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Catalytic hydrotreatment of fast pyrolysis liquids
in batch and continuous set-ups using a bimetallic
Ni–Cu catalyst with a high metal content†
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Sofia A. Khromova,c Vadim A. Yakovlevc and Hero J. Heeres*a

In this paper, an experimental study on the hydrotreatment of fast pyrolysis liquids is reported in both batch

and continuous set-ups using a novel bimetallic Ni–Cu based catalyst with high Ni loading (up to 50%) pre-

pared by a sol–gel method. The experiments were carried out in a wide temperature range (80–410 °C)

and at a hydrogen pressure between 100–200 bar to determine product properties and catalyst perfor-

mance as a function of process conditions. To gain insight into the molecular transformations, the product

oils were analysed by GC × GC, 1H-NMR and GPC and reveal that the sugar fraction is reactive in the low

temperature range (<200 °C), whereas the lignin fraction is only converted at elevated temperatures

(>300 °C). In addition, the organic acids are very persistent and reactivity was only observed above 350 °C.

The results are rationalized using a reaction network involving competitive hydrogenation of reactive alde-

hydes and ketones of the sugar fraction of fast pyrolysis liquids and thermal polymerisation. In addition, rel-

evant macro-properties of the product oils including flash point (30 to 80 °C), viscosity (0.06 to 0.93 Pa s)

and TG residue (<1 to about 8 wt%) were determined and compared. Product oils with the lowest oxygen

content (<13 wt%) were obtained in the continuous set-up at 410 °C.

1. Introduction

In the past decade, environmental concerns have boosted re-
search and development activities on biomass conversions to
biofuels and bio-based chemicals.1 Fast pyrolysis is a very ver-
satile biomass conversion technology. Process development
activities in the field of fast pyrolysis culminated in the con-
struction of successful commercial scale plants in the US and
Canada (for example by Ensyn), Finland (Valmet) and the
Netherlands (EMPYRO). The technology is on the verge of
commercial exploitation, and large quantities of pyrolysis liq-
uids will thus become available. Fast pyrolysis is carried out
in the absence of oxygen, at atmospheric pressure and at a
temperature ranging from 450 to 600 °C. The main product
(up to 70 wt% on feed) is a liquid, which is known as a pyroly-
sis liquid or bio-oil.2 However, the product does not resemble
a typical crude oil, as it is polar in nature, contains up to 30

wt% of water and as such is better referred to as a pyrolysis
liquid (PL).3 PLs are complex mixtures with over several hun-
dreds of organic compounds as identified by analytical tech-
niques like GC, although they also contain higher molecular
weight, non GC detectable compounds.4

Pyrolysis liquids are acidic in nature (pH below 3),5 non-
volatile and immiscible with hydrocarbons. In addition, they
are not stable, and especially at elevated temperature, poly-
merization occurs leading to an increase in viscosity over
time. PLs cannot be used as e.g. transportation fuels and re-
quire upgrading to increase their thermal stability and vola-
tility and to decrease their viscosity and acidity.3

Catalytic hydrotreatment is an attractive upgrading tech-
nology to improve the product properties of PLs. It is typically
carried out at elevated temperatures with high hydrogen
pressure and in the presence of a hydrogenation catalyst.6 Cat-
alyst requirements are stringent; they should be stable in the
acidic, aqueous PL at elevated temperatures and should be
highly active for a broad range of organic compound classes
such as aldehydes and ketones, organic acids, lignin derived
phenolic monomers, etc.7

Developments on the hydrotreatment of pyrolysis liquids
already started in the nineties and was reinitiated in 2001
with a breakthrough in the FP6 project BIOCOUP, where it
was shown that hydrotreated pyrolysis liquids with Ru/C
could be very well co-fed in a fluid catalytic cracking (FCC)
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unit.3 In addition, it was demonstrated that catalytic hydro-
treatment allows the efficient conversion of biomass into
transport fuels, potentially reaching 40 to 50 wt% carbon
yield.

Various types of supported catalysts have been reported
for the hydrotreatment of PLs. For instance, noble metal cata-
lysts (Ru, Rh, Pt, Pd) on various supports have been used
extensively.6,8–14 Supports include activated carbon and inor-
ganic materials like Al2O3, SiO2, TiO2, ZrO2 and CeO2. These
catalysts exhibit good hydro(deoxy)genation activity for com-
pounds with a wide variety of functional groups. However,
the high costs of particularly the metal components limit
their application potential, so there is a strong incentive to
identify cheap metal catalysts for the catalytic hydrotreatment
of pyrolysis liquids.

Among these, nickel based catalysts have been proposed,
and different types of nickel based catalysts have been
reported for the catalytic hydrotreatment of PLs (Table S1,
ESI†). Sulfided Ni–Mo catalysts were successfully used for the
full hydrodeoxygenation of PLs (Table S1, entries 1–5, ESI†).
In continuous runs, up to 100 h times on stream were
reported with conventional PLs. However, upon longer
runtimes, pressure drop increases were observed due to char
formation. Besides, a certain amount of sulfur is required in
the reactor to maintain a steady high activity of the catalysts.
Unfortunately, the sulfur content in the PL is low and the ad-
dition of sulfiding agents is required, which limits the attrac-
tiveness for commercial operation. Non-sulfided nickel based
catalysts, including RANEY® nickel, and supported bimetallic
and trimetallic nickel catalysts were also tested for pyrolysis
liquid hydrogenation (Table S1, entries 6–17, ESI†). Improved
product properties were reported, e.g. higher pH values, lower
oxygen contents, and higher heating values. However, coke/
char formation has been observed in some cases, which may
lead to operational issues in continuous reactors. In addition,
deep deoxygenation requires a two step-process, one at low
temperature (about 200 °C) and one at high temperature, of-
ten up to 400 °C. Besides, catalyst deactivation (e.g. by coke
deposition)15,16 and nickel leaching have been mentioned.17

We reported the use of bimetallic Ni–Cu catalysts on
δ-Al2O3, CeO2–ZrO2, ZrO2, SiO2, TiO2, rice husk carbon and
sibunite prepared using wet impregnation techniques for the
catalytic hydrotreatment of PLs (Table S1, entries 18 and 19,
ESI†). However, undesirable char formation by thermal poly-
merization was reported and is a major drawback for contin-
uous operation. Recently, we have reported an exploratory
catalyst screening study on the use of Ni catalysts with high
metal loading promoted by Cu and Pd for the catalytic hydro-
treatment of fast pyrolysis oil and showed the potential of
this class of catalysts. This study was exploratory in nature
and was performed in batch reactors only, and a systematic study
on the effect of process conditions on product properties was
not part of this investigation.18

Here, we report a systematic study on the use of a bimetal-
lic Ni–Cu based catalyst stabilized by SiO2–ZrO2 with high Ni
loading prepared by a sol–gel method for the catalytic hydro-

treatment of PLs in both a batch-slurry set-up and a continu-
ous packed bed set-up. The objectives of this study are to
gain insight into i) the relevant product properties of the
upgraded oils (such as flash point, viscosity, acidity and cok-
ing tendency) as a function of the reaction temperature and
ii) the molecular transformations taking place at various tem-
peratures to assess the reactivity of various component clas-
ses in the PLs. For the latter, the product oils were analysed
using a range of (analytical) techniques, including advanced
GC × GC, 1H-NMR, GPC, CAN, TAN and IR spectroscopy. The
results for the batch and continuous experiments will be
compared and differences will be discussed. Finally, catalyst
characterization studies (BET, XRD, TEM, etc.) will be
reported for the catalyst.

2. Experimental
2.1 Materials

The fast pyrolysis liquids (PLs) were supplied by Biomass
Technology Group (BTG, Enschede, the Netherlands) and are
derived from pine wood. Relevant properties are given in
Table 1. Hydrogen, nitrogen and helium were obtained from
Linde and were of analytical grade (>99.99%). Hydroxylamine
hydrochloride (Fluka, ≥99.0%), potassium hydroxide (Fluka,
1.0 M), 2-propanol (anhydrous, 99.5%), and absolute ethanol
(>99.8%) were obtained from Sigma-Aldrich. A reference gas
containing H2, CH4, ethylene, ethane, propylene, propane,
CO and CO2 with known composition for GC gas phase cali-
brations was purchased from Westfalen AG, Münster,
Germany.

