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Abstract
One of the reasons for the gigantic interest in SAPO-34 by researchers is to commercialize SAPO-34 effectively by con-
sidering the economic, energy, and activity aspects as it has found enormous uses in various industrial applications. The 
present study focuses on the preparation method named the dry gel conversion method for synthesizing SAPO-34. Four 
different structure-directing agents (SDA’s) (tetraethylammonium hydroxide (TEAOH), triethylamine (TEA), morpholine, 
diethylamine (DEA)) in different amounts are utilized for the synthesis of SAPO-34 along with alumina, silica, phosphorus 
precursors. Two sets of a mixed combination of the templates are taken into consideration for SAPO-34, which are TEAOH/
TEA/Morpholine/DEA with the molar composition of 0.2/0.4/0.6/0.8 and 0.4/0.2/0.8/0.6, and crystallization time is taken 
as 3, 5, and 8 h. XRD, FTIR, TPD, nitrogen adsorption, TGA, SEM, EDX, TEM investigated the catalyst’s physicochemi-
cal properties. For both gel compositions, the pure phase of SAPO-34 is formed at 5 h, with the variation in the intensity 
of crystallinity. The micropore surface area and external surface area of the prepared catalysts fall in the range of 79–697 
 m2/g and 44–175  m2/g, respectively.
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Introduction

Zeolites or molecular sieves are the porous crystalline 
structure of hydrated silicates of aluminium, silicon, and 
oxygen atoms. Aluminophosphate  (AlPO4-n) molecu-
lar sieves were pioneered by Wilson et al. (1982). Later, 
Lok et al. (1984a, b) synthesized the silicoaluminophos-
phate (SAPO) zeolite SAPO-34 by silicon incorporation 
into the  AlPO4-n framework, which creates a negative 
charge in the framework and thus the Brønsted acid sites 
are formed. The SAPO-34 finds applications in the selec-
tive catalytic reduction of  NOx by ammonia  (NH3-SCR) 
(Fan et al. 2019), carbon-dioxide removal (Ahmad et al. 
2019), xenon capture from the air (Wu et al. 2019),  N2/
CH4 separation (Zong and Carreon 2017), methanol to ole-
fins (Bahrami et al. 2018). It is proclaimed to be a catalyst 
for the conversion of methanol to light olefins, as it is a 

non-petroleum route for the mass production of olefins. 
It possesses CHA topology with eight-membered rings, 
pore opening of 0.38 nm, and weak acidity, hydrothermal 
stability, which help induce the selectivity of light olefins 
(ethene and propene). SAPO-34 gets deactivated quickly 
due to the deposition of coke. Assorted studies indicate 
that this setback could be removed by reducing the catalyst 
size. When, pore length is reduced, it sequentially shortens 
the residence time of the reactant in the pore. Research-
ers are striving to ameliorate the lifetime of the catalyst 
in order to facilitate the commercialization of SAPO-34. 
The divergent methods used for the preparation of SAPO-
34 are: hydrothermal treatment (Valizadeh et al. 2014), 
dry gel method (Hirota et al. 2010), microwave-assisted 
(Shalmani et al. 2012), seed-assisted synthetic method 
(Sun et al. 2020), ultra-sonic pretreatment (Askari and 
Halladj 2012), ionothermal method (Sánchez-Sánchez 
et al. 2017). All the acknowledged methods have a con-
siderable impact on crystal size, purity, and morphology. 
Hydrothermal treatment is the conventional method for 
synthesizing SAPO-34, though it takes a minimum of 24 h 
of synthesis time. Many groups have been working on the 
Dry gel conversion method for the synthesis of zeolites. 
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In the dry gel method, the gel is dried before the crystal-
lization stage; thus, the nucleation sites are formed early 
at much lower supersaturation levels. The dry gel method 
takes less than half of the time taken by the hydrothermal 
method to obtain SAPO-34 (Askari et al. 2014; Hirota 
et al. 2010) and downscales the waste disposal and reac-
tor volume.

