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A series of MgAPSO-34s with various Mg stoichiometries were synthesized, characterized by multiple
techniques such as, powder XRD, solid state MAS NMR, DR UV–vis spectrometry, NH3-TPD and FTIR
and used as catalysts in the direct conversion of chloromethane into light olefins. XRD results revealed
that the unit cell parameters of the CHA structure increased with Mg incorporation. The appearance of
some new peaks in the 31P MAS NMR spectra of MgAPSO-34 indicated new P co-ordination states as a
result of the substitution of Al by Mg. Mg incorporation also modified the Si co-ordination states. A DR
UV–vis spectroscopic study evidenced that, in comparison with an MgO crystal, the Mg species in the
MgAPSO-34s were quite different. These changes in crystal structure and the chemical environment of
framework elements created by Mg substitution modified the acidity and catalytic properties. The acidity
of SAPO-34 and MgAPSO-34 determined with NH3-TPD and FTIR techniques showed that the amount of
acid sites, especially those of strong acidity, is reduced with the increase of Mg incorporation. Direct chlo-
romethane transformation was carried out over SAPO-34 and MgAPSO-34. All the samples were very
active and selective catalysts for light olefin production from chloromethane. Compared with SAPO-34,
MgAPSO-34 showed an enhanced conversion, longer catalyst life and improved light olefin selectivity.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Aluminophosphate (AlPOs) and silicoaluminophosphate (SAPOs)
molecular sieves, microporous materials with P-Al or Si-P-Al
frameworks, have been widely used as shape-selective catalysts
in many processes [1–3]. Among SAPO molecular sieves, small
pore SAPO-34 exhibited particularly high ethylene and propylene
selectivity in the MTO process [4]. Many elements have been
incorporated into the SAPO-34 framework by isomorphous substi-
tution to form MeAPSO molecular sieves (Me = Be, B, Mg, Ti, Mn,
Fe, Co, Ni, etc.) [5,6]. With this modification, MeAPSO-34 showed
improved light olefin selectivity. For instance, Ni incorporation gave
rise to extremely high ethylene selectivity up to 90% and using
SrAPSO-34, ethylene and propylene selectivity attained 89.5%
[7,8].
ll rights reserved.
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Although the difference in catalytic performance between SA-
POs and MeAPSOs have been presented in the literature, theoreti-
cal and experimental details about the effect of metal
incorporation on co-ordination state of other framework elements,
such as Al, P and Si, is sparse [2,3]. In the case of MgAPSO molecular
sieves, metal ions are substituted on to the Al3+ site within the
framework which generates P(nAl, (4�n)Mg) co-ordination envi-
ronments [9–12]. The work of Ashtekar et al. and our recent study
indicated that metal incorporation into SAPO frameworks gave rise
to more silicon-rich regions [12]. Akporiaye et al. proposed that in
the MgAPSOs, the only likely site for silicon incorporation was the
P(4Al) site [13]. These observations predicted the differences be-
tween acidity and catalytic properties of MeAPSO and SAPO molec-
ular sieves, whereas the correlation between metal incorporation
and catalytic property improvement is still elusive. The clarifica-
tion of the influence caused by metal incorporation and the corre-
sponding change in catalytic performance merit a more detailed
investigation.

In this present work, a series of MgAPSO-34s were synthesized
using triethylamine as a template. The co-ordination states and
variation in acidity upon incorporation of differing amounts of
Mg within the framework were compared. A previous study proved
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that SAPO-34 and MeAPSO-34 are excellent catalysts for the pro-
duction of light olefins from methanol [14,15]. Our recent work
has indicated that SAPO-34 and MnAPSO-34, aside from their suc-
cessful application in the MTO process, are potential catalysts in
the direct transformation of chloromethane into light olefins,
which is regarded as an alternative use of natural gas with haloge-
nated methane as an intermediate [16–22].

