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Abstract—With rapid industrialization and population growth, sewage sludge generation has increased worldwide,
and it needs to be treated properly. The pyrolysis of sewage sludge into biochar provides sustainable benefits for con-
comitant pollutant adsorption and waste treatment. Sulfamethoxazole (SMX) antibiotics are highly prevalent in waste-
water owing to their widespread utilization and low metabolic rate and removal efficiency during conventional waste-
water treatment. Biochar is known to effectively remove pollutants from wastewater. However, the adsorption capacity
and mechanism of SMX adsorption onto sludge-based biochar are currently unclear. Therefore, the adsorption behav-
ior of SMX on sludge-based biochar from three sources (raw sludge, compost sludge, and digested sludge) and ZnCl,-
modified biochar was investigated. Among the unmodified biochars, raw sludge-based biochar exhibited the highest
adsorption capacity, followed by compost sludge-based and digested sludge-based biochar. The pore-forming effect of
ZnCl, application significantly increased the biochar specific surface area, which increased the equilibrium adsorption
of SMX from 6.1 mg/g to 49.3 mg/g. The adsorption mechanisms involved electrostatic interactions, pore filling, hydro-
phobic interactions, hydrogen bonding, and 7- 7 interactions. The findings of this study demonstrate the development

of sewage sludge biochar and its effectiveness for the treatment of antibiotics containing wastewater.
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INTRODUCTION

Antibiotics, mainly sulfonamides, tetracyclines, macrolides, and
quinolones [1], are extensively used to protect human and livestock
health by preventing and controlling bacterial infections [2]. Among
them, sulfamethoxazole (SMX) has been widely detected in rivers
and lakes (0.2-2.8 pug/L) [3], hospital wastewater (0.2-27.8 pg/L),
municipal wastewater (0.4-7.9 ug/L) [4], mariculture water (0.04-
5.6mg/L) [5], and pharmaceutical industry effluent (~18 mg/L)
[6]. Hence, efficient SMX removal from wastewater is necessary to
limit its direct threat to microorganisms and the propagation of
antibacterial resistance genes [7].

Current technologies for antibiotics removal include adsorp-
tion, membrane filtration, and biodegradation [8]. Adsorption is a
widely used treatment process with practical applications owing to
its high efficiency, simple operation, and low energy consumption
[9], which eliminates the contaminants through a surface-based
phenomenon that attracts pollutant molecules, atoms, or ions onto
the surface of absorbents [10,11]. Biochar is a preferable adsorbent
compared to commercial activated carbon owing to its low cost,
wide availability of raw materials, and low environmental impact
[10,12,13]. Previous studies have examined antibiotics removal using
biochar that was mainly produced by pyrolysis of agricultural bio-
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wastes, such as microalgae [14], wheat straw [15], pine sawdust [16],
apple trees waste [17], and lignocellulosic biomass [18]. However,
studies on antibiotics removal using biochar derived from sewage
sludge are limited.

China has over 4,000 operational wastewater treatment plants
owing to the increasing wastewater generation resulting from the
population growth and industrial development [19]. More than 60
million tons of municipal sludge was produced in China by 2020.
For decades, landfilling has been the main sludge treatment and
disposal strategy, whereas composting and anaerobic digestion are
increasingly used to produce energy from sludge. Recently, the car-
bonization of sludge has gained extensive attention because of its
abundant functional groups, high organic content, and higher bio-
char yield [9]. However, limited studies have reported the use of
sludge-based biochar for antibiotic adsorption. Further, previous
studies only focused on biochar from the pyrolysis of raw sewage
sludge [9,20]. The characteristics of sewage sludge are altered after
different treatments, such as aerobic composting and anaerobic diges-
tion. The different constituents of sludge can also affect the prop-
erties of the biochar produced [21,22]. However, differences in the
adsorption capacity of the biochar produced from aerobically com-
posted and anaerobically digested sludge remain unclear.

Biochar prepared through pyrolytic carbonization exhibits poor
adsorption capacity with underdeveloped pore architecture and a
low surface area [23], limiting large-scale application. Therefore, acti-
vation and structural modification are essential to improve its phys-
iochemical properties and adsorption capacity [14]. Several tech-
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niques have been used for adsorbent modification, such as acid/
base treatment [24], carbon nanotubes loading [25], and magnetic-
activation [26]. Among various techniques, ZnCl, application leads
to an apparent pore-forming effect during heat treatment [7], thus
increasing the surface area and active sites for adsorption. How-
ever, the efficiency and mechanism of SMX adsorption on ZnCl,-
modified sludge biochar is yet to be elucidated.

