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Abstract
In this paper, nine samples of SAPO-34 Nanocatalysts were synthesized, at three temperatures (170, 190, 210 °C) and three 
times (12, 24, and 36 h) using the hydrothermal treatment and experimental design approach. All samples were character-
ized by XRD, SEM, FTIR, BET, and  NH3-TPD techniques, to evaluate the morphology, crystal size, and surface acidity. 
The catalytic performance of SAPO-34 zeolites for methanol to light olefins (MTO) was investigated in a fixed-bed reactor 
at 410 ◦C. According to catalytic results, all prepared catalysts showed similar trends, but olefin selectivity and lifetime were 
greatly different. Catalysts synthesized at 170 °C and 24 h because of their high crystallinity, the small size of crystals and 
high surface area showed relatively high ethylene and propylene selectivity of 48.71% and 32.6%, respectively. Sample with 
low crystallinity, synthesized at 210 °C, and 36 h because of the existing high value of the SAPO-5 and amorphous phase, 
deactivate rapidly. Comparing with the other sample, the sample synthesized at 170 °C and 12 h because of high crystallin-
ity, mild acidity, and small crystal size possesses a longer lifetime.

Graphic Abstract
Hierarchical nine samples of SAPO-34 Nano catalysts were synthesized, at three temperatures (170, 190, 210 °C) and three 
times (12, 24 and 36 h.) using hydrothermal treatment and experimental design approach. Comparing with the other sample, 
the sample synthesized at 170 °C and 12 h. because of high crystallinity, mild acidity and small crystal size, possesses a 
longer lifetime.
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1 Introduction

Light olefins such as ethylene, propylene, and butylene 
are mainly used in the petrochemical industry. Due to the 
increasing demand for light olefins in the industry and the 
future shortage of petroleum resources, the process of con-
verting methanol to olefins (MTO) using non-oil sources 
has been considered as an alternative. Coal and natural gas 
are abundant in nature and the methods of converting them 
to methanol are well known today [1–3]. Coal gasification 
or steam reforming of natural gas to produce synthetic gas 
(CO and hydrogen gas) can lead to methanol production. 
Methanol can also be catalytically converted to gasoline 
or olefins depending on the effective process and catalyst 
factors used [4, 5]. Due to the use of crude methanol in 
the MTO unit and because the feed does not require pri-
mary distillation, if the MTO unit is installed alongside the 
methanol unit, its capital costs will be reduced [6–10]. The 
use of methanol can have advantages such as easier and 
less expensive transportation than ethane [10–14, 84–87]. 
Among the available catalysts, SAPO-34 is the most suit-
able catalyst for this process due to its small cavities and 
medium acidity.One of the main problems of MTO units 
is the rapid deactivation of SAPO-34, which can also be 
affected by the synthesis factors, so it is possible to opti-
mize the catalyst performance by modifying the synthesis 
conditions [15–17, 88–90]. The synthesis gas is converted 
to olefins, isoparaffins, gasoline products, and aromatics 
after conversion to methanol using Fischer Tropsch reac-
tion (FTS) and acid catalysts [18–21, 91–93]. This pro-
cess has advantages over thermal breakdown with steam, 
naphtha, and light petroleum cuttings because it provides 
a wider and more flexible range for the ethylene to pro-
pylene ratio [22, 23, 94–97]. Other advantages include  
the production of limited byproducts compared to other 
fracturing methods resulting in simpler recycling and puri-
fication systems, simpler unit use than conventional units 
due to low paraffin content do and no need for propane/
propylene and ethane separator systems [24–27]. Ethylene 
is another characteristic of the process due to the produc-
tion of propylene and ethylene with a purity of more than 
98% [28–30]. Of course, there are other methods such as 
oxidative methane coupling (OCM), oxidative dehydro-
genation of kinds of paraffin, and internal conversion of 
olefins that are not currently commercially used [31–33, 
79, 80]. The aim of this article, Studies on the effect of 
temperature and crystallization time on SAPO-34 catalysts 
show that most of the activities involved are related to the 
effect of this parameter on the morphology and physical, 
chemical, and catalytic properties of the catalyst and in 
none of the catalyst performance. It has not been exam-
ined in the MTO process [34, 35, 81–83]. The aim of this 

research investigates the simultaneous effect of crystal-
lization temperature and time as influencing variables on 
the structural and acidic properties of SAPO-34 catalyst, 
Optimizes the performance of the catalyst to produce light 
olefins in the MTO process.

