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A highly disordered MoS,, dispersed on carbon support was prepared by microemulsion technique and its application as a

catalyst for hydrodeoxygenation of guaiacol, a typical model compound of lignin, was investigated. The deoxygenation
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reaction was the predominant route producing phenol as a major product. It is also demonstrated that the single layered

MoS,/C catalyst showed superior activity and better deoxygenation and hydrogenation properties than the stacked

MoS,/C. Reusability test showed good catalyst stability after 4 catalytic cycles were performed. Catalyst surface

morphological changes, sulphur loss and its effect on conversion of guaiacol and selectivity of products were studied using

multiple analytical methods such as TEM, XPS, CHNS, N, adsorption and Raman. The performance of the MoS, based

catalyst during the guaiacol HDO reactions demonstrated its potential for upgrading of lignin.

1.

Lignin, a component of biomass is an abundant renewable
source that is freely available everywhere. It has a unique
structure and chemical properties that makes it a potential
source of a wide range of bulk and fine chemicals particularly
aromatic compounds as well as transportation fuel precursors
and additives." Lignin deoxygenation reaction is a promising
route to valuable chemical conversions.” This strategy can be
achieved by adapting the traditional hydrotreating reaction of
hydrocarbons employed in the petroleum refineries. The
process involves the removal of heteroatoms such as oxygen,
nitrogen and sulphur atoms in the presence of hydrogen by
hydrodeoxygenation, hydrodenitrogenation and
hydrodesulphurization reactions which are usually
accompanied by hydrogenation of aromatic compounds to
produce fuels.® An effective hydrotreating catalyst must have
the potential to achieve a high conversion at mild reaction
conditions in order to reduce coke formation, while the
catalyst should selectively deoxygenate without excessive
hydrogen consumption during hydrogenation.4 A number of
reviews have been dedicated for lignin depolymerization
studies.”® Lignin pyrolysis usually takes place at a temperature
range of 280-500 °C, wherein substituted phenols were
obtained resulting from cleavage of ether and C-C Iinkages.9
Lignin-derived phenolic compounds are of great interest in the
chemical industries as they can be used to manufacture
synthetic bioplastics such as phenolic epoxides,
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adhesives and polyolefins.10 Complete deoxygenation and
hydrogenation of lignin gives liquid hydrocarbon fuels such as
cyclohexane. Due to the complex structure of lignin, low
molecular weight model compounds such as guaiacol has been
successfully used for easy interpretation of the kinetics,
reaction pathway and stability of the products during lignin
depolymerization.“’ 12

Supported noble metal
applications for HDO reaction studies. It was found that

catalysts have shown potential

Rh/ZrO, serves as a superior catalyst for the complete
hydrogenation of guaiacol.13 Elliott et al.® tested the
hydroprocessing capacity of Ru and Pd catalyst for biomass
model compounds and they established that hydrogenation
occurs at 100 °C, whereas 300 °C is the optimum temperature
for deoxygenation. Wildschut et al.™ reported that Ru/C is a
promising catalyst for deoxygenation and hydrogenation.
Similarly, it was found that ReS,/C was capable of C-O bond
cleavage, producing phenol from guaiacol.15 Despite the
attractiveness of utilizing noble metal as HDO catalysts, the
high cost of precious metal and relatively high H, pressure
required for the catalytic lignin depolymerization process
makes it unfavourable for commercialization.

On the contrary, Ni or Co promoted MoS, supported on
alumina has been used as a hydrotreating catalyst where MoS,
Y The
promotional role of Co or Ni is to lower the binding energy of

edges acts as the primary catalytic active sites.’®

sulphur at the edges of MoS,, thereby increasing vacant
sites.”® A number of studies have been reported on the activity
of unmodified and modified (using alkaline and precious
metals) sulfided CoMo and NiMo catalysts, for the
hydrodeoxygenation, dehydrogenation and hydrogenolysis of
model molecules representative of bio-oils.”>** Sulphided
CoMo/Al,O; promotes deoxygenation of guaiacol giving phenol
and catechol as major products.22 However Al,O; is not a good
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support because it tends to deactivate very fast when water is
formed in the hydrodeoxygenation reaction.”® Laurent et al.?*
also observed the deactivation of sulphided NiMo/Al,O; led to
decline in activity during HDO of guaiacol. The authors
established that irreversibly undergoes partial
crystallization to form bohemite. Also the presence of weak
Lewis acid sites on the alumina support is responsible for
increase in coke formation.”* These findings paved the way to
seek alternative supports for transition metal sulphides.
Carbon can offer many advantages as a support because of its
good resistant to acid and base media, amphoteric nature that
facilitates metal adsorption and catalyst dispersion, low cost
and high thermal stability. 2527 1t also has a unique advantage
of ease of active metal recovery from catalysts by simply
oxidizing carbon into its oxides.”® % Most importantly, carbon
has less affinity to produce coke when compared to the acidic
supports for HDO reactions.>**

