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Abstract—A series of Cr incorporated SAPO-34 catalysts varying in Cr content and a Cr supported SAPO-34 cata-
lyst were prepared by one-pot hydrothermal and incipient-wetness impregnation methods, respectively. The synthe-
sized materials were characterized by XRD, FESEM, TEM, BET, EDX dot mapping, TPD-NH; and FTIR, and tested in
ethane dehydrogenation with CO, reaction. The incorporation of Cr** into the SAPO-34 framework and impregnation
of Cr species were proved by TEM technique. With increase in the incorporated Cr content, smaller cubic crystals and
amorphous particles were obtained. However, the extra-framework species probably appeared. Chromium impregna-
tion led to micropore blockage and surface coverage partly, resulting in morphology change somewhat, significant
decrease of surface area and acidity as evidenced by FESEM, TEM, BET and TPD-NHj; analysis. However, one-pot
synthesis not only preserved the structure of SAPO-34 but also allowed higher surface area, more effective surface acid-
ity and better chromium dispersion to be achieved, features that account for superior catalytic performance and stabil-
ity of directly synthesized Cr rich catalyst. The Cr incorporated SAPO-34 catalyst containing rich amount of Cr
exhibited the best catalytic activity, showing 38% ethylene yield at 700 °C even after 5 h on-stream operation.
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INTRODUCTION

The development of efficient catalysts for selective functional-
ization of alkanes is one of the primary goals of the petrochemical
industry [1]. Extensive works have investigated the catalytic oxida-
tion process, especially for ethylene production, using the CO,-
assisted dehydrogenation of ethane route [2-10]. Supported chro-
mium oxide (CrO,) catalysts have been intensively investigated
because of their good performance [11-14]. Nevertheless, their per-
formance is still insufficient for industrial application. Catalytic
performance of chromium-based catalysts depends mainly on sup-
port and deposition method. The support itself violently affects
the catalytic performance of Cr-based catalysts. It has influence
not only on the dispersion of Cr species [14-16], but also on the
nature of active sites (reactivity, acidity, accessibility, etc.) [16,17].
The textural properties and acid-base character of the support are
the most important factors [16,18]. Acidity is essential; however
strong acidity favors the successive formation of oxygenated prod-
ucts [19]. Accordingly, weak to medium acid sites are favorable.
On the other hand, the surface area of support affects the metal
dispersion. The high-surface-area supports, facilitating good dis-
persion of CrOy species, provide more high-valent and reducible
chromium species, which are believed to be the active sites or the
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precursors of the active sites [5,14]. Considering these aspects, the
use of SAPO-34 as support seems to be advantageous for oxida-
tive dehydrogenation of alkanes because of high surface area and
moderate acidity. SAPO-34 is an acid silico-aluminophosphate
with chabasite-related structure where the access to the micropo-
res is limited by eight-membered rings. As reported [20,21], SAPO-
34 is a promising catalyst for ethane ODH reaction, exhibiting very
interesting catalytic performances which are related to contribution
of both Lewis and Brensted acid sites. Therefore, studies of chro-
mium species dispersed over SAPO-34 would be useful in devel-
oping Cr-containing catalysts with desirable catalytic activities for
ethane dehydrogenation.

The deposition method of the active chromium phase strongly
affects the nature and abundance of CrOy species. The wet impreg-
nation method is very often used for the deposition of CrOy spe-
cies [2,3,6-8,10,12-14,22,23]. However, the impregnation method
very often results in broad distribution of Cr species containing
the CrOx units with a low degree of dispersion or bulk oxide [16].
Moreover, these post-synthetic methods sometimes lead to chan-
nels blockage by the formation of bulk metal oxide clusters [16,24],
especially in the case of SAPO-34 materials. Although the restricted
space of zeolitic cages may play a decisive role for enhancing the
selectivity to light alkenes, it reinforces the possibility of pores and
channels blockage by active metal clusters, and hence restricts at-
tainable chromium loading. The synthetic complication related to
multiple synthesis and calcination steps is another disadvantage of
these methods. These problems could be overcome using direct or
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one-pot synthesis method. Surfaces with larger surface area, well-
dispersed and more reducible catalytic species; and no blocking of
pores are made possible using one-pot synthesis. Materials pre-
pared in this way offer superior catalytic performance in oxidative
dehydrogenation reaction [4,16,17,24]. An alternative route for the
chromium species deposition over the SAPO-34 is the Cr incor-
poration into the SAPO-34 framework via direct hydrothermal
synthesis in which the required amount of proper metal salts is
introduced to the synthesis gel. Some attempts have been made to
incorporate chromium metal into the SAPO framework directly
[25,26]. However, none of them have been employed in the ODH
process.

In this communication, a series of Cr incorporated SAPO-34
composites were prepared with various Cr content by one-pot hy-
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drothermal method. The obtained materials were characterized with
various physicochemical techniques and examined their catalytic
performance as the catalysts for the ethane dehydrogenation in the
presence of CO,. To gain a more detailed insight into the effect of
directly Cr deposition, Cr supported SAPO-34 sample was also
synthesized by conventional wet impregnation method and com-
pared as for catalytic behavior and physicochemical characteristics
to Cr incorporated SAPO-34 catalysts.

