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Phosphorous (P)-modified ordered mesoporous carbon CMK-3 was used as a catalyst for the direct
dehydrogenation (DH) of propane to propylene without any auxiliary stream, and this catalyst exhibited
better activity and selectivity than the pristine ordered mesoporous carbon. The prepared samples were

20 characterized by N, adsorption and desorption, temperature-programmed desorption (TPD), and X-ray
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Accepted 22nd S’une 2015 photoelectron spectroscopy (XPS). After the introduction of P using an impregnation method, P=0O

groups formed on the surface of the materials and substantially improved the activity and selectivity. The
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Introduction

Propylene is a rather important intermediate for the production
of polymers and other chemical compounds in petrochemical
and polymer processes,' and propylene is primarily produced
by traditional steam cracking reactions or fluidized catalytic
cracking (FCC). Dehydrogenation of propane is used in
commercial operation using alumina-supported chromium or
platinum catalysts promoted with an alkali.* Other metal oxide
catalysts (e.g., V,05 and M00O;)*® and metal oxide supported
zeolite catalysts (e.g., Cr-MCM-41, V-SBA-15 and Zn-ZSM-5)""
have also been used for the dehydrogenation of propane. These
processes are energy consuming with low selectivity that waste
resources and product greenhouse gases. However, metal-free
heterogeneous catalysis using carbon is considered to be an
interesting alternative to some current industrialized chemical
processes. Comparison to traditional metal catalysts, carbon
catalysts are environmentally acceptable with inexhaustible
resources.

Some carbon materials, such as carbon nanotubes, carbon
fiber and mesoporous carbon, have recently attracted much
interest for catalytic applications, and these materials were
determined to be efficient in dehydrogenation reactions of
ethylbenzene and alkanes due to their high surface area,
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uniform pore size, high electron conductivity and functiona-
lizable surfaces'*™ In addition to the common properties of
carbon materials, the unique structural feature of ordered
mesoporous carbons (OCM) is more easily accessible to gaseous
activation molecules than those of conventional carbons,
resulting in more efficient activation processes with function-
alized sites. In addition, OCM with its high surface area and a
uniform pore size facilitates the access of reactants to the active
sites and allows for good reactant flux. The periodically
arranged uniform mesopore space, alternative pore shapes, and
tunable pore sizes'>'* of OMC materials make it a promising
candidate for many applications. Yuan and co-workers® studied
catalytic dehydrogenation of propane to propylene with OMC
catalysts and determined that OMC catalysts exhibited high
activity and selectivity as well as good stability compared to
carbon nanotube and graphite carbon catalysts. These results
were due to surface carbonyl groups and well-ordered porosity
of OMC catalysts, which was beneficial for mass transport and
avoiding hot spots during catalytic reactions.'>**"

D. S. Su® stated that in general, the termination of carbon
sheets always requires foreign atoms to saturate dangling
bonds, and therefore, the intrinsic properties of carbon
materials could be readily modified by the introduction of
heteroatoms to functionalize graphene geometries at defects,
edges or strained regions.’ Many previous studied using
carbon materials as catalysts doped with heteroatoms, such as
P, B and N, to alter the performance of electrode materials,
Fischer-Tropsch synthesis catalysts, and oxidative dehydro-
genation catalysts.”*>* In these cases, doped heteroatoms
improved the properties of the carbon materials by changing
the electrical conductivity or oxidation reduction behavior of
different functional groups.