The main objective of this study was to investigate the adsorp-
tion capacity and mechanism of SMX adsorption on unmodified
biochar prepared from aerobically composted and anaerobically
digested sludge, as well as ZnCl,-modified biochar. We investigated
(1) the SMX adsorption behavior of three types of sludge biochar
produced from raw sludge, compost sludge, and digested sludge;
(2) biochar adsorption capacity improvement after modification
with ZnCl,; and (3) the adsorption mechanism of SMX on biochar
using adsorption kinetics, isotherm, thermodynamics, and influ-
encing factor analysis. This study provides a valuable perspective
on the economic utilization of sludge and the efficient removal of
antibiotics from wastewater.

MATERIALS AND METHODS

1. Chemicals and Materials

Sulfamethoxazole (SMX 99.7%) and Zinc chloride (ZnCl, 98%)
were purchased from the Saan Chemical Technology Co. (Shang-
hai, China) and Fuchen Chemical Reagent Co. (Tianjin, China),
respectively. Raw; digested, and compost sludge was collected from
a municipal wastewater sludge treatment plant operating anaero-
bic digestion and aerobic composting processes in Tianjin, China.
Ultrapure water (18 MQ/cm) was used in the experiments.
2. Preparation of Sludge-based Biochar

The three types of sludge were air-dried and pulverized to pass
through a 60-mesh screen, followed by pyrolysis in a vacuum atmo-
sphere tube furnace (SK-G 04123K, Zhonghuan Electric Furnace
Co., China) at 800 °C for 2 h under N, flow [24]. After cooling to
room temperature (25 °C), the pyrolyzed samples were washed with
ultrapure water with agitation for 3 h, and this operation was repeated
thrice. Finally, raw sludge-based biochar (RSB), compost sludge-
based biochar (CSB), and digested sludge-based biochar (DSB)
were obtained after drying at 105 °C for 12 h and sieved through a
100-mesh screen for the experiments. For modifying biochar, the
RSB was immersed in 3 mol/L ZnCl, solution in a water bath
shaker (SHZ-B, Boxunsh, China) at 80 °C for 12 h, then dried in
an oven (FXB202-00, Shuliyiqi, China) at 105 °C. Subsequently, the
sludge was pyrolyzed, as described above. The cooled sample was
washed thrice with hydrochloric acid at 1h intervals to remove
residual zinc [27]. Finally, the Zn-modified RSB (Zn-RSB) was
obtained after drying and sieving.
3. Adsorption Experiments

Biochar (0.015 g) was added to 30 mL of SMX solution (1 and
50 mg/L) for the adsorption kinetics studies. The adsorption was
carried out in a constant temperature oscillator (150 rpm, 25 °C) at
pH 7 for 72h in the dark. The adsorption isotherm experiments
were conducted using 30-200 mg/L SMX, with the solutions shaken
at 150 rpm for 72 h to achieve equilibrium. Additionally, the effect
of the solution pH on SMX adsorption on biochar was examined

at pH 2-11. The effects of biochar dosage (0.5, 1.0, 2.0, and 3.0
mg/L) and temperature (25, 35, and 45 °C) on SMX adsorption
were studied. All experiments were performed in duplicate.

The adsorption capacity was calculated as follows [28]:
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where C, and C, (mg/L) are the concentrations of SMX initially and
time t (h), respectively, V (L) is the volume of antibiotic solution,
W (g) is the mass of the biochar, and g, represents the adsorption
capacity at time t.

The pseudo-first-order (Eq. (2)) and pseudo-second-order (Eq.
(3)) models were used to evaluate the adsorption capacity of the
biochar for SMX at different time intervals. The equations and lin-
ear relationships are as follows [28,29]:
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where q, (mg/g) is the adsorption capacity of the biochar at equi-
librium, and k; (min™") and k; (g/(mg-min)) are the rate constants of
pseudo-first-order and pseudo-second-order models, respectively.

