[2R2 Exflsks U H—FURI Y

Science Tokyo Research Repository

Od/dodn
Article / Book Information

Title Plasma-driven sulfonation activation: Unveil a green pathway for
sulfonated carbon acid catalysts

Authors Sigi Deng, Kaixun Yao, Manabu Kodama, Katsuyuki Takahashi,
Kosuke Tachibana, Junko Hieda, Oi Lun Li, Nozomi Takeuchi

Citation Applied Surface Science, Vol. 741, , p. 167120

Pub. date 2026, 5
bo | teskcsopoinsiemsemmanz
| Creatve Commons | mfomatonisin e arice.

Powered by T2R2 (Science Tokyo Research Repository)


https://dx.doi.org/10.1016/j.apsusc.2026.167120
http://t2r2.star.titech.ac.jp/

Applied Surface Science 741 (2026) 167120

Contents lists available at ScienceDirect » Applied
Surface Science

Applied Surface Science

FI. SEVIER

journal homepage: www.elsevier.com/locate/apsusc

Full Length Article

Plasma-driven sulfonation activation: Unveil a green pathway for
sulfonated carbon acid catalysts

a,b,*

Siqi Deng , Kaixun Yao ", Manabu Kodama “®, Katsuyuki Takahashi 1@,
Kosuke Tachibana °®, Junko Hieda’, Oi Lun Li*"®, Nozomi Takeuchi”

@ Department of Electrical Engineering, Tohoku University, Japan

Y Department of Electrical and Electronic Engineering, Institute of Science Tokyo, Japan

¢ Department of Mechanical Engineering, Institute of Science Tokyo, Japan

d Department of Systems Innovation Engineering, Iwate University, Iwate, Japan

¢ Department of Innovative Engineering, Oita University, Oita, Japan

f Graduate School of Engineering Chemical Systems Engineering, Nagoya University, Aichi, Japan
& School of Materials Science and Engineering, Pusan National University, Busan, South Korea

" Institute of Materials Technology, Pusan National University, Busan, South Korea

ARTICLE INFO ABSTRACT

Keywords:

Plasma sulfonation mechanism
Sulfonated carbon acid catalysts
Sulfate radicals

-0SO3H and -SO3H functional groups

Sulfonated carbon catalysts are widely employed in acid-catalyzed biomass transformations. However, their
conventional synthesis typically relies on harsh conditions. Plasma-driven sulfonation has recently emerged as a
sustainable alternative that enables effective functionalization using dilute sulfuric acid with short treatment
times, but the underlying reaction mechanisms remain poorly understood. Herein, we elucidate the liquid-phase
reaction pathways governing plasma-assisted carbon sulfonation by combining DC plasma treatment with
controlled UV and heat activation of sodium persulfate (NaS20g) solutions as reference systems. Comparative
analysis reveals that sulfate radicals (eSO3), generated via plasma-liquid interactions or persulfate activation,
play a key role in sulfur incorporation, leading to the formation of sulfonic (-SO3H) and sulfate ester (-OSOsH)
groups alongside oxygen-containing functionalities on carbon surfaces. This work establishes a mechanistic
framework for plasma-driven carbon sulfonation and provides fundamental insights into plasma-liquid chem-
istry, supporting the rational design of sustainable sulfonated carbon catalysts under mild conditions.

production via triglyceride transesterification, hydration, and dehy-
dration [5-8]." Although several variations of the method have been

1. Introduction

Sulfonated carbon materials have attracted considerable attention as
solid Brgnsted acid catalysts owing to their high acid density, structural
tunability, and broad applicability in biomass-related transformations
and other acid-catalyzed reactions. Early efforts to introduce —-SOsH
onto carbon materials can be traced to the patent by Rivin etal. [1], who
developed a sulfonation method using fuming sulfuric acid. Later, Hara
et al. demonstrated that SOsH-modified carbons as versatile solid
Brgnsted acid catalysts, and successfully applied them in a biomass-
transformation process [2-4]. After that, extensive research has
focused on synthesizing high-performance sulfonated carbon catalysts
from natural organic precursors and employing them in a wide range of
acid-catalyzed transformations, including the hydrolysis of poly-
saccharides, esterification of acetic acid and ethanol, biodiesel

developed over the past decade, fuming sulfuric acid is required to
obtain a sulfonated carbon catalyst with high acidic site density [5],
posing environmental and safety concerns. These limitations highlight
the need for an environmentally friendly approach for fabricating high-
performance sulfonated carbon catalysts. Li et al. developed a novel
carbon sulfonation technique using plasma discharge inside [9,10] as
well as above dilute sulfuric acid [11,12]. However, the underlying re-
action mechanism of plasma sulfonation remains insufficiently under-
stood, which hinders rational optimization and further enhancement of
sulfonation efficiency.

Low-temperature plasma has emerged as an effective and environ-
mentally benign medium for modifying carbon materials [13,14]. For
example, Oy plasma treatment has been shown to enhance the surface
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chemistry of carbon and improves the shear strength of composite in-
terfaces [15,16]. Beyond gas-phase plasmas, gas-liquid interfacial
plasma has attracted increasing attention as a versatile approach for
carbon functionalization, primarily because hydroxyl radicals (¢OH) can
be generated in large quantities through plasma-liquid interaction
[17-19]. Compare to atmospheric-pressure plasma jets with humidity
gas typically produce ~ 10'® m~ [20,21], continuous DC positive
discharge with a liquid electrode can reach ¢OH densities with 102! m™>
[22]. Which indicate that liquid-electrode plasmas are efficient way to
produce reactive oxygen species for carbon modification. Moreover,
when different solvents or ionic species are introduced into the liquid
phase, plasma-liquid interactions can generate additional reactive rad-
icals beyond eOH, enabling the incorporation of diverse functional
groups onto carbon surfaces [23].

