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Abstract

This study presents a preliminary evaluation of gliding-arc plasma for regenerating coked Ca-zeolite adsorbents
previously used in natural gas purification. Thermal analysis revealed ~24.7% total weight loss, indicating the presence
of both soft and hard coke fractions. GAP treatment (2.5-15 min) enabled progressive mass reduction (up to 3.8%), ac-
companied by partial recovery of textural properties. The surface area increased from 84.3 m?/g (coked) to 98.4 m?%/g
after 15 min (~79% of fresh sample), while total pore volume rose from 0.19 to 0.30 cm®g (~80% of fresh). Mechanical
stability tests confirmed that crush strength and attrition resistance remained largely unaffected by plasma treatment.
Compared to conventional thermal regeneration, which often requires hours of heating, gliding-arc plasma achieved sig-
nificant recovery within minutes, highlighting its potential as an energy-efficient and environmentally friendly regeneration
method.

AHHOMauus

B daHHoU pabome npedcmasneHa npedsapumeribHasi OueHKa MpUMEHeHUs rna3Mbl CKOMb3siueao paspsida
0nsa peeseHepayuu 3aKkokcoeaHHo20 yeonuma Ca, paHee UCrob308aHHOZ0 PU OHUCMKEe npupoOHo20 2a3a. Tepmuye-
CKUl aHarnu3 rokasais cyMMapHyr nomepro mMmacchl okorno 24,7 %, ymo ceudemernscmayem O MPUCymcmeuu Kak «Msie-
KUx», mak u mpyOHooKucrsemMbIx («xEcmkux») Kokcosbix gpakyuli. Obpabomka rnnasmol 8 medeHue 2,5-15 muHym
obecrieyuna nocmerneHHoe CHUXeHue macchkl (00 3,8 %) u Yacmu4yHOe 80CCMaHO8/IEHUE MEeKCMYyPHLIX Xapakmepu-
cmuk. YOeribHasi mogepxHocmb 8o3pociia ¢ 84,3 mM%/2 (3akokcoeaHHbIl obpasel) 0o 98,4 m%/2 nocre 15 muH (~79 % om
ceexeao obpasya), a obwul 06uém nop yeenudusics ¢ 0,19 do 0,30 cm/2 (~86 % om ceexeao 3HaqeHus). VicribimaHusi
MmexaHu4yeckol npoyHocmu nodmeepdusnu, Ymo MPOYHOCMb Ha pasdassiueaHue u ycmou4yugocmb K UCMUPaHUK0 rpakK-
mu4ecku He U3MEeHUUch rocne nnaaMmeHHol obpabomku. 1o cpasHeHU ¢ mpaduyuoHHOU mepmudeckol peseHepa-
yued, mpebyroweli dnumernbHO20 Hazpesa (Yacamu), rnna3mbl CKOMb3swea0 paspsda no3gonsgem 0ocmuyb 3aMemHo20
80CCMAaHOBIIEHUST 8CE20 3a HECKOMIbKO MUHYM, 4mo nod4Yépkueaem eé rnomeHyuasn Kak 3Hepeo3athgheKmueHo20 U KO-
noauyecku besornacHo2o Memolda pezeHepayuu adcopbeHmos.

