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Abstract: Sulfadiazine (SDZ) is a commonly used antibiotic
in medicine, aquaculture, and animal husbandry. However,
its misuse has resulted in its release into soil and water
environments, posing a gradual threat to the environment
and human health. In this study, cotton pulp, poplar saw-
dust, and corn stover were chosen as raw materials. Zinc
chloride (ZnCl,) was used as a modifier to prepare modified
porous carbon through pyrolysis at different carbonization
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temperatures (400 and 800°C). The objective was to investi-
gate the adsorption effect and mechanism of modified
porous carbon on SDZ in aqueous environments, as well
as the effect of different biomass fractions of the carbon
source on the adsorption effect. The physical and chemical
properties of the modified porous carbon were character-
ized by various means of characterization, and the results
showed that the high temperature and modification effects
made the adsorbent material possess a larger specific sur-
face area and richer pore structure, higher aromaticity,
higher degree of graphitization, etc., which would be bene-
ficial for the adsorption of SDZ. Among them, CCPZ800
showed the highest saturation adsorption of SDZ, Quax =
425.45 mg/g. The adsorption experiments were carried out
by changing the initial conditions and fitted with kinetic and
isothermal adsorption to further explain the adsorption
mechanism of modified porous carbon on SDZ in conjunc-
tion with the adsorption of SDZ by hydrothermal carbon
materials. The results showed that the adsorption of mod-
ified porous carbon on SDZ conformed to the quasi-sec-
ondary kinetic and Freundlich isothermal adsorption
models. Adsorption mechanism of SDZ on modified porous
carbon followed a multimolecular layer adsorption, with
chemical adsorption being the dominant process. Both phy-
sical adsorption and chemical adsorption occurred simulta-
neously, with the main adsorption mechanism being n-n
conjugation. In addition, compositional distribution of bio-
mass from different carbon sources results in variations in
pyrolysis mode and pyrolysis products, which in turn affect
adsorption. By analyzing the effect of variability in the com-
position of biomass on the adsorption effect of SDZ, it can be
concluded that higher cellulose content in the carbon source
leads to a better adsorption effect of SDZ. The study show-
cases the effectiveness of ZnCl,-modified porous carbon in
removing SDZ from water, offering insights into the selec-
tion of raw materials for this adsorbent preparation.

Keywords: sulfadiazine, modified porous carbon, zinc chloride,
biomass, adsorption mechanism, water contamination
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1 Introduction

Sulfonamide antibiotics (SAs) have a long history of use as
synthetic antibiotics and are widely consumed in China [1].
Among them, sulfadiazine (SDZ) is commonly used in agri-
culture and farming as an effective anti-infective drug [2].
However, studies have indicated that SDZ is resistant to
degradation and can easily migrate, leading to its accumu-
lation in soil and water bodies [3]. This accumulation poses
a significant risk to the ecological environment [4]. Addi-
tionally, SDZ can be transferred through the food chain
and accumulate in humans, thereby posing a threat to
human health [5,6].

For the remediation of SA pollution, various methods
are commonly employed, including biodegradation, che-
mical oxidation, and adsorption [7]. Among these methods,
adsorption stands out due to its ease of operation and
lower potential for causing secondary pollution [8]. Bio-
char, a carbon material obtained through high-tempera-
ture cracking of waste biomass, is frequently used as
an adsorption material due to its affordability and simple
preparation process [9]. However, the effectiveness of tra-
ditional biochar in adsorption is often unsatisfactory due
to factors such as limited pore space, fewer functional
groups, and low degree of aromatization [10]. To enhance
the adsorption performance of biochar, researchers often
employ acid-base modification and metal salt impregna-
tion [11]. These modifications lead to the development of
porous carbon with increased pore space, larger specific
surface area, more functional groups, and higher aromati-
city. Among many modifiers, zinc chloride (ZnCl) is one of
the most effective modifiers for the preparation of porous
carbon materials [12], which accelerates the dissolution of
cellulose (CE), hemicellulose (HE), and lignin (LI) in bio-
mass constituents, resulting in the formation of a three-
dimensional and interconnected porous structure. Some
researchers prepared ZnCly-modified porous carbon mate-
rials from coffee grounds, and the results showed that
ZnCl, modification could significantly enhance the adsorp-
tion of methylene blue by the adsorbent [13]. ZnCl, mod-
ification can keep more carbon immobilized and increase
the specific surface area and porosity of the material,
which in turn enhances the adsorption capacity of the
material and the ability to adsorb pollutants [14]. Addition-
ally, ZnCl, disrupts the graphitic structure of biomass-
derived carbon, enhancing the degree of graphitization
of the biochar [15]. Moreover, zinc serves as a backbone
during the carbonization process, improving the degree of
carbonization and aromaticity of the biochar [16].

The use of modified porous carbon in the treatment of
antibiotic contamination is currently widespread [17]. Porous
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carbon interacts with pollutants through various adsorption
methods, including pore adsorption, electrostatic attraction,
n—7 conjugation, and hydrogen bonding [18]. The adsorption
of porous carbon materials varies significantly depending on
the raw materials and methods used for their preparation
[19,20]. Therefore, in this study, we utilized cotton pulp, corn
stover (CS), and poplar sawdust (PS) as biomass with distinct
compositions. Zinc chloride was employed as a modifier to
prepare the modified porous carbon at different cracking
temperatures. The physicochemical properties and structural
differences of the porous carbon were analyzed under dif-
ferent conditions using structural characterization techni-
ques. Additionally, adsorption experiments were conducted
using SDZ as a pollutant to elucidate the adsorption mechanism
of the porous carbon on SDZ. These experiments aimed to
further understand the adsorption behavior of SDZ on porous
carbon and analyze the impact of the distribution of biomass
components on the adsorption effect. The results of this study
will help to deepen the understanding of the adsorption beha-
vior of SDZ in the aqueous environment and provide assistance
in the preparation of the initial carbon source selection for the
adsorbent materials for the removal of SAs in the aqueous
environment, which will help to solve the status quo of SDZ
antibiotic pollution, and is of practical significance in the man-
agement of antibiotic pollution in the aqueous environment
and the sustainable development of the environment.