In our previous study, the formation of SO,, condensed H»,0, and
H2SO4 aerosols during pulsed plasma discharge in dilute sulfuric acid
was confirmed [24], suggesting that H,SO4 undergoes partial thermal
decomposition, generating HO, Oy, and SO,, while oxidizing species
produced in the gas phase react with these sulfur-containing in-
termediates to form sulfur-containing functional groups on carbon sur-
face. Sulfur-containing radicals are expected to form in this plasma
discharge. Among them, the eSOz has attracted particular attention
owing to its high reactivity. Jiang et al. reported that eSOy can be pro-
duced through reactions between ¢OH and HSO3 or HySO4 [25].

eOH + HSO3 — SOz +H,0 (€]
eOH + H,SO4 — ¢S0; + H30™" (2)

The standard electrode potential of ¢SOz is ~2.5-3.1 V [26], com-
parable to eOH (2.8 V) [27]. Because of this strong oxidizing ability,
#S0j obtained through alkaline activation [28], UV irradiation [29,30],
heat [29], and metal oxide [31] on persulfate solutions, is widely used in
wastewater and waste gas treatment [32-34]. ¢SO3 enable the degra-
dation of pollutants such as azo dye Acid Orange 7 within 45 min at
80 °C [29].

Owing of its high reactivity and short lifetime, direct detection of
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#S0j in HySOy4 solution is extremely challenging, particularly in plasma
discharge. To date, there have been no reports providing direct experi-
mental evidence for eSO; formation during plasma discharge. Conse-
quently, the role of ¢SOy in plasma-driven sulfonation must be evaluated
indirectly through reaction outcomes and carefully designed compara-
tive experiments. Therefore, in this study, we first compare sulfonation
efficiency and catalytic performance treated under positive and negative
DC plasma discharges with varying treatment times. Subsequently, UV
and heat activation of 0.1 ~ 0.5 mol/L sodium persulfate (NayS;0g)
solution are employed as controlled reference systems to selectively
generate eSOz and evaluate their specific contribution to carbon
sulfonation.

2. Experimental setup
2.1. Materials

Multiwalled carbon nanotubes (MWCNTs, JEIO 6A; diameter: 5 ~ 7
nm; length; 50 ~ 150 um) were used as the carbon precursor. Ultrapure
water was prepared using an ultrapure water generation unit (Merck
Millipore Direct-Q UV; resistance value: ~18MQ + cm). HoSO4 solutions
(1.0 M) were prepared from concentrated H,SO4 (98 wt%, Wako), and
NayS20g (PS) solutions were prepared by dissolving NayS;0g powder
(Kanto Chemical) in ultrapure water. Cellulose (Sigma, powder, 20 pm)
and cellobiose (Sigma, powder, >99.0%) were used for hydrolysis.

2.2. Carbon-treatment setups

As illustrated in Fig. 1, 300 mg of MWCNTSs were dispersed in 50 mL
1 M HSO4 solution and subjected to 2 polarity direct-current (DC)
plasma treatment, as described in detail in the Supporting Information.
For comparison experiments to the plasma treatment, 300 mg of
MWCNTSs were mixed with 50 mL of Na;S,Og solution at three different
concentrations and placed in an Erlenmeyer flask. Two persulfate acti-
vation methods were employed: 1. Thermal activation, in which the
suspension was heated and maintained at 80 °C using a water bath (AS
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Fig. 1. Schematic illustration of the carbon sulfonation process.
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ONE HWA-50D); 2. UV activation, where the suspension was irradiated
using a mercury lamp (HAMAMATSU L6212-05, see Fig. S2) while being
magnetically stirred at 500 rpm (Yamato Mag-Mixer MD200). The hy-
drothermal method was used as a control group, in which MWCNTs
were treated with concentrated sulfuric acid (18 M) in an oven (ISUZU
VTEC) at 150 °C for 10 h. After treatment, the samples were separated by
vacuum filtration using a hydrophilic polytetrafluoroethylene (PTFE)
membrane filter (Merck, 0.45 pm pore size; JHWP04700), thoroughly
washed with ultrapure water, and dried in an oven at 80 °C for 10 h.

2.3. Carbon characterization

2.3.1. X-ray photoelectron spectroscopy (XPS)

Ex situ XPS was performed using a PHI 5000 VersaProbe III. In this
experiment, a monochromatic Al Ka (1486.6 eV) X-ray source was used
to generate photoelectrons. Survey scans were performed with a reso-
lution of 0.4 eV and a pass energy of 112 eV, while element-specific
scans were conducted with a resolution of 0.2 eV and a pass energy of
27 eV. The results were analyzed using MultiPak, and the fitting curve
was obtained using a mixed Lorentzian-Gaussian function.

2.3.2. CHNS elemental analysis

The  densities of  sulfur-containing functional  groups
(-SOsH&-0SOsH) and other oxygen-containing functional group den-
sities were estimated from CHNS elemental analysis in combination with
XPS results. The sulfur density was measured using a HSU-20 (Yanako)
+ ICS-1100 (Thermo Fisher Scientific) with a combustion cube tem-
perature of 950°C. The oxygen density was determined using a Vario
Macro Cube (Elementar) with a combustion cube temperature of
1150°C.

2.3.3. Raman spectroscopy

The defects on the carbon surface were analyzed using Raman
spectroscopy (JASCO, NRS-4100, 532 nm diode laser) with an integra-
tion time of 60 s. The resolution and laser intensity were set as 1 cm™!
and 0.1 mW, respectively.

2.3.4. Brunauer-Emmett—Teller (BET) method

The specific surface area (Spgr) was calculated using the Bru-
nauer-Emmett-Teller (BET) equation. A Microtrac MRB BELSORP mini
X was used to analyze the specific surface area pore size distribution.
The pore size distribution was calculated from the Ny adsorption
isotherm using the Barrett (Joyner) Halenda method. Before the BET
measurement, a 100 mg carbon sample was heated under vacuum to
120 °C for 24 h.

2.3.5. X-ray diffraction (XRD) measurements

The crystal structures of the CNTs and cellulose were obtained using
XRD (MiniFlex, Rigaku). The diffractometer was equipped with a Cu X-
ray source with a voltage and current of 40 kV and 15 mA, respectively.
The detector was a D/teX Ultra2, and the step width was 0.01°.

