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Abstract: This study describes the phenomena involved during the regeneration of an aged industrial
hydrodesulfurization catalyst (CoMoP/Al,O3) using a non-thermal plasma at a low temperature
(200 °C). The changes occurring during regeneration were studied by characterizing spent, partially,
and fully regenerated catalysts by XRD, Raman, TEM spectroscopy, and the coke deposited on the
catalyst surface by Laser desorption/ionization time-of-flight mass spectrometry (LDI TOF/MS). The
coke is a mixture of several polycyclic molecules, the heaviest with a coronene backbone, containing
up to seven sulfur atoms. This kinetic study shows that the oxidation rate depends on the nature of
the coke. Hence, explaining the formation of VOCs from heavy polycyclic carbon molecules without
complete oxidation to CO,. However, XRD and Raman spectroscopies evidence CoMoO, formation
after a long treatment time, indicating hot spots during the regeneration.

Keywords: HDS catalyst; thermal regeneration; non-thermal plasma; coke

1. Introduction

Non-thermal plasma (NTP) attracts a lot of interest because this technology is capable
of carrying out thermodynamically unfavorable reactions, for example, hydrocarbons
reforming [1], CO, hydrogenation, ammonia synthesis [2], and VOCs elimination [34].
The combination with plasma and catalysis has been largely described to perform many
reactions [5,6]; some studies were also reporting using plasma to prepare [7] and regenerate
catalysts [8,9]. Indeed, as indicated in the paper: “The 2020 plasma catalysis roadmap” [5],
non-thermal plasma treatment appears as an effective technique for removing coke from
various spent catalysts.

The main advantage of oxygen plasma is that it creates O-atoms through simple
dissociation of O, by electron collisions, the active species being: O,", O~, O, and
O3 [10]. Using a noble gas such as argon or helium with oxygen is particularly effective
for catalyst decoking, as shown by Khan and Al Jalal [11]. The authors showed that
atomization of O, was improved with He and Ar compared to N, most probably due to
reactions between O atoms and N forming species such as NO, NO;, N,O, and N,Os,

The elimination of coke from a zeolite was reported using a glow discharge [12] or a
dielectric barrier discharge (DBD) [13]. This technology efficiently removes carbon deposits
on a spent H-ZSM-5 zeolite. A Pt-Sn/Al;O3 catalyst was also decoked successfully in a
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pin to plate dielectric barrier discharge (DBD) plasma [14]. In previous papers using a
DBD pin to plate geometry and a bi-polar pulse generator, we performed the complete
regeneration of a coked H-ZSM-5 (MFI) zeolite [15]. We showed that the active oxygen
species formed under plasma discharge could diffuse within the microporosity of zeolite.
Later, a cylindrical fixed-bed reactor was used to study the regeneration of FAU zeolite.
After two hours of plasma treatment, at room temperature with a deposited power of 12 W,
the micropore volume was fully restored [16].

The regeneration of aged industrial hydrodesulfurization (HDS) catalyst by non-
thermal plasma was also examined [17]. The study was performed using the most em-
ployed catalyst in the HDS process, cobalt-molybdenum supported on alumina after a
sulfidation step, called “CoMo” [18]. The conventional method for HDS catalyst regen-
eration is an optimized thermal treatment that does not exceed 500 °C to minimize the
formation of crystallized species like CoMoOy or CoAl,O4 known to limit the HDS activity,
such as [18]. Nevertheless, the conventional regeneration process only partially restores
the catalytic activity to a level of 70-90% [19]. Thus, searching for alternative technolo-
gies is of particular importance. Recently, we compared the regeneration efficiency of an
aged industrial hydrodesulfurization catalyst (CoMoP/Al,O3) by thermal oxidation with
non-thermal plasma technology (NTP) [20]. Complete regeneration of the HDS catalyst
by NTP required heating the dielectric barrier discharge plasma reactor to a temperature
that is still much lower than that used for total coke removal by the conventional route.
Complete coke removal is achieved with an NTP from 250 °C. Since the coke elimination
is partial at low temperatures, this suggests the presence of coke molecules refractory to
the NTP treatment. We have also found that the regeneration of an aged HDS catalyst by
non-thermal plasma is much more complicated than a coked zeolite [17]. On the other side,
a higher temperature is required for the thermal combustion of coke on a microporous
catalyst than on an alumina-based catalyst. These differences would indicate that the
efficiency of the NTP process depends more on the nature of the carbonaceous compounds
deposited on the surface of the catalyst than on their location.

