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Abstract 

The catalytic cracking of n-hexane over ZSM-5 zeolite (MFI-type zeolite, Si/Al = 150 

and 240) catalysts was examined at reaction temperatures ranging from 823 to 923 K under 

atmospheric pressure. The reaction rate constants and activation energies of n-hexane cracking 

over ZSM-5 zeolites with various crystal sizes and Si/Al ratios were evaluated. The catalytic 

cracking of n-hexane was first order with respect to the n-hexane concentration, and the 

activation energies of n-hexane cracking over ZSM-5 zeolites were found to be approximately 

123-128 kJmol
-1

. Compared with the macro-sized zeolite, the nano-sized zeolites exhibited high 

n-hexane conversion with stable activity for 50 h. This is because the cracking reaction with 

nano-sized zeolite proceeded under reaction-limiting conditions, whereas the reaction with 

macro-sized zeolite proceeded under transition conditions between reaction- and 

diffusion-limiting conditions. As a result, the application of nano-zeolite to the catalytic 

cracking of n-hexane was effective and gave light olefins with high yield and excellent stable 

activity. 
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1. Introduction 

Light olefins are important basic raw materials for the petrochemical industry, and 

demand for light olefins such as ethylene and propylene is increasing every year [1, 2]. Light 

olefins have been mainly produced by thermal cracking of naphtha, which gives yields of 

ethylene and propylene of approximately 25% and 13%, respectively [3-5]. However, the 

naphtha cracking process is insufficient for the increased demand, because it is difficult to 

control the selectivity for specific light olefins. Moreover, because this process consumes more 

than 30% of the total amount of energy required in petrochemical refinement, developing 

efficient processes for the production of light olefins is indispensable. In comparison with 

thermal cracking, because the catalytic cracking of naphtha over solid-acid catalysts can achieve 

a high propylene/ethylene ratio at low reaction temperatures via the carbenium ion/β-scission 

mechanism [6, 7], using this process will reduce energy cost and provide selective production of 

propylene. Accordingly, the catalytic cracking of naphtha is expected to be an effective 

alternative to the thermal cracking process.  

A promising catalyst for the catalytic cracking of naphtha is zeolite, which is a crystalline 

aluminosilicate material with various properties, such as strong acidity and high surface area, 

and studies on the catalytic cracking of alkane over zeolite catalysts have been reported [8-10]. 

Because zeolites possess intracrystalline micropores and nanospaces close to the molecular 

diameters of light hydrocarbons, they exhibit a remarkable molecular-sieving effect for light 
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hydrocarbons and have been widely used as shape-selective catalysts in various hydrocarbon 

processes (e.g., alkylation of aromatics [11, 12], as well as olefin synthesis from alcohol [13] 

and acetone [14, 15]). However, because the crystal sizes of zeolites are usually much larger 

than the sizes of the micropores, the rate-limiting step of the reaction tends to be the diffusion of 

the reactant/product molecules within the micropores. Moreover, carbon solid (coke) readily 

forms near the external surface of the crystal under diffusion-controlled conditions, thereby, 

rapidly plugging the pores, leading to a short catalyst lifetime. To achieve low diffusion 

resistance, nano-sized zeolites are effective because the diffusion length for reactant/product 

hydrocarbons, which depends on the zeolite crystal size, is reduced [16, 17]. 

We have successfully prepared MFI-type and MOR-type zeolite nanocrystals via 

hydrothermal synthesis in a water/surfactant/organic solvent (emulsion method) [18-22]. The 

nano-crystalline zeolites are expected to be promising materials with low diffusion resistance as 

well as a large external surface area, which improves the catalytic activity and lifetime. In the 

present study, selective synthesis for light olefins by the catalytic cracking of n-hexane over 

ZSM-5 zeolite (MFI-type zeolite) was carried out as a model reaction for the catalytic cracking 

of naphtha. The effect of crystal size of the zeolite on catalyst lifetime was investigated using 

the Thiele modulus and an effectiveness factor. 
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2. Experimental 

