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ABSTRACT Converting sewage sludge into biochar shows promise as an eco-friendly and cost-effective method for remediating
pollutants. In this study, aerobic digested sewage sludge was evaluated as a low-cost carbon-based catalyst through a facile one-pot
pyrolysis process. The sludge biochar (SBC) was then used as a persulfate (PS) activator for the degradation of Bisphenol-A (BPA). The
effect of pyrolysis temperature on the physicochemical properties of SBC and catalytic activity was observed. Then, chemical quenching
analysis was carried out to identify reactive species. Increasing the pyrolysis temperature from 350 to 700 °C resulted in an enhancement
of the degradation rate constant of BPA from 0.95 x 102 min-! to 8.9 x 102 min-!. SBC pyrolyzed at 350 °C (A350), characterized by a high
iron content (40%wt) in the form of amorphous Fe (e.g., ferrihydrite) and C=C functional group promoting the radical formation which
is dominated by presence of hydroxyl radicals. However, iron in an amorphous form limited the catalytic activity of A350. By contrast,
non-radical pathway dominates SBC pyrolyzed at 700 °C (A700) with highest BPA removal as the result of more hydrophobic nature
(lower O/C) therefore attracting more BPA and PS to the biochar surface. Graphitic structure of A700 (lower Ip/Ig) supports the mediated
electron transfer pathway for persulfate activation. A pH range of 2-9 and the of inorganic anions (e.g., CI,NO37,SO,4", and HCO3") had
negligible effects on the A700 system. This study introduces a novel approach to the value-added reuse of sewage sludge as an efficient
persulfate activator for pollutant remediation with good resistance to water matrices conditions.
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1 INTRODUCTION

Concern for the occurrence of organic micropollutants
in water has been growing over the last decade, posing
new challenges to the scientific community. Conven-
tional water treatment methods have typically strug-
gled to eliminate these micropollutants, whereas ad-
vanced treatments such as advanced oxidation pro-
cesses (AOPs) have emerged as the most efficient so-
lution (Kamal et al., 2024; Luo et al., 2014; Marleni
et al., 2021). AOPs work by combining oxidants such
as hydrogen peroxide and persulfate salts with acti-
vators which can be in the form of energy or cata-
lysts. This combination generates free radicals capable
of transforming pollutants into less harmful substances
through mineralization (Yu, Feng, Tang, Pang, Zeng,
Lu, Dong, Wang, Liu, Feng, Wang, Peng and Ye, 2020).
Persulfate-based AOPs (PS-AOPs) with sulfate radicals
as active species are superior due to their higher redox
potential, longer half-life, and wider operative pH com-
pared to traditional hydroxyl radical-based AOPs (Hu,
Wang, Shen, Wang, Wang, Xu, Zheng and Zhang, 2020).
Furthermore, PS-AOPs are less expensive to store and
transport because of the abundant availability of per-
sulfate salts (Lee et al., 2020).
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Carbonaceous materials have gained increasing recog-
nition as an alternative to metals and metal oxides in
the field of PS-AOPs catalysis due to their lower risk of
metal leaching and comparable efficiency (Zhou et al.,
2021). Biochar stands out as a highly effective cata-
lyst among carbonaceous materials because of its effi-
ciency and availability (Gasim et al., 2022). Its surface
functional groups and structural defects effectively do-
nate electrons to break the peroxide bond in persulfate,
generating reactive radicals that enhance the oxidation
process (Li et al., 2020). In addition, its large specific
surface area, porous structure, abundant functional
groups, and mineral-rich composition promote effec-
tive interactions with both persulfate and target pollu-
tants (Lee et al., 2020). Moreover, a life cycle assess-
ment study revealed that the cumulative energy de-
mand of biochar production is approximately 80% less
than that of activated carbon (Shaheen et al., 2022).
Consequently, the use of biochar for persulfate activa-
tion continues to be explored, with researchers inves-
tigating various feedstock sources (Song et al., 2022).
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As sewage sludge is a waste material that requires
treatment, the conversion of sewage sludge into
biochar for pollutant remediation presents an environ-
mentally friendly and cost-effective solution that has
garnered significant interest for further research (Mian
etal., 2019; Wang, Liao, Ifthikar, Shi, Du, Zhu, Xi, Chen
and Chen, 2017). The processing of sewage sludge typi-
cally represents a substantial portion (40%-60%) of the
total operational costs in wastewater treatment plants
(Guo et al., 2013). Given the high energy consumption
associated with sewage treatment facilities, the con-
version of sewage sludge into biochar could contribute
to efforts aimed at reducing sludge accumulation (Ji
et al., 2022). Aerobic and anaerobic digestion are two
common processes used in sewage treatment for the
decomposition of organic matter. In contrast to anaer-
obic sludge, aerobically digested sludge tends to un-
dergo a higher degree of humification, potentially lead-
ing to lower levels of dissolved organic matter (Shao
et al., 2013). This decrease in dissolved organic matter
isreported to be beneficial for the production of biochar
with a large surface area and an increased degree of
graphitization, which facilitates electron transfer. Fur-
thermore, the dissolved organic matter in sludge has
been identified as having a toxic effect on the biochar
produced (Zhou et al., 2023). Despite its beneficial po-
tential properties, aerobic sludge has often been over-
looked and warrants further research.

