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Abstract

The catalytic conversion of chloromethane over HSAPO-34 was followed by in situ Fourier transform infrared (FTIR) spectroscopy and cat-
alytic testing. Our detailed IR investigation allowed the identification of the active sites and the adsorbed species. HSAPO-34 has high activity
and selectivity for the production of light olefins. The FTIR results demonstrated that the conversion starts at 350 °C with the formation of
alkoxy groups as intermediate products. On adsorption and conversion of chloromethane, three distinct shifts of —OH bands associated with the
Si(OH)AI acidic sites were observed, attributed to the interaction between Si(OH)AI with CH3CI, HCI and C=C groups. In the 350-500°C
temperature range, chloromethane is converted to ethylene, propylene, and butylenes with 70-80% selectivity. Increasing reaction temperature
increases conversion and enhances the yield of lighter olefins. The detailed FTIR study of chloromethane conversion at 450 °C at different system
chloromethane loadings reveals that increasing system CH3Cl loading increased the conversion rate. This is attributed to the participation of gas-
phase chloromethane molecules with adsorbed species enhancing the reaction rate, while at lower chloromethane loadings, the reactions may just
occur between the adsorbed species. The IR studies also reveal the reversible breaking of AI-O—-P bonds on adsorption of HCI, a main product of
the reaction, to generate large amounts of P-OH groups. The Al-O-P bonding was restored after removal of HCI by evacuation at 150 °C. These

IR observations combined with the catalytic test results allow us to propose a realistic reaction mechanism.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Rational and efficient conversion of methane to more use-
ful higher hydrocarbons is one of the most important topics
in natural gas utilization. Although methane activation and its
direct conversion to valuable compounds are attracting increas-
ing attention, methane conversion is often made in indirect way,
such as through transformation of methane to syngas (a mixture
of CO, CO3, and hydrogen) by steam-reforming over nickel-
supported catalyst, after which the syngas can be converted to
hydrocarbons (gasoline or olefins) using Fischer—Tropsch catal-
ysis. Another process concerns the conversion of syngas first to
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methanol using Cu/ZnO/Al,O3 catalyst and then to hydrocar-
bons using MTO or MTG catalyst [1-4].

It is well known that although the Fischer—Tropsch process
can effectively produce high hydrocarbons from syngas, a wide
range of hydrocarbons is obtained. Producing a single organic
compound with high selectivity is difficult, maybe even impos-
sible, at least at the moment. The development of alternative
routes for higher hydrocarbons production through methane
transformation is a topic of much interest for industry and acad-
emia. It remains a great challenge as we face the sharp and
ceaseless increase in the price of crude oil, due to the grow-
ing need for a series of organic compounds as starting reagents
for pharmaceutical, plastic and fine chemical industries.

Some promising results have appeared to be of great impor-
tance in the catalytic conversion of chloromethane to higher
hydrocarbons. In 1985, Olah and coworkers described a very
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interesting and attractive three-step catalysis process for the
transformation of methane to higher hydrocarbons through
halide methane: monohalogenation of methane by a very sim-
ple method to halide methane, hydrolysis of halide methane to
methanol, and then the MTG reaction on HZSM-5 [5]. In 1988,
Taylor et al. invented a cycle process on the basis of their
research results for the production of gasoline from methane
with chloromethane as the intermediate [6]. Compared with the
work of Olah and coworkers, the transformation from methane
to gasoline was reduced to two stages: oxyhydrochlorination
(OHC) for the production of chloromethanes from methane
and MTG for the direct transfer of methyl chloride to gaso-
line with a byproduct of HCI, which can be recycled for the
first step. This is a quite innovative and realistic process that
can be really applicable in industry. The corrosion problem
of HCI production can be resolved. For chloromethane trans-
formation, HZSM-5 appears to be the most promising zeolite
catalyst [7,8]. Recent work [9,10] has shown that the large-pore
zeolite catalysts in both cationic and protonic forms, such as X,
Y, EMT, Beta, and MOR, despite their very interesting activity,
led to the formation of large amounts of coke in chloromethane
conversion due to the large cages or channels present in these
zeolites. In contrast, medium-pore ZSM-5 zeolite catalysts in
either cationic or protonic form demonstrated high activity and
long life in the reaction and strongly reduced coke formation.
Some modifications to zeolite catalysts further improved the
activity and selectivity of the reaction. For example, Mg- or
P-modified ZSM-5 catalysts showed high selectivity for the for-
mation of light olefins [11]. All of these works indicated that,
like the renowned MTO and MTG processes, chloromethane
transformation to higher hydrocarbons potentially could be an
efficient alternative route for methane utilization using a cycle
process, as proposed by Taylor et al.

There are undoubtedly many parallels between the reac-
tions of CH3Cl and CH3OH transformation to higher hy-
drocarbons [9,10,12-16]. The important distinction between
chloromethane and methanol transformation is that the pro-
posed intermediates derived from CH3OH, such as CH3OCHg,
are not accessible in CHsCl conversion. For chloromethane
transformation, methoxy group is considered the intermediate
[10,14,15]. Some mechanisms for the first C—C bond formation
have been pointed out in the study of chloromethane transfor-
mation over cation-exchanged zeolite catalyst [10].