2.3.6. Scanning electron microscopy (SEM) & transmission electron
microscopy (TEM)

TEM images were captured using a JEM-2010F field-emission elec-
tron microscope (JEOL) at an accelerating voltage of 200 kV. SEM and
energy-dispersive X-ray spectroscopy (EDS) mapping images were ob-
tained using a TM4000 (Hitachi) + QUANTAX 75-60 (Bruker). The
acceleration voltage was 15.0 keV, and the magnification is x2000.

2.4. . Catalytic performance determination

The catalytic performance of the treated carbon was evaluated in
cellulose and cellobiose hydrolysis reactions. For cellulose hydrolysis,
100 mg of cellulose, 100 mg of catalyst, and 10 mL of ultrapure water
were mixed by agate mortar and loaded into a 25 mL Teflon-lined
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stainless-steel autoclave (Yuanyu; 25 mL). Prior to hydrolysis, cellu-
lose was ball-milled at 650 rpm for 5 5 days using an AV-2 ball mill
(Asahi-rika) with porcelain jars (®105 mm; Nitto Kagaku Co.). The
autoclave was then heated at 423 K for 24 h in an oven (VTEC-75, Isuzu
Cap). Cellobiose hydrolysis experiments were conducted under identical
conditions using 100 mg of cellobiose as the substrate. After reaction,
the mixture was cooled to room temperature and filtered through a PTFE
membrane (Merck; 0.1 pm). The concentrations of glucose and other
soluble products were analyzed using a Shimadzu high-pressure liquid
chromatography (HPLC) system equipped with an RID-20A detector and
a Shodex Sugar KS-802 column, and data were processed using Shi-
madzu LabSolutions software. Byproducts such as levulinic acid and
formic acid were quantified using ion chromatography (Metrohm 883
Basic IC Plus) equipped with a Shodex SI-50 4E column. The total con-
centration of water-soluble products was determined using a TOC
analyzer (Shimadzu TOC-L CSH). Glucose yield and cellulose conversion
were calculated using the following equations:

Cglucose X V/ Mglucose

Glucose yield(%) = x 100
yl ( ) Meellulose / Mcellulose
Cellulose conversion(%) = _CexV % 100

R x Meellulose

Cellulose conversion is defined as the fraction of initial cellulose
converted.

Glucose yield is defined as the fraction of initial cellulose converted
to glucose.

Glucose selectivity is defined as the fraction of converted cellulose
forming glucose. Where Cigjycose is the glucose concentration determined
by HPLC (g L™1), V is the solution volume (0.01 L), Megycose and Meeiiulose
are molar mass of glucose (180 g-mol~!) and molar mass of glucose unit
in cellulose (162 g mol™Y), Cc is the carbon concentration measured by
TOC (g-L_l). R is the fraction of carbon in cellulose, and Mmepyiose i the
initial mass of cellulose(g).

3. Results and discussion
3.1. Modification by DC plasma discharge with dilute sulfuric acid

During DC plasma discharge, the solution temperature varied
depending on the polarity of the discharge (Table S2), primarily owing
to the characteristics of the glow discharge. Under positive discharge
(also referred to as liquid cathode discharge), the cathode sheath near
the liquid surface causes a significant voltage-drop, heating the solution.
By contrast, under negative discharge (liquid anode discharge), the
majority of the thermal energy is deposited at the metal electrode rather
than in the liquid phase [35]. The optical emission spectrum obtained
during the negative discharge indicates the presence of black body ra-
diation from the tip of the metal electrode (Fig. S1), which corresponds
to the intense bright emission observed experimentally and can be
attributed to electrode heating. The plasma-liquid contact area during
positive discharge is approximately 12.57 mm? and during negative
discharge is near 1.40 mm? (Fi g. 2). Besides the intense emission from
the electrode, a purple glow was observed in both discharge modes,
which is attributed to the nitrogen second positive system [36]. In
addition, emission from hydroxyl radicals was detected at approxi-
mately 309 nm [37]. Notably, mist formation depended on the discharge
polarity [38]. In positive discharge, visible mist formation occurred after
approximately 10 min of plasma treatment, whereas under negative
discharge, mist formation was significantly delayed and appeared only
after around 40 min.

To confirm the plasma treatment results, SEM images with EDX
mapping were obtained (Fig. S3). After plasma treatment, compared
with the original CNTs, in addition to oxygen and carbon, a proportional
amount of sulfur was present in the materials. Fig. 3 summarizes the
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2 mm

Fig. 2. Photographs of (a) positive and (b) negative DC plasma discharge above 1 M H3SO4 solution (exposure time: 1/80 s; ISO: 125).
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Fig. 3. Variation of (left) sulfur content and (right) oxygen content in CNTs treated by positive and negative DC plasma discharge as a function of treatment time.
Surface elemental compositions were determined by XPS, while bulk elemental compositions were obtained by CHN elemental analysis.

evolution of sulfur and oxygen contents determined by CHN (bulk) an-
alyses, and curve fitting of each XPS survey spectrum (Fig. S4). After
positive discharge treatment, the surface sulfur concentration reaches a
plateau after approximately 10 min of treatment, whereas a continuous
increase is observed under negative discharge. In contrast, the evolution
of oxygen content differs from that of sulfur, particularly for positive
discharge. Both XPS and CHN analysis indicate a decrease in oxygen
content with extended treatment time, suggests that oxygen-containing
groups formed at early stages may undergo surface reorganization or
conversion into sulfur-containing functionalities rather than continuous
accumulation.

In addition, XPS was used to determine the chemical status of the
elements and each density in the material. As shown in Fig. 4(a, b, c), the
main peak in the C 1s spectra is attributed to C=C (284.3-284.6 eV) and
C—C (284.7-285.0 eV) bonds in graphitic carbon [39]. Oxygen-
containing C 1s peaks also appear in these spectra. The hydroxyl
groups (C—OH), the carbonyl group (C=0), and the carboxylic acid
groups (O=C—OH) are located at 286.4 + 0.2 eV, 287.9 + 0.2 eV and
289.6 + 0.2 eV, respectively. Excluding the oxygen-containing C 1s
peaks, the n—x bond is located at 290.7 + 0.2 eV [40-42].