In biochar production, aside from the composition of
the sludge source, pyrolysis parameters also play a
vital role in shaping the physicochemical properties
of biochar and therefore its performance and mech-
anism in pollutant removal via PS-AOPs (Zielinska
et al., 2015). Different temperature conditions dur-
ing pyrolysis induce physicochemical transformations
in biomass, which leads to changes in the properties of
the resulting biochar. It has been observed that nitro-
gen and carbon elements become enriched with hetero-
cyclic aromatic structures in the biochar as the pyroly-
sis temperature rises. Additionally, as the temperature
increases up to 700 °C, thermal transformation from
an amorphous phase to a graphitic crystalline structure
occurs in a disordered manner (Keiluweit et al., 2010).
These properties of biochar determine its interaction
with persulfate and pollutants, thereby influencing its
oxidation performance and mechanism (Ghodake et al.,
2021).

Although the effect of biochar pyrolysis temperature on
the pollutant removal efficiency of PS-AOPs has been
widely discussed (Chen, Duan, Zhang, Wang, Ren and
Ho, 2020; Pei et al., 2021; Wang, Gu, Zhou, Zhu, Li, Tao,
Wen and Zhang, 2017), there remains a lack of under-
standing about the use of biochar derived from aerobic
sewage sludge in PS-AOPs for Bisphenol A (BPA) degra-
dation. BPA is used as a model contaminant because
of its widespread prevalence and toxicity. It is used
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extensively in the plastic industry as a key monomer
for various chemical materials, including polycarbon-
ate plastic resin, epoxy resin, and polycarbonate. The
detection of BPA in surface water has steadily risen
worldwide over the past two decades (Corrales et al.,
2015). Studies on the toxic effects of BPA have revealed
that even very low concentrations can cause respira-
tory irritation and exhibit estrogenic activity (Ginter-
Kramarczyk et al., 2022). Consequently, BPA has been
recognized as a representative endocrine-disrupting
chemical by the US Environmental Protection Agency
(Diao et al., 2020).

Therefore, in this study, aerobic sewage sludge was
converted into biochar and used as a low-cost, carbon-
based catalyst for PS-AOP in BPA degradation. Perox-
ydisulfate (PDS) was chosen as the precursor for per-
sulfate because of its higher standard redox poten-
tial and lower dissociation energy compared to peroxy-
monosulfate (PMS). Various techniques were employed
to characterize the intrinsic physicochemical proper-
ties of sludge biochar (SBC). The impact of pyrolysis
temperature on the physicochemical properties of SBC
and its catalytic activity in BPA degradation kinetics
were observed. The generation of reactive oxidizing
species was confirmed through radical quenching ex-
periments using carefully selected chemicals. Addi-
tionally, mechanisms that underlie persulfate activa-
tion and pollutant degradation were proposed. Fur-
thermore, the influence of different water matrices, in-
cluding pH and inorganic anions, was investigated to
assess the potential applicability of the system.

2 MATERIALS AND METHODS
2.1 Chemicals and reagents

All chemicals used in the experiments were analyt-
ical reagent grade. Bisphenol A (C;sH;503, > 99%)
and sodium persulfate (Na;S;0g, 99%) were purchased
from Sigma Aldrich Inc., USA. Potassium iodide (KI,
99%) and sodium bicarbonate (NaHCOs, 99.7%) for the
PS decomposition test were purchased from ].T. Baker,
USA. Quenching chemicals including tert-Butyl alco-
hol, methanol, p-benzoquinone, chloroform, and L-
histidine and inorganic anions including potassium ni-
trate, potassium bicarbonate, potassium chloride, and
potassium sulfate were purchased from Daejung Chem-
ical Co., Korea. The solution pH was adjusted using 0.1
M sodium hydroxide (NaOH) and 0.1 M sulfuric acid
(H3;SO4) (Duksan Pure Chemicals, Korea). The deion-
ized water (DIW) used in these experiments for the
preparation of the reagents was purified via the Milli-
pore reverse osmosis purification system.
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Table 1. Chemical used as scavengers for active species quenching this study

No Chemical LogPow Target ky(M~!s™1)

Ref

«OH 9.7 x 108
SO, 2.5 x 107

OH (3.8-7.6) x 10°
SO (4-9.1) x 10°

1 Methyl alcohol -0.77

2 tert-Butyl alcohol 0.35

Wu et al. (2021)

0,"  (0.9-1) x 10°

Hu, Tong, Li, Xie, Chen, Wen, Feng, Wang, Li, Wang and Zhang (2020)

3 p-Benzoquinone 0.20 «OH 6.6 x 10°

Chen et al. (2018); Li et al. (2019); Oh et al. (2017)

SO~ 1x108
0,  3x10'°
H t al. (2010
4 Chloroform 1.97 «OH 5 x 108 wangetal. ( )
SO~ ~ 107 Tratnyek et al. (2009)
5  L-histidine - 10,  3.2x107 Wilkinson et al. (1995a)

2.2 Preparation of sludge biochar

The sewage sludge was obtained from a secondary sed-
imentation tank at the Jungnang Sewage Treatment
Plant in Seoul, South Korea. This tank received sludge
from the plant’s activated sludge treatment unit. After
collection, the sludge was dried at 105 °C for 24 hours
in a drying oven. A specific quantity of the dried sludge
was then placed into a quartz tube and subjected to py-
rolysis in a tube furnace. The pyrolysis process to the
target temperature lasted for 2 hours by increasing the
temperature at a rate of 5 °C min™! with 100 mL min™! of
N, sweeping as inert shielding gas. The N; atmosphere
was maintained until the pyrolysis process ended and
the temperature in the furnace decreased to room tem-
perature.

