Available online at www.sciencedirect.com

JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

ScienceDirect

CAAlCERIT]

Journal of Molecular Catalysis A: Chemical 280 (2008) 7-15

www.elsevier.com/locate/molcata

Aromatization of methane by using propane as co-reactant over cobalt
and zinc-impregnated HZSM-5 catalysts

Jun Feng Liu*, Yuan Liu, Liang Fu Peng

Department of Chemical Engineering, Hunan University of Science & Technology, Xiangtan, Hunan 411201, PR China

Received 18 July 2007; received in revised form 9 October 2007; accepted 13 October 2007
Available online 22 October 2007

Abstract

The activities of the cobalt and zinc-impregnated HZSM-5 catalysts to the non-oxidative conversion of propane (C3) and methane (C1) into
aromatic hydrocarbons were evaluated using a fixed-bed microreactor. C1 conversion reached 36.7% and the selectivity of aromatic products
reached above 88.7% at atmospheric pressure, weight (hourly) space velocity (WHSV) 1.6 gh~!/(gcat)~! and 873 K. The influence of the acidity
and the ratio of cobalt in the catalyst on the conversion of methane and propane was evaluated. C1 incorporation was conclusively confirmed by the
mass spectral analyses of aromatic products produced in a run with '*CH, which shows a significant '*C enrichment in the C¢Hg*, C;Hs* and CgH "
fragments. The methane activation could result from its hydrogen-transfer reaction with alkenes. These catalysts were thoroughly characterized
using XRD, N, adsorption measurements, TPD of NH3, and FT-IR. The results showed that the activation of methane in low temperature was due
to existence of propane. The acidic changes and micropore area of the catalyst severely affected aromatization, and resulted in drastic modifications
in product distribution. From this work, we found that only a small fraction of tetrahedral framework aluminum, which corresponds to the Bronsted
acid sites, is sufficient to accomplish the aromatization of the intermediates in methane and propane aromatic reaction, while the superfluous strong
Bronsted acid sites, which can be decreased by adding Co and Zn, are showed to be related with the aromatic carbonaceous deposits on the catalysts.
The density of acidic site and the strength of strong acid decreased when the concentration of Co and Zn in the catalyst increased. Therefore, a

much higher benzene yield and a longer durability of the catalysts are obtained when compared with the conventional HZSM-5 catalysts.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Natural gas (mostly methane) reserves are abundant through-
out the world and are becoming a promising energy source
due to the increasing prices of oil. The utilization of methane
as a raw material is important to maintain a safe and reliable
energy and chemical supplies in the future. A major limi-
tation to the utilization of the resource is the high price to
transport the natural gas to the desired location. Recently, a
worldwide investigation has been conducted to attempt to con-
vert methane directly to chemicals and fuels [1-6]. However,
because of the difficulty in the activation of stable C—H bonds in
the CH4 molecule, methane conversion directly to more useful
chemicals and fuels remains a challenge [7]. Further improve-

* Corresponding author. Tel.: +86 732 8290568; fax: +86 732 8290568.
E-mail address: liujunf168 @ 163.com (J.F. Liu).

1381-1169/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2007.10.012

ments in the catalysts are being performed worldwide. Many
studies have also been conducted simultaneously to exploit
other non-conventional conversion technologies. The conver-
sion of methane to benzene in the absence of oxygen has
been investigated over different TMI/H-ZSM-5 zeolites (with
TMI=Mo, Fe, V, W, and Cr) as a function of the preparation
and treatment method, the metal ion loading, and the zeo-
lite acidity. Optimum catalytic performance was obtained [8]
for Co-pre-reduced 2—4 wt.% TMI/H-ZSM-5 zeolites, and their
activities decreased in the order: Mo>W >Fe >V > Cr. Co/H-
ZSMS5 materials which increase propane conversion and the
productivity of aromatics have been previously prepared via
aqueous [9,10] and solid-state exchange methods [11]. It cat-
alyzes the Hp formation rates by combinative desorption. We
have reported the technology of the aromatization for C3_4
alkyl hydrocarbon with the catalysis of Zn—Ga modified zeo-
lite catalyst [12]. Choudhary and Kinage reported an approach
for obtaining high rates of conversion of methane to higher
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hydrocarbons, without formation of carbon oxides and at much
lower temperatures (400—-600 °C) which involves non-oxidative
activation of methane by hydrogen-transfer reactions between
methane and alkene over H-Ga—Al-MFI zeolite [13]. Naccache
et al. investigated the conversion of a mixture of methane and
ethylene at low and high temperatures [14]. In this work, the
effects of the degree of acid site dilution of HZSM-5 catalysts on
the yields of aromatic hydrocarbons from methane and propane
hydrocarbons conversion has been discussed. We have also eval-
uated the optimum catalyst characteristics and reaction operating
variables required for maximum production of aromatic from
methane and propane. This work involved the preparation of
cobalt and zinc-impregnated HZSM-5 catalysts. It also involved
the thorough characterization of these catalysts using techniques
such as X-ray diffraction (XRD), N> adsorption measurements,
temperature programmed desorption (TPD) of NH3 and FT-IR
studies, in order to obtain a better understanding of the relation-
ship between catalyst performance and catalyst characteristics.
The results have been used to elucidate the reaction pathway
for aromatization over cobalt and zinc-impregnated HZSM-5
catalysts. These results are presented in this paper.

