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ABSTRACT: Biomass-derived fast pyrolysis liquids (PLs) are not directly
applicable as transportation fuels due to their high oxygen content and
limited storage stability. Catalytic hydrotreatment is an efficient technology
to convert such PLs to finished fuels or intermediates that can be used as a
co-feed for existing oil refinery units. In this paper, we report catalyst
screening studies for the mild hydrotreatment of PLs using commercially
available Ni and Cu-based PRICAT catalysts at rather mild conditions (200
°C, initial 140 bar H2 pressure) in a batch setup for 4 h. Among all catalysts,
PRICAT NI 62/15 showed the best performance for mild catalytic
hydrotreatment in terms of product properties (highest H/C ratio and lowest TG residue). The best catalysts were also tested for
deep hydrotreatment at more severe conditions (350 °C, initial 100 bar H2 pressure). Here, the PRICAT NI catalysts showed better
performance than the benchmark Picula Ni-Mo catalyst when considering oil yield and H/C ratio. Advantageously, the hydrogen
consumption during deep hydrotreatment is also reduced, rationalized by a lower methanation activity.

1. INTRODUCTION
Biomass is the only sustainable material that contains
renewable carbon to (partly) replace fossil-based crude oil.1

It mainly consists of three biopolymers, viz., cellulose,
hemicellulose, and lignin with a large variation in composi-
tion.2 However, the use of biomass as a feed for fuels and
chemicals has some major disadvantages such as its solid
nature and a large amount of oxygen, both resulting in a low
volumetric energy density, typically ten times lower than crude
oil.3

Fast pyrolysis is a versatile technology to convert solid
biomass into liquid energy carriers, known as fast pyrolysis
liquids (PLs). Generally, fast pyrolysis of biomass is carried out
at 450−600 °C under atmospheric pressure in the absence of
oxygen. A short vapor residence time (<2 s) in combination
with high biomass heating rates ensures a high yield of liquid
product, which can be up to 70 wt % on dry biomass feed.4−6

The obtained PLs have a higher volumetric energy density and
are easier for transportation than solid biomass. Fast pyrolysis
technology is moving to maturity and is on the verge of
commercial exploitation, e.g., BTG-Bioliquids in the Nether-
lands.7

However, fast PLs have some negative properties such as a
low H/C ratio and limited stability during storage and upon
heating.8,9 As such, technologies have been explored in detail
to improve the product properties and, as such, allow a wider
spectrum of applications of such PLs. Catalytic hydrotreatment
is a promising technology to convert PLs to intermediates,
known as stabilized pyrolysis oils (‘SPOs’), which have
potential as a co-feed with crude oil cuts like vacuum gas oil

(VGO) in the existing oil refinery processes (e.g., in a fluidized
catalytic cracking (FCC) unit).10−16

The catalytic hydrotreatment of PLs is typically carried out
in the presence of a hydrotreatment catalyst, typically at
elevated temperatures (80−400 °C) and using a high hydrogen
pressure (100−300 bar).17,18 Due to the thermal instability of
PLs, the direct hydrotreatment of PLs at temperatures higher
than 300 °C is not preferred as it leads to repolymerization of
thermal labile components in PLs, especially carbonyl and
sugar molecules, ultimately giving considerable amounts of
solids. To circumvent this, a two (or more)-step hydrotreat-
ment process for the upgrading of PLs was developed and
reported by many researchers, for example, by Elliott et al.19,20

and Venderbosch9 et al. The process is characterized by two
stages performed at two temperature regimes.
In the low-temperature stabilization step (<250 °C), the

objective is to convert thermally labile oxygenated compounds
(e.g., aldehydes) to more stable ones (e.g., alcohols). The main
reactions occurring in this stage involve the water-soluble
fractions of PLs (pyrolytic sugar fractions).17 Good catalysts
for the stabilization step give product oils with a higher H/C
ratio and better thermal stability. Thus, when screening
catalysts for mild stabilization of PLs by catalytic hydrotreat-
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ment, the criteria for catalyst selection are (i) a higher H/C
ratio obtained by elemental analysis and (ii) higher thermal
stability, as determined by thermogravimetric analysis
(TGA)21−23 or microcarbon residue testing (MCRT).10

The high-temperature step is generally carried out at a
temperature of 350 °C or higher. After this step, the resulting
product oils have a strongly reduced oxygen content, typically
below 10 wt %. In this step, hydrogen consumption is
substantial, especially when methanation occurs.
Catalysis is key for both the mild stabilization and deep

hydrotreatment stage, and there is ample room for improved
catalysts. We have performed extensive catalyst development
studies.24,25 Proprietary Ni-based catalysts with a high Ni
content (‘Picula’ catalysts) were developed and showed good
performance for, particularly, mild hydrotreatment. Stability
tests in a continuous setup have shown that such catalysts have
a relatively good long-term stability (>500 h).26 Deep
hydrotreatment studies produce a deoxygenated oil with
around 10 wt % oxygen with potential use as a co-feed.
However, H2 consumption levels are higher than 300 NL/kg
PLs due to the methanation reaction, which is not preferred
when considering the techno-economic viability of the process.
In addition, the Picula catalysts are not commercially available
and time-consuming development trajectories are required for
further catalyst scale-up.
As such, there is significant interest in the use of

