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ABSTRACT: N-doped activated carbon (AC) was employed in a three-dimensional electrode system
(3DES) to enhance the removal of sulfur-containing volatile organic compounds (S-VOC). The technical
parameters for preparing N-doped AC were optimized based on CS, removal and COS accumulation,
where the mass ratio of AC to urea was 1:1.0, and the activation temperature and heat-treatment time
were 400 °C and 120 min, respectively. When the mixing S-VOC were purified under an operating
voltage of 8 V and peroxydisulfate concentration of 0.15 mol/L, CS, removal in the 3DES system with
N-doped AC reached 100% within 75 min, and was above 83% as purification time extended to 200
min. Additionally, the COS content in the outlet gas was usually undetectable within 120 min, and was
lower than that in the other electrochemical systems. Modification of raw AC through urea impregnation
and subsequent heat treatment significantly improved its surface structure and pore size distribution.
Moreover, polar functional groups, such as C=0 and pyridinic-N, increased noticeably, enhancing the S-
VOC adsorption capacity and dielectric properties. Consequently, highly reactive substances were more
efficiently activated in 3DES system with N-doped AC, and oxidizing species HO ¢ and 'O, had
important contributions to S-VOC purification compared to SO, radicals. A pathway was proposed to
elucidate the transformation of sulfur-containing components, such as CH;SH and CS,. This study
provides an efficient approach for S-VOC purification.
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1 Introduction

Sulfur-containing volatile organic compounds (S-VOC)
are mainly derived from industrial processes such as oil
refining, printing and dyeing, and chemical production,
and are main contributors to severe environmental
pollution, including fine particulate matter and ozone
formation. Even low concentration of S-VOC may lead
to a direct severe threat to materials and human health
(Tian et al., 2023). Thus, the treatment of malodorous
S-VOC, such as CH;SH and CS,, has become a
pressing issue.

The main technologies for S-VOC removal include
adsorption,  photocatalysis, advanced oxidation,
catalytic decomposition, and biodegradation (Lyu et al.,
2020; Yang et al., 2020; Xiao et al., 2021; Yao etal.,
2024). Catalytic decomposition is usually regarded as
one of the most effective routes for S-VOC removal
(Yang et al., 2020; Tian et al., 2023). Many functional
materials, including activated carbon (AC), ZSM
zeolites, and hydrotalcite-like compounds have been
developed to facilitate S-VOC conversion (Zhao et al.,
2018; Qu et al., 2022). Several studies have focused on
decreasing reaction temperatures and extending the
service life of catalyst using different preparation
methods or modification treatments (He etal., 2017;
2019; Jin etal.,, 2021). Although rare and precious
metal catalysts have been developed to improve
performance, avoiding the generation of toxic and
harmful intermediate components such as COS and H,S
is difficult because sulfur-containing substances such as
CH,SH and CS, are easily hydrolyzed during the
catalytic process. To address this, advanced oxidation is
required for the complete conversion of S-VOC.

Electrochemical oxidation has recently gained
popularity for its strong adaptability and high
efficiency. A novel approach has been developed to
remove S-VOC from the air stream (Chen et al., 2019),
where CS, is absorbed in water and then broken down
by an electrochemical reaction at a RuO, electrode
loaded with titanium. Additionally, in situ ferrate (VI)
generation in a wet oxidation system facilitated CH,SH
conversion under optimized conditions of 6 mol/L
NaOH and a current density of 14.06 mA/cm? (Ding
etal., 2012). Since conventional electrochemical
systems usually suffer from low mass transfer and
current efficiency (Zhang etal., 2013), a three-
dimensional electrode system (3DES) has been
constructed to improve the degradation of atrazine (Li
etal.,, 2019), which is also used to activate
peroxydisulfate (PDS) for purifying sulfur-containing
malodourous gases (Luo et al., 2024). In 3DES, AC or
carbon fiber tubes are widely used as particle

electrodes, and redox reactions take place in small
particles, effectively increasing the surface area of the
electrode and boosting current efficiency (Wang et al.,
2024). Numerous experiments have confirmed that
nano-carbon materials, such as reduced graphene oxide,
porous carbon, and carbon nanotube, perform well in
pollutant decomposition. However, their applications
are limited owing to their high cost and complicated
preparation processes. Some researchers have sought to
dope carbon matrices with heteroatoms such as S, N, or
P (Wang etal, 2020) to enhance pollutants
decomposition. For instance, N doping not only
modifies the properties of the AC surface and charge
transport but also forms more reactive sites, such as
N-pyridinic, N-pyrrolic and pyridinone nitrogen
moieties. Consequently, the modified carbon materials
promote the selective catalytic reduction of NO, (Li
et al., 2023).