Amidst the gelation or the nucleation process, the role 
of the templates is to systematize the oxide tetrahedra to a 
particular geometrical structure around itself, which builds 
the initial building block for the desired structure (Lok 
et al. 1983). Also, highly siliceous materials are obtained 
by using organic templates, and it is also associated with 
the framework charge compensation related to  SiO4 tetra-
hedra (Vomscheid et al. 1994). One template in the synthe-
sis media may lead to the formation of one molecular sieve 
framework, and a different template mixture can generate 
the one desired specific framework. Nucleation and crys-
tal-growth hinged on the interaction of the template with 
the inorganic species and alkalinity of the solution. Sev-
eral templates are exercised to make SAPO's and have a 
peculiar influence on the acidity of the sample (Álvaro-
Muñoz et al. 2012). Some of them are tetraethylammo-
nium hydroxide (TEAOH) (Hirota et al. 2010), morpholine 
(Marchese et al. 1999; Prakash and Unnikrishnan 1994), 
dipropylamine (DPA) (Fan et  al. 2016), triethylamine 
(TEA) (Wang et al. 2011), diethylamine (DEA) (Liu et al. 
2012), N,N,N',N'-tetraethylethane-1,2-diamine (TEEDA) 
(Nishiyama et al. 2009), piperidine (Dumitriu et al. 1997), 
and so on. It has been established that TEAOH is an ideal 
template for SAPO-34 (Askari and Halladj 2012; Hirota 
et al. 2010; Liang et al. 1990; Liu et al. 2016) since it is 
expensive, which proliferate the production cost of cata-
lyst. The moles of templates change the physicochemical 
properties and cost of the catalyst, so the work on other 
templates and the combination of templates is gaining 
momentum. Multiple studies observed a reduction of crys-
tal size by using a combination of two templates (Ros-
tami et al. 2014; Sedighi et al. 2014; Wang et al. 2012; Ye 
et al. 2011). Masoumi et al. (2015) and Doan et al. (2019) 
have successfully synthesized SAPO-34 using three differ-
ent templates (TEAOH/Morpholine/TEA). A substantial 
amount of work has been published on TEAOH, morpho-
line, TEA, DEA, and the combination of dual or triple 
templates in the synthesis of SAPO-34. The number of 
small nuclei are increased by incorporating a large num-
ber of templates, which implies that a large amount of 
small crystals are developed rather than small number of 
large crystals. Utilizing different template combinations 

is an economical method for the synthesis of SAPO-34 
(Doan et al. 2019). However, the literature on the com-
bination of these four templates as SDA for SAPO-34 is 
limited. Najafi et al. (2014) synthesized SAPO-34 by the 
hydrothermal treatment method and compared the single 
template synthesized SAPO-34, using two, three, and four 
templates (TEAOH/Morpholine/TEA/DEA).

Hitherto, no research has been done on the synthesis 
of SAPO-34 by combining four templates by the dry gel 
method. The silica source used by Najafi et al. (2014) was 
tetraethyl orthosilicate (TEOS). The effect of different silica 
sources in SAPO-34 was studied by Popova et al. (1998) 
who reported variations of crystallinity and density of acid 
sites. In the present study, we aim to synthesize SAPO-34 by 
the dry gel method. Then the properties of the catalyst sam-
ples are analysed by XRD, FTIR, TPD, BET, TGA, SEM, 
EDX, and TEM.

Materials and methods

Chemicals

All the reagents, aluminium isopropoxide (AIP, ≥ 98% 
Sigma-Aldrich), phosphoric acid  (H3PO4, > 99%, Ranken), 
LUDOX (40 wt% suspension in  H2O, Sigma-Aldrich), 
tetraethylammoniumhydroxide (TEAOH, 35 wt% in water, 
Sigma-Aldrich), diethylamine (DEA, > 99.5% Sigma-
Aldrich), triethylamine (TEA, > 99.5% Sigma-Aldrich), 
morpholine (≥ 99%, Sigma-Aldrich) were used without 
purification. All the chemicals were procured from H. V. 
Technologies, Dehradun, India.