2. Experimental
2.1. Catalyst preparation

The cobalt and zinc-impregnated HZSM-5 catalysts
(Co—Zn/HZSM-5) used in this work were obtained by
incorporating cobalt and zinc into HZSM-5 catalyst. The non-
impregnated HZSM-5 catalyst was prepared according to the
procedure reported by Chen et al. [15]. HZSM-5 with a Si/Al
mole ratio of 15 was used as the parent zeolite. Altogether,
six Co—Zn HZSM-5 catalysts of 2% zinc and cobalt concen-
trations in the range 0-2.5 wt.% were prepared. Cobalt and zinc
were incorporated into the HZSM-5 catalyst by wet impreg-
nation techniques using aqueous solutions of cobalt and zinc
nitrates (analytical grade and obtained from Guangzhou Chemi-
cal reagent Company, Guangzhou, China) as the precursor. This
impregnation step was carried out for 24 h. After this step, the
catalysts were dried overnight at 373 K and then calcined at
693 K for 6 h in a muffle furnace. The resulting cobalt and zinc-
impregnated HZSM-5 catalysts were designated as KO (0 wt.%
cobalt and 0 wt.% zinc, respectively), K1 (0.5 wt.% cobalt and
2 wt.% zinc, respectively), K2 (1 wt.% cobalt and 2 wt.% zinc,
respectively), K3 (1.5wt.% cobalt and 2wt.% zinc, respec-
tively), K4 (2wt.% cobalt and 2 wt.% zinc, respectively) and
K5 (2.5 wt.% cobalt and 2% zinc, respectively).

2.2. Catalyst performance studies equipment

The performance of the Zn and Co-impregnated and non-
impregnated HZSM-5 catalysts was studied in a stainless steel
(S8S 316) fixed-bed (down flow) microreactor SR22 (11.5 mmi.d.
and 400 mm overall length) microprocessor-based autotuning
PID temperature controller (Shimaden Co. Ltd., Tokyo, Japan)
using a K-type thermocouple. The furnace temperature was con-
trolled by a series of heating elements placed on the side of the

furnace. A separate thermocouple was used to monitor the tem-
perature of the catalyst bed. This arrangement was capable of
ensuring an accuracy of temperature (1 °C for the catalyst bed).

2.3. Conversion of methane and propane

The test runs were performed for each catalyst at atmospheric
pressure and reaction temperature in the range 723-893 K and
weight (hourly) space velocity (WHSV) ranging from 0.8
to 20gh~!/(gcat)~!. The reactant gas (methane/propane
molar ratio of 1.0, contains 10% (v) argon) was obtained
from Shanghai Bixiou Gas Company (Shanghai, China) every
experimental run required 2g of the catalyst (2.5mm of
diameter). A typical test run was conducted as follows: a plug
of quartz glass wool (about 0.5 g), which was used as screen as
well as support for the catalyst, was placed on a stainless steel
grid positioned centrally within the reactor. The catalyst was
then loaded on the glass wool. The catalyst bed was heated to
the desired reaction temperature in flowing argon gas. When
this temperature was reached, the argon flow was stopped and
the feed was pumped into the reactor at the desired methane and
propane space velocity. The product mixture leaving the reactor
was condensed in a water-cooled heat exchanger, followed by
an ice-cooled condenser to separate gaseous and liquid products
for separate analysis. The gaseous products were collected over
saturated brine, while the liquid products were collected in a
glass trap positioned after the condenser.

2.4. Procedures of reaction products analysis and
calculation

The gaseous products were analyzed by an on-line Varian
CP-3800 gas chromatograph, with a flameionization detector
(FID) using an OV-101 column, and a thermal conductivity
detector (TCD) using a Hayesep-D column. The temperature
of the column was raised from 293 to 473 K. Prior to calculate
conversion of methane and propane, calculate total flow rate at
outlet from concentration of argon. The liquid products were
analyzed by liquid chromatograph (Prominence LC20AT, Shi-
madza, Japan). The date was calculated after the normalization
of carbon balance (the amount of deposited carbon was needed
to normalized):

the conversion of methane (%)

(methane in the feed (mol)—methane in the product (mol))

+methane produced from propane (mol)

methane in the feed (mol)
x 100

When: methane produced from propane is produced under the
same condition without methane in the feed.

