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Abstract

Antibiotic pollution is of great interest owing to growing concerns about
antibiotic resistance worldwide. This study aims to fabricate acid-modified
biochar (CBM-A) from corn plant byproducts (CRs) for sulfamethoxazole (SMX)
adsorption in aqueous solutions. CBM-A was synthesized via pyrolysis at 700 °C
and modified with 14% HsPOa. Kinetics, isotherms, and thermodynamics were
investigated in combination with material characterization to elucidate the
adsorption behaviors and mechanisms. The results showed that pyrolysis and
acid modification effectively enhanced SMX adsorption by CR because of the
increased number of binding groups, specific surface area, and porosity. SMX
adsorption on CBM-A was optimized at a natural pH of 6.3, initial SMX
concentration of 30 mg L1, CBM-A dose of 1.5 g L, contact time of 2 h, and
temperature of 298 K. Under the optimal conditions and initial SMX concen-
tration range of 10-200 mg L%, the maximum SMX adsorption capacity (gmax) of
CBM-A was 63.29 mg g*. The Langmuir isotherm (R? = 0.9945) and Pseudo-
second-order kinetic (R? = 0.9928) models were appropriate for describing SMX
adsorption on CBM-A. The adsorption process was favorable and endothermic.
Owing to its facile preparation, high gmax value, and short equilibrium time, CBM-
A is considered a promising biosorbent for eliminating SMX from aqueous
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solutions.

Introduction

Antibiotics, which are classified as emerging persistent
organic pollutants (POPs), are of great interest to
scientists worldwide. This is because antibiotics are
broadly used in daily life for disease treatment in
humans and animals. Antibiotics normally enter aquatic
media via wastewater. They can accumulate in aquatic
organisms and then be transferred into animals and
humans via the food chain. As a result, the abuse of
antibiotics can affect antibiotic resistance genes and
bacteria, thereby threatening public and ecological
health (Chen et al., 2018; Tran et al., 2023).

Among various existing antibiotics, sulfamethoxazole
(SMX) is commonly used and has been detected to be
in the range of 5.57 mg L in shrimp ponds (Liu et al.,
2023) and 10.03-11,583.33 mg L in livestock waste-

water (Choi et al., 2016). It is highly durable and has a
long half-life of up to 100 days. Therefore, it poses a
high risk to public health (Hou et al., 2022).

To date, many methods, such as photocatalysis,
advanced oxidation, and adsorption, are available for
the abatement of antibiotics in water. Adsorption has
great potential, as it may offer an effective, affordable,
and environmentally friendly approach. Because they
are characterized by high porosity and abundant
functional groups, biochar and modified biochar have
promising adsorption capacities for various antibiotics.
The possible mechanisms for the removal of antibiotics
from water by biochar include hydrophobic interactions,
electrostatic interactions, m—1r electron donor—acceptor
(EDA) interactions, and hydrogen bonds (Ahmed et al.,
2017; Tran et al., 2023; Zhang et al., 2025). Common
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methods used to modify biochar to increase SMX
adsorption include chemical oxidation (Hou et al.,
2022), oxidative hydrolysis (Reguyal et al., 2017),
composite production (Tran et al., 2025; Heo et al.,
2019; Zhang et al., 2022), and acid activation (Ahmed
etal., 2017; Chen et al., 2018; Zhang et al., 2022). The
modification of biochars with is a simple, effective, and
environmentally benign method. According to Chen et
al., (2018), the utilization of 14% HsPO4 as a modifying
agent significantly increased the gmax value of SMX by
swine manure-derived biochar. Moreover, Hz3PO4 has
low toxicity, has a low degree of pollution risk, and can
be washed easily with water. Therefore, this method
was selected for use in this study to increase SMX
adsorption by CB.

To the best of the authors’ knowledge, thus far,
mandatory legal standards for antibiotic concentrations
in surface water, wastewater, or drinking water cannot
be found. However, the European Medicines Agency
(EMA) proposed an "action limit" of less than 10 ng L
for antibiotic concentrations in surface water. Furthermore,
the current trend is to aim for levels as close to undetec-
table as possible (EMA, 2018; Niegowska et al., 2021).
The situation is expected to improve in the future when
scientific evidence and appropriate monitoring techno-
logies become available.

