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ABSTRACT: Catalytic hydrotreatment is an attractive technology to convert fast pyrolysis oil to stabilized oil products for co-
processing in conventional crude oil refinery units. We report here the use of novel bimetallic NiCu- and NiPd-based (Picula)
catalysts characterized by a high Ni content (29−58 wt %) and prepared using a sol−gel method with SiO2, La2O3, kaolin, ZrO2,
and combinations thereof as the support, for the catalytic hydrotreatment of fast pyrolysis oil. The experiments were performed
in a batch autoclave (1 h at 150 °C, 3 h at 350 °C, and 200 bar initial pressure at 350 °C). The catalyst with the highest nickel
loading (58 wt % Ni) promoted with Pd (0.7 wt %) was the most active, yielding oil products with improved properties
compared to the crude pyrolysis oil (lower oxygen content, higher solubility in hydrocarbons, and less tendency for coke
formation). For all Picula catalysts, except the ZrO2-based catalysts, methane formation was considerably lower than for Ru/C,
the benchmark catalyst in catalytic hydrotreatment of fast pyrolysis oil. To anticipate possible catalyst deactivation at very long
times on stream, catalyst regeneration studies were performed using thermogravimetric analysis. Analyses of the regenerated
catalysts (X-ray diffraction, high-resolution transmission electron microscopy, and Brunauer−Emmett−Teller surface area)
showed the occurrence of active metal agglomeration.

1. INTRODUCTION

Lignocellulosic biomass is abundantly available and an attractive
renewable feed for the production of second-generation
biofuels.1 Various liquefaction technologies have been proposed
to improve the volumetric energy density (MJ/m3) of biomass to
simplify and reduce the cost for transportation. A close to
commercial technology is fast pyrolysis.2−5 During fast pyrolysis,
the biomass feed is heated rapidly in the absence of oxygen to
400−600 °C. The main product is fast pyrolysis oil (PO, also
referred to as “pyrolysis oil” or “bio-oil”), obtained in yields up to
70 wt % on a dry biomass basis. It is a viscous, brown oil that
contains considerable amounts of water (between 20 and 35 wt
%). It is immiscible with petroleum products and acidic and has
limited storage stability because of the occurrence of irreversible
oligo- and polymerization reactions.6 As a result of these
unfavorable characteristics, its application potential is still rather
limited, for instance as a fuel in boilers (with modified injection
systems) and as a co-feed in existing power plants.
It is evident that fast pyrolysis oils require upgrading/

modification for various applications to improve product
properties, to be more specific (i) to reduce the acid content
(to avoid excessive corrosion), (ii) to improve thermal stability
(and, in particular, the tendency for coke formation upon storage
and heating), and (iii) preferably to enhance the miscibility with
petroleum feeds.
Upgrading of pyrolysis oil for use as a co-feed in existing oil

refineries has been explored,7−10 with the incentive to substitute
part of the gasoline and diesel by renewable carbon without the
need to develop new infrastructure for distribution and handling.
Examples of upgrading technologies are catalytic and non-
catalytic thermal treatments.8,11−20 In particular, a catalytic

treatment using hydrogen appeared very interesting. Catalytic
hydrotreatment of pyrolysis oil is a process where the oil is
reacted with hydrogen in combination with a solid catalyst. Co-
processing of such hydrotreated pyrolysis oils (20 wt %, obtained
over Ru/C) together with long residue fractions was performed
in a lab-scale simulated fluidized catalytic cracking (FCC) unit
(MAT),8 resulting in yields close to those obtained for 100%
long residue. Interestingly, no excessive increase of undesired
coke and dry gas was observed.
Catalytic hydrotreatment, sometimes referred to as hydro-

deoxygenation (HDO), actually involves a combination of
reactions, such as polymerization, (hydro)cracking, deoxygena-
tion, and hydrogenation. Elevated temperatures (250−450 °C)
and pressures (140−200 bar) are required,14,21 and typical
catalysts include supported noble metal systems (Rh, Pd, Pt, and
Ru)22 and Ni-based metal catalysts.23,24 On the basis of process
studies using Ru/C catalysts, a reaction network for the catalytic
hydrotreatment of fast pyrolysis oil has been proposed by
Venderbosch et al.21 (see Scheme 1).
In the initial phase of the hydrotreatment process, catalytic