2.1 Preparation of ZSM-5 zeolite with different crystal size 

Nano-crystalline ZSM-5 zeolite (below 200nm) was prepared via hydrothermal 

synthesis using a water/surfactant/organic solvent (emulsion method) [19]. An aqueous solution 

containing a Si and Al source material was obtained by hydrolyzing each metal alkoxide in a 

dilute tetra-propyl-ammonium hydroxide (TPAOH)/water solution. The water solution (10 ml) 

thus obtained was added to the surfactant/organic solvent (70 ml, surfactant concentration of 0.5 

mol/l). Poly-oxyethylene-(15)-oleylether and cyclohexane were employed as the surfactant and 

organic solvent, respectively. The water/surfactant/organic solvent thus obtained was poured 

into a Teflon-sealed stainless steel bottle and heated to 423 K for 72 h. In order to obtain 

macro-crystalline ZSM-5 zeolite (above 2000nm), hydrothermal synthesis was also carried out 

without the surfactant/organic solvent (conventional method). The precipitates thus obtained 

were washed with alcohol, dried at 373 K for 12 h, and calcined at 823 K for 3 h in an air stream. 

Physically adsorbed and/or ion-exchanged sodium ions on the zeolite surface were removed and 

exchanged with NH4
+
 by a conventional ion exchange technique with a 10% NH4NO3 aqueous 

solution, and then heated to 923 K to yield H-ZSM-5 zeolite. The powdered zeolite described 

above was pelletized, crushed and sieved to yield samples ca. 0.3 mm in diameter for the 

catalytic cracking reaction. 
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2.2 Characterization 

The morphology and crystallinity of the obtained samples were analyzed by field 

emission scanning electron microscopy (FE-SEM; JSM-6500F, JEOL Co. Ltd.) and X-ray 

diffraction (XRD; JDX-8020, JEOL Co. Ltd.), respectively. The total and external surface areas 

of the obtained samples were calculated by BET- and t-methods, respectively, using an N2 

adsorption isotherm (Belsorp mini, BEL JAPAN Co. Ltd.). The Si/Al ratios of the samples were 

measured by X-ray fluorescence measurements (XRF; Supermini, Rigaku Co. Ltd.).  

The acidity of the obtained samples (Si/Al = 150) were determined after adsorption of 

pyridine using FT-IR spectroscopy (FT/IR-4100, Jasco Co. Ltd.) [23, 24]. Because the analysis 

of high-silica zeolite encountered a difficulty due to a small amount of acid site, this procedure 

slightly differs from some preliminary experiments. The samples were activated in situ at 573 K 

for 1h before IR analysis. After cooling to room temperature, the reference spectrums of the 

activated samples were collected. The pyridine was adsorbed to the samples with the pyridine 

vapor pressure for 30 min at room temperature, followed by desorption of physically-adsorbed 

pyridine at room temperature for 20 min, and the spectrum was collected at room temperature. 

Additionally, the acidity of the obtained samples was also evaluated by the NH3-TPD method 

[25]. In the TPD experiment, the carrier gas was 1.0% NH3 (balance He), the heating rate was 5 

K min
-1

, and the temperature range was 373 - 823 K. The desorption of NH3 molecules from the 

acid sites of the zeolite was measured under a 1.0% NH3-He atmosphere so that the TPD profile 
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could be measured under complete adsorption equilibrium conditions, referred to as the 

ac-NH3-TPD method.  

 

2.3 Catalytic cracking of n-hexane over ZSM-5 zeolites 

Catalytic cracking of n-hexane over ZSM-5 zeolite catalysts was carried out using a 

fixed-bed reactor at a reaction temperature of 823-923 K under N2 at atmospheric pressure. A 

schematic of the reaction setup is shown in Fig. 1. The ZSM-5 zeolite catalyst was placed in a 

quartz tube reactor and activated in flowing N2 at a reaction temperature for 1 h before each run. 

The quartz tube reactors with inner diameters of 4 and 10 mm were employed for the kinetic 

analysis and the investigation on the catalyst lifetime, respectively. W/F (W: amount of catalyst 

/g, F: feed rate /g h
-1

) and the initial pressures of n-hexane as the feedstock were varied from 

0.0072 to 0.125 h, and from 22.1 to 36.3 kPa, respectively. The composition of the exit gas was 

measured by on-line gas chromatography (GC-2014, Shimadzu Co. Ltd.) with a Porapak-Q 

column for the TCD detector and Gaskuropack-54 and SP-1700 columns for the FID detectors. 

The amount of coke deposited on the catalyst after reaction was measured by thermogravimetric 

analysis (TG; TGA-50, Shimadzu Co. Ltd.). 

