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Synergetic effect of iron and tungsten on molybdenum-
doped HZSM-5 zeolite in catalytic methane
dehydroaromatization
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Correspondence various challenges. In this work, a 5.4 wt. % trimetallic (Fe-W-Mo/HZSM-5)
Yusuf. M. Isa, School of Chemical and . . Lo .

Metallurgical Engineering, University of catalyst has been synthesized, characterized, and applied in catalytic methane
the Witwatersrand, Johannesburg, 2001, dehydroaromatization reaction. A gas chromatograph was used to analyze

South Africa.

) _ _ both liquid and gaseous products from the reactor. Based on 0.0013 moles of
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reacted methane after 240 min time on stream at 750°C, GHSV 960 mlg‘lcath'l,
and atmospheric pressure, a 5.4% Mo/HZSM-5 catalyst recorded 7.9% methane
conversion, 10.6% C, hydrocarbon selectivity, 51.8% benzene selectivity, 9.8%
toluene selectivity and 27.8% coke selectivity. Doping Mo/HZSM-5 with Fe
reduced methane conversion by 4.0%, increased C, hydrocarbon selectivity by
1.7%, reduced benzene selectivity by 6.2% and increased toluene and coke
selectivity by 1.8% and 2.8% respectively. Doping Mo/HZSM-5 with W
increased methane conversion by 7.3%, reduced C, hydrocarbon selectivity by
2.1%, reduced benzene selectivity by 7.6% and increased toluene and coke
selectivity by 0.3% and 9.4% respectively. When iron and tungsten were loaded
onto Mo/HZSM-5, catalytic activity of the tri-metallic catalyst in methane
conversion reduced by 2.0%, C, hydrocarbon selectivity increased by 2.7%,
benzene selectivity reduced by 3.1%, toluene selectivity reduced by 3.7%, and
coke selectivity increased by 4.1%. Therefore, this present work demonstrates
that metal synergy in a tri-metallic catalyst plays a role in methane conversion

and selectivity towards useful hydrocarbons.
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1 | INTRODUCTION

Generation of energy from fossil fuels is associated with
emission of greenhouse gases which are harmful to the
environment."

Natural gas is the cleanest fossil fuel and is a safe
source of energy when transported and used carefully.?
Methane is the major component of natural gas although,
it may also contain traces of C, hydrocarbons, N,, CO,,
He, H,S, and noble gases. Methane is the most stable
symmetric organic molecule consisting of C-H covalence
bond, with bond energy of 435 kJ/mol. Effective activa-
tion and direct methane conversion to fuels and petro-
chemicals is attracting interest from many researchers.’
Successful conversion will be applicable to biomethane
which is a positive shift towards sustainable
bioeconomies.

Methane conversion into value-added products is an
area of interest to present day researchers. This follows
the successful scale-up of Fischer-Tropsch® and metha-
nol synthesis® to commercial levels. However, an attempt
to fully exploit methane dehydroaromatization has been
faced with various challenges such as, high equipment
cost, catalyst deactivation, process thermodynamics, low
conversion, and limited product selectivity.® Most
research in this area has been built around Mo/HZSM-5
catalyst which was first reported in 1993 by.” A major
drawback to this invention is the formation of reactive
coke which is responsible for catalyst deactivation. An
attempt to address this problem by various research
groups include among others the addition of small
amounts of oxygen,® hydrogen,” and water'® in methane
feed. Despite intensive research in this area, catalyst
selectivity towards C, hydrocarbons has remained low
and selectivity towards higher carbon hydrocarbons
>80% has not been reported.'’

Remarkable catalyst activity using single metal cata-
lyst systems has been achieved at reaction temperature
>800°C yielding carbon and petrochemicals such as;
hydrogen, ethane, ethylene, propylene, benzene, hep-
tane, octane, and decane.'?

In the last three decades, methane dehydroar-
omatization reaction has been studied by,"*'* and"’ over
Mo/HZSM-5 catalyst. In their work, it was claimed that
hydro condensation of methane into benzene was as a
result of interaction of carburized molybdenum species
and the acid sites inside the HZSM-5 channels. Further,'®
and'” revealed that hydro condensation of methane into
aromatics and higher carbon hydrocarbons could be
achieved on bimetallic Co-Mo/HZSM-5. To address
coking problem in methane dehydroaromatization
reaction, intense research work has focused on sup-
pressing coke formation and enhance product selectivity.