MATERIALS AND METHODS
1. Materials

The reagents used for the preparation of SAPO-34-based sam-
ples were aluminum isopropoxide (Aldrich, 98+ %), fumed silica

Precursor preparation P-precursor

Cr-precursor

—{ Phosphoric acid: 85 wt% (aq.) ]

[ Chromium (IIT) nitrate nonahydrate }—

Al-precursor

Template

Reaction medium  Si-precursor

|ATP: Aluminum tri isopropylate| [ TEAOH: 20 wt% (aq.) || De-ionized water | | Fumed silica |
[ J [

¥

[ Mixing of aq. solution for 90 min, TEAOH/ATP molar ratio = 2.0 ]

¥

[ Gradually addition of de-ionized water and fumed silica and mixing for 60 min

¥
[ Mixing for 60 min (in the case of Cr incorporation) 11—
¥

N|

> Gradually addition of phosphoric acid ag. solution ]

[ Aging for 24 h while mixing I

Gel formation in pH=7-8 and appropriate molar ratio of
Al,04/8i0,/P,0yTEAOH/M,0 = 1.0/0.6/1.0/2.0/70 (SAPO-34)
Al,04/8i0,/P505/Cr, 05 TEAOH/H,0 = 1.0/0.6/1.0/0.005 and 0.05/2.0/70 (CrAPSO-34)
T

L]

[ Hydrothermal synthesis: in a teflon-lined stainless steel autoclave reactor at 200°C for 72 h ]

I

Cr incorporation into SAPO-34 framework

Post treatment

IFiItration and washing with de-ionized water]

[Drying at 110°C for 24 h under static air]

¥
—SAPO34 (4 cination at 550°C for 12 h under static air )

[ Calcination at 700°C for 4 h under static air ]
T

¥

Catalyst forming/shaping:
SAPO-34, CrAPSO-34 (0.005) and CrAPSO-34 (0.05 )

[ De-ionized water ]

I Crprecursor: Cr(NO;);.9H,0 I
|

v

4" Impregnation: Mixing for 60 min at 60°C ]
¥

[ Drying at 110°C for 12 h while stirring at 300 rpm I

I Calcination at 600°C for 4 h under static air ]

Cr dispersion over SAPO-34

I Catalyst forming/shaping: Cr/SAPO-34 l

Fig. 1. Synthesis steps of nanostructured catalysts: SAPO-34, CrAPSO-34(0.005), CrAPSO-34(0.05) and Cr/SAPO-34.
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(Aldrich, 99.9%), phosphoric acid (Merck, 85%) and chromium
nitrate nonahydrate (Chem-Lab, 96%) as the sources of Al, Si, P
and Cr, respectively. TEAOH (Aldrich, 20%) was used as the struc-
ture-directing agent (SDA). All chemicals were used as received
without further treatment.
2. Nanocatalysts Preparation and Procedures

The Cr incorporated SAPO-34 catalysts were prepared by direct
hydrothermal method from synthesis gels containing chromium
species as active phase. The molar composition of synthesis gel to
prepare direct-hydrothermally synthesized CrAPSO-34 with dif-
ferent Cr content was 2TEAOH: 1ALO;: 0.35i0,: yCr,O5: 1P,Os:
70H,O (y: 0, 0.005, 0.05). Typically, a required amount of alumi-
num tri isopropylate was dissolved in TEAOH under vigorous stir-
ring for 90 min at room temperature. Chromium nitrate was added
to the homogeneous mixture followed by fumed silica. Stirring was
continued for another 1h until the mixture was homogeneous.
Finally, phosphoric acid was added dropwise and the resulting
mixture was stirred at room temperature moderately for 24 h. The
crystals nuclei were then allowed to grow by transferring the ini-
tial gel into a 90 ml Teflon-lined stainless steel autoclave and heat-
ing it in an oven at 200 °C for 72 h. The solid product was recovered
and washed several times by sequential centrifuging with distilled
water, and then dried overnight at 110 °C. The obtained powder
was first calcined at 550 °C for 12h to remove organic template
completely and then calcined again at 700 °C in air for 4h. The
samples were denoted as CrAPSO-34(x), where x stands for the
nominal Cr/Al molar ratio in the initial gel. For comparison, Cr
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supported SAPO-34 catalyst denoted as Cr/SAPO-34 was synthe-
sized by wet impregnation of SAPO-34 with the required amount
of aqueous chromium nitrate solution, corresponding to Cr con-
tent used in the initial gel of CrAPSO-34(0.05) sample. After im-
pregnation for 24 h, the material was dried at 110°C for 12h and
finally calcined in air at 700 °C for 4 h. Details of the samples prepa-
ration are illustrated in Fig. 1.
3. Nanocatalysts Characterization