This study aims to fabricate an effective and eco-
friendly SMX adsorbent from corn byproducts via
pyrolysis coupled with acid modification. The specific
objectives include (i) investigating the factors influencing
SMX adsorption (pH, adsorbent dose, time, and tempe-
rature) and (ii) exploring the adsorption behaviors and
mechanisms via adsorption isotherm, Kkinetic, and
thermodynamic studies. This study is expected to
provide a viable method for SMX abatement from
aqueous solutions as well as for the recycling of corn
byproducts, thereby promoting a circular economy and
sustainable development.

Materials and methods
1) Chemical and biomass

SMX was supplied by Sigma-Aldrich Co. SMX can
be found in the form of cation (SMX*), anion (SMX),
and zero charge (SMX% molecules in agueous solutions
as a result of proton exchange at the aromatic amine
(pKa1 1.6) and sulfonamide groups (pKaz 5.7) (Choi
and Kan, 2019). The corn plant byproducts were collected
in Hanoi, Vietnam, as a biomass for biochar fabrication.
They were chopped into pieces of less than 4 cm,
cleaned with distilled water, and dried in an oven
(PR305225M, Thermo Scientific Precision, USA) at
105 °C until a constant weight was obtained. The
samples were ground to pass through a 600—-850 pm
sieve and labeled as CR.

2) Fabrication of pristine and phosphoric acid-
modified biochar

The CR was pyrolyzed at 700 °C for 2 h in a muffle
furnace (CWF1200, Carbolite, England) (Peng et al.,
2017). The obtained biochar was ground to pass through
a 600 ym mesh sieve and denoted as CB. The CB, as
pristine biochar, was modified with a 14% HsPOa4 solution
as follows: 10 g of CB was placed into 20 mL of 14%
HsPO4 solution for 24 h at room temperature (Chen et
al., 2018). Afterward, the material was rinsed with distilled
water to remove residual HsPOa4 until the pH of the
supernatant was approximately 7.0. It was later dried in
an oven at 105 °C until a constant weight was achieved,
ground into a powder, and designated CBM-A.

3) Characterization of adsorbents

The CBM-A-SMX used in the characterization tests
was CBM-A after the adsorption of SMX under the
optimal conditions (pH of 4.6, initial SMX concentration
of 30 mg L%, dose of 1.5 g L1, contact time of 2 h, and
temperature of 298 K). The surface morphology and
structures of CR, CBM-A, and CBM-A-SMX were charac-
terized via SEM (TM4000 Plus, Hitachi, Japan) at 2 and
5kV from 1 to 10 K magnification. The specific surface
area and pore characteristics of the samples were
verified via a Brunauer—-Emmett-Teller (BET) instrument
(Gemini VII 2390, Micromeritics, USA). The Fourier
transform infrared (FTIR) spectra of CR, CBM-A, and
CBM-A-SMX were recorded by an FTIR analyzer
(FTIR-4600, Jasco, Japan) within the wavelength range
of 400—4,000 cm-1. Additionally, the point of zero charge
(PHzpc) of CBM-A was identified via the pH drift method
(Jang et al., 2018). In addition, pristine corn plant
byproduct-based biochar (CB) has not been characte-
rized. The reason was that this study focused on the
SMX adsorption capacity of the 14% HsPOa4 acid-
modified biochar (CBM-A) rather than that of CB.

