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Abstract—The performance of two types of ZSM-5 zeolite catalysts (MFI-type zeolite, SiO,/Al,0; = 50 and
300) was studied in the catalytic cracking of n-hexane and n-heptane as a model compound of light naphtha
for production of light olefins at 500, 550, and 600°C. The physicochemical properties of ZSM-5 catalysts
were characterized by means of XRD, BET, SEM and NH3-TPD. The influence of SiO,/Al,0; molar ratio
was investigated on conversion and product selectivity. ZSM-5 zeolite yielded higher conversion in the crack-
ing of n-hexane compared to n-heptane and maximum conversion was achieved over ZSM-5(50) at 600°C.
ZSM-5(50) showed higher alkane selectivity rather than olefins. It was found that ZSM-5(300) was
more desirable in terms of having significant selectivity to light olefins as well as producing high propylene to
ethylene ratio. The maximum propylene to ethylene ratio of 2.7 and 2.48 was observed over ZSM-5(300) at

500°C for n-hexane and n-heptane cracking, respectively.
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INTRODUCTION

Light olefins such as ethylene and propylene
are the most important materials in chemical industry
[1, 2] that are used as feedstock for polyethylene, res-
ins, polypropylene, ethylene oxide and other materials
[3, 4]. The main routes for production of light olefins
are thermal and steam cracking, that is energy inten-
sive processes [5] and operate at high temperature [3].
The control of light olefins selectivity in these pro-
cesses is difficult [4]. Through increasing demand for
light olefins every year [6, 7], catalytic cracking has
been proposed to obtain these materials under moder-
ate conditions and higher yields [8]. In order to study
the reactions related to naphtha cracking and explain
the performance of catalyst and reaction mechanism,
the catalytic cracking of light alkanes (Cs;—Cg) over
various zeolites was investigated by several research
groups [5, 9]. The catalytic cracking of alkanes has a
significant impact in petrochemical industry; because
it produces valuable olefins from low cost saturated
hydrocarbons [10]. This is one of the most common
reactions which are widely used to investigate the zeo-
lite activity [11]. It is accepted that the cracking of
alkanes occur via two mechanisms including mono-
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molecular and bimolecular pathways. The first one
involves a carbonium ion and the latter includes a car-
bonium-chain mechanism [4, 11]. Many zeolites have
been used for hydrocarbons cracking to the lower
molecular weight products, such as light olefins [12].
Among various zeolite catalysts, ZSM-5 (MFI type
zeolite) has been recognized as prime candidate for
catalytic cracking because of its strong acidity, high
thermal and hydrothermal stability and the consider-
able resistance to deactivation caused by coking during
cracking process [13, 14]. ZSM-5 is a synthetic zeolite
with high silica content [15]. It has SiO,/Al,O; ratio from
around 20 to almost infinity [ 16]. Rownaghi et al. [3] stud-
ied the catalytic cracking of n-hexane over aseries of
HZSM-5 zeolites with different characteristics.

They observed that the acid site on the external sur-
face effects the olefins production. The HZSM-5 with
nano-sized crystals containing less Al on the external
surface area showed a better catalytic performance
compared to the micro-sized catalyst [3]. Konno et al.
[6] investigated ZSM-5 zeolite in catalytic cracking of
n-hexane. Nano-zeolite crystals exhibited high con-
version with stable activity in comparison with the
macro-zeolites. It was suggested that the large external
surface area and low diffusion resistance of the nano-
zeolite reduce the effect of pore plugging due to coke
deposition [6]. It is known that acidity of the zeolite is
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dependent on SiO,/Al,O; molar ratio. Wang et al. [5]
carried out the cracking of n-hexane over MCM-22
with various SiO,/Al,O; molar ratios. They found that
the higher propylene selectivity is observed for
HMCM-22 with the higher SiO,/Al,O; molar ratio
[5]. Fully literature survey indicates that there is no
report comprising investigation and comparison of #-
hexane and n-heptane in various temperatures simul-
taneously. As at similar work reported by Kubo et al.
[17] the catalytic cracking of n-heptane have been
investigated individually and the relationship between
selectivity and reaction temperatures was just investi-
gated for Si/Al = 31 and a comparison of different
Si/Al ratios at various temperatures was not investi-
gated [17].

