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a  b  s  t  r  a  c  t

The  study  considered  the  formation  and  catalytic  properties  of the  active  sites  in Pd/C  and  Ru/C  catalysts
supported  on  carbon  nanotubes  (CNT)  and  carbon  black  (CB).  The  nature  of carbon  support  was shown  to
affect the dispersion  of  supported  metal  and  its  catalytic  properties  in the  aqueous-phase  hydrogenation
of  furfural.  The  1.5%  Pd/CB  catalyst  demonstrated  a high  selectivity  (99%)  for  furfuryl  alcohol  during
hydrogenation  of furfural  at  a temperature  of 50 ◦C and  hydrogen  pressure  of  0.5  MPa.  The  1.5%  Pd/CNT

◦

eywords:
urfural
atalytic hydrogenation
alladium catalysts
uthenium catalysts

catalyst  was  not  active  under  mild  conditions  of  the  reaction  (50 C,  0.5  MPa),  but  had  a  greater  tendency
to  reduce  the  furan  ring  under  severe  conditions  (90 ◦C,  0.5 or 2.0  MPa)  as demonstrated  by  an  increased
yield  of  tetrahydrofurfuryl  alcohol.  The  ruthenium  samples  showed  a low  activity  in aqueous-phase
hydrogenation  of furfural  irrespective  of  the  support  nature  and reaction  conditions,  possibly  due  to
irreversible  adsorption  of  water  on  the  active  sites.
arbon supports

. Introduction

Furfuryl alcohol is widely used in chemical industry, mainly for
he production of special resins, polymers and coatings on their
asis, which are resistant to acids, alkalies and various solvents. In
ddition, furfuryl alcohol is employed as a diluent for epoxy resins
nd as a solvent for phenol formaldehyde resins and poorly soluble
igments. In the organic synthesis, furfuryl alcohol is a feedstock for
he production of tetrahydrofurfuryl alcohol and 2,3-dihydropyran
nd an intermediate for the synthesis of lysine, vitamin C, various
ubricants and plasticizers [1–4].

In industry, furfuryl alcohol is obtained by catalytic hydrogena-
ion of furfural in a liquid or vapor phase [1,2,5–7]. The liquid-phase

rocess is carried out with copper chromite systems as the cata-

ysts. The main disadvantage of copper chromite catalysts is their
oxicity caused by the presence of chromium oxides, which allows

∗ Corresponding author at: Institute of Hydrocarbons Processing, Siberian Branch
f  the Russian Academy of Sciences, Neftezavodskaya Street, 54, 644040 Omsk,
ussia. Tel.: +7 3812 670 474; fax: +7 3812 646 156.

E-mail address: ch-mrm@mail.ru (R.M. Mironenko).

ttp://dx.doi.org/10.1016/j.cattod.2014.10.037
920-5861/© 2014 Elsevier B.V. All rights reserved.
© 2014  Elsevier  B.V.  All  rights  reserved.

considering such catalysts as environmental pollutants [1–4]. Thus,
the development of catalysts that are highly active in hydrogena-
tion of furfural to furfuryl alcohol and contain no chromium is a
topical task.

By now, various chromium-free compositions have been pro-
posed for selective hydrogenation of furfural [1,3,4]; among them
are supported catalysts containing noble metals such as platinum
[5,8–10], palladium [5,8,9,11] and ruthenium [8,9,12]. The nature
of metallic component and its state in the catalyst are of key
importance for hydrogenation processes. It should be noted that
hydrogenation of furfural is a structure-sensitive reaction [13–16]:
catalyst activity in the formation of furfuryl alcohol improves with
increasing the particle size of supported metal.

To provide the desired activity and selectivity of hydrogena-
tion catalyst, the choice of support is also very important because
features of the support affect the state of supported metal, the
adsorption of reagents, and mass transfer processes [2,17–22].
The use of carbon materials as supports in the synthesis of cat-

alyst for the liquid-phase hydrogenation has some advantages.
Carbon supports possess a high specific surface area, a developed
pore space, and controllable chemical properties of the surface
[22–25].

dx.doi.org/10.1016/j.cattod.2014.10.037
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.10.037&domain=pdf
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In the case of hydrogenation in a solution, the composition of
roducts may  depend on the nature of solvent. Furfural is pro-
uced by the hydrolysis of plant biomass; so, attention was recently
rawn to subsequent hydrogenation of furfural in an aqueous solu-
ion yielding valuable chemical products [9,12,26–31]. The use of
ater as a solvent makes it possible to obtain a wide range of prod-
cts: depending on the chosen conditions and catalyst, water can
e an active participant of the reaction.