2 Materials and methods

2.1 Preparation of carbon materials

The raw material cotton pulp (CP) was taken from a uni-
versity light industry institute, and PS and CS were taken
from the park and farmland. The raw materials were
cleaned, naturally dried, and then transferred to the oven
at 65°C for 2 h, and then crushed and sieved. The raw mate-
rials of modified porous carbon should be weighed and
mixed with a saturated solution of ZnCl, according to a cer-
tain proportion, then impregnated for 24 h, and then used.
In the experiment, the unmodified carbon materials and
modified porous carbon were prepared by the oxygen-limited
cracking method, the raw materials were spread into the
quartz boat and put into the tube furnace, and the protective
gas nitrogen was introduced to make the furnace chamber
in an adiabatic state, and the temperature of the furnace
chamber was raised to the target temperature (400 or 800°C)
and held for 2h at the rate of 10°C/min after the gas was
stabilized, the pyrolysis was finished, and the products were
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washed by boiling with 1mol/L. hydrochloric acid, and
washed to neutral with pure water, transferred to the
oven at 90°C for drying, and then ground and bagged for
spare use. At the end of pyrolysis, the pyrolysis product was
washed with 1 mol/L hydrochloric acid to remove impurities
by heating and boiling, washed to neutrality with pure
water, transferred to an oven at 90°C for drying, and then
ground and bagged for spare use, and labeled according to
the raw material, temperature, and modifier as CCP400/800, CPS400/
800, CCS400/800, CCPZ400/800, CPSZ400/800, and CCSZ400/800 (CP,
PS, CS is the raw material type, Z is ZnCl, modified, and 400, 800
represents the temperature).

The hydrothermal carbon spheres were prepared by
the hydrothermal synthesis method. The raw materials
were put into a high-pressure reactor, added 50 mL of
pure water, and fully reacted at a temperature of 260°C
for 8 h. At the end of the reaction, it was cooled down to
room temperature and taken out, and then soaked in
ethanol and repeatedly centrifuged to clean for more
than three times, and then cleaned until the liquid was
colorless and then put into the oven at 90°C to be used
for drying, labeled with HCCP, HCPS, and HCCS (CP, PS,
and CS represent the raw material types, respectively,
and HC is the hydrothermal carbon).

2.2 Characterization of carbon materials

The physical and chemical properties and characteristics
of the carbon materials were examined using scanning
electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), Brunauer, Emmett and Teller, X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS). An SEM (Tescan, Czech Republic) was used to observe
the micro-morphology and characteristics of the carbon
materials. A fully automatic specific surface area analyzer
(Quantachrome, USA) was used to analyze the specific sur-
face area and other pore structure parameters of the carbon
materials. The FTIR functional group analysis of the carbon
materials was carried out at 500—4,000 cm ™ by FTIR spectro-
meter (Bruker, Germany), and the solid-phase composition
of the carbon materials was analyzed by X-ray diffract-
ometer (Bruker, Germany) at a 26 angle of 10°-70°. X-ray
photoelectron spectrometry (Thermo Fisher, USA) was used
to radiate the samples with an Alka X-ray source, with a spot
size of 400°-70°. X-ray photoelectron spectrometer (Thermo
Fisher, USA) was used to analyze the elemental and struc-
tural compositions of the carbon materials using an Alka X-
ray source with a spot size of 400 um, a fluence energy of
150 eV, and a binding energy range of 1,350-0 eV.

Adsorption mechanism of ZnCl,-modified porous carbon for SDZ removal from water
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2.3 Carbon material adsorption experiments

The target pollutant SDZ (Aladdin, USA, purity 298%) was
prepared as a stock solution using deionized water. The
modified porous carbon with better adsorption effect on
SDZ was preferred, and the effects of adsorbent addition
(1-100 mg), pH (2-12), adsorption time (1-2,880 min), and
the initial concentration of pollutants (1-50 mg/L) on the
adsorption amount of SDZ were investigated, and adsorp-
tion kinetics and isothermal adsorption were fitted to ana-
lyze the adsorption mechanism.

Batch adsorption experiments were conducted on SDZ
using hydrothermal carbon materials prepared from dif-
ferent carbon sources as well as modified porous carbon
materials prepared from three components of biomass: CE,
HE, and LI (Aladdin, USA), respectively, to further explain
the adsorption mechanism and the effect of the differences
in the composition of the feedstocks on the adsorption
amount.

2.4 Adsorption, kinetics, isothermal
equations

The adsorbent adsorption capacity is calculated as

G-CG)xV
Qe=(0 ) ,

m

where Q. is the amount of SDZ adsorbed by the porous
carbon (mg/g), C, represents the initial concentration of
SDZ (mg/L), C. denotes the concentration of SDZ after the
end of adsorption (mg/L), V represents the volume of the
solution (L), and m represents the amount of absorbent
added (g).