Focusing on the efficient purification of S-VOC, this
study constructed a 3DES system with N-doped AC to
activate PDS. Based on preliminary experiments, urea
was selected as the chemical reagent to modify the
carbon material. Key factors, including the mass ratio
of AC to urea, activation temperature, and heat-
treatment time, were optimized, and the effects of
technical parameters in the electrochemical system on
S-VOC removal were analyzed. Finally, a conversion
pathway was proposed to elucidate the transformation
of sulfur-containing components. These results provide
important theoretical references and technical support
for the purification of S-VOC.

2 Materials and methods
2.1 Startup of 3DES system

Batch experiments were conducted in a cylindrical
3DES apparatus, as reported in our previous study (Luo
et al., 2024). The effective volume of the apparatus was
14 L. The anode and the cathode consisted of
platinum-plated titanium mesh and titanium sheet,
respectively, while the particle electrode was a circular
plastic cavity filled with 5 g of granular AC.

CS,, CH,;SH, H,S, and N, were mixed in specific
proportions, with the concentrations of three sulfur-
containing components being 50, 65, and 70 mg/m3,
respectively. The simulated S-VOC was supplied to the
electrochemical device at a flow rate of 4.8 L/h. The
gaseous S-VOC were purified by electro-activated PDS
in the 3DES reactor. All experiments were performed in
duplicate to ensure the stability and repeatability of the
results.
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2.2 Preparation of N-doped AC

The raw AC was treated by boiling in water for 15 min,
washed twice with deionized water, and then dried at
50 °C for 12 h. The resulting carbon material was
mixed with chemical reagent urea. The solid mixture
was immersed in deionized water at 50 °C for 24 h,
with a mixture-to-water ratio of 1:2 (w:v). Afterward,
the impregnating solution was discarded. The resulting
carbon material was activated at a specific temperature
for a specific duration, with nitrogen as the protective
gas at a flow rate of 5.0 L/h. The obtained product was
designated as N-doped AC. A control check of
activated carbon, that is, CK-AC, was prepared using
the same procedure but without the addition of urea.

Based on the preliminary experiments, the key factors
for N-doped AC preparation were as follows: mass ratio
of AC to urea was 1:0.5, 1:1.0, and 1:1.5, the activation
temperature was 200, 400, and 600 °C, and the heat-
treatment time was 60, 120, and 180 min. The effects of
N-doped AC on CS, removal and COS accumulation
were tested under the conditions of a PDS solution of
0.15 mol/L, initial pH 8.0, direct current (DC) voltage
of 8 V, in which the initial conductivity of the
electrolyte was 20 mS/cm.

2.3 Comparative experiments for S-VOC removal

Comparative experiments were conducted to optimize
the operating voltage and PDS concentration in the
3DES process. Considering the components of S-VOC
are complex, NH; was simultaneously added to the
simulated S-VOC, and its concentration was
120 mg/m3. The technical parameters for N-doped AC
preparation were mass ratio of 1:1.0, activation
temperature of 400 °C, and heat-treatment time of
120 min, the other operating conditions not mentioned
here were the same as above.

2.4 Analysis and characterization

CS,, CH,;SH, COS, and H,S were determined using a
gas chromatograph (GC-9790 Plus, Fuli Instruments,
China) equipped with flame a photometric detector
(Chen etal., 2019; Tian etal, 2023). The S,0¢*"
concentration was measured via a modified iodometric
method (Liang etal., 2008) using a UV-Vis
spectrophotometer (DR 6000, HACH, USA) at 352 nm.
The resulting hydroxyl radical (HO *), sulfate radical
(SO,*), and singlet oxygen (10,) were captured by 5,
5-dimenthy-1-pyrrolin-N-oxide (DMPO) and 4-oxo-
2,2,6,6-tetramethylpiperidine (TEMP), respectively.
Electron paramagnetic resonance (EPR) spectra were

obtained using a Bruker EPR spectrometer (A300,
Germany) (Sun et al., 2020).

For the carbon-based material, the surface
compositions and combination states of the elements
were analyzed using X-ray photoelectron spectroscopy
(XPS, K-Alpha, Thermo Fisher Scientific, USA). The
functional groups were observed using a Fourier
transform infrared (FT-IR) spectrometer (Nicolet 1S20,
Thermo Fisher Scientific, USA), and the specific
surface area and pore size distribution were quantified
using the ASAP 2460 (Micromeritics Corp., USA) BET
analyzer. Cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) curves were obtained using an
electrochemical workstation (CHI660E, Shanghai
Chenhua Co., Ltd., China) with a three-electrode
system.

