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Efficient separation of propylene and propane on SAPO-17
molecular sieve
Yansi Tong, Jiacheng Xing, Caiyi Lou, Danhua Yuan, Wei Huang, Zhaoan Chen, Zhongmin Liu,
and Yunpeng Xu

Abstract: In this study, the separation performance of propylene and propane on SAPO-17 molecular sieve was investigated
by static and dynamic adsorption. The adsorbent possessed good regeneration behavior because the strong adsorption of
propylene at room temperature was eliminated by ion exchange treatment. Dynamic adsorption experiments revealed that
the kinetic separation selectivity of propylene and propane was as high as 1980, which could be attributed to the energy
barrier difference when diffusing through the eight-membered ring of SAPO-17 molecular sieve. The breakthrough experi-
ments verified the good separation performance of the SAPO-17 adsorbent, which suggests that it has considerable applica-
tion potential in propylene/propane separation.

Key words: kinetic separation, silicoaluminophosphate, propylene and propane, ion exchange.

Résumé : Dans le cadre de la présente étude, nous avons étudié la performance de séparation du propylène et du propane
sur le tamis moléculaire SAPO17 par adsorption statique et dynamique. L’adsorbant a montré un bon comportement de
régénération, le propylène fortement adsorbé à température ambiante ayant été éliminé au moyen d’un traitement par
échange d’ions. Des expériences d’adsorption dynamique ont révélé que la sélectivité de séparation cinétique du propylène
et du propane atteignait 1 980, ce qui pourrait s’expliquer par la différence de barrière énergétique lors de la diffusion dans
le cycle à 8 membres du tamis moléculaire SAPO17. Ces expériences constituent une percée, car elles ont permis de vérifier
la bonne performance de séparation du SAPO17, ce qui laisse entrevoir le potentiel considérable d’application de cet adsor-
bant à la séparation du propylène et du propane. [Traduit par la Rédaction]

Mots-clés : séparation cinétique, silicoaluminophosphate, propylène et propane, échange d’ions.

1. Introduction
As a vital feedstock for the production of polypropylene, polycar-

bonate, polyacrylonitrile, and polyurethane, the market demand
for polymer-grade propylene is considerable.1,2 The separation of
propylene and its paraffin counterpart propane is a research topic
that possesses theoretical value and practical significance. Cryo-
genic distillation is the dominant technology for propylene/pro-
pane separation,3 which is operationally demanding and energy
intensive because the boiling points of this gas pair are similar.4,5

Adsorptive separation is proposed as a more energy efficient alter-
native method for propylene/propane separation,6 and molecular
sieves are considered promising candidate adsorbents because of
their ordered channel structures and thermal stability.7,8

Molecular sieves have been widely studied for propylene/propane
separation, and aluminosilicate zeolites 13X and 4A are the earliest
examples. Owing to the highly polarized environments in these
zeolites, propylene with greater dipole moment tends to have a
stronger interaction with these adsorbents.9 The pure-component,
binary adsorption, and fixed bed adsorption experiments results10,11

show that propylene has larger adsorption capacity than propane
on 13X. The vacuum swing adsorption (VSA)12 and simulated mov-
ing bed (SMB)13 separation processes using this adsorbent are
supposed to produce polymer-grade propylene. For 4A zeolite, the
equilibrium adsorption capacity of propane is lower than pro-
pylene;10 moreover, the diffusion rate of propane is much smaller
than propylene.14 The consistent equilibrium and kinetic selectiv-
ity make 4A zeolite a potential adsorbent for effective propylene/
propane separation. In recent decades, small poremolecular sieves
with eight-membered channels attract most researchers’ attentions
because their pore sizes are in a similar range to themolecular diam-
eters of propylene and propane. Pure-silica zeolite DD3R,15,16 ITQ-3,17

ITQ-12,18 ITQ-32,19 Si-CHA,17 aluminophosphate molecular sieve
AlPO-14,20 and high-silica zeolite ZSM-5817 exhibit good perform-
ance in kinetic separation of propylene and propane mixtures
due to their unique pore structures. In spite of their high separa-
tion selectivities, the application potentials of above adsorbent
materials are inhibited by the high costs and difficulties in the syn-
thesis process. Thus, research on molecular sieves that are more
inexpensive and obtainable, such as silicoaluminophosphate, is of

Received 3 December 2020. Accepted 24 January 2021.

