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Municipal sludge waste could be transformed into useful biochar through
pyrolysis process. In this study, municipal sludge-derived biochar (SBC) was
successfully synthesized via the one-pot pyrolysis method, and the yield of
sludge biochar gradually decreased with the pyrolysis temperature increased
from 300°C to 800°C. The sludge biochar exhibited an alkaline surface due to
the gradual accumulation of ash and the formation of carbonate and organic
anion during high-temperature pyrolysis process. Moreover, the prepared
samples were analyzed by different characterization techniques including BET,
SEM, and XPS. Adsorption experiments using the optimized biochar sample of
SBC800 resulted in a 95% sulfamethoxazole (SMX) removal efficiency and the
maximum adsorption capacity of 7033.4 mg/kg, which was 47.5 times higher than
that of SBC300. The adsorption process of SBC800 for SMX was more in line with
the Freundlich and D-A isotherm model, the whole process was an exothermic
reaction. SBC800 could effectively remove SMX through pore filling effect,
electrostatic attraction, hydrogen bonding, hydrophobic effect, and π-π EDA
interaction. Site energy distribution analysis showed that SMX preferentially
occupied the high-energy adsorption site of SBC800, and then gradually
diffused to the low-energy adsorption site. This study proposed a sustainable
method for recycling municipal sludge for organic pollutant removal.
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Highlight

The sludge-derived biochar was fabricated by the one-pot pyrolysis method for SMX
removal.
The preparation conditions of sludge biochar were optimized.
The removal of SMX reached 95% with an adsorbent dosage of 1 g/L.
The adsorption sites on sludge biochar were analyzed by site energy distribution theory.
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1 Introduction

Pharmaceuticals and personal care products (PPCPs) are widely
used and continuously released to the environment from their
manufacture, transportation, and disposal (Gadipelly et al., 2014).
Although there was a relatively low concentration of PPCPs detected
in the environment, these substances could accumulate in aquatic
systems and cause adverse ecological impacts (Jin et al., 2018).
Sulfonamides including sulfamethoxazole (SMX) are some of the
most widely used antibiotics due to their low cost and high
antimicrobial properties. The discharge of effluents from the
wastewater treatment plant and aquaculture wastewater has
unavoidably led to considerable exposure of SMX to the water
environment (Joss et al., 2005). Without proper treatment, the
discharge of SMX-contaminated wastewater into the natural
environment could induce toxic effects in fish and other aquatic
organisms. It was reported that residual SMX concentrations of
24.9–76.7 ng/L could be observed in the river (Gopal et al., 2021).
Given the low adsorptive fate of SMX in aquatic systems, they
exhibited potential hazards to animals and humans via the exposure
of food and drinking water (Lai et al., 2018). There has been
increasing public concern and attention about the removal of
emerging contaminants (Zhang et al., 2022). Therefore, it is
crucial to develop effective technologies for removing SMX and
similar compounds from surface water.

Many categories of techniques were developed for SMX removal,
including microbial and physicochemical processes such as
electrolysis (Liu et al., 2022), Fenton (Zeng and Kan, 2022),
photocatalysis (Nasuhoglu et al., 2011), and adsorption (Zhou
et al., 2017). However, the Fenton method often produced a large
amount of hazardous waste. Photocatalysis and electrolysis require
additional energy input. Adsorption, as a typical physicochemical
method, was considered a promising technology for effectively
removing organic contaminants from wastewater due to its
operational simplicity, effective efficiency, low energy input, and
environmental friendliness (Heo et al., 2019). Diverse adsorbents,
including activated carbon, carbon nanotube, and biochar have been
applied to remove SMX from aqueous solution (Zhao et al., 2016;
Rodríguez-Martínez et al., 2019). Among these, biochar generally
prepared through partial or complete carbonization of naturally
abundant biomass under oxygen-limited conditions, exhibited
significant advantages towards adsorption and resource
utilization due to its high porosity and abundant functional
groups. Sludge biochar, as an effective adsorbent derived from
different types of sludge waste, has been considered a low-cost
option for water treatment adsorbents. For example, municipal
sludge generally contains various heavy metal species, and other
organics, which could cause severe environmental risk if they cannot
be disposed of safely. Pyrolysis is generally considered a promising
thermochemical process to utilize this biomass, which could
produce various products including biochar, bio-oil, and biogas.
Biochar, as the main product of pyrolysis, could be obtained under
anaerobic or anoxic conditions (Hayes, 2006). In this way, harmful
sludge waste could be transformed into biochar with abundant
functional groups and active sites to achieve effective removal of
organic pollutants in aqueous solution. Since the sludge biochar
derived from the hazardous waste, they are inexpensive and may not
require regeneration after using as adsorbent (Inyang et al., 2012).