The chemical composition of coke on HDS catalyst is rarely studied owing to its com-
plexity. Extensive characterization of these heavy coke molecules (molar weight > 300 g/mol)
is limited due to their lack of solubility in the most common solvents [21]. Significant
advances have been made through the use of matrix-assisted laser desorption/ionization
time-of-flight mass spectroscopy (MALDI-TOF/MS) [22,23] to characterize heavy coke
molecules on zeolite. To our knowledge, this technique has never been used to character-
ize the HDS catalyst. Yet, Kimura et al. have elucidated the chemical composition and
structure of the coke in greater detail using direct analysis in real-time time-of-flight mass
spectrometry (DART-TOF/MS) measurements on spent catalysts [24]. The coked catalysts
were recovered from an HDS unit of the bench-scale plant for short and long periods,
i.e.,, 160 and 2300 h. The coke on a catalyst used for 160 h was composed of polycyclic
aromatic compounds with around 3 to 8 rings. In comparison, a catalyst used for 2300 h
was composed of polycyclic aromatic compounds with 2 to 13 rings.

This study aims to characterize in detail the nature of the coke on an industrial
HDS catalyst using laser desorption/ionization time-of-flight mass spectrometry (LDI
TOF/MS), a technique already used to characterize the external coke present on zeolites.
The characterization of the HDS catalyst at different regeneration times by non-thermal
plasma will allow the identification of the coke molecules refractory to regeneration and
the mechanisms involved during regeneration

2. Results and Discussion
2.1. Characterization of the Spent Catalyst
The carbon content on the spent catalyst determined by elementary analysis is

13.0 wt.% (Table 1), while the sulfur content, derived mainly from the remaining sulfur
phase, i.e., CoMoS, MoS,, CogSs, is 8.8 wt.% [25].
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Table 1. Composition of the spent catalyst and extracted coke.
Oxide/Element (wt.%) P,05 MoO3 CoO C S
Spent catalyst 52 20.3 4.0 13.0 8.8
Extracted coke - 14.0 0.6 15.1 49

TGA profile of the spent catalyst, shown in Figure 1, exhibits two-weight losses
accompanied by two exothermic maxima at 310 and 440 °C, respectively. The first loss
(2.4 wt.%) corresponds to the formation of SO, and eventually to the combustion of
“soft” coke localized at the surface or the vicinity of MoS; slabs. In contrast, the second
loss at 440 °C (16.9 wt.%) corresponds to the “hard” coke localized at the surface of the
alumina [26,27]. The mass loss observed on TGA is more significant than the sample
carbon content. The weight difference is attributed to the sulfur atoms in the coke and
to MoS; slabs decomposition suggesting that one part of coke molecules contain sulfur
atoms; the other part also corresponds to the decomposition of the MoS, slabs. Indeed,
the characteristic Bragg peaks of MoS; at 2t = 59° can be seen in Figure 2, as well as the
characteristics peaks of Al,O3,i.e., 26 = 33.4°,37°,39.5°,46.1°and 66.7°.

100 120
L 100
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80 o
S 90 - L 60 &
8 40 E
- 85 4 =
= 20
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€ 80 Fo 2
20
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0 200 400 600 800

Temperature (°C)

Figure 1. TGA profile of the spent catalyst.

*ALO, + MosS,

Relative intensity

10 20 30 40 50 60 70 80
20/ degree

Figure 2. XRD patterns of the spent catalyst before (a) and after NTP (non-thermal plasma) treatment
were carried out at 7 W at 200 °C during 5 (b), 10 (c) 20 min (d).

TEM micrographs of the spent catalyst shown in Figure 3 display black thread-like
fringes, which correspond to molybdenum disulfide MoS; slabs [28]. The MoS; slabs are
homogeneously distributed on the alumina support with a density of 3.5 per 100 nm?. The
sheet lengths based on 500 slabs counted range from 3 to 13 nm, with a stacking of 1 or
2 slabs and an average size of 6 nm, which is much higher than the average size of 3 mm
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observed on fresh sulfide catalyst [29], highlighting the sintering of the active phase during
hydrotreating [30].

Figure 3. TEM images of the spent catalyst before and after NTP treatment were carried out at 7 W at
200 °C during 10, 40, and 60 min.