3 Results and discussion
3.1 Preparation of N-doped AC

The N-doped AC was prepared under specific
conditions and used in the 3DES system to remove
S-VOC. Since the purification efficacy for CS, is
relatively poor and COS is a potential intermediate in
S-VOC conversion (He et al., 2019; Luo et al., 2024),
the concentrations of CS, and COS were regularly
measured. The variations in CS, removal and COS
accumulation are shown in Fig. 1. When the mass ratio
of AC to urea was 1:0.5 or 1:1.5, the N-doped AC
showed poor purification of S-VOC, the CS, removal in
the 3DES was less than 83% at 45 min, and the COS
content in the outlet gas was up to 3.9 mg/m3 at the
same time (Figs. 1(a) and 1(b)). In comparison, the
optimal mass ratio of AC to urea was 1:1.0, where the
CS, removal efficiency in the 3DES system with
N-doped AC was maintained 100% within 75 min, and
it was also higher than 83% when the gas purification
time was extended to 200 min. Meanwhile, the COS
concentration was too low to be detected within
120 min. Thereafter, its content in the outlet gas did not
exceed 1.7 mg/m3. Similarly, the optimized technical
parameters for the N-doped AC, including an activation
temperature of 400 °C and a heat-treatment time of
120 min, were derived based on the CS, removal and
COS accumulation observed in the electrochemical
system (Figs. 1(c)-1(f)).

Compared to the raw carbon material, the N-doped
AC enhanced the efficacy of CS, removal in the 3DES,
and the accumulated intermediate COS was relatively
low (Figs. 1(a) and 1(b)), indicating that the carbon-
based material via urea modification facilitated S-VOC
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Fig.1 Variations of the CS, removal and COS accumulation in electrochemical system with N-doped AC. (a)—(b) Mass ratio
of AC to urea, 1:0.5/1:1.0/1:1.5, (c)—(d) activation temperature, 200/400/600 °C, (e)—(f) heat-treatment time, 60/120/180 min.

purification. Doping can change the physicochemical
properties of carbon material by forming specific
functional groups or changing the specific surface area
and pore size distribution (Yang etal.,, 2016; Wang
etal., 2020; Hong and Jo, 2024), which provide
favorable conditions for the conversion of sulfur-

containing substances in the 3DES. As the mass ratio of
AC to urea increased to 1:1.5 or the activation
temperature reached 600 °C, the modification of the
carbon material maintained a relatively weak CS,
removal, indicating that high urea content or high
activation temperature is not beneficial for improving
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the performance of carbon material in the 3DES. This
outcome was likely due to excessive etching of the
carbon skeleton and the rapid collapse of microporous
channel. Additionally, maintaining a suitable heat-
treatment time for the N-doped AC was crucial, as it
helped to open the micropores open and generate more
oxygen- and nitrogen-containing functional groups on
the AC surface (Yang et al., 2016; Li et al., 2023).
Thus, the electrochemical system with N-doped AC
derived from a 120-min heat-treatment showed superior
CS, removal and lower COS accumulation than those
in the other two 3DES systems (Figs. 1(e) and 1(f)).

3.2 Effects of electrochemical parameters on S-VOC
removal

3.2.1 Operating voltage

The effects of the operating voltage on S-VOC removal
were investigated in this study. As shown in Fig. 2, the
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purification efficiencies for CH,SH, H,S, and NH, in
the three electrochemical systems were approximately
100% within 240 min (Fig. 2(a)). However, the CS,
removal and COS accumulation were significant
different at different voltage levels (Figs. 2(b) and 2(c)).
The system with a DC voltage of 8§ V maintained
efficient performance for S-VOC purification. CS,
removal reached 100% within 75 min, and then
gradually decreased, with an average CS, removal of
87.4% during the period of 90-240 min. On the other
hand, COS was too low to be detected before 120 min,
and its concentration in the outlet gas maintained below
2.0 mg/m3. The average value of COS accumulation
from 135 to 240 min was only 1.45 mg/m3. When the
DC voltage in the 3DES was changed to 6 or 10 V, the
electrochemical system exhibited relatively lower CS,
removal and higher COS accumulation. For the system
with a DC voltage of 10 V, the CS, removal showed a
rapid decrease, and intermediate COS in the outlet gas
could be detected when the treatment time was longer
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Fig.2 S-VOC purification at different DC voltage. (a) Removal efficacy for CH;SH, H,S, and NHj, (b) CS, removal, (c) COS
accumulation, (d) S,0¢> concentration in solution (CS, 50 mg/m3, CH;SH 65 mg/m3, H,S 70 mg/m3, NH; 120 mg/m?, PDS
0.15 mol/L, initial pH 8.0, operating temperature 293 K, and inlet gas flow rate 4.8 L/h).
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than 30 min. Therefore, a DC voltage of 8 V was
deemed suitable for S-VOC purification.