The goal of this work was to elucidate the effect exerted by the
ature of carbon support on the formation of metallic sites in Pd/C
nd Ru/C catalysts for the aqueous-phase selective hydrogenation
f furfural to furfuryl alcohol.

. Experimental

.1. Catalyst preparation

Carbon supports used in this study were multi-wall carbon
anotubes (CNT) Baytubes C 150 HP (Bayer) and conductive car-
on black (CB) P278-E (analog to N472). Prior to experiments,
arbon supports were dried overnight in air at 120 ◦C to remove
he adsorbed water.

During the catalyst synthesis, aqueous solutions of palladium(II)
nd ruthenium(IV) chloride complexes with a specified concentra-
ion were used as the precursors. They were prepared by dissolution
f palladium(II) chloride and ruthenium(IV) hydroxytrichloride
both pure grade, Aurat) in concentrated hydrochloric acid (Pd
o HCl and Ru to HCl molar ratios of 1:2 and 1:3, respectively)
nd dilution with water to a desired concentration. The adsorp-
ion isotherms of palladium and ruthenium chloride complexes on
he chosen supports were obtained by the separate sample method
ith the support to solution weight ratio of 1:25. The range of
etal concentrations in the solutions was equal to 0.2–7.6 g L−1.

he adsorption experiments were carried out at ambient temper-
ture. Palladium content in the solutions was estimated by AAS
Shimadzu AA-6300), and ruthenium content – by ICP OES (Varian
10-ES).

The supported ruthenium catalysts with the 1.5 wt% content
f metal were obtained by incipient wetness impregnation of the
arbon supports with aqueous solutions of ruthenium(IV) chloride
omplexes. The palladium catalysts with 1.5 wt% Pd were prepared
y the adsorption of palladium(II) chloride complexes from excess
olution. After the impregnation, both the palladium and ruthe-
ium samples were dried in air at room temperature.

In order to estimate the metal content by AAS (palladium) and
CP OES (ruthenium), the samples were calcined in a muffle furnace
t 550 ◦C and the residues were dissolved.

.2. Methods of catalyst characterization

Scanning electron microscopic (SEM) images of the carbon
upports were taken by a JSM-6460 LV (JEOL) instrument, using
u-coated samples and acceleration voltage of 20 kV.

The texture characteristics of the supports (BET specific sur-
ace area, pore adsorption volume, average pore diameter) were
btained on a Sorptomatic-1900 (Fisons Instruments) static vol-
metric apparatus, using the nitrogen adsorption–desorption at
7.4 K.

Surface acid–base properties of the carbon supports at the
olid–liquid interface were estimated by determining the point of
ero charge (PZC) according to a method developed by Park and

egalbuto [32]. The samples were placed in aqueous solutions with
ifferent initial values of pH. The pH values were measured until
he equilibrium was established. Therewith, PZC corresponded to a
lateau on the curve of final (equilibrium) pH versus the initial pH.
oday 249 (2015) 145–152

Solutions with the initial pH value ranging from 1 to 13 were pre-
pared with HCl and NaOH. All the measurements were performed
using an InLab Easy BNC combined electrode (Mettler Toledo) on a
SevenMulti device (Mettler Toledo).

The composition of surface functional groups of CNT and CB was
studied using Fourier transform infrared (FTIR) spectroscopy on a
Nicolet-5700 (Thermo Fisher Scientific) instrument. Thin carbon
films prepared by deposition of CNT or CB on BaF2 glasses were
used as the samples for FTIR spectroscopy [33]. FTIR spectra were
recorded in a transmission mode over the range of 850–2000 cm−1

with a resolution of 4 cm−1. The assignment of absorption bands
was made taking into account the data published in [33–36].

After deposition of the precursor on the supports and dry-
ing in air at room temperature, the metal-containing samples
were examined in the temperature-programmed reduction (TPR)
using an AutoChem II 2920 (Micromeritics) chemisorption ana-
lyzer equipped with a thermal conductivity detector (TCD). The TPR
experiments were performed with a mixture of 10% H2 and argon
(the flow rate of 25 mL  min−1) in a temperature range of 35–400 ◦C
at a heating rate of 10 ◦C min−1.

