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Abstract. P-xylene is one of petrochemical products eagerly in demand. Until recently, the process for
preparing of p-xylene was done via gas-phase toluene methylation reaction at high temperature using a strong
acid catalyst. In this work, high surface area, shape-selective and single-site MIL-101(Cr) was used as a
catalyst to perform toluene methylation reaction in a liquid phase at low reaction temperature (60-120 °C).
Toluene conversion and p-xylene selectivity are up to 50% and 90%, respectively. Under the optimum
operating conditions; 1:1 toluene: methanol molar ratio, the reaction temperature is 120 °C. The catalyst was
synthesized via the hydrothermal method and the MIL-101 structure was confirmed by different analytical
techniques: TGA, XRD, FTIR and BET surface area. The remarkably high toluene conversion and xylene
selectivity at a low reaction temperature, in comparison to previous research, was attributed to the suppression
of side reactions that could convert methanol to linear hydrocarbons, and to the inhibition of p-xylene
isomerization. This suppression can be attributed to the single site properties and to the uniform pore size
distribution of the prepared MIL 101 catalyst.
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1. Introduction

Friedel-Crafts alkylation is an important process in
petroleum and chemical industries due to the synthesis
of substituted aromatic compounds.'™ Friedel-Crafts
alkylations by adding alkyl chains to aromatic rings
through the use of a strong Lewis acid, generally BF3,
AICl3, FeCl;, TiCl, and protonic acid-like HF, H,SOy,
as a catalyst, which is highly toxic and corrosive,
create a large amount of waste and cause difficult
purification of the products.* Therefore, the efficient
solid acid catalyst should be largely motivated in these
acid-catalyzed reactions,™’ those solid acid catalysts
must offer sufficient active site and pore design pos-
sibilities. The active site in the catalyst and its inter-
action with reactant indicate the rate of reaction and
selectivity of a certain product at relatively mild
conditions compared to the non-catalyzed reaction. So,

*For correspondence

the description of type and number of active sites in
heterogeneous catalysts is of high controversial.®
Among all the solid catalysts, Metal Organic
Frameworks (MOFs) are a class of porous crystalline
materials whose crystal structure is composed of
inorganic nodes (metal atoms) and poly-dentate
organic linkers.”™"" An important feature of MOFs is a
high content of active metal sites; all of them are
uniformly spatially distributed and are accessible for
reactants, provided the size of pore entrances allows
penetration of the reactant molecules. It is composed
of isolated metal atoms or clusters linked by poly-
dentate organic ligands, resulting in a rigid porous
network, hence, the structure of MOFs meets the
general requirements of single-site catalysts.'*'? Sin-
gle-site catalysts are expected to combine the merits of
both homogeneous (activity and selectivity) and
heterogeneous (simplicity of recovery and recycling)
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catalysts. In addition, MOFs have many advantages
like, uniform three-dimensional structures with very
high surface area, tunable pore sizes, and low
density.'*'?

Moreover, MIL 101 MOF can be considered of type
I single-site catalysts (commonly referred to as open
metal sites (OMSs)). In this type, active sites are
created by using the structurally embedded metal
nodes, which are geometrically undercoordinated—
this is clearly only possible in the case of MOFs.'®

So in this work, we decided the utilization of MIL
101 as a single site-heterogeneous catalyst to achieve
high activity and selectivity of the desired product
(p-xylene) during liquid phase alkylation of toluene
with methanol.

2. Experimental
2.1 Materials

Chromium(III) nitrate nonahydrate (Cr(NO3);-9H,0,
> 99%), 1,4-Benzenedi-carboxylic acid (H,BDC > 98%),
hydrochloric acid (HCI), toluene (CgHsCH; > 99.8) and
methanol absolute (CH3;0H, 99.9%) were purchased from
Sigma-Aldrich and used without purification. Water used in
all experiments was deionized.

2.2 Catalyst preparation

MIL-101(Cr) was synthesized via the hydrothermal reac-
tions of Cr(NO3);-9H,0O with terephthalic acid (TPA),
concentrated hydrochloric acid (HCl), and deionized water
following the reported method'” under autogenous pressure
at 200 °C for 12 h. The green product of MIL-101(Cr) was
obtained by centrifugation. Further, the solvothermal treat-
ment of synthesized MIL-101(Cr) was carried out by
washing several times with DMF and then washing with
ethanol. The final product was dried at 75 °C for overnight.