This process was first proposed by Olah et al. [23] and zeolites,
such as ZSM-5, Y and MOR, were usually employed as catalysts for
the transformation of halogenated methane into higher hydrocar-
bons [24–32]. Products suitable for gasoline were mainly produced
over zeolite catalysts. However, their performance for light olefin
production needed further improvement. Mild acidity and the
small pore openings of SAPO-34 made it possible for highly effi-
cient chloromethane conversion and a high selectivity for light ole-
fins. In the present work, besides the study of metal incorporation,
we also try to develop a new SAPO-34 catalyst by modifying the
Mg content to improve the performance of chloromethane trans-
formation into light olefins.

2. Experimental

2.1. Synthesis

SAPO-34 and MgAPSO-34s were hydrothermally synthesized
according to a reported method [33]. The starting gels, with chem-
ical composition of 1.0Al2O3:1.0P2O5:0.6SiO2:xMgO:3NEt3:50H2O
(x = 0 – 0.20) were prepared by mixing pseudoboehmite (PetroChi-
na, China), orthophosphoric acid (85 wt.%, LiaoningChem, China),
silica sol (25 wt.%, ShanghaiChem, China) and deionized water with
vigorous stirring, and then followed by addition of the template
(Triethylamine, TEA, XinxiChem, China) and magnesium acetate
(ShanghaiChem, China) solution. The gels were sealed in the auto-
claves and crystallized at 200 �C for 15 h under autogenous pres-
sure. The crystals were filtered, washed with deionized water,
dried at 120 �C for 12 h, and then calcined in air at 550 �C for 4 h
to remove the template. The obtained samples with x = 0, 0.05,
0.10, 0.15, 0.20 were denoted as Mg34-00, Mg34-05, Mg34-10,
Mg34-15 and Mg34-20.

2.2. Characterization

Chemical composition was determined with a Philips Magix
X-Ray Fluorescence spectrometer. The powder XRD patterns were
recorded on a D/MAX-b X-ray diffractometer with CuKa1 radiation
(k = 1.5406 Å). Morphology of all the samples was obtained on a
kyky 1000 scanning electron microscope. Diffuse reflectance UV–
vis spectra of the calcined samples were recorded using a JASCO
V-550 UV–vis spectrophotometer. Solid-state 27Al, 31P and 29Si
MAS NMR spectra were obtained on a Varian Infinity-Plus 400
NMR spectrometer with a BBO MAS probe. Solid-state 27Al, 31P
and 29Si MAS NMR spectra were obtained on a Varian Infinity-Plus
400 MHz NMR spectrometer. 27Al MAS NMR experiments were
carried out using a 4 mm MAS NMR probe with a spinning rate
of 10 kHz. Chemical shifts were referenced to 1 AlðH2OÞ6þ3 . 31P
MAS NMR spectra were measured at 161.90 MHz on a 4 mm probe
spinning at 10 kHz. 29Si MAS NMR spectra with high power proton
decoupling were recorded at 79.4 kHz using a 7.5 mm MAS probe
with a spinning rate of 4 kHz. 4,4-dimethyl-4-silapentane sulfo-
nate sodium (DSS) was used as the chemical shift reference for
29Si MAS NMR spectroscopy.

The NH3-TPD experiment was performed with a Micromeritics
Autowin 2910 Chemical adsorption apparatus. 0.15 g calcined
samples (40 – 60 mesh) were first activated at 650 �C for 30 min
under a He flow of 20 ml/min. NH3 was injected to saturate the
samples at 100 �C. NH3 desorption was measured from 100 �C to
650 �C at a constant heating rate of 10 �C/min in a He flow of
40 ml/min.