Moreover, there still needs relevant research to investigate and
deliberate the application of municipal sludge derived biochar for
antibiotics removal, particularly focusing on SMX. Therefore, this
study aimed to bridge the knowledge gap, so that the mechanisms of
sludge biochar adsorbing SMX could be well illustrated and
understood.

In this study, the main objective was to understand how the
physicochemical properties of biochar arising from variations in
pyrolysis temperature affected the adsorption performance of SMX,
and elaborate the possible mechanism of effective removal of SMX.
The morphology and structural properties of the raw sludge and the
prepared biochar were characterized by Brunauer Emmett and
Teller (BET) surface area analysis, scanning electron microscopy
(SEM), and X-ray photoelectron spectroscopy (XPS). The influence
of various operational parameters on the adsorption of SMX was
systematically investigated. Moreover, adsorption isotherms and
kinetics analysis were also used to obtain a deep understanding
of SMX removal and possible adsorption mechanisms. Finally, the
different types of adsorption sites on the prepared sludge biochar
were further analyzed using site energy distribution theory. This
study will provide a reference for the further application of sludge
biochar in antibiotics removal.

2 Materials and methods

2.1 Materials

Sulfamethoxazole (SMX; 98%), sodium hydroxide, and
hydrochloric acid were all purchased through Macklin
Biochemical Co. Ltd. (Shanghai, China). Acetonitrile (C2H3N;
HPLC grade) was obtained from ANPEL Co. Ltd. All chemicals
used in the study were of analytical grade and were used as received
without any further processing.

2.2 Sludge biochar preparation

In the preprocessing phase, municipal sludge obtained from the
sewage plant was dried at 105°C and then crushed to less than 75 μm
with a mechanical mill. Afterward, the dried sludge powder was
loaded into the quartz tube and put inside a tubular furnace. The
pyrolysis process was calcinated at a heating rate of 10°C min−1

under constant nitrogen of 0.5 L min−1 with calcination
temperatures of 300, 600, and 800°C. The resulting biochar was
designated by calcination temperatures such as SBC300, SBC600,
and SBC800. Moreover, the raw sludge powder was named RS.

2.3 Biochar characterization

The surface morphology and structure of the adsorbent were
observed by field emission scanning electron microscope (SEM,
Hitachi SU8020, Japan). The surface functional groups were
identified by Fourier transform infrared spectroscopy (FTIR,
Nicolet IS 10, United States). The surface charge changes of the
samples were measured by a Zeta potentiometer (Zetasizer Nano
ZS90, United Kingdom). The surface elemental composition and
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chemical states of the adsorbents were measured by X-ray
photoelectron spectroscopy (XPS, Thermo escalab 250Xi,
United States). Thermal stability analysis of sludge biochar was
done under air atmosphere using a STA 449 F5/F3 Jupiter
thermogravimetric analyzer (TGA) between 25°C and 800°C.

2.4 Adsorption experiments and analysis
method

Batch experiments were carried out in a 100 mL conical flask
containing a 50 mL solution of 10 mg/L SMX, and then 1 g/L
biochar sample was added into the solution to initiate the
adsorption experiment. The adsorption experiment proceeded in
a constant temperature oscillation chamber at 303.15 K and 160 rpm
for 24 h. At each sampling occasion, a 2 mL sample was withdrawn
and filtered through a 0.22 μm syringe filter for further analysis.
Adsorption capacity was calculated using Eq. 1. Each experiment
was repeated and average values with error bars were conducted.
The reaction time was controlled within 24 h to explore the
adsorption kinetics. For isotherm experiments, the initial
concentration of SMX ranged from 0 to 90 mg/L, and the
reaction temperatures were 293.15, 303.15, and 313.15 K. The
adsorption experiments were performed at a pH of 7.0 adjusting
with 1 M NaOH and HCl solutions. Ultra-high performance liquid
chromatography (UPLC, Waters) equipped with a UV-Vis
spectrometer and a C18 column (5 μm, 4.6 mm × 150 mm) were
employed to evaluate SMX concentration at 280 nm with a mobile
phase of 0.1% formic acid and acetonitrile (65:35, v: v) at a constant
flow rate of 0.25 mL/min−1 and a 10 μL injection volume. The
column temperature is 35°C.

qe � C0 − Ce( )V
m

(1)

2.5 Adsorption model

The pseudo-first-order kinetic model (Eq. 2), pseudo-second-
order kinetic model (Eq 3), and intra-particle diffusion model (Eq.
4) were used to fit the experimental data, and the calculation formula
was as follows (Gadipelly et al., 2014):

qt � qe 1 − exp −k1( )[ ] (2)
t

qt
� 1
k2q2e

+ t

qe
(3)

qt � kit
0.5 + C (4)

where t is adsorption reaction time (min); qe and qt are adsorption
equilibrium and adsorption capacity (mg/kg) of SMX at time t. C
represents the thickness of the boundary layer, the C value, the greater
the show that the greater the influence of the boundary layer on the rate
(Jin et al., 2018). k1 (min−1), k2[kg/(mg·min)], and ki [mg/kg·min0.5] are
the rate constants for pseudo-first-order kinetics model, pseudo-
second-order model, and intra-particle diffusion model.