Preparation of SAPO‑34 catalysts

Preparation of SAPO-34 involves two different molar 
reaction mixture compositions,  1Al2O3:  1P2O5: 0.6SiO2: 
0.2TEAOH: 0.4TEA: 0.6Morpholine: 0.8DEA:  70H2O and 
 1Al2O3:  1P2O5: 0.6SiO2: 0.4TEAOH: 0.2TEA: 0.8Morpho-
line: 0.6DEA:  70H2O in present study. The dry gel conver-
sion method used in the present study is slightly different 
from the steam-assisted conversion (SAC) and vapor phase 
transport (VPT). At first, the mixture of aluminiumisopro-
poxide (AIP), organic templates (Morpholine, TEAOH, 
TEA, DEA), and Millipore water was stirred at room tem-
perature until a homogeneous solution was obtained. Then 
the silica source (LUDOX) was added while stirring. At last, 
 H3PO4 was added dropwise under continuous stirring for 
an hour. The reaction mixture was aged for 6 h and dried 
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overnight at 80 °C. The crushed reaction mixture was then 
transferred to the Teflon lined autoclave with the same 
amount of Millipore water as the crushed gel and placed in 
the hot air oven at 180 °C for a certain time (Table 1) under 
autogenic pressure. Then the recovered solid product was 
cooled at room temperature. It was washed four to five times 
by centrifugation with distilled water followed by drying at 
110 °C under airflow. The final product was calcined in an 
air atmosphere at 650 °C for 6 h to remove the organic tem-
plates. For comparison, another catalyst is prepared with the 
molar composition of  1Al2O3:  1P2O5: 0.6SiO2: 0.4TEAOH: 
0.2TEA: 0.6Morpholine: 0.8DEA:  70H2O with the crystal-
lization time of 8 h.

Characterization

Powdered X-Ray diffraction (XRD) patterns were recorded 
with a Bruker D8-Advance X-Ray diffractometer operated at 
40 kV and 40 mA, using CuKα radiation (λ = 1.54 Å) with 
the angular range between 5 and 50°. XRD patterns deter-
mine the phase purity and crystallinity of the samples. The 
relative crystallinity of the samples was estimated by taking 
the reference of the most intense peak from all the six sam-
ples, so S-2 was taken at 2θ = 9.8°. FullProf Suite was used 
for Rietveld refinement of the obtained diffractograms of the 
samples. Fourier transform infrared spectroscopy (FT-IR) 
was conducted on a Perkin Elmer spectrum II with a pellet 
containing KBr and IR spectra registered in the region of 
400–4000  cm−1 at ambient atmosphere with the resolution 
of 0.5  cm−1. The acidic properties of the catalyst were deter-
mined on a Micromeritics Chemisorb 2720; first, the sample 
was pre-treated at 300 °C for 3 h to remove the water present 
in the catalyst. At 100 °C, ammonia is adsorbed for 30 min, 
and then helium was purged for 45 min at 20 mL/min. For 
the removal of the physically adsorbed ammonia, the sam-
ples were kept under helium flow at 100 °C and while the 
temperature was increased to 700 °C at a rate of 10 °C/
min. The nitrogen absorption–desorption measurement was 

performed on AutosorbiQ Station 1–Quantchrome instru-
ments. 40 mg of sample was outgassed for 5 h at a tempera-
ture of 300 °C. External surface area and micropore volume 
of SAPO-34 were calculated by the t-plot method. The Den-
sity Functional Theory (DFT) method was implemented for 
the evaluation of pore size distribution. Thermal analysis of 
the sample was carried out on an EXSTAR TG/DTA 6300 
under the following conditions: sample weight 10.5 mg; 
reference compound, alumina powder; temperature range, 
35–900 °C; heating rate 10 °C/min; the atmosphere, flowing 
air. The surface morphology was determined by scanning 
electron microscopy (Carl Zeiss Ultra Plus). The composi-
tion of the product was evaluated with an energy dispersive 
x-ray (EDX) attachment equipped with SEM (Carl Zeiss 
Ultra Plus). TEM (Transmission Electron microscopy) was 
carried out on a JEOL JEM-3200FS, Field Emission Elec-
tron Microscope. The sample preparation of TEM was done 
by ultrasonication of synthesized samples in ethanol.

