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Abstract

Aromatic compounds are a major component of the chemical industry, and hence the aromatization
reactions of light hydrocarbons have attracted significant interest. In this study, we investigate the
influence of the crystallinity of the H-ZSM-5 zeolites on the aromatization of n-hexane. The
aromatization of n-hexane was studied over H-ZSM-5 Ga/H-ZSM-5, Zn/H-ZSM-5, and Mo/H-ZSM-5
catalysts, with H-ZSM-5 having different %XRD crystallinity between 17 and 86%. The SiO2/Al2Os
ratio was kept constant at 35. The 2wt.% metal-modified H-ZSM-5 catalysts were prepared by the
incipient impregnation method and calcined at 500 °C. Aromatization reactions were carried out at
500 °C. BET, FTIR XRD, SEM, NHs-TPD, and XRD were used for the characterization of the catalysts
in a preliminary attempt to correlate the structure and catalytic behaviour. The results on the effect
of the percentage of XRD crystallinity (from 17 to 86%) of H-ZSM-5 on the activity of H-ZSM5
modified by loading 2 wt.% of metal showed that the conversion of n-hexane increased with %XRD.
The Ga/H-ZSM-5 and Zn/H-ZSM-5 catalysts with% XRD greater than 30% were more aromatic
selective than the Mo/H-ZSM-5 catalysts. Mo/H-ZSM-5 catalysts were more selective to cracked
products due to the absence of the dehydrogenation activity possessed by gallium and zinc metals.
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1. Introduction

Aromatic compounds are key ingredients in the chemical industry and have widespread
applications, including in the pharmaceutical, paint, polymer, and petroleum industries. However,
the supply of aromatics, primarily benzene, toluene, and xylene (BTX), cannot meet the continually
increasing market demand. Furthermore, this group of compounds is also used as chemical
feedstocks to make plastics, fibres, resins, etc. They are mostly obtained by reforming naphtha or
distilling coal tar. Several commercially viable processes for the conversion of low light alkanes (Cz—
Cs) into BTX have been developed with industrial interest. For example, Cyclar (BP-UOP), M-2
forming (Mobil) [5] and Aroforming (IFP/SALUTEC). The aromatization of alkanes involves a dual-
function catalysts that have dehydrogenating and acid properties to that catalyze the transformation
of light alkanes into aromatics [1,2]. H-ZSM-5 zeolite proved to be the best catalyst for the
aromatization of alkanes. Due to its strong acidity and narrow acid strength, H-ZSM-5 contributes to
simplified kinetic analysis, shape-selective effects, and well-defined pore sizes that favour formation
of BTX due to the molecular sieving characteristics [3-5]. Catalytic activity of H-ZSM-5 in a variety
of reactions can be tailor-made by varying Si/Al ratios during synthesis or after synthesis by
desilication or dealumination processes [6,7]. This will affect the acidity character of the zeolite
sample and will further influence the catalyst activity and its product selectivity. The conversion of
alkanes into aromatic compounds involves several mechanistic steps that are facilitated by the Lewis
and Brensted acid sites [8,9]. The dehydrogenation and cracking activities of the catalysts must be
considered during the preparation of H-ZSM-5 catalysts [10,11]. These activities can be altered by
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varying the crystallinity of H-ZSM-5 zeolites and loading metal promoters that enhance the Lewis
character of the catalysts. The introduction of metal species into H-ZSM-5 increases the rate and
selectivity of aromatization reactions by inhibiting the rapid occurrence of the cracking side reaction,
leading to the loss of carbon in undesired products [12]. A significant increase in the activity of
aromatization of light alkanes over metal modified has been thoroughly reported, with Ga/H-ZSM-5
and Zn/H-ZSM-5 showing better performance [13]. The effect of %XRD crystallinity of H-ZSM-5 on
propane aromatization has been extensively investigated. Nicolaides et al. [14-16] reported the high
conversion of propane and the high selectivity of BTX for highly crystalline H-ZSM-5 zeolite catalysts.

Since there has been little research on the influence of H-ZSM-5 zeolite crystallinity on the
aromatization of n-hexane, this study investigates the influence of XRD crystallinity on the activity
and selectivity of metal-modified H-ZSM-5 zeolite in the aromatization of n-hexane. Furthermore,
the molybdenum-modified H-ZSM-5 catalysts will be compared with the zinc- and gallium-modified
H-ZSM-5 catalysts.