Y. Tong, J. Xing, and C. Lou. National Engineering Laboratory for Methanol to Olefins, Dalian National Laboratory for Clean Energy, Dalian Institute of
Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China; University of Chinese Academy of Sciences, Beijing 100049, China.
D. Yuan, W. Huang, Z. Chen, and Y. Xu. National Engineering Laboratory for Methanol to Olefins, Dalian National Laboratory for Clean Energy, Dalian
Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China.
Z. Liu. National Engineering Laboratory for Methanol to Olefins, Dalian National Laboratory for Clean Energy, Dalian Institute of Chemical Physics,
Chinese Academy of Sciences, Dalian 116023, China; University of Chinese Academy of Sciences, Beijing 100049, China; State Key Laboratory of Catalysis,
Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China.

Corresponding author: Yunpeng Xu (email: xuyunpeng@dicp.ac.cn).
Copyright remains with the author(s) or their institution(s). Permission for reuse (free in most cases) can be obtained from copyright.com.

Can. J. Chem. 99: 570–575 (2021) dx.doi.org/10.1139/cjc-2020-0489 Published at www.cdnsciencepub.com/cjc on 8 June 2021.

570

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 c
dn

sc
ie

nc
ep

ub
.c

om
 b

y 
D

al
ia

n 
In

st
itu

te
 o

f 
C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 1
1/

26
/2

1
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

https://www.copyright.com/search.action?page=simple
https://www.copyright.com/search.action?page=simple
http://dx.doi.org/10.1139/cjc-2020-0489


great importance and urgency. Compared with the topological iso-
morphism, the synthesis process of silicoaluminophosphate mo-
lecular sieve is usually easier and more environmentally friendly.
Moreover, the negatively charged framework of silicoalumino-
phosphate molecular sieve make it possible to tune the channel
dimension by introducing different cations via ion exchange.21,22

SAPO-17 is a silicoaluminophosphate molecular sieve with an
ERI topological structure. The channels of the SAPO-17 molecular
sieve are connected by eight-membered rings, and the aperture is
3.6 Å � 5.1 Å,23 similar to the molecular diameters of propylene
and propane. In this work, low-silica SAPO-17 with high crystal-
linity was successfully synthesized and then treated by calcina-
tion and ion exchange process to obtain two absorbents, proton
form SAPO-17 (H-SAPO-17) and sodium form SAPO-17 (Na-SAPO-17).
The samples were systematically characterized by means of XRD,
XRF, SEM, 1H NMR, IR, etc. The propylene/propane adsorption
and separation performances were tested by the static volumet-
ric method, dynamic gravimetric method, breakthrough experi-
ments, etc.

2. Experimental

2.1. Reagents and characterizations
Aluminum isopropoxide (AIP, 98%) and cyclohexylamine (CHA,

99.5%) were purchased from Shanghai Aladdin Reagent Co.,
China. Phosphonic acid (H3PO4, 85%) was purchased from Tianjin
Damao Reagent Co., China. Tetraethyl orthosilicate (TEOS, 98%)
was purchased from Tianjin Kermel Reagent Co., China. Sodium
chloride (NaCl, 99.5%) was purchased from Tianjin Tianda Chemi-
cal Reagent Co., China.
A PANalytical X’Pert PRO X-ray diffractometer with Cu-Ka radi-

ation (l = 1.54059 Å) was used to record powder X-ray diffraction
(XRD) patterns, operating at 40 kV and 40 mA. A Philips Magix-
601 X-ray fluorescence (XRF) spectrometer was used to determine
the chemical composition of the samples. Field emission scanning
electronmicroscopy (SEM, Hitachi SU8020) was used to observe the
morphology of samples. A Bruker Avance III-600 solid-phase NMR
spectrometer with a 4 mm probe head was used to record 1H NMR
spectra of samples. Bruker Tensor 27 instrument was used to re-
cord the infrared spectra of samples. The micropore properties of
samples were analyzed by N2 sorption on a Micromeritics ASAP
2020 volumetric adsorption analyzer at 77 K. The surface area was
calculated based on Brunauer–Emmett–Teller (BET) equation, P/P0
in the range of 0.05�0.3. Micropore volume was calculated by the
t-plot method. A Micromeritics ASAP 2050 volumetric adsorption
analyzer with 298 K water bath was used to measure the equilib-
rium adsorption capacities of propylene and propane on samples.
In the regeneration experiment, the tested sample was vacuumed
on the pretreatment station at room temperature for 10 h. The
adsorption kinetics of pure component adsorbate were measured