In the present study, the catalytic cracking of both
n-hexane and n-heptane have been investigated simul-
taneously over two types of ZSM-5 zeolite with
SiO,/Al,O; ratios of 50 and 300 at reaction tempera-
tures 500, 550, and 600°C in a fixed-bed micro-activ-
ity test (MAT) unit. Also, the influence of Si/Al ratio
on the catalyst performance and products selectivity
was fully explained and compared over different reac-
tion temperatures for two zeolites with different Si/Al
ratio.

EXPERIMENTAL
Reactant and Materials

n-Heptane (97% purity, Merck) and n-hexane
(95% purity, Merck) were used as the feedstock with-
out further purification. Two types of Commercial
ZSM-5 zeolite with SiO,/Al,05 molar ratios of 50 and
300 were used as catalysts which were denoted as
ZSM-5(50) and ZSM-5(300), respectively. Both zeo-
lites were used as their H-forms.

Instruments

The catalysts were characterized by various tech-
niques. The X-ray diffraction (XRD) patterns of the
catalysts were recorded with a SIEMENS D5000 dif-
fractometer using Cu-K|, radiation. The specific sur-
face area were calculated according to Brunnaur-
Emmettt-Teller (BET) equation and measured by N,
adsorption at liquid nitrogen temperature. The Parti-
cle size and morphology of the zeolites were investi-
gated by scanning electron microscope (SEM) using a
VEGA/TESCAN. The acidity of the catalysts
(amount and strength) was determined by the step-
wise NH3-Temperature Programmed Desorption
(NH3-TPD) technique. The experiments were
carried out using a NanoSORD NS91 apparatus. The
NH3-TPD experiments were performed on 90 mg of
each catalyst placed in a U-shaped quartz reactor.
Prior to each TPD run, the catalyst was degassed in a
flow of 10 sccm N, at 500°C for 2 h, and cooled down
to 120°C. This was followed by the adsorption of 5%
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NH;/He at 120°C for 30 min, sample were then
purged in a He stream for 30 min at 120°C in order to
remove loosely bound Ammonia. Then, the sample
was heated again from 120 to 900°C at a heating rate of
10°C/min in a flow of He (10 sccm). The gaseous
products of the catalytic reaction were analyzed using
Agilent Technology 7890 fast RGA GC instrument
equipped with FID/TCD detectors. This GC is con-
figured to analyze the refinery gas within 7 minutes.
The system has five valves and three detectors. The
FID channel is configured to analyze the C; to Cs
hydrocarbons, while C;/C¢, components are back
flushed and measured as one peak at beginning of
analysis. The first TCD channel is configured to ana-
lyze fixed gases. Last the second TCD channel is ded-
icated to analyze hydrogen only. The columns used in
this analyzer are Hayesep Q and Molecular sieve
(packed column, 1/8 stainless steel) and capillary col-
umns are DB-1 (2 m X 0.32 um) and HP-AI/S
(25m X% 0.32 um). The inlet column pressure was
14.2 psi and the column temperature increased from
35 to 120°C during the analysis.

Reaction Procedure

The catalytic cracking was performed over ZSM-5
zeolite in MAT unit according to ASTM-D3907. Zeo-
lites were calcined at 550°C in air for about 4 h.
Both ZSM-5 zeolites were tested with two feedstocks,
n-hexane and n-heptane. The experiments were car-
ried out under atmospheric pressure in a down-flow
fixed-bed reactor with 18 mm inner diameter. The cat-
alyst powder was pressed, pelleted without any binder,
crushed and sieved to specific particle sizes. The reac-
tor was tubular made of quartz and was heated in an
electric furnace equipped with temperature controllers
and thermocouple to monitor the temperature. The
catalytic cracking experiments were performed at 500,
550, and 600°C and the time on stream was 70 s. A
rotameter and a syringe pump were applied to control
the flow rates related to carrier gas and feedstock,
respectively. A known amount of catalyst (4.0 g) was
loaded in the reactor and activated at 550°C under dry
air for 30 min before each run. Before each test, the
system was purged for 20 min with a N, flow
of 50 mL/min at the reaction temperature and then
n-hexane and n-heptane were fed. At the end of the
reaction process, stripping of the catalyst was done for
20 min to strip the entrapped hydrocarbons in the cat-
alyst bed. The effluent was cooled in an ice-bath and
separated into liquid and gas product. Gaseous prod-
ucts were collected in gas sampling bag and the liquid
products were collected in a glass receiver kept in ice-
bath. A thorough gas chromatographic analysis of gas-
eous MAT products was conducted to provide detailed
yield patterns and information on the selectivity and
conversion of the catalysts being tested.
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Fig. 1. XRD patterns of (a) ZSM-5(50) and (b) ZSM-
5(300).