Figure 4 (spectrum a) presents the Raman spectrum of the spent catalyst in three
regions: 100-500 cm 1, 500-1000 cm !, and 1000-1800 cm !, and Table 2 summarizes
the assignment of the major peaks. The spent catalysts” spectrum exhibits two peaks at
382 and 407 cm !, assigned to MoS; slabs [31], confirming TEM observations. The two
characteristic bands for carbon structures are observed: one is centered at 1605 cm ! and
exhibits a Gaussian symmetrical peak, called G band, and one unsymmetrical centered
at 1338 cm ™! named D band. The deconvolution of these bands allows discriminating
four more peaks, as displayed in Figure 5, attributed to an amorphous carbon phase with
C sp® at 1215 cm ™! and C sp? at 1550 cm ™!, and some defective aspects of graphene
(1268 and 1374 cm ™). The graphitization ratio (ID/IG) is calculated using the integrated
intensities of the D and G bands (Table 2). This ratio is inversely proportional to the degree
of graphitization (Equation (1)) and can be used to evaluate the size of graphitic crystals
(La) [30].

IG
ID

La(nm) = (2.4 X 10_10> X ()\mser)4 X 1)

with Ajgger = 532 nm.
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Figure 4. Raman spectrum of the spent catalyst (a) before and after NTP treatment carried out at 7 W at 200 °C during 5 (b),
10 (c) 40 (d), and 60 (e) min.

Table 2. Raman peak positions and assignment of major vibrational bands.

Assignment Peak Position (cm~1) Ref
CoMoQy 330, 370, 819, 941, 952 [19,32]
CoMog or AlMog 217,351, 376,573,909, 952 [19]
Co30;4 197, 483, 524, 692 33
MoS, 225, 382, 405
Graphitic carbon (G peak) 1580-1600
Disordered amorphous carbon (D peak) 1338
Carbon sp? 1215
Carbon sp? (amorphous phase) 1550
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Figure 5. Raman spectrum of the spent catalyst (a) and extracted coke by HF (b), with the corresponding curve fitted bands.

The ID/IG ratio corresponding to the aged HDS catalyst is equal to 1.4., which

corresponds to a carbon crystal size of ca. 16 nm.

The mass distribution of the carbonaceous molecules on the catalyst surface is deter-
mined by laser desorption-ionization-time of flight mass spectroscopy (LDI-TOF/MS) [34].
Figure 6 displays the LDI-TOF/MS spectrum of the spent catalyst, which exhibits a broad
mass distribution ranging between 150 to 550 Da, with a maximum of 228 Da (parent peak).
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An example of the skeleton of a light coke molecule with an atomic molar mass of 202, 209
is given in Scheme 1. The number of aromatic rings is in agreement with Kimura et al. [24].

3 x104

: Spent catalyst

g 4

228304
210221f 256235
1 RLZFIEN 270338

aTagsa Extracted coke

227954 399.043

3201916

: 499.965
173908 1 | 249984 :

las731 {269,960 547963

523988

=== | 571956
H 621.964

645.963

695.965
H 745967

793970

200 300 400 500 500 700 800 200

mz

Figure 6. Comparison of LDI-TOF/MS spectrum between the spent catalyst and the extracted coke
by HE.

Scheme 1. Example of “light” coke molecule.

Three families with several carbon atoms between 15 and 25 are ranked as a function
of their degree of unsaturation (DU). The backbone of each family is more or less alkylated.
For example, in a family with a DU of 13, the number of alkyl groups (CHj3) varies from 0
to 7 (Table 3).

The elemental composition (Table 1) of the extracted coke shows that it is not only
composed of carbon (15.1 wt.%) but also sulfur (4.9 wt.%), the content of which is lower
on the spent catalyst (8.8 wt.%). The extracted coke also contains a significant amount of
MoOj3 (14 wt.%) and, to a lesser extent, CoO (0.6 wt.%). It is worth mentioning that the
extract has shades of blue. Cobalt and molybdenum in the extract suggest that some of the
coke molecules are strongly bonded to metal atoms.

The Raman spectra of the spent catalyst and extracted coke (Figure 5) show similar
D and G bands with an identical ID/IG ratio, revealing that no change occurs during
HF extraction. The main difference between the spent catalyst and the extracted coke
appears with LDI-TOF/MS analysis (Figure 6). The latter is three times more intense and
has a broader mass distribution ranging from 150 to 800 Da. Nevertheless, both spectra
have typical families with molar weights ranging from 100 Da to 300 Da and degrees of
unsaturation between 8 and 13 (C15H140-Cy5Hyg, Table 3). These common molecules are
referred to as “light” coke. On the extracted coke, relatively heavy coke molecules are
detected with a molar weight that can exceed 900 Da. The “heavy “ coke has a particular
mass distribution with peaks separated by 48.00 Da. This difference does not correspond
to two ethylene fragments, but the exact mass indicates that a value of 48.00 is sulfide
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oxide (SO). Therefore, the unexpected presence of SO shows that oxidation of the heavy
sulfated coke molecules occurs during HF extraction. Some heavy sulfated molecules have
a coronene backbone (MW: 354.42 g-mol~!, Scheme 2) substituted up to seven sulfur oxide
groups (Table 3).