2.5. Determination for carbonaceous deposition and C-13
labelling investigation

Thermal gravimetric analysis (TG) was processed with PE-
TGA-Type instrument (P.E. Company, USA). After the reaction,
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take 20 mg sample, pretreat it 30 min with argon in 673 K and
decrease the temperature to 313 K, then increase the tempera-
ture from 313 to 1023 K at the rate of 10 K/min and 30 ml/min of
the oxygen. The change in weight was used as the carbonaceous
deposition on the catalyst. It was converted into the carbona-
ceous deposition in the interzone of analysis sample and taken
it to the normalized calculation of the carbon balance.

The conversion of mixtures of propane and methane of
various composition was attempted over cobalt and gallium-
modified HZSM-5 under the conditions at which the carbon
balance and/or methane consumption could be accurately mea-
sured. Because cobalt and gallium-modified HZSM-5, similar
to that used by Choudhary and Kinage [13], is subject to deac-
tivation, the square pulse technique was used.

13C-enriched methane (99.5% atom in 13C) was used with-
out further treatment under the same experimental conditions.
All the products were collected in a cold trap. The products
obtained with '3C methane were analyzed by gas chromatogra-
phy/mass spectrometry (GC/MS) at the AMI-2000-GC (Dycor
System, USA). The products were transferred to a 1 L metallic
container kept at 60 °C and were introduced into the spectrom-
eter via a molecular leak. The resolution of the spectrometer
was adjusted to within 5000, thus enabling the separation of
two very close masses of two distinct entities. For example,
this resolution enabled the separation of '3CH3 = 16:027 u from
12CH4 =16.031u. In addition, the latter can be safely dis-
criminated from 1O =15:995u. Furthermore, the water OH
fragment (OH = 17:003 u) can be unambiguously separated from
BCH4=17:035u.

2.6. Catalyst characterization

2.6.1. N; adsorption measurements [16]

The surface area, pore volume, pore size, and pore size
distribution of all of the catalysts were determined using a
micromeritics adsorption equipment (Model ASAP 2000) which
was equipped with a micropore analysis program using N> (Bix-
iou Gas Ltd., Shanghai, China) as the analysis gas. Prior to
analysis, each catalyst was evacuated at 573 K at a vacuum of
0.54 kPa for 10h. The surface area was evaluated using BET
method and the Dubinin—Astakhov program was used in evalu-
ating the micropore surface areas, while the Horvath—-Kawazoe
equation was used to estimate the median pore sizes of both
HZSM-5 and Co—Zn HZSM-5 catalysts.

2.6.2. Powder X-ray diffraction measurements

Powder XRD measurements were performed to identify com-
ponent phases as well as to determine the degree of crystallinity
of the catalysts as a function of cobalt and zinc concentration.
The XRD measurements were made with a Phillips diffractome-
ter using Fe Ka radiation in the scanning angle (20) range of
10-90° at a scanning speed of 2°/min.

2.6.3. Temperature programmed desorption of ammonia

TPD analysis was performed in order to determine the acid
strengths and distributions on the catalysts. NH3;—TPD experi-
ment: the sample (0.14 g) was dried in a flowing N3 (99.995%

purity; obtained from Shanghai Bixiou Gas Ltd., Shanghai,
China, 60 ml/min) at 873 K for 0.5 h prior to adsorption. Pure
NH3 was adsorbed until saturation took place at 323 K, then the
catalyst was flushed with N at the same temperature for 1 h.
TPD measurements were conducted from 323 to 1023 K at a
heating rate of 15 K/min with N as the carrier gas. The amount
of desorbed ammonia was detected by a thermal conductivity
detector.

2.6.4. FT-IR measurements

The FT-IR technique was employed to identify the nature
of acid sites present on the catalyst samples. The IR measure-
ments were made on powdered catalyst samples using a Biorad
Infrared Spectrometer (Model FTS 40, Digilab Division) in
reflective mode. Two regions of the IR spectra were explored.
These were the hydroxyl and pyridine regions. Consequently,
fresh and pyridine chemisorbed catalyst samples were used to
obtain the spectra for hydroxyl (35004000 cm~!) and pyridine
(1400-1650 cm™!) regions, respectively. Pyridine chemisorbed
samples were obtained by passing pyridine vapor over the cat-
alysts at 423K for 1h in the same flow system that was used
previously for NH3 adsorption. After the pyridine adsorption,
each sample was allowed to cool to room temperature and sub-
sequently used for IR analysis.

