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Abstract High metal loading NiCu-based catalyst of Pic-
ula™ series produced by sol-gel technique was applied to
furfural hydrogenation in the presence of hydrogen. This
reaction represents the stabilization of pyrolysis oil that
involves the selective reduction of aldehydes and ketones
to alcohols and unsaturated C—C double bonds of pyrolysis
oils components. The catalysts were pre-reduced at 250 and
300 °C. According to XRD analysis results, copper is
mainly in the metallic state, and Ni is mostly in the form of
oxide and silicate. XPS measurements reveal that hydrogen
treatment at 250 °C leads to the partial reduction of Ni to
the metallic state (6 %) while further reduction at 300 °C
leads to an increase in this proportion up to 39 %. A 100 %
selectivity towards furfuryl alcohol was achieved at 130 °C
and 5 MPa of hydrogen in a batch reactor using decyl
alcohol as a solvent. In the experiments with i-propanol as
a solvent at 110-170 °C the main product was furfuryl
alcohol, but minor components traced back were tetrahy-
drofurfuryl alcohol, 2-methylfuran and isopropyl furfuryl
ether. The lower catalyst reduction temperature promotes
the formation of isopropyl ester, while a higher reduction
temperature favors further furfuryl alcohol hydrogenation.
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1 Introduction

There is a lack of catalysts possessing high activity and
stability for the selective conversion or removal of oxygen
in compounds present in biomass pyrolysis liquids (PL).
One specific objective here is to reduce the hydrogen
consumption and produce better quality liquids, amongst
others for further co-processing in existing refineries. In the
past, commercially available (sulfided) hydrodesulfuriza-
tion catalysts were widely investigated, but these type of
catalysts do not fully meet the specifications required for
the process concerned. Studies of non-sulfided catalysts
were also widely performed, typically the noble metal
based catalyst and transition metal catalysts [1, 2]. The
high price of noble metals, and its rapid deactivation, are
obstacles for large-scale industrial application in treating
PL’s. On the other hand, transition metal based catalysts,
and typical Ni-based ones, appear rather attractive [3].
Nevertheless, the use of such catalysts is still limited while
its instability limits the effectiveness. Polymerization of the
liquid’s component at the process conditions remains an
issue.

An interesting process option to prevent such excessive
polymerization by thermal reactions by decreasing the
concentration of the most reactive compounds is to intro-
duce a so-called stabilization step at mild conditions (low
temperatures in the range of 150-225 °C) prior to a more
severe high-temperature hydrotreatment in which the lig-
uids are further deoxygenated [4, 5]. This stabilization step
preferably involves the selective reduction of aldehydes
and ketones to alcohols and a reduction of unsaturated
carbon—carbon double bonds of pyrolysis oils components
[6].

Among the large number of oxygenates in pyrolysis oil
aldehydes are particularly undesirable due to their high
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reactivity for polymerisation. One of the objectives is the
conversion of aldehyde functional groups in sugar fraction
components to alcohol group. Furfural is used as a model
compound representing aldehyde group in pyrolysis oil
(Fig. 1).

Furthermore, furfural is a biomass-derived platform
intermediate that can be formed by the acid-catalyzed
dehydration of C5 and C6 carbohydrates in the biomass.
Furfural may be converted to the value-added FA—a
commercial product as green solvent and has been widely
employed in the biorefinery and pharmaceutical industry.
Selective hydrogenation of furfural to FA has been inves-
tigated over various metal catalysts. Supported noble metal
catalysts have been used in furfural hydrogenation [7-9],
but the high cost of noble-metal catalysts is a problem,
which would influence their application.

Group Ib metals such as Cu can readily catalyze
hydrogenation of furfural to FA, with low yields of side
products [10-14]. In the last several decades, one of the
most common catalyst was copper chromite catalyst
[15, 16]. However, the Cu—Cr catalysts are not environ-
mental friendly in view of toxic chromium presence.