The adsorption kinetics were fitted to the adsorption
process using quasi-primary kinetics, and quasi-secondary
kinetics. The quasi-primary adsorption kinetics was mod-
eled as

In(Q, - @) = InQ, - kt,

where Q. (mg/g) is the equilibrium adsorption amount at
the adsorption equilibrium of the modified porous carbon,
Q. (mg/g) is the adsorption amount at the moment ¢, and k;
is the quasi-secondary adsorption kinetic constant. The
quasi-secondary adsorption kinetic modeling equation is

t 1 t

— = _2 + —,

Qt kZQe Qe

where Q. (mg/g) is the equilibrium adsorption of SDZ on
porous carbon at adsorption equilibrium, Q, (mg/g) is the
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adsorption of SDZ at time ¢, and k; is the Kinetic constant of
quasi-secondary adsorption.

Langmuir isothermal adsorption model and Freundlich
isothermal adsorption model were selected for isothermal
fitting of the adsorption process of the adsorbent. Langmuir
isothermal adsorption model equations are given below:

G_ G , 1
QmaxKL’

Q  Qnax

where Qnax is the saturated adsorption of SDZ at adsorp-
tion equilibrium (mg/g), Q. is the amount of SDZ adsorbed
at different concentrations (mg/g), and C, is the concentra-
tion of SDZ (mg/L). Ky, is the Langmuir’s constant.

The Freundlich isothermal adsorption model equation
is given below:

1
InQ, = Ink; + ElnCe,

where Q. is the amount of SDZ adsorbed at different con-
centrations (mg/g), C. is the concentration of SDZ (mg/L)
while KF and n are Freundlich adsorption constants.

2.5 Analysis methods

SDZ was detected using liquid chromatography, and the
supernatant after adsorption was filtered through 0.22 um
filter membrane and loaded into liquid chromatography
vials for determination using HPLC1290 high performance
liquid chromatograph (HPLC, 1290, Agilent, USA).
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Chromatographic conditions: Column: EclipsePlusC18
(2.1 x 100 mm); Detection wavelength: 280 um; Injection volume:
20 uL; Mobility V (C,H3N):V (0.01 mol/L. H3PO,) = 20:80.

3 Results

3.1 Characterization of the morphology and
pore structure of carbon materials

High temperatures and modifications cause significant changes
in the microstructure of the carbon material. However, the
unmodified materials still retain some of their original struc-
ture, such as the fibrous structure of CP and the lamellar struc-
ture of PS. The appearance of the ZnCl,-modified porous carbon
materials undergoes significant changes, with visible pore struc-
tures (Figure 1). This is mainly attributed to the catalytic
dehydration of the raw material by ZnCl,. As the tempera-
ture increases, the modification process becomes more
intense, leading to the destruction, polymerization, and
deformation of the original biomass structure. This results
in the release of H and O, and the overflow of water vapor,
ultimately forming a porous structure [15].

The modified carbon materials exhibited a significant
increase in specific surface area and pore volume, with the
carbonization temperature playing a crucial role in enhan-
cing these properties (Table 1). CCPZ800 showed the highest
total specific surface area of 1663.62 m%g and pore volume of

(b) '€CS400, (ON eI

(d)_GCSZ400

Corn Stalks Unmodified

() CPS800

(¢) CPSZ800

Figure 1: SEM images of carbon materials prepared from three biomasses.
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Table 1: Pore structure parameters of raw materials and carbon materials

Material Specific Mesoporous Microporous Total pore  Mesopore pore Microporous pore Average pore
surface area specific surface specific surface volume volume (cm3/g) volume (cm3/g) diameter (nm)
(m?/g) area (m?/g) area (m?/g) (cm®/g)

CcP 40.67 8.62 0 0.002 0.002 0 8.14

CCP400  85.25 11.25 0 0.012 0.008 0 7.64

CCP800  110.27 75.26 0 0.027 0.008 0 6.95

CCPZ400 935.02 53.12 803.65 0.547 0.071 0.334 2.33

CCPZ800 1663.62 685.19 62.08 1.255 0.668 0.007 3.02

PS 56.47 5.16 0 0.001 0.001 0 8.34

CPS400  68.54 9.15 0 0.009 0.003 0 7.62

CPS800  91.25 52.64 0 0.021 0.015 0 7.18

CPSZ400 352.66 66.82 116.77 0.262 0.119 0.069 2.98

CPSZ800 669.26 332.65 101.64 0.764 0.555 0.039 4.56

CS 4317 2.62 0 0.001 0.001 0 7.4

CCS400 62.16 21.62 0 0.013 0.005 0 6.95

CCS800  105.15 68.25 0 0.029 0.016 0 6.44

CCSZ400 589.38 137.30 161.77 0.445 0.197 0.146 3.02

CCSzZ800 741.03 496.66 26.28 0.803 0.640 0.005 433

1.255 cm®/g. The adsorption/de-adsorption curves of ZnCl,- other hand, the modified porous carbon prepared at a high
modified porous carbon exhibited consistent Type IV adsorption  carbonization temperature of 800°C (Figure 2d—f) exhibited H2-
isotherm characteristics (Figure 2) with hysteresis loops. The type hysteresis loops, mainly due to the presence of mesoporous
modified porous carbon prepared at a low carbonization tem-  structures. This transition was likely caused by the melting and
perature of 400°C (Figure 2a—c) displayed H4-type hysteresis collapsing of the microporous structures, leading to the formation
loops, primarily attributed to microporous structures. On the of mesopores as the temperature increased [21].
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Figure 2: N, adsorption/desorption diagram of modified porous carbon. (a) CCPZ400, (b) CPSZ400, (c) CCSZ400, (d) CCPZ800, (e) CPSZ800, and (f)
CCSZ800.
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3.2 Characterization of the chemical
structure of carbon materials