2.2 Catalyst synthesis

The bimetallic Ni–Cu catalyst with a high Ni content of 46
wt% (58 wt% NiO) and a Cu content of 5 wt% (6.3 wt% CuO)
with the remainder being SiO2 (25 wt%) and ZrO2 (10.7 wt%)
was prepared using a catalyst preparation protocol given by
Bykova et al.19,20 The catalyst was crushed to 25–75 μm parti-
cles before use in batch experiments. Larger particles (2–5
mm) were applied for the continuous experiments in the
packed bed reactor set-up. The catalyst was reduced in situ
prior to the experiments according to the procedures speci-
fied in section 2.3 (batch mode experiments) and section 2.4
(continuous flow experiments).

Before catalyst characterization by a number of physico-
chemical methods (XPS, XRD, TEM, BET), the catalyst was

Table 1 Relevant properties of fast pyrolysis liquids used in this study

Properties
Batch
experiments

Continuous
experiments

Water content (wt%) 32.8 22.6
Elemental composition on dry basis
(wt%)
C 56.5 55.6
H 6.6 6.5
O (by difference) 36.9 38.0
N <0.01 <0.01
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reduced ex situ in a quartz reactor in a hydrogen flow of 200
cm3 min−1 at 0.1 MPa. 400 °C was selected as the reduction
temperature based on TPR analysis of the catalyst (see sec-
tion 3.6). After 2 h of reductive treatment at 400 °C, the cata-
lyst was cooled under a hydrogen flow. Upon reaching room
temperature, the hydrogen gas flow was changed to argon,
and the catalyst was passivated by ethanol and dried under
ambient conditions.

2.3 Catalytic hydrotreatment of pyrolysis liquids in a batch
set-up

For the batch reactions using the Ni–Cu catalyst, the reactor
(100 ml, Parr) was charged with 1.25 g of catalyst (5 wt% with
respect to pyrolysis liquids). The catalyst was pre-reduced
using 20 bar of H2 at 350 °C for 1 h. Subsequently, 25.0 g of
pyrolysis liquid was injected from a feed vessel using nitro-
gen gas. The reactor was flushed 3 times with hydrogen (10
bar) and then pressurized to 140 bar at room temperature.
The reactor was heated to the intended reaction temperature
with a heating rate of around 10 °C min−1, and the reactor
content was maintained at the predetermined reaction tem-
perature for 4 h. Experiments were performed at five different
temperatures, ranging from 80 to 350 °C. After reaction, the
reactor was cooled to ambient temperature, the pressure was
recorded for mass balance calculations and the gas phase
was sampled using a 3 L gas bag. The reactor content was
collected and transferred to a centrifuge tube and weighed.
The aqueous phase and the oil phase were separated by cen-
trifugation (4500 rpm, 30 min), and both phases were col-
lected and weighed. The reactor was thoroughly rinsed with
acetone. The acetone was removed by evaporation in air, and
the resulting product was weighed and added to the oil phase
for mass balance calculation. The aqueous phase was evapo-
rated (120 °C, atmospheric pressure), and the residue was added
to the oil phase (together they form the total organic product oil)
for mass balance calculations and further analysis. The
remaining solid residue in the reactor combined with the
solid residue in the centrifuge tube was washed with acetone,
filtered over filter paper and dried at 100 °C overnight until
constant weight. The amount of char formed was defined as
the amount of solid residue minus the original catalyst in-
take. The amount of gas phase after reaction was determined
by the pressure difference in the reactor before and after re-
action at room temperature using the ideal gas law, assuming
that the gas hold-up in the reactor before and after reaction
is constant.

2.4 Catalytic hydrotreatment of pyrolysis liquids in a
continuous set-up

The experiments were carried out in a continuous operation
reactor system (see Fig. S1, ESI†). The unit consists of three
reactors, with volumes between 0.5 L (1st and 3rd reactors)
and 1 L for the 2nd reactor. A temperature profile was used,
and a typical experiment was carried out at temperatures of
60–90 °C in the first reactor, 150–200 °C in the second reac-

tor and a higher temperature in the third reactor (max. 410
°C). The reactors were pressurized to 200 bar by feeding hy-
drogen, and the pressure was controlled with a backpressure
valve in the outlet of the last reactor (±1 bar). Gas and liquids
were depressurised and separated in a gas–liquid separator.
The liquid phase was collected and weighed, and the amount
of gas phase was determined using a flow meter; its composi-
tion was determined using a GC. The catalyst was typically
pre-reduced in the set-up at 500 °C and atmospheric pressure
before starting an actual experiment.

2.5 Product analyses

GC-TCD. The composition of the gas phase after reaction
was determined by GC-TCD. A Hewlett Packard 5890 Series II
GC equipped with a CP Porablot Q Al2O3/Na2SO4 column (50
m × 0.5 mm, film thickness 10 μm) and a CP-Molsieve 5A col-
umn (25 m × 0.53 mm, film thickness 50 μm) was used. The
injector temperature was set at 150 °C, and the detector tem-
perature was set at 90 °C. The oven temperature was kept at
40 °C for 2 min, then heated up to 90 °C at 20 °C min−1 and
kept at this temperature for 2 min. Helium was used as the
carrier gas. A reference gas containing H2, CH4, CO, CO2, eth-
ylene, ethane, propylene and propane with known composi-
tion was used for peak identification and quantification.

Total acid number (TAN) analysis. The TAN was analyzed
by a titration method using a Metrohm 848 Titrino plus with
a Metrohm 6.0262.100 electrode. The sample (0.05–0.09 g)
was dissolved in 30 ml of an acetone–water mixture (1 : 1 vol-
ume), and titration was performed using a 1.0 M KOH solu-
tion. The TAN was calculated using eqn (1):

(1)

where C0 is the concentration of the KOH solution (1.0 M),
m1 is the weight of the oil sample used for titration, V1 is the
volume of the titrant required for a blank experiment (ml) in
the absence of the product sample and V2 is the volume of
the titrant for the titration of the oil sample (ml). Each sam-
ple was measured three times, and the average value is
reported.

Carbonyl number (CAN) analysis. CAN analysis was carried
out using a Metrohm 848 Titrino plus titration device with a
Metrohm 6.0262.100 electrode as the indicator. 5.0 g of oil
sample was added to 10.0 g of water and left overnight, giv-
ing a two phase liquid–liquid system. The aqueous phase was
separated from the oil phase and weighed. 3.0 g of the aque-
ous phase was added to 15.0 g of water, and the mixture was
titrated to a pH of 2.9 using a KOH solution in water (1.0 M).
10.0 ml of a hydroxylamine hydrochloride solution in water
(1.0 M) was added followed by 5.0 ml of isopropanol. The
mixture was stirred at room temperature for 30 min and sub-
sequently titrated back with a KOH solution in water (1.0 M)
to a pH of 2.9. The CAN is calculated using eqn (2):
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(2)

where m1 is the total amount of the aqueous phase (g), m2 is
the amount of the aqueous phase used in the titration (g), m3

is the weight of the oil sample used (g) and V1 is the volume
of the 1.0 M potassium hydroxide solution (ml). Each sample
was measured three times, and the average value is reported.

Flash point. The flash point of the samples was measured
according to the methods described in ASTM D 6450 using a
MINIFLASH FLP/H/L.

Viscosity. The viscosity of the pyrolysis liquids and prod-
uct oils obtained from the batch set-up was measured at 40
°C by using an AR 1000 N Rheometer (TA Instruments, USA)
with a steel cone and plate fixture of 2° and a steel cone an-
gle of 40 mm in diameter. The apparent viscosity of the sam-
ples was measured at a constant shear rate of 10 s−1.

