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Abstract. The use of methanol over ZSM-5 and modified catalysts for the production of light olefins 
has emerged as an effective new strategy for this industry. In the methanol-to-olefin (MTO) process, 
the challenges are maintaining product selectivity and prolonging the lifetime of the catalyst catalyst 
manufacturing become.  The effect of strontium (Sr) and lanthanum (La) impregnated over the ZSM-
5 catalyst on MTO conversion was investigated in this study. The results showed that the metals 
impregnated on ZSM-5 had influenced its acidity strength and improved catalyst activity and 
lifetime in the MTO process. When a metal strontium of 5 wt.% was impregnated, the quantity of 
Bronsted acid sites (BAS) in the parent ZSM-5 was reduced to 81.53%.   The catalyst 5La-ZSM-5 
modified improved the selectivity of light olefin ca. 88% and high conversion methanol 100% for 
15 h time-on-stream. The sequence of catalyst activity was 5La-ZSM-5 > 3La-ZSM-5 > 5Sr-ZSM-5 > 
3Sr-ZSM-5 > parent-ZSM-5. The role of metal (Sr/La) impregnated over ZSM-5 is important for 
reducing acidity and prolonging activity catalyst from 7 to 14 h. 
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1. Introduction 

 To produce polymeric materials and other products, the plastics industry depends on 
light olefins (𝑪𝟐

=, 𝑪𝟑
=, 𝑪𝟒

=), which are obtained mostly from petroleum and naphtha (Gao et 
al., 2018). The demand for olefins increases, while the feedstocks of naphtha and petroleum 
are limited and non-renewable, thus requiring the development of prolonging alternative 
routes for new olefin production technologies from non-petroleum and renewable 
resources (Pugazhendhi et al., 2020; Ahmadpour and Taghizadeh, 2016; Jamil et al., 2014).   
Moreover, the overuse of petroleum for industrial purposes has increased environmental 
issues, such as greenhouse gasses emissions, air pollution, and climate change, due to the 
increase in CO2 in the atmosphere (Sudibandriyo and Putri, 2020; Aziz et al., 2019). In 
recent years, scientists have comprehensively studied and developed the technology to 
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produce olefins via methanol (which can be sourced from renewable materials) to resolve 
the crisis of feedstock of petroleum and naphtha and the environmental damage due to 
global warming from CO2 (Barnwal and Sharma, 2005). 
 The research for the development of the MTO process would focus on the modification 
of catalysts to increase light olefin selectivity (especially C2 and C3), determine detailed 
reaction mechanisms in the formation of olefins, and increase catalyst lifetime for the MTO 
process. The MTO process often uses ZSM-5 as a catalyst (Gorzin et al., 2019). However, the 
presence of strong acid sites on the ZSM-5 catalyst leads to the formation of coke and 
eventually deactivates the catalyst (Chen et al., 2017; Zhang et al., 2012).  For this reason, 
several scientists have carried out studies and developed strategies to enhance the activity 
of the catalyst, product distribution, and address the deactivation of the catalyst in the MTO 
process. Some of the strategies in the development of ZSM-5 include adjusting its acidity 
(Yaripour et al., 2015; Liu et al., 2009), morphology and size (Chen et al., 2017), and 
synthesis of hierarchical pore structure (Li et al., 2020; Gorzin et al., 2019; Rostamizadeh, 
Yaripour, and Hazrati 2018; Ahmadpour and Taghizadeh, 2016). According to Li et al., once 
the metal (Zr) was impregnated with the acid, the acid's strength decreased, and its 
treatment increased the catalyst's activity (Li et al., 2020).  
 Reducing catalyst deactivation and increasing the selectivity to olefins are still 
imminent problems in the MTO process.  Based on that, this research evaluated the effect 
of Sr and La metals impregnated over ZSM-5 in the MTO process.  The ZSM-5 catalyst 
employed during this study contains 30 wt.% pseudo-boehmite. In addition, few authors 
have mentioned utilizing pseudo-boehmite as a binder in combination with ZSM-5. The 
binder's functions on the ZSM-5 catalyst are as follows: improved mechanical and thermal 
stability and internal bonding between pores; protection of the catalyst from inert material 
that would block its pores; and enhanced porosity and mass transfer. In addition, the acidity 
of catalyst is crucial for the MTO process. Since the parent ZSM-5 has highly acidic sites, the 
hydrogen transfer reaction is facilitated, and hence paraffin is formed. Furthermore, the 
strong acid sites also facilitated the fast deactivation of the active sites. Hence, we 
impregnated Sr and La over the ZSM-5 catalyst to modify the acidity of active sites to 
achieve a more active and stable catalyst system. 
 
