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Friedel-Crafts alkylation of toluene with methyl mercaptan has been investigated in the presence of H-ZSM-5 and
SiO2/H-ZSM-5 catalysts. The silica layers have been built on H-ZSM-5 zeolite by chemical liquid deposition of
tetraethyl orthosilicate. The passivation with silica of the external surface of H-ZSM-5 zeolite has been confirmed
by FT-IR spectroscopy and mesitylene isomerization, used as a model reaction. All catalysts exhibited notable
behavior in the alkylation of toluene to xylenes. Efficiencies higher than 98 % in alkylation for both toluene and
methyl mercaptan were obtained at 375 °C. In terms of para-selectivity, outstanding performance was revealed

by the silylated zeolites. Thus, over 12 % SiOy/H-ZSM-5, at 375 °C and WHSV = 9.4 gtoluene+CH3SH g;lathfl, the
para-xylene selectivity was close to 100 %. The experimental apparent activation energy for the toluene alkyl-
ation with methyl mercaptan catalyzed by H-ZSM-5 was 80 kJ/mol.

1. Introduction

In a recent study [1] it has been shown that the reaction between
toluene and methyl mercaptan catalyzed by zeolites follows a Friedel-
Crafts mechanism to produce a mixture of aromatics, dominated by
xylenes. The encouraging results obtained recommend this reaction as a
promising route for the simultaneous valorization of both toluene (a
low-cost feedstock, which is in excess on the market) and CH3SH (an
abundant contaminant in natural gas).

In order to gather more knowledge on this alkylation process, we
extended the research over ZSM-5 type catalysts. First, kinetic param-
eters, such as rate constants and activation energy, were calculated and
compared with those previously obtained for the toluene alkylation with
methanol. Afterward, we prepared and characterized ZSM-5 based cat-
alysts able to produce selectively para-xylene from toluene and methyl
mercaptan. In existing commercial applications, para-xylene accounts
for more than 85 % of total xylenes. With an annual global demand of
more than 60 million tons, para-xylene is among the most important
intermediates used in the production of polymers and organic chemicals
[2]. Basically, it is produced, along with meta- and ortho-xylene, from

* Corresponding author.
E-mail address: vasile.hulea@enscm.fr (V. Hulea).

catalytic reforming and steam cracking of naphta [3]. Alternative
methods, such as toluene disproportionation and toluene-
trimethylbenzene transalkylation are also commercialized in refineries
in order to ensure the market demand for xylenes.

A particular method, which allows to obtain more selectively para-
xylene, is the acid catalyzed alkylation of toluene by methanol.
Exhaustive industrial and academic research made on this subject
showed that the medium-pore acidic zeolites, and in particular ZSM-5
zeolite, were the most performant catalysts for this reaction [4-7]. Un-
fortunately, the efficiency of methanol in alkylation is not satisfactory
for large industrial applications.

The para-selectivity is usually ascribed to diffusional properties of
these zeolites. Indeed, it was shown that the intracrystalline diffusion
rate of para-xylene is considerably higher than that of the bulkier ortho-
and meta-xylene [8,9]. Moreover, this difference can be enhanced by
tailoring the pore openings and the size/morphology of the zeolite
crystals [10,11]. Nevertheless, once out of the zeolite pores, due to the
presence of the acid sites on the external surface, para-xylene easily
isomerizes to its isomers. The passivation of the external surface by
impregnation with various chemical species, including SiOy [12-14],
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P,05 and ByO3 [15], MgO [16] and ZnO [17] proved to be a very
effective way to avoid para-xylene isomerization. Thus, para-selectiv-
ities over 90 % have been frequently reported with these catalysts.

By analogy with the reaction between toluene and methanol, we
studied here the reaction between toluene and methyl mercaptan using a
series of Si05/ZSM-5 catalysts. ZSM-5 zeolite (Si/Al = 15) was modified
by coating its surface with a SiO; layer generated by chemical liquid
deposition of tetraethyl orthosilicate. The catalytic behavior and
particularly the high para-selectivity have been related to the amount of
SiO5 and the reaction conditions.

2. Experimental
2.1. Materials and catalysts

Zeolite ZSM-5 (Si/Al = 15) was purchased from Zeolyst Interna-
tional. The surface modified-H-ZSM-5 were prepared as follows: 1 g of
zeolite was dispersed in 25 mL of hexane (>99 %, Sigma-Aldrich), then
144.2 mg of tetraethyl orthosilicate (TEOS, >99 %, Sigma-Aldrich) was
added (representing 4 % SiO5 per gram of zeolite). The mixture was
heated to 80 °C for 1 h under stirring at 250 rpm. After hexane removal
by evaporation, the resulting solid was dried at 80 °C for 16 h, then
calcined in a muffle furnace at 550 °C at 5 °C/min for 8 h to obtain the
zeolite H-ZSM-5 modified with 4 % SiO,. This procedure was repeated
two or three times to obtain three modified-HZSM-5 with different
loading amounts of SiO3 (4 %, 8 % and 12 % by weight of SiO3). The
resulting samples were denoted as 4 %SiOy/H-ZSM-5, 8 %SiOy/H-ZSM-
5, 12 %SiOo/H-ZSM-5.