3. Results and discussion
3.1. Activity of the catalyst

3.1.1. The effect of the content of cobalt on the activity of
the catalyst

The results of methane (C1) aromatization in the presence of
propane (C3) over different content of cobalt and 2% Zn/HZSM-
5 catalysts are summarized in Table 1. As shown in Table 1, the
effect of the content of cobalt on the conversion of methane
and propane is obvious. The conversion of methane and the
selectivity of aromatics increased with the increase of the content
of cobalt. When the content of cobalt is 2.0% the conversion of
methane was up to 36.7%. The conversion of methane and the
selectivity for aromatic increased slowly when the content of
cobalt is 2.5%. The selectivity of the product changed with the
content of cobalt.

3.1.2. Methane activation in the absence or presence of
propane over the catalyst

Table 2 shows methane activation in the absence or pres-
ence of propane over 2% Co-2% Zn/HZSM-5 (HZ1) and
HZSM-5 (HZ) catalysts. The results showed that whatever cat-
alyst cannot catalyze non-oxidative aromatization of methane
at 873 K. But the aromatization of propane can proceed on
the same conditions and the conversion of propane is about
73%. When the mixture of methane and propane was as the
feed, the results of the reaction were not the simple addition
of which methane or propane was as the feed of the arom-
atization. In this reaction the conversion of propane changes
slowly, the conversion of methane is up to 36.7%, and the
selectivity of aromatics is 88.7%. In Table 2 the conver-
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Table 1
The results of methane aromatization in the presence of propane over x% Co +2% Zn HZSM-5 (x=0, 0.5, 1.0, 1.5, 2.0, 2.5) catalysts*
Co content in catalyst, x Conversion (%) Selectivity (%)

CH,4 C3Hg CoH, C2Hg C3Hg Ce® P Cs® Co*¢ c,¢ AH®
0 30.8 75.6 4.3 2.5 6.7 28.0 25.9 23.7 7.4 14 85.0
0.5 32.6 71.5 4.2 2.0 8.4 27.5 26.7 13.5 16.5 1.2 84.2
1.0 33.7 78.0 35 1.6 7.0 27.2 24.6 12.6 22.4 1.1 86.8
1.5 34.6 79.6 35 1.5 6.1 27.5 23.5 11.8 25.1 1.0 87.9
2.0 36.7 79.7 33 14 5.8 28.5 20.3 19.5 20.4 0.8 88.7
2.5 36.9 79.8 32 1.5 5.5 28.6 20.3 19.6 20.5 0.8 89.0

 Feed: Cy+Cs+argon, WHSV=1.6gh™!/(gcat)y™!; T=873K; t=90min; partial pressure of methane, Pcj=0.045MPa; partial pressure of propane,

Pc3 =0.045 MPa; the conversion of methane is calculated following (2.4).
> Aromatics.
¢ Number of C > 9 aromatics.
4 Coke on the catalyst.
¢ Total aromatics.

sion of methane is —14.5% when the absence of propane
over HZ. This means that there was a net formation of
methane.

It is generally reported that the activation of methane occurs
on active species of the catalyst forming ethylene as primary
product CoHy being converted benzene over acid sites of the
zeolite [17-19]. In other work it was shown by contrast that
acetylene was the primary product of the reaction of methane
over Mo/HZSM-5 [20]. Choudhary and Kinage [13] investi-
gated the reaction of methane in the exist of long-chain alkane
or long-chain alkene. They proved that methane can be acti-
vated in low temperature because the migration of hydrogen
between methane and alkene. When the mixture of methane and
propane was as the reagent propane is easier to be activated
than methane. Propane was likely to dehydrogenate to become
alkene. The methane being activated via the migration of hydro-
gen occurred between methane and alkene or predecessor of
alkene. Naccache et al. confirmed that the absence of methane
activation and methane carbon cannot be inserted into olefin
aromatization products on the conversion of various mixtures of
propene and methane or ethene and methane over Hgallo alu-
minosilicate (MFI) zeolite under the reported conditions by the
use of C13-labelled methane [14].

