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Ordered mesoporous carbons (OMCs) were used as supports to prepare Wacker-type catalysts for diethyl carbonate
(DEC) synthesis by oxidative carbonylation of ethanol in a gas-phase reaction. The effect of support structure on the
dispersion of the active species and catalytic properties were investigated. Nitrogen sorption, X-ray diffraction (XRD)
and transmission electron microscopy (TEM) results revealed that the active components have encapsulated in pore
channels of OMCs. Characterizations of the catalysts, such as TEM, scanning electron microscope (SEM) and XRD,
indicated that active components supported on OMCs have better dispersion compared to activated carbon (AC). The
ethanol conversion of the catalysts was improved by �65% using OMCs as the catalyst support than AC. The stability
of the catalytic activity can also be enhanced through surface modification of OMCs. Surface oxygen-containing groups
(OCGs) on OMCs before and after surface modification were characterized by transmission IR spectra and the Beohm
titration. The relationship between surface OCGs and anchor ability of OMCs was studied. VC 2013 American Institute

of Chemical Engineers AIChE J, 59: 3797–3805, 2013
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Introduction

Diethyl carbonate (DEC) has attracted much attention as a
widely used building block due to its excellent biodegradabil-
ity (e.g., low bioaccumulation and persistence) and low toxic-
ity. The potential industrial applications of DEC cover many
fields, such as nonpoisonous solvent, alternative substitute for
phosgene, fuel additive and intermediate for the synthesis of
polycarbonates and polyurethanes.1–6 Among several methods
for DEC synthesis, vapor phase oxidative carbonylation of
ethanol is in line with the principles of green chemistry and
represents one of the proposed favorable processes.4–12 The
reaction can be expressed as follows

2C 2H5OH1CO11=2O 2 ! C2H5OCOOC 2H51H 2O (1)

Wacker-type catalysts, containing CuCl2 in combination
with PdCl2 and other additives, e.g., KCl and NaOH, have
been widely studied due to its good catalytic performance in
DEC synthesis by the oxidative carbonylation.8,10,12–16 The
influence of different carriers, such as silica, alumina and
activated carbon (AC), on catalytic activities was studied.8

The catalysts which used silica as support produced consid-
erable byproducts, and, thus, possessed poor selectivity. Cop-
per species on alumina were more selective for DEC than
the silica-supported catalysts, but the inclusion of palladium
(II) chloride greatly diminished the yield of DEC. Among

these supports, AC has exhibited optimum catalytic activity,
with good ethanol conversion and DEC selectivity.8 How-
ever, the microporous dominating structure of AC has re-
stricted the dispersion of active components supported which
is related to the catalytic activity.15 Indeed, the support plays
an important role in the dispersion state of active components
on catalysts, and it has been widely accepted that high-surface
area and large-pore volume are beneficial for the dispersion of
active components.17,18 As one of the most promising materi-
als, ordered mesoporous carbons (OMCs) have attracted
numerous attention for applications in electrode materials,
energy storage and catalysis.19–23 OMCs possess several
unique properties, including high-specific surface area, large-
pore volumes, uniform and tunable pore sizes, high thermal
and mechanical stability, and chemical inertness.23–26 These
excellent textural characteristics enable OMCs to function as
promising candidates for applications as catalyst supports.

In this study, OMCs were used as supporting materials
of Wacker-type catalysts for DEC synthesis by the gas
phase oxidative carbonylation of ethanol. TEM, SEM and
XRD were used to assess dispersion states of active com-
ponents of the catalysts. To rationalize the good catalytic
properties of catalysts using OMCs as the support, cata-
lysts loaded on AC were also synthesized for comparison.
Additionally, to stabilize catalyst activity, OMCs were
modified by HNO3 and the oxygen-containing groups
(OCGs) on the surface of OMCs were studied by transmis-
sion IR spectra and the Beohm titration. The relationship
between surface properties of the support and catalytic
stability was studied.

