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a b s t r a c t

Methanol-to-olefins (MTO) is industrially applied to produce ethylene and propylene using methanol
converted from coal, synthetic gas, and biomass. SAPO-34 zeolites, as the most efficient catalyst in
MTO process, are subject to the rapid deactivation due to coke deposition. Recent work shows that steam
regeneration can provide advantages such as low carbon dioxide emission and enhanced light olefins
yield in MTO process, compared to that by air regeneration. A kinetic study on the steam regeneration
of spent SAPO-34 catalyst has been carried out in this work. In doing so, we first investigated the effect
of temperature on the regeneration performance by monitoring the crystal structure, acidity, residual
coke properties and other structural parameters. The results show that with the increase of regeneration
temperature, the compositions of residual coke on the catalyst change from pyrene and phenanthrene to
naphthalene, which are normally considered as active hydrocarbon pool species in MTO reaction.
However, when the regeneration temperature is too high, nitrogen oxides can be found in the residual
coke. Meanwhile, as the regeneration temperature increases, the quantity of residual coke reduces and
the acidity, BET surface area and pore structure of the regenerated samples can be better recovered,
resulting in prolonging catalyst lifetime. We have further derived the kinetics of steam regeneration,
and obtained an activation energy of about 177.8 kJ�mol�1. Compared that with air regeneration, the acti-
vation energy of steam regeneration is higher, indicating that the steam regeneration process is more dif-
ficult to occur.
� 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.
1. Introduction

Methanol-to-olefins (MTO) as one of the important routes for
the production of light olefins has been successfully industrialized
in China [1]. In MTO reaction, SAPO-34 zolites with the eight-
membered ring pore openings and CHA cavity exhibits satisfying
catalytic performance and high selectivity to light olefins, attribut-
ing to the unique medium-strong acidity and hydrothermal stabil-
ity [2–6]. However, MTO reaction over the SAPO-34 zeolite catalyst
suffers fast deactivation due to the coke formation [7–12], which
results in a significant drop in methanol conversion and requires
the continuous regeneration to restore catalytic activity. Over the
past decades, researchers have been working on the reaction
mechanism of MTO process and found that MTO reaction follows
the hydrocarbon pool (HCP) mechanism [13–18]. Based on the
HCP mechanism, the active aromatic species, commonly referred
to as HCP species, could act as cocatalysts to improve the light ole-
fins selectivity and thus exert a noticeable effect on the product
distribution. This suggests that, in either MTO reaction or regener-
ation process, regulating coke species on the catalyst should
receive more attention.

Generally speaking, the deactivated catalyst can be regenerated
by three approaches: oxidation, gasification and hydrocracking
[11,19–21]. Using different regeneration methods will result in dif-
ferent conversion paths for deposited coke on catalyst and thus dif-
ferent flue gas compositions in the regeneration process. The most
frequently used method is the oxidation of coke with air or oxygen
[1,22,23]. This is the common practice for current industrial MTO
process, which will however inevitably remove the active hydro-
carbon pool species (HCPs). In addition, the main product of flue
gas in the air regeneration process is carbon dioxide. In our previ-
ous work [24,25], we have proposed that partial regeneration of
spent SAPO-34 catalyst by steam can selectively transform the
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deactivated coke into active HCPs to boost the light olefins selectiv-
ity, and with flue gas consisting of more than 88% high-value syn-
gas and only 5% carbon dioxide. These advantages of steam
regeneration make it an attractive approach for further developing
advanced MTO process. One of the crucial step in developing an
industrial MTO regeneration process is to establish the correspond-
ing regeneration kinetics, which are expected to guide the design
and stable operation of the regenerator in industrial plant. Despite
its good application prospect, kinetics of steam regeneration of
spent SAPO-34 zeolite catalyst in MTO process, however, remains
blank. Zhao et al. [26] studied the combustion kinetics of industrial
spent MTO catalyst by thermogravimetric analysis, and obtained
an average activation energy of 141.1 kJ�mol�1. This is lower than
the combustion activation energy of spent fluid catalytic cracking
(FCC) zeolite catalyst, which is 157 kJ�mol�1 as reported by Dimitri-
adis et al. [27].