hydrogenation and thermal, non-catalytic polymerization occur
in a parallel mode. Polymerization, mainly of reactive (small)
aldehydes, such as hydroxyacetaldehyde and carbohydrates (e.g.,
C6 sugars, such as glucose), leads to the formation of soluble
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higher molecular weight fragments, which upon further
condensation reactions give char. This route is not preferred,
and the rate of the polymerization reactions should be reduced as
much as possible. The preferred pathway involves hydrogenation
of the thermally labile components in the pyrolysis oil feed to
stable molecules that are not prone to polymerization.
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.
Catalyst development in hydrotreating of fast pyrolysis oils is

key, because most catalysts are (i) not sufficiently active at
temperatures below 200 °C to avoid thermal repolymerization
and (ii) not stable and decay within (tenths of) hours. We
recently reported the use of cheaper Ni-based catalysts as active
and selective alternatives to noble-metal-based catalysts.
Bimetallic NiCu catalysts on various supports (δ-Al2O3,
CeO2−ZrO2, ZrO2, SiO2, TiO2, rice husk carbon, and sibunite)
with an active metal loading with a maximum of 25 wt % were
prepared by wet impregnation, tested, and indeed led to products
with improved properties.25,26 However, the rate of hydro-
genation in the initial stage of the reactions appears still relatively
low, and conditions are such that also thermal polymerization
reactions occur to some extent. The development of more active
hydrogenation catalysts is thus highly desirable.
In this study, we report the use of a new family of hydrotreating

catalysts based on bimetallic NiCu and NiPd complexes, referred
to as Picula catalysts. These catalysts are prepared by a sol−gel
method and characterized by a high metal loading (>32 wt %,
typically >50 wt %). The sol−gel method was selected because it
is known to allow for the synthesis of a supported metal catalyst
with a high metal loading in combination with small metal
nanoparticle sizes, a prerequisite for high catalytic activity.27

Silica was the support of choice because it is known to form
silicate-like structures, which stabilize small Ni particles in the
silica matrix after the reduction.27 ZrO2 was added to the catalyst
composition with the objective to obtain catalysts with improved
mechanical strength and thermal stability. In addition, in one of
the formulations, La2O3 was added as a promotor to further
improve the thermal stability of ZrO2.

28 A catalyst with a high Ni
content (Raney nickel) has been reported as a catalyst for
hydrodeoxygenation of a pyrolysis oil model compound (4-n-
propylphenol),29,30 but to the best of our knowledge, the use of
such catalysts has not been reported for the catalytic hydrotreat-
ment of fast pyrolysis oils and is a novelty of this paper.
Catalyst-screening studies were performed in a batch setup to

gain insights in the catalytic activity of the various catalysts.
Relevant product properties of the oil products were determined.
Spent catalysts were characterized and regenerated to gain
insights in catalyst deactivation pathways and potential reuse of
the catalysts.

2. MATERIALS AND METHODS
2.1. Materials. Fast pyrolysis oil used in this study was produced by

VTT (Espoo, Finland) and obtained by fast pyrolysis of pine wood. The
elemental composition of the oil is given in Table 1. Ru/C (5 wt % Ru, a

surface area of 717 m2/g, and a surface-weighted mean diameter of 6.8
μm) was obtained from Sigma-Aldrich. Hydrogen (purity of >99.999%)
was purchased from Linde.

2.2. Catalyst Preparation, Regeneration, and Character-
ization. 2.2.1. Catalyst Preparation.NiCu/SiO2 (cat D) was prepared
by a sol−gel method, and details are provided elsewhere.27,31 The
appropriate amounts of commercial precursors were dissolved in water
and mixed with 25% NH3 solution. Subsequently, a solution of ethyl
silicate was added to yield the catalyst after drying and calcination.
NiPd/SiO2 (cat B) was prepared by the same method as given above for
cat D but using Pd instead of Cu. NiCu/SiO2−kaolin (cat C) was
prepared by mechanical mixing of cat D with kaolin. NiCu/SiO2−
ZrO2−La2O3 (cat E) was prepared using a similar procedure as for cat D,
except that ZrO2 and La2O3 precursors were added after the addition of
ethyl silicate.