Metal dispersion in the Pd/C and Ru/C samples was  estimated
by pulse chemisorption of CO or O2 (ruthenium samples) after the
catalyst reduction and cooling in an inert gas to the temperature
of experiment (room temperature). The 10% CO He or 10% O2 He
mixture was  fed into the flow of inert carrier gas (helium) by pulses
at equal time intervals. The batching lasted until the detector signal
became constant. The palladium and ruthenium dispersions were
calculated taking into account the average adsorption stoichiome-
try: CO/Pd = 0.5, CO/Ru = 1, O/Ru = 1 [37–39].

Transmission electron microscopic (TEM) images of the Pd/C
samples pre-reduced at 250 ◦C were taken by a JEM-2100 (JEOL)
instrument. The samples were prepared by dispersing the cat-
alysts in ethanol and spraying the suspension on a perforated
carbon-coated copper grid. TEM images were analyzed using Digi-
talMicrograph (Gatan) software. The average particle size obtained
by statistical treatment of the TEM measurements was recalculated
to dispersion value assuming spherical shape as described in [40]:

D = 6
VM/SM

dav
(1)

where D is the dispersion, VM is the volume occupied by an atom in
bulk metal (0.0147 nm3 for Pd), SM is the area occupied by a surface
atom (0.0793 nm2 for Pd) and dav is the average particle size (nm).

X-ray photoelectron spectroscopy (XPS) measurements of the
Pd/C samples were carried out in a SPECS photoelectron spectrom-
eter at a residual pressure of 5 × 10−9 Torr in the analyzer chamber.
The powdery samples pre-reduced at 250 ◦C were fixed on a sample
holder using a double-side conductive adhesive tape. The samples
were introduced in the spectrometer via fast entry lock system.
For each sample, spectra were recorded using monochromatic AlK˛

radiation (h� = 1486.7 eV). Before the measurements, the binding
energy (BE) scale of the spectrometer was calibrated against the
signal positions of metallic gold and copper, Au 4f7/2 (84.0 eV) and
Cu 2p3/2 (932.6 eV). The spectra were calibrated with respect to
C 1s line of the carbon support (284.6 eV) and decomposed into
individual components using the XPSPEAK fitting software.

2.3. Catalytic measurements

Pre-treatment of the catalyst samples prior to catalytic experi-
ments included drying in argon at 150 ◦C for 0.5 h and reduction in
a hydrogen flow at 250 ◦C for 2 h.
Liquid-phase hydrogenation of furfural (99%, Sigma–Aldrich)
in the presence of synthesized catalysts was  examined using a
180 cm3 steel autoclave. A 0.5 g catalyst sample was placed in the
autoclave with 40 mL  of distilled water. To remove air, an argon
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corresponds to 113 C). In this case, dispersion of the emerging pal-
ladium particles is 36 % (Table 1). A stronger adsorption of H2[PdCl4]
on the CB surface as compared to CNT leads to a more severe reduc-
tion conditions of the precursor (the temperature maximum on the
R.M. Mironenko et al. / Cata

ow was passed through the autoclave; after that, the catalyst was
re-reduced with hydrogen at a temperature of 50 ◦C and pressure
f 0.5 MPa  for 0.5 h under stirring. After the catalyst pre-reduction,
.0 mL  of furfural and 60 mL  of distilled water were loaded into the
utoclave. Hydrogenation was performed at a specified tempera-
ure and constant hydrogen pressure. The reaction mixture was
tirred by a magnetic stirrer at 1400 rpm to prevent external dif-
usion limitations. The reaction was controlled by measuring the
olume of consumed hydrogen with a mass flow meter. The vol-
me  of consumed hydrogen normalized to normal conditions was
ecalculated to its equivalent amount that is needed for the for-
ation of furfuryl alcohol from furfural. After completion of the

eaction and cooling, the aqueous phase was separated from the
atalyst by filtering.

The products of furfural hydrogenation were identified by
H NMR, 13C NMR  (Bruker Avance-400) and GC–MS (Agilent
973N/6890N). The quantitative determination of the reaction
roducts was carried out by GC (Hewlett Packard 5890 Series II) in a
apillary column HP-PONA (50 m × 0.20 mm,  Agilent Technologies)
ith linear heating from 40 to 200 ◦C during analysis.

