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Abstract

By impregnating 3 wt% Cr into the hydrothermally synthesized silicalite-1 with an average crystal size of 0.06-0.35 pm, the
effects of the silanol-group density on the dispersion, structural and electronic characteristics of Cr(VI) oxides are studied
for the oxidative dehydrogenation of propane with carbon dioxide (CO,-ODP). Characterization results reveal that the CrO,
species are highly dispersed over silicalite-1 irrespective of the crystal sizes, and the highest CrO, dispersion is achieved
over silicalite-1 with an average crystal size of 0.15 pm due to its highest density of the silanol nests. Moreover, the textural
properties and the relative quantity of the Cr(VI) oxides with different structures are strongly affected by the crystal size
of the zeolite. The catalyst by using 0.15 pm silicalite-1 as the support shows the most stable performance for CO,-ODP
indexed by the C;Hg yield, which is much superior to the remaining catalysts. The correlation of the characterization data
of the fresh and representative spent catalysts with the reaction results rigorously reveals that the catalytic stability of CrO,/
silicalite-1 for CO,-ODP is mainly determined by the dual functions of the deposited coke, which is basically originated
from the interactions between Cr(VI) oxides and the support. These understandings on the stability of CrO,/silicalite-1 raised
essentially from the density of silanol nests over silicalite-1 are beneficial for developing more efficient Cr-based catalysts
for the non-oxidative & oxidative dehydrogenation of short alkanes including CO,-ODP.
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1 Introduction

The propane dehydrogenation (PDH), which characterizes
the endothermic and equilibrium-limited nature in ther-
modynamics, has been industrialized for the production
of propene. In recent years, the rising market demand on
propene and the additional propane supply from shale gas
stimulate renewed interests on PDH from the industrial
domain [1, 2]. Moreover, the key issue for the PDH reac-
tion is the selective activation of C-H bonds in propane
molecules, which is one of the most important unsolved
issues for the catalysis science. Thus, great effort has been
put from both industrial and academic fields on the design
and development of more efficient PDH catalysts [3]. To
date, however, the commercial PDH process is still limited
to CrO,- or Pt-based catalysts, which require very frequent
regenerations due to the quick deactivation. In contrast
with PDH, the oxidative dehydrogenation of propane with
CO, as a mild oxidant (CO,-ODP) demonstrates the allevi-
ated thermodynamics limitation and the effective conver-
sion of the greenhouse gas of CO, to valuable CO [4, 5].
Kinetically, the development of an efficient catalyst for
the selective activation of C-H bonds accompanying the
simultaneous activation of C=0 bonds in CO, molecules
is favorable for advancing the heterogeneous catalysis
science. Thus, different catalytic systems for CO,-ODP
including CrO,, VO,, and supported Pt are extensively
investigated [4], which may accelerate the practical appli-
cation of CO,-ODP alternative to PDH as a more eco-
nomically competitive and green process for producing
propene.

As a widely used commercial catalyst for a number
of oxidation reactions, the supported CrO, also shows a
relatively higher activity and a reasonably high selectivity
of propene for CO,-ODP [5]. However, due to the com-
plex structure of the supported CrO, and the insufficient
structural information of the supported Cr(VI) oxides
during and after the catalytic reaction, the key factors
determining the activity and selectivity of the supported
CrO, catalysts are far from clear for the oxidation reac-
tions involving hydrocarbons such as PDH and CO,-ODP
[6], which impedes the rational design and development
of the Cr-based catalysts with an improved activity and
stability. Considering the toxic concern of Cr species on
the environment and the lower theoretical surface den-
sity for the monolayer of isolated CrO, (0.6 Cr atoms per
square nanometer), zeolites or mesoporous oxides such as
silica with a high surface area and distinct structure are
extensively investigated as supports of CrO, for CO,-ODP
[5]. In this respect, we found that highly dispersed CrO,
stabilized by the unique silanol nests over the silicalite-1
zeolite with the MFI topology (CrO,/silicalite-1) can

promote both the activity and stability, and the catalyst
with as small as of 3 wt% Cr shows the best performance
for CO,-ODP [7]. More importantly, the isolated Cr(VI)
oxides are concluded to be less active, but more selective
to propene, and more stable that polymeric Cr(VI) oxides
for CO,-ODP, which are essentially derived from the dif-
ferent strengths of adsorbed propane and the subsequent
desorption behavior of the formed propene on the specific
Cr(VI) oxides [7]. Following this result, the initial quick
deactivation and subsequent promoting effects from cok-
ing during the CrO,/silicalite-1 catalyzed CO,-ODP reac-
tion is proposed, in which the polymeric Cr(VI) oxides
and isolated Cr(VI) oxides are the key factors, respectively
[7]. Regarding the silanol nest, its density over zeolites is
reported to be affected by crystal sizes related to the syn-
thesis procedures, desilication, and metal loading [8—10].
Thus, the relative content of Cr(VI) oxides with different
structures and the stability of the catalyst are expectably
regulated by tuning the crystal size of the silicalite-1 zeo-
lite provided that the textural and structural properties are
retained.

In this work, the density of silanol groups over silicalite-1
was regulated via changing the average crystal size of the
zeolite from 0.06 to 0.35 pm, and its impact on the dis-
persion, structural and electronic characteristics of Cr(VI)
oxides over CrO,/silicalite-1 was investigated for CO,-ODP.
We found that the relative quantity of the isolated Cr(VI)
oxides and the polymeric Cr(VI) oxides with different
polymerization degrees over CrO,/silicalite-1 was strongly
dependent on the average crystal size of silicalite-1, and at
least a twofold enhancement of the catalytic stability indexed
by the C;H, yield was achieved over the optimal catalyst of
CrO, supported on silicalite-1 with an average crystal size
of 0.15 pm. Importantly, the relative deactivation rate of the
catalyst for CO,-ODP was rigorously revealed to be mainly
determined by the dual functions of the deposited coke, the
extents of which are dependent on the average crystal size
of the specific silicalite-1.