Correspondence concerning this article should be addressed to X. Ma at
xbma@tju.edu.cn.
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Experimental

Chemicals

Pluronic P123 (EO20PO70EO20, Mav 5 5800 g mol21) was
acquired from Sigma-Alorich. Other reagents, including
CuCl2�2H2O (AR, the third chemical reagent plant in Tian-
jin), PdCl2 (AR, Shanghai MingHao Metal Material Co.,
Ltd.), activated carbon (AC) (KunShan Actview Carbon
Technology Co., Ltd.), tetraethyl orthosilicate (TEOS), su-
crose, NaOH, Na2CO3, NaHCO3, concentrated sulfuric acid,
hydrochloric acid, and nitric acid, methanol, ethanol (AR,
Tianjin Kermel Chemical Co., Ltd.), were used without fur-
ther purification unless specifically mentioned.

Catalyst preparation

OMCs were synthesized via the nanocasting route using
mesoporous silica SBA-15 as an exotemplate and sucrose as
the carbon source according to protocols in the literature.26

For preparation of SBA-15, P123 and TEOS were used as a
template and a silica source, respectively.27,28 Carbonization
proceeded at 1173 K in N2 for 6 h and SBA-15 was dis-
solved in a 1M NaOH solution (50% H2O, 50% ethanol).
Before the impregnation of the active component, the OMCs
were treated with 1M HCl at 333 K for 2 h to neutralize the
surface alkalinity formed in the template removing process.
The resultant sample upon filtered was washed to the neutral
pH and dried at 393 K for 4 h.

A solution was prepared by dissolving CuCl2, PdCl2 and
KCl in 100 mL methanol at 333 K. Pretreated OMCs were
added to the solution and the resultant mixture was stirred vig-
orously at 333 K for 6 h. Subsequently, the methanol was
evaporated away under the reduced pressure. The residual mix-
ture was dried at 353 K for 4 h in a vacuum oven. In this pro-
cess, the atomic ratio of Cu/Pd maintained 20 and molar ratio
of KCl/Cu kept 1. The mixture was again impregnated in a so-
dium hydroxide methanol solution (Cu/OH 5 1, molar ratio),
and treated by the same procedure described earlier.8,12 Cata-
lysts made by this technique were denoted as nCuCl2-PdCl2-
KCl-NaOH/OMC (nCPKN/OMC). Herein “n” represents the
contents of loading species expressed by weight percentage of
copper. Contents of palladium, potassium and sodium were
defined through calculation in proportion mentioned previously.

Catalysts which used AC as the support were prepared by
the same method and were denoted as nCuCl2-PdCl2-KCl-
NaOH/AC (nCPKN/AC).

The treated process with HNO3 detailed as follows. OMCs
(1 g) were added to 100 mL nitric acid solution and then
heated at 333 K for 2 h. The concentration of nitric acid was
regulated from 5M to 9M. The obtained sample was washed
to neutral, dried at 393 K for 4 h and recorded as OMC-
mHNO3 (m represents the concentration of HNO3 treating
OMCs). Then the sample was impregnated with CuCl2,
PdCl2, KCl and NaOH by the same method mentioned previ-
ously. This kind of catalyst was marked as nCuCl2-PdCl2-
KCl-NaOH/OMC-mHNO3 (nCPKN/OMC-mHNO3). The cat-
alyst used for comparison in this part was also prepared. In
order to eliminate the influence of chlorine, OMCs were
used directly without being treated by HCl. However, the
catalyst obtained by this method was denoted as nCuCl2-
PdCl2-KCl-NaOH/OMC* (nCPKN/OMC*).

Characterization

Pore distribution and specific surface area of the
samples were determined by nitrogen adsorption-desorption

measurements performed at the 77 K on a Micromeritics
Tristar 3000 analyzer. Before the analysis, the samples were
degassed at 573 K for 4 h in vacuo. The specific surface
areas were calculated from the isotherms using the BET
method, and the cumulative volumes of pores were obtained
by the BJH method from the desorption branches of the
adsorption isotherms.

XRD measurements were performed using a Rigaku C/
max-2500 diffractometer employing the graphite filtered Cu
Ka radiation (k 5 1.5406 Å) at 40 kV. Diffraction data were
collected using a scanning rate of 0.02�/step in a 2h range
from 0.5 to 5� with a scanning time of 1.2 s/step at 100 mA
and from 10 to 90� with a scanning time of 0.3 s/step at
200 mA.

