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Abstract The processes of palladium deposition on various high-porosity carbon
matrices (Sibunit, CMK-3) have been studied. Mesostructured carbon material
CMK-3 was synthesized using a silicate template of SBA-15 type. Pd nanoparticles
were loaded onto carbon matrices by metalorganic chemical vapour deposition
(MOCVD) method using palladium(IIl) acetylacetonate precursor. Bimetal Au-Pd
systems were synthesized by autoclave reduction of gold(IIT) chloride complexes on
Pd-containing carbon matrices. Structure of the obtained composite particles was
studied by electron microscopy and X-ray diffraction. The average diameter of Pd
particles on Sibunit is about 10, and 5-6 nm on CMK-3. The catalytic activity of the
synthesized materials was studied in the reaction of furfural diethyl acetal (FDEA)
hydrogenation, using gas—liquid chromatographic analysis. There is significant
difference in catalytic activity of MOCVD-Pd/C compared to conventional
impregnated Pd/C systems: the hydrogenation rate is 3-6 times higher with
MOCVD-derived catalysts. Introducing Au into a MOCVD-Pd/C catalyst increases
the hydrogenation rate threefold. Considerable difference in the composition of
hydrogenation products was observed between these differently prepared catalysts.
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Introduction

Finely dispersed noble metals supported on highly porous carbon matrices are high-
performance catalysts in the main processes of petrochemistry and hydrogen energy
technology. They can also be used as the recognition element in electrochemical
sensors toward hydrogen and carbon monoxide [1-4]. Recently, many papers are
being devoted to noble metal introduction into carbon matrices, including such
porous materials as Sibunit [5-7] and CMK-3 [8, 9]. Pd-containing catalysts are
widely used in hydrogenation processes [10-12].

There is active ongoing research into new methods of improving the efficiency of
this catalyst type. The last decade saw a significant increase in the number of articles
devoted to synthesis and properties of composite bimetallic systems—in particular,
Au-Pd nanoparticles based on carbon supports [13]. Bimetallic Au—-Pd nanopar-
ticles introduced into carbon matrices have higher catalytic performance in
comparison with their monometallic counterparts [14, 15]. Another promising field
of study is the use of mesoporous and/or mesostructured carbon materials like
CMK-3. Their obvious advantage is highly ordered porosity [16]. The combination
of XRD and gas absorption methods allows researchers [16] to deduce the structure
of these materials with the detail level that is impossible for most other carbon
matrices. Moreover, template synthesis of CMK-3 unlocks the opportunity of fine-
tuning the carbon material porous structure by varying the porous structure of silica
templates (like SBA-15). Therefore, the CMK-3 carbon support is a very
suitable model object of study.

Carbon-supported Pd nanoparticles can be obtained via different methods.
Several examples are impregnation with Pd-containing solution followed by
reduction to metallic state [17], metal precipitation from gaseous volatile
organometallic substances [18], thermolysis of ammonia complexes [19].

Chemical vapor deposition method allows synthesizing nanoparticles on different
substrates including porous materials and powders. It is based on vapor-phase
chemical decomposition of volatile metal precursor compounds. In recent years,
intense development of different modifications to vapor deposition methods for
catalytic applications took place, for example, atomic layer deposition (ALD) [20].

As for noble bimetal nanoparticles, the general approach of synthesis is
sequential or simultaneous reduction from solutions of metal complexes using
various reductants and stabilizers [21].

The synthesis of bimetallic Au-Pd solid solution by means of reductive
thermolysis is quite interesting [22]. This method involves the decomposition of
double complex salts of metals when heated in air or inert gas atmosphere which
produces nanosized phases of solid solutions. Another effective method of obtaining
bimetallic nanoparticles is contact reduction of noble metals from solution by
nanocrystalline powders [23-25]. Such reactions constitute a promising approach
for formation of purpose-designed materials, for example coatings or polymetallic
powders with varying dispersity, chemical and phase composition.