Annotatsiya
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Ushbu tadqiqotda tabiiy gazni tozalashda qo‘llanilgan va koks bilan to‘yingan Ca-seolitni qayta tiklash uchun
sirpanma yoy plazmasidan foydalanish imkoniyati dastlabki baholandi. Termik tahlil umumiy massaning qariyb 24,7 %
kamayishini ko'rsatdi, bu esa yumshoq va qattiq koks fraksiyalarining mavjudligini tasdigladi. 2,5-15 daqiqa davomida
plazma bilan ishlov berish natijasida massaning bosqichma-bosqich kamayishi (3,8 % gacha) va tekstura xossalarining
gisman tiklanishi kuzatildi. Ustki yuzaning maydoni 84,3 m?/g (kokslangan namunada) dan 15 dagiqadan so‘ng 98,4 m?%/g
gacha oshdi (~79 % yangi namunaga nisbatan), umumiy pora hajmi esa 0,19 dan 0,30 sm¥g gacha yetdi (~86 % yangi
namunaga nisbatan). Mexanik mustahkamlik sinoviari plazma bilan ishlovdan so‘ng granulalarning bosimga chidamliligi
va ishqalanishga qarshiligi deyarli o‘zgarmaganini ko‘rsatdi. An’anaviy issiqlik regeneratsiyasi ko‘pincha soatlab
gizdirishni talab qilsa, sirpanma yoy plazma bir necha daqiqada sezilarli tiklanishga erishdi. Bu esa mazkur usulning
energiya tejamkor va ekologik xavfsiz regeneratsiya texnologiyasi sifatidagi istigbolini ko‘rsatadi.

Key words. gliding arc plasma, Ca-zeolite, coke deposition, adsorbent regeneration, natural gas purification,
surface area, pore volume, mechanical stability, thermal analysis.

Knrouyesnble cnosa. nnasma ckonb3sauje2o paspsda, yeonum Ca, KokcosaHue, peseHepauyusi adcopbeHma,
oyucmka npupodHoeo 2a3a, yoerbHasi No8epxHoCMpb, 06bEeM Mop, MexaHUu4eckas IPOYHOCMb, MEPMUYECKUU aHanu3.

Kalit so‘zlar. sirpanma yoy plazmasi, Ca-seolit, koks hosil bo'lishi, adsorbentni regeneratsiya qilish, tabiiy gazni
tozalash, yuzaning maydoni, pora hajmi, mexanik mustahkamlik, termik tahlil.

INTRODUCTION

Natural gas purification is an essential process in the energy industry, as raw natural gas
streams often contain significant amounts of acidic impurities such as hydrogen sulfide (H.S) and
water vapor. The removal of these contaminants is critical for meeting pipeline specifications, pre-
venting corrosion, and ensuring environmental and operational safety [1, 2]. Among various tech-
nologies, adsorption-based processes have proven highly effective due to their simplicity, low cost,
and energy efficiency [3].

Zeolites are widely used as adsorbents for natural gas sweetening and dehydration be-
cause of their crystalline microporous structure, high surface area, and strong affinity for polar mol-
ecules [4]. Calcium-modified zeolites (Ca-zeolites) in particular exhibit enhanced performance for
H>S and water adsorption, making them attractive for industrial applications [5]. However, during
prolonged operation, adsorbents undergo deactivation caused by coke deposition and other impu-
rities, which block micropores and reduce adsorption capacity [6, 7]. Effective regeneration meth-
ods are therefore essential to restore zeolite performance and prolong adsorbent lifetime.

Conventional regeneration strategies, such as thermal treatment in oxygen or inert gas
flows, can partially restore adsorption capacity but are often energy-intensive and may induce
structural degradation after repeated cycles [8]. Alternative approaches, including solvent washing
or chemical treatments, are less effective against strongly bound carbonaceous deposits and raise
environmental concerns [9].

In this context, plasma-based regeneration has emerged as a promising technique. Non-
thermal plasmas generate a rich mixture of reactive oxygen and nitrogen species capable of selec-
tively decomposing carbonaceous deposits at relatively mild conditions [10]. In particular, gliding
arc plasma (GAP) combines the high reactivity of non-equilibrium plasmas with operation close to
atmospheric pressure, offering low energy consumption, rapid regeneration, and minimal structural
damage to the adsorbent [11].

While plasma-assisted regeneration has been studied for zeolitic catalysts such as H-ZSM-
5 or Y-zeolite [12-14], its application to adsorbent-grade Ca-zeolites used for natural gas purifica-
tion has not been systematically investigated. Understanding how GAP interacts with coke-
contaminated Ca-zeolites, and evaluating its efficiency in restoring adsorption performance, are
essential steps for advancing this sustainable regeneration approach.