2 Experimental
2.1 Catalyst Preparation

The detailed procedure for synthesizing silicalite-1 zeo-
lites was reported in our previous work [7], and the syn-
thesis parameters were adjusted to regulate the crystal size.
Typically, the desired content of tetraethyl orthosilicate
(TEOS, 98%) and tetrapropylammonium hydroxide solution
(TPAOH, 25%) purchased from Alfa Aesar and Sinopharm
Chemical Reagent Co., Ltd., respectively, were mixed with
the molar ratio of 5Si0,/2TPAOH/75H,0 in a Teflon con-
tainer under stirring for 1 h, after which the hydrothermal
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synthesis was performed at 180 °C for one day within a Tef-
lon-lined stainless-steel autoclave. After that the precipitate
was sufficiently washed with the distilled water, dried in the
oven, and calcined at 550 °C for 20 h, the silicalite-1 zeolite
with the average crystal size of 0.35 pm was obtained. To
prepare silicalite-1 with a smaller average crystal size, con-
ditions for the gel formation, the hydrothermal synthesis,
and the final calcination were adjusted. In the cases of sili-
calite-1 with the average crystal sizes of 0.15 and 0.22 pm,
25Si0,/9TPAOH/480H,0 and 25Si0,/6TPAOH/480H,0
were mixed for 4 h, respectively, while the conditions for the
hydrothermal synthesis (170 °C for 72 h) and the calcination
(550 °C for 3 h) were kept the same to those for synthesizing
0.35 pm silicalite-1. For synthesizing silicalite-1 with the
smallest average crystal size of 0.06 pm, the gel with the
composition of 4Si0,/1TPAOH/32H,0 was mixed at 80 °C
for 24 h. After this, it was hydrothermally synthesized at
170 °C for 24 h, the final calcination at 550 °C for 3 h led
to the silicalite-1 with the average crystal size of 0.06 pm.
For simplicity and consistence, the thus-prepared silicalite-1
zeolites were labeled as silicalite-1-y, where y represents the
average crystal size of the zeolite, i.e., y=0.06, 0.15, 0.22,
and 0.35 pm, respectively.

CrO,/silicalite-1 catalysts were prepared by impreg-
nating the desired content of the chromium (III) nitrate
(Cr(NO;)3-9H,0, 99%, Sinopharm Chemical Reagent Co.,
Ltd.) aqueous solution on silicalite-1-y zeolites via the wet
impregnation method. After drying at 110 °C in the oven
for 12 h, the calcination was conducted at 550 °C in the
furnace for 3 h, leading to the CrO,/silicalite-1-y catalysts.
The nominal loading of Cr over all of catalysts was kept at
3 wt%.

2.2 Catalyst Characterizations

X-ray diffraction (XRD) patterns of the parent zeolites
and the supported catalysts were obtained on a Bruker D8
Advance diffractometer. The scanning from 5 to 60° was
performed at a rate of 6°min~'. The relative crystallinity
of the silicalite-1 zeolite was estimated with the fitted peak
areas from 22 to 25° (20), and the 100% relative crystallinity
of silicalite-1-0.06 is designated as the reference. Scanning
electron microscopy (SEM) images of silicalite-1 zeolites
were collected with a Hitachi FESEM SU8220 microscope.
The actual Cr content in the samples was measured on an
inductively coupled plasma optical emission spectrometer
(ICP-OES, Prodigy 7).

The isotherms for the N, adsorption and desorp-
tion of the zeolites and catalysts were measured at
77 K on an instrument of Micromeritics ASAP 2460.
Before the N, adsorption and desorption, the sample
was degassed at 300 °C for 12 h under vacuum. The
Brunauer—-Emmett-Teller (BET) method was applied to
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determine the specific surface area of the catalysts, and
the Barrett-Joyner-Halenda (BJH) model was employed
to estimate the pore-size distributions. To compare the
porous properties of the materials, the t-plot method
was used to evaluate the surface area and volume of the
micropores.

In situ diffuse reflectance infrared Fourier transform
spectroscopy (in situ DRIFTS) experiments were con-
ducted on a Thermo Scientific Nicolet iS50 spectrometer
equipped with a diffuse reflectance cell (PIKE, Diffu-
seIR™). After the dehydration of the sample at 400 °C
for 1 h, the spectrum was scanned from 3000 to 4000 cm™!
at 300 °C.

Temperature programmed reduction by hydrogen
(H,-TPR) was performed using a Micromeritics Autochem
2920 instrument equipped with a thermal conductivity detec-
tor (TCD). Before the reduction process, the catalysts were
fully pretreated at 400 °C under a flowing Ar. The H,-TPR
profiles with the TCD signal were obtained by increasing the
temperature from 100 to 800 °C under a flow of 10 vol.%
H,/Ar.

In situ ultraviolet—visible diffuse reflectance spectroscopy
(UV-Vis DRS) test was measured on the PerkinElmer spec-
trophotometer of Lambda 950. The dry helium was applied
to dehydrate the sample at 400 °C in the DRS cell (Harrick,
HVC-DR2), and then the spectrum of the dehydrated sample
was scanned from 220 to 800 nm.

Ultraviolet Raman (UV-Raman) spectrum of the fresh
catalyst in the region of 400—1300 cm™! was collected on an
instrument (HORIBA LabRAM HR Evolution) with an exci-
tation source laser beam of 325 nm. In the cases of the spent
catalysts, Raman shifts between 1200 to 1800 cm™! were
acquired with the excitation source laser beam of 532 nm.

The temperature programmed desorption of propane or
propene (C;Hg-TPD or C;H(-TPD) was measured on the
same instrument with that of the H,-TPR experiments. After
dehydrating at 400 °C in a flow of helium and saturating at
100 °C with C3Hg or C3Hg, the TPD experiments under a
flowing helium were carried out with increasing the tem-
perature to 600 °C.

Thermogravimetric and differential scanning calorimetry
(TG-DSC) was characterized for the spent catalysts on an
instrument of NETZSCH STA 449F3. After dehydrating
the sample at 100 °C for 1 h, TG-DSC was conducted until
800 °C in a flow of the air.

Temperature programmed oxidation of oxygen (O,-TPO)
profiles were also measured on the instrument of Micromer-
itics Autochem 2920. After pretreating the used catalysts at
400 °C in a flow of argon for 30 min, the temperature was
decreased to 100 °C. Then, 3 vol.% O,/Ar was switched.
Finally, O,-TPO was performed from 100 to 800 °C, and
the products (CO, and CO) were monitored by the mass
spectrometry (MS, HPR QIC-20).
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2.3 Catalytic Reactions

The CO,-ODP reaction was tested in a quartz-tube reactor
(i.d. 6 mm). 0.5 g of catalyst with particle sizes between
0.30 and 0.45 mm was packed into the isothermal zone of
the reactor. Before starting the catalytic reaction, the fresh
catalyst was heated to 550 °C in an Ar flow, and pretreated
for 15 min. After this procedure, the feed gas (25 mL min~")
with the volumetric ratio of 20CO,/4C;Hg/1Ar was well-
mixed for 15 min, then immediately switched into the tube.
The separated gaseous products were analyzed via an online
GC-9560 instrument.