commercially available catalysts for the hydrotreatment of
PLs, both for the mild and deep hydrotreatment steps. Well-
known commercial hydrotreatment catalysts are NiMo and
CoMo-based ones.19,20 A major disadvantage of these catalysts
is the requirement of the presence of S in the reactor to keep
the catalysts in the active, sulfided form. PLs do not contain a
significant amounts of S and thus need continuous S addition
in the feed for improved hydrotreatment performance. This
adds to the costs and also may lead to undesired S
contamination of the product oils. Thus, there is an incentive
to apply catalysts that do not require S for activity. In this
study, a series of commercially available PRICAT CU and NI
catalysts from Johnson Matthey (JM, UK) with high Ni and
Cu contents (> 30 wt %), which do not require S for
activation/promotion, were screened for use in the mild and
deep hydrotreatment of PLs. These catalysts have a broad
application range in industry, for instance, for the hydro-
genation of aldehydes, ketones, and aldoses to the correspond-
ing alcohols and the selective hydrogenation of phenol to
cyclohexanol. These reactions are also of high relevance for the
hydrotreatment of PLs and those involving aldehydes/ketones
in particular for the stabilization phase.9 The performance of
the PRICAT catalysts will be compared with our benchmark
Picula catalysts. The main criteria for catalyst selection are high
H/C ratios of the product oils, a low hydrogen consumption
level, and a low charring/coking tendency. The mild
stabilization step was carried out in a batch setup at 200 °C,
140 bar H2 pressure for 4 h, and the deep hydrotreatment was
performed in the same batch setup at 350 °C, 100 bar H2 for 4
h. The properties and molecular composition of the product
oils were determined using various analytical techniques such
as elemental analysis, gel permeation chromatography (GPC),
TGA, 1D/2D-nuclear magnetic resonance (NMR), and GC ×
GC-FID. Finally, the performance of the PRICAT catalysts will
be compared with a benchmark Picula Ni-Mo catalyst with a
Ni content in the range of the PRICAT catalysts though with
Mo as the promotor. It is among one of the most widely

studied catalysts from the Picula family and is the most
attractive catalyst for mild hydrotreatment (stabilization) of
the pyrolytic sugar fractions from PLs and deep hydrotreat-
ment of PLs at 350 °C.27,28

2. EXPERIMENTAL SECTION
2.1. Materials. The PL used in this study is derived from

Pinewood and was supplied by the Biomass Technology Group
(BTG, Enschede, the Netherlands). Relevant properties are shown in
Table 1.

Hydrogen, nitrogen, and helium were obtained from Linde and
were all of analytical grade (>99.99%). Reference gas containing H2,
CH4, ethylene, ethane, propylene, propane, CO, and CO2 with known
composition for gas-phase calibration was purchased from Westfalen
AG, Münster, Germany. The commercially available catalysts were
supplied as a powder by JM, UK. Detailed compositional data as
reported in the literature are given in Table 2. The PRICAT catalysts
as provided by the catalyst manufacturer are reduced and air-
passivated before shipment to customers.

Picula Ni-Mo was selected as the benchmark catalyst for this study.
Compositional data for this catalyst are provided in Table 3, and

detailed characterization data are given in ref 28. The catalyst was
reduced at 500 °C under a H2 flow (100 mL/min) for 2 h in a tubular
oven,28 passivated with 1% O2 in N2 in 4 h, and then transferred to
the autoclave for testing.
2.2. Experimental Procedures. 2.2.1. Catalytic Hydrotreat-

ment of PLs. Catalyst studies were performed in a 100 mL batch
autoclave (Parr, see Scheme S1 in the Supporting Information for
details). 1.25 g of catalyst was loaded in the reactor followed by an in
situ reduction under 20−30 bar H2 at 200 °C (400 °C for Picula Ni-
Mo) for 1 h. After reduction, the reactor was cooled to room
temperature. 25.0 g of PLs (5 wt % catalyst/feed ratio) was fed to the
reactor, which was flushed 3 times with 20 bar H2 to remove the air
and then pressurized to 140 bar (for mild hydrotreatment, 100 bar for

Table 1. Relevant Properties of the PL Used in This Study

property value

water content (wt %) 27.83
elemental composition on a dry basis (wt %)
C 55.22
H 6.58
O (by difference) 38.20
N <0.01
H/C molar, dry 1.43
O/C molar, dry 0.52

Table 2. Chemical Composition of the PRICAT Catalysts
Used in This Studya

catalyst code
active
metal metal content (%) support

PRICAT CU 50/8 Cu 60 Al2O3-SiO2

PRICAT NI 55/5 Ni 55 MgO-Kieselguhr
PRICAT NI 62/15 Ni 60 Al2O3-Kieselguhr
aCatalyst information provided by JM, UK.