Much work in methane dehydroaromatization has fo-
cused on improvement of catalyst structural properties,'®
promotion with metals,"” and periodic (CH,/H,)
switching® to increase the number of acid sites on zeo-
lite support.

Modification of Mo/HZSM-5 with noble metals have
been greatly studied and found to have a great influence
on methane conversion, product distribution, and cata-
lyst deactivation by coking.'” Iron has been touted as one
of the best catalysts in Fischer Tropsch reaction because
it promotes chain growth of light hydrocarbons via C-C
coupling mechanism*' and improves catalyst stability.*?
From their findings, Fe initially suppresses benzene
formation while inducing the formation of carbon na-
notubes (CNT). This is helpful in preventing HZSM-5
from agglomeration to accelerate reactant and product
diffusion process thereby increasing benzene yield. Pro-
motion of Mo/HZSM-5 with Zn** and W** enhanced
catalyst stability and selectivity towards benzene yields.
However,”> did not observe any remarkable catalyst
activity of Zn-Mo/HZSM-5 catalyst in methane dehy-
droaromatization reaction. Therefore, studies on metal
synergy in double promotion of Mo/HZSM-5 has not
been exhaustively reported in methane dehydroar-
omatization.?® To ease much pressure on crude oil, there
is need to explore other sources of energy. Huge reserves
of unexploited natural gas present such an opportunity
because methane is cheaper than value-added petro-
chemicals like ethylene, benzene, and toluene. Using
monometallic and bimetallic catalysts have been ham-
pered by low methane conversion and limited product
selectivity.”® Even though natural gas production has
steadily grown at an average of 2.2% for the last 10 years
before 2016,%” this energy production cannot meet pop-
ulation growth. Hence, there is need to explore more
efficient technologies for conversion of methane into
fuels and useful chemicals. The active components in the
trimetallic catalysts were selected transition metals
which are catalytically active in methane dehydroar-
omatization.”® Previous studies have intimated that
molybdenum is the most active metal in methane dehy-
droaromatization reaction when supported on HZSM-5
zeolite.'"> Tungsten has been found to enhance methane
conversion and enhanced benzene yields.**° When
supported on HZSM-5, iron favors selectivity of aro-
matics and reduces coke selectivity.>* HZSM-5 zeolite has
a channel structure, inherent acidity, thermal stability,**
and with high surface area.*?

Therefore, the innovation of a trimetallic catalyst (Fe-
W-Mo/HZSM-5) for application in methane dehydroar-
omatization will remediate against environmental pol-
lution and provide a rubric for the development of a
tunable commercial catalyst for use in methane
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dehydroaromatization. In our previous work on trime-
tallic catalyst systems,** emphasis was placed on catalyst
development and the effect of metal loading on methane
conversion and product distribution. To the best of au-
thors’ knowledge, an in-depth analysis on the synergetic
effect of each metal in Fe-W-Mo/HZSM-5 catalyst on
methane conversion and product distribution has not
been exhaustively reported, hence the main objective of
this present study.

2 | EXPERIMENTAL

2.1 | Materials and methods

Materials used for preparation of the trimetallic catalyst
were; ZSM-5 (NH,ZSM-5), SiO,:Al,05 50%:50%, 99.9%
pure from Zeolyst International, Iron nitrate Fe
(NO3);.9H,0, 99.8% pure from Merk-USA, Ammonium
heptamolybdate (AHM) (NH,)sMo,0,4.4H,0, 99.9%
pure from Merck-USA, Ammonium Para tungstate
(APT) (NH,)oWi2.4H50, 99.8% from Merck-USA,
methane-Argon feed mixture (1:1 mole) from Afrox-
South Africa. Dried mixture of NH,ZSM-5 was calcined
at 550°C for 6h to convert it into the hydrogen form
(HZSM-5). Solutions of each catalyst precursor (Ferrite
nitrate, APT, and AHM) in calculated quantities ac-
cording to wt. % were prepared and stirred continuously
for 2 h. A resultant solution of three catalyst precursors;
Ferrite nitrate (FN), APT, and AHM in calculated
quantities according to wt. % were dissolved in distilled
water and stirred continuously for 2h. The resultant
solution was then deposited onto calculated amounts of
HZM-5 drop-wise up to the point of incipient wetness.
The mixture was left to dry overnight (12 h) at 110°C and
then calcined at 550°C for 6 h to get a binary catalyst with
corresponding metal oxides loaded on HZSM-5 (Fe,Os;-
WO,-M00O3/HZSM-5).