Compared with a large series of work carried out with clas-
sical cationic and protonic zeolites, the SAPO-type molecular
sieve catalyst, with excellent performance in catalytic conver-
sion of methanol to light olefins [17-19], has seemingly been
neglected up to now in the research of chloromethane conver-
sion. SAPO-34 has shown its superiority in the MTO process
and could be a very promising catalyst for chloromethane con-
version to other hydrocarbons, especially to light olefins, such
as ethylene and propylene, due to its small channel size. In re-
gard to the difference in chemical composition between classi-
cal zeolites and SAPO molecular sieves, the nature of the active
sites and the activation and transformation of chloromethane on
SAPO-34 should be quite different and merit a detailed investi-
gation.

In this study, SAPO-34 was used as the catalyst for chloro-
methane conversion for the first time. This conversion was
carried out in a fixed-bed reactor and followed by in situ Fourier
transform infrared (FTIR) spectroscopy. The conversion at dif-
ferent temperatures and different loadings of chloromethane
was studied. Our aim was not only to study the catalytic
behavior of SAPO-34 to determine the effect of different
reaction conditions on chloromethane conversion to this cat-
alyst, but also to shed some light on the reaction mecha-
nism.

2. Experimental
2.1. Synthesis of SAPO-34

SAPO-34 was synthesized by the hydrothermal method as
described in the literature [20] from a gel composition of 3.0 R:
1.0 P205:1.0 Al203:0.8 SiO2:50 H,0, where R is triethyl-
amine as the template. Pseudoboehmite, orthophosphoric acid
(85 wt%), and colloidal silica were used as the sources of alu-
minum, phosphorus, and silicon, respectively. To prepare the
starting gel, the pseudoboehmite was mixed with orthophos-
phoric acid and distilled water while stirring at room temper-
ature for 2 h. Triethylamine and colloidal silica were subse-
quently added to this gel, and then the mixture was stirred
continuously for another 2 h. The gel was sealed in a stainless-
steel, polytetrafluoroethylene (PTFE)-lined autoclave. After let-
ting the gel age at room temperature for 12 h, the autoclave
containing the gel was heated at 200 °C for 24 h under auto-
genic pressure. The products were filtered, washed, and dried
at 110°C for 3 h, then calcined in air at 550 °C for 6 h to com-
pletely remove the template.

The multi-technique characterization of SAPO-34 has been
reported elsewhere [21]. The chemical composition of synthe-
sized SAPO-34 after removal of organic template is
Alg.49P0.41Si0.1002.

2.2. Insitu FTIR study

Self-supported SAPO-34 wafers (17 mg/cm?) were first cal-
cined in a flow of dry oxygen at 450°C for 10 h and then
in vacuum for 4 h. After cooling to room temperature, the
spectra of SAPO-34 phase and gas phase were recorded using
a Fourier transform spectrometer as reference (Perkin—Elmer
Spectrum 2000). The wafers were put in contact with known
amount of CH3Cl. The chloromethane was purchased from
Aldrich Chemical Company (99.5%). As for the effect of tem-
perature, the conversion of chloromethane was performed in
situ at reaction temperatures ranging from 250 to 500°C for
15 min with a system chloromethane loading of 45 molecules
per unit cell (m/uc). For the effect of chloromethane load-
ing, the conversion was carried out at 450°C for 5, 15, 30
and 60 min with chloromethane loadings of 15, 30, 45, and
60 m/uc, respectively. After reaction, the samples were cooled
in liquid nitrogen to stop the reaction, and the IR spectra of gas
phase in the IR cell and adsorbed phase with the catalyst were
recorded.
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2.3. Catalytic testing

The catalytic tests were performed using a fixed-bed reac-
tor system at atmospheric pressure. First, 0.62 g of catalyst was
loaded into a quartz reactor with an inner diameter of 5 mm.
The sample was pretreated in a flow of dry nitrogen at 500 °C
for 1 h, after which the atmosphere was replaced by nitrogen
and chloromethane (with a N2/CH3CI molar ratio of 1), and
the reactor temperature was adjusted as desired in the range
of 350-500°C. Fresh catalyst was used for each temperature
measurement. The weight hourly space velocity was 3.17 h—1
for chloromethane. The product stream was kept at 180 °C and
analyzed on-line using a Varian GC3800 gas chromatograph
equipped with a flame ionization detector and a PONA capil-
lary column.

3. Resultsand discussion
3.1. Catalytic testing

The effect of reaction temperature on chloromethane con-
version and selectivity of the products was studied by catalytic
testing; the results are given in Figs. 1-3. Fig. 1 shows the tem-
perature dependence of the conversion. A conversion of 70%
is reached at 500 °C. Fig. 2 gives the product distribution in
carbon number. It is quite interesting to observe that C,—Cy
hydrocarbons are the main products of this reaction. This is
significantly different from the products obtained on a series
of large-pore zeolite catalysts, such as X, Y, EMT, Beta and
MOR [9,10,16] and should be attributed to the eight-ring pore
structure of SAPO-34. The narrow pore opening favors the pro-
duction of light hydrocarbons and prohibits the desorption of
larger hydrocarbon molecules out of the window, such as aro-
matic and hydrocarbons higher than Cg. The higher temperature
favors the generation of smaller products. In fact, at relatively
low reaction temperature, the formation of Cg products (propy-
lene and propane) predominates. At 450 °C, the selectivity of
C, and Cj attain the same level, whereas at 500 °C, the C; prod-
ucts predominate. Methane production increases slightly with
increasing reaction temperature, which may result from crack-
ing of the hydrocarbon products.