The fitting results summarized in Fig. 4(a, b, ¢) and Table 1, indicate
that both positive and negative plasma treatments increase the surface
density of oxygen containing functional groups (OFGs), although their
absolute contributions differ depending on the discharge polarity. To
provide independent confirmation of oxygen functionalization, O 1s
spectra were additionally analyzed (Fig. S5). In agreement with the C 1s

fitting results, O 1s spectra show a progressive increase in OFGs related
components with increasing plasma treatment time, supporting that
plasma treatment effectively introduces OFGs on the CNT surface. The
formation of ~OH, C=0, and -COOH groups can be consistent with
oxidation induced by eOH through reaction (3)-(5), which is a well-
established pathway in plasma-liquid interaction systems [19,43]:

eOH + M - M—OH 3
«OH + M—OH — M—COOH (@)
eOH + M—OH — M—C=0 + H,0 (5)

Here, M denotes a reactive carbon site on the CNT surface, including
defect sites, edge sites, or unsaturated carbon atoms.

In the S 2p XPS spectra [Fig. 4(d, e)], the peaks at 168.3 and 169.5 eV
are assigned to S 2p3/5 and S 2pj 5 of ~SO3H, while the peaks at 169.3
and 170.5 eV correspond to -OSOsH. Plasma treated CNTs reveal the
coexistence of-SO3H and-OSO3H, with an approximate —-SO3H/-OSOsH
ratio of 80/20 (Table 1). In contrast, sulfur content on the sulfonated
carbon material obtained after the hydrothermal process is only attrib-
uted to the formation of —SOsH (as illustrated in Fig. S6(a)), indicating
that the mechanism of plasma sulfonation is different from the tradi-
tional sulfonation process. In addition to the -SO3H and ~OSO3H groups,
thiol-type sulfur species (-SH) were also detected in the plasma-treated
CNT sample, based on the low-binding-energy component in the S 2p
XPS spectrum (Fig. S7). The -SH group is mainly due to reduction by the
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reducing agents in the plasma discharge, such as electrons and hydrogen
radicals, and carbothermal reduction of the —-SOsH group [5]. To further
support the S 2p analysis, S 2s spectra were also examined (Fig. S8), with
most signals observed around 232 eV. Notably, the S 2s peak of CNTs
treated under positive discharge is located at a slightly higher binding
energy (~233 eV) than that observed for negative discharge. This shift is
consistent with the S 2p fitting results, indicating a relatively higher
—-0SO3H /-SO3H ratio in the positive plasma-treated CNTs.

In addition to XPS and CHNS analyses, the total acid density was
measured using an acid-base titration method, as described in the
Supporting Information (Section S2). It should be noted that acid-base
titration quantifies the total number of proton-dissociable sites, whereas
XPS and CHNS analyses provide information on elemental composition
and the relative abundance of specific functional groups. The variation
of total acid density for plasma-treated CNTs is shown in Fig. S9. The
results indicate that the acid density increases with treatment time,
which is consistent with the trends observed in XPS and CHNS analyses.
In addition, samples treated under negative discharge exhibit relatively
higher acid densities, suggesting enhanced formation of surface func-
tional groups under these conditions.

In addition, FTIR analysis was performed to provide complementary
information on the surface functional groups, as described in the Sup-
porting Information (Section S3). O-H stretching at approximately
3400 cm ! which is related to ~OH, C=O stretching which is related to
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C=0 or —COOH groups at 1701 em ™}, C=C stretching at 1602 em ™!
[44,45], and CH stretching at 2920 cm ™! [46], and O-H bending mode
at 1400 cm~ ' [47]. For the treated CNTs, additional bands were
observed in the range of 1000-1200 cm™!, which can be attributed to
S=0/S-0 stretching vibrations associated with -SO3H and -OSOsH
[46,48,49], which considered as supportive evidence for the presence of
~SO3H and ~OSO3H (Fig. S10).

3.2. Modification by sulfate radicals

To elucidate the sulfonation mechanism involved in plasma treat-
ment, carbon materials were modified using ¢SOz generated via UV and
heat activation of Na;S,0g solutions, both of which are well-established
routes for eSOz production in liquid phase. These two activation
methods were therefore employed as controlled reference systems to
isolate the role of eSO3 in carbon sulfonation.

XPS and CHN elemental analyses were also carried out to determine
the densities of the sulfur- and oxygen-containing functional groups. As
shown in Fig. 5, heat activation treatment led to a pronounced decrease
in sulfur contents with increasing treatment time, whereas the reduction
in sulfur contents induced by UV activation was comparatively moder-
ate. For both activation methods, a comparable maximum sulfur content
on the order of ~1 at.% was typically achieved within the first 10 min,
indicating rapid initial incorporation of sulfur-containing species. In
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contrast, the evolution of oxygen content exhibited distinct trends for
the two activation methods. During heat activation, the oxygen contents
increased monotonically with treatment time, the bulk oxygen contents
reaching a maximum value of nearly 24 at.%, suggesting extensive
oxidation of the CNTs. By comparison, UV activation treatment resulted
in a U-shaped variation in oxygen contents, reflecting a dynamic balance
between OFGs formation and subsequent decomposition or rearrange-
ment processes.

As shown in Fig. S9, the total acid density of the carbon material
treated by UV activation increased up to 20 min of treatment and then
became nearly saturated, whereas the acid density of the carbon mate-
rial treated with heat activation continued to increase noticeably, even
up to 45 min of treatment. It should be noted that the increase in total
acid density observed during heat activation does not necessarily
correspond to an increase in -SOsH. Instead, this increase mainly re-
flects the formation of additional OFGs, as also indicated by XPS anal-
ysis. This discrepancy indicates that, despite the gradual loss of sulfur-
containing groups under prolonged heat activation, the accumulation
of weakly acidic OFGs, also strongly contribute to the acidity of the
material. Under heat activation, the oxidation process is substantially
more intense than under UV activation, leading to extensive incorpo-
ration of oxygen functionalities. As a result, the removal of sulfur-
containing groups does not offset the increase in total acidity, which is
dominated by the growing population of oxygen-derived acidic sites.
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The C 1s and S 2p XPS spectra of CNTs treated by UV and heat
activation are presented in Fig. 6, from which the evolution of surface
functional groups was quantified. As summarized in Table 1, the relative
contributions of oxygen-containing groups to the C 1s spectra increased
with treatment time for both activation methods. In particular, heat-
activated CNTs exhibited a higher fraction of -COOH groups on the
carbon surface, indicating more extensive surface oxidation. The cor-
responding S 2p fitting results are summarized in Table 1. With
increasing treatment time, the ratio of -SOsH to —-OSOsH groups
increased for both activation methods. Notably, after 45 min of heat
activation, the -OSO3H component was almost completely eliminated,
suggesting preferential removal or transformation of ~OSOsH under
prolonged treatment.