The bimetallic catalysts are known to be promising
materials since one metal can modify the catalytic prop-
erties of the other metal due to structural or/and electronic
effects. However, furfural hydrogenation over bimetallic
Cu—Ni catalysts has been only been investigated in a lim-
ited number of publications. Lukes and Wilson examined
Cu—Ni catalysts with the various compositions in the
reactions of furfural in the presence of hydrogen at atmo-
spheric pressure in the form of granulated sintered metal
powders reduced at 300 °C [17]. The copper catalyst was
almost inactive; the best yield (97 %) of FA was obtained
at 110 °C with 80Ni—20Cu, higher Ni loading and higher
temperatures up to about 250 °C resulted in greater furan
production. Pang et al. reported the investigations focused
on improving the performance of Cu catalysts using a
combination of alloying with Ni [18]. Gas-phase hydro-
genation of furfural was carried out at 190 °C and near
atmospheric pressure over Cu, Ni, and Cu-Ni catalysts
supported on Al,O5 and reduced at 400 °C. It was found
that the incorporation of small amounts of Ni (Cu4Ni)
improved the catalytic activity while slightly reducing the
hydrogenation selectivity (from 95 to 80 %). Further
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Fig. 1 Furfural hydrogenation to furfuryl alcohol (FA)
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incorporation of Ni resulted in high rates for decarbony-
lation and ring-opening.

Within the present work Ni—Cu-based catalysts are
proposed, characterized by a high loading of active com-
ponent (AC) to optimize the contact of PL with the active
catalyst surface and minimizing the contact with the
(usually acidic) support material. As a support material
SiO, is used, which, in combination with a sol-gel
preparation technique, allows a highly dispersed nickel
uniformly distributed over the catalyst. The proposed type
of catalysts is denoted as Picula™ family [19, 20]. Some
catalysts of that type were already examined in
hydrotreatment of model compound of PL [21] and were
shown to be very effective in the hydrogenation of such
oxygen-containing feeds. The objective of the present work
was to investigate the effect of the reaction temperature
and catalysts reduction temperature on Ni—Cu catalyst
activity and selectivity, while using model components.

2 Experimental
2.1 Catalyst Preparation

The sol-gel technique to prepare the Picula family of cat-
alyst is described elsewhere [22, 23]. Briefly, the appro-
priate amounts of commercial NiCO3;-mNi(OH),-nH,O,
CuCO;5-mCu(OH), were mixed with the required amount of
distilled water and 25 % NH; solution and stirred for 4 h.
Afterwards, a solution of tetraethyl silicate in ethyl alcohol
was added to the suspension and stirred for 4 h. Then,
continuing stirring, the mixture was heated to 80 °C until
the viscous state formed. This mixture then dried at 120 °C
for 4 h until the formation of light-green solid. Next, the
resulting catalyst was calcined at 400 °C for 4 h and further
cooled down to room temperature.

2.2 Catalyst Characterization

The elemental composition of the catalyst is given in
Table 1.

Before the reaction, the catalysts were activated by
reduction in hydrogen; the reduction temperatures were
determined based on the results of the temperature pro-
grammed reduction (TPR) measurements.

Table 1 The elemental composition of the catalyst in the oxide form

Ni (Wt%) Cu (wt%) Si (Wt%)

57 55 9.6
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2.2.1 Temperature Programmed Reduction

Catalyst sample (0.1 g) were placed in a U-tube quartz
reactor and treated in a reducing atmosphere (10 vol % of
H, balanced in Ar at a flow rate of 20 ml/min) with a
constant heating rate of 10 °C/min up to 900 °C. The
hydrogen concentration in the outlet stream during the
reduction was measured with a thermal conductivity
detector.

2.2.2 X-ray Diffraction

The phase composition of fresh and spent catalysts was
studied using a D8 Advance (Bruker, Germany) X-ray
diffractometer equipped with a linear detector LynxEye
(1D) using CuKa radiation A = 1.5418 A. Scanning was
performed in the 20 range from 15 to 80  with a step of
0.05 .

2.2.3 High-Resolution Transmission Electron Microscopy
(HRTEM)

TEM images were recorded on a JEM-2010 (JEOL, Japan)
electron microscope with a lattice resolution of 0.14 nm
and an accelerating voltage of 200 kV. The samples for the
HRTEM study were prepared by the ultrasonic dispersing
in ethanol and consequent deposition of the suspension
upon a “holey” carbon film supported on a copper grid.
Local elemental analysis was performed with the EDX
method on an energy-dispersive X-ray Phoenix spectrom-
eter equipped with a Si(Li) detector with an energy reso-
lution of 130 eV.