The temperatures of 350 °C, 500 °C, and 700 °C were
chosen as the target temperatures. A temperature of
350 °C was selected because at temperatures below
500 °C, the presence of nitrogen content is expected
to be higher, resulting in the production of more free
radicals (Wu et al., 2021). However, at less than 350
°C, aliphatic carbon dominates with a lower presence
of aromatic carbon. In other words, the structure of
the biomass does not change significantly because of
incomplete carbonization (Chen, Wang, Duan, Wang,
Ren and Ho, 2020; Leng et al., 2021). Starting at 400-
500 °C, as the temperature increases, amorphous car-
bons transform into crystalline carbons via condensa-
tion. More volatiles are removed, creating sparse re-
gions, which leads to cracks in the material and gener-
ates more pores (Leng et al., 2021). A higher tempera-
ture of 700 °C is considered a highly graphitic temper-
ature (Wu et al., 2021) at which biochar loses its sur-
face functionality because of more aromatic condensa-
tion reactions. However, at a temperature of 750 °C,
a nearly complete loss of biochar surface functional
groups can occur (Janu et al., 2021). The resulting
SBC from the pyrolysis process was ground and passed
through a 30-mesh sieve (600 um) without further acti-
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vation. The sludge biochar was denoted as A350, A500,
and A700for pyrolysis temperatures of 350 °C, 500 °C,
and 700 °C, respectively.

2.3 Characterization of biochar

The elemental (C, H, N, O, S) analysis of the SBC
was conducted using the vario MICRO cube (Elemen-
tar, Germany). The elemental (Mn, Fe, Cu, Zn)
analysis of the SBC was carried out using energy
dispersive X-ray fluorescence spectroscopy (Hitachi
SEA1200VX). Fourier transform infrared (FT-IR) spec-
troscopic analysis was performed to probe the sur-
face structures of SBC using a Cary 630 FT-IR (Agi-
lent). Raman spectra (LabRam ARAMIS IR2, Horiba
Scientific, France) were employed to explore the defec-
tive and graphitic structures of SBC. An X-ray diffrac-
tometer (SmartLab, Rigaku, Japan) was used to ana-
lyze the crystalline structures in SBC. The zeta po-
tentials were measured by the Zeta Potential Analyzer
(ELSZ-1000, Otsuka Electronics, Japan). A nitrogen
adsorption—desorption apparatus was employed to de-
termine the Brunauer—-Emmett-Teller specific surface
area and Barret-Joyner-Halenda pore size distribution
at 77 K and degassing at 393 K.

2.4 Batch experiment

The BPA degradation experiments were conducted in
a 500 mL glass beaker with 100 mL of reaction solu-
tion at room temperature. The catalyst dosage was
1 gL'!, the PDS concentration was 1 mM, the initial
pH was the natural pH of the BPA solution (approxi-
mately 5.8), and the BPA concentration was 0.2 mM (50
mgL ). All the reactions were stirred constantly to dis-
perse the SBC in the solution. First, the sludge biochar
was added to the solution and was stirred for 60 min-
utes to achieve adsorption equilibrium. The adsorption
equilibrium test is shown in Figure S1. The activation
process of BPA degradation was started by adding a cer-
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Table 2. Physicochemical characteristics of SBC
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Sample Yield (%) Sggr (m?g’!) Pore vol.

Organic element (Wt%)

Inorganic element (wt%)

H N

pszcc
S O O0/C H/C Mn Fe Cu Zn

A-350  65.2 514 0.18 232 24 20 0.5 189 0.84 0.11 1.25 40.01 0.74 1.34 2.25
A-500 58.0 61.5 0.19 209 1.7 50 0.19 177 0.82 0.08 245 32.22 0.75 1.67 3.2
A-700 472 46.0 0.18 21.2 09 44 0.11 11  0.52 0.05 2.28 31.43 0.76 1.60 2.6

tain amount of PDS to the BPA solution with sludge
biochar. At each time interval, 1 mL of solution was fil-
tered through a 0.22 pm Millipore film and mixed with 1
mL of methanol to completely terminate the oxidation.

To investigate the pH effect, a range of pH values, 3.0,
5.0, 7.0 and 9.0, was applied using 0.1 M NaOH and
H;S04, and the experiment was explored without buffer
control (during the experiments, no steps were taken
to adjust the value of the pH). Moreover, to observe the
effect of coexisting inorganic ions, anions with a con-
centration of 10 mM (i.e., CI-, NO;, SO3~, and HCO3)
were added to the system. The rate of PDS consump-
tion was detected by using a previously reported spec-
trophotometric method (Gokulakrishnan et al., 2016;
Liang et al., 2008).

2.5 Quenching experiment of reactive oxygen
species

Quenching experiments are applied to investigate the
main reactive oxygen species (ROS), which contributes
to pollutant degradation using high kinetic scavengers
(Zhang et al., 2018). The compilation of the scavenging
compound used in this study is shown in Table 1. With
the initial assumption that there are four possible ROS
produced that potentially react with the pollutants, hy-
droxyl radical («OH), sulfate radical (SO} ), superoxide
radical (O; "), and singlet oxygen (105). tert-Butyl alco-
hol (TBA) is used to quench «OH, while methyl alcohol
(MeOH) is applied to quench both +OH and SO;~ (Wu
et al., 2021). p-Benzoquinone (pBQ) is used to equally
scavenge «OH,SO;~,05™ (Hu, Tong, Li, Xie, Chen, Wen,
Feng, Wang, Li, Wang and Zhang, 2020). Moreover,
chloroform has been reported specifically to have high
kinetic constant for O3~ (Hwang et al., 2010). Using
a combination of TBA and chloroform would enable
the quenching of «OH,0; . In addition, the presence
of 10, is quenched using L histidine (Wilkinson et al.,
1995b). Referring to the Log Pow value in Table 1, and
considering the relatively low solubility of MeOH, TBA,
pBQ, and L-histidine, these compounds were used at
a PDS/scavenger concentration of 1:500. In contrast,
chloroform, which has higher solubility in water than
the others, was used at a PDS/scavenger concentration
of 1:10.