Overall, the combined trends in elemental composition and acid
density indicate that eSO3-driven sulfonation is accompanied by con-
current oxidation and surface restructuring processes, whose relative
contributions depend sensitively on the activation mode and treatment
duration.

3.3. Carbon characterization results

The TEM images in Fig. 7 and Fig. S11 show the structural features of
the CNTs. As indicated in the manufacturer’s specifications, the CNTs
have inner and outer diameters of approximately 3.8 & 0.4 nm and 7.5
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Fig. 6. (a, b) C 1s and (c, d) S2p XPS spectra of CNTs after 45 min of Na;S,0g-UV and —heat activation in 0.25 M Na,S,0g solution. During curve fitting, the full
width at half maximum (FWHM) of each S 2p component was fixed at 1.2 eV, and the area ratio of S 2p3,, to S 2p;,» was constrained to 2:1 [50].
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Table 1

Applied Surface Science 741 (2026) 167120

Specific surface area and surface chemical composition of CNTs before and after 45 min positive/negative DC plasma treatment, 45 min UV 0.25 M Na,S,0g activation
treatment, and 45 min heat 0.25 M NayS,0g activation treatment, as determined by BET and XPS analyses. 3 kinds of oxygen-containing functional groups were
quantified from C 1 s deconvolution, while sulfur species were identified from S 2p fitting.

Sample Surface area (m? g ') O contributions to C 1s spectra (at.%)* Area percentage (%) of peaks contributing to S 2p**
COOH Cc=0 C-OH -SOsH -0SOsH -SH
Original CNTs 519 0.86 1.45 2.39 0 0 0
Positive discharge, 10 min 436 1.22 1.12 4.20 83.58 16.42 0
Positive discharge, 20 min 435 1.07 1.52 5.01 89.83 10.17 0
Positive discharge, 45 min 383 1.99 1.37 3.85 76.79 23.21 0
Negative discharge, 10 min 495 0.90 1.23 3.83 84.50 15.50 0
Negative discharge, 20 min 467 1.14 1.61 3.51 77.42 22.58 5.53
Negative discharge, 45 min 455 2.14 1.65 3.93 82.90 17.10 0
UV activation, 10 min n.d. 1.81 2.11 4.39 76.71 23.29 0
UV activation, 20 min n.d. 1.41 1.90 4.52 84.09 15.91 0
UV activation, 45 min 434 2.15 1.43 4.26 82.50 17.50 0
Heat activation, 10 min n.d. 1.26 1.53 3.89 82.28 17.72 0
Heat activation, 20 min n.d. 2.44 1.48 4.50 89.80 10.20 0
Heat-activation, 45 min 475 2.77 1.39 4.19 100.00 0.00 0
Hydrothermal sulfonated 10 h 340 0.94 2.54 5.29 100.00 0.00 0.00

n.d. = not determined.

“ Curve fitting in this experiment was performed using a Gaussian/Lorentzian ratio of 80/20 and a Shirley baseline.
# Based on the CHNS sulfur content and the XPS-derived ~-SO3H/~OSO3H ratio, the densities of ~SOsH and ~OSO3H groups are estimated to be approximately 0.22
and 0.07 mmol g ! for CNTs treated under positive discharge for 45 min, and approximately 0.41 and 0.09 mmol g ! for CNTs treated under negative discharge for 45

min, respectively.

Original CNTs

"Heat activation
treated CNTs

Plasma discharge UV activation

treated CNTs

Fig. 7. TEM images of original CNTs and treated CNTs. Green arrows indicate intrinsic defects or wrinkled regions, while red dashed circles highlight localized

surface reconstruction or disorder induced by different treatments.

+ 0.8 nm, respectively, with 3-7 layers (Fig. 7). The presence of
intrinsic defect sites on the original CNT walls makes them suitable for
subsequent modifications. After plasma treatment, heat activation, and
hydrothermal treatment, wrinkles appeared on the CNT surfaces
(Fig. S11) [511.

After plasma treatment, the specific surface area decreased for both
positive and negative discharges, with a more pronounced reduction

observed for the positive discharge (Table 1). This decrease is primarily
attributed to changes in the mesoscopic structural features rather than
the formation or collapse of micropores. Plasma treatment slightly re-
duces the pore volume contribution in the 10-100 nm range (Fig. S13),
which is commonly associated with inter-bundle voids and aggregated
CNT networks. Surface functionalization and plasma-induced restruc-
turing are therefore likely to promote CNT bundling and/or partial
blockage of mesoporous pathways, resulting in a reduced accessible
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surface area [52,53]. In addition, the higher solution temperature
observed during positive discharge further facilitates surface group
rearrangement and CNT aggregation. In contrast, negative discharge
involves a much smaller plasma-liquid contact area, leading to a less
pronounced reduction in accessible surface area despite continued sulfur
incorporation at longer treatment times. After the activation treatments,
the specific surface area was reduced in both cases. However, the extent
of surface area reduction was smaller than that observed for CNTs
treated by positive DC plasma (Table 1). Additionally, the diameter
distribution of the CNTs remained consistent (Fig. S12), indicating no
significant changes in diameter after other treatment.