X-ray diffraction (XRD) was employed to identify the com-
pounds and verify the crystalline structure of nanocatalysts. It was
carried out on a D-5000, Siemens diffractometer employing Cu-
Ka radiation coupled to an X-ray tube operated at 30kV, 40 mA
and the scanning range of 26=8-90°. The morphology and parti-
cle size of the nanostructure catalysts were observed by field emis-
sion scanning electron microscopy (FESEM) analyzer (HITACHI
S-4160). The samples studied were covered with a thin film of
gold (ion sputtering) to improve conductivity. To study the mor-
phology and dispersion of the supported chromium species, trans-
mission electron microscopy (TEM) analysis was carried out using
a Philips CM-200 electron microscope operated at 150 kV. Sam-
ples were ultrasonically dispersed in ethanol and then a drop of
the suspension was put on a thin carbon film-coated Cu grid. Energy
dispersive X-ray analysis (EDX) was carried out by MIRAPLMU
for elemental analysis. The specific surface area of the samples was
computed from N, adsorption result using a surface area analyzer
(Quantachrome ChemBET-3000) according to the BET equation.
Before analysis, all samples were degassed at 200 °C for 30 min.
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Fig. 2. Experimental setup for testing of catalytic performance of synthesized nanostructured catalysts used in C,H,/CO, oxidative dehydro-

genation reaction.
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The process of N, uptake and N, desorption was at —196 °C and
room temperature, respectively. Catalyst acidity was measured by
ammonia temperature programmed desorption (NH,-TPD) using
BELCAT analyzer equipped with a TCD detector. Prior to analy-
sis, 0.1 g of calcined sample was preheated at 550°C for 1h in a
He flow (50 cm’/min) and then cooled to 100 °C. Ammonia ad-
sorption was made from an NH,/He gas mixture containing 5%
(molar basis) ammonia with total flow rate of 50 cm’/min at 100 °C.
Afterwards, the samples were kept under a helium gas flow at 100°C
to remove physically adsorbed NH; molecules. Finally; the helium
flow (50 cm’/min) was passed through the sample with raising
temperature up to 800 °C at a rate of 10 °C/min. For addressing sur-
face functional groups, Fourier transform infrared spectroscopy
(FTIR, UNICAM 4600) was done in the range of 400-4,000 cm "
wave number. A self-supported wafer containing 10 wt% of KBr
was used.
4. Nanocatalysts Performance Test

Fig. 2 illustrates the experimental setup for catalytic evaluation
of synthesized samples. The catalytic measurements were performed
in a fixed-bed quartz reactor (6 mm id.) packed with 500 mg of
the catalyst. The catalyst particles were diluted with quartz chips to
achieve isothermal operation and to keep constant volume in the
catalytic bed. The catalytic bed was sandwiched between two lay-
ers of quartz sand to fix it, to ensure proper distribution of fluid
flow; and to homogenize the feed temperature. The reactor was
placed inside an electrical furnace which provided the required
temperature for catalytic reaction. Catalytic reactions were at tem-
peratures ranging from 600 to 700 °C with a reactant flow rate of
50 ml/min and at atmospheric pressure under steady-state condi-
tions. For dehydrogenation of ethane in the presence of CO,, the
gas reactant contained 10 vol% ethane, 50 vol% CO,, and the bal-
ance nitrogen, while in the absence of CO,, the dehydrogenation
feed consisted of 10 vol% ethane and the balance nitrogen. Prior
to each catalytic test, the catalyst was first activated in situ at T=
600 °C for at least 0.5 h under 15 cm’ min™" of an air flow to remove
any trace of water or inorganic compounds physisorbed on the
surface and also to keep the catalyst oxygen level as high as possi-
ble. Afterwards, the air flow was switched to reaction feed and the
catalyst was maintained at this temperature for 20 min before start-
ing analysis. The reactants and products were analyzed on-line by
a gas chromatograph (GC Chrom, Teif Gostar Faraz, Iran) equipped
with TCD and FID detectors and a Carboxen-1000 column (Agi-
lent Co.). Before analysis, the effluent stream was passed through
an ice-cooled trap to condensate and separate H,O. Blank tests
performed under the same experimental conditions excluded the
occurrence of homogenous reactions.

The ethane conversion, the ethylene yield and selectivity were
calculated as follows:
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Fig. 3. XRD patterns of synthesized nanostructured catalysts: (a)
SAPO-34, (b) CrAPSO-34(0.005), (c) CrAPSO-34(0.05) and
(d) Cr/SAPO-34.

where, F, is the molar flow rate of each component. All the experi-
mental data were collected after the reaction for 0.5 h.