4) Batch adsorption experiments

All the adsorption tests were implemented in 150 mL
conical flasks covered with parafilm. Batch adsorption
experiments were conducted in conical flasks containing
desirable pH values, predetermined doses of CBM-A,
given concentrations of SMX, predetermined contact
times, and specific temperatures. The mixtures were
shaken at 120 rpm on an orbital shaker (NB-T101MT,
N-Biotek, South Korea). To evaluate the influence of
pH on SMX adsorption by CBM-A, the pH of the initial
SMX solutions was adjusted to different values ranging
from 2—-12 with NaOH or HCI solutions via a pH meter
(S220, Mettler Toledo, China). To investigate the impact
of CBM-A dosage on SMX adsorption, the CBM-A
dosage was varied from 0.5 to 2 g L. For kinetic studies,
CBM-A was utilized at a concentration of 1.5 g L1 in 30
mg L1 SMX aqueous solution, and the samples were
collected at different intervals in the range of 0—-960 min
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to analyze the remaining concentrations of SMX.
Adsorption isotherm experiments were implemented in
the SMX range of 10-200 mg L-1. While the lower limit
of this range (10 mg L) simulates that in livestock
wastewater (Choi et al., 2016), the upper limit of this
range (200 mg L) was used to facilitate the determi-
nation and comparison of the gmax value of CBM-A with
that of other SMX adsorbents. This occurred because
the initial SMX concentration range agrees with that
used in previous studies on SMX adsorption isotherms,
such as 0—-80 mg L (Zheng et al., 2013), 5-100 mg L*
(Liu et al., 2025), and 100—400 mg L (Ahsan et al.,
2018). For the thermodynamic experiments, three tem-
peratures, 288, 298, and 308 K, were used for the
adsorption tests. All the samples were filtered through
0.45 um cellulose nitrate filter paper (HAWP04700,
Merck, Germany). The residual SMX concentrations in
the filtrates were quantified via a UV-VIS spectrophoto-
meter (Genesys 50, Thermo Fisher Scientific, USA) at
265 nm (Zhou et al., 2015). Each adsorption experiment
was performed at least in duplicate, and the average
was calculated. The SMX adsorption capacity and
removal efficiency of CBM-A were calculated via the
following equations (Hou et al., 2022; Tran et al., 2023).

qe = (CO - Ce) V/m (qu)

where ge (mg g?) is the SMX adsorption capacity of
CBM-A at equilibrium, Co and Ce (Mg L1) are the initial
and equilibrium concentrations of SMX, respectively, V
(L) is the volume of the SMX solution, and m (g) is the
mass of CBM-A.

RE = ((Co — Cc)/Co) * 100 (Eq.2)

where RE (%) is the SMX removal efficiency and Co
and Ce (mg L) are the initial and equilibrium concen-
trations of SMX in the aqueous solution, respectively.

5) Adsorption modeling

The experimental data from the kinetic tests were
fitted with Pseudo-first-order (PFO) and Pseudo-second-
order (PSO), which are expressed in the following
equations (Jia et al., 2020; Nguyen et al., 2025).

In(qe — q¢) =1Inqe — k4t (Eq.3)
1/q; = (1/Kkpqe2) + [1/qc]t (Eq.4)

where gtand ge (Mg g1) represent the SMX adsorption
capacity at time t and at equilibrium, respectively; ki1 (h')
and k2 (g mg? h') are the rate constants of PFO and
PSO, respectively; and C is the boundary layer thickness
constant (Chen et al., 2018).

The experimental data from the isotherm tests were
fitted by the Langmuir and Freundlich models as follows
(Jia et al., 2020; Nguyen et al., 2025).

Ce/qe = (Ce/qmax) + (1/KLqmaX) (Eq5)
logqe = 1/nlogC, + logKg (Eq.6)

where gmax (Mg g*) represents the SMX maximum
adsorption capacity of CBM-A; KL (L mg?) represents
the adsorption energy for the Langmuir model; KF ((mg

g' )L mg’ )n-1)represents the affinity coefficient; n
represents the adsorption intensity for the Freundlich
model; Ce (mg L) represents the SMX aqueous
solution concentration at the equilibrium time; and qe
(mg g?) represents the SMX adsorption capacity at
equilibrium.