 

2.4 Measurement of n-Hexane Diffusivity within ZSM-5 Zeolites in the Vapor Phase 
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The intracrystalline diffusivity and amount of adsorbed n-hexane within ZSM-5 zeolites 

in the vapor phase were measured by the constant volumetric method [26-29]. The uptake curve 

of the amount adsorbed within the zeolite crystal can be expressed by the following theoretical 

equation for a zeolite crystal with a hexagonal slab shape. 
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Here, Mt is the amount adsorbed at time t, Me is the value of Mt at equilibrium, D is the 

intracrystalline diffusivity, L is the half-thickness value of the MFI-type zeolite crystal, am is the 

outer surface area of the zeolite crystal, W is the sample weight, V is the volume of the vapor 

phase, and H is the partition factor, which is the ratio of the concentration of adsorbed 

molecules within the catalyst to that in the gas phase. The effective diffusivity, Deff, which is 

usually used for the kinetics analysis of the overall reaction rate by the Thiele modulus [30], is 

calculated by multiplying the intracrystalline diffusivity, D, with the partition factor, H. The 

details of the experimental apparatus and procedure are described in our previous papers 

[26-29]. 

 

3. Results and discussion 

3.1 Preparation of ZSM-5 zeolites 

(1) 

(2) 
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Figure 2 shows the FE-SEM micrographs of the obtained zeolites with different crystal 

sizes and Si/Al ratios, respectively. Three different-sized ZSM-5 zeolites with different Si/Al 

ratios were obtained, and the crystal sizes were 2300 nm (Si/Al = 150), 150 nm (Si/Al = 150), 

90 nm (Si/Al = 150), 2400 nm (Si/Al = 240) and 90 nm (Si/Al = 240), and denoted as 

MFI(L)150, MFI(M)150, MFI(S)150, MFI(L)240 and MFI(S)240, respectively. Figure 3 shows 

X-ray diffraction patterns of the samples obtained by the conventional and emulsion methods. 

The X-ray diffraction patterns of the samples showed peaks corresponding to the MFI-type 

zeolite. Figure 4 shows the NH3-TPD profiles of the obtained zeolites with different crystal 

sizes and Si/Al ratios. Table 1 shows the Si/Al ratio measured by XRF and the total and external 

surface areas of the obtained samples. Since the Si/Al values measured by XRF were almost the 

same as each Si/Al ratio calculated from the Si and Al concentrations in the synthetic solution, it 

was considered that Al atoms in the synthetic solution were incorporated into the framework 

structures of the MFI-type zeolite during the hydrothermal synthesis. NH3 desorption peaks at 

temperatures above 600 K were observed, which are associated with strong acid sites. Moreover, 

the area of the TPD profiles above 600 K depended on the Si/Al ratio of zeolites. While the 

external surface area increased with decreasing crystal size, the BET surface area of 400 m
2
/g 

was almost constant regardless of the crystal size. Figure 5 shows the IR spectra of the 

MFI(S)150 and MFI(L)150 after adsorption of pyridine. Brønsted acid sites (1540 cm
-1

) and Lewis 

acid sites (1460 cm
-1

) were observed and the Brønsted acid / Lewis acid ratio was almost the same 
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(approximately 0.75) between MFI(S)150 and MFI(L)150. It is considered that the acidity of the 

obtained samples was not much difference regardless of crystal size. Accordingly, ZSM-5 

zeolites with different crystal sizes and Si/Al ratios could be obtained and these zeolites could 

be used as catalysts for n-hexane cracking. 

 

3.2 Reaction kinetics of n-hexane cracking  

In order to evaluate the effects of crystal size and Si/Al ratio on the catalytic cracking 

of n-hexane in detail, the kinetics of the cracking reactions using ZSM-5 zeolites were 

investigated. In a differential reaction condition, the following relational expression is 

confirmed. 

 n

AAnAA xCkWxF )2/1(/ 00 ⊿⊿    (3) 

where FA0 is the molecular flux of n-hexane, ⊿xA is the conversion, W is the amount of catalyst, 

kn is the reaction rate constant (differential reaction condition), CA0 is the initial concentration of 

n-hexane, and n is the reaction order. The relationship between FA0⊿xA and CA0(1-⊿xA / 2) 

obtained at 923 K is shown in Fig.7. From the relational expression, the slope of the plots in this 

figure represents a reaction order n. As shown in Fig. 7, because the slope of the plots was 

approximately 1.0 regardless of the crystal size and Si/Al ratio of the zeolite catalysts, it is 

considered that the catalytic cracking of n-hexane was first order with respect to the n-hexane 

concentration. The same dependency of the concentration on the reaction rate was observed at 
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the reaction temperature ranging from 823 to 923 K. 