It is established that acidity of support has a significant
influence on catalyst selectivity.”'36 Lee et al.”’ reported that
Pt, Pd, Ru and Rh when supported on carbon black treated
with nitric acid selectively enhance production of 2-methyl
cyclohexanol. However, when the same metals were
supported on Al,O; and SiO,-Al,05;, deoxygenation reaction
pathway was promoted due to the availability of more acid
sites, giving more cyclohexane.37 These catalysts can be
considered as bifunctionals, consisting of acid and metal sites
which are responsible for deoxygenation and hydrogenation
respectively. Nimmanwudipong et al.® also examined the
catalytic conversion of guaiacol with Pt/Al,O; and concluded
that acidic support promotes alkyl group migration resulting in
alkylated product. Ru/MgO catalyst was shown to be capable
of selectively producing cyclohexanol and methanol from
guaiacol. However, in the absence of MgO, the vyield of
cyclohexanol is lower and more methane is produced. The
basic site of MgO support promotes dealkylation and a
decrease in gas formation.* The support acidity effect was
also explored by Bui et al.*® where the activity of MoS,
supported on different materials such as Al,O;, TiO, and ZrO,
was tested for the HDO of guaiacol in a continuous fixed bed
reactor. They found catechol as the major product along with
methylated compounds with MoS,/Al,0;. However when using
TiO, and ZrO, as catalyst support which are less acidic in
nature, phenol and catechol were found to be the most
product along with cyclohexene.40 The activity of CoMo
supported on two different supports such as Al,0; and carbon
was compared and found that the CoMo/C produces higher
phenol/catechol ratio and less coke formation but lesser
conversion when compared with that of CoMo/AI203.41 The
weak metal-support interaction effect found in CoMoS/C
catalyst is responsible for its higher catalytic selectivity
compared with the metal oxide alumina supported catalyst.42
Carbon supported catalysts favours demethoxylation, thus
producing phenol directly from guaiacol.40 Mainly, the coke
formation was negligible over carbon supported CoMoS
catalyst for the HDO reaction of guaiacol.43 MoS, supported on
different carbon supports has been tested for HDO of guaiacol

alumina
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and it was found that the surface functionality of the support
has great effect on the selectivity.44

The morphology of MoS, also plays an important role in the
catalyst activity and selectivity.45 Daage et al.*® proposed a rim-
edge model for MoS, particles and concluded that the top and
bottom edge planes are responsible for hydrogenation
whereas all the edge planes are responsible for
hydrogenolysis. Hensen et al.”’ reported that
hydrogenation takes place predominantly with highly stacked
MoS, particles. Yang et al.®® examined the effect of
morphology of MoS, for the HDO of phenol and concluded
that low stacked MoS, favours hydrogenolysis. The Mo active
phase accessibility and dispersion over the support also
influences the activity of the catalyst.49 This conclusion was
also abided by Sepulveda et al.>® who also found that surface
chemistry of the carbon support has impact on active phase
dispersion.

As such MoS, catalysts for hydrotreating purpose are usually
synthesised by impregnation of molybdenum precursor over
the support, followed by external sulphidation by introducing
H,S. In such cases, the hydrogen sulphide partial pressure
deeply affects the catalyst activity.51 This method of synthesis
usually results in ordered crystalline multi-layered slabs of
MoS, over the support. However the defective amorphous
MoS, results in more unsaturated S atoms at the edges
thereby increasing the active sites available for reaction.’” >
On the other hand, microemulsion (ME) is a well-known
technique for synthesizing nanosized metal catalysts. For
example, Ru/y-Al,O; synthesized by ME was reported to
produce more hydrogen from bagasse when compared to that
prepared by impregnation technique.54 NiMoS,/laponite
synthesised by ME has also been demonstrated to have a
higher hydrogenating activity during syngas to ethanol
reaction.>

In this paper, we report a microemulsion (ME) synthesis of a
highly dispersed and disordered nanosized MoS, supported on
activated carbon. We also demonstrated its application as a
catalyst for guaiacol HDO reaction, targeting mainly phenol
and cyclohexane production.

also

2. Materials and methods
2.1. Materials

Brij 30, ammonium molybdate tetrahydrate
((NH4)sM070,4.4H,0), ammonium sulphide solution (20%),
dodecane, guaiacol, cyclohexane, cyclohexene, anisole,
veratrole, cresol, activated carbon (C) as support (activated
charcoal, norit SX ultra, from peat) were purchased from
Sigma-Aldrich.

