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Abstract—Three pairs of CHA- and AEI-type zeolytic materials with similar crystallite size but with different frame-
work atoms, ie., silicoaluminophosphate SAPO-34 and SAPO-18, aluminosilicate SSZ-13 and SSZ-39, and titanium-
incorporated TIAPSO-34 and TiIAPO-18, were prepared and their catalytic activities of chloromethane into light olefins
were compared according to the structure types, as well as acidic properties. The AEI-type catalysts were found to have
lower ethene/propene ratios, indicating relatively higher propene selectivity, because their aei-cage was larger compared
to the cha-cage. However, all the CHA-type catalysts exhibited better activity and higher selectivity to light olefins. Both
H-SAPO-34 and H-TiIAPSO-34 showed good catalytic stability over all the reaction times studied here. When compared
to H-SAPO-34, however, H-TIAPSO-34 exhibited ca. 20 mol% higher selectivity to ethene and propene, despite a simi-
lar total density of acid site. This performance may be due to the higher strength of medium acid sites.
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INTRODUCTION

The transformation of methane to chemical products is a topic
of interest in light of the continuing depletion of petroleum crude
oil and the increasing availability of plentiful natural gas (like shale
gas). Over the past few decades, several direct conversion routes
from methane to hydrocarbons have been studied and developed,
for example, to methanol, formaldehyde, ethylene, benzene, etc.,
but the present industrial process still proceeds via syngas (CO
and H,), which can finally be converted to heavier hydrocarbons
through Fischer-Tropsch catalysis [1]. Another promising non-
syngas indirect method is the transformation of methane to gaso-
line or light olefins via a halide methane (CH,X, X=Cl or Br).
Methane can be converted to a mono halide methane through the
monohalogenation (CH,+X,—CH,X+HX) or oxyhydrochlorina-
tion (OHC) process (CH,+HCl+1/20,—»CH;Cl+H,0) and the sub-
sequent conversion of halide methane into hydrocarbons using acid
catalysts like H-zeolites [2,3]. The second stage of the halogenated
methane transformation greatly resembles the more studied meth-
anol-to-gasoline (MTG) or methanol-to-olefins (MTO) reaction
[4]. For example, it has been reported that the chloromethane-to-
olefins (CMTO) transformation over H-SAPO-34 (framework type
CHA) and H-ZSM-5 (MF]I) proceeds through the so-called hydro-
carbon pool mechanism, which is now the general consensus for
the MTO reaction. The similarly shaped selective catalysis leads to
similar product distribution, i.e., high selectivity to light olefins and
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gasoline range products over H-SAPO-34 and H-ZSM-5, respec-
tively [3,5-8].

However, there are also some obvious distinctions between the
two reactions. The CMTO reaction does not generate dimethyl
ether; which is usually co-produced in the MTO reaction, but instead
generates hydrogen chloride (HCI) as a by-product, which can recy-
cle back to the OHC process [3]. In particular, the most remark-
able difference is the lower conversion of chloromethane, as com-
pared to methanol under similar reaction conditions. This may be
due to the lower proton affinity of chloromethane and thus a lower
rate of transformation [5]. A higher reaction temperature or a stron-
ger and more highly acidic zeolytic catalyst can improve the con-
version of chloromethane, but at the same time lead to faster catalyst
deactivation. For these reasons, it is necessary to explore how diverse
zeolytic catalysts improve the chloromethane conversion and/or
selectivity to light olefins. CMTO reactions carried out over zeo-
lytic catalysts, H-ZSM-5 [9-12] and H-SAPO-34 [5-8,13-20] have
already been widely reported. Some modifications to the two cata-
lysts have resulted in a further improvement in activity and selec-
tivity [9,10,15]. Some other structural types of zeolites and SAPO
materials, for example, beta (*BEA), mordenite (MOR), Y (FAU),
MCM-22 (MWW), ZSM-22 (TON), ZSM-34 (OFF/ERI), SAPO-
5 (AFI), and SAPO-18 (AEI), have also been studied for this reac-
tion, and it was reported that the conversion and product distribu-
tion differed depending on the porous structure and acidity of the
catalysts [10,21-25].