2.2. Catalyst characterization

The crystallinity of the catalysts was examined by X-ray diffraction,
in the range 260 = 4 — 50° with an angular step size of 0.0197° and an
acquisition time of 0.2 s (Bruker D8 Advance device with a Bragg-
Brentano configuration, Bruker Lynx Eye detector, Cu Ka radiation).
Nitrogen physisorption measurements were carried out at —196 °C on a
Micromeritics Tristar sorptomer, using samples outgassed under vac-
uum at 250 °C for 6 h. The specific surface area was determined by using
the BET technique. The micropore area and volume and the external
surface area were determined by using the t-plot method.

The temperature-programmed desorption of ammonia (NH3-TPD)
was used for evaluating the acidity of the H'-form zeolites. Before NH3
adsorption, 50 mg of zeolite was treated under an air flow (30 mL min~1)
at 550 °C at 10 °C min ' for 2 h, in a Micromeritics Autochem II
apparatus. The pretreated sample was then equilibrated in an ammonia
stream (5 % NHj in He, 45 mL min 1) at 100 °C for 40 min, followed by a
purge in helium at the same temperature, until the baseline of the TC
detector was stable. Ammonia desorption was carried out under a he-
lium flow (25 mL min~!) at 10 °C min~! up to 600 °C. A TCD signal
calibration allowed to quantify the acidity of solids.

Table 1
Main properties of the catalysts.

FTIR spectra were recorded before and after pyridine adsorption on a
Nicolet 5700 instrument. The material was first compressed (0.5 T) to
form a self-supported pellet (2 cm?, 10-30 mg) and heated at 450 °C
under air flow (60 mL min’l). The sample was then outgassed (10 bar)
at 200 °C for 1 h before to register the first FTIR spectrum. The sample
was cooled to RT and exposed to pyridine (1.5 mbar) for 5 min and
outgassed (107 bar) to remove physisorbed pyridine at 150 °C. The
quantification of Brgnsted and Lewis acid sites was realized by inte-
gration of the bands at 1545 and 1455 cm ™!, respectively, using the
following extinction coefficients: e1545 = 1.13 and €1455 = 1.28 cm
pmol’l.

The catalysts used in reactions were characterized by thermal
gravimetric-mass spectrometry analysis (TGA-MS). Before character-
ization, after the reaction run, the reactor was flushed with nitrogen at
375 °C for 30 min, in order to desorb the volatile species confined in the
catalyst. The TGA-MS measurements were performed on a STA 449 F1
Jupiter instrument coupled to a mass spectrometer QMS 403 Aéolos
Quadro. 10 mg of spent catalyst were heated from 40 to 800 °C at 10 °C

min~"! in an air flow (30 mL min~ ).

2.3. Catalytic testing

The catalytic alkylation of toluene with methyl mercaptan was per-
formed under atmospheric pressure, in continuous mode, using a
stainless-steel plug flow reactor (0.45 cm ID, L = 13.6 cm). Prior to the
reaction, the catalyst (30 mg, 150-250 pm particle size, mixed with 120
mg of quartz) was activated at 550 °C for 8 h (heating rate of 5 °C min_l)
in an airflow. Then, under a nitrogen flow (30 mL min’l), the catalyst
was brought to the reaction temperature. In a typical run, a premixed
feed consisting of toluene/CH3SH/nitrogen = 2.5/2.5/95 (mol/mol/
mol) was introduced into the reactor with a total flow rate of 30 mL
min~. The complete reactor effluent was analyzed online by gas chro-
matography, using two apparatus/columns/detectors. The hydrocar-
bons were analyzed on a Varian 3900, CP-WAX-57-CB (25 m x 0.32 mm
x 0.20 pm), FID, while the S-containing compounds were analyzed on a
Shimadzu GC 2014, Supel-Q Plot (30 m x 0.32 mm x 0.15 pm), FPD.

The mesitylene (1,3,5-Trimethylbenzene) conversion in isomeriza-
tion was used such as probe reactions to evaluate the external surface
acidity of parent and modified H-ZSM-5. This reaction was carried out in
the fixed-bed reactor at 375 °C and atmospheric pressure with 30 mg of
catalyst, and WHSV = 3.54 h™!. The reaction products were analyzed
online by gas chromatography on a Varian 3900, CP-WAX-57-CB (25 m
x 0.32 mm x 0.20 pm), FID.