In one of our previous publications, Zhou et al. showed that the
rate of steam regeneration is lower than that of air regeneration,
and the H/C of the residual coke in the steam regeneration is rela-
tively higher than that in air regeneration [24]. Later on they fur-
ther found that in the steam regeneration process the coke
species can be directly transformed to the naphthalene cations,
which are more stable than pyrenephenanthrene and other macro-
molecular cations, and the regenerated catalyst with rich the naph-
thalene cations can significantly promote the light olefins
selectivity in MTO reaction [25]. As our current work mainly
focuses on the kinetics of steam regeneration and thus the discus-
sion on the difference between the steam regeneration and air
regeneration has not been documented in detail. Simultaneously,
the nature of coke has an critical impact on the MTO regeneration
and reaction. Therefore, before we carried out our kinetic study, we
also investigated the evolution of the residual coke on the catalyst
with different regeneration temperature during the steam regener-
ation process. In particular the crystal structure, acidity, residual
coke properties and structural parameters of the regenerated cata-
lyst under different regeneration temperature were characterized
by XRD, NH3-TPD, TGA, GC–MS and N2 physical adsorption–
desorption.
2. Experimental

2.1. Catalyst preparation

Commercial SAPO-34 catalyst for industrial DMTO process was
used, which was purchased from Catalyst & Catalysis Technology
Co. Ltd. of CAS. To remove the template agent, all of the catalyst
samples were calcined at 650 �C in air atmosphere for 6 h before
the experiments. The catalyst powders were screened 80 mesh
(180 lm) before the experimental tests.
2.2. Catalyst characterization

X-ray diffraction (XRD) patterns were obtained with a PANalyt-
ical X’pert PRO X-ray diffraction equipment, under the following
conditions: CuKa ray (1.54187 nm), scanning voltage 40 kV, scan-
ning current 40 mA, scanning speed 3 (�)�min�1, and scanning
range 5�50�.

The temperature-programmed desorption of ammonia (NH3-
TPD) was carried on a Micromeritics Autochem II 2920 instrument
equipped with a TCD detector. The samples were first heated by a
rate of 10 �C�min�1 from room temperature to 600 �C in a stream of
helium (99.99%, 60 ml�min�1) and pretreated at this temperature
and in atmosphere for 1 h. Then, the samples were cooled to
100 �C and subjected to ammonia-saturation in a stream of NH3/
He. After purging with helium for 30 min, ammonia was desorbed
by heating the sample up to 600 �C at a rate of 10 �C�min�1.

The N2 adsorption/desorption measurements were carried out
on a Micromeritics ASAP2020 setup. Prior to the measurements,
the samples were degassed at 350 �C under vacuum for 4 h. The
total surface area and pore volume were calculated based on the
Brunauer-Emmett-Teller (BET) equation and t-plot method.

Thermogravimetric analysis was recorded on a SDT Q650 ther-
mal analyzer. The samples with a weight of 15 mg were heated in
flowing air from room temperature to 900 �C at a rate of
10 �C�min�1 with an air flow rate of 100 ml�min�1. The formula
for calculating the amount of coke is x = (m250�C � m900�C)/
m250�C � 100%, where x is the mass percentage of coke in the con-
tent of the fresh catalyst, and m250�C is the mass of the catalyst
when the temperature is programmed to 250 �C. m900�C is the mass
of the catalyst when the temperature is programmed to 900 �C.

Gas chromatography-mass spectrometry (GC–MS) were used to
identify the carbonaceous species [28]. Typically, 50 mg of samples
were dissolved in 1.0 ml of 20% hydrogen fluoride in a screw-cap
Teflon. The addition of 1 ml of CH2Cl2 with 0.01% C2Cl6 as the
internal standard allowed extraction of the soluble fraction of coke,
then addition of 7% NaOH solution neutralized excess acid and the
organic phase were obtained by extraction. The extracted phase
was detected with an Agilent 7890 A/5975C gas chromatogra-
phy–mass spectrometry (GC–MS) instrument equipped with a
HP-5 capillary column and FID detector.