The chemical analysis of the catalyst surface was per-
formed using X-ray photoelectron spectroscopy (XPS). The
XPS measurements were performed on a SPECS’s Surface
Nano Analysis GmbH (Germany) photoelectron spec-
trometer equipped with a PHOIBOS-150-MCD-9 hemi-
spherical electron energy analyzer, a FOCUS-500X-ray
monochromator, and an XR-50 M X-ray source with a
double Al/Ag anode. The spectrometer was equipped with
a high-pressure cell to heat samples before analyzing in
gaseous mixtures at pressures up to 0.5 MPa. The core-
level spectra were obtained using the monochromatic AIKa
radiation under ultrahigh vacuum conditions. Binding
energies of the photoemission peaks were corrected to the
Si2p peak at 103.3 eV. Relative element concentrations
were determined from the integral intensities of XPS peaks
using the cross-sections according to Scofield [24]. For a
detailed analysis the spectra were fitted into several peaks
after the background subtraction by the Shirley method
[25]. The fitted procedure was performed using the
CasaXPS software [26]. The line shapes were approxi-
mated by the Voight profile. Before the XPS analysis, the

catalysts were reduced in 0.1 MPa H, at 250 and 300 °C
for 30 min in the high-pressure cell. The catalyst was
transferred to a spectrometer analyzer chamber without the
contact with air. The catalyst treatment in the high pressure
cell was as follows:

1. Loading the sample, and after pumping to ultra-high
vacuum (107” MPa) hydrogen was introduced (about
1000 Torr, cell volume ~0.2 1).

2. Heating the sample and hydrogen to about 250 or

300 °C for 10 min and treatment at a constant
temperature for 30 min.

3. Cooling the cell to the room temperature in vacuum.

2.3 Catalytic Activity Measurements

Catalytic hydrotreatment reactions of furfural were carried
out in a high-pressure setup (Autoclave Engineers, USA) in
a sealed 300-ml stainless steel batch reactor (EZE Seal
type). The reactor was equipped with a magnetic stirrer, a
thermocouple, a pressure sensor, and a system for con-
trolling stirring rate, temperature, and pressure (Fig. 2).

Before reaction the catalysts (1 g of a fine powder) were
activated by the reduction in a flow of H, (50 ml/min) for
1 h at 250 and 300 °C and 0.1 MPa, where after the
samples were passivated in a flow of 2 % O, in Ar and kept
overnight under Ar. Then 60 ml of 5 wt% furfural (98 %,
Reahim, Russia), in decanol (99 %, Sigma-Aldrich, Ger-
many) or isopropanol (99 %, Himmed, Russia), was fed
into the reactor at 0.1 MPa and 25 °C without air to pre-
vent oxidation of the catalyst. The reactions were carried
out at isothermal conditions and a constant pressure of
6 MPa, at a stirring rate of 1000 rpm. During the reaction,
liquid products (0.5 ml) were collected at predefined
intervals for analysis.

2.4 Product Analysis

Qualitative analysis of liquid products was carried out
using a Varian Saturn 2000 gas chromatography-mass
spectrometry apparatus equipped with an ion trap and an
HP-5 quartz capillary column (stationary phase: 5 % phe-
nyl-95 % dimethylpolysiloxane, column length 30 m,
inner diameter 0.25 mm). Quantitative analysis of the lig-
uid products was performed using a Hromos GC 1000 gas
chromatograph (GC) equipped with a Zebron ZB-FFAP
capillary column (stationary phase: nitroterephthalic acid
modified polyethylene glycol, 30 m x 0.32 mm x
0.25 pm). The injector and detector temperatures were 260
and 270 °C, respectively. A temperature program was used
for the analysis: 80 °C hold for 1 min, 15 °C/min for
6 min, 170 °C hold for 6 min. A 0.3 pl sample was
injected into the GC with a chromatographic syringe; argon
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Fig. 2 Set-up scheme. VI-V5 valves, DPC downstream pressure controller, MFC mass flow controller, SP safety pressure rupture disk, DCM
DC Motor, R reactor, EF electric furnace, M manometer, BPR back pressure regulator, CVI,CV2 control valves

was used as a carrier gas. The reaction mixture components
were identified by retention times on the chromatogram,
which were determined separately for each component in
the calibration process. The method of internal normal-
ization (the sum of all the peaks areas is taken as equal to
100 %, the ratio of the individual peak area to the sum
characterizes the component fraction in the mixture) was
used for the quantitative calculation of the component
concentrations.

