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Abstract The methanol-to-olefin (MTO) process has
attracted much attention and many problems including
lifetime and selectivity of light olefins have all been
connected to the diffusion problems in zeolite crystals.
However, a quantitative study of diffusion problems in
SAPO-34 zeolites is lacking. In this paper, we performed a
high-precision diffusion measurement of the diffusion
behavior of ethane and propane, which represent ethylene
and propylene respectively, over SAPO-34. The diffusions
of ethane and propane over fresh and coked SAPO-34
zeolites with different crystal sizes were carefully studied.
Ethane and propane show different diffusion behavior in
SAPO-34. The diffusion of ethane is almost not influenced
by the crystal size and coke percentage, whereas that of
propane is strongly affected. A slower diffusion velocity
was observed in bigger crystals, and the diffusion velocity
decline significantly with the coke percentage increasing.
The diffusion coefficient was calculated with both the
internal and surface diffusion models, and the results show
that the surface diffusion plays a key role in the diffusion
process of both ethane and propane. We believe that this
work would be helpful for understanding the diffusion of
different molecules in SAPO-34 zeolites, and may lay the
foundation of MTO research.
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1 Introduction

In recent years, the methanol-to-olefin (MTO) process has
become attracted due to its competitive cost in producing
ethylene and propylene in China [1‒9]. Among the

catalysts used in this process, one of the silicoaluminopho-
sphate molecular sieves, marked as SAPO-34, is an
efficient one for its suitable channel size [10‒15]. Its
smaller pore opening than other zeolites like ZSM-5 leads
to a higher selectivity of lower olefins [16‒19,6], but its
smaller pore also leads to the diffusion difficulty [20‒23],
which is strongly related to its crystal size. A bigger crystal
size may result in a higher diffusion resistance and a higher
probability of secondary reactions such as hydrogen
transfer reactions and coke deposition reactions. Under
this consideration, a detailed measurement of the diffusion
of different molecules is essential to MTO study and
industrial application. To the best of our knowledge,
however, a detailed quantitative study of the diffusion
behavior in the SAPO-34 system is lacking [20]. Herein,
we present a high accuracy diffusion test for the SAPO-34
system to determine quantitatively the influence of crystal
size on diffusion resistance. It is difficult to measure
directly the diffusion of ethylene and propylene because
they tend to react in zeolite even at room temperature.
Therefore, ethane and propane were selected to replace
ethylene and propylene, respectively, for their similar
molecular size and lower reactivity, though the diffusion of
propylene and propane might be different due to the
potential separation effect of 8-membered rings [24,25].

2 Experimental

SAPO-34 zeolites with different crystal sizes were
synthesized following the method reported before [26].
Typically, 11.5 g of AlOOH and 18.5 g of TEOS were
added to 50.0 g of deionized water under stirring for
30 min, and then trimethylamine (TEA) was added to the
solution. The mixture was transferred into a polytetra-
fluoroethylene autoclave for hydrothermal crystallization
at 200 °C for 48 h under stirring. The amount of AlOOH
was changed according to the Si/Al ratio. Polyethylene
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glycol (PEG) was used to facilitate the formation of the
hierarchical structure as shown in Fig. 1(D). The mole ratio
of PEG to TEA was reported in our previous work [26].
The particle size distribution was determined by a laser

particle size analyzer (Malvern Instruments Micro-Plus).
The range of particle sizes tested was from 0.05 µm to
555 µm. XRD was measured on a Bruker D8 Advance
X-ray powder diffractometer to obtain the morphology of
SAPO-34 zeolites.
Figure 1 shows the basic information for SAPO-34

zeolites. Zeolites in Figs. 1(A‒C) show a perfect cubic
morphology. Figure 1 and XRD data in Fig. S1 indicate
that all of the four zeolites have the structure of CHA/AEI.
Considering that there are no difference in channel
diameter between CHA and AEI, the four zeolites can be
considered as a proper model catalyst for diffusion
measurement.