2.3. Experimental setup

The experiments of MTO reaction and regeneration of spent cat-
alyst samples were both performed in a fluidized-bed reactor made
of quartz, which has an inner diameter of 0.019 m and a height of
0.35 m. For each experiment, 5 g of catalyst was loaded into the
reactor. The reaction products were in situ monitored with an Agi-
lent 7890A gas chromatograph equipped with a flame ionization
detector and a PoraPLOT Q-HT capillary column (25 m � 0.53 mm
� 0.02 mm).

2.4. MTO reaction-regeneration cycle experiments

The MTO reaction experiments were carried out under 470 �C
with a weight hourly space velocity (WHSV, i.e., the ratio of the
feed rate of methanol to catalyst loading) of 2 h�1 and a ratio of
water to methanol of 0.2. After the MTO reaction, the deactivated
catalyst was heated to the regeneration temperature in a nitrogen
purge atmosphere for aging the catalyst, and then achieved in situ
partial regeneration with steam stream. After regeneration, the
regenerated catalyst was cooled to 470 �C under a nitrogen purge
atmosphere for next MTO reaction, and the reaction condition
was unchanged.
3. Results and Discussion

3.1. Effects of regeneration temperature

3.1.1. XRD
Fig. 1 shows the XRD patterns of regenerated SAPO-34 catalyst

samples under different temperature and deactivated catalyst. It
can be seen from Fig. 1 that all of the catalyst samples display
the characteristic peaks of a typical chabazite structure at 2h values
of 9.50�, 13�, 16.1�, 17.53�, 20.7� and 30.7� [29].

Table 1 lists the relative crystallinity of all samples. Compared
with fresh catalyst, all of the regenerated catalysts show a rela-
tively high crystallinity of 97%�100%, which indicates that the
spent catalyst by steam regeneration does not damage the integ-



Fig. 1. XRD patterns of SAPO-34 samples after regeneration under different
temperature with regeneration time of 30 min.

Table 1
Relative crystallinity of SAPO-34 samples after steam regeneration under different
temperature with regeneration time of 30 min

Samples Relative crystallinity

SAPO-34-Fresh 100%
SAPO-34-Spent 98.3%
SAPO-34-SG-650 �C 97.6%
SAPO-34-SG-680 �C 97%
SAPO-34-SG-710 �C 100%
SAPO-34-SG-740 �C 99%

Table 2
Residual coke content of SAPO-34 samples after steam regeneration under different
temperature with regeneration time of 30 min

Samples Residual coke content/ % (mass)

SAPO-34-Spent 12.96
SAPO-34-SG-650 �C 10.67
SAPO-34-SG-680 �C 9.03
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rity of the crystalline structure, which can be attributed to the
excellent hydrothermal stability of the SAPO-34 zeolite catalyst.

3.1.2. TGA
Fig. 2 is the TG curve of regenerated SAPO-34 catalyst after

regeneration under different temperature with regeneration time
of 30 min. It can be seen from the figure that the TG curve of the
regenerated catalyst can be divided into two stages. The first stage
means that the temperature is within the range of room tempera-
ture to 250 �C. At this time, the amount of coke deposit on the cat-
alyst is reduced to a certain extent. The weight loss is mainly
caused by the combustion of a small amount of water and some
light volatile substances on the catalyst; the second stage refers
to the temperature between 250 �C and 900 �C, at this time the
Fig. 2. TG curve of regenerated SAPO-34 catalyst after regeneration under different
temperature with regeneration time of 30 min.
amount of coke deposits on the catalyst decreases significantly,
and this period of weight loss mainly due to the burning of coke
deposits on the catalyst. Therefore, when calculating the residual
coke content of the regenerated catalyst, only the weight lost in
the second stage is considered.