The Langmuir (Eq. (4)) and Freundlich (Eq. (5)) adsorption iso-
therm models hypothesize that the adsorption process is mono-
layer adsorption on a homogeneous surface and multilayer adsorp-
tion on non-homogeneous surfaces, respectively [30,31]. The equa-
tions and linear relationships are as follows:
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where C, (mg/L) is the concentration of SMX at equilibrium, g,
(mg/g) is the theoretical maximum adsorption capacity of the bio-
char for SMX, and K; (L/mg) is the Langmuir constant related to
the adsorption energy. n; and Ky (mg""" L""/g) are Freundlich
constants related to the intensity and capacity of the adsorption
process, respectively.

For a better understanding of the adsorption of SMX on Zn-
RSB, thermodynamic models were investigated [29]. The change
in Gibbs free energy (AG (kJ/mol)), entropy (AS (kJ/(mol-K))), and
enthalpy (AH (kJ/mol)) were determined using the calculations as
follows (Egs. (6)-(7)):

AG=-RTInK; (6)
AG=AH-TAS (7)

where R is the universal gas constant (8.314 J/(mol-K)), T (K) is
the absolute temperature of system, and K; (L/mol) represents the
thermodynamic equilibrium constant.
4. Characterization of Sludge-based Biochar and other Analysis
The biochar morphology was characterized using scanning elec-
tron microscopy (SEM, Gemini SEM 500, Zeiss, Germany) at 20.0
kV with a magnification of 10,000x. X-ray photoelectron spectros-
copy (XPS, ESCALAB 250Xi, Thermo Scientific, USA) was per-
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formed to analyze the surface elements and their valence states (Al
Ko radiation source, passage energy of 40 eV, step length of 0.1
eV). The surface area, pore volume, and porosity of the adsorbents
were determined using the Brunauer-Emmett-Teller analysis (BET,
ASAP2020, Micromeritics, USA). Fourier transform infrared spec-
troscopy (FTIR, ALPHA, Bruker, Germany) of the adsorbents was
performed in the range of 400-4,000 cm™. X-ray diffraction (XRD,
SmartLab, Rigaku, Japan) was performed using Cu K as the radi-
ation source and the crystal structures were analyzed at a diffrac-
tion angle of 5-90°, with a scanning rate of 5° min™". The zeta potential
of the biochar samples was determined using a zeta potential ana-
lyzer (Zetasizer Nano ZS; Malvern, UK). The pH was determined
using a pH meter (SevenCompact, Mettler Toledo, Switzerland).
After filtering through a 0.22 pum filter, SMX concentration was deter-
mined using high-performance liquid chromatography (HPLC,
LC-2030C 3D, Shimadzu, China) at 270 nm with a retention time
of 4.0 min. The chromatographic column RX-C18 (150x4.6 mm;
particle size 5.0 um) was used and the mobile phase consisted of
methanol and 0.01% phosphoric acid (v/v; 40:60) in isocratic mode
at a flow rate of 1.0 mL/min.

RESULTS AND DISCUSSION

1. Characteristics of the Three Unmodified Sludge-based Bio-
chars

SEM characterization (Fig. 1(a)-(c)) showed that the surfaces of
the three unmodified sludge-based biochars were irregularly dis-
tributed with numerous pores and some crystal structures. Abun-
dant pores were evident on the surfaces of RSB and CSB, and the
number and diameter of pores were relatively similar on both
adsorbent surfaces, while pores on the DSB surface were fewer. All
biochars exhibited high specific surface area (S 83.1-105.5 m*/g)
and total pore volume (V,,;, 0.146-0.190 cm3/g) (Table 1), indicat-
ing the presence of abundant binding sites for adsorption. C, O, N,
and S, were the major elements detected on the surface of the three
types of biochar (Table 1), where high C and O contents facilitated
pore formation and hydrogen bond donors exhibiting great affinity
for hydrophobic organic contaminants [22,25]. Additionally, the
small differences between the (N+O)/C ratios of the three bio-
chars indicated slight variations in the surface polarity and degree
of aromatization [14]. The detailed peaks of C 1s and O 1s on bio-
chars are seen in Fig. 2. C 1s shows that sludge biochars have a
higher content of C-C/C=C (61.8-76.1%, 284.8¢eV) and small
amounts of C-O (17.8-31.1%, 286.4 eV) and C=0 (6.1-8.8%, 289.2
€V) [32,33]. The FTIR spectra (Fig. 1(e)) of the three biochars
were similar, indicating abundant active functional groups on their