The conversion of furfural

furfural and CY is the initial concentration of furfural.
The selectivity for productj was determined as:
S = % x 100 %. where C; is the concentration of pro-

was determined as:

) x 100 %, where Cr is the concentration of

i

duct j, and C; is the concentration of product i.

3 Results and Discussion
3.1 Catalyst Characterization Results

The reduction behavior of the active phase precursors was
studied to determine the temperature of pretreatment in
hydrogen before reaction. The reduction profile is given in
the TPR presented in Fig. 3. The reduction of the catalyst
proceeds in two steps. A low-temperature peak is centered
at 240 °C, and can be ascribed to the reduction of Cu (II)
species. The reduction of Ni oxide proceeds at higher
temperatures with the maximum at 460 °C, this broad peak
between 300 and 700 °C also indicates the strong interac-
tion of metals precursors with SiO, which results in the
formation of hardly reducible nickel silicates. The sample
is fully reduced at temperatures below 750 °C.

Unlike Cu, Ni-based catalysts exhibit unsatisfactory
performance in furfural hydrogenation and especially the
low selectivity to the desired product, preventing their
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Fig. 3 H,-TPR profile of Cu-modified Picula catalyst

further application for FA production [27]. However, the
hydrogenation activity of Ni is much higher than for Cu,
thus, the addition of small amount of Ni may improve the
overall catalyst activity due to the formation of Ni—Cu solid
solution on the catalyst surface. To study the effect of
reduced nickel, two temperatures were chosen to reduce
Picula catalysts before the actual hydrogenation reaction,
namely 250 and 300 °C. For the low temperature reduced
catalyst the copper oxide is mainly reduced to the metallic
state, while at the same time Ni is mostly in the form of
oxide and silicate.

The phase composition of the AC of the catalysts after
the reaction was determined by XRD and the results are
given in Fig. 4. The XRD pattern of oxide form (Fig. 4a)
shows broad peaks referred to the NiO phase with the slight
shift of peaks relative to NiO phase.' The reflections of
copper oxide was not observed. Detailed analysis of the
XRD pattern of oxide form presented in our previous work
[21].

The diffraction pattern of the catalysts reduced at 250
and 300 °C presents broad peaks characterizing anisotropic

' PDF No. 47-1049.
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Fig. 4 XRD patterns of Picula catalyst (a oxide form, b fresh reduced
at 250 °C, c after the reaction at 130 °C (reduced at 250 °C), d after
the reaction at 150 °C (reduced at 250 °C), e after the reaction at
170 °C (reduced at 250 °C), f fresh reduced at 300 °C, g after the
reaction at 150 °C (reduced at 300 °C)

broadened nickel oxide NiO (36, 43 and 61.5°), and narrow
peaks at 43.3, 50.6, and 74,0° at 20 corresponding with
metallic copper (Fig. 4b, g). After the reaction, the X-ray
diffraction pattern has changed: the relative intensity of the
Cu reflections reduced, except of 44,3 for spent samples at
the reaction temperature 150-170 °C (Fig. 4d, e) where a
small shoulder appeared (indicated by arrow) correspond-
ing to 111 Ni reflections. The same shoulder appeared on
the diffraction pattern of the catalyst reduced at 300 °C and
spent at 150 °C (Fig. 4g).

The crystallite sizes of the metallic copper particles are
given in Table 2. The increase in the crystallite size pro-
vides evidence that the sintering of copper particles occurs
during reaction in the case of samples reduced at 250 °C.
The crystallite sizes of the metallic copper particles in the
sample reduced at 300 °C and spent at 300 °C are the
same.

TEM images of the catalyst reduced at 400 °C (Fig. 5)
demonstrate well-dispersed particles of metallic nickel

Table 2 The crystallite sizes of the metallic copper particles deter-
mined by XRD

Picula catalyst Crystallite size (Cu) (A)

Fresh reduced at 250 °C 240
Fresh reduced at 300 °C 370
Spent at 130 °C, reduced at 250 °C 350
Spent at 150 °C, reduced at 250 °C 350
Spent at 170 °C, reduced at 250 °C 360
Spent at 150 °C, reduced at 300 °C 330

uniformly distributed throughout the catalyst volume and
stabilized by the silica matrix. The secondary aggregates
consists of thin (1-2 nm) oxide-silicate particles. The
detailed description of the structure is given in our previous
work [5].