 When the reaction is a first-order reaction under an integral reaction condition, the 

following relational expression can be applied; 

00
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where k is the reaction rate constant (integral reaction condition), and the relationship between 

W/FA0 and –ln(1-xA)/CA0 obtained at 923 K is shown in Fig. 8. From the relational expression, 

the slope of the plots in this figure represents an inverse of the reaction rate constant 1/k. As 

shown in Fig. 8, the reaction rate constants for the catalytic cracking of n-hexane at 923 K were 

1.04 × 10
-2

, 7.42 × 10
-3

 and 6.47 × 10
-3

 m
3
kg

-1
s

-1
 with MFI(S)150, MFI(S)240 and 

MFI(L)240, respectively. 

 The reaction rate constants for the n-hexane cracking were obtained in accordance 

with the above-mentioned methods at reaction temperatures ranging from 823 to 923 K. Fig. 9 

shows the Arrhenius plots for n-hexane cracking over ZSM-5 catalysts with different crystal 

sizes. The activation energies of the n-hexane cracking over ZSM-5 zeolites were found to be 

126, 128 and 123 kJmol
-1

 with MFI(S)150, MFI(S)240 and MFI(L)240, respectively. While 

MFI(S)150 and MFI(S)240 exhibited almost the same activation energy, MFI(L)240 showed a 

slightly smaller value compared with other catalysts. This is because the diffusivity of n-hexane 

within ZSM-5 zeolite with a large size affected the overall reaction rate constant, leading to a 

(4) 
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decrease in the activation energy.  

 

3.3 Effect of crystal size of ZSM-5 zeolite on the catalytic stability in n-hexane cracking 

The effect of zeolite crystal size on the catalytic stability in n-hexane cracking was 

investigated using ZSM-5 zeolites (Si/Al = 150) with different crystal sizes. Changes in the 

n-hexane conversion and the product yields over ZSM-5 zeolites (Si/Al = 150) with different 

crystal sizes are shown in Fig. 10 and Table 2, respectively. Products including alkanes 

(methane, ethane, propane, and butanes), alkenes (ethylene, propylene, and butenes) and 

aromatics (benzene, toluene, and xylene (BTX)) were obtained; note that the amount of 

alkanes comprising C5 and C7
+
 listed in Table 2 is denoted as others. In the case of 

thermal cracking, the n-hexane conversion was 15.0% under this reaction condition. The initial 

conversion of n-hexane was almost the same (approximately 94%) regardless of the crystal sizes, 

and the highest ethylene + propylene yield obtained was 53.5 C-mol% with a 

propylene/ethylene ratio of 1.57 at 94.1% conversion over MFI(S)150. However, the conversion 

gradually decreased with time on stream over MFI(L)150, decreasing to 48% after 50 h. In 

contrast, MFI(S)150 and MFI(M)150 maintained high conversions at 82 and 81%, respectively, 

after 50 h, and were hardly changed from the start of reaction. Moreover, the stable activity of 

the nano-zeolites (MFI(S)150 and MFI(M)150) gave stable product selectivities compared with 

the macro-zeolite (MFI(L)150).  
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It is believed that coke formation resulted in the deactivation of zeolite catalysts. 

Therefore, the amounts of coke deposited on the zeolites after the reaction for 50 h were 

measured (Table 2). Moreover, N2 adsorption isotherms of these zeolites before/after the 

reaction are shown in Figs. 11. The amount of coke formed after the reaction (50 h) increased 

with decreasing crystal size. Compared with the macro-zeolite (MFI(L)150), the N2 adsorption 

isotherms of nano-zeolites (MFI(S)150 and MFI(M)150) were nearly unchanged after the 

cracking reaction even though a large amount of coke was deposited on the nano-zeolites. 