3. Results and discussion
3.1. Catalyst characteristics

The X-ray diffraction patterns reported in Fig. S1 (Supplementary
Material) confirmed that the samples modified with silica conserved the

H-ZSM-5 4 %Si0y/ H-ZSM-5 8 %Si0y/ H-ZSM-5 12 %SiOy/ H-ZSM-5
Si0,, wt%Total surface area - 4 8 12
(BET)?, m? g~ 'External surface area 412 400 390 370
(BET)", m? g~'Micropore surface area 63 15 5 3
(BET)”, m? g~! 475 415 395 373
Micropore volume", mL g 1 0.176 0.164 0.159 0.150
Total acidity®, ymolnms gt 790 710 620 490
Weak acidity”, pmolyys gt 460 430 390 310
Strong acidity”, umolyys gex 340 280 230 180

@ Surface area determined from nitrogen isotherms, using the BET method.

b Calculated using the t-plot method.

¢ Total amount of acid sites, determined from the ammonia TPD experiments.
4 Determined by the deconvolution of the TPD profiles.
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crystallinity of the parent zeolite. The nitrogen adsorption isotherms (at
—196 °C, Fig. S2) are typical of microporous materials and show that the
total pore volumes of the silylated samples are lower than that of the
unmodified zeolite and gradually decrease with increasing the SiOy
content. This suggests that the silylation process removed most of the
inter-crystalline porosity present in the parent zeolite. t-Plot analysis
was used to accurately determine the textural characteristics of the
catalysts (Fig. S3). The results compiled in Table 1 show that the
external surface greatly decreases after silica deposition. Also, the in-
ternal surface and micropore volumes decrease after silylation. This is an
indication that the silylation preferentially occurred on the external
surface and in the pore mouth region, as previously established by the
Lercher group [18].

The acidity of the catalysts was evaluated by ammonia TPD. The
parent and the silylated samples exhibited typical NH3-TPD profiles,
with two peaks at about 200 °C and 425 °C, representing respectively the
ammonia desorbed from weak and strong acid sites (Fig. S4).

For the silylated catalysts, a gradual decrease in the intensity of both
desorption peaks with increasing SiO, content was observed. The con-
centrations of the acid sites are summarized in Table 1. It is important to
note that the ratio between the weak and strong acid sites slightly
increased with increasing the amount of silica in the catalyst (Table 1,
Fig. S5).

The acidity of the catalysts was further evaluated by FT-IR spec-
troscopy. The IR spectra recorded in the region of hydroxyl functions
before adsorption of the pyridine are compared in Fig. 1. Two distinct
bands changed in intensity after silylation. The first centered at 3745
cm™! (which correspond to the terminal silanol groups located mainly
on the external surface) significantly decreased for both 4 %SiO,/H-
ZSM-5 and 12 %SiOy/H-ZSM-5. Similarly, the band at 3608 cm!
(attributed to the Brgnsted acid sites) suffered severe reduction in in-
tensity after modification with silica.

Fig. 2a and 2b compare the IR spectra recorded before and after
pyridine adsorption for ZSM-5 and 12 %SiO,/H-ZSM-5, respectively. For
both samples, the band at 3608 cm™! almost completely disappeared
after pyridine adsorption, indicating that the acidic sites are fully
accessible for pyridine. Similarly, the band at 3660 cm ™! (assigned to
the hydroxyls associated with the EF-Al species located at the internal
surface) strongly decreased after pyridine adsorption.

The IR spectra after pyridine adsorption in the region of 1440-1700
em ™! are displayed in Fig. 3. The bands at 1545 cm™! (attributed to
pyridinium ions formed by Brgnsted acid sites) and 1454 cm™! (attrib-
uted to pyridine molecules coordinated on Lewis acid sites) were
quantitatively evaluated and the values are compiled in Table 2.

|0.05

: -
3745icm’” 3608:.cm

Absorbance (a.u)

3660:cm’

3800 3700 3600 3500
v (cm™)

Fig. 1. IR spectra in the region of hydroxyl group vibrations (before adsorption
of the pyridine); a) H-ZSM-5, b) 4%Si0,/H-ZSM-5, ¢) 12%Si0,/H-ZSM-5.

These results show a noticeable loss in the number of the Brgnsted
acid sites for the silylated samples. The loss is comparative to the
quantity of silica deposited over ZSM-5 zeolite. In contrast, the number
of the Lewis acid sites slightly increased.