2. Experimental
2.1. Material Used

Ammonium heptamolybdate (NH)sM07021.6H20, gallium nitrate Ga(NO3)s.8H20 (Sigma-
Aldrich 99.9% purity), and zinc nitrate Zn(NOs)2.6H20 (Sigma-Aldrich, 98% purity) and n-hexane
(Sigma-Aldrich, 2 99% purity).

2.2. Preparation of H-ZSM-5 Zeolite Catalysts

The H-ZSM-5 zeolites were synthesized by a hydrothermal treatment method [ref] varying the
synthesis temperature between 90 and 150 °C to obtain samples of different percentage crystallinity.
The Si/Al ratio was kept constant at 35. The MFI structure and percentage of the H-ZSM-5 zeolite was
confirmed by powder-XRD. In a 75 ml of distilled water, 17.9 g of NaOH and 2.98 g of AI(OH)s are
mixed and heated until a clear solution is obtained. The template solution is made by dissolving 29.7
g of tetrapropylammonium bromide (TPABr) in 75 ml of distilled water. To prepare a slurry of fumed
silica, 80.4 g of Degussa Aerosil 200 were mixed with 650 ml distilled water. With a blender, the
mixture was mixed until a smooth jellylike consistency was consistently achieved. The sodium
aluminate mixture and template mixture were then added to the silica slurry while being vigorously
stirred. The mixture was placed in an autoclave fitted with a Teflon vessel of 1 litre capacity. Under
stirring conditions, the contents were allowed to crystallize for 72 hours at a specific temperature. A
deionized water wash followed the hydrothermal treatment to remove bromide and hydroxide from
the autoclave contents. This was detected by using a silver nitrate solution. Afterward, the product
was dried at 120 °C for 16 hours and calcined at 630 °C for 3.5 hours to remove the template. The
resulting product is Na-ZSM-5. A 1M NH.Cl solution was dissolved in calcined Na form of zeolite at
room temperature for 1 hour under stirring conditions to obtain the NHs+-ZSM-5 form of the zeolite.
The contents were washed with distilled water and further calcined at 530 °C for 3 hours to obtain
the acidic form of the zeolite i.e. H-ZSM-5.

2.3. Catalyst Preparation

The preparation of Mo/HZSM-5, Ga/H-ZSM-5 and Zn/H-ZSM-5 catalysts involved the
impregnation of H-ZSM-5 (with various percentage XRD crystallinity) using the incipient wetness
impregnation method with solutions of ammonium heptamolybdate (NH4)sMo07O24-H20, gallium
nitrate Ga(NOs)3.8H20 and zinc nitrate Zn(NOs)2.6H20 respectively, at appropriate concentrations.
The samples were then dried overnight at 120 °C and calcined at 500 °C for 6 hours.

2.4. Catalyst Characterization

The physiochemical textural properties of the H-ZSM-5 and metal-modified H-ZSM-5 zeolite
catalysts were analyzed by physical nitrogen adsorption/desorption using a Tristar Micromeritics
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3300 series instrument at -196 °C. Prior adsorption-desorption measurement a sample was degassed
with helium at 400 °C for 4 hours. FTIR spectra were collected using Bruker Tensor 27 FT-IR
spectrometer operating with a maximum resolution of 4 cm™'. The spectra were recorded in the range
between 4000 and 400 cm™! at room temperature. Powder XRD diffractogram were carried out in the
20 range of 5 to 90 ° in 0.021 ° steps using a Bruker AXS D8 diffractometer. The diffractometer was
equipped with a Vantec-1 detector, and using Cu-Ka radiation (40 kV, 40 mA). The NHs-TPD
experiments were carried out in a U-shaped quartz tubular reactor. The samples were treated with
helium gas flowing at 40 ml/min at 500 °C for 1 hour. The reactor was subsequently cooled 100 °C
under helium atmosphere. The adsorption of ammonia was performed at 100 C for 1 hour using a
mixture of ammonia in helium (4% NHs balance helium) at flow rate to 40 ml/min to achieve
saturation. The NHs-TPD profiles were obtained by measuring the amount of ammonia desorbed
relative to the temperature, using a thermal conductivity detector under helium at a flow rate of 40
ml/min and temperature was ramped from 100 to 700 °C at a rate of 10 °C/min.