Langmuir (Eq. 5), Freundlich (Eq. 6), and Dubinin-Ashtakhov
(D-A) isothermmodels (Eq. 7) were used to fit the experimental data
of SMX adsorption on sludge biochar (Joss et al., 2005).

Langmuir and Freundlich isotherm model:

qe � qmKLCe

1 +KLCe
(5)

qe � KFCe
1/n (6)

Where qe is the equilibrium adsorption capacity of SMX on
the adsorbent (mg/kg); qm is the theoretical maximum adsorption
capacity fitted by the model (mg/kg); Ce is the concentration of
SMX at the adsorption equilibrium (mg/L); KL (L/mg) and KF

[(mg/kg)/(mg/L)1/n] are the Langmuir and Freundlich constants,
respectively; KF is related to adsorption strength, and n can
represent the size of adsorption driving for Ce.

D-A isotherm model:

log qe � log qm − εSW
Ed

( )
b

(7)

εSW � RT ln
cs
ce

( ) (8)

Where εSW is the effective adsorption potential on the solid
surface (J/mol); Ed is the correlation factor of the D-Amodel (J/mol);
b is the fitting parameter of the D-A model; cs is the solubility
of SMX.

3 Result and discussion

3.1 Optimal synthesis of sludge biochar

To obtain an effective biochar adsorbent, the biochar
preparation conditions were optimized in terms of yield, surface
property, and ash content of sludge biochar. Figure 1A shows the
yield variation of sludge biochar at different pyrolysis temperatures.
With increasing the pyrolysis temperature from 300°C to 800°C, the
yield of sludge biochar gradually decreased from 76.91% to 53.90%,
which could be attributed to the violent decomposition of organic
content in sludge at high temperatures (Yuan et al., 2015). It can be
seen that the pH value of the prepared sludge biochar exhibited a
trend of rising and then decreasing with the increase of pyrolysis
temperature (Figure 1B). The sludge biochar SBC300 obtained by
low-temperature pyrolysis was a neutral material (pH = 7.05), while
the biochar prepared at 600°C reached the maximum pH value of
10.04. This difference could be ascribed to the incomplete
decomposition of organic matter under low pyrolysis
temperatures, resulting in the abundant acidic oxygen-containing
functional groups on the surface of sludge biochar. However, when
the pyrolysis temperature was further increased, the organic acids on
the biochar surface would gradually decompose to form carbonates,
which was the main source of the alkaline component of biochar
under high-temperature pyrolysis (Yuan et al., 2011). Besides,
carbonyl groups and hydroxyl groups could exist in the form of
organic anions on the surface of sludge biochar and then combined
with H+ to induce the alkaline surface of the material (Chen et al.,
2011). Furthermore, the pH value of the biochar surface decreased
when the pyrolysis temperature was greater than 600°C, which could
be attributed to the thermal decomposition of alkali salts consisting
of Ca, Mg, K, etc. In addition, the ash content of samples increased
with increasing pyrolysis temperature from 300°C to 800°C
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(Figure 1C), indicating that the inorganic components (such as Si
and Ca) produced by sludge pyrolysis are gradually enriched.

3.2 Characterization of biochar

In order to observe the surface structure of sludge biochar at
different pyrolysis temperatures, the adsorbent was morphologically
characterized by FESEM (Figures 2A–D; Supplementary Figure S1).
It was observed that the raw dewatered sludge exhibited an irregular
block structure and relatively flat surface. However, the surface of
sludge biochar became rough with increasing pyrolysis temperature
(Supplementary Table S1), indicating its gradually developed pore
structure. It was worthing that a large amount of porous structure
and trench structure could be observed in the SBC800 sample,
suggesting that the higher pyrolysis temperature was conducive to
the formation of abundant porous structure on the surface of sludge
biochar. Hence, the obtained biochar exhibited a large specific
surface area, which could provide more active adsorption sites
for the adsorption and removal of organic pollutants. TG and
DTG curves exhibited three stages during the pyrolysis process of
dewatered sludge (Figure 2E). In the first stage, a slight mass loss of
2.5% could be observed below 110 °C, which can be attributed to the
evaporation of free and bound water in the sludge. The main weight
loss occurred in the second stage, and 35.4% of components were
lost within the temperature range of 110°C–540°C. It has been
reported that the volatile aliphatic organic matter, cellulose,
protein, and other organics in the sludge would be decomposed
in this temperature range (Shu-Rong et al., 2006). The third stage is
the decomposition of difficult volatile organic compounds and the
volatilization of a few inorganic substances. This stage showed a
weight loss of only 6.6% corresponding to a temperature of
540°C–800°C. Ultimately, the residual sample mainly existed in
the form of ash and carbon. Moreover, the DSC test displayed
the dynamic change of the pyrolysis process. As shown in Figure 2F,
the endothermic reaction occurred at temperatures ranging from
room temperature to 156°C, which corresponded to the volatile
endothermic phase of water in the DTG curve. The overall
manifestation of the 156°C–485°C stage displayed an exothermic
reaction because the anaerobic pyrolysis of organic matter including
aliphatic and carbohydrates into aromatic compounds could release