Among the wide number of MTO works, many studies have been
performed over H-ZSM-5 and H-SAPO-34, with excellent perfor-
mance. Besides these two most famous catalysts, recently, alumi-
nosilicate CHA-type zeolite SSZ-13, and AEI-type zeolite and SAPO
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Fig. 1. CHA (left) and AFI (right) structures and their cavities. A-
dapted from ref. 31.

materials, SSZ-39 and SAPO-18, respectively, have also been inves-
tigated and described as efficient catalysts for the MTO reaction
[26-30]. As seen in Fig. 1, both the CHA and AEI structures include
double six-ring (d6r) units stacked along the z-axis. However,
unlike the CHA structure, AEI has a lateral shift between the dé6r
units, resulting in a rotation of 180° around the z-axis [31]. This
small difference results in the two structures having different cage
features: the cylindrical 20-hedral [4"°6°8°] cha-cages (ca. 6.7x6.7x
10 A) of CHA are accessible through symmetrical 8-ring (3.8x3.8 A)
windows, while the aei-cages of AFI with a similar three-dimen-
sional interconnected channel system, and bound by 8-rings (3.8
3.8 A) have different pear-shaped cages, which can include spheres
up to 7.3 A, wider at the bottom than the cha-cage. In the MTO
reaction, when compared to H-SAPO-34 vs H-SAPO-18 or H-
SSZ-13 vs H-SSZ-39 with adequate acid site densities, the larger size
of the aei-cages allows the formation of aromatics of the proper size
within the hydrocarbon pool transient state and a relative increase
in propene over ethene [28,29]. Despite the similarities between the
MTO and CMTO reactions, however, there are very few compara-
tive studies of CHA and AFEI-type zeolytic catalysts for the CMTO

reaction. One study reported that H-SAPO-18 exhibited better
CMTO kinetic behavior (initial conversion, catalyst life time, and
product selectivity) than H-SAPO-34 due to its moderate acidity [25].

At the same time, some studies have reported that compared to
H-SAPO-34, the metal-incorporated H-MeAPSO-34 catalysts (Me=
Ti, Mn, Fe, Co, Zr, etc) improved both MTO and/or CMTO
activity by modifying their density and/or the strength of acid sites
[15,17,19,32-34]. Co, Mn, and Fe incorporated H-MeAPSO-34
exhibited improved catalyst life time, and favored ethene and pro-
pene selectivity in the CMTO reaction [15,17]. In our previous
study, we prepared a series of H-TIAPSO-34 catalysts with nano-
meter scale crystal size, and controlled titanium content in the zeo-
lytic framework; when the H-TIAPSO-34 catalyst incorporated the
proper amount of titanium, it had a positive effect on the MTO
activity and stability [34]. Accordingly; in the present contribution,
we compared CMTO kinetic behaviors based on the CHA and
AEI framework topologies, and the composition of the framework
atoms (aluminosilicate, SAPO, and TIAPSO or TIAPO molecular
sieves). H-TIAPSO-34 showed the best performance for both the
chloromethane conversion and selectivity to light olefins among
all the catalysts studied here.

EXPERIMENTAL

1. Catalyst Preparation

All as-made materials were synthesized in Teflon-lined auto-
claves according to the procedures described previously (Table 1)
[34-37]. The solid products were recovered by filtration or centrif-
ugation, washed repeatedly with distilled water, and dried over-
night at room temperature. The SAPO, TIAPSO, and TIAPO samples
were converted to proton form by calcining in air at 550 °C for
8h. Since inorganic Na" was used in their synthesis, aluminosili-
cate SSZ-13 and SSZ-39 zeolites were first calcined in air at 550 °C
for 8h and then converted to proton form by refluxing twice in
1.0 M NH,NO; solution (1.0 g solid per 100 mL solution) at 80 °C
for 8 h followed by calcination at 550 °C for 2 h.
2. Analytical Methods