FTIR analysis revealed that both the raw and unmodified
carbon materials (Figure 3a—c) exhibited stretching vibra-
tions of —OH (3,400-3,650 cm™), (2,978-2,932cm™), ester
group C-0 (1,045-1,100 cm™), and —-C=0 double bonds
(1,670-1,715cm™Y). The increase in temperature and the
modification process resulted in the detachment of binding
water in biomass, leading to the breakage of hydroxyl
groups and an increase in hydrophobicity [22]. Conse-
quently, the intensity of the —OH group peaks on the
surface of the modified porous carbon (Figure 3d—f) gradually
weakened or almost disappeared. Simultaneously, the stretching
vibration of ~COOH appeared on the surface (1,220 cm™),
along with the stretching vibration of C=C double bond
(1,540-1,640 cm™) and the bending vibration of aromatic
hydrocarbon —CH (810-820 cm™). These changes were
attributed to the continuous weakening of —CH2, resulting
in the formation of an aromatic structure [23]. Additionally,
in the fingerprint region below 600 cm™, a peak at 463 cm™
(Figure 3e) was observed, indicating the stretching vibration
of Zn-0. This peak may be attributed to the generation of
Zn-containing oxides during the modification process.

XRD analysis revealed diffraction peaks at 26 = 15°, 17°,
and 22° for CP (Figure 4a), corresponding to the (1-10), (110),
and (200) crystal planes of CE CE-I, which aligns with the
standard CE crystal structure. Similarly, CS (Figure 4c) also

DE GRUYTER

exhibited a peak at 20 = 22°. PS (Figure 4b) displayed peaks
at 20 = 29.1°, 30.9°, 40.9°, 44.9°, and 51.2°, corresponding to
CaMg(COs), (PDF No. 75-1655 and PDF No. 79-1342), respec-
tively. Additionally, the SiO, peak (PDF No. 85-0539) was
observed in both CS and PS, indicating the absorption of
silicon elements from raw materials [24]. The high tem-
perature and modification processes led to the disruption
of the biomass’s original structure, accelerated CE dissolu-
tion, and consequent weakening of the characteristic CE
peaks in CP and CS. The SiO, diffraction peaks in PS were
significantly attenuated after warming carbonization and
modification, while the appearance of diffraction peaks
corresponding to CaSiO; and Mg,SiO, (PDF No. 77-5177
and PDF No. 74-1680) suggests the reaction of Si02 with
CaMg(COs), at elevated pyrolysis temperatures, forming
silicate. Moreover, CPSZ400/800 exhibited new diffraction
peaks at 20 = 36.3° 42.1°, and 61.1°, corresponding to (111),
(200), and (220) crystal plane reflections of ZnO (PDF No. 77-
0191). The presence of Zn-O bonds on the surface of
CPSZ400/800 is consistent with the FTIR results. CPSZ800
contains a small amount of elemental Zn on its surface,
while no characteristic peaks of Zn were found on the
surfaces of CCPZ800 and CCSZ800, which may cause less
secondary contamination of elemental Zn in wastewater
treatment.

Modified porous carbon materials exhibit a strong
broad peak at 20 = 25°, which is attributed to the carbon
(002) crystal diffraction peak. This peak reflects the level of
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Figure 3: FTIR diagram of carbon material. (a-c) Three feedstocks and unmodified carbon materials and (d-f) Modified porous carbon from three raw

materials.
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Figure 4: XRD diagram of carbon material. (a) Cotton pulp and its modified and unmodified carbon materials, (b) Poplar sawdust and its modified and
unmodified carbon materials and (c) Corn stoever and its modified and unmodified carbon materials.

spatial order of the aromatic carbon lamellae. The peak
symmetry and absence of nearby spurious peaks indicate
that these carbon materials are composed of ordered and

oriented polycyclic aromatic carbon lamellae [25]. Notably, rials [27].

CPSZ400 shows more y-peaks, which are caused by the
presence of aliphatic hydrocarbon chains connected to
the edges of the aromatic carbon lamellae. Higher levels
of LI in PS are more difficult to break down at low tempera-
tures, as the temperature increases, the pyrolytic fracture of
aromatic hydrocarbon side chains leads to a reduction in
y-peaks, resulting in a more regular and orderly structure
in CPSZ800 [26]. Additionally, the broader peaks observed at
26 = 45° in both CP- and CS-modified porous carbons can be

attributed to the carbon (101) crystal plane diffraction
peaks. The sharper peaks observed in CPSZ800 and CCSZ800
indicate a higher degree of graphitization in these mate-

The XPS gross spectra (Figure 5a—c) indicate that all
three types of modified porous carbon have high carbon
content, with CCPZ800 having the highest carbon content.
Additionally, CPSZ800 and CCSZ800 contain a small amount
of Si, which is consistent with previous findings. The Cls split-
peak fitted spectra (Figure 5d—f) of CCPZ800 reveal the highest
C—C/C=C content, followed by CCPZ800 and CCSZ800. It is
important to note that a shake-up peak of Cls appears at
291.18 eV next to the main peak of the Cls split-peak map of
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Table 2: Adsorption of SDZ by carbon materials with different pre-
paration conditions

Biomass Temperature (°C) Unmodified Q. Modified Q.
(mg/g) (mg/g)
cP 400 5.03 279.26
800 19.77 425.45
PS 400 7.52 52.76
800 23.67 214.99
cs 400 13.50 771.87
800 25.12 130.10

CCPZ800 (Figure 5d). This peak is primarily caused by the
presence of a m—m conjugation system [28]. The existence of
conjugated m-bonds in the plane of C atoms leads to the
appearance of a companion peak at a higher energy level.
This indicates the strong m-electron supplying ability of
CCPZ800. Moreover, the companion peak is also a character-
istic peak of graphite m-bonding, suggesting that CCPZ800
contains a higher degree of graphite structure and a higher
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density of m-electrons on its surface [29]. Meanwhile, no sig-
nificant amount of zinc was detected in the XPS spectra of the
three modified porous carbons, suggesting that the material
poses a low risk of zinc contamination of wastewater.