a lot of heat (Mimmo et al., 2014). Later, the whole system gradually
turned into an endothermic state with the decomposition of volatile
organic compounds.

XPS analysis was further used to investigate the chemical
composition of the prepared biochar. As shown in Table 1, the
relative content of C, H, N, and O in biochar decreased by 6.29%,
2.04%, 2.73%, and 7.60% to the increase of pyrolysis temperature
from 300°C to 800°C, which was attributed to the fact that the
organics (such as fatty, sugars, and proteins) in dehydrated sludge
could be pyrolyzed and further convert into hydrocarbons during
the pyrolysis process. Generally, the ratio of H to C can be used to
represent the aromaticity and hydrophobicity of the prepared
material, and the lower ratio of H/C meant the greater
aromaticity and hydrophobicity of the material (Yuan et al.,
2013). As shown in Table 1, the ratio of H/C of the prepared
biochar decreased with the increase of the pyrolysis temperature,
indicating that unsaturated carbon would gradually transform into
relatively stable aromatic carbon during the pyrolysis and
carbonization process of dehydrated sludge. Therefore,
SBC800 exhibited the highest hydrophobicity, which was agreed
with the research results of Wu et al. (Wu et al., 2022).

3.3 Adsorption performance on SMX
removal

Figure 3A shows the adsorption capacity of SMX by prepared
sludge biochar at different pyrolysis temperatures. As shown, the
adsorption capacity of SBC800 could reach 7,033.4 mg/kg, which
was significantly higher than that of the prepared samples at other
pyrolysis temperatures. It should be noted that the adsorption
capacity of SBC800 was increased by 47.5 times compared with
SBC300 (147.96 mg/kg). It was speculated that the larger specific
surface area, stronger hydrophobic surface, and higher degree of
aromatization of the prepared biochar contributed to the high
adsorption affinity of SBC800 for SMX. Combined with the
adsorption performance and the physicochemical properties of
sludge biochar, SBC800 was selected as a typical biochar for a
follow-up study.

The dosage of adsorbent was an important parameter to
investigate the adsorption performance of sludge biochar. The

FIGURE 1
Pyrolysis properties of sludge biochar: (A) yield; (B) pH value and (C) ash content of the sludge biochar at different pyrolysis temperatures.
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experimental result is shown in Figure 3B. The adsorption capacity
of SBC800 for SMX first increased and then decreased with an
increase in the dosage of SBC800, suggesting that increasing the
dosage of the adsorbent within a certain range could effectively
increase the adsorption capacity for pollutants. However, the
excessive dosage of adsorbent could overlap the adsorption sites
and reduce effective active sites available for SMX, resulting in

decreased adsorption performance (Wang et al., 2010). Moreover,
there also some studies that showed that the decrease in unit
adsorption capacity may be due to the concentration gradient
between the adsorbent and the adsorbate decreasing with the
increase of the adsorbent dosage, rendering a limited
contaminant diffusion rate (Liu et al., 2021). In general,
increasing the dosage of SBC800 could efficaciously improve the
adsorption capacity of SMX, but excessive adsorbent dosage could
lead to the waste of adsorbent and increase the disposal cost during
the adsorption process, therefore, 1.0 g/L was selected as the optimal
dosage for subsequent adsorption experiments. The effect of
adsorption time on the adsorption performance of SMX was
investigated in Figure 3C. The adsorption capacity raised sharply
in the first 30 min, and could reach 93.8% of the adsorption
equilibrium amount within 30 min, which was 7,482.9 mg/kg.
There was a slight decrease in the amount of adsorption in the
next half hour, which may result from some of the weakly adsorbed

FIGURE 2
Characteristics: FESEM image of the prepared (A) RS, (B) SBC300, (C) SBC600, (D) SBC800; (E) pyrolysis steps obtained from thermogravimetric
analysis; (F) DSC curve of dewatered sludge obtained from the pyrolysis process.

TABLE 1 The elemental composition of the prepared sludge biochar.