Among the hydrogenation processes, catalytic conversion of furfural attracts
strong and continuous interest due to its bifunctionality (carbonyl group and furan
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ring) and its ability to serve as a base for renewable plant feedstock derived engine
fuels [26]. Traditional and contemporary carbon-supported copper catalysts of
furfural hydrogenation in vapor phase [27] operate at temperatures above 200 °C
under hydrogen pressures 70—100 bar [28]. Nickel catalysts on carbon operate at
modest temperatures (70 °C and above), but require high hydrogen pressure
(4 MPa), and yield primarily tetrahydrofurfuryl alcohol [29]. Nickel-boron alloys
[30] catalyze hydrogenation of furfural at 70 °C and hydrogen pressure 1 MPa. It is
believed that the Lewis acid sites of the Ni—B catalyst activate the carbonyl group of
furfural for hydrogenation [30]. According to the review [30], copper-containing
catalysts are the most selective ones for hydrogenation of furfural to furfuryl
alcohol.

Catalysis by bimetallic systems attracts considerable attention, as different metals
often exhibit synergistic effects upon the rate as well as the selectivity of furfural
hydrogenation. Adding palladium to a nickel catalyst increases the selectivity
towards tetrahydrofurfuryl alcohol, while adding rhenium to a platinum catalyst
allows attaining 95% selectivity in furfuryl alcohol with full conversion of furfural
[31].

Palladium catalysts on carbon can hydrogenate furfural in liquid phase (100 °C,
3 MPa of hydrogen, 5 h) leading primarily to tetrahydrofurfuryl alcohol; platinum
catalysts yield furfuryl alcohol [28]. Addition of iron, cobalt, nickel, and manganese
to either palladium or platinum catalyst leads to higher furfural conversion. When
added to the platinum catalyst, these additives lead to higher selectivity in furfuryl
alcohol, but with the palladium catalyst they result in (less distinct) decrease
thereof. The higher conversion and/or selectivity imparted by the promoters may be
viewed from two angles: one is the catalytic active sites interacting with the
promoters, the other is contribution of electrons from the promoters to Pt and Pd due
to alloy formation [28].

Addition of Sn to Ru/C catalysts results in both higher rate and selectivity in
hydrogenation of furfural into furfuryl alcohol, and the dependency of these effects
versus tin concentration is extremal in nature [32]. This result could be attributed to
the fact that tin reduces the adsorption of hydrogen on the ruthenium surface, thus
increasing the availability of the sites for furfural hydrogenation [32]. This
explanation has been proposed, among others, by Zhang et al., who suggested that
the reactivity of platinum catalysts in furfural hydrogenation could be improved by
lowering the adsorption of H, via the addition of Ni and/or Cu [33].

Polar solvents, alcohols foremost, are preferential for liquid-phase furfural
hydrogenation [28, 31, 34-37]; but much like the processes mentioned above, these
ones require high hydrogen pressures (around 10 MPa). An exception is
hydrogenation of 5-hydroxymethylfurfural into 2,5-dimethylfuran with a Pd—Au/C
catalyst in tetrahydrofuran [26]. It should be mentioned that the presence of alcohols
causes considerable acetalization of furfural [28, 34, 35], and the resulting acetals
are hydrogenated into alkyl furfuryl ethers [26-35, 38] re promising biofuels
[34-36].

The hydrogenation of furfural acetals is practically unexplored, and it is
indubitably interesting in the context of biofuels production because the
unstable carbonyl group is transformed into a more stable etheric group with
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minimal consumption of hydrogen. For these reasons, ethyl furfuryl ether is
considered a very promising high-octane additive to gasoline [34, 36]. The most
effective system that can be used for this purpose appears to be a carbon-supported
palladium-gold catalyst with tetrahydrofuran as the solvent, similarly to [26].

This paper presents the first results in hydrogenation of furfural diethyl acetal in
tetrahydrofuran mediated by herein pioneered novel carbon-supported palladium
and gold—palladium catalysts.