The conversions of C;Hg and CO,, C;H, selectivity, and
C;Hg yield were calculated using the following equations.

[FC3H8]inlet - [FC3H8]outlet

C,H;, conversion (%) = x 100
3 [FC3H8]inlet

[Feo, lintet — [Fco, Jou
CO, conversion (%) = €O, Tt SO Toulet o 100

[FCO2 ]inlet

[FC3H(, ] outlet

C,H selectivity (%) = x 100

[FC3 Hg ]inlet - [FC3 Hg ]outlet

[F ]OLI Cl
C,H, yield (%) = —2 % o 100
[FC3 Hyg ]inlet

where, F is the flow rate of the gaseous products, which is
calculated by using 4 vol.% Ar as the internal standard.

The relative deactivation rate of the catalyst for CO,-ODP
was calculated from the C;H, yield at the beginning (5 min,
Y;) and end (305 min, Y;s) of the reaction as shown in the
following equation.

. . Y5 — Y5
Relative deactivation rate (%) = —~ x 100

5

3 Results and Discussion
3.1 Physical Characteristics

As indicated from the XRD results (Figure S1a), all of the
synthesized zeolites show the distinct diffractions of sili-
calite-1 at 20 of 7.9, 8.8, 23.0, 23.9, and 24.5°, indicating the
well crystallized MFI structure [10]. After loading Cr spe-
cies, the MFI structure is still well preserved over the CrO,/
silicalite-1 catalysts. Moreover, the absence of diffractions
assigned to crystalline Cr,0; indicates the high dispersion
or amorphous nature of Cr species on silicalite-1. To give
an estimate on the crystallinity of silicalite-1 with different
average crystal sizes, the relative crystallinity was calculated
by using silicalite-1-0.06 as a reference (100%). From the
results given in Table 1, silicalite-1-0.15, silicalite-1-0.22,
and silicalite-1-0.35 show quite similar relative crystallini-
ties of about 85% (84-87%), which are slightly lower than
that of silicalite-1-0.06 as the reference. This may be caused
from the presence of some tiny crystals on the rim or surface
of silicalite-1-0.15, silicalite-1-0.22, and silicalite-1-0.35,
which can be clearly seen from the SEM images (Fig. 1).
This explanation is supported by the further decreased but
very comparable relative crystallinity of the zeolite for all of
the CrO,/silicalite-1-y catalysts (65-72%, Table 1), the CrO,
oxides of which are covered over the zeolite. From the crys-
tal-size distributions (a-3 to d-3, Fig. 1), the average crystal
size is determined to be ~0.06,~0.15,~0.22, and ~0.35 pm
for silicalite-1-0.06, silicalite-1-0.15, silicalite-1-0.22, and
silicalite-1-0.35, respectively.

Table 1 Textural results of the parent silicalite-1-y and CrO,/silicalite-1-y samples

Sample Relative crys-  Sgpr Snico M* 27D Sg e Vol VMicro VMeso Dp&

tallinity (%)~ (m* g™’ m*g™)  (em’gh  (em’gH" (em’g™)® (am)
silicalite-1-0.06 100 387 326 61 0.53 0.14 0.39 20.7
silicalite-1-0.15 84 386 350 36 0.35 0.17 0.18 13.0
silicalite-1-0.22 87 392 356 36 0.30 0.17 0.13 94
silicalite-1-0.35 87 388 357 31 0.23 0.17 0.06 3.6
CrO,/silicalite-1-0.06 67 363 326 37 0.19 0.13 0.06 6.3
CrOy/silicalite-1-0.15 70 299 250 49 0.32 0.11 0.21 16.3
CrO/silicalite-1-0.22 65 359 322 37 0.26 0.15 0.11 11.6
CrOy/silicalite-1-0.35 72 386 349 36 0.22 0.15 0.07 6.4

“Calculated from the BET and t-plot method, respectively
*#Obtained from P/Py=0.99
$VMeso = VTotal_VMicro

&Dp is the average pore diameter calculated from the BJH method
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Fig.1 SEM images with different magnitudes and the crystal-size distributions for silicalite-1-0.06 (a-1 to a-3), silicalite-1-0.15 (b-1 to b-3),

silicalite-1-0.22 (c-1 to ¢-3), and silicalite-1-0.35 (d-1 to d-3)

According to the N, adsorption/desorption patterns
(Figures S1bl to S1b4), both the silicalite-1-y and the cata-
lysts show type I isotherms characterizing the microporous
nature of the materials. Furthermore, an H4 hysteresis loop
is observed at a P/P of about 0.85-0.99 especially for sili-
calite-1-0.06 and silicalite-1-0.15, revealing the presence
of mesopores. This can be well interpreted as the agglomer-
ates of silicalite-1 crystals as reported in references such as
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[11]. If the calculated pore-size distributions (Figure S1lc)
and textural data (Table 1) are examined, a more direct com-
parison can be made. Indeed, although all of the silicalite-1
zeolites show almost the same BET specific surface area
(386-392 m* g™1), the microporous surface area, the external
surface area, and the pore volume are dependent on the aver-
age crystal size of silicalite-1. Specifically, the highest total
pore volume and external surface area versus the smallest
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microporous surface area are observed for silicalite-1-0.06.
This is consistent with the highest mesoporous volume of
silicalite-1-0.06, which may be formed from the agglomer-
ate of silicalite-1 with the smallest average crystal size of
0.06 pm. This explanation is supported from the continu-
ously decreased mesoporous volume and the average pore
size with increasing the average crystal size of silicalite-1
from 0.06 to 0.35 pm (Figure Slc and Table 1). In contrast,
as a result of the largest average crystal size, silicalite-1-0.35
shows the smallest mesoporous volume and the average pore
size. In the cases of silicalite-1-0.15 and silicalite-1-0.22,
very comparable textural properties are observed (Table 1),
which may be explained as the small difference in their
average crystal sizes. As a result of the slightly higher
mesoporous volume, larger total pore volume and the aver-
age pore size are obtained for silicalite-1-0.15.