on a Hiden Isochema intelligent gravitation analyzer (IGA100); the
operating pressurewas 5mbar, and the temperaturewas 298 K.

2.2. Synthesis andmodification of the SAPO-17molecular
sieve
The SAPO-17 molecular sieve was synthesized according to US

patent 4440871.24 Phosphonic acid (4.61 g), aluminum isopropox-
ide (8.16 g), and deionized water (18.0 g) were mixed and stirred at
323 K for 1 h until homogeneous. Tetraethyl orthosilicate (0.42 g)
was added to the above mixture and stirred for another 0.5 h.
Finally, cyclohexylamine (1.98 g) was added to the colloid drop-
wise. The composition of the reactionmixture was 1 Al2O3 : 1 P2O5 :
0.1 SiO2 : 1 CHA : 50H2O.
After stirring for 0.5 h, the homogeneous mixture was trans-

ferred to an autoclave and crystallized at 473 K for 96 h under
autogenous pressure and tumbling conditions. After cooling to
room temperature, the solid products were filtered out, washed
with deionized water, and then dried at 393 K. The templates in as-
synthesized SAPO-17 were removed by calcination at 873 K for 6 h.
The obtained template-free molecular sieve SAPO-17 (H-SAPO-17)
was modified as a Na-type molecular sieve (Na-SAPO-17) by three
ion exchanges with a 1 mol L�1 NaCl solution, and the liquid–solid
ratio was 50.

3. Results and discussion

3.1. Physical properties of as-synthesized andmodified SAPO-17
molecular sieve
As shown in Fig. 1a, the XRD pattern of as-synthesized SAPO-17

showed strong diffraction peaks in good agreement with the
simulated pattern of the ERI zeolite derived from the single-crystal
structural data, indicating that SAPO-17 was prepared with high
crystallinity and purity. The XRD patterns of H-SAPO-17 and Na-
SAPO-17 showed that calcination and ion exchange did not change
the structure of the molecular sieve material, revealing the good
thermal and hydrothermal stability of SAPO-17 molecular sieve.

Fig. 1. (a) XRD patterns of (i) simulated ERI zeolite, (ii) as-synthesized SAPO-17, (iii) H-SAPO-17, and (iv) Na-SAPO-17. (b) N2 adsorption
isotherms of samples at 77 K. Closed symbols, adsorption; open symbols, desorption. [Colour online.]

Table 1. Textural properties of H-SAPO-17
and Na-SAPO-17.

Sample

Surface area
(m2 g–1)

Pore volume
(m3 g–1)

Stotal Smicro Sext Vtotal Vmicro

H-SAPO-17 414 382 31 0.21 0.19
Na-SAPO-17 312 286 25 0.18 0.14

Note: Stotal, BET surface area; Smicro, t-plot
micropore area; Sext, t-plot external surface area;
Vtotal, total pore volume; Vmicro, t-plot micropore
volume.
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Compared with the XRD pattern of as-synthesized SAPO-17 molecular
sieve, the diffraction peaks of H-SAPO-17 moved to a higher field in
the range of 0.25 degree, which indicated that after the removal of
organic templates, the cell shrank slightly. The diffraction peak
positions of Na-SAPO-17 coincided with those of H-SAPO-17, mean-
ing that ion exchange treatment did notmake big difference in the
cell parameters of SAPO-17molecular sieve.
As shown in Fig. 1b, the isothermal curves of H-SAPO-17 and Na-

SAPO-17 were both type I for microporousmaterials. Both H-SAPO-17
and Na-SAPO-17 had large micropore areas and volumes, as shown
in Table 1. Compared with H-SAPO-17, the micropore area and vol-
ume of Na-SAPO-17 were relatively small, indicating that sodium
ions occupied more microporous space than protons. The chemi-
cal compositions of the H-SAPO-17 and Na-SAPO-17 were given in
Supplementary Table S4.

