/

Journal of Natural Gas Chemistry

Journal of Natural Gas Chemistry 12(2003)123-134

SCIENCE PRESS

Characterization and Activity of Cr, Cu and Ga Modified ZSM-5

for Direct Conversion of Methane to Liquid Hydrocarbons

Nor Aishah Saidina Amin*, Didi Dwi Anggoro!?

1 Faculty of Chemical and Natural Resources Engineering, Universiti Teknologi Malaysia, 81130 Skudai, Johor, Malaysia;

2 Department of Chemical Engineering, University of Diponegoro, 23589 Semarang, Indonesia

[Manuscript received April 02, 2003; revised May 09, 2003]

Abstract: Direct conversion of methane using a metal-loaded ZSM-5 zeolite prepared via acidic ion
exchange was investigated to elucidate the roles of metal and acidity in the formation of liquid hydro-
carbons. ZSM-5 (SiO2/Al03=30) was loaded with different metals (Cr, Cu and Ga) according to the
acidic ion-exchange method to produce metal-loaded ZSM-5 zeolite catalysts. XRD, NMR, FT-IR and
N2 adsorption analyses indicated that Cr and Ga species managed to occupy the aluminum positions in
the ZSM-5 framework. In addition, Cr species were deposited in the pores of the structure. However, Cu
oxides were deposited on the surface and in the mesopores of the ZSM-5 zeolite. An acidity study using
TPD-NHs3, FT-IR, and IR-pyridine analyses revealed that the total number of acid sites and the strengths
of the Bronsted and Lewis acid sites were significantly different after the acidic ion exchange treatment.
Cu loaded HZSM-5 is a potential catalyst for direct conversion of methane to liquid hydrocarbons. The
successful production of gasoline via the direct conversion of methane depends on the amount of aluminum
in the zeolite framework and the strength of the Bronsted acid sites.
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1. Introduction

Direct catalytic conversion of methane, the prin-
cipal component of natural gas, to liquid fuels and
chemicals of commercial importance remains an in-
tensely sought-after goal. Many researchers have
studied the applicability of HZSM-5 and modified
ZSM-5 zeolites to the conversion of methane to liquid
hydrocarbons [1-9], but the results of their research
are still confined to low conversion and selectivity.

The direct partial oxidation of methane to liquid
hydrocarbons was reported by Han et al. [1,2]. How-
ever, methane conversion and liquid hydrocarbon se-
lectivity were too low, and the major product was
CO, (CO and CO32). They concluded that only Cu,
Ni, Zn and Ga-ZSM-5 catalysts could produce liquid
hydrocarbons from methane oxidation if the methane
or ethane dehydrogenation and olefin oxidation func-

tions of the metals are in balance.

An important intermediate step in the methane
and oxygen reaction to produce liquid fuels is the for-
mation of ethylene. FEthylene is then converted to
benzene or liquid hydrocarbons over the zeolite sup-
port through acid catalyzed oligomerization and cy-
clization reactions [4-8]. For ethylene oligomeriza-
tion over ZSM-5, both Bronsted and Lewis acid sites
were observed to be active, although Lewis sites have
a small advantage in suppressing coke formation [9].
The strong Bronsted acid sites eliminated coke or aro-
matic formation and allowed only oligomerization to
proceed [9]. The amount of framework aluminum is
related to the number and strength of the Bronsted
acid sites [10,11], an important criteria in ethylene
conversion to liquid hydrocarbons [11].

In another study, Pak et al. [12] reported a reac-

tion of methane with oxygen that led to a high liquid
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hydrocarbon yield (80%) using a two-reactor and re-
cycle system. Unfortunately, this process needed two
reactors and many separators to separate the desired
products from the diluted product streams.

The reactions of ethane and propane have also
been extensively investigated using the ZSM-5 zeo-
lite. For example, Hamid et al. [13] studied propane
aromatization using modified ZSM-5 zeolites loaded
with gallium and prepared by the acidic ion exchange
method. In their work, gallium was observed to
be distributed on the catalyst surface, in the pores
and, more importantly, Ga occupied the aluminum
positions in the framework of ZSM-5. Eventually,
maximum activity and aromatics selectivity were ob-
served for samples with the highest non-framework
dispersed gallium species concentration, which was as-
sociated with zeolite Bronsted acidic sites as bifunc-
tional dual sites.

From the previous literature [1,2,6], metal HZSM-
5 catalysts were found to encourage:

(a) the oxidation of methane to methyl species

(b) the dehydrogenation of paraffins gas hydro-
carbons to olefin forms and the dehydrogenation of
alicyclic liquid hydrocarbons to aromatic form

(¢) the oligomerization of ethylene and propylene
to oligomers (C7).

In this work, the ZSM-5 zeolite was modified by
loading it with Cr and Cu from the first-row transi-
tion group and with Ga using the acidic ion-exchange
method. Our hypothesis is that the activity of the
HZSM-5 zeolite catalyst could be increased by the
addition of metal ions into the framework. It is pre-
dicted that the positions of the metals could increase
the activity of the catalyst.