Furfural conversion X (%) and furfuryl alcohol selectivity S (%)
ere determined as follows:

 = CF,0 − CF

CF,0
× 100 (2)

 = CFA

X
× 100 (3)

here CF,0, CF and CFA are the concentrations (wt%) of furfural
efore the reaction, furfural after the reaction, and furfuryl alcohol,
espectively.

. Results and discussion

.1. The formation of metallic sites in Pd/C and Ru/C catalysts

As follows from the SEM study (Fig. S1 in the Supplementary
aterials), chosen carbon materials have different morphology:

n distinction to CNT, the CB support consists of the aggregated
lobular particles. It is well known that the pore structure and
cid–base properties of the support play important role in the pro-
ess of formation of the active surface of the catalyst. From analysis
f data given in Table S1 (Supplementary materials), it follows
hat the difference between CNT and CB involves the lower spe-
ific surface area of the CNT sample along with a large average
ore size. Evaluation of the acid–base properties of the carbon sup-
orts (Fig. S2 in the Supplementary materials) showed that the
urface of CB is more acidic (PZC = 6.1) than the surface of CNT
PZC = 7.7). According to FTIR spectroscopy (Fig. S3 in the Supple-

entary materials), the surface of CNT is extremely poor in the
unctional groups as compared to CB, the surface of which is charac-
erized by the presence of phenol (C O stretch at 1000–1220 cm−1),
ther (C O C stretch at 1150–1250 cm−1), lactone (C O stretch at
160–1370 cm−1 and at 1675–1790 cm−1), quinone (C O stretch
t 1550–1680 cm−1), carboxyl (C O stretch at 1120–1200 cm−1

nd C O stretch at 1665–1760 cm−1) and anhydride (C O stretch
t 980–1300 cm−1 and C O stretch at 1740–1880 cm−1) groups.
arboxyl, anhydride, quinone and lactone groups are acidic [23]
nd their presence explains the relatively low PZC value of CB.
hese groups decrease the hydrophobicity of the carbon, making
he surface more accessible for the aqueous solution of the metal
recursor. Phenols and ethers are weakly acidic or neutral. It has
een found that these oxygen groups increase the interaction of the

etal precursor with the support [23].
Adsorption properties of the supports with respect to pal-

adium(II) chloride complexes were studied and isotherms of
2[PdCl4] adsorption from aqueous solutions were obtained
Fig. 1. Isotherms of H2[PdCl4] adsorption on CNT (1) and CB (2).

(Fig. 1). According to the analysis of results by linear anamorphosis
method, the adsorption isotherms are described satisfactorily by
the Langmuir equation.

A comparison of the equation parameters estimated from the
analysis of isotherms (adsorption capacity am and adsorption equi-
librium constant b) showed that the CB support has higher values of
am and b (Fig. 1). A maximum amount of palladium in the complexes
bound to this support was  6.3 wt%. The CNT support possessed a
lower adsorption capacity and a maximum amount of adsorbed
palladium was equal to 4.1 wt%.

TPR is the valuable tool for estimating not only the opti-
mal  reduction temperature, but also the strength of the metal
complex–support interaction. The TPR profiles of the palladium
samples have a single hydrogen consumption region up to about
200 ◦C (Fig. 2), which is attributed to the reduction of the chlo-
ride precursor adsorbed on the support surface. According to the
chemisorption data (Fig. 1), the CNT support is characterized by
a less strong adsorption of H2[PdCl4] as compared to CB, that is
most likely due to a very low concentration of oxygen groups
on the surface of CNT (see Fig. S3 in the Supplementary mate-
rials). As a result, the supported complexes are reduced at a
lower temperature (the temperature maximum on the TPR profile

◦

Fig. 2. TPR profiles of palladium chloride complexes adsorbed on the carbon sup-
ports: 1.5% Pd/CNT (1) and 1.5% Pd/CB (2).
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Table  1
Dispersion of palladium and ruthenium in Pd/C and Ru/C samples, as determined by pulse chemisorption of CO and O2 at room temperature, and catalytic properties of the
samples in aqua-phase hydrogenation of furfural under hydrogen pressure. Prior to catalytic experiments, the catalysts were dried in argon at 150 ◦C for 0.5 h and reduced
in  flowing hydrogen at 250 ◦C for 2 h.