Izadbakhsh et al. [36], Prepared SAPO-34 catalyst with 
different Si/Al ratios (0.5–0.5) at crystallization tempera-
ture of 215–190°C by hydrothermal method and obtained 
samples by various XRD, SEM/EDX experiments NH3-
TPD, FTIR, and nitrogen uptake were investigated. EDX 
data showed that increasing the Si/Al ratio in the initial gel 
blend increased the silicon content in the product. According 
to XRD and SEM results, the crystallinity of the samples 
increased with increasing Si/Al ratio. Of course, the rela-
tive increase in the ratio of silicon to aluminum did not only 
increase the crystallinity but also decreased it. The results 
obtained in the study of the catalyst performance in the 
reactor with reaction temperature of 400 °C and methanol 
discharge WHSV = 1 h−1 showed that the SAPO-34 crystal-
linity affected by the change of Si/Al ratio is an important 
factor in the coke production of methanol to coke process. 
It is olefins. High crystallinity samples (Si/Al = 0.13–0.22) 
lead to longer catalyst life in the reactor of 3 h, which is 
longer than the life of the less crystalline samples (1 h).

Shen et al. [37] investigated the effect of Si on the acidic 
properties of SAPO-34 using solid-state NMR analysis. The 
results showed that there are two types of Bronsted acidic 
sites in SAPO-34, one of which is stronger than the acidic 
site in ZSM-5. Si species and their distribution in the com-
position structure depend on the Si content. Si islands are 
mostly formed when the Si content is high, while the low Si 
content only generates 4 Si (OAL) species. Si has little effect 
on the strength of the SAPO-34 Bronsted Acids but can alter 
the catalyst acidity.

Wilson et al. [27] investigated the effective properties 
of SAPO catalysts on reactor performance such as shape 
selectivity, acidic site strength, acidic site content, crys-
tal size, and Si content in the catalyst. Evaluation of small 
completely molecular sieve in the MTO process shows that 
SAPO-34 due to its high selectivity to C2-C3 olefins, low 
production of paraffin and aromatic byproducts, and favora-
ble conditions for catalyst recovery compared to other cata-
lyst species. SAPO performs best. Decreasing the amount of 
Si results in reduced olefin production and increased cata-
lyst life. There is also no direct relationship between the 
amount of Si in the composition and the number of acidic 
sites, although in low Si there is usually an acidic site per 
Si in the structure.

Wang et al. [38] investigated the effect of silicon on the 
Cu/SAPO-34 and HSAPO-34 catalyst properties. In the 
three ratios tested for Si/Al in the experiments, it was found 
that the sample had the smallest crystal size with a Si/Al 
ratio of 0.3. The TPD experiment showed that the sample 
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had the highest amount of silicon at the Si/Al = 0.85 ratios. 
As for the Cu/SAPO-34 catalyst, studies showed that the 
number of acidic sites increased with increasing Si content 
in the samples. The EPR and H2-TPR results showed that the 
Si and Al values affect the number of individual Cu2 + ions 
in the catalyst.

Izadbakhsh et al. [39] produced a low-silicon SAPO-34 
catalyst by hydrothermal method. The examination of the 
samples showed that the total acidity in the samples with 
low silicon was much lower than the samples with higher 
silicon. Bronsted acid sites remained almost constant after a 
threshold value for silicon, with changes below these thresh-
old values reported.