Experimental
Materials and methods

All reagents used in this work were of analytical grade qualification. Hydrochloric
acid was purified by sub-boiling using a DuoPur apparatus (Milestone Inc).
Solutions were prepared using deionized water (Direct-Q3 purification system,
Millipore). Synthesis of CMK-3 was performed according to a previously published
procedure [39]: First, silica matrix SBA-15 is twice impregnated with sucrose
solution, then high temperature carbonization in inert atmosphere proceeds.
Afterwards, the silica matrix was dissolved in alkali.

Palladium diacetylacetonate (Pd(acac),) was synthesized according to a
technique described elsewhere [40]. Furfural diethyl acetal was obtained by
reaction of furfural with triethyl orthoformate [41]. Ethyl furfuryl ether was
synthesized via a known procedure [42].

Metal concentration in solution was determined by AAS (AAnalist 400,
PerkinElmer) and MS-ICP (Agilent7500a). The weight of solid residue was
measured by analytical balance (Mettler Toledo XP 205 DR). XRD was performed
on powder diffractometer PANalytical X’Pert PRO MPD with Cu K,; radiation
source and carbon monochromator, 20 angle range 30-90°. Microstructural
parameters were calculated by Rietveld profile refinement method [43].

The nitrogen adsorption isotherms and pore size distributions were obtained with
an ASAP 2420 (Micromeritics Inc.) at nitrogen boiling point (77 K). Samples were
preliminarily outgassed at 343 K in vacuum (1.2 Pa). Nitrogen adsorption was
registered in the P/Py range 0-0.99 in fixed volume dosing mode. Textural
characteristics were calculated by single point, BET, t-plot and BJH methods.

Chemical composition of solids was determined by full dissolution of powder
samples in aqua regia, and subsequent AAS analysis of metal concentrations.

For SEM imaging, a Hitachi S5500 instrument with Thermo Scientific Noran
Spectral System EDS was used.

Impregnation of palladium on carbon materials
A solid mixture of a mesoporous carbon material (~ 200 mg) and Pd(acac),
(~ 25 mg) was finely ground in a mortar, loaded into a flat-bottomed quartz

crucible, and heated in air to autoignition (180-200 °C). The process was continued
for 10-15 min in flameless mode without significant temperature increase. Weighing
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the combustion products reveals that the mass loss of the samples is equal to the
ligand mass in the initial Pd(acac),. For reference experiments, traditional 6% Pd/C
catalyst was obtained by impregnation of Subunit mesoporous carbon (S = 355 m?/
g) with palladium chloride solution, and subsequent metal reduction in hydrogen
flow with heating to 250 °C (1.5 °C/min) [34-36].

Synthesis of Au—Pd/C composites

Synthesis of bimetallic Au—Pd particles on the herein above described Pd/C
materials was accomplished according to the original technique [23] via autoclave
reduction of HAuCl, solutions in hydrochloric acid according to Eq. 1:

2HAuCly + 3Pd + 4HC1 — 2Au + 3H,PdCly (1)

This processes was executed in a quartz reactor of 50 cm® volume at 130 °C
under argon atmosphere for 120 min. Pd:Au molar ratio was 10:1. Temperature
uniformity was attained by continuous vertical agitation [23].

Catalyst activity tests

The experiments with liquid phase hydrogenation of furfural diethyl acetal were
carried out in tetrahydrofuran medium in a glass reactor with reflux condenser at
60 °C. THF was chosen as the solvent because the initial acetal and the reaction
products are well soluble in THF, THF is not converted under the reaction
conditions, and its retention time in GC analysis is distinct from that of the other
solution components. Moreover, THF is known to have been used used for
hydrogenation of 5-HMF at atmospheric pressure [26]. A catalyst sample (0.2 g)
was loaded into the reactor and conditioned by hydrogen flow at 200 °C for 60 min.
Reaction mixture of FDEA (0.24 ml) and the solvent (20 ml) was used. Hydrogen
from a cylinder was passed through a pipe filled with Ni—Cr catalyst (NIAP-12-05,
Novomoskovsk, Russia, reduced with hydrogen flow 120 cm’/min at 450 °C for
9 h) to remove oxygen, and through a pipe filled with desiccant (ZSM zeolite) to
remove water before being fed into the reactor. The reaction mixture was regularly
sampled and analyzed. The products were identified by GC-MS, Agilent 5973N EI/
PCI (column 30 m x 0.25 mm HP-5ms). Quantitative analysis of the reaction
products was done with Chromos GC-1000 chromatograph equipped with a flame
ionization detector using BP20 capillary column (60 m/0.25 mm/0.25 pm) at
323-473 K and a heating rate of 10 K/min. The temperature of the detector was the
same as for the evaporator (523 K), the carrier gas was hydrogen with the flow rate
20 cm’/min. Chromatograms were processed using the Gepard software. Calibra-
tion was performed against individual synthesized substances.