Transmission electron microscopy (TEM) images were
recorded on a Philips TECNAI G2F20 system equipped with
energy dispersion X-ray spectroscopy (EDX). The samples
for TEM and EDX were prepared by placing a few drops of
sample suspension in ethanol onto a Ni grid followed by
slow evaporation of solvent at ambient condition.

Surface morphology and composition of catalysts was
examined by a Hitachi S4800 field scanning electron micros-
copy (SEM) equipped with an energy dispersive X-ray spec-
trometer (EDX). The accelerating voltage of the microscope
was 5.0 kV.

Transmission IR spectra were acquired using a Thermo
Scientific Nicolet 6700 (32 scans, 4 cm21). To acquire infra-
red spectra, each carbon sample was diluted to 0.1 wt % in
dry IR-quality KBr (Fisher). Pellets (1 cm dia.) were formed
from 100 mg of the diluted carbon-KBr powder. Spectrum
was baseline corrected in the region from 1750 cm21 to 750
cm21, and these spectra were compared on a common ab-
sorbance scale to assess the type and relative abundance of
oxygen groups present on the different supports.

For the Boehm titration, one gram of carbon sample was
placed in 50 mL of the following solutions: sodium hydrox-
ide, sodium carbonate and sodium bicarbonate.29–32 The
samples were dispersed by ultrasonic for 20 min, heated at
373 K for 1.5 h and then filtered. Five milliliters of the fil-
trate was pipetted and the excess base was titrated with HCl.
The number of acidic sites was determined under the
assumptions that NaOH neutralizes carboxylic, lactonic, and
phenolic groups, Na2CO3 neutralizes carboxylic and lactonic
groups, and NaHCO3 neutralizes only carboxylic groups.

XPS analysis was carried out on a PerkinElmer PHI 1600
ESCA system operated at pass energy of 187.85 eV for sur-
vey spectra with an Al KR X-ray source. The acceleration
voltage was 15 kV, the power was 250 W, and the analysis
area was 0.8 mm2. Possible deviations caused by electric
charge on the samples were corrected through taking the C
1 s line as an internal standard at 284.6 eV. Multipak software
8.0 was used for data treatment. The element contents were
calculated through peak areas by sensitivity factor correction.

For acidity evaluation, NH3-TPD measurements were run
on a Micromeritics Autochem II 2920 instrument equipped
with a TCD. The sample (�100 mg) was pretreated at 393
K for 1 h in a flow of Ar followed by NH3 adsorption at 333
K. Desorbed NH3 was monitored at a heating rate of 10 K
min21 from 333 K to 1273 K.

Catalytic measurements

Catalytic performance was evaluated in a continuous
microreactor system comprising a quartz tubular reactor with
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an inner diameter of 7 mm. The catalysts used for evaluation
were pressed into 20–40 mesh. (The condition eliminating
the effluence of internal diffusion) Reaction products were
analyzed online by a gas chromatography (Agilent 7890GC)
equipped with four columns. Two Porapak Q 80/100 and
one Molesieve 13X 60/80 packed columns (Restek) con-
nected to a TCD detector for measuring CO, O2, and CO2;
and a DB-624 capillary column (Agilent) connected to an
FID detector for measuring ethanol, DEC, and other organic

byproducts. A run was initiated by loading 100 mg of cata-
lyst diluted by quartz sands to the reactor. The reactant gases
including CO (52%), O2 (3%), ethanol (11%) and N2 (34%)
were passed over the catalyst at 90 cm3/min (STP). (The
condition eliminating the effluence of external diffusion)
Reaction temperature maintained at 413 K and reaction pres-
sure held at 0.7 MPa. The byproducts observed including
acetal and acetaldehyde, and the selectivity of DEC was
determined by Eq. 2