Results and discussion
1) Material characterization
1.1) SEM analysis

The surface morphology of CR, CBM-A, and CBM-
A-SMX was verified via SEM, and the results are
displayed in Figure 1. The surface of CR was relatively
dense and compact, with limited visible porosity,
implying a low surface area and unfavorable conditions
for SMX adsorption. In contrast, the surface of CBM-A
exhibited well-developed tubular channels and clearly
defined pore networks with deeper cavities than those
of CR did, confirming that pyrolysis followed by acid
modification effectively increased the porosity and
surface area of CR. However, the surface of CBM-A-
SMX seemed to have fewer pores than CBM-A did,
suggesting that some pores on CBM-A may be blocked
or covered by SMX molecules during its retention on
CBM-A. This assumption was further supported by the
following BET analysis results.

1.2) BET analysis

As presented in Table 1, compared with those of
CR, the BET surface area and pore volume of CBM-A
considerably increased from 5.53 to 436.46 m2 g* and
from 0.0075 to 0.13 cm? g1, respectively. This can be
explained by the impacts of pyrolysis at 700 °C and
14% HsPOa acid etching of CR. The BET surface area
of CBM-A (436.46 m? g'1) was even greater than that of
other modified biochars, namely, wheat straw-derived,
oxide-modified biochar calcined at 700 °C (R-BC700)
(294 m2 g1) [5] and swine manure-derived, H3POs-
modified biochar (SCA) (319.04 m? g!) (Chen et al.,
2018). In contrast, the pore volume of CBM-A (0.13 cm?
g1) was lower than that of R-BC700 (0.17 cm?® g-1) (Hou
etal., 2022) and SCA (0.25 cm?® g%). Notably, after SMX
adsorption, compared with CBM-A, CBM-SMX demon-
strated a decreased BET surface area (376.90 m? g%)
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and pore volume (0.11 cm3 g?), possibly due to the
blockage of pores by SMX molecules after adsorption.
The reduction in the specific surface area, pore volume,
and pore radius of CBM-A after the adsorption of SMX
confirmed that SMX could occupy some of the pores of
CBM-A. The BET results are strongly supported by the
SEM results, confirming that pyrolysis followed by acid
modification markedly enhanced the porosity of CBM-
A.

@

(b)

©

( 50.0um
Figure 1 SEM images of a) raw corn plant byproduct
(CR), b) acid-modified biochar derived from CR
(CBM-A), and c) CBM-Achar after SMX adsorption
(CBM-A-SMX).

1.3) FTIR analysis

The FTIR spectra of CR, CBM-A, and CBM-A-SMX
are shown in Figure 2. The FTIR spectrum of CR was
characterized by characteristic peaks of cellulose, such

as broad O-H (3,423.73 cm?), C-H (2,922.82 cm?),
C=0 (1,638.87 cm1), C=C (1,426.35 cm-?), and C-O
(1,052.54 cm) peaks (Choi et al., 2019; Liu et al.,
2025; Taheri et al., 2024; Zhang et al., 2022). Notably,
the peaks attributed to O-H (3,433.8 cm), C=0
(1,629.86 cm?1), C=C (1,384.36 cm?), and C-O
(1,088.15 cmt) on CBM-A shifted, indicating that SMX
adsorption via these functional groups on CBM-A
improved. Similar observations were reported by Tran
et al. (2023) for SMX adsorption onto chitosan-biochar
composites derived from agro-waste. According to
Peng et al. (2017), HsPO4 modification added more -
COOH and -OH groups to the surface of biochar. These
functional groups could enhance SMX adsorption on
CBM-A via H-bond formation and 17—t electron—donor—
acceptor (EDA) interactions (Ahmed et al., 2017; Zhang
et al., 2025). In addition to electrostatic interactions and
hydrogen bonding, hydrophobic interactions may also
contribute to the adsorption mechanism. SMX contains
aromatic and nonpolar groups that tend to associate
with hydrophobic regions on the CBM-A surface. This
interaction is relatively insensitive to pH and tempe-
rature changes, which may help explain the stable
adsorption under varying conditions. Therefore, SMX
adsorption is possibly influenced by the combined
effects of hydrophobic interactions, electrostatic
attraction, and other intermolecular forces (Hou et al.,
2022; Sun et al., 2016). This peak is characteristic of
the sulfonamide functional group in SMX, confirming
the successful adsorption of SMX on CBM-A.