The passivation of the external surface of zeolites after silylation was
additionally examined by performing the isomerization of mesitylene
(1,3,5-trimethylbenzene, TMB) as a model reaction. Note that mesity-
lene has a molecular size too large to penetrate the channels of the H-
ZSM-5 zeolite [19] hence its conversion is merely ensured by the
external acid sites. Only the isomerization of the mesitylene into 1,2,4-
TMB and 1,2,3-TMB occurred under our experimental conditions
(Fig. S6). In the presence of the unmodified zeolite, the total conversion
of the 1,3,5-TMB was 52 %. In contrast, over the 12 %SiO,/HZSM-5
catalyst, only 4 % of the reagent was involved in the isomerization re-
action (Table 3).

These results clearly prove that the silylation process invalidated
most of the external Brgnsted acid sites contained in the parent zeolite.
As previously stated, the deactivation of the Brgnsted acid sites is due to
their reaction (hydrolysis) with TEOS [18]. As the diameter of TEOS is
larger than of the pores of MFI zeolite, silylation occurred mainly on the
external surface.

3.2. Toluene alkylation with methyl mercaptan — Catalytic behavior

3.2.1. General aspect

In the previous publication [1] we studied the alkylation of toluene
by methyl mercaptan over zeolites with different topologies. The cata-
lytic runs, carried out at 375 °C, during 6.5 h on stream, revealed that H-
ZSM-5 was the most performant catalyst in terms of both alkylation yield
and deactivation stability.

At the beginning of the present study, we examined the behavior of
this zeolite in a longer-term experiment. The experimental data showed
that during 36 h on stream, the conversion of toluene (27 %) and methyl
mercaptan (60 %) did not vary (Fig. S7). The main hydrocarbons in
process included para-, meta- and ortho-xylenes and trimethylbenzenes
(Fig. S8a). Traces of C1-C3 hydrocarbons, benzene and tetrame-
thylbenzenes were also produced. Dimethyl sulfide and hydrogen sulfide
were the only S-containing molecules obtained in the process (S8b).
These molecules result either from CH3SH, by a zeolite-catalysed
condensation reaction (2CH3SH — CH3SCHs + HyS) [1], or from
toluene alkylation (C¢Hs(CHs) + CH3SH — CgH4(CHs)2 + HaS).

The ratio between xylenes and trimethylbenzenes was 70:30 and that
between para-, meta- and ortho-xylenes was 37:47:16. These ratios did
not fluctuate during the catalytic run (Fig. S9).

In Scheme 1 are included the reactions explaining the formation of
the products identified in the process. Note that these reactions are
similar to those usually observed in the toluene alkylation by methanol
over zeolites [20].

The experimental data showed that more than 99 % of toluene
converted was involved in alkylation, to produce xylenes and trime-
thylbenzenes. On the other hand, the methyl mercaptan was consumed
in three reactions. A significant part was transformed into dimethyl
sulfide, a part was involved in the alkylation (to produce xylenes and
trimethylbenzenes) and a small amount was transformed into light
aliphatic hydrocarbons. If we treat methyl mercaptan and dimethyl
sulfide as a single alkylating agent (because dimethyl sulfide is also an
alkylating agent, as showed in ref. [1]), we can state that the fraction of
the methyl mercaptan involved in the toluene alkylation (called alkyl-
ation efficiency) was about 98 %.

It should be noted that this value is superior to most of those reported
in literature for the toluene alkylation with methanol in the presence of
zeolites, under comparable process parameters [20]. To confirm, we
carried out an experiment using the methanol as methylating agent for
toluene, under conditions identical to those described above (H-ZSM-5,
My = 30 mg, T = 375 °C, volume flow rate = 30 mL min~'; toluene/
CH3OH = 1/1, WHSV = 8.3 goluene+CH30H géth’l). The toluene
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Fig. 2. a. IR spectra in the region of hydroxyl group vibrations (before and after adsorption of the pyridine) for H-ZSM-5.Fig. 2b. IR spectra in the region of hydroxyl
group vibrations (before and after adsorption of the pyridine) for 12%SiO2/H-ZSM-5.

1454 cm"”

Absorbance (a.u)

1700 1600 1500 1400

v (cm™)

Fig. 3. IR spectra of activated a) H-ZSM-5, b) 4 %SiO,/H-ZSM-5 and ¢) 12 %
SiO,/H-ZSM-5 (after adsorption of pyridine and evacuation at 150 °C).

Table 2
Concentration of Brgnsted and Lewis acid sites determined by adsorption of
pyridine (umol/g).

Catalyst Brgnsted acid sites Lewis acid sites Total
150 °C” 350 °C* 150 °C 350 °C 150 °C 350 °C
H-ZSM-5 470 310 110 75 580 385
4 %SiOy/H- 340 245 160 90 500 335
ZSM-5 (354)" (255) (170) (95) (524) (350)
12 %SiOy/ 250 135 130 65 380 200
H-ZSM-5 (284) (155) (148) (75) (432) (230)

@ Evacuation temperature after pyridine adsorption
b In brackets are the values normalized to the weight of the zeolite in the
catalyst.

conversion was 28 %, the overall methanol conversion was 100 % and
the methanol conversion in alkylation was 33 %. About 65 % of meth-
anol was involved in the formation of C1-C6 aliphatic hydrocarbons
(Fig. S10).