For the 3DES system with N-doped AC, the
oxidation capacity tended to become stronger with the
increase in DC voltage due to the activation of S,04%"
ions, and S,04>" concentration at 240 min decreased
markedly (Fig. 2 (d)) in a manner relating to the
consumption of the oxidizing agent. Based on the
chemical reaction Egs. (1)—(3), increasing voltage
enhances the polarization of electrode potential (Jing
et al., 2022), which accelerates the decomposition of
PDS. This results in the efficient removal of pollutants
by highly active substances, such as HO+ and SO, .
Consequently, the electrochemical system with a DC
voltage of 8 V maintained a relatively high CS,
removal and low COS accumulation (Figs. 2(a)-2(c)).
However, a higher current intensity inevitably increases
the short-circuit and bypass currents and intensifies side
reactions such as oxygen evolution and hydrogen

(a) 100F o—eo—9o o2
9F = G oy
A A
\ A— A
LN LS .
sk : .-
= R . A A "
= s g
= A A
g 70t T A
§ .
o' 60
&)
S0k
—=—0.10 mol/L —«—0.15 mol/L —4—0.20 mol/L
40 F Inlet gas flow rate 4.8 L/h
0 30 60 90 120 150 180 210 240
Time (min)
© 100}
80 4.\’\'\'
g é a
1.8
-;*; 60 | i g
g g
g L8
uN -
+ O
6 40 2
-
-
| §
5
20 PDS 0.15 mol/L, gas flow rate 7.2 L/h
1/3 Absorption solution was substituted by
fresh PDS solution at 180 min
0 30 60 90 120 150 180 210 240
Time (min)

evolution (Jing etal., 2022; Luo etal., 2024).
Therefore, a high voltage of 10 V is not conducive to S-
VOC purification.
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3.2.2 PDS concentration

PDS acts as a precursor for highly active substances in
an electrochemical system (Zhang et al., 2013; Li et al.,
2019). Therefore, comparative experiments were
conducted at different PDS concentrations. As shown in
Fig. 3, the efficacy of S-VOC purification significantly
improved as the initial PDS concentration increased
from 0.10 to 0.15 mol/L. For the electrochemical
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Fig.3 S-VOC purification at different PDS concentrations. (a) CS, removal, (b) COS concentration, (c) CS, removal after
intermittent addition of PDS, (d) CS, removal under cyclic test condition (DC voltage 8 V, and the other conditions were the

same as that in Fig. 2).
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system with an initial PDS concentration of 0.15 mol/L,
CS, removal reached 100% before 75 min, and showed
a moderate decrease thercafter. However, the
purification efficiency of S-VOC tended to be worse as
the PDS concentration increased to 0.20 mol/L,
indicating that excessive PDS was unfavorable to the S-
VOC removal. The finding was also consistent with the
research result that excessive PDS in absorption
solution causes the scavenging of the SO, radical (Cui
etal., 2017). The electrochemical system with PDS
concentration of 0.15 mol/L obtained relatively stronger
oxidation for sulfur-containing intermediates. COS
content in the outlet gas was usually undetectable
within 120 min, and the highest value was less than
2.0 mg/m3 even during the period of 120-240 min,
substantially lower than those in the other two systems.

As PDS is added to an electrochemical system, the
SO, radical is produced by electrochemical activation
(Luo et al., 2024), facilitating the S-VOC removal and
conversion of sulfur-containing intermediates. With the
continuous depletion of the SO, radical derived from
S-VOC oxidation, a certain amount of PDS was
converted to sulfate ions, resulting in the decline of
S-VOC removal and moderate COS accumulation
(Figs. 3(a) and 3(b)). When one-third of the absorption
solution was discarded at 180 min and an equal volume
of PDS solution with an initial concentration of
0.15 mol/L was subsequently added to the reaction
system, CS, removal was enhanced from 76.0% at
180 min to 85% at 195 min (Fig. 3(c)). Furthermore,
cycling performance of the 3DES system indicated that
CS, removal exhibited a moderate decline, whereas for
the fifth cycle of S-VOC purification, CS, removal
decreased from 91.3% at 13 h to 79.0% at 14 h (Fig.
3(d)). It can be concluded that maintaining an
appropriate PDS concentration is very important for
S-VOC purification, and the performance of the carbon
material decreases after long-term operation.

3.3 Characteristics of S-VOC purification

3.3.1 Properties of carbon-based materials

To investigated the effects of carbon-based material on
S-VOC purification, adsorption tests were conducted in
a 3DES device without DC current or PDS addition. As
shown in Fig. 4(a), the adsorption curves for raw AC,
CK-AC, and N-doped AC showed similar trend.
However, the maximum CS, adsorption capacity of N-
doped AC was 0.126 mg/g, which was three times that
of raw AC. The adsorption curve for N-doped AC
showed a rapid increase within 200 min, significantly
higher than that of the raw AC, indicating that the
adsorption rate of S-VOC on the N-doped AC was

significantly enhanced. Consequently, gaseous sulfur-
containing components can remain in the absorption
solution for a long time, providing a favorable external
environment for the subsequent oxidation of S-VOC.