When the catalysts are concerned, the loading of CrO,
over silicalite-1-0.06 leads to a sharp decrease of the
mesoporous volume from 0.39 to 0.06 cm? g~!, which is
consistent with the significant decrease of the average pore
size. Accordingly, the total pore volume and the exter-
nal surface area of CrO,/silicalite-1-0.06 are appreciably
decreased. This can be well explained as that the loaded
CrO, may mainly be located in the mesopores of the
agglomerated silicalite-1-0.06, which is supported from the
pore-size distributions (Figures S1c and S1d). In contrast,
the most prominent observation for CrO,/silicalite-1-0.15
compared to silicalite-1-0.15 is the drastic decrease of the
microporous surface area together with the microporous vol-
ume. However, the mesoporous volume is slightly increased
from 0.18 cm® g™ for silicalite-1-0.15 to 0.21 cm?® g™ for
CrO,/silicalite-1-0.15. This indicates that the pore block-
ing in silicalite-1-0.15 occurs by the loaded CrO, species,
which is supported by the narrower pore-size distribution
and smaller peak pore size of CrO,/silicalite-1-0.15 than
those of silicalite-1-0.15. When CrO,/silicalite-1-0.22 and
CrO,/silicalite-1-0.35 are compared with the corresponding
zeolite, the same changing trend of the calculated textural
parameters to that of CrO,/silicalite-1-0.15 is ascertained
although the extent is less significant.

To understand the size effect of silicalite-1 on the anchor-
ing of CrO,, silicalite-1-y was studied by in situ DRIFTS
in the hydroxyl stretching region of 3000-4000 cm™'.
From the spectra given in Fig. 2, two major absorptions
are observed for all of silicalite-1-y samples. According to
previous reports such as the reference [12], the sharp peak
at~3730 cm~! and the broad absorption centered at about
3520 cm™! can be assigned to the isolated terminal silanol
and the silanol nest, respectively. The simple integration
reveals that the peak intensity of silanol nests is increased
in the sequence of silicalite-1-0.35 < silicalite-1-0.06 = sili-
calite-1-0.15 < silicalite-1-0.22. However, silicalite-1-0.15
shows the highest intensity ratio of the silanol nest to the

Absorbance (a.u.)

4000 3800 3600 3400 3200 3000

Wavenumber (cm"‘)

Fig.2 In situ DRIFTS spectra of silicalite-1-y zeolites

isolated terminal silanol, indicating the richest silanol nests.
Considering the stronger interaction between CrO, and
silanol nests than that between the isolated terminal silanol
[12], the highest CrO, dispersion is expected over CrO,/
silicalite-1-0.15, which is apparently supported from the cal-
culated results of the pore-size distribution and pore volume.
Thus, the amount of the silanol nest and the isolated terminal
silanol is affected by the crystal size of silicalite-1, and the
richest silanol nests are obtained over silicalite-1-0.15.
Thus, due to the varied extents of the agglomeration of
silicalite-1 with different crystal sizes, the textural proper-
ties of both silicalite-1-y and CrO,/silicalite-1-y are altered.
Moreover, the content of different silanol groups over sili-
calite-1 is regulated by changing its crystal size, and the
highest CrO, dispersion over silicalite-1-0.15 is expectable
as a result of the richest silanol nests over silicalite-1-0.15.

3.2 Size Effect of Silicalite-1 on the Structural
Properties of CrO,

Because the number of Cr(VI) oxides in the Cr-based cata-
lysts is recognized to be the crucial factor in determining the
catalytic activity of CO,-ODP while the Cr(III) oxides in the
forms of crystalline Cr,0; show almost no activity [4], the
reduction behavior of Cr species over the CrO,/silicalite-
1-y catalysts was firstly probed by the H,-TPR method. As
shown in Fig. 3, all of the samples show a prominent peak
at about 430 °C and a small shoulder at around 280 °C,
corresponding to the reduction of isolated and polymeric
Cr(VI) oxides, respectively [7]. Thus, polymeric Cr(VI)
oxides coexist with the isolated Cr(VI) oxide over all of the
catalysts although the isolated Cr(VI) oxide is overwhelm-
ing among the Cr(VI) oxides irrespective of the catalysts.
This result is further supported by the quantitative results for
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Fig. 3 H,-TPR profiles of the CrO,/silicalite-1-y catalysts

the calculated amount of the isolated and polymeric Cr(VI)
oxides in Table 2. In the case of isolated Cr(VI) oxides, the
reduction temperature is almost gradually increased with
increasing the size of silicalite-1 from 0.06 to 0.35 pm,
leading to the highest reduction temperature of ~432 °C for
CrO,/silicalite-1-0.35. Moreover, very similar changing
trend is observable for the reduction of polymeric Cr(VI)
oxides. These results clarify the varied interactions of the
CrO, oxides with the silicalite-1 support as well as different
polymerization degrees of Cr(VI) oxides.

To quantify the amount of Cr(VI) oxides in CrO,/
silicalite-1-y catalysts, the H, consumption based on the
H,-TPR pattern is firstly calculated. As shown in Fig. 3, the
CrO,/silicalite-1-0.15 catalyst consumes a clearly higher
amount of H, (0.57 mmol g~!) than the remaining catalysts
showing very similar H, consumptions (0.42-0.48 mmol
g™ 1). Since that the amount of the reduced Cr(VI) oxides
is directly proportional to the H, consumption and the Cr
content over all of the catalysts is essentially the same

within analysis errors (2.72 +0.04 wt%, Table 2), this result
suggests that the dispersion of Cr(VI) oxides over sili-
calite-1-0.15 is higher than those over the other silicalite-1
zeolites, the speculation of which in Sect. 3.1 is confirmed.
As revealed from our recent work [7], the differences in
the activity, selectivity, and stability of CO,-ODP catalyzed
by CrO,/silicalite-1 are closely related to the relative content
of isolated and polymeric Cr(VI) oxides. Thus, to further
study the effect of silicalite-1 size on the fraction of different
structured Cr(VI) oxides, the obtained H,-TPR profiles were
fitted into two Gaussian peaks, and the corrected amounts
of isolated and polymeric Cr(VI) oxides are calculated
from the content of consumed H, with the assumption of
the limited reduction of Cr(VI) to Cr(Ill) oxides during the
H,-TPR test. From the calculated data in Table 2, the cor-
rected amounts of isolated and polymeric Cr(VI) oxides over
different CrO,/silicalite-1-y catalysts are dependent on the
silicalite-1 size, the maximum of which are observed for the
CrO,/silicalite-1-0.15 and CrO,/silicalite-1-0.22 catalysts,
respectively. These results clearly indicate that the relative
content of Cr(VI) oxides with different structures is indeed
regulated by tuning the crystal size of the silicalite-1 zeolite.
From the results of in situ UV-Vis DRS under anhydrous
conditions (Fig. 4a), two main peaks at~240 and 350 nm
attributed to isolated Cr(VI) oxides [13, 14] and one peak at
around 460 nm characterizing the polymeric Cr(VI) oxides
with different degrees of polymerization [15] are observed
for all of the catalysts. Specifically, the peak intensity for
the polymeric Cr(VI) oxides over CrO,/silicalite-1-0.22 is
clearly higher than those over other catalysts, revealing the
maximum content of the polymeric Cr(VI) oxides, consistent
with the quantitative results from H,-TPR. Additionally, a
weak peak at around 600 nm assigned to crystalline Cr,05 is
found for CrO,/silicalite-1-y except CrO,/silicalite-1-0.15.
This suggests the higher dispersion of CrO, over sili-
calite-1-0.15, which is agreeable with the H,-TPR results.
To further reveal the crystal-size effect of silicalite-1 on
the structures of Cr(VI) oxides, the UV-Raman test was