3.2.2. Kinetic study over H-ZSM-5 catalyst
For the reactions carried out in flow, the weight hourly space

Table 3
Mesitylene isomerization.™

Catalyst Mesitylene conversion, % Products, %
1,2,4-TMB 1,2,3-TMB
H-ZSM-5 52 55 12
12 %Si0y/H-ZSM-5 4 >99 <1

2 Conditions: T = 375 °C, catalyst mass = 30 mg, gas flow rate = 30 mL min .

CsHsCH 3 + CH3SH — CsH4(CH3)2 + HaS (D

CsH4(CHz) 2 + CH3SH — CsH3(CHz)s + HaS 2)

2 CsHsCH3 — CsH3(CH3), + CeHe 3)
2 CH3SH — CH3-S-CH;3 + H2S 4)
CH3SH — Hydrocarbons + HoS (5

Scheme 1. Reactions involved in the process: (1) toluene alkylation, (2) xy-
lenes alkylation, (3) toluene disproportionation, (4) methyl mercaptan con-
version into dimethyl sulfide, (5) methyl mercaptan conversion into
hydrocarbons.

Table 4
Toluene conversion (%) at various temperatures and WHSV.

T (°C) WHSV (groluene 8each ")
6.2 3.1 2.0
375 26.1 42.4 55.9
400 40.5 58.3 73.6
425 55.1 76.4 88.5

velocity (WHSV) calculated from the reactants mass flow and the cata-
lyst mass is a crucial parameter. We examined the effect of this
parameter on the alkylation reaction conducted at various temperatures,
using 30, 60 et 90 mg of zeolite ZSM-5. This corresponds to a WHSV of
6.2, 3.1 and 2.0 Ztoluene gg“h_l, respectively. As expected, when the
weight hourly space velocity decreased from 6.2 to 2.0 h™1, the toluene
conversion significantly increased (Table 4).

Data summarized in Table 4 allowed us to quantify some kinetic
parameters, such as rate constants and activation energy, and to
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compare these values to previous studies investigating the toluene
alkylation with methanol. Most of the kinetic studies developed for the
alkylation of toluene with methanol or dimethyl ether on zeolites have
shown a first-order dependence on toluene and a zero-order dependence
on the methylating agent [21-24]. This behavior is due to the fact that
the acid sites of the catalyst are easily covered with methoxy-species,
which react with toluene in the rate-determining step. By analogy, we
treated the present results considering a first-order kinetic for toluene
and zero-order for methyl mercaptan. The rate constants obtained at
various temperatures are given in Table 5.

The apparent activation energy, obtained from Arrhenius plots, was
80 kJ mol . This value is larger compared to the activation energies
reported for the toluene methylation over ZSM-5 catalysts, which varied
between 50 and 60 kJ mol ! [22-24].

3.2.3. Para-selective alkylation over SiO2/ZSM-5 catalysts

In this section we examined the catalytic properties of 4 %SiO,/H-
ZSM-5, 8 %SiO2/H-ZSM-5 and 12 %SiOy/H-ZSM-5 samples. The cata-
lytic experiments were carried out under the following conditions: mcy¢
=30 mg, T = 375 °C, flow rate = 30 mL min}, toluene/CH3SH = 1/1,
WHSV = 9.4 Zioluene. CH3sH Seneh

Usually, the reactions catalyzed by zeolites mainly occur in the mi-
cropores of the catalysts. In the case of H-ZSM-5, toluene and methyl
mercaptan, as well as the low aromatic products may easily diffuse
through the pores. As a result, the reactions involving these reagents are
not prevented (Fig. S8a and S8b). In the case of SiO2/ZSM-5 samples, the
diffusion of the aromatic molecules can be restricted in the narrowed
pores, while the diffusion of the small CH3SH molecules is less limited in
these pores. The experimental results confirmed this supposition.
Indeed, for both the parent and the modified catalysts, the methyl
mercaptan conversion was about 60 % (Fig. S11). As shown earlier by
Huguet et al. [25], this value corresponds to the thermodynamic equi-
librium at 400 + 25 °C.

In contrast, the toluene conversion was highly dependent on the
catalyst. As shown in Fig. 4, the deposition of a silica layer on the parent
zeolite led to a decrease in the toluene conversion.

The initial conversion of toluene gradually decreased from 27 % for
H-ZSM-5 to 15 % for the 12 %SiOy/H-ZSM-5 catalyst. While over H-
ZSM-5 and 4 %SiO/H-ZSM-5 the toluene conversion remained nearly
constant during 400 min on stream, it slowly decreased during the re-
action run for other two catalysts.