Prepared catalysts were synthesized by incipient
wetness impregnation and characterized for phase iden-
tification and crystalline nature, shape, and size, and
surface area.

2.2 | Catalyst characterization

Fabricated catalyst materials were characterized for
phase identification using X-ray diffraction (XRD) tech-
nique. The instrument used in the analysis was BRUKER
AXS (Germany). X-ray spectra of the catalysts were
measured by a Rigaku PRINT 2500V diffractometer
operating in a coupled mode at Cu-Ke radiation.

The specific surface area and distribution of pore si-
zes were measured at -196°C using Brunauer-Emmet
Teller (BET) technique. The instrument used in the study
was (Micromeritics Tristar II 3020). A Scanning electron
microscope (FEI Nova Nano SEM 230) equipped with
high-resolution immersion lens was used to analyse
structural and textural properties of binary catalysts. The
size and distribution of catalyst crystallites in each cata-
lyst system was obtained using the Image-J software.

Thermogravimetric analysis of each catalyst was done
using a differential thermogravimetric analyzer, TGA-6/
DTG of Perkin Elmer (precision of temperature +2°C)
and microbalance sensitivity of <5ug, to monitor weight
loss as functions temperature between 40 and 900°C. The
experiments were carried out in air at atmospheric
pressure, at a flow rate of 60 ml/min, at various linear
heating rates of 5,10, 20, and 30 °C/minute. Small masses
(10-25 mg) of each material were used to avoid mass and
heat transfer limitations.

Information on morphology of carbon nanomaterial
on the spent catalyst was obtained using an electron
transmission instrument (JEOL JEM-1010-South Korea).
Pretreatment of test samples involved ultrasonic disper-
sion of 3 mg of each catalyst material in isopropyl alcohol
and sonicated for 10 min and dried for 15 min before
loading the sample onto the TEM machine.

2.3 | Catalyst evaluation

Methane dehydroaromatization experimental runs were
done in a custom-made stainless-steel reactor of
dimensions (ID 8.6 mm, OD 12.6 mm and L-540 mm) as
used in our other work® at atmospheric pressure. The
experimental procedure entailed creating a catalyst bed
holder (3 g of Quartz wool) in the middle part of the
reactor. The reactor was pacified with nitrogen gas at
(150 ml/min) and at 500°C for 15min to expunge
moisture and volatile organic matter from the reactor.
The reactor was heated in an electrical furnace at
10°C/min to raise the reactor temperature from ambient
temperature up to the set temperature. Methane-Argon
gas mixture (1:1 mole) was introduced into the reactor
at different temperatures, GHSV 960 mlg'cat.h™, and
latm. Reactor effluents were condensed before dis-
charge into the conical flask to collect liquid hydro-
carbons while the gaseous fractions were fed directly
into an online gas chromatograph (Shimadzu 2014)
equipped with TCD and FID detectors. Methane %
conversion X as done elsewhere®® and % selectivity S
towards each hydrocarbon was calculated by applying
Equations 1 and 2, respectively.
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number of moles of unreacted methane

X=1-
number of moles of methane fed into the reactor (1)
X 100
S
_number of moles of particular hydrocarbon produced
"~ Total number of moles of all the hydrocarbon products @
X 100

Equation (3) was used to calculate % coke selectivity.

Coke Selectivity (%) = 100%

— Z Product selectivity %
(3)

3 | RESULTS AND DISCUSSION

Synthesized catalysts designated based on composition
(wt. %) as shown in Table 1.