Sample Element content H/C

C (%) H (%) N (%) S (%) O (%)

SBC300 20.80 2.55 3.47 0.9 17.10 0.123

SBC600 17.77 0.74 1.9 1.31 13.32 0.042

SBC800 14.51 0.51 0.7 1.35 9.50 0.035
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SMX desorbed from the surface of SBC800 under the vibration of the
shaking table. As shown in Figure 3C, the adsorption amount
increased slowly and gradually tended to equilibrium, and
reached the adsorption equilibrium at 12 h. This phenomenon
indicated that the adsorption sites on the surface and porous
structure of SBC800 were sufficient in the early stage of
adsorption, and the large concentration difference between the
solid-liquid phases increased the mass transfer driving force
(Tran et al., 2017) so that SMX could quickly occupy the
adsorbed sites. However, a large number of sites on the surface
of SBC800 was exploited as extended over time, the declined driving
force resulted in the decreased adsorption rate and the adsorption
capacity tended to equilibrium. In addition, it has been reported that
the effect of electrostatic repulsion between SMX molecules in the
later adsorption stage was also one of the reasons for the slowed
diffusion rate of the adsorbate into the adsorbent (XIONG et al.,
2010). The influence of the initial concentration of SMX ranging
from 2 to 100 mg/L on the adsorption performance of SBC800 was
displayed in Figure 3D. The removal rate of SMX decreased from
95.18% to 13.94% with increasing initial concentration from 10 to
100 mg/L. The equilibrium capacity increased from 1806.18 mg/kg
to 13627.68 mg/kg with the increase of the initial concentration in
the range of 2–80 mg/L. According to previous studies, the initial
concentration could affect the driving force of molecular diffusion
by changing the concentration gradient between biochar and
solution, thereby affecting the removal effect of biochar on

pollutants. Therefore, there were relatively more active
adsorption sites and functional groups on the surface of sludge
biochar at the low initial concentration of SMX, so that SMX could
be rapidly adsorbed and the high removal rate was obtained.
However, the adsorbent surface was far from saturated because
of the limited amount of SMX, thus, resulting in lower adsorption
capacity. With the increase of the initial concentration of SMX, the
concentration difference between the solid phase and the liquid
phase and driving force distinctly increased, and the effective
collision between SMX and the adsorption site was greatly
improved, resulting in a significant increase in the adsorption
capacity. However, it should be pointed that the number of
active sites and functional groups of the adsorbent was limited,
therefore, the removal rate decreased and the adsorption capacity
gradually became saturated with the increase of initial
concentration.

3.4 Adsorption models

The experimental data were fitted using pseudo-first-order
kinetics, pseudo-second-order kinetics, and intra-particle
diffusion models to further investigate the adsorption process
and the rate-limiting step. As shown in Table 2 and Figure 4A,
the correlation coefficient R2 of the pseudo-first-order kinetic model
was greater than that of the pseudo-second-order model, and the

FIGURE 3
(A) Adsorption of sulfamethoxazole by sludge biochar at different pyrolysis temperatures; (B) effect of the SBC800 dosage ([dosage] = 0.2–5.0 g L−1,
[C0] = 10 mg L−1, [pH] = 7.0, [temperature] = 30°C); (C) effect of contact time ([dosage] = 1.0 g L−1, [C0] = 10 mg L−1, [pH] = 7.0, [temperature] = 30 C); (D)
effect of initial concentration of SMX ([dosage] = 1.0 g L−1, [C0] = 0–100 mg L−1, [pH] = 7.0, [temperature] = 30°C).
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theoretical adsorption capacity obtained by the pseudo-first-order
kinetic model was closer to the measured adsorption capacity,
indicating that pseudo-first-order kinetics fitted better. It is well-
known that the pseudo-first-order kinetic model assumed that the
adsorption process was controlled by a diffusion step, which is
dominated by physisorption. Therefore, the intraparticle diffusion
model was used to further investigate the diffusion mechanism of
SMX on SBC800. As displayed in Figure 4B; Table 3, the curve of
adsorption capacity versus t0.5 exhibited an excellent linear and
passed through the origin, therefore, intraparticle diffusion was
the only rate-limiting step during the adsorption process (Wang
et al., 2011; Liao et al., 2012). Moreover, the curves fitted in this study
were multi-linear, suggesting that the adsorption process of SMX
was also affected by extra-particle diffusion processes (Liao et al.,
2020; Vivas and Cho, 2021). Specifically, the adsorption of SMX by
SBC800 in Figure 4B proceeded in three stages: the first stage
exhibited an initially steep linearity, which represented the fast
membrane diffusion. At this stage, the diffusion of SMX
molecules to the outer surface of SBC800 accelerated by sufficient
active sites and a high concentration difference. Stage II is the intra-
particle diffusion stage, in which SMXmolecules migrate to the pore
structure of the adsorbent and are adsorbed on the inner surface of
the material (Song et al., 2021). Besides, the low diffusion rate of ki2
indicated that this stage was a slow diffusion process. The third stage

corresponded to the adsorption equilibrium phase of SMX with a
lower diffusion rate (Yan et al., 2017). Notably, the C value was
constantly increasing throughout the adsorption process, revealing
the enhanced boundary layer effect. The downward trend in the ki
values in Table 3 showed that the diffusion rate is further restricted
over time caused by the weakening of the driving force and the
reduction of porosity (Gao and Pedersen, 2005).