2.3 Catalyst characterization

Thermal gravimetric analysis (TGA) was performed using a
SETARAM Labsys TGDSC16 equipment with a heating
rate of 10 °C/min in N, atmosphere. X-ray Diffraction
Analysis (XRD) was carried out to investigate the crystal
phase structure using Shimadzu XD-1 diffractometer with
Cu-target and Ni-filtered radiation (A= 1.540 A). The
specific surface area was measured from the N, adsorption-
desorption isotherms at liquid nitrogen temperature
(=196 °C) using Quantachrome Nova 3200 S automates
gas sorption apparatus. Prior to such measurements, all
samples were perfectly degassed at 150 °C for overnight.
Fourier-transform infrared spectroscopy (FT-IR) spectrum
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was recorded between 4000 and 500 cm™' with an FTIR
spectrometer Perkin Elmer (model spectrum one FT-IR
spectrometer, USA). Samples were prepared using the
standard KBr pellets. Scanning electron microscopy (SEM)
was performed on Quanta 250 field emission gun (FEG)
attached to an EDS unit, with an accelerating voltage of
30 kV was used to characterize the morphology of the sample.

2.4 Catalytic activity and regeneration

Catalytic toluene methylation over the prepared Cr-MOF
catalyst was simply performed in a magnetically stirred
round bottom flask fitted with a reflux condenser at a tem-
perature ranged from 60 to 120 °C. In the reaction con-
tainer, a mixture of toluene and methanol with different
molar ratio (1:1, 1:2 and 1:3) was added into the flask
containing, the catalyst amount (0.01, 0.02 and 0.04 gm).
The resulting mixture was stirred for 2-8 h. The catalyst
was separated from the reaction mixture by centrifuge,
washed and dried under vacuum for the reusability tests.
The petrochemical products were subjected to gas chro-
matographic (Perkin-Elmer GC) with a hydrogen flame
ionization detector for analysis.

3. Results and Discussion
3.1 Catalyst characterization

TGA curve Figure 1 shows two weight loss stages.
The first weight loss (~35 wt%) at temperature
~300 °C corresponds to the loss of surface moisture
water molecules from the large and/or middle cage
(pores) of the structure MIL-101. The second weight
loss at temperature ~420 °C, corresponds to the
decomposition of the organic ligands in the framework
with a complete transformation into Cr203.17 This data
indicates the high thermal stability of the prepared
MIL-101 structure, as the sample can be heated safely
up to 400 °C during the regeneration process.
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Figure 1. TGA analysis of the as-synthesized Cr-MOF

sample.
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Figure 2. XRD patterns of the as-synthesized Cr-MOF fresh (a) and after the reaction (b).

The XRD (X-ray diffraction) pattern of synthesized
MIL-101(Cr) is illustrated in Figure 2. The main
diffraction peaks at 20 = 5.27, 8.55, 9.16, 16.63 cor-
responding to the MIL-101(Cr) crystal plane'”'® is
observed, which confirmed that MIL-101(Cr) crystals
were successfully synthesized.'”

Figures 3a, 3b illustrated the specific surface area,
and pore size distribution of the prepared MIL-101
was estimated by N, adsorption/desorption isotherms
at T=77K. The BET surface area of synthesized MIL-
101 was 1783 m? g~ ', which is closer to the reported
value,' total pore volume (V) of Mill-101 is calcu-
lated to be 0.8877 cc/g at the relative pressure (p/p,) of
0.98 and the pore size distribution curve showed one
type of pore size at (12A°).

600 -

FTIR pattern of MIL-101(Cr) is presented in
Figure 4. Figure 4 illustrates vibrational band at
1635 cm ™' which indicates the presence of adsorbed
water molecules on the surface of MIL-101, and a
strong band at 1397 cm™' due to the symmetric
(O-C-0) vibrations of dicarboxylate within the
framework of MIL-101.?° The other bands between
600 and 1600 cm™" were due to benzene ring. The
band at 1510 cm™! was attributed to the (C=0)
stretching vibration and several small peaks occur-
ring in the range of 1250-1010 cm™' correspond to
the C-H group present in the benzene ring of the
BDC linker (benzenedicarboxylic).21

The scanning electron microscopy (SEM) image
Figure 5 represented the morphology of synthesized
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Figure 3.
sample.

(a), (b) Nitrogen adsorption-desorption isotherms and pore size distribution of the as-synthesized Cr-MOF
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Figure 4. FTIR spectra of the as-synthesized Cr-MOF
fresh (a) and after the reaction (b).
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Figure 5. SEM micrographs images of the as-synthesized
Cr-MOF sample.

Cr-MOF; the structure is octahedral with dual-sided
pyramidal type geometry.

3.2 Catalytic activity

The main propose of this research paper is to track the
activity and selectivity of the prepared MIll-101-Cr as
a heterogeneous catalyst in a highly important acid-
catalyzed and shape-selective reaction, toluene alky-
lation with methanol to produce p-xylene as the main
product. In this study, the reactions were performed in
a liquid phase at different reaction condition: reaction
temperature (60-120 °C), contact time (2-8 h),
amount of catalyst (0.01-0.04 gm), and toluene:
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methanol molar ratio (1:1, 1:2 and 1:3) and for four
cycles in the reusability test. The data was illustrated
in Figures 1-5 and manipulated in Table S1 listed in
the Supplementary Information. The reaction products
were found to be: (1) xylenes (o-xylenes and p-xyle-
nes) as a primary product produced by ring alkylation
of toluene by methanol, (2) ethylbenzene as secondary
product, produced by side-chain alkylation reaction,
and finally (3) styrene which is the possible product of
intermolecular ~ dehydration = of  ethylbenzene
(Figure 6).