Table 2 The .calculated CrO,/silicalite-1-y ~ Cr content™ Corrected amount of Cr%" oxides  Ijoxo/Inono.oxo’  Relative deac-
charact.e.rlza.tlon results of the (Wt%) (mmol g™H¥ tivation rate’
CrO,/silicalite-1-y catalysts ' (%)
Total  Isolated  Polymeric

y=0.06 2.75 0.32 0.27 0.051 1.98 18.8

y=0.15 2.68 0.38 0.32 0.061 2.12 6.6

y=0.22 2.69 0.28 0.21 0.066 2.36 12.9

y=0.35 2.73 0.29 0.24 0.056 1.69 21.8

*Determined by the ICP-OES analyses
&Calculated from the amount of consumed H, in H,-TPR by limiting the reduction of Cr(VI) to Cr(IlI)

oxides

#Obtained from the UV-Raman spectra give in Fig. 4b

SCalculated from the C5Hy yields at the time on stream of 5 and 305 min
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Fig.4 Insitu UV-Vis DRS (a) and UV-Raman spectra (b) of the CrO,/silicalite-1-y catalysts

conducted. According to the reference [16], the spectra given
in Fig. 4b are deconvoluted into four peaks. The two distinc-
tive bands at~1070 and~ 1150 cm™" are corresponded to
the transverse-optical asymmetric stretches and the longi-
tudinal-optical silica network from silicalite-1, and the two
intense bands at~980 and ~ 1000 cm™" are originated from
the isolated dioxo and mono-oxo Cr(VI) oxides, respec-
tively [16]. Moreover, the ratio of the intensity for the dioxo
Cr(VI) oxide to that for the mono-oxo Cr(VI) oxide (/,,/
1,10n0-0x0) 18 calculated as an estimate for the relative content
of the isolated Cr(VI) oxides with different structures. From
the results shown in Table 2, 1. /I,.on0-0x0 15 decreased
in the order of CrO,/silicalite-1-0.22 (2.36) > CrO,/sili-
calite-1-0.15 (2.12) > CrO,/silicalite-1-0.06 (1.98) > CrO,/
silicalite-1-0.35 (1.69). According to the references such as
[14], the reduction of dioxo Cr(VI) oxide is easier than that
of the mono-oxo Cr(VI) oxide. Thus, as a result of the lowest
Liioso/ Lnono-oxo Of CrO,/silicalite-1-0.35, the highest reduction
temperature for the isolated Cr(VI) oxide is observed in the
H,-TPR results. These results indicate the important effect of
the crystal size of silicalite-1 on the structure of the isolated
CrO, because that both the Cr loading (2.72 +0.04 wt.%,
Table 2) and the specific BET surface area of silicalite-1
(386-392 m>g~!, Table 1) are almost identical.

Thus, the crystal size of silicalite-1 has a strong impact
on the structure of CrO, over the catalysts. The dispersion
of Cr(VI) oxides over silicalite-1-0.06, silicalite-1-0.22, and
silicalite-1-0.35 is similar, which is lower than that over
silicalite-1-0.15. Both polymeric Cr(VI) oxides and isolated
Cr(VI) oxides are present over all of the catalysts although
the isolated Cr(VI) oxide is the main component. In the
case of the polymeric Cr(VI) oxide, its content over CrO,/
silicalite-1-0.22 is the highest among the studied catalysts.
When the isolated Cr(VI) oxides are concerned, the maxi-
mum concentration is obtained over CrO,/silicalite-1-0.15

and 1, /1,.0n0-0x0 18 the lowest for CrO,/silicalite-1-0.35.
In the case of crystalline Cr,0;, its contents over CrO,/
silicalite-1-0.06, CrO,/silicalite-1-0.22 and CrO,/sili-
calite-1-0.35 are very limited while it is not detected over

CrO,/silicalite-1-0.15.

3.3 Propane Adsorption and Propene Desorption
Properties

As revealed from our recent work [7], the adsorption
strength of propane and the subsequent desorption
behavior of the formed propene on the specific Cr(VI)
oxides are crucial in determining the initial activity and
selectivity of the Cr-based catalysts for CO,-ODP. To
study the crystal-size effect of silicalite-1 on the behav-
iors for the adsorption of propane and the desorption of
propene on CrO,/silicalite-1-y catalysts, C;Hg-TPD and
C;H(-TPD experiments were conducted. Following the
same method as illustrated in our recent work [7], the
broad TPD profiles (Fig. 5) are deconvoluted into three
peaks for the weak (peaks I and o), moderate (peaks II
and f), and strong (peaks III and y) adsorption of pro-
pane and propene, respectively. Moreover, the calculated
amounts of the desorbed propane and propene are sum-
marized in Tables S1 and S2. Irrespective of the catalysts,
the amount of weakly adsorbed propane or propene is
very similar, and is much lower than those of the medium
or strongly adsorbed propane or propene. Moreover, a
general trend for the amount of the medium or strongly
adsorbed propane or propene over the catalysts is firstly
increased and then decreased with increasing the crys-
tal size of silicalite-1 from 0.06 to 0.35 pm, leading to
the highest amount of the medium or strongly adsorbed
propane or propene over CrO,/silicalite-1-0.22. Since
that the polymeric Cr(VI) oxide can adsorb propane or
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3.4 Catalytic Performance