3 RESULTS AND DISCUSSION

3.1 Properties of sludge biochar

The physicochemical properties of SBC are detailed in
Table 2. One notable trend observed is the reduced
yield of the biochar with increasing temperatures. This
decline is likely associated with the loss of chemically
bound H;0 content, organic matter degradation, and
the release of CO and CO,, coupled with the develop-
ment of an aromatic structure (Gopinath et al., 2021;
Zielinska et al., 2015). The surface area peaked at 500
°C, accompanied by a larger pore volume than other
kinds of SBCs. The decrease in surface area with in-
creasing temperature up to 700 °C may be attributed
to a higher ash content. The adverse effect of ash on
the surface area might result from pore filling or block-
age by inorganic compounds (Zieliriska et al., 2015).
The melting of ash content above 500 °C fills the pores,
consequently reducing the surface area (Ronsse et al.,
2013).

As the pyrolysis temperature increases, a decrease in
the H/C and O/C ratios is observed compared to the
initial concentrations in the raw sludge (see Table S1
Appendix A). A lower H/C ratio indicates enhanced
carbonization, which indicates abundant unsaturated
structures due to substantial degasification (Zieliriska
et al., 2015). With a rising temperature, the decline in
the O/C ratio results from dehydration reactions, lead-
ing to a less hydrophilic biochar surface. Consequently,
biochar becomes more hydrophobic because of signif-
icant oxygen removal. Furthermore, the decrease in
oxygen content at elevated temperatures is attributed
to the elimination of acidic functional groups, resulting
in a more alkaline biochar surface.

As pyrolysis temperature increases, most inorganic
elements—excluding iron (Fe)—tend to accumulate or
remain stable due to their low volatility, resulting in
higher concentrations at elevated temperature (Pariyar
et al., 2020). Zinc (Zn) is not redox-active under typical
conditions and thus does not significantly activate per-
sulfate. While Copper (Cu) can generate sulfate radi-
cals via electron donation, its consistent concentration
across samples (0.75 = 0.01 wt%) limits further discus-
sion. Manganese (e.g., Mn?*/Mn?") may activate per-
sulfate via redox cycling, but the process is slower and

107



Journal of the Civil Engineering Forum

1.5

— A700
—— A500
— A350

Intensity (a.u.)

i-C-H

C-0iCO0H ic=0

T T 7T 7 17T 71 T

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

(a) FT-IR

3500

3000

Vol. 12 No. 1 (January 2026)

—— A700
! — AS00
— A350

Offset Y values

Igfl = 0.71

1500 2000
A
(b) Raman analysis
A700
A500
A350
SA

2500 ettt sttt

2000,

1500

Offset Y values

1000 Jrrmemttemsse bttt

500

20 30 40 50

60 70 80

2 - Theta (degree)

(c) XRD

Figure 1 Characterization of SBC by: (a) FT-IR, (b) Raman analysis, and (c) XRD.

less efficient (Zhou et al., 2024). Therefore, these met-
als are not discussed further as possible active sites.

The amount of Fe content decreases from A350 to
A700, possibly because of volatilization and chemical
reactions as the pyrolysis temperature rises. The ther-
mochemical reduction of iron oxide is also observed
with increasing pyrolysis temperatures in other types
of sludge-derived biochar (Wang, Gu, Zhou, Zhu, Li,
Tao, Wen and Zhang, 2017). The points of zero charge
(pHpzc) for all types of SBC fall within the range of 2.2-
3.2, which would influence subsequent adsorption and
catalytic processes (Pariyar et al., 2020).

The FT-IR results in Figure la reveal the presence of
oxygen functional groups in the SBC. Notably, A350 ex-
hibits a broader peak spectrum, suggesting a greater
availability of surface functional groups. The notably
elevated carbonyl (C=0) levels in A350 may indicate
the presence of ketones in this type of biochar (Ron-
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sse et al., 2013). In addition to the heightened C=0
stretching peak, A350 displays peaks associated with
hydrocarbons (C-H) stretching and carboxyl (-COOH)
compared to A500 and A700, indicating limited struc-
tural alterations in the biomass due to incomplete car-
bonization (Pariyar et al., 2020).

The Raman spectra presented in Figure 1b indicate spe-
cific adsorption peaks at 1330 cm™ (D-band) and 1560
cm! (G-band) in all SBC samples, where the intensity
ratio Ip/Ig reflects the degree of graphitization of car-
bons (Xiao et al., 2022). A higher Ip/Ig ratio indicates
a higher presence of defective sites that can serve as
electron donors, whereas a lower Ip/Ig value signifies a
more graphitized structure, which is beneficial for elec-
tron transfer mechanisms (Chen, Wang, Duan, Wang,
Ren and Ho, 2020). Analysis of the Raman data reveals
that the value of the Ip/Ig ratio decreases with increas-
ing pyrolysis temperature, reaching its lowest point at
700 °C.
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Figure 2 Degradation kinetics of BPA expressed in (a) ad-
sorption and oxidation process, (b) kinetic rate constant

value. (Biochar = 1g L"; [BPA]o = 50mg L"; [PDS]o = 1 mM;
and T =298 K, initial pH = 5.8 + 0.1).