Table 1 BET analysis results of CR, CBM-A, and CBM-
A-SMX

Parameters CR CBM- CBM-A-
A SMX

Specific surface area, 5.53 436.46  376.90
Seet (M?gt)
Pore volume, Vp (cm3g?!) 0.0075  0.13 0.11
Pore radius, Rp (nm) 5.24 3.74 3.48
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100
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Figure 2 FTIR spectra of CR, CBM-A, and CBM-A-
SMX.
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2) Factors influencing sulfamethoxazole adsorption
2.1) Influence of initial solution pH

The solution pH affects SMX adsorption on CBM-A
by changing the surface charge of CBM-A and the
existing species of SMX. The pHz of CBM-A was 4.6.
This means that the surface of CBM-A was positively
charged when the solution pH was less than 4.6;
otherwise, it was negative. SMX has a pKa1 of 1.6 and
a pKaz of 5.7, which are related to a weakly acidic
isoxazole heterocyclic group and an NH, group of the
sulfonamide, respectively (Borowska et al., 2015; Choi
etal., 2019). At pH < pka1 (1.6), the charge of SMX was
positive. When pka1 (1.6) < pH < pKaz (5.7), SMX exists
in zwitterionic form, becoming nearly neutral. At pH >
pKaz (5.7), the charge of SMX was negative since both
the heterocyclic group and the N2 group were negative.

As illustrated in Figure 3a, the adsorption capacity
of CBM-A for SMX increased in the pH range of 24,
reached a maximum at pH 4-6.3 (44.39-46.39 mg g),
and then gradually decreased at pH 6.3-12. At pH <
1.6, SMX is positively charged, which results in electro-
static repulsion with positively charged CBM-A. In the
pH range of 1.6-5.7, SMX becomes neutral, which results
in low electrostatic repulsion, thereby facilitating SMX
capture by positively charged CBM-A (at pH 1.6-4.6)
or negatively charged CBM-A (at pH 4.6-5.7). The
highest SMX adsorption capacity of CBM-A at pH 4-
6.3 could be explained by nonlectrostatic interactions
such as hydrogen bonding (OH groups on CBM-A and
neutral SMX) and - interactions (C=C and C=0
groups on CBM-A interact with SMX) (Choi et al., 2019;
Tran et al., 2023). At pH > 5.7, the negatively charged
SMX had a repulsive force with the negatively charged
CBM-A, resulting in low SMX adsorption. Similarly, the
maximum SMX adsorption capacity of functionalized
Eucalyptus wood-based biochar (fBC) was attained at
pH 4-4.25 (Ahmed et al, 2017). Since the SMX
adsorption capacity of CBM-A at a natural pH (6.3) was
quite similar to the highest capacity at pH 4, a natural
pH of 6.3 was chosen for the next experiment.

2.2) Influence of adsorbent dose

The impact of the adsorbent dose on SMX retention
by CBM-A is displayed in Figure 3b. As the CBM-A
dose increased from 0.5 to 2 g L%, the SMX removal
efficiency increased. This can be attributed to more
active binding sites being available at a higher adsorbent
dose. However, the SMX adsorption capacity decreased
with increasing CBM-A dose. This is probably due to
agglomeration at higher doses, causing a reduction in
the active surface area of CBM-A (Tran et al., 2023).
On the basis of the SMX abatement efficacy and
economic viability, a CBM-A dose of 1.5 g L was
selected for the next experiments. The SMX removal
efficiency and adsorption capacity were 98.18% and
20.26 mg g, respectively. At 1.5 g L%, the removal

efficiency (98.18%) was greater than that at 1.25 g L
(96.92%). Additionally, above a dose of 1.5 g L%, the
SMX removal efficiency changed marginally. Therefore,
a concentration of 1.5 g L ensured more complete
removal of SMX than did a concentration of 1.25 g L.