The time-on-stream (TOS) results of CO,-ODP over
CrO,/silicalite-1-y at 550 °C are given in Fig. 6. The ini-
tial conversions of C;Hg (Fig. 6a) and CO, (Fig. 6b) at a
TOS of 5 min are concurrently increased in the order of
CrO,/silicalite-1-0.35 = CrO,/silicalite-1-0.15 < CrO,/
silicalite-1-0.06 < CrO,/silicalite-1-0.22. In contrast, the
initial C3Hg selectivity at a TOS of 5 min is increased
in the sequence of CrO,/silicalite-1-0.22 < CrO,/
silicalite-1-0.15 < CrO,/silicalite-1-0.06 < CrO,/sili-
calite-1-0.35 (Fig. 6¢). As a result, an increased order of
CrO,/silicalite-1-0.15 < CrO,/silicalite-1-0.35 =~ CrO,/
silicalite-0.06 =~ CrO,/silicalite-1-0.22 is observed for
the initial C;Hg yield (Fig. 6d). These results indicate that
both the catalytic activity and the initial C;Hg selectivity
are slightly affected by the crystal size of silicalite-1. Note-
worthy, with increasing the crystal size of silicalite-1 from
0.06 to 0.35 um, the changing pattern of the initial catalytic
activity coincides with that for the amount of the medium or
strongly adsorbed C;Hg while the varying sequences for the
C;H selectivity and the amount of the medium or strongly
adsorbed C;Hy are in an inverse order (Sect. 3.3, Tables S1
and S2). Thus, the impact of the crystal size of silicalite-1
on the initial catalytic activity and the C;H, selectivity for
CO,-ODP can be directly explained based on the desorption
of C;Hg and C;Hg over the CrO,/silicalite-1 catalysts, which
are essentially induced from the varied contents of CrO,
with different structures.

When the catalytic stability is concerned, the conver-
sions of C;Hg and CO, are quickly decreased within the
initial period of about 120 min, and are almost levelled off
until the end of the reaction at a TOS of 305 min, the extent
of which is closely dependent on the specific catalyst. In
contrast, the C;Hg selectivity over all of the catalysts is rap-
idly increased until a TOS of around 120 min, and is kept
almost constant until the end of the test. These results agree
well with our proposed two-stage reaction mechanism for
CO,-ODP over CrO,/silicalite-1 catalysts with the increase
of TOS, i.e., the fast deactivation at the initial period and
the subsequently stable stage [7]. As a result, a gradually
decreased C;Hg yield with increasing TOS is obtained, the
extent of which is obviously dependent on the catalyst. To
make a quantitative estimation on the catalytic stability,
the relative deactivation rate is calculated from the C;Hg
yields at TOS of 5 and 305 min. As shown in Table 2, the
stability is increased in the order of CrO,/silicalite-1-0.35
(21.8%) < CrO,/silicalite-1-0.06 (18.8%) < CrO,/sili-
calite-1-0.22 (12.9%) < CrO,/silicalite-0.15 (6.6%). Thus,
the impact of the crystal size of silicalite-1 on the catalytic
stability of CrO,/silicalite-1 for CO,-ODP is significant, and
this will be discussed in the next section together with the
characterization results of the representative spent catalysts.

3.5 Origin of the Enhanced Catalytic Stability

As a common fact, coking is inevitable during CO,-ODP
irrespective of the catalyst. Moreover, our previous results
indicate that the coke deposited on the polymeric Cr(VI)
oxides originated from the toughly adsorbed propene over
CrO,/silicalite-1 is beneficial for the catalytic stability [7].
Thus, the spent CrO,/silicalite-1-0.35 catalyst with the worst
stability and the used CrO,/silicalite-1-0.15 showing the
best stability were studied as representatives by TG-DSC,
and the results are given in Fig. 7 and Table S3. Considering
different performances of the catalysts for CO,-ODP, the
coke deposition rate, which is defined as the amount (g) of
the coke deposited over the catalyst by producing 1 mol of
C;Hg, is also calculated. As revealed from Fig. 7, the chang-
ing patterns of the weight and thermal flow with increasing
the temperatures are very similar for the two spent catalysts.
However, the peak temperature for the thermal flow of the
spent CrO,/silicalite-1-0.15 (~360 °C) is slightly higher
than that of the used CrO,/silicalite-1-0.35 (~353 °C),
which may suggest a slightly higher graphitization extent of
the deposited coke over CrO,/silicalite-1-0.15. If the cal-
culated data in Table S3 are compared, both the amount of
the coke and the coke deposition rate are higher over the
more stable catalyst of CrO,/silicalite-1-0.15, which agrees
with its higher content of polymeric Cr(VI) oxides (Table 2)
and strongly adsorbed propene (Table S2). This observa-
tion is consistent with our previous findings [7], indicating
a promotional effect of the deposited coke on the stability of
CrO/silicalite-1-y for CO,-ODP.

As a matter of fact, the stability of a solid catalyst is
mainly affected by the catalyst structures. Thus, the XRD
characterization was applied to find out the possible impact
of coking on the structural properties of silicalite-1 and
CrO,. For the convenient comparison, the XRD patterns of
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Fig.7 TG-DSC curves of CrO,/fsilicalite-1 after CO,-ODP for
305 min under the conditions of 0.5 g catalyst, T=550 °C, CO,:
C,;Hg: Ar=20:4:1, and a total flowrate of 25 mL-min~!
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both the fresh and used catalysts of CrO,/silicalite-1-0.35
and CrO,/silicalite-1-0.15 are combined in Fig. 8. Irrespec-
tive of the used catalysts, there are still no XRD diffrac-
tions assigned to CrO, species including crystalline Cr,Os.
This indicates that CrO, species over the spent catalysts
are similar to those over the fresh catalysts, i.e., highly dis-
persed or amorphous states. Thus, the impact of coking on
the structural properties of CrO, species is very limited if
it has. Moreover, the main XRD diffractions of silicalite-1
for the used CrO,/silicalite-1-0.35 coincides with those of
the corresponding fresh catalyst (Fig. 8a and the enlarge-
ments). Contrary to this, the intensity for the main XRD
peaks of silicalite-1 over the used CrO,/silicalite-1-0.15 is
slightly decreased in comparison with that over the fresh
catalyst (Fig. 8b and the enlargements). According to the
references [17, 18], the weakened XRD diffractions are orig-
inated from the coke deposited in the zeolite channels. As
discussed in Sect. 3.1, the blocking of the silicalite-1-0.15
micropores by CrO, is revealed from the N, adsorption/
desorption results. Thus, the decreased intensity of XRD

Fig.8 Comparative XRD
patterns for the fresh and

peaks for silicalite-1-0.15 over the used catalyst can be rea-
sonably attributed to the deposited coke over CrO, in the
silicalite-1-0.15 channels. In contrary, the blocking of sili-
calite-1-0.35 channels by CrO, is much less obvious than
that of the silicalite-1-0.15, leading to the almost overlapped
XRD diffractions of the zeolites in the fresh and spent CrO,/
silicalite-1-0.35 catalysts. These results suggest that the dis-
tribution of the deposited coke over the catalysts is varied
depending on the average size of the silicalite-1 support,
which should be one of the reasons for the different stability
of CrO,/silicalite-1 catalysts. In contrast, the contribution
from the structural changes of the CrO, species and the zeo-
lite to the deactivation of the CrO,/silicalite-1 catalysts for
CO,-ODP can be neglected.

