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Highly crystalline HZSM-5 zeolite was directly synthesized through steam assisted conversion (SAC) 
approach by using kaolin as raw materials. NH3·H2O was used as alkaline vapor source at the bottom of 
the teflon. The catalytic performance of the obtained HZSM-5 with SiO2/Al2O3 ratios from 25.67 to 80 
was investigated for converting methanol to light olefins (MTO). The results indicated that NH3·H2O 
provided alkalinity to dissolve the raw materials and NH4

+ cations to balance the charge of the 10 

framework. Highly crystalline HZSM-5 with crystal size in the range of 0.8-1 µm could be obtained 
within 1.0 h at 190℃. The obtained HZSM-5 possessed high SBET (above 440 m2/g) and high total pore 
volume (above 0.3 cm3/g). The acidity of the HZSM-5 could be affected by SiO2/Al2O3 molar ratio and 
the residual metallic elements (such as Fe, Ti, Ca, P, etc.) in the leached metakaolin. The existence of the 
metallic elements had the similar effect with the HZSM-5 modified with metal cations. HZSM-5 with 15 

higher SiO2/Al2O3 molar ratio was favourable for the formation of C2-C4 olefins. The selectivity of C2-
C4 olefins reached 68% as the SiO2/Al2O3 molar ratio was 68.79. This method avoided exchanging with 
the ammonium and calcination processes, which not only reduced the cost but also enhanced the 
productivity obviously.  

1. Introduction 20 

As one of the most important zeolites, ZSM-5 has been 
broadly applied in many important catalytic reactions because 
of its special pore structure.1 Therefore, ZSM-5 with 
nano/micro size has been widely synthesized by using 
aluminosilicate gel as raw materials in Na+-TPA system 25 

through hydrothermal method,2-5 organic solvent system6 or 
without solvent.7, 8 Consequently, Na+ ions are still kept in the 
framework of zeolites for charge compensation. Generally, H-
form of the zeolite is usually desired when ZSM-5 is used as a 
solid acid catalyst. To obtain HZSM-5 catalysts, NaZSM-5 30 

needs to exchange with ammonium salt. Undoubtedly, some 
problems are inevitable during the ion exchange process, such 
as increasing the cost, reducing the production efficiency and 
consuming great energy.  

Hence, the direct synthesis of H-ZSM-5 using ammonium 35 

hydroxide to replace alkali metal cations might be superior to 
the conventional methods by eliminating the ion-exchange 
step. Bibby9 successfully synthesized HZSM-5 in NH4

+-TPA 
system without using any alkali metal cations. Hereafter, 
Ghamam10 investigated the crystallization kinetics of ZSM-5 40 

as a function of NH4/(NH4 + TPA), the activation energies for 
nucleation and crystallization were 9.6 and 15.9 kcal g·mol-1, 
respectively. They concluded that HZSM-5 with different 
crystal size could be obtained when different silicon sources 

and templates were used. When aqueous colloidal silica sol 45 

and tetrapropylammonium bromide (TPABr) were adopted as 
reagents resulted in relatively large single crystals (ca. 35 µm). 
Spherulitic aggregates of very small crystals were obtained as 
the system contained microfine precipitated silica and 
tetrapropylammonium hydroxide (TPAOH). Hou et al.11 50 

studied the nucleation and crystal growth of NH4-ZSM-5 
zeolites  in the (TPA)2O-(NH4)2O-Al2O3-SiO2-H2O system by 
traditional hydrothermal method. They concluded that (a) the 
rates of amorphous gel dissolution and crystal growth were 
closely related to the concentration of [OH-], (b) the presence 55 

of Al2O3 and the amount of TPA+ strongly affected the final 
crystal size. Recently, Xue 12 directly synthesized NH4-ZSM-5 
zeolite with nano-sized crystal by introducing seeding 
suspension. Actually, the synthesis system contained Na+ ions 
due to the use of colloidal silica (SiO2, 30 wt.%; Na2O, 0.05 60 

wt.%). Moreover, large amount of TPAOH and long 
crystallization time (96 h) also could not meet the demand of 
the industry. Therefore, in the aforementioned researches, a 
large amount of tetrapropylammonium hydroxide (TPAOH) 
was introduced into the system, and a long time should be 65 

spent. In addition, it is necessary to point out that a large 
amount of effluents with amine was generated because the 
above mentioned syntheses were performed in hydrothermal 
system.  