The in situ FT-IR measurements were used to determine the
acidity of the catalyst with ammonia as the probe molecule. A
10 mg catalyst sample was pressed into a self-supported wafer
with a diameter of 13 mm. The wafer was placed in a quartz cell
equipped with CaF2 windows and treated in a vacuum (10�2 Pa)
at 500 �C for 2 h. After cooling to room temperature, a spectrum
was recorded using a Fourier Transform Infrared Spectrometer
(Bruker Equinox 55). Ammonia adsorption was then conducted
on the wafer at 100 �C and a spectrum of the solid phase was re-
corded after removing the gas phase ammonia by evacuation.

2.3. Catalytic test

Chloromethane transformation was carried out in a fixed-bed
quartz reactor at atmospheric pressure. 0.62 g catalyst (40–60
mesh) was loaded into the reactor and 3 ml quartz chips in the
upper part of the reactor were used to preheat the reactant gas.
All the samples were evaluated at 450 �C. Before each test, the
catalyst was treated in flowing N2 at reaction temperature for
1 h. Then the CH3Cl flow (WHSV = 3.2 h�1) diluted by N2 (CH3Cl:
N2 = 1:1) was introduced. All the products from the outlet of the
reactor were kept at 150 �C and analyzed by an on-line Varian
3800 gas chromatograph equipped with a FID detector and a Pona
capillary column (50 m).

3. Results and discussion

3.1. Synthesis

3.1.1. Chemical composition
The bulk chemical compositions of the synthesized SAPO-34

and MgAPSO-34 are given in Table 1. Among the five samples,
Mg34-00 shows the highest Si content (5.02 wt.%). Upon Mg incor-
poration, the fraction of Si in the as-synthesized samples decreases.
This is most noticeable when the Mg content reaches 1.65 wt.%
with just 3.16 wt.% Si present in the Mg34-20 crystal. For a clear
comparison of element substitution within a framework, the syn-
thesis of SAPO-34 and MgAPSO-34 was performed from the start-
ing gel with the same Al:P:Si ratio and the same template, only
the Mg content of the gel varied. The chemical composition of
the synthesized samples indicates that the presence of Mg in the
starting gel has an effect on the Si substitution into the molecular
sieve frameworks.

3.1.2. Crystalline structure and morphological features by powder XRD
and SEM

The powder X-ray diffraction patterns of the as-synthesized and
calcined SAPO-34 and MgAPSO-34 molecular sieves are shown in
Fig. 1. All the diffraction lines in the patterns can be indexed using
a typical zeolite CHA crystalline structure [2]. Mg incorporation
into the framework (Fig. 1A(b–e)) gives rise to some new peaks
at 2h = 17.6, 24.7, 33.1, 34.8, 35.6, 36.2 and 42.9�, compared to
the pattern of SAPO-34 (Fig. 1A(a)), indicating a change in symme-
try. Most of the peaks in the patterns of MgAPSO-34 appear with
higher intensity than those of SAPO-34, suggesting a more crystal-
line structure. The crystallographic data listed in Table 1 also
proves the higher crystallinity of Mg incorporated samples. After
calcination, SAPO-34 and MgAPSO-34 retain the zeolite CHA struc-
ture and the diffraction line at 9.4� (2h) becomes very strong in all
the patterns.

Another interesting observation is that, compared with SAPO-
34, the XRD diffraction peaks of MgAPSO-34 shift to lower angles,



Table 1
Chemical composition crystallinity and unit cell parameters of the as-synthsized SAPO-34 and MgAPSO-34s

Sample Chemical composition (mol) Mg content (wt.%) Si content (wt.%) Crystallinity a Unit cell parameters

a = b (Å) c (Å) V (Å3) SD

Mg34-00 Al0.488P0.404Si0.106O2 0.00 5.02 100 13.804 14.922 2462.5 0.023
Mg34-05 Mg0.013Al0.465P0.425Si0.098O2 0.33 4.51 116 13.821 14.932 2470.0 0.017
Mg34-10 Mg0.014Al0.464P0.427Si0.096O2 0.35 4.46 129 13.874 15.031 2505.7 0.053
Mg34-15 Mg0.032Al0.450P0.434Si0.085O2 0.83 3.91 128 13.881 15.084 2517.1 0.041
Mg34-20 Mg0.064Al0.425P0.443Si0.068O2 1.65 3.16 136 13.890 15.174 2535.4 0.045