SDEC 5
2 CH 3CH 2OCOOCH 2CH 3½ �

CH 3CHO½ �13 CH 3CHðOCH 2CH 3Þ2
� �

12 CH 3CH 2OCOOCH 2CH 3½ �
� (2)

Results and Discussion

Structural properties of nCPKN/OMC catalysts

Figure 1a presents small-angle XRD patterns of catalysts
with different loading in comparison with pure OMC. All
samples possess a peak �1� indexed as reflection of (100) of
the 2D p6mm hexagonal mesostructure. The (100) peaks of
nCPKN/OMC have a shift toward high-angle compared to
that of OMC, indicating that the pore size of the catalysts
reduces after loading active components. This trend became
more obvious with the increasing of active component load-
ing (Figure 1c). Figure 1b and c show the N2-sorption iso-
therms and pore size distributions, which reveal that all the
samples possess isotherms with well-defined H1 hysteresis
loops, characteristic of mesoporous structure. Table 1
summarizes the textural parameters of these samples.
When loaded by active components, the specific surface area
of the catalysts has greatly reduced in sequence, from
1376 m2/g to 657 m2/g. The pore volume has also reduced
from 1.38 cm3/g to 0.66 cm3/g, while the pore diameter
maintained at the same level. This suggests that the active
components enter into the pore channels of OMCs without
blocking the pore. In order to further verify this hypothesis,
TEM of OMC and catalysts has been done.

Figure 2 shows TEM images of OMC-based catalysts with
different loading. Long 1-D channels along the (100) direc-
tion as well as hexagonally arranged pores along the (001)
direction are observed clearly, indicating that the ordered

mesoporous structure remains intact without being blocked
upon loading active components. The pore sizes, measured
in TEM images, are close to the values calculated by BJH
method using N2-adsorption branches. Combined with the
results obtained previously, we deduce that active species
are entered into the pore of OMCs and well dispersed. How-
ever, until the copper load increases to 10%, e.g., 10CPKN/
OMC, some small black clusters appear on the surface.
These involve the dispersion of catalysts and will be
discussed in the following section.

Dispersion of nCPKN/OMC catalysts

In order to understand the elementary composition of the
particles appeared on the surface of 10CPKN/OMC (Figure
2), composition of two representative areas (areas 1 and 2)
was determined by EDX. Herein, area 1 is where the black
particles appeared and area 2 is where without aggregated
particles. The inset table in Figure 2 listed the elemental
analysis for Cu, Na, K, Cl at the specified areas on 1�CPKN/
OMC. The Cu content in areas 1 and 2 is at the same level.

Figure 1. (a) Small-angle XRD patterns, (b) N2 sorption isotherms, and (c) pore-size distributions of OMC and
nCPKN/OMC.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 1. Textural Parameters of OMC and nCPKN/OMC

SBET(m2/g) V(cm3/g) d(Å)

OMC 1376 1.38 35
3CPKN/OMC 1243 1.27 34
5CPKN/OMC 1047 1.06 34
10CPKN/OMC 657 0.66 34
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Figure 2. TEM images of OMC and nCPKN/OMC.

Values in the table are EDX results for marked areas.

Figure 3. SEM images of nCPKN/OMC and nCPKN/AC.

Table 2. Chemical Composition of Catalysts Gained from EDX Analysis (% Atomic).

Cu Cl K Na O C

Area 1 2 1 2 1 2 1 2 1 2 1 2

3CPKN/OMC 0.19 0.22 1.40 1.30 0.27 0.25 0.78 0.68 5.21 5.36 92.15 92.19
3CPKN/AC 0.21 0.17 1.50 1.43 0.34 0.27 0.81 0.79 5.16 5.28 91.98 92.06
5CPKN/OMC 0.38 0.33 2.20 2.10 0.47 0.40 1.10 0.99 5.06 5.17 90.79 91.01
5CPKN/AC 0.37 0.34 2.18 1.11 0.49 0.27 1.28 0.55 5.78 5.62 89.9 92.11
10CPKN/OMC 0.65 0.56 3.77 2.37 0.78 0.56 1.87 0.87 5.33 4.99 87.6 90.65
10CPKN/AC 0.56 0.37 3.81 1.90 0.81 0.51 1.98 0.91 5.02 4.89 87.82 91.42
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The content of K and Na in area 1 is much higher than area
2, indicating incomplete dispersion of K and Na. However,
some sodium and potassium was detected in regions where
there are no large crystals, suggesting that these elements are
dispersed throughout the catalyst. This phenomenon is in ac-
cordance with previous results reported by Bell and co-
workers.14 In order to clarify the structure of the active
species in KCl-NaOH-PdCl2-CuCl2/AC catalyst, they used
SEM to analyze the as-prepared catalyst. The results showed
that some unsmooth regions were decorated with large crys-
tallites made of KCl and NaCl. In our work, for low loading
nCPKN/OMC catalysts, elements were evenly distributed
(seen in Table 2), indicating that active components are
highly dispersed. However, the active species have partly
aggregated on the outside of the support channel pores only
on high-loading samples (e.g., 10CPKN/OMC).