Table 2

3.1.3. The influence of the methane/propane ratio on the
activity of Co—Zn/HZSM-5

Table 3 shows the activity of 2% Co-2% Zn/HZSM-5
from different methane/propane ratio at 873K in the arom-
atization of methane and propane. The results showed that
when the methane/propane molar ratio is equal to or over
0.4/1 the conversion of propane is great than the conversion
of propane when without methane. In fact, the conversion
of methane and propane did not change in line. Generally,
when the conversion of methane decreased the conversion of
propane increased. It proved that there were a competition and
co-activation between methane and propane in the reaction.
Although the selectivity of aromatics is over 80%, the rela-
tive product of CgHg to C;Hg changed with the change of
n(C1)/n(C3) which can be seen from the distribution of the
product. When the methane/propane molar ratio is equal to 1
the selectivity of C¢Hg is great than which of C7Hg and the
selectivity of naphthalene is get up to 20.4%. Otherwise when
the methane/propane molar ratio is less than 1 the selectivity
of CgHg is less than which of C7Hg. The selectivity of CgHjg
decreased with the increase of the methane/propane molar ratio.
These results showed that methane participated in the pro-
cess to produce aromatics. Furthermore, because the process of

Methane activation in the absence or presence of propane over 2% Co + 2% Zn HZSM-5 (HZ1) and HZSM-5 (HZ) catalysts®

Feed Cat. Conversion (%) Product selectivity on the total carbon (%)
CHy4 CsHg CHy4 CyHg C,Hy CsHg CeHg C7Hg CeHio C9+b Total aromatic C,°
CH,¢ HZ1 00 -
HZ 0.0 -
C+C3¢ HZ1 36.7 79.7 33 1.4 5.8 28.5 20.3 19.5 20.4 88.7 0.8
HZ —14.5 17.6. 40.6 1.0 38.2 0.0 15.6 44 0.0 0.0 20.0 0.2
C3Hgf HZ1 - 73.5 2.6 2.6 5.6 7.6 25.4 30.6 15.7 10.3 81.7 0.9
HZ 56.8 39.2 1.6 39.5 0.0 15.2 4.5 0.0 0.0 19.7 2.1

4 The other conditions are the same as in Table 1, time on stream: 90 min.
b Number of C > 9 aromatics.

¢ Coke on the catalyst.

d Partial pressure of methane is 0.045 MPa.

e

[ Partial pressure of propane is 0.045 MPa.

n(Cp)/n(Csz) = 1.0, partial pressure of methane is 0.045 MPa; partial pressure of propane is 0.045 MPa.
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n(C1)/n(C3)

Conversion (%)

Products selectivity (%)

Cl Cc3 CyHy CyHg C3Hg CgHg CjHg CgHjp Co*®  CpoHg  AHS (o n(C(s)/n (C7)°
0.4 26.2 70.1 2.3 1.5 32 242 29.5. 284 0.04 8.6 90.7 0.7 0.82
0.6 27.3 81.0 24 1.8 3.8 28.5 32.5 21.7 0.03 6.8 89.5 0.8 0.88
0.8 31.6 80.2 2.6 1.6 4.1 29.8 32.1 20.0 0.02 7.9 89.8 0.8 0.93
1.0 36.7 79.7 33 1.4 5.8 28.5 20.3 19.5 0.02 20.4 88.7 0.8 1.40
2 The conditions are the same as in Table 1.
b Number of C > 9 aromatics (except naphthalene).
¢ Total aromatics.
d Coke on the catalyst.
¢ n(Ce¢Hg)/n(C7Hg); C1oHs: naphthalene.
Table 4
The results of methane aromatization in the presence of propane over 2% Co-2% Zn/HZSM-5 catalysts at different time on stream
Time on stream (h) Conv. (%) Product selectivity on the total carbon (%)
CHy C3Hg CyHg CoH,4 C3Hg CeHg C7Hg CeHio Co*a Cio® AH® ¢
1.5 36.7 79.7 33 14 5.8 28.5 20.3 19.5 0.02 20.4 88.7 0.8
3.0 36.7 71.7 1.5 4.1 49 28.5 20.3 194 0.02 20.3 88.7 0.8
12.0 36.7 72.1 1.6 3.9 49 28.7 20.5 19.5 0.01 20.0 88.8 0.8
36.0 36.5 71.7 14 4.0 5.1 28.5 20.3 19.5 0.02 20.2 88.7 0.8
84.0 355 71.5. 1.8 4.0 6.3 27.6 20.4 18.8 0.01 19.9 86.8 1.1
120.0 35.2 71.5 22 39 6.7 26.4 20.6 18.7 0.02 20.1 86.0 1.2

Feed: C; +Cj3 +argon; WHSV =1.6gh~!/(gcat)~'; T=873 K; partial pressure of methane, Pc| =0.045 MPa; partial pressure of propane, Pc3 =0.045 MPa; the

conversion of methane is calculated following (2.4).
4 Number of C > 9 aromatics (except naphthalene).
b Naphthalene.
¢ Total aromatics.
4 Coke on the catalyst.

methane to participate to produce aromatics is complex methane
either could enter into aromatic ring or could enter into side
chain. The idiographic mechanism needs to be made farther
investigation.