2.2. Catalyst synthesis

Carbon supported MoS, catalysts prepared by
microemulsion (ME) technique. For the synthesis, non-ionic
brij-30 surfactant was added to cyclohexane (1:20 wt. %)
under stirring until complete dissolution. The resulting solution

is referred to as an oil phase. Thereafter, 5 mL of ammonium

were
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sulphide solution was added to the oil phase and stirred for 1
h. This was followed by dropwise addition of 2 mL aqueous
solution of ammonium molybdate tetrahydrate to the mixture,
which then turns black. The concentration of molybdenum was
calculated as 12 wt. %. Activated carbon was used as a support
and this was added to the above mixture and stirred for 1 h,
resulting in the deposition of the MoS, over the support. The
cyclohexane was then slowly evaporated at room temperature
and the final product was thermally treated at 550 °C for 4 h
under N, to get the carbon supported MoS, nanoparticles,
which was labelled as MoS,/C. Mo0O,/C was prepared following
the same procedure as MoS, but without the addition of
ammonium sulphide.

2.3. Catalyst characterisation

The surface area and pore volume were measured by Nitrogen
adsorption-desorption isotherms and obtained at -196 °C by
using a Micrometrics Tristar 1l 3020 system. The catalysts were
degassed at 200 °C overnight on a vacuum line. The catalyst
morphology was characterised by Transmission Electron
Microscopy (TEM) using a JOEL 2100 microscope operated at
200Ky, fitted with a JEOL thin-window energy dispersive X-ray
(EDS) detector. The bulk composition of the catalyst was
determined by Inductively Coupled Plasma (ICP) analysis in a
Varian Vista Pro ICPOES instrument, after digesting the catalyst
using a milestone Ethos 1 microwave digester. The amount of
sulphur on the catalysts after each reaction cycle during
reusability study was analysed by CHON-S analyser (FLASH EA
1112 series, Thermo Electron Corporation). X-ray diffraction
(XRD) patterns were recorded on Rigaku Miniflex with
monochromatic Co Ka radiation at 30kv and 15 mA with a step
size of 0.1 °. A Kratos Axis ULTRA X-ray photoelectron
spectrometer associated with 165 mm hemispherical electron
energy analyser and Al Ka X-rays (1486.6 eV) incident radiation
was also used to investigate catalyst surface composition
before and after reaction. Casa XPS version 2.3.14 and a
Shirley baseline was used for curve fitting. Peak positions were
calibrated by taking C 1s line in carbon spectra at 284.8 eV as a
reference. Sample analysis by Raman spectroscopy was
performed using Renishaw inVia Raman Microscope under
ambient conditions. The pump radiation was supplied by
Argon green laser operating at a wavelength of 514 nm and 0.1
mW laser power. The Raman emission was collected by 50x
objective backscattering geometry. Temperature
programming reduction (TPR) was performed using the setup
described elsewhere.*®

in a

2.4. Catalytic tests

The catalytic hydrodeoxygenation (HDO) reaction of guaiacol
was performed in 300 mL stainless steel stirred reactor by Parr
instrument. Prior to reaction, the catalysts were pretreated
under hydrogen flow in a continuous flow reactor at 450 °C for
3 h (flow rate: 20 mL/min) under hydrogen flow to remove
sulphate groups. The pretreated catalyst is allowed to cool
down under nitrogen flow before being transferred into the
reactor. In a typical reaction, the reactor was loaded with

This journal is © The Royal Society of Chemistry 20xx

appropriate amount of guaiacol (reactant), dodecane (solvent)
and the catalyst (catalyst:guaiacol mass ratio = 1:20, 1:10,
1:6.7, 1:5). The reactor was purged and flushed with argon to
evacuate air and pressurised with H, to 50 bar (H,:guaiacol
initial mole ratio- 11:1). The temperature is then heated to 300
°C. The reaction starts when the set temperature is reached,
and is allowed to run for 5 h. During the course of the reaction,
the pressure and temperature were monitored. Liquid and gas
sampling were done at an hourly interval. At the end of the
reaction, the reactor was stopped and cooled, and the catalyst
was recovered by filtration from the reaction product. The
recovered catalyst was washed with ethanol, dried at 50 °C
overnight and then reused for the stability/reusability study.
There was some unavoidable loss of catalyst during filtration.
This loss was compensated for by adding fresh catalyst to the
recovered catalyst while carrying out the reusability study. The
reusability test was conducted with the same catalyst for four
reaction cycles under similar reactions conditions. The fresh
catalyst is represented as MoS,/C- fresh and the catalyst after
each cycle is represented as cycle 1, cycle 2, cycle 3 and cycle 4
respectively.

2.5. Product analysis

The products were analysed using a gas chromatography unit
from (Shimadzu GC-17A) equipped with flame ionisation
(FID) and CP-Sil 5 CB capillary
(30mx0.25mmx0.39m). The standards for guaiacol and other
products were prepared in ethyl acetate.

Conversion (%C) of guaiacol, product selectivity (%S) and yield
(%Y) were calculated in mol % as follows:

detector column

Number of moles of guaiacol in product
e =(1- Lk )+ 100
Initial moles of guaiacol in feed
Number of moles of the product
%Y = ( — - - ) * 100
Initial moles of guaiacol in feed
Number of moles of the product
s = ( )+ 100
Number of converted moles of guaiacol
3. Results and discussion
3.1. Catalyst characterization
The N, adsorption-desorption isotherm and pore size
distribution plots of MoS,/C, activated carbon and

unsupported MoS, are shown in Fig. 1. The results of surface
area, pore size and pore volume of the samples are also
presented in Table 1.

