
Vol.:(0123456789)1 3

International Journal of Environmental Science and Technology (2020) 17:3541–3548 
https://doi.org/10.1007/s13762-020-02639-7

ORIGINAL PAPER

Synthesis and performance of ZSM‑5 and HZSM‑5 in desulfurization 
of naphtha

M. S. Ahmadvand1 · S. Askari1  · K. Sharifi2

Received: 24 November 2019 / Revised: 11 January 2020 / Accepted: 18 January 2020 / Published online: 27 January 2020 
© Islamic Azad University (IAU) 2020

Abstract
In this work, four ZSM-5 and HZSM-5 zeolites were synthesized hydrothermally with  SiO2/Al2O3 ratio of 40 and 80 and 
the performance of these samples was studied in desulfurization of heavy naphtha. Samples were analyzed by X-ray diffrac-
tion, the Brunauer–Emmett–Teller, field emission scanning electron microscope (FE-SEM), and temperature-programmed 
desorption of ammonia  (NH3–TPD). All samples were tested at 450 °C, 15 bar,  H2/Oil = 150 Nml/ml, and weight hourly 
space velocity (WHSV) = 1 h−1 in a fixed-bed reactor (a Catatest reactor system). The standard of ASTM-D5453 was used for 
measuring the total sulfur of the feed and products. The result shows that the HZSM-5 zeolites have higher acidity compared 
to ZSM-5 zeolite samples; as a result, they are more capable of eliminating sulfuric compounds. The sample with  SiO2/
Al2O3 of 40 shows 87% desulfurization.
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Introduction

As sulfur compounds in the engine fuel are finally changed 
to harmful SOX compounds, which are known as air pollut-
ants, the environmental pollution due to exhaust of gasoline 
engines is considered as a global concern. In order to follow 
the new standard quality of gasoline, the number of sulfur 
components must be reduced. According to the vehicle fuel 
regulation, sulfur content has to be decreased to 10 mg/g and 
soon be set at zero percent (Charter and Association 2006; 
Wang et al. 2013).

The heavy straight-run naphtha from atmospheric dis-
tillation towers is one of the main gasoline resources in 
refinery units. The hydrodesulfurization (HDS) process is 
applied to remove the sulfur component from the gasoline 
before passing the gasoline pool unit (Gary et al. 2007). The 

HDS catalytic process is operated under high temperature 
and pressure, which changes organic sulfuric compounds to 
sulfuric hydrogen  (H2S). Generally, the most useful cata-
lysts for the HDS processes are Co–Mo/Al2O3 and Ni–Mo/
Al2O3. Catalysts’ performance, activity, and selectivity are 
influenced by the properties of the catalysts (such as the con-
centration of active sites, supports properties, and syntheses 
paths), and the reaction conditions (including temperature 
and hydrogen partial pressure). Moreover, desulfurization 
efficiency in HDS varies by structure, entity, the concentra-
tion of sulfuric compounds, reactor, and process designing. 
However, the HDS process has been considered as one of the 
most expensive processes due to high operating and capital 
costs,  H2 consuming, high pressure, and temperature (Shafi 
and Hutchings 2000; Babich and Moulijn 2003; Song 2003).

Materials with mesoporous and microporous pore size 
were used in many researches as pollutant removal candi-
date for the large pore volumes, high specific surface areas, 
hydrophobic properties, and tunable pore sizes (Sahu et al. 
2017, 2018, 2019a, b, c). ZSM-5 with the medium porosity 
is one of the most practical acidic catalysts in the petrochem-
ical and refinery industries due to morphology, crystalline 
structures, uniform pores, thermal stabilities, and high selec-
tivity. As mentioned in the previous studies, this zeolite has a 
potential for gasoline desulfurization (Sharifi et al. 2018a, b; 
2019). Furthermore, there are some other documents which 
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are reported the eye-catching results of the ZSM-5 applica-
tion for gasoline desulfurization (Yin and Liu 2004; Jaimes 
et al. 2009). According to the mentioned disadvantages of 
HDS process, extending a new deep desulfurization process 
using ZSM-5 zeolites can be considered a cheap and favora-
ble process in industrial fields.

In this study, HZSM-5 and NaZSM-5 zeolites were 
synthesized with  SiO2/Al2O3 ratios of 40 and 80 using the 
hydrothermal method. A fixed-bed reactor was applied to 
compare the performance of these catalysts in naphtha des-
ulfurization, and also, the effect of cation exchange between 
NA and H on improving this process was investigated.