The data on hydrogenation kinetics were processed as an approximation of a first-
order reaction with respect to the substrate concentration. The calculations were
performed with the Origin 7.0 SRO software; standard deviation values of the
approximation are taken as the error of rate constants determination.
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Results and discussion
Carbon matrices

The textural parameters of the carbon materials used in this study are presented in
Table 1.

The two carbon materials have similar texture parameters but significantly
different layout of their pore space. In Sibunit, pores smaller than 2.7 nm constitute
approximately a half of its specific pore volume, while pores smaller than 1.6 nm
account for about a half of its specific surface area. The pore size distribution has no
clearly defined maxima (Fig. 1). The average pore diameter (cylindrical pore
approximation) is about 11 nm.

CMK-3 has significantly more accessible surface. Pores smaller than 5.7 nm
make up about half of its specific pore volume, and pores smaller than 2.9 nm give
about half of its specific area. The pore size distribution has one clearly defined
maximum near 3.3 nm (Fig. 1) and conventional average pore diameter (cylindrical
pore approximation) is about 7.2 nm. The main difference between these two
materials is their surface curvature. CMK-3 has practically no surface with negative
curvature. It is essentially constructed out of carbon rods that are held in a regular
arrangement by cylindrical bridges [44]. The distance between these rods is defined
by the wall thickness of the silica precursor SBA-15 and equals to 2.5-3.5 nm. The
volume of micropores in CMK-3 is less than 6% of the entire pore volume.
Therefore, the material’s inner surface is easily accessible since in such structures
there are no mass transfer bottlenecks at pore inlets. Moreover, every pore is
connected to every neighboring one, so the entire pore volume of a carbon matrix
particle is dimensionally contiguous throughout the particle. With Sibunit, the
porous structure is quite irregular, and every pore is different. Their surface is
generally concave. Electron microscope images of CMK-3 and Sibunit particles are
presented in Fig. 2.

Deposition of Pd on carbon substrates

We used simple MOCVD technique with Pd(acac), and oxygen as the reactants for
obtaining palladium nanoparticles on carbon support. This technique was earlier
used for synthesis of Pt and Pd nanoparticles on detonation nanodiamond (DND)
powders [45]. The heating of Pd(acac),/CMK-3 (or Sibubit) mixtures leads to its

Table 1 Texture characteristics of the carbon materials

Matrix ~ Specific area  Specific pore Average pore diameter Maximum of pore size
(rnZ/g) volume (sm3/g) (4 V/S) (nm) distribution (nm)
Sibunit 500 1.34 10.7 -
CMK- 750 1.35 72 33
3
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Fig. 1 Pore size distribution in
the carbon materials 0,020 1
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Fig. 2 a TEM image of carbon material CMK-3, b SEM image of carbon material Sibunit

autoignition at 180-200 °C (that corresponds to Pd(acac), sublimation temperature
[46]) and subsequent flameless combustion (smoldering) at 200-250 °C. In this
work, combustion time was short (15 min) with air access limitation in order to
prevent the carbon support oxidation.

The mechanism of the Pd/C composite synthesis is probably catalytic oxidation
like earlier observed for an ALD processes involving metal acetylacetonate
oxidation [47]. However, in our case, supplying both reactants (Pd(acac), and O,) to
a carbon substrate was performed simultaneously, unlike the prior art that used
pulse feeding (first metal precursor, then oxygen). The ligand combustion and Pd
particles formation occurs after Pd(acac), chemisorption on the substrate surface.