Results and discussion

The XRD patterns of all the calcined samples are shown 
in Fig. 1a, and relative crystallinity results are presented 
in Table 2. The peaks at 9.4, 12.7, 15.9, 17.8, 27.5, 30.6, 
31.3 confirm the formation of the CHA structure of SAPO-
34 (Bellatreche et al. 2016; Bakhtiar et al. 2018), but there 
are also some diffraction peaks at 7.5, 15, 19.8, 21, 22.4 
corresponds to the formation of SAPO-5 (Amoozegar et al. 
2016; Bakhtiar et al. 2018) which might be because of the 
composition of templates. The diffraction patterns of S-1 
and S-2 shows both phases of SAPO-5 and SAPO-34, but 
as the time of crystallization escalates, the diffraction peaks 
of SAPO-34 becomes more prominent for S-3, S-4, S-5. As 
relative crystallinity is concerned, it increases with time 
of crystallization for S-1, S-3, S-5, and decreases with the 
time of crystallization for S-2, S-4, S-6. The sample with 
the molar ratio of TEAOH/TEA of 0.5 shows a continuous 
increase in relative crystallinity. EDX results Fig. 7 show 
that the sample with TEAOH/TEA molar ratio of 0.5 and 
crystallization time of 8 h, S-6 had comparatively lower 
Si content than other samples, which might have repercus-
sions on the crystallinity of S-6. For the samples synthesized 
with TEAOH/TEA molar ratio of 2, the relative crystallinity 
increased as the result of the formation of the crystalline 
structure. The pressure formed in the autoclave with the 
advancement of the crystallization time induces the occur-
rence of recrystallization. Then there was the breaking of 
the crystal, which might lead to the decrease in the relative 
crystallinity. The samples involving TEAOH/TEA of 2 were 

Table 1  Synthesis conditions of 
samples

Sample Relative 
crystal-
linity

S-1 21
S-2 100
S-3 39
S-4 78
S-5 84
S-6 19
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an exception as relative crystallinity increases with crystal-
lization time. The reason might be the structural differences 
arising from the templates concentration. The high relative 
crystallinity of S-2 shows the faster crystallinity nature of 

the synthesis. It has been noted that SAPO-5 disappears at 
the higher crystallization time, which implies that SAPO-34 
is more stable at higher crystallization time. Liu et al. (2012, 
2008) suggested that DEA template SAPO-34 has higher 
crystallinity and silicon content. The diffraction patterns of 
S-6 and TS in Fig. 1c show that the catalyst prepared by 
taking moles of TEAOH/TEA as 2, and Morpholine/DEA 
as 0.75 raises the relative crystallinity of TS to 50% and 
SAPO-34 is formed. For the Rietveld refinement, the Pseudo 
Voigt function has been used. Toby's (2006) work on under-
standing Rietveld refinement is also helpful. The crystallo-
graphic information files (CIFs) are referred from the Inter-
national Zeolite Association, and other CIF are taken from 

Fig. 1  a XRD patterns of as-synthesized catalyst (S-1, S-2, S-3, S-4, S-5, S-6). b. Rietveld refinement of S-2 catalyst. The row of vertical lines in 
green colour gives the possible Bragg reflection (top to bottom) for SAPO-34 and SAPO-5. c XRD patterns of TS and S-6

Table 2  Relative crystallinity of products

Crystallization 
time (h)

0.2TEAOH:0.4TEA:0.6M
orpholine:0.8DEA

0.4TEAOH:0.2TEA: 0
.8Morpholine:0.6DEA

3 S-1 S-2
5 S-3 S-4
8 S-5 S-6
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the Crystallographic Open Database (Graulis et al. 2009). 
The parameters like scale factor, cell parameters, FWHM/
shape parameters, occupancy, etc., were refined. The order 
of refinement for all the samples is as follows Background, 
Scale factor, Instrumental (Zero), Cell parameters, FWHM 
parameters, Shape parameters, atom coordinates. Table 3 
presents the Rietveld refinement results such as percentage 

content of phase, lattice parameters of the prepared cata-
lysts. It has been found that there is more than one phase 
coexisting with the SAPO-34. Figure 1b shows the Rietveld 
refinement plot of S-2.  

FT-IR spectroscopy is mostly employed to establish the 
framework structure and adsorbed species. The Infrared 
Spectra of the prepared samples are given in Fig. 2. The 
characteristic peaks at the wavenumbers of 480, 504, 635, 
and 1100  cm−1 are observed for all the samples, which 
are similar to the literature (Amoozegar et al. 2016; Mirza 
et al. 2018; Tan et al. 2002). The peak at 635  cm−1 present 
in all samples shows the bending of the D6 ring, which 
affirms the formation of the CHA framework (Aghaei and 
Haghighi 2015). The vibrational feature of the entrapped 
organic molecules lies in the range of 1700–1200  cm−1 
(Marchese et  al. 1999). The vibrations at 1635   cm−1 
show the presence of weakly adsorbed water molecules 
in the SAPO-34 cages (Masoumi and Towfighi 2015). 
The stretching vibration at 2350   cm−1 corresponds to 
the physical adsorption of CO and  CO2 from the atmos-
phere (Aghaei and Haghighi 2015). The broad stretching 
vibration bands at 3200–3600  cm−1 are associated with 
hydroxyl groups such as Si–OH and P-OH tetrahedrally 
linked with Al, which act as Brønsted acid sites inside the 
double six rings (Marzpour Shalmani et al. 2017; Mirza 
et al. 2018).