In this study, the GAP regeneration of coked Ca-zeolite previously employed for natural gas
purification was investigated. The regeneration efficiency, mechanical stability, and physicochemi-
cal changes were assessed to evaluate the feasibility of gliding arc plasma as an environmentally
friendly and effective regeneration strategy for adsorbent applications.

METHODS AND MATERIALS

Materials and Sample Preparation. Ca-zeolite was employed as an industrial adsorbent for
the removal of H.S and water vapor from natural gas streams. In practical operation, the material
was subjected to approximately 1400-1500 adsorption-desorption cycles over a period of nearly
two years. Each cycle consisted of three stages: (i) adsorption (6 h, natural gas feed containing
H.S and H,0), (ii) desorption (2 h, regeneration with heated clean gas), and (iii) cooling (2 h). After
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long-term service, the adsorbent became heavily coked and deactivated. Samples of this spent
material (hereafter referred to as coked zeolite) were collected for regeneration experiments. Prior
to laboratory characterization, the coked zeolite samples were dried at 110 °C for 12 h to remove
residual moisture.

Plasma Regeneration Procedure. The regeneration of coked Ca-zeolite was carried out in
an atmospheric-pressure gliding-arc plasma (GAP) reactor (model HW-3D01; 220 V AC, 50 Hz,
output frequency 30 kHz, rated output power 500 W, output voltage 15 kV, input current 2.5-3 A).
The reactor employs two divergent (horn-horn) electrodes driven by an AC high-voltage supply.
During regeneration, a controlled flow of air was passed through the discharge region where the
coked zeolite sample was positioned on a dedicated holder to ensure uniform exposure.

Treating head

«— Internal
airflow
Plasma
: plume
HW-3D 01 l
main unit

Mortar
«—

Ca-zeolite
sample

Figure 1. Schematic of the gliding arc plasma (GAP) system employed for regenera-
tion of coked Ca-zeolite.

A schematic of the setup is provided in Figure 1. The system comprises a high-voltage
power unit, the divergent-electrode assembly forming the gliding arc, a gas-flow control module,
and a sample holder located within the arc path/afterglow region. Plasma exposures were con-
ducted for 2.5, 5, 7.5, 10, 12.5, and 15 min to study the effect of treatment time on coke removal.
Subsets of samples (2.5, 5, 10, and 15 min) were subsequently characterized for textural proper-
ties (BET surface area and total pore volume), while all-time points were used for mass-loss evalu-
ation. After treatment, samples were cooled to ambient temperature and stored in sealed contain-
ers prior to analysis.

Thermal Analysis (DTA/TGA). Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) were performed to investigate the nature and thermal stability of carbonaceous de-
posits on the coked zeolite. 10 mg of sample was heated from room temperature to 1000°C at a
rate of 10°C/min in an air atmosphere. The mass loss profiles and corresponding thermal events
were recorded, providing information on coke combustion temperature and quantity.

Surface Area. The specific surface area of fresh, coked, and plasma-regenerated Ca-
zeolite samples was determined by a classical volumetric adsorption method. The device consisted
of a calibrated glass burette, a gas reservoir, and a sample cell connected through stopcocks. A
known amount of nitrogen gas was adsorbed at liquid nitrogen temperature, and the decrease in
gas volume was recorded to estimate the monolayer capacity. The specific surface area was then
calculated according to the BET equation. Changes in textural properties after coke deposition and
plasma regeneration were analyzed to evaluate the efficiency of coke removal and pore restora-
tion.

The mass loss of coked zeolite during GAP treatment was recorded at each regeneration
interval (2.5, 5, 10, 15, 20 minutes). The relative decrease in sample weight was used as an indica-
tor of carbonaceous deposit removal.