3.1.4. The activity of the catalyst at different time on stream

Table 4 shows the activity of HZSM-5 which contains 2%
Co and 2% Zn at 873K for the aromatization of methane
and propane at different time on stream. On the whole, as
a function of time on stream the naphthalene concentra-
tion did not change significantly. The conversion of methane
and propane decreased slowly with the time on stream
extended. Similarly the selectivity of aromatics did not change
evidently.

3.2. The result from C-13 labelling investigation

The C-13 labelling investigation has been used under the
same conditions to testify methane to be activated and to incor-
porate into the aromatization products. Table 5 lists the results
for C¢Hg, C7Hg and CgHjg. It can be seen in Table 5 that in
the un-labelled CH4 and C3Hg reaction the area of the MC ion
of C¢Hg™ (m/e=78) is great by comparing with those of the
areas (m/e="179, 80). The area of m/e =78 is 16 times more than
the area of m/e =79, 80. Otherwise, in the reaction of 13CH4 and
C3Hg the area of m/e = 78 is much smaller than those of m/e =79,
80. The area of m/e="79 is 430 times as which of m/e=78. In
the un-labelled CH4 and C3Hg reaction the area of the MC ion
of C7Hg* (m/e=91) is almost double by comparing with which

Table 5

Mass spectra data for aromatic product from '3CHy4 and un-labelled CH, aromatization in the presence of propane over 2% Co-2% Zn/HZSM-5

1BCH,* C3Hg CH4* C3Hg

CoHe* C7Hg* CgHio" CeHe™* C7Hg* CsHio"

mle  10° Abundance  m/e 10 Abundance m/e  10° Abundance m/e  10° Abundance m/e  10° Abundance m/e  10° Abundance
78 0.0100 91 0.1100 106 0.0182 78 6.4900 91 3.1900 106 0.1870

79 4.3100 92 2.2900 107 0.1790 79 0.4100 92 1.7100 107 0.0200

80 0.3200 93 1.3100 108 0.0020 80 0.0150 93 0.1300 108 -
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Fig. 1. XRD spectra of ZSM-5 catalyst.

of the areas (m/e=92). In the reaction of 13CH4 and C3Hg the
areas of m/e =92, 93 are much great than which of m/e=91. In
the un-labelled CH4 and C3Hg reaction the area of the MC ion of
CgHjo* (;m/e=106) is almost 10 times as the area of m/e=107.
But, in the reaction of 13CH,4 and C3Hg the area of m/e =107
is 10 times as which of m/e=106. These results showed that
there was significant incorporation of '>C into the aromatiza-
tion reaction products and methane is actually incorporated into
the aromatics products.

3.3. Catalyst characterization

3.3.1. Powder XRD measurements

The XRD pattern of the non-impregnated HZSM-5 catalyst
(KO) is shown in Fig. 1 and is consistent with those reported
in the literature [21,22]. The XRD patterns for the Co and Zn-
impregnated catalysts did not show any appreciable change from
that given in Fig. 1, implying that, up to 2 wt.% Co and 2 wt.% Zn
concentration, respectively, there was no loss of crystallinity by
the catalysts due to Co and Zn impregnation. Also, no new XRD
lines were observed in the Co and Zn-impregnated catalysts.

3.3.2. N; adsorption measurements

The micropore surface areas of the Co and Zn-impregnated
and non-impregnated HZSM-5 catalysts are given in Table 6
as a functions of cobalt and zinc concentration. It is seen that
the micropore surface area decreased slowly with the increase
of Co and Zn concentration in the catalyst. Also, it is known

300

250 ~

Ammonia Desorbed(mmol/g)
—_ [*]
2 8
| T

100
2
]
50 4
5
6
0 1 I | | | 1
0 100 200 300 400 500 600 700

T/°C

Fig. 2. TPD spectra of the catalysts contained different amount of Co (content
of Zn is 2%). (1) HZSM-5, (2) 0.5% Co +2% Zn HZSM-5, (3) 1% Co +2% Zn
HZSM-5, (4) 1.5% Co+ 2% Zn HZSM-5, (5) 2% Co + 2% Zn HZSM-5 and (6)
2.5% Co+2% Zn HZSM-5.

that the micropore surface area in HZSM-5 is a measure of the
inner channel surface area of the micropores. Thus, the decrease
in micropore surface area with the increase of Co and Zn con-
centration may be due to pore blockage of the micropores of
the impregnated catalysts by cobalt and zinc (most likely in the
form of CoO and ZnO). Pore blockage is also supported by the
decrease in micropore volume with increasing Co and Zn con-
centration (see Table 6). These results were used in conjunction
with results obtained from TPD of NHj to evaluate the acid site
densities of the respective catalysts. This is discussed below.