Table 3. LDI-TOF/MS identification results concerning the chemical composition of the spent catalyst.

Degree of. Number of Alkyl Number of SO Units Molecular Weieht
Ensaturation Chemical Formula Groups Attached to Attached to the (m/2) 8
(DU) the Structural Unit Structural Unit
Spent catalyst
9 C1sH140, 345 210221, 224.222,
C16H160,Cq17H170 ’ 238.251
Ci6H1o, C17H1o,
12 CisHy4, CooHa, 0,12, 202.209, 216.209,
230.229
Co1Hoy
CigHip, Ci9Hyy, 228.304, 242.306,
13 CooHie, C21His, 0,1,2,3,4,7 256,235, 270.338,
CaHyg, CosHog 284,380, 326,351
Extracted coke
Ci5H120, C16H140, 208.681, 221.965,
8 C17H160, C18H180, 3,4,5,6,7 235.937,249.964,
Cy9HpoO 263.983
C12HsO, Cy3H100, 167.855, 191.877,
C14H120, Ci5H140, 195.897, 209.921,
’ C16H160, C17H180 0,1,2,34,56 223.944, 237.963,
Cy8H20O 251.982
11 CyoHyg, Co1Hpp 4,5 259.952, 273.966
199.933, 213.954,
Cy5Hs, C16Hs, C17Ho, 227.964,
13 C18H12, C20H16, 0,1,2,3,5,6,7,10 241.976, 255.976,
Co1Hig, CooHog, Cospne 269.960,
283.969
Co3H120,8,
Co3H12055; 0.1 12 351.942, 399.943,
Co4H26035; ’ ’ 425.957, 473.954
Co4Hp604S3
C23Hi60554 499.965, 547.963,
Co3H1606Ss 1,2,3 505 050
Co3H1607S¢ :
Ca3H1806Ss5
Ca3H1807S56 1,2,3 549.975, 597.966,645.963
Co3H1808S7
s
o”

Scheme 2. Example of sulfated “heavy” coke molecule.
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Thus, sulfur is present in organic form as traces of heavy sulfated carbonaceous
molecules and mainly as MoS; slabs.

2.2. Characterization of the Partially and Fully Regnerated HDS Catalyst by Non-Thermal Plasma

The treatment under plasma was performed at room temperature and 200 °C, while
the deposited power was fixed at 7 W (frequency = 2 kHz) by adjusting the voltage
(U =13 and 11.5 kV at 20 and 200 °C, respectively). A decrease in the gas density as
temperature increases explains this adjustment. Figure 7 displays that a rise in temperature
from 20 to 200 °C improves the plasma efficiency, the yield into COx increased from 18 to
65%, while complete removal of sulfur and carbon is achieved. It is important to note that
at 200 °C, no C nor any S are removed by a simple thermal treatment (Figure 2).

100 - 100 - — 100 - —
3 80 A 80 - 80 A
< _ < N
S 60 A = 60 - = 60 -
2 2 2
E 40 A § 40 - § 40 -
3 S 2
<20 A 20 A 20
0 H 0 0
20 200 20 200 20 200
T(°C) T (°C) T (°C)

Figure 7. Influence of temperature on the yield into COy, C, and S removal after 60 min of plasma treatment at 7 W.

The changes that occur during non-thermal plasma regeneration assisted by moderate
heating (200 °C, [20]) were monitored as a function of time. Different durations were
selected, i.e., 5, 10, and 40 min, to evaluate the physicochemical alterations of the HDS
catalyst and the extracted coke.

Figure 8 compares the COy production with the carbon and sulfur removals present
on the spent catalyst as a function of treatment time. S removal appears directly after
5 min of treatment, reaching about 80%, while the C removal rate is seven times slower.
After 60 min, both S and C are fully removed. The plot of cumulated yields into COy
exhibits a delayed increase reaching a total of 60% after one hour. This delay is not due
to an experimental fact, and the flash evolution of sulfur removal proves that. Up to
10 min of treatment, there is a complete carbon balance and a total selectivity into COy. Yet,
a change appears after 20 min, with a default in the carbon balance. A difference between
C removals and the cumulated yield into CO, appears and increases, reaching 30% after
60 min at total conversion.