3.3 Adsorption experiment

Carbon materials with different preparation conditions
were selected for the batch adsorption of SDZ to initially
investigate the adsorption effect on SDZ (Table 2), and mate-
rials with excellent adsorption effects were preferred from
each carbon source for the subsequent tests. CCPZ800,
CPSZ800, and CCSZ800 were selected to investigate the
adsorption of SDZ on modified porous carbon by changing
the adsorption conditions.

The three modified porous carbon materials showed
the maximum adsorption of SDZ at an additional amount
of 1mg (Figure 6a), which could reach 454.99, 239.50, and
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Figure 6: Effect of different conditions on the adsorption of modified porous carbon on SDZ. (a) Dose, (b) pH, (c) time, and (d) concentration.
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177.27 mg/g, respectively, and the Q. decreased with the
increase in the addition amount. This is because the total
adsorption capacity increases with the increase in the addi-
tional amount, but the amount of the target pollutant is
certain, which leads to a decrease in the adsorption capa-
city per unit mass.

The adsorption amounts of the three modified porous
carbons showed a tendency to increase and then decrease
with the increase in pH (Figure 6b). Among them, CCPZ800,
CPSZ800, and CCSZ800 all had the largest adsorption amounts
at pH = 7, which could reach 425.45, 214.99, and 130.10 mg/g.
Changes in acid and alkaline environments can affect the
adsorption of SDZ, especially alkaline conditions have the
most pronounced effect on SDZ adsorption.

SDZ are ionizable compounds and will exist as cations
(SDZ™Y), anions (SDZ"), and neutral molecules (SDZ°) in dif-
ferent pH backgrounds [30]. Since the zero point charge of
pH (pHp) of the three modified porous carbons ranges
from 5.9 to 6.8 (Table 3), the modified porous carbons are
electrostatically repelled from SDZ under acidic conditions
(positive repulsion) and alkaline conditions (negative repul-
sion), thus inhibiting the adsorption [31]. This suggests that
electrostatic action was not the primary adsorption
mechanism for SDZ, which is consistent with the findings
of Tzeng et al. [32].

SDZ is an aromatic compound that contains an aromatic
heterocyclic ring. The amino and sulfonamide groups on
SDZ° act as strong m-electron acceptors, while the modified
porous carbon with aromaticity acts as a strong m-electron
donor. The high temperature and modification effects
increase the graphitization and hydrophobicity of the mate-
rial, which results in a higher m-electron density on the sur-
face of the modified porous carbon, which will facilitate the
formation of m-m conjugation and thus enhancement of
adsorption between the modified porous carbon and SDZ
[33]. Acidic and basic conditions lead to a decrease in the
n-electron density of SDZ, which can lead to a decrease in
the m-electronic properties on the aromatic ring of SDZ, weak-
ening the m—7 conjugation with the modified porous carbon,
and consequently decreasing the amount of adsorption [31].

In addition, SDZ° has hydrophobicity, and the modified
porous carbon made by high-temperature pyrolytic carboni-
zation has weakened hydrophilicity due to the enhancement

Table 3: Modified porous carbon for pH,,.

Material PHzpc
CCPZ800 6.8
CPSZ800 5.9
CCSZ800 6.4

Adsorption mechanism of ZnCl,-modified porous carbon for SDZ removal from water
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of aromaticity, which also suggests that hydrophobicity dis-
tribution plays a role in the adsorption of SDZ on the modified
porous carbon [34].

The adsorption equilibrium time of the three modified
porous carbons on SDZ was about 1,440 min (Figure 6c¢),
and the adsorption amount of SDZ increased rapidly in
0-600 min, and the increase in the adsorption amount
slowed down in 600-720 min, and then gradually leveled
off in 1,440 min. At the beginning of the reaction, the SDZ
concentration was larger, the modified porous carbon pos-
sessed more effective adsorption sites, and SDZ would
rapidly occupy multiple adsorption sites, resulting in an
accelerated adsorption rate. With the decrease in effective
adsorption sites, the adsorption rate decreased, the adsorp-
tion of SDZ was close to saturation, and the adsorption
system reached equilibrium.

At low concentrations (1-30 mg/L), the adsorption of SDZ
by the three modified porous carbons gradually increased
with the increase in SDZ concentration (Figure 6c), but the
adsorption of SDZ by the three modified porous carbons gra-
dually stabilized when the concentration gradually reached
30 mg/L. At low concentrations of SDZ, SDZ could not comple-
tely occupy the adsorption sites of porous carbon during
the adsorption process. As the concentration increases, the
adsorption sites are gradually occupied, resulting in satura-
tion adsorption due to the insufficiency of adsorption sites,
and the adsorption amount tends to stabilize gradually [35].

3.4 Kinetics and isothermal adsorption

To further analyze the interaction between adsorbent and
SDZ, it is important to analyze the adsorption kinetics and
isothermal adsorption. The adsorption process of SDZ on
modified porous carbon with quasi-primary, quasi-sec-
ondary Kkinetics fitting results (Figure 7) showed that the
quasi-secondary kinetics R?=0.9807, 0.9882, and 0.9935 for
CCPZ800 (Figure 7a), CPSZ800 (Figure 7b), and CCSZ800
(Figure 7c) were greater than the quasi-primary Kinetics
of R? = 0.8658, 0.9753, 0.9894 (Table 4). And the quasi-sec-
ondary kinetic Q. (CCPZ800 = 426.63mg/g, CPSZ800 =
242.64 mg/g, CCSZ800 = 134.25 mg/g) was closer to the experi-
mental values (CCPZ800 = 425.45 mg/g, CPSZ800 = 214.99 mg/g,
CCSZ800 = 130.10 mg/g), which indicates that the quasi-
secondary model is more consistent with the adsorption
process of SDZ by these three modified porous carbons
than the quasi-primary model. The quasi-primary Kinetic
model is commonly used to describe the initial stage of
adsorption, specifically focusing on single-layer physical
adsorption, It is obtained by parametric integration of the
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Figure 7: Kinetic fitting of SDZ adsorption by modified porous carbon.