2.5. Catalytic Tests

The conversion of n-hexane as the evaluation reaction was performed in a fixed-bed quartz
tubular reactor with an internal diameter of 13 mm and reactor length of 300 mm. A sample of 0.5 g
of catalyst was loaded into a reactor and pre-treated with nitrogen for 1 hour at 500 °C flowing at a
rate of 10 ml/min. The purpose of the pre-treatment was to remove all the absorbed impurities and
the moisture from the catalyst. Finally, the catalyst was exposed to the mixture of pure n-hexane and
nitrogen gas in a 1: 5, with nitrogen flowing at a rate of 10 ml/min. The products were analyzed using
an online HP 5730A gas chromatograph equipped with an FID detector and a packed column (6m x
3 mm).

%Ce(in) - %C6(out)

%conversion = x100%

6(out)

%R,

— 1 x100%
% C onversion

%selectivity =

%Spi x % Conversion
100%
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3. Results and Discussion
3.1. Catalyst Characterization

The influence of %XRD crystallinity on the physicochemical properties of the synthesized H-
ZSM-5 zeolites samples was investigated using nitrogen adsorption measurements. The H-ZSM-5
samples with different %XRD crystallinity were obtained by varying the crystallization temperature
between 90 and 150 °C. XRD spectra of calcined H-ZSM-5 with high %XRD crystallinity exhibit sharp
diffraction peaks that are indicative of the ZSM-5 zeolite framework (MFI). The intensity of the
diffraction peaks decreases with decreasing synthesis temperature to achieve a less crystalline ZSM-
5 zeolite sample. Samples with low %XRD crystallinity (17 and 37%) have shown less intense
diffraction peaks that are associated with the ZSM-5 framework but appear to be broad, which
signifies the presence of the amorphous character of the material. This could be attributed to the
inability of the precursor material to be incorporated into the template (TPABr) to yield an MFI
structure [17].

The FTIR spectra of the synthesised HZSM-5 with different %XRD crystallinity were recorded
in the range of 4000-400 cm™. The bands appearing at approximately 800, 1100 and 1225 cm™! are
characteristic of SiOs tetrahedron units and show that the asymmetric stretching vibration
frequencies at 1225 and 1100 cm™. The external asymmetric stretching vibration near 1225 cm'is due
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to the presence of structures containing four chains of five-member rings arranged around a two-fold
screw axis, which is indicative of the well-crystallized ZSM-5 structure. The absorption band of
approximately 1100 cm™ is attributed to the internal asymmetric stretching vibration of the Si-O-T
linkage (where T is Si or Al). Absorption at 800 cm™ is assigned to the symmetric stretching of the
external linkages, and the absorption at 550 cm™ is attributed to a structure-sensitive vibration caused
by the double five-membered rings of the external linkages that are not present in the less crystalline
samples (i.e., 17 and 37% H-ZSM-5 samples).

To acquire textural information from the in-house synthesized H-ZSM-5 zeolite samples, the
surface areas of the BET and the micropore volumes were measured using nitrogen adsorption
analysis. The results of the influence of %XRD crystallinity on the adsorption properties of H-ZSM-5
samples are shown in Table 1.

Table 1. BET surface areas and pore volumes of H-ZSM-5 catalysts with different %XRD crystallinity.

9%XRD Specific Surface Areas Pore Volume Total Pore

Crystallinity SgET Sext VMicro VMeso Volume
(m?/g) (m?g) (cm?/g) (cm?/g) (cm?/g)