This journal is © The Royal Society of Chemistry 2015
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In the dehydrogenation process, the unsaturated and
nucleophilic ketonic carbonyl groups (C=O0) on the surface of
carbon materials were considered to be the active sites and
acted as electron donors to activate the C-H of alkanes.
However, highly electrophilic oxygen groups would lead to total
oxidation products. In the oxidative dehydrogenation (ODH) of
low alkanes, carbon material catalysts promoted with P
exhibited higher propylene selectivity compared to the pristine
carbon catalysts. P may exert an influence by blocking certain
sites, resulting in suppression of excessive activation that would
lead to deep oxidation of the alkene substrates.'***** However,
no experimental datas have been reported for P promoted OMC
catalysts in the catalytic direct dehydrogenation (DH) of
propane to propylene under oxygen-free reaction conditions.
We developed carbon material catalysts for the catalytic DH of
low alkanes to alkenes. Herein, we report the results for the
catalytic behavior of P-modified OMC catalysts for the catalytic
dehydrogenation of propane to propylene.

Results and discussion

The studies of the catalytic dehydrogenation of propane for
propylene production were conducted under oxygen-free reac-
tion conditions with different catalysts. The exit gases con-
tained propane, propylene, methane, ethane, ethane and
helium. In a blank test in the absence of a catalyst, the propane
conversion was less than 1.3% at 873 K. The change in the
propane conversion and propylene selectivity at different
temperature for CMK-3 were exhibited in Fig. 1. The increased
temperature affected the propane conversion and propylene
selectivity. The propane conversion substantially increased with
the increase of temperature. However the propylene selectivity
decreased from 89 to 73%. The product distribution analysis
indicated that the decrease in the propylene selectivity was due
to further cracking of propylene to CH,, C,H,, and C,H¢ at
higher temperatures. Therefore, the optimum reaction
temperature for propane dehydrogenation based on these
constraints was determined to be 873 K.
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Fig.1 Effect of temperature on the dehydrogenation of propane over
CMK-3 (catalyst: 0.20 g, CsHg/He: 1/19 mL min~Y).
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The variation in P doping had a significant influence on the
mesoporous carbon for propane dehydrogenation to propylene
(seeing Fig. 2). However propane conversion and propylene
selectivity over 1%P/OCMK increased to a maximum and then
decreased as the P loading increased. Comparison to a tradi-
tional noble metal catalyst (i.e., Pt/OCMK), the activity of 1%P/
OCMK was better than that of Pt/OCMK (Fig. S17). At a high P
loading level, (i.e., 2%P/OCMK and 4%P/OCMK sample), the
treatment caused a decrease in the BET surface areas and pore
volumes, resulting in blockage of pores (Table 1s7).>* Therefore
the optimum P loading for propane DH was 1%. The N
heteroatom was also used to modify CMK-3, the conversion of
N/OCMK was much lower than that of 1%P/OCMK (Fig. S27).

The changes in the propane conversion and propylene
selectivity with time-on-stream (TOS) for all three tests are
shown in Fig. 3. Because the operating conditions in the three
tests were nearly the same, the obtained values for the propane
conversion were indicative of the intrinsic catalyst activities in
the three tests. The initial activity of P/OCMK catalyst at 873 K
was 28% with 88% propylene selectivity, which is much higher
than that of the CMK-3 and OCMK catalysts without P (15 and
17% propane conversion with 86 and 85% propylene selectivity,
respectively). The activities of the pristine CMK-3 and OCMK
catalysts were similar to each other within experimental error,
which indicated that functionalized treatment with concen-
trated HNOj; only had a limited effect on the activity of the CMK-
3 materials. However after modification with P, the initial
activity of the OCMK -catalyst improved substantially from
approximately 17 to 27%. However, at the very beginning, the
rate of deactivation for all three catalysts was very high. During
the overall tests that lasted 24 h, the activity of the 1%P/OCMK
catalyst remained 5% higher than those of the CMK-3 and
OCMK catalysts. These results are due to the promotion effect
of P.