The BET surface area of activated carbon was found to be 1063
mz/g and 66 % of this value corresponds to micropore area.
Unsupported MoS, has a surface area of 167.1 mz/g and a
pore size of 4 nm. Meanwhile, the surface area of MoS,
reduced to 126 mz/g when supported on activated carbon
(MoS,/C). This behaviour can be ascribed to the blockage of
micropore of carbon by MoS, species during synthesis.57
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Table 1 BET surface area, pore volume, pore size of activated carbon, unsupported
MoS, and MoS,/C catalysts

Samples BET Surface area Pore Volume Pore Size
(m’g?) (em’g™) (nm)®
Micro®  Total  Micro  Total
Activated carbon 705 1063 0.36 0.98 3.95
Unsupported MoS, 35 167 0.02 0.21 4.0
MoS,/C 17.5 126 0.01 0.27 3.8

?Calculated from BET t-Plot micropore area, bpore size calculated by BJH method
from desorption isotherm.

== MoS,/C
=@ Activated carbon
«=de=Unsupported MoS,

Pore volume (cm:”mg)

2 3 4
Pore diameter (nm)

Volume adsorbed (cm3/g STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P0)

Fig. 1 Nitrogen adsorption isotherm and pore size distribution curves of unsupported
MoS,, MoS,/C- fresh and activated carbon

It has been reported that MoS, exists as a stacked layered
material with up to seven Iayers.58 By using the microemulsion
preparation route, we were able to produce highly dispersed
single layered MoS, on the activated carbon support. The
absence of stacked layers was also confirmed by the XRD
result, in which their corresponding peak at 26 = 16.7 ° was not
detected (Fig. 2). The TEM image of unsupported MoS, reveals
the presence of layered MoS, particles, suggesting the
occurrence of a maximum of 2 layered structure (Fig. 3a).
When MoS, is supported on activated carbon, a uniformly
dispersed MoS, species of single layer was formed having an
average slab length of 4 nm (Fig. 3b).

4| J. Name., 2012, 00, 1-3
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Fig. 2 X-ray diffraction pattern of MoS,/C, unsupported MoS, and activated carbon
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5 nm

Fig. 3 HR-TEM images of a) UnsupportedMoS; b) MoS,/C c) Activated carbon
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3.2. Hydrodeoxygenation (HDO) of guaiacol over MoS,/C catalyst

Firstly, the guaiacol HDO reaction was conducted at 300 °C in
the absence of a catalyst to check the influence of thermal
conversion of guaiacol. It is noteworthy to mention that it took
13 min to ramp from room temperature to the reaction
temperature (300 °C) and the pressure increased from 50 bar
to 60 bar. This increase in pressure could be due to the rise in
temperature. From this test result, only 10 % guaiacol
conversion was achieved producing mainly catechol and a
small trace of phenol. Similar result was also reported by
Ceylan et al.®®
Prior to the catalytic test, MoS,/C (catalyst: guaiacol mass
ratio= 1:10) was pre-treated under pure H, flow at 450 °C for 3
h. This pre-treatment eliminates SO, which was formed as a
result of the presence of atmospheric oxygen during ME
synthesis. The elimination of SO, after pretreatment was
confirmed by TPR and XPS analyses (Fig. 1, 2 in ESIt). The
catalytic performance of the pretreated catalyst was examined
for the hydrodeoxygenation of guaiacol, and the result is
illustrated in Fig.4. During the temperature ramping period
from room temperature to reaction temperature, the pressure
rose from 50 bar to 85 bar. We can infer that the 35 bar rise in
pressure during reaction is a contribution of both temperature
rise and gaseous products released due to guaiacol
conversion.The time the final temperature (300 °C) was
reached, reaction was considered to be started. At this stage,
2.5 % guaiacol conversion has already been attained,
producing liquid products consisting of phenol, catechol and
cresol with selectivities of 35 %, 17 % and 1.8 %, respectively.
The products formed during the guaiacol HDO reaction
catalysed by MoS,/C can be grouped into four categories:

i. Deoxygenated products - phenol, anisole and

benzene.
ii. Hydrogenated products - cyclohexane, cyclohexene,
cyclohexanol.
iii. Methylated products- veratrole, cresol.
iv. Gaseous products- methane, CO, CO,.

Il veratrole  [[llBenzene [l Cresols

Cyclohexanol [l Cyclohexene

B Cyclohexane [ Phenol

B Gases

Catechol

Il Anisole

100

% Selectivity
S
% Conversion

3 4 5
Time (h)
Fig. 4 Conversion and product selectivity of guaiacol HDO reaction catalyzed by
MoS,/C at reaction conditions of 300°C and 50 bar for 5 h.
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Table 2 Selectivity of main liquid products of guaiacol HDO reaction catalyzed by
MoS,/C at reaction conditions of 300°C and 50 bar at 5 h.