The distribution of the products as a function of reaction
temperature is detailed in Fig. 3. Light alkenes, such as eth-
ylene, propylene and butenes, are the main products of the
reaction in the temperature range studied. At any reaction tem-
perature, almost 80% of the products are attributed to ethylene,
propylene, and butenes, indicating that SAPO-34 is a very se-
lective catalyst for the production of light alkenes. With increas-
ing reaction temperature, the selectivity of ethylene increases
and that of propylene and butenes decreases. The highest ethyl-
ene selectivity (40%) in the studied reaction temperature range
can be obtained at 500 °C. Only a small amount of light alkanes
can be observed at 350-450 °C. The products heavier than Cs
account for 15-20% of all products in this temperature range,
which may result from the oligomerization of light alkenes or
the alkylation of light alkanes with alkenes. At 500 °C, methane
becomes more prominent than other light alkanes, possibly
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Fig. 4. FTIR spectra of adsorption of chloromethane on activated SAPO-34 (A) and the gas phase of the IR cell (B). (a) Activated SAPO-34 and system

chloromethane loading (m/uc) of 15 (b), 30 (c), 45 (d) and 60 (e).

from cracking favored thermodynamically by the high temper-
ature. This was previously observed with other zeolite catalysts
[9,10,16]. Only trace amounts of aromatic products were ob-
served over the temperature range studied. This is very differ-
ent from chloromethane transformation over ZSM-5 catalyst,
with alkane and aromatics as the main products. The cages of
SAPO-34 does not prohibit the formation of aromatics, but the
eight-ring pore opening prohibits the desorption of aromatics.
During the reaction, HCI is also observed in the products (but
is not listed in the product distribution).

3.2. FTIR study

3.2.1. Surface hydroxyls of SAPO-34 and adsorption of
chloromethane

Fig. 4 gives the spectra of activated SAPO-34 and adsorption
of chloromethane with different system loadings. The spectra
in Fig. 4A represent only the species adsorbed on the SAPO-
34 phase with the gas phase subtracted, whereas the spec-
tra in Fig. 4B describe the gas phase present in the IR cell.
After activation, SAPO-34 gives four peaks in the range of
3000-4000 cm~! representing four types of hydroxyl groups
(Fig. 4Aa). Two peaks at 3625 and 3598 cm— can be attributed
to two types of Si(OH)AI groups differed in their localization.
The bridged group with v = 3598 cm~ is assumed to be local-
ized in the hexagonal prism, forming an H-bond with adjacent
oxygen atoms of the framework whereas the isolated bridged
OH groups pointing toward the center of the elliptical cages
give a vibration frequency at 3625 cm~! [22-25]. These two

types of OH groups are considered to have similar acidic prop-
erties and to be the active sites for acid-catalyzing reaction
[26,27]. The other two peaks at 3675 and 3743 cm™1, with very
low intensity, are assigned to P-OH and Si—-OH, respectively,
which are generated by the defect sites of SAPO-34 surface.
On the addition of 15, 30, 45, and 60 m/uc of chloromethane
at room temperature into the IR reactor, the bridged hy-
droxyl bands at 3625 and 3598 cm~! decrease in intensity
at a chloromethane loading of 15 m/uc and disappear com-
pletely at higher system loadings of chloromethane. Simultane-
ously, four new and sharp bands appear at 2960, 2863, 1442,
and 1347 cm~1, attributed to the antisymmetric or symmetric
stretching and bending vibrations of methyl group of CH3Cl,
respectively, indicating the adsorption of chloromethane mole-
cules on the catalyst. The very broad and intense band that
can be decomposed by a Winspec program to two overlapped
components centered at 3299 and 3270 cm~! is also observed
and can be attributed to the interaction of CH3ClI with the two
bridged hydroxyl groups. (Fig. 4Ac and d show even more
clearly the existence of two components). The interaction with
CHsCl shifts the two hydroxyls at 3625 and 3598 cm~1 to
lower wavenumbers. This observation suggests the accessibility
of both two bridging Si(OH)AI groups to chloromethane mole-
cules. Kazansky et al. [22] performed the adsorption of CH3l on
SAPO-34 and found that the high-frequency (3625 cm~—1) and
low-frequency (3600 cm~—1) bands disappeared after adsorption
of CHjsl, giving a very broad band at 3280 cm~!. Kazansky
et al.’s observation of only one broad band instead of the two
components seen in the present study is very likely due to the
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different resolution of the IR apparatus used in the two stud-
ies. It is well known that the extent of the shift depends on the
acidity of the hydroxyl (the more strongly acidic the hydroxyl,
the greater the shift), and so the value of the shift has been
often used to evaluate the acid strength of a hydroxyl group
of solids. The evaluation of the shift value gives quite similar
values of about 326 and 328 cm~1 for the hydroxyls at 3625
and 3598 cm~1, respectively, signifying that both types of OH
groups exhibit similar acidic properties, confirming the predic-
tion made by Kazansky et al. [22] and Angyan et al. [25]. These
values are lower than those observed for HZSM-5 (412 cm™1),
HBeta (427 cm~1), and HMOR (415 cm~1), but similar to
those found for HEMT (322 cm~1) and HY (330 cm~1), in-
dicating that our SAPO-34 has a medium acid strength. The
results demonstrate that chloromethane can be used as an ef-
ficient probe molecule for the evaluation of acid strength of
solids, as described previously [16].