a Crystallinity calculation based on the peaks of 2h = 9.45, 12.81, 15.96, 20.51, 25.78 and 30.50�, the crystallinity of MG34-00 was set as 100%.
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Fig. 1. XRD patterns of as-synthesized (A) and calcined (B) samples. (a) Mg34-00, (b) Mg34-05, (c) Mg34-10, (d) Mg34-15 and (e) Mg34-20. (*New peaks after Mg
incorporation, #intensity increased, +intensity decreased.)
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which implies an increase in the interplanar spacing and thus the
lattice parameters as a result of Mg incorporation. This increase
may stem from a longer Mg–O bond distance in comparison with
the Al–O bond distance [9]. The unit cell parameters of SAPO-34
and MgAPSO-34 are determined by a R3m symmetry in a hexago-
nal system and the results are listed in Table 1. As the larger Mg2+

ion is incorporated into the framework the unit cell parameters in-
crease. Such increases, observed experimentally, provide evidence
that Mg incorporation has taken place.

The SEM photos of the as-synthesized SAPO-34 and MgAPSO-34
are depicted in Fig. 2. The crystals show cubic morphology and
some twinned crystals can be observed. SAPO-34 particles are uni-
form, with a size of 1 lm (Fig. 2a), while MgAPSO-34 particles
range from 1 to 20 lm (Fig. 2b–e). Some larger particles are gener-
ated with Mg incorporation. The crystal size increases with Mg
content for the MgAPSO-34 samples.

3.2. Chemical environments by 27Al, 31P and 29Si MAS NMR and diffuse
reflectance UV–vis spectroscopy

3.2.1. 27Al, 31P and 29Si MAS NMR spectra
The 27Al MAS NMR spectra of the as-synthesized SAPO-34 and

MgAPSO-34 are given in Fig. 3. All these spectra show a strong sig-
nal with a chemical shift of 37.4 ppm, which is the typical signal of
Al in a tetrahedral environment Al(4P) for SAPO type molecular
sieves. The other signal with lower intensity at 7.9–12.9 ppm is
attributed to the penta-coordinated Al from an additional co-ordi-
nation of framework Al atoms with H2O or template molecules in
the channels [34].

The 31P MAS NMR spectra of the as-synthesized SAPO-34 and
MgAPSO-34 are shown in Fig. 4. For SAPO-34 (Fig. 4a), only one
strong signal with a chemical shift of �28.4 ppm is observed, indic-
ative of one chemical environment for P, P(4Al), within the frame-
work [33]. With Mg incorporation, besides the strong signal at
�28.4 ppm, three signals with chemical shifts of �25.0, �22.0
and �17.0 ppm progressively appear with relatively low intensity
(Fig. 4b and c). With further Mg incorporation, an additional but
very low intensity signal at �11.9 ppm is also observed (Fig. 4d
and e). The two overlapped signals at �25.0 and �22.0 ppm were
attributed to two different P(3Al, 1Mg) units in MgAPSO-34
[11,12]. The weak signals at �17.0 and �11.9 ppm were assigned
to P(2Al, 2Mg) and P(1Al, 3Mg) species, respectively. The various
chemical environments observed for P, such as P(3Al, 1Mg),
P(2Al, 2Mg) and P(1Al, 3Mg), directly prove the occurrence of iso-
morphous substitution of Mg for framework Al.