The combustion of coke by plasma begins with the “lightest molecules,” which allow
it to be oxidized to CO,, while the “heaviest” ones lead to incomplete combustion. Indeed,
Figure 9 shows that the treatment time impacts the “light coke” more than the “heavy
sulfated molecules. The latter are refractory to oxidation. The oxidation rate depends on the
nature of the coke. Higher character polycyclic compounds of the coke lower their reactivity
relative to the short-lived oxygenated species. Indeed, in the regeneration of a spent zeolite,
the coke oxidation begins by total oxidation into CO; (and CO) of alkylbenzene then alkyl
naphthalene, followed by partial oxidation into volatile organic compounds of pyrene,
then coronene [16]. Yet, the low reactivity of heavy coke molecules does not explain the
drastic change in selectivity. The beginning of their oxidation could indicate an increase
in temperature in the DBD reactor. Indeed, the temperature rise is not an instantaneous
phenomenon but requires several tens of minutes [35].
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Figure 9. Time evolution of LDI-TOF/MS spectrum of the extracted coke by HF.

Figure 2 displays the evolution of the HDS catalyst XRD patterns during the plasma
treatment. Al,O3 Bragg peaks are present regardless of the treatment time. After just
5 min, this of MoS, at 26 = 59° disappears, while after 20 min, a peak at 26 = 26.5, assigned
to CoMoQy, arises. It means that even at a low regeneration temperature, 200 °C, the
plasma treatment induces some hot points, which lead to the formation of CoMoOj. The
temperature rise corresponds to the heavy coke elimination.

Moreover, the disappearance of MoS, slabs after only 5 min suggests that the refractory
sulfur compounds to removal are the heavy sulfated coke molecules. TEM micrographs
show significant textural and structural modifications of the catalyst during regeneration
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treatment (Figure 3). After 10 min, the density and size of MoS; slabs size is divided by
10 and 5, respectively, and disappear after 40 min, correlating with the S removal.

After 5 min, MoS; Raman peaks at 380 and 407 cm™! disappear (Figure 4), consistent
with TEM observations. From 40 min, the spectrum changes radically with the disappear-
ance of the D and G bands and the appearance of many peaks. The peaks at 330, 370 at 330,
370, 819, 941, and 952/953 cm ™1, are assigned to CoMoQy, (Table 2), consistent with XRD.
The peaks at 1197, 483, 524, 692 cm ! indicate the formation of Co304, and these at 217, 351,
376,573,909, and 952 cm ™! correspond either to CoMog or AlMog. The water produced
during coke combustion reacts with the catalyst and yields molybdenum aluminate.

These oxides indicate the significant changes in the oxidation states of species under
regeneration by non-thermal plasma assisted with a moderated heating.

3. Materials and Methods

Catalyst: Spent industrial phosphorus-doped CoMoP/Al,O3 catalyst from a hy-
drodesulfurization unit after two years on stream was used as reference. Before use, soft
coke is removed by washing with toluene in a Soxhlet type device. Reflux is maintained at
250 °C for 7 h after the catalyst is placed in a primary vacuum oven (30 mbar) at 150 °C for
3 h. The catalyst used in this study was crushed and sieved to obtain particles in the size
range: 0.1-0.2 mm.

Catalyst regeneration: Catalyst regeneration under non-thermal plasma was per-
formed in a cylindrical dielectric barrier discharge reactor (DBD reactor) placed in a furnace
(Figure 10). The NTP reactor is composed of an alumina tube with an internal diameter of
4 mm, a stainless steel rod (1.16 mm) as the inner electrode, and a copper sheet as an
external electrode (20 mm in length). A high voltage (HV) sinusoidal generator is used to
generate plasma: A low-frequency generator (GBF) from TTi® model TG1010A is coupled
to a signal amplifier from TREK® model 30/20 A. The deposited power was measured by
the Q-U Lissajous method. The gas feed was composed of 20 vol% O, in He. The GHSV
was fixed at 6000 h~!, and 350 mg of catalyst was used per test. NTP treatments were
carried out with an applied power of 7 W, at room temperature and 200 °C.

High voltage i He (80 vol%), 02 (20 vol%)

power sunnly

oscilloscope

capacitor ——

Figure 10. Dielectric barrier discharge plasma reactor.