Table 3. Active Metal and Support of Reference Catalyst
Picula Ni-Mo28

catalyst active metal, wt % support, wt %

Picula Ni-Mo Ni Mo SiO2 Al2O3

41 7.4 13.3 24
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deep hydrotreatment) by H2. During the catalytic hydrotreatment in
the batch reactor, the total pressure in the reactor is not constant as
the consumed hydrogen is not compensated for during the
experiments. The initial hydrogen pressure at room temperature
was selected in such a way to ensure that the maximum reactor
pressure was 200 bar at the desired temperature, corresponding to an
initial pressure of 140 bar for the 200 °C and 100 bar for the 350 °C
experiments.

To start the reaction, the reactor was heated to 200 °C (or 350 °C
for deep hydrotreatment) at 10 °C/min, while the liquids were stirred
at 1400 rpm. After reaction for 4 h at the pre-set temperature, the
reactor was cooled to room temperature. The gas phase was collected
using a 3 L gas bag and analyzed by GC-TCD (see Section 2.2.3 for
details). The liquid and solid phases were transferred to a 50 mL
centrifuge tube and separated by centrifugation at 4500 rpm for 30
min. The liquid phase after reaction consisted of a separate aqueous
and oil phase for both mild and deep hydrotreatment of PLs.

In the case of mild hydrotreatment experiments, typically 30 wt %
of the organic carbon is present in the aqueous phase.29 To include
this organic carbon in the carbon balances, the aqueous phase was
heated to 120 °C at atmospheric pressure to evaporate the excess
water. The organic residue was added to the oil phase (both together
are referred to as total organics). For the deep hydrotreatment
experiments, an organic oil on top of the water phase was obtained
using the Picula Ni-Mo (so-called ‘top oil’), while the PRICAT
catalysts yielded an organic phase that was heavier than water
(‘bottom oil’).

Each liquid phase was collected by using a glass pipette and
weighed. The reactor was thoroughly rinsed with acetone, and the
acetone was subsequently removed by evaporation. The organic
residue was added to the oil phase for mass balance calculations. The
solid residue in the reactor combined with the solids in the centrifuge
tube was washed repeatedly with acetone, filtered, and dried in an
oven at 100 °C for 24 h until constant weight. The amount of char
formed is defined as the recovered solids after reaction minus the
fresh catalyst intake. The hydrogen consumption was calculated by
considering the pressure in the reactor before and after the reaction;
details about the calculation procedure are given in ref 27.
2.2.2. Catalyst Recycling Experiments. To gain insights into the

stability of the PRICAT catalysts, catalyst recycling experiments (3
successive runs) were carried out using PRICAT NI 62/15 at 200 °C.
The first experiment was performed with a fresh catalyst, and the two
successive ones were with a spent catalyst. After reaction, the spent
catalyst was washed thoroughly with acetone and ethanol (5 and 2
times, respectively) and subsequently dried at 50 °C overnight.
Finally, the dried spent catalyst was loaded to the reactor together
with 25.0 g of fresh PLs for a subsequent run. Hydrogen consumption
was used as the indicator for the performance. The results are given in
Figure S1, and product distributions are provided in Table S1.
2.2.3. Product Analysis. 2.2.3.1. Gas-Phase Analysis. The gas

phase obtained after catalytic hydrotreatment of PLs was sampled
using a 3 L gas bag, the composition of the gas phase was determined
using a Hewlett Packard 5890 Series II GC equipped with a CP
Poraplot Q Al2O3/Na2SO4 column (50 m × 0.5 mm, a film thickness
of 10 μm) and a CP-Molsieve 5 Å column (25 m × 0.53 mm, film
thickness of 50 μm), and He was used as the carrier gas. The
temperature for the injector was set at 150 °C, and the oven
temperature profile was 40 °C for 2 min, then increased to 90 °C at a
heating rate of 20 °C/min, and maintained at this temperature for 2
min. The detector temperature was set at 90 °C. A calibration gas
with a known composition of H2, CH4, CO, CO2, ethylene, ethane,
propylene, and propane was used for component identification and
quantification. The columns of the GC were flushed by calibration gas
and sample gas for 30 s before each analysis.
2.2.3.2. Elemental Composition. The determination of the C, H,

and N content in the PL feed and product oils was carried out using
an elemental analysis using a EuroVector EA3400 Series CHNS-O
with acetanilide as the reference. The oxygen content was determined
by the difference. All analyses were carried out in duplicate, and the
average value is reported.

2.2.3.3. Water Content. The water content in the PL feed and the
product oils was determined by Karl−Fischer titration (Metrohm 702
SM Titrino titration setup). For this purpose, 0.01 g of sample was
injected into an isolated chamber with Hydranal solvent (Riedel de
Haen) and titrated with Hydranal titrant 5 (Riedel de Haen). Milli-Q
water was used to calibrate the results. All analyses were carried out in
triplicate, and the average value is reported.
2.2.3.4. Molecular Weight Distributions. Gel permeation

chromatography (GPC) using an Agilent HPLC 1100 system
equipped with three mixed type E columns in series (length, 300
mm; i.d., 7.5 mm) and a refractive index detector was used to
determine the molecular weight distributions of the PL feed and
product oils. Tetrahydrofuran (THF) was used as the mobile phase,
and standard polystyrene samples with known MW distributions were
used for calibration. A 10 mg/mL PL feed or product oil sample in
THF was prepared by dissolving 50 mg of PLs/product oil sample in
5 mL of THF. Subsequently, 2 drops of toluene were added as a flow
marker and the sample was filtered using a 0.2 μm syringe filter before
injection.
2.2.3.5. Thermal Stability. Thermal stability is used to gain

information on the ‘charring tendency’ of the liquids, being one of the
most important properties for PLs and related product oils. A TGA 7
(Perkin-Elmer) was used for this purpose. The samples were heated
from room temperature to 900 °C under a nitrogen atmosphere with
a heating rate of 10 °C/min. The TG residue was defined as the
amount of residue at 900 °C.
2.2.3.6. Two-Dimensional Gas Chromatography (GC × GC-FID).