The equipment for diffusion measurement is exhibited in
Fig. 2. The measurement procedure includes three
operations: (1) fill the gas into the gas supply and storage
chambers, (2) disconnect the two chambers, and (3) open
the sample chamber and the gas supply between the
connections. After these operations, the sample begins to
adsorb the gas. With the adsorption of the sample, the
pressure in the gas supply chamber is reduced to a certain
extent, and the difference between the supply gas chamber
and the gas storage chamber can be measured to obtain the
amount of adsorbed gas on the catalyst. This method
transforms the traditional mass measurement into a
pressure measurement and greatly improves the accuracy
of the measurement.
While referring to the coked catalyst, reaction condition

was kept at 450 °C and 8 h‒1 of weight hourly space
velocity. After a specific amount of carbon had been

Fig. 1 Characterization of SAPO-34 zeolites with different crystal diameters. SEM images of (A) dm = 26.4 µm, (B) dm = 11.2 µm, (C)
dm = 1.4 µm, and (D) SAPO-34 with hierarchical structures (deq = 0.2 µm); TEM images of (D) on a scale of (E) 0.5 µm and (F) 50 nm;
and (G) the diameter distribution from (A) to (C)

Fig. 2 Flow diagram and physical map of the equipment designed for the high-precision diffusion measurement. Adsorption amount is
converted into pressure difference, measured with sensitive differential pressure sensor
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reached, the diffusion behavior on the molecular sieve was
measured.

3 Results and discussion

Figure 3 gives the result of diffusion measurement.
Figure 3(A) indicates that ethane adsorption reach the
equilibrium faster than propane adsorption over all four
catalysts. The diffusion rate of ethane shows no difference
in SAPO-34 zeolites with different crystal sizes. However,
Fig. 3(B) shows that propane diffusion is greatly controlled
by the crystal size. The adsorption equilibrium could not be
reached even after 1500 s for SAPO-34 zeolites with
crystal sizes greater than 0.2 µm, indicating that a bigger
crystal has a higher diffusion resistance.
Diffusion of the two molecules were also tested over two

typical zeolites at different coke states. Figure 4 shows the
diffusion velocity change with coke percentage in zeolite
crystals, indicating the coking influence on diffusion.
Crystal size shows no effect on diffusion velocity of ethane
at different coke percentage, but significant effect on that
of propane. Results on coked catalysts are the same as on
fresh ones. With the coke percentage rises, the diffusion
velocity decreases for all four zeolites. The coke deposition
in crystals blocks the diffusion of small molecules, which
is a common phenomenon of a zeolite system. However,
the deposition of coke shows its higher impact on a bigger
molecule. For two different sizes of molecular sieves, the
diffusion velocity of propane decreases by an order of
magnitude, but that of ethane decreases slightly. Under the
reaction condition, the selective resistance to diffusion
would further lead to secondary reactions of macromole-
cules and an increase in carbon deposition. Under this
consideration, decreasing the crystal size of SAPO-34 can
enhance the diffusion and lower the coking rate.
Based on this, we calculated the diffusion coefficients of

different molecules. Considering a zeolite crystal as a
sphere, and the influences of external diffusion and surface
diffusion can be ignored, we can derive the relationship

between experiment and diffusion coefficients as follows:
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where m1 represents the final absorb amount, mt absorb
amount at certain time t, Dc the diffusion coefficient, rp the
particle size. Diffusion coefficients are listed in Table 1.

Table 1 Diffusion coefficients of propane and ethane in SAPO-34

zeolites with different diameters

Diameter /µm
Dc (Propane) /
(10‒15∙m2$s‒1)

Dc (Ethane) /
(10‒15∙m2$s‒1)

26.4 11.97 299.20

11.2 6.24 92.93

1.4 0.19 2.15

0.2 0.04 0.04

Fig. 3 Adsorption amount vs. time with the adsorbents being (A) ethane, and (B) propane on SAPO-34 zeolites