Substitution of silicon by aluminium or by phosphorous 
is done by two mechanisms. Replacing phosphorous with 

Table 3  Results of Rietveld refinement

Sample Phase name Composition
(%v/v)

a(Å) b(Å) c(Å) Alpha (deg) Beta (deg) Gamma
(deg)

Space group χ2

S-1 SAPO-34 54.94 13.60 13.60 14.74 90 90 120 R -3 m
(#166)

4.52

SAPO-5 21.23 13.75 13.75 8.58 90 90 120 P 6/m c c (#192)
AlPO4 23.83 7.26 7.25 7.17 90 90 90 P-1 (#2)

S-2 SAPO-34 92.63 13.59 13.59 14.83 90 90 120 R -3 m
(#166)

3.69

SAPO-5 7.37 13.66 13.66 8.58 90 90 120 P 6/m c c (#192)
S-3 SAPO-34 100 13.95 13.95 14.77 90 90 120 R -3 m

(#166)
2.81

S-4 SAPO-34 100 13.68 13.68 14.77 90 90 120 R -3 m
(#166)

2.61

S-5 SAPO-34 73.75 13.59 13.59 15.80 90 90 120 R -3 m
(#166)

2.29

Tridymite 26.25 18.55 18.55 8.40 90 90 120 P 63/m c m (#194)
S-6 SAPO-34 100 13.56 3.56 14.77 90 90 20 R -3 m

(#166)
2.98

Fig. 2  IR- spectr of as-synthesized SAPO samples
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silicon generates Brønsted acid sites of bridge hydroxyl 
groups (-SiOHAl-) which is the first mechanism. The sec-
ond mechanism is by replacing aluminium and phosphorous 
with two silicon atoms, which generates no acidic sites but 
influences the acid centres generated by the first mecha-
nism (Izadbakhsh et  al. 2009).  NH3-TPD (Temperature 
programmed desorption) was done to measure the number 
of acid sites, together with the acidic strength of the synthe-
sized catalysts. It has been proven that the incorporation of 
Si induces acidity in SAPO-34 in AlPO molecular sieves 
(Borade and Clearfield, 1994). Figure 3 shows the desorp-
tion profiles of SAPO-34 (S-1, S-2, S-3, S-4, S-5, and S-6). 
The two peaks were observed for S-2, S-3, S-4, S-5, except 
for S-1 and S-6. The first peak of  NH3 (at low temperature) 

corresponds to the physical adsorption of  NH3, and another 
peak at high-temperature desorption of  NH3 is because of 
the chemical adsorption of  NH3. The area under the curve 
corresponds to the acid site density. The low-temperature 
desorption peaks are formed because of weak acidic sites, 
indicate the presence of Si–OH, P-OH, and Al–OH, which 
is also confirmed by the FT-IR. The strong adsorption peaks 
at a lower temperature which are possibly weak Brønsted 
acidic sites were commenced from P-OH groups which are 
not attached to  AlO4 tetrahedra (Lee et al. 2007; Masoumi 
and Towfighi 2015). The small intensity peaks of high-tem-
perature desorption might also indicate the Si–OH-Al group 
Brønsted acidic sites (Amoozegar et al. 2016; Ma et al. 
2020; Masoumi and Towfighi 2015). The low-temperature 
peaks of S-1, S-3, S-4, S-5 were at around the temperature of 
180 °C. For S-2 and S-6, the low-temperature peak shifted to 
around 220 and 280 °C, respectively. The S-1 and S-2 curves 
resemble the SAPO-5 sample described in the literature (Lee 
et al. 2007). As observed from Fig. 3 and Table 4, by adding 
the quadruple templates, there is a lesser formation of more 
substantial acidity. The effect of four templates on the acidity 
is not as simple as the addition effect.