Table 4: Adsorption kinetics fitting parameters

Model parameter CCPZ800 CPSZ800 (CCSZ800
Quasi-primary kinetic K 0.0190 0.0028 0.0001
model Qe 403.0871  213.0637 133.6503
(mg/q)
R? 0.8658 0.9753 0.9894
Quasi-secondary kinetic K, 0.0006 0.0001 0.0001
model Qe 426.6309 242.6377 134.2449
(mg/9)
R? 0.9807 0.9882 0.9935

Lagergren equation, which has some limitations in practical
applications. On the other hand, the quasi-secondary adsorp-
tion kinetic equation is mainly based on chemisorption,
describes the whole process of adsorption, and contains mul-
tilayer adsorption with the joint action of various mechan-
isms (surface adsorption, intra-particle diffusion, etc.).

At the same time, the quasi-secondary adsorption
kinetic model suggests that chemisorption may be an
important factor in the whole adsorption process, and
the adsorption process may be controlled by the interactions
generated by adsorbent and adsorbate as well as by the
exchange of electrons [36]. Therefore, the quasi-secondary

T T T T
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Time(min)

T T T T T
1500 2000 2500 3000 500

Time(min)

kinetic equations of the three adsorbents were highly fitted,
and the adsorption of SDZ on the three modified porous
carbons could be preliminarily judged to be the result of
multiple adsorption mechanisms, including chemisorption
or physicochemical adsorption.

The isothermal adsorption model can well describe the
distribution of adsorbent in the solid-liquid phase at adsorp-
tion equilibrium, and then explain the adsorption mechanism.
The adsorption of SDZ by CCPZ800 (Figure 8a), CPSZ800
(Figure 8b), and CCSZ800 (Figure 8c) showed good linear rela-
tionships with the fits of both Langmuir isothermal adsorption
model and Freundlich isothermal adsorption model, but the
correlation coefficients of Freundlich isothermal adsorption
model R* (CCPZ800 = 0.9815, CPSZ800 = 0.9639, and CCSZ800
= 0.9753) were higher than the correlation coefficients R* of
the Langmuir isothermal adsorption model (CCPZ800 = 0.9684,
CPSZ800 = 0.8966, and CCSZ800 = 0.8864) (Table 5), and the
adsorption of SDZ on the three kinds of modified porous car-
bons by the Freundlich isothermal adsorption model showed
good linear relationships.

The Langmuir isothermal adsorption model assumes
the presence of numerous adsorption active sites on the
surface of the adsorbent. Saturation adsorption is achieved
when all the active sites are occupied. This model primarily
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Figure 8: Isothermal adsorption fitting of modified porous carbon for SDZ adsorption. (a) CCPZ800 Q., (b) CPSZ800 Q, and (c) CCSZ800 Q.
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Table 5: Isothermal adsorption fitting parameters

Model parameter CCPZ800 CPSZ800 CCSZ800

Langmuir K 1.0559 0.3199 0.2543
Qmax (Mg/g) 4297380 234.3726 144.0729
R? 0.9684 0.8966 0.8864

Freundlich  K: 247.4364 126.3029 53.5503
n 6.2710 7.0048 3.9957
R 0.9815 0.9639 0.9753

describes monomolecular layer adsorption. On the other
hand, the Freundlich isothermal adsorption model assumes
that the adsorption process takes place on a surface that is
not uniform [37]. The amount of adsorption increases as the
concentration of the target pollutant increases. This model
mainly describes multimolecular layer adsorption. This is
supported by the adsorption constants (n) in the Freundlich
isothermal adsorption model, which are greater than 1 for
all three modified porous carbons. The higher values of n
suggest a stronger force between the modified porous car-
bons and SDZ, making the adsorption process easier to
occur. This type of adsorption is known as favorable adsorp-
tion, adsorption of SDZ by modified porous carbon is a
multimolecular layer adsorption and is a chemisorption-
dominated adsorption mechanism [38].

Table 5 shows that the saturated adsorption Qy,.yx of the
three modified porous carbons were CCPZ800 = 429.7380 mg/g
> CPSZ800 = 234.3726 mg/g > CCSZ800 = 144.0729 mg/g. Com-
pared to other similar adsorbents in the literature (Table 6),
CCPZ800 showed better adsorption capacity for SDZ removal.

3.5 Hydrothermal carbon and raw material
composition adsorption experiment

The modified porous carbon is expected to have oxygen-con-

taining functional groups that can form hydrogen bonding
interactions with the amino groups of SDZ, it is possible that

Table 6: Table of saturation adsorption of SDZ by various adsorbents

Absorbent Qmax (Mg/g) References
CCPZ800 429.74 This study
CPSZ800 234.37

CCSZ800 144.07

Ni/CNF 103.21 [39]

A 1/5 C800 261.00 [40]

BC900 206.03 [35]
MrGO-3 6.26 [41]

Adsorption mechanism of ZnCl,-modified porous carbon for SDZ removal from water
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hydrogen bonding is also one of the main adsorption mechan-
isms Hydrothermal carbonization is a process that converts
biomass into carbon nanomaterials in an aqueous phase,
using specific temperature and pressure conditions [42].
The resulting hydrothermal carbon nanomaterials possess
a significant amount of oxygen-containing functional groups
on their surface. These functional groups can form hydrogen
bonds with polar groups, such as amino groups, present on
the surface of SDZ and enhance the adsorption effect on SDZ
[43]. The adsorption Q. of SDZ by the hydrothermal carbon
materials HCCP, HCPS, and HCCS prepared by hydrothermal
synthesis of the three raw materials were 25.37, 18.17, and
16.48 mg/g, respectively (Table 7). The adsorption capacity of
the hydrothermal carbon material was significantly lower
than that of the modified porous carbon. The limited adsorp-
tion of SDZ by the hydrothermal carbon material, which was
enriched with oxygen-containing functional groups, suggests
that the hydrogen-bonding effect produced by these groups
on SDZ is not the primary adsorption mechanism.