Carbon-based materials, including raw AC, CK-AC,
and N-doped AC, were used to investigate the
variations in surface properties. As shown in Fig. (b),
the peaks at 2850 and 2920 cm™! were attributed to the
symmetric and antisymmetric stretching vibrations
of alkyl-CH, groups, while the peaks at 1641 and
1097 cm™! were assigned to the stretching vibrations of
C=0 and C-O bonds, respectively. Additionally, the
peak at 1437 cm™! was related to the C-N bending
vibration (Yang et al., 2016; Luo et al., 2024). The FT-
IR spectra of the samples revealed that functional
groups, such as alkyl-CH,, C-N and C-O bonds, were
significantly enhanced after AC modification. The
elemental compositions of raw AC and N-doped AC
were compared using XPS analysis. The binding
energies of 285 and 400 eV were attributed to Cls and
N1s respectively. The Cls spectra showed peaks at
284.5,285.2, 286.3, and 289 eV (Fig. 4(c)), which were
assigned to C-C/C=C, C-O/C-N, C=0, and COOH
groups, respectively (Hong and Jo, 2024). For N-doped
AC, the C-C/C=C content was 64.9%, while the
C-O/C-N and C=0O contents reached 26.4%, which
were obviously higher than the 19.6% observed in the
raw AC, indicating that AC modification with urea
moderately changed the surface functional groups of
the carbon material. The C=0O functional group on the
AC surface is the major reaction site for PDS activation
to produce '0, (Zhu et al., 2018), and is abundant in N-
doped AC, thereby contributing to the formation of
highly reactive substances. The Nls spectra were
partitioned into three peaks at approximately 398.4,
399, and 400 eV (Fig. 4(d)), corresponding to pyridinic
N, amine-N/amide-N, pyrrolic N (Wang et al., 2022),
with proportions of 28.3%, 49.1%, 22.6%, respectively.
Among the three types of C—N functional groups, the
negatively charged pyridinic N groups have a relatively
high dipole moment, enhancing the wettability of the
electrode and providing abundant active sites to
promote redox reaction (Ghosh et al., 2020).

According to the guidelines stipulated by the
International Union of Pure and Applied Chemistry, AC
has well-developed micropores, and its adsorption
equilibrium is usually described by a type I adsorption
isotherm. For the N-doped AC derived through urea
modification, the specific surface area increased to
1168 m?2/g, while the total pore volume and micropore
volume for 1 g carbon material were 0.73 and 0.34 cm?3,
respectively. Additionally, the average pore diameter
was elevated to 2.5 nm (Table 1), indicating that the

https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x

Rui Luo et al., Front. Environ. Sci. Eng. 2025, 19(5): 71

https://doi.org/10.1007/s11783-025-1991-x

a
( ) N-doped AC (b)
90099
012} 0092
o
P
= o
S0 ®
ah e
E o0} e
z P
3 o
CK-AC
£ o006 o _goo®®
Z o
E‘ 9 /6 3
3 /% Raw AC
2 g/ Alkyl—CH,
&
O 0.03 / Equation y=a(1 - exp(— b*x))
a 0.1299:0.00165 Raw AC
b 0.00343£1.22908E-4 | 0.01037+3.32003E-4 | 0.00851+1.49739E-4 — CK—AC
Reduced Chi-Sqr 1.12159E-5 1.037E-6 8.8746E-7 N_doped AC
R-square 0.99035 0.986255134075901 0.9961 C:O
000 1 1 1 1 1 | 1 L 1 1
0 250 500 750 1000 3000 2400 1800 1200 600
Time (min) Wavelength (cm™)
(©) Cls | (d) Nls
AL' C/C=C
o
/ Raw AC
C \)” d y . Py
Raw AC - =, S
Cc—C/c=C 7
; Pyrrolic—N pyridinic—N
,lh_\
J" \ N-doped AC
i N RS isoaiay
C—O/C—N/ = = —
Cc=0
N-doped AC Z i N
) L ) 1 | 1 | I 1 I 1
294 291 288 285 282 404 402 400 398 396 394

Binding energy (eV)

Binding energy (eV)

Fig. 4 Adsorption properties of carbon materials. (a) CS, adsorption capacity, (b) FT-IR spectra, (c) Cls XPS spectra, (d) N1s

XPS spectra.

percentage of mesopores for N-doped AC moderately
increased and the adsorption equilibrium tended to be
type-IV adsorption isotherm. When urea was used to
modify the properties of the carbon material, the
surface structure and pore size distribution improved
significantly, which was beneficial for enhancing the
performance of the electrochemical system.