The Langmuir, Freundlich, and D-A isothermmodels were used
to fit the process of SBC800 adsorption of SMX, and the calculated
parameters were summarized in Tables 4, 5. It can be seen that the
fitted correlation coefficients R2 of the Freundlich model and the
D-A model were both greater than 0.9. The Freundlich and D-A
models could be more suitable for simulating the adsorption
behavior of SMX on SBC800 compared with the Langmuir
model. These results illustrated that the adsorption process of
SMX by SBC800 was heterogeneous adsorption, and the multi-
layer adsorption could be observed due to the interaction between
adsorbate molecules. Moreover, the 1/n values at three different
adsorption temperatures were all between 0 and 0.5, suggesting that
the adsorption process belonged to preferential adsorption. It is
noteworty that the maximum adsorption capacity of SMX obtained
by the Freundlich and D-A model decreased as the temperature
increased from 293.15 to 313.15 K (Figure 4C). In addition, the KF

value, which was related to the adsorption strength, decreased to

TABLE 2 Pseudo-first-order and pseudo-second-order kinetic model fitting parameters.

Adsorbent qe,exp (mg/kg) Pseudo-first-order fitting Pseudo-second-order fitting

k1 (min-1) qe,cal (mg/kg) R2 k2 [kg/(mg·min)] qe,cal (mg/kg) R2

SBC800 776.91 0.850 7411.26 0.899 1.281×1045 6872.35 0.644

FIGURE 4
(A) The linear fittings of pseudo-first-order and pseudo-second-order fitting ([dosage] = 1.0 g L−1, [C0] = 10 mg L−1, [pH] = 7.0, [temperature] =
30°C); (B) intraparticle diffusion model of SBC800; (C) D-A isotherm model fitting for SMX adsorption.

TABLE 3 Intraparticle diffusion model parameters.

Adsorbent Stage I Stage II Stage III

Ki1 [mg/(kg·min0.5)] C1 (mg/kg) Ki2 [mg/(kg·min0.5)] C2 (mg/kg) Ki3 [mg/(kg·min0.5)] C3 (mg/kg)

SBC800 1950.70 1831.94 16.48 7290.97 12.81 7627.94
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4.93 as the adsorption temperature increased to 313.15 K, revealing
that the SMX adsorption on SBC800 was an exothermic process.

3.5 Adsorption mechanism of SMX

Supplementary Table S2 exhibited the BET parameters before
and after the adsorption process. The total specific surface area,
micropore specific surface area, external pore specific surface
area, and total pore volume all decreased after adsorption. In
addition, the pore size position of SBC800 concentrated
distribution decreased from 4.05 nm to 3.79 nm
(Supplementary Figure S2), indicating that SMX molecules can
be trapped by the adsorbent through pore filling. The linear
correlation analysis was used to further demonstrate the above
conclusion. As shown in Figure 5A, the linear relationship
between the specific surface area, total pore volume, and SMX
adsorption capacity of SBC300, SBC600, and SBC800 were
analyzed. The results showed that the correlation coefficient
R2 was determined to be 0.997 and 0.993, respectively,
indicating that the pore-filling effect was crucial for the
adsorption of SMX on the sludge biochar (Shen et al., 2015).
It should be noted that the micropore area and external surface
area of SBC800 decreased by 91.40% and 2.17%, respectively.
This result clearly proved that the micropore area of SBC800 was
fully occupied after SMX adsorption, and the external surface
area was also partially utilized. The molecular size of SMX was
reported to be around 6.23–13.62 Å (Nielsen et al., 2014), which
was smaller than the average pore size of the SBC800 adsorbent.
Therefore, the mesoporous characteristics of the prepared
SBC800 could contribute to the reduction of the size exclusion
effect during the adsorption process (Liu et al., 2017), thereby
facilitating the entry of SMX into the porous structure of the
prepared material.