Thus, a facile, rapid and economical approach for the direct 70 

synthesis of HZSM-5 zeolites is desirable. Generally, ZSM-5 
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zeolite typically is synthesized by using TEOS or 
Na2SiO3·9H2O as silicon sources, using organic or inorganic 
aluminum salts as aluminum sources. Compared with the 
chemical silicon and aluminum sources, natural clay is 
considered an economic alternative material for synthesizing 5 

zeolites because it is readily available and very economical. 
Therefore, the conversion of natural clay to highly crystalline 
ZSM-5 has been gaining much attention.13-19  

Herein, HZSM-5 zeolites were directly synthesized via 
steam assisted conversion (SAC) approach. In this method, 10 

kaolin clay was adopted as the raw material, NH3·H2O was 
used as alkaline steam source instead of sodium hydroxide to 
provide alkalinity. The influence of the amount of ammonia 
and SiO2/Al2O3 ratio on the final products was investigated. 
Furthermore, the catalytic performance of HZSM-5 with 15 

different SiO2/Al2O3 molar ratio on the methanol dehydration 
to olefins (MTO) was investigated. Because the ammonia and 
the final products were in a state of separation, the filtration 
step could be omitted. In addition, the residual ammonia at the 
bottom of the teflon could be recycled, which greatly reduced 20 

the emissions of waste liquid.  

2. Experimental Section 

2.1 Synthesis of HZSM-5 

The kaolin (Inner Mongolia, China) was converted to 
metakaolin by thermal treatment at 1073 K for 2 hr. Then, 25 

metakaolin was leached by 6 M HCl solution (solid/liquid ratio 
1:5, g/ml) with stirring. After that, the mixture was filtered, 
washed with deionized water, dried and collected as precursors 
for the synthesis of HZSM-5.  

Table 1 Composition of the leached metakaolin 30 

Conditions 
Elemental Content (wt.%) 

Si Al Fe Ti 

80°C, 1 hr 43.01 3.22 0.56 2.05 

90°C, 1 hr 43.91 2.26 0.32 1.46 

90°C, 2 hr 44.55 1.46 0.14 1.22 

90°C, 4 hr 44.95 1.20 0.06 0.72 

Note: the data was obtained on a X-ray fluorescence spectrometer (AXIOS, 

PANalytical B.V.) 

 
 
 35 

 
 
 
 
 40 

 
 
Fig. 1 Schematic diagram of the reaction vessel used for synthesis 

of HZSM-5 by Steam-Assisted Conversion (SAC) 

Dealuminated metakaolin was uniformly mixed with 45 

TPAOH in the molar ratios SiO2: Al2O3: TPAOH: H2O (only 
came from TPAOH solution) = 1: 0.0389～0.0125: 0.052: 
2.08. The mixture was placed in a special autoclave where 
ammonia was used as a source of steam at the bottom of the 
teflon (Fig. 1). Crystallization of the mixture was performed 50 

under autogenous pressure and at 190 °C. HZSM-5 was 
obtained by removing the organic template at 550 °C for 6 hr. 

2.2 Characterization 

Powder XRD patterns of the dried solid products were 
recorded on a PANalytical X’pert diffractometer with CuKa 55 

radiation. The morphology and chemical composition of the 
samples were characterized by field-emission scanning 
electron microscopy (SEM) (JEM-7001F, JEOL, Japan). N2 
adsorption-desorption were measured on AUTOSORB-1 
analyzer (Quantachrome). Prior to measurement, the samples 60 

were degassed at 573 K for 10 hr under vacuum. Total acidity 
and acid strength distribution of the catalyst were determined 
by calorimetric measurement of differential adsorption of NH3 
at 60 °C and subsequent TPD of the adsorbed NH3 with a ramp 
of 10 °C min-1 up to 700 °C (Quantachrome CHEMBET 3000, 65 

USA). The coke amount was determined using a 
TG/DTA6300 (Japan) thermogravimetric analyzer from 30 to 
800°C under air flow with a heating rate of 10°C/min. Pyridine 
adsorption followed by infrared (IR) spectroscopy (Nicolet 
Magna FTIR 550 spectrometer) was used to investigate the 70 

acid sites at 423 K. Samples of fresh catalysts were first 
pressed into thin wafers and activated in situ in the IR cell 
under secondary vacuum (10-6 mbar) at 623 K. The extinction 
coefficients used for the estimation of the Brønsted and Lewis 
acid sites were the ones previously determined by Guisnet et al. 75 