Two kinds of bridged hydroxyls of SAPO-34, with absorp-
tion bands at 3625 and 3598 cm~! due to their accessibil-
ity to and interaction with CH3Cl, could be the active sites
in the chloromethane conversion. Comparing the spectra of
chloromethane adsorption, the spectra given in Fig. 4Ab in-
dicate that a system loading of 15 m/uc cannot consume
all of the active sites of the catalyst. With the appearance
of four peaks at 2960, 2863, 1442, and 1347 cm~1, repre-
senting the absorption bands of methyl group of CH3Cl, the
bridged hydroxyl bands decrease in intensity but can still
be readily observed with lowered intensity. Because all of
the chloromethane molecules introduced are adsorbed into the
SAPO-34 pore system, no free chloromethane can be observed

in the gas phase (Fig. 4Bb). On increasing the system loading
of chloromethane to >30 m/uc (Fig. 4Ac—-Ae), the absorption
bands stemming from the bridged hydroxyls disappear, indicat-
ing that all of the active sites of the catalyst have been occu-
pied by the chloromethane. The free chloromethane molecules
(CHs— at 2970, 2880, 1456, and 1348 cm~tand C-Cl at 745
and 711 cm~1) are simultaneously detected in gas phase of the
IR cell (Fig. 4Bc—Be). The wavenumbers of these bands are
slightly different than those of the adsorbed phase. With the
effect of Fermi resonance, the absorption bands in gas phase
spectra appear with split bands. The intensity of these bands
increases with increasing system loading of chloromethane.

3.2.2. Effect of reaction temperature on the conversion of
chloromethane

Fig. 5A gives the spectra of adsorption and conversion of
chloromethane with a system loading of 45 m/uc over SAPO-
34 at different temperatures. Reaction performed at 250 and
300°C for 15 min (Fig. 5Ac and Ad) produces no significant
change in the IR spectrum, meaning that no conversion occurs
below 300°C. Some interesting and relevant changes appear
starting at 350 °C (Fig. 5Ae), indicating that the conversion may
start from this temperature. From 350 to 450 °C, the intensities
of the four peaks at 2960, 2863, 1442, and 1347 cm~1 due to
the methyl group of CH3Cl decrease, suggesting that the trans-
formation is occurring. At the same time, with the consumption
of chloromethane molecules, the bands at 3299 and 3270 cm~1,
due to chloromethane interaction with the active sites, also lose
intensity. A band at around 1669 cm~! appears at 350 °C and
becomes remarkable with increasing temperature. This band
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Table 1
Wavenumbers and assignments of IR bands of chloromethane conversion over
SAPO-34

Wavenumbers  Assignments Wavenumbers — Assignments
(cm™1) (cm~1)

2960 (2970%)  v(C-H)as of -CH3 1602 v(C=C),, of alkene
2920 v(C-H)as of -CHy— 1572 v(C-C) of aromatic
2878 v(OH) + v(OH---Cl) and polymer

2870 v(C-H)s of -CH3 1442 (1456%)  §(C-H)as of —-CH3
2863 (2880%)  u(C-CH)s of -CH3 1378 5(C-H)s of -CH3
2450 v(OH) £ u(OH---Cl) 1347 (1348%)  §(C—H)s of -CH3
1669 v(C=C) of alkene 9502 y(C-H) of —-CHy-
1622 v(OH) £ v(OH---Cl) 747, 7118 v(C-Cl) of -CH3

@ Absorbance in gas phase.

can be attributed to the stretching vibration of C=C, indicat-
ing the generation of alkenes from chloromethane conversion
over the surface of the catalyst. Attributions of all of the vibra-
tion bands observed for the products of conversion are given in
Table 1.

Based on the study of a series of protonic zeolites, negatively
charged chlorine atoms of chloromethane can interact with hy-
drogen atoms of hydroxyls in a hydrogen-bond form, and the
positively charged carbon atoms can also interact with the oxy-
gen atoms of zeolite framework to give a surface methoxy
species and HCI, as demonstrated by Murray and others [10,
14,16].

It is noteworthy that a series of broad bands appear at around
2878, 2450, and 1622 cm~1 (with the band at 2878 cm~1 over-
lapping bands at 2960 and 2863 cm~1) and increase in intensity
with increasing reaction temperature. These three broad bands
may come from the H-bonding complex and be attributed to the
perturbed OH vibration, because they are quite similar to the
triplet A, B, C bands of the hydroxyl group reported previously
[28,29]. Usually, for the H-bonding complex, the A-B-C pat-
tern with broad and intense absorbance at around 2800, 2400,
and 1700 cm~1 is caused by a Fermi resonance between out-
of-plane deformation vibration of bridged OH group and the
perturbed hydrogen-bound OH group due to O-H- - -X-H for-
mation.

The observation of a triplet A-B-C pattern as the conver-
sion occurs signifies that HCI is immediately generated from
the dehalogenation of chloromethane with the reaction. The
strong H-bond complex (A-B-C pattern at 2878, 2450, and
1622 cm~1) is due to the strong interaction between Si(OH)AI
and HCI.