To obtain more information on the carbon structure, Raman spec-
troscopy was employed to characterize the structural disorder in CNTs
[Fig. 8(a)]. Raman spectra exhibit the characteristic D, G, and G' bands.
D band appears when the hexagonal sp2 network has sufficient defects
[54,55]. While the G band is a characteristic feature of all sp>-carbon
materials. The intensity ratio of the disorder-induced D band to the G
band (Ip/I) is widely used as a qualitative indicator of defect density in
CNTs, with higher values reflecting a greater degree of structural dis-
order [54]. Following positive plasma discharge treatment, a decrease in
the Ip/I; ratio was observed, indicating an apparent reduction in
structural disorder. A similar trend was observed for heat-activated and
hydrothermally treated CNTs. This defect reduction is primarily attrib-
uted to the relatively high solution temperatures during the experi-
ments. Increasing the solution temperature promoted the rearrangement
or removal of unstable groups, resulting in a more uniform and less
defective structure. For example, residual oxygen-containing groups
may migrate to form more stable configurations.

XRD analysis was conducted to evaluate the effects of various
treatments on the carbon structure [56]. Fig. 8(b) presents the XRD
patterns of the original and treated CNTs. The peak corresponds to the
(002) reflection, which is characteristic of stacked graphene sheets,
confirming the multiwalled structure of the CNTs [57]. The retention of
sharpness in the (002) peak after each treatment indicates that the
graphitic structure remained intact. It is well-documented that a
reduction in the crystallinity of CNTs leads to broader XRD peaks and a
shift of the (002) reflection toward lower angles owing to changes in
interlayer spacing [56]. As shown in Table S3, most treatments, except
for plasma treatment, intensified the (002) reflection and reduced the
FWHM [58]. Specifically, NayS20g activation and hydrothermal treat-
ment effectively removed amorphous carbon and residual catalyst par-
ticles, leading to a decrease in the FWHM of the (002) peak and
improved crystallinity, while plasma discharge induces mild lattice
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Positive plasma treated CNTs
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perturbations due to energetic electrons and ion bombardment. Despite
this, all CNT samples exhibited peaks corresponding to the (100)
reflection, signifying hexagonal plane alignment and structural regu-
larity [59]. Additionally, peaks of the (004) and (110) reflections
further confirm the retention of crystallinity across all the samples.

The seemingly contrasting trends observed in Raman and XRD ana-
lyses arise from the different length scales probed by the two techniques.
Raman spectroscopy is predominantly sensitive to the surface and
outermost graphene layers [60], where plasma-induced heating facili-
tates defect healing and surface ordering. In contrast, XRD reflects the
average structural order of the entire CNT, where plasma exposure can
introduce subtle stacking disorder without compromising the overall
graphitic structure [61]. Together, these results demonstrate that
plasma treatment preserves the multiwalled architecture of CNTs while
inducing controlled, surface-localized functionalization accompanied by
minor bulk structural perturbations.

3.4. Sulfonation mechanism

3.4.1. Carbon sulfonation by eSO4

The formation and reduction of sulfur-containing functional groups
during activation treatments can be attributed to carbon modification
caused by the interaction with eSOy radicals in this experiment. Spe-
cifically, eSOscan be generated through UV activation [62] and heat
activation via reaction (6):

S,0%~ — 26S0; (6)

[63,64].

The oxygen atom in the ¢SOy is highly reactive and can interact with
carbon defect sites through oxidative pathways, leading to the formation
of sulfur-containing surface functionalities, as described in reaction (7).
(The benzene ring can serve as a representative model for each carbon
unit in the CNTs.).

0SO,H

[65]

The variation in solution pH during treatment is shown in Fig. S14.
Both UV activation and heat activation reduce the pH over time,
decreasing to 1.5 and 1.0, respectively. This pH reduction can be
explained by two key reactions: the production of ¢OH from eSOz and

—— Original CNTs
Plasma treated CNTs
—— UV activation treated CNTs
\ — Heat activation treated CNTs
Hydrothermal treated CNTs

(b) c(002)

Intensity [arb. units]

20/6(°)

Fig. 8. (a) Raman spectra of original CNTs and treated CNTs, the D, G, and G’ bands are located at 1350 em™}, 1580 cm ! and ~2700 cm™Y; (b) XRD patterns of
original CNTs and treated CNTs, the characteristic reflections of graphitic carbon, including C (002), C (100), and C (004) are labeled, the XRD spectra contained
peaks at 20 = 25.5°, 43.0°+ 0.1°, 53.8°+ 0.1° and 78.5° + 0.2°, corresponding to the (002), (100), (004) and (110) reflections, respectively.
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the removal of -OSO3H groups from the CNT surface. Hydroxyl radicals
were generated via the following reaction:

¢S07 + Hy0 — SOF + eOH + H* 8)

[63,64].
The —~OSO3H group is removed to form the C=0 group and HSOj,
which also lowers the solution pH [66]:

HSO,-
0SO,H
O

<
o

The formation of —-SOsH by SOz remain underexplored. Two acid-
catalyzed mechanisms have been proposed for the consumption of
peroxydisulfate under acidic conditions (reactions (11), (12), and (13)):
one mechanism produces SO3, O, and H2SOs, while the other generates
©S03. Therefore, the production of eSOzmay be reduced under strongly

acidic conditions relative to neutral or alkaline systems, [67] but re-
mains kinetically relevant under plasma-assisted conditions.

$203” + H — HS,05 — HSO; + SO4 (10)
S04 + Ha0 — HySOs (strongly acidic conditions) (11)
S04 — SO3 + 1/20 (weakly acidic conditions) 12)
S,0% + H™ — HS,05 — ¢SO; + HSOZ (13)

#S03 not only oxidize carbon but also react with SO3 preferentially
react at carbon defect sites to form -SO3H.

OH OH

OH
S0,

—

‘304-

—

14)
SOH

Because the sulfonation reaction is reversible [68], -SO3H can also
be removed under acidic conditions. At prolonged treatment times, as
suggested by the experimentally observed sulfur-content saturation, the
acidic environment facilitates the removal of the —-SO3H, as described in
reaction (15).

M-SOsH + H" > M—H + H' + SO3 (15)

The SO3 produced in reaction (15) dissolves in solution, further
reducing the solution pH.