3.3.2 Reactive substances affecting purification process

Scavengers were introduced into the electrochemical
system to elucidate the effects of reactive substances on
S-VOC purification. Methyl alcohol (MeOH) was used
to quench SO, and HOe, tert-butyl alcohol (TBA) was
used to quench HO-, and furfuryl alcohol (FFA) was
regarded as a scavenger to analyze the effect of 0, on
substrate decomposition (Huang etal., 2014; Feng
etal., 2017). In this study, the carbon-based materials,
including raw AC, CK-AC, and N-doped AC were used
as three-dimensional particle electrodes, and three kinds

of scavengers, i.e., MeOH, TBA, and FFA, were
respectively added to the 3DES systems, with the
solution concentration of 50 mmol/L. Operational
conditions included a CS, content of 60 mg/m3, DC
voltage of 8 V, and inlet gas flow rate of 6.0 L/h. Other
parameters not mentioned here were the same as those
in Fig. 2. For all three electrochemical systems, the CS,
removals exhibited a decreasing tendency after adding
the scavenger (Figs. 5(a) and 5(b)), revealing that the
highly reactive substances such as SO+, HO+, and '0,
existing in 3DES play significant role in S-VOC
purification. Compared with the electrochemical
systems with raw AC or CK-AC, the efficacy of CS,
removal in the N-doped AC system showed a
significant increase, and the curve exhibited a decline
after the reactive substances were quenched by the
scavenger (Fig. 5(b)). When FFA was added to the
3DES systems containing raw AC or N-doped AC, the
average reductions in CS, removal during 30-60 min
(Figs. 5(a) and 5(b)) were 24.3% and 46.6%,
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Table 1 Variations of specific surface area and pore size distribution

of adsorbent materials

Type Sper' (m?/g) Spic” (m?/g) Sex” (m/g) Vit (cm?/g) Vinic” (cm?/g) D,° (nm)
Raw AC 881 673 218 0.50 027 2.15
CK-AC 910 719 198 0.49 0.28 228
N-doped AC 1168 836 332 0.73 034 25

Remark: 1. BET surface area; 2. micropore area; 3. external surface area; 4.

respectively. Based on the reduction in CS, removal
after adding the scavenger, it can be inferred that the
order of highly reactive substances degrading S-VOC in
the raw-AC 3DES system was HO+ > 10, > SO,~

However, after the carbon material was modified with
urea, S-VOC purification in the electrochemical system
was performed in the following order: '0, > HO* >
SO, . The treatment of N-doped AC enabled non-free
radicals, particularly '0,, to play a significant role in
CS, removal. Additionally, the reduction in CS,
removal in the electrochemical systems increased with
extended purification time after the addition of
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total pore volume; 5. micropore volume; 6. average pore diameter.

scavengers (Figs. 5(a) and 5(b)). This suggests that
another pathway plays an important role in S-VOC
decomposition in addition to the oxidation of SO,"
HOe, and '0,.

In this study, DMPO and TEMP were used to
investigate variations in free and non-free radicals. As
shown in Figs. 5(c) and 5(d), the concentrations of
HO +, SO,~, and !0, in the three 3DES systems
moderately increased as the time extended from 5 to
20 min, and the EPR intensities of 'O, and HO* were
significantly higher than those of SO, . Furthermore,
the signals of HO+ and 'O, in the N-doped system were
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Fig.5 Variations in CS, removal and reactive substance. (a) CS, removal in the raw AC system, (b) CS, removal in the
N-doped AC system, (c) EPR spectra of SO, * and HO¢, (d) EPR spectra of TEMP-'0,.
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substantially stronger as compared to those in the raw
AC system. This result is also accordance with the fact
that PDS can be activated by N-doped AC and
electrolysis to produce highly reactive substances
including HO«, '0,, and SO, (Liu et al., 2019; Zheng
et al., 2021).

3.3.3 Electrochemical properties of N-doped AC

Electrochemical properties of the carbon-based
materials were analyzed by cyclic voltammograms
(Figs. 6(a)-6(c)), where the sweep rate was 0.04—
0.10 V/s, the electrolytes were 50 mmol/L K,Fe(CN),
and 0.5 mol/L Na,SO,. The redox reaction of
K,Fe(CN)y/K,Fe(CN), produces two sharp peaks, and
the anodic and cathodic current peaks become stronger
with increasing sweep rates. Simultaneously, there is a
good linear relationship between the oxidation peak
current (/,) and the square root of the scan rate (v!'2),

according to the following equation (Li et al., 2016).