At the exit of the reactor, the gas flow composition was determined by online gas
chromatographic analysis using a Micro GC Varian CP 4900 equipped with a TCD detector
and a “COy column”. The concentration in CO, and CO are measured, while other possible
organic molecules (VOC) and water are trapped upstream of the micro GC
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Catalyst characterization: X-Ray diffraction patterns of the catalysts were recorded
using a Malvern Panlytical®, Empyrean model diffractometer operating with Cu K 1
(radiation (=0.15406 nm) in the range of 10° < 2 < 80° with a step of 0.04° using a zero
background holder with a 32 mm diameter.

Samples were characterized by transmission electronic microscopy (TEM) using a
JEOL 2100 microscope equipped with a LaB6 filament operating at 200 kV and coupled to
an Energy-dispersive X-ray detector (JEOL EDS JED 200). The samples were first prepared
by ultrasonic dispersion in ethanol and then dropped onto a copper grid, previously
covered with a carbon film.

Spent and treated by NTP catalysts were characterized by transmission electronic
microscopy (TEM) using a Philips CM 120 microscope equipped with a LaB6 filament.

Raman spectroscopy is performed at room temperature using a HORIBA JOBIN
YVON Labram HR800UV confocal Raman microscope equipped with a Peltier-cooled CCD
detector. The excitation wavelength is 532 nm. The laser power delivered to the sample is
0.2 mW (using an optical density filter). The apparatus is equipped with an Olympus BXFM
confocal microscope, which allows working in backscattering. A diffraction grating with
600 lines.mm ! is used, and the confocal hole aperture is 200 m. The spectral resolution is
1.5 cm~!. The spectrometer is calibrated with a silicon standard. The LabSpec v.5 software
allows the acquisition and processing of the results.

Coke characterization: The amount of carbon and sulfur were measured using a C.E.
Instruments NA2100 PROTEIN elementary analyzer.

Prior to analysis, the spent catalyst was dissolved in 51 vol% hydrofluoric acid solution
at room temperature for 20 min. HF was neutralized by a boric acid solution and sodium
hydrogen carbonate. The low temperature of treatment by HF, the short contact time of the
acid solution, and the coke components, and the minimal contact area between mineral
and organic phases prevent coke composition changes.

The coke residue was extracted using CH,Cl,. In all cases, the totality of coke appears
as insoluble (black particles). The solid particles were recovered, dried, and weighted,
and characterized by Laser Desorption/ionization-Time-of-Flight mass spectrometry (LDI-
TOF/MS) [30] on a Bruker Daltonics Speed mass spectrometer in a reflectron positive mode
where ions were generated by a 335 nm wavelength smart beam-laser.. Analyses were
performed using pulsed ion extraction (delay time 130 ns) at a scan rate of 2 kHz in the
mass range between m/z 150 and 950. The laser power was adjusted slightly above the
desorption/ionization process threshold, and the spectra resulted from 40,000 shots. The
spectra presented in this paper include baseline correction and no signal smoothing.

4. Conclusions

The regeneration of an aged industrial hydrodesulfurization catalyst is possible when
coupling non-thermal plasma with moderate heating. Indeed at 200 °C, applying a low
input power (7 W) removes the coke. Several phenomena, more or less rapid, operate
during the regeneration treatment. From the beginning, MoS, slabs rapidly oxidize in
molybdenum oxide, and after an extended period, due to a local increase of the temperature
inside the DBD reactor, appears on the alumina surface, other oxides like Co304, CoMog,
or AIMOg¢ and also CoMo0Qy, species known to be refractory to sulfidation.

The coke consists of two families (i) “light” coke molecules with a molar weight
ranging from 100 to 300 g-mol ! and (ii) “hard” coke with heavy sulfated molecules having
a molar weight up to 800 g-mol~!. We showed in this study that the “light” coke is oxidized
into CO,, while the “hard” coke is partially and slowly transformed into volatile organic
compounds. These species refractory to oxidation are removed when the temperature
within the DBD reactor increases. The formation of hot spots leads to the formation
of CoMoOQy.

Under the experimental conditions used in this study, the NTP process assisted by a
temperature of 200 °C is able to remove the coke from an aged HDS catalyst but the kinetic
is slow. The development of this technology involves the management of the treatment
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time to prevent the formation of CoMoy4. Sequential experiments that turn-on and turn-off
of the NTP or the associated oven should overcome the generation of hot spots and avoid
the appearance of oxide refractory to sulfidation.
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