3.1 | Catalyst characterization

3.1.1 | XRD-analysis

As shown in Figure 1, the presence of HZSM-5 zeolite
phase manifests itself at 26 = 8.0°,8.9°, 14.9°, 20.9° and
23.2° as classified in International Centre for Dif-
fraction Data (ICDD File no. 00-044-002). In catalyst
2.7Fe2.7Mo/HZSM-5, peaks at 20 = 33.2°,35.7°,49.5°,
and 54.1° confirm the presence of Fe,O; phase as
classified in (ICDD File no. 87-1166). Diffraction
peaks at 26 = 34.3°, and 49.2° are similar to those of
MoO; as classified in (ICDD File no. 05-0508). Faint
peaks at 26 =23.2°,29.0°,42.1°, and 50.4° in catalyst
2.7W2.7Mo/HZSM-5 confirm the presence of ortho-
rhombic WOj3 as classified in (ICDD File no. 32-1394).
Fe,0; phase with peaks at 26 = 33.2°,35.7°,49.5°, and
54.1° and WO; with peaks at 26 =23.2°,29.0°,42.1°,
and 50.4° clearly manifest themselves in catalyst
2.7Fe2.7W/HZSM-5. When metal loading is equal in
catalyst 1.8Fel.8W1.8Mo/HZSM-5, Fe,0;, WO; and

TABLE 1 Binary metal alloy catalyst systems.

Catalyst Composition (wt. %)

2.7Fe2.7Mo/HZSM-5 2.7%Fe, 2.7%Mo and 94.6%HZSM-5

2.7 W2.7Mo/HZSM-5 2.7%W, 2.7%Mo and 94.6%HZSM-5
2.7Fe2.7 W/HZSM-5 2.7%Fe, 2.7%W and 94.6%HZSM-5

1.8Fel.8W1.8Mo/HZSM-5 1.8%Fe, 1.8%W, 1.8%Mo and
94.6%HZSM-5

MoO; phases become very faint. This can be attrib-
uted to the fact that metal loading was very low and
the catalyst crystallites were highly dispersed in the
binary catalysts. After loading Fe,O3, WO3; and MoO3
onto HZSM-5, intensity of peaks became faint but did
not shift. This implies that, loading Fe,03;, WO; and
MoO; onto HZSM-5 did not distract the HZSM-5
structure.®’

3.1.2 | SEM analysis

In Figure 2, tri-lobes and spherical nanoparticles are
clearly seen in the SEM image of catalyst 2.7Fe2.7Mo/
HZSM-5 with their sizes ranging from 2.6 to 23.0 nm. The
mean particle size was 5.5nm. A clear manifestation of
these crystallites is an indication of little agglomeration
during catalyst synthesis. Similar shapes of catalyst
crystallites are clearly formed in catalyst 2.7W2.7Mo/
HZSM-5 with their sizes ranging from 2.6 to 16.4 nm. In
catalyst 2.7Fe2.7 W/HZSM-5, catalyst particle sizes ran-
ged from 2.6 to 14.3 nm. When metal loading is equal in
catalyst 1.8Fel.8W1.8Mo/HZSM-5, definite tetrahedral
and cubic nanoparticles are formed. Crystallite sizes
ranged from 2.6 to 21.5nm. Crystallite sizes in all the
four catalyst materials ranged from 2.6 to 23.0nm,
implying that after calcination, all the catalyst crystallites
were nanoparticles.

3.1.3 | B.E.T analysis

From BET results in Table 2, it can be seen that loading
Fe, W, and Mo onto HZSM-5 greatly altered its initial

HZSM-5
1
li | Fe,0, MoO, 1.8F1.8W1.8M/HZSM-5
‘T—;VS;\}I{-SL st/ A VORI S | 'O S - .
WO; Fe,0, 2.7F2.7W/HZSM-5
= A e
©, SM-5
= 2.7W2.7M/HZSM-5
B i MoO;
S HZSM-5 ~
= Fe,0, MoO, 2.7F2.7M/HZSM-5
A\ P p— ——
HZSM-5
h o k ) HZSM-5
0 10 20 30 40 50 60 70 80
2 Theta []