3.2. Static adsorption and regeneration behavior
As shown in Fig. 2a, the adsorption capacities of propylene and

propane on H-SAPO-17 molecular sieve were 2.12 and 1.57 mmol g�1,
respectively, at 100 kPa and 298 K. At a low pressure region (<2 kPa),
the adsorption amounts of propylene or propane increased rapidly.
As the pressure grew in the high pressure region, the adsorption
amounts increased slowly and approached the adsorption capaci-
ties. After the ion exchange treatment, as shown in Fig. 2b, the
adsorption capacities of propylene and propane on Na-SAPO-17
reduced to 1.49 and 1.17mmol g�1, which could be attributed to the
reduction of micropore volume, as shown in Table 1. The adsorp-
tion isotherm data of propylene and propane were fitted using the
dual-site Langmuir–Freundlich (DSL-F) model25 with correlation
coefficient (R2)> 0.999, as shown in Supplementary Table S1.

To evaluate the regeneration performance of H-SAPO-17 and
Na-SAPO-17 in propylene/propane separation, the regeneration
and adsorption of propylene was repeated five times (Fig. 2c). The
propylene adsorption capacity of H-SAPO-17 decreased obviously
(1.90 mmol g�1) after the first regeneration and kept decreasing in
the following regeneration cycles, indicating that a certain amount
of propylene was strongly adsorbed on H-SAPO-17 and could not
release after vacuum treatment. However, the initial propylene
adsorption capacity of Na-SAPO-17 could be completely restored in
each cycle, which indicated that there is no strong interaction
between propylene and Na-SAPO-17, and the propylene molecule
could thoroughly desorb from adsorbent in vacuum at room
temperature.
It was reported that propylene would strongly adsorb on bridging

acid hydroxyl groups of Brönsted acids by forming p -complexes
with a strong hydrogen bond.26,27 As a result, Brönsted acids cata-
lyzed the oligomerization of propylene even at room temperature,
and the products would be converted to carbonaceous compounds
during the regeneration process, which would block the access of
adsorbates to the molecular sieve pores.28 As shown in Fig. 2d, the
1H NMR spectra of H-SAPO-17 showed a strong peak at 3.60 ppm,
whichwas attributed to the protons in bridging hydroxyl groups as
Brönsted acid sites. The calculated concentration of Brönsted acid
sites in H-SAPO-17 was 0.101mmol g�1. After ion exchange, the inten-
sity of the peak at 3.60 ppmdecreased substantially, indicating that
the protons in the bridging hydroxyl groups were almost com-
pletely replaced by sodium ions; thus, Brönsted acid sites in the
SAPO-17molecular sievewere almost eliminated.
The IR characterization results (Supplementary Fig. S2) showed

that the propylene molecule strongly adsorbed on the H-SAPO-17,
changing the concentration of Brönsted acid sites of the adsorbent
obviously, and a certain amount of propylene could not desorb

Fig. 2. (a) Pure component adsorption isotherms of H-SAPO-17 at 298 K and DSL-F model fitting results; (b) pure component adsorption
isotherms of Na-SAPO-17 at 298 K and DSL-F model fitting results; (c) adsorption amount of propylene on H-SAPO-17 and Na-SAPO-17
regenerated at 298 K in vacuum; (d) 1H NMR spectra of H-SAPO-17 and Na-SAPO-17. [Colour online.]
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after vacuum treatment. Although Supplementary Fig. S3 showed
that the concentration of Brönsted acid sites of Na-SAPO-17 was
very low, the propylene desorbed fromNa-SAPO-17 almost completely
after vacuum treatment. The detailed discussion was shown in Sup-
plementary Fig. S3. Therefore, the decrease of adsorption amount
of propylene on H-SAPO-17 in Fig. 2c was mainly due to the strong
interaction between propylene molecule and the Brönsted acid
sites in the H-SAPO-17 framework.