IR spectroscopy. An attenuated Total Reflection Infrared
(ATR-IR) spectrometer was used. A small amount of each
sample was placed on the crystal detector and pressed firmly
against the crystal using a metal plate. The IR-spectra were
obtained using a Perkin Elmer SPECTRUM 2000 FT-IR
spectrometer with a resolution of 4 cm−1 and an interval of 1
cm−1 (20 scans).

Elemental analysis. The elemental composition of the or-
ganic product phases and the pyrolysis liquid feeds was de-
termined by elemental analysis using a EuroVector EA3400
Series CHNS-O with acetanilide as the reference. The oxygen
content was determined by difference. All analyses were car-
ried out at least in duplicate, and the average value is
reported.

Water content. The water content of the oil phase was de-
termined by Karl-Fischer titration (Metrohm 702 SM Titrino).
About 0.01 g of sample was introduced to an isolated glass
chamber containing Hydranal solvent (Riedel de Haen) using
a 1 ml syringe. The titration was carried out using Hydranal
titrant 5 (Riedel de Haen). All analyses were carried out at
least in duplicate, and the average value is reported.

Gel permeation chromatography (GPC). GPC analyses of
the organic products were performed using an Agilent HPLC
1100 system equipped with a refractive index detector. Three
columns in series of mixed type E (length 300 mm, i.d. 7.5
mm) were used. Polystyrene was used as a calibration stan-
dard. The organic phases were dissolved in THF (10 mg ml−1)
and filtered (pore size 0.2 μm) before injection.

Two-dimensional gas chromatography (GC × GC). GC ×
GC analyses of the pyrolysis liquids and upgraded oils were
performed using a Trace GC × GC system from Interscience
equipped with a cryogenic trap and two capillary columns,
viz. an RTX-1701 capillary column (30 m × 0.25 mm i.d. and
0.25 μm film thickness) connected by a Meltfit to an Rxi-5Sil
MS column (120 cm × 0.15 mm i.d. and 0.15 μm film thick-
ness). A flame ionization detector (FID) was used. A dual-jet
modulator was applied using CO2 to trap the samples. The
lowest possible operating temperature for the cold trap was

60 °C. Helium was used as the carrier gas (flow rate 0.6 ml
min−1). The injector temperature was kept at 60 °C for 5 min
and then increased to 250 °C at a rate of 3 °C min−1. The
pressure was set at 0.7 bar, and the modulation time was 6 s.

1H-NMR. 1H-NMR spectra were recorded on a 400 MHz NMR
spectrometer (AMS400, Varian). The samples were dissolved
in CDCl3, dried over MgSO4 to remove residual water, which
interferes with the analyses, and filtered. A total of 64 repeti-
tions and a 1 s relaxation delay were applied.

Thermogravimetric analysis (TGA). TGA analysis of the py-
rolysis liquids and the product oils was carried out using a
TGA 7 from Perkin-Elmer. The samples were heated under a
nitrogen atmosphere with a heating rate of 10 °C min−1 in a
temperature range between 20–900 °C.

2.6 Catalyst characterization

Brunauer–Emmett–Teller (BET). Texture characteristics of
the catalysts were measured at liquid nitrogen temperature
using an ASAP-2400 automated volumetric adsorption ana-
lyzer (Micromeritics Instrument Corp., USA). Before analysis,
the samples were degassed (150 °C, 0.13 Pa) for 4 h. The
resulting adsorption isotherms were used to calculate the
specific surface area ABET, the total pore volume VP (from ul-
timate adsorption at a relative pressure of P/P0 = 1), the
micropore volume Vμ, and the mean pore size.

CO chemisorption. The metallic surface area of the cata-
lyst in the reduced state was determined by CO pulse chemi-
sorption measurements using a Chemosorb analyzer (“Mod-
ern laboratory equipment”, Novosibirsk, Russia). 50 mg of
fresh oxidized catalyst was placed inside a U-shaped quartz
reactor and heated to the preset temperature (400 °C, heating
rate 20 °C min−1) under a flow of H2 (100 ml min−1). When
the final temperature was reached, the reactor was purged
with an inert gas (He) and then cooled to RT. Subsequently,
pulses of CO were fed to the reactor (100 μL) until the
amount of CO in the outlet was constant according to a ther-
mal conductivity detector (TCD). Thereafter, the amount of
chemisorbed CO was estimated.

Temperature programmed reduction (TPR). Catalyst sam-
ples (0.1 g) were placed in a U-tube quartz reactor and heated
under reductive atmosphere (10 vol% of H2 in Ar at a flow
rate of 20 ml min−1) with a constant heating rate of 6 °C
min−1 up to 800 °C. The hydrogen concentration in the outlet
stream during the reduction was measured using a thermal
conductivity detector (TCD).

Powder X-ray diffraction (XRD). XRD patterns were
recorded using a D8 Advance (Bruker, Germany) powder dif-
fractometer with CuKα radiation (λ = 1.5418 Å). The step scan
mode was performed in the 2θ range from 15° to 70° (step of
0.05°) using an accumulation time of 3 s at each point.

X-ray photoelectron spectroscopy (XPS). The chemical
composition of the catalyst surface was investigated using a
SPECS photoelectron spectrometer (Germany) equipped with
a hemispherical analyzer (PHOIBOS-150), an X-ray monochro-
mator (FOCUS-500), and a characteristic X-ray radiation
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source (XR-50M) with a twin Al/Ag anode. The spectrometer
was also equipped with a high pressure cell (1 L volume) that
allows heating of the samples in gaseous mixtures at pres-
sures up to 0.5 MPa. XPS spectra were recorded using mono-
chromatic AlKα (hν = 1486.74 eV) radiation. Calibration of
the binding energy scale was performed using the Si2p peak
of Si4+ as an internal standard (binding energy 103.3 eV).

Two types of samples were examined by XPS – the catalyst
in the initial oxide form and the one after reductive treat-
ment in hydrogen at 400 °C (section 2.2). The reduced cata-
lyst was pressed into thin self-supporting wafers with a diam-
eter of 9 mm and a thickness of 1 mm. Then, the sample was
reduced in the high-pressure cell of the XPS machine at a hy-
drogen pressure of 0.1 MPa at 350 °C for 1 h. Thereafter, the
catalyst was cooled to the room temperature, vacuumized
and transferred to the analysis chamber without contact with
air.

Transmission electron microscopy (TEM). HRTEM images
were obtained using a JEM-2010 (JEOL, Japan) electron
microscope with a lattice resolution of 0.14 nm and an accel-
erating voltage of 200 kV. The samples for the HRTEM study
were prepared by ultrasonic dispersion of the samples in eth-
anol and subsequent deposition of the suspension on a
“holey” carbon film supported on a copper grid. Local ele-
mental analysis was performed by using an EDX method
using an energy-dispersive X-ray Phoenix spectrometer
equipped with a Si(Li) detector with an energy resolution of
130 eV.

3. Results and discussion
3.1 Batch experiments

The catalytic hydrotreatment reactions were initially carried
out in a batch set-up using 5 wt% catalyst on feed and a reac-
tion time of 4 h. Experiments were performed at five different
temperatures, ranging from 80 to 350 °C. For all experiments,
the initial hydrogen pressure at room temperature was 140
bar H2, the actual pressure at reaction temperature was tem-
perature dependent and the highest pressure was up to 200
bar at 350 °C.

After reaction, two distinct liquid phases were formed for
experiments at and above 180 °C, whereas one liquid phase
was present at lower temperature (80 °C). The hydrogen con-
sumption, amount of various product phases and mass bal-
ance are given in Table 2. The yield of the organic oil phase
after reaction ranged from 27 to 33 wt% on feed (wet basis).
The water phase also contains organics. These were isolated
after removal of the water by evaporation, and this organic
fraction was added to the organic phase after reaction. The
amounts of the combined organic phases (the total organic
product oil) ranged from 66.9 to 35.7 wt% (dry basis). The ox-
ygen content of the product oils (wt%, dry basis) was between
34.1 at 80 °C and 16.2 wt% at 350 °C. Thus, hydro-
deoxygenation reactions occur to a significant extent, al-
though it is not possible to achieve a fully hydrodeoxygenated
product under the most severe reaction conditions.