17 165 89 0.099 0.078 0.177

37 224 105 0.110 0.049 0.158

66 335 144 0.103 0.080 0.183

77 382 152 0.166 0.055 0.211

86 408 183 0.183 0.048 0.231

It is worth noting that the BET surface areas increased with an increase in %XRD crystallinity.
BET surface areas below 300 m?/g were observed for samples containing %XRD crystallinity below
60%. The low BET surface areas are due to the amorphous nature of the samples. An increase in
surface area was observed for %XRD crystallinity from 66 and 86% and surface areas were between
335 and 408 m?/g. The total pore volume also increased from 0.158 to 0.231 cm?/g. The BET surface
area and pore volumes of ZMS-5 depend on the quality and nature of ZSM-5. It should be noted that
the crystallinity of H-ZSM-5 at the synthesis temperature affects the formation of ZSM-5. At low
%XRD crystallinity, only amorphous material was obtained, as highlighted by the XRD pattern
shown in Figure 1. The formation of H-ZSM-5 was pronounced as the crystallinity increased from 37
to 60%. This can be characterized by the presence of sharp peaks of ZSM-5 observed at 2theta angle
values below 10° and between 22 and 23e. It is also worth noting that the crystallinity of the sample
affects both the surface areas and the pore volumes of the ZSM-5. At lower percentages of relative
XRD crystallinity (i.e. amorphous samples) the surface area and pore volumes possess low values,
and the %XRD crystallinity increased and an increase in both surface area and pore volume was
observed. This suggests that at high% XRD crystallinity, the pores of the zeolite are well developed.
It should also be noted that the addition of the metals at 2wt.% loading has shown that they have no
significant effect on the structure of the H-ZSM-5 zeolite samples with different crystallinity.
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Figure 1. XRD patterns of the H-ZSM-5 with different percentages of XRD crystallinity.
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Figure 2. FT-IR spectra of the HZSM-5 with different %XRD crystallinity.
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Figure 3. N2 adsorption/desorption isotherms of H-ZSM-5 zeolite catalysts with different %XRD crystallinity.

The N2-adsorption isotherms of ZSM-5 have higher relative pressures and no distinct hysteresis
loop; typical for a microporous material without significant mesoporosity. The nitrogen adsorption-
desorption isotherms of samples with lower %XRD crystallinity possess a type IV isotherm which is
indicative of the presence of mesopores. This is due to the amorphous nature of the samples with low
%XRD crystallinity. Therefore; the presence of mesopores and inherent micropores was observed in
ZSM-5. Highly crystalline H-ZSM-5 zeolite samples (61; 77 and 86 %XRD) zeolites configured to a
type I isotherm; which is typical of a microporous material. An H4-type hysteresis loop is present at
P/Po higher than 0.4; indicating that capillary condensation has occurred and that the mesopores are
narrow slit-shaped[18,19]; most likely due to spaces between crystal particles. At %XRD crystallinity
between 66 and 86% a decrease in H4-type hysteresis was observed; suggesting that there was a
decrease in the mesoporosity character and more micropores were formed. The results suggest that
the synthesis temperature affects the physiological properties; the porosity of the ZSM-5 zeolite. The
impregnation of the H-ZSM-5 with respective metals at 2 wt% led to an insignificant decrease in the
both the surface area and the total pore volume as shown in Table 2. This suggest the metal particles
are located within the pores of the H-ZSM-5 zeolite

SEM micrographs of H-ZSM-5 samples with different percentages of XRD crystallinity are
shown in Figure 3. The synthesized samples had different crystal morphologies, from ellipsoidal to
very uniform size distributions, and do not contain other crystalline impurities. Electron micrographs
convincingly show that the size and morphology of the crystals depend on the synthesis temperature,
which has the effect of varying the crystallinity of zeolite [20]. The zeolite samples with low %XRD
crystallinity were found to be amorphous, therefore, which shows they are less crystalline and those
with high %XRD were more crystalline particles that are well defined and uniform.
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Figure 3. SEM images of the H-ZSM-5 zeolite catalysts with different percentages of XRD crystallinity. (a)
17%XRD, (b) 37%XRD, (c) 77%XRD, (d) 86%XRD.

The results of the effect of %XRD crystallinity of the acidity character of the HZSM-5 zeolite
samples were studied using ammonia TPD, ammonia adsorption was carried out at 100 °C and
subsequently, desorption was performed from 100 to 700 °C in a helium environment, the results are
presented in Figure 5. It is evident that changes in the synthesis condition to alter the crystallinity of
H-ZSM-5 influence the distribution of the acid sites. The H-ZSM-5 TPD profile has two peaks, one at
low temperature (LT) 220 °C representing ammonia desorption from weak Lewis’s acid sites and the
other at high temperature (HT) 490 °C- which is related to ammonia desorption from strong Brensted
acid sites. The significant change in the concentration of the Bronsted acid sites with the variation of
%XRD crystallinity of the H-ZSM-5 samples. The intensity of the HT peak decreased with a decrease
in the XRD crystallinity, while the peak at the LT region grew. The TPD profiles of samples with
%XRD crystallinity greater than 37% show high-intensity HT peaks that are indicative of a high
concentration of Brensted acid sites. It should be noted that at 86% XRD crystallinity, there is a shift
in the desorption temperature of the HT peak to 455 °C.
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Figure 5. Ammonia TPD profiles of synthesized H-ZSM-5 zeolite catalyst with different %XRD crystallinity.