2.2.2. Catalyst Regeneration Studies. Catalyst regeneration
protocols are based on the results of thermogravimetric analysis
(TGA) (vide inf ra). Regeneration was performed under static air. For
the determination of the optimum calcination temperature for the spent
catalysts, two calcination modes were applied. The isothermal mode
involved heating the catalysts to a preset temperature of 300 °C and
keeping the sample at this temperature for 1 h. Calcination in the
dynamic mode involved heating the catalysts with a constant heating
rate of 10 °C/min from ambient temperature to 600 °C.

The following procedure was applied for the regeneration of the
catalysts to be further characterized by a number of physicochemical
methods [X-ray diffraction (XRD), high-resolution transmission
electron microscopy (HRTEM), and N2 physical adsorption]. The
samples were heated from ambient temperature to 300 °C at a constant
heating rate of 10 °C/min and kept for 1 h at this temperature. Next, the
temperature was increased to 400 °C. Once this temperature was
reached, heating was ceased and the samples were allowed to cool to
room temperature. The final calcination temperature did not exceed 400
°C, because fresh catalysts were also calcined at this temperature. Thus,
treated samples were further reduced for 1 h at 350 °C and 0.1 MPa H2
(flow rate of 100 cm3/min) and characterized.

Scheme 1. Proposed Reaction Pathway for the Catalytic Hydrotreatment of Pyrolysis Oil21

Table 1. Composition of the PO Used in This Studya

amount (wt %)

C (wb) 40.1
H (wb) 7.6
N (wb) 0.1
S (wb) 0.01
O (by difference, wb) 52.1
O (db) 40.1
water content 23.9
atomic O/C (db) 0.56
atomic H/C (db) 1.47

awb, wet basis; db, dry basis.
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2.2.3. Catalyst Characterization. 2.2.3.1. Temperature-Pro-
grammed Reduction (TPR). TPR studies of the catalysts were
performed in a reductive medium consisting of 10% H2 with 90% Ar
at a flow rate of 30 mL/min and 0.1 MPa. The catalyst intake was based
on constant metal intake (mmetal = 50 mg), and as such, the total sample
intake (metal + support) was variable. Catalyst samples were placed in a
quartz reactor (U-tube) and were heated with a constant heating rate of
6 °C/min until 800 °C. The hydrogen concentration in the outlet stream
during reduction was measured by a thermal conductivity detector
(TCD).
2.2.3.2. N2 Physical Adsorption. Texture characteristics of the

catalysts were measured at the liquid nitrogen temperature using an
ASAP-2400 automated volumetric adsorption analyzer (Micromeritics
Instrument Corp., Norcross, GA). Before the analysis, the samples were
degassed at 150 °C and a pressure of 0.13 Pa for 4 h. The analysis time
was varied depending upon the particular sample. The resulting
adsorption isotherms were used to calculate the specific surface area
ABET, the total pore volume V∑ (from ultimate adsorption at a relative
pressure of P/P0 = 1), the micropore volume Vμpore, and the mean pore
size ⟨d⟩.
2.2.3.3. XRD. XRD analyses were performed on a D500 Siemens

(Germany) using monochromatic Cu Kα radiation (λ = 1.5418 Å).
Diffraction patterns were recorded by scanning with 0.05° increments at
an angle range 2θ from 15° to 70° using an accumulation period of 3 s
per measurement. The mean coherent scattering domain (CSD) sizes of
the metal crystallites were derived from the half widths of the reflections
using the Selyakov−Scherrer equation.32
2.2.3.4. HRTEM. HRTEM images of selected samples were obtained

from a JEM 2010 electron microscope (JEOL, Japan) at an accelerating
voltage of 200 kV and a resolution of 0.14 nm. Catalyst samples were
deposited onto a copper grid by dispersing an ethanolic catalyst
suspension using an ultrasonic disperser.
2.2.3.5. TGA. TGAs of spent catalysts were performed on a

thermogravimetric analyzer SHIMADZU-DTG-60H (Japan). Catalyst
samples (0.01 g) placed in corundum crucibles were heated with a
constant heating rate of 10 °C/min from ambient temperature to (i) 300
°C while maintaining this temperature for 1 h (isothermal mode) and to
(ii) 600 °C (dynamic mode). All measurements were carried out under
air (0.1 MPa).
2.3. Hydrotreatment of Fast Pyrolysis Oil in a Batch Setup.