X-ray photoelectron spectroscopy was applied for the
chemical analysis of the catalyst surface. The relative
atomic concentrations of the elements detected by XPS (Ni,
Cu, Si, and O) are shown in Table 3. The Ni2ps,,, Cu2ps,,,
and Ols binding energies are given in Table 4.

The hydrogen treatment at 300 °C results in the decrease
of [Ni]/[Si] and [Cu]/[Ni] atomic ratios probably due to the
increase of nickel particles size. [Cu]/[Si] ratio did not
changed, so it can be assumed that copper is on the surface
of nickel particles.

Figure 6 presents the Cu2p and Ni2p core-level spectra
of the reduced catalysts under study. The Ni2p spectra
indicates the presence of nickel in the metallic state and
nickel in the oxidized state. Two sharp peaks at 853 and
870.2 eV, corresponding to the Ni2p;,-Ni2p,,, spin—orbit
doublet, are attributed to nickel in the metallic state. The
spin—orbit splitting value (the difference between the
Ni2p,,, and Ni2p;/, binding energies), lying in the range of
17.2-17.3 eV, supports this statement. For nickel in the
oxidized state Ni*" this value is in the range of
17.6-17.8 eV [29, 30]. Peaks at 856.6 and 874.3 eV, cor-
responding to the Ni2ps3,-Ni2p;,, spin—orbit doublet, and
their intensive shake-up satellites at higher binding energy
are attributed to oxidized nickel Ni**. The shape of these
spectra is typical of nickel hydroxide Ni(OH), or nickel
silicates. The relative intensity of the spectra attributed
with nickel in the metallic state and nickel in the oxidized
state allowed us to estimate the amount of Ni’ and Ni**
species on the catalyst surface (Table 4).

The shape of the Cu2p spectra indicates that no copper
is present as Cu2+, as there is no characteristic intense
shake-up satellite, typically observed for copper in the state
of Cu”" [31-33].

The integral intensity of the shake-up satellites in the
spectrum of CuO, for example, reaches 55 % of the Cu2ps,
» main peak intensity [34]. The shake-up satellites are
absent in the spectra of Cu'" compounds and in the
spectrum of the metallic copper. Since the Cu2p;/, binding
energy of Cu” and Cu'" are almost the same, and the
shake-up satellite is absent, it is difficult to identify the
state of copper. Usually to identify the chemical state of
copper, the modify Auger parameter is used, which is a
sum of the Cu2p;/, binding energy and the Cu LMM Xkinetic
energy [35]. In the present case, the Auger parameter could
not be measured since the concentration of copper is
insufficient. However, the previous experience for similar
systems as well as the XRD data (Fig. 4) shows that under
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Fig. 5 TEM images for reduced Picula catalyst

Table 3 Relative atomic concentrations (atomic ratios) of elements
in the surface layer of reduced fresh catalyst

Reduction T (°C)  [Ni]/[Si] [Cul/[Si]  [Cul/[Ni] [OV/[Si]
250 1.7 0.0098 0.0060 39
300 1.2 0.0093 0.0077 2.8

Table 4 The Ni2p;/,, Cu2ps, and Ols binding energy (eV) and the
proportion (%) of nickel reduced to the metallic state determined by
XPS

Reduction T (°C)  Ni2ps;» Ni® (%) Cu2ps, Ols
Ni® NiZ*
250 853.0 856.6 6 932.9 531.2
532.7
300 853.2 856.6 39 932.8 531.0
532.7

these conditions the reduction of copper to the metallic
state occurs.

According to the XPS data (Table 4), the reduction of
Picula catalyst at 250 °C leads to the reduction of nickel to
the metallic state (6 %) while further hydrogen treatment
of the catalyst at 300 °C leads to an increase in the

@ Springer

proportion of reduced nickel to the metallic state (39 %). In
both cases, copper Cu®" was not detected by XPS, which
indicates a full reduction of copper to Cu’.