RESULTS AND DISCUSSION

1. Nanocatalyst Characterization
1-1. XRD Analysis

XRD patterns of parent SAPO-34 and chromium-based cata-
lysts are shown in Fig. 3. It is evident that the Cr incorporated
SAPO-34 samples have a typical CHA crystalline structure (JCPDS:
01-087-1527), in agreement with that of SAPO-34 reported in the
literature [27,28]. The patterns indicated high crystallinity without
any impurity. As can be seen, CrAPSO-34s show higher crystallin-
ity compared to the parent SAPO-34 sample, reflecting higher
nucleation rate in the presence of metal heteroatoms. Qualitatively,
the crystallinity of the CrAPSO-34 samples varied depending on
the Cr content used in the initial gel. It exhibited first an increas-
ing, then a decreasing trend with gradually increasing Cr content
in initial gel. As given in Table 1, the relative crystallinity of SAPO-
34, CrAPSO-34(0.005) and CrAPSO-34(0.05) catalysts was 43.2,
100 and 72.1%, respectively. Crystallinity loss by further increasing
Cr amount may be addressed by the appearance of extra-frame-
work chromium and silicon species. From this observation, it can
be speculated that SAPO-34 probably contaminated with amor-
phous phase when chromium content was more than 0.005, which
can be supported by the FESEM and BET analysis. In addition,
high thermal stability of the directly synthesized samples can be
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Table 1. Structural and textural properties of nanostructured Cr incorporated/supported SAPO-34 samples

Sample Synthesis method Relative crystallinity” (%) Sger (m?/ g)
SAPO-34 Hydrothermal 43.2 463.3
CrAPSO-34(0.005) One-pot hydrothermal 100 496.1
CrAPSO-34(0.05) One-pot hydrothermal 72.1 472.4
Cr/SAPO-34 Hydrothermal/Impregnation 10.4 2147

“Relative crystallinity: relative intensity of XRD patterns at 26=9.4"

c) CrAPS0-34(0.05

Fig. 4. FESEM images of synthesized nanostructured catalysts: (a) SAPO-34, (b) CrAPSO-34(0.005), (c) CrAPSO-34(0.05) and (d) Cr/SAPO-
34.

Korean J. Chem. Eng.(Vol. 33, No. 9)
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a) Cr/SAPO-34
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b) CrAPS0-34(0.05)
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Fig. 5. TEM images of synthesized nanostructured catalysts: (a) Cr/SAPO-34 and (b) CrAPSO-34(0.05).

clearly realized by the observation of all characteristic peaks of
SAPO-34. Regarding the literature [29], well-organized SAPO-34
structure is usually stable upon removal of the organic template and
has been found to exhibit thermal stability nearly up to 1,100 °C.
The identification of the major characteristic peaks, centered at
20=94, 12.9 and 20.5° in spite of weak intensity, confirmed the
SAPO-34 presence in the crystalline structure of Cr supported
SAPQO-34 catalyst. However, substantial decrease of intensity was
observed and relative crystallinity dropped to 10.4%. This observa-
tion can be interpreted by the support coverage upon Cr loading,
as could be realized from BET, TEM and SEM results presented as
follows. Detection of SAPO-34 as the only crystalline phase and
absence of diffraction line of a-Cr,O; in the structure of Cr-based
SAPO-34 samples can be explained by highly dispersion of Cr spe-
cies and/or the low amount of Cr-loading. However, for CrAPSO-
34(0.005), low Cr content is mainly responsible. Note that the pres-
ence of a-Cr,0O; has a negative effect on the catalytic activity due
to the poor accessibility of lattice chromium entities in the bulk of
o-Cr,05 [5,13,30]. Moreover, crystalline o~Cr,0O; is highly resis-
tant to oxidant which makes it useless as a catalyst [13,30].
1-2. FESEM Analysis

FESEM images shown in Fig. 4 demonstrate the morphology of
the parent SAPO-34 and chromium-containing SAPO-34 cata-
lysts. The cubic rhombohedra structure, which is typical of SAPO-
34 molecular sieves [31,32], can be clearly identified for all directly
synthesized samples confirming the corresponding XRD analysis.
The presence of Cr heteroatoms in the precursors solution not
only resulted in any distribution of the SAPO-34 framework, but
also decreased the particle size. Some morphological changes of
synthesized samples, brought about by variation of chromium con-
tent in the SAPO-34 framework, are easily distinguished. As Cr
content rose from 0.005 to 0.05, much rougher and smaller crystals
appeared. In fact, the crystals contaminated with irregular parti-
cles confirming the corresponding XRD analysis in which CrAPSO-
34(0.05) exhibits a loss of crystallinity in comparison with CrAPSO-
34(0.005). Appearance of the irregular particles and absence of any
XRD peak of other crystalline phase indicated that they were amor-
phous phase. Crystal size and uniformity and surface smoothness
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show decreasing trend with increasing the chromium content. Com-
paring the FESEM images of Cr supported SAPO-34 (Cr/SAPO-
34) with those of Cr incorporated SAPO-34 sample with the same
Cr content reflects the remarkable effect of deposition method on
the surface morphology. As seen, by chromia loading, fine nano-
particles and agglomerations were formed over the SAPO-34 struc-
ture covering the support surface and so changing the surface mor-
phology. These results reflect that impregnation method cannot
guarantee complete spreading of the Cr species. Accordingly, it is
expected that the Cr supported SAPO-34 sample exhibits low sur-
face area, which is going to be supported by the BET analysis.
1-3. TEM Analysis