Product Selectivity (%)
Phenol 52
Cyclohexane 4.2
Cyclohexene 8
Cyclohexanol 5
Anisole 0.3
Cresols 1.2
Benzene 0.4
Catechol 1.8
Veratrole 0.8
Methanol 0.04

A complete major liquid product distribution is given in Table
2. According to previous reports, guaiacol can undergo two
pathways to produce phenol: 1) Demethylation of guaiacol to
produce catechol giving CH, or CH;" as the sub product. Then,
successive deoxygenation of catechol to give phenol and
water>® or 2) Direct demethoxylation to produce phenol with
methanol as a side product.51‘ 60,61

From our results, the rupture of O-CH; bond of guaiacol
molecule takes place initially to produce catechol. This is
justified by the observed high selectivity towards catechol and
methane.'® Hurff and Klein? suggested a similar pathway for
guaiacol HDO by CoMo/vy-Al,03. Phenol is then produced from
catechol via deoxygenation i.e. elimination of hydroxyl group.
From Fig. 4, we can see that the selectivity towards catechol
goes through a maximum in the first one hour and then
decline, further confirming deoxygenation of catechol to
phenol. Meanwhile, another plausible reaction pathway for
phenol production is the direct demethoxylation of guaiacol to
phenol and methanol. However, in our case, the amount of
methanol formed as a by-product is very less. This might be
due to the fast decomposition of the methanol to methane
during the reaction. So, we can say that demethylation and
demethoxylation of guaiacol takes place simultaneously. At
this stage, it is not categorical which reaction pathway of
phenol formation predominates, and this is a subject of further
investigation.

Phenol/catechol ratio is largely influenced by acidity of the
catalyst support used. Sepulveda et al.®? reported that
ReS,/Al,0; produce more catechol and methylated products
when compared to ReS,/SiO,. Bui et al.*® also observed a
similar result when comparing CoMoS/ZrO, and CoMoS/Al,Os;.
From these results, we can conclude that strong acidic sites
favour demethylation to catechol whereas weaker acidic sites
favour demethoxylation to phenol.

When we examined the effect of MoS, morphology on the
phenol/catechol ratio, we found that single layered MoS,/C
produces less catechol in comparison to a multi-layered,
stacked MoS,/C. Ruiz et al.** observed that for a multi-layered
stacked MoS,/C, catechol and phenol (phenol/catechol = 0.31)
were the main products, with less selectivity towards
hydrogenated products. In our case, a single layered MoS,/C

6| J. Name., 2012, 00, 1-3
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obtained by microemulsion synthesis gave a phenol/catechol
ratio of 5.3 in the first 1 h of the reaction which later increased
by approximately 10 folds to a ratio of 50 at the end of the
reaction, suggesting that catechol was initially formed and
then deoxygenates as the reaction proceeds. Hence, we can
infer from this result that single layered MoS, particles
enhance deoxygenation and hydrogenation reactions faster
than multi layered MoS, in producing phenol.
Furthermore, we observed that phenol undergoes methylation
to cresol. The CH;" which was formed as a side product during
the catechol formation, reacts with guaiacol and phenol,
producing veratrole and cresols respectively as a result of
methylation.15 Initial cresol selectivity was 1.8 % without any
further change throughout the reaction whereas veratrole
selectivity increased gradually with reaction time giving a
maximum selectivity of 0.8 %. This result indicates mild
alkylation of guaiacol and phenol which may be assumed to be
insignificant.
Phenol undergoes mainly two reaction pathways:

1) Deoxygenation by breaking C-O bond, giving benzene.

2) Hydrogenation of the aromatic ring, producing

cyclohexanol, followed by the elimination of OH
groups.®

We noticed that hydrogenation of phenol begins after the first
one hour of reaction, forming cyclohexanol via cyclohexanone
as an intermediate. Zhao et al.®* also reported a similar
hydrogenation pathway of phenol to cyclohexanol on Pd/C
catalyst. Hydrogenolysis of phenol to benzene was minimal. No
cyclohexane was observed, suggesting there was no
hydrogenolysis of cyclohexanol taking place.
methylated products was identified. The reaction pathway
summarizing the observable products of HDO of guaiacol is
shown in scheme 1, similar to the scheme proposed by Bui et
al.*®  The authors proposed that demethoxylation,
demethylation and methylation of guaiacol takes place at the
onset of the reaction, followed by hydrogenation of the
intermediate products. However, we did not detect the
formation of heavy products such as methyl catechol.®®

No heavier

Scheme. 1 HDO reaction pathway of guaiacol over MoS,/C catalyst

This journal is © The Royal Society of Chemistry 20xx
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CH30H

Demethoxylation

Guaiacol

Cyclohexanone

'