Although a large H-complex family has been studied, the ex-
planation for HCI adsorption on the zeolite surface remains ob-
scure. Ozin [30] studied HX adsorption over NaY and HY and
considered the bands of 2800 and 2400 cm~1 as being a red-
shifted OH group and a blue-shifted HCI group (O—H- - - X-H).
In Kiricsi’s [31] work on the adsorption and reaction of methyl
chloride on acidic, neutral, and basic zeolites, even though HCI
was also considered as one of main products of the reaction,
absorbance was not reported in the zone of 2800-1800 cm~1,
similar to other work [9,10] carried out on chloromethane trans-
formation by means of FTIR on a series of zeolite catalysts
(Beta, Y, MOR, EMT, and ZSM-5).

In the study reported here, besides the generation of H-
complex with A-B-C patterns caused by HCI adsorption, an-
other quite interesting and important fact to note is that the
intensity of absorption at 3675 cm~! increases significantly
with the occurrence of the reaction at 350 °C (Fig. 5Ae). For the
activated sample, this peak is assigned to the P-OH of SAPO-
34. Its increasing intensity indicates the generation of a large
amount of P-OH during chloromethane conversion, possibly
from HCI adsorption on the aluminophosphate framework. The
dissociative HCI adsorption on the framework may break the
Al-O-P bond and produce a new bonding of P-OH and AICI.
Similar dissociative HCI adsorption was previously reported in
a study of HCI adsorption on an Al,O3 surface [32]. In the ear-
lier study by Lunsford, no new hydroxyl groups were found
when Mg, P-modified ZSM-5 was exposed to HCI [11]. When
chloromethane transformation was carried out in cationic zeo-
lite, a hydroxyl group appeared after the reaction [10].

The foregoing observations (i.e., A-B-C triplet pattern and
increased intensity of P-OH groups) reveal that the elimination
of HCI from CH3Cl is the first step in chloromethane conver-
sion and the precursor of the C—-C bond formation. This is in
complete agreement with previous reports by different groups
[10,14].

On a further temperature increase to 500°C (Fig. 5Ah),
a larger band appears in the hydroxyl absorption zone (3700—
3000 cm~1). This can be explained by the interaction of the
bridged hydroxyls with different alkenes. The absorbance of
hydroxyls becomes very complicated for this reason.

The gas phase in the IR cell at different temperatures were
also analyzed (Fig. 5B). With increasing the reaction temper-
ature, the intensity of the bands of C-CI, appearing as split
bands at 745 and 711 cm~!, decreases, indicating that some
chloromethane molecules in the gas phase has been consumed
during the reaction. No other new species can be found in the
gas phase, suggesting that the reaction may occur mainly over
the surface of the catalyst, and that the products result from the
conversion of adsorbed chloromethane. After conversion, the
products (e.g., HCI and alkenes) are still adsorbed over the cat-
alyst surface and can be detected only as the adsorbed species.

3.2.3. Effect of chloromethane system loading on the
conversion of chloromethane studied by FTIR

A detailed FTIR study was performed to gain a better un-
derstanding of the reaction mechanism. Different amounts of
chloromethane were introduced into the IR cell containing
SAPO-34 wafers. The IR cell temperature was increased to
450 °C and kept there for 5, 15, 30 and 60 min, at which points
the spectrum was recorded. The spectra of the adsorbed species
on catalyst and the gas phase with system chloromethane load-
ing of 15, 30, 45, and 60 m/uc are depicted in Figs. 6-9.

In the spectra of chloromethane loading of 15 m/uc (Fig. 6),
after 5 min of reaction at 450°C, the bands at 3299 and
3270 cm~! (due to the interaction of two types of Si(OH)AI
with CH3Cl) and the bands at 2960, 2863, 1442, and 1347 cm~1
(stemming from CH3CI) significantly decrease in intensity,
indicating the conversion of chloromethane. The simultane-
ous appearance of the band at 1378 cm~1, attributed to the
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Fig. 6. FTIR spectra of chloromethane adsorption (15 m/uc) and conversion at 450 °C: (A) adsorption phase on SAPO-34, (B) gas phase. (a) Activated SAPO-34,
CH3Cl adsorption at RT (b) and reaction at 450 °C for 5 (c), 10 (d), 15 (e), 60 min (f), and evacuation at 150 °C for 60 min (g).

methoxyl group, and the band at 1669 cm~1, from the adsorbed
C=C species, proves that dehalogenation to give HCI and sur-
face methoxy groups and C-C bond formation occur at the
beginning of the reaction. The triple bands at 2878, 2450, and
1622 cm~1 also appear, suggesting H-bond formation between
bridged hydroxyl with HCI as a product of the dehalogenation
of chloromethane. The intensity of P-OH (band at 3675 cm~—1)
increases visibly with conversion and HCI adsorption, as dis-
cussed in Section 3.2.2.