Table 2 lists the quantity of residual coke on the regenerated
catalyst samples under different temperature. It shows that the
quantity of residual coke on the deactivated catalyst is 12.96%,
and the quantity of residual coke has been reduced after steam
regeneration under different temperature. The higher the regener-
ation temperature, the lower the residual coke content, which
means that the increase of regeneration temperature enhances
the reaction rate and thus the degree of regeneration. In fact, for
the same initial coke content, the decrease in the residual coke
content of the catalyst suggests for the same regeneration duration
the loss of coke content increases, i.e. the regeneration rate of coke
increases, in other word, the degree of regeneration enhances with
the increase in temperature.

3.1.3. GC–MS
In addition to the quantity of residual coke, the nature of the

residual coke is also an important factor affecting the performance
of the catalyst. Fig. 3 shows the coke dissolving results of SAPO-34
regenerated catalyst samples under different regeneration temper-
ature. In Fig. 3, the samples from left to right are that obtained
under 740 �C, 710 �C, 680 �C, 650 �C and deactivated catalyst,
respectively. It can be found that as the regeneration temperature
increases, the color of regenerated catalyst samples after coke dis-
solving becomes lighter, indicating that the coke species or coke
species content on the catalyst samples have been changed, which
can be confirmed by GC–MS characterization results as shown in
Fig. 4.

GC–MS measurements are used to identify the residual coke
species with molecular mass smaller than 200. Fig. 4 shows that
both the coke residue species and the corresponding fractions of
these coke residue species on the regenerated catalyst samples
have been changed. The coke residue species in the deactivated
catalyst are mainly macromolecular organic compounds such as
SAPO-34-SG-710 �C 6.39
SAPO-34-SG-740 �C 3.70

Fig. 3. Coke dissolving of SAPO-34 samples after regeneration under different
temperature with regeneration time of 30 min (from left to right: 740 �C; 710 �C;
680 �C; 650 �C; deactivated catalyst).



Fig. 4. GC–MS results of SAPO-34 catalyst samples after regeneration under different temperature with regeneration time of 30 min.

Fig. 5. NH3-TPD results of SAPO-34 catalyst samples after regeneration under
different temperature with regeneration time of 30 min.
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polymethyl naphthalene, pyrene/phenanthrene, and methyl
pyrene/phenanthrene. In particular, the fraction of pyrene and
phenanthrene is relatively high, while the fraction of naphthalene
is small. After regeneration, the fraction of soluble coke residue
decreases, and the higher the regeneration temperature, the less
the fraction of soluble coke residue. This can be attributed to the
reduction of coke residue on the regenerated catalyst samples
(Table 1). Furthermore, it can be found that the fraction of macro-
molecular organic compounds such as pyrene and phenanthrene
has dropped after steam regeneration. Meanwhile the fraction of
naphthalene, an active hydrocarbon pool species (HCPs) favoring
light olefins formation in SAPO-34 catalyst, has increased signifi-
cantly. Previous DFT calculations show that the among the inter-
mediates confined in CHA cavity including benzenic (Bþ

n ),
naphthalenic (Nþ

n ), phenanthrenic (PH
þ
n ) and pyrenic (PYRþ

n ) carbo-
cations, naphthalenic cations are stable at high temperature [25].
This explains that the fractions of pyrene and phenanthrene
decrease and the fraction of naphthalene increases as steam regen-
eration proceeds.

At the same time, we noticed that the soluble residual coke spe-
cies changed with the regeneration temperature. When the regen-
eration temperature is below 680 �C, the soluble residual coke
species on the regenerated catalyst contain pyrene and phenan-
threne in addition to the main product naphthalene. When the
regeneration temperature rises to 710 �C, the soluble residual coke
species are mainly methylnaphthalene, with almost no pyrene and
phenanthrene. This indicates that the increase of regeneration
temperature would promote the hydrogen transfer and cracking
reactions in the steam regeneration process, resulting in the hydro-
cracking of polycyclic aromatic hydrocarbons into light aromatic
hydrocarbons and the increase of H/C ratio for residual coke. When
the regeneration temperature is further increased to 740 �C, in
addition to naphthalene and methylnaphthalene, nitrogen oxides
also appear in the residual coke. It should be noted that nitrogen
oxides would have a negative impact on the MTO reaction perfor-
mance of SAPO-34 zeolite catalyst. Therefore, the steam regenera-
tion should not be performed at too high temperature in order to
avoid the formation of nitrogen oxides in the residual coke.
3.1.4. NH3-TPD
The acidity of SAPO-34 zeolite catalyst is an important factor