The quantification of volatile components in the PL feed and product
oils was carried out on a Trace GC × GC-FID from Interscience
equipped with a cryogenic trap system, an FID detector, and two
columns (RTX-1701 capillary column (30 m × 0.25 mm i.d. and a
0.25 μm film-thickness) connected to a Rxi-5Sil MS column (120 cm
× 0.15 mm i.d. and a 0.15 μm film thickness). A dual jet modulator
using carbon dioxide was used to trap the samples. He was used as the
carrier gas at a flow of 0.6 mL min−1. The injector temperature was set
at 250 °C. The following oven temperature profile was used: 40 °C
for 5 min, heating to 250 °C at a rate of 3 °C min−1. The FID
temperature was set at 250 °C. The pressure was 70 kPa (40 °C), and
the modulation time was 6 s. The samples were diluted with
tetrahydrofuran (THF) with di-n-butyl ether (DBE, 500 ppm) as an
internal standard and filtered using a syringe filter with a pore size of
0.2 μm before injection.
2.2.3.7. 1H-NMR. 1H spectra were recorded on a 400-MHz NMR

spectrometer (AMS400, Varian). The samples were dissolved in
DMSO-d6 and dried using MgSO4. A total of 64 repetitions and a 1 s
relaxation delay were applied.
2.2.3.8. Heteronuclear Single Quantum Coherence (HSQC) NMR.

NMR spectra were acquired at 25 °C using an Agilent 400 MHz
spectrometer. Approximately 0.5 g of sample was dissolved in 0.5 g of
DMSO-d6. 1H−13C HSQC spectra were acquired using a standard
pulse sequence with a spectral width of 160 ppm, 16 scans, and 256
increments in the F1 dimension. The data were processed using the
MestReNova software.

3. RESULTS AND DISCUSSION
3.1. Visual Appearance of Typical Products and

Product Distribution. The mild and deep hydrotreatments
of PLs were carried out in a batch setup with an overhead
stirrer. Mild catalytic hydrotreatment experiments were
performed at 200 °C and 140 bar initial pressure, deep
hydrotreatment at 350 °C, and 100 bar initial pressure. A batch
time of 4 h was applied for all experiments. The mild
hydrotreatment reactions were carried out using the full set of
Ni and Cu-based catalysts (3 in total, see Table 2), whereas the
deep hydrotreatments were only performed with the Ni-based
catalysts (2 in total). The latter choice was rationalized by
considering the relatively low performance of the Cu-based
catalysts in the mild hydrotreatment step (vide inf ra).
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After hydrotreatment, a gas phase, two liquids phases
(heavier organic and lighter aqueous), and a solid residue
(including catalyst and char) were obtained. The visual

appearance of the liquid phase after catalytic hydrotreatment
using a typical PRICAT NI catalyst is given in Figure S2.
Overall, mass balance closures for all experiments were >

90%, the only exception being the Picula Ni-Mo in deep
hydrotreatment conditions (85%). For the mild hydrotreat-
ment, the organic phase yield was between 45 and 51 wt % on

Table 4. Product Distribution Using PRICAT NI/CU and
Reference Picula Ni-Mo at 200 °C (Mild Hydrotreatment)

catalysts
PRICAT
CU 50/8

PRICAT
NI 55/5

PRICAT
NI 62/15

Picula
Ni-Mo

organic phase (wt % on PLs
intake)

50.7 50.4 49.3 44.7

total organics (after work-up
of the aqueous phase, wt %
on PLs intake)

62.3 65.3 67.3 82.9

water content of oil phase,
wt %

8.8 9.6 11.5 16.6

total organics (after work-up
of the aqueous phase, wt %
on PLs intake, dry basis)

56.8 59.0 59.6 69.1

aqueous phase (wt % on PLs
intake)

33.2 39.7 41.1 50.8

solid (wt % on PLs intake) 6.7 4.5 3.9 0.5
gas (wt % on PLs intake) 1.5 0.9 0.8 0.5
carbon dioxide (mol %) 2.5 1.7 1.5 0.6
hydrogen (mol %) 97.5 97.4 97.6 97.9
methane (mol %) 0.0 0.9 0.9 1.5
total mass balance, % 92.1 95.5 95.1 96.5
hydrogen consumption,
NL/kg PLs

59 133 146 160

elemental composition of oil
phase (dry basis)

C 59.05 62.30 59.91 60.29
H 7.38 8.28 8.31 8.39
O 33.57 29.42 31.78 31.33
H/C molar, dry 1.50 1.59 1.66 1.67
O/C molar, dry 0.43 0.35 0.40 0.39