A detailed analysis of the chemical environment of phosphorus
in MgAPSO-34, by the deconvolution of 31P NMR spectra using a
Gaussian form are given in Fig. 4 and Table 2. The general trend
is that greater P incorporation generates more P(3Al, 1Mg), P(2Al,
2Mg) and P(1Al, 3Mg) species, and conversely less P(4Al) species.
It is observed that P(3Al, 1Mg) and P(2Al, 2Mg) species appear
when Mg is first introduced into the framework. The P(1Al, 3Mg)
species appear only when relatively high stoichiometries of frame-
work Mg are attained (Mg34-15).



Fig. 2. Scanning electron micrographs of as-synthesized samples. (a) Mg34-00, (b) Mg34-05, (c) Mg34-10, (d) Mg34-15 and (e) Mg34-20.
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The 29Si MAS NMR spectra of the as-synthesized SAPO-34 and
MgAPSO-34 are shown in Fig. 5. All the spectra show a strong sig-
nal with a chemical shift of �91.4 ppm and three signals with low
intensity at �95.2, �100.0 and �109.5 ppm. Compared with SAPO-
34, no additional signal is observed in the spectra of MgAPSO-34,
indicating that no new Si species are generated with Mg incorpora-
tion. This is in agreement with the published results that the sub-
stitution of Si for the P atom connected to one or more Mg atoms is
the most prohibited and the Si–O–Mg bond cannot form [12,13].
For the four signals present in the spectra, the signal at
�91.3 ppm is assigned to a Si(4Al) species, generated from one Si
substituting for one P by a SM2 mechanism, while the other three
peaks at �95.2, �100 and �109.6 ppm are assigned to Si(3Al),
Si(2Al) and Si(0Al) species, respectively, stemming from Si incorpo-
ration into the framework by the routes of SM3 and SM2 [35].

Although, these four signals appear in all the 29Si MAS NMR
spectra, their intensities vary with the stoichiometry of Mg Fig. 5
gives the deconvolution results by Gaussian form and the detailed
Si chemical environments within the framework are presented in
Fig. 6. Compared with Mg34-00, Mg34-05 containing a low amount
of Mg yields a slight increase in Si(4Al) species. As the stoichiom-
etry of Mg increases, the amount of Si(4Al) species decreases. For
all the MgAPSO-34 samples, the amount of Si(3Al) and Si(2Al) spe-
cies is less than in SAPO-34, while the amount of Si(0Al) species be-
comes more significant in the framework of Mg34-15 and Mg34-
20. It is well-known that an increase in Si-island formation within
a SAPO framework is usually accompanied by the incorporation of
more Si [35]. In the present study, more silica-islands form in the
MgAPSO-34 framework with high Mg content, despite only a small
amount of Si. Both Mg incorporation and Si incorporation therefore
influence the silicon chemical environment. In the sample with low
Mg content, such as Mg34-05, the incorporation of Mg causes the
decrease in silica within the framework. Also the Si(4Al) species
is more predominant. With the increase of Mg content, more sil-
ica-islands are formed as a result of substitution limitation of Si
for P, caused by the generation of P(nAl, (4�n)Mg).

Si incorporation into an AlPO framework generates bridge hy-
droxyl groups used as reaction centers in acid-catalyzed reactions.
The acidity strength varies with the Si chemical environment [36].
In the present study, the presence of Mg in the framework inhibits
Si incorporation and changes the Si distribution within the frame-
work, so the generated acid sites and their acid properties are mod-
ified correspondingly.

3.2.2. UV–vis diffuse reflectance spectra
The diffuse reflectance UV–vis spectra of the as-synthesized and

calcined samples are given in Fig. 7. These samples are all white,
therefore no absorption band is observed in the visible region of
the spectra. In the UV region, all the as-synthesized samples show
a broad band at about 220 – 320 nm (Fig. 7A), which arises from
Al–O charge transfer transitions of framework and extra-frame-
work tetrahedral AlO4 species [37]. Similar absorption bands also
appear in Fig. 7B for all the calcined samples of SAPO-34 and MgA-
PSO-34. This band is overlapped with a series of new bands at 225–
270 nm for all the MgAPSO-34 samples. As shown in Fig. 7B for
comparison, the absorbance of an MgO crystal [2] appears at
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Table 2
The 31P MAS NMR results of the phosphorus percents in various co-ordination states