The metal crystallite size depends on the amount of the deposited metal, with
higher dispersion corresponding to lower metal concentration [48]. For example,
catalytic-combustion-derived Pt/DND and Pd/DND composites exhibit average
metal crystallite sizes 25 and 10 nm for 10 and 5 wt% metal loading respectively, as
calculated by the Scherrer method [45]. In the present work, we obtained about
6 wt% palladium applied on porous Sibunit or CMK-3. Overview SEM images of
these samples are presented in Fig. 3. According to these data, the metal distribution
on the substrate surface is quite uniform. The average diameter of Pd particles is
about 10 nm on Sibunit and 5-6 nm on CMK-3. The SEM images reveal no larger
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A I S B S
200nm

Fig. 3 SEM images of Pd/Sibunit a and Pd/CMK-3 b MOCVD-derived composites (6 wt% Pd)

particles. In comparison, impregnation-derived catalyst (6 wt% Pd on Sibunit)
exhibits metal particle size of about 3.2 nm [34].

XRD pattern of the Pd/Sibunit MOCVD-derived sample (Fig. 4) shows reflexes
characteristic for metallic palladium. The Pd crystallite size calculated using XRD
line width agrees with the particle size obtained by SEM.

Bimetallic particles on carbon

In our previous work [23], it was shown that under hydrothermal conditions it is
possible to produce bimetal nanoparticles of various compositions. Palladium can
reduce gold(IIl) from hydrochloric solutions according to Eq. 1. This interaction
creates Pd—Au bimetallic particles consisting of a palladium core surrounded by a
gold—palladium solid solution shell. Composition of the solid solution can be
controlled by changing the molar ratio Pd/Au, process duration, and temperature
[23]. It is necessary to account for the possibility of nanosized Pd partial dissolution
in hydrochloric acid due to oxidation by chemisorbed oxygen [49]:

Intensity, a.u.

L

45 55 65
20, degree

w
()}

Fig. 4 Fragment of XRD pattern of Pd/Sibunit composite (6 wt% Pd)
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2Pd + O, + 8HC1 — 2H,PdCl4 + 2H,0. (2)

In order to exclude the interaction of palladium with dissolved or ambient
oxygen, the process was conducted under argon atmosphere [23].

In the present work, the reaction between the Pd/Sibunit composite and HAuCl,
solution (Cyp, = 0.5 mmol/l, initial molar ratio Pd:Au is 10:1) at 130 °C for 120 min
results in quantitative gold reduction. Thereby, up to 30% of the palladium metal is
dissolved. Material balance considerations lead to the following composition of the
Pd—Au/Sibunit system—3 wt% Pd and 1 wt% Au. This composition is in good
agreement with the SEM-EDS analysis results: the mass ratio Pd:Au in different
sample spots varies from 3:2 to 4:1. Size of the Pd—Au bimetal particles is
30-80 nm (Fig. 5), the particles are nearly spherical in shape. Gold and palladium
are quite uniformly distributed on the Sibunit surface; the fact that gold does not
preferentially concentrate in any particular region of the surface suggests that the
reduction of gold(IIl) is only caused by the cementation reaction (1) [25].

Besides the reflexes from the carbon support, XRD analysis detects the signals
from palladium metal and a gold-rich solid solution AuyoPdy; (Fig. 6). The
diffractograms exhibit wide peaks that may be caused by irregularities in the
chemical composition and high dispersity of the metal phases.

Catalytic activity in hydrogenation of furfural diethyl acetal

The obtained metal/carbon composite systems were tested as catalysts in the
hydrogenation of furfural diethyl acetal. The reaction was conducted in the absence
of mass transfer limitations (gas-liquid, liquid—solid and internal diffusion) under
reaction conditions comparable to some literature data where the absence of mass
transfer limitations was verified [50, 51].