Table 5. Product Distribution Using PRICAT NI and
Reference Picula Ni-Mo at 350 °C (Deep Hydrotreatment)

catalysts
PRICAT NI

55/5
PRICAT NI

62/15
Picula
Ni-Mo

top/bottom oil bottom bottom top
organic phase (wt % on PLs
intake)

37.5 41.1 35.7

water content of oil phase, wt % 5.6 5.2 5.4
organic phase (wt % on PLs
intake, dry basis)

35.4 39.0 33.8

aqueous phase (wt % on PLs
intake)

37.8 36.7 34.5

solid (wt % on PLs intake) 6.1 6.6 0
gas (wt % on PLs intake) 9.3 7.6 14.5
carbon dioxide (mol %) 23.8 20.8 27.1
ethane (mol %) 1.7 1.8 3.4
propane (mol %) 1.0 1.0 1.9
hydrogen (mol %) 54.8 56.3 24.4
methane (mol %) 18.4 18.9 42.9
carbon monoxide (mol %) 0.5 1.4 0.2
total mass balance, % 90.7 92.0 84.7
hydrogen consumption, NL/kg
PLs

188 198 243

elemental composition of oil
phase (dry basis)

C 77.21 76.27 79.14
H 9.10 8.74 8.83
O 13.70 14.99 12.03
H/C molar, dry 1.41 1.38 1.34
O/C molar, dry 0.13 0.15 0.11

Figure 1. Gas-phase composition from catalytic hydrotreatment of
PLs under deep hydrotreatment conditions (350 °C, 100 bar H2, 4 h).

Figure 2. Hydrogen consumption from catalytic hydrotreatment of
PLs under mild (a, 200 °C, 140 bar H2, 4 h) and deep hydrotreatment
conditions (b, 350 °C, 100 bar H2, 4 h).
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PLs intake (Table 4), whereas the aqueous phase yield was in
the range of 33 to 51 wt %. A considerable amount of carbon is
present in the aqueous phase. For a proper comparison, the
water was removed from the aqueous phase by evaporation
(120 °C, atmospheric pressure) and the remaining organics
were collected and added to the organic bottom oil phase for

analysis and mass balance calculations. After this workup, the
organic product yield ranged between 57 and 69 wt % (dry
basis). A considerably higher yield of 69 wt % (dry basis) was
found for the Picula Ni-Mo catalyst (Table 4). This difference
is mainly due to a considerably higher amount (3.9 to 6.7 wt
%) of solids formed when using the PRICAT NI and CU
catalysts, compared to the 0.5 wt % measured for the Picula
Ni-Mo catalyst and 0.7 wt % for Picula Ni-Cu.17 Among the
PRICAT catalysts, the Cu-based ones showed a higher solid
yield than any of the Ni catalysts, indicating a higher level of

Figure 3. Van Krevelen plot for the PL feed and product oils after
catalytic hydrotreatment reaction using PRICAT catalysts and Picula
Ni-Mo (a: overview, b: mild hydrotreatment: 140 bar H2, 200 °C, 4 h,
c: deep hydrotreatment: 100 bar H2, 350 °C, 4 h, data for sulfided
NiMo-S/Al2O3 from ref 34).

Figure 4. Thermogravimetric analysis (TGA) of the PL feed and
product oils using all PRICAT CU/NI and reference Picula Ni-Mo
(a: mild hydrotreatment, 140 bar H2, 200 °C, 4 h; b: deep
hydrotreatment, 100 bar H2, 350 °C, 4 h).

Table 6. TG Residue of the PL Feed and Product Oils Using
All PRICAT CU/NI and Reference Picula Ni-Mo by
Thermogravimetric Analysis (TGA)

conditions TG residue, wt %

PL feed 11.3
PRICAT CU 50/8 140 bar H2, 200 °C 15.6
PRICAT NI 55/5 140 bar H2, 200 °C 5.0
PRICAT NI 62/15 140 bar H2, 200 °C 4.2
Picula Ni-Mo 140 bar H2, 200 °C 3.2
PRICAT NI 55/5 100 bar H2, 350 °C 1.2
PRICAT NI 62/15 100 bar H2, 350 °C 1.5
Picula Ni-Mo 100 bar H2, 350 °C 1.5
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repolymerization of reactive organics when using Cu-based
PRICAT catalysts.
For the deep hydrotreatments using the Ni-based PRICAT

catalysts, the oil phase yields ranged from 34 to 39 wt % (dry
basis), which is slightly higher than the oil yields for the Picula
Ni-Mo catalyst (Table 5). The solid yields for all the Ni-based
PRICAT catalysts are rather similar and in the range of 6.1 to
6.6 wt %. These are comparable with values reported for noble
metal catalysts, e.g., Ru/C (3 wt %),30 mono- and bimetallic
(Pt, Pd, Rh) catalysts (2 to 7 wt %)21 and the bimetallic Ni−
Cu/δ-Al2O3 (1 to 5 wt %),22 but higher than the 0.1−0.7 wt %
reported for Picula-type catalysts.28