2.  Methods  

2.1.  Materials and Sample Preparation  
 The ZSM-5 Catalyst was obtained from ACS material LCC catalyst with CAS No. 1318-
02-1, while strontium with CAS No. 7440-24-6, methanol with CAS No. 67-56-1, and 
Lanthanum CAS with No. 10277-43-7 from Sigma Aldrich, respectively. In accordance with 
previous research, Bakare et al. (2018) reported that all modified catalysts were 
synthesized using an impregnation method. About 7 g of ZSM-5 catalyst was dissolved in 
10 ml of deionized water and agitated at 200 rpm for ten minutes. Afterward, metal (Sr/La) 
equivalent to 3 - 5 wt.% was added into the solution and agitated at 200 rpm until a 
homogeneous mixture is formed. Thereafter, the products were dried at 70 °C overnight 
and then calcined at 600 °C for 5 h at a heating rate 5 0C/h. The impregnated samples were 
labelled as XA-ZSM-5 (where ‘A’ the amount of metal in wt.% = 3 or 5 and ‘X’ represents the 
metal la or Sr). Hence, the authors have the following samples: 3Sr-ZSM-5; 5Sr-ZSM-5; 3La-
ZSM-5, and 5La-ZSM-5.  

2.2. Characterization  
To gain a deeper understanding of the properties of ZSM-5 catalyst systems, their 

characterization before and after modification was comprehensively investigated. The 
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crystallinity and bulk phase of all samples were examined using X-Ray Diffraction (XRD). X-
Ray Diffraction (XRD) was utilized to examine the crystallinity and bulk phase of all 
samples. SEM-EDX (FE-SEM, LYRA 3 Dual Beam, Tescan, and EDX, Oxford Instruments) was 
used to look at the surface topography of the catalyst and see if there were any Sr or La-
impregnated samples. As a probe molecule, pyridine was used to determine the number of 
Bronsted acidity sites and Lewis acid sites. The acidity of a catalyst is proportional to the 
number of pyridine molecules adsorbed at the acid site. The pyridine adsorption 
experiment was conducted on a Nicolet 6700 FTIR spectrometer. In a typical analysis, the 
sample is pressed into a wafer (50mg) and placed into a high-temperature pressure heating 
cell, which is continuously evacuated. The sample is then calcined at 500 0C for 3 minutes 
and then cooled down to 150 0C. Bare catalyst spectra are then recorded prior to pyridine 
adsorption. Following pyridine adsorption, the sample is then evacuated for 30 minutes and 
the IR spectra are then collected. Finally, the IR spectra of the untreated parent sample are 
subtracted from those of the pyridine-treated sample. Equation 1 is then used to calculate 
the number of acid sites based on the integration of peak area for both Bronsted and Lewis 
acid sites. 

𝐶𝐵 =  
𝐴 𝑥 𝑆𝐵

𝜀𝐵 𝑥 𝑤
              (1) 

In this case CB, A, w, SB, 𝜀𝐵 represent the concentration Bronsted acid (mmol/g), area 
of sample (cm2), weight of catalyst (mg), constant od Bronsted acid, and the area of 
integration of the FTIR pyridine analysis results curve for the BAS.     

The nitrogen physisorption properties of synthesized catalysts were carried out on an 
ASAP 2020 (Micromeritics). The surface area of the catalyst systems was then calculated 
using the BET model. In addition, Figure 1 depicts the schematic diagram for evaluating 
catalyst systems. 