Nitrogen adsorption–desorption isotherms are presented 
in Fig. 4a. The corresponding data for the micropore surface 
area, total surface area, micropore volume, total volume, and 
the average pore size are given in Table 5. At the low relative 
pressure, all the samples exhibit the rapid intake of nitrogen, 
which indicates the presence of micropores. The non-overlap 
of adsorption and desorption branches in the case of S-1 
and S-2 forms the hysteresis that gives type-IV isotherms, 
whereas in the case of S-3 and S-4, there is almost coinci-
dence of the adsorption and desorption branches which form 
the type-I isotherms. The hysteresis loop between 0.4 < p/
po < 0.9 shows the capillary condensation in the mesopores 
(Marzpour Shalmani et  al. 2017). For all the samples, 
micropore volume is more significant than mesoporous 
volume except for S-1 and S-6. For the TEAOH/TEA ratio 
of 0.5, i.e., for samples S-3, S-5 the micropore volume is 
higher than the mesoporous volume except for sample S-1. 
For a TEAOH/TEA ratio of 2 except for S-6, the micropo-
rous volumes of S-2 and S-4 are higher than the mesoporous 
volume. This may be due to the distribution of silica that 
varies with template composition and crystallization time, 
and impacts the properties of the catalyst. The surface area 
of all the samples increases with the time of crystallization. 
The micropore surface area of S-5 is 606  m2/g, which has a 
relative crystallinity of 84%, and the time of crystallization 
is 8 h. For S-2, the micropore surface area is 462  m2/g, and 
relative crystallinity is 100%. The agglomeration of the par-
ticles lowers the crystallinity, resulting in minimal structural 

Fig. 3  NH3-TPD spectrum of as-synthesized SAPO-34 catalysts

Table 4  TPD test results0

a Calculated by  NH3-TPD

Sample Acid amount (mmol  g−1)a

Total acidity Weak acid
(180–260 °C)

Strong acid
(380–600 °C)

S-1 0.82 0.82 –
S-2 0.71 0.67 0.04
S-3 1.02 0.91 0.11
S-4 0.86 0.75 0.11
S-5 1.09 0.92 0.17
S-6 1.30 1.13 0.18
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pores, which further shrink the rate of diffusion and amount 
of adsorbate molecule into the channel of the crystallites, 
thus reducing the surface area (Izadbakhsh et al. 2009). 
Figure 4b shows the DFT pore size distribution of the as-
synthesized samples. The half pore width of all the samples 
is concentrated in the narrow micropores range. 

Thermogravimetric analysis is done to verify the incor-
poration of the template molecule in the structure of the 
samples and their complete removal after calcination. Cal-
cination is a preliminary step before the catalyst is used as 
an adsorbent or catalyst in any application. The TGA-DTG 
curve of S-4 is shown in Fig. 5. Weight loss is divided into 
three steps. Weight loss until 200 °C is 4.2% and is attrib-
uted to the removal of water. There is a sharp decrease in 
the second weight loss between 200 and 466 °C, which is 
10% and related to the decomposition of the template. The 
final gradual weight loss (> 466 °C) is 3.2%, which is prob-
ably attributed to the removal of remaining template resi-
dues in the channel and cages of the sample. The peaks of 
DTG curves show three-step weight losses for the removal 
of organic molecules.

Figure 6a shows the SEM micrographs of the as-synthe-
sized catalyst. All the SEM micrographs show the forma-
tion of agglomeration of cubic-rhombohedral morphology 
(Hirota et  al. 2010), which resembles natural chabasite 
except the samples S-1 and S-2. SEM micrographs of S-1 
and S-2 show the initiation of the creation of the cubic par-
ticles. The XRD patterns of S-1 and S-2 affirm the exist-
ence of SAPO-5 structures, which are not recognized by 
hexagonal like structure in Fig. 6, which may be because 
of the insignificant generation of SAPO-5 impurity phase. 
With the increase in crystallization time, the impurity phase 
decreases, and crystals appear. For S-3, S-4, S-5, and S-6, 

Fig. 4  a Nitrogen adsorption–desorption isotherms of SAPO catalysts. b Pore size distribution of SAPO catalysts

Table 5  The pore structure characteristics of synthesized SAPO-34 
samples

a Sext (external surface area) and  Smicro (micropore surface area) are 
calculated by the t-plot method
b Vmicro (Micropore volume) is calculated by the t-plot method
c Vmeso (Mesopore volume) is calculated by using the BJH (Barrett-
Joyne-Halenda) method (from desorption)
d Vtotal is total pore volume at P/Po > 0.97