Catalyst DCO (%)a DO2 (%)a Reaction conditions H2 uptake (equiv.) X (%) S (%)

Entry T (◦C) P (MPa)

1.5% Pd/CNT 36 – 1 50 0.5 0.01 0 –
2  90 0.5 0.75 58 87
3  50 2.0 0.34 40 97
4  90 2.0 1.85 95 52

1.5%  Pd/CB 16 – 5 50 0.5 0.28 29 99
6  90 0.5 0.57 42 89
7  50 2.0 0.47 46 98
8  90 2.0 1.02 76 82

1.5%  Ru/CNT 30 42 9 50 0.5 0.02 5 100
10  90 0.5 0.02 8 100
11  90 2.0 0.06 14 88

1.5%  Ru/CB 62 67 12 50 0.5 0.04 – –
13 90 0.5 0.02 – –
14 90 2.0 0.09 5 63
15b 50 0.5 0.11 23 63
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a The dispersion was determined after TPR. The calculation was  made for the foll
b Hydrogenation was  carried out in ethanol medium.

PR profile corresponds to 141 ◦C) and to the formation of particles
ith a lower dispersion as compared to Pd/CNT (Table 1). A hydro-

en evolution peak at 70 ◦C on the TPR profile (Fig. 2) is caused by
ecomposition of palladium hydride, which is formed at a low tem-
erature (less than 25 ◦C) as a result of heterolytic cleavage of the
ond in the hydrogen molecule and interaction with the supported
alladium complexes [41,42].

As can be seen from TEM image of the 1.5% Pd/CNT sample
Fig. 3a), the palladium particles have mainly a spherical shape
nd its average size is equal to 2.3 nm,  which corresponds to dis-
ersion value of 48%. This value is somewhat higher than that
stimated by chemisorption of CO. A discrepancy between TEM
nd chemisorption data can be explained by the following rea-
ons. First, CO adsorbs on Pd with a variable stoichiometry, which
s influenced by the metal dispersion and the nature of the sup-
ort. The CO/Pd stoichiometry of 1/2 assumed for calculation of
etal dispersion might not be representative of the CO adsorp-

ion modes, since lower stoichiometries (e.g., 1/3) have also been
eported for the CO–Pd systems [43,44]. Second, the high tempera-
ure pre-reduction can lead to a partial coverage of Pd particles by
he support as has been shown for various Pd/C catalysts [45,46].
his encapsulation could also account for the lower chemisorption
ptake than would be expected based on the TEM measurements.

Unfortunately, it was not possible to correctly determine the
verage particle size of Pd in the 1.5% Pd/CB sample because of
ery blurred edges of the particles in TEM images (Fig. 3b) and very
ide size distribution. Therefore, the properties and behavior of

he palladium samples are further explained on the basis of CO
hemisorption data.
XPS was used to estimate the oxidation state of supported pal-
adium in the reduced Pd/C samples. The Pd 3d3/2 and Pd 3d5/2 core
evel spectra of each sample can be decomposed into two overlap-
ing peaks (Fig. 4) that indicate the existence of palladium species

able 2
esults of XPS analysis of Pd/C catalysts.

Sample Pd 3d5/2 binding energy (eV) Atom

Pd0 Pdı+ Pd0:

1.5% Pd/CNT 336.2 337.9 1.0 

1.5%  Pd/CB 335.9 337.2 1.3 
 adsorption stoichiometry: CO/Pd = 0.5, CO/Ru = 1, O/Ru = 1 [37–39].

with different electronic state. The positions of the signals with
lower BE values (336.2 and 335.9 eV in the 3d5/2 region, Table 2) are
close to those observed for metallic palladium (BE = 335.7 ± 0.3 eV
[47,48]). The signals at 337.9 and 337.2 eV (3d5/2) can be assigned
to the electron-deficient palladium species Pdı+ (BE = 337.9 ± 0.3 eV
for PdCl2 [47,48]). According to the XPS data, the Pd0:Pdı+ atomic
ratio is lower for the Pd/CNT sample as compared to Pd/CB. This
may  be due to the increased content of oxygen in Pd/CNT (Table 2).
We speculate that chlorine detected in this sample in very small
amount is localized on the support surface only and possibly does
not affect (or insignificantly affects) the electronic and dispersion
state of supported palladium.