Fig. 7 presents kinetic curves of FDEA consumption during hydrogenation
mediated by the four synthesized catalysts. Table 2 presents the values of rate
constants for first-order kinetic equation with respect to formation of the principal
products of FDEA hydrogenation: tetrahydrofurfural diethyl acetal and furfural. The
Au-Pd catalyst is the most active one; its precursor (MOCVD Pd/Sibunit) is three
times less active. Even lower activity is exhibited by the impregnated catalyst on

Fig. 5 SEM-image of Au Pd
particles on Sibunit

T
500nm
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Fig. 6 Fragment of XRD pattern of the Au—Pd/Sibunit composite
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Fig. 7 The conversion of the furfural diethyl acetal in the hydrogenation process in tetrahydrofuran
solution on different catalysts (FDEA in 0.071 M tetrahydrofuran, catalyst loading 0.5%, 60 °C,
atmospheric pressure, hydrogen flow)

Sibunit. Interestingly, depositing palladium onto Sibunit by MOCVD produces
more active catalyst than impregnation despite the fact that the former contains
larger palladium particles.

The mass balance in carbon accounted as the yield sum of furan- and
tetrahydrofuran-type products is not high, attaining 45-85 mol%. This is probably
related to the propensity for condensation reactions that is typical for furfural
derivatives [52].

The studied process can take different chemical pathways, but the principal
routes are the furan ring transformation into the tetrahydrofuran one (3), and
hydrogenolysis of the acetal group into ether (5) [34, 35] or into furfural (Scheme 1,
Eq. 4):

Formation of furfural over the MOCVD Au-Pd/Sibunit and Pd/Sibunit can
proceed via hydrogenolysis of the ether bond O-C,Hs which leads to the
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Table 2 Rate constants and carbon balance of the furfural diethyl acetal (FDEA) hydrogenation

Catalyst Rate constant of hydrogenation  Rate constants of the Carbon balance at
(min~") product formation t = min
(min™h

THFDEA  Furfural

x 10°
Pd/Sibunit 20+ 04 28 +£036 - 85
(impregnation)
Au-Pd/Sibunit 38 £ 11 - 11+£1 45
Pd/Sibunit 12 +24 - 19+3 65
(MOCVD)
Pd/CMK-3 7.1 £0.24 59+083 - 50
(MOCVD)
oL 9w, o 9oHs
O~ O
OC,Hs OC,Hs
o  Q%CHs  H, o oM o |
Oni - e e @
OC2H5 “w2ile OCsz -C2H5OH H
° %ﬁ2H5 e ° CH (5)
B —
2
\J OC,Hs -C2HsOH L/ OC,Hs

Scheme 1 Possible pathways of furfural diethyl acetal hydrogenation

hemicateal, and the latter spontaneously decomposes releasing ethanol (4) [53].
Hydrogenolysis of FDEA into ethyl furfuryl ether (up to 4 mol%, Eq. 5) and ethyl
tetrahydrofurfuryl ether (up to 20 mol%) takes place in the second process cycle
(i.e., with already used catalyst) over PA/CMK-3 (MOCVD). Manifestation of this
pathway may be related to formation of partially oxidized palladium species during
handling of the catalyst between the process cycles in ambient air.

The sixfold difference in activity between the impregnated and the MOCVD
palladium catalysts might be caused by lower stability of the former against metal
agglomeration during the hydrogenation. Higher activity of the Au-Pd catalyst
compared to the monometallic palladium can be explained by several hypotheses
described above [28, 32, 33, 54, 55]. The most likely explanation of this
phenomenon can be linked to lower hydrogen solubility in the Au—Pd solid solution
compared to pure palladium [56, 57]. This leads to lower hydrogen adsorption on
the metal surface, leaving more catalytic sites for adsorbing diethyl acetal of furfural
[32].
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Conclusion

The obtained results demonstrate (a) a new method for synthesis of catalysts based
on low-temperature gas-phase oxidation of volatile palladium diacetylacetonate
(MOCVD method); (b) palladium-gold bimetal catalyst synthesis via autoclave
reduction of HAuCl, solutions with nanosized palladium particles; (c) the MOCVD
catalysts are more active as compared to traditional impregnated one; (d) furfural
diethyl acetal is shown to be hydrogenated into tetrahydrofurfural diethyl acetal and
ethylfurfuryl ether.
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