Fig. 5 displays the TEM images of the Cr/SAPO-34 and CrAPSO-
34(0.05) catalysts. The small dark spots are attributed to the depos-
ited chromium oxides nanoparticles, and the faint background
represents the SAPO support. As can be seen from TEM image of
the CrAPSO-34(0.05) sample, no chromium oxides appear on the
external surface of the cubic SAPO particles. This is the support-
ing evidence for the presence of more chromium species in the
SAPO-34 framework. In contrast, almost vast, dark regions can be
clearly evidenced for the TEM image of the nanostructured Cr/
SAPO-34 catalyst, suggesting the coverage of a sight of the SAPO-
34 external surface by Cr species. This conclusion is in good agree-
ment with the FESEM and XRD results stated above. This can be
justified by considering the Cr loading method and textural and
structural characteristics of SAPO materials. Considering the above,
it is reasonable to conclude that the one-pot hydrothermal can
partly reduce the restriction of attainable chromium loading in
preparing Cr-based catalysts supported on SAPO-34.
1-4. EDX Analysis

It is well known that the dispersion of chromium species is a
major factor affecting the intrinsic activity of Cr containing cata-
lysts in the oxidative dehydrogenation process. To determine the
elemental composition and also assess the dispersion of Cr spe-
cies in the synthesized samples, the EDX analysis was carried out.
The EDX micrographs including spectrums and dot-mappings are
shown in Fig. 6. Only Al B Si and Cr elements were detected,
confirming the presence of all elements used in the synthesis of all
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(b) CrAPSO-34(0.005)

(¢) CrAPSO-34(0.05)

keV

Fig. 6. EDX analysis of synthesized nanostructured catalysts: (a) SAPO-34, (b) CrAPSO-34(0.005), (c) CrAPSO-34(0.05) and (d) Cr/SAPO-

34.

samples and absence of any impurities in their structure. Interest-
ingly; the composition of directly synthesized samples obtained by
the EDX spectra and the corresponding initial gel, given in Table
2, are close to each other. This is additional evidence for the suc-
cessful synthesis and, more importantly, the ability of one-pot
hydrothermal synthesis method to uniformly disperse Cr species.
Although the Si/Al ratio in the starting gels of all catalysts is con-
stant and equal to 0.3, the Si/Al ratio of CrAPSO-34(0.05) was

found to be lower than this value after crystallization. EDX results
indicate that a lower amount of silicon is incorporated into the
SAPO-34 framework. It is indicative of decreasing the capability of
the crystallite framework to incorporate Si by increasing Cr con-
tent in the initial gel. By taking the fact into account that struc-
tural hydroxyls as strong Brensted acid sites are generated by Si
incorporation, it is reasonable to expect lower number of moder-
ate acid sites compared to SAPO-34, which is going to be sup-

Korean J. Chem. Eng.(Vol. 33, No. 9)
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Table 2. Surface chemical analysis of nanostructured Cr incorporated/supported SAPO-34 samples

Sampl Gel composition (wt%) Catalyst composition (wt%) Si/Al (mol/mol)
ample

P Al Si P Cr Al Si P Cr Gel Catalyst
SAPO-34 40.66 12.65 46.69 0 45.06 13.88 41.07 0 0.3 0.296
CrAPSO-34(0.005) 40.51 12.60 46.50 0.39 43.56 13.78 41.94 0.72 0.3 0.304
CrAPSO-34(0.05) 39.13 12.17 4493 3.78 43.71 11.93 40.33 4.04 0.3 0.262
Cr/SAPO-34 39.13 12.17 4493 3.78 40.40 12.34 40.19 7.07 0.3 0.293

ported by TPD analysis. Regarding FESEM findings, a high degree
of Cr dispersion was expected for direct-hydrothermally synthe-
sized catalysts. The apt dispersion of chromium in the EDX dot-
mapping results of Cr incorporated SAPO-34 samples confirms
this expectancy. Moreover, the comparison between the Cr based
samples including Cr incorporated SAPO-34 and Cr supported
SAPO-34 with the same chromium loading reveals that, one-pot
hydrothermal method enables an extremely uniform dispersion of
Cr species on the surface, which is going to affect the catalytic pro-
cess. Besides, this uniformity can strongly reduce the typical inho-
mogeneity of heterogeneous catalysts.
1-5. BET Analysis