The purpose of this study is to develop, charac-
terize and test the performance of modified ZSM-5
zeolites for the conversion of methane to liquid hydro-
carbons. Cr and Cu were chosen for their roles as oxi-
dation and dehydrogenation agents, respectively. Ga,
in light of the work carried out by Hamid et al. [13],
was investigated for its role as an aromatization agent
in the conversion of methane to liquid hydrocarbons.
The characterization studies were conducted using X-
ray diffraction, fourier transfer infra red, 2°Si magic
angle spinning (MAS), nuclear magnetic resonance
(NMR), nitrogen adsorption, ammonia-temperature
programmed desorption (NH3-TPD) and IR-pyridine.
From this study, the roles of metal and acidity in the
conversion of methane are determined.

2. Experimental
2.1. Catalysts preparation

ZSM-5 zeolite with a SiO3/Al2O3 mole ratio of
30 was supplied by Zeolyst International Co., Ltd.,
Netherlands. The surface area of the zeolite was 400
m?/g. The zeolite was modified by loading it with
Cr, Cu or Ga according to the acidic ion exchange
method [13].

A known quantity of both metal nitrate solution
(molarity=1 M) and the ZSM-5 powder were stirred
at a constant pH of about 2. Next, the mixture was
refluxed for four hours at 80 °C before being washed
with distilled water and dried overnight in an oven at
150 °C. The metal-loaded ZSM-5 catalysts were then
calcined in air at 500 °C for five hours.

2.2. Characterization

The characterizations of these catalysts were per-
formed using XRD, FT-IR, 2°Si-MAS-NMR, nitro-
gen adsorption technique (NA), NH3-TPD and IR~
pyridine. XRD, FT-IR and ??Si-MAS-NMR were em-
ployed to determine the zeolite structure and frame-
work Si/Al ratio. Nitrogen adsorption data were per-
tinent to the zeolite morphology, while NH3-TPD and
IR-pyridine provided the acidity of catalyst samples.

XRD measurements were performed using a
Philips 1840 with Cu K, radiation, A=0.154056 nm
at 40 kV and 30 mA in the range of 20=2° to 60°
at a scanning speed of 4° per minute and a verti-
cal goniometer at room temperature. Samples were
saturated over a concentrated NH4Cl solution in a
desiccator to ensure complete dehydration before the
pattern was recorded because this could affect the lat-
tice parameter. The powder was ground before being
mounted on a glass slide.

29Gi MAS-NMR spectra were obtained using a
Bruker CXP-300 spectrometer. 90°-pulses were ap-
plied at 59.63 MHz and 5 s intervals. No dipolar-
decoupling, and thus no cross-polarization, was ap-
plied. For the ZSM-5 sample, 18350 FID’s were ac-
cumulated in 2K data points. The chemical shift was
measured with respect to tetramethylsilane and cal-
culated with hexamethyltrisiloxane (—9.8 ppm) as an
external reference.

The mid infrared spectra (1500-400 cm™!) were
recorded on a Shimadzu FT-IR 8000 series using the
KBr pellet technique. Thin wafers 13 mm in diam-
eter were made by pressing approximately 10 mg of
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fine zeolite powder under 5 tons of pressure for 15 sec-
onds. The thin wafer was placed in a ring-type sample
holder and transferred into the IR cell equipped with
a CaFy window. The IR cell containing the zeolite
wafer was attached to the vacuum system (1x1078
mbar pressure). An infrared spectrum for these spec-
tra was recorded on a Shimadzu FT-IR 8000.

The nitrogen adsorption isotherms were obtained
at liquid nitrogen temperature using a Sorptomatic
1900 instrument from Fisons Instruments that used
a static volumetric technique. The instrument was
home-modified by adding two pressure gauges work-
ing in the range 0-130 Pa and 0-13 kPa in order to
more accurately measure the low-pressure values. The
analysis was controlled by microcomputer processing
using the MILES-200 and the MILEADP programs
for computations.

Infrared spectrums for the hydroxyl group and
pyridine adsorption were also recorded on a Shimadzu
FT-IR 8000. Thin wafers 13 mm in diameter were
made by pressing approximately 10 mg of fine zeolite
powder under five tons of pressure for seconds. The
thin wafer was placed in a ring-type sample holder
and transferred into the IR cell equipped with a CaFq
window. The IR cell containing the zeolite wafer was
placed in the vacuum system (1x 10~ mbar pressure).

For hydroxyl group analysis, every zeolite sam-
ple was dehydrated at 400 °C for five hours in a
vacuum system. The infrared spectra of these sam-
ples were recorded at room temperature. Pyridine
adsorption was performed at room temperature for
the dehydrated sample in a vacuum system. The des-
orption of pyridine at 150 and 400 °C for two hours
was performed in a vacuum system. An IR spectrum
was acquired in the absorbance mode at 25 °C  with
wave numbers between 4000-1300 cm~! and 2 cm ™!
resolution. The infrared spectra of these samples
were recorded at room temperature for the analysis
of Bronsted and Lewis acid sites with wave numbers
between 17001400 cm ™!,

2.3. Catalyst testing

The performance of the catalysts was tested for
methane conversion to liquid hydrocarbons (LHC) via
a single step reaction in a fixed-bed micro reactor [6].
Methane with 99.9% purity was reacted with com-
pressed air at atmospheric pressure, 800 °C, F/W of
10440 ml/(g-h) and 9%02 (CH4:02=10:1). The reac-
tor was first preheated at 800 °C under a 100 ml/min
nitrogen stream for two hours to activate the catalyst.