 

Figure 1 The schematic diagram for the preparation of the catalyst and test performance 

2.3. Catalytic Reactions  
 The Micro Activity Test (MAT) has been done in a plug flow reactor to observe the 
activity of the modified catalyst in the MTO process. Metal-modified ZSM-5 zeolites were 
analyzed in the MTO process (Me-ZSM-5) at 500°C, 1 bar, and WHSV 4.5 h-1on an 
automated Computerized PID Microactivity-Effi (DUO/TWIN/PARALLEL) catalytic reactor. 
The reactor unit is equipped with an online GC product analysis. In a typical run, 0.1 mg of 
catalyst was charged to the reactor and the flow rate of methanol and gas helium were 
maintained at 0.01 mL/minute, and 18.60 mL/minute, respectively. The conversion and 
selectivity of each product were calculated by equations 2 and 3, respectively: 
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    𝐶𝐶𝐻3𝑂𝐻 =  
𝑛 (𝐶𝐻3𝑂𝐻)𝑖𝑛−𝑛 (𝐶𝐻3𝑂𝐻)𝑜𝑢𝑡−2𝑛 (𝐶2𝐻5𝑂)𝑜𝑢𝑡

𝑛 (𝐶𝐻3𝑂𝐻)𝑖𝑛
 𝑥 100 %          (2) 

   𝑆𝐶𝑥𝐻𝑦
=  

𝑋 𝑥 (𝐶𝑥𝐻𝑦)
𝑜𝑢𝑡

𝑛 (𝐶𝐻3𝑂𝐻)𝑖𝑛−𝑛 (𝐶𝐻3𝑂𝐻)𝑜𝑢𝑡−2𝑛 (𝐶2𝐻5𝑂)𝑜𝑢𝑡
 𝑥 100 %         (3) 

 Where CCH3OH represents methanol and C2H5O represents DME. (CxHy)out is the 
concentration of any hydrocarbon in the effluent product such as DME and targeted product 
(such as ethylene, propylene, butylene, etc.). CCH3OH subscripted aim to conversion methanol 
and  𝑆𝐶𝑥𝐻𝑦

 subscripted aim to the selectivity of hydrocarbon. 

 
3. Results and Discussion 

3.1.  Effect of Metal (Sr/La) Impregnated on Relative Crystallinity of Catalyst 
 The effect of metals (Sr/La) impregnation on the structural patterns and peak intensity 
over ZSM-5 catalyst has been investigated using XRD as presented in Figure 2. 

 

Figure 2 XRD patterns of parent and impregnations ZSM-5 with Sr and La metals samples: 
3 – 5 wt. % 

 The results show that all samples impregnated with Sr and La (3 - 5 wt.%) have the 
same peak pattern as parent ZSM-5 zeolite although with lower peak intensities as an 
indicator for metal impregnation. However, the metals impregnated on the parent ZSM-5 
catalyst did not affect the diffraction peaks of the parent catalyst. Also, there is no XRD 
pattern which indicates the presence of metal and impurity. These phenomena showed that 
the content of metals (Sr and La) was x-ray amorphous and the metal is dispersed on the 
surface causing no significant changes to its structure. The experimental results by Li et al. 
are consistent with this finding (Li, Rezaei, and Rownaghi, 2019). According to their results, 
the impregnation of m Ga/La/Mg/Y on ZSM-5 had no significant effect on the observed 
peaks and the absence of additional peaks indicates that these metals are well dispersed on 
ZSM-5 zeolite. 

3.2. Effect of Metal (Sr/La) Impregnated on the Catalyst Composition of ZSM-5  
 Figure 3 shows the findings of a Scanning Electron Microscopy - EDX investigation of 
the surface morphology of the sample before and after modification with metal (Sr/La).  
The results illustrated that the before and after modified catalysts have the same 
morphological shape, which is hexagonal with non-sharp angles. Furthermore, the SEM 
analysis of ZSM-5 modified with La shows aggregated hexagonal crystals without sharp 
angles, while Sr modified a wider hexagonal morphology as shown in Figure 3. Generally, 
there are no clear differences in the morphological properties of the samples prepared. The 
uniformity and regularity of crystalline morphology would provide a good pathway to the 
active site and may affect the selectivity of hydrocarbon in the MTO process. 
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 In addition, the elemental composition of Sr and La metals impregnated over the parent 
ZSM-5 catalyst is as presented in Table 1. Based on the analysis, the Si / Al ratio increases 
after impregnating Sr and La metals. This might be due to the decrease in element Al over 
the ZSM-5 catalyst via dealumination. 