The data plotted in Fig. 5 show a very good relationship between the
initial toluene conversion and the amount of Bronsted acid sites
measured by pyridine adsorption (see also Table 1). These experimental
results correspond to a turnover frequency of 39 h™! (mol of converted
toluene/mol of Bronsted acid sites x h).

Under the reaction conditions used in the present study, the hydro-
carbons formed during the process were almost entirely aromatics, with
xylenes and trimethylbenzenes being the main molecules. Only traces of
low aliphatic hydrocarbons were identified among the products
(Fig. S12a and S12b). Fig. 6 shows the ratios between the aromatic
hydrocarbons formed at the beginning (20 min on stream) and the end of
the catalytic run (400 min on stream) over the parent and the modified
zeolite.

The ratio gradually increases from 68:32 (for H-ZSM-5) to 95:5 (for
12 %Si0o/H-ZSM-5), suggesting that the trimethylbenzenes are essen-
tially formed on the external surface of the catalysts. As shown in Fig. 6,
these compositions did not change during the 400 min of reaction.

The most important result of the present study concerns the distri-
bution of xylenes. As shown in Fig. 7 and Table 6, an obvious increase of

Table 5
Rate constants (k) at different temperatures.

Temperature, °C 375 400 425

k(h™) 1.6 2.5 4.2

30
H-ZSM-5
O, O O O, O O O 0 O ©)
—~251
X
c
2 501 4% SiO,/H-ZSM-5
5] O—O—O0—O0—0O0—0O0—0O0—0—0—0
%
© .5 8% Si0,/H-ZSM-5
0 1510
o
> . O—~0o—o0
o 12% SiO,/H-ZSM-5
= 104
5l

50 100 150 200 250 300 350 400
Time on stream (min)

Fig. 4. Toluene conversion as a function of TOS; Conditions: m¢, = 30 mg, T =
375 °C, flow rate = 30 mL min ', toluene/CH3;SH = 1/1, WHSV = 9.4 goue.
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the para-selectivity was engendered by modifying the H-ZSM-5 zeolite
with silica. The para-selectivity exhibited by the parent zeolite is 37 %
and reached the remarkable value of 98 % in the presence of the 12 %
SiO2/H-ZSM-5 catalyst.

Fig. 8 compares the para-selectivity of different catalysts with that of
thermodynamic equilibrium (i.e. 25 % para-, 50 % meta- and 25 % ortho-
xylene). Note that for each catalyst, the xylene distributions did not
change during the 400 min on stream. In terms of para-selectivity, the
results obtained in this study are comparable to the best results obtained
in the alkylation of toluene with methanol, in the presence of modified
H-ZSM-5 catalysts [12,17].

The yields in alkylation, xylenes and para-xylene are given in Fig. 9.
These results show the very favorable effect of the zeolite modification
on the catalyst performances, in particular on the para-selectivity.

Based on these results, it should be mentioned that the para-xylene
yield obtained over 12 %SiOy/H-ZSM-5 is twice than that obtained with
unmodified zeolite.

3.2.4. Toluene alkylation by methyl mercaptan over 12 %SiO2/ZSM-5
catalyst
In order to gather more information about the behavior of the 12 %
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Fig. 7. GC-FID chromatograms of the aromatic hydrocarbons in the toluene
alkylation carried out at 375 °C. TOS = 20 min.

Table 6
Xylene distribution (%) in the toluene alkylation performed at 375 °C. TOS = 20
min.

Catalyst para-xylene meta-xylene ortho-xylene
H-ZSM-5 37 47 16

4 %Si0,/H-ZSM-5 68 26

8 %Si0y/H-ZSM-5 82 15 3

12 %Si0o/H-ZSM-5 98 1.5 0.5

SiO9/H-ZSM-5 catalyst, we examined the reaction between toluene and
methyl mercaptan under diverse reaction conditions. To explore the
effect of the temperature, the reaction was carried out at 375, 425 and
475 °C, using 30 mg of catalyst and a WHSV of 9.4 goluene + CH3SH gg},th’l.

100

25
&/
\Q,&
S 50
! \
&
Q
75
100
0 25 50

para-xylene (%)

Fig. 8. Xylene isomers distribution in the alkylation process over different
catalysts and at the thermodynamic equilibrium. (a) H-ZSM-5; (b) 4 %SiO»/H-
ZMS-5; (c) 8 %SiOo/H-ZMS-5; (d) 12 %SiO,/H-ZMS-5. Experimental condi-
tions: TOS = 20 min, Mg, = 30 mg, T = 375 °C, flow rate = 30 mL min~?,

toluene/CH3SH = 1/1, WHSV = 9.4 gyouene-crsst geath , TOS = 20 min.