20: 1.13 cm µmol-1 and 1.28 cm µmol-1 for Brønsted and Lewis 
acidities, respectively. The concentration of different acid sites 
is calculated from the following formula (Beer-Lambert’s 
law)21: 

 80 

 
 
Where C is the concentration of acid sites (µmol g-1), Α is  

the area of band (cm-1), S is the surface of the wafer (2 cm2), 
ε is the molar extinction coefficient (cm µmol-1), and m is the  85 

mass of sample (mg). 

2.3 Catalytic performances 

Catalytic reaction tests were conducted at 400 °C under 
atmospheric pressure in a conventional continuous down flow, 
fixed-bed stainless steel reactor (inner diameter 6 mm). 0.3 g 90 

of HZSM-5 catalyst (40-60 mesh) was placed in the center 
zone of the reactor. Prior to the catalytic measurements, the 
fresh catalyst was activated at 500 °C for 2 hr with nitrogen 
(15 mL min-1). Then, reactant (50 vol% methanol solution) 
was pumped into pre-heater reactor through a piston pump 95 

(WHSV of methanol was 6.67 h−1), and got into reactor with 
nitrogen (15 mL min-1).  

The feed and products were analyzed on-line by gas 
chromatography (SHIMADZU GC-2014) equipped with flame 
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ionization detector (FID) and thermal conductivity detector 
(TCD). FID with a TG-BOND capillary column (50 m × 0.32 
mm × 15 µm, Thermo, USA) analyzed un-reacted methanol, 
dimethyl ether and hydrocarbons (C1-C5). TCD with a GDX-
101 packed column detected CO, H2 and CO2. All products 5 

were identified according to the standard gases (Beijing Gaisi 
Chemical Gases Center), and the concentration of the 
components in the reactor effluent steam, expressed as molar 
percentages, was determined from the on-line chromatographic 
results. The response factors in gas chromatography analysis 10 

were evaluated from the effective carbon number. In addition, 
the conversion of methanol to coke was neglected because the 
instantaneous formation of coke was dependent on reaction 
time and difficult to estimate. The conversion of methanol was 
calculated by applying the molar balance between the inlet and 15 

outlet of the reactor. Selectivity for the products of interest 
were expressed as mass percentage of each product and 
calculated according to the carbon balance between the inlet 
and the outlet of the reactor.  

3. Results and discussion 20 

3.1 The role of NH3·H2O 

To investigate the role of NH3·H2O, a series experiments 
were performed with different aqueous ammonia content at the 
bottom of the teflon.  

 25 

 
 
 
 
 30 

 
 
 
 

 35 

Fig. 2 XRD patterns (a) and SEM images of HZSM-5 obtained 

with different ammonia content at the bottom of the teflon (b) 1ml; 

(c) 5 ml; (d) 10 ml; (e) 20 ml. 

XRD patterns of the samples obtained with different 
ammonia content are shown in Fig. 2. No characteristic 40 

diffraction peaks of MFI were detected when the water was 
adopted as steam source at the bottom of the teflon. On the 
contrary, strong diffraction peaks of MFI (JCPDS Card No.00-
037-0359) appeared as the content of ammonium hydroxide 
was only 1 ml, indicating highly crystalline HZSM-5 could be 45 

obtained by using NH3·H2O as steam source. As could be seen 
in Fig. 2 (b), HZSM-5 showed uniform columned shapes with 
the crystal size of ca. 800 nm (axis a × c: 800 ～
1000nm × 300～400 nm). Highly crystalline HZSM-5 was still 
obtained as continued to increase the content of NH3·H2O. 50 

However, the content of NH3·H2O had no significant influence 
on the crystal sizes of the final products. Therefore, HZSM-5 
with high crystallinity could be obtained in a wide range of 

NH3·H2O when NH3·H2O was used as alkaline steam source at 
the bottom of the teflon. 55 

 Possibly, the amount of NH3·H2O only affects the 
crystallization rate. To prove this hypothesis, the materials 
were treated for different times at 190 °C with 1 ml and 20 ml 
NH3·H2O, respectively. As illustrated in Fig. 3, highly 
crystalline HZSM-5 could be obtained within 1.0 h as the 60 

content of NH3·H2O was 20 ml. The results indicated that the 
amount of alkaline steam source significantly influenced the 
rate of crystallization.  