The shift in the BE values of Pd 3d5/2 core level is probably related
to the difference in palladium dispersions, which were estimated
by pulse chemisorption. For the more dispersed Pd/CNT sample, the
BE values of the Pd0 and Pdı+ lines are, respectively, 0.3 and 0.7 eV
higher than those for the Pd/CB sample. A similar relation between
the values of BE and particle size for both the supported and unsup-
ported metals was described in a number of papers [48–51] and
may  be attributed to the lattice distortion with decreasing the par-
ticle size, which leads to changes in the chemical bonding. It should
be noted that a higher dispersion of Pd/CNT as compared to Pd/CB
is also indicated by the higher value of Pd:C atomic ratio (Table 2).

The Ru/C catalysts were prepared by incipient wetness
impregnation of the carbon supports with aqueous solutions of
ruthenium(IV) chloride complexes because a preliminary study
revealed that both the CNT and CB possess a very low adsorption
capacity with respect to such octahedral complexes (unlike palla-
dium(II) square complexes), a maximum amount of ruthenium on

these supports did not exceed 0.28 wt%.

The formation of metallic sites in the Ru/C samples was deter-
mined by TPR. At least two hydrogen consumption regions with the
maxima at ∼110 and ∼180 ◦C (Fig. 5) can be distinguished on the

ic ratios

Pdı+ Pd:C Cl:C O:C

0.0031 0.0009 0.026
0.0016 0 0.013
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Fig. 3. TEM images of 1.5% Pd/CNT (a) and 1.5% Pd/CB (b) samples.

F o com
2

T
s
p

[

h

F
p

ig. 4. Pd 3d spectra of 1.5% Pd/CNT (a) and 1.5% Pd/CB (b) with decomposition int
50 ◦C.

PR profiles; they may  correspond to the reduction of supported
pecies, differing either in the chemical composition (hydrolysis
roducts) or in the strength of interaction with the support [52,53]:( )

RuxOyClz] + y + z

2
H2 → xRu0 + zHCl + yH2O (4)

It should be noted that the fraction of species reduced at the
ighest temperature is increased in the Ru/CNT sample. Most likely,

ig. 5. TPR profiles of ruthenium chloride complexes deposited on the carbon sup-
orts: 1.5% Ru/CNT (1) and 1.5% Ru/CB (2).
ponents. Before measurements, the samples were reduced in flowing hydrogen at

the observed distinction in the reduction of ruthenium compounds
supported on CNT and CB is due to the differences in the compo-
sition of surface functional coverage of the supports (see Fig. S3
in the Supplementary materials). So, the composition and there-
fore reduction of Ru compounds formed after interactions with the
surface of different supports may  vary.

Dispersion of ruthenium is commonly determined by pulse
chemisorption of various probe molecules: CO, H2, O2, N2O
[18,38,39,54–57]. However, in the study of carbon-based ruthe-
nium catalysts, the application of some adsorbates produces
significant errors in chemisorption measurements (for example,
hydrogen adsorption is often accompanied by spillover) [18,39].
In recent years, it was  recommended that ruthenium dispersion in
Ru/C catalysts should be determined from pulse chemisorption of
oxygen at room or lower temperatures [39,56].

In the present work, to avoid possible inaccuracies, ruthenium
dispersion in the Ru/C samples was  found by pulse chemisorption
of CO and O2 at room temperature. According to the data obtained,
the reduction of a precursor in the Ru/CNT sample leads to the
formation of ruthenium particles with a lower dispersion as com-
pared to Ru/CB (Table 1). This may  be due to an increased fraction
of supported complexes reduced at a higher temperature in the
Ru/CNT sample (the maximum at 174 ◦C on the TPR profile, Fig. 5).

Dispersion of ruthenium, as measured from CO chemisorption, is
somewhat lower than the dispersion estimated from O2 chemisorp-
tion, especially for the Ru/CNT sample. A possible reason is that CO
chemisorption on ruthenium produces not only terminal but also
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Fig. 6. Hydrogen consumption rate vs. hydrogen uptake during aqueous-phase hydroge
and  pressure.
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Scheme 1. Possible reaction pathways of furfural hydrogenation.

ridge species [18]. In this case, the CO/Ru ratio changes in a wide
ange (0.2–1.5).