The XRD results in Figure 1c indicate the presence of
iron in the form of Fe;04 (JCPDS No. 19-0629) (Shao
et al., 2022). Furthermore, all kinds of SBC exhibit a
peak at 26.5, attributed to SiO, (JCPDS card No. 89-
8936), which originates from the sewage sludge pre-
cursor (Hu, Tong, Li, Xie, Chen, Wen, Feng, Wang, Li,
Wang and Zhang, 2020). It has been reported that the
silicon in sludge-derived biochar cannot be neglected
because of the large amount of grit and sand carried in
sludge (Song et al., 2022). A700 shows the highest sil-
ica content, which promotes the decrease of the surface
area due to pore clogging (Hu, Tong, Li, Xie, Chen, Wen,
Feng, Wang, Li, Wang and Zhang, 2020).
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3.2 Catalytic performance

As biochar also functions as an adsorbent, the kinet-
ics of BPA adsorption were examined using the pseudo-
first-order and pseudo-second-order kinetic models as
described in Text S1. The kinetic parameters for the ad-
sorption of BPA by sludge biochar are presented in Ta-
ble S2 Appendix A. Comparing the two kinetic models,
the correlation coefficient values (R2) for the pseudo-
second order model are higher for all types of SBC (R2
=0.90 - 0.98). This suggests that the pseudo-second-
order model accurately describes the adsorption pro-
cess, indicating a chemisorption mechanism in which
the surface reaction is the rate-limiting step (Zhou
et al., 2023). Although all kinds of SBC show similar
times to reach apparent equilibrium (within 60 min-
utes, as shown in Figure S1, their adsorption capacities
are relatively low. Notably, A500 exhibits the highest
adsorption capacity, likely because of its larger surface
area. The low adsorption capacity of A350 might be
attributed to its low surface area, which is caused by
the pore-blocking effects of dissolved organic matter
(DOM) as this type of biochar shows a higher yield than
others. A higher yield leads to a significant portion
of uncarbonized or partially carbonized material in the
biochar, which is the source of DOM. While the pres-
ence of DOM is outside the scope of this study, it has
been reported that DOM in biochar prepared at lower
pyrolysis temperatures suppresses adsorption capac-
ity and further hinders its catalytic performance (Zhou
et al., 2023).

BPA is an organic compound with hydrophilic hydroxyl
groups and hydrophobic aromatic groups (Zhou et al.,
2014). Consequently, the adsorption mechanism can
be attributed to hydrophobic bonding between the ben-
zene ring of biochar and the C=C of BPA (Mpatani et al.,
2021), particularly considering the low O/C ratio (indi-
cating higher aromaticity and hydrophobicity) of A500
and A700. Additionally, BPA is a weakly acidic com-
pound that ionizes at specific pH levels. The pH,. for
sludge biochar averages between 2 and 3 (Table 2). Ad-
sorption occurs at a non-adjusted pH of 5.8, where pH
> pHp,. indicates a negatively charged surface and pH
< pKa of BPA (9.6) implies that BPA remains in its non-
dissociated form. Consequently, the low adsorption ca-
pacity of sludge biochar can be attributed to weak dis-
persive interactions which result from unfavorable pH
conditions (Fan et al., 2021).

To focus solely on the oxidation process, persulfate
was added after reaching adsorption equilibrium (60
minutes). As depicted in Figure 2a, adsorption alone
accounts for less than 20% of BPA removal, and the
degradation of BPA is hastened with the addition of
PDS. The efficient degradation of BPA was observed in
A700 with a rate constant of 8.96 x 10?min™! and a
nearly complete removal within 30 minutes. A500 and
A350 exhibit slower degradation rates, with rate con-
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Figure 3 Concentration fractions of adsorbed, oxidized, and remaining BPA in the PS-AOP system using biochar: (a) A700,
(b) A500, and (c) A350. Experimental conditions: Biochar = 1g L'; [BPA], = 50mg L™"; [PDS]o, = 1 mM; and T = 298 K, initial

pH=5.8+0.1

stants of 5.18 x 102min! and 0.95 x 102min’!, re-
spectively (Figure 2b). The enhanced hydrophobicity
and graphitic structure of A700 likely contribute to the
accelerated degradation of BPA. Compared with simi-
lar catalytic systems that use carbonaceous materials
for BPA degradation, the proposed SBC/PS system pos-
sesses superior catalytic performance in terms of the
reaction rate constant despite its simple preparation
method (Table S3 Appendix A).

To distinguish the individual contributions of adsorp-
tion and oxidation, the removed BPA is segmented into
three primary fractions: adsorbed BPA, oxidized BPA,
and dissolved BPA remaining in the solution. This
procedure involves collecting biochar samples at spe-
cific intervals during the batch test. The BPA content
within the biochar is then determined by dissolving the
biochar in methanol, and the resulting supernatant is
analyzed using High-Performance Liquid Chromatog-

110

raphy (Zhou et al., 2015). The detected BPA concentra-
tion represents the adsorbed BPA within the biochar.
The fraction of oxidized BPA is calculated by comparing
the remaining BPA in both its adsorbed and dissolved
forms with the initially added pollutants, as expressed
in Equation (1):

fdeg(ac) =1- (fad(pre) + fad(oc)) - faq (1)
where foqpre and fuan) represent the fraction of ad-
sorbed BPA before the addition of PDS and during the
specified time (x indicates the time, measured from the
solid by acid desorption), respectively. f,, is the frac-
tion of freely dissolved BPA in the solution, and f is
the fraction of oxidatively degraded BPA. All fraction
values are expressed inmg L!.