The hydrotreatment reactions using fast pyrolysis oil were performed in
a 100 mL Parr reactor equipped with an overhead stirrer. Details of the
setup are given in previous papers.16,23,24,33 The reactor was filled with
1.25 g of catalyst and pre-reduced using 10 bar of H2 at 350 °C for 1 h.
After reduction, the reactor was cooled to room temperature and 25 g of
fast pyrolysis oil was injected. The reactor was then flushed with H2 and,
subsequently, pressurized with H2 to 120 bar. The reactor was operated
for 1 h at 150 °C while being stirred at 1300 rpm, and subsequently, the
temperature was increased to 350 °C. The reactor was operated at 350
°C for another 3 h, after which the reactor was cooled to room
temperature. A sample from the gas phase was taken at room
temperature and analyzed with gas chromatography−thermal con-
ductivity detector (GC−TCD). After opening the reactor, the liquid and
solid phases were collected and centrifuged to separate the aqueous
phase, organic phase (oil product), and solids (including the spent
catalyst). The weight of all phases was used as input for mass balance
calculations. The organic phase was analyzed using various techniques
(see section 2.4). The solid phase after liquid separation was washed
with acetone and dried. The amount of char on the catalyst was
calculated from the weight difference of the spent (acetone rinsed and
dried) catalyst and fresh catalyst intake.
2.4. Analyses of the Reaction Products. 2.4.1. GC−TCD. The

composition of the gas phase from each experiment was determined
using GC−TCD. HP5890 Series II GC equipped with CP Porabond Q
(50 m × 0.5 mm, with a film thickness of 10 μm) and CP-Molsieve 5A
(25 m × 0.53 mm, with a film thickness of 50 μm) columns was used for
this purpose. The injector temperature was set at 150 °C, and the
detector temperature was set at 90 °C. The oven temperature was kept
at 40 °C for 2min, then increased to 90 °C at 20 °C/min, and kept at this
temperature for 2 min. Helium was used as the carrier gas.

2.4.2. Elemental Analysis (EA). The elemental composition of the oil
products and the water phases after reaction was determined using an
EuroVector EA3400 Series CHNS-O with acetanilide as the reference.
The amount of oxygen was determined by difference.

2.4.3. Water Content.The water content of the liquid organic phases
was determined by volumetric Karl Fischer using a Metrohm 702 SM
Titrino. About 0.01 g of sample was introduced to an isolated glass
chamber containing hydranal solvent (Riedel de Haen). The titration
was carried out using hydranal titrant 5 (Riedel de Haen).

2.4.4. TGA. TGA data of the liquid organic phases were determined
using TGA 7 from PerkinElmer. The samples were heated in a nitrogen
atmosphere with a heating rate of 10 °C/min and a temperature range
between 20 and 900 °C.

2.4.5. Gel Permeation Chromatography (GPC).GPC analyses of the
liquid organic phases were performed using an Agilent HPLC 1100
system equipped with a refractive index detector. Three columns in
series of mixed type E (length of 300mm and inner diameter of 7.5 mm)
were used. Polystyrene was used as a calibration standard. The organic
phases were dissolved in tetrahydrofuran (THF, 10mg/mL) and filtered
(pore size of 0.2 μm) before injection.

2.4.6. Proton Nuclear Magnetic Resonance (1H NMR). 1H NMR
spectra of the crude fast pyrolysis oil and the organic product phases
were recorded on a Varian AS400 at 400 MHz. The samples were
dissolved in CDCl3, dried overMgSO4 to remove water, and filtered. For
1H NMR spectra, 64 repetitions and a 1 s relaxation delay were applied.

2.4.7. Gas Chromatography−Mass Spectrometry/Flame Ioniza-
tion Detector (GC−MS/FID). GC−MS/FID measurements of the fast
pyrolysis oil and the organic phase of the hydrotreatment (oil product)
were performed at the Johann Heinrich von Thünen Institute (vTI,
Hamburg, Germany). All GC analyses were carried out on an Agilent
6890 systems coupled with parallel FID and MS detector. Electron
impact mass spectra were obtained using a 70 eV ionization energy. The
GC split was 1:15; the injector temperature was 250 °C; and an injection
volume of 1 μL was applied. The temperature program for the oven was
as follows: 45 °C for 4 min, heating with 3 °C/min to 280 °C, followed
by 20 min at 280 °C. Helium was used as the carrier gas with a constant
flow rate of 2 mL/min.

