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Carbon has been widely used as a catalyst support and adsorbent in industry. However, it suffers from
poor stability due to its limited mechanical strength, particularly under high pressures and
temperatures. We report here a carbide derived carbon (CDC) layer on a porous SiC surface, which has
the properties of high mechanical strength and is easy to shape. The CDC exhibits an amorphous
structure and contains mainly mesopores with a BET surface area of 125 m? g=!. The CDC-SiC
composite yields a comparable performance to coconut activated carbon (AC) as a catalyst support in
the probe reaction hydrogenation of 4-carboxybenzaldehyde. The further introduction of TiO,
nanoparticles enhances the activity and stability significantly because of the improved dispersion of Pd
particles on CDC-SiC. The activity is 4 times higher than the Pd/AC catalyst. Pd-TiO,/CDC-SiC
shows great promise as an alternative to the current AC supported Pd catalyst for the crude terephthalic

acid hydropurification industry.

1. Introduction

Activated carbon has been widely employed as the support of
metal catalysts in chemical synthesis due to its advantages such
as high surface area, resistance to acid and easy recovery of
metals.!® However, activated carbons from different sources
can exhibit different compositions, morphologies and struc-
tures, which may lead to completely different performance. In
addition, the low mechanical strength of activated carbon
reduces its stability for high pressure reactions and the presence
of a high microporosity can lead to mass transfer limitations, in
e.g. fine chemical synthesis.* Therefore it is desirable to develop
new support materials that can efficiently replace activated
carbon.

For example, in catalytic hydropurification of crude tereph-
thalic acid (CTA), coconut activated carbon (AC) gives the best
performance and is currently used as a support for Pd. Ter-
ephthalic acid is an important intermediate for the manufacture
of polyethylene terephthalate. Terephthalic acid is usually
produced by the oxidation of p-xylene in liquid phase, which is
often accompanied by impurities such as 4-carbox-
ybenzaldehyde (4-CBA). 4-CBA can be removed via hydroge-
nation over a Pd/AC catalyst in a trickle bed reactor.? However,
AC is easy to crush under the reaction conditions of relatively
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high pressure (7 MPa) and temperature (250 °C), which can lead
to the loss of palladium and contamination of the product.
Therefore, efforts have been made continuously to substitute
the carbon support and a large amount of work has been
focused on TiO,.5®

Recently SiC has attracted attention as a catalyst support
because of its properties of high mechanical strength, easy
shaping and high chemical stability.” For example, Ledoux and
coworkers have developed a shape memory synthesis method for
preparation of SiC and investigated the obtained SiC in reac-
tions, e.g. selective oxidation of H,S into S and direct oxidation
of n-butane into maleic anhydride.'®'! In order to overcome the
limitation of its low surface area for practical applications, we
intend to combine the advantages of carbon and SiC by using
carbide derived carbon (CDC)-SiC composite as a support.
CDC has been prepared by selectively etching the surface silica
atoms using chlorine-containing gas.'> The application of SiC in
gas storage and micro-supercapacitors has been reported.'>'*
The important advantages of CDC over traditional activated
porous carbons are its high purity, narrow pore size distribution,
and the possibility to tune pore size.'> However, it has not been
explored yet in liquid phase reactions. We show here that the
resulting CDC-SiC composite as the support for the Pd catalyst
yields a comparable performance with respect to the commercial
coconut activated carbon.

Inspired by previous studies,'®'” we further introduced TiO,
nanoparticles on the surface of the CDC-SiC composite. The
resulting catalyst gives a significantly enhanced activity, as well
as stability for the hydrogenation of 4-CBA due to the stabili-
zation of the highly dispersed Pd nanoparticles.
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2. Experimental
2.1. Preparation of catalyst

B-SiC spheres with a diameter of 500-800 um and a pore size of
20-100 nm were kindly supplied by SICAT company, France.
The CDC layer over the SiC spheres was prepared by exposing
SiC to a flowing gas mixture of Ar and CCly vapor at atmo-
spheric pressure at 840 °C. Subsequently, it was calcined in air at
400 °C for 2 h and then treated in 1 : 1 (volume ratio) nitric acid
aqueous solution at 120 °C for 6 h. The resulting sample was
denoted as CDC-SiC.