3.2. Catalytic Activity Results

The effect of the percentage of XRD crystallinity of H-ZSM-5 on the catalytic conversion of n-
hexane has been investigated in molybdenum, gallium and zinc modified H-ZSM-5 catalysts with
2% metal loading. Catalysts with %XRD crystallinity ranging from 17 to 86% and with Si/Al ratio =
35 were investigated. The crystallinity of H-ZSM-5 samples has been believed to influence catalytic
activity and product selectivity of metal-modified H-ZSM-5 zeolites catalysts. The aromatization of
n-hexane was carried out at 500 °C with nitrogen flowing at a rate of 10ml/min through the n-hexane-
containing saturator. The results on the influence of %XRD crystallinity on the catalytic conversion
of n-hexane over H-ZSM-5, 2wt%Ga/H-ZSM-5, 2wt%Zn/H-ZSM-5 and 2wt%Mo/H-ZSM-5 catalysts
with different %XRD crystallinity are presented in Figure 6. For the unmodified H-ZSM-5 zeolite
catalysts, the sample with 66% crystallinity exhibited the highest catalytic conversion of above 80%
and show good catalytic stability than other unmodified H-ZSM-5catalysts. Addition of 2wt.% metal
lead to an increase in n-hexane conversion for the catalyst with crystallinity of 77 and 86%, with 86%
showing high conversion for all metal modified catalysts. For Ga/H-ZSM-5 and Zn/H-ZSM-5
catalysts at 86% crystallinity show conversion above 90% and were more stable than Mo/H-ZSm-5
catalyst which exhibited conversion in the 80% region. Catalysts with low %crystallinity showed to
less catalytical stable at their conversion decreased with increase in time on-stream.
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Figure 6. Catalytic conversion of n-hexane on stream for 12 hours over (a) unmodified H-ZSM-5, (b) Ga modified H-ZSM-5, (c) Mo modified H-ZSM-5, and (d) Zn modified H-ZSM-5. The XRD
crystallinity of HZSM-5 catalysts were varied between 17and 86 %.
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The effect of the percentage XRD crystallinity on the catalytic conversion of n-hexane is shown
in Figure 7, for a time on stream of 5 h. From the results, we observed that the %XRD crystallinity of
H-ZSM-5 affects both the catalytic conversion of n-hexane and the formation of aromatic compounds.
The catalytic conversion of n-hexane increased linearly with the increase in %XRD crystallinity of
zeolites for the unmodified H-ZSM-5 catalysts reaching a maximum conversion of above 75% for
samples with crystallinity greater than 60%. Samples with a low percentage of XRD crystallinity
below 30% yielded low catalytic conversions of n-hexane. Samples with low% XRD crystallinity are
expected to show low n-hexane conversions due to low acid sites as shown by the TPD results. The
presence of acid sites in the H-ZSM-5 is significant to facilitate the cracking of hexane to shorter
hydrocarbons which are the main intermediates for the formation of aromatic compounds [21,22].
For the molybdenum loaded samples with high %XRD crystallinity (i.e., 66-86%) we observed a
slightly exponential increase of n-hexane conversion from 45 to 80%. For gallium and zinc modified
H-ZSM-5 samples, we observed a linear increase in the catalytic conversion of n-hexane from 17 to
60% crystallinity and followed stabilization at high crystallinity, obtaining conversions greater than
90%. The crystallinity of H-ZSM-5 is classified as a function of the acidity of the catalysts of the H-
ZSM-5 zeolites. This increase in activity with %XRD is attributed to the high concentration of
Brensted acid sites present in H-ZSM-5 samples with high crystallinity. The number of Brensted acid
sites increases with the increase in %XRD crystallinity. Therefore, an increase in n-hexane conversion
with% XRD crystallinity can be attributed to the increase in acidity of the H-ZSM-5 catalysts. The
high aromatic selectivity which is observed in all H-ZSM-5 catalysts with a high percentage XRD
crystallinity can be attributed to the availability of Brensted acid sites that are prominent in the
samples with high crystallinity compared to those with a low percentage XRD crystallinity. High
aromatic selectivity and catalytic conversion of n-hexane were observed for Zn/H-ZSM-5 and Ga/H-
ZSM-5 samples. This shows the significance of zinc and gallium in the catalytic system; the two
metals have the inherent character of facilitating the dehydrogenation activity of the catalyst [23]. The
presence of zinc and gallium species can facilitate the dehydrogenation of n-hexane to hexene,
leading to the high percentage conversion of n-hexane into aromatic compounds; thus, we observe
high aromatic selectivity for Ga/H-ZSM-5 and Zn/H-ZSM-5 catalysts. This high aromatic selectivity
is evident in the sample with highly crystalline H-ZSM-5 zeolite samples.
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Figure 7. Conversion of n-hexane and aromatic selectivity over H-ZSM-5, Mo/H-ZSM-5, Ga/H-ZSM-5 and Zn/H-
ZSM-5 catalysts of different %XRD crystallinity at 500 °C taken at a time-on-stream of 5 hours.