Fig. 4 shows the nitrogen adsorption-desorption isotherm
curves and BJH pore size distributions of the three catalysts
before and after the reaction. The nitrogen isotherms of the fresh
and used OMC catalysts exhibited classical type IV isotherms
with a well-defined hysteresis loop, which is characteristic of
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Fig. 2 Effect of P doping on the dehydrogenation of propane over P/
OCMK (catalyst: 0.10 g, CsHg/He: 1/19 mL min™, reaction tempera-
ture: 873 K).
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Fig. 3 Conversion and selectivity of dehydrogenation of propane to
propylene over CMK-3, OCMK and 1%P/OCMK (catalyst: 0.10 g, CzHg/
He: 1/19 mL min~, reaction temperature: 873 K).

mesoporous materials. In addition, the large quantity adsorbed
at the low p/p, = 0-0.1 indicated the presence of a large number
of micropores. The ordered mesostructure was confirmed by the
small-angle XRD patterns, which contained one peak (Fig. 5). The
three samples exhibited a peak in the small-angle X-ray diffrac-
tion patterns, which confirmed the ordered mesostructure and
indicated a similar mesopore size. According to the adsorption
curves, the average distribution of the mesopore size for 1%P/
OCMK was larger than that of other samples.
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Fig. 4 Nitrogen adsorption—desorption isotherms of fresh (a) and
used (b) catalysts.
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Fig. 5 Small XRD patterns of mesoporous carbon sample CMK-3,
OCMK and 1%P/OCMK.

The BET surface areas and pore volumes for all three
samples are listed in Table 1. The BET surface area of the
pristine CMK-3 material, the surface area most likely was
decreased after addition of P possibly, which was due to the
pore-filling and pore-blocking of channels during the impreg-
nation treatment of with P.*® After 24 h of operation, both the
surface area and pore volume of all catalysts decreased some for
all catalysts, which is was possibly most likely ascribed due to
coke formation during the DH test. Although 1%P/OCMK had
possessed a smaller BET surface area and pore volume than
CMK-3 and OCMK, its activity was as high as 12% propane
conversion with 90% propylene selectivity after 24 h of opera-
tion, and these results much better than that of the CMK-3 and
OCMK catalyst. To the best of our knowledge, coke formation
can have a strong effect on the catalytic performance of carbon
material catalysts and most likely led to catalyst deactivation.™
Interestingly, after the test period that lasted 24 h, the mesopore
surface area of the 1%P/OCMK catalyst remained the same.
However, its micropore surface area decreased substantially,
which indicated that the majority of the coke formed first in the
micropore and had a limited effect on mesopore. The large and
well-ordered mesoporous porosity of the ordered mesoporous
carbon catalysts is beneficial for mass transport and avoiding
hot spots during catalytic reactions of ordered mesoporous
carbon catalysts. This result demonstrates the unique charac-
teristic of the 1%P/OCMK catalyst during DH reaction.

To gain a better understanding of the surface chemistry after
P modification, the surface compositions of the fresh and
used catalyst were investigated using X-ray photoelectron

Table 1 Textural properties of CMK-3, OCMK and 1%P/OCMK

Sample SBET (mz gil) Smicro Smeso Vtotal (Cm3 gil)
CMK-3 1384%/1252¢  116°/62%  1268°/1190% 1.42°/1.27°
OCMK 1443%/1271¢  126°/107* 1317°/1164% 1.42%/1.24°

1%P/OCMK 1338%/1268%  90%/20°  1248%/1248° 1.31%/1.25¢

“ values measured after the reaction. ? Values measured before the
reaction.