Powder X-ray diffraction (XRD) patterns were recorded on a
Rigaku D/MAX Ultima III diffractometer operated at 40 kV and

Table 1. Synthesis conditions for the CHA- and AEI-type zeolytic materials employed in this study

Material IZA code Synthesis mixture composition’ T/t (°C/days) Ref.
SAPO-34 CHA 2.0TEAOH-1.0A1,0;-1.0P,05-0.35i0,-52H,0 175/2 [34]
$SZ-13 CHA 0.2BTMAOH-1.08i0,-0.033AL0;-0.05N2,0-5.0H,0 125/7 [35]
TIAPSO-34 CHA 2.0TEAOH-1.0AL0;-1.0P,05-0.35i0,-0.1TiO,-52H,0 175/2 [34]
SAPO-18 AEL 1.6DIPEA-1.0ALO,-0.9P,0,-0.2Si0,-50H,0 160/7" [36]
$SZ-39 AEI 0.14TMPOH.-1.0Si0,-0.0167AL,0;-0.3Na,0-28H,0 140/5" [37]
TAPO-18 AEI 2.0TEAOH-1.0AL,O;-1.0P,05-0.3Ti0,-52H,0 175/5 [34]

“TEAOH, BTMAOH, DIPEA, and TMPOH indicate tetraethylammonium hydroxide (35% aqueous solution, Sachem), benzyltrimethylam-
monium hydroxide (40% aqueous solution, Aldrich), N,N-diisopropylethylamine (99%, Aldrich), and 1,1,3,5-tetramethylpiperidinium
hydroxide (homemade), respectively. Fumed silica (Aerosil 200, Degussa), sodium silicate solution (Samchun), aluminum isopropoxide (98%,
Aldrich), pseudoboehmite (Catapal B, Vista), and Y zeolites (CBV-500 and CBV-720, Zeolyst) were used as the Si and/or Al sources. Other

starting reagents were the same as those described in refs. [34-37]
’Crystallization was performed under rotation (60 or 100 rpm)
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40 mA with Ni-filtered Cu K, X-ray radiation. Elemental analysis
involved using a Thermo Scientific iCAP 7400 inductively coupled
plasma spectrometer. Crystal morphology and average size were
determined by a JEOL JSP-6330F scanning electron microscope
(SEM). The N; sorption experiments were performed on a Micro-
meritics ASAP 2020 analyzer.

NH; temperature programmed-desorption (TPD) was carried
out on a fixed bed, flow-type apparatus linked to a thermal con-
ductivity detector (TCD). A sample of ca. 0.1 g was activated in
flowing He (50 mL min ") at 550 °C for 2 h. Then, 10 wt% NH; was
passed over the sample at 150 °C for 0.5 h. The treated sample was
subsequently purged with He at the same temperature for 1h to
remove physisorbed NH;. Finally, the TPD was performed in flow-
ing He (30 mL min ") from 150 to 650 °C at a temperature ramp
0f 10°C min™",

3. Catalysis

The chloromethane conversion was under atmospheric pres-
sure in a continuous-flow apparatus with a stainless steel fixed-bed
microreactor (0.D.=1.3 cm, LD.=1 cm, and length=40 cm). Prior
to the experiments, the catalyst was routinely activated under flow-
ing N, (10 mL min™") at 450 °C for 1 h and kept at 400 °C and atmo-
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spheric pressure to establish a standard operating procedure, allowing
time for the reactant/carrier gas distribution to be stabilized. Then,
chloromethane gas (Rigas, 99.9%) was fed at a rate of 2.5 mL min™"
(1.73h™" WHSV) into the reactor, which contained 0.2 g of cata-
lyst, at the same temperature. The total gas flow with N, at the
reactor inlet was kept constant at 13 mL min™". The reaction prod-
ucts were analyzed on-line in a Young-Lin YL6100 gas chromato-
graph (GC) equipped with an HP Plot Q capillary column (30 mx
0.53 mm) and a flame jonization detector. To avoid having the co-
produced HCl damage the capillary column, the outlet gas was
diluted with He (10 mL min™") before injection into the GC. Con-
version was defined as the percentage of chloromethane consumed
during the reaction, and the selectivity of each product was calcu-
lated as the percentage amount (in moles) of chloromethane con-
verted to hydrocarbons. Finally, the yield of each product was
determined as the multiplication of conversion and selectivity.