Thus, we can conclude that particularly the Ni-based
PRICAT catalysts are suitable catalysts for mild and deep
hydrotreatment and that the Cu-based ones have less potential.
When considering char yields, it appears that the PRICAT
catalysts perform worse than the Picula Ni-Mo benchmark
catalyst.
3.2. Gas-Phase Composition and Hydrogen Con-

sumption. In mild hydrotreatment conditions, the main
gas-phase components for the PRICAT catalysts and the
reference Picula Ni-Mo catalyst are CO2 and CH4, in amounts
less than 2 wt % (Table 4). CO2 is the main product for the
Cu-based catalysts, likely from decarboxylation of the
carboxylic acids, especially from the thermal/catalytic decom-

position of formic acid.31 When using the Ni-based catalysts,
also methane is formed, for example, by methanation of CO2
over Ni or from small oxygenates by Ni-catalyzed aqueous
phase reforming reactions32 or by demethoxylation of lignin
fragments.33

The composition of the gas phase for deep hydrotreatment
(Table 5) is provided in Figure 1. The gas-phase composition
in deep hydrotreatment conditions differs considerably from
that in mild conditions. The amount of hydrogen is reduced
significantly due to hydrogen-consuming reactions. In addition,
more methane is formed for the Ni-based catalysts, indicative
of higher rates of methanation reactions. This is an undesired,
hydrogen-consuming reaction, and in this respect, the PRICAT
catalysts outperform the benchmark Picula catalyst, which
shows a by far higher methanation reactivity (Figure 1 and
Figure S3).
Recording of the initial and final pressure in combination

with the gas-phase composition after reaction allows
calculation of the hydrogen consumption for the individual
hydrotreatment experiments. This is an interesting number to
compare the performance of the catalysts. A high hydrogen
consumption indicates a high hydrogenation activity of the
catalysts, which is desired for mild hydrotreatment, while a low

Figure 5. Molecular weight distribution of the PL feed and product
oils using the PRICAT and reference Picula Ni-Mo catalysts by GPC
(a: mild hydrotreatment, 140 bar H2, 200 °C, 4 h; b: deep
hydrotreatment, 100 bar H2, 350 °C, 4 h).

Figure 6. GC × GC spectrum of PL feed and product oils obtained
using PRICAT NI 62/15 (IS: internal standard, di-n-butyl ether, a: PL
feed, b: mild hydrotreatment, 140 bar H2, 200 °C, 4 h, c: deep
hydrotreatment, 100 bar H2, 350 °C, 4 h).
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hydrogen consumption (limited methane formation) in
combination with a high hydrodeoxygenation activity for
oxygenates is desired for deep hydrotreatment. Hydrogen
consumption data are summarized in Figure 2.
Hydrogen consumption levels were between 60 and 160

NL/kg feed for the tested catalysts in mild hydrotreatment
conditions (Figure 2a). The highest numbers were found for
the Ni-based PRICAT catalysts and particularly for PRICAT
NI 62/15, whereas the one for Cu is by far lower. In mild
hydrotreatment conditions, hydrogen is typically consumed for
hydrogenation reactions and not for hydrodeoxygenation.27,29

As such, the hydrogenation activity is the highest for the Ni-
based catalysts, which is also confirmed by the elemental
composition of the product oils, showing a high H/C ratio
(vide inf ra). Among all Ni catalysts, PRICAT NI 62/15
showed the best performance, with a comparable hydrogen
consumption as found for the reference Picula Ni-Mo.
In deep hydrotreatment conditions, by far, higher hydrogen

consumption levels are recorded (190−240 NL/kg feed,
Figure 2b) than for mild hydrotreatment. However, in this
case, the hydrogen consumption is not a good indicator for
hydrogenation/hydrodeoxygenation activity of the catalysts as

Figure 7. 1H-NMR, HSQC spectrum of PL feed, and product oils obtained using PRICAT NI 62/15 (a: PL feed, b: mild conditions, 140 bar H2,
200 °C, 4 h, c: deep hydrotreatment conditions, 100 bar H2, 350 °C, 4 h).

Scheme 1. Hydrogenation of Two Representative Carbonyl-Containing Molecules and Levoglucosan to Alcohols
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a substantial amount of hydrogen is used for methane
formation (Figure 1 and Figure S3).
3.3. Properties of Organic Phases. Not only the yield of

the organic phases after hydrotreatment but also the product
properties of the organic phases are of utmost importance. One
of the main purposes of catalytic hydrotreatment of PLs is to
reduce the O/C ratio (oxygen removal), increase the H/C
ratio, and improve the thermal stability of the product oil. As
such, the elemental composition of all organic phases was
determined, and the thermal stability was assessed using
thermogravimetric analysis (TGA).
3.3.1. Elemental Composition. The elemental composition

of the organic phases is provided in the form of van Krevelen
plots with the H/C molar ratio on the X axis and the O/C
molar ratio on the Y axis (both ratios calculated on a dry basis,
Figure 3).
An overview with data for the PL feed, oil products from