Table 1. Basic properties of the sludge-based biochars
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Fig. 1. SEM micrographs, FTIR and XRD spectra of sludge-based
biochars: (a) RSB: raw sludge-based biochar; (b) CSB: com-
posted sludge-based biochar; (c) DSB: digested sludge-based
biochar; (d) Zn-RSB: Zn-modified raw sludge-based bio-
char; (e) FTIR analysis of biochar before and after SMX
adsorption; (f) XRD spectra of the sludge-based biochars.

Bioch Porosity characteristic Surface elements content (%) Atomic ratio Zeta potential (mV)
iochar

Sger (mz/g) D, (nm) Vit (cmslg) C (@) N S (N+0)/C pH7
RSB 105.5 7.2 0.190 49.3 453 43 1.1 1.0 -31.0
CSB 83.1 7.2 0.150 52.4 424 35 1.5 0.9 -335
DSB 97.3 6.0 0.146 58.4 349 43 24 0.7 -33.0
Zn-RSB 326.5 2.6 0.216 66.4 29.2 3.6 0.8 0.5 -36.1
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Fig. 2. XPS spectra of the C 1s (a)-(d) and O 1s (e)-(h) of the sludge-based biochars. (a), (¢) RSB: raw sludge-based biochar; (b), (f) CSB:
compost sludge-based biochar; (c), (g) DSB: digested sludge-based biochar; (d), (h) Zn-RSB: Zn-modified sludge-based biochar.

surfaces, with peaks of the O-H bond at 3,413-3,429 cm™’, C=C
bond at 1,586-1,619 cm ' and C-O bond at 1,050-1,065 cm™" [26,
34]. The XPS and FTIR spectra confirm the presence of various
functional groups, such as -OH, C=C, C=0, O=C-O and C-O in
sludge-based biochars. The differences in the intensity of these peaks
could be attributed to changes in the functional groups contents in
the sludge during the aerobic composting and anaerobic digestion
processes [35]. All sludge-based biochars showed negative surface
charge in solutions of pH 7 (Table 1) [21]. The XRD analysis (Fig.
1(f)) of the crystal structures showed that diffraction peaks at 26°,
42°, and 60°, indicating the presence of a graphite structure [25],
which facilitated the formation of 77 conjugation between the

aromatic rings of the biochar [34]. The diffraction peaks at 26=
21°% 39° and 50° are the characteristic peaks of quartz (SiO,), while
the diffraction peaks at 26=28" and 32° are the typical peaks of
kyanite (ALSiO;), both of which are crystals formed from silicate
and aluminum salts in sludge biochar. These minerals may help to
promote the formation of oxygenated functional groups, and also
serve as natural pore-forming agents to form a hierarchical porous
structure in the biochars [14].
2. SMX Adsorption on the Three Unmodified Sludge-based
Biochars
2-1. Adsorption Kinetics

Fig. 3(a) presents the adsorbed concentration vs time plot for

Korean J. Chem. Eng.(Vol. 40, No. 5)
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Fig. 3. Kinetic curves of SMX adsorption on sludge-based biochars: (a) Adsorption amount with time; (b) pseudo-first-order model; (c)

pseudo-second- order model.

Table 2. Parameters of adsorption kinetics and adsorption isotherms curves

Pseudo-first-order Pseudo-second-order Langmuir Freundlich
Biochar K, Qufear R K, Qutcar 2 k; G 2 kg n R
(min") (mg/g) (g/(mg-min)) (mg/g) (L/'mg) (mg/g) (mgH/” L' g) F
RSB 0.046 0.618  0.772 0.362 1.487  0.998 0.522 6.1 0.998 1.992 2.689 0.970
CSB 0.064 0.704  0.963 0.323 1405  0.999 0.553 5.1 0.996 1.926 3192 0.988
DSB 0.053 0456  0.925 0.455 0947 0997 0.304 43 0.992 1.140 2493  0.992
Zn-RSB 0.135 16.035 0.948 0.031 46.512  0.999 0.698 49.3 0.999 22.790 4978 0.946