 

Figure 3 SEM – EDX metal (Sr/La) impregnation at 3 wt.% and 5 wt.% concentrations 

Table 1 EDX analysis of parent and modified ZSM-5 

Sample 
Composition [ wt. %] 

Si Al O Mg Ca Ba La Sr Si/Al 

ZSM-5 40.40 2.70 57.50 - - - - - 14.96 

3Sr-ZSM-5 47.35 2.20 45.78 - - - - 4.68 21.52 

3La-ZSM-5 38.68 1.92 55.61 - - - 3.79 - 19.10 

5Sr-ZSM-5 35.37 1.76 58.74 - - - - 4.12 20.09 

5La-ZSM-5 40.34 1.88 53.45 - - - 4.32 - 21.46 

3.3.  Effect of Metal (Sr/La) Impregnated on Catalyst Acidity 
 The acidity analysis of the prepared catalyst systems was carried out with pyridine as 
a probe molecule. Figure 4 illustrates the Adsorption bands of absorbed pyridine (1700-
1400 cm-1).  

 

Figure 4 Pyridine FT-IR spectra of parent-ZSM-5, 3wt.% and 5 wt.% Sr, and La metal 
modified ZSM-5 

 In Figure 4, the absorption spectrum band at a wave number around 1490 cm-1 shows 
the Lewis acid sites. Moreover, the absorption band at a wave number around 1630 cm -1 
shows the Brønsted acid sites. The increase in the intensities of absorption peaks indicates 
the induction of more weak and medium acid sites in both 3Sr-ZSM-5 and 3La-ZSM-5 
catalysts. The extent of the increased absorption peak relates to the amount of weak and 
medium acid sites formed on both catalysts (Bakare et al., 2016). In addition, the acidity 
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analysis of the catalyst before and after modification with metal (Sr/La) impregnated is 
presented in Table 2.  

Table 2 The acidity of parent and Me-ZSM-5 

Sample 
Acid amount (mmol g-1) 

BAS LAS TOTAL 

Parent-ZSM-5 0.773 0.014 0.787 
3Sr-ZSM5 0.673 0.007 0.680 
3La-ZSM5 0.689 0.006 0.695 
5Sr-ZSM5 0.143 0.002 0.149 
5La-ZSM5 0.195 0.001 0.196 

 As demonstrated in Figure 4, the amount of Bronsted acid sites and Lewis acid sites 
was calculated quantitatively by integrating the area below the peak spectra. The Bronsted 
and Lewis acid sites were then calculated based on Eq. 1. The analysis concluded that metal 
impregnation on ZSM-5 could reduce the Bronsted acid site catalyst. This is because the 
La2+ and Sr2+ cations impregnated would react with the H+ protons in the parent ZSM-5 
catalyst, so the content of protons decreases. Bronsted acid site was detected due to the 
reaction of the pyridine substance with protons on the surface catalyst and Pyridium ions 
were formed. Because the content of protons in ZSM-5 modified catalyst decreased due to 
interaction with La2+ and Sr2+ cations, as a result, the Bronsted acid site is decreased. 

3.4. Effect of Metal (Sr/La) Impregnated on N2 Adsorption analysis 
 The surface area and cavity size are properties necessary in the characterization of a 
solid acid catalyst. The physisorption analysis of isothermal adsorption-desorption 
nitrogen of all catalyst systems is presented in Figure 5.  

 

Figure 5 N2 adsorption/desorption isotherms of the parent ZSM-5 and impregnation with 
Sr and La metals: 3 – 5 wt.% 

 According to Figure 5, the isotherms showed a type IV isotherm pattern with peculiar 
mesoporous materials characterized by hysteresis loops. In line with the findings of Chin et 
al. (2019), the catalyst type IV isotherm exhibits a hysteresis loop. Table 3 displays the 
surface area of the samples before and after impregnation. 