To get more information on the deposited coke, the used
CrO,/silicalite-1-0.15 and CrO,/silicalite-1-0.35 were fur-
ther characterized with different techniques. As indicated
from the O,-TPO results (Fig. 9), CO, is the main prod-
uct for the burning of the deposited coke irrespective of
the catalysts, indicating the easy combustion of the coke
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Fig. 9 The changing of the MS signals for CO, and CO with increas-
ing the temperature during O,-TPO of the used CrO,/silicalite-1-0.15
and CrO,/silicalite-1-0.35 catalysts

with a relatively low graphitization degree. However, the
peak temperature for releasing CO, over the spent CrO,/
silicalite-1-0.35 (366 °C) is slightly higher than that over the
spent CrO,/silicalite-1-0.15 (356 °C), which is contradic-
tory to the TG-DSC result (Fig. 7), i.e., a lower DSC peak
temperature for the spent CrO,/silicalite-1-0.35 (353 °C)
than that for the spent CrO,/silicalite-1-0.15 (360 °C).
Since that the differences of the peak temperatures in both
TG-DSC and O,-TPO are very limited for the two spent
catalysts (7-10 °C), the more sensitive Raman spectra are
recorded (Figure S2). Following the reported method [19],
the spectrum is fitted into G, D1, and D3 bands correspond-
ing to the ideal graphitic, disordered, and amorphous carbon,
respectively. Moreover, the intensity ratio of the D1 band to
G band (I,/1;) characterizing the graphitization extent of
carbonaceous species is calculated. As shown in Table S3,
Ip/1 of the spent CrO,/silicalite-1-0.15 (0.28) is clearly
lower than that of the spent CrO,/silicalite-1-0.35 (0.47),
revealing the slightly higher graphitization degree of the
coke. Thus, the graphitization degree of the coke over the
spent CrO,/silicalite-1-0.15 is slightly higher than that over
the spent CrO,/silicalite-1-0.35 although the graphitization
extent of the coke over both of the catalysts is relatively low.

However, a clear CO, peak centered at a much higher
temperature of about 520 °C is observed for the used CrO,/
silicalite-1-0.15 catalyst while it is only a tail in the case of
the used CrO,/silicalite-1-0.35 (Fig. 9). Since that a higher
peak temperature of O,-TPO is directly related to a higher
graphitization extent of the coke, these results and discus-
sion suggest that the cokes with a higher and lower gra-
phitization degrees are simultaneously present over the spent
catalysts. Moreover, the amount of the coke with a higher

graphitization degree over the used CrO,/silicalite-1-0.15
is more significant than that over the used CrO,/sili-
calite-1-0.35. Indeed, the temperatures for the oxidation of
the coke over the active phases including CrO, species are
found to be clearly lower than those over the supports [20,
21], and are generally explained as the lower graphitiza-
tion degree of the coke over the active phase than that over
the support [22, 23]. Following the explanation [20-23],
the distributions of the deposited coke over the spent CrO,/
silicalite-1 catalysts can be proposed, i.e., the majority of
the coke with a lower graphitization extent is present on the
surface of CrO, species while a small part of the higher gra-
phitized coke is located on the silicalite-1 support. Moreo-
ver, the graphitization degree of the coke deposited over
CrO, is very similar irrespective of the silicalite-1 supports.
As a result of the much intense peak at around 520 °C for the
spent CrO,/silicalite-1-0.15 (Fig. 9), the higher graphitized
coke on the silicalite-1-0.15 support is more significant than
that on the silicalite-1-0.35 support.

To explore the origin of the higher graphitized coke, the
C;H4-TPD experiment was applied for the silicalite-1-0.15
support. In comparison with the C;H¢-TPD pattern of the
fresh CrO,/silicalite-1-0.15 catalyst, the silicalite-1-0.15
shows only a greatly sharper and much stronger peak for
the desorption of the very weakly adsorbed C;Hg (Figure
S3), suggesting that coke cannot be directly formed on
the silicalite-1 support during CO,-ODP. Considering the
high dispersion & the amorphous nature of the CrO, spe-
cies, the higher graphitized coke may be located on the
periphery of the CrO, species over the CrO,/silicalite-1
catalyst, which can be directly contacted with the zeolite.
This explanation is supported by the more obvious block-
ing of silicalite-1-0.15 channels by CrO, than that of the
silicalite-1-0.35. Thus, as a result of the small size of the
silicalite-1 channels (~ 0.5 nm), the coke deposited over the
CrO, species in blocking the silicalite-1 channels can be
directly contacted with the silicalite-1 channels, leading to
a higher amount of the coke with a higher graphitization
extent over the used CrO,/silicalite-0.15.

As revealed from our previous work [7], the isolated
Cr(VI) oxides and polymeric Cr(VI) oxides with a lower
polymerization degree are the key factor in determining the
catalytic activity and propene selectivity at the later stage of
the CO,-ODP because the majority of the polymeric Cr(VI)
oxides with a higher polymerization degree are gradually
covered by the deposited coke in the initial period of reac-
tion. Moreover, the stability of the catalyst is quantified with
the C;H, yield, which is closely related to the activation of
C;Hjg and the desorption of C;Hg. Thus, to reveal the effect
induced from the deposited coke, C;Hg-TPD and C;H-TPD
of the spent catalysts were studied, and the results are given
in Fig. 10 and Tables S4, S5. In comparison with the fresh
catalysts, both the spent CrO,/silicalite-1-0.15 and the used
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Fig. 10 The profiles for C;Hg-TPD (a) and C;Hg-TPD (b) of the used CrO,/silicalite-1-0.15 and CrO,/silicalite-1-0.35 catalysts