2.4.8. Solubility Tests. The solubility of the oil products in a
hydrocarbon mixture was determined by mixing 1 g of oil product with 2
g of an equimass mixture of n-hexane and benzene in a 10 mL test tube.
The mixture was stirred in an ultrasonic bath for 5 min, heated to 40 °C
for 30 min, and allowed to phase separate overnight at room
temperature. The top phase, which was rich in n-hexane and benzene,
was separated and weighed.

2.5. Definitions. 2.5.1. Batch Experiments. The H2 uptake for each
experiment was calculated on the basis of pressure and temperature
recordings and gas-phase compositions before and after the reaction and
is expressed as NL/kgPO. Details of the calculations are already given by
Ardiyanti.34 The activity of the catalyst is determined from the H2

uptake, catalyst intake, and batch time (eq 1) and expressed as NLH2

kgPO
−1 gcat

−1 h−1. Here, the activity may be based on either the total
catalyst intake or the amount of active metals (sum of Ni and Cu/Pd) in
the catalyst formulation.

=
×m

catalyst activity
H uptake

time
2

catalyst (1)

2.5.2. Product Properties. The solubility of the oil products in the
hexane−benzene mixture was estimated as

=
−

×‐m m

m
solubility 100%HB rich layer HB initial

HB initial (2)

where mHB‑rich layer is the mass of the hexane−benzene-rich layer after
equilibration and phase separation and mHB initial is the intake of the
hexane−benzene mixture.

The TG residue is defined as the residue after heating a liquid product
sample under a nitrogen atmosphere to 900 °C in a thermogravimetric
analyzer. This parameter is an indicator for the thermal stability of the oil
product.
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=
°

×TG residue
mass of residue after heating to 900 C

mass sample (initial)
100%

(3)

3. RESULTS AND DISCUSSION
3.1. Catalyst Composition and Characterization. Four

bimetallic Picula catalysts were tested, three with Ni and Cu as
the active metals and one with Ni in combination with Pd (Table
2). The support consists of silica, either as such or in combination
with kaolin or ZrO2/La2O3. The composition of the catalysts was
analyzed with inductively coupled plasma (ICP), and the data are
provided in Table 2. The sum of the active metals is higher than
30 wt % in all cases and up to 65 wt % for Picula cat D.
3.2. TPR Studies on Fresh Catalysts. Before actual catalytic

experiments, the reduction temperature for the catalysts was
determined using TPR, and the results are shown in Figure 1.
The TPR profiles of catalysts B−E reveal a small, low-
temperature reduction peak at 170 °C. This peak can be
assigned to the reduction of traces of the higher NiIII oxide
formed by oxygen chemisorption on well-dispersed NiO.35 In
addition, the TPR profiles of the NiCu catalysts (cat C/D and E
in Figure 1) exhibit clear reduction peaks between 230 and 300
°C. The reduction of these catalysts starts at a lower temperature
compared to bulk NiO (NiO bulk in Figure 1). This is accounted
for by the better reducibility of NiII to Ni0 species in the presence
of copper.
This effect can have various origins. On the one hand, it is

suggested that, initially, copper reduction occurs and, thereafter,
Cu produces spillover hydrogen, which considerably accelerates
the nucleation of the Ni metal and enhances the reducibility of

Ni2+.36 In our view, the most probable reason for NiO reduction
at a low temperature compared to bulk NiO is close contact
between NiO and CuO species as a consequence of the
formation of a NiO−CuO solid solution. It is well-known that
the molar free energy of reduction for copper oxide (−102 kJ/
mol at 25 °C) is lower than for the corresponding nickel oxide
(−12 kJ/mol at 25 °C).37 Thus, it is likely that the Gibbs energy
for reduction of the solid solution has a value between both of the
extremes and that the Ni species are reduced at a lower
temperature than in bulk NiO. Additional support for this
hypothesis is the observation that the reduction of nickel and
copper mixed oxides results in the formation of NixCuy solid
solutions.23 The formation of NixCuy solid solution in the case of
cat C−E is also confirmed by XRD analysis (vide inf ra). Another
possible explanation is that the reduced Cu particles on the NiO
surface act as centers of nucleation, which induce reduction and
growth of metallic Ni particles.38