Ip = (2.69x10°)Xn** x AX D> x Cp xv'/* ()

where n is the number of transferred electrons, 4 is the
electrochemically active surface area (ECSA) (cm?), Dy
is the diffusion coefficient of the reduced species
(cm?/s), Cy is the bulk reduced species concentration
(mmol/L), and v is the scan rate (mV/s). The above-
mentioned equation can be simplified as following: I =
kv 12, here k is a coefficient relevant only to 4 and Dy
as n and Cy were constant in this study. As shown in
the insets of Figs. 6(a) and 6(b), the slopes of the linear
relationship between /. and v!/2 —namely, the values of
k— were obtained via linear fitting of the plots. For raw
AC and N-doped AC, the coefficient values in the
electrochemical systems were 0.0058 and 0.0122,
respectively, indicating that the N-doped AC had a
better mass transfer performance. Nitrogen and carbon
atoms have similar atomic radii, and carbon atoms in
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Fig. 6 Cyclic voltammograms of electro-chemical systems. (a) CV curves in the raw AC system, (b) CV curves in the
N-doped AC system, (c) the difference in CV curves derived from the raw and N-doped AC systems, (d) linear sweep

voltammetry.
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raw AC can be replaced by nitrogen atoms more
conveniently during the modification process. The
electronegativity of nitrogen and changes in the
electron density generally result in the formation of
electron-defective sites in the lattice structure of the
carbon material (Erlind et al., 2023), which can enhance
the electron transfer ability and improve the
electrocatalytic performance. Thus, the efficacy of S-
VOC purification improved significantly after raw AC
was modified by urea impregnation and subsequent
heat treatment.

The redox behavior and oxygen evolution potential
(OEP) during electrode oxidation were evaluated by
LSV curves in the three-electrode system with
0.5 mol/L NaClO, electrolyte solution (Fig. 6(d)). The
OEP of the raw AC system was 0.756 V, which
increased to 0.860 V for the N-doped AC system. The
N-doped AC electrode exhibited a relatively high OEP,
which could reduce the side reactions of water
electrolysis and enhance the efficiency of
electrochemical oxidation. In addition, the current at the
working electrode increased significantly as the sulfur-
containing inlet gas was introduced into PDS solution,
and the oxidation peaks were much stronger than those
in the blank control without the addition of PDS. The
findings revealed synergistic effects between the PDS
solution and the electrode in the electrochemical
system.

Electro-activation has been observed in the electron
transfer process (ETP) of PDS (Chen et al., 2014), and
some researchers have suggested that PDS can be
adsorbed on the electrode surface in an electrochemical
system and then induced to a transient *PDS (Song
etal.,, 2017), while others have insisted that the
formation of substantial complexes after PDS
adsorption on catalytic materials plays a significant role
in triggering the non-radical pathway to degrade
pollutants. In this study, nitrogen doping treatment
increased the number of polar groups on the surface
(Fig. 4) and enhanced the adsorption capacity for
sulfur-containing substances such as CH,SH and H,S.
Polar functional groups such as C=0 and pyridinic-N
could strengthen the dielectric properties of the carbon
materials and facilitate PDS adsorption on the AC
surface (Ma et al., 2022), which made it more beneficial
for the N-doped AC to participate in the electron
transfer process. During S-VOC purification, the
conductivity in absorption solution increased owing to
continuous PDS conversion and S-VOC decomposition,
and the oxidation peaks in the LSV curves increased
(Fig. 6), resulting in a moderate increase in the ETP. As
a result, the radicals SO, and the other induced highly
reactive substances such as HO * and 'O, were more

efficiently activated in 3DES system (Fig. 5).

3.3.4 Pathway of S-VOC purification in 3DES system

Based on the results obtained in this study, a pathway
for S-VOC purification in an electrochemical system
with N-doped AC is proposed (Fig. 7). As the sulfur-
containing inlet gas entered the PDS absorption
solution, the amount of S-VOC directly dissolved in the
solution was relatively low as most of the S-VOC, such
as CS, and CH,;SH, are insoluble in water. However,
the particle electrode prepared by the N-doped AC had
the characteristics of large specific surface area and
strong polar functional groups (Figs. 4(b)—4(d), Table 1),
which enhanced the adsorption capacity for sulfur-
containing substances (Fig. 4(a)), and the targeted
components in the inlet gas had a longer residence time
in the absorption solution, facilitating the subsequent
oxidation decomposition of S-VOC.