3.2 Furfural Hydrogenation to Furfuryl Alcohol
Using Decyl Alcohol as a Solvent

A first reaction was carried out at isothermal conditions at
130 °C and pressure of 5 MPa for the catalyst reduced at
250 °C. The composition of the reaction mixture versus
reaction time is given at Fig. 7. The only product obtained
during the hydrotreatment of furfural was FA. However,
besides the direct hydrogenation with hydrogen, furfural
can be converted to FA by transfer hydrogenation from an
organic molecule (usually n-alcohols) that acts as hydrogen
donor. Apparently furfural here also reacts with the solvent
decanol to form decanal, and at a furfural conversion of
about 70 %, roughly half of FA appears from the reaction
of furfural with hydrogen while the other half is due to
reaction of the furfural with decanol (Fig. 8).

This process thus involves the simultaneous hydro-
genation of furfural and dehydrogenation of H donor.
Specifically Cu-based catalysts are known catalysts in this
reaction [36, 37]; the main advantage of this process is high
selectivity towards FA. Bimetallic Ni—Cu catalysts sup-
ported on alumina at 10 wt% metal loading were applied to
the reduction of furfural via transfer hydrogenation by
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Fig. 6 Ni2p and Cu2p core-
level spectra of the reduced
catalysts. All spectra are
normalized on the intensity of
the Si2p core-level spectra
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Fig. 7 Concentration profiles of the reactant and products as a
function of reaction time. Reaction conditions: 60 ml of 5 wt%
furfural in decanol, 130 °C, 5 MPa, M yayse = 1 g

Reddy et al. [38]. The hydrogenation was only successful
in the presence of neat isopropanol over Ni—Cu/Al,O; at
200 °C, under this reaction condition, the yield for FA was

942 940 938 936 934 932 930 928
Binding Energy, eV

860 850

high at about 95 %. In the present work, the applied Ni-Cu
catalyst makes it possible to achieve 100 % selectivity
towards FA at lower reaction temperature (130 °C).

3.3 Furfural Hydrogenation to Furfuryl Alcohol
Using i-Propanol as a Solvent

To avoid the transfer reactions, i-propanol was used as
well, and a series of experiments was carried out at tem-
peratures of 110, 130, 150, and 170 °C for the catalysts
reduced at 250 °C. The main results are shown in Fig. 9
again the main product of the furfural hydrotreatment was
FA, but minor components traced back were tetrahydro-
furfuryl alcohol, 2-methylfuran and isopropyl furfuryl
ether. The rate of furfural conversion also increase with the
temperature. Reddy et al. [39] reported the same products
selectivity for silica supported Ni—Cu bimetallic catalyst
(10 % wt. of Ni and Cu) reduced at 250 °C. The catalyst
exhibited a high (almost 100 %) selectivity towards the
formation of FA.

The experimental dependence of furfural conversion
cannot be described by the first-order kinetics, and this may

Fig. 8 Furfural hydrogenation O
to FA by exchange reaction with AN o /\/\/\/\/\/OH
decanol \ /

O
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Fig. 9 Selectivity of furfural hydrotreatment products formation versus conversion, the reaction was carried out at constant pressure of 6 MPa,
isothermal conditions at 110-170 °C, 5 % of furfural in i-propanol solvent, Mgy = 1 g, the catalyst was reduced at 250 °C

be explained by the changes of the catalysts surface under
the reaction medium. This assumption is confirmed by
XRD result (Fig. 4). After the reaction at 150 and 170 °C
metallic Ni appears whereas the fresh reduced at 250 °C
sample contains only metallic copper. Thus the partial
reduction of nickel oxide is occurring under the reaction
conditions which results in the activity changes during the
process.

The reaction scheme of furfural conversion proposed on
basis of thee obtained results (Fig. 10) includes two par-
allel routes. First reaction route gives the main desired

Fig. 10 Scheme of furfural O H
conversion pathways with i- AN 2
propanol as a solvent

Furfural

N
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Furfuryl alcohol

product—FA, and the products of FA further hydrogena-
tion. These side components are tetrahydrofurfuryl alcohol
(the product of ring hydrogenation), 2-methylfuran (the
product of—OH group hydrogenation), and 2-methyl
tetrahydrofuran (the final product of further hydrogenation
of both FA and 2-methylfuran). The other reaction pathway
is the formation of undesired ether, the product of furfural
and the solvent (i-propanol) condensation.