The reaction products were separated into liquid and
gas fractions through an ice-trap.

The methane and liquid hydrocarbon products
were analyzed by gas chromatography (GC). GC anal-
yses were carried out using a perkin elmer auto system
gas chromatograph equipped with a flame ionization
detector (FID) and a hewlett packed-1 (HP-1) capil-
lary column (12 mx0.2 mmx0.33 pm film thickness).

3. Results and discussion

3.1. Structure, framework aluminum and mor-
phology of catalysts

Most of the structural information about ZSM-
5 was obtained from X-ray diffraction (XRD). How-
ever, XRD is not capable of distinguishing between Si
and Al because of their almost equal X-ray scattering
properties. Solid-state high-resolution NMR became
available with the introduction of super conducting
high-field magnets in combination with the magic an-
gle spinning (MAS) technique. Infrared spectroscopy
can provide information about the structure of zeolite
and the acidic properties.

X-ray diffraction provides information about the
unit cell parameters and the crystallinity of the zeo-
lites, as shown in Table 1 based on the XRD diffrac-
tograms (Figure 1). The diffactograms revealed
that there is no change in the ZSM-5 and metal-
loaded ZSM-5 crystalline structure after the acidic
ion-exchange modification treatment. The peaks at
20 values of 24.4° and 29.2° are single peaks for ZSM-
5 and metal-loaded ZSM-5 samples, indicating that
the structure of the samples did not change from or-
thorhombic to monoclinic after the modification. The
XRD diffractograms also illustrated peaks character-
istic of Cry03, CuO and Gay0Oj3 crystalline on the re-
spective samples, indicating that metal species were
distributed on the zeolite surfaces.

The crystallinity of the zeolite can be calculated
from the diffractograms. The crystallinity of the zeo-
lite is expressed as the percentage of crystallinity us-
ing the intensity of the main peak at 260=22.5°-24.4°
in the XRD pattern. Accordingly, the crystallinities
of ZSM-5, Cr-ZSM-5, Cu-ZSM-5 and Ga-ZSM-5 are
100, 94, 97 and 99, respectively. The results indicated
that the crystallinity of the metal-loaded ZSM-5 did
not significantly change in an acidic ion exchange en-
vironment. Hence, no change in the ZSM-5 and metal-
loaded ZSM-5 crystalline structures were observed.
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Table 1. Lattice cell and crystallinity of
zeolites from XRD analysis

Lattice cell Crystallinity

Sample
a/nm  b/mm c¢/nm  Vuc/nm3 (%)
ZSM-5  2.0071 1.9890 1.2746  5.0884 100
Cr-ZSM-5 2.0037 1.9884 1.2729 5.0714 94
Cu-ZSM-5 2.0048 1.9912 1.2737  5.0846 97
Ga-ZSM-5 1.9784 1.9822 1.2626 4.9514 99
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Figure 1. X-ray diffractogram
(1) ZSM-5, (2) Cr-ZSM-5, (3) Cu-ZSM-5, (4) Ga-ZSM-5

The results in Table 1 indicate that modification
of the ZSM-5 with metal had affected the unit cell pa-
rameter and volume unit cells. The data shows that
the lattice cell parameter and the unit cell volumes
(Vuc) of the ZSM-5, Cr and Cu loaded ZSM-5 re-
mained the same after the acidic ion exchange treat-
ment. This suggests that the amount of framework
aluminum remained intact even after the acidic treat-
ment. However, the lattice cell parameter and the
unit cell volume (Vuc) for Ga-ZSM-5 decreased. The
decrease is a sign that gallium atoms probably occu-
pied the aluminum positions in the framework.

Structural information about the catalyst was ob-
tained with 2°Si MAS-NMR. In zeolites, the SiOy4
tetrahedra are connected with 0-4 AlOy4 tetrahedra
(Si(OAl),,, n=0-4) resulting in five distinct 2°Si sig-

nals. The framework Si/Al ratio can then simply be
calculated from Equation (1) [14]:

Si N

Si > ISi(nAl)
Al N

S ,0.25 - n - ISi(nAl)

(1)

The Si/Al ratio of the metal-loaded ZSM-5 zeo-
lite catalyst samples compared to the parent ZSM-5
is summarized in Table 2. The Si/Al ratios of ZSM-5
and Cu-ZSM-5 are almost similar at 62 and 55, re-
spectively. The similarity implies that probably only
a very small number of copper atoms managed to
displace aluminum in the zeolite framework. Conse-
quently, the framework aluminum per unit cell of
Cu-ZSM-5 is similar to ZSM-5 at 1.7 and 1.5,
respectively.