In order to compare the dispersion of active species on
OMCs and AC, samples using AC as the support were also
prepared with the loading ranged from 3 to 10%. Figure 3
shows SEM images of catalysts with different supports. We

can observe that bright spots are distributed over the surface
of catalysts with AC as the support, and the phenomenon of
particle condensation becomes more serious when the catalyst
loading increases, especially on 10CPKN/AC. While the sur-
face of catalysts with OMC as the support is smooth and there
are very small particles only on high-loading samples, e.g.,
10CPKN/OMC. This is identical with the results of TEM.
The elementary composition of areas with and without bright
spots (areas 1 and 2 in Figure 3) were identified by EDX and
results are shown in Table 2 (with regard to highly dispersed
samples, 3CPKN/OMC and 5CPKN/OMC, the detection
regions were chosen randomly). Cu, Cl, K and Na were well
dispersed throughout the nCPKN/OMC catalysts. Until the
loading increased to 10% Cu, the content of Cl, K and Na
became heterogeneous. These results demonstrate that active
components on OMCs disperse better than that on AC.

XRD spectra for catalysts nCPKN/OMC and nCPKN/AC
are shown in Figure 4. All samples exhibit features for disor-
dered graphite (very broad peaks at 23 and 44�).33 It can be
recognized that characteristic peaks for Cu species

Figure 4. X-ray diffraction spectra for nCPKN/OMC, nCPKN/AC and 3CPKN/OMC-mHNO3.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Catalytic properties for nCPKN/OMC and nCPKN/AC: (a-c) ethanol conversion, and (d-f) DEC selectivity.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(Cu2Cl(OH)3, JCPDS # 25-0269) are observed in catalysts
with AC as the support even the loading is low. The peak
became sharper when the loading was increased. However,
these peaks can be observed only on high loadings when
OMC was used as the support, such as 5CPKN/OMC and
10CPKN/OMC. No peaks standing for Cu2Cl(OH)3 appeared
on catalyst 3CPKN/OMC means that the Cu species are
highly dispersed.14,34 Therefore, we can conclude that OMCs
are more beneficial for the dispersion of active components
than AC. When the loading of active species on OMC
increased, the peaks appeared and corresponded to copper
species (JCPDS # 25-0269). This confirms that catalysts with
different supports have identical active species. There are no
peaks for Pd species for all catalysts due to low loading of
PdCl2, which is agreed with previous results.14 For all

samples (nCPKN/OMC and nCPKN/AC) with Cu loadings
ranging from 3 to 10%, characteristic peaks for KCl and
NaCl were observed at 28.3�, 40.5�, 50.1�, and 31.6�, 45.3�,
56.3�, respectively, with peak intensity enhancing when the
loading was improved.

The results mentioned previously demonstrate that OMCs
are more effective for the dispersion of active components
than AC. Our results are also well agreed with the previous
studies that using OMCs as support can make the metal par-
ticles highly dispersed.35–37 The ordered pore structure of
OMCs with high-surface area and large-pore volume attrib-
ute to the enhanced dispersion of loaded species compared
to activated carbon.

Catalytic properties of nCPKN/OMC catalysts

Figure 5 illustrates the ethanol conversion and DEC selec-
tivity from ethanol of catalysts with different supports. Nota-
bly, the 3CPKN/OMC catalyst with low loading and highly
dispersed active species has higher initial catalytic activity
than 3CPKN/AC. With the reaction preceded, this trend
tended to mitigation, and ethanol conversion of 3CPKN/
OMC maintained at 2.5%. It is a 26% improvement com-
pared to 3CPKN/AC. The ethanol conversion used for com-
parison was chosen after 15-h reaction, at which time each

Figure 6. (a) Small-angle XRD patterns, (b) N2 sorption isotherms, and (c) pore-size distributions of OMC before
and after being treated by mHNO3.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 3. Textural Parameters of OMC Before and After Being Treated by mHNO3