This journal is © The Royal Society of Chemistry 2015
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spectroscopy (XPS). As shown in Fig. 6a and c, the oxygen
spectra were fitted to three peaks as follows:*? peak A (~531
eV) for double bonded oxygen (=0O) in C=0 and P=0,* the
peak B (~533 eV) for singly bonded oxygen (-O-) in C-O and C-
O-P,* and the peak C (~535 eV) for chemisorbed oxygen and
water.® The area of peak A for 1%P/OCMK was twice that of
CMK-3. The ratio of the area of peak A to the area of peak B
increased after addition of phosphorous to CMK-3 (Fig. 6a and
c), which demonstrated the formation of P=0 groups due to P
modification. Fig. 7 shows the P2p spectra for 1%P/OCMK.
Peaks B (2P3/2) and C (2P1/2) were used to fit the spectrum
with a branching ratio of 2 : 1. The BE position of the 2P3/2 peak
located at approximately 133 eV was due to pentavalent tetra-
coordinated phosphorus (PO, tetrahedra).”® The structure with
C-O-P bonding was much more stable and persisted longer
than the structure with C-P-O bonding at the high temperature
and phosphates attached to carbon matrix by C-O-P
linkage,”®*?° as shown in the P2p and O1s spectra. In compar-
ison to the spectra of fresh catalyst, an additional peak (A)
(Fig. 7b) was observed for the used catalyst due to P.>* The P
appearance indicated that the phosphate groups were reduced
to P during the test. Although the reduction of phosphate
groups occurred at higher temperatures of approximately
around 1073 K," the reductive atmosphere containing C;Hg,
C;Hg and H, improved the reduction behavior of the phosphate
groups, leading to the reduction of P at a slightly lower
temperature.

The catalytic activity of the carbon material was related to its
abundant surface oxygen groups, such as carboxyl, anhydride,
hydroxyl, ketonic carbonyl and lactone groups.*~** Among these
groups, the unsaturated and nucleophilic ketonic carbonyl
groups (C=O0) are regarded as the active sites, which can acti-
vate alkanes due to their electron property. In the dehydroge-
nation process, the ketonnotic C=0 groups activated the C-H
bonds of propane to produce propylene and hydroxyl groups (C-
OH), where the hydroxyl groups acted as reaction intermediates.
The reaction cycle was closed by the decomposition of C-OH to
C=0O0 at the reaction temperature.** However, the electrophilic
groups activated the unsaturated alkene (i.e., C3Hg) leading to
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Fig. 6 XPS spectrum of Ols peak of fresh (a and c) and used catalysts
(b and d).
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Fig. 7 XPS spectrum of P2P peak of fresh (a) and used catalysts (b).

deep cracking. The evolution of group species containing
oxygen functions can be measured by TPD, and the results are
shown in Fig. 8. In general, CO desorption resulted from the
decomposition of phenol, ether, anhydride and ketonic
carbonyl groups, however, CO, desorption was associated with
carboxylic, lactone and anhydride groups.** Ketonic carbonyl
groups were typically associated with CO desorption tempera-
tures between 973 and 1253 K. Phenols, anhydrides and ethers
decomposed at temperature lower than 927 K. Therefore, peak A
(Fig. 8a) corresponding to CO desorption at approximately 927
K most likely originated from the decomposition of ethers, and
peak B (Fig. 8a) corresponding to CO desorption at approxi-
mately 1073 K was due to the decomposition of ketonic carbonyl
groups,®*® which indicated the existence of nucleophilic ketonic
carbonyl groups in all three catalysts. In addition, as shown
from XPS results, the phosphorus modification resulted in the
formation of C-O-PO; groups on the 1%P/OCMK surface. The
highly stable C-O-PO; groups can decompose to CO and
phosphate at approximately 1073 K.>*** Therefore, the stronger
B peak of the 1%P/OCMK catalyst may be due to the simulta-
neous decomposition of ketonic carbonyl and C-O-POj; groups.

Fig. 8b shows CO, desorption spectra. The functional
groups, such as carboxylic, anhydride and lactone, are desorbed
at typical temperatures of 573, 773, and 973 K respectively. For
1%P/OCMK, an obvious shoulder peak (B), which was due to the
decomposition of phosphate to CO, and P, was observed at 1070
K. This XPS spectrum also confirmed the existence of P. In
addition, this temperature was consistent with the CO desorp-
tion spectra in Fig. 8a. The decomposition of the phosphate
groups during the reaction led to a decrease in the amount of
P=0 groups on the surface of mesoporous carbon, which may
have contributed to the deactivation of 1%P/OCMK.