Accordingly, it is considered that the coke formation mainly occurred on the external surface of 

the zeolite crystals. In the macro-zeolite, since the external surface area was small, the pore 

plugging deeply occurred by the coke deposition, and thus the catalytic activity decreased. On 

the other hand, the nano-zeolites with a large external surface area suffered much less 

deactivation by coke deposition than the macro-zeolite. Accordingly, it was found that the 

crystal size of zeolite significantly reduced the catalytic activity, and that application of the 

nano-zeolite to n-hexane cracking was effective in the stabilization of the catalytic activity. 

 

3.4 Effectiveness factor for n-hexane cracking over ZSM-5 zeolites with different crystal sizes 

To investigate the effect of crystal sizes on the catalyst activity in detail, the 

Thiele modulus and the effectiveness factor for n-hexane cracking were calculated using 

the reaction rate constant and the effective diffusivity. The intracrystalline diffusivity of 
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n-hexane within the MFI-type zeolites in the vapor phase was measured by the constant 

volumetric method [26-29]. Because the thermal and catalytic cracking of n-hexane occurs at 

temperatures above 673 K, the effective diffusivity of n-hexane was measured using silicalite-1 

(MFI-type zeolite without Al). The effective diffusivity, Deff, under the catalytic cracking 

condition was estimated to be 1.30 ×10
-11

 m
2
s

-1
 using the obtained value below 573 K.  

The relationship between the Thiele modulus,  , and the effectiveness factors, η, was 

calculated according to the following equation. 

eff

p

eff

p
 

D

k
L

D

k

S

V 






 , LSV 2

2

1
   in a slab-shape crystal (5)  






)tanh(


 

where V is the volume of the zeolite crystal, S is the external surface area of the zeolite crystal, 

L is the half-thickness value of the MFI-type zeolite crystal, and ρp is the density of the zeolite 

crystal. The Thiele modulus and the effectiveness factors for the reaction using ZSM-5 zeolites 

with different crystal sizes were calculated, and the results are shown in Fig. 12 and Table 3. 

The effectiveness factor of MFI(S)150 was 1.0, indicating that the catalytic reaction in 

MFI(S)150 proceeded under reaction-controlling conditions.  

Because it was revealed that the cracking reaction proceeded under the 

reaction-limiting conditions in MFI(S)150, the reaction rate constant was applied to evaluate the 

Thiele modulus for the other zeolites (MFI(M)150 and MFI(L)150) using equation (5). The 

(6) 
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crystal sizes of MFI(M)150 and MFI(L)150 were substituted into equation (5), and the 

effectiveness factors for these zeolites were calculated to be 1.0 and 0.65, respectively. While 

the catalytic cracking reaction with MFI(M)150 proceeded under reaction-controlling conditions 

along with MFI(S)150, the reaction with MFI(L)150 proceeded under transition conditions. 

Accordingly, it was considered that MFI(L)150 differed from the other catalysts in the n-hexane 

conversion with time on stream, as shown in Fig. 10. When the Thiele modulus,  , is less than 

0.1, the reaction proceeds under reaction-limiting conditions. By substituting a   of 0.1 into 

equation (5), the crystal size of zeolite required to achieve reaction-limiting conditions can be 

obtained. It is revealed that ZSM-5 zeolite (Si/Al = 150) with a crystal size below 170 nm is 

required for n-hexane cracking under reaction-limiting conditions. This result was in good 

agreement with the changes in the n-hexane conversion with time on stream, using MFI(S)150 

and MFI(M)150, as shown in Fig. 10. 

Additionally, the reaction rate constants for the coked samples after the reaction (50 h) 

were obtained in the same manner as discussed in section 3.2 (Table 3). The reaction rate 

constants were 8.27 ×10
-3

 and 4.24 ×10
-3

 m
3
kg

-1
s

-1
, for coked MFI(S)150 and coked 

MFI(L)150, respectively. The effectiveness factors for these coked zeolites were calculated as 

the ratios of the reaction rate constants of the coked zeolites to that of MFI(S)150 at the initial 

reaction time, as listed in Table 3. Because the Thiele modulus of the macro-zeolite 

(MFI(L)150) at the initial reaction time had a high value of above 1.0, the effectiveness factor 
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gradually decreased from 0.65 to 0.41 during the reaction. On the other hand, since the Thiele 

modulus of the nano-zeolite (MFI(S)150) at the initial reaction time had a low value of less than 