There were differences in the adsorption capacity of
the modified porous carbon from different carbon sources,
and the distribution of the major constituents of the carbon
source biomass might also affect the adsorption effect.

CE, HE, and LI are the primary constituents of biomass,
along with a few other organic compounds and inorganic
elements [44]. CE acts as the “skeleton,” HE functions as the
“filler,” and LI acts as the “binder,” collectively forming a
comprehensive biomass [45]. CP contains the highest amount
of CE (>90%), PS contains more LI, and CS contains more HE
than the other raw materials [46]. Modified porous carbon
was prepared using CE, HE, and LI as carbon sources (same
method as in 2.1 of this article) CCEZ400/800, CHEZ400/800,
and CLIZ400/800, (400/800 stands for carbonization tempera-
ture), and SDZ was adsorbed to further investigate the effect
of carbon source composition on adsorption.

Table 8 shows that the CE-modified porous carbon pre-
pared at 800°C showed the highest adsorption, followed by
LI and HE-modified porous carbon with 307.97, 256.33, and
156.83 mg/g, respectively. The variability in adsorption is due
to the different behaviors of the constituent components
during pyrolysis. CE in the lower temperature (<400°C)
under the partial decomposition of CO,, CO, H,0, and other
forms of release and produce coke and small molecules

Table 7: Adsorption of SDZ by hydrothermal carbon

Hydrothermal carbon Q. (mg/g)
HCCP 25.37
HCPS 18.17
HCCS 16.48
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Table 8: Adsorption of SDZ by modified porous carbon prepared from
raw material components

Material Temperature (°C) Q. (mg/g)
CCEZ400 400 94.74
CCEZ800 800 307.97
CHEZ400 400 49.45
CHEZ800 800 156.80
CLIZ400 400 17.53
CLIZ800 800 256.33

(hydroxyacetone, monosaccharides, etc.) and the formation
of a certain pore structure, with the increase in tempera-
ture, while at high temperatures (>650°C), the small mole-
cules through the decarbonylation and arylation of a large
number of aromatic hydrocarbons, coke will be arylated
into an aryl ring, and a large number of mesopores will
be generated. The pyrolysis process of HE is similar to that
of CE. It produces a significant amount of light-oxygenated
compounds (such as acetic acid, propionic acid, and other
compounds), coke, and a small amount of pore structure at
temperatures below 400°C. At temperatures above 650°C,
the coke undergoes further polymerization to form an aro-
matic ring [47]. Additionally, the oxygenated compounds
undergo arylation, resulting in the generation of aromatic
hydrocarbons along with some CO and H,. This process also
leads to the formation of mesoporous structure. In con-
trast, LI is structurally more stable than CE because of its
numerous aromatic rings. It primarily undergoes dehydra-
tion and softening reactions at low temperatures (<400°C),
resulting in the production of intermediate products and a
poor pore structure [48]. However, at higher temperatures
(>650°C), the LI p—0-4 linkage breaks down, leading to the
formation of carbon nanosheets within the aromatic units.
Additionally, the coke produced by LI enhances its aroma-
ticity through the arylation reaction, resulting in the genera-
tion of a larger number of micropores [49]. The pyrolysis
products of CE, HE, and LI produced at higher carbonization
temperatures exhibit greater aromaticity compared to those
produced at lower temperatures. This increased aromaticity
enhances the adsorption of SDZs through m—m conjugation.
Therefore, modified porous carbon materials carbonized at
800°C demonstrate a superior adsorption.

Due to its lower degree of polymerization compared to
CE, HE is more easily decomposed [50]. At high tempera-
tures, HE undergoes almost complete decomposition, resulting
in a weaker aromaticity in the CE product. This weaker aro-
maticity can potentially reduce the adsorption of SDZ. This
explains the difference in SDZ adsorption by CCPZ/CCEZ and
CCSZ/CHEZ [51].
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The modifier and high-temperature effects can disrupt
the graphitic structure of CE-derived carbon. This disrup-
tion is beneficial as it increases the graphitization of the
carbon. Higher graphitization, in turn, results in a higher
n-electron density on the surface of the carbon. This higher
n-electron density potentially promotes the m—m conjugation
of modified porous carbon to SDZ, enhancing the adsorption
effect [52]. It is possible that this is the reason why CCPZ
presents better adsorption properties to SDZ [53].

The distribution of biomass raw materials and the pyr-
olysis temperatures have different effects on the adsorp-
tion of SDZ by the pyrolysis products of porous carbon. Under
lower temperature preparation conditions, the adsorption
effects of the modified pyrolysis products’ three components
on SDZ were as follows: CE > HE > LI. However, under higher
temperature preparation conditions, the adsorption effects of
the three components on SDZ were: CE > LI > HE. The adsorp-
tion effect of the modified pyrolysis products’ three compo-
nents on SDZ was found to be highest at higher temperature
preparation conditions, with CE having the strongest effect.
Therefore, when selecting a carbon source for the prepara-
tion of porous carbon for SDZ adsorption, biomass with
higher CE content should be chosen. Additionally, if the
carbon source biomass has a higher LI content, it should be
subjected to elevated carbonization temperature to improve
the experimental outcome.