One of the most influential parameters of the heterogeneous
catalysts is their specific surface area. Higher surface area facili-
tates the reactants adsorption step and provides more redox Cr
species, which are responsible for enhancing the catalytic perfor-
mance. The calculated total specific surface areas (SSA) for pre-
pared samples are listed in Table 1. The examination of obtained
results reveals that upon the addition of Cr species to SAPO molec-
ular sieves, the surface area altered depending on deposition method
and also metal content employed in the synthesis route. All the
direct-hydrothermally synthesized samples exhibited high surface
area (400-500 m’/g), representing the capability of one-pot hydro-
thermal method in the synthesis of SAPO-34-containing catalysts.
A measurable increase of surface area was found by Cr incorpora-
tion into SAPO-34 framework, which can be associated with
decrease of cubic particles size. Moreover, it is well believed that
parent and modified SAPO-34 material with higher crystallinity
exhibits higher surface area [31,33]. A slight expansion in the unit
cell volume as a result of the probably replacement of AI’* by Cr**
in the tetrahedral SAPO-34 framework could be another reason-
able explanation for this observation. As expected, the results clearly
show a similar trend to that observed for crystallinity of Cr incor-
porated SAPO-34 with increasing chromium content. It can be
seen that increasing Cr content in the initial gel from 0.0 to 0.005
leads to the rises in the surface area from 4633 to 496.1 m*/g.
However, with the continued increase of the Cr content up to 0.05,
the surface area declined to 472.4 m’/g. It is reasonable to attri-
bute this decreasing trend to probably the presence of extra-frame-
work species and amorphous phase formation, in accordance with
FESEM images. As seen, Cr supported SAPO-34 sample has
much smaller surface area in comparison with even the respective
bare support. This decrease implies the penetration of chromium
species into micropores and their deposition on the external sur-
face of SAPO-34, which partially blocks the pores and channels.
The TEM image and considerable loss of Cr/SAPO-34 crystallin-
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ity also support this hypothesis. The above results suggest that
employing direct hydrothermal method in the synthesis of Cr-
based catalyst containing SAPO-34 could be beneficial.
1-6. TPD-NH; Analysis

The acidic property is of significant importance in terms of ethane
activation. Acidity of Cr-based catalysts could be varied through
deposition method. TPD-NH; profiles and acidity data of SAPO-
34 and Cr incorporated/supported SAPO-34 catalysts are shown
in Fig. 7. Two desorption peaks, centered around 180-185 and
385-425 °C, corresponding to the weak and moderate acid sites
appear for the synthesized samples, respectively. The free hydroxyl
groups (ie., SIOH) and the bridging hydroxyl groups are responsi-
ble for the weak and moderate acidity of these materials, respec-
tively [31,33]. Regarding the presence of only weak to moderated
acidic sites, high ethylene selectivity can be expected. Moreover,
the result indicated that Cr incorporation into SAPO-34 frame-
work led to an increase and decrease in the number of weak and
mild acid sites, respectively. This could be well explained on the
basis of decrease of Si incorporation amount and silicon islands

Zone-1 Zone-l1
0 S -

1.106 mmol NH;/g

1.537 mmol NH,/g

mmol NH;/g

TPD Signal (a.u.)

0.991 mmol NH,/g

(b) CrAPS0-34(0.05)

0.054 mmol NH,/g
185°C 386°c  0.057 mmol NH,/g

_/‘\-—._._._

100 150 200 250 300 350 400 450 500 550 600 650 700 750
Temperature (°C)

(c) Cr/SAPO-34

Fig. 7. TPD-NH, analysis of synthesized nanostructured catalysts:
(a) SAPO-34 (b) CrAPSO-34(0.05) and (c) Cr/SAPO-34.
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formation by rising Cr content as evidenced by EDX and FESEM
results. Nevertheless, the number of total acid sites of SAPO-34
did not markedly change by Cr incorporation. By comparing TPD-
NH; profiles of CrAPSO-34(0.05) with those of Cr/SAPO-34 sam-
ple with the same Cr content, it can be found that the one-pot hy-
drothermal method endows the catalyst with much higher acidity in
number. Upon Cr loading over SAPO-34 by impregnation method,
the number of acid sites considerably decreased. It is obvious that
the blocking of acidic sites by the chromium species is responsible
for the substantial decrease in the surface acidity of nanostructured
Cr/SAPO-34 catalyst. This is another supporting evidence for the
surface coverage in Cr supported SAPO-34 sample, which is in
good agreement with the XRD, BET and FESEM results. Consid-
ering the above, one could expect that Cr incorporated SAPO-34
nanostructured catalyst exhibits superior performance for the CO,-
assissted dehydrogenation of ethane.
1-7. FTIR Analysis

FTIR spectra of the as-synthesized samples are shown in Fig. 8.
The vibration frequency peaks at 420, 490, 640, 710, 1,100, 1,400,
1,640, 2,350 and 3,450 cm™' can be recognized from absorption
spectra of the prepared samples, which are the typical vibrations in
SAPO-34 based samples [34-36]. The same bonds were present in
the structure of all samples, though with different concentrations.
The IR bands detected at 420 cm™" in the spectrum corresponded
to M-O stretching vibrations [37,38]. Based on the literature assign-
ments, the absorption bands appearing around 490, 640, 710 and
1,100 cm™" are assigned to the characteristic vibration peaks of the
SAPO-34 phase [31,33,39]. In detail, the peak at 490 cm™" can be
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Fig. 8. FTIR spectra of synthesized nanostructured catalysts: (a)
SAPO-34, (b) CrAPSO-34(0.005), (c) CrAPSO-34(0.05) and
(d) Cr/SAPO-34.