 
 65 

 
 
 
 
 70 

 

Fig. 3 XRD patterns of HZSM-5 obtained at different times with 

different ammonia content (a) 1ml; (b) 20ml. 

The above results indicated that the NH3·H2O played a vital 
role for the formation of HZSM-5. As we all know, NH3·H2O 75 

becomes NH3 and H2O vapor rather than directly dissociates 
into NH4

+ and OH- when it is heated. Due to the strong 
adsorption performance of the kaolinite,22, 23 NH3 and H2O 
vapor was absorbed on the surface of kaolinite or among the 
layers, and ionized into HN4

+ and OH- ions. Thus, the 80 

NH3·H2O provided alkalinity for the dissolution of the raw 
materials and NH4

+ ions to balance the charge of the 
framework. In addition, the crystallization rate was improved 
significantly by using steam assisted conversion (SAC) 
approach. This phenomenon might be attributed to the 85 

acceleration of the polycondensation reactions of silicon 
aluminum species under alkaline steam environment, and the 
promotion of mass transfer of silicon aluminium species 
around the nucleus.  

 90 

 
 
 
 
 95 

 
 

Fig. 4 SEM images of the samples obtained with (a) NH3·H2O 

and (b) NaOH 

Compared with the reference,9 the crystal size was 100 

significantly reduced to submicron grade, and the 
crystallization time could be shortened to 1.0 hr. However, it 
was worth noting that no nano-sized HZSM-5 could be 
obtained when used NH3·H2O as steam source. To discuss the 
different characteristics between NH3·H2O and NaOH, a 105 

contrast sample was synthesized by adding NaOH to provide 
basicity, and using water to replace NH3·H2O at the bottom of 
the teflon. As showed in Fig. 4, nano-sized ZSM-5 crystals 
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were formed as NaOH was contained in the system. This result 
might be ascribed to the significant difference of the hydration 
ability of Na+ and HN4

+ ions.24, 25 Generally, HN4
+ ions have 

lower ability of coagulation and hydration, which can hamper 
the formation of crystal nucleus and reduce the crystallization 5 

rate.26, 27 As a result, no nano-sized HZSM-5 could be obtained. 
In order to verify the ammonium ions were involved in the 

balance of skeleton charge, the samples obtained with different 
content of NH3·H2O were analyzed on a thermogravimetric 
analyzer. Fig. 5 shows the TG-DTG curves of the samples 10 

obtained with different ammonia content and NaOH. Both 
NH4

+ and TPA+ cations can get into the samples to compensate 
the negative charge of the framework. According to the curves, 
two endothermic peaks at 350-450 °C and 450-500 °C were 
observed when adopted NH3·H2O as alkaline steam. The 15 

formation of the peaks were attributed to the decomposition of 
TPA+ at 350-450 °C 9  and the release of NH3 at 450-500 °C,12 
respectively. 

 
 20 

 
 
 
 
 25 

 
 
 
 
 30 

 
 
 

Fig. 5 TG-DTG curves of samples obtained with different amount 

of ammonia and the sample obtained by using NaOH as alkali 35 

source 

The decomposition temperature of TPA+ was much higher 
than that reported by Cai,28 which demonstrated that the TPA+ 
ions got into the pore channels and frameworks via combining 
with silicon and aluminum species. The weight loss of TPA+ 40 

was 8.3%, 7.7% and 7.8%, and that of NH4
+ was 1.4%, 1.7% 

and 1.8% when the content of ammonium hydroxide was 1 ml, 
10 ml and 20 ml, respectively. The results clearly showed that 
the content of NH4

+ got into the skeleton increased with the 
increase of NH3·H2O. In contrast, the amount of TPA+ ions 45 

involved into the balance of framework charge decreased with 
the increase of NH3·H2O. Consequently, the amount of NH4

+ 
and TPA+ that got into the framework to balance the charge 
was constant as the SiO2/Al2O3 ratio was fixed. No 
endothermic peak at 450-500 °C was observed in the TG-DTG 50 

curve as the sample was synthesized with NaOH. However, 
the total loss weight was close to that of the samples obtained 
under the ammonia steam environment. Therefore, it was 
worth recalling that the absorbed NH3 and H2O decomposed 
into NH4

+ and OH- ions, and the NH4
+ got into the framework 55 

to balance the charge.  