Sample Phosphorus co-ordination state (%)

P(4Al) P(3Al, 1Mg) P(2Al, 2Mg) P(1Al, 3Mg)

�28.4 ppm �22.0, �25.0 ppm �17.0 ppm �11.9 ppm

Mg34-00 100.00 0.00 0.00 0.00
Mg34-05 87.61 10.89 1.50 0.00
Mg34-10 79.28 16.22 4.50 0.00
Mg34-15 65.94 27.63 5.95 0.49
Mg34-20 59.48 32.35 6.70 1.47
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205 nm and an Mg-impregnated sample of Mg/SAPO-34 (Ref. [1])
gives the absorbance bands at 210–275 nm. This means that after
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calcination, no Mg species from MgAPSO-34 transform into MgO
and that all the Mg species are located in the framework, in accor-
dance with the result obtained from XRD and 31P MAS NMR. Hence
the bands at 225–270 nm, present in the spectra of MgAPSO-34
overlapped with the broad band at 220–320 nm which are absent
in spectra of SAPO-34 could be assigned to tetrahedral Mg species
with 4- and 3-coordination. Their UV absorbencies are quite differ-
ent from the absorbance of 4-coordination (225 nm) or 3-coordina-
tion (270 nm) within the MgO micro-crystal with unsaturated
octahedral structure [38].

3.3. Acid measurement by NH3-TPD and FT-IR
3.3.1. Temperature programmed desorption of ammonia
Temperature programmed desorption of ammonia is used to

determine the amount and strength of acid sites of the synthesized
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Fig. 8. NH3-TPD profiles of SAPO-34 and MgAPSO-34s. (a) Mg34-00, (b) Mg34-05,
(c) Mg34-10, (d) Mg34-15 and (e) Mg34-20.
samples. The NH3-TPD profiles of calcined SAPO-34 and MgAPSO-
34 are shown in Fig. 8. The profiles consist of two distinct peaks,
maxima at 170 – 190 �C and 350 – 416 �C, respectively. Due to
the asymmetry of the second peak, these profiles could be decon-
voluted into three clear desorption peaks (A, B and C), correspond-
ing to the acid sites with differing strengths [35]. The results
concerning the peak position and the amount of desorbed ammo-
nia are presented in Table 3. Compared with SAPO-34, the amount
of weak and moderate acid sites in MgAPSO-34 samples decreases
with increasing Mg incorporation, while the amount of strong acid
sites of Mg34-05 increases slightly. Further increase in Mg content
within the frameworks gives rise to a gradual decrease in the num-
ber of acid sites. This may stem from less Si incorporation and the
formation of more silica-islands in MgAPSO-34 samples with rela-
tively high Mg content. As shown in Fig. 8 and Table 3, the general
trend is that the total amount of acid sites decreases with increas-
ing Mg content.

3.3.2. FT-IR spectroscopy of NH3 adsorption
Fig. 9A depicts the FT-IR spectra of the activated SAPO-34 and

MgAPSO-34. The spectrum of Mg34-00 (Fig. 9A-a) shows two hy-
droxyl stretching vibration bands at 3625 and 3599 cm�1, which
are assigned to undisturbed bridged Si–OH–Al groups and bridged
Si–OH–Al groups interacting with the oxygen atoms of the frame-
work, respectively [39]. These two hydroxyl bands also appear in
the spectra of Mg34-05 (Fig. 9A(b)) and Mg34-10 (Fig. 9A(c)), but
Table 3
Acidity measurement with NH3-TPD and FT-IR of NH3 adsorption

Sample NH3-TPD

Acidity (NH3 desorption (mmol/g))

Weak Medium Strong

182 – 192 �C 315 – 334 �C 410 – 422 �C

Mg34-00 0.2809 0.1006 0.0932
Mg34-05 0.2752 0.0812 0.0980
Mg34-10 0.2112 0.0892 0.0753
Mg34-15 0.1906 0.0941 0.0584
Mg34-20 0.1505 0.0590 0.0231
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the intensity gradually decreases with Mg incorporation. In Mg34-
15 and Mg34-20, these two bands almost disappear.