3.2a Effect of reaction temperature: In the
beginning, the study took place using 0.01 gm
catalyst and 1:1 toluene: methanol molar ratio, at
different temperature (60—120 °C) for 2 h, the catalyst
showed neglected toluene conversions at low reaction
temperature (0.02% at 60 °C) and then increased to
moderate value as the reaction temperature increased
to reach 15% at 120 °C (Figure 7). This is a new and
good result, where the previous study”*** reported that
the methylation of toluene could be carried out as a
gas phase reaction in the temperature range of
(200400 °C). The high activity of MIL-101-Cr (at
milder reaction conditions) than those solid acid
catalyst reported for alkylation reaction may be
attributed to its specific pore size and volume, great
BET surface area, as well as hydrophilic functional
groups, which favors adsorption of reactant.
Moreover, the better isolation and accessibility of the
metal site is another reason for the good activity of the
prepared catalyst. At a low reaction temperature and
low toluene conversion (Figure 8), the catalyst was
more selective toward side-chain alkylation reaction to
produce ethylbenzene. While as the conversion
increased at a high reaction temperature, the catalyst
was selective toward ring alkylation reaction; xylenes
were the major reaction products. This may be
attributed to the increase of BrOnsted acid sites:
Lewis acid sites ratio occurred due to the water
molecules by-product produced during the toluene
methylation reaction. Moreover, the absence of
benzene even at high temperatures means that the
disproportionation of toluene is negligible.

On the other hand, within xylene isomers, the
selectivity to o-xylene decrease as the reaction tem-
perature increased from 51.46 at 60 °C to 8.93 at
120 °C, while the selectivity to p-xylene increased
from 48.54 at 60 °C to 91.07 at 120 °C (Figure 8).
This can be discussed as: toluene methylation reaction
produces only p-xylene which isomerizes over the acid
site on the external catalyst surface to produce sec-
ondary product o- and m-xylene,”>*® so, the increase



J. Chem. Sci. (2020)132:57

o
e

L "j*'-’”s + CH;OH °
= (‘%l

Figure 6.

S Ethyl benzene . styrene

total Xylene = eeexes Toluene conversion, %
60
" 13
X 12,57
Z 40 X
S e
k=] 55
@ .
@ 30
@
g
T 20 o™
e o
o e
10
....-.
o] oy
6.00E+01 8.00E+01 1.00E+02 1.10E+02 1.20E+02

temperature, °C

Figure 7. Effect of reaction temperature on product
selectivity over Cr-MOF catalyst.

of p-xylene selectivity with the increase of reaction
temperature (more than the thermodynamic equilib-
rium (ca. 25%) value), can be attributed to the
decrease in the external acid sites character due to the
adsorbed molecule during methylation reaction, which
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Schematic illustration for Fridel-Crafts Toluene Methylation reaction.??

inhibits p-xylene isomerization reaction. Moreover,
the unique pore size (12 A) structure of the prepared
MIL-101-Cr catalyst favors the diffusion of p-xylene
molecules and enhances p-xylene selectivity.?’*®

3.2b Effect of reaction time: Moreover, the study
took place with reaction mixture containing 0.01 gm
catalyst and 1:1 toluene: methanol molar ratio at a
constant temperature of 120 °C, aliquots were
withdrawn at intervals, then analyzed. The toluene
conversion was increased sharply with time until it
reached 40.58% after 8 h (Figure 9a) and the xylenes
were still the major products, whereas, p-xylene
exhibits the higher selectivity of the converted
products (Figure 9b); o-xylene was also detected in
trace amounts. The increase of p-xylene selectivity
with time may be attributed to the reduction of pore
mouth to prevent the diffusion of o- and m-substitution
out of the pores, and also to the coverage of active
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120 °C).

sites on the catalyst external surface which suppresses
the isomerization of p-isomer.*’