At the initial stage (minute 0), before the addition of
PDS, adsorption stands out as the sole removal mech-
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Figure 4 Quenching effect on BPA degradation rate constant by PS-AOP activated biochar: (a) A350, (b) A500, and (c) A700.
Experimental conditions: Biochar =1g L': [BPA], = 50mg L™ [PDS]o =1 mM; and T =298 K, initial pH=5.8+0.1; TBA, MeOH,
pBQ, and L-histidine to PDS ratio= 500:1; chloroform to PDS ratio= 10:1

anism observed in all systems, as illustrated in Figure
3. Following the addition of PDS, oxidation becomes
the dominant process, with less than 2% additional ad-
sorption occurring thereafter in A700 and A500 (Figure
3a and 3b). However, further adsorption was still ob-
served in A350 with a lower fraction of oxidated BPA
than A700 and A500 (Figure 3c). Overall, the removal
of BPA in A700 and A500 is driven mainly by the oxi-
dation process, which indicates that these two types of
SBC are suitable as catalysts for persulfate activation.
Inthe A350 system, both adsorption and oxidation con-
tribute to the removal mechanism.

3.3 Mechanism study

Quenching experiments were conducted to investigate
the contributions of radical pathways and identify the
reactive species involved. This method relies on vari-
ations in reactivity and reaction rates between reac-
tive species and specific chemical scavengers. Both the
selectivity of the scavenger toward the target reactive
species and the ratio of scavenger concentration to ox-
idant are crucial considerations in the quenching test
(Wang et al., 2020).
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Figure 5 PDS consumption rate with and without the pres-
ence of BPA (p-values of all samples < 0.05). Experimen-
tal conditions: Biochar =1 g L; [BPA], = 50 mg L when
present, or 0 mg L' when absent; [PDS]o =1 mM; and T =
298 K, initial pH =5.8 £ 0.1

As depicted in Figure 4, different scavengers exhibited
varying degrees of inhibition in the rate constant of
BPA degradation. In the A350 system, all scavengers
caused a greater than 50% decrease in the rate con-
stant (Figure 4a). Since most of the scavengers used
have comparatively high reactivity toward «OH (Table
1), it can be inferred that «OH is the predominant active
species in the A350 system. Moreover, considering that
*OH can be generated from the primary product SO}~
by reacting with H,O (Wu et al., 2021).

As depicted in the A500 system in Figure 4b, the effect
of scavengers is less pronounced than in A350, which
indicates some nonradical involvement, along with a
combination of «OH, SO}, O;. The impact of all scav-
engers except for pBQ and chloroform is reduced in
the A700 system, which suggests strong involvement of
O in BPA degradation with some contribution from
nonradical pathways (Figure 4c). The dominance of
O~ could also be attributed to the decomposition of
PDS following Equation (2) and (3) (Wang et al., 2020;
Zhao et al., 2020).

S,02™ +2H,0 — HO; +3H" +S03~ (2)

S0~ +HO, — SO~ +H" + 05~ +803~ (3)
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Additionally, L-histidine is used to probe the effect of
10,; however, no significant decrease in the rate con-
stant is observed. The effect of !0, may be negligible
in this system because of the low reactivity of BPA and
105 (ky =3 x 10°Ms!) (Chu et al., 2019).

To further investigate the contribution of nonradical
pathways, the rate of PDS consumption was analyzed
with and without the presence of BPA in the system
during the reaction. It was assumed that the nonradical
pathway occurs through direct electron transfer from
BPA (electron donor) to PDS (electron acceptor) medi-
ated by biochar. Figure 5 shows a significant increase
in the PDS consumption rate upon the addition of BPA
as an electron donor. This is supported by the t-test
result, where the p-value is less than 0.05, which sug-
gests a significant difference between the two groups
(shown in Table S4 Appendix A). In this case, the pres-
ence of biochar plays a crucial role in ensuring the mass
transport and adsorption of both BPA and PDS, which is
critical for efficient electron transfer from BPA to PDS
(Cheng et al., 2017; Chu et al., 2019).

Based on the tests conducted, it can be concluded that
radical and nonradical pathways coexist in the PS-AOP
system when using biochar as an activator as depicted
in Figure 6. The mechanism changes depending on
the biochar prepared from different pyrolysis temper-
atures. In the case of A350, which is rich in oxygen
functional groups including C=0, C-H, and -COOH,
these groups can act as electron donors for the produc-
tion of free radicals. The dominant radical detected is
+OH as indicated by the quenching test results. How-
ever, the low surface area and less hydrophobic sur-
face limit mass transfer and adsorption, which results
in a lower degradation rate constant of BPA. Addition-
ally, although a high Fe content is detected in A350, it
is in the form of Fez04, which is not readily available
as an oxidant. A500, with a higher surface area than
A350, along with a slightly more hydrophobic surface,
promotes both radical and nonradical pathways. As
for A700, with a more graphitic and hydrophobic sur-
face, the occurrence of surface-mediated transfer in-
creases. Thus, it is safe to speculate that the nonradical
pathway played an important role in the degradation of
the BPA of this system. It has also been reported that
a high graphitization biochar structure increases me-
diated electron transfer (Wang et al., 2018; Yu, Tang,
Pang, Zeng, Feng, Zou, Wang, Feng, Zhu, Ouyang and
Tan, 2020).