Upon adsorption of ammonia at 100 �C, the Si–OH–Al absor-
bance bands at 3625 and 3599 cm�1 disappear and some new
bands occur at 3400–1400 cm�1 (Fig. 9B). The bands at 1456 and
1400 cm�1 are usually assigned to the vibration of NH4

+, generated
by NH3 adsorption on the Brönsted acid sites [40], while the band
at 1620 cm�1 is assigned to NH3 adsorption on the Lewis acid sites.
Compared with SAPO-34, SAPO-34 with Mg incorporation shows a
decrease in the intensity of the bands arising from ammonia
adsorption on Brönsted and Lewis acid sites at 1456, 1400 and
1620 cm�1. These observations clearly demonstrate the surface
acidity modification by Mg isomorphous substitution. The adsorp-
tion of ammonia also generates two other superimposed bands at
3334 and 3290 cm�1 in the zone of 3000 and 3500 cm�1, resulting
from the interaction of ammonia with two types of hydroxyl
groups at 3599 and 3625 cm�1. It was previously reported that hy-
droxyl groups of zeolite or SAPO molecular sieves can be shifted to
lower wave numbers upon the interaction with a molecular base
[18,41–43]. No NH3–OH interaction is present for Mg34-15 and
Mg34-20 as no hydroxyls were detected by FT-IR.

3.4. Chloromethane conversion over SAPO-34 and MgAPSO-34

Catalytic transformation of chloromethane was carried out over
SAPO-34 and MgAPSO-34. The evolution of conversion and product
selectivity as a function of the time on stream is depicted in Fig. 10.
The first analysis of the products made at time on stream of 5 min
shows a very high conversion for all the tested catalysts, SAPO-34
and MgAPSO-34, indicating their high initial activity. All five cata-
lysts gradually lose their activity with prolonged time on stream. It
is interesting to observe that for most of the Mg incorporated sam-
ples, the conversion loss is remarkably slower than that of Mg34-
00, except for the Mg34-20 sample with the highest amount of
Mg incorporated. This demonstrates that Mg incorporation into a
SAPO-34 framework can be helpful in maintaining the catalytic
activity of MgAPSO-34 catalysts. This improvement in catalyst life
should be related to acidity modification by Mg incorporation, as
discussion in Section 3.3.

A detailed product distribution given in Fig. 10 shows that
product selectivity varies with the time on stream. At a reaction
time of 5 min, high chloromethane conversion is observed with
propane as the main product. Propylene and ethylene are also
generated in relatively low selectivity. In prolonging the reaction
time, light olefins become the main products. Ethylene selectiv-
ity increases gradually and attains more than 50% for all the cat-
alysts studied. Propylene selectivity shows an increase at the
time on stream of 35 min and remains constant at about 30%
until 155 min in the following reaction period. Butene selectivity
goes through a slight increase and then decrease slowly from
35 min time on stream. The variation in light olefin selectivity
evolution could be the result of the modification of the catalyst
pores by coke deposition during chloromethane transformation.
With the production of a large amount of light olefins, alkane
products, such as methane, ethane, propane, butane and prod-
ucts larger than C5 (C5+) are produced with low selectivity. A
mild increase in methane selectivity for longer reaction times
may stem from the pore blockage by coke formation, favoring
methane formation.