The product distribution over H-ZSM-5, 29%Ga/HZSM-5, 2%Zn/H-ZSM-5 and 2%Mo/H-ZSM-5
catalysts of different percentages of XRD crystallinity are shown in Figure 8 below.
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Figure 8. The effect of percentage crystallinity on the cracking (a) and aromaticity (b) of n-hexane over H-ZSM-
5 and 2 wt.% metal modified zeolite samples (i.e. Mo/H-ZSM-5, Ga/H-ZSM-5 and Zn/H-ZSM-5) taken at time-

on-stream for 5 hours at 500 °C.

Figure 6. This is expected since the percentage yield is a function of both selectivity and
conversion. Samples with high %XRD crystallinity show a wide gap between the aromatic yields and
cracked product yields. We observed a linear increase in the aromatic yield with an increase in
percentage XRD crystallinity, while a decrease in cracked products was simultaneously observed
with an increase in %XRD crystallinity. These results are observed only for gallium and zinc samples.
On the contrary, a different picture is observed for molybdenum samples. There is a linear increase
in the cracked and aromatic products with an increase in% XRD crystallinity, with cracked products
being the dominant compounds reaching values close to 50% yield for crystalline samples. The
aromatic yield was found to be below 25%. The aromatic yield for samples with %XRD crystallinity
greater than 30% was observed to range from 40 to 45%, with the 86%XRD sample being the highest
for Ga/H-ZSM-5 catalysts. For the Zn/H-ZSM-5 catalysts, we observed a low aromatic yield below
5% for samples with %XRD crystallinity below 30%. However, an increase in the aromatic yield was
observed reaching an optimum aromatic yield of 39% at 77%XRD crystallinity followed by a slight
decrease at 86%XRD crystallinity. Low aromatic yields below 25% are observed for Mo/H-ZSM-5
samples. This result points out that at low percentage crystallinity more olefins are produced in the
reaction mixture that are not converted into the desired yields, and thus we observe low aromatic
yields. This can be attributed to the low catalytic activity that is due to the low number of Bronsted
acid sites present in the catalyst. The increase in the aromatic yields and the decrease in the cracked
products with percentage crystallinity can be attributed to the high concentration of olefins that are
produced in the reaction mixture, which further undergoes secondary reactions and are converted
into aromatic compounds via oligomerization, cyclization, and then dehydrogenation reactions.

The results of the distribution of BTX products of the zeolite catalysts H-ZSM-5, Ga/H-SM-5,
Zn/H-ZSM-5 and Mo/H-ZSM-5 zeolite catalysts with 2 wt%. metal loaded at 500 °C for the H-ZSM-5
samples with a high percentage of XRD crystallinity ranging from 17-86% are presented in Table 2.