2.3) Influence of contact time

Figure 3c shows the effect of the contact time on the
SMX removal efficiency. The SMX removal efficiency
(91.15%) at 120 minutes closely approached the equi-
librium removal efficiency (98.78%) at 960 minutes.
The difference in the SMX removal efficiency at these
two contact times was negligible, suggesting that a
majority of the adsorption sites were occupied in the
first 120 min. This can be attributed to the substantial
decrease in the number of available adsorption sites on
the surface of CBM-A between the two contact times
(Zhou et al., 2017). A contact time of 120 min ensures
a relatively high removal efficiency, optimal contact
time, and economic practical applications. Therefore,
120 min was selected for the subsequent experiments.

2.4) Influence of temperature/therrorynamics

As shown in Figure 3d, the maximum adsorption
capacity (gmax) of CBM-A for SMX increased from 58.824
to 65.359 mg g* as the temperature increased from 288
to 308 K (Figure 3d). The thermodynamic parameters for
SMX adsorption on CBM-A are given in Table 2. The
negative values of AG indicated that the elimination of
SMX by CBM-A was spontaneous. The AG value (1.52—
3.80 kJ molt) was in the range of 0-20 kJ mol?,
suggesting that physical adsorption prevailed (Ahsan
et al.,, 2018). Similar results were reported for SMX
adsorption on chitosan-biochar composites (Tran et al.,
2023). The positive values of AH (31.24 kJ mol?) and
AS (113.67 J mol?! K1) indicated that SXM adsorption
on CBM-A was endothermic and that the degree of
freedom at the CBM-A liquid interface increased during
SMX adsorption (Nguyen et al., 2025).

Table 2 Thermodynamic parameters for SMX adsorption
on SBM-A

Temperature Omax AG AH AS
(K) mggl (kI (kJ (3 mol*
mol-t) molt) K1)
288 58.824 -1.52
298 63.694 -2.58 31.24 113.67
308 65.359 -3.80

Among the three investigated temperatures, 298 K
was selected for the next experiments. This is because
298 K ensures both a relatively high adsorption capa-
city and economic practical application of CBM-A.
Since 298 K is the typical room temperature in summer
in Vietnam, it avoids the need to consume energy to
increase the temperature to 308 K, thus saving energy.
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This justification is supported by other studies, where
room temperature (298 K) was also utilized (Ahsan et
al., 2018; Sun et al., 2016; Zheng et al., 2013).

3) Adsorption behaviors and mechanisms
3.1) Adsorption kinetics

The experimental data of SMX adsorption on CBM-
A were fitted with PFO and PSO kinetic models. The
results are presented in Figure 4 and Table 3. On the
basis of the ge (mg g-t) and correlation coefficient (R?)
values, the kinetic data for SMX were more satisfac-
torily described by the PSO kinetic model than by the
PFO kinetic model. These findings suggest that SMX
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adsorption on CBM-A occurred via chemisorption
(Ahmed et al., 2017). The PSO kinetic rate constant, k2,
of CBM-A (0.0001) was slightly lower than those of
other modified biochars, such as SCA (0.0003) and
RCA (0.0005) (Chen et al., 2018).

Table 3 Kinetic parameters for SMX adsorption on CBM-A

Parameters PFO PSO
ge (Mg g1) 5.309 1,250.000
ki (1 h?), ka2 (g 0.0054 0.0001
mg? h?1)
R2 0.9024 0.9928
50 1 - 100
40 - [ 80
30 L 60 —
s
20 4 40 53
10 - L 20
0 0
0.5 0.75 1 125 15 175 2
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Figure 3 Factors influencing SMX adsorption on CBM-A: a) initial solution pH (2—12), b) CBM-A dose (0.5-2 g L),
c¢) contact time (0—960 min), and d) temperature (288, 298, and 308 K).
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Figure 4 Fitting experimental data for SMX adsorption onto CBM-A with kinetic models: a) Pseudo-first-
order (PFO) model and b) Pseudo-second-order (PSO) model.