CrO,/silicalite-1-0.35 show a clearly lower amount of the
desorbed C;Hg, which is mainly contributed from the sig-
nificant decrease of the strongly adsorbed C;Hg (Fig. 10a
and Table S4). Moreover, the peak temperatures for the
desorption of the medium and strongly adsorbed C;Hg over
the spent catalysts are obviously lower than those over the
fresh catalysts (Table S4). These results indicate the nega-
tive effect of the deposited coke on the C;Hg conversion,
which is agreeable with the catalytic results (Fig. 6a). Since
that the peak temperatures for the desorption of the medium
or strongly adsorbed C;Hg and the amount of the desorbed
C;H; over the spent CrO,/silicalite-1-0.15 are higher than
those over the spent CrO,/silicalite-1-0.35, higher TOS
C;H; conversions are achieved over CrO,/silicalite-1-0.15
(Fig. 6a). The analysis of the C;H4-TPD results in Fig. 10b
and Table S5 reveals that the deposited coke over CrO,/sili-
calite-1 catalysts favors the C;Hy desorption, leading to the
higher C;Hy selectivity over CrO,/silicalite-1-0.35 than that
over CrO,/silicalite-1-0.15 (Fig. 6¢). These observations
coincide with our previous findings [7], indicating that the
coke are mainly deposited on the polymeric Cr(VI) oxides
with a higher degree of polymerization, and less coke on
isolated Cr(VI) oxides and polymeric Cr(VI) oxides with a
lower polymerization degree over CrO,/silicalite-1 catalysts
triggers more exposed active sites for CO,-ODP, character-
izing the slightly decreased C;Hg conversion and enhanced
C;Hg selectivity at the end of the reaction to the initial cata-
lytic performance.

Based on these facts and the discussion, the mechanism for
the enhanced stability of the CrO,/silicalite-1 for CO,-ODP is
summarized as follows. The coke deposition mainly originated
from the strongly adsorbed propene plays a promotional effect
on the stability of CrO,/silicalite-1 catalyzed CO,-ODP. More-
over, the coke, which preferably deposits over the more active
but less selective polymeric Cr(VI) oxides, plays dual func-
tions of (1) decreasing the C;Hg conversion and (2) increasing
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the C5Hj selectivity, the extents of which are dependent on the
amount and the location of the coke induced from the struc-
tural properties of the CrO,/silicalite-1 catalyst. Although the
coke deposition over CrO,/silicalite-1-0.15 is slightly signifi-
cant than that over CrO,/silicalite-1-0.35, the amount of the
coke with a higher graphitization extent directly contacted
with the zeolite is also higher over CrO,/silicalite-1-0.15,
leading to an alleviated decrease of the TOS C;Hg conversion
but a slightly enhanced increase of the TOS C;H, selectivity.
As aresult, CrO,/silicalite-1-0.15 shows a much higher stabil-
ity indexed by the C;Hj yield than CrO,/silicalite-1-0.35. In
comparison with CrO,/silicalite-1-0.15, the effects of the coke
with a higher graphitization extent over CrO,/silicalite-1-0.22
are expectedly diminished due to the less obvious blocking of
the silicalite-1-0.22 channels by CrO, species. Thus, CrO,/
silicalite-1-0.22 shows a lower catalytic stability than CrO,/
silicalite-1-0.15 for CO,-ODP although it has the highest con-
tent of polymeric Cr(VI) oxides.

As shown in Fig. 6d, the TOS deactivation of the most
stable CrO,/silicalite-1-0.15 catalyst for CO,-ODP is still
observable. To reveal the structural stability of the catalyst,
the regeneration experiments after CO,-ODP for 3 h were
performed at 550 °C in the air atmosphere by burning the
deposited coke over the catalyst for 0.5 h. As seen from
Fig. 11, the C3Hg yield can be fully restored even after 3
reaction-regeneration cycles. This indicates that the deacti-
vation of CrO,/silicalite-1-0.15 is reversible and the struc-
ture of the catalyst is stable. Thus, the prolonged lifetime of
CrO,/silicalite-1-0.15 for CO,-ODP is reasonably expected.

4 Conclusions

In summary, well crystallized silicalite-1 with an aver-
age crystal size of 0.06, 0.15, 0.22, and 0.35 pm was suc-
cessfully synthesized by the hydrothermal method, and
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Fig. 11 Reaction-regen-
eration cycles of CrO,/ 40
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silicalite-1-0.06 exhibits a slightly higher crystallinity than
the remaining silicalite-1 zeolites, which have very similar
crystallinities. After loading CrO,, crystallinities of sili-
calite-1 are comparable for all of the catalysts. In the cases
of the textures, the porous properties of silicalite-1 and
CrO,/silicalite-1 are sensitive to the average crystal sizes
of the zeolite, which is originated from the size-dependent
agglomeration of the zeolite. Indeed, the density of differ-
ent silanol groups is adjusted via regulating the average
crystal size of silicalite-1, and the most abundant silanol
nests are obtained over silicalite-1-0.15. As a result, the
highest CrO, dispersion is achieved over silicalite-1-0.15,
which is agreeable with the non-detected crystalline Cr,O;.
Irrespective of the catalysts, both isolated and polymerized
Cr(VI) oxides are present although the relative content of
the polymeric Cr(VI) oxide and 1, /I,,,n0-0x0 ar€ the high-
est over CrO,/silicalite-1-0.22. From the CO,-ODP results,
the initial catalytic activity is slightly increased in the order
of CrO,/silicalite-1-0.15 = CrO,/silicalite-1-0.35 < CrO,/
silicalite-0.06 < CrO,/silicalite-1-0.22, which is reasonably
explained as the size impact of the silicalite-1 on the CrO,
structures induced from varied contents of silanol groups
over the zeolite. In contrast, a different changing pattern of
CrO,/silicalite-1-0.35 < CrO,/silicalite-1-0.06 < CrO,/sili-
calite-1-0.22 < CrO,/silicalite-0.15 is observed for the cata-
lytic stability. Together with the characterization results of
the representative spent catalysts, this is mainly attributed
to the dual functions of the deposited coke over the cata-
lysts, the amount and the location of which are essentially
induced from the effects of the silanol groups on CrO, struc-
tures. Thus, a more active and stable CrO,/silicalite-1 cata-
lyst for CO,-ODP is expectable if silicalite-1 with a further

Time on stream (h)

improved content of silanol nests can be synthesized via
carefully regulating its crystal size.
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