With prolonging the reaction time, the bands representing
the methoxyl group and C=C slightly increase in intensity, sug-
gesting that more chloromethane molecules are transformed to
products. A broad absorbance appears progressively at 3000—
3600 cm~1, which may be attributed to the bridged hydroxyls
interacting with the formed alkenes. During the reaction period,
nothing can be observed in the spectra of the gas phase of the
IR cell; all of the reactants and products are adsorbed on the
catalyst surface. Desorption at 150 °C for 60 min in vacuum
can eliminate all of the species adsorbed on catalyst and com-
pletely restore all of the bridged hydroxyls. P-OH also recovers
its initial intensity. There is no difference between the spectra
in Fig. 6Aa and Ag, indicating good catalyst regeneration and
stability. In this quite interesting reversible process, breakage of
Al-O-P bonds by adsorption of HCI, a main product of the re-
action, gives a large amount of P-OH groups and AICI, and the
regeneration of AI-O-P bonds occurs after removal of HCI.

Product generation is similar at chloromethane loadings
of 15 and 30 m/uc (Fig. 7). It is easily seen a broad ab-
sorbance at 2878 cm~1 overlaps with peaks at 2960, 2920, and
2870 cm~1. These three peaks may be attributed to the ethoxyl
species (2960 and 2870 cm~1 from CH3— and 2920 cm~1 from

—CHy-), and ethylene probably will be liberated from this
species. These bands are also observed when HZSM-5 was
used as the catalyst for chloromethane transformation [33].
These bands provide direct proof of the formation of alkoxyl
surface species as proposed earlier [10,14,15]. The high inten-
sity of absorption at 1669 cm~? indicates the generation of
more alkenes at a reaction time of 60 min. With a reaction
time of 5 min, a new band at 1572 cm~! appears and could
be attributed to the vibration of the aromatic or polymerized
(C=C),,, showing the possible occurrence of alkene polymer-
ization or coke formation when the conversion is carried out
at relatively high chloromethane system loading. From the gas-
phase spectra in Fig. 7B, chloromethane in gas phase can be
detected at a loading of 30 m/uc. The absorbances at 2970,
2880, 1456, and 1348 cm~! appear as split bands. The bands at
745 and 711 cm~? decrease in intensity with increasing reac-
tion time but remain observable even after prolonged reaction
times. No vibration bands of HCI or alkenes are detected in the
gas phase. Not all of the framework hydroxyls can be regener-
ated by desorption at 150 °C for 60 min in vacuum, indicating
that some adsorbed species remain on the catalyst surface.
Increasing the chloromethane system loading to 45 m/uc,
the spectra in Fig. 8 are similar to those obtained with the
loading of 30 m/uc, whereas the conversion is enhanced com-
pared with at lower chloromethane loadings. Reaction at 450 °C
brings about intensified bands of Si(OH)AI perturbed with ad-
sorbed HCI; the broad band at 3000-3500 cm~1, caused by the
adsorption of alkenes on hydroxyl groups, also shows high in-
tensity, indicating generation of large amounts of alkenes. The
vibration bands of C=C (1669 cm~!) and (C=C),, (1572 cm™1)
appear, and the latter becomes more and more remarkable. Still
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Fig. 8. FTIR spectra of chloromethane adsorption (45 m/uc) and conversion at 450 °C: (A) adsorption phase on SAPO-34, (B) Gas phase. (a) Activated SAPO-34,
CH3Cl adsorption at RT (b) and reaction at 450 °C for 5 (c), 10 (d), 15 (e) and 60 min (f), and evacuation at 150 °C for 60 min (g).

no vibration bands of the products can be detected from the

gas-phase spectra of the IR cell.

On a further increase in system chloromethane loading to
60 m/uc (Fig. 9), the reaction results in a higher conversion
rate. The band at 1342 cm~1, the vibration of the other hy-

drocarbon band of CH3CI, rapidly decreases in intensity, and

the band of the methoxy group at 1378 cm~1 sharply increases

in height. This finding suggests an accelerated chloromethane
conversion compared with that at lower chloromethane load-
ings. The absorption at 1572 cm~! becomes more prominent,
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Fig. 9. FTIR spectra of chloromethane adsorption (60 m/uc) and conversion at 450 °C: (A) adsorption phase on SAPO-34, (B) gas phase. (a) Activated SAPO-34,
CH3Cl adsorption at RT (b) and reaction at 450 °C for 5 (c), 10 (d), 15 (e) and 60 min (f), and evacuation 150 °C for 60 min (g).

meaning greatly enhanced polymerization. High pressure in the
gas phase may thus favor chloromethane conversion to HCI and
alkenes as well as further reactions, such as oligomerization,
polymerization, and alkylation. From the gas-phase spectra of
the IR cell, the vibration bands of C-H at 2970 and 2880 cm—!
and of C-Cl at 745 and 711 cm~! sharply decrease in inten-
sity with increasing reaction time, signifying the consumption
of chloromethane molecules in the gas phase on reaction. This
finding is consistent with the change of the band at 1347 cm~1
in Fig. 9A. It is notable that a new band at 950 cm~! appears
in the gas-phase spectra at a reaction time of 5 min, and that
its intensity increases with time. This band may come from
the —CHy— group of CH3CH,Cl, which results from the further
reaction between the products of ethylene and HCI or an inter-
mediate, such as carbene, with CH3Cl, as proposed previously
[10]. The intensity of hydroxyls is quite low after desorption
(Fig. 9Ag) compared with that before the reaction (Fig. 9Aa),
and some adsorbed species remain on the catalyst surface, in-
hibiting the complete regeneration of hydroxy! groups.