2  Experiment

2.1  SAPO‑34 Catalyst Preparation

Based on the investigations that have been performed on 
the gel composition of SAPO-34 and mentioned in the 
introduction of the present article, the final gel composition 
was selected to be 1  Al2O3:1  P2O5: 0.4  SiO2: 1TEAOH: 0.5 
MOR: 0.5 TEA: 70  H2O. Aluminum, phosphorous and silica 
sources were aluminum isopropoxide, phosphoric acid 85% 
wt. in water and silica sol 40% wt. in water, respectively. 
For the synthesis of SAPO-34, different methods have been 
reported in the literature. The point is that the order of add-
ing the raw materials is a key factor, and if the template 
changes the previous sequence of addition may not be appli-
cable. Prepared gel was aged at 50 °C for 24 h and placed 
in 120 cc Teflon lined stainless steel under auto-genius 
pressure at 200 °C for 24 h under hydrothermal synthesis. 
Then, the solid product was collected by centrifugation and 
then washed three times with deionized water. Drying was 
performed at 110 °C overnight and calcination was accom-
plished at 550 °C for 6 h with a temperature ramp of 1 °C/
min [40–44]. Table 1 shows Different crystallization times 
and temperatures for the preparation of SAPO-34 catalysts.

2.2  Reactor Test

Figure 1 is an overview of the laboratory unit. After the cata-
lyst restoration, a mixture containing methanol and water 
(30% by weight methanol solution, 99.9%, Merck) is pumped 
into the furnace. The feed then enters the reactor from the 
bottom of the furnace. After the reaction, the outflow from 
the reactor enters the condenser and lowers the tempera-
ture to prevent secondary reactions. At this point, water and 
heavy hydrocarbons become liquid and accumulate in the 
condenser. The residual gas stream is transferred to the GC 
for analysis or to the outside environment. In addition to the 
feed stream of methanol and water entering the reactor, there 

is another stream that is attached to the nitrogen gas capsule. 
Because of the time gap between the synthesis and the reac-
tor test, nitrogen gas was used to dehydrate and restore the 
catalysts. This step was performed before the reaction at 
550° C with a flow rate of approximately 40 ml/min for one 
hour [45–49]. To adjust the current intensity before injection 
of one Flow meter bubble was used. The furnace used in this 
laboratory unit, which is used to supply the heat required for 
the reactor and to perform the MTO reaction, is a pipe fur-
nace manufactured by Azar Furnace Company. The furnace 
has a length of 45 cm and an inner diameter of 4.5 cm. GC 
unit used in a laboratory unit, Hewlett-Packard 5890 Flame 
Ionization Detector (FID), equipped with Agilent J&W 
GS-alumina column measuring 30 µm* 0.53* mm 30 m, 
manufactured by Hewlett-Packard and for the detection of 
hydrocarbon compounds Is. In this system, it is not possible 
to measure and detect hydrogen, carbon dioxide, and carbon 
monoxide, so the weight percent of these three compounds 
in the gas sample is calculated by the elemental mass bal-
ance of the identified gases [50–52].

3  Results and Discussion

3.1  Investigation of Structural Properties 
of Catalysts

Structural and acidic properties of the catalysts prepared on 
some samples were analyzed by XRD, SEM, FTIR, BET, 
and  NH3-TPD.

3.1.1  Crystallinity Study of Catalysts

Figure 2 X-ray diffraction (XRD) images to determine 
the crystalline phase, Phase purity and crystallinity are 
the catalysts synthesized By comparing the obtained pat-
terns and the reference patterns, we conclude all samples 
had SAPO-34 related peaks (2θ ≈ 9.66°, 13°, 16,17.9°, 

Table 1  Different crystallization times and temperatures for the prep-
aration of SAPO-34 catalysts

Sample Temperature(°C) Time(hr)

SAPO-34(S1) 170.0 12
SAPO-34(S2) 170.0 24
SAPO-34(S3) 170.0 36
SAPO-34(S4) 190.0 12
SAPO-34(S5) 190.0 24
SAPO-34(S6) 190.0 36
SAPO-34(S7) 210.0 12
SAPO-34(S8) 210.0 24
SAPO-34(S9) 210.0 36
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20.52°, 25°, 25.9°, 30.8°, 31.1°) [53–55]. According to 
XRD diagrams, the  S6 and  S8 and  S9 samples have a peek 
at 2θ≈7.5°, which can be attributed to SAPO-5 zeolites 
[56–58]. Table 2 percent crystallinity of each sample was 
reported. An XRD spectrum peak of crystalline and amor-
phous is set and, the percentage of crystallinity obtained 
from X-ray measurements is determined by the ratio of the 

crystalline peak intensities to the sum of the crystalline 
and amorphous intensities [59].