3.4 Effect of water chemistry

The pH of the solution plays a critical role in activat-
ing PDS. It affects not only the stability and speciation
of radicals but also the forms of BPA and the surface
charges of SBC (Huang et al., 2021). To investigate the
influence of pH on BPA degradation by PS-AOP using
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A700, which exhibits the highest kinetic activity, ex-
periments were conducted at initial pH values of 3, 5,
7, and 9. Additionally, experiments were conducted at
an unadjusted initial pH of 5.8. As depicted in Figure
7a, a difference of 11%-18% in rate constants was ob-
served with the unadjusted pH (5.8). Furthermore, a
t-test was performed to determine whether significant
differences existed between the various pH values and
the unadjusted pH. According to the results, only the
initial pH of 9 showed a significant difference (Table S5
Appendix A). pH values below 9, which are below the
pKa value of BPA, resulted in no significant changes.
However, when the initial pH surpasses the pKa value,
the deprotonated form of BPA becomes dominant (Fan
etal., 2021). This negatively charged phenoxide form of
BPA is repelled by the negatively charged biochar sur-
face as the pH is far above the pHp,. (Table 2). Conse-
quently, a decrease in the rate constant is observed at a
pH value of 9. This result demonstrates that the perfor-
mance of the system is not pH-dependent and suggests
that the process can operate effectively within a wide
pH range, which is advantageous for real-world appli-
cations.

Cl-, NO3, SO%, and HCO; are the major inorganic
anions in aquatic environments, and their effects on
PS-AOP have been reported to either promote or in-
hibit the process (Ghanbari and Moradi, 2017). There-
fore, it is essential to conduct a thorough analysis of
the influences of these ions for the real-world appli-
cation of wastewater treatment. A slight decrease in
the rate constant ranging from 5.5% to 19.6% was ob-
served as shown in Figure 7b. Based on the t-test re-
sults, only the presence of Cl~ shows a significant dif-
ference in the rate constant relative to conditions with-
out anions (Table S6 Appendix A). The influence of Cl~
in decreasing the rate constant might be due to O} as
the dominant active species in the A700 system. The
presence of C1~ has been reported to decrease the gen-
eration of O}~ because Cl~and O;~ might react to form
oxygen (Ahmad et al., 2015; Koppenol, 1994). However,
the presence of NO;, SO3~, and HCO; does not sig-
nificantly alter the rate constant. The concentration of
inorganic anions used in the study ranges from 700 to
1000 mgL™!, which is higher than the typical concen-
tration range of common inorganic anions in surface
water (Saha et al., 2022). This ensures that the pres-
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ence of inorganic anions in real surface water samples
will not affect the pollutant removal results. In general,
the presence of inorganic anions is less likely to disrupt
the oxidation process because of the predominance of
nonradical pathways over radical formation (Ren et al.,
2022).

4 CONCLUSION

Sludge originating from the aerobic digestion of sewage
treatment was converted into biochar at varying py-
rolysis temperatures to investigate the effect of this
parameter on persulfate activation for BPA degrada-
tion. A350, characterized by an abundance of sur-
face functional groups such as C=0 and -COOH, con-
tributed to the formation of free radicals. Quench-
ing tests revealed the presence of «OH radicals in this
system. Additionally, A350 exhibited the highest Fe
content, albeit in an amorphous form and therefore
not readily available to serve as active sites for radi-
cal production, which resulted in a lower BPA degra-
dation rate constant. With the increase in its sur-
face area, the A500 system demonstrated a higher
rate constant than A350. Quenching tests indicated a
greater presence of radicals participating in BPA degra-
dation due to the availability of more surface-active
sites. A700 showed the highest rate constant value of
8.96 x 102min’!, characterized by low O/C and Ip/Ig
values, which indicate a hydrophobic and graphitized
structure. These features led to the dominance of
nonradical pathways as indicated by quenching tests,
which demonstrated that this system was unaffected
by chemical quenching. Furthermore, persulfate con-
sumption increased only in the presence of BPA, PS,
and SBC. The A500 and A700 systems were predomi-
nantly driven by the oxidation process based on frac-
tion tests. However, continued low adsorption was de-
tected when A350 was used, which suggests that SBC
prepared above 500 °C is preferable for catalyst prepa-
ration. BPA degradation by PS-AOP using A700 was
negligibly affected by water matrix factors, including
pH values ranging from 3 to 9 and inorganic anions in-
cluding CI-,NO;,SO; ", and HCO; .