FIGURE 1 X-ray diffraction peaks for reference HZSM-5
zeolite and binary catalysts (2.7Fe2.7Mo/HZSM-5, 2.7W2.7Mo/
HZSM-5, 2.7Fe2.7W/HZSM-5, and 1.8Fe1.8W1.8Mo/HZSM-5).
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FIGURE 2 Scanning electron microscope images of catalyst P (2.7%Fe2.7%Mo/94.6%HZSM-5), Q (2.7%W2.7%Mo/94.6%HZSM-5),
R (2.7%Fe2.7%W/94.6%HZSM-5) and S (1.8%Fel.8%W1.8%Mo/94.6%HZSM-5).

surface and structural properties (surface area 496 m’g?,
pore volume 0.18 cm’g™ and pore size of 24.8 A). Loading
HZSM-5 with 5.4% iron, 5.4% tungsten, and 5.4%
molybdenum, resulted in a reduction in zeolite surface
area and pore volume and pore size. However, when two
metals were loaded onto HZSM-5, a significant decrease
in surface area and pore volume but instead, an increase
in pore size was recorded in some catalyst systems.
Loading the zeolite with 2.7% iron and 2.7% molyb-
denum as it is typical in catalyst 2.7Fe2.7Mo/HZSM-5
decreased the surface area and pore volume of HZSM-5
zeolite by 41.5%, and 41.3% respectively. Despite this
reduction, a change in catalyst pore size was
insignificant. In catalyst 2.7 W2.7Mo/HZSM-5, surface

area, and pore volume reduced but the pore size
increased. A similar trend was observed in catalyst
2.7Fe2.7W/HZSM-5. Loading equal metal quantities on
HZSM-5 support created a positive impact on the catalyst
structural properties.

Based on the results obtained, the reference HZSM-5
support used in this present work is a mesoporous
material with high surface area. Loading it with Fe,0s;,
WO; and MoO; reduced its surface area and pore
volume. However, this scenario was true, only when
metal loading is in excess of 2.0 wt. % because in a cat-
alyst with equal metal loading (1.8Fe1.8W1.8Mo/HZSM-
5), there was less reduction in zeolite surface area,
insignificant reduction in pore volume, and a substantial
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TABLE 2 Catalyst surface and structural properties.

Pore
Surface volume Pore
Name of catalyst area (m%/g) (cm?®/g) size (A)
HZSM-5 495 0.17 24.7
5.4Fe/HZSM-5 340 0.13 24.0
5.4 W/HZSM-5 363 0.23 24.1
5.4Mo/HZSM-5 325 0.11 23.8
2.7Fe2.7Mo/HZSM-5 290 0.11 24.2
2.7 W2.7Mo/HZSM-5 242 0.13 34.2
2.7Fe2.7 W/HZSM-5 217 0.09 29.8
1.8Fel.8W1.8Mo/ 424 0.17 30.2

HZSM-5

increase in pore size. Interestingly, when Fe was absent
in catalyst 2.7W2.7Mo/HZSM-5, the catalyst pore size
increased by 38% in reference to HZSM-5 support. It is
therefore believed that, tungsten was responsible for pore
size enhancement in the mesoporous HZSM-5 zeolite.

3.2 | Catalyst evaluation

3.2.1 | Effect of metal synergy

In Table 3, catalyst activity of HZSM-5, monometallic
catalysts supported on HZSM-5, bimetallic catalysts
supported on HZSM-5, and trimetallic catalysts were
studied. Applying HZSM-5 catalyst methane conversion
recorded 1% methane conversion but with 100% selec-
tivity towards benzene. Monometallic Fe/HZSM-5 gave
very good results in methane conversion and high coke
yields. Monometallic W/HZSM-5 was little active in
methane pyrolysis despite being highly selective towards
benzene. A catalyst with Mo on/HZSM-5 support dem-
onstrated high activity in methane conversion despite
giving low C, hydrocarbon yields and low coke yields.
Conversely, this catalyst most selective towards toluene.