 

 

 

 60 
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 75 

Fig. 6 XRD patterns (a), IR spectra (b) and SEM images (c) of the 

sample obtained at different times 

Note: 10 ml NH3·H2O was placed at the bottom of the teflon 

To investigate the formation process of HZSM-5, the 
change of the structures and morphology were characterized. 80 

According to the XRD patterns, for the initial sample only a 
broad and flat diffraction band at 2θ =15-38° could be 
observed, which demonstrated that the sample was amorphous 
phase. After treated for 0.5 hr, the characteristic diffraction 
peaks of HZSM-5 at 2θ =7-9°, 22-25° began to appear (Fig. 6 85 

(a)), and the characteristic band of the five-membered ring at 
about 550 cm−1 emerged in the IR spectra (Fig. 6 (b)). When 
crystallization time increased to 0.5 hr, the amorphous 
aluminosilicates completely disappeared, and pure submicron 
ZSM-5 was obtained, as could be seen in the SEM image (Fig. 90 

6 (c)). It was clear that the sample exhibited intensive 
diffraction peaks at 2θ =7-9°, 22-25° as the crystallization 
increased to 1.0 hr, which was typical structure of HZSM-5. 
The characteristic band of the five-membered ring at about 550 
cm−1 could be seen clearly in the spectra of HZSM-5. 95 

Furthermore, the peak at 1225 cm−1 was formed, which 
assigned to the asymmetric stretch vibration of the T-O bond. 

3.2 The role of SiO2/Al2O3 molar ratio 

Fig. 7 shows the XRD patterns of the directly synthesized 
HZSM-5 samples with different SiO2/Al2O3 ratios. All samples 100 

exhibited resolved peaks corresponding to the MFI structure 
without any detectable impurities. It is well known that the Si-
O bond (0.161 nm) is shorter than the Al-O bond (0.175 nm), 
29, 30 which caused the shrinkage of crystal cell and the 

(c) 
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decrease of crystal face distance.31, 32 As a result, the peaks at 
2θ = 22-25° gradually shifted to higher diffraction angles as 
the SiO2/Al2O3 increased. 
 
 5 

 
 
 
 
 10 

 
 
 
 
 15 

Fig. 7 XRD patterns of the samples synthesized from leached 

kaolin with different SiO2/Al2O3 ratio 

However, the diffraction peaks of the sample (SiO2/Al2O3 
=26) were much broader than that of the others, the result 
indicated that ether the relative crystallinity was low or the 20 

crystal size was nanoscale. According to the N2 
adsorption/desorption results, the SBET of the sample 
(SiO2/Al2O3 =26) was only 287.3 m2·g-1, demonstrating the 
crystallinity was poor. The result was in agreement with that 
reported by Xue.33 Higher aluminate content hindered the 25 

increase of the single silicate ions that were necessary for the 
formation of crystal nuclei. In addition, more framework 
aluminum needed more cations to balance the negative charge 
of the skeleton, which lowered the crystallization rate.34 
HZSM-5 with crystallinity ca. 95.5% could be successfully 30 

synthesized as SiO2/Al2O3 was 38, the SBET and micropore 
area were as high as 439.8 m2·g-1 and 291.7 m2·g-1, 
respectively (Table 2). No obvious change could be observed 
as SiO2/Al2O3 continued increasing to 80. Therefore, the raw 
material with higher SiO2/Al2O3 ratio was beneficial to fast 35 

converting to highly crystalline HZSM-5 by steam-assisted 
conversion (SAC) method. 