affecting the MTO reaction. In this study, the NH3-TPD characteri-
zation has been used to measure the acidity of the SAPO-34 cata-
lyst samples. Fig. 5 shows the NH3-TPD results of the regenerated
catalyst samples under different temperature and Table 2 lists
the quantities of weak and strong acid sites. As can be seen from
Fig. 5, except for the sample of deactivated catalyst, all other regen-
erated catalyst samples show two obvious peaks. These two peaks,
which correspond to either the low-temperature (LT, <250 �C) or
high-temperature (HT, >250 �C), can be respectively ascribed to
weak acid site and strong acid site [30,31]. The evolution of cata-
lyst acidity is presented in Table 2.

It can be seen from Table 3 that, compared with that of the
deactivated catalyst, the acidity of the regenerated catalyst sam-
ples have been restored to certain extent after steam regeneration,



Table 3
The quantity of acid on SAPO-34 samples after steam regeneration under different
temperature with regeneration time of 30 min

Catalyst Acidity by NH3-TPD (STP)/cm3�g�1

Total Weak Strong

SAPO-34-Fresh 16.21 6.45 9.76
SAPO-34-Spent 4.02 4.02 -
SAPO-34-SG-650 �C 5.45 2.92 2.53
SAPO-34-SG-680 �C 6.73 3.64 3.09
SAPO-34-SG-710 �C 8.95 3.98 4.97
SAPO-34-SG-740 �C 10.65 4.01 6.64

Table 4
BET and pore volume of SAPO-34 catalyst samples after steam regeneration under
different temperature with regeneration time of 30 min

Samples SBET/m2�g�1 Smicro/m2�g�1 Vmicro/cm3�g�1

SAPO-34-Fresh 360.3 304.3 0.143
SAPO-34-Spent 42.6 — —
SAPO-34-SG-650 �C 89.8 34.6 0.017
SAPO-34-SG-680 �C 148.0 92.7 0.043
SAPO-34-SG-710 �C 221.0 170.9 0.080
SAPO-34-SG-740 �C 267.9 221.2 0.109
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however, the acidity of the regenerated catalyst is lower than that
of the fresh catalyst. The acid content of the regenerated SAPO-34
zeolite catalyst samples increases at a higher regeneration temper-
ature in this work, which indicates that a higher regeneration tem-
perature is favorable for the recovery of catalyst acidity in steam
regeneration. The article published by Chen et al. shows that the
recovery of the acidity of the regenerated catalyst is mainly due
to the removal of the coke on the catalyst, because the coke depo-
sitions cover the acid sites of the catalyst [7]. As the elevated
regeneration temperature would lead to the quicker decrease of
the coke residues, the acidic sites covered by the coke depositions
can be readily restored at a higher temperature, which results in
the enhanced acidity of the regenerated catalyst samples.
3.1.5. N2 physical adsorption/desorption
Fig. 6 depicts the physisorption isotherms of SAPO-34 regener-