RESULTS AND DISCUSSION

1. Physicochemical Properties of Catalysts
Fig. 2 shows the powder XRD patterns of the proton form of all

(c) (f) 0]

uuuk..,.._i._ﬁ L

-

.“E"

[1}]

ngt‘nk ® | @ | h)
L J.NL.UJ“ @ U ot @ ©
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

20 (degree)

20 (degree)

20 (degree)

Fig. 2. Powder XRD patterns of proton form (a) H-SAPO-34, (b) H-SSZ-13, (c) H-TiAPSO-34, (d) H-SAPO-18, (e) H-SSZ-39, and (f) H-
TiAPO-18 and as-made (g) SAPO-18, (h) SSZ-39, and (i) TIAPO-18.

Table 2. Physicochemical properties of zeolytic catalysts prepared in this study

Catal IZA  Chemical Crystallite shape BET surface area (m’ g ')* Relative acid sites density (a.u.)’
atalyst e a .

i code  composition and size (um)” Total External’ Microporous Total Weak Medium Strong
H-SAPO-3¢  CHA Sis1,Aly5,P0 50, Cuboids, <0.2 620 80 540 100 29(210) 71(375) 0(-)
H-SSZ-13 CHA  Aly;Sip:0, Cuboids, <0.7 840 80 760 55  4(210) 14 (370) 37 (475)
H-TiAPSO-34 CHA Tiy;Sig14AL53Pp3,0, Cuboids, <0.2 600 100 500 99 31(210) 68(400) 0(-)
H-SAPO-18  AEI  Sijg,Aly50Py430, Irregular rods, <0.5 620 100 520 52 22(210) 30(345) 0(-)
H-SSZ-39 AET  Aly,Sig 550, Cuboids, <1 490 90 400 84  7(210) 24(350) 53(505)
H-TIAPO-18  AEI  Tijg5Aly5,Py440, Plates, <1 580 70 510 20 20(210) O(-) 0(-)

“Determined by elemental analysis
*Determined by SEM

‘Calculated from N, sorption data
“Determined according to the t-plot method

‘Determined from peak decomposition of NH,-TPD data using the PeakFit curve-fitting program. The values given in parentheses are the

temperature maxima (°C) of each NH; desorption peak

Korean J. Chem. Eng.(Vol. 35, No. 7)
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six CHA- and AFI-type zeolytic catalysts employed in this study.
For comparison, the XRD patterns of as-made SAPO-18, SSZ-39,
and TIAPO-18 are also given in Fig. 2. All the H-form catalysts are
highly crystalline and no reflections other than those from each
CHA and AEI structure are observed, except for some differences
in the H-TIAPO-18 [38]. The highly microporous BET surface
areas of all the catalysts were also consistent with their highly crys-
talline microporous zeolytic structures (Table 2). The rather high
external surface areas of the samples may be due to their small crys-
tallite sizes below 1 um (see below). In our previous study, we con-
firmed the incorporation of titanium into the tetrahedral framework
of TIAPSO-34 and TIAPO-18 by diffuse reflectance infrared Fou-
rier transform and *Si MAS NMR analyses [34]. Although the
relative quantities of titanium are small, i, ca. 1 and 5mol% in
H-TIAPSO-34 and H-TiAPO-18, respectively, the tetravalent het-
eroatom was usually incorporated in the Si and/or P sites of each
framework (Table 2).