The crystallite sizes of samples that are reported in 
Table 2 were determined based on the Scherrer’s equa-
tion (Eq. 1). In this equation, D is crystallite size (nm), λ 
is X-ray wavelength approximately equal to 1.541 A°, β 
is the line width at half the maximum intensity (FWHM), 
and θ is bragg angle. Indeed, to determine the crystallite 
size of catalysts, the XRD diffraction patterns is used and 
the Highscore plus software is capable to calculate this 
parameter.

Quantitative study of FESEM images was done by 
Image J software and the range of particle sizes that are 
determined by FESEM analysis is reported in Table 2. It is 
true that particle size is obtained by FESEM analysis. Fig-
ure 3 illustrates the relative crystallinity and the crystallite 
size calculated with the Eq. (1) (considering intense peak 
at 2θ = 9.5°, 13°, and 20.5°) and Eq. (2), respectively. It is 

(1)� =
0.9�

�����

Fig. 1  Laboratory process for performing the MTO process

Table 2  Relative crystallinity of catalysts prepared

Sample Relative Crystallinity (%) Crystal 
Size (µm)

SAPO-34(S1) 71.64 1.52
SAPO-34(S2) 74.44 1.61
SAPO-34(S3) 68.08 1.96
SAPO-34(S4) 65.00 1.74
SAPO-34(S5) 55.00 1.90
SAPO-34(S6) 54.89 1.81
SAPO-34(S7) 63.51 1.51
SAPO-34(S8) 54.06 1.63
SAPO-34(S9) 53 1.80
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worth mentioning that the nonmodified SAPO-34 with the 
maximum crystallinity was considered as the reference.

The data in Table 2 show that except for S1, S2 and S3, 
the samples synthesized at constant crystallization tem-
perature increased with crystallization time and also the 
samples synthesized at constant crystallization time, with 
increasing crystallization temperature. The percentage of 
crystallinity decreased and for the samples synthesized at 
constant crystallization time, with increasing crystallization 
temperature, crystallinity Dropped. According to the peak 
indexes of S1, S2, and S3 samples (samples synthesized at a 

(2)Relative crystallinity (%) =
ICrystalline

ICrystalline+ IAmorphous

× 100

crystallization temperature of 170 °C at three times 12, 24, 
and 36 h), firstly, with increasing crystallization time crystal-
linity increased and then peak intensity decreased. Further 
increasing of hydrothermal time can enhance the formation 
of the amorphous phases.

The crystallinity percentage of S7, S8, and S9 sam-
ples (samples synthesized at 210 °C and crystallization 
time of 12, 24, and 36 h) with peaks obtained from XRD 
analysis indicated this. That there are impurities in sam-
ple S8 and little in sample S9 and the peaks of 2θ = 7.5, 
22.5 prove this fact. And despite the increase in SAPO-
34 index peaks in sample S9 compared to sample S7, the 
presence of intrusive peaks in the sample S8 reduced the 
crystallinity, and in the sample, S9 although the gross 
phase decreased compared to the sampleS8. The peak 
intensities of the pure phase index decreased and resulted 

Fig. 2  XRD pattern for pre-
pared catalyst
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in a decrease in crystallinity at a temperature of 210 °C. 
compared to sample S8, for S9. Despite the decrease in 
the gross phase content, the peak intensities of the pure 
phase index decreased and caused a decrease in crystallin-
ity at a temperature of 210 °C. The trend of crystallinity 
decreasing at constant time and different temperatures 
is also due to the possible instability of SAPO-34 and 
its conversion to amorphous phases and other impurities. 
For example, at a constant time of 36 h with increasing 
crystallization temperature, presence of impurity peaks, 

in the angles, 2θ = 7.5, 19.9, 22.5 this has led to a decreas-
ing trend [60–62].