Support
BET

area (m2/g)
Micropre

area (m2/g)
Mesopore

area (m2/g)
Micropore

volume (cm3/g)
Mesopore

volume (cm3/g)
Total

volume (cm3/g)
Average pore
diameter (Å)

OMC 1250.8 20.3 1230.4 0.02 1.22 1.24 35
OMC-5HNO3 1228.3 43.2 1185.1 0.02 1.15 1.17 35
OMC-7HNO3 1313.7 92.1 1221.7 0.04 1.04 1.07 33
OMC-9HNO3 1367.0 89.7 1277.3 0.04 1.09 1.13 33

Figure 7. Transmission IR spectra of OMC before and
after being treated by mHNO3.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 4. Oxygen-Containing Group Content of Omc Before

and After Being Treated by mHNO3 Titrated by the Boehm

Method

Support
Phenolic

(mmole/g)
Lactonic

(mmole/g)

Carboxylic
acid

(mmole/g)

Total acid
groups

(mmole/g)

OMC 0.60 0.30 0.02 0.92
OMC-5HNO3 0.33 0.78 0.84 1.95
OMC-7HNO3 0.51 1.09 0.73 2.33
OMC-9HNO3 0.71 0.81 1.00 2.52
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catalyst deactivated at a similar rate. When the loading of
active components increased, the ethanol conversion was at
the same level for two kinds of catalysts at beginning of the
reaction. However, with the reaction proceeded, the
enhanced performance of nCPKN/OMC was more obvious.
Specially, for catalysts with loading of 5% Cu, the ethanol
conversion has an enhancement of 65%. In addition, the
ethanol conversion of 10CPKN/OMC has increased 64%
compared to 10CPKN/AC. It can be concluded that catalysts
using OMCs as support have better catalytic activity than
catalysts using AC as support. Even though the catalysts
deactivated with the reaction progressing, the DEC selectiv-
ity mainly remains unchanged (no more than 5% decline
with 20-h reaction) for all nCPKN/OMC catalysts. However,
the selectivity reaches up to above 95%. The explanations of
deactivation have focused on the loss of chlorine that plays
an important role in electron transfer during the reac-
tion.12,38–40 In order to explore the cause of deactivation of
the catalysts, fresh and used (20-h test) samples were ana-
lyzed by XPS (Table 5). Upon the reaction, the content of
active component, Cu, keeps stable, while the content of Cl
has dropped from 2.6 to 0.5%. This means that the loss of
chlorine cannot be eliminated from deactivation reasons, and
the experiment result is consistent with previous work.

From the results of XRD (Figure 4), we can recognize
that the active species are same in both kinds of catalysts.
However, OMCs have better dispersibility than AC, which
can be obtained from the results of TEM, SEM and XRD
(Figures 2, 3, and 4). Thus, the catalytic activities of cata-
lysts are strongly dependent on the dispersibility of the sup-
ports and the highly dispersed active species are helpful to
improve the reaction activity of nCPKN/OMC catalysts.

Surface modification

For carbon material, the surface OCGs play an important
role in anchoring the active species (e.g., preventing the loss

of chlorine species).41–43 However, since most of OCGs (car-
boxylic) exhibited acidity, excessive OCGs were not favor-
able for oxidative carbonylation. This is because the target
product DEC can decompose on the excessive acid cen-
ter.44,45 Thus, it is crucial to gain a certain level of oxide
containing groups.15 Therefore, OMCs were treated by
HNO3 to increase the oxide containing groups.46–48

For the sake of detecting whether the ordered structure of
OMCs was maintained after being treated by HNO3, the
small-angle XRD patterns, N2-sorption isotherms and pore
size distributions of OMCs before and after being treated by
mHNO3 have been performed (Figure 6). It was obvious that
the 2-D p6 mm hexagonal mesopore structure was preserved
after HNO3 oxidation, even the concentration of HNO3

raised up to 9M. The definite textural parameters of OMCs
were shown in Table 3, which confirms that the structure of
OMCs was kept on HNO3 treatment.