The amount of P before and after the reaction was measured
using inductively coupled plasma optical emission spectroscopy
(ICP-OES). The P amount of 1%P/OCMK before and after reac-
tion were 1.18% and 0.59%, respectively. After introduction of P
using the impregnation method, P=0 groups formed on the
surface of the materials and substantially improved the activity
and selectivity. However, after the DH of propane, the inacti-
vated 1%P/OCMK sample exhibits XPS peaks originating from

RSC Adv., 2015, 5, 56304-56310 | 56307
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pentavalent tetra-coordinated phosphorus with a lower inten-
sity and an additional peak corresponding to the P element.
The P appearance indicated that the phosphate groups were
reduced to P during the test. The element should evaporate
resulting in a decrease in the P amount after the DH of propane.
Combination with the reaction rate data, P modification can
enhance the catalytic performance by introducing P=0 groups.
The P=0 groups were believed are most likely electron donors
for the C=0 active centers, or independent active centers for
catalytic DH of propane.

In previous studies of the oxidative DH reaction of alkanes
to alkenes with P-modified carbon materials, the phosphorous
groups did not typically alter the properties of the active sites
on the surface of the carbon materials but affected the avail-
ability of the sites by blocking the catalytic combustion
pathway and inhibiting the formation of CO, products, which
resulted in an increase in the alkene selectivity.'®'* However,
in the current studies, the studies of the catalytic DH of
propane to propylene with the P promoted catalyst were con-
ducted under oxygen-free reaction condition. The P-modified
CMK-3 catalyst still exhibited a higher activity and propylene
selectivity compared to the other two ordered mesoporous
catalysts without the P promoter. Due to the lack of molecular
oxygen in the reactants, the deep oxidation reaction did not
occur via the adsorption of molecular oxygen on defect or edge
sites, resulting in the production of COx.>® In addition, peak B
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in Fig. 6a for 1%P/OCMK was much more intense than that of
the other two catalysts, indicating the existence of large
number of functional groups on the surface of the 1%P/
OCMK. Because the preparation of the 1%P/OCMK -catalyst
was performed under a nitrogen atmosphere, the number of
C=0 groups cannot be increased during this process. There-
fore, the increased amount of functional groups after P
modification correspond to P=0 groups. Both the C=0 and
P=0 groups were vital for the DH reaction of propane, and the
superior activity of 1%P/OCMK was due to the synergetic
impact of these two groups. The effect of the heteroatoms on
the properties of the OCMK catalysts may result from the
modification of the electron affinity of the carbonyl/quinine
groups over carbon surface, which are considered to be
essential catalytic active sites. The P=0 groups were electron
donors and provided electrons to unsaturated C=0O carbonyl
groups. These groups received the electron and had a greater
electron density on the oxygen atom and acted as a Lewis base
to activate the paraffin,'®'"'**® resulting in a higher activity
compared to the other two catalysts.

In addition to the C=0 groups, the P=0 functional groups
are another type of independent active center similar to C=0
for the dehydrogenation reaction and catalytic activation of
these C-H bond of propane. Therefore, the number of active
sites on the surface of xP/OCMK for the DH reaction increased
substantially. The xP/OCMK catalyst had many more active
centers than CMK-3 and OCMK during the catalytic DH of
propane, which was in good agreement with the experimental
results shown in Fig. 3. The P groups over the xP/OCMK cata-
lysts produced a positive effect on the catalytic DH of propane to
propylene by providing electron to the C=0 group as electron
donor, and/or active centers for the direct activation of C-H
bond of propane. Further studies using the CMK-3 catalysts
promoted with P are in progress to determine the function of
the P=0 groups in the catalytic DH of propane to propylene.