3.1.2  FT‑IR Analysis

The results of the FTIR analysis to specify functional 
groups and bonds formed in the catalyst structure are 
shown in Fig. 3. SAPO-34. Catalyst has specific peaks 
at 621–626  cm−ˡ, 484–480  cm−ˡ, 713–877  cm−ˡ, and 
1093–1402 cm−ˡ related to TO Bands in Six-membered 
Rings, Silicon Quadrilateral TO Bands and symmetric 

Fig. 3  FTIR pattern for prepared catalysts
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and asymmetric vibrations of TOT, respectively. Also, 
the hydroxyl group bonds that play a major role in the 
catalyst performance are index links in the SAPO-34 cata-
lyst. The FTIR spectra of the samples in the OH bond 
range have five peaks in the wavelengths of 3413, 34 75, 
3575, 3554, 3720, and 3739 cm-ˡ. The last three peaks are 
related to the POH, SiOH, AlOH bonds, respectively. The 
other two peaks in the range of 3413–3477 cm-ˡ belong to 
Si–OH–Al bonds and are attributed to the outermost acidic 
sites. The intensity of this peak, which is Si–OH-Al bond 
strength, correlates to the number of acidic sites [63–67]. 
By comparing the intensity of this peak for the three sam-
ples S5, S2, and S8 (synthesized at 24 h and Temperature 
170, 190,210 °C), shows that acidic strength is in order of 
S2 > S8 > S5, which is confirmed by TPD analysis.

3.1.3  SEM Analysis

SEM was used to study the morphology shape and size of 
the synthesized crystals. Figure 4 shows the images of the 
SEM for nine synthesized samples. The SEM images of the 
samples show that the morphology of all the samples as 
expected for SAPO-34 is cubic and the dominant phase in 
all samples is SAPO-34. S8, S6, and S9 samples in addi-
tion to cubic particles have hexagonal geometrical objects 
that belong to SAPO-5 [52, 67, 68]. However, due to the 
low SAPO-5 catalyst in the sample S9, the particles of this 
impurity are not visible in the SEM analysis.

Fig. 4  SEM pattern for prepared catalysts
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3.1.4  BET Analysis

The specific surface area of the catalyst is also very 
important in its catalytic activity. BET analysis was used 
to measure the surface area of the synthesized samples. 
Five synthesized samples with suitable particle size and 
high crystallinity were selected to investigate the effect of 
temperature and crystallization time on the specific surface 
area. The results of the BET analysis to determine the 
surface area, size, and volume of the catalyst holes are pre-
sented in Table 3. As shown, all samples have a relatively 
high specific surface area. Also, the results show that as 
the temperature and time of crystallization change the size 
of the holes, their volume and surface area change, which 
can affect the selectivity and yield of light olefins. For 
example, comparing two S2 and S5 samples, both synthe-
sized at 24 h, shows with increasing the synthesis tempera-
ture from 170 to 190 °C, the surface area and pore volume 
decrease from 527.24 to 403.58  m2/g and from 0.292 to 
0.246  cm3/g, respectively. Compared to other samples, the 
S6 catalyst has the highest surface area and pore volume, 
due to the smallest crystal size and the highest intracellular 
porosity [59].

Also according to the SEM image of sample S6, the 
sample contains an almost uniform distribution of large 
and small crystals and on the one hand, small crystals sup-
plying more outer surface area and large crystals supplying 
more inner surface area, therefore, the special surface area 
which is total It is of internal and external surface area, 
for this sample more than other samples. Also according 
to Table3, sample S6 (sample synthesized at a crystalliza-
tion temperature of 190° C for 36 h) has the lowest area 
(330/891  m2/g), due to the lowest crystallinity percentage 
(54.6) among the samples. S2, S4, S5, S6, and S8 and the 
large crystal size (1.816 µm), respectively.