Veratrole Anisole

OH

Demethoxylatiol
OH Cyclohexanol
Cresol +
benzene —a O ©
-

Cyclohexane Cyclohexene

3.3. Effect of catalyst loading on guaiacol HDO reaction

The effect of MoS,/C catalyst loading during the HDO reaction
was tested under the same reaction conditions described
above and the results at fifth hour reaction time are presented
in Fig 5a and 5b. From the figures, we observed that at 5 wt. %
catalyst loading (catalyst:guaiacol = 1:20), guaiacol conversion
was 39 % and the main products are phenol and methane.
When the catalyst loading was increased to 10 wt. %
(catalyst:guaiacol = 1:10), conversion increased to 55 %
concurrently with increased selectivity towards phenol and
hydrogenated products such as cyclohexane, cyclohexene and
cyclohexanol. The generated methane gas alkylates with
phenol and guaiacol to form veratrole and cresol, respectively.
Further increment in catalyst loading to 15 and 20 wt. %
(catalyst: guaiacol = 1:6.7 and 1:5), resulted in increased
conversion to 78 % and 86 %, respectively. However,
selectivity of phenol and cyclohexane (desired products) were
similar to that of 10 wt. % catalyst loading. Based on the fact
that selectivity of desired products remain unchanged after 10
wt. % catalyst loading, we concluded that optimum catalyst to
guaiacol ratio is 1:10 (10 wt. % catalyst loading) and hence,
further catalytic studies were conducted using this ratio.

100
90
80
70
s
§ 60
2
o 50
>
5
S 4
= 30
20
10
0
5 10 15 20
Catalyst (wt%)

This journal is © The Royal Society of Chemistry 20xx

Fig. 5a Effect of catalyst wt. % (loading) on the conversion of guaiacol catalyzed by
MoS,/C catalyst

100
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2> 60 E
E B Gases
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3 -y
° Cycloh 1l
Lo 30 mc:§|:h:::::
B Cyclohexane
20 .- Phenol
10
0
5 10 15
Catalyst wt%

Fig. 5b Effect of catalyst wt. % (loading) on product selectivity in the HDO of guaiacol
catalyzed by MoS,/C

3.4. Catalyst reusability study

The MoS,/C catalyst was subjected to reusability test by
recycling the same catalyst for four consecutive cycles for
guaiacol HDO reaction. At the end of each cycle, the catalyst
was recovered from the feed by filtration and dried overnight
at 50 °C. There was about 2-4 % catalyst loss during the
filtration. This catalyst loss was compensated for by adding
fresh catalyst. Result of the reusability test is shown in Fig. 6.
From the data, we observed that guaiacol conversion drops
consecutively with each cycle from 56 % after cycle-1 to 39 %
after cycle-4. However, the selectivity of the products
altogether remain unchanged (Fig. 3 in ESIT). The selectivity of
phenol was similar for all the cycles whereas the selectivity of
hydrogenated products (cyclohexane, cyclohexene and
cyclohexanol) decreased after successive cycles. Conversely,
selectivity of methylated products (veratrole and cresols)
increased after successive cycles. Nevertheless, the drop in the
conversion of guaiacol has great impact on the products yield.
Yield is directly proportional to the conversion, therefore when
the conversion decreased, the products yield also decreased.
From Fig. 6, we noticed that the yield of phenol and
hydrogenated products declined while the yield of cresol and
veratrole increased after each cycle. Also, there was decline in
the hydrogenation and hydrogenolysis of guaiacol. This
indicates that the active sites responsible for these reactions
are covered by coke deposits or heavy intermediate coke
precursors.

The deactivation of the noble metal catalyst supported on
carbon during the HDO of guaiacol was studied by Danni Gao
et. al.*® The authors concluded that the main reason for
catalyst deactivation is because of metal sintering, which is as
a result of high reaction temperature as well as coke deposits
formed by polyaromatics compounds. Reaction conditions
such as temperature, hydrogen pressure and contact time can
influence the extent of coke formation.? However, in the case
of sulphided hydrotreating catalyst, replacement of S by O
species in the catalyst may also influence catalyst deactivation.
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Sulphur loss can be compensated for by introducing a sulphur
source in the reaction medium such as CS,, which helps to
sustain the sulfided state of the catalyst.44 Alternatively, the
used catalyst can be sulphided before using for the next
t:yt:le.67

To find a possible explanation for the decrease in conversion,
change in product selectivity and yield, more comparative
studies were carried out on fresh and spent catalysts.

The spent catalyst was characterized to examine its
morphology and elemental composition. TEM images of the
spent MoS,/C catalyst show the presence of multi-layered
stacked MoS, species supported on carbon (Fig. 7 (a) and (b)).
However, the MoS, particles remained dispersed over the
carbon forming up to 3 layers in the bulk part of the material
(Fig. 7 (c) and (d)). EDX was also used to confirm dispersion of
MoS, on the carbon support. The EDX result showed uniform
dispersion of MoS, species for both the fresh and spent
catalysts (Fig. 4, 5 in ESIT).