Table 2. Effect of% XRD crystallinity on the aromatic product distribution when comparing samples with high

%XRD crystallinity.
%XRD Product Yield (%)
Catalysts Crystallini %Co i Et- -
AraTysts Ays At Tot-onverst Benzene Toluene ¢ o-Xylene P
ty on Benzene Xylene
H-ZSM-5 17 27.5 1.3 0.74 0.53 0.04 0.14
37 31.2 1.8 2.3 1.4 0.17 0.95
66 83.8 41 3.4 2.7 1.6 1.3
77 774 2.1 6.4 4.8 1.6 1.3
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86 66.3 1.6 4.8 4.2 1.8 0.70

Ga/H-

ZSM-5 17 25.7 1.6 2.1 1.8 0.32 0.17
37 55.9 4.6 7.4 4.4 2.05 2.3
66 93.2 8.2 10.0 7.6 5.9 8.5
77 94.2 9.9 13.3 6.2 6.6 7.7
86 97.0 8.2 155 9.0 6.7 5.4

Zn/H-

ZSML5 17 24.6 1.3 0.69 0.17 0.02 0,00
37 22.7 2.8 1.12 0.37 0.05 0.00
66 79.0 9.5 13.3 6.6 3.3 0.9
77 93.5 11.1 12.1 7.5 5.7 6.1
86 95.0 11.7 9.8 5.5 3.8 3.0

Mo/H-

ZSML5 17 17.6 0.38 0.42 0.26 0.02 0.02
37 21.5 0.24 0.71 0.48 0.04 0.15
66 49.2 1.5 4.1 2.5 1.2 1.0
77 61.5 1.9 5.7 3.8 1.3 1.1
86 80.3 5.3 10.6 6.0 2.0 1.7

The results show that the distribution of these aromatic products is affected by the choice of the
metal loaded on H-ZSM-5 for the aromatization of n-hexane. The yields of the individual aromatic
compounds increase with %XRD crystallinity for Ga/H-ZSM-5 samples. The percentage yield of
toluene increased with the percentage of XRD crystallinity from 10% to 15% yield at 86%XRD
crystallinity, while benzene increased and reached an optimum point of 9.8% at 77%XRD. This
decrease can be attributed to the alkylation that could be taking place between the C2 compounds
and benzene at the Brensted acid sites, which are prominent in samples with high %XRD crystallinity.
The alkylation of benzene might contribute to the increase in the yields of toluene and ethylbenzene.
However, a different behaviour was observed for the m,p-xylene yields, which decreased from 8.5 to
5.4% with an increase in %XRD. Different aromatic product distributions from Ga/H-ZSM-5 samples
were observed for Zn/H-ZSM-5. The dominance of toluene over other aromatic products decreased
with an increase in %XRD crystallinity. The yield of benzene increased with %XRD and stabilized at
10%. We also observed a drop in %yield of ethylbenzene, m,p-xylene, and o-xylene reaching low
values of 5.5, 3 and 3.8% respectively at 86%XRD. This drop can be attributed to the formation of
crystalline material in the mouths of H-ZSM-5 pores during the crystallization process during the
synthesis of H-ZSM-5 zeolites [24]. This crystalline material blocks the diffusion of methyl and
ethylbenzene compounds through the channels of H-ZSM-5 [25,26]. Another reason may be due to
dealkylation occurring in alkylbenzene compounds, which increases the yield of benzene [28,29]. For
Mo/H-ZSM-5 catalysts, there is an exponential increase in the %yield of the individual aromatic
compound, with toluene being the dominating product and m,p-xylene being the lowest in yields.
The 2%Mo/H-ZSM-5 catalyst with 86%XRD crystallinity possessed high %yields for all aromatic
compounds.

4. Conclusions

The effect of the percentage of XRD crystallinity of H-ZSM-5 samples that were modified by
loading 2% by weight of metal on the aromatization of n-hexane revealed interesting trends. The
conversion of n-hexane increased with an increasing percentage of crystallinity. Samples with %XRD
crystallinity below 30% were less active and less selective in the formation of aromatic compounds
regardless of the metal loaded on HZSM-5. Aromatization of n-hexane over H-ZSM-5 samples with
a higher percentage XRD crystallinity increased the conversion of n-hexane. Conversions between 80
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and 90% were obtained for Zn/H-ZSM-5 and Ga/H-ZSM-5 catalysts. The aromatic yield was within
the 40 to 50% band for both catalysts. The conversion of n-hexane over Mo/HZSM-5 reached 80% for
the 86%XRD sample but showed a low aromatic yield when compared to the high yield of cracked
products. The aromatization reaction is not entirely dependent on the %XRD crystallinity of H-ZSM-
5 but the metal species (i.e., Ga, Zn) loaded on the H-ZSM-5 zeolite are considered to balance cracking
and dehydrogenation activity.
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