RESULTS AND DISCUSSION
Catalyst Characterization

The XRD patterns are shown in Fig. 1. From the
XRD patterns, it can be seen that the X-ray powder
patterns of two zeolites are typical of MFI zeolites and
two patterns are in good accordance.

The specific surface areca was obtained 269.73 and
339.7 for ZSM-5(50) and ZSM-5(300), respectively.
The SEM micrographs of ZSM-5(50) and ZSM-
5(300) are showed in Fig. 2.

ZSM-5 zeolites exhibited regular cuboidal mor-
phology with crystal sizes of about 24 um and 2 um.

Figure 3 presents the NH3-TPD profiles of ZSM-
5(50) and ZSM-5(300). The profiles exhibited two
desorption group peaks for both zeolites, one centered
in low-temperature region at around 200°C and the
other in high temperature region from 400—700°C,
corresponding to weak acid sites and the strong acid
site, respectively.
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The calculated values of both NH; adsorbed
together with the desorption peak area are reported in
Table 1. ZSM-5(50) showed 43 umol g~ total acidity,
which was higher as compared to ZSM-5(300) with
33.2 umol g~! NH;. The higher total concentration of
acidic sites for ZSM-5(50) in terms of desorbed peak
area is concluded which is in consistent with the gen-
eral principles of the relationship between SiO,/Al, 05
ratio in the zeolites and their acidic properties.
Increasing Al sites as active acidic sites in zeolites
increases the zeolite acidity [18, 19].

Catalytic Cracking

The catalytic performance of two ZSM-5 zeolites
were studied in the cracking of light alkanes including
n-heptane and n-hexane in MAT unit according to
ASTM-D3907 to produce light olefins at 500, 550,
and 600°C. Light olefins includes ethylene, propylene
and butenes in which butenes were mainly 1-butene,
2-butene (including trans-2-butene and cis-2-butene)
and isobutylene. The catalyst to oil ratio was 3.0 and
the time on stream for all cracking tests was 70 sec.
The results are shown in Table 2. The reaction perfor-
mance of the catalysts was evaluated by conversion of
n-hexane and n-heptane as well as the selectivity of the
gaseous products. The calculation formulas were as
follows:

W, -W,

Conversion = —/——2 x 100%,

Wi

o 100%.
/4

Selectivity =

i o
Where W, represents the weight of feed at the inlet and
W, indicates the weight of unreacted feed at the outlet
of the reactor [20]. W, stands for content of each com-
ponent in the products. It is worth noting that the

Fig. 2. SEM images of zeolites. ZSM-5(50) (left) and ZSM-5(300) (right).
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Fig. 3. NH;-TPD profiles of the ZSM-5 catalysts.

amount of coke formed on the catalyst bed was insig-
nificant, so that there was no significant change in
appearance of catalyst.