Interestingly, despite being the same AEI-type of zeolytic mate-
rials, the XRD pattern of H-TIAPO-18 is quite different than those
of H-SAPO-18 and H-SSZ-39, especially the most intense peaks
appeared around 26=8.5-11.5°. When compared to the patterns of
the as-made materials, on the other hand, the XRD pattern of SSZ-
39 is dissimilar to those of SAPO-18 and TIAPO-18. Unlike the
patterns of their proton forms, the as-made SAPO-18 and TIAPO-
18 are quite similar, although there are some additional peaks in
SAPO-18 than TIAPO-18 (e.g., 26=15-25"), due to the silicon-rich
regions of the structure [36]. Except for some differences in the
relative X-ray peak intensities of H-SSZ-39, however, the X-ray
peak positions are almost unchanged from its as-made form. It
has been reported that unlike the CHA structure, the framework
of the AFI-type materials is somewhat flexible, and the unit cell
dimensions and T-O-T (T=Al, B, or Si) angles can be changed by
calcination, dehydration, rehydration, substitution of framework
atoms, etc. [36]. When compared to the AIPO-18 data reported in
the literature [36], the XRD patterns of as-made SAPO-18 and
TiAPO-18 were found to be similar to that of as-made AIPO-18.
The as-made SSZ-39 and the proton forms H-SAPO-18 and H-
SSZ-39 are similar to the calcined AIPO-18, whose space group is
identical to its as-made form (i.e., C2/c), while the detailed unit cell
parameters were changed. The unique XRD pattern of H-TiIAPO-
18, which may be due to the incorporation of titanium in the
framework and the resulting change in hydration capability, indi-
cates a more intense structural variation. A systematic investiga-
tion which focused on this phenomenon will be discussed in a
separate report in the near future. In any case, these structural dis-
tortions are rarely observed in zeolite chemistry, but generally tend
to influence application properties, ie., ion-exchange, sorption,
catalysis, etc. [39].

Fig. 3 shows SEM images of the six proton form CHA- and
AEI-type zeolytic catalysts studied here. The crystallite shapes and
sizes of all the catalysts are also summarized in Table 2. There are
few changes compared to those of their as-made samples (not
shown). The crystallite shapes of all the catalysts are also consis-
tent with the individual conventional crystal morphology [34-37].
We note here that none of the catalysts differed significantly in
crystallite size, which ranged from 0.1-1.0 um. It is well known
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Fig. 3. SEM images of (a) H-SAPO-34, (b) H-SSZ-13, (c) H-TIAPSO-
34, (d) H-SAPO-18, (¢) H-SSZ-39, and (f) H-TIAPO-18.

that MTO activity is greatly influenced by the catalyst crystal size
because of a severe intracrystalline diffusion limitation. For exam-
ple, when two different H-SAPO-34 catalysts with similar physico-
chemical properties, but different crystallite sizes (ca. 0.4 vs 7.0
pumy), were compared, the smaller crystal H-SAPO-34 catalyst retained
a conversion of more than 50% up to 300 min on stream, but under
the identical reaction conditions, the larger crystal catalyst rapidly
deactivated, and fell below 10% conversion before even 100 min
on stream [40]. Therefore, it is important to prepare the catalysts
so that they have similar crystal sizes before comparing frame-
work topologies and acidic properties by modifying framework
atoms in the CMTO as well as the MTO reaction.

Fig. 4 compares the NH; TPD profiles from the six CHA- and
AEI-type acid catalysts composed with different framework atoms.
Diverse TPD profiles appeared depending on the framework topol-
ogies and the composition of the framework atoms. The TPD
curves are characterized by one, two, or three desorption peaks
with maxima in the temperature regions 200-220, 340-400, and/or
470-510°C, which are assigned to NH; desorption from weak,
medium, and strong acid sites, respectively. Their relative area, the
relative density, is listed in Table 2. The total relative density of acid
sites is strongly proportional to the relative amount of tetrahe-
drally coordinated framework atoms (Si, AL, Ti+Si, and Ti for H-
SAPOs, H-zeolites, H-TIAPSO, and H-TIAPO, respectively) which
induce the Bronsted acidity. In a comparison of H-SAPO-34 vs H-
SSZ-13 or H-SAPO-18 vs H-SSZ-39, the TPD curves of H-SAPOs
consist of weak and medium acid sites, while those of the H-zeo-
lites have considerably higher strong acid sites. This result is very
consistent with the general acidic properties of these two group of
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zeolytic catalysts [30,36].