The hydrogen consumption is a function of temperature
and ranged from 35 NL per kg PL at 80 °C to 250 NL per kg
PL at 350 °C. The hydrogen uptake at 80 °C indicates that the
catalyst is already active at this temperature. Likely the hydro-
gen is consumed by the hydrogenation reaction of reactive al-
dehydes and ketones, which are known to be very reactive
when using Ni based catalysts, to the corresponding alcohols
(vide infra).

The solid formation is in the range from 0.7 to 3.0 wt%,
which is lower than that for the noble metal catalysts tested
in our previous studies, e.g. home-made Ru/C (3.0 wt%),9

mono- and bimetallic (Pt, Pd, Rh) catalysts (2.1–6.9 wt%)8

and the bimetallic Ni–Cu/δ-Al2O3 (1.0–4.6 wt%).21

Mass balance closures are satisfactorily (>90%), although
in some cases they are hampered by the isolation of liquid
products in the feed lines and dead zones in the top part of
the reactor (e.g. stirring house) and losses in the evaporation
step of the work-up procedure. To gain insight into the repro-
ducibility, a duplicate experiment was performed at 180 °C
and the values were in good agreement with the first experi-
ment (see Table 2 for details).

The main components in the gas phase are unreacted hy-
drogen, methane, C2–C3 alkanes, CO, and CO2 (see Fig. 1 for
details). For all experiments, hydrogen is still present in the
gas phase at the end of the reaction, indicating that the

Table 2 Overview of results for the catalytic hydrotreatment of PL using the Ni–Cu catalyst in the batch set-up

Reaction temperature

80 °C 180 °C 250 °C 300 °C 350 °C

Hydrogen uptake, NL per kg PL 35 120 (122)b 175 210 250
Oil phase, wt% on feed (wet basis) 100 27 (29)b 32 31 33
Aqueous phase, wt% on feed 0 61 (62)b 61 55 49
Solidsa, wt% on feed 1.1 0.7 (0.8)b 2.1 3.0 2.4
Gas, wt% on feed 0.2 0.6 (0.5)b 1.2 3.2 7.5
Mass balance closure, wt% 101 90 (92)b 96 92 92
Total organic productc, wt% on feed (dry basis) 66.9 53.6 (54.0)b 49.6 42.0 35.7
Oxygen content of product oil (wt%, dry) 34.1 33.8 (33.6)b 31.1 27.2 16.2
Water content of product oil (wt%) 32.1 11.5 (11.5)b 9.7 7.2 4.4

a Excluding the catalyst. b Duplicate experiment. c The total organic product is the combined oil phase and organic residue after evaporation of
water from the aqueous product phase.
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experiments were not performed under hydrogen starvation
conditions. The amounts of components other than hydrogen
are temperature dependent and show an exponential increase
(from 0.2 (80 °C) to 7.5 wt% (350 °C) on feed). The main gas
phase component below 250 °C is CO2, likely from the decar-
boxylation of organic acids22 and particularly formic acid.23

This acid is present in pyrolysis liquids in significant
amounts and is the most reactive organic acid, particularly
when noble metal catalysts are present.24 The gas phase dis-
tribution shifts from CO2 to hydrocarbons and particularly to
methane when the temperature is increased. Methane forma-
tion is either due to liquid phase reactions (e.g. catalytic re-
moval of –OMe groups from lignin fragments) or due to gas
phase hydrogenation reactions of CO and CO2 with hydrogen
by methanation reaction.25

For all reactions, the amount of gas phase components
increases with temperature, although the increase is by far
less than that for Ru/C.26 For instance, the amount of gas
phase components for Ru/C is about 25 wt% (on feed),
which is 3 times as high as for the Ni–Cu catalyst used here
(7.5 wt% on feed) at 350 °C. Thus, the use of the bimetallic
Ni–Cu catalyst is advantageous when considering its lower
formation rate of gas phase components and particularly
methane.

3.2 Continuous catalytic hydrotreatment experiments

The catalytic hydrotreatment of PLs in a continuous set-up
with the Ni–Cu catalyst was performed in a reactor configura-
tion with three fixed bed reactors in series (Fig. S1, ESI†). A
total of five experiments were performed at 200 bar pressure
and different temperature profiles in the reactor section for
each experiment. The WHSV values were between 0.2 and 0.3
h−1 (Table 3). All experiments were performed with one batch
of catalyst, with a cumulative runtime of about 40 h. Each ex-
periment was performed for a minimum of 5 h.

Mass balance closure was excellent and was between 97
and 102%. The visual appearance of the liquid phase is a
clear function of the process severity. In all experiments, two
liquid product phases were obtained with an organic product
phase yield between 42 and 86 wt% on feed. The hydrogen
consumption is dependent on the temperature and increased
from about 120 for the low temperature experiment to 320
NL per kg PL at the highest temperature.

3.3 Elemental composition of the product oils

A van Krevelen diagram for the initial PL (Table 1) and total
organic product oils in batch and continuous set-ups is given
in Fig. 2. The typical trend as observed for Ru/C27 is
also seen for the Ni–Cu catalyst: an increase in the H/C ratio
at the lowest temperature compared to the pyrolysis feed,
followed by a strong reduction of both the H/C and O/C ratios
and again a slight increase in the H/C ratio. The initial in-
crease in the H/C ratio (from 1.40 to 1.55 for the continuous
set-up and to 1.63 for the batch set-up) is a strong indication
of hydrogenation of reactive components like aldehydes, ke-
tones and sugars to the corresponding alcohols. Examples
are the hydrogenation of hydroxyacetaldehyde and dihydroxy-
acetone, both present in PLs in considerable amounts. Pyroly-
sis liquids also contain large amounts of mono- and oligo-
meric sugars, derived from the cellulose and hemicellulose
fractions of the lignocellulosic biomass, and the aldehyde/ke-
tone moieties of the sugars are likely hydrogenated in this
phase. For example, hydrotreatment of D-glucose over Ni, Ru
and Pd based heterogeneous catalysts28–30 at 80–200 °C and
80 bar is known to give high yields of D-sorbitol.

Upon mild hydrotreatment (reaction temperature between
200–350 °C), the H/C ratio decreases. This is likely due to the

Fig. 1 Gas phase composition after reaction for the hydrotreatment of
pyrolysis liquids using the Ni–Cu catalyst in the batch set-up.

Table 3 Reaction conditions and mass balances for the continuous hydrotreatment of pyrolysis liquids using the Ni–Cu catalysta

Unit

Experiment

1 2 3 4 5

Temperatureb °C 180 230 310 370 410
WHSV gPL gcat

−1 h−1 0.3 0.3 0.3 0.3 0.2
H2 consumption NL kg−1 120 130 160 210 320
Total organic product oil yieldc wt% on feed 86 72 57 59 42
Water content of organic phase wt% 15.9 12.6 7.8 7.1 3.1

a The pressure was 200 bar for all experiments. b The temperatures in the 1st and 2nd stage reactors are 75 and 180 °C, respectively, and the
temperature in the 3rd stage is given in the table. c The total organic product is the combination of the oil phase and the organic residue after
vacuum evaporation of the aqueous phase at 75 °C and 0.1 bar.
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formation of considerable amounts of water by condensation
and elimination reactions e.g. alcohol dehydrations. Exam-
ples of the latter are sorbitol dehydration reactions to form
anhydrosorbitols including 1,4-anhydrosorbitol, 2,5-anhydro-
sorbitol, and 1,5-anhydrosorbitol, which are known to occur
for high sorbitol conversions at 250 °C.31 At the upper limit
of the temperature range, the H/C ratio increases again, only
for the experiments in the continuous set-up, which is indica-
tive of the subsequent hydroĲdeoxy)genation of reactive com-
ponents from for example the lignin fraction (alkylphenolics,
aromatics).