attributed to the bending vibration of PO,, AlO, and SiO, [40-42].
IR bands around 640, 710, 1,100 cm™" are ascribed to the T-O bend-
ing in D-6 rings, asymmetric and symmetric vibrations of O-P-O,
respectively [31-33,39]. The bands around 1,100 cm™" can also be
attributed to M-OH stretching vibrations [38,43,44]. The absence
of IR peak around 610 cm™" which is a characteristic for -Cr,O,
phase of chromium oxide [37,38] seems to discard the presence of
Cr,O; crystallites in the structure of Cr containing materials and
thus supporting the XRD results. Moreover, the absorption bands
appearing around 1,400 and 1,640 cm™" can be assigned to physi-
cally adsorbed water on the catalysts surface which occurred during
maintenance of synthetic samples [45-48]. The weak peak observed
at 2,350 cm™' corresponds to the asymmetric stretching frequency
[ACO)] of CO,, which can be addressed by the adsorption of
aerial CO, over the course of FTIR analysis [49-51]. The strong
broad peaks in the range of 3,000-3,700 cm ™" arise from the free
and bridging hydroxyls vibration [20,21,31-33]. The bridging hydrox-
yls, i.e. -SIOHAL-, are considered to be the active sites for oxidative
dehydrogenation (ODH) reaction, while free hydroxyls (P-OH,
Al-OH and Si-OH) might be also involved in ODH reactions run
at high temperatures [20,21]. Absorbance at 3,000-3,700 cm ™" in
the spectrum of CrAPSO-34(0.05) qualitatively seems to be stron-
ger than that of Cr supported SAPO-34 one as an evidence for
higher efficient active sites. The resulting trend in the hydroxyls
concentration was found to be consistent with the TPD findings.
By Cr impregnation over SAPO-34, the intensity of related peaks
strongly declined. It is reasonable to attribute this reduction to the
surface coverage by Cr species loading, in accordance with FESEM
and TEM images, XRD, BET and NH,-TPD results. Besides, the
presence of OH groups due to their ability in removing the formed
coke is also very noticeable [52]. By taking these features into con-
sideration, it seems that superior performance of CrAPSO-34(0.05)
catalyst is somewhat related to the higher intensity of OH groups
compared to Cr/SAPO-34 catalyst.
2. Catalytic Performance Toward C,H¢/CO, Oxidative Dehy-
drogenation
2-1. Effect of Catalyst on C,H, Conversion and C,H, Yield

The catalytic activity of the synthesized Cr containing SAPO-34
catalysts in the ethane dehydrogenation with CO, was evaluated in
terms of C,H, conversion and ethylene yield at temperatures rang-
ing from 600 to 700 °C and shown in Fig. 9. The equilibrium con-
versions were also calculated from the thermodynamic estimation
of the process described in literature [2]. As can be seen, the con-
version values obtained don't exceed the equilibrium conversions,
intended as an upper limit with respect to the non-equilibrium
conditions attained in the tests, verifying the authenticity of the
measured data. The catalytic performance of the samples is found
to be strongly dependent on the reaction temperature. Over all
examined samples, both the ethane conversion and ethylene yield
increase with the rise of the reaction temperature owing to the
endothermic nature of ODH in the presence of CO,. This is in
accordance to the thermodynamic study of the process. From the
variation of catalytic activity with reaction temperature, it can be
deduced that the catalysts are more active at higher temperature.
The best performance obtained at 700°C for all the examined
samples. In addition, the ethane conversion and the ethylene yield
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Fig. 9. Effect of catalyst type and temperature on (a) C,H conver-
sion and (b) C,H, yield.

are close to each other in whole temperature range, showing high
ethylene selectivity. This can be ascribed to the soft oxidant applied
and favorable acidity properties of SAPO materials. Moreover, these
results clearly indicate that the chromium content and deposition
method also play a decisive role in determining the catalytic activ-
ity. As expected, ethane conversion and ethylene yield of directly
synthesized samples remarkably enhance upon the Cr loading and
also by increasing its content. The enhanced activity of Cr incor-
porated SAPO-34 catalysts compared to bare SAPO-34 confirms
the positive role played by Cr in facilitating ethane activation. The
highest performance amongst the directly prepared catalysts was
observed with CrAPSO-34(0.05), which is related to more amount
of Cr species as active phase. The catalyst displayed an ethane con-
version of 42.2% and 40% ethylene yield at 700 °C. Compared to
Cr/SAPO-34 catalyst, CrAPSO-34(0.05) exhibits better catalytic
activity, indicating promoting effect of one-pot method on the cat-
alytic activity. This enhancement could be explained by better
chromium species dispersion over the SAPO-34 framework with
well-organized three-dimensional pore structure, higher surface
area, more acid sites and higher concentration of OH groups evi-
denced by EDX dot-mapping, BET, TPD and FTIR analysis, respec-
tively:
2-2. Effect of GHSV on Catalytic Performance

To dlarify the contact time impact, the catalytic activity of the
most effective catalyst, CrAPSO-34(0.05), was studied as a func-
tion of reaction temperature at various weigh hourly space veloci-
ties (GHSVs) and obtained results were depicted in Fig. 10. The
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Fig. 10. Effect of GHSV on C,Hj conversion and C,H, yield: CrAPSO-
34(0.05).