0.1, only a slight change in the high effectiveness factor of 0.80 was observed after a reaction 

time of 50 h. The decrease in the effectiveness factor resulted from coke deposition during the 

cracking reaction. The large external surface area and low diffusion resistance of the 

macro-zeolite could limit the effect of coke deposition on the reduced catalytic activity. 
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4. Conclusion 

Catalytic cracking of n-hexane over ZSM-5 zeolite catalysts was examined at a reaction 

temperature of 823-923 K under atmospheric pressure. The reaction rate constant and the 

activation energies of n-hexane cracking over ZSM-5 zeolites with different crystal sizes and 

Si/Al ratios were evaluated. Compared with the macro-zeolite, the nano-zeolites exhibited high 

n-hexane conversion with stable activity for 50 h. This is because the cracking reaction with the 

nano-zeolites proceeded under reaction-limiting conditions, whereas the reaction with the 

macro-zeolite proceeded under transition conditions. Moreover, the large external surface area 

and low diffusion resistance of the nano-zeolites reduce the effect of pore plugging due to coke 

deposition. As a result, the application of nano-zeolite in the catalytic cracking of n-hexane was 

effective in the stabilization of the catalytic activity. 
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Figure and Table captions 

Fig. 1. Experimental setup of the fixed-bed flow reactor.  

 

Figs. 2. SEM micrographs of ZSM-5 zeolites with different crystal sizes and Si/Al ratios.  

 

Fig. 3. XRD patterns of ZSM-5 zeolites with different crystal sizes and Si/Al ratios.  

 

Fig. 4. NH3-TPD profiles of ZSM-5 zeolites with different crystal sizes and Si/Al ratios.  

 

Fig. 5. IR spectra (a) MFI(S)150 and (b) MFI(L)150 after adsorption of pyridine.  
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Fig. 6. Relationship between FA0⊿xA/W and CA0(1-⊿xA/2) in n-hexane cracking over ZSM-5 

zeolites. Reaction conditions: T = 923 K, W/F = 0.0072-0.0174 h, P = 22.1-36.3 kPa.  

 

Fig. 7. Relationship between W/FA0 and –ln(1-xA)/CA0 in n-hexane cracking over ZSM-5 

zeolites. Reaction conditions: T = 923 K, W/F = 0.0072-0.0174 h, P = 22.1-36.3 kPa.  

 

Fig. 8. Arrhenius plot of n-hexane cracking over ZSM-5 zeolites. Reaction conditions: T = 

823-923 K, W/F = 0.0072-0.0174 h, P = 22.1-36.3 kPa.  

 

Fig. 9. n-Hexane conversion over time in n-hexane cracking over ZSM-5 zeolite (Si/Al = 150) 

with different crystal sizes. Reaction conditions: T = 923 K, W/F = 0.125 h, P = 22.1 kPa.  

 

Figs. 10. N2 adsorption isotherms of ZSM-5 zeolites with different crystal sizes before/after the 

n-hexane cracking reaction (50 h). (a) MFI(S)150, (b) MFI(M)150, (c) MFI(L)150.  

 

Fig. 11. Relationship between the Thiele modulus and the effectiveness factor in n-hexane 

cracking at 923 K over ZSM-5 zeolites (Si/Al = 150) with different crystal sizes.  
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Table 1. BET and external surface areas of ZSM-5 zeolites with different crystal sizes and Si/Al 

ratios. SBET: surface area by the BET method, Sext: external surface area by the t-method.  

 

Table 2. n-Hexane conversion, product yields and coke amounts over MFI(S)150, MFI(M)150 

and MFI(L)150. 

 

Table 3. Effectiveness factors of ZSM-5 zeolites (Si/Al = 150) with different crystal sizes in 

n-hexane cracking at 923 K.  
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Fig. 1. Experimental setup of the fixed-bed flow reactor. 