The spectra depicted in Figs. 6-9 show that the conver-
sion of chloromethane is dependent on the amount of system
chloromethane loading. The vibration at 747 cm~! in the gas-
phase spectra due to the vibration of C-Cl of CH3Cl has been
tested, and its intensity is used to follow the consumption of
chloromethane over time at different chloromethane loadings.
Fig. 10 shows the variation in intensity of this band at different
loadings.

For a 15 m/uc chloromethane loading, no chloromethane in
the gas phase is observed as a function of reaction time. Com-
paring the intensity changes at system loadings of 15, 30, 45,
and 60 m/uc reveals that the decreased intensity of the band
at 747 cm~! is more prominent in conversions with higher
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Fig. 10. The intensity change of the band at 747 cm~1 in gas-phase spectra
after the reaction at 450 °C.

system chloromethane loadings. This may suggest that at rel-
atively high chloromethane loadings, the reactant in the gas
phase can react with the adsorbed species, so the reactant in
the gas phase is consumed with the conversion. For conversion
at low chloromethane loadings, the reaction may occur only be-
tween the adsorbed species on the catalyst surface, even though
some chloromethane molecules can be present in the gas phase
of the IR reactor.

It is also interesting to note that despite the large amount of
P—OH groups formed, these groups remain unchanged without
interaction with CH3Cl or products issued from the reaction.
This is likely due to their very weak acidity or their inaccessi-
bility.
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Scheme 1. Adsorption and conversion of chloromethane over SAPO-34.

4. Reaction mechanism

The formation of the triplet A-B—C pattern, the generation
of P-OH groups (described in Section 3.2.2 and further con-
firmed by the results of Section 3.2.3), and the detection of
surface alkoxy groups (Section 3.2.3) are the essential findings
and clearly demonstrate that the dehalogenation to split HCI
and methyl giving surface methoxy groups from CH3Cl is the
first step in chloromethane conversion. This is quite useful for
drawing a clear reaction mechanism. In this section we propose
a realistic reaction mechanism in a step by step fashion to cor-
relate with all of the observations.

Our FTIR and catalytic testing work using SAPO-34 in
chloromethane transformation found alkenes and HCI as the
main products. This is quite different from the products given
with protonic and cationic zeolites used as catalysts [9,10]. The
FTIR results show some special adsorbed species, providing
useful information for elucidating the interaction between the
active sites with reactant and products. Three shifts of Si(OH)AI
caused by three adsorption species can be seen during the ad-
sorption and conversion of chloromethane (see Scheme 1). The
interaction between chloromethane and Si(OH)AI induces the
shift of hydroxyl bands at 3625 and 3598 cm~! to 3299 and
3270 cm~1, respectively (adsorption I). With chloromethane
consumption, H-bond species give the typical A-B—C pattern
(2878, 2450, and 1622 cm™1), resulting from the adsorption of
HCI (adsorption I1). The Si(OH)AI shifts to a broader range of
3000-3500 cm~1, possibly due to the adsorption of alkenes (ad-

sorption I11). From these species, we would expect subsequent
C-C formation during the process of conversion.

During conversion, most products remain on the surface of
SAPO-34 as adsorbed species. It is rather difficult to find prod-
ucts eliminated from the surface and present in the gas phase of
the IR cell. After conversion, evacuation was done at 150 °C
for 60 min to remove the adsorption species. For all of the
spectra, the bands of the H-bond species, O-H- - -X-H, could
be removed completely. A new phenomenon was revealed, that
the adsorption of HCI on the framework can induce breakage of
Al-O-P bonds to generate a large amount of P-OH groups at
3675 cm~? (Figs. 6-9), and that the Al-O—P bonds can be re-
stored by removing the HCI by vacuum. This reversible process
was reported previously with the adsorption of NH3 on SAPO-
34 [34], but this paper is the first report of the process during
chloromethane conversion. The removal of alkene species over
the surface depends on the system chloromethane loading. For a
15 m/uc chloromethane loading, alkenes generated with bands
at 1669 cm~1 can be removed completely, and the Si(OH)AI
bands can regain their initial intensity (Fig. 6Ag). But for sys-
tem chloromethane loadings of 30, 45, and 60 m/uc, even after
evacuation at 150 °C, some adsorbed species can still be seen on
the catalyst surface (bands at 1602 and 1572 cm~1 in Figs. 7Ag,
8Ag, and 9Ag). These species are expected to be the high-
polymerized alkenes, (C=C),, or coke species (adsorption 1V).
Therefore, the bridged hydroxyls cannot be completely regen-
erated at 150 °C.

Two mechanisms have been proposed for the transforma-
tion of chloromethane to higher hydrocarbons with zeolite as
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the catalyst; both of these mechanisms consider methoxy the
first intermediate and ethoxyl species the second intermediate,
with ethylene generated from the ethoxy group [9,10,14,15].
In our study, the FTIR spectra demonstrate the possible exis-
tence of these two adsorbed species during the reaction, with
the appearance of bands at 1378 and 1669 cm~1, from methoxy
and C=C, respectively, proving that for chloromethane trans-
formation over acid catalyst SAPO-34, dehalogenation and sub-
sequent C—C band formation occur as in zeolite catalysts.