Table 2 Porous properties of ZSM-5 with different SiO2/Al2O3 

molar ratio 

Property 
SiO2/Al2O3 molar ratio 

26 38 69 80 

Total surface area / (m2·g-1)a 287.3 439.8 440.4 445.4 

Micropore area/(m2·g-1)b 171.4 291.7 293.1 305.4 

External surface area/(m2·g-1)b 115.8 148.1 147.3 140.0 

Pore volume / (cm3·g-1)c 0.21 0.30 0.32 0.32 

Micropore volume / (cm3·g-1)b 0.08 0.13 0.13 0.14 

Micropore pore diameter / nmd 0.55 0.55 0.55 0.55 

a - Determined by BET method from P/P0 = 0.02-0.07 40 

b - Determined by t-plot method from P/P0 = 0.4-0.6 
c- Caculated at P/P0 =0.99 
d- Determined by HK method 

As illustrated in the SEM images (Fig. 8), some amorphous 
flaky material could be observed in the final product when 45 

SiO2/Al2O3 was 26, which coincided with the XRD and N2 

adsorption/desorption results. The morphology of HZSM-5 
was uniform columned structure (axis a × c: 1µm × 600 nm) 
as the SiO2/Al2O3 was in the range of 38～80. It could be 
concluded that there was no significant effect on the 50 

morphology and crystal size of HZSM-5 just only changed the 
SiO2/Al2O3 molar ratio. Inversely, as reported in some 
references, 33, 35 the crystal size increased with the increase of 
SiO2/Al2O3. The significant difference might be caused by the 
vast different properties between clay minerals and chemical 55 

raw materials. 
 
 
 
 60 

 
 
 
 
 65 

 
 
 
 
 70 

 
Fig. 8 SEM images of the samples synthesized from leached kaolin 

with different SiO2/Al2O3 ratio (a) SiO2/Al2O3=26; (b) 

SiO2/Al2O3=38; (c) SiO2/Al2O3=69; (d) SiO2/Al2O3=80 

3.3 Acidity of the samples with different SiO2/Al2O3 ratio 75 

 
 
 
 
 80 

 
 
 
 
 85 

 
 
Fig. 9 NH3-TPD curves of the obtained samples with different 

SiO2/Al2O3 molar ratio 

Fig.9 gives the NH3-TPD curves of the obtained HZSM-5 90 

samples with different SiO2/Al2O3 molar ratio. All samples 
showed a typical NH3-TPD spectrum with two peaks at 200-
300 °C and 350-500 °C, corresponding to NH3 eluted from the 
weak and strong acid sites, respectively. Peak at lower 
temperature is assigned to the connection between H bonds 95 

and O-Si bonds of the weak acid center and non-acid center. 
Peak at higher temperature stands for the strong acid center 
that is related with the Al atoms.36 The results indicated that 
the increase of the SiO2/Al2O3 molar ratio led to a decrease 
both in the number of weak and strong acid sites, especially 100 

the weak acid sites. The desorption temperature corresponding 
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to both the strong acid sites and weak acid sites moved 
towards higher temperature as the SiO2/Al2O3 increased to 69, 
suggesting that the acid strength increased slightly. However, a 
shift to lower temperature for strong acidic sites was observed 
as the SiO2/Al2O3 ratio further increased to 80, corresponding 5 

to a decline in the strength of the strong acidity. The results 
obtained by chemical titration (Table 3) well agreed with the 
curves. Two reasons might be ascribed to the lower content of 
strong acidity in the sample with low SiO2/Al2O3 (SiO2/Al2O3 
=26): some Al species could not coordinate with Si to form 10 

MFI structures, which caused the poor crystallinity of the final 
product. This conclusion was proved by the XRD and N2 
desorption results. In addition, some metallic ions such as Fe2+, 
Ti2+ retained in the leached metakaolin have got into the 
framework during the crysatllization. As could be seen the 15 

results of energy dispersive spectrum analysis (EDSA) 
(Fig.10). Generally, M2+ can get into the framework by 
exchanging with H+ from strong acid sites, and produce one 
weak acidity by polarization.37 As a result, the weak acid sites 
were enhanced, but the strong acidity almost disappeared when 20 

the SiO2/Al2O3 was 26.  
Table 3 Acidity of the synthesized HZSM-5 with different 

SiO2/Al2O3 molar ratio 

SiO2/Al2O3 

molar ratio 

Acidity (NH3, mmol/g) 

Weak 

acidity 

Strong 

acidity 
Total 

26 0.90 0.07 0.97 

38 0.63 0.24 0.85 

69 0.51 0.21 0.72 

80 0.39 0.18 0.57 

Note: weak acidity: from 373 to 643 K; strong acidity: from 643 to 823 K. 

both the weak and strong acidity were quantified by titration. 25 

 
 
 
 
 30 

 
 

 
Fig.10 SEM-EDS results of the sample (SiO2/Al2O3=38) 