Fig. 10 compares the profiles of the toluene conversion obtained at
different temperatures. The initial conversion varied from 15 % at
375 °C, to 41 % at 475 °C. At 425 and 475 °C, the loss in the activity over
TOS was noticeable.

The initial methyl mercaptan conversion was about 60 % for each
temperature. At 375 °C, it did not vary during 400 min on stream. In
contrast, it gradually and markedly decreased at 425 and 475 °C,
respectively (Fig. S13).

The initial C-containing products formed at 375 °C, included xylenes,
trimethylbenzenes, dimethyl sulfide and light hydrocarbons (Fig. S14).
At 425 °C and 475 °C the initial amount of both aromatic and light
hydrocarbons significantly increased to the detriment of dimethyl sul-
fide. Additionally, it should be underlining the substantial effect of the
temperature on the para-selectivity, which decreased from 98 % at
375 °C to 77 % at 425 °C and 75 % at 475 °C. Note, however, the weak
effect of the temperature on the ratio between xylenes and TMBs. Due to


asachse
1

asachse
1


A. Bayout et al.

30
77/ alkylation
25 % [ Ixylene
| NS para-xylene
20 o
< A
X
- 15
© 7
>—
104
5,
0
@) (b) (c) (d)
Catalyst

30
/] alkylation
251 ] xylene
| NN para-xylene
20
—_ %!
S
- 15 2!
°
>
10
5,
0
(@) (b) © (d)
Catalyst

Fig. 9. Alkylation, xylene and para-xylene yields at 20 min on stream (left) and 400 min on stream (right); (a) H-ZSM-5; (b) 4 %SiO»/H-ZMS-5; (c) 8 %SiO,/H-ZMS-
5; (d) 12 %SiO,/H-ZMS-5; yield = toluene conversion x selectivity in alkylation, xylenes or para-xylene. Conditions: m.,; = 30 mg, T = 375 °C, flow rate = 30 mL

min~?, toluene/CH3SH = 1/1, WHSV = 9.4 Ztoluene+ CH3SH g'clath’l.

50

—O= 375°C =0— 425°C —0O— 475°C

N w A
o o o

Toluene conversion (%)

-
o
|

0 ‘ ;

50 100 150 200 250 300 350 400

Time on stream (min)

Fig. 10. Toluene conversion as a function of TOS and temperature over 12 %
SiOy/H-ZSM-5. Conditions: 30 mg of catalyst, WHSV of 9.4 gioluenecusst Scat
'h™!, toluene/CH3SH = 1/1.

the catalyst deactivation at 425 °C and 475 °C, the amount of the
methylating compounds strongly diminished at 180 min on stream
(Fig. S15).

In short, the experimental results suggest that in terms of both para-
xylene yield and catalyst stability against deactivation, 375 °C is the
most favorable temperature for our process.

As seen before, the 12 %SiOy/H-ZSM-5 catalyst underwent deacti-
vation, especially at high reaction temperature. For this type of catalyst,
the deactivation is typically due to the formation of bulky species
(usually called “coke”) that lead to progressive pore blockage and/or
coverage of the acid sites.

We examined the coke confined in the spent catalysts by TGA-MS,
using the procedure described in the experimental section. The MS
signals of CO; (m/z = 44) and SO, (m/z = 64) for the 12 %SiOo/H-ZSM-
5 catalyst, after the tests carried out at three temperatures, are plotted in
Fig. 11 Fig. S16. Note that the CO; and SOy MS signals come from the
combustion of C- and S-containing species, respectively. According to
TGA-MS results, the quantities of the heavy species retained on the spent
catalysts seem comparable.

However, the nature of these species is different, depending on the
reaction temperature. Thus, the main burning features (CO, peaks)
displayed by the TGA-MS profiles are centered at about 575 °C, 600 °C
and 610 °C for the catalytic test performed at 375 °C, 425 °C and 475 °C,
respectively. On the other hand, in the TGA-MS profiles recorded for the
catalyst used at 375 and 425 °C, no MS SO, peak was observed. In
contrast, for the catalyst used at 475 °C, a small SO, MS peak appeared
between 450 and 500 °C. This peak can be related to the combustion of
heavy S-containing molecules, e.g. polysulfides located in the catalyst
matrix. Note that the formation of such S-compounds from CH3SH has
been previously reported by Yu et al. over SSZ-13 zeolite [26].

The absence of the SO, peak in the TGA-MS profiles at 375 and
425 °C proves that no amount of sulfur was imprisoned in the used
catalyst. Consequently, it is reasonable to state that at these tempera-
tures only the hydrocarbons, in particular the aromatics, were involved
in the formation of the coke deposits. This result agrees with the so
called “step-wise” mechanism described in Scheme 2 [27], which shows
that during the toluene methylation, sulfur leaves the process early as
H,S. Additionally, this proves that CH3SH is entirely involved in toluene
alkylation and not in reactions leading to the formation of bulky S-
containing molecules.