Table 2. The Si/Al ratio and framework aluminum
of catalysts from NMR analysis

Sample Integral  Integral Si/Al Framework Al
Qo Q1 per unit cell*
ZSM-5 62200.36  4319.82 62 1.5
Cr-ZSM-5 92163.14  2395.26 158 0.6
Cu-ZSM-5 98176.99  7688.70 55 1.7
Ga-ZSM-5 66495.02  1552.60 175 0.5

* Si+Al=96 from Al,Sigg—nO192 [15]

Conversely, the Si/Al ratios of Cr-ZSM-5 and Ga-
ZSM-5 (158 and 175, respectively) are significantly
higher than ZSM-5. The results seem to suggest that
more chromium and gallium ions occupied the alu-
minum positions in the zeolite framework. The frame-
work aluminum per unit cell of Cr-ZSM-5 and Ga-
ZSM-5 is 0.6 and 0.5, respectively. The Si/Al ratio of
Ga-ZSM-5 seems to support the lattice cell analysis
mentioned earlier. However, the Si/Al ratio result and
the lattice cell analysis did not support one another
for Cr-ZSM-5. There may be some other reasons why
the Si/Al ratio is high for Cr-ZSM-5 even though its
lattice cell parameters and Vuc are the same as the
parent ZSM-5.

The resolution of the 2°Si NMR spectrum for
ZSM-5 drastically decreased with increasing Al con-
tent. The Si/Al ratios for the ZSM-5 and metal-
loaded ZSM-5 are between 55 and 175. These ra-
tios suggest that only (Si0)4-Si-(OAl)g and (SiO)3-Si-
(OAl); configurations are present. In each unit cell of
96 tetrahedral sites there are only about four Al atoms
[16]. The spectra of all samples showed Si(OAl)y and
Si(OAl); resonances at about —114 and —107 ppm,
respectively, indicating that the acidic ion exchange
treatment did significantly enhance the resolution.
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Figure 2 shows the infrared spectra for ZSM-5 and
metal-loaded ZSM-5 samples. The structure sensitive
absorption around 1200 and 550 cm ™! is of special
interest to distinguish the zeolite types [17]. In Table
3 the positions of some characteristic vibration bands
are summarized. All samples have vibration bands
between 546 and 1223 cm~!. The frequency band at
1099 cm~! is assigned to the asymmetric stretching
of framework Si-O-Si or Si-O-Al bonds [18]. The
bands of Cr-ZSM-5 and Ga-ZSM-5 demonstrated a
significant change in the frequency shift or a reduc-
tion in the intensity framework. This indicates that
Cr-ZSM-5 and Ga-ZSM-5 catalysts experienced a sig-
nificant change in the number of those forming frame-
work bonds.

1099.3

1200 1100 1000 900 800 700 600 500 400

-1
o/cm

Figure 2. Infrared spectra
(1) ZSM-5, (2) Cr-ZSM-5, (3) Cu-ZSM-5, (4) Ga-ZSM-5

Table 3. Infrared band positions of ZSM-5 and
metal loaded ZSM-5

Wavenumber (cm™1)

Sample A S Double To

External Internal External ring bending

ZSM-5 1221.8  1099.3 796.5 547.7 456.1
Cr-ZSM-5 1223.7  1101.3 798.5 546.8 455.2
Cu-ZSM-5 1222.8  1100.3 795.6 545.8 457.1
Ga-ZSM-5 1223.7  1100.3 798.5 545.8 458.1

A—Asymmetric stretch, S—Symmetric stretch

The crystallinity of the samples could be esti-
mated using the IR optical density ratio of the 546
and 454 cm~! bands of zeolite [18]. According to an
earlier investigator [18] and our present findings, the
optical density ratios of the 546 and 454 cm ' bands
of ZSM-5, Cr-ZSM-5, Cu-ZSM-5 and Ga-ZSM-5 are
0.832, 0.829, 0.826 and 0.829, respectively. The ratios
suggest that the zeolite framework of all the samples
remains intact. This result is consistent with the XRD
analysis, which stated that there is no change in the
ZSM-5 and metal-loaded ZSM-5 crystalline structure.

The isotherm adsorption of ZSM-5 and metal-
loaded ZSM-5 provided the pore distribution data.
The presence of a hysteresis loop is associated with
capillary condensation, where in the case of zeolite,
it indicates the formation of mesopores (secondary
pores). The surface area, pore volume and average
pore size of the samples are given in Table 4.

From Table 4, the ratio of BET surface area for
Cr-ZSM-5 and Ga-ZSM-5 to the ZSM-5 samples does
not vary a great deal after metal loading (2% and 4%,
respectively). The values obtained are within exper-
imental error. However, the BET surface area ratio
of Cu-ZSM-5 to ZSM-5 increases by 8%. This sug-
gests that more copper species form clusters as oxide
aggregates on the surface of the ZSM-5 zeolite.