J 2025/N06 | a |
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RESULTS AND DISCUSSION

TGA and DTA were performed on the coked Ca-zeolite sample (see Figure 2). TGA profiles
showed three distinct mass-loss stages associated with water/volatiles, soft coke, and hard coke.
The first stage (34-335 "C) accounted for approximately 14.46% weight loss. This process is pri-
marily associated with the desorption of physically adsorbed water, volatile organic residues, and
the partial decomposition of light coke fractions. A weak exothermic feature was observed in the
DTA curve, consistent with the onset of oxidative processes. Similar low-temperature weight losses
related to moisture and volatile organics have been reported for spent zeolites in natural gas and
fluid catalytic cracking applications [15].

The second stage (335-613 °C) resulted in an additional 6.78% weight loss, corresponding
to the oxidation of the main coke fraction, which likely consists of polyaromatic hydrocarbon struc-
tures. In this region, the DTA curve exhibited a pronounced exothermic peak, confirming active
combustion of carbonaceous deposits. This behavior agrees with previous findings where “soft
coke” or polymeric hydrocarbon coke is oxidized in the 300-600 °C range [16, 17].

The third stage (613-902 °C) led to a further 3.43% mass loss, attributed to the decomposi-
tion of the most stable, graphite-like coke species strongly bound to the zeolite framework. Such
high-temperature oxidation is characteristic of “hard coke” or graphitic-like deposits, typically re-
quiring >600 °C for removal [16, 17]. At such elevated temperatures, partial dehydroxylation and
dealumination of the zeolite lattice are also likely to occur, potentially compromising structural in-
tegrity [18].

In total, the sample exhibited a 24.7% weight loss, highlighting the substantial coke accu-
mulation after prolonged industrial operation. The consistently exothermic DTA signals across all
stages confirmed that the mass losses were predominantly due to oxidative decomposition of car-
bonaceous deposits.

Start 0.00min
34.10C

End 31.40min

Weight Loss 0.747mg
14.460%

Start 59.82min
613.30C

End 89.73min
901.76C 10.00
Weight Loss -0.177mg
3.426%

0.00

0.00 200.00 400.00 600.00 800.00
Temp [C]

Figure 2. TGA/DTA profiles of coked Ca-zeolite

The efficiency of coke removal under GAP treatment was evaluated by measuring the mass
change of the coked Ca-zeolite at different plasma exposure times (Figure 3). A gradual decrease
in mass was observed with increasing treatment time, indicating progressive removal of carbona-
ceous deposits. At short exposures (2.5-10 min), mass reduction was relatively limited (1.2-1.65%),
suggesting that only a portion of the loosely bound coke and volatile residues were oxidized. After
12.5 min, a significant increase in mass loss was recorded (3.47%), pointing to more extensive de-
composition of stable coke fractions. At 15 min treatment, the cumulative mass decrease reached
3.75%, confirming that prolonged plasma exposure efficiently removed strongly bound carbona-
ceous deposits.
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These results are consistent with the multi-step coke oxidation behavior revealed by
TGA/DTA analysis, where different fractions of coke exhibited distinct stability ranges. Importantly,
the mass reduction achieved under GAP treatment demonstrates that plasma can selectively oxi-
dize coke at near-ambient bulk conditions, avoiding the severe thermal stress (>600 °C) required in
conventional regeneration methods.

4.0 T T T

3.5 4 -

Mass decrease, %
N w
(4] o
1 1
1 1

n
=}
1

L

1.5 4 .

1.0

2 4 6 8 10 12 14 16
Time, min

Figure 3. Mass decrease of coked Ca-zeolite during GAP regeneration at different
treatment times (2.5-15 min).