ated catalyst samples under different temperature by N2 adsorp-
tion–desorption, with the corresponding textural properties (pore
volume and BET surface area) showing in Table 4. It can be seen
from Fig. 6 that the adsorbed quantity in the regenerated catalyst
samples has changed. The higher the regeneration temperature,
the greater the adsorbed quantity. This means that as the regener-
ation temperature increases, the textural properties of the regener-
ated catalyst samples recover better. As can be seen from Table 4,
the BET surface area (SBET) and micropore volume (Vmicro) of the
SAPO-34 regenerated catalyst samples under different temperature
have the following order: SAPO-34-Spent < SAPO-34-SG-650 �C <
SAPO-34-SG-680 �C < SAPO-34-SG-710 �C < SAPO-34-SG-740 �C <
SAPO-34-Fresh. The recovery of SBET and Vmicro of regenerated cata-
lyst samples, similar to the acidity of the catalyst samples, are also
attributed to the reduction of coke residue, as the coke depositions
Fig. 6. N2 physical adsorption/desorption results of SAPO-34 catalyst samples after
regeneration under different temperature with regeneration time of 30 min.
can block the pores and cover the surface of the catalyst samples.
With the increase of regeneration temperature, the residual coke
decreases and the pore and surface of catalyst samples can be read-
ily recovered.

3.1.6. Performance evaluation of regenerated SAPO-34 catalyst
Fig. 7 shows the methanol conversion and initial selectivity of

light olefins under different regeneration temperature, which was
analyzed based on the first data set obtained by online GC in
MTO reaction and in this specified work the sampling for the first
data set was carried out for time on stream of 3 min. It can be seen
from Fig. 7(a) that the higher the regeneration temperature, the
longer the catalytic lifetime (i.e. for methanol to maintain a high
conversion of 99%) of the regenerated catalyst in MTO reaction.
This is because as the regeneration temperature increases, the
quantity of coke residue on the regenerated catalyst decreases
and the acidity and textural properties of the regenerated catalyst
can be effectively restored, thereby the catalytic lifetime of the cat-
alyst is extended. Fig. 7(b) shows that the higher the regeneration
temperature, the lower the initial selectivity of light olefins.
According to the hydrocarbon pool mechanism, the active aromatic
species could act as cocatalysts in the MTO reaction, thereby boost-
ing the selectivity of light olefins. Zhou et al. [25] showed that
naphthalenic species can promote the selectivity of ethylene.
Therefore, combined with the GC–MS results, we can anticipate
that the reasons why the initial selectivity of light olefins decreases
with the increase of regeneration temperature can be attributed to
the reduction of hydrocarbon pool species such as naphthalene on
the regenerated catalyst.

3.2. Kinetics of steam regeneration

Above we discussed the change of catalyst properties during the
steam regeneration process and the influence of regenerated cata-
lyst on the MTO reaction performance. In the following section we
try to establish a kinetics for steam regeneration of the spent
SAPO-34 zeolite catalyst in MTO process. In order to calculate the
kinetic parameters of the steam regeneration process, we also used
our previous data obtained under different regeneration time.
Table 5 shows the fraction of residual coke.

3.2.1. Linear fitting
It is assumed that when deposited coke reacts with the steam,

the change of the quantity of coke deposition satisfies

dCc

dt
¼ �kCc ð1Þ

where Cc represents the quantity of coke deposition on the catalyst,
k the reaction rate constant, and t the time (the unit is min). From
the initial condition, that is, the initial value of coke deposition is
Ccmax (12.96%), the change of quantity of coke deposition with time
is:

Cc ¼ Ccmaxexpð�ktÞ ð2Þ



Fig. 7. The methanol conversion (a) and initial selectivity of light olefins (b) under regeneration temperature with regeneration time of 30 min.

Table 5
The fraction of residual coke on SAPO-34 samples after steam regeneration

Samples temperature/�C Time The fraction of residual coke/% (mass)

0 min 30 min 60 min 90 min 180 min

650 12.96 10.67 9.20 7.04 4.44
680 12.96 9.03 6.75 5.08 2.68
710 12.96 6.39 3.96 2.52 1.57
740 12.96 3.70 2.10 — 0.85
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By use of the Arrhenius formula

k ¼ Aexp �Ea= RTð Þð Þ ð3Þ
together with formula (1) and (2), the linear fitting results are
shown in Fig. 8. It can be found that the linear fitting results show
certain deviation with the actual values, especially for higher regen-
eration temperature and longer regeneration time. According to the
error formula (Eq. (4))

err ¼
Xn
i¼1

Vfit;i � Vexp;i
� �2

=ðn� 1Þ
 !1=2

ð4Þ

the error is 0.68, and compared with the measured value, the devi-
ation is larger, which indicates that the reaction between coke
deposition and steam may not be the first-order reaction.