Table 4. The surface area, pore volume and pore size of ZSM-5 and metal ZSM-5

Surface area (m?/g)

Pore volume (cm? /g) Average pore

Sample BET Micropores (1.7-300 nm) Single step total Micropores (1.7-300 nm) diameter (nm)

ZSM-5 361.7 184.2 0.265 0.073 2.93
Cr-ZSM-5 368.9 205.4 0.265 0.087 2.87
Cu-ZSM-5 391.9 198.8 0.277 0.079 2.82
Ga-ZSM-5 374.7 191.5 0.267 0.076 2.85

More chromium and copper species are likely to
be attached to the mesopores of the modified zeolite
samples, as indicated by the enlargement of the mi-
cropore surface areas for Cr-ZSM-5 and Cu-ZSM-5 by

12% and 8%, respectively. The catalyst morphology
for Cr-ZSM-5 seems to be interesting because the Si
MAS-NMR analysis revealed that Cr species could
have replaced aluminium in the framework, and the
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NA analysis indicated an increase in the micropore
surface area. The micropore surface area of Ga-ZSM-
5 only increased by 4% after metal loading. The result
seems to support the XRD and Si MAS-NMR, data,
which suggest that gallium species replaced aluminum
in the zeolite framework. The pore volume measured
by Ny adsorption for metal-loaded ZSM-5 only in-
creased 1%-5% after metal loading, which could be
considered negligible and within experimental error.
The average pore size data categorized all pores as
mesopores.

3.2. Acidic properties of zeolite catalysts

For the characterization of zeolite acidity, it is
necessary to determine the number and strength of
both types of acid sites (Bronsted and Lewis). In this
study, infrared spectroscopy of hydroxyl groups, in-
frared spectroscopy of adsorbed pyridine and temper-
ature programmed desorption of ammonia were the
three techniques used to evaluate the acidic properties
of ZSM-5 and metal-loaded ZSM-5 catalysts. The to-
tal amount of acid sites, as determined by NH3-TPD,
is given in Table 5.

Table 5. The total number of acid sites of ZSM-5
and metal-loaded ZSM-5

Sample Total number of acid site (mol/kg)
ZSM-5 0.8710

Cr-ZSM-5 0.8145

Cu-ZSM-5 1.0196

Ga-ZSM-5 0.8959

The total amount of acid sites is proportional to
the Al content of the framework [19]. The number
of acid sites in the Cu-ZSM-5 is the largest at 1.0196
mol/kg. Meanwhile, the number of acid sites in Cr-
ZSM-5 and Ga-ZSM-5 is similar to ZSM-5. The num-
ber of acid sites in Cu-ZSM-5 increased by 17% as
a result of the modification. The increase is proba-
bly due to the larger pore volumes of Cu-ZSM-5 that
facilitate desorption of ammonia and to the realumi-
nation of extra framework aluminium to framework
aluminium.

The addition of chromium and gallium by acidic
ion exchange did not change the overall number of ac-
tive acid sites. As mentioned earlier, Ga species have
most likely replaced aluminum in the framework. Al-
though there is not enough evidence to suggest that
Cr in the Cr-ZSM-5 samples had replaced aluminum
in the framework, the similarities in acidity between

Cr-ZSM-5 and ZSM-5 are interesting. From Table 4,
the pore volumes for ZSM-5, Cr-ZSM-5 and Ga-ZSM-
5 are almost the same, and this probably caused the
similar total acidity for all the three samples.

The TPD of NH3 analysis for the samples is pre-
sented in Figure 3. Each data set on the graph has
been normalized to distinguish the relative peak areas
of weak Bronsted acid from strong Lewis acid sites.
For the ZSM-5 and metal-loaded ZSM-5, the NHjs-
TPD peaks appeared at ~220 °C and ~430 °C, which
may be attributed to the desorption of two types
of ammonia species adsorbed on weak acid (mostly
Lewis acid) sites and strong acid (mostly Bronsted
acid) sites, respectively.

220 C

100 200 300 400 500 600
Temperature / ‘C
Figure 3. NHj3-spectra TPD
(1) ZSM-5, (2) Cr-ZSM-5, (3) Cu-ZSM-5, (4) Ga-ZSM-5

The loading of metals on ZSM-5 led to reduced
intensities of the high-temperature (~430 °C) peaks
and a slight downshift of their position. When Cu is
loaded on ZSM-5, the high temperature peak disap-
peared, but a new peak at 370 °C was generated. This
indicates that most of the stronger surface Bronsted
acid sites vanished, but new medium-strength acid
sites emerged.
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For a complete characterization of zeolite acidity,
it is necessary to determine the nature and concen-
tration of both Bronsted and Lewis acid sites. This is
possible by studying the OH vibration infrared spec-
tra and the IR chemisorption of a base such as pyri-
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dine. The vibrations (OH) region of the IR spectrum
of ZSM-5 contains bands at around 3600 and 3740
em~! [20,21], as shown in Figure 4. The positions
of some characteristic OH vibration bands and inte-
grated band areas are summarized in Table 6.