both mild and deep hydrotreatment conditions, and the
theoretical dehydration line is provided in Figure 3a. Clear
differences in elemental composition are visible for the oils
obtained by mild and deep hydrotreatment experiments. The
oxygen content of the deep hydrotreated PLs is considerably
lower than for the mild hydrotreated ones, leading to a lower
O/C ratio for the deep hydrotreated liquids. Remarkably, the
H/C ratios for the mild hydrotreated liquids are higher than
for the deep hydrotreated ones. This is a typical trend for
catalytic hydrotreatment of PLs, rationalized by considering
different types of reactions occurring in the various stages of
hydrotreatment. At mild hydrotreatment, mainly hydro-
genation reactions occur involving among others aldehydes/
ketones, leading to higher H/C values of the product oils. In
more severe conditions, water eliminating reactions are
dominant, leading to a reduction in the H/C ratio. For
additional details, the reader is referred to ref 9.
The elemental data for the various oils obtained after the

mild hydrotreatment are shown in Figure 3b. As pointed out
before, hydrogenation reactions dominate in this stage and it is
preferred to obtain products with a high H/C ratio. In this
respect, the PRICAT CU 50/8 performs worst and the lowest
H/C ratio is obtained. The Ni-based PRICAT catalysts show
higher H/C ratios than the feed, indicative of good
hydrogenation activities. Among all the Ni-based catalysts,
PRICAT NI 62/15 yielded the product oil with the highest H/
C ratio, which is almost comparable with the benchmarked
Picula Ni-Mo.
The data for the deep hydrotreatment of PLs are provided in

Figure 3c. The O/C ratio for all product oils is in a very narrow
bandwidth, whereas the H/C ratio differs considerably. The
PRICAT NI 55/5 yielded a product oil with the highest H/C
ratio. In general, the PRICAT catalysts gave product oils with
higher H/C ratios compared to the reference Picula Ni-Mo.
For comparison, the elemental data for a classical hydro-
desulfurization Ni-Mo catalyst is also provided and showed a
by far lower H/C ratio.34

3.3.2. Thermal Stability. The thermal stability of the
product oils was determined using TGA. Of interest is the
TG residue after heating the oils to 900 °C, which is an
indication of the charring tendency of the product oil. Here, a
low residue is preferred. The results are plotted in Figure 4,
and the TG residues are summarized in Table 6.
Considerable differences in the TG residue are detected for

the oils produced by the different catalysts. In mild
hydrotreatment conditions, the PRICAT CU catalyst yielded

a higher TG residue (16 wt %) compared to oils from the Ni-
based catalysts (3 to 5 wt %, Table 6), and this likely is due to
a lower hydrogenation activity of such Cu-based catalysts
compared to the Ni ones (vide supra, e.g., Figure 3). On a
molecular level, it is assumed that reactive aldehydes/ketones
that are prone to repolymerization and charring at elevated
temperatures are converted to less reactive alcohols. As such, a
higher hydrogenation activity leads to products with higher
stability. The best catalyst when considering a low TG residue
is again the PRICAT NI 62/15 catalyst, which gave an oil with
a comparable TG residue as the Picula benchmark. In deep
hydrotreatment conditions, all product oils showed similar
TGA curves (see Figure 4b) and no clear differences in TG
residues were observed (1−2 wt %, Table 6).
When comparing mild and deep hydrotreatment, it is

evident that deep hydrotreatments produce an oil with a by far
lower TG residue (<1.5 wt %) than when using mild
hydrotreatment conditions (>3.2 wt %). This indicates that
deep hydrotreatment is essential to obtain a product with a low
charring tendency, which is desired for many applications.
Based on the properties of the oil phase (elemental

composition and TG results), it is concluded that PRICAT
NI 62/15 shows the best performance for the mild catalytic
hydrotreatment of PLs. Its performance is comparable to the
reference Picula catalyst. When PRICAT catalysts are applied
for a deep hydrotreatment, PRICAT NI 55/5 seems preferred,
producing an oil with the lowest TG residue and highest H/C
ratio.
3.4. Catalyst Recycle Experiments. Catalyst reusability

was tested by carrying out catalyst recycling experiments in the
batch setup using the PRICAT NI 62/15 at 200 °C. The
results indicate that hydrogen consumption was reduced to
about 10% after 3 successive runs (Figure S1). This implies
that some deactivation occurred, for instance due to the char
formation on the catalyst (Table S1).
3.5. Molecular Transformation. To gain insights into the

molecular transformations occurring during mild and deep
hydrotreatment, the product oils and PL feed were analyzed
using GPC, GC × GC-FID, and 1D/2D-NMR, and the results
are shown in Figures 5−7.
3.5.1. Molecular Weight Distributions. The molecular

weight distributions of the PL feed and the product oils for
both the mild and deep hydrotreatment are shown in Figure 5.
For the PL feed, a broad molecular weight distribution is

observed, with a tail extending to a molar mass of at least 4000
g/mol. In addition, a clear sharp peak at lower molecular
weight is observed. This peak likely arises from levoglucosan
(LG), a major sugar-derived compound that is known to be
present in PLs in amounts up to 10 wt %.35 Its presence was
confirmed by spiking a PL with pure LG.
After a mild catalytic hydrotreatment, a clear increase in the