3.2.2. Nonlinear fitting
We further assumed that the reaction between the coke deposi-

tion and steam is the nth order reaction:
Fig. 8. Linear fitting results of kinetics of the steam regeneration.
dCc

dt
¼ �kCc

n ð5Þ

where n represents the reaction order. The change of coke deposi-
tion with time can be given by:

Cc
1�n ¼ C1�n

cmax � 1� nð Þkt ð6Þ
According to the Eqs. (3), (5), (6), the nonlinear fitting results

are shown in Fig. 9. It can be seen that the fitting results can well
represent the actual values. According to the error formula (Eq.
(4)), the calculated error value is 0.33. Compared with the linear
fitting result, the error value is reduced by one time. The calcula-
tion results of kinetic parameters are listed in Table 6. It can be
seen directly from Table 6 that the reaction rate of steam regener-
ation increases as the regeneration temperature increases. The
reaction order n is 1.7, and the activation energy is 177.8 kJ�mol�1.

In conclusion, the kinetics of steam regeneration of the spent
SAPO-34 zeolite catalyst in MTO process can be expressed as
Fig. 9. Nonlinear fitting results of kinetics of the steam regeneration.



Table 6
Kinetics parameters of steam regeneration

Regeneration temperature/�C Regeneration rate/mg0.7.mol�0.7.min�1 n Ea/kJ.mol�1 A � 10�7/min�1

650 0.0014 1.7 177.8 1.5
680 0.0025 1.7 177.8 1.5
710 0.0050 1.7 177.8 1.5
740 0.0110 1.7 177.8 1.5
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dCc

dt
¼ �Ae�Ea=ðRTÞCc

1:7 ð7Þ

with A = 1.5 � 107 min�1 and Ea = 177.8 kJ�mol�1.

3.2.3. Comparison with kinetics of air combustion regeneration
At present, the research on the regeneration kinetics of metha-

nol to olefin process mainly focuses on the kinetics of air combus-
tion of coke deposited in SAPO-34 zeolites. Zhao et al. [26] used
different methods to calculate the average activation energy of
SAPO-34 catalyst in the air regeneration of MTO process and found
the average activation energy is 141 kJ�mol�1. We calculated that
the activation energy of the steam regeneration is 177.8 kJ�mol�1.
It can be seen that the activation energy of steam regeneration is
higher than that of air combustion regeneration, which indicates
steam regeneration process has higher energy barrier. This also
reflects that steam regeneration is more difficult to occur com-
pared to the air combustion in MTO process.

4. Conclusions

In this work, a kinetic study on the steam regeneration of spent
SAPO-34 catalyst has been carried out. In doing so, we first inves-
tigated the effect of temperature on the regeneration performance
by monitoring the crystal structure, acidity, residual coke proper-
ties and other structural parameters with XRD, NH3-TPD, TGA,
GC–MS and N2 physical adsorption–desorption. The results show
that with the increase of regeneration temperature, the composi-
tions of residual coke on the catalyst change from pyrene and
phenanthrene to naphthalene, which are normally considered as
active hydrocarbon pool species in MTO reaction. However, when
the regeneration temperature is too high, nitrogen oxides can be
found in the residual coke. Meanwhile, as the regeneration temper-
ature increases, the quantity of residual coke reduces and the acid-
ity, BET surface area and pore structure of the regenerated samples
can be better recovered, resulting in prolonging catalyst lifetime.

We have further derived the kinetics of steam regeneration. It is
found that the reaction order of the steam regeneration reaction is
1.7, and the activation energy is about 177.8 kJ�mol�1. Compared
that with air regeneration, the activation energy of steam regener-
ation is higher, indicating that the steam regeneration process is
more difficult to occur.
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