Materials and methods

Materials

Aluminum nitrate (ANN; Al(NO3)3.9H2O, 98.5  wt%), 
tetraethyl orthosilicate (TEOS; Si(OC2H5)4, 98  wt%), 
and tetrapropyl ammonium hydroxide solution (TPAOH; 
 C12H29NO, 40% aqueous solution) were supplied from 

Merck company. The feed to be considered is Tehran refin-
ery heavy straight-run naphtha.

Catalysts preparation

Four ZSM-5 and HZSM-5 zeolites with  SiO2/Al2O3 = 40,80 
were synthesized hydrothermally. First, the aluminum source 
and distilled water were added to 40 wt% tetrapropyl ammo-
nium hydroxide solution; then, the required amount of silica 
source was added dropwise into the solution. NaOH was 
used for setting the prepared gel pH. Afterward, the mix 
was placed on stirrer with 300 RPM at room temperature 
for 3 h to perform hydrolysis. The final solution was kept 
into a stainless steel autoclave to perform a hydrothermal 
reaction at 170 °C for 72 h. The product was washed three 
times to set its PH at seven. The product was then dried at 
100 °C for 12 h in an oven. The obtained product was then 
converted to a powdery phase. The powder was calcined at 
the rate of 5 °C/min at 650 °C and for 3 h. After calcination, 
the ion exchange process was performed (for preparing the 
catalyst) by washing with one molar  NH4NO3 solution four 
times (each time 4 h). The washing, filtrating, and drying 
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processes were carried out to remove excess materials, and 
finally, the product was heated at 550 °C for 3 h to convert 
the catalyst into the HZSM-5.

Catalytic reaction

Figure 1 shows a Catatest reactor system which was used 
to determine the performance of the synthesized catalysts 
at different conditions. This system includes a fixed-bed 
reactor with three separated zones (to measure and set the 
temperature of the media) and an entrance which is located 
at the top of the reactor to supply the feed where the  N2 and 
 H2 components could be injected. The products were also 
discharged from the bottom, and this downstream could be 
cooled in two separate steps. To study the performance of 
the synthesized catalyst in HDS—according to the aim of 
this study—the naphtha was entered to the reactor under the 
following condition: 15 bar, 450 °C,  H2/Oil = 150 ml/Nml, 
WHSV = 1 h−1.

Total sulfur concentration in samples was detected using 
a total nitrogen and sulfur analyzer by ultraviolet fluo-
rescence (Analytik Jena, Multi  EA®5000 nitrogen/sulfur 
analyzer, Germany) following the direct injection method 
(Standard method ASTM D-5453).

Catalyst characterization

1. X-ray diffraction (XRD) was used to obtain the crys-
tal structure using a D5000 Siemens instrument (scan 
speed 0.04 s−1, range 2, between 5° and 50° with Cu 
Ka radiation, and 0.154056 nm wavelengths in 30 kV 
and 40 mA). The quality of each product was analyzed 
through a comparison between XRD and the reference 
diagrams.

2. Temperature-programmed desorption (TPD) was con-
ducted using ammonia gas by an American Micromet-
rics TPD/TPR 2900 to calculate the total acidic strength 
and weak and strong acidic sites.

3. Porosity and surface area were measured by BET 
method. To detect the Brunauer–Emmett–Teller sur-
face area, the nitrogen adsorption/desorption isotherms 
with a Micromeritics ASAP 2010 analyzer at 77 K were 
applied to the system.

4. Field emission scanning electron microscope (FE-SEM) 
was applied to determine morphology and particle size 
using FE-SEM, MIRA Tescan microscope.

Fig. 2  XRD patterns for synthesized HZSM-5 and ZSM-5 samples
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Results and discussion

Catalytic characterization

X‑ray diffraction

The XRD patterns of the zeolites with the  SiO2/Al2O3 ratios 
of 40 are shown in Fig. 2. The XRD patterns for synthesized 
zeolites were within 2θ (2theta) radiation angle range and 
5°–50° angular change with the rate of 1.5 min−1. All the 
XRD patterns of the catalysts match ICDD ref. code 00-044-
0003 observed in all the samples and verify the crystal for-
mation of samples.