Surface area analysis provided insight into the textural changes during regeneration (Figure
4). The fresh Ca-zeolite exhibited a surface area of 125.1 m?g, whereas the coked sample de-
creased to 84.3 m?/g due to pore blocking by carbonaceous deposits. After plasma regeneration,
surface area increased progressively to 88.5, 96.7, 97.3, and 98.4 m?/g after 2.5, 5, 10, and 15
minutes, respectively. The maximum recovery (98.4 m?/g corresponded to ~79% of the fresh sam-
ple’s surface area, equivalent to ~35% of the surface area lost during coking being restored. The
increase in surface area reflects the gradual removal of coke species from pore mouths and chan-
nel intersections, allowing molecules to access a greater fraction of the micropore network. Alt-
hough full restoration to the fresh value was not achieved, the recovered fraction demonstrates the
effectiveness of GAP in reopening blocked micropores under mild conditions. From an application
perspective, recovering ~79% of the fresh surface area within only 15 minutes is highly significant,
as conventional thermal regeneration often requires hours of treatment and risks structural dam-
age. This level of recovery is sufficient to extend the operational lifetime of zeolite-based adsor-
bents in natural gas purification, reducing replacement frequency and operating costs.

J 2025/N06 13 |




FarDU. ILMIY XABARLAR @ https://journal.fdu.uz ISSN 2181-1571

KIMYO

100 T T T T T T T

96 - .

92 - -

Surface area, m%/g

88 - .

86 - .

2 4 6 8 10 12 14 16
Time, min

Figure 4. BET surface area of Ca-zeolite during GAP regeneration at different treat-
ment times (2.5-15 min).

The pore volume of the fresh zeolite was 0.35 cm?®/g, while the coked sample decreased
drastically to 0.19 cm?®/g. At 15 min, the pore volume reached 0.3 cm?®/g, representing ~80 % of the
fresh zeolite value and ~71% recovery of the volume lost due to coking. This monotonic trend
demonstrates that plasma treatment effectively reopens pore channels by removing obstructing
coke. Importantly, the evolution of pore volume is consistent with the surface area results, both in-
dicating progressive restoration of textural properties under GAP treatment.

0.30 .

on
~

0.28 - -

0.26 -

0.24 4 -

Total pore volume, cm®

0.22 .

0.20 T T T T T T T

Time, min

Figure 5. Pore volume of Ca-zeolite during GAP regeneration at different treatment
times (2.5-15 min).

The simultaneous increase in surface area and total pore volume confirms that regenera-
tion is not only limited to external surfaces, but also involves reopening of blocked micropores and
mesopores. Such complementary evidence strengthens the conclusion that GAP selectively oxi-
dizes coke without damaging the zeolite framework, in contrast to conventional high-temperature
calcination that often leads to partial dealumination.

CONCLUSION

The regeneration of industrially spent Ca-zeolite, previously used for natural gas purifica-

tion, was successfully investigated using GAP. TGA/DTA analysis revealed ~24.7% total weight
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loss associated with soft and graphitic coke fractions, confirming severe deactivation after ~1500
industrial adsorption-desorption cycles.

Plasma treatment at atmospheric pressure enabled efficient removal of coke within very
short timescales. After only 15 minutes of GAP exposure, the surface area increased from 84.3
m?/g (coked) to 98.4 m?/g, corresponding to ~79% of the fresh zeolite value and ~35% restoration
of the surface area lost during coking. Pore volume rose from 0.19 to 0.3 cm®/g, representing ~84
% of the fresh level and ~61% recovery of the volume lost due to coking. Mass decrease trends
confirmed selective oxidation of both soft and hard coke fractions.

A key advantage of GAP is its remarkable time efficiency compared to conventional thermal
regeneration. While thermal oxidation often requires hours or even up to 24 h to restore adsorbent
performance [7], GAP achieved significant recovery within 15 minutes. This suggests that longer
plasma treatments may potentially surpass the performance of thermal methods, with reduced en-
ergy consumption and lower risk of framework degradation. These findings highlight GAP as a
promising, energy-efficient, and environmentally friendly alternative to conventional regeneration.
Although complete recovery to fresh values was not achieved in this initial study, further optimiza-
tion of plasma parameters (gas composition, flow rate, treatment time) and multi-cycle operation
may lead to even higher restoration of textural and adsorption properties. The results provide a sol-
id basis for developing plasma-assisted regeneration protocols for zeolite-based adsorbents in in-
dustrial natural gas purification.