The novelty of this study lies in the use of a specific type
of sludge from sewage treatment and confirms that dif-
ferent unit processes produce varying sludge proper-
ties, which in turn influence the properties of biochar.
Traditionally, the use of sewage sludge has been gen-
eralized without consideration for its origin or the di-
verse properties it can impart to biochar. Moreover,
this study provides a systematic insight into the effects
of pyrolysis temperature on biochar properties, oxida-
tion performance, and pathways. Nevertheless, there
are further areas for improvement to address. These in-
clude additional ROS detection using Electron Param-
agnetic Resonance methods, testing the reusability of
biochar, and evaluating its application in actual water
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bodies. These enhancements would enrich the study
and offer a novel, value-added approach to reusing
sewage sludge as an efficient persulfate activator that
exhibits good resistance to water matrix conditions.
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APPENDIX A

Text S1 Adsorption kinetics

The equation for pseudo-first order is given below (Jiang et al., 2020):

Ge — 4t — kit
ge

Pseudo second order kinetic model is represented by:
t_ 11,
q k202 e

The initial sorption rate is defined by the following equation:

h = qug
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)

©)

(6)

k, is the pseudo-first order kinetic constant (min™!), ge and g; are the amounts of Bisphenol-A adsorbed on the biochar
at equilibrium and at time t (min), respectively. Where k; is the pseudo-second order rate constant (g mg 'min!) and

h is the initial adsorption rate (g mg 'min!).

Table S1. Sludge physicochemical properties

Proximate analysis

Ultimate analysis

Sample . ] Oreani : i
P Organic Inorganic rganic norganic
element element element element
(W%) (Wt%)

Protein Polysaccharide Ash
(ng/mL) (ng/mL) (Wt%)

C H N S O 0/C H/C Mn

Fe Cu Zn Si

P K

Ca Ti

Sludge  95.47 15.28 63.6 258 2.1 5.69 0.27 30 1.16 0.08 2.50 36.01 1.06 2.01 15.85

18.56 6.68

15.57 1.72

Table S2. Parameters of the pseudo first-order and second-order kinetic models for BPA adsorption on sludge biochar

Pseudo first-order

Second order

Biochar 4. (mgg") K; (10 mg g 'min ") P g (mgg ") K, (10" mg g min")) h r?

A350 6.26 98 0.75 11.62 15 0.20 0.91
A500 5.55 111 0.64 14.22 16 0.13 0.90
A700 6.27 152 0.54 12.16 22 0.33 0.92
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Table S3. Comparison of catalytic performances of A700 with similar catalytic systems using carbonaceous materials for
BPA degradation.

Surface Rate
Catalyst Synthesis parameters  area  Experiment condition constant Ref.
(m’gh (min!)

[BPAJo= 2 mg/L;
[catalyst]yp=0.02 g/L;

rGO Commercial 287.52  [PDS]p= 0.50 mM,; 7.3 Olmez-Hanci et al. (2018)
pH=6.5;
T=25°C
[BPA]o= 20 mg/L;
[catalyst]o=0.1 g/L;

CNT Commercial 2700 [PDS]p= 1.0 mM; 4 Ren et al. (2019)
pH=17.3;
T=25°C
[BPA]o= 20 mg/L;
950 °C, 1.5 h, [catalyst]o= 0.4 g/L;
Paper mill sludge biochar 5 °C min™!, N, 163.35  [PDS]o= 5.0 mM,; 8.5 Wang et al. (2023)
no modification pH= without pH;
T=25°C

[BPA]o= 20 mg/L;

?8(1 Ccr;?nk_ll’ [catalyst]o= 1.0 g/L;
Rice husks biochar Ny, ferric ’ 264.5 [PDS]p= 6.0 mM; 2.9 Gao et al. (2022)
o . pH=6.0;
chloride-modified T= 25 °C
500°C, 2h, [BPA]o= 10 mg/L;
Sewage sludge biochar 5°Cmin’!, Ny, 115.7 [catalyst]o=0.07 g/L; 0.14 Bai et al. (2021)
no modification [PDS]o=0.5 mM;
pH=6.0;
600 °C, 6h, [BPAJo= 10 mg/L;
Sewage sludge biochar 5°Cmin!, NH;, 180 [catalyst]o=0.2 g/L; 2 Huang et al. (2018)
HCI washing [PDS]o=0.16 mM;
pH=6.0;
[BPAJo= 50 mg/L;
700 °C, 2 h, [catalyst]o=1 g/L;
Sewage sludge biochar 5°Cmin’!, Ny, 46 [PDS]o= 1 mM; 8.9 This work
no modification pH=5.8;
T=25°C

Table S4. t-test result for PDS consumption rate data with and without the presence of BPA (p-value=0.05)

k data in DIW in BPA p-value difference
A350 0.0063 0.0090
A500 0.0080 0.0099 0.0102 significant
A700 0.0093 0.0110

120



Vol. 12 No. 1 (January 2026)

Table S5. t-test result for rate constant data pH effect observation (p-value=0.05)

Journal of the Civil Engineering Forum

pH pH3 pH 5 pH 5.8 pH7 pH9
k1 0.0934 0.0997 0.0896 0.0872 0.0728
k2 0.0958 0.0998 0.0901 0.0891 0.0819
k3 0.0899 0.0978 0.0823 0.0852 0.0701
p-value 0.1347 0.0506 - 0.9547 0.0469
difference not significant  not significant - not significant  significant
Table S6. t-test result for rate constant data inorganic anions effect observation (p-value=0.05)
ion control Cl- NO; S03~ HCO;
k1 0.0896 0.072 0.0805 0.0846 0.0828
k2 0.0904 0.079 0.0873 0.0874 0.0873
k3 0.0882 0.069 0.0799 0.0811 0.0819
p-value - 0.0277 0.0935 0.0969 0.0689
difference - significant not significant  not significant  not significant
1 9%
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Figure S1 Adsorption of BPA onto SBC. Experimental conditions: Biochar =1 g L™; [BPA]lp =50 mg L"; T =298 K, and no pH

adjustment.
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