Sample Surface area  (m2/g) Pore volume  (cm3/g)

Smicro
a Sext

a Vmicro
b Vmeso

c Vtotal
d

S-1 79 107 0.04 0.11 0.15
S-2 462 105 0.18 0.14 0.32
S-3 350 44 0.13 0.06 0.19
S-4 697 74 0.26 0.09 0.35
S-5 606 173 0.23 0.18 0.41
S-6 352 175 0.14 0.17 0.31

Fig. 5  TGA–DTG profile of S-4
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Fig. 6  a SEM images of as-synthesized SAPO-34 catalysts. b Particle size distribution of the SAPO catalysts
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smoothness and crystal size vary though their cubical shapes 
are similar. Particle size histograms are presented in Fig. 6b. 
For S-1 and S-2, the particle size varies between 2 and11 µm 
and 1–5.5 µm, respectively. The average particle size of S-3 
is 2.8 µm, and for S-4, S-5 and S-6 are nearly 2 µm.

The composition of Si, Al, P, and O are studied by EDX 
and are given in Fig. 7. The dot mapping images show the 
symmetrical distribution of all the elements used to synthe-
size the catalyst. The dispersion of Si is maximum in the 
case of S-5, and it is slightly less for S-4. This might indicate 
that the distribution of silica has the most significant effect 
on the catalytic properties of the SAPO-34.

TEM images of S-3, S-4 S-5, and S-6 are shown in Fig. 8 
(Liu et al. 2016). It is noticed that thin plates are attached 
with the cubical particles in the case of S-4, S-5, and S-6. 
The production of a hundred nanometer-sized particles along 
with the larger particle size can be clearly seen from the 

corresponding TEM images. The particle size of the cubes 
varies from 700 to 1000 nm. In the case of S-3, the cube 
is dense, which may be because of high Si content. TEM 
images are also consistent with the SEM images. For S-1 
and S-2, no proper morphology is obtained.

Conclusion

Advancement of SAPO-34 has been an area of research for 
scientists in recent years because of the remarkable prop-
erties suitable for catalytic reactions. The present work 
contributes to previous researches by combining the four 
templates and the successful synthesis of SAPO-34 in com-
paratively less duration of crystallization time. The dry gel 
method embraces high nucleation, and a low growth rate 
directs the full crystallization of the catalyst. The change in 

Fig. 6  (continued)
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Fig. 7  EDX dot mapping and elemental composition of S-3, S-4, S-5 and S-6
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crystallinity, acidity, and morphology is obtained by vary-
ing the moles of templates and also by the crystallization 
time. The synthesized sample characterized by analytical 
techniques enlightens the understanding of the formation 
of SAPO-34. XRD results show that S-2 is more crystal-
line than all the samples but has impurity of SAPO-5. S-5 
and S-4 are more crystalline than S-1, S-3. It can be noted 
from the X-ray diffraction patterns and EDX results that the 
TEAOH/TEA ratio of 0.5 at the crystallization time of 8 h 
(S-6) led to the impure phase, which might be because of the 
poor distribution of silica. It can be concluded that a higher 
TEA amount and crystallization time reduce the proper gen-
eration of the SAPO-34 framework. The crystallinity of TS 
proves that DEA also plays an important role. EDX results 
show that Si contents for S-3 and S-5 increased, which may 

be because of the DEA content present in the catalyst. The 
characteristic peaks of SAPO-34 are observed in the Fourier 
Transform IR spectra. The acidity of S-6 and S-5 is highest, 
as shown by  NH3-TPD curves. The micropore surface area 
of S-4 and S-5 is higher among all the synthesized sam-
ples. Thermal analysis (TGA) shows the proper removal of 
the organic templates. SEM micrographs show the cubic 
morphology in the samples synthesized at the time of crys-
tallization of 5 and 8 h, that is, S-3, S-4, S-5, and S-6. For 
the generation SAPO-34 molecular sieve, catalyst template 
combination and crystallization time are very crucial. By 
considering the above results, we can confirm that crystal-
lization time in the case of the dry gel method leads to more 
recognizable crystallinity, morphology, acidity, and the sur-
face area of the SAPO-34.

Fig. 7  (continued)
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