A broad reduction peak is observed between 300 and 700 °C
for cat C/D and E. In comparison, unsupported well-crystallized
bulk NiO shows a single reduction peak with a maximum at 350
°C. This broad peak for cat C/D and E stems from NiII species,
which are by far more difficult to reduce than those related to the
sharp reduction peaks below 300 °C and could be due to the
presence of either surface nickel silicates or very small NiO
particles. For cat D, it is also likely that peaks arising from the
reduction of CuII to Cu0 are present in the temperature range of
200−230 °C. For instance, for Cu on silica, TPR spectra show
CuO reduction peaks at around 220−250 °C.39
Cat C and D show similar TPR profiles, which is expected

because cat C is prepared from cat D by mechanically mixing cat

Table 2. Catalyst Composition and Coding

code active metal loading (wt %) support (wt %)

Picula cat B Ni (58) and Pd (0.7) SiO2 (25)
Picula cat C Ni (29) and Cu (3.7) SiO2 (8.8) and kaolin (50)
Picula cat D Ni (58) and Cu (7) SiO2 (17.5)
Picula cat E Ni (37) and Cu (2.3) SiO2 (12.6), ZrO2 (37), and La2O3 (0.9)

Figure 1. TPR profiles of cat B−E and bulk, unsupported NiO (TPR profile for cat C is similar to cat D).
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Dwith kaolin. The reduction of cat B, the only catalyst with Pd as
the co-catalyst instead of Cu, also starts at lower temperatures
than that of unsupported bulk NiO.
3.3. Catalyst-Screening Studies with Fast Pyrolysis Oil

in a Batch Setup. Catalyst-screening studies on the hydro-
treatment of pyrolysis oil with cat B−Ewere performed in a batch
autoclave at an initial temperature of 150 °C (1 h), followed by
350 °C for 3 h. The initial pressure at 350 °C was about 200 bar.
This two-stage heating profile was performed to reduce the
tendency for coke formation.13,40−42 For each experiment, a
catalyst sieve fraction of 75−200 μm was used. The results were
compared to data obtained for Ru/C, an extensively studied
catalyst for fast pyrolysis oil upgrading.12,21,40

Relevant hydrogen uptakes and mass balance data are given in
Table 3. The reactions for the Picula catalysts result in the

formation of two immiscible liquid phases, a red−brown organic
phase (total 37.4−44.3 wt % on feed) and a transparent,
yellowish aqueous phase (32.9−42.5 wt % on feed), and gas-
phase components other than hydrogen (7.4−9.4 wt % on feed).
The organic liquid phase has a density higher than the water
phase (see Figure 2 for a product from cat D). The reaction
product obtained for Ru/C shows a black solid phase at the
bottom, an intermediate, transparent water phase, and a dark
brown top organic product phase (right panel of Figure 2).
Hydrogen uptakes were between 160 and 270 NL/kgPO.
Duplicate experiments were performed with cat D and E, and
the difference in the hydrogen uptake was less than 10%.
3.3.1. Char Formation. For Ru/C (Table 3) and NiCu-based

catalysts with lower Ni metal loadings as in this study prepared by
wet impregnation (instead of a sol−gel method),23,24 an acetone-
insoluble char is formed that is separated from the reaction
mixture by solvent addition/centrifugation.36 This char was not
observed for the Picula catalysts (Table 3). In addition, only
minor amounts of char/coke are observed on the catalysts (<3.3
wt %; Table 3). Apparently, the rate of char formation is less

when using the Picula catalysts, although a comparison on coke
formation for both catalysts could not be made.

3.3.2. Gas-Phase Components. Typical gaseous components
formed in the catalytic hydrotreatment reactions are CO2, CO,
CH4, and small hydrocarbons (C2−C3). CO2 and CO are likely
produced by thermal/catalytic decarboxylation/decarbonylation
reactions of aldehyde/ketones and/or carboxylic acids in the
pyrolysis oil.43 CH4 is likely formed by either secondary
methanation reactions of CO2 and CO,

44,45 as a primary product
from demethoxylation reactions of lignin fragments, or a
combination thereof.
The amount of gas-phase components formed during the

catalytic hydrotreatment reactions is provided in Figure 3. For

Picula cat B−D, the amounts are a factor of 2 lower than for Ru/
C and, particularly, methane is reduced considerably. This is a
very positive feature of the Picula cat B−D, because lower
methane production levels reduce carbon losses and lower
hydrogen consumption. The only exception is cat E, showing a
methane yield close to that for Ru/C. The high methane
formation rate for this catalyst may be due to either a low amount
of Cu in the catalyst formulation and/or the presence of ZrO2. Ni
is known to be capable of promoting the methanation of CO2
and CO, whereas the addition of Cu reduces this tendency.46,47

For cat E, the amount of Cu is the lowest of the catalyst
formulations, and this may lead to higher methanation rates.