space velocity was varied by increasing the feed rate. It is customary
to anticipate lower ethane conversion and ethylene yield at higher
space velocities. These results clearly indicate that upon increasing
the space velocity, both the conversion and yield declined for all
the examined temperatures. A plausible explanation to this behav-
ior could be related to the decrease of reactants residence time
with rise in space velocity which lowers the catalytic activity. As
seen, even with increasing GHSV by 50%, reasonable activity toward
catalytic oxidative dehydrogenation of ethane is still achieved.
2-3. Effect of CO, Addition on Catalytic Performance

Depending on the nature of catalyst used, CO, exhibits promot-
ing or poisoning effect on catalytic performance in the dehydroge-
nation process [7,8,13,53]. To elucidate the CO, effect, the dehydro-
genation of ethane in the CO, atmosphere was compared with that
in the inert N, atmosphere over CrAPSO-34(0.05) catalyst, as de-
picted in Fig. 11. Clearly, in the CO, atmosphere, the ethane con-
version and ethylene yield are higher than those in the N, atmo-
sphere. The selectivity to ethylene in CO, (not shown here) is also
higher than that in N, (generally higher than 90% in both atmo-
spheres). These results clearly demonstrate that CO, plays a favor-
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Fig. 11. Effect of CO, addition and temperature on C,Hy conver-
sion and C,H, yield: CrAPSO-34(0.05).
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Fig. 12. Time on stream behavior of CrAPSO-34(0.05).

able role in the ODH of ethane reaction. CO, serves as a mild
oxidant in the case of redox oxides, which can generate active oxy-
gen species facilitating ethane dehydrogenation [4,5,13]. Gener-
ally, the reduction of the carbon deposition, the assistant in the
rapid desorption of olefins from the catalyst surface, re-oxidation
of reduced active species and poisoning the non-selective sites
have been mainly proposed as some possibilities for explaining the
promoting effect of CO, on the dehydrogenation of light alkanes
over several catalysts in the literature [2,14,54,55].
2-4. Time on Stream Performance

High stability, together with the superior activity; is the charac-
teristic of a promising catalyst used in the oxidative dehydrogena-
tion of ethane with CO,. Accordingly; the best catalyst (CrAPSO-
34(0.05)) was evaluated continuously for 5h under the optimum
reaction conditions, as shown in Fig. 12. No obvious change has
been observed in the catalytic performance up to 5h, implying
less sensitivity of catalyst to deactivation during the course of run-
ning the reaction. As known, both the coke formation and reduc-
tion of redox Cr species contribute to the deactivation of dehydro-
genation catalysis [4,5,10,14,56]. It is plausible to attribute this
long-term stability to high concentration of acid sites, high surface
area and extremely uniform dispersion of metal evidenced by
TPD, BET and EDX dot-mapping analysis, respectively. Less car-
bon being formed during reaction owing to low to moderate sur-
face acidity and high concentration of surface hydroxyl groups,
reinforcement of metal-support interaction and thereupon, stabili-
zation of the oxidation states of Cr species as a result of incorpo-
rating metal into framework and enhanced dispersion; and also
the regeneration of active sites with CO, in the feed may be other
reasons.

CONCLUSIONS

The results reflect that the structural properties of catalysts and
their catalytic performance are strongly dependent on the Cr con-
tent and deposition method. With an increase in the incorporated
Cr content, smaller cubic crystals and amorphous particles were
obtained, leading to a decrease of the surface area and crystallinity
of Cr rich catalyst. However, the extra-framework species proba-

bly appeared with gradually increasing Cr content in initial gel. On
the other hand, Cr loading by wet impregnation route led to micro-
pore blockage and surface coverage and, thereupon, substantial
decrease of the surface area and acidity while well-organized CHA
structure of the support was retained upon the chromium incor-
poration as evidenced by XRD, FESEM and BET analysis. There-
fore, high surface area was obtained on the final catalyst. In fact,
Cr incorporation not only preserved but also promoted the crys-
talline framework of SAPO-34, resulting in higher surface area of
Cr incorporated SAPO-34 catalyst contrary to Cr supported SAPO-
34 one. Moreover, direct synthesis allowed more effective surface
acidity and extremely uniform chromium dispersion to be achieved,
features that account for superior catalytic performance and stabil-
ity of directly synthesized Cr rich catalyst. Simplicity of prepara-
tion and less synthesis cost and time are other advantages. The
catalyst effectively dehydrogenated ethane to ethylene in the pres-
ence of CO, at 700 °C even after 5h on-stream operation, giving
40 and 94.8% ethane conversion and ethylene selectivity, respec-
tively. According to these findings, it can be concluded that the Cr
incorporated SAPO-34 material is an attractive catalyst applicable
for ethane dehydrogenation to ethylene with CO,. Besides, the one-
pot hydrothermal method can be applied as a promising approach
to efficiently synthesize the Cr-based catalysts.
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