The H/C ratio for the total organic product oils obtained
in the batch set-up is always higher than that of the continu-
ous set-up. It indicates a lower hydroĲdeoxy)genation activity
in the continuous set-up, likely due to mass transfer limita-
tions, e.g. intra-particle mass transfer of hydrogen or other
liquid phase components. This is rationalized by considering
the use of mm sized catalyst particles in the continuous unit
versus micrometer size particles in the batch set-up.

3.4 Product analyses

The relevant product properties of the organic product
phases were determined. These include analyses to gain in-
sight into the molecular composition (GC × GC, 1H-NMR,
GPC, CAN, TAN and IR) as well as the important macro-
properties for product applications (TG residue, a measure
for the thermal stability of the oil, viscosity and flash point).
Some of these properties were determined for products from
both batch and continuous experiments while others only for
products from the continuous experiments.

3.4.1 Molecular composition of the product oils
3.4.1.1 Two-dimensional gas chromatography (GC × GC). GC

× GC spectra of the pyrolysis feed and an upgraded oil at

410 °C obtained in the continuous set-up are shown in
Fig. 3 (additional chromatograms at different temperatures
are given in Fig. S2, ESI†). Various component groups may
be discriminated; examples are organic acids, aldehydes,
alcohols, ketones, phenolics, aromatics, hydrocarbons, etc.
The spectra are a function of the hydrotreatment tempera-
ture, and distinct differences in the molecular composition
are visible in the spectra.32,33 For instance, the amounts of
hydrocarbons, aromatics and phenolics increase at higher
temperatures at the expense of sugars and aldehydes. Fur-
thermore, organic acids are still present in the product oil
obtained at 410 °C, indicating that these are rather persis-
tent, in line with the total acid number analyses (vide
infra).

The amount of phenolic compounds increased at higher
temperatures, particularly when comparing experiments at
310 and 410 °C (Fig. S2, ESI†), likely due to depolymerization
reactions of the pyrolytic lignin fraction in the pyrolysis oil
feed.

3.4.1.2 Molecular weight determination by GPC. The
molecular weight distributions of the pyrolysis feeds and
upgraded oils as determined by GPC are shown in Fig. 4
(continuous set up) and Fig. S3† (batch set-up). Particularly
informative is the intensity of the long molecular weight tail.
It is a distinct function of the hydrotreatment temperature
and increases when the temperature is increased from 80 to
250 °C for the batch set-up and 180 to 310 °C for the continu-
ous set-up. This is an indication of the formation of higher
molecular weight products in this temperature range. At
higher hydrotreatment temperatures (370–410 °C), the inten-
sity of the higher molecular weight tail decreases, implying
molecular weight breakdown as shown in Fig. 4 and S3.† The
experimental trend is explained by the occurrence of limited
polymerisation during the hydrotreatment between 80–250
°C for the batch set-up and 180–310 °C for the continuous
set-up, followed by molecular weight breakdown by catalytic
hydrocracking at elevated temperatures. However, the rate of
polymerization is considerably lower than that for the bench-
mark Ru/C catalyst. For Ru/C, the Mw of the upgraded oil at
225 °C is 1050 g mol−1 (compared to 380 g mol−1 for the py-
rolysis liquid feed).34 For the Ni–Cu catalyst, the Mw in-
creased from 460 g mol−1 for the pyrolysis feed to a maxi-
mum of 610 g mol−1 for the upgraded oil at 230 °C. This
suggests that the hydrogenation activity of the Ni–Cu catalyst
is higher than that of the benchmark Ru/C at temperatures
below 230°C, leading to less polymerisation (vide infra).

3.4.1.3 FT-IR spectroscopy. FT-IR spectra for the feed and
the product oils obtained by the catalytic hydrotreatment
over the Ni–Cu catalyst in the continuous set-up are
presented in Fig. 5. The spectra are a clear function of the
hydrotreatment temperature. The intensity of the absorption
bands centered at about 3400 cm−1, assigned to hydroxyl
groups and water, is reduced considerably for the products
obtained at higher hydrotreatment temperatures, likely due
to both the reduction of the amount of alcohols in the oils by
deoxygenation/dehydration reactions and the lowering of the

Fig. 2 The van Krevelen plot for the pyrolysis feed and product oils
from the hydrotreatment reaction using the Ni–Cu catalyst in the
batch and continuous set-ups (continuous set-up: the temperatures in
the 1st and 2nd stage reactors are 75 and 180 °C, respectively, and the
temperature in the 3rd stage is as indicated in the figure).
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amount of water (from 22.6 down to 3.1 wt%) in the samples
obtained at higher temperatures.

The intensity of the C–H stretching vibrations between
3000 cm−1 and 2800 cm−1 and C–H deformation vibrations
between 1450 cm−1 and 1350 cm−1 strongly increases as a
function of hydrotreatment temperature, an indication of the
formation of hydrocarbons at elevated temperatures, in line
with the GC × GC data.

3.4.1.4 Carbonyl number (CAN). The carbonyl number
(CAN) of all samples was determined by a titration procedure
(see experimental details), and the results are presented in
Fig. 6. The CAN for the feed is the highest (230 mg butanone
per g oil), indicative of the presence of significant amounts
of aldehydes (formaldehyde, hydroxyacetaldehyde) and
ketones (dihydroxyacetone, furanones).

The CAN sharply decreases when the temperature is in-
creased from 80 to about 180 °C for product oils obtained in
the batch and continuous set-ups. Apparently, hydrogenation
of carbonyl groups is occurring already at a hydrotreatment
temperature as low as 80 °C, indicative of the high activity of

the Ni–Cu catalyst for such carbonyl groups. At elevated
hydrotreatment temperatures, the CAN number remains al-
most constant for oils obtained in the batch set-up, whereas
it shows a slightly different trend in the continuous set-up. A
possible explanation for these difference is the by far higher
mass transfer rates in the batch set-up, leading to a lower
possibility for mass transfer limitations, which will have a
positive effect on the overall reaction rate and product selec-
tivity of the process (see also Fig. 2).

3.4.1.5 Total acid number (TAN). The acidity of various
samples gives valuable information on the reactivity of the
organic acids as a function of the hydrotreatment
temperature. In addition, a low acidity is an important
product requirement, particularly to reduce corrosion rates of
feed lines and storage vessels. The acidity of the product oils
was determined by titration with a base, and the results are
given in Fig. 7 for the oils obtained both in the batch and
continuous set-ups.

Fig. 3 GC × GC spectra of a pyrolysis liquid and an upgraded oil obtained in the continuous set-up using the Ni–Cu catalyst (IS: internal standard,
di-n-butyl ether).

Fig. 4 Molecular weight distributions by GPC analysis for pyrolysis
liquids and upgraded oils in the continuous set-up.