It should be noted that plasma-assisted sulfonation under strongly
acidic conditions involves a highly complex reaction environment. In
addition to the competing reactions affecting eSO generation and the
acid-catalyzed desulfonation pathways discussed above, other side re-
actions may also occur. These may include further oxidation or frag-
mentation of sulfur-containing intermediates, radical-radical
recombination, transient formation of peroxysulfur species, and sec-
ondary reactions between carbon-centered radicals and oxygenated
sulfur species.

3.4.2. Carbon sulfonation by in plasma treatment

To elucidate the sulfonation mechanism involved in plasma treat-
ment, controlled reference experiments were conducted using UV and
heat activation of NayS;0g solutions, both of which are well-established
routes for generating ¢SOy in the liquid phase. These reference systems
do not aim to reproduce the full complexity of plasma chemistry, but
rather to isolate and benchmark the specific contribution of eSOz to
carbon sulfonation under acidic conditions.

XPS and CHN analyses show that sulfur incorporation occurs rapidly
during the initial stage of both UV and heat activation, reaching a
maximum sulfur content within the first 10 min. With prolonged heat
activation, however, the sulfur content decreases markedly, while the
oxygen content increases monotonically. In contrast, UV activation
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results in a more moderate sulfur loss accompanied by a non-monotonic,
U-shaped evolution of oxygen content. These distinct trends indicate
that sulfur-containing functionalities formed at early stages are pro-
gressively destabilized under strongly acidic and thermally activated
conditions, whereas oxygen-containing groups continue to accumulate.
The evolution of sulfur speciation further supports this interpretation.
S2p fitting results show that the -SO3H/-OSOsH ratio increases with
treatment time for both activation methods, with —~OSO3H eliminated
after prolonged heat activation. This behavior is consistent with the
preferential remove of -OSO3H, as described by the pathway in reaction
(9), resulting in a relative enrichment of the chemically more stable
-SOsH groups. Acid-base titration measurements further clarify the
apparent discrepancy between sulfur content and total acidity. Even as
sulfur-containing groups decrease under prolonged heat activation, the
continuous accumulation of weakly acidic oxygen-containing function-
alities, such as -COOH and —-OH groups, leads to a net increase in total
acid density. This explains the sustained rise in acidity observed during
heat activation despite declining sulfur content.

The two activation methods differ in the spatial characteristics of
eSOy generation. During heat activation, thermal decomposition of
S,0% occurs throughout the bulk solution, providing a spatially
extended reservoir of eSOz, although sulfonation remains a heteroge-
neous process limited to the carbon surface. By contrast, UV activation
generates ¢SOy predominantly within the irradiated region adjacent to
the lamp surface, leading to a more localized radical generation profile.
Despite these differences, both reference systems enable systematic
evaluation of eSOjy-driven surface functionalization. Due to resembling
the localized radical generation characteristic of plasma-liquid in-
teractions, UV activation here use to provide a mechanistic benchmark
for interpreting plasma-assisted sulfonation.

During plasma treatment, eOH are generated predominantly in the
gas phase near the plasma-liquid interface and subsequently diffuse
toward the liquid surface. Owing to the high concentration of HSO4 ions
in HySO4 solution and the fast reaction kinetics, ¢OH radicals entering
the liquid phase are rapidly converted into eSOy through reaction (1).
The formation rate of eSO3 is estimated approximately 4.17 x 10~7 mol/
s (see Supporting Information for the detailed calculation), which is still
lower than that obtained in the UV-activation reference system (5.71 x
10~° mol/s). It should be emphasized that the formation rate of ¢SOy is
not directly proportional to the rate of sulfur-containing functional
group formation on carbon surfaces. In plasma treatment, additional
effects—such as energetic electron bombardment, surface excitation,
and defect activation—can significantly enhance the reactivity of carbon
surfaces, thereby facilitating sulfur incorporation even at comparatively
lower ¢SOj fluxes.

Because the density of sulfur-containing functional groups decreases
at prolonged treatment times, the quantitative analysis was limited to
the initial 10 min period, where sulfur incorporation is dominated by
formation rather than removal processes. Under these conditions, UV
activation of a 0.1 M NaS;Og solution produces approximately 3.4 x
102 mol/L eSOj in 10 min. This results in the formation of sulfur-
containing functional groups, specifically ~-SOsH and —~OSOsH, with an
average sulfur-containing group density of 0.9 at.%, corresponding to
approximately 0.75 mmol of sulfur-containing functionalities. By com-
parison, after 10 min of positive discharge treatment, the average sulfur-
containing group density reached 0.35 at.%, corresponding to the for-
mation of approximately 0.25 mmol of sulfur-containing functional
groups. Owing to the localized reaction zone and limited plasma-liquid
contact area in plasma treatment, a direct quantitative comparison be-
tween the contributions of ¢SOy generated during plasma discharge and
those produced during UV activation remains challenging. Nevertheless,
these results suggest that increasing the plasma-liquid contact area or
employing plasma reactors with enhanced ¢OH production could further
improve sulfonation efficiency.

Notably, although the sulfonation effect of positive discharge tended
to saturate rapidly, negative discharge treatment resulted in a higher
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sulfur-containing group density after 45 min. This behavior cannot be
explained solely by eSOz formation. Negative discharge is known to
generate a higher electron flux but a lower ¢OH flux compared with
positive discharge. For example, Yue et al. reported an eOH flux of
approximately 2 x 10'° m~2 s~ ! at a negative discharge current of 8 mA
[69]. Based on this value, the formation rate of eSO4 under negative
discharge conditions is estimated to be only ~4.17 x 107° mol s},
which is insufficient to account for the experimentally observed sulfur
incorporation. The enhanced sulfonation under negative polarity sug-
gests the involvement of additional plasma-induced processes, such as
electron-driven surface activation, defect-assisted sulfur capture, or re-
actions involving reduced sulfur species generated in the plasma envi-
ronment. These pathways likely operate in parallel with eSO3-mediated
reactions and become more pronounced under negative discharge
conditions.