Thus, more dispersed palladium particles are formed on the sur-
ace of CNT, while more dispersed ruthenium particles – on the
urface of CB. In any case, the higher the fraction of the species
educed in high-temperature region, the lower the dispersion of
he particles formed. Different effect of the support on the disper-
ions of palladium and ruthenium may  be related to distinctions
n the preparation conditions: the Pd/C catalysts were synthesized
y adsorption of a precursor on the support from excess solution
which was accompanied by chemical binding), while the Ru/C
amples – by incipient wetness impregnation. In the latter case,
he particle size of supported metal is determined mostly by the
exture, and highly dispersed particles are formed on the support
ith a more developed pore structure, i.e. on CB (see Table S1 in

he Supplementary materials).

.2. The properties of Pd/C and Ru/C catalysts in hydrogenation of
urfural

The catalysts containing 1.5% Pd or Ru were examined in the
queous-phase hydrogenation of furfural at different temperatures
50 and 90 ◦C) and hydrogen pressures (0.5 and 2.0 MPa). Even
nder mild conditions (50 ◦C, 0.5 MPa), hydrogenation of furfural in
he presence of the 1.5% Pd/CB catalyst resulted in a highly selective
99%) formation of furfuryl alcohol at a furfural conversion of 29%
Table 1). Raising the pressure (at the temperature of 50 ◦C) pro-
uced more than a 1.5-fold increase in the conversions of hydrogen
nd furfural (Fig. 6a, Table 1), while selectivity for furfuryl alcohol
emained at a high level (98%). Temperature elevation increased
he reaction rate and thus the conversions of hydrogen and fur-

ural (Fig. 6a, Table 1). Therewith, as revealed by the analysis of
atalyzate, selectivity for furfuryl alcohol decreased due to increas-
ng the role of side reactions related to the hydrogenation of the
uran ring. The formation of tetrahydrofurfuryl alcohol (Scheme 1)
nation of furfural over 1.5% Pd/CB (a) and 1.5% Pd/CNT (b) at various temperature

possibly occurred by further hydrogenation of both furfuryl alcohol
and tetrahydrofurfural [8,16,17,27,58].

Although the surface of 1.5% Pd/CNT sample was  accessible to
the reactants (Table 1), this sample was not active in hydrogenation
of furfural under mild conditions of the reaction (50 ◦C, 0.5 MPa).
Only when the temperature or hydrogen pressure was increased,
the conversion of furfural over this sample was  observed (Table 1,
Fig. 6b). Therewith, high selectivity for furfuryl alcohol (97% at a
40% conversion) was attained at a temperature of 50 ◦C and pres-
sure of 2.0 MPa. Under the most severe conditions used in the work
(90 ◦C, 2.0 MPa), the amount of consumed hydrogen was  nearly 2-
fold greater than the amount required for the formation of furfuryl
alcohol. Along with this, selectivity for furfuryl alcohol decreased
substantially, to 52%. Tetrahydrofurfuryl alcohol prevailed among
the by-products.

The observed gradual decrease in the reaction rate with increas-
ing conversion (for both the samples, Fig. 6) may be caused by
blocking the catalyst active sites by the reaction products. Earlier it
was found [5,16,17] that catalyst poisoning during the hydrogena-
tion of furfural (and hence a decrease in the reaction rate) can be
attributed to strong adsorption of furfuryl and tetrahydrofurfuryl
alcohols on the surface active sites.

Different activity of the Pd/CNT and Pd/CB catalysts in
aqueous-phase hydrogenation of furfural can be attributed to the
distinctions in the electronic and dispersion states of supported
metal. Earlier it was shown that catalyst activity in the hydrogena-
tion of furfural to furfuryl alcohol decreases with decreasing the
particle size of supported metal [13–16]. As the size of metal par-
ticles increases, the area of the (1 1 1) edges on which adsorption
involving the C O bond is preferred may  also increase. Adsorp-
tion on fine particles preferentially involves the C C bond, which
improves the selectivity of saturated compounds [59]. Besides,
during hydrogenation the activation of hydrogen molecule and
cleavage of the H H bond are more easily done on metal sites with
a high amount of available electrons in the external d orbital, i.e.
electron-rich or totally reduced species, but should be less likely on
electron-deficient metal sites [60,61]. Thus, lack of activity of the
Pd/CNT sample under mild conditions of the reaction may  be due
to a higher dispersion of palladium (Table 1) and a lower Pd0:Pdı+