Table 3 Complete result of N2 adsorption analysis. 

Sample SBET 
(m2/g) 

SEXT 
(m2/g) 

SMicro 
(m2/g) 

VT 

(cm3/g) 
VMicro 

(cm3/g) 

H-ZSM-5 377 99 278 0.17 0.11 
3%La-ZSM-5 307 49 257 0.15 0.11 
5%La-ZSM-5 353 101 251 0.16 0.11 
3%Sr-ZSM-5 262 57 204 0.12 0.08 
5%Sr-ZSM-5 292 57 237 0.14 0.10 
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 The data shows that after the metal impregnation, the BET surface area decreased from 
ca. 377 m2/g to the smallest area of ca. 262 m2/g (in 3Sr-ZSM-5). The sequence of surface 
area from highest to lowest is parent ZSM5 > 5La-ZSM-5 > 3La-ZSM-5 > 5Sr-ZSM-5 > 3Sr-
ZSM-5. The result shows that the surface area for 5% loading for both metals is higher than 
3%. These phenomena describe how the impregnated metal was distributed relatively even 
to all surfaces. Furthermore, the adhesion interaction between the metal and the surface of 
the zeolite is relatively stronger, so there is no accumulation in the mouth and pore 
channels. In addition, the contributory effect of dealumination as observed from EDX 
analysis might be an indicator for the cause of this anomaly. Moreover, decreasing total 
pore volume indicated that metal-impregnated on ZSM-5 tends to block the pores. In 
addition, the atomic radius in lanthanum > strontium which is 2.5 0A> 2.0 0A, respectively. 
Hence, the smaller strontium metal could migrate more into the zeolite pore and cause 
more decrease in the pore volume of the resulting catalyst. After that, the absorption data 
showed that the microporous volume (0.11 cm3/g) was preserved in both the parent and 
modified ZSM-5, resulting in minimal changes to the microporous area, as shown in Table 
3. Thus, the impregnated metals were mainly deposited on the surface and mesopores of 
the catalyst, causing a decrease in the surface area and mesoporous. 

3.5. Micro Activity Test (MAT) 
 The performance test of the ZSM-5 catalyst before and after modification for MTO 
reaction was observed in the plug flow reactor with parameters process at 500 0C, 1 bar, 
and WHSV 4.5 hr-1. All sample catalyst explains the high conversion of methanol to 
hydrocarbons (100 %) for a long time. The methanol conversion and selectivity light olefin 
function TOS are presented in Figure 6. 

  
    (a)       (b) 

Figure 6 Effect of metal (Sr/La) impregnated 3 -5 wt.% over ZSM-5 catalyst (a) on the 
conversion as a function of time on stream (TOS); (b) selectivity of light olefin 

 Figure (6a) showed that the conversion of the parent ZSM-5 catalyst decreased after 7 
h time on stream from 100 to 70 %. This decrease is due to the onset of deactivation by 
coking on the parent catalyst, hence methanol is no longer converted to targeted 
hydrocarbons. When it came to methanol conversion, the 5La-ZSM-5 showed the best 
performance, maintaining a constant 100% conversion for up to 15 hours on stream.  The 
order of catalyst activity is 5La-ZSM-5 > 3La-ZSM-5 > 5Sr-ZSM-5 > 3Sr-ZSM-5 > parent-ZSM-
5. The concentration of metal impregnated over the ZSM-5 catalyst influenced the activity 
of catalyst for methanol conversion. This result was in line with Heriyanto et al. (2020) and  
where the impregnated metal (Ca) causes the activity of the catalyst to increase. In addition, 
at higher metal concentrations, the metal impregnated would be more distributed on the 
catalyst than the low concentration. Hence, the active sites increase, and the activity of the 
catalyst increases. strontium is an alkaline earth metal and lanthanum is a transition metal 
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with a valence of 2+ (divalent) and 3+ (trivalent), respectively. The covalent radius of 
strontium higher than lanthanum are 1.82 Å and 1.94 Å, respectively. The exchange of Sr2+ 
and La3+ cations with H+ from ZSM-5 causes a decrease in the BAS and increases the LAS 
(Khezri et al., 2020).  
 The total acid strength of ZSM-5 decreases with Sr2+ and La2+ cation elements because 
LAS are generally weaker in line with BAS in zeolites. The parent ZSM-5 catalyst achieved a 
light olefin selectivity of 53.19%, which decreased after 7 hours.  Meanwhile, the 5Sr-ZSM-
5 catalyst was able to achieve the highest light olefin selectivity, which reached 88.38%. 
Nevertheless, this value begins to decrease after 7 hours have passed. The sequence of 
catalyst lifetime is 5La-ZSM-5> 3Sr-ZSM-5> 5Sr-ZSM-5> 3La-ZM-5> parent-ZSM-5. Finally, 
increasing selectivity of light olefin correlated with a decrease in the acid strength of the 
catalyst acid sites. Additionally, Figure 7 illustrates the influence of metal (Sr/La) 
impregnated over ZSM-5 on product distribution. 