The explanations for C-C band formation are quite diverse.
In Murray’s work, formation of the C—C bond resulted from the
methylation of framework-bound CH, species with a methyl
group from dehalogenated CH3X [14]. In another mechanism,
CH3 species were more free and could transfer from one frame-
work site to the neighboring methoxy group, and the C—C bond
formed from carbene insertion into the C—H bond of this neigh-
boring methoxy group [9,10]. These two mechanisms were con-
sidered direct routes for C—C bond formation, whereas the study
of Haw and Kolboe proved that the first C—-C bond in an MTO
reaction may occur in an indirect way, to avoid the high-energy
intermediate required in all direct mechanisms [35-37]. A reac-
tion center called the hydrocarbon pool, typically composed of
cyclo-organic species, acts as a scaffold for an assembly of light
olefins. For chloromethane transformation, even the detection
of initial hydrocarbon buildup is difficult, theoretical analysis
strongly favors the associative mechanism, with the first C-C
bond formation occurring after a methylation step [38]. In our
present study of chloromethane transformation over SAPO-34,
in catalytic testing, the narrow SAPO-34 window obscures the
cyclo-organic products, such as benzene and substituted ben-
zene, in the gas chromatograph. The FTIR study reveals ab-
sorbance at 1572 cm~1, which can be attributed to v(C-C),, of
aromatic species. This band is very obvious for the transforma-
tion with high system chloromethane loadings, indicating that
the cyclonic reaction center, which has been found by NMR
and MASS in the MTO reaction [35-37], may also form in the
cage of SAPO-34 and cannot escape from the window of the
pores. A possible pathway of first C—C bond formation is given
in Scheme 1. The first reaction center, such as methylbenzene,
is assumed to be present in the cage of SAPO-34, possibly from
the initial buildup with methoxy species or trace coke deposi-
tion from incomplete calcination. Subsequent methylation from
adsorbed chloromethane leads to the formation of multimethyl-
benzene and HCI; then the multibenzene eliminates an ethyl-
ene. Once ethylene is synthesized, additional methylbenzene
formation will continue through oligomerization and cycliza-
tion of olefins followed by hydrogen transfer.

The present study shows a very interesting trend from vary-
ing the system chloromethane loadings. A high chloromethane
loading (meaning a relatively high reactant pressure in the re-
action cell) favors chloromethane conversion and product gen-
eration. Usually the conversion is associated with the catalyst
active sites. For the SAPO-34 catalyst studied here, the bridged
hydroxyl Si(OH)AI is considered as an active site. Fig. 4 shows
that a chloromethane loading of 15 m/uc is insufficient to oc-
cupy all of the active catalyst sites, and the bands of Si(OH)AI
at 3625 and 3598 cm~1 can still be observed. With loadings

>30 m/uc, the bands of Si(OH)AI disappear, and the bands of
gaseous chloromethane appear in the gas-phase spectra (CH3—
of CH3Cl at 2970, 2880, 1456, and 1348 cm~1and C—Cl at 745
and 711 cm~1). During the process of chloromethane trans-
formation, the intermediate of alkoxy groups and products of
alkenes and HCI occupy the active sites and may delay the con-
tinued conversion. Interestingly, however, high conversion rates
occur at higher loadings. It is supposed that most of the reaction
center methylbenzenes result from secondary reaction of ethyl-
ene, as discussed earlier; that high system chloromethane load-
ings may favor the generation of large amounts of ethylene in
the next step; and that more methylbenzene can be synthesized
at the reaction center. The presence of dense hydrocarbon pools
in the cage will speed up the conversion of chloromethane, so
the sharp consumption of gas-phase chloromethane can be ob-
served.

Comparing the spectra of chloromethane at loadings of 15,
30, 45, and 60 m/uc reveals differences in C=C and (C=C),
formation. At low chloromethane loading, C=C with a band at
1669 cm~! appears as the main absorbance; at higher system
loadings, the band at 1572 cm~1 due to aromatic or polymer-
ized (C=C), increases in intensity and becomes more promi-
nent. After the polymerization of alkenes (i.e., consumption of
adsorbed alkenes), some Si(OH)AI sites are no longer occupied
and once again are available for the reactant in the gas phase.
At a system loading of 60 m/uc, the band of CH3CH,Cl clearly
appears in the gas-phase spectra, indicating that high loading
also improves the further reaction of CH,=CH, and HCI or of
CHa with CH3CI. The giving off of CH3CH,CI from the cat-
alyst surface may be another possible route of adsorption and
conversion of chloromethane on active sites.

5. Conclusion

SAPO-34 is a very active, selective, and promising catalyst
for the production of light alkenes from chloromethane trans-
formation. In the temperature range of 350-500°C, 70-80%
selectivity of light alkenes can be obtained. Adsorption and
dehalogenation of CH3Cl and formation of C-C subsequently
occur. Alkenes and HCI appear as the main products, which
remain on the catalyst surface as adsorbed species. The dis-
sociative adsorption of HCI on Al-O-P generates new P-OH,
whereas the removal of HCI can restore the Al-O-P bonds.
This reversible process is reported here for the first time with
SAPO-34 under a reaction process. Chloromethane conversion
is related to system chloromethane loading, with higher load-
ings inducing higher conversion rates. More hydrocarbon pool
formation and a further reaction of alkenes, such as alkene poly-
merization and CH3CH,CI formation, are the reason for the
rapid conversion.
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