Note that the medium acid sites in H-TIAPSO-34 shifted to higher
strength (400 vs 375 °C) than in H-SAPO-34, despite having almost
the same acid density. This can be rationalized by considering the
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Fig. 5. Conversion of chloromethane and selectivity to hydrocarbons as a function of TOS over (a) H-SAPO-34, (b) H-SSZ-13, (c) H-
TiAPSO-34, (d) H-SAPO-18, (e) H-SSZ-39, and (f) H-TiAPO-18 at 400 °C and 1.73h™ WHSV.
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—110 ppm, which can be assigned to Si(nAl) sites (n=0-3). It is
known that the Si(nAl) (n=1-3) sites in H-SAPO catalysts usually
induce relatively stronger Bronsted acid sites than Si(4Al) sites
[15,41]. Thus, the additional incorporation of titanium into the H-
SAPO-34 framework gives rise to changes in the acidic property
of H-TIAPSO-34. On the other hand, the titanium incorporated
H-TiAPO-18 catalyst showed only a weak acid site unlike H-SAPO-
18, which has an additional medium acid site. It has been reported
that the intensity of higher temperature NH, desorption peak in-
creases with increasing Si content in H-SAPO-18 [36]. Thus, a
small amount of tetrahedral framework titanjum atoms may be
responsible for the weak and small amount of acid sites.
2. Chloromethane Conversion Catalysis

Fig. 5 shows the chloromethane conversion and selectivity to
hydrocarbons as a function of time on stream (TOS) over all the
CHA- (left (a)-(c); H-SAPO-34, H-SSZ-13, and H-TiAPSO-34)
and AElI-type (right (d)-(f); H-SAPO-18, H-SSZ-39, and H-TLAPO-
18) zeolytic catalysts prepared in this study. We confirmed that all
the zeolytic structures were still intact after the entire reaction time,
using powder XRD measurements (not shown). We also con-
firmed that under identical reaction conditions (400 °C and 1.73h™
WHSV), the methanol conversion remained at almost 100% until
around 5 h on stream in the MTO reaction over H-SAPO-34 (not
shown). As shown in Fig. 5, on the other hand, except for the H-
SSZ-13, none of the catalysts including H-SAPO-34 were able to
reach 100% of initial chloromethane conversion after 10 min on
stream, despite the relatively high temperature and low WHSV
reaction conditions. This result demonstrates that chloromethane
has a lower proton affinity than methanol and accordingly lower
CMTO reaction activity [5]. We also note that the CMTO kinetic
behaviors of all the catalysts studied here showed obvious distinc-
tions, due not only to the framework topologies, but also to the
composition of the framework atoms.
2-1. Comparison of the CHA-Type Zeolytic Catalysts

The main reasons for the distinct CMTO kinetic behaviors of
the various CHA-type catalysts were their different acidic proper-
ties, which had been modified by the different framework atoms,
and to a lesser extent, the different catalyst crystal sizes. As shown
in Fig. 5(a)-(c), for example, the aluminosilicate H-SSZ-13 with
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the strong acid sites but with the lowest density of total acid sites
had the highest initial conversion (ca. 100%) but its stability, cata-
lyst life time (ca. 120 min), which is defined as the time required
to achieve 80% chloromethane conversion, was the shortest among
the three CHA-type catalysts. In contrast, H-SAPO-34 and H-
TIAPSO-34, with the highest density of total acid sites but without
strong acid sites, were characterized by conversions of around 85%
during the entire reaction time studied here. The conversion of H-
SAPO-34 was slightly higher than that of H-TiAPSO-34, which
may be due to the slightly weaker medium acid sites of H-SAPO-
34, despite having a similar density of total acid sites. These results
indicate that the stronger acid strength has a more negative affect
on the catalyst life time than the density of acid sites. It has been
known that in the MTO reaction, after the formation of hydrocar-
bon pool aromatics within most of the zeolite cages, the strong
acid sites induce successive cyclization of the aromatics, their pro-
gressive growth, and consequently catalyst deactivation [29]. How-
ever, this should not rule out the possibility that the slightly larger
catalyst crystal size of H-SSZ-13 (ca. 700 vs 200 nm) might also
contribute to the faster deactivation [40].