3.1.5  Temperature Programmed Desorption (TPD) Analysis

The temperature-programmed desorption of ammonia 
 (NH3-TPD) analysis to investigate the acidic properties 
and catalytic behavior and distinguish of acid strength 
and the amounts of acid sites of three samples of  S2,  S5 
and  S8 are shown in Fig. 5 and Table 4. These samples 
were selected for  NH3-TPD analysis to provide compar-
ative conditions for the study of time and temperature 
changes. As previously reported, the  NH3-TPD profiles of 
SAPO-34 catalysts showed two maxima appeared at about 
200 and 400 °C, corresponding to weak and strong acid 
sites, respectively [69]. The first peak in the  NH3-TPD 
diagrams is generally related to the weak acidic sites, 
caused by TOH bonds (T can be Al, Si, or P). It is at the 
center of four-dimensional structures that are only capa-
ble of converting methanol to dimethyl ether and are not 
capable of converting dimethyl ether to light olefins. The 
large area under this peak is due to the presence of incom-
plete structures in the catalyst composition resulting in 
reduced sample crystallinity [70, 71]. Among these three 
catalysts, the S8 sample, synthesized at 210 °C and 24 h, 
with relatively lower crystallinity (0.554) have the highest 
weak acid sites as shown from the first peak in  NH3-TPD 
profile. The second peak in the  NH3-TPD diagram shows 

Fig. 5  NH3-TPD patterns of  S2,  S5, and  S8 catalysts

Table 3  BET for prepared catalyst

Sample Surface area 
 (m2/g)

Pore volume 
 (cm3/g)

Pore size (°A)

SAPO-34(S2) 527.24 0.29 22.13
SAPO-34(S4) 462.83 0.26 23.19
SAPO-34(S5) 403.58 0.24 24.40
SAPO-34(S6) 330.89 0.21 25.92
SAPO-34(S8) 467.70 0.26 22.18
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the strong acidic sites caused by the hydroxyl groups 
-SiOHAl- in the catalyst. The strong absorption peaks 
at high temperatures are due to a large number of strong 
acid sites and Si (0-3Al) species or more silicon islands 
in the catalyst [72–74]. These sites are suitable for the 
production of light olefins. The higher this peak appears 
at the higher the strength of these acidic sites in the sam-
ple [75–78]. For the sample S2, the second peak appeared 
at a higher temperature (434 °C) than other catalysts, so 
this sample has the highest strength of the strong acidic 
sites. On the other hand, the intensity of the second peak 
indicates the number of acidic sites and is proportional to 
the amount of ammonia excreted, which is higher for the 
sample  S2 than for the other two samples. As it is shown 
in Table 4, S2 and S8 samples have most acidic sites and 

the total amount of desorbed  NH3 for them was 2.584 and 
2.708 mmol/g, respectively.

3.1.6  Catalyst Performance

The MTO process was performed on each catalyst in the 
methanol-to-olefin reaction at several consecutive times 
For the nine catalysts, the diagrams of ethylene and pro-
pylene selectivity changes over time on stream are shown 
in Figs. 6, 7, 8, 9, 10, 11, 12, 13, 14. In general, all the 
diagrams (except for the sample  S8) generally show three 
stages, especially for the sum of the olefins produced. The 
first stage is the time it takes to reach selectivity from its 
initial value to the maximum value attributed to Induction 
Time. This time lag can be due to the low concentration of 

Table 4  NH3-TPD analysis for 
prepared catalysts

Catalyst name Acidity distribution (mmol  NH3/g catalyst) Desorption temperature(°C)

Weak(A*) Strong(C) Total acidity First peak Second peak

S2 0.99 1.58 2.58 201 423
S5 0.06 1.51 1.57 215 425
S8 1.22 1.48 2.70 208 453

Fig. 6  Catalyst S1 reactor 
performance (synthesized at 
170 °C for 12 h)