Fig. 5 FT-IR spectra of pyrolysis liquids and upgraded oils using the
Ni–Cu catalyst in the continuous set-up.
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Product acidity is essentially constant until about 350 °C,
indicative of the low reactivity of the organic acids. This is
in line with the literature data showing that hydrogenation
of organic acids, especially acetic acid, is a relatively slow
reaction when using transition metal catalysts at tempera-
tures between 110 and 290 °C with Ru > Rh ≈ Pt > Pd ≈ Ir
> Ni > Cu.35 A slight reduction in the acid concentration,
particularly for the batch data, is observed when going
from 80 to 250 °C, followed by an increase when the tem-
perature is further increased to 300 °C. It suggests the oc-
currence of an acid decomposition and acid formation
pathway. The initial lowering can be due to the thermal
and/or catalytic decomposition of particularly formic acid,
which is known to be decomposed readily in the presence

of Ni catalysts.24 The subsequent increase indicates the
formation of organic acids, presumably due to catalytic
conversion of carbohydrates and/or polyols, which are
known to produce acids upon heating in the presence of
catalysts.36 Thus, when aiming for oils with a low acidity,
either elevated temperatures are required, beyond the
range studied in this paper, or downstream processing of
the product oil is required to remove organic acids, e.g. by
liquid–liquid extraction37 or membrane separation.38

3.4.1.6 1H-NMR measurements. 1H-NMR measurements
were performed on product oils from both batch and
continuous experiments. The amounts of various classes of
organic products in the oils were classified using a procedure
reported by Ingram39 (see Tables 4 and S2† for details). Low
field aldehyde protons, found in the region δ 10.0–8.0 ppm,
were absent when the reaction temperature was above 200
°C. These findings are in line with the CAN measurements;
aldehydes are very reactive at relatively low temperatures and
hydrogenated to alcohols. The proton resonances in the
region δ 4.2–6.4 ppm arising from carbohydrate-like mole-
cules decrease significantly as the reaction temperature is in-
creased, indicative of considerable conversion of sugars in
the intermediate temperature regime. Of interest is also the
increase in the intensity of the aliphatic protons between δ

0.0–1.6 ppm at higher hydrotreatment temperatures, due to
the formation of hydrocarbons, in line with GC × GC and IR
spectroscopy data (Fig. S2 and 5†).

3.4.2 Macro product properties
3.4.2.1 TG residue. The TG residue, obtained from TGA

measurements on product oils, is a good indicator of the
thermal stability of the product oil. It involves heating a
sample to elevated temperatures (900 °C under nitrogen)
and determination of the amount of solid residue at the
final temperature. This value is a measure of the coking
tendency of the oil, and a higher value indicates a lower
thermal stability. As such, it is an alternative for the widely
used Conradson Carbon Residue (CCR) or Micro Carbon
Residue Test (MCRT) method in the petrochemical
industry.40 The TG residues for the pyrolysis liquid feed and
product oils are shown in Fig. 8 (continuous set-up) and
Fig. S5† (batch set-up).

The TG residues are a clear function of the product oils,
with product oils treated at the highest temperatures giving
the lowest residue. Furthermore, it appears that all oils have
a higher stability than the feed, which is a positive feature of
the hydrotreatment process.

3.4.2.2 Viscosity. Viscosity is a very important product
property for upgraded pyrolysis liquids and determines
among others the ease of transportation and atomization in
combustion engines. The viscosity versus hydrotreatment
temperature profile for the product oils obtained in the batch
and continuous set-ups are given in Fig. 9. A clear trend is
visible, an initial increase to about 230 °C for the continuous
(180 °C for the batch) set-up, followed by a sharp decrease
when the hydrotreatment temperature is further increased to
410 °C (350 °C for the batch set-up), and the results are in

Fig. 6 Carbonyl number (CAN) of pyrolysis liquids and upgraded oils
using the Ni–Cu catalyst.

Fig. 7 Total acid number (TAN) versus temperature of pyrolysis liquids
and product oils obtained using the Ni–Cu catalyst.
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good agreement with our previous studies using the Ru/C cat-
alyst reported by Ardiyanti et al.34 This trend supports the re-
action pathways proposed for the catalytic hydrotreatment of
pyrolysis liquids,27 an initial increase due to polymerisation
reactions followed by catalytic cracking of larger molecules at
elevated temperatures (e.g. repolymerised products as well as
the larger lignin fractions) leading to lower viscosities. The
initial repolymerisation reactions are supported by molecular
weight distributions of the product oils from both set-ups as
shown in Fig. 4 and S3.† The oils obtained in the continuous
set-up show a much higher viscosity when compared to those
in the batch reactor. It indicates that the rate of the hydroge-
nation reaction was lower to some extent in the continuous
set-up than that in the batch set-up, possibly due to mass
transfer limitations as a result of the larger catalyst particle
sizes used in the continuous set-up and lower mass transfer
rates of hydrogen from the gas phase to liquid due to less ef-
ficient mixing.

3.5 Reaction network

Based on process studies using the Ru/C catalyst, a simplified
reaction network for the catalytic hydrotreatment of fast py-

rolysis liquids has been proposed by Venderbosch et al.27

(Scheme 1). In the initial phase of the hydrotreatment pro-
cess, catalytic hydrogenation and thermal, non-catalytic poly-
merisation occur in parallel mode.

Thermal polymerisation leads to the formation of higher
molecular weight fragments which may give char upon fur-
ther condensation reactions. This route is as such not pre-
ferred, and the rate of polymerisation should be reduced as
much as possible. The preferred pathway involves hydrogena-
tion of the thermally labile components in the pyrolysis liq-
uid feed to stable molecules that are not prone to polymerisa-
tion. Subsequent reactions (hydrodeoxygenation and
hydrocracking) on a time scale of hours lead to products with
reduced oxygen contents and ultimately to higher H/C ratios.

Compared to benchmark Ru/C, the use of the Ni–Cu/SiO2–

ZrO2 catalyst leads to lower amounts of polymerisation prod-
ucts, as is evident from the GPC and viscosity data. This indi-
cates that the Ni–Cu catalyst displays a higher hydrogenation
activity, especially at low temperatures. The results obtained
in this study also provide insight into the reactivity of various
component classes in pyrolysis liquids versus temperature for
the catalytic hydrotreatment. An overview is given in Fig. 10.

Table 4 1H-NMR of pyrolysis liquids and upgraded oils after catalytic hydrotreatment using the Ni–Cu catalyst in the continuous set-upa

Chemical shift region
(ppm) Proton assignments

PL
(% H)

180 °C
(% H)

230 °C
(% H)

310 °C
(% H)

370 °C
(% H)

410 °C
(% H)

10.0–8.0 –CHO, –COOH, downfield ArH 1 0 0 0 0 0
8.0–6.8 ArH, HCC (conjugated) 4 2 3 3 4 4
6.8–6.4 HCC (nonconjugated) 3 5 4 4 4 4
6.4–4.2 –CHn–O–, ArOH, HCC (nonconjugated) 18 6 7 7 3 5
4.2–3.0 CH3O–, –CH2O–, –CHO– 28 30 26 13 7 4
3.0–2.2 CH3(O)–, CH3–Ar, –CH2Ar 12 15 14 17 18 20
2.2–1.6 –CH2–, aliphatic OH 22 17 18 21 21 21
1.6–0.0 –CH3, –CH2– 12 25 28 35 43 42

a The temperatures in the 1st and 2nd stage reactors are 75 and 180 °C, respectively, and the temperature in the 3rd stage is given in the table.

Fig. 8 TG residues of pyrolysis liquids and product oils using the Ni–
Cu catalyst in the continuous set-up.

Fig. 9 Viscosity of pyrolysis liquids and upgraded product oils using
the Ni–Cu catalyst in the batch and continuous set-ups.
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Among all the organic classes, small aldehydes and ketones
are readily converted, most likely hydrogenated to the corre-
sponding alcohols at the temperature range lower than 180
°C, e.g. glycolaldehyde to ethylene glycol and hydroxyacetone
to 1,2-propanediol. However, sugar fractions include mono-
meric and oligomeric compounds. Sugar monomers like glu-
cose are known to be hydrogenated at temperatures as low as
80 °C to, among others, sorbitol, but a higher temperature of
around 250 °C is required for the full conversion of anhydro-
sugars, e.g. levoglucosan, and sugar oligomers. Hydrocrack-
ing of the lignin fraction, especially the water insoluble pyro-
lytic lignin fraction, starts at temperatures higher than 300
°C, resulting in mono-phenolics followed by hydrocarbon for-
mation upon further hydrodeoxygenation reactions. Among
all the components in pyrolysis liquids, organic acids are the
most persistent, and temperatures higher than 400 °C are re-
quired to observe reactivity.

3.6 Catalyst characterization

The fresh Ni–Cu/SiO2–ZrO2 catalyst was analyzed using TPR,
nitrogen physisorption, CO chemisorption, XRD, XPS and
TEM.