Table 6. The positions of certain characteristic OH vibration bands
and the integrated band area of the catalysts

Wavenumber (cm™1)

Integrated band area

Sample

Silanol AL-NF¢ AL-F?® AL-F AL-NF Silanol
ZSM-5 3743.6 3659.7 3609.5 88.6 17.7 29.6
Cr-ZSM-5 3744.5 3657.7 3608.6 69.2 39.3 19.2
Cu-ZSM-5 3744.5 3662.6 3607.6 110.8 39.4 21.2
Ga-ZSM-5 3744.5 3662.6 3609.5 69.7 40.6 20.2

a. Aluminum non framework, b. Aluminum framework

3609.5

@

Q)]

PR R R
3750 3700 3650

-1
o/cm

MR
3600

3800 3550 3500

Figure 4. IR spectra in the hydroxyl region of the
zeolite samples after dehydration OH at

400 °C, 10~5 mbar for 2 h
(1) ZSM-5, (2) Cr-ZSM-5, (3) Cu-ZSM-5, (4) Ga-ZSM-5

The typical stretching vibrational band of the
bridging OH groups bonded to tetrahedrally coordi-
nated framework aluminum is located at around 3610
cm™!, as shown in Figure 5(a) [22]. The band at
3660 cm~! is assigned to hydroxyl groups located in
non-framework Al sites, while a band at 3649 cm~! i

ascribed to OH groups on non-framework aluminum

S

species, as shown in Figures 5(b) and (c) [23,24]. The
band at 3740 cm~! is assigned to terminal silanol
groups attached to the framework [21]. This peak
is also assigned to the non-acidic silanol groups that
are present on the outer surface of the zeolite crys-
tals and at structural defects. Generally, the appear-
ance of this band is an indication of a reduction in
crystallinity due to the increasing number of terminal
Si-OH groups per unit cell.

H,0
— — Al —O0_ =2
O\AI/O / I\ MAlL0—  —ALO
/N 0 00 /' S
—0 o— | || 9 0

() (b) () (d)
Figure 5. Aluminium position on zeolite [22]

(a) Framework (Tetrahedral), (b) Non-Framework (Octahe-
dral), (d) Extra
Framework

(¢) Non Framework (Pentacoordinated),

The amount of framework aluminum decreased
due to the extraction of aluminum from the zeolitic
framework to non-framework or into the acidic solu-
tion. Table 6 indicates that the framework aluminum
(3610 cm™1!) area of Cr-ZSM-5 and Ga-ZSM-5 is 69.2
and 69.7 cm™!, respectively. These two areas are
smaller than the area of ZSM-5, calculated at 88.6
cm~!. In contrast, the area of the framework alu-
minum for Cu-ZSM-5 is larger than ZSM-5. These
results support earlier data from the Si-MAS-NMR
(Table 2) which indicates the framework aluminium
per unit cell is 1.7. The value reported is the highest
among all the samples. The increase in the framework
aluminium area is probably due to the realumination
of extra framework aluminum to framework aluminum
during the modification [25]. Another reason might
be that the Cu-ZSM-5 structure remains intact dur-
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ing calcination and is therefore the most stable of all
samples [26].

From Table 6, the non-framework aluminum
(3660 cm™1) area of all metal-loaded ZSM-5 in-
creased, indicating that the amount of non-framework
aluminum increased due to the shift of aluminum in
the zeolite framework to its non-framework. In con-
trast, the silanol (3743.6 cm™!) areas of all metal-
loaded ZSM-5 decreased probably due to the extrac-
tion of the silanol groups into the acidic solution.

The vibration (OH) region of the IR spectra for
ZSM-5 and metal-loaded ZSM-5 subjected to five
hours of heating at 800 °C followed by dehydration
at 400 °C and 10~° mbar for two hours has bands at
around 3600 and 3740 cm~! (Figure 6). ZSM-5 and
metal-loaded ZSM-5 samples have no vibration bands
at 3610 and 3660 cm™'. ZSM-5 is the one and only
sample with a weak vibration band at 3666 cm™!.
The results in Figure 6 suggest that the framewok
and non-framework Al sites are extracted to silanol
defect form at 800 °C. The large vibration band at
3740 cm~! (Figure 6) indicates this defect.

The IR spectrum of pyridine adsorption on ZSM-
5 and metal-loaded ZSM-5 at 150, 400 and 800 °C is
shown in Figures 7(a)-(d). The presence of Bronsted
and Lewis acid sites is characterized by the IR spec-
trum in the region of pyridine ring vibration between
1700 and 1300 cm~!. The assignment of frequen-
cies for pyridine adsorbed on Bronsted and Lewis acid
sites is summarized in Table 7.
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Figure 6. IR spectra in the hydroxyl region of

zeolite samples after reaction (800 °C)
and dehydration OH at 400 °C, 10~°
mbar for 2 h

(1) ZSM-5, (2) Cr-ZSM-5, (3) Cu-ZSM-5, (4) Ga-ZSM-5

Table 7. Assignment of frequencies for pyridine adsorbed on Bronsted and Lewis acid sites [22]

Frequency (cm™1!)