4 Conclusion

The modified porous carbon was prepared using ZnCl, as a
modifier and different carbon sources were selected at
varying temperatures through the oxygen-limited cracking
method. The physical and chemical properties of the carbon
were characterized, and its adsorption performance was
investigated using SDZ as the target pollutant. The aim of
this study was to explain the adsorption mechanism and the
reasons for the variability in adsorption among different
carbon sources. The results of the study are as follows:
High temperature and modification can lead to the
destruction of the original morphology of feedstock bio-
mass, resulting in significant changes and reorganization
of its microstructure. This process also leads to the forma-
tion of a pore structure in the modified porous carbon,
which has a large specific surface area and pore volume.
The modified porous carbon prepared at the higher carbo-
nization temperature (800°C) was dominated by meso-
porous structure, while the modified porous carbon
prepared at the lower carbonization temperature (400°C)
was dominated by microporous structure. High temperatures
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and modifications help to increase the functional group
structure of the porous carbon surface and enhance the aro-
maticity and graphitization of the porous carbon. Among the
modified porous carbons prepared at 800°C, CCPZ800 has the
highest degree of carbonization and graphitization, indicating
a higher carbon content and its adsorption of SDZ was
the largest, reaching 425.45 mg/g, followed by CPSZ800 and
CCSZ800. The results showed that higher carbonization tem-
perature and the modification effect of ZnCl, could enhance
the adsorption of SDZ on porous carbon.

CCPZ800, CPSZ800, and CCSZ800 exhibited the highest
adsorption capacity for SDZ at pH = 7. The adsorption
equilibrium time was approximately 1,440 min, and the
adsorption process followed the quasi-secondary adsorp-
tion kinetic model and Freundlich isothermal adsorption
model. The saturated adsorption amounts were as follows:
CCPZ800 (429.74 mg/g) > CPSZ800 (234.37 mg/g) > CCSZ800
(144.07 mg/g). The Quax 0f CCPZ800 for SDZ is slightly better
than other adsorbent materials prepared in the literature.
The poor adsorption of SDZ on hydrothermal carbon mate-
rials enriched with oxygen-containing functional groups
suggests that hydrogen bonding of SDZ by oxygen-con-
taining functional groups on the surface is not the main
adsorption mechanism. The variation in the distribution of
carbon source biomass components resulted in differences
in pyrolysis products, thereby impacting the adsorption
process. Specifically, a higher biomass CE content led to
improved adsorption efficiency of SDZ by the modified
porous carbon material. The stronger aromaticity, higher
degree of carbonization and graphitization of modified
porous carbon enhance the m-m conjugation and thus the
adsorption of sulphadiazine, which may be the reason for
the differences in the adsorption of sulphadiazine by mod-
ified porous carbon prepared from different raw materials
and methods.

The adsorption mechanism of SDZ on ZnCl,-modified
porous carbon was chemisorption-dominated multimole-
cular layer adsorption, it contains a cooperative interac-
tion of physical pore adsorption, electrostatic attraction,
hydrogen bonding, and - conjugation, and -7 conjuga-
tion played the most significant role. Additionally, hydro-
phobicity partitioning also contributed to the adsorption
process.

5 Limitations and future research

In this study, ZnCl,-modified porous carbon was success-
fully prepared using different raw materials and modifica-
tion conditions, and its physical and chemical property
characteristics were investigated to study the adsorption

Adsorption mechanism of ZnCl,-modified porous carbon for SDZ removal from water
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effect and mechanism of SDZ in the aqueous environment,
and to explore the effects of different carbon sources and
preparation conditions on the adsorption effect, which pro-
vides theoretical and technological help to carry out the
remediation work of SDZ pollution.

However, there are parts of this study that need to be
improved and thought deeply, based on which this study
still needs to improve and explore the experiments and
contents for the following elements to make the results
more perfect and scientific.

In this study, SDZ was selected as a single target pollu-
tant, but wastewater often contains a variety of pollutants,
S0 it is necessary to conduct adsorption experiments when
a variety of common pollutants are mixed in subsequent
experiments, and to examine the selective adsorption and
competitive adsorption by modified porous carbon.

Alternatively, in the actual treatment of contaminated
wastewater by adsorbent materials, it is particularly impor-
tant to prevent secondary pollution, which will directly
affect the effect of adsorbent materials to treat wastewater,
in the subsequent experiments should be optimized pre-
paration process, as far as possible to reduce the modifiers
and other exogenous substances on the water environment
caused by secondary pollution.

The long-term stability and regeneration of the adsor-
bent material is particularly important, and subsequent
experiments are needed to demonstrate how the modified
porous carbon behaves over multiple use cycles and whether
the adsorption capacity changes over time, loaded with mag-
netic material to facilitate separation from the water column,
which will be beneficial in demonstrating the value of the
material for practical applications.

The preparation temperature of modified porous carbon
in this experiment was only up to 800°C, the experimental
results of this study show that a higher carbonization tem-
perature can enhance the adsorption of SDZ on porous
carbon, so a higher carbonization temperature (>900°C) can
be chosen to investigate the adsorption performance of the
pollutants in the subsequent experiments on the preparation
of modified porous carbon.

This study mainly focuses on the adsorption of SDZ in
the aqueous environment, while antibiotic contamination
usually involves the water and soil environments, and the
remediation of SDZ-contaminated soils can be considered in
subsequent experiments by using this experimental material.
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