Temperature-programmed reduction was used to deter-
mine the optimal temperature for the reduction of the NiCu/
SiO2–ZrO2 catalyst prior to the reactions. The TPR profile
recorded is given in Fig. 11 and reveals several reduction
peaks. Those in the temperature range of 225–300 °C corre-
spond to reduction of Cu(II) into metallic Cu(0).41 Besides,
part of the Ni(II) is also reduced in this temperature region
due to the presence of copper, and this effect was discussed
in detail previously.18 Additionally, the reduction of weakly
bound NiO with a defect structure is also possible at these
temperatures, and in this case, the reduction is facilitated
and takes place at lower temperatures as compared to well-

Scheme 1 Proposed reaction pathway for the catalytic hydrotreatment of pyrolysis liquids.27
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crystallized bulk NiO.42 A broad reduction peak with a maxi-
mum at 400 °C (Fig. 11) is typical for catalysts prepared by
the sol–gel technique and most likely indicates the presence

of strong metal–support interactions as a result of the forma-
tion of hardly reducible nickel silicates.19,43

Table 5 presents the structural characteristics of the Ni–
Cu/SiO2–ZrO2 catalyst determined by N2 physisorption and an
estimation of the specific surface area of the active compo-
nent by CO chemisorption. Prior to analyses, the catalyst was
reduced and passivated according to the procedure given in
section 2.2. For the active surface measurements by CO
chemisorption, the sample was additionally reduced in situ
(section 2.6) to remove a potentially passivating film layer.

The data in Table 5 show that the catalyst possesses a
rather high specific surface area of around 188 m2 gcat

−1,
which is in agreement with previous studies20 and is
accounted for by the formation of highly dispersed metallic
particles and silicate-like structures in the catalyst due to the
sol–gel method applied. The specific surface area of the ac-
tive component (metallic Ni) in the reduced catalyst was cal-
culated based on the amount of chemisorbed CO using the
following equation:

(3)

where V is the volume of chemisorbed CO (cm3), n is the stoi-
chiometric factor of CO molecule adsorption (set as 1), NA is

Fig. 10 Reactivity of various organic component classes in pyrolysis liquids versus reaction temperature.

Fig. 11 Temperature programmed reduction of the Ni–Cu/SiO2–ZrO2

catalyst.
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the Avogadro's number (6.022 × 1023 mol−1), m is the mass of
the sample (g), and am is the Ni atom surface (6.51 Å2).

It should be taken into account that in fact the adsorption
of CO molecules onto Ni-containing catalysts can be rather
complicated.44,45 The stoichiometry of adsorption actually is
a function of the dispersion of metallic particles, metal load-
ing, metal crystallite sizes, and the interaction between the
metal and the support. Several modes of adsorption have
been specified such as linear, bridged and carbonyl type ad-
sorption, which may occur simultaneously. In addition, the
formation of nickel carbonyls and significant levels of chemi-
cal and physical adsorption of CO on the support material
can provide additional complications.45 As such,45 this
method should not be considered as a precise technique for
measuring the active nickel surface. Nonetheless, it can be
used for some estimations and it is especially useful when com-
paring a number of catalytic systems with different properties.

In the present study, an estimation of the active compo-
nent surface was made using the assumption that linear CO
adsorption dominates in the Ni–Cu/SiO2–ZrO2 catalyst. The

specific surface area of the active component (AAC) was calcu-
lated by eqn (3) using a stoichiometric factor of 1, and the re-
sults are given in Table 5. Thus, ABET is significantly higher
than AAC, which is associated with incomplete reduction of
the catalyst, as confirmed by XRD. Thus, a large proportion
of nickel in the catalyst bulk is still in the form of silicate-
like species after reduction.

XPS was applied to determine the elemental composition
of the catalyst surface. Two forms of the NiCu/SiO2–ZrO2 cata-
lyst were considered: (i) the catalyst in the initial oxide form
and (ii) the catalyst after reductive treatment in hydrogen at
400 °C (section 2.2), followed by an additional in situ reduc-
tive activation in the high-pressure cell of the XPS machine at
350 °C prior to recording of the spectra.

XPS spectra of the NiCu/SiO2–ZrO2 catalyst reveal peaks
corresponding to Ni, Cu, Si, Zr and O atoms. Fig. 12 presents
the Ni2p and Cu2p3/2 core-level spectra before and after cata-
lyst reduction. It is shown that initially (Fig. 12a) nickel and
copper are in the oxidised Ni2+ and Cu2+ states. The Ni2p
core-level spectrum of the oxidized catalyst (Fig. 12, Ni2p, a)

Table 5 Texture characteristics and the specific surface area of the active component of the reduced NiCu/SiO2–ZrO2 catalyst
a

Texture characteristics (by BET method)
Active component (AC) surface
measurement (by CO chemisorption)

ABET, m
2 gcat

−1 Vpore, cm
3 gcat

−1 Average pore diameter, Å μmol CO gcat
−1 AAC, m

2 gcat
−1

188 0.19 41 378 13

a Prior to analysis, the catalyst was reduced in a flow of H2 (200 cm3 min−1, 0.1 MPa) for 2 h and passivated by ethanol (section 2.2).

Fig. 12 Ni2p and Cu2p3/2 core-level spectra of the NiCu/SiO2–ZrO2 catalyst: (a) in oxide form and (b) after reduction at 400 °C in a flow of H2

(200 cm3 min−1 at 0.1 MPa) as described in section 2.2 and additional reduction in situ in the spectrometer chamber (350 °C, 0.1 MPa H2). The Ni2p
spectrum for Ni-foil (c) is provided for comparison.
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shows two relatively sharp peaks corresponding to the main
doublet of Ni2p3/2 and Ni2p1/2 at 856.5 and 874 eV along with
two intense lines of shake-up satellites shifted by 5–6 eV to-
wards higher binding energies. Such shake-up satellites are
ascribed to multiple electron excitation typical of Ni2+ spe-
cies, which are absent in the case of metallic Ni or Ni3+ spe-
cies.46,47 It should be noted that the position of the Ni2p3/2
line (856.5 eV) is also typical for nickel cations in a silicate
structure. For example, the Ni2p3/2 binding energies of NiO,
Ni(OH)2 and nickel silicates (NiSiO3 and Ni2SiO4) lie in the
ranges of 853.8–854.6, 855.5–855.9 and 856.3–856.7 eV, re-
spectively.47,48 The Cu2p3/2 spectrum (Fig. 12, Cu2p3/2, a)
shows peaks at a high binding energy value (935 eV) and a
shake-up satellite, which clearly indicates that copper in the
oxidised catalyst is present in the Cu2+ state and not in the
metallic Cu0 or Cu1+ state.49

Catalyst treatment under a hydrogen atmosphere results
in the reduction of both nickel and copper cations into the
metallic state. The Ni2p XPS spectrum after the reductive
treatment (Fig. 12, Ni2p, b) is almost identical to that of Ni
foil (Fig. 12, Ni2p, c) and reveals peaks at 852.7 eV and 870.0
eV, corresponding to Ni2p3/2 and Ni2p1/2 of metallic nickel.
Additional low intensity peaks are due to plasmon exitation.50

Thus, it is shown that all nickel in the near-surface layer is
converted into the Ni0 state after the reductive treatment of
the NiCu/SiO2–ZrO2 catalyst.

The Cu2p core-level spectrum of the reduced catalyst
(Fig. 12, Cu2p3/2, b) shows a symmetric narrow peak at 932.7
eV, typical of Cu0 and Cu1+ states of copper, and a shake-up
line is absent.47,48,51 For a more precise determination of the
copper state, the Auger parameter α was used, which is equal
to the sum of the Cu2p3/2 binding energy and the CuLMM ki-
netic energy corresponding to the maximum of the Auger
spectrum.52 According to the literature data, the Auger pa-
rameter of bulk metallic copper and Cu2O lies in the range of
1851.0–1851.4 and 1848.7–1849.3 eV, respectively.49,51 For the
reduced NiCu/SiO2–ZrO2 sample, this parameter is equal to
1850.7 eV, which corresponds to the Cu0 state. The small de-
viation between our experimental α value and that of bulk
metallic copper can be due to either the high dispersion of
Cu particles or the formation of a NiCu solid solution in
NiCu/SiO2–ZrO2, which is in agreement with XRD data for
this catalyst. As found for nickel, all copper species in the
near-surface layer of the catalyst after the reductive treatment
are in the reduced Cu0 state, and no oxidized forms are
detected.