Owing to the extremely short lifetime and high reactivity of sulfur-
centered radicals under acidic conditions, direct identification of all
elementary steps remains experimentally challenging. Therefore, the
mechanistic framework proposed here focuses on the dominant reaction
pathways supported by comparative experiments and quantitative
trends. A schematic overview of the proposed plasma-driven sulfonation
pathways is presented in Scheme 1.

3.5. Catalytic performance of CNTs treated by plasma discharge
treatment and ¢SOy modification

The performances of the synthesized catalysts were evaluated in
cellulose and cellobiose hydrolysis reactions. The XRD pattern of ball-
milled cellulose (Fig. S15) confirms that the crystalline structure of
cellulose was effectively disrupted prior to hydrolysis, ensuring suffi-
cient accessibility of glycosidic bonds. The yields of soluble products
obtained from cellulose hydrolysis are summarized in Fig. 9. For all
treated CNT catalysts, prolonged carbon treatment generally led to
higher total product yields, reflecting the increased density of acidic
surface functional groups. In the case of plasma-treated CNTs, the evo-
lution of product yield with treatment time closely follows the variation
in surface functional group density discussed in Section 3.1, indicating
that surface acidity plays a dominant role in promoting cellulose
depolymerization. The enhanced catalytic performance observed for
heat-activated CNTs with treatment time is therefore attributed to a
synergistic effect of residual sulfur-containing acid sites and oxygen-
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containing surface functionalities. OFGs may contribute to cellulose
hydrolysis by improving hydrophilicity, adsorption, and interfacial
proton transfer [70].

Glucose selectivity, an important metric for evaluating catalyst per-
formance in biomass conversion, is shown in Fig. S16. For plasma-
treated CNTs, glucose selectivity ranged from approximately 60-75%
and exhibited a moderate dependence on discharge polarity and treat-
ment time. The relatively low glucose selectivity observed for the 10 min
negative discharge-treated CNTs can be attributed to insufficient acid
site density, resulting in incomplete conversion of cellobiose in-
termediates. In contrast, extended positive discharge treatment led to a
slight decrease in glucose selectivity, consistent with the partial loss of
surface functional groups at longer treatment times. Comparatively, UV-
activation treated and plasma-treated CNTs generally exhibited lower
glucose selectivity than heat-activation treated CNTs. Cellulose hydro-
lysis catalyzed by UV-activated and plasma-treated CNTs produced
larger amounts of byproducts such as 5-hydroxymethylfurfural (HMF),
levulinic acid, formic acid, and other reduced sugars. These products
arise primarily from secondary dehydration and fragmentation reactions
of glucose. In contrast, hydrolysis using heat-activated CNTs favored the
accumulation of cellobiose and residual lignocellulosic fragments,
indicating milder secondary reactions.

This behavior can be rationalized by the relative abundance of strong
Brgnsted acid sites. Hara et al. reported that the turnover frequency
(TOF) of the strongly acidic -SO3H groups in a graphene-based solid acid
was about 20-fold greater than those of conventional solid acids (e.g.,
Amberlyst-15) and almost reached that of HoSO4 [71]. Accordingly,
CNTs with higher ~-SOsH/other OFGs ratios promote not only cellulose
hydrolysis but also subsequent glucose dehydration, leading to reduced
glucose selectivity. In contrast, heat-activation treated CNTs, which
possess a higher proportion of weaker acidic oxygen-containing groups,
favor selective glucose formation while suppressing excessive secondary
reactions.

Compared with cellulose hydrolysis, cellobiose hydrolysis using the
treated carbon catalysts resulted in markedly higher glucose yields and
conversion efficiencies (Fig. 10). This improvement can be attributed to
the soluble nature of cellobiose, which enables more effective contact
between the catalyst surface and the substrate in the aqueous phase.
Enhanced mass transfer and interfacial accessibility facilitate the
cleavage of the fp-1,4-glycosidic bond linking the two glucose units.
Using CNTs treated by positive DC plasma discharge, cellobiose
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Scheme 1. Proposed mechanism of plasma-driven carbon sulfonation.
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Fig. 9. Production distribution in cellulose hydrolysis with varying carbon treatment times. Carbon treatment times: 10, 20, and 45 min; hydrolysis conditions:
150 °C for 24 h. Glucose yield and cellulose conversion using the original carbon catalyst are 1.3% and 6.3%, respectively; CNTs treated by negative plasma achieved

34.6% cellulose conversion and 22.5% glucose yield.

hydrolysis achieved a glucose yield of 62.90% with a cellobiose con-
version of 70%, outperforming many previously reported carbon-based
solid acid catalysts under comparable reaction conditions [11]. In
comparison, heat-activation treated CNTs further increased the glucose
yield to 72% while simultaneously suppressing the formation of unde-
sired byproducts, indicating a more selective hydrolysis pathway.

4. Conclusions

This study elucidates the reaction mechanisms underlying plasma-
driven carbon sulfonation and demonstrates its potential as an envi-
ronmentally benign and efficient strategy for carbon functionalization.
Plasma discharge in dilute sulfuric acid generates ¢SOy in the liquid
phase, enabling the incorporation of-SOsH, -OSO3H, and other oxygen-
containing functional groups onto carbon surfaces. The formation of
eS03 is primarily attributed to the rapid reaction between plasma-
generated eOH and HSOz ions at the plasma-liquid interface. By
combining plasma treatment with UV- and heat-activated NayS;0g
reference systems, this work establishes a mechanistic framework that
clarifies the role of ¢SOy in carbon sulfonation while highlighting the
contributions of plasma-specific effects, such as localized radical
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generation and surface activation. These insights provide a fundamental
basis for rational optimization of plasma sulfonation processes. In
addition, the DC plasma-treated CNTs exhibited a 34.6% cellulose
conversion and 22.5% glucose yield during cellulose hydrolysis, a
glucose yield of 62.90%, and a cellobiose conversion rate of 70% during
cellobiose hydrolysis. These findings support the development of more
efficient and sustainable methods for producing sulfonated carbon cat-
alysts via plasma treatment, broadening their applications across
various catalytic and industrial processes.
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