3.3.3. TPD of NH3

The TPD-NH3 spectra for the five catalysts (KO, K1, K2,
K3 and K4) are given in Fig. 2. The figure shows that the non-
impregnated HZSM-5 catalyst (i.e., KO containing 0 wt.% Co
and O0wt.% Zn) as well as the impregnated HZSM-5 catalysts
containing 2% Zn and 0.5-2.5 wt.% Co, respectively (i.e., K1,
K2, K3, and K4) exhibited two well-resolved TPD peaks desig-
nated as the low-temperature peak (1) and the high-temperature
peak (h). The literature [23] suggests that if the NH3—TPD peak
temperature is greater than 623 K, then this peak represents
strong acid sites (i.e., h peak), whereas peaks with tempera-
tures less than 623 K represent weak acid sites (i.e., 1 peaks).
Thus, the existence of TPD peaks at 493-523 and 673-793 K
for non-impregnated and impregnated HZSM-5 catalysts sig-
nify the presence of both the weak and strong acid sites on the
catalysts. Therefore, the progressive shift to lower peak tempera-
tures for h peak implies that there was a decrease in the strengths
of the strong acid sites when the concentration of cobalt in the
catalyst increased.

Acid site density can be used to represent the concentration
of the acid sites present on the surface of the catalyst which
is accessible to the reactants. Acid site density on the basis of
surface area becomes important because catalytic cracking reac-
tions are essentially a surface phenomenon which depends on
the accessible acid sites presented on the catalyst. In this work,
acid site density of each catalyst was calculated as the ratio of
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Table 6

Characteristics of Co and Zn impregnated and non-impregnated HZSM-5 catalysts

Catalyst Catalyst identity Catalyst micropore Adsorbed amount Micropore volume Acid density 10~3 mmol/(m?
surface area (m%/g) (1073 mmol/g) (cm?/g) of catalyst surface area)
HZSM-5 KO 395 6.96 0.156 0.0176
0.5% Co + 2% Zn HZSM-5 K1 386 6.70 0.150 0.0174
1% Co+2% Zn HZSM-5 K2 372 6.34 0.142 0.0170
1.5% Co+ 2% Zn HZSM-5 K3 370 6.16 0.138 0.0166
2% Co+2% Zn HZSM-5 K4 360 5.80 0.130 0.0161
2.5% Co+2% Zn HZSM-5 K5 358 5.76 0.129 0.0161

the total adsorbed amount of NHj3 to the micropore surface area
(i.e., inner channel area of the pores) of the catalysts as follows
[16]:

o

r= (micropore surface area/g of catalyst) M
where u is the adsorbed amount of NH3 per unit micropore
surface area, mmol/(m? of catalyst micropore surface area) and
« is the absorbed amount of NH3, mmol/g.

The results for the five catalysts are given in Table 6. It is
seen from the table that both the acid site density and microp-
ore area decreased as the cobalt concentration in the catalysts
increased. Thus, it can be concluded that the incorporation of
cobalt and zinc into HZSM-5 catalyst the concentration of the
acid sites decreased. The reaction results showed (Table 1) that
the productivity of aromatics increased and the coke on the cat-
alyst decreased with the increase of the content of cobalt, after
added Co and Zn the strength of the strong acid becoming weak
and the decrease of micropore area resulted in the decrease of
the coke on the catalyst and the increase of the activity. Cer-
tainly, the conversion does not entirely lie on the strength of the
acid site. An alternative interpretation of the role of the transi-
tion metal oxides is that they directly participate in the reaction
which needs to be investigated further.

Fig. 3 shows TPD graphs of the catalyst after reacted dif-
ferent time. As seen in Fig. 3, with the reaction time extended,
the number of the strong acid sites decreased quickly, but the
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Fig. 3. TPD spectra of the catalyst from different reaction time (feed:
Cl1+C3+argon; WHSV=1.6gh~!/(gcat)~!, T=873 K; at atmospheric pres-
sure). (1) Fresh catalyst, (2) after 36 h, (3) after 48 h and (4) after 120 h.

decrease of the number of the weak acidic sites is not conspic-
uous. It owes to a majority of strong acidic sites have been
covered with surface cokes because the stronger the strength
of the acidity is, the more easy the coke is produced. But the
weak acidic sites are not easy to produce coke. After adding
Co and Zn the strength of the strong acid decreased, so the car-
bonaceous is uneasy to deposit on the surface of the catalyst. It
may be the cause of which the catalyst showed high stabilization
(see Table 4).