Assignment

1440
1450
1490
1545, 1620-1650
1620-1630

Hydrogen-bonded pyridine

Pyridine molecules adsorbed on Lewis acid sites
Hydrogen-bonded pyridine and pyridine molecules adsorbed on Bronsted and Lewis acid sites
Pyridine molecules adsorbed on Bronsted acid sites, pyridinium ions

Pyridine molecules adsorbed on Lewis acid sites, coordinated pyridine

The IR frequencies of the pyridinium ion and co-
ordinated pyridinium at 150 °C, which correspond to
the Bronsted and Lewis acidities, respectively, are
listed in Table 8. The wavenumber of the Bronsted
acidity in Ga-ZSM-5 at 1546 cm ™! shifted to 1545
cm ™!, indicating that the acidic ion exchange over the
gallium solution replaced some of aluminium in the ze-
olite framework. However, the intensities of the Lewis
acidity at 1446 cm™! in Cu-ZSM-5 and Ga-ZSM-5
increased, probably due to the increased amount of
non-framework aluminum. The results in Table 6 in-

dicate that the amount of non-framework aluminum

(AL-NF) in all metal-loaded ZSM-5 zeolite catalysts

increased. The effect of metal-loaded ZSM-5 and the
extraction of the framework aluminum in each sam-
ple, given as intensity ratio of Bronsted and Lewis
acid bands, are clearly shown in Table 8. The bands
at wavenumbers of about 3664 and 3608 cm™! still
appeared in the spectra, indicating that these bands
are not affected by pyridine. This observation sug-
gests that these bands are non-acidic with respect to

pyridine.
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Figure 7. IR spectra in the pyridine vibrational region, after pryidine adsorption and evacuation at

different temperatures

(a) ZSM-5, (b) Cr-ZSM-5, (c) Cu-ZSM-5, (d) Ga-ZSM-5; (1) 150 °C, (2) 400 °C, (3) 800 °C

Table 8. Mid-infrared wavenumbers (cm~!) of
pyridine and Broénsted/Lewis intensity ratio
of ZSM-5 and metal loaded ZSM-5

Bronsted Bronsted and — Lewis
Sample acidity Lewis acidity — acidity I-B/I-L
(cm™1) (cm™1) (cm™1)

ZSM-5 1546 1490 1455 1.48
Cr-ZSM-5 1546 1491 1459 3.22
Cu-ZSM-5 1546 1490 1452 0.91
Ga-ZSM-5 1545 1490 1457 1.65

The amount of Bronsted acidity, Lewis acidity
and intensity Bronsted/Lewis (B/L) ratio of pyridine

adsorption on zeolites evacuated at 150 and 400 °C are
shown in Table 9. The amount of Bronsted and Lewis
acid sites are calculated based on the following [27]:
N.Bronsted=(Integrated of Bronsted Band
Areax0.7857)/(3.03x5.92)
N.Lewis=  (Integrated  of
Areax0.7857)/(3.8x5.92)
The results in Table 9 demonstrate that the amount
of Bronsted acidity, Lewis acidity and intensity B/L

Lewis Band

ratio of pyridine adsorption on the zeolites changed
significantly after the zeolites were subjected to pyri-
dine evacuation at temperatures from 150 to 400 °C.
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Table 9. The integrated band area of Bronsted and Lewis acid sites and the number of
Bronsted and Lewis acid sites in each catalyst

Temperature 1.B.A.B I.B.A.L No.B.S. No.L.S.
Sample A B AL
evacuation (°C) (A/em™1) (A/em™1) (p mol/g) (1 mol/g)
ZSM-5 150 19.4 13.2 0.852 0.459 7% 12%
400 18.0 11.6 0.789 0.404
Cr-ZSM-5 150 18.3 5.7 0.803 0.198 52% —134%
400 8.7 13.3 0.383 0.465
Cu-ZSM-5 150 22.6 24.8 0.989 0.865 1% 46%
400 21.6 13.3 0.948 0.466
Ga-ZSM-5 150 24.9 15.1 1.095 0.528 26% 16%
400 18.4 12.7 0.808 0.445

1.B.A.B or I.B.A.L=Integrated band area of Bronsted or Lewis
No.B.S or No.L.S=Number of Bronsted sites or Lewis sites
AB=(No.B.S at150 °C—No.B.S at 400 °C)/No.B.S at 150 °Cx100%
A L=(No.L.S at 150 °C—No.L.S at 400 °C)/No.L.S at 150 °Cx100%

The differences between the Bronsted and Lewis
acidities and the intensities of the B/L ratio of pyri-
dine adsorption on the zeolites after being evacuated
from 150 to 400 °C indicates the strength of Bronsted
acidity and Lewis acidity [28,29]. If the difference is
large, then the acidity is weak. From Table 9, the
acidity strength of the zeolite catalysts can be sum-
marized as follows:

Bronsted acidity strength:
5>Ga-ZSM-5>Cr-ZSM-5

Lewis acidity strength: Cr-ZSM-5>ZSM-5>Ga-
ZSM-5>Cu-ZSM-5

Cu-ZSM-5>7ZSM-

3.3. Relation between characterization and
performance of catalysts

The conversion of methane and the distribution

of liquid hydrocarbons are based on the peak areas of
gas chromatogram and are determined according to:

Conversion of methane=(Area of CHy reacted /
Area of CHy in feed)x 100%

Distribution of products=(Area of i/% Area of liq-
uid products)x100%

where i:CE)flO or Cii_l

The methane conversion and composition of lig-
uid hydrocarbons over ZSM-5 and metal-loaded ZSM-
5 are shown in Table 10. The methane conversion of
the catalysts can be summarized below:

