushkevich Qp (mgg™) 31.17 39.14 72.13
E (kg™ 0.082 0.042 0.013
R? 0.84 0.92 0.96

materials (Pei et al., 2014). Thus, the Lewis acid-base effects and -
m EDA interactions may be the dominant removal mechanisms at
this pH level (Xiang et al., 2019). Sulfonamide and amino groups
present on the surface of STZ molecules potentially react with
the O-H groups of the adsorptive materials at pH 5.0 via Lewis
acid-base reactions. Additionally, STZ molecules behave as -
electron acceptors under acidic pH due to the existence of N-
heteroaromatic rings and lone pairs of electrons; whereas, the car-
bonaceous surfaces can serve as electron donor-acceptor sites (Liu
et al., 2016). Therefore, development of stronger -7 EDA interac-
tions by the transferring electrons from the O-H and C-O-C groups
of the adsorptive materials to the amino-group of STZ resulted in
higher STZ removal. The significance of - EDA interactions in
the removal of organic contaminants onto carbonaceous surfaces
is well-known (Ye et al., 2017; Afzal et al., 2018). Moreover, O-H
groups present on biochar surfaces may adsorb STZ by developing
H-bonding with -NH groups of the STZ molecules. The probability
of such interactions is higher at basic pH levels (Ahmed et al,,
2017). Also, results from the intraparticle diffusion model indicate
that the porous structure of biochar helps adsorb the STZ ions into
the pores, thus aiding its removal (Jing et al., 2014). Overall, the
highest STZ adsorption capacity of CBC-Fe could be related to the
magnetic properties, more surface functional groups, and higher
surface area compared to the other tested adsorbents. Further-
more, the stronger binding of Fe particles with the amino groups
of chitosan reduced the precipitation of Fe and resulted in the for-
mation of stable microspheres in CBC-Fe. The transfer of electrons
in CBC-Fe was higher due to more conductivity of the magnetic
microsphere beads, consequently resulting in stronger m-m EDA
interactions (Li et al., 2020). Additionally, the degradation of STZ
molecules through CBC-Fe also resulted in higher adsorption
capacity (Xu et al., 2012). Free HO® radicals produced from iron
ions were captured by the STZ molecules, which subsequently
resulted in the degradation of STZ.

XRD and FTIR analyses of the STZ-loaded adsorptive materials
were used to further evaluate the STZ adsorption process. A new
peak appeared at 23.3° in the XRD pattern for all the adsorptive
materials after adsorption was due to the presence of STZ mole-
cules (Fig. 2b). Moreover, Fe,03 peaks that appeared at 35.9° and
57.7° in CBC-Fe subsequently disappeared after STZ adsorption.
Similarly, peak shifts and changes in intensities were observed
for the other adsorbents. Variation in band intensities and changes
in their appearances suggested interactions of STZ molecules with
surface functional groups of the synthesized adsorbent materials
(Fig. 3b). The bands representing the Fe-O functional groups
around 790 and 1170 cm™?, as well as the C = O bands around
1610 cm™! in CBC-Fe disappeared after STZ adsorption. Similarly,
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after STZ adsorption, the C-H bands around 1310 to 1460 cm™'
decreased in CBC-Fe, but, increased in BC and CBC. These results
indicated successful loading of STZ onto the synthesized adsorptive
materials. Hence, it was suggested that m-mt EDA interactions and
Lewis acid-base reactions were the dominant mechanisms for
STZ removal from contaminated water for all the adsorbents tested
in this study. Further, diffusion into the pores and H-bonding aided
the adsorption of STZ through the synthesized adsorbents, while,
degradation of STZ molecules occurred in CBC-Fe resulting in the
higher STZ removal.

5. Conclusion

Conocarpus (Conocarpus erectus L.) tree waste (CW) derived bio-
char (BC) was used to fabricate chitosan-BC (CBC) and magnetic
CBC (CBC-Fe) microsphere beads. The produced adsorbents were
evaluated to assess their efficacy for removal of sulfathiazole
(STZ) from aqueous solutions via pH, kinetics, and equilibrium
batch type studies. A pH level of 5.0 was found to be optimum
for the highest STZ removal. The adsorption data was simulated
by kinetics and isotherm models to understand the adsorption pro-
cess. The maximum adsorption capacity was exhibited by CBC-Fe
(98.67 mg g!), followed by CBC (5654 mg g ') and BC
(48.63 mg g !). Similarly, CBC-Fe exhibited the highest rate con-
stant predicted by pseudo-second order, Elovich, and power func-
tion models, as well as the highest apparent diffusion rate
constant. Overall, STZ adsorption capacities of CBC-Fe and CBC
were 74.5%-108.8% and 16.2%-25.6% higher, respectively, com-
pared to the pristine BC. Post STZ adsorption analyses and simula-
tions of kinetics and isotherm models suggested that t-m electron-
donor-acceptor interactions and Lewis acid-base reactions were
the dominant mechanisms for STZ removal, whereas, intraparticle
diffusion and H-bonding further aided the adsorption process. The
highest STZ adsorption of CBC-Fe was due to magnetic properties,
stronger microsphere beads formation, and generation of HO® rad-
icals. Hence, converting pristine biochar into magnetic chitosan-
biochar beads can be implemented as a cost-effective, efficient,
and environment friendly approach for STZ removal from contam-
inated media.
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