Fig. 4 Diffusion velocity vs. coke percentage. The diffusion
velocity is defined as the reciprocal of the time at which the
diffusion reaches 99% of the equilibrium. Coke mass percentage
was measured with TG-DSC
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The deviation of diffusion coefficient calculated over
SAPO-34 zeolites with different diameters cannot be
ignored. When deriving the theoretical model, an impor-
tant hypothesis was made that the external diffusion and
surface diffusion were ignored. In our experiment, effect of
external diffusion can easily be prevented, but the effect of
surface diffusion, which could be a property of catalyst,
cannot be prevented by changing the conditions. Under
this consideration, a surface resistance may exist in
diffusion over SAPO-34 zeolites.
When regarding surface resistance as the main resistance

of diffusion in a zeolite system, the relationship between
diffusion coefficient and diameter can be derived as
follows:

ln 1 –
mt

m1

� �
¼ –

3Kkct

rp
,

where Kkc represents the surface diffusion coefficient, and
other symbol has the same meaning as mentioned above.
With a linear regression, we can calculate the surface

diffusion coefficient Kkc and the results are listed in
Table 2. Two different routes for diffusion modeling are
compared in Fig. 5. Compared with ethane, propane has a
smaller deviation of the surface diffusion coefficient,
indicating that the surface diffusion plays a more important
role in the diffusion of propane. For ethane, the surface
diffusion model shows smaller errors than the model

above, but some deviations are also noticed. In this
context, the diffusion of ethane cannot be described by
only one model, either the surface diffusion model or the
traditional internal diffusion model, but the former is more
persuasive for both propane and ethane, in general.
As reported before [26], the propylene selectivity for

small zeolite particles (45%) is higher than big ones (39%).
A diffusion-based explanation can be given. For small
crystals, the diffusion resistance is greatly reduced for
propylene but slightly reduced for ethylene, resulting in a
selectivity difference.
From a traditional view of reaction engineering, Thiele

modulus and efficiency of different zeolites can be
calculated based on the diffusion measurement [27,28].
Nano-sized zeolites and zeolites with a hierarchical
structure have a higher efficiency due to their lower
diffusion resistance.
Figure 6 gives the Thiele modulus calculated from the

diffusion of propane. For big molecules, propane for
instance, the diffusion is greatly influenced by its crystal
size, and thus Thiele modulus changes. However, Thiele
modulus calculated based on ethane does not change with
crystal size and the efficiency η keeps at 1. Under this
consideration, the selectivity change of ethylene and
propylene over time can be reasoned from the aspect of
diffusion. As the reaction continues, the coke continues to
form but the effect of carbon deposition on the diffusion of
ethylene and propylene is different. The diffusion of
ethylene is not affected by the coke deposition, whereas
that of propylene is. In this way, propylene tends to other
reaction pathways like a hydrogen transfer reaction. And
that is the reason why the propylene selectivity increases
but the ethylene selectivity decreases over time [12].
In conclusion, the diffusion velocity of ethane and

propane in SAPO-34 zeolites were measured with the
special designed equipment and high-precision results
were obtained. The diffusion velocity of ethane shows little
relevance with the crystal size of SAPO-34 zeolites and

Table 2 Surface diffusion coefficient

Diameter /µm
Kkc (Propane) /
(10‒10∙m$s‒1)

Kkc (Ethane) /
(10‒10∙m$s‒1)

26.4 43.71 329.81

11.2 34.40 144.70

1.4 7.26 15.41

0.2 3.26 2.84

Fig. 5 Relationship between diffusion coefficient and diameter,
from traditional diffusion theory (left) and from surface diffusion
theory (right)

Fig. 6 Several SAPO-34 molecular sieves with different Thiele
modulus and efficiency. Calculation is based on propane
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with the coke percentage, which in contrast strongly affect
the diffusion velocity of propane. With the coke deposition
accumulating, the diffusion velocity of propane is
drastically reduced. The diffusions of propane and ethane
are strongly restricted by the surface diffusion instead of
the internal diffusion. The surface diffusion model is
effective on describing propane diffusion, whereas the
ethane diffusion is more complicated and cannot be
perfectly fit by either the surface or internal diffusion
model. This work may bring new and quantitative view for
MTO study over SAPO-34 zeolites. Further research will
be performed to calculate the combination of both the
internal and surface diffusion coefficients.
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