Fig. 7  Catalyst S2 reactor 
performance (synthesized at 
170 °C for 24 h)
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methanol in the feed, which requires a period for the reactant 
to enter the acidic active sites and produce products through 
the intermediates [36]. of course, the size of the crystals 
and their External surface area can also affect the ease of 

access of catalysts to active sites [59] and vary from sample 
to sample, for example, in S2 sample (synthesized at 190 °C 
for 24 h) with smaller crystals (1.615 µm) and larger surface 
area (275.25  m2/g) and consequence with shorter induction 

Fig. 8  Catalyst S3 reactor 
performance (synthesized at 
170 °C for 36 h)

Fig. 9  Catalyst S4 reactor 
performance (synthesized at 
190 °C for 12 h)

Fig. 10  Catalyst S5 reactor 
performance (synthesized at 
190 °C for 24 h)
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Fig. 11  Catalyst S6 reactor 
performance (synthesized at 
190 °C for 36 h)

Fig. 12  Catalyst S7 reactor 
performance (synthesized at 
210 °C for 12 h)

Fig. 13  Catalyst S8 reactor 
performance (synthesized at 
210 °C for 24 h)



798 H. Liu, E. Kianfar 

1 3

time (15 min) is different from other S4, S5, S6, and S8 
samples. However, due to the limitations of analyzing with 
a gas chromatograph and testing at regular intervals, this 
difference is less visible in the drawn charts, and in most 
catalysts after the second injection of gas products into the 
gas chromatography analysis machine., Selectivity increases 
significantly.

In the second stage, catalysts have the highest conversion 
to light olefins. During this time, methanol enters the active 
sites and the reaction is favored. Production of light olefins 
is high at this stage.

In the third step, where catalyst deactivation occurs, the 
smaller molecules block the cavities by secondary reactions 
and become larger coke molecules, preventing the methanol 
from penetrating the catalyst and preventing the reaction 
from continuing.

Sample S9 (synthesized at 210 °C and 36 h) Compared 
to other samples, it has a faster selectivity drop than ole-
fins. This could be due to a large amount of amorphous 
phase (low crystallization percentage) and the presence of 
some SAPO-5 crystals in the composition. SAPO-5 with 
AFI structure and one-dimensional with large holes with 

dimensions 7.3°A × 7.3°A is which provides the right condi-
tions for larger molecules to form. These large molecules, 
which can also be propylene and butylene, gradually with 
secondary reactions and creating heavier hydrocarbon spe-
cies closes the holes And coking catalysts are and reduce 
catalyst lifetime. Due to all forms of selectivity, propyl-
ene drop is faster than ethylene. This is because the empty 
volume in the structure of the catalytic cavities decreases 
due to the formation of larger hydrocarbon species such as 
methylnaphthalene, phonation, and Pyrene. These species 
then act as organic centers (within the non-organic struc-
ture of SAPO-34), absorb methyl groups, and produce more 
ethylene instead of propylene. The selectivity values of all 
samples are reported in Table 5. As shown in Fig. 15, for 
samples S1, S2 and S3 synthesized at a constant tempera-
ture of 170 °C at different times of 12, 24, and 36 h, with 
the increased synthesis of each sample, was first increased 
and then decreased. The incremental trend of these three 
samples corresponds to the trend of their crystallinity per-
centage because with increase crystallinity percentage (low 
amorphous phase and incomplete structures in the sample), 

Fig. 14  Catalyst S9 reactor 
performance (synthesized at 
210 °C for 36 h)

Table 5  The selectivity of light olefins for different samples

Samples Selectivity  C3H5 (%) Selectivity 
 C2H6 (%)

SAPO-34(S1) 32.00 34.50
SAPO-34(S2) 32.60 48.70
SAPO-34(S3) 31.80 43.50
SAPO-34(S4) 33.20 29.60
SAPO-34(S5) 33.60 24.80
SAPO-34(S6) 30.40 27.95
SAPO-34(S7) 33.10 44.90
SAPO-34(S8) 33.60 26.80
SAPO-34(S9) 24.70 10.85