3.2c Effect of catalyst weight: With such results in
hand, we encourage to study the effect of different
reaction parameters trying to enhance the performance
of the prepared Cr-MOF catalyst toward liquid phase
methylation reaction. The effect of catalyst amount
(0.01, 0.02 & 0.04 gm) on reaction conversion was
investigated for reactant mixture of 1:1 toluene:
methanol molar ratio at 120 °C for 2 h. As expected,
increasing the catalyst amount enhances the toluene
conversion (Figure 10), so, the reaction could afford
54.42% toluene conversion in the presence of 0.04 gm
catalyst and the p-xylene product was still observed at
high selectivity within all reaction products. From this
data, we can conclude that this amount of catalyst is as
small vis-a-vis the conversion, as compared by the
data previously reported in the alkylation reaction.
This may be attributed to the acidic character of the
prepared MOF catalyst which effectively reduces the
amount of catalyst for toluene methylation reactions.*”
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3.2d Effect of toluene: methanol molar ratio: From
another point of view, the alkylation reaction of
toluene with methanol occurred in the absence of the
solvent. It was previously reported that 1:3 toluene:
methanol molar ratio is usually required for high
p-xylene selectivity.?* In this work, it was found that
the methanol toluene reaction could proceed with
significantly low toluene: methanol molar ratio of 1:1
and 1:2. The reaction using 1:1 toluene: methanol
molar ratio in the presence of 0.01 gm catalyst at
120 °C for 2 h afforded a conversion of only 15% with
58% xylene selectivity and 91.07% p-xylene in total
xylene product (Figure 11).

3.2e Catalyst regeneration: Regeneration is one of
the benefits of solid catalysts and we wish to prove the
reusability of MIL-101(Cr) under optimized reaction
conditions. For this study, the toluene methylation
reaction over the prepared MIL-101(Cr) catalyst was
carried out for four cycles at the same reaction
condition; at 120 °C for 2 h in the presence of 0.01 gm
catalyst and 1:1 toluene: methanol molar ratio. After
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(a), (b) Effect of catalyst weight on toluene methylation reaction (1:1 toluene: methanol molar ratio, 2 h, and
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each cycle, the catalyst MIL-101(Cr) was separated
from the reaction mixture by centrifuge, washed
several times with methanol, dried under vacuum
before it was ready for reuse in the next run, in order to
remove adsorbed products that can block active sites
and thus decrease the activity; the results are shown in
Table S1 (Supplementary Information). After the
chromatographic analysis, it can be concluded that
the catalyst can easily separate, has high stability and
durability. MIL-101(Cr) did not lose its activity and
selectivity for the four runs during the toluene
methylation reaction (Figure 12). On the other hand,
the structural stability of the catalyst was also
investigated by X-ray diffraction and IR spectro-
scopy. Figures 2 and 4 display that MIL-101(Cr) had
appropriate structural stability to be used again
(Figure 13).
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Figure 12. Regeneration of Cr-MOF for toluene methy-
lation reaction (120 °C for 2 h in presence of 0.01 gm
catalyst and 1:1 toluene: methanol molar ratio).
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Figure 13. Schematic illustration Ring alkylation mecha-
nism over the prepared Cr-MOF.*

3.2f Reaction mechanism: The reaction of toluene
methylation is explained according to ring alkylation
and side-chain alkylation mechanisms:

e In ring alkylation mechanism: the reactants are
adsorbed on the BrOnsted acid sites bridging
hydroxyl. Methanol strongly adsorbs on the cat-
alyst acidic site before it reacts with the toluene
which weakly interacts with the solid acids (Eley—
Rideal type mechanism).>' The methanol directly
attaches to the acidic proton sites on the catalyst
via its oxygen atom and the CHj; group is
immediately chemisorbed to the oxygen of the
hydroxyl group,®” then the methyl group attached
to toluene forms m-complex with the metals. After
T—G conversion, a proton of toluene is given back
to catalyst to form a new bridging hydroxyl group,
and the xylenes and water are produced via the
adsorption-desorption process.

e On the hand, the side chain alkylation mecha-
nism,* requires the complete absence of Bronsted
acid sites, since these would catalyze ring
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alkylation at a much higher rate.**?> In this
mechanism, the role of the catalyst is twofold.
First, it promotes the dehydrogenation of metha-
nol to formaldehyde (step (1)). In step (2), styrene
is formed from toluene and formaldehyde. This
reaction maybe enhanced through polarization of
the methyl group of toluene by the catalyst which
leads to a carbanion structure. In step (3), styrene
is hydrogenated to ethylbenzene with the gener-
ated H in step (1).

CH;0H — HCHO + H (1)
(2)

(3)

C¢H5CH; + HCHO — CcHsCH = CH, + H,O

C6H5CH = CH2 + H2 — C6H5CH2CH3

4. Conclusions

This research demonstrated that the metal-organic
framework Cr-MIL-101 is an efficient catalyst for
liquid-phase toluene alkylation reaction with methanol
at low reaction temperature. This is a good and
important new result compared to previous literature
data. The selectivity was reached 76% at 120 °C with
33% conversions that can be accomplished using Cr-
MIL-101. The content of p-xylene in xylenes is still at
a relatively high level, which induces low separation
cost in the industry.

Supplementary Information (SI)

Table S1 is available at www.ias.ac.in/chemsci.
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