The pH value of the solution could affect the surface charge of
the adsorbent and the morphology of the adsorbate, thus
exhibiting an important effect on the adsorption performance
of the material (Chen et al., 2019). Figure 5B showed that SMX

with two pKa values of 1.7 and 5.7 (Peiris et al., 2017), which
means that sulfamethazine mainly existed in the ion form of
SMX+ and SMX− at pH < 1.7 or pH > 5.7 due to the protonation of
amino group and the deprotonation of the sulfonamide, and
mainly in the form of a neutral molecule (SMX0) at pH 1.7–5.7.
Zeta potential test showed the point of zero charge (pHpzc) of
SBC800 was determined to be 6.71 (Figure 5C). SMX− gradually
increased when pH was greater than 3.7, therefore, the positively
charged surface of SBC800 could effectively absorb SMX− at
pH 3.7–6.7 due to the electrostatic attraction force. Moreover,
the high-resolution N 1s spectra obtained from XPS analysis
showed that the relative content of protonated nitrogen (N+)
decreases from 80.90% to 74.11% (Figure 5E), which further
implying that electrostatic attraction would be one of the
important mechanisms for the SMX adsorption by
SBC800 biochar (Zhang L. et al., 2020).

FTIR spectrum in Figure 5D showed that three new
characteristic peaks appeared in SBC800 after SMX
adsorption, among which 1,388 cm-1 is the symmetric peak of
sulfone group (O=S=O) in SMX, 1,454 cm-1 can be attributed to
the vibration of isoxazole in SMX, and 1,542 cm-1 is caused by the
vibration of -NH2 in the benzene or -C=N in oxazole of SMX
molecules (Chamundeeswari et al., 2014; Li et al., 2019). These
new absorption peaks clearly indicated the successful adsorption
of SMX on SBC800. Moreover. the spectrum bands of N-H and
O-H stretching vibration on the solid surface shifted from
3,435 cm−1 to 3,440 cm−1, while the absorption peak of C-OH
at 1,050 cm−1 shifted to 1,046 cm−1, suggesting that the amino,
hydroxyl, and carboxyl groups on the surface of SBC800 could
form hydrogen bonding forces with -NH2, and -NH- in SMX
molecules (Li Z. et al., 2020; Zhang Y. et al., 2020). In addition,
the carboxyl C=O absorption peak at 1,628 cm−1 moved to a
lower wavenumber, which further proved the above conclusion.
To further elucidate the adsorption mechanism of SMX on
SBC800, XPS analysis was used to characterize SBC800 before
and after SMX adsorption. After adsorption, the relative contents
of N and S elements on SBC800 increased from 3.18% to 1.41%–

3.61% and 2.18% (Supplementary Table S3), respectively, further
indicating the successful adsorption of SMX. The high-resolution
C1s spectra were deconvolved into five peaks (Figure 5F), where
peaked at 285.48, 286.70, and 289.28 eV binding energies were
attributed to C-O, C=O, and O=C-O, respectively (Li R. et al.,
2020). However, the binding energy of these peaks was
redshifted, indicating that oxygen-containing functional
groups were involved in the adsorption process by forming
hydrogen bonds (Pap et al., 2020). Furthermore, the high-
resolution spectrum of O 1s was deconvolved to peaks of

TABLE 4 Fitting results for different isotherm models.

(K) Langmuir Freundlich D-A

qm (mg/kg) KL (L/mg) KL [(mg/kg)/(mg/L)1/n] n qm (mg/kg) b Ed (J/mol)

293.15 11565.2 2.27 5663.5 5.09 16068.0 1.16 13525.5

303.15 10798.4 2.76 5531.0 5.41 14608.0 1.33 16010.2

313.15 10198.4 1.18 4732.8 4.93 13875.2 1.45 16093.0

TABLE 5 Correlation coefficients for three isotherm models.

(K) Langmuir Freundlich D-A

293.15 0.835 0.944 0.944

303.15 0.835 0.916 0.918

313.15 0.868 0.962 0.966
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C=O, C-O/O-H, and O=C-O at binding energies 531.83, 532.55,
and 533.42, respectively and then these peaks moved to the
binding energy of 531.94, 532.66, and 533.36 eV after

adsorption (Figure 5G). The position of the N-H peak in the
N 1s high-resolution spectrum shifted from 398.64 to 399.24 eV
after adsorption. These findings illustrated that hydrogen

FIGURE 5
(A) Linear correlation analysis between specific surface area, total pore volume, and SMX adsorption capacity of SBC800; (B) Zeta potential of
SBC800 obtained fromZeta analyzer; (C)morphological distribution of SMX at different pH values; (D) FTIR spectra before and after adsorption; XPS high-
resolution spectrum of (E) N 1s, (F) O 1s, and (G) C 1s before and after SMX adsorption.

FIGURE 6
The schematic diagram of the adsorption mechanism of SBC800.
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bonding is an important mechanism of SBC800 adsorption of
SMX (Liu et al., 2020).