The increase in the reaction temperature on the one hand
increases the rate of furfural conversion (for example,
140 min is requires to achieve 50 % conversion of furfural

@) 2H, 0)
OH > OH

Tetrahydrofurfuryl alcohol
H Hz

N

i-propyl furfuryl ether

2-methylfuran  2-methyltetrahydrofuran
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at 110 °C, whereas at 170 °C it occurs in 25 min), and on
the other hand leads to an increase in the selectivity of by-
products. Thus, the selectivity of the ether formation with
increasing of T from 110 to 170 °C rises from 0 to 5 %,
and 2-methyl tetrahydrofuran formation below 170 °C was
not observed. As seen from the graphs on Fig. 10, when the
conversion of furfural became close to 100 %, the increase
in the reaction temperature results in the significant
increase in the selectivity of FA hydrogenation.

However, in the entire reaction temperature range of
110-170 °C the catalyst exhibit a high selectivity towards
unsaturated alcohol (FA) formation and small amounts of
side products were formed.

3.4 The Effect of the Catalyst Reduction
Temperature on its Activity in Furfural
Hydrogenation

Similarly, the experiments were also performed at 150 °C
using catalyst reduced at 300 °C. The comparison is pre-
sented in Fig. 11. As expected the furfural conversion rate
appears slightly higher for the catalyst reduced at higher
temperature, however, the selectivity is completely differ-
ent. Lower reduction temperature promotes the formation
of the side product—isopropyl ester, while a higher
reduction temperature favors further FA hydrogenation.
The XRD patterns of both spent catalysts are the same
(Fig. 4), but the reduction of the surface species may result
in activity increase. According to XPS data (Table 4), the
reduction of the catalyst at 250 °C leads to the unessential
reduction of nickel to the metallic state, and further
hydrogen treatment at a temperature of 300 °C leads to the
increase in the proportion of surface metallic nickel from 6
to 39 %. The comparison of catalyst selectivity at the

different reduction temperature and concentration of sur-
face Ni’ active centers allows concluding that exactly
metallic Ni AC provide hydrogenation of furfural C = C
bonds and Cu’-based AC — selective hydrogenation of
furfural C = O bond.

4 Conclusions

High metal loading NiCu-based catalyst of Picula™ series
produced by sol—gel technique was applied for the hydro-
genation of aldehyde functional group in furfural, repre-
senting the stabilization of the sugar fraction of pyrolysis
oils. Using decanol as a solvent at 130 °C and a pressure of
5 MPa in hydrogen atmosphere, a 100 % selectivity
towards FA was achieved. However, there was a significant
contribution of the hydrogen transfer route, as furfural
reacts with decanol to form decyl aldehyde and FA. Fur-
fural hydrogenation in i-propanol was studied at
110-170 °C, the main product was FA, and the selectivity
towards FA hydrogenation products increase at higher
temperatures as well as the selectivity of isopropyl furfuryl
ester formation. The effect of the catalysts reduction tem-
perature (250 and 300 °C) on Picula™ activity was also
examined. The furfural conversion rate is slightly higher
when reduced at higher temperature but selectivity is dif-
fering considerably. A lower reduction temperature pro-
motes the formation of the side product—i-propyl furfuryl
ester, higher reduction temperature favors further FA
hydrogenation. The change in selectivity may be attributed
to the changes of the active components state due to nickel
oxide unessential reduction to the metallic Ni as a result of
catalyst treatment in hydrogen at higher temperature. This
statement is confirmed by XPS data, according to the

100 100 T T T T T T T T T
'6.' 80- 80- Treduction = 300 OC
IS
X —O— Furfural
- 60- —O— Furfuryl alcohol i 60 J
g —>— Tetrahydrofyrfuryl alcohol
= —¥— i-propyl furfuryl ether
Q
g 40+ b 40 1
E Treduction = 250 OC
O 904 4 J
s 20 20
0 B 0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 380 100 120 140 160 180 200

reaction time, min.

reaction time, min.

Fig. 11 Concentration profiles of the reactant and products as a function of reaction time. Reaction conditions: 60 ml of 5 wt% furfural in

isopropanol, reaction temperature 150 °C, 6 MPa, Mg iyt = 1 g
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analysis results, higher temperature treatment leads to the
increase in the proportion of surface metallic nickel from 6
to 39 %.
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