SMX adsorption on the three biochars. The adsorbed SMX concen-
tration increased rapidly during the first 12 h because of the abun-
dant active sites, rich pore structure, high concentration gradient
and weak internal diffusion resistance [26,36]. Thereafter, the SMX
adsorption decreased as the active sites saturated and gradually
reached equilibrium by 72 h. The SMX adsorbed on RSB at equi-
librium was 1.48 mg/g, which was 1.1- and 1.6-fold higher than
that on CSB and DSB, respectively. This may be attributed to the
highest Sy V,, (Table 1), and functional group complexation of
RSB (Fig. 1-2). Based on the correlation coefficients, R* (Table 2),
the pseudo-second-order model better describes the adsorption
kinetic data for all three biochars (Fig. 3(b)-(c)). This implies that
chemisorption involving valence forces or exchanging electrons

May, 2023

can overcome the mass transfer resistance between the antibiotic
and biochar [25].
2-2. Adsorption Isotherms

The Langmuir isotherm model better represented the adsorp-
tion data than the Freundlich model (Fig. 4), indicating that the
SMX adsorption process was consistent with monolayer adsorp-
tion on a homogeneous surface [37]. RSB exhibited the maximum
SMX adsorption capacity (q,,, 6.1 mg/g), followed by that on CSB
(5.1 mg/g) and DSB (4.3 mg/g) (Table 2). The adsorption capacity
of the three sludge-based biochars was higher than that of coffee
ground biochar (0.1 mg/g) [38], but less than that of magnetic
modified pine sawdust biochar (13.8 mg/g) [39]. The K; values
were all <1, indicating that the SMX adsorption process was favor-
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Fig. 5. Effect of (a) pH, (b) adsorbent dosage, and (c) temperature on SMX adsorption on Zn-RSB.

able [38]. The heterogeneity factors of 1<n,<10 indicated a strong
affinity between the adsorbent and adsorbate [26], suggesting that
the biochars were effective for SMX removal from water.
3. SMX Adsorption on Zn-modified Sludge-based Biochar
3-1. Adsorption Kinetics and Isotherms

Raw sludge-based biochar exhibited the highest adsorption capac-
ity among the three unmodified biochars and was selected for modi-
fication using Zn for further adsorption analysis. Fig. 3(a) shows

that SMX adsorption trend on biochar before and after modifica-
tion was similar. The pseudo-second-order model described the
experimental kinetic data better (Fig. 3(b)-(c)), and the adsorp-
tion data fitted the Langmuir isotherm better than the Freundlich
isotherm (Fig. 4). As presented in Fig. 1(e) and Fig. 2, the FTIR
and XPS spectra of Zn-RSB were similar to those of RSB, indicat-
ing that the functional groups composition of biochar did not
change considerably after modification [20]. A similar phenome-

Korean J. Chem. Eng.(Vol. 40, No. 5)
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non was observed for crawfish shell biochar after ZnCl, modifica-
tion [40]. In contrast, the maximum adsorption capacity of Zn-RSB
at 49.3 mg/g was 8.1-fold higher than that before modification.
3-2. Effect of Different Parameters on SMX Adsorption
3-2-1.pH

Fig. 5(a) shows that with increasing pH, the Zn-RSB adsorp-
tion capacity decreased considerably, while the absolute zeta poten-
tial value increased. Zn-RSB exhibited higher SMX adsorption
under acidic conditions similar to the SMX adsorption on mag-
netic-activated carbon composites [26]. At pH 2, close to the SMX
pK. of 1.6 (Fig. 5(a)), Zn-RSB exhibited the maximum SMX
adsorption of 72.1 mg/g, which is attributed to the 7'-7 electron
donor-acceptor (EDA) interactions between the protonated ani-
line ring on SMX and the rich 7=electron surface of Zn-RSB [22].
These interactions intensified at a lower pH [41]. At pH 4-6, SMX
adsorption decreased by 8.3 mg/g, which was likely caused by the
increase in negative species (SMX") and negative charge on the
biochar, which strengthened the electrostatic repulsion [42]. At pH
9, the substantially lower adsorption (28.5 mg/g) can be attributed
to the enhanced electrostatic repulsion caused by abundant SMX
[18] and the significant inhibition of hydrophobic interactions be-
tween SMX and the adsorbent, arising from the increase in pH
and ionization [26]. A similar pH effect has been observed for the
adsorption of SMX on carbon nanotube-modified sludge biochar
[25].
3-2-2. Adsorbent Dosage