         
(a)                                                                                    (b)  

 

Figure 7 Effect of metal impregnated on product distribution MTO process (a) 5Sr-ZSM-5 
and (b) 5La-ZSM-5 

 The olefin selectivity on Sr-ZSM-5 is higher than La-ZSM-5, which is 78% and 69.86%, 
respectively. This result is consistent with the findings of Sudibandriyo and Putri (2020), 
who reported that pore diameter and surface area influenced the selectivity product. In 
addition, this could be related to the acidity of catalyst systems. The impregnation of 
strontium caused the Bronsted Acid Site to decrease to 12.82 % (assuming that the parent 
BAS is 100 percent). This result is in line with a report from Jamilatun et al. (2019) product 
composition was influenced type of catalyst. The lower acidity would prevent the hydrogen 
transfer and the formation of paraffin and cokes decreases. Consequently, the product 
selectivity of olefin and lifetime catalyst increases. Furthermore, at the 6th hour, DME is 
produced via methanol dehydration in a catalytic fixed-bed reactor (Wahid and Utomo, 
2019). DME was formed as the selectivity to olefin decreased. Subsequently, the selectivity 
to DME dominates the product distribution. As shown in Table 2, the appearance of DME is 
due to a decrease in the number of acid sites on the surface. The results indicate that the 
dehydration of methanol to DME is a function of external surface area, the number of strong 
acid sites, crystal size, and reaction temperature. The following is the proposed mechanism 
reaction on the MTO process:  

       2 𝐶𝐻3𝑂𝐻
𝐾1
⇔ 𝐶𝐻3𝑂𝐶𝐻3 +  𝐻2𝑂      (4) 

    2 𝐶𝐻3𝑂𝐶𝐻3  
𝑘2
→ 𝐶2𝐻4  +   2𝐶𝐻3𝑂𝐻     (5) 

    2𝐶𝐻3𝑂𝐻  
𝑘3
→   𝐶2𝐻4 + 2𝐻2𝑂       (6) 

    𝐶2𝐻4 +  𝐶𝐻3𝑂𝐶𝐻3   
𝑘4
→   𝐶𝐻3𝑂𝐻 +  𝐶3𝐻6    (7) 
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4. Conclusions 

 The impregnation of Sr and La metals positively affected the ZSM-5 parent's activity 
and lifetime.  The Bronsted acid site of parent ZSM-5 decreases until 81.53% when 
strontium of 5 wt. % was impregnated. Sr2+ cations impregnated substituted H+ protons in 
the parent ZSM-5 catalyst, so the content of H+ protons over parent ZSM-5 decreases. 
Reducing acidity would prevent hydrogen transfer, increase olefin selectivity, and reduce 
coke formation, hence resulting in an increased catalyst lifetime. 5La-ZSM-5 catalyst 
improved the selectivity of light olefin c.a. 88 % and presented high conversion of methanol 
100% for 15 h time on stream. The order of catalyst activity is 5La-ZSM-5 > 3La-ZSM-5 > 
5Sr-ZSM-5 > 3Sr-ZSM-5 > parent-ZSM-5. The authors suggest extensive research into the 
effect of crystal size, mesoporosity, and acid site distribution on the catalytic performance 
in selective methanol conversion to olefin. 
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