long tail part of the distribution is observed for the PRICAT
CU catalysts. Actually, the tail is extended to values beyond
that of the PL feed, indicating severe repolymerization of
thermally labile molecules during the mild hydrotreatment
with these catalysts, e.g., carbonyl and sugar molecules. This is
consistent with the amounts of char formed and the TG
residues (vide supra). For the Ni-based PRICAT catalyst and
the benchmark Picula Ni-Mo, limited repolymerization
occurred in mild hydrotreatment conditions, and the Mw
distribution is similar to that of the PL feed. The peak
associated with levoglucosan decreased while new peaks
between 100 and 200 g/mol are formed, speculatively by
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hydrogenolysis reactions of levoglucosan to lower molecular
weight compounds (e.g., ethylene glycol,36 Scheme 1).
In deep hydrotreatment conditions, the molecular weight

distributions of the oil products are shifted to lower molecular
weights compared to the PL feed. This is particularly evident
when considering the higher molecular weight tail (Figure 5).
This reduction in molecular weight is ascribed to cracking/
hydrocracking reactions. The PRICAT NI and the benchmark
Picula Ni-Mo catalysts yielded product oils with very similar
molecular weight distributions.
3.5.2. GC × GC-FID. The various organic components

present in the PL feed and product oils were evaluated by GC
× GC (Figure 6) for experiments with PRICAT NI 62/15.
Though very informative, it only provides information on the
low-molecular-weight, GC-detectable components in the
samples. In a GC × GC plot, various regions can be observed,
which are representative of particular organic component
groups (e.g., phenolics, acids, aldehydes, aromatics, aliphatic
hydrocarbons, etc.); details about identification and classi-
fication of such components can be found in refs 37 and 38.
The PL feed contains sugar molecules (mainly LG) and sugar-
derived molecules like acids, aldehydes, and furanones, besides
aromatic compounds like methoxyphenols and benzaldehydes
from the decomposition of lignin fractions.
At mild hydrotreatment, aldehydes like glycolaldehyde and

ketones (hydroxyacetone) are readily converted to the
corresponding diols as clear ethylene glycol and propylene
glycol peaks are observed, see Scheme 1 for details.36,39,40

After deep hydrotreatment, the amounts of phenolics
increase considerably and aromatics and saturated hydro-
carbons are also formed. The phenolics likely arise from the
hydrocracking of the pyrolytic lignin fraction in PLs,41 which
are subsequently hydrodeoxygened to aromatics and hydro-
carbons. Considerable amounts of carboxylic acids are still
present in the product oils, confirming that these are rather
inert upon hydrotreatment with Ni-based catalysts.17

3.5.3. 1D/2D-NMR. 1H-NMR and HSQC spectra of the PL
feed and the product oil using the PRICAT NI 62/15 catalyst
are shown in Figure 7. Quantification of organic functional
groups based on integration of specific regions is given in
Table S2. NMR techniques, in contrast to GC, provide
information on the chemical composition of not only the
monomers but also the oligomers in the products. Classi-
fication of the various organic groups based on NMR shifts was
done using the Ingram method.42 The carbonyl compounds,
especially ketones and aldehydes (δH = 8 to 10 ppm), are
readily converted upon hydrotreatment (1H-NMR). Carbohy-
drates like LG (δC = 84 to 110 ppm) are fully converted under
mild hydrotreatment. The reactivity of carbohydrates is also
confirmed by the integration results of 1H-NMR as shown in
Table S2 (δH = 6.4 to 4.2 ppm). The peak area deceased from
21% to 16% after mild hydrotreatment and 4% after and deep
hydrotreatment. In line with the GC data, the peak area of the
aliphatic region (δH = 1.6 to 0.3 ppm) increased from 10% to
20% (for mild hydrotreatment) and to 38% (for deep
hydrotreatment). The −OMe groups from substituted
phenolics in the pyrolytic lignin fraction of PLs are relatively
stable under mild hydrogenation conditions and are only partly
converted under deep hydrotreatment conditions.

4. CONCLUSIONS
In this study, 3 commercially available PRICAT catalysts have
been explored for the mild hydrotreatment of PLs, and the

most active ones were also tested for deep hydrotreatment.
The results were compared with the reference Picula Ni-Mo
catalyst. Under mild hydrotreatment conditions, the PRICAT
NI catalysts outperform the Cu one and yield a product oil
with the highest H/C ratio and lowest TG residue. The
performance of the Ni-based PRICAT catalysts is comparable
with the benchmark Picula Ni-Mo catalyst. The more active
Ni-based catalysts were further tested under deep hydrotreat-
ment conditions. High product oil yields with the highest H/C
ratio were obtained using PRICAT NI 55/5. This catalyst
outperforms the benchmark Picula catalyst when considering
hydrogen consumption (limited methanation activity), which
is preferred when considering the techno-economic viability of
the process, though the amount of char formed is considerably
higher.
Based on the above findings, we can conclude that

particularly, the PRICAT NI-based catalysts have the potential
for the mild and deep hydrotreatment of PLs. However, slight
deactivation of the PRICAT NI-based catalyst during catalytic
hydrotreatment of PLs under mild conditions was observed
after 3 successive runs. Further research activities should focus
on catalyst stability, preferably in continuous setups at
extended runtimes. These are in progress and will be reported
in due course.
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