Conclusion

In summary, P-modified ordered mesoporous carbon was
successfully prepared and used in the catalytic dehydrogenation
of propane to propylene. The catalyst modified by P which is
referred to as xP/OCMK exhibited superior catalytic perfor-
mance due to the formation of phosphate groups on the surface
of the OCMK materials. Both the ketonic carbonyl (C=0) and
phosphate (P=0) groups may be the key species during the
propane activation process. The P=0 groups acted as electron
donating groups to the C=0 groups, resulting in the activation
of propane being more facile. In addition, the P=0 functional
groups were another type of independent active center for
catalytic dehydrogenation reaction.

Experimental
Catalyst synthesis procedure

According to the report by R. Ryoo,*” the ordered mesoporous
carbon CMK-3 was synthesized using the nanocasting strategy
with SBA-15 material and sucrose as the hard template and

This journal is © The Royal Society of Chemistry 2015
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carbon source, respectively. CMK-3 was stirred in a HNO;
solution (2 M) for 2 h at ambient temperature, and the obtained
catalyst OCMK was calcined at 873 K for 2 h in N,. The activated
CMK-3 is referred to as OCMK. P modified OCMK was prepared
using the impregnation method with an aqueous solution
containing the desired amount of (NH,),HPO, followed by
drying at 393 K for 12 h and calcining at 873 K for 2 h in N,. The
samples were labeled xP/OCMK, where x indicates the P/carbon
support weight ratio (x = 0.5%, 1%, 2% and 4%). The nitrogen-
doped catalysts (N/JOCMK) were prepared by heat treatment of
OCMK under flowing NH; at 1123 K for 1 h. 0.5Pt/OCMK was
prepared using the impregnation method with an aqueous
solution of consisting H;,N¢O¢Pt.

Catalyst characterization

The BET surface area and pore volume were obtained by
nitrogen physisorption at 77 K using an ASAP2020 instrument
(Micromeritics Corporation, USA). The samples were degassed
at 553 K for 3 h prior to the measurements. The Brunauer-
Emmett-Teller (BET) method was used to calculate the specific
surface areas (Sggr) at a relative pressure interval of 0.05 < P/P, <
0.3, and the total pore volume (Vioa1) Was determined at P/P, =
0.98.

The XRD pattern was recorded using a Bruker D2 Phaser
instrument. The diffraction patterns were collected with Cu Ka
radiation (A = 1.5406 A) at a scanning rate of 0.013° s~ *. In a
typical TPD experiment, an approximately 100 mg sample was
placed in a U-tube reactor and purged with He (40 mL min™") at
383 K for 0.5 h, and then the temperature was ramped at a rate
of 10 K min~* from 383 to 1173 K. The produced CO and CO,
were monitored by a quadrupole mass spectrometer.

X-ray photoelectron spectroscopy (XPS) was employed using
a VG ESCALAB MK2 X-ray photoelectron spectrometer equipped
with Al Ko radiation (hm = 1486.6 eV). The X-ray anode was
operated at 250 W, and the high voltage was maintained at 12.5
kv with a detection angle of 90°. The pass energy was fixed at 50
eV for the high resolution spectra and the base pressure in the
analysis chamber was 2 x 10~ % Pa. The survey and multi region
spectra were recorded for the C1s, O1s, and P2p photoelectron
peaks. Peak XPS 4.1 software was used to fit the high resolution
spectra.

The P loading of 1%P/OCMK before and after the reaction
was measured by inductively coupled plasma optical emission
spectroscopy (ICP-OES 7300DV, PerkinElmer).

Catalyst tests

The experiments were performed in a quartz fixed-bed reactor
packed with approximately 100 mg of catalyst at 873 K under
atmospheric pressure. The feed composition was 5% C;Hg and
diluted by He (total flow rate = 20 mL min ). The reaction
products were analyzed on-line with an Agilent 6890N gas
chromatograph (GC). The propane conversion (X) and
propylene selectivity (S), expressed on a mol% carbon atom
basis, are defined by the following equations:
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NCyHg,in — HC3Hg out NC;3Hg out
X == O 0 100%, S = LT

NCyHg,in

x 100%
NcyHgin — NC3Hg out
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