The Brønsted acid (B acid) and Lewis acid (L acid) were 35 

analyzed by Py-IR adsorption (Fig. 11). The amount of two 
kinds of acids was calculated according to the Beer-Lambert’s 
law and shown in Table 4. As could be seen in the curves, the 
intensity of the peak at about 1547 cm-1 belongs to Brønsted 
acid sites gradually increased as the SiO2/Al2O3 increased. 40 

Inversely, the peak at 1455 cm-1 corresponding to the Lewis 
acid sites decreased markedly as the SiO2/Al2O3 increased 
from 26 to 80. The variation tendency of B acid and L acid 
was significant different from the reported documents,38, 39 
which might be ascribed to the different properties between 45 

natural clay and chemical materials. As stated and proved by 
EDS results previously, the M2+ (such as Fe, Ti, Ca, P, etc.) 

could get into the framework. Thus, in this system, the 
Brønsted acid sites could be partially neutralized by these M2+ 
cations. Furthermore, the extra-framework aluminium could 50 

give rise to Lewis acidity in low temperature regions. 
Consequently, the sample with lower SiO2/Al2O3 molar ratio 
contained higher content of the Lewis acidity. The bands at 
about 1490 cm-1, which represents a mix of Brønsted and 
Lewis acidity,39, 40 revealed a gradual increase of the intensity 55 

by reducing the aluminum content. The results were good 
agreement with that reported in the references.21 Finally, the 
band at 1610 cm-1 is generally assigned to the physical 
absorbed pyridine due to the combination of hydrogen bonds 
and surface hydroxyl. 40, 41  60 

Fig.11 FT-IR spectra of pyridine adsorbed on ZSM-5 with 

different SiO2/Al2O3 molar ratios desorption temperature: (a) 250 

°C, (b) 450 °C. 

Table 4 Amount of the Brösted acid and Lewis acid of as-

synthesized HZSM-5 wit different SiO2/Al2O3 65 

SiO2/Al2O3 

molar 

ratio 

250°C 450°C 

L B Total L/B L B Total L/B 

26 96.9    5.8 102.7 16.7 71.4   4.2 75.6 17.0 

38 88.4    11.1 99.5 7.9 63.2   7.9 71.1 8.0 

69 79.5    10.9 90.4 7.3 58.5   7.2 65.7 8.1 

80 37.9   20.1 58.0 1.8 26.2   13.2 39.4 2.0 

Note: L stands for Lewis acid; B stands for Brösted acid. Unit: µmol/g 
 
3.4 Catalytic performances for MTO reaction 

To investigate the influence of SiO2/Al2O3 molar ratio on 
the catalytic performance, the four samples were tested on a 70 

fixed-bed stainless steel reactor. The reaction conditions were 
as follows: reaction temperature, 673K; WHSV: 6.67 h-1; 
atmospheric pressure; methanol concentration, 50% (V/V). 

As illustrated in Fig. 12, the catalytic activity and products 
selectivity of the HZSM-5 with different SiO2/Al2O3 ratio 75 

exhibited significant difference. The conversion of methanol 
on HZSM-5 (26) began to decrease when continuously reacted 
for 23 hr. In contrast, the conversion of methanol on the 
samples with higher SiO2/Al2O3 ratio was still over 95% after 
continuously reacted for 72 hr. As stated by previous 80 

researchers,42-45 the hydrogen transfer and isomerization 
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reactions could be restrained because the amount of both 
strength acid and weak acid decreased with the increase of 
SiO2/Al2O3 molar ratio. Moreover, ethylene and propylene can 
be generated through the cracking reactions of the advanced 
hydrocarbons. Consequently, the selectivity of ethylene and 5 

propylene on HZSM-5 (69) was higher than that on HZSM-5 
(38), as could be seen in Fig. 12 (b) and (c). Most of the 
researchers claimed that the strong acid sites are responsible 
for the formation of olefins.46, 47 Thus, due to the lower content 
of strong acid, the selectivity to C2-C4 olefins on HZSM-5 10 

(26) was only 45%, and decreased quickly as prolonged the 
reaction time. In contrast, the selectivity of C2-C4 olefins on 
the HZSM-5 with higher SiO2/Al2O3 ratio began to decrease 
after running for a long time. The selectivity of C2-C4 olefins 
significantly increased to 68% as the SiO2/Al2O3 increased to 15 

69. Nevertheless, the weak acid and strong acid reduced as the 
SiO2/Al2O3 ratio continued to increasing to 80, which caused 
the decrease of C2-C4 olefins dramatically.  