Comparing the catalytic properties of chloromethane transfor-
mation over SAPO-34 and MgAPSO-34, Mg incorporation gives rise
to a remarkable increase in catalyst life. Mg incorporation also af-
fected the light olefin selectivity. SAPO-34 shows a relatively high-
er selectivity for ethylene production. Propylene generation is
more predominate over MgAPSO-34 than SAPO-34.

The general reaction path of the conversion of chloromethane
into hydrocarbons is described in Scheme 1 [4,28,30].

Light olefins have been proposed to be the initial products of
chloromethane transformation over an acid catalyst [16,19]. The fi-
nal light olefin selectivity is closely related to the secondary reac-
tions, such as oligomerization, H-transfer reactions and cracking. A
useful parameter, the Hydrogen Transfer Index (HTI, C3

o/C3
=), is

employed to measure the hydrogen transfer level of SAPO-34 and
MgAPSO-34 catalysts [44]. Fig. 11 gives the HTI value of chloro-
methane conversion over SAPO-34 and MgAPSO-34. For all the cat-
alysts, a high conversion is accompanied by a high HTI value,
corresponding to high propane selectivity and low propylene selec-
tivity during the initial reaction stage. In prolonging the reaction
time, the HTI value is lowered with a decrease in conversion. Light
olefins become the main products in chloromethane transforma-
tion. A detailed comparison shows that at the same level of chloro-
methane conversion, Mg34-05 has the lowest HTI value. The
hydrogen transfer reaction could be weakened by using Mg-incor-
porated SAPO-34 catalysts.

Pore structure and acidity affect the hydrogen transfer level. A
large void space and a high density of Brönsted acid sites, espe-
cially the acid sites in the neighborhood, are very important for
hydrogen transfer reactions [44–47]. For SAPO-34 and MgAPSO-
34, which have very similar pore structures, the HTI values would
be mainly influenced by their acid strength and density. As shown
by FT-IR and NH3-TPD in Section 3.3, the presence of Mg induces
the reduction of Si substitution into the AlPO framework and thus
less acid site formation. This weakened acidity with Mg incorpora-
tion is responsible for the lowered HTI value and the improved
light olefin selectivity. The total ethylene and propylene selectivity
reaches 80% over MgAPSO-34, indicating that MgAPSO-34 is a po-
tential catalyst for light olefin production.
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Fig. 10. The conversion and selectivity of chloromethane reaction over SAPO-34 and MgAPSO-34 catalysts (T = 450 �C, WHSV = 3.17 h�1). (a) Mg34-00, (b) Mg34-05, (c)
Mg34-10, (d) Mg34-15 and (e) Mg34-20.
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Fig. 11. Conversion vs. HTI (Hydrogen Transfer Index) plots of chloromethane
transformation over SAPO-34 and MgAPSO-34 catalysts. (a) Mg34-00, (b) Mg34-05,
(c) Mg34-10, (d) Mg34-15 and (e) Mg34-20.
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4. Conclusions

SAPO-34 and MgAPSO-34 with a CHA zeolite structure were
synthesized for applications in light olefin production from chloro-
methane transformation. Mg incorporation into SAPO-34 molecu-
lar sieves gave rise to the differences in crystalline structure,
morphology, P and Si chemical environments and acidity. The in-
crease in unit cell parameter and particle size was observed for
Mg containing samples. The appearance of new tetrahedral P and
Mg species in 31P MAS NMR and UV–vis spectra proved that Mg
is substituted for Al within the SAPO framework. The presence of
Mg in the starting synthesis gel reduced the Si incorporation and
induced Si chemical environments of MgAPSO-34. NH3-TPD and
FT-IR results showed relatively weak acidity and less acid sites
for Mg-incorporated samples. Catalytic performance tests showed
that both SAPO-34 and MgAPSO-34 molecular sieves were very ac-
tive and selective catalysts for the production of light olefins via
chloromethane transformation. Mg modification could efficiently
lower the hydrogen transfer reaction level and contribute to the
improved catalyst life and light olefin selectivity, in particular for
propylene production.
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