TiO, and Pd were loaded on CDC-SiC by a co-impregna-
tion method. CDC-SiC was mixed with an isopropanol solu-
tion of tetrabutyl titanate and a toluene solution of Pd(acac),
under stirring at ambient temperature. After drying under
ambient conditions, the sample was calcined in air at 400 °C
for 3 h and then reduced in hydrogen at 250 °C for 2 h. The
catalyst was denoted as Pd-TiO,/CDC-SiC. The loadings of
TiO, and Pd on the catalysts were 10% and 0.5% by weight,
respectively.

For comparison, AC was purchased from Aladdin Company,
China, which was currently used in industry. Pd was deposited
on AC, CDC-SIC and SiC using the toluene solution of Pd(a-
cac), as the precursor. The resulting catalysts were denoted as
Pd/AC, Pd/CDC-SiC and Pd/SiC, respectively. The Pd loadings
in all catalysts were 0.5% by weight.

2.2. Characterization

The surface structure and morphology of the SiC spheres were
examined with a QUANTA 200 FEG scanning electron micro-
scope (SEM) at 20 kV. The Brunauer-Emmett-Teller (BET)
surface areas were calculated from nitrogen physisorption data
measured at 77 K with a Micromeretics ASAP 2400 apparatus.
Raman spectroscopy was used to characterize the degree of
disorder of the CDC layer on a LabRAM HR 800 apparatus (A =
532 nm). X-Ray diffraction (XRD) was recorded using a Rigaku
D/MAX-2500 instrument with Cu Ko radiation, a graphite
mono-chromator with a scanning rate of 5° min~'. The distri-
bution of TiO, and Pd particles on the CDC-SiC composite was
examined using high resolution transmission electron micros-
copy (TEM) on a TECNAI G? F30 operated at an acceleration
voltage 300 kV.

2.3. Hydrogenation of 4-CBA

Hydrogenation of 4-CBA was conducted in batch mode in
a stirred autoclave in the presence of 0.05 g catalyst, 0.20 g CBA
and 80 g water, under a hydrogen pressure of 0.15 MPa and
90 °C. The concentration of 4-CBA was monitored every ten
minutes, analyzed by HPLC.'® The stability of the catalyst was
tested by aging under a higher pressure and temperature than
the usual reaction conditions, similar to a previous report.'®
0.30 g of catalyst and 3.00 g of 4-CBA were kept in an autoclave
at 200 °C with a hydrogen pressure of 1.5 MPa for 25 h. After
aging, the catalysts were washed with ethanol and reduced in
hydrogen at 250 °C before further activity tests under the same
conditions.

3. Results and discussion
3.1. Characterization of CDC-SiC

The SEM images of B-SiC in Fig. 1 show that the SiC support is
composed of small particles of several tens of nanometers and the
pores are mainly sintered holes ranging from several nanometers
to several hundreds of nanometers. This kind of SiC sphere is not
suitable to act directly as a catalyst support because of the
absence of meso- and micropores and functional groups.

After a layer of CDC forms on SiC under these conditions, the
Raman spectra in Fig. 2 do not show the characteristic SiC peak
at 750 cm~! due to the shielding effect of the rather thick CDC
layer, while an obvious D peak and G peak of carbon are
observed. The presence of a strong D peak and a high intensity
ratio of D peak to G peak (Ip/lg) indicates that mainly amor-
phous carbon has been generated. In comparison, the I'p/Ig value
for AC is 0.92, as shown in Fig. 2.

The adsorption isotherms and pore structures of the original
SiC, the CDC-SiC composite and AC in Fig. 3 and Table 1
indicate that micropores and mesopores are generated in the
CDC layer and the BET surface area increases from 34 m* g~ to
125 m? g~'. The pore volume of the micropores only occupies 5%
of the total pore volume. In contrast, micropores occupy about
75% of the total pore volumes in the high BET surface area AC
(as high as 1073 m* g7 ").