30 jon 1
- ool 70
B Cyclohexane
Cyclohexene
Cyclohexanol
25 Bl e || 60
l\ I @Cmol
= " |0
E\i 20
3 ©s
4 15 =
3 -
= 0 9
(<} c
© 10 8
[
= 20
5
10
0 =l =l 5
Cycle 3 Cycle 4

Cycle 1 Cycle 2

Number of cycles

Fig. 6 Catalyst reusability study. Conversion and yield of products for HDO of guaiacol
over MoS,/C catalyst

However, with the spent catalyst, there is a significant change
in slab length and number of layers of the MoS, nanoparticles
on the support. The stacked MoS, appear to have fringes with
an interlayer distance of approximately 0.6 nm. This
observation indicates that particle growth may have occurred
at some areas of the catalyst, during the successive reaction
cycles, resulting in the formation of large particles, which
accounts for the observed changes in conversion, product yield
and selectivity as shown in Fig. 6 and Fig. 4 in ESIT respectively.
It is reported that S atoms present in MoS, species can be
mobile during the reaction, resulting in the sintering of MoS,
particles as previously observed.®

8 | J. Name., 2012, 00, 1-3

(b)

Fig. 7 HR-TEM image (a,b,c,d) of spent MoS,/C

Table 3 BET surface area, pore size, pore volumes of fresh and used MoS,/C catalysts

Catalyst BET Surface area Pore Size Pore Volume
(Mos2/C) (m?/g) (nm)° (em’g”)

Micro® Total Micro Total
Fresh 17.5 126 3.8 0.008 0.27
Cycle 1 14 111 3.7 0.007 0.25
Cycle2 12 89 3.7 0.006 0.22
Cycle3 11 85 3.65 0.005 0.21
Cycled 11 82 3.6 0.005 0.21

?Calculated from BET t-Plot micropore area, bpore size calculated by BJH method
from desorption isotherm.

BET surface area and pore volume of fresh and spent catalysts
are summarized in Table 3. Comparison of BET surface area
shows a significant decrease in the surface area and pore
volume after successive use of the catalyst. This can be
attributed to coke deposit on the catalyst surface. Leyva et
al.%? also observed that coke was deposited on the micropore
surface of NiMoS/alumina catalyst during hydrocarbon
hydroprocessing.

Raman spectroscopy was also used to compare the fresh and
spent MoS,/C catalysts and the result is shown in Fig. 8. We
noticed that both the fresh and spent MoS,/C catalysts
showed strong signals of Elzgand AizRaman vibrations that can
be ascribed to S-Mo-S layer. Raman spectroscopy is highly

. . 70, 71

sensitive to number of layers and slab thickness. Lee et
72

al.

layered MoS, samples. They reported that A, frequency shifts

presented the raman scattering of single and multi-

upwards as the number of slabs increases. Thus in our case,
the A, of the fresh catalyst was 403.66cm™ and it was found
to be at 407.39cm™ after the fourth reaction cycle. It was also
reported that the intensity of Raman peaks decrease with

This journal is © The Royal Society of Chemistry 20xx
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increase in slab number. We noticed from Fig. 8, that the
Raman intensities of the fresh catalyst are strong which
became weak in the spent catalyst at each reaction cycle. The
summary of the Elzg and Ay, peak frequencies of fresh MoS,/C
and spent catalyst after each cycle are given in Table 1 in ESIt.

| Cycle 4

| Cycle 3
I

! Cycle 2

1 |
| Cycle 1
!

Fresh MoS,/C

Intensity (a.u.)

300 320 340 360 380 400 420
Raman shift (cm™)

440 460 480

Fig. 8 Raman spectroscopy of MoS,-fresh and spent catalyst after reaction cycles.

Table 4 Surface and bulk atomic composition (at. %) of fresh and spent MoS,/C

catalysts
Catalyst Surface atomic composition Elemental composition
MoS,/C (at. %)° (at. %)

Mo S S/Mo Mo ° S¢ S/Mo
Fresh 53 10.3 1.95 1.9 3.92 2.06
Cycle 1 5.6 10.5 1.89 1.9 3.88 2.04
Cycle 2 5.6 10.1 1.81 1.9 3.79 1.99
Cycle 3 6.0 10.8 1.80 1.9 3.66 1.93
Cycle 4 5.8 10.0 1.73 1.9 3.52 1.85

2 Analysed by XPS. ® Analysed by ICP. € Analysed by CHNS-O

The oxidation state and surface atomic composition of both
fresh and spent MoS,/C catalysts were analyzed by XPS. The
atomic composition of the bulk material was analysed by ICP
and CHNS analyses. The surface and bulk atomic composition
values of fresh and spent MoS,/C catalysts are given in Table 4.
The XPS wide survey scan spectra are given in Fig. 6 in ESIT.
The curve-fitted and deconvoluted spectra of high resolution
scan are represented in Fig. 9. Mo 3d exhibits two oxidation
states, +6 and +4, which correspond to MoO; and MoS,,
respectively. The XPS spectra in the Mo 3d region exhibits four
characteristic peaks which can be attributed to 3d;), at 232.6,
3ds/, at 229.4 for Mo (+4) and 3d;/, at 235.8, 3ds, at 232.7 for
Mo (+6). The small peak (Mo 3d region) at 226.8 eV represents
the S (2s) bonded to Mo.”> The S 2p displayed two Sps)
doublets at 162.3 and 163.5 eV. However there is a weak
broad peak at 169.8 eV which correlates with the Sp;/, that
highlights the presence of SO, group. There are no significant
differences in the oxidation states of Mo and S before and
after reactions.