Fig. 5(b) shows the remarkable enhancement of SMX removal
with an increasing adsorbent dosage. The highest removal efficiency
(99.6%) was obtained at a dosage of 3.0 g/L, which was attributed
to extensive active sites elicited by rich surface functional groups
and the large available contact area [34]. However, the SMX adsorbed
quantity decreased by 30.6 mg/g when the adsorbent dosage in-
creased to 3.0 g/L, which can be attributed to the aggregation or
overlap of active sites and an increase in the diffusion path length
at high adsorbent doses [18].
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3-2-3. Temperature

Fig. 5(c) shows the effect of temperature on the SMX adsorp-
tion on Zn-RSB. The negative values of AG (-30.0 to —30.4 kJ/mol)
indicate that the adsorption was a spontaneous process. In addi-
tion, AG decreased with increasing T, indicating that a lower tem-
perature favors higher SMX adsorption [43]. The positive AS value
(0.020 kJ/mol) suggests an increase in the randomness of the solid/
solution interface throughout SMX adsorption [18]. The value of
AH was —23.95kJ/mol, indicating an exothermic adsorption pro-
cess [44], which is similar to the SMX adsorption on activated car-
bon [44]. In addition, the low absolute AH approached the magnitude
of typical hydrogen bonding adsorption strengths (2-40 kJ/mol),
suggesting a dominant role of hydrogen bonding interactions [45].
4. Mechanisms of Adsorption on Unmodified and Zn-modi-
fied Sludge-based Biochars

Fig. 6 shows the potential mechanisms of SMX adsorption on
the unmodified and Zn-modified sludge biochars. The surfaces of
the three unmodified sludge-based biochars are irregular, with a
large specific surface area and total pore volume (Fig. 1(a)-(c) and
Table 1), which provide substantial active sites and a low spatial
potential resistance for SMX adsorption [46]. Among the three
unmodified biochars, the lowest average pore diameter (D,) and
V,r of DSB may have resulted in the lowest SMX adsorption, fur-
ther proving that pore filling is an important mechanism [47]. XPS
analysis of the biochars reveals (Fig. 2(a)-(c)) a high C=C content
(61.8-76.1%) in C 1s peak that provided potential for forming 77
EDA between the biochar surface and aromatic ring of antibiotics
[9,14]. Similarly, the benzene ring electrons as 7-electron accep-
tors of hexadecyl trimethyl ammonium bromide-modified acti-
vated carbon were found to be bound by the amide and sulfonyl
groups of SMX [44]. Meanwhile, a shift in the FTIR peak positions
of the C=C groups (1,586-1,619 cm™') was observed after SMX
adsorption on the three unmodified biochars (Fig. 1(e)), confirm-
ing that 77 EDA contributes to SMX adsorption [7,9]. The three
peaks in XPS O 1s region (Fig. 2(e)-(g)) are associated with lattice
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\ (enhanced)
1

1

Zn modified
sludge biochar

Fig. 6. Mechanisms of SMX adsorption on unmodified and modified sludge biochar.
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oxygen in metal oxides (5.0-11.8%, 530.7 eV), vacancy oxygen (79.9-
82.1%, 531.8 eV) and adsorbed oxygen (8.3-13.3%, 533.4 V) [48-
50], usually identified as C=0, O=C-O and C-O, respectively [46,
50,51].