3.2. Characterization of Pd-TiO,/CDC-SIC catalyst

After TiO, and Pd were loaded onto the surface of the CDC-SiC
composite, the catalyst was characterized by XRD and high
resolution TEM in order to identify the crystal phase,
morphology and distribution of both TiO, and Pd. The XRD
pattern of CDC-SiC in Fig. 4(a) shows the presence of carbon
(20 = 25.0°, 43.7°) and SiC (35.0°), which correspond to the 3C-
SiC(111) crystal planes.' For the Pd/CDC-SiC catalyst, metallic
Pd cannot be detected due to the rather low loading amount.
When TiO, and Pd were loaded at the same time, the XRD
pattern (Fig. 4(c)) shows that only the anatase phase of TiO, is
present, which can be reflected at 25.3° (101), 37.8° (004), 48.0°
(200), 53.9° (105) and 62.3° (204) as confirmed from JCPDS no.
2-1272. The fairly broad and weak diffraction peaks of anatase
TiO, indicate the small crystalline size of TiO,. At the same time,
we do not observe diffraction of Pd for the Pd-TiO,/CDC-SiC
catalyst.

The high resolution TEM images of Pd-TiO,/CDC-SiC in
Fig. 5(a) and (b) show dispersion of TiO, particles on the surface
of CDC-SiC. The lattice fringe of 0.36 nm corresponds to anatase

SEM images of SiC support at different magnifications.
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Fig. 3 Adsorption isotherms of AC, CDC-SiC and SiC.

(101) planes. Although EDX in Fig. 5(c) indicates the presence of
Pd, particles with Pd lattice fringes are not observed. The EDX
elemental mapping of Ti and Pd in Fig. 5(d) also supports our
assumption that Pd and TiO, are homogeneously distributed.
The TEM images in Fig. 6 shows that in the absence of TiO,,
larger Pd particles can be observed in the Pd/CDC-SiC catalyst,
indicating worse dispersion of Pd.

3.3. Hydrogenation of 4-CBA

As reported previously, hydrogenation of 4-CBA is a first order
reaction for 4-CBA.'® Thus, the concentration of 4-CBA can be
described by the following equation

In Cy/C, = kt D

# SiC
* Carbon
& anatase TiO,

anatase TiO,(101)
* &

004
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‘ . *

)
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Fig. 4 XRD patterns of CDC-SiC (a), Pd/CDC-SiC (b) and Pd-TiO,/
CDC-SIC ().

where C, is the initial concentration of 4-CBA, C, is its instan-
taneous concentration at a given reaction time ¢, and k is the
reaction rate constant. Since the reaction rate constant reflects
the activity, we compare directly the rate constants over different
catalysts.

Fig. 7 shows that using SiC directly as a support, the catalyst
Pd/SiC has the lowest activity with a k value of 0.0001 min~"'. Pd/
CDC-SIC gives k = 0.0148 min~', which is rather close to that of
the Pd/AC catalyst (k = 0.0152 min'). In addition, the stability
of the Pd/CDC-SiC catalyst is also comparable to Pd/AC, which
can be reflected by the residual activity of 0.0031 min~' and
0.0038 min~! after aging. Thus, CDC-SiC shows promise as an
alternative support for Pd.

To further enhance the activity and stability of the Pd/CDC-
SiC catalyst in the 4-CBA hydrogenation reaction, we introduced
TiO, nanoparticles onto the surface of CDC-SiC. As a result, the
activity dramatically increased to 0.0591 min~', as shown in
Fig. 8. This is almost 4 times that over Pd/AC and Pd/CDC-SiC
(Fig. 7). Previous studies showed the dependence of the activity
of 4-CBA hydrogenation on the Pd particle size.?***> Smaller
particles with a higher dispersion lead to a higher activity. Our
XRD, high resolution TEM and HAADF -characterizations
indicate highly dispersed TiO, particles on the CDC-SiC
composite, which could improve the dispersion of Pd. The
improved dispersion and reduced particle size of the Pt-Ru
particles has been reported because of the presence of TiO, on
the carbon support, which benefited methanol oxidation.'® Zhao
et al.'? also observed that the addition of TiO, in a Pd/SiO,
catalyst could reduce the size of the Pd particles significantly,
which showed a higher ethylene yield in acetylene hydrogenation.