Bimetallic 2.7W2.7Mo/HZSM-5 catalyst activated
methane molecules more than any other catalyst despite
yielding the highest amount of coke. Catalyst
2.7Fe2.7Mo/HZSM-5 did not show much activity in
methane pyrolysis but demonstrated moderate selectivity
towards benzene and coke. Catalyst 2.7Fe2.7W/HZSM-5
displayed outstanding results with 6.6% methane con-
version, 53.4% selectivity towards benzene, and 22.5%
coke selectivity. Interestingly, a catalyst system with all
the three metal oxides (Fe,O;, WO; and MoO;) on

HZSM-5 recorded a reduction in methane conversion but
with an improvement in selectivity towards C,-
hydrocarbons and coke. From these results, it was con-
cluded that, iron and molybdenum on HZSM-5 are not
very active in methane pyrolysis but show some sub-
stantial activity towards C, selectivity. Iron and molyb-
denum on HZSM-5 despite promoting methane conver-
sion, they give rise to low benzene and high coke
selectivity.

Each metal in a trimetallic catalyst system had a role
to play i.e., Fe contributed to catalyst stability at this
reaction conditions, selectivity towards C, hydrocarbons,
and selectivity towards coke whereas W is desired for its
activity in methane conversion. On the other hand,
molybdenum is believed to have contributed immensely
to evolution of (CH5") before subsequent oligomerization
into C,Hg. The acidity and shape selectivity of HZSM-5
aided the conversion C, intermediates into benzene.

3.2.2 | Effect of activation time

In Figure 3, all the four catalysts exhibited a declining
trend in methane conversion and selectivity towards
hydrocarbons. After 1h time on stream (TOS), catalyst
activity values were high but gradually decreased due
catalyst deactivation by coking. Deposition of coke
reduces the kinetic diameter of benzene hence reducing
its shape selectivity towards benzene formation.

Methane dehydroaromatization reaction starts with
activation of C-H bond in a methane molecule by
dehydrogenation. With regard to iron-based catalysts,
carburized (Fe;C) is the resultant active species formed
after the induction period in methane activation.®®
Transformation of methane to carbon/C,-hydrocarbons
is facilitated by carbene which is a primary intermediate
of activated methane molecules.>®* However, carbene is
usually unstable on metallic sites and therefore its C-H
bond bifurcates further to yield hydrogen. On the other
hand, F;C can stabilize carbene by formation of metal-
carbene complex (C-Fe=CH,) so that carbene can
dimerize into ethylene, which is further transformed into
aromatics in the zeolite acid sites. Therefore, a highly
carburized catalyst is desired for high selectivity towards
aromatics.

Methane conversion over monometallic Mo/HZSM-5
catalyst encompasses hydrogenation and dimerization of
methane molecules on Mo species (MoOs).*> Upon
interaction of this Mo species and the acid sites in the
zeolite, an active component of the catalyst is formed.*'
Diffusion of MoOj; species into the HZSM-5 zeolite
channel occurs during catalyst calcination.
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TABLE 3 Catalytic activity of each catalyst in methane dehydroaromatization at 750 °C, and GHSV 960 mlg™'cath™, and 1 atm.
CH, C, C,+ Hydrocarbon selectivity Coke
Sr/no. Catalyst Name Conv. (%) Selectivity (%) Benzene (%) Toluene (%) Xylene (%) selectivity (%)
1. HZSM-5 1.0 0.0 100 0.0 0.0 0.0
2. Fe/HZSM-5 4.1 21.1 40.6 4.6 0.0 33.7
3. W/HZSM-5 24 20.7 43.1 5.9 0.0 30.3
4. Mo/HZSM-5 7.9 10.6 51.8 9.8 0.0 27.8
5. 2.7Fe2.7Mo/HZSM-5 39 12.3 45.6 11.6 0.0 30.6
6. 2.7 W2.7Mo/HZSM-5 15.2 8.5 44.2 10.1 0.0 37.2
7. 2.7Fe2.7W/HZSM-5 6.6 10.5 53.4 13.5 0.1 22.5
8. 1.8Fe1.8W1.8Mo/ 5.9 13.3 48.7 6.1 0.0 31.9
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FIGURE 3 Catalyst activity in methane conversion and selectivity towards C, hydrocarbons, Benzene and Toluene in methane

dehydroaromatization at different TOS, 750 °C, GHSV 960 mlg™'cath™ and 1 atm.
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Among group VI metals, tungsten has demonstrated
the highest catalytic activity in dehydrogenation of
methane into carbon and hydrogen directly*

In Figure 4, each catalyst activity depicts an upward
trajectory when it comes to coke selectivity. Accumula-
tion of coke on each catalyst increased with an increase
in reaction time.