3.2) Adsorption isotherms

The experimental data for SMX adsorption onto
CBM-A were fitted with the Langmuir and Freundlich
models, and the results are presented in Figure 5 and
Table 4. The Langmuir model (R? = 0.9945) was more
suitable than the Freundlich model (R? = 0.9078) for
describing SMX adsorption onto CBM-A because of its
higher correlation coefficient. This implies that the
adsorption of SMX on CBM-A was characterized by

monolayer chemisorption. The SMX gmax value of CBM-
A (63.29 mg g') was more than 5.5-fold greater than
that of CB (10.93 mg g?), indicating that 14% HsPOa4
acid modification effectively enhanced the SMX adsorp-
tion capacity of CB. As shown in Table 5, CBM-A exhibited
a superior gmax value (63.29 mg g*) to many pristine
biochars (0.16—7.24 mg g1). Although the gmax value of
CBM-A for SMX was higher than that of many other
biochars (4.91-14.73 mg g'), it was still lower than that
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of SCA (160.3 mg g!) and RCA (167.5 mg g1), which
were fabricated via the same modification method [1].
This can be attributed to the difference in the substrate
categories that were used for the production of the
biochars. Moreover, the inferior qmax value of CBM-A for
SMX compared with that of other biochars modified
with other methods (Heo et al.,, 2019; Zhang et al.,
2022) suggests that there is still space for further
improvements in the gmax value of CBM-A for SMX.
The KF value at 288 K of CBM-A (9.85) was greater
than that of the chitosan biochar composites, namely,

Table 4 Isotherm parameters for SMX adsorption on CBM-A

CTC-OB (2.57) and CTS-SCB (5.57) (Tran et al.,
2023). The n value of CBM-A (2.39), which represents
the adsorption intensity of CBM-A for SMX, was greater
than that of the other modified biochars, namely, SCA
(0.15) and RCA (0.13). The n value of CBM-A was
greater than 1, indicating that the surface of CBM-A
was not uniform, therefore favoring SMX adsorption on
CBM-A (Pandiarajan et al., 2018).

Langmuir model

Freundlich model

qmax (Mg g™') Ki (L mg™) R? Ke ((mg g™')(L mg™"! )n'1) n R?
63.29 0.1042 0.9945 9.85 2.39 0.9078
25 (@) 4.5 (b)
4.0 1
20 o y =0.0158x + 0.1517 3.5 -
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Figure 5 Fitting experimental data for SMX adsorption onto CBM-A with isotherm models: a) Langmuir and b)
Freundlich.

4) Regeneration, potential practical application of
CBM-A and disposal strategies for CBM-A-SMX

To make CBM-A a viable adsorbent for the treat-
ment of SMX-contaminated wastewater, investigating
the desorption, regeneration, and reuse of the spent
adsorbent is essential. Although the desorption and
regeneration of CBM-A-SMX are outside the scope of
this study, a brief literature review of methods lays the
foundation for doing so in our future work.

For the desorption of the SMX-spent adsorbent, 0.1 N
NaOH was utilized for the desorption of SMX from the
spent adsorbent (alfalfa-derived biochar calcined at
650°C for 2 h after saturated adsorption of SMX, namely,
AF-650-SMX), with a mass to volume ratio of 0.1 g
spent adsorbent to 1 L desorbent. A desorption efficiency
of 60—70% was attained in the first 2 h and then reached
75-85% after 24 h (Choi et al., 2019). However, this
study did not examine the regeneration and reuse of
the SMX desorbed adsorbent. In a more recent study,
SMX desorption from spent biochar (produced via the
pyrolysis of forest residues via the industrial-scale
Terra Fertilis® process) was conducted via a mixture of
ethanol and 1 M NaOH (methanol/NaOH = 9:1, v/v)
under ultrasonication for 30 min. After that, the SMX
removal efficiency of the pristine adsorbent was 99%,

whereas that of the regenerated adsorbent remained at
89% after 5 cycles. This method results in not only the
effective desorption of SMX and regeneration of the
spent adsorbent but also the successful degradation of
SMX owing to SO,+/*OH (Baaloud; et al., 2025). However,
the wide application of this method may be restricted
by energy consumption and the strong oxidant require-
ments. Additionally, in both aforementioned studies,
SMX-containing NaOH solutions were regenerated,
requiring further treatment to avoid secondary pollution.
Since CBM-A is similar to both of the above biochars in
terms of its lignocellulosic nature, the applicability of
these desorption and regeneration methods to CBM-A-
SMX should be explored in the future.