REFERENCES

1. Speight J.G. Natural gas: a basic handbook. 2018: Gulf Professional Publishing.

2. Kohl A. and R. Nielsen. Gas purification 5th ed. Houston: Gulf Publishing Company. 1997.

3. Sircar S. Pressure swing adsorption // Industrial & engineering chemistry research, 2002. -V.41(6) -P. 1389-
1392.

4. Weitkamp J. Zeolites and catalysis // Solid state ionics. 2000. V.131(1-2). -P. 175-188.

5. Georgiadis A.G., Charisiou N.D. and Goula M.A. Removal of hydrogen sulfide from various industrial gases:
A review of the most promising adsorbing materials // Catalysts. 2020.- V.10(5) -P. 521.

6. Aminuddin M.S., Bustam M.A. and Johari K. Latest technological advances and insights into capture and
removal of hydrogen sulfide: a critical review // RSC sustainability. 2024. -V2(4) -P. 757-803.

7. Zhou J., et al. Regeneration of catalysts deactivated by coke deposition: A review // Chinese Journal of
Catalysis. 2020. -V41(7) -P. 1048-1061.

8. Daligaux V., Richard R., and Manero M.H. Deactivation and regeneration of zeolite catalysts used in
pyrolysis of plastic wastes a process and analytical review // Catalysts. 2021. -V11(7) -P. 770.

9. Ennaert T., et al. Potential and challenges of zeolite chemistry in the catalytic conversion of biomass //
Chemical Society Reviews. 2016. -V45(3): -P. 584-611.

10. Astafan A., C. Batiot-Dupeyrat, and L. Pinard. Mechanism and kinetic of coke oxidation by nonthermal
plasma in fixed-bed dielectric barrier reactor // The Journal of Physical Chemistry. 2019. -V123(14) -P. 9168-9175.

11. Sop-Tamo B., et al. Gliding arc plasma pre-treatment of kaolin in spatial post-discharge mode for removal of
Reactive Red 2 dye from aqueous solution // Water Science and Technology. 2018. -V78(7) -P. 1448-1458.

12. Hosseini H. A brief review of progress in zeolite-catalyzed non-thermal plasma processes: applications,
mechanisms, challenges, and prospective developments // Journal of Industrial and Engineering Chemistry. 2025. -V2. -
P. 22-40.

13.Pinard L., N. Ayoub, and C. Batiot-Dupeyrat. Regeneration of a coked zeolite via nonthermal plasma
process: a parametric study // Plasma Chemistry and Plasma Processing. 2019. -V39(4). -P. 929-936.

14.Fan Y., et al. Regeneration of the HZSM-5 zeolite deactivated in the upgrading of bio-oil via non-thermal
plasma injection (NTPI) technology // Journal of Analytical and Applied Pyrolysis. 2015. V111. -P. 209-215.

15. Bartholomew C.H. Mechanisms of catalyst deactivation // Applied Catalysis A: General. 2001. -V.212(1-2). -
P. 17-60.

16. Karge H. Coke formation on zeolites, in Studies in surface science and Catalysis. 1991. -V.58. -p. 531-570.

17.Guisnet M. “Coke” molecules trapped in the micropores of zeolites as active species in hydrocarbon
transformations // Journal of Molecular Catalysis A: Chemical. 2002. -V.182. -P. 367-382.

18. Silaghi M.-C., Chizallet C. and P. Raybaud. Challenges on molecular aspects of dealumination and
desilication of zeolites // Microporous and Mesoporous Materials. 2014. -V191. -P. 82-96.

J 2025/N06 15 |