Fig. 15  Maximum selectivity diagram of light olefins for synthesized 
catalysts
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the selectivity increases. The trend for the samples (S9, S6, 
S3), (S6, S5, S4) and (S9, S8, S7) is also consistent with the 
crystallinity of the samples. For samples S7, S4, S1, which 
were synthesized at 12 h crystallization and different crystal-
lization temperatures of 170, 190, and 210 °C.the process for 
selectivity was initially reduced by increasing the synthesis 
temperature to 190 °C, then the selectivity increased with 
increasing temperature to 210 °C, which is the opposite of 
the trend of crystal size, that is, with increasing synthesis 
temperature, the size of the crystals initially increased and 
then decreased. This can be explained by the fact that as the 
crystals grow larger, the penetration path lengths are also 
long in the cavities, and the products produced along the 
exit path of the cavity undergo secondary reactions, thereby 
reducing their selectivity [45]. However, the decreasing and 
then increasing selectivity trend for S2, S5, and S8 samples 
(samples synthesized at 24 h constant crystallization and 
different temperatures of 170, 190, and 210 °C) is also con-
sistent with this logic and BET and TPD analysis of these 
samples. (Because of the higher the specific surface area and 
the acidity, the greater the benefit of producing light olefins), 
it can be interpreted [45]. Research on the effect of tempera-
ture and crystallization time on the SAPO-34 catalyst shows 
Most of the activities are related to the effect of these param-
eters on morphology and catalyst properties and except in a 
few cases, the catalyst function has not been studied in the 
MTO process. The results of the papers show Simultaneous 
changes in temperature and time can affect the structural 
and acidic properties of the SAPO-34 catalyst, resulting in 

the production of light olefins in the MTO process. Accord-
ing to the table, the selectivity of ethylene and propylene is 
obtained in this study, although the size of the crystals was 
micro-scale, It is comparable to research whose nanoparti-
cles have been nanoscale. Also, the catalyst synthesized in 
this study has a high selectivity compared to ethylene and 
can be used in research that aims to produce high ethylene. 
The comparison of our catalytic behavior in the MTO reac-
tion with those SAPO-34 samples prepared with different 
soft templates by other researchers is reported in Table 6.

4  Conclusion

Sample S2 (synthesized at 170 °C and 24 h) with relatively 
small crystals size, high relative crystallinity percentage, 
highest surface area, and high acidic strength has the highest 
selectivity to light olefins, followed by S7 sample (synthe-
sis). At 210 °C (12 h), with a slight difference, it provides the 
most selectivity for light olefins. Sample S9 (synthesized at 
210 C and 36 h time) due to the high amorphous phase, low 
crystallinity percentage, and impure SAPO-5 phase com-
pared to other catalysts show shorter lifetime and low selec-
tivity. Sample S1 (synthesized at 170 C and 12 h) due to its 
small crystal size, high crystallinity, and medium acidity has 
the longest lifetime. According to the results of increasing 
temperature or crystallization time, due to the formation of 
the amorphous phase, it was not in favor of crystallinity and 

Table 6  Catalytic performance results of SAPO-34 samples modified with different templates

Synthesis method Crystallization 
temperature (° C)

Crystallization 
time (hr)

Molar ratios Crystal size Selectivity 
Ethylene (%)

Selectivity 
propylene (%)

Reference

Hydrothermal 200 12 AL2O3:
P2O5:
0.6SiO2:
1.5MOR:
0.5TEAOH:

Nano-Sized cubic 
aggregation

1 µm

45.6 36.2 [45]

Hydrothermal 200 24 AL2O3:
P2O5:
0.25SiO2:
1.8TEA:
0.2TEAOH:

1.4 49.6 37.6 [48]

microwave 180 1 AL2O3:
2P2O5:
0.6SiO2:
4TEAOH:
140H2O

20 42 39 [57]

Hydrothermal 4130 10,180 AL2O3:
P2O5:
0.6SiO2:
0.5TEAOH:
65H2O

160 50.9 34.1 [59]
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was selected as the optimal catalyst for sample S2 catalyst 
operation.
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