Next, we studied the effect of the spatial velocity (WHSV) on the
alkylation process. Several tests were carried out by modifying the
quantity of the catalyst in the reactor (Table 7).

The methyl mercaptan conversion was about 60 % in all tests. In
contrast, the toluene conversion varied from 15 % (at WHSV = 9.4) to
35 % (at WHSV = 1.9) (Table 7). By analogy with the model used above,
we treated the present results considering a first-order kinetic for
toluene and zero-order for methyl mercaptan. We obtained a rate con-
stant of 0.66 h™1.

The main C-containing molecules formed included xylenes, trime-
thylbenzenes, dimethyl sulfide and light hydrocarbons (Fig. S17). The
amount of trimethylbenzenes slowly increased when the space velocity
decreased, but the xylenes remain the dominant reaction products (> 90
%). Likewise, the amount of the light aliphatic hydrocarbons (especially
ethylene) increased when the space velocity decreased.

The effect of the space velocity on the xylene isomers was also
notable (Fig. 12). Thus, the para-selectivity decreased from 98 % (at
WHSV = 9.4) to 76 % (at WHSV = 1.9). Fig. 13 also shows that the para-
selectivity decreased when the toluene conversion increased.

To explain these results, we could consider the data previously re-
ported for the alkylation of toluene with methanol. For exemple, it was
shown that during the toluene methylation, the para-selectivity was
mainly determined by the rates of two successive reactions, i.e., toluene
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Table 7
Initial toluene conversions at WHSV.™

WHSV Mecatalyst (M) Toluene conversion (%)
(8toluene-+cHast Geheh 1)

9.4 30 15

4.7 60 24

2.8 100 31

1.9 150 35

@ Catalyst 12 %SiO,/H-ZSM-5, T = 375 °C.
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Fig. 12. Toluene conversion over 12 %SiO,/H-ZSM-5 as a function of TOS and
WHSV; conditions: m¢,; = 30 mg, T = 375 °C, flow rate = 30 mL min},
toluene/CH3SH = 1/1.
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Fig. 13. Toluene conversion and para-selectivity vs. WHSV over 12 %SiO,/H-
ZSM-5; conditions: m¢, = 30 mg, T = 375 °C, flow rate = 30 mL min~!
toluene/CH3SH = 1/1.

>

methylation and the xylenes isomerization [28]. In our study, over 12 %
Si0y/H-ZSM-5, at WHSV = 9.4 gioluene+crsst Seah + and 375 °C, the
para-xylene was the major isomer. This is mainly due to the silylation,
which strongly diminished the xylene isomerization over the external
surface. On the other hand, it is known that the para-isomer is the pri-
mary xylene formed in the toluene alkylation by methanol [29]. To
prevent the already formed para-xylene from coming into repeated
contact with the acid sites inside the pores and thus limit its isomeri-
zation, it is necessary to reduce the contact time. In this context, it is
important to mention the study published by Breen et al. [30]. By
operating at a very short contact time (i.e. 0.17 s), over MgO-ZSM-5
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Fig. 14. Alkylation, xylene and para-xylene yields as a function of WHSV at 20 min on stream (left) and 400 min on stream (right). Toluene alkylation by methyl
mercaptan over 12 %SiOy/H-ZSM-5. Conditions: mq,; = 30 mg, T = 375 °C, flow rate = 30 mL min~?, toluene/CH3SH = 1/1.

catalyst, they showed that the para-selectivity was closed to 100 %.

Fig. 14 shows the effect of the spatial velocity on the yield in alkyl-
ation, in xylenes and in para-xylene. As we can observe, in terms of
yields, the decrease of the space velocity (similar to the increase of the
contact time) is very advantageous.

4. Conclusions

This study showed that the modification of the H-ZSM-5 zeolite by
external surface silylation is a very effective method for achieving high
para-selective methylation of toluene by methyl mercaptan. At 375 °C
and WHSV = 9.4 goluene+CH3SH géth’l, a selectivity close to 100 % was
obtained with the 12 %SiOy/H-ZSM-5 catalyst. Additionally, under
these conditions, this catalyst showed high stability against coke deac-
tivation. Under more severe reaction conditions, i.e. higher temperature
and lower WSHYV, the yields of xylenes and para-xylene increased, but
the catalyst deactivation over TOS was very pronounced.

It is important to note that some behavior presented in this study,
such as the alkylation efficiency of both methyl mercaptan and toluene
(higher than 98 %), as well as the selectivity to para-xylene, were su-
perior to those reported in the literature for the toluene alkylation with
methanol in the presence of ZSM-5 based-catalysts, under comparable
process parameters.
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