As shown in Figure 4, each catalyst exhibited a
declining trend in xylene selectivity during each 4 h' time
on stream. However, coke selectivity increased with an
increase in reaction time.

3.3 | Characterization of spent catalyst

3.3.1 | TGA analysis of deposited carbon
Figure 5 shows TGA patterns of catalysts supported on
HZSM-5. From the figure, there is no change in weight
between 300°C and 400°C. Oxidation of deposited
carbon nano material was complete at 600°C in a tri-
metallic catalyst with equal metal loading and catalyst
2.7Fe2.7Mo/HZSM-5. After the loss of residual moisture
at 100°C, there was negligible change in weight. This is a
characteristic of low temperature non- amorphous car-
bon material.

3.3.2 | Morphology of deposited carbon

In Figure 6, Transmission electron microscope images of
carbon nanotubes (CTs) are clearly formed on catalyst
2.7Fe2.7Mo/HZSM-5. Micrographs of  catalyst
2.7 W2.7Mo/HZSM-5 show images of irregularly shaped

2.0
—#—2.7F2.7TM/HZSM-5

—0—2.7W2.7TM/HZSM-5
—h—2.7F2.7TWIHZSM-5
—v— 1.8F1.8W1.8M/HZSM-5

[

Xylene selectivity [%]
& 5

0.0

10 15 20 25 30 35 40
Time on stream [hrs]

carbon nanomaterial. Therefore, Fe in the catalyst pro-
moted the formation of carbon nanotubes on catalyst
2.7Fe2.7Mo/HZSM-5. The deposition pattern of these
nanomaterial growth was similar to that reported by.*?
Few carbon nanotubes are seen on the spent 2.7Fe2.7 W/
HZSM-5 catalyst. Even though Fe promoted the growth
carbon nanotubes on catalyst 2.7Fe2.7Mo/HZSM-5, there
was no formation of carbon nanotubes on catalyst
2.7Fe2.7W/HZSM-5. Therefore, tungsten promoted iron
dispersion into the zeolite.

From literature, three types of coke (solid carbon
deposits) can deposit on the spent catalyst based on
temperature** as; graphitic coke at temperatures over
1153°C, amorphous carbon (carbon black) whose pro-
duction increases with an increase in residence time
and it is maximal between 600°C and 1153°C, and soot
which is produced at shorter residence time (lower
than 0.6s) and at low temperatures (300-600°C). An
increase in residence time or pressure enhances the
formation of coke while the formation of solid carbon
has been liked to methane formation.*> The coking
phenomenon occurs in various steps namely; dissoci-
ation of methane molecules to yield ethane, ethane to
ethylene, ethylene to acetylene, and finally the trans-
formation of acetylene into benzene. The growth of
solid carbon (C,) occurs according to the following
equation.

Coo + C6H6 = Coo + 3H2 (4)

Condensation of acetylene leads to benzene forma-
tion and finally to the growth of carbon nanoparticles.
Evolved hydrogen from the pyrolysis reaction suppresses
coke formation by saturating the radical active sites
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FIGURE 4 Catalyst selectivity towards Xylene and Coke in methane dehydroaromatization at different TOS, 750°C, GHSV

960 mlg~'cath™ and 1 atm.
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SCli
¥ FIGURE 5 TGA pattern of catalysts; HZSM-
5, 2.7Fe2.7Mo/HZSM-5, 2.7 W2.7Mo/HZSM-5,
2.7Fe2.7W/HZSM-5, and 1.8Fe1.8W1.8 M/
1.8F1.8W1.8M/HZSM-5
HZSM-5.
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N ey
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FIGURE 6 TEM images of catalyst T (2.7Fe2.7 Mo/HZSM-5), U (2.7 W2.7M/HZSM-5), V (2.7Fe2.7W/HZSM-5), and W

(1.8Fe1.8W1.8Mo/HZSM-5).

hence, a decrease in the formation of acetylene and
benzene.