This journal is © The Royal Society of Chemistry 20xx

XPS binding energy values (eV) of Mo 3d and S 2p of fresh and
spent MoS,/C after each cycles is given in Table 2 in ESIT. The S
to Mo ratio was found to be 1.95 for the fresh catalyst
whereas the ratio decreased at the end of the reusability test,
which can be ascribed to sulphur leaching. To confirm there is
loss of sulphur during reaction, the CHNS analysis was also
used. Surface and bulk elemental composition of Mo and S,
along with the corresponding atomic ratio values are shown in
Table 4.

Mos,/C
Fresh

MosS,/C
Cycle1

MosS,/C
Cycle2 ©

CPS

MosS,/C
Cycle 3

Mos,/C
Cycle4

240 238 236 234 232 230 228 226 224 170 168 166 164 162 160

Binding energy (eV) Binding energy (eV)

Fig. 9 Deconvoluted spectra of fresh and spent MoS,/C catalysts (a) Mo 3d (b) S 2p
regions. CPS= counts s~

From the Table, we observed that sulphur leaching occurred at
all reaction cycles. ICP result shows sulphur reducing from
0.293 % (fresh) to 0.265 % (after cycle 4). However, sulphur
loss may not be solely responsible for the decline in catalyst
activity after consecutive cycles. It has been reported that
molybdenum species become MoO, due to sulphur loss.>® To
confirm this,

MoO,/C was tested for the guaiacol HDO reaction and its
activity was compared with MoS,/C.

3.5. Activity comparison of MoS,/C vs MoO,/C for guaiacol HDO

The MoS,/C and MoO,/C catalysts has similar catalytic activity
for guaiacol HDO reaction in the terms of conversion (52 % vs
55.5 %). However, Fig. 10 shows the difference in the product
selectivity on MoO,/C and MoS,/C catalysts evaluated after 5 h
of reaction. MoS,/C showed high selectivity
deoxygenated (phenol, anisole, benzene) and hydrogenated

towards

products (cyclohexane, cyclohexene, cyclohexanol) whereas
MoO,/C is more selective towards methylated products
(veratrole, cresols) along with deoxygenated products. Similar
result was found by Furimsky et al.”®, who reported that
MoS,/v-Al,0; produces more hydrogenated product compared
to that of MoOs/y-Al,0;. The production of heavy products
from methylation reaction can trigger the formation of carbon
precursors on the catalyst surface.**

This change in selectivity for MoO, to produce methylated
products could the selectivity of producing
methylated products by MoS,/C after consecutive cycles.

elucidate

However, the presence of MoO, does not affect the selectivity
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towards phenol but could affect the guaiacol conversion.
During HDO reaction, there is the likelihood of O atom present
in the reaction feed to replace S atom of the catalyst. Thus,
loss of sulphur during reaction resulted in the reduction of
S/Mo ratio as observed from XPS and ICP results. After the first
reaction cycle, 1.02 % of sulphur was lost. However the
conversion was greatly affected, dropping from 56 % to 48 %.
This loss of S results in the increase of MoO, species in the
catalyst.

60
Il Deoxygenated
5 B Hydrogenated
] Methylated
. | I Gases
~ 40|
X
=y
2 30
°
2
&S 20
10
0

MoO,/C MosS,/C

Fig. 10 Comparison of product selectivity on MoO,/C and MoS,/C catalysts for guaiacol
HDO reaction

Conclusion

We synthesised an amorphous, single-layered MoS,/C
nanocatalyst using microemulsion technique with the purpose
of elucidating its activity for guaiacol HDO reaction. The
activity of the catalyst was found superior to crystalline MoS,
catalyst synthesised by wetness impregnation method. The
phenol/catechol ratio by single layered MoS,/C is higher than
stacked MoS,/C catalyst. We also found that, MoO,/C
promotes deoxygenation along with methylation whereas
MoS,/C has better selectivity towards deoxygenation and
hydrogenation. This variation in the selectivity of the oxide and
sulphide catalyst could trigger changes in the activity of the
catalyst. The stability of the catalytic activity of MoS,/C for
successive reaction cycles was studied and found to be
affected by loss of S during reaction, metal sintering and coke
deposition. The effect of promoter and its mode of
introduction to the MoS,, alongside the acidity effects is the
aim of further studies and the results of which will be reported
in a future publication. The catalyst synthesised proved to be
promising to be used for lignin upgrading into commodity
chemicals.
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