Surface groups on OMCs and OMC-mHNO3 were charac-
terized by transmission IR spectra and the Beohm titration.
Characterization of OCGs before and after being treated by
different concentrations of HNO3 through IR is presented in
Figure 7. Bands were observed in the regions of 1000–1400
cm21, which are attributed to characteristic of CAO stretch-
ing vibrations in ethers, phenols, esters, lactones, carboxylic
acids, and carbonates and to OAH bending modes in phe-
nols; a broad band at 1580 cm21 is due to aromatic C@C

Table 5. Surface Composition of the Fresh and Used Cata-

lysts after 20-hour Reaction Calculated by XPS Data

Cl/at.% Cu/at.%

Before/After Bef. Aft. Bef. Aft.

3CPKN/OMC 2.6 0.5 0.5 0.4
3CPKN/OMC-5HNO3 2.5 1.3 0.5 0.4
3CPKN/OMC-7HNO3 2.8 1.6 0.4 0.4
3CPKN/OMC-9HNO3 2.8 1.5 0.5 0.5

Figure 9. NH3-TPD profiles of catalysts made from sup-
ports before and after being treated by
mHNO3.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Catalytic properties of catalysts made from supports before and after being treated by mHNO3: (a) etha-
nol conversion, and (b) DEC selectivity from ethanol.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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stretching vibrations; and bands observed in the region of
1660–1750 cm21 are due to C@O stretching vibrations in
carboxylic acids, lactones, and other C@O-containing
groups.15 After being treated by HNO3, intensity of the
bands in the regions of 1000–1400 cm21 and 1660–1750
cm21 increases, indicating that the treatment have improved
OCGs on the OMCs surface. Intensity of these bands
increases along with the incremental concentration of HNO3.

Table 4 summarizes the Boehm titrate results for the
OCGs content of OMCs before and after being treated by
different concentration of HNO3. After oxidation, the lac-
tonic groups and carboxylic acid groups have a significant
increase compared to untreated OMC. The total acid groups
have increased in sequence when the concentration of HNO3

increased, from 0.92 to 2.52 mmol/g, which is confirmed by
IR spectra analyze results. These results show that the sur-
face OCGs of OMCs have been regulated successfully under
the condition that OMCs’ ordered structure maintained.

Figure 8 presents the catalytic properties of catalysts before
and after being treated by different concentration of HNO3.
These kinds of catalysts almost have the same catalytic activity
at the beginning of reaction, but the stability of the catalysts is
different. Compared to the catalyst using untreated support, deac-
tivation trend of the catalyst slowed when using OMCs treated
by HNO3 as the support. This phenomenon becomes obvious
along with the improved concentration of HNO3. Also the
decrease content of chlorine has been mitigated (Table 5). After
reaction, chlorine content of catalyst 3CPKN/OMC has dropped
from 2.6 to 0.5%, while the catalyst used OMC-mHNO3 as sup-
port lessened slightly, from 2.8 to 1.5% approximately. The state
of active species on treated OMCs was characterized by XRD,
shown in Figure 4. No speaks regarding to copper species appear
on catalysts 3CPKN/OMC-mHNO3, indicating that active com-
ponents are highly dispersed. This is same as the active species
on untreated OMCs. The results of IR spectra and the Beohm ti-
tration indicated the OCGs of OMCs were improved after HNO3

treatment. The elevated OCGs have enhanced the anchor ability
of the support, which in turn increase the stability of the cata-
lysts. However, for a higher HNO3 concentration treatment, e.g.,
9M, the catalyst catalytic activity has slightly dropped compare
to 3CPKN/OMC-7HNO3. This is because the catalyst using
OMC-9HNO3 as the support possesses excessive amount of acid
center (seen in Figure 9) which can cause the decomposition of
product DEC in reaction process.

Conclusions

We have drawn a relationship between catalytic properties
and dispersity of catalysts. Structural properties of OMCs
including high-surface area and large-pore volume facilitate the
dispersion of active components, which in turn makes nCPKN/
OMC show a good catalytic performance in DEC synthesis.
Compared to nCPKN/AC catalysts, catalytic activities have
been improved by as much as 65% when OMCs were used as
support. Stability of catalyst activity was achieved by treating
the support with a suitable concentration of HNO3. Surface
properties of OMCs are in connection with the catalytic stabil-
ity of catalysts. However, the quantitative relationship between
surface OCGs and anchor ability of OMCs was also discussed.
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