In FTIR, the shifts in the C-O, C=C and -OH stretching vibra-
tion peak at 1,050-1,058, 1,586-1,619 and 3,413-3,434 cm™' were
observed only for RSB after SMX adsorption, indicating the for-
mation of hydrogen bonds between the -OH, and C-O groups of
the biochar, and amino and sulfonyl groups of SMX [14,44]. How-
ever, these were only partially observed in CSB and DSB. The O
content on the surfaces of RSB, CSB, and DSB decreased sequen-
tially (Table 1), which is consistent with the decrease in the ad-
sorbed SMX content. It indicates that the O content can contrib-
ute to the SMX adsorption capacity owing to the increased bind-
ing forces, such as hydrogen bonds [9]. In XPS O1s (Fig. 2(e)-(g)),
RSB exhibited higher vacancy oxygen content than that in CSB
and DSB, which can increase the oxygen adsorption sites for the
chemisorbed oxygen on surface [49,50]. Wang et al. [52] using quan-
tum chemical methods revealed that C=O and O=C-O groups
can behave as active sites in penicillin adsorption, also demon-
strating the important role of oxygen in the adsorption process.
These characteristics reveal that the largest Spz; V,,» and functional
group complexation of RSB contributed to higher SMX adsorp-
tion capacity than that of CSB and DSB. The pseudo-second-order
kinetic and Langmuir models provided a good fit for SMX adsorp-
tion on the biochars (Table 2), indicating that monolayer chemisorp-
tion occurred during SMX removal [53].

After ZnCl, modification, the surface of Zn-RSB contained
more pores (Fig. 1(d)), with 3.1- and 1.1-fold increase in the Sgpy
and V,, values of RSB, respectively (Table 1), which was presum-
ably correlated with the pore-building effect [27]. The increased
surface S of sludge-based biochar increases the number of active
sites and consequently enhances the SMX adsorption [11,31]. The
low D, of Zn-RSB was consistent with previous studies on the
modification of bamboo sawdust biochar [54] and antibiotic fer-
mentation residue biochar [7], providing convincing evidence for
the pore-forming process of ZnCl, that helps in hydrophobic interac-
tions [14]. This mechanism observed for Zn-RSB suggests that the
adsorption capacity is more dependent on the surface area of the
biochar [22]. The XPS images illustrate that a small fraction of C-
O bonds in RSB (Fig. 2(a)) was converted to C=0 in Zn-RSB (Fig.
2(d)) by the dehydration effect of ZnCl, during carbonization [9],
which may account for the peak shift of C-O peak (1,058 to 1,083
cm™) in FTIR (Fig. 1). Similar to carbon nanotube modified sludge-
based biochars [25] and iron oxide-modified biochar from microal-
gae [55], XPS spectra reveal small amounts of C=O on the sur-
faces of sludge-based biochars, but the C=0 peak was not observed
in the FTIR. The FTIR spectra of Zn-RSB before and after SMX
adsorption reveal shifts in the OH stretching vibration at 3,432
cm™', confirming hydrogen bonding between -COOH groups on
the biochar surface and -NH,, -NO, or hydrogen groups in SMX
[56]. SMX adsorption on Zn-RSB was significantly affected by pH,
indicating strong electrostatic and hydrophobic interactions be-
tween SMX and the biochar. The adsorption kinetics and isotherm
behavior before and after the modification were consistent, sug-
gesting that the adsorption mechanisms of Zn-RSB were similar

to those of the unmodified biochars. Collectively, pore filling and
hydrogen bonding are responsible for the differences in their adsorp-
tion capacity, while 7~ 7 EDA binding is the most prevalent mecha-
nism for SMX adsorption on unmodified and Zn-modified sludge
biochars [57].

CONCLUSIONS

This study investigated the SMX adsorption mechanism and
capacity of unmodified biochars derived from three types of sludge
and ZnCl,-modified biochar. Based on their SMX adsorption capac-
ity the sequence was raw sludge-based>compost sludge-based>
digested sludge-based biochar, with a maximum SMX adsorption
capacity of 6.1 mg/g. The adsorption kinetics were consistent with
the pseudo-second-order model, and isothermal adsorption corre-
sponds to the Langmuir monolayer adsorption model. The pore-
forming effect of ZnCl, modification significantly increased the
specific surface area of biochar, and consequently enhanced the
equilibrium SMX adsorption capacity to 49.3 mg/g. The adsorp-
tion mechanisms involved electrostatic interaction, pore filling,
hydrophobic interaction, hydrogen bonding, and 77 interaction.
This study provides a value-added resource utilization method for
municipal sludge combined with economic benefits that can sig-
nificantly enhance the removal of antibiotics from wastewater. Fur-
ther studies to evaluate the immobilization effects of other challenging
pollutants, such as heavy metals on sludge-based biochars during
wastewater treatment, may contribute to alleviating critical envi-
ronmental issues.
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