ZSM-5<Cu-ZSM-5<Ga-ZSM-5<Cr-ZSM-5.
From OH vibration analysis, the results in Table 6
indicate that the integrated silanol band area (3744
ecm™1) of the catalysts can be arranged as follows:

ZSM-5>Cu-ZSM-5>Ga-ZSM-5>Cr-ZSM-5

Table 10. The methane conversion and composition of liquid hydrocarbons
over ZSM-5 and metal loaded ZSM-5

CHag

Composition of liquid hydrocarbons product

Sample . - - C;rl range RON
conversion (%) Gasoline range (C5-10) n-Paraffins Iso-Paraffins Olefins Aromatics

ZSM-5 10.8 72.4 13.5 22.3 53.4 10.8 27.6 79.2

Cr-ZSM-5 21.0 70.4 9.0 23.0 55.0 13.0 29.5 85.6

Cu-ZSM-5 15.6 80.2 8.0 20.0 57.0 15.0 19.8 87.8

Ga-ZSM-5 18.5 70.1 7.0 17.0 58.0 18.0 26.9 90.2

The integrated silanol band area seems to have af-
fected the methane conversion. The methane con-
version decreased if the integrated silanol band area

increased. For example, methane conversion of Cr-

silanol groups of the zeolite enhanced the methane
conversion.

The compositions of the liquid hydrocarbon prod-
ucts can be arranged as follows:

ZSM-5 is the highest because its silanol area is the Cs_10: Cu-ZSM-5>ZSM-5 > Cr- ZSM-5 ~ Ga-
lowest. The reduction in silanol area of Cr-ZSM-5 7SM-5
is probably due to chromium being substituted into CH: Cr-ZSM-5>ZSM-5>Ga-ZSM-5>Cu-ZSM-5.

the silanol groups. Hence, the presence of Cr in the
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The oligomerization and cracking processes de-
pend on the zeolite acidity [30,31]. The self-addition
of olefins to form dimmers, trimers, and low poly-
mers is called oligomerization [32]. If the strength
of the Bronsted acid sites is strong, the cracking of
oligomers is easy. For example, the NH3-TPD spectra
of Cu-ZSM-5 (Figure 3) indicate that new medium-
strength Bronsted acid sites are generated, and this
corresponds to the highest percentage of Cs_19. In
contrast, the strength of the Bronsted acid sites of
Ga-ZSM-5 and Cr-ZSM-5 are weaker than ZSM-5,
which is linked to the low percentage of Cs_1¢ over
the two metal-loaded catalysts. Thus, the successful
production of gasoline from methane depends on the
amount of aluminum in the zeolite framework and the
medium-strength Bronsted acid sites.

The results in Table 10 indicate that the n-
paraffins in the liquid products over the ZSM-5 cat-
alyst are higher than over metal-loaded ZSM-5 cata-
lysts because the ZSM-5 catalyst has no metal con-
tent. Metals have dehydrogenation functions to con-
vert paraffins to olefins. Hence, the olefin distribution
over metal-loaded ZSM-5 catalysts is higher than over
the ZSM-5 catalyst. The Ga-ZSM-5 catalyst has the
highest aromatics content in the liquid hydrocarbon
products, indicating that the Ga-ZSM-5 catalyst is a
potential catalyst for the aromatisation reaction. This
result supports the conclusion from previous studies
[33-36]. The liquid products over the Cr-ZSM-5 cat-
alyst contain the highest iso-paraffins. This could be
attributed to its large micropore area probably due to
chromium clusters in the zeolite pores that aided the
isomerism of the paraffins.

The research octane number (RON) of the liquid
hydrocarbons was estimated [37], and the results in
Table 10 indicate that the RON of the liquid prod-
ucts obtained over Ga-ZSM-5 is the highest due to
its low paraffin and high aromatics content. However,
the Cu-ZSM-5 catalyst is a potential catalyst for the
direct oxidation of methane to liquid hydrocarbons,
because this catalyst yields the highest gasoline com-
position.

4. Conclusions

The study of structure, framework aluminium,
and morphology of metal-loaded ZSM-5 catalysts via
acidic ion exchange treatment indicated that the crys-
talline structures of the samples did not change, and

the zeolitic framework remained intact. Also, the

structure of the samples did not change from or-
thorhombic to monoclinic. Chromium and gallium
atoms successfully replaced the aluminium atoms in
the zeolite framework by this treatment. Chromium
ions were also distributed on the zeolite silanol groups
and inside the pores of the zeolite whilst copper ions
are deposited on the zeolite surface and the mesopores
of ZSM-5.

The study of catalyst acidity indicated the to-
tal amount of acid sites of Cu-ZSM-5 is the high-
est, and its Bronsted acid sites have medium-strength.
The framework and non-framework aluminum sites of
metal-loaded ZSM-5 were extracted to silanol defect
form at the reaction conditions.

From the catalyst testing it can be concluded that
Cu loaded HZSM-5 is a potential catalyst for the con-
version of methane to liquid hydrocarbons. The ex-
istence of silanol groups gave positive impacts on the
methane conversion and the successful production of
gasoline from methane depends on the amount of alu-
minium in the zeolite framework and the strength of
Bronsted acid sites.
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