3.3. Dynamic adsorption
The static adsorption results showed that SAPO-17 has low equi-

librium selectivity for propylene and propane separation. How-
ever, it was observed that the adsorption equilibrium time of
propylene was much shorter than that of propane in the statistic
adsorption experiment, so it was reasonable to speculate that the
sample might have high kinetic selectivity in propylene/propane
separation. The adsorption rates of propane and propylene on
Na-SAPO-17 material were measured by the dynamic gravimetric
method, and the results were shown in Fig. 3. The adsorption
amount of propylene increased rapidly at the initial contact with
the adsorbent Na-SAPO-17 and reached equilibrium in 10 min,
which indicated that restriction of propylene diffusing through the
channels of molecular sieve was weak. However, the adsorption
amount of propane increased slowly, and adsorption equilibrium
took more than 7000 min. At 5 min, the propylene adsorption
amount was 0.69 mmol g�1 (98.8% of the equilibrium adsorption
capacity), whereas the propane amount was only 2.6% of the satu-
rated adsorption capacity at the same time. SAPO-17 has elliptical
channels with a size of 3.6 Å � 5.1 Å, which is close to the kinetic
diameters of propylene and propane.2 The cross-section of propyl-
ene is slightly smaller than propane,29 so it is easier for propylene
to diffuse through the elliptical channel, which is the direct reason
for the dynamic experimental phenomena.
The diffusion time constants (D/r2) were calculated by short-time

solution of the diffusion equation30 based on following assump-
tions: (i) the diffusionwas controlled bymicropores, (ii) the adsorption
bed was clean, and (iii) there was a step change in the concentra-
tion of gas phase.

ð1Þ qt
q1

¼ 6ffiffiffiffi
p

p
ffiffiffiffiffiffiffi
D
r2
t

r

where qt (mmol g�1) is the adsorption amount at time t (s),
q1 (mmol g�1) is the equilibrium adsorption amount, D (m2 s�1) is
the diffusivity, and r (m) is the radius of the equivalent spherical
particle.
The kinetic selectivity of propylene and propane was defined

as the ratio of their diffusion time constants, as given in Table 2.
The adsorbent Na-SAPO-17 had acceptable kinetic selectivity
(1980) for separation of propylene/propane mixtures. More impor-
tantly, the adsorbent had a fast kinetic of propylene adsorption,
i.e., propylene could diffuse into the pores fast; thus, the separa-
tion process on Na-SAPO-17 was practical from an industrial
standpoint.29

3.4. Molecular simulation
To get further insight into the diffusion of propylene and pro-

pane into the SAPO-17 adsorbent, this process was studied through
molecular simulation based on Monte Carlo method. As described
by Horst,31 the diffusion coefficient of adsorbate was determining
by energy barrier (Eb) when it diffused through the eight-mem-
bered ring, which was the potential energy difference when ad-
sorbate in the minimum energy and maximum energy positions,
namely in the cage (Ep,cage) and in the ring (Ep,ring).

ð2Þ Eb ¼ Ep;ring � Ep;cage

The total potential energy consisted of van der Waals energy
(EvdW) and valence bond energy (Ev). The theoretical calculation
details were shown in Supplementary Fig. S5, and results were
given in Table 3. The van derWaals energy of propane was similar
to propylene when they were in the cage, but it was higher than
the latter in the ring. To pass through the eight-membered ring,
propane would adjust its bond angle from 113° to 123°, leading to
a rise in valence bond energy. Propylene’s bond angle (120°) did
not change significantly, so its valence bond energy remained almost
unchanged. As a result, the energy barrier of propane (67.4 kJ mol�1)
to diffuse through the eight-membered ring wasmuch higher than
that of propylene (42.3 kJ mol�1). The diffusion coefficient of pro-
pane was much smaller than propylene, which was in good agree-
mentwith the dynamic adsorption results.

Table 2. Diffusion time constants for propylene and propane and
kinetic selectivity on adsorbents.