Table 1 Comparison of surface area and pore structure of AC, CDC-SiC and SiC*

Sp (m* g™) Sm (m* g7) Vi(em® g™) Vin (cm* g7) d (nm)
AC 1073 982 0.530 0.397 1.97
CDC-SiC 125 39.3 0.382 0.019 12.2
SiC 34 2.6 0.324 0.001 38.0

¢ Sg: BET surface area; S,,: T-method micropore surface area; V;: total pore volume at P/Py = 0.99085; V,,,: T-method micropore volume; d: average

pore size.
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Fig. 6 High resolution TEM (a) and HAADF image (b) of Pd/CDC-
SiC catalyst.
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Fig. 7 Activities and stabilities of Pd/SiC, Pd/CDC-SiC and Pd/AC
catalysts for the hydrogenation of 4-CBA. £ is the reaction rate constant.

Fig. 8 also indicates that the activity of Pd-TiO,/CDC-SiC
decreases by less than a half from 0.0591 min~' after aging. In the
absence of TiO,, the activity of the PdA/CDC-SiC catalyst drops
by 73% from 0.0148 min~" upon aging experiments. Therefore, in
addition to an enhanced activity, the presence of TiO, improves
the stability significantly with respect to the original Pd/CDC-
SiC catalyst. The role of metal oxides in stabilizing noble metal
particles on carbon supports has been reported previously. Kou
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Fig. 8 Activities and stabilities of Pd—-TiO,/CDC-SiC and Pd-TiO,/AC
catalysts for hydrogenation of 4-CBA. k is the reaction rate constant.

et al® deposited indium tin oxide (ITO) and Pt nanoparticles on
graphene, forming a unique triple-junction structure (Pt-1TO-—
graphene), which exhibited greatly enhanced stability for oxygen
reduction in PEM fuel cells. In our work, the presence of TiO,
might have the same function and hence improves the stability of
the Pd/CDC-SiC catalyst for hydrogenation of 4-CBA. In
comparison, the introduction of TiO, to AC does not facilitate
the reaction. Instead, Pd-TiO,/AC (k = 0.0053 min~") shows
a much lower activity than Pd/AC (Fig. 8). After aging, the
activity decreases further (k = 0.0013 min~'). In order to exclude
the influence of oxygen functional groups which are often
required for better dispersion of metal oxides, we treated AC
with nitric acid (AC-n) and then deposited TiO, following the
same procedure as Pd-TiO,/AC. A similar k value (k =
0.006 min~') is obtained over Pd-TiO,/AC-n as over Pd-TiO,/
AC. Comparison of the effects of TiO, on AC and SiC supported
Pd catalysts implies that the pore structure is likely to play an
important role because k is 0.001 min~' for Pd/SiC and it
increases to 0.012 min~' for Pd-TiO,/SiC. XPS indicates
a decreased amount of surface Pd species in the presence of TiO,,
which is likely due to the entering of smaller Pd particles into
the pores being promoted. These species are still accessible to
reactants in the macropores of SiC and the mesoporous CDC
layer, whereas they are not easy to reach for reactants in the
micropores of AC although they are better dispersed. This is
likely to be the reason for the different effects of TiO, on SiC,
CDC-SiC and AC.

4. Conclusion

We report here a novel catalyst, Pd-TiO,/CDC-SiC, consisting
of highly dispersed Pd among TiO, nanoparticles on a support of
a CDC layer on a porous SiC surface, which has the properties of
high mechanical strength and is easy to shape. More importantly,
Pd-TiO,/CDC-SiC exhibits a 4 times higher activity and a much

better stability than the conventional AC supported Pd catalyst
for hydrogenation of 4-CBA.

Characterization of CDC-SiC composite shows that the CDC
layer is dominated by mesopores although it is amorphous
similar to AC and its BET surface area is 8 times less. The
mesopores are beneficial for the inclusion of TiO, nanoparticles,
which enhance the dispersion of Pd nanoparticles on CDC-SiC.
In contrast, this does not work for coconut carbon because of its
dominating micropores. Apart from the high activity and
stability of Pd-TiO,/CDC-SiC, the properties of high mechan-
ical strength and the easy shaping of SiC render it promising for
the industrial CTA hydropurification process which currently
uses AC as the support for the Pd catalyst.
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