 
 20 

 
 
 
 
 25 

 
 
 
 
 30 

 
 
 
 

 35 

 
 
 
 
 40 

 
 
Fig.12 Conversion of methanol (a); selectivity of ethylene (b);  

selectivity of propylene (c); selectivity of C2-C4 olefins (d) and 

selectivity of aromatics (e) on ZSM-5 with different SiO2/Al2O3 45 

molar ratio as a function of time-on-stream 

As stated previously, the retained metallic elements could 
get into the framework, change the acid strength and density, 
which also contributed to enhancing the olefins selectivity. 
Therefore, it could be concluded that the suitable acid strength 50 

can improve the selectivity of C2-C4 olefins. It has been 
proven that the increase in aluminium content causes an 
increase in aromatic selectivity, and a decrease in olefin 
selectivity.48, 49 Thus, it could be seen that the increase in 
aluminium content caused an increase in aromatic selectivity 55 

(Fig. 12 (e)), which was consistent with that of reported by 
previous researchers. 

Carbon deposition inevitably occurs during the reaction 
process, which can reduce the acid strength, acid density, and 
the pore size of the HZSM-5 zeolites. Hence, proper amount of 60 

carbon deposition is beneficial for the formation of light 
olefins.50 Nevertheless, a large amount of carbon will generate 
a negative effect for the catalytic reactions. To estimate the 
amount and rate of carbon deposition on the catalyst, the 
reacted HZSM-5 catalysts were analyzed by TG analyzer. As 65 

could be seen in the TG curves (Fig. 13), the amount of 
deposited carbon decreased gradually as the SiO2/Al2O3 ratio 
increase to 69. In addition, an obvious small peak at 450 °C 
could be observed clearly in all curves, indicating the types of 
deposited carbon on the four samples at low temperature were 70 

similar. Another peak at the higher temperature zone gradually 
shifted to the lower temperature as increasing the SiO2/Al2O3 

ratio to 80, which might be attributed to the type of the long 
chain hydrocarbons changed. Moreover, the areas of the peak 
also gradually reduced, demonstrating the content of the 75 

aromatics or advanced hydrocarbons decreased.  
 

 
 
 80 

 
 
 
 

 85 

 
 
 
 

 90 

Fig. 13 TG curves of the reacted samples with different 

SiO2/Al2O3 ratio (a) SiO2/Al2O3=26; (b) SiO2/Al2O3=38; (c) 

SiO2/Al2O3=69; (d) SiO2/Al2O3=80 

Therefore, HZSM-5 zeolites with appropriate concentration 
and strength of acid sites can be achieved by controlling the 95 

leaching conditions, which is crucial for catalytic performance 
of the obtained HZSM-5 catalysts. 

Conclusions 

Highly crystalline HZSM-5 zeolite was directly synthesized 
through steam assisted conversion (SAC) approach by using 100 

kaolin as raw materials. Because Fe, Ti, P, Ca elements could 
be introduced into the final products naturally, HZSM-5 
synthesized from kaolin showed good stability and anti-carbon 
deposition. The SiO2/Al2O3 ratio could significantly influence 
the catalytic performance of the obtained HZSM-5 catalysts. 105 

Some features of this work are as follows: (1) The leached 
metakaolin could not be treated with gelation and aging before 
crystallization. (2) HZSM-5 can be directly synthesized within 
1.0 hr, which is shortened 22 times compared with the value 
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reported in the document. (3) The crystal size can be reduced 
to submicron level (0.8-1.0µm), which is much smaller than 
that reported in the reference (ca. 35 µm). (4) We have adopted 
NH3·H2O as alkaline steam source instead of sodium 
hydroxide to provide alkalinity and NH4

+ ions that participate 5 

the balance of the framework charge. In addition, this method 
provided an easy and effective path for the synthesis of 
HZSM-5zeolites. Therefore, it may be a general way to 
produce different H-type zeolites by using chemical raw 
materials or natural minerals. 10 
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Highly crystalline HZSM-5 zeolite was directly synthesized through steam assisted conversion 

(SAC) approach by using layered kaolin as raw materials, NH3·H2O as alkali vapor source at the 

bottom of the teflon. 
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