NH3–TPD

The acid strength of samples was measured using  NH3–TPD. 
According to this method, the total and relative area of TPD 
peaks at both lower and higher temperatures can be rep-
resented by the strength distribution as well as the total 
acidity. The  NH3–TPD diagrams of the synthesized ZSM-5 
and HZSM-5 zeolites are shown in Fig. 3. All samples have 
shown two desorption peaks, one of them is on the low-
temperature peak (LTP) at 200–300 °C, while the other is 
on the high-temperature peak (HTP) at 400–500 °C. All 
results are in accordance with the published results (Rod-
ríguez-González et al. 2007). It should be noted that both the 

high- and low-temperature peak intensities decline with the 
reduction of the catalyst acidity. Table 1 represents the total 
acidity intensity of all samples obtained from TPD analysis. 
It can be seen that the amount of catalyst acidity significantly 
decreases with the increasing  SiO2/Al2O3 ratio. On the other 
hand, HZSM-5 samples that involved ion exchange of Na 
cation show higher acidity in comparison with the ZSM-5 
samples which is totally in accordance with the other refer-
ences (Shirazi et al. 2008).

N2 adsorption

Figure 4 represents the nitrogen adsorption–desorption iso-
therm diagrams. Regarding the BET class, all shapes of the 
adsorption isotherms are classified as Type I, which is the 
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Table 1  Acid properties of HZSM-5 and ZSM-5 samples

Sample HZSM-5 HZSM-5 ZSM-5 ZSM-5

SiO2/Al2O3 40 80 40 80
Total acidity 

(mmol  NH3/g)
1.54 1.12 0.45 0.33
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Fig. 4  Adsorption–desorption isotherms of nitrogen on HZSM-5 and 
ZSM-5 samples

Table 2  Characteristics of all synthesized HZSM-5 and ZSM-5 sam-
ples

a Measured by  N2 adsorption–desorption at P/P0 range from 0.05 to 
0.5
b Calculated using the t-plot method
c Measured by  N2 adsorption–desorption at P/P0 = 0.99
d Adsorption branches of the isotherms by using the BJH method

Sample SiO2/Al2O3 Surface area 
 (m2 g−1)

Pore 
 volumec 
 (cm3 g−1)

Pore (Å)d

Sa
BET Sb

ext

HZSM-5 40 374.8 486.3 0.21 22.8
HZSM-5 80 394.8 509.9 0.32 33.2
ZSM-5 40 379.06 491.5 0.24 25.8
ZSM-5 80 395.6 515.1 0.28 23.5
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microporous solids type (Brunauer et al. 1940). It can be 
observed that with increasing  SiO2/Al2O3 ratio, nitrogen 
adsorption in the samples increases. The amount of nitro-
gen adsorption for HZSM-5 samples was lower than ZSM-5 

samples. The properties of synthesized catalysts such as the 
pore volume, surface area, and median pore diameter are 
summarized in Table 2.

Fig. 5  SEM analyses of HZSM-5 and ZSM-5 samples
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N2 adsorption

The results of FE-SEM analyzed are shown in Fig. 5. The 
crystalline structure was observed for all samples.

Catalytic runs

Heavy straight-run naphtha of Tehran refinery under the 
mentioned operating conditions was used as a feed to evalu-
ate the catalyst’s capabilities on the desulfurization process.

Reactions mechanism

HSRG feed was used in this study containing sulfur 
compounds, such as mercaptans (RSH), sulfides (R2S), 
disulfides (RSSR), thiophene, and alkylated derivatives with 
the boiling point lower than 225 °C. Thus, it is free from 
heavier sulfur compounds. Figure 6 shows the overall reac-
tion for the desulfurization of the mentioned cut (Babich and 
Moulijn 2003; Song 2003). All the reactions associated with 
 H2 consumption and their overall reaction can generally be 
defined as follows:

Process operation conditions

In order to achieve the best condition which leads to an 
effective process, temperature and operating pressure should 
be chosen carefully. In the sulfur removal process, the des-
ulfurization reaction rate increases with temperature. How-
ever, it is possible to reproduce the mercaptans due to the 
combination of  H2S and olefinic compounds at such a high-
temperature condition. Therefore, for HDS processes with 
the high amount of olefinic compounds in the feed (such 

R−S + H
2

cat

→R−H + H
2
S

as the naphtha of the FCC process), the temperature of the 
reactor cannot be dramatically increased, and temperature 
should be limited to 315–340 °C. Unlike the olefinic com-
pounds in the HDS process, HSRG with low olefinic com-
pounds has shown a good performance at high-temperature 
condition with no cracking (Babich and Moulijn 2003; Song 
2003). Furthermore, high-pressure conditions during the 
HDS process prevent coke formation on the catalyst surface, 
especially in the case of using zeolite catalysts. In regard 
to this situation, 15 bar and 450 °C were suggested for the 
reaction for HSRG feed.