As also shown in Fig. 5(a)-(c), H-SAPO-34 and H-TiAPSO-34
exhibit almost time-independent product selectivity because of
their high catalytic stability [26]. However, the product distribution
of H-SSZ-13 was changed as a result of catalyst deactivation. Inter-
estingly; despite the almost identical physicochemical properties of
H-SAPO-34 and H-TiIAPSO-34, eg., crystallite shape and size,
BET surface area, density of total acid sites, etc. as summarized in
Table 2, H-TIAPSO-34 exhibited much higher selectivity to light
olefins (especially; ethene and propene). The only different physi-
cochemical property between the two CHA-type acid catalysts is
the strength of medium acid site: the slightly higher NH, desorp-
tion peak maximum (400 vs 375 °C) for H-TIAPSO-34 than H-
SAPO-34. Although the ethene/propene ratio is similar, 0.64-0.73
and 0.64-0.77 for H-SAPO-34 and H-TiAPSO-34, respectively
(the left side of Fig. 6), the selectivity to ethene+propene from H-
TIAPSO-34 was ca. 20% higher than that from H-SAPO-34 during
the entire reaction time, and therefore remained higher than 70%
(Fig. 5(a) and (c)). It thus appears that the increased acid strength
in the H-TIAPSO-34, modified by the incorporation of titanium
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atoms, is associated with a higher selectivity to light olefins. As
shown on the right side of Fig. 6, the yield of ethene+propene in
the H-TIAPSO-34 remained higher than 60% during the entire
reaction time, and it was highest among all the catalysts studied
here.

2-2. Comparison of the AEI-type Zeolytic Catalysts

Like the CMTO results for the CHA-type catalysts, the distinct
kinetic behaviors of the AEI-type catalysts were also compared
based on their different acidic properties. As shown in Fig. 5(d)-
(f), H-SAPO-18 with proper acid strength and amount of total
acid density, exhibits the highest initial conversion (ca. 95%) and
the longest catalyst life time (ca. 230 min) among the three AFI-
type catalysts. Similar to the results for H-SSZ-13, the catalytic sta-
bility of aluminosilicate H-SSZ-39 is poorer than the other two
AEI-type catalysts: ca. 175 min of catalyst life time. This could also
be because H-SSZ-39 had the highest density of strong acid sites.
This strong acid property of H-SSZ-39 may also be responsible for
its relatively low initial conversion. When kinetic behaviors of H-
SAPO-18 and H-TiAPO-18 are compared, H-TIAPO-18 with the
lowest density of weak acid sites exhibited lower chloromethane
conversion and lower catalyst life time. This implies that an appro-
priate amount of medium acid sites is needed to enhance both ini-
tial conversion and stability. Of course, the slightly larger catalyst
crystal size of H-TIAPO-18 (ca. 1,000 vs 500 nm) could also lead
to a shorter catalyst life time. On the other hand, when compared
between H-SSZ-39, which had the highest acid density and strong
acid sites, and H-TIAPO-18 with the lowest density and only weak
acid sites, although the initial conversions are almost the same: ca.
85 and 83% for H-SSZ-39 and H-TiAPO-18, respectively; the cat-
alytic stability of H-TIAPO-18 (ca. 210 min of catalyst life time)
was better than that of H-SSZ-39. It thus also appears that stron-
ger acid strength negatively affects catalyst stability.