Table 2 shows that temperature has a significant
influence on the behaviour of the catalysts. The con-
version of n-hexane and n-heptane at different reac-
tion temperatures are plotted in Fig. 4 showing an
ascending correlation with temperature over either
zeolites. Both trend lines have the same slope, yet the
conversion values for n-hexane are greater than n-hep-
tane regardless of Si0,/Al,0; molar ratio. Despite this
similar pattern for both zeolites, ZSM-5(50) yielded
greater conversion values independent of feedstock
(Fig. 4). The slope of the trend line between 550 to
600°C in case of ZSM-5(50) was higher than the slope
between 500 to 550°C, while for ZSM-5(300) a reverse
trend was observed. In general, catalytic cracking
occurs at the acidic sites of zeolites and the conversion
depends on the acidity of the catalyst [21]. On the
other hand, acidic property of the zeolites highly
depends on SiO,/Al,0; molar ratio [5, 18]. The higher
the Al content, the more acid sites become available
on the zeolite [19]. Therefore, lower conversion values
in case of ZSM-5(300) were expected. Overall, maxi-
mum conversion of 93.84 and 88.93 was achieved over
ZSM-5(50) at 600°C for n-hexane and n-heptane,
respectively.

It can be concluded that for both zeolites and both
feedstocks, the selectivity of ethylene increased at
higher reaction temperatures (Table 2). This can be

Table 1. NH;-TPD results of ZSM-5 zeolites

: ~1
Catalyst Desorption NH; (umol g™")
peak area adsorbed
ZSM-5(300) 5966 33.22
ZSM-5(50) 7723 43.00
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attributed to the fact that ethylene was formed via pri-
mary carbonium ions which requires high activation
energy [5]. Higher temperature fulfils the high activa-
tion energy requirement.

The data presented in Table 2 show that the selec-
tivity of ZSM-5 zeolite for propylene production using
any SiO,/Al,O; molar ratio or any type of feed was
higher compared to ethylene and butenes. However,
ZSM-5(300) showed higher selectivity to propylene
compared to ZSM-5(50). Propylene selectivity of
about 30 and 28 wt % was obtained over ZSM-5(300)
for n-hexane and n-heptane cracking, respectively.
Maximum propylene to ethylene ratio of 2.7 and 2.48
was observed over ZSM-5(300) at 500°C for n-hexane
and n-heptane cracking, respectively.

The distribution of products obtained from crack-
ing of n-hexane and n-heptane over both ZSM-5 zeo-
lites at different temperatures is plotted in Figs. 5
and 6. As shown in Figs. 5 and 6, the selectivity of eth-
ylene, dry gas and total olefins obeys an ascending
trend by increasing the reaction temperature for both
zeolites, while selectivity to alkanes decreased at high
temperatures. No considerable changes were observed
for butenes selectivity at different temperatures.
As opposed to other products, propylene follows a dif-
ferent trend over the two ZSM-5 zeolites. Under
ZSM-5(50), a linear increase was observed for propyl-
ene selectivity correlated with temperature whereas
under ZSM-5(300) there is no considerable difference
in terms of propylene selectivity at different tempera-
tures for both feedstocks.

The selectivity for alkanes and total olefins
are summarized in Table 2. Regardless of feed type,
ZSM-5(50) is significantly selective for alkanes while
ZSM-5(300) was much more selective for light olefins.
This observation may be attributed to the less acidic
properties of ZSM-5(300) which reduces H-transfer
reactions [5, 18] inhibiting the conversion of olefin
products to alkanes leading to olefins selectivity of
the catalyst. ZSM-5(50) becomes less selective for
alkanes at high temperature leading to maximum
alkane selectivity 79.97 and 78.21 at 500°C for n-hex-
ane and n-heptane cracking, respectively. To further
understand, the alkanes to olefins ratios were calcu-
lated which was about 4.5, 3, and 2 under ZSM-5(50)
for both feedstocks at reaction temperatures 500, 550,
and 600°C, respectively while the ratio under
ZSM-5(300) is about 1 at all reaction temperatures.
The direct relationship between olefins selectivity and
conversion of n-hexane and n-heptane to the products
are shown in Fig 7.