In 3DES, those highly reactive substances such as
SO, ™, HO-, and 'O, were produced as a result of PDS
activation (Fig. 5). PDS molecules can be adsorbed on
electrode surfaces, resulting in the formation of
activated state *PDS (Song etal., 2017). The
decomposition of sulfur-containing substances was
achieved by radical and non-radical oxidation (Liu
etal., 2019; Zheng etal., 2021) according to Egs.
(5)—(8). As the S-VOC purification proceeded, the PDS
concentration decreased, and the sulfate ions gradually
accumulated in the absorption solution. This was
influenced by S-VOC conversion and PDS
decomposition, which resulted in sulfate deposition
onto the surface of the carbon-based material (Luo
etal., 2024) and caused potential adverse effects on
S-VOC purification (Figs. 3(c) and 3(d)). However, the
conductivity of the absorption solution increased with
an increase in sulfate ions, and the oxidation peaks (Fig.
6(d)) and EPR signals of DMPO-*OH and TEMP-!0,
(Figs. 5(c) and 5(d)) became more pronounced than in
the early stage. Thus, radical HO* and non-radical '0,
contributed more significantly to S-VOC purification
(Figs. 5(a) and 5(b)).

The sulfur-containing components in the solution
underwent hydrolysis reaction according to Egs. (8)—
(10), and COS was an inevitable intermediate during
S-VOC purification (Figs. 1(b), 1(d) and 1(f); Fig. 2(b);
Fig. 3(b)), implying that the decomposition of S-VOC,
such as CS, and CH,;SH, involved multiple reaction
steps. The intermediate component, COS, can be further
oxidized (Chen et al., 2019; Qu et al., 2022) because the
C=S bond is easily broken to form H,S and CO, (Eq.
(11)). In the 3DES system with N-doped AC, the
adsorption and electrochemical properties significantly

https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783

11


https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x
https://doi.org/10.1007/s11783-025-1991-x

Rui Luo et al., Front. Environ. Sci. Eng. 2025, 19(5): 71

https://doi.org/10.1007/s11783-025-1991-x

S-VOCs End products _
Radical/Non radical 4 Actizated SERS
oxidation " IS
e——— s $-VOCs
2_
CS,/CH;SH-5COS+H,S-5S0,2-+C0, *PDS/
CH,SH-5CH,S 5CH,S0,+S0,2 7
]
— Intermediate
H,S — HS —5S0,2" Y
2 1' . S-VOCs (COS, CH;S -, etal)
I l End
products
5042 A CO). HQO
e | | — $-VOCs Direct electron
ik o transport
. ) 2 Xy (N-doped AC) p
‘ !r; @ o P
o MW B N HO- O
°* b B DS < 4
: A f > § e ernrcnens \ B
\ s Electrochemical
activation of PDS

Fig. 7 Proposed pathway of S-VOC ox

improved, making the oxidative decomposition of the
S-VOC more complete. Thus, this 3DES system always
maintained a relatively high S-VOC removal, but the
H,S content in the outlet gas was too low to be detected
because of the rapid H,S conversion (Eq. (12)) and the
accumulated COS was low throughout the S-VOC
purification process.

)

ACiurtace . _
S,0f +e- — SO; +SO;

electrolysis

SO, +OH™ — SO? +HO-, H,0 =5 HO - +H* (6)

2S,0; +40H™ — 4S0;” +2H,0+' O,,

0,+e =0, O +HO- 5 OH +'0; ()
S-VOC ‘db' Intermediate + SO2” + CO,
oxidation
+H,0 — SO +CO, + H,0 (8)
CS, + H,0 — COS+H,S 9)
CH,SH + H,0 COS — +H,S, CH,SH —
CH,S™ — CH,SO, + SO* (10)
COS +H,0 —H,S + CO, (11)

idation in 3DES process with N-doped AC.

H,S - HS +H",HS +0, —» SO} +H" (12)

4 Conclusions

N-doped AC was successfully prepared by modifying
raw AC with urea impregnation followed by heat
treatment. When employed in the 3DES process, the
resulting particle electrode exhibited a large specific
surface area and strong polar functional groups, which
enhanced its adsorption performance for S-VOC. Thus,
the sulfur-containing components in the inlet gas had a
longer residence time in the absorbent solution, which
facilitated the subsequent oxidative decomposition of S-
VOC.

When the simulated S-VOC entered the PDS
absorption solution, the purification efficiencies for
CH,SH, H,S, and NH; in the N-doped AC system were
approximately 100%  under the  optimized
electrochemical parameters. The CS, removal was
higher than 90%, the COS content in outlet gas was
usually undetectable within 120 min, and the efficacy
of S-VOC purification in this electrochemical system
was superior to that of the other systems.
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In the 3DES process with N-doped AC, PDS was
efficiently activated by carbon-based material and
electrochemistry. The highly reactive substances,
including SO, HOs, 102, and transient *PDS, played
significant roles for S-VOC removal, and the complete
conversion of sulfur-containing substances was closely
related to radical and non-radical oxidations.
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