Figs. 2. SEM micrographs of ZSM-5 zeolites with different crystal sizes and Si/Al ratios. 
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Fig. 3. XRD patterns of ZSM-5 zeolites with different crystal sizes and Si/Al ratios. 
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Fig. 4. NH3-TPD profiles of ZSM-5 zeolites with different crystal sizes and Si/Al ratios. 
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Fig. 5. IR spectra (a) MFI(S)150 and (b) MFI(L)150 after adsorption of pyridine. 
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Fig. 6. Relationship between FA0⊿xA/W and CA0(1-⊿xA/2) in the n-hexane cracking 

over ZSM-5 zeolites. Reaction conditions: T = 923K, W/F = 0.0072-0.0174h, P = 22.1-36.3 kPa. 
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Fig. 7. Relationship between W/ FA0 and –ln(1-xA)/CA0 in the n-hexane cracking  over ZSM-5 

zeolites. Reaction conditions: T = 923K, W/F = 0.0072-0.0174h, P = 22.1-36.3 kPa. 
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Fig. 8. Arrhenius plot of n-hexane cracking over ZSM-5 zeolites.  

Reaction conditions: T = 823-923K, W/F = 0.0072-0.0174h, P = 22.1-36.3 kPa. 
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Fig. 9. n-Hexane conversion over time in n-hexane cracking reaction over the ZSM-5 zeolite 

(Si/Al=150) with different crystal sizes. Reaction conditions: T = 923K, W/F = 0.125h, P = 

22.1kPa. 
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Figs. 10. N2 adsorption isotherms of ZSM-5 zeolites with different crystal sizes before/after the 

n-hexane cracking reaction (50h). (a) MFI(S)150, (b) MFI(M)150 and (c) MFI(L)150. 
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Fig. 11. Relationship between the Thiele modulus and effectiveness factor in the n-hexane 

cracking at 923K over ZSM-5 zeolites (Si/Al = 150) with different crystal sizes.  
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Table 1. BET and external surface areas of ZSM-5 zeolites with different crystal size and Si/Al 

ratio. SBET: surface area by BET method, Sext: external surface area by t-method. 

Sample   SBET[ m2 g-1 ] Si/Al measured by XRF 

402 5.9 158 MFI(L)150 

365 33.8 180 MFI(M)150 

397 42.8 192 MFI(S)150 

410 4.3 290 MFI(L)240 

409 44.4 320 MFI(S)240 

Sext[ m
2 g-1 ] 



Table 2. n-Hexane conversion, product yields and coke amounts over MFI(S)150, MFI(M)150 

and MFI(L)150. 

  

Conversion  

[ C-mol% ] 

MFI(M)150 

Time [ h] 

MFI(S)150 

MFI(L)150 

Light olefins yield [ C-mol% ] 
Catalyst 

7.00 

7.50 

0.50 

50.0 

50.0 

0.33 

8.50 

50.0 

0.33 

93.5 

93.1 

94.1 

82.0 

81.0 

92.2 

81.0 

48.3 

94.7 

C2
= C3

= C4
= Total olefins 

19.1 

20.8 

20.8 

13.2 

13.6 

22.8 

13.6 

6.2 

23.9 

32.8 

32.4 

32.7 

29.0 

31.3 

30.3 

30.8 

19.5 

28.6 

4.0 

7.3 

3.8 

4.7 

8.4 

6.6 

8.1 

6.3 

5.9 

55.9 

60.5 

57.3 

46.9 

53.3 

59.7 

52.5 

32.0 

58.4 

BTX yield 

[ C-mol% ] 

Others yield 

[ C-mol% ] 

4.1 

3.9 

4.2 

4.5 

2.6 

4.3 

3.1 

1.5 

6.2 

33.5 

28.7 

32.6 

30.6 

25.1 

28.2 

25.4 

14.8 

30.1 

- 

- 

- 

59.6 

21.0 

- 

- 

7.5 

- 

Coke amount of 

after 50h [wt%] 



Table 3. Effectiveness factors of ZSM-5 zeolites (Si/Al = 150) with different crystal sizes in 

n-hexane cracking at 923K. 

Sample 
  

1.00 MFI(M)150 

Reaction rate constant  

k [ m3 kg-1 s-1 ] 

- 

Effectiveness factor 

η [-] 

1.00 MFI(S)150 1.04×10-2 

0.65 MFI(L)150 - 

* : theoretical value calculated from reaction rate constant of MFI(S)150 

Thiele modulus 

   [-] 

8.97×10-2 * 

5.38×10-2 

1.38 * 

Coked MFI(S)150 

Coked MFI(L)150 

0.80 

0.41 

9.03×10-1 

2.41 

8.27×10-3 

4.24×10-3 