FTIR spectrum in Figure 5D exhibited the absorption peak
(1,628 cm−1) related to C=C of the benzene ring shifted to the low
wavenumber after adsorbing SMX, which can be explained that the π-
π electron donor and acceptor interaction (π-π EDA) was involved in
the removal of SMX (Liu et al., 2019; Zhang R. et al., 2020). The
redshift of aromatic C-H at the wavenumber of 778 cm−1 further
demonstrated the engagement of π-π EDA effect. In addition, the C 1s
spectrum of SBC800 showed that the peak at 284.40 eV belonging to
sp2 hybrid carbon (C=C) moved towards the low binding energy
(284.28 eV) after adsorption, indicating that C=C bonds exhibited a
potential to lose electrons and act as a π electron donor to interact with
SMX (electron acceptor) for π-π EDA effect (Wang et al., 2015). In
summary, the prepared sludge biochar could achieve effective
adsorption of SMX through pore filling, electrostatic attraction,
hydrogen bonding, and π-π EDA interaction, and the schematic
diagram of the adsorptionmechanism of SBC800 is shown in Figure 6.

3.6 Site energy distribution analysis

The site energy distribution theory was employed to further
elaborate the adsorption behavior in the SBC800/SMX system (Text
S1). Based on the above analysis, the adsorption process of SMX on
the SBC800 was best fitted with a D-A isotherm model. Therefore,
the change in energy distribution of adsorption sites on the surface
of SBC800 was further explored based on the D-A model. Figure 7A
shows the variation of the potential energy E* of SBC800 adsorbing
SMX with qe at different temperatures. It can be seen that the E*
value of SBC800 decreased sharply with the increase of qe, which

indicated that SMX molecules preferentially occupied the high-
energy adsorption site of SBC800 during the adsorption process,
and then gradually diffused to the low-energy adsorption site (Yan
and Niu, 2018). In order to explore the interface interaction between
SMX and SBC800 and better reveal the adsorption mechanism, the
change of frequency function F (E*) with E* was further analyzed.
The experimental range of E* was calculated based on the
equilibrium concentration and maximum solubility of SMX, and
plotted with a solid line in Figure 7B, while the site energy curve of
the rest was represented by a dashed line. It should be pointed out
that the negative value of E* has no physical significance because the
equilibrium concentration of SMX cannot be greater than its
maximum solubility in practical application (Shen et al., 2015).
The approximate site energy curve of SBC800 exhibited a clear
unimodal distribution, namely, F (E*) first grew to a peak with the
increase of site energy E*, and then gradually decreased to close to
zero. The upward trend suggested that a small number of solute
molecules were forced to occupy sites with lower energies under high
SMX concentrations, whereas SMX molecules prefer to occupy
high-energy sites at low concentrations (Zhang et al., 2021).
However, due to the low F (E*) value, extremely high and low
site energies made a negligible contribution to the maximum
adsorption capacity. Theoretically, the area under the F (E*)-E*
curve can be considered as the number of available adsorption sites
in a specific energy range (Liu et al., 2016; Chen et al., 2017).
Therefore, the curve was integrated in the range 0–30 kJ/mol of E*.
As shown in Figure 7C and Table 6, SMX preferentially occupied the
high-energy adsorption site, and then effectively removed through
hydrogen bonding effect and π-π EDA interactions. In addition, the
total number of available adsorption sites on SBC800 at different
temperatures was ordered as 293.15 K > 303.15 K > 313.15 K,

FIGURE 7
(A) The variation of site energy E* with equilibrium adsorption capacity of SBC800; (B) site energy distribution based on D-A isotherm model; (C)
proportion of high and low site energy in SBC800/SMX system.

TABLE 6 The integration curve of the site energy distribution of SBC800.

SBC800 (293.15K) SBC800 (303.15K) SBC800 (313.15K)

Total integral area 16018.5 14535.5 13827.8

Low-energy site area 2068.4 3208.1 3700.1

High-energy site area 13950.1 11327.4 10127.7

Frontiers in Environmental Science frontiersin.org10

Qiu et al. 10.3389/fenvs.2023.1275087

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1275087


suggesting that low temperature was more conducive to SMX
adsorption, which was consistent with the isotherm fitting results.

4 Conclusion

In this study, a serious of municipal sludge-derived biochar
(SBC300-800) was successfully prepared through a simple pyrolysis
method for SMX adsorption and removal. The synthesis parameters
were optimized systematically to achieve SMX adsorption capacity
of 7033.4 mg/kg, which was 47.5 times higher than that of the
prepared SBC300. Additionally, the adsorption is mainly physical
adsorption, and the adsorption rate is jointly controlled by intra-
particle diffusion and external diffusion. The adsorption mechanism
of SMX in aqueous solution by SBC800 biochar composites included
pore filling, electrostatic attraction, hydrogen bonding, and π-π EDA
interaction. Therefore, the SBC800 sample obtained from the
pyrolysis of sludge would be an effective and promising
adsorbent for antibiotic adsorption. This research will be
conductive for sludge treatment and resource utilization via the
enhanced adsorption capacity for pollutant removal.
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