The Si2p spectra of the catalysts in both oxidised and re-
duced forms (not provided for brevity) show a single, broad
symmetric peak at 103.3 eV, corresponding to the Si4+ state.
This line was used as an internal standard for the calibration
of the binding energy scale. Using XPS, it is difficult to distin-
guish between Si in the form of silicates and SiO2. The Si2p
binding energies given in the literature for SiO2 and nickel
silicates are 103.3–103.8 eV (ref. 53) and 103.0–103.5 eV,48 re-
spectively. Therefore, a more precise determination of the
neighboring species of Si4+should be made by means of IR or

NMR spectroscopy, which was not applied in this study. The
Zr3d core-level spectra (not provided for brevity) show one
doublet (Zr3d5/2–Zr3d3/2) with a Zr3d5/2 binding energy of
182.0 eV, which is typical of Zr4+ species. For example, stoi-
chiometric ZrO2 oxide shows a Zr3d5/2 binding energy in the
range of 181.9–182.3 eV.54

The XRD patterns of the fresh Ni–Cu/SiO2–ZrO2 catalyst in
the oxidised and reduced state are shown in Fig. 13. The XRD
pattern of the fresh oxidised catalyst shows broad peaks at 2θ
values of 37°, 43° and 63°, representing the 111, 200 and 220
reflections, respectively, of the NiO phase with a slight shift
of peaks relative to the reference data.19 The shape and posi-
tions of these peaks are typical for a Ni–Cu catalyst prepared
by a sol–gel technique.19,55 The fact that the NiO peaks are
slightly shifted towards lower angles and are differently
broadened could be explained by an anisotropic form of the
NiO crystallites. Moreover, the presence of NiO species
strongly interacting with SiO2 by the formation of silicate-like
structures can also contribute to these peaks.19,56 It is also
possible that CuO reflections on the XRD pattern of the fresh
catalyst (Fig. 13a) overlap with the (111) (2θ of 37°) and (220)
(2θ of 63°) reflections from NiO and contribute to the NiO
peak intensities.18 An average NiO crystallite size of around
35 Å was calculated based on the broadness of the NiO (220)
reflection at a 2θ value of 63° using the Scherrer equation.18

The absence of any reflections around 2θ values of 22° and
26.6° indicates that SiO2 is present in an amorphous phase.56

After catalyst reduction, the XRD pattern changes signifi-
cantly (Fig. 13b). It reveals reflections corresponding to me-
tallic Ni and Cu. In addition, a residual NiO phase is also vis-
ible, pointing towards incomplete reduction of the catalyst.
This result is in agreement with the TPR data, which indi-
cated prolonged reduction of the catalyst up to 700 °C
(Fig. 11). Bar diagrams corresponding to the XRD data of the
specific phases (Ni, Cu, NiO) are provided in Fig. 13 as well
for comparison. The crystal size of the metallic Ni species
was estimated using the (111) reflection at 44.5° and is about

Fig. 13 XRD diffraction patterns of the fresh Ni–Cu/SiO2–ZrO2 catalyst
in (a) oxidised and (b) reduced states.
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40 Å for the catalyst after reduction. This slight increase in
the average Ni particle size from 35 Å (for NiO crystallites in
the oxidized catalyst) to 40 Å (for metallic Ni crystallites in
the reduced sample) indicates that significant agglomeration
upon reduction of the catalyst does not occur. Fig. 13 shows
that the width of the NiO reflections increases after reduc-
tion, indicative of a decrease in the NiO crystallite sizes. A
possible explanation is that larger NiO particles are more eas-
ily reduced in comparison to the smaller ones. In the case of
smaller particles, a stronger interaction with the support is
predicted due to the formation of silicate-like structures.
Higher temperatures are required for their reduction, which
is also in agreement with the TPR data.

In the reduced catalyst, the reflexes corresponding to me-
tallic Ni and Cu are somewhat shifted in comparison to the
reference data for these phases. The lattice parameters of me-
tallic Ni and Cu in the reduced NiCu/SiO2–ZrO2 catalyst were
estimated using the 111 and 200 reflections of each metal. In
the case of Ni, the lattice parameter is 3.531 Å, compared to a
reference value of 3.523 Å. For metallic Cu, the estimated lat-
tice parameter is 3.602 Å, which also differs from the refer-
ence (3.615 Å). These observations indicate the formation of
a metallic solid solutions enriched by Ni and Cu. The data
obtained are in good agreement with the observation of a
more facile reduction of nickel species in the presence of

copper, which we assume to result in the formation of
NixCu1−x solid solutions.

The HRTEM images of the freshly reduced and passivated
NiCu/SiO2–ZrO2 catalysts are presented in Fig. 14. The freshly
reduced catalyst shows a lamellar structure, probably
consisting of oxide–silicate species typical of sol–gel Ni-
based catalysts.18 This lamellar structure is preserved after re-
duction (hydrogen atmosphere up to 400 °C), which is in
agreement with the TPR and XRD data (vide supra). NiO parti-
cles with a well-defined shape cannot be distinguished, indi-
cating a high dispersion and interaction with the silica ma-
trix. This is consistent with the XRD patterns of the fresh
catalyst, which reveal broad reflections corresponding to the
NiO phase (Fig. 13). Nickel, copper and silicon are uniformly
distributed over the catalyst; however, this does not apply to
zirconium, which is likely due to the preparation technique
used.20 After the reductive treatment, images of the catalyst
reveal regions with metallic Ni particles. The size of some of
these particles is up to 25–30 nm, although their shape and
borders are not sufficiently defined for an accurate size distri-
bution. It is proposed that these particles could be formed by
the reduction of NiO species weakly interacting with the sil-
ica (in line with the TPR results). They are likely also respon-
sible for metallic Ni reflections present in the reduced cata-
lyst (Fig. 13b). The broadness of these reflections indicates

Fig. 14 HRTEM images of freshly reduced and passivated Ni–Cu/SiO2–ZrO2.
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the presence of highly dispersed metallic species. These are
likely not clearly distinguishable by HRTEM due to their
shape and the interaction with the silica matrix.

4. Conclusions

A detailed experimental study on the catalytic hydrotreatment
of fast pyrolysis liquids with a Ni–Cu catalyst has been
performed with the main objective to study the effects of reac-
tion temperature on important product properties in both
batch and continuous set-ups. The bimetallic Ni–Cu catalyst
with high Ni loading, prepared by a sol–gel method, shows a
low rate of undesired gas phase and coke/char formation and
as such is a very suitable catalyst for the catalytic hydro-
treatment of fast pyrolysis liquids. The molecular properties of
the product oils were determined using a variety of techniques
and reveal that the different product classes in the feed have
different reactivity patterns. The small aldehydes and sugars
are the most reactive, whereas the lignin fraction is by far less
reactive and requires elevated temperatures. Organic acids, ex-
cept formic acid, are rather inert under the prevailing reaction
conditions. Some distinct differences between product proper-
ties in the batch and continuous set-ups were observed. For in-
stance, the H/C ratio for the product oils from the batch set-up
is always higher than that of the continuous set-up. These dif-
ferences are likely related to lower intraparticle and hydrogen
gas–liquid mass transfer rates in the continuous set-up.

Continuous operation in the packed bed reactor set-up
showed that operation up to 40 h is possible without serious
operating issues like reactor clogging and plugging. The lat-
ter is commonly observed for the benchmark Ru/C in our pre-
vious studies. Further studies are in progress to establish cat-
alyst stability at prolonged runtimes (up to 500 h) and will be
reported in due course.
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