atomic ratio (Table 2) as compared to the Pd/CB catalyst. For the
same reason, Pd/CNT has a greater tendency to activate the C C
bonds of the furan ring under severe conditions of the reaction as
demonstrated by an increased yield of tetrahydrofurfuryl alcohol.
The ruthenium samples showed a low activity in hydrogenation
of furfural under the chosen conditions of the reaction. A maximum
amount of consumed hydrogen did not exceed 9% of the amount
needed for the formation of furfuryl alcohol by stoichiometry, and
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onversion of furfural was not higher than 14% (Table 1). This result
s unexpected because ruthenium is commonly considered as an
ppropriate catalyst for selective reduction of the carbonyl group
f ketones and aldehydes [18,19,62]. As shown in our earlier study
63], the 1.5% Ru/CNT and 1.5% Ru/CB samples are active in hydro-
enation of benzaldehyde to benzyl alcohol in ethanol medium
ven at a temperature of 40 ◦C and pressure of 0.5 MPa. Under the
ndicated conditions, conversion of benzaldehyde attained 58%.

Different activity of the same Ru/C catalysts in the reactions of
enzaldehyde and furfural hydrogenation can be attributed to the
ffect of solvent. In the present work, water served as a solvent.
s shown in [18,64], water can be adsorbed on the ruthenium sur-

ace by dissociative mechanism. The H2O–Ru interaction is much
tronger than the H2O–Pd one [65]. Water that was  irreversibly
hemisorbed on ruthenium is not displaced from the surface by
ydrogen, which is adsorbed, occupying only less active sites.

This assumption was  confirmed by a special experiment on
ydrogenation of furfural over one of the ruthenium samples in
thanol medium. Even under mild conditions (50 ◦C, 0.5 MPa),
ydrogenation of furfural in the presence of the 1.5% Ru/CB catalyst
ccurred with a notable conversion (Table 1, entry 15).

The reaction products consisted only of furfuryl alcohol and
urfural diethyl acetal (Scheme 2). The latter resulted from the
nteraction of furfural and ethanol with the involvement of acid
ites of the support [66–68].

. Conclusions

The study has revealed that the nature of carbon support affects
he formation and state of supported metal. The adsorption of pal-
adium(II) chloride complexes on CNT is less strong than their
dsorption on CB. As a result, Pd complexes supported on CNT
re reduced at a lower temperature with the formation of highly
ispersed particles and a lower Pd0:Pdı+ atomic ratio.

The 1.5% Pd/CB catalyst demonstrated a high selectivity (no
ess than 98%) for furfuryl alcohol during hydrogenation of fur-
ural at a temperature of 50 ◦C and hydrogen pressure of 0.5 and
.0 MPa  (the furfural conversion of 29 and 46%, respectively). The
.5% Pd/CNT sample was inactive under mild reaction conditions
50 ◦C, 0.5 MPa). However, the conversion of furfural was  observed
hen the temperature or hydrogen pressure was raised, high selec-

ivity for furfuryl alcohol being attained at a temperature of 50 ◦C
nd pressure of 2.0 MPa. For both Pd/C samples, raising the tem-
erature increased the conversion of furfural, but selectivity for
urfuryl alcohol decreased due to hydrogenation of the furan ring.

The adsorption capacity of CNT and CB with respect to ruthe-
ium(IV) chloride complexes is very low. The incipient wetness

mpregnation method made it possible to reveal an effect of the
upport nature on the metal dispersion. The reduction of a precur-
or in the Ru/CB sample led to the formation of ruthenium particles
aving a higher dispersion as compared to Ru/CNT.

At the same time, the ruthenium samples showed a low activity
n aqueous-phase hydrogenation of furfural irrespective of the sup-
ort nature and reaction conditions, although the metal surface was
ccessible to the reactants. This may  be due to irreversible adsorp-

ion of water on the metallic sites. Application of another solvent
as shown for ethanol) and more severe reaction conditions may
mprove the catalytic activity of ruthenium-containing samples.
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