Material
Temperature
(K)

D/r2 (s–1) Kinetic
selectivityPropylene Propane

ITQ-317 303 1.5�10–3 2.2�10–6 690
ITQ-3219 298 3.86�10–5 2.7�10–8 1 430
ZSM-5817 303 1.2�10–4 9.6�10–9 12 400
Si-CHA17 303 4.6�10–4 1.0�10–8 46 000
ITQ-1218 353 5.6�10–2 2.0�10–8 2 800 000
SAPO-17 298 1.08�10–3 5.45�10–7 1 980

Table 3. Calculated van der Waals energy, valence
bond energy, and potential energy in the cage and in
the ring for propane and propylene.

Position
EvdW
(kJ mol�1)

Ev
(kJ mol�1)

Ep
(kJ mol�1)

Propane
Cage –31.5 0 –31.5
Ring 26.3 9.6 35.9
Propylene
Cage –28.1 0 –28.1
Ring 14.2 0.1 14.2

Note: The energy barriers (Eb, kJ mol�1) for propane and
propylene were 67.4 and 42.3, respectively.

Fig. 3. Kinetic adsorption curves of propylene and propane on
Na-SAPO-17 at 298 K and 2 mbar. [Colour online.]
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3.5. Breakthrough experiments
The kinetic separation performance of propylene and propane

was verified by breakthrough experiments. As shown in Fig. 4a,
propane started penetrating the adsorbent bed at 50 s, and the
concentration reached the maximum immediately; the adsorp-
tion amount was equivalent to 0.95 mL g�1. Controlled by kinetic
diffusion, the inner surface and pore of the molecular sieve ad-
sorbent was inaccessible to propane, and adsorption occurred
only on the outer surface of the adsorbent, so only a small amount
of propane molecules were adsorbed after short-term contact.
However, the penetration time of propylene was up to 22.7 min,
and the adsorption amount was equivalent to 25.9 mL g�1. Because
the restriction of propylene diffusing through the channels of
molecular sieve was weak, propylene could diffuse through the
microchannels easily. Therefore, although the equilibrium adsorp-
tion capacities of propylene and propane were close, due to the ki-
netic factor, the adsorption capacity of propylene wasmuch higher
than that of propane in the dynamic breakthrough experiment,
showing excellent separation performance. The binary uptake ra-
tio a (propylene/propane) was as high as 27.
After regeneration for 24 h by helium purging at room temper-

ature, the penetration time of propylene was 20.6 min, and 91%
of the adsorption capacity was restored. On the other hand, the
penetration time of propane on regenerated Na-SAPO-17 was
exactly same as that on fresh sample, confirming that propane
was mainly adsorbed on the outer surface. As shown in Fig. 4b,
the regeneration and adsorption experiments were repeated for
two additional cycles, and the results were consistent with the
first experiment within the range of experimental errors, indi-
cating that the adsorption and desorption processes did not
generate any carbonaceous compounds, which would block the
access of propylene to the molecular sieve pores. As the regenera-
tion time increased to 72 and 120 h, the propylene’s penetration
time recovered to 21.9 and 22.5 min, respectively. As the regener-
ation time increased, the kinetic separation performance was
restored almost completely, and 99% of the adsorption capacity
was restored after 120 h helium purging. Combined the results of
the pure component equilibrium adsorption and breakthrough
experiments, it could be seen that the ion-exchange SAPO-17 mo-
lecular sieve exhibited excellent kinetic separation performance
for propylene and propane, as well as good regeneration behavior
at room temperature.

4. Conclusion
In conclusion, SAPO-17 molecular sieve exhibited good per-

formance for propylene/propane separation. The kinetic selectiv-
ity of the Na-SAPO-17 molecular sieve for propylene and propane
was as high as 1980, the binary breakthrough adsorption amount
ratio was 27. The energy barrier of adsorbate molecule diffusing
through the eight-membered ring was the main reason for the

high kinetic selectivity of propylene and propane. Ion exchange
treatment could efficiently eliminate Brönsted acid sites of H-SAPO-17
and weaken the strong interaction between adsorbents and
propylene molecular, so the adsorption of propylene on the
Na-SAPO-17 molecular sieve became reversible. The study sug-
gested that SAPO-17 has considerable application potential in the
separation of propylene and propane.

Supplementary data
Supplementary data are available with the article at https://doi.

org/10.1139/cjc-2020-0489.
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