Given the limitations of the above desorption and
regeneration methods, the development of appropriate
disposal strategies is of great interest. Incineration enables
the conversion of spent adsorbents as solid waste to
energy and mitigates greenhouse gas emissions more
than does coal. Additionally, landfilling is another method
for disposing of spent adsorbents, provided that the
content of antibiotics in the spent adsorbents needs to
be determined in advance to evaluate the suitability of
the method (Alsawy et al., 2022).
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Table 5 Comparison of the gmax values for SMX between CBM-A and other biochars

Adsorbent Modification method The max adsorption capacity, Reference
Qqmax (Mg g™)
Pristine biochars
Wheat straw biomass BC - 0.16 Hou et al. (2022)
Orange peel BC - 3.49 Tran et al. (2023)
Rice straw BC (300 °C) - 4.21 Sun et al. (2016)
Giant reed BC (300 °C) - 4.99 Zheng et al. (2013)
Spent coffee ground biochar - 7.65 Tran et al. (2023)
Corn plant byproducts- .
derived BC - 10.93 This study
Modified biochars
The oxidation-modified BC Co?*/peroxymonosulfate
(O-BC) chemical oxidation 4.91 Hou etal. (2022)
Chitosan orange peel .
composite (CTS-OB) Composite 7.24 Tran et al. (2023)
Pine sawdust BC Oxidative hydrolysis of 13.80 Reguyal et al. (2017)
FeCl2

The high-temperature . o
reduction BC (R-BC700) Reduction at 700 °C 14.66 Hou et al. (2022)
Chitosan spent coffee
ground biochar composite Composite 14.73 Tran et al. (2023)
(CTS-SCB)
Functionalized Eucalyptus o
wood-based biochar (fBC) 50% HsPO4 28.29 Ahmed et al. (2017)
Acid-modified corn plant o .
byproduct-derived BC 14% H3PO4 63.29 This study
Acid-modified swine manure o
BC (SCA) 14% H3PO4 160.3 Chen et al. (2018)
Acid-modified rice straw BC 14% HaPO4 167.5 Chen et al. (2018)
(RCA)
Wood-derived BC Boric acid activation 212.87 Zhang et al. (2022)
Bamboo BC composite Magnetic CuZnFe204 212.87 Heo et al. (2019)

Conclusions

CBM-A was successfully fabricated from corn
byproducts by pyrolysis followed by 14% H3PO4 acid
modification. Acid activation improved the BET surface
area and functional groups of CBM-A compared with
those of CB. The best SMX abatement from aqueous
solutions by CBM-A was achieved at a natural pH of
6.3, a CBM-A dose of 1.5 g L%, a time of 120 min, and
a temperature of 298 K. The maximum adsorption
capacity of CBM-A for SMX was 63.29 mg g, which
was greater than that of many raw and modified
biochars from agrowastes. The Langmuir isotherm model
(R? = 0.9945) and the pseudo-second-order kinetic
model (R? = 0.9928) satisfactorily described the experi-
mental data for SMX adsorption on CBM-A, suggesting
monolayer chemisorption. The thermodynamic results
confirmed that SMX adsorption on CBM-A was endo-
thermic and spontaneous. The results show that CBM-
A has high potential for application in SMX deconta-
mination in wastewater treatment plants. However,
future work should focus on methods for regenerating
or treating the spent adsorbent, exploring the potential
for adsorbent reuse, and identifying key aspects for the

actual application of the adsorbent in wastewater
treatment plants.
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