Acetylene is a major source of coke while metal
carbides act as intermediates. Common metallic cat-
alysts used include nickel and iron. This type of coke
is produced within the temperature range of
400-1053°C. The aromatic species (Ar-H) is the
intermediate in the formation of coke as shown in
Equation (5).

—H, nucleation _H,
nAr — H — tars—— > tar droplets —
condensation (5)

—H,
semi droplets —5 coke

This mechanism describes the growth of the coke
layer involving acetylene with free radicals (methyl,
ethyl, phenyl or benzyl) on the surface of deposited coke.

Low yields of carbon nanotubes on catalyst
2.7Fe2.7 W/HZSM-5 imply that catalyst crystallites were

85U8017 SUOLILLOD BATea.D 3(edldde au) Aq peuseno ae Ssoie YO ‘88N JO S8|NJ o} Akeid18UlUO A8|IM UO (SUOIPUOD-pUe-SW.SI W00 A8 |ImAIq 1 Ul |UO//SANY) SUORIPUOD PUe SWiB | 8L 88S *[202/2T/T0] uo Ariqiauliu AB|IM ‘pueseMIM JO AIseAIUN A 6T6T E8S9/200T OT/10p/L00" A8 M Ake.d 1 jpuluo's fpuanolios//sdny wouy papeojumod ‘TT ‘202 ‘S0S00502



MUSAMALI and ISA

highly dispersed in the HZSM-5 zeolite leading to
ineffective activation of the C-H bond in methane. Our
observation was concurrent with another observation
reported in literature.*® It is believed that Fe was
responsible for complete dissociation of CH, into carbon
nanotubes. Literature is replete with similar findings.**
Even though Mo aided generation of CTs just like Fe, its
presence in catalyst 1.8Fel.8W1.8Mo/HZSM-5 was
insignificant, thus rendering its inability to influence the
generation of CTs due to high dispersion in the zeolite. A
similar result was reported by another research group on
nonoxidative methane activation.’’

4 | CONCLUSIONS

This present study brings to the fore the synergistic effect
of each metal in a trimetallic Fe-W-Mo/HZSM-5 catalyst
system for application in methane dehydroaromatization.
A catalyst system with only Fe and Mo on HZSM-5 sup-
port demonstrated little activity in methane pyrolysis
despite being very selective towards C, hydrocarbons. A
catalyst system with only tungsten and molybdenum on
HZSM-5 support gave the best results in terms of methane
conversion and selectivity towards coke. However, the
same catalyst showed very little selectivity towards ben-
zene. Such a catalyst, could be found useful in a process
line where production of benzene is either not required or
is to suppressed. Tungsten promoted good conversion and
enhanced benzene selectivity. Iron promoted selectivity
towards aromatics and suppressed coke formation.
HZSM5 zeolite with its channel structure, inherent acid-
ity, thermal stability, and high surface area played a cru-
cial role in shape selectivity towards benzene.

A bimetallic catalyst with only 2.7% iron and 2.7%
molybdenum on HZSM-5 showed little catalytic activity in
methane conversion in comparison to catalyst 2.7W2.7Mo/
HZSM-5 but was most selective towards benzene and coke.
A 5.4% trimetallic catalyst with equal metal loading on
HZSM-5 was highly selective towards C, hydrocarbons.

A study on methane dehydroaromatization can take
different dimensions. Our present study focused on cata-
lyst synthesis and catalyst activity in methane dehy-
droaromatization to demonstrate that, it is possible to
synthesize and tune a metal-alloy catalyst depending on
the products of interest in methane pyrolysis process line.
In our view, synthesis and tuning of the tri-metallic Fe-W-
Mo/HZSM-5 catalyst systems is feasible. Having estab-
lished the synergistic effect of each metal in the trimetallic
catalyst system, a rubric has been established for use to
synthesize a commercial catalyst which can control the
extent of methane conversion and product selectivity.
However, further research work, which was not our main

focus, can focus on studying the catalyst activity of
Fe-W-Mo on different acidic supports and metal oxide
composites and evaluate the catalyst performance. Further
research can also focus on the mechanism of catalyst
deactivation and regeneration of the spent catalyst so that
it be used after several repeated heat cycles.
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