As also shown in Fig. 5(d)-(f), among the three AFI-type cata-
lysts, only H-TIAPO-18 exhibits almost time-independent prod-
uct selectivity even during the period of catalyst deactivation. On
the other hand, H-SAPO-18 and H-SSZ-39 show a rapid reduc-
tion in product selectivity, including light olefins. The exceptions
were methane+paraffins (mainly; ethane), whose selectivity instead
increased during the deactivation period. This may have been
because the stronger acid sites of these two SAPO and aluminosil-
icate AFI-type catalysts induced hydrogen transfer to the olefin
precursors, and then increased the formation of paraffins simulta-
neously with the cyclization of hydrocarbon pool aromatics, and
then catalyst deactivation [29]. As a consequence, the selectivity to
ethene+propene only remained higher than 40% in H-TIAPO-18
during the entire reaction time. Note also that the ethene/propene
ratio in H-TIAPO-18 remained higher than one, 1.23-1.76, which
was the highest value among all the catalysts studied here (the right
side of Fig. 6). However, the relative light olefin ratios of the other
two AFEI-type catalysts were below one (0.53-0.71 and 0.42-0.67 for
H-SAPO-18 and H-SSZ-39, respectively), for the entire reaction
time, which will be further discussed below. The details are beyond
the scope of this study, but we speculate that one of the possible
reasons for the different product shape selectivity of H-TIAPO-18
could be the difference in structure of this titanium incorporated
catalyst, as discussed above (Fig. 2).

2-3. Comparison between the CHA- and AFEI-type Zeolytic Cata-
lysts

Even when their framework atoms are identical, like SAPO or
aluminosilicate, it is not easy to prepare zeolytic catalysts with dif-
ferent framework types that retain almost the same physicochemi-
cal properties: the same density and distribution of acid sites, acid
strength, crystal size, BET surface area, etc. This makes it difficult
to conduct a quantitative comparison of the kinetic behavior of
the catalysis over the different framework catalysts. As mentioned,
in this study we prepared three pairs of CHA and AEI-type zeolytic
catalysts with different framework atoms, (H-SAPO-34 and H-
SAPO-18, H-SSZ-13 and H-SSZ-39, and H-TIAPSO-34 and H-
TIAPO-18), but of course their respective properties were not the
same, as shown in Table 2. Nonetheless, there were some trends in
their kinetic behavior, especially in the product selectivity; in the
CMTO reaction over these different framework catalysts. As shown
on the left side of Fig. 6, for example, the ethene/propene ratio of
AEI-type H-SAPO-18 varied between 0.53-0.71 within the overall
TOS intervals, which is lower than that (0.64-0.73) of the CHA-
type H-SAPO-34. A similar trend can also be observed with H-
SSZ-39 and H-SSZ-13: 0.42-0.67 and 0.52-1.16, respectively. This
can be explained by the larger volume of the aei-cage in the AFI
structure. This allowed the hydrocarbon pool transients with the
proper size to produce propene to be more stable rather than the
smaller sized cha-cage in the CHA structure. This relative light olefin
selectivity is consistent with the MTO reaction [28,29].

CONCLUSIONS

The CMTO reaction was investigated over CHA-type H-SAPO-
34, H-SSZ-13, and H-TiIAPSO-34, and also over AFI-type H-
SAPO-18, H-SSZ-39, and H-TIAPO-18 at 400 °C, atmospheric pres-
sure, and 1.73h™" WHSV to compare their kinetic behavior depend-
ing on their physicochemical properties, as modified by the com-
positions of framework atoms and different zeolytic frameworks. It
was found that the acidic properties of catalysts with identical frame-
work topology were changed by the inclusion of different frame-
work atoms. Accordingly; the initial conversion and stability, as
well as the product selectivity in the CMTO reaction, were directly
influenced by the modified acidic properties. In particular, the
incorporation of titanium in the H-TIAPSO-34 induced a slightly
higher strength of medium acid sites than the counterpart H-SAPO-
34, although their total acid densities as well as the other physico-
chemical properties were almost similar. Due to this small change,
H-TIAPSO-34 exhibited slightly lower chloromethane conversion,
but ca. 20 mol% higher selectivity to ethene and propene than H-
SAPO-34, and therefore showed the best performance among all
the catalysts studied here. Furthermore, in comparison with the
CHA-type catalysts, the AEI-type catalysts produced relatively more
propene than ethene due to the intrinsic larger volume of the aei-
cage in the AEI structure.
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