As it is shown, the olefins selectivity increased with
enhancing the conversion at 500, 550, and 600°C.
Therefore, temperature enhancement has desirable
influence on ZSM-5 performance at catalytic crack-
ing process. It causes increasing both conversion and
olefins selectivity. Consequently, the catalytic crack-
ing process over ZSM-5 at higher temperature is more
PETROLEUM CHEMISTRY  Vol. 58
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Table 2. The conversion and selectivity of ZSM-5 catalysts in #-hexane and n-heptane carcking

Selectivity, wt %
o Conversion,
Feed Catalyet e % d a ethylene ropylene | butenes total total
Ty gas Y propy olefins® alkanes®

500 88.2 3.1 5.5 8.4 3.1 17.0 80.0
ZSM-5(50) 550 88.9 6.1 9.4 10.9 2.7 23.0 70.9
600 93.8 10.9 14.3 15.4 4.7 34.4 54.5

Hexane
500 42.1 3.0 11.4 31.0 5.3 47.7 47.6
ZSM-5(300) 550 56.7 4.8 15.0 30.3 4.8 50.1 43.6
600 64.0 6.0 19.5 274 4.7 51.6 42.3
500 83.1 1.9 5.5 10.1 4.2 19.8 78.2
ZSM-5(50) 550 84.2 4.4 7.7 11.2 4.1 23.0 72.5
600 88.9 8.2 9.9 13.7 4.1 27.7 64.1

Heptane
500 32.1 2.1 11.4 28.2 8.3 47.9 50.0
ZSM-5(300) 550 53.9 3.7 18.5 28.1 6.3 52.9 43.4
600 57.4 4.4 20.4 28.0 7.4 55.8 39.8

2 Dry gas included hydrogen and methane.
b Total olefins included ethylene, propylene and butenes.
¢ Total alkanes included ethane, propane and butane.

advantageous. It should also be noticed that the crack-
ing reaction over ZSM-5(50) is more effective at
higher temperature and more reasonable results could
be obtained while passing the temperature from 550 to
600°C don’t have a significant impact on ZSM-5(300)
performance.

CONCLUSIONS

Thisstudy examined the catalytic cracking of n-hex-
ane and n-heptane over two different ZSM-5 zeolites,
ZSM-5(50) and ZSM-5(300) using two SiO,/Al,04

100 (a)
- —e—- n-hexane
R 95 —— n-heptane .
=) ////
g L
S 80
75 1 1 1 ]
450 500 550 600 650

Temperature, °C

Conversion, %

molar ratios, 50 and 300 under atmospheric pressure.
The catalysts performance at three different reaction
temperatures, 500, 550, and 600°C was evaluated. The
data showed that increasing temperature enhances
both conversion and olefins selectivity. Among the
olefin products, the highest selectivity belonged to
propylene while ZSM-5(300) had higher propylene
selectivity in comparison with ZSM-5(50). ZSM-5
catalysts with higher Si/Al ratio showed higher propyl-
ene selectivity in catalytic cracking of n-hexane and
n-heptane. This could be attributed to the lower acid
amount which prevents the secondary reaction of pro-

70 (b)
-—e—- n-hexane _—.
60 -
—— n-heptane _e—
50 + 7
40 +
30 +
20 1 1 1 J
450 500 550 600 650

Temperature, °C

Fig. 4. The conversion of n-hexane and n-heptane as a function of the reaction temperature over (a) ZSM-5(50) and (b) ZSM-

5(300).
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Fig. 5. Products selectivity as a function of temperature over ZSM-5(50) for (a) n-hexane and (b) n-heptane cracking.
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Fig. 6. Products selectivity as a function of temperature over ZSM-5(300) for (a) n-hexane and (b) n-heptane cracking.

pylene and butenes. The highest propylene to ethylene
ratio was observed over ZSM-5(300) at 500°C for
both feedstocks. ZSM-5(50) was found to be highly
selective for alkane products rather than olefins.
ZSM-5(50) resulted in greater conversion values com-
pared to the other catalyst for both feedstocks. Maxi-

mum conversion was achieved over ZSM-5(50) at
600°C while highest selectivity to light olefins was
obtained over ZSM-5(300). Also, olefins selectivity
was directly correlated with the conversion. In conclu-
sion, Si0,/Al,O, molar ratio and temperature had sig-
nificant influence on the performance of the catalysts.
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Fig. 7. Total olefins selectivity as a function of conversion over (a) ZSM-5(50) and (b) ZSM-5(300).

ZSM-5(300) under optimized conditions can be
introduced as a valuable catalyst for the production of
light olefins especially propylene.
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