3.3.4. FT-IR studies

In addition to determining the strength and total number
of acid sites using the TPD of NHj3, it was also necessary to
determine the types of acid site present (i.e., whether Lewis or
Bronsted acid sites) as well as their distribution on the catalyst
surface as a function of Co and Zn concentration. According
to the literature, the variation in the amounts of these various
acid types has a tremendous effect on product distribution. As
suggested by Vedrine et al. [24] information regarding the types
of acid sites present on the catalysts was obtained from the IR
spectra of the samples in the pyridine region (frequency in the
range 1425-1575cm™!) as well as in the hydroxyl stretching
range (frequency in the range 3500-4000cm™1).

The IR spectra of fresh and pyridine adsorbed samples show-
ing these two regions are presented in Figs. 4 and 5, respectively,
for catalysts KO, K1, K2, K3, and K4. In Fig. 4, the band at
3668 cm™! is characteristic of a terminal hydroxyl group (OH)
(i.e., adsorbed water), while the bands at 3740 and 3610 cm™!
are assigned to the lattice terminal Si—~OH groups and acidic
hydroxyl Al-OH groups, respectively. According to Vedrine et
al. [24], the terminal Si—~OH and the acidic hydroxyl Al-OH
groups are particularly important because of their ability to gen-
erate Bronsted acid sites which are known to be essential for
all cracking reactions. It is therefore desirable to determine how
these bands are distributed in the catalyst as a function of Co
and Zn concentrations. In Fig. 4, it is seen that these three bands
are very prominent for the non-impregnated and impregnated
HZSM-5 catalysts. Likewise, there is no evident influence as Co
and Zn impregnated.

The IR spectra of the catalysts (HZSM-5 (KO0), 0.5% Co +2%
ZnHZSM-5 (K1), 1% Co + 2% Zn HZSM-5 (K2), 1.5% Co + 2%
Zn HZSM-5 (K3), and 2% Co+2% Zn HZSM-5 (K4)) in the
region of pyridine absorbing (1410-1575 cm™!) are presented,
respectively in Fig. 5. It can be seen from the figure that HZSM-5
catalysts exhibited bands at frequencies of 1550 and 1460 cm ™.
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Fig. 4. IR spectra of HZSM-5 and Co, Zn-impregnated HZSM-5 catalysts in
the hydroxyl region (KO, HZSM-5; K1, 0.5% Co+2% Zn HZSM-5; K2, 1%
Co+2% Zn HZSM-5; K3, 1.5% Co+2% Zn HZSM-5; K4, 2% Co+2% Zn
HZSM-5).
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Fig. 5. IR spectra of HZSM-5 and Co and Zn-impregnated HZSM-5 catalysts
in the pyridine region (KO, HZSM-5; K1, 0.5% Co +2% Zn HZSM-5; K2, 1%
Co+2% Zn HZSM-5; K3, 1.5% Co+2% Zn HZSM-5; K4, 2%Co+2% Zn
HZSM-5).

According to Rahman et al. [25], Borade and Clearfield [26], the
band around the frequency of 1545cm™! represents the Bron-
sted acid sites, whereas the one at 1493 and 1635 cm™! represent
the presence of a mixture of both Bronsted and Lewis acid sites.
The band around the frequency of 1455 cm™~! is characteristic of
the Lewis acid sites. Impregnated HZSM-5 catalysts exhibited
band at frequencies of 1616 cm™!. The intensity of the band at
1550 cm~! (Bronsted acid sites) decrease as the concentration
of Co and Zn in the catalyst increased. Otherwise, when the con-
centration of Co and Zn in the catalyst increases the intensity of
the band at 1460 and 1616 cm™" increased. It was the formation
of Lewis acid sites which were stronger than those presented in
non-impregnated HZSM-5 catalyst.

4. Conclusion

The activation of methane in low temperature was due to the
existence of propane. The incorporation of cobalt and zinc into
HZSM-5 catalyst decreased both the strength of strong acid and
the micropore area of the catalyst which results in the decrease
of the coke on the catalyst. After adding Co and Zn an increase of
the strength of Lewis acid sites in the catalyst. While the super-
fluous strong Bronsted acid sites decreased, which are showed
to be related with the aromatic carbonaceous deposits on the
catalyst. Therefore, a much higher benzene yield and a longer
durability of the catalysts are obtained when compared with the
conventional HZSM-5 catalysts.
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