Desulfurization of naphtha

The analytical results of sulfur compounds in the feeds and 
products are represented in Table 3. As it could be seen, the 
catalyst is highly effective for sulfur compounds reduction. 
HZSM-5 sample with  SiO2/Al2O3 ratio of 40 indicated an 
87% reduction. The result has shown that HZSM-5 zeolites 
have better performance for the HDS process of heavy naph-
tha in comparison with ZSM-5 zeolites. This can be attrib-
uted to the higher acidity of HZSM-5 zeolites, which leads 
to better performance of the catalyst in breaking the C-S 
bond. Nevertheless, desulfurization was performed properly 
for both catalysts at the lower ratio of  SiO2/Al2O with the 
higher acidity.

Fig. 6  Reaction pathway for 
mercaptans, sulfides, disulfides, 
and thiophene (Babich and 
Moulijn 2003)

Reaction Reaction mechanism 

Mercaptanes 
Hydrotreating R__S__H + H2 R__H + H2S

Sulfides 
Hydrotreating R1__S__R2 + H2

R1__H + R2__H + H2S

Disulfides 
Hydrotreating R1__S__S__R2 + H2 R1__H + R2__H + H2S

Thiophene 
Hydrotreating

S

+ H2 S
- H2S

H2

Table 3  Total sulfur for the feed and products (operating condition: 
450 °C, 15 bar,  H2/Oil = 150 Nml/ml, and weight hourly space veloc-
ity (WHSV) = 1 h−1)

Sample Feed HZSM-5 
(40)

HZSM-5 
(80)

ZSM-5 
(40)

ZSM-5 (80)

Total 
sulfur 
(ppmw)

180 23 29 45 52
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Experimental design

Since the HZSM-5 sample has the best performance in the 
desulfurization process, the experimental design was per-
formed for this sample using the Taguchi method. HSRG 
with 160 ppmwt was applied as the feed. For this purpose, 
four variables in three levels were investigated as shown in 
Table 4. The obtained results from the Taguchi method and 
analysis of variance (ANOVA) are summarized in Tables 5 
and 6. Figure 7 shows experimental data and predicted val-
ues comparison using the suggested model. Then, model 
optimization was used to find optimum conditions and reach 
the lowest sulfuric compounds. The experimental conditions 
obtained from optimization were applied to the reactor test. 

Table 4  Parameters and the values of selected surface for Taguchi 
design of experiment

Parameter Surface 1 Surface 2 Surface 3

Pressure (bar) 5 10 15
Temperature (°C) 350 400 450
SiO2/Al2O3 ratio 20 40 80
WHSV  (h−1) 0.5 1 20

Table 5  Operation condition and the results of reactor testes by using 
Taguchi method

Number Pressure 
(bar)

Tem-
perature 
(°C)

SiO2/
Al2O3 
ratio

WHSV  (h−1) Sulfur 
(ppm) 
R1

1 10 450 40 0.5 28
2 5 400 40 1 59
3 5 350 20 0.5 47
4 15 400 80 0.5 45
5 5 450 80 2 51
6 10 350 80 1 63
7 15 350 40 2 27
8 10 400 20 2 38
9 15 450 20 1 16

Table 6  The accuracy of Taguchi second-order model in variance 
analysis

Parameter Sulfur (ppm) R1

Mean square 2.18
R-squared 0.98
Adj. R-squared 0.93
F value 20.1
P value 0.0048

Fig. 7  Comparison of real data and values predicted by model for amount of sulfuric component (ppmwt)
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The experiment was performed using HZSM-5 with  SiO2/
Al2O3 ratio 20, at 450 °C, 15 bar, and 1 h−1 WHSV. The final 
product analysis indicated that the sulfur amount decreased 
to 19 ppm, which is comparable with the predicted value 
(i.e., 14) ppm using the model. It can be said that predicted 
values agree with experimental data.

Conclusion

Four ZSM-5 zeolites were synthesized, and ion exchange 
between Na and H cation was conducted for two samples. 
Physical and chemical properties for all catalyst samples 
were investigated using various analyses, and the per-
formance of the catalysts was evaluated in rector tests. 
Results showed that HZSM-5 with  SiO2/Al2O ratio of 40 
has the best performance for sulfuric compounds reduc-
tion of HSRG feed. Furthermore, zeolite catalysts with 
high acidity were the most suitable for sulfuric compounds 
removal, even without metals presence. Finally, regarding 
the need for production of high-quality fuel besides the 
decrease in operating and capital costs, the development 
of cheaper processes using zeolites as alternatives to con-
ventional HDS processes can be recommended as a matter 
of interest for researchers.
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