Table 3. Hydrogen Consumption and Mass Balances for
Catalytic Hydrotreatment of Fast Pyrolysis Oil Using Picula
Cat B−Ea

catalyst cat B cat C cat D cat E Ru/Cb

hydrogen uptake (NL/kgPO) 210 160 200 270 270
yield (wet basis)

oil product (wt % of feed) 39.9 39.6 44.3 37.4 32.9
aqueous phase
(wt % of feed)

32.9 39.1 35.3 42.5 43.7

char (acetone insoluble)
(wt % of feed)c

1.13

coke deposited on the
catalyst
(wt % on catalyst)d

2.3 3.1 1.2 2.0 nde

gas (wt % of feed) 8.0 8.8 7.4 9.4 15.6
mass balance closure (wt %) 81 88 87 89 93
oxygen content of the oil product
(wt %, dry)

16.6 15.0 16.8 12.9 12.0

moisture content of the oil
product (wt %)

4.69 4.56 3.99 6.53 1.98

carbon content in the aqueous
phase (wt %)

7.9 8.9 9.3 6.5 5.2

aHydrotreatment at 150 °C (1 h) and continued at 350 °C (3 h), with
an initial pressure of 120 bar H2 at room temperature. bData for Ru/C
taken from ref 34. cSee the Materials and Methods for determination.
dDetermined by TGA (vide inf ra). end = not determined.

Figure 2. Liquid phases produced from the batch experiment with cat D
(left) and Ru/C (right). Conditions: 150 °C (1 h) and 350 °C (3 h),
with an initial pressure of 200 bar at 350 °C.

Figure 3. Gas formation for the batch hydrotreatment of fast pyrolysis
oil with cat B−E. Conditions: 150 °C (1 h) and 350 °C (3 h), with an
initial pressure of 200 bar at 350 °C.
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Also, the presence of ZrO2 may play a role. ZrO2 is reported to be
less inert than SiO2 for the hydrotreatment of pyrolysis oil
(model) components.48 For instance, it promotes hydro-
genolysis of methoxy groups in guaiacol and, as such, favors
the formation of methane and catechol.
3.3.3. Catalyst Activity. The activity of the various catalysts is

defined on the basis of the H2 uptake (section 2.5), and the
results are depicted in Figure 4. Cat E shows the highest

hydrogen uptake among the Picula catalysts tested, and cat C
shows the least. The high hydrogen uptake of cat E is an
overestimation of the activity because this catalyst yields the
highest amount of gas phase (9.4 wt % on feed) and the lowest
amount of product oil (32.9 wt % on feed; see Table 3). The gas
phase contains the highest amounts of CH4 (2.27 mol/kgPO; see
Figure 4), and this is the reason for the high hydrogen uptake.
Methanation is not desired because it consumes large amounts of
hydrogen without having a positive effect on the properties of the
liquid organic phase.
When cat E is excluded for this reason, cat B has the highest

activity per gram of catalyst, followed by cat D. Both cat B and D
contain similar amounts of Ni (58 wt %). The main difference is
the presence of Pd instead of Cu for cat B. In previous work,25 we
have shown that supported Cu catalysts do not display high
hydro(-deoxy)genation activity, while Pd on a support is an
active catalyst,49 and this likely explains the difference in catalytic
activity.
3.3.4. Elemental Composition, Physical Properties, and the

Molecular Composition of the Oil Products. The elemental
composition of the oil products obtained with Picula cat B−E is
shown in a van Krevelen plot given in Figure 5 and compared to
the result for an experiment in the absence of a catalyst. The
atomic O/C ratios of the oil products are within a narrow range
(0.12−0.17), while the H/C ratios show a much wider spread
(1.32−1.51). Apparently, it is not possible to achieve full oxygen
removal under the prevailing conditions. In addition, the non-
catalytic run yields an organic product with an O/C ratio in the
range for catalyzed reactions but with far lower H/C ratio. This
particular product is a highly viscous paste, which is difficult to
handle.
These results show that the O/C ratio only is not a good

indicator for good product performance. Earlier studies on oil
products obtained by Ni-based catalysts with low metal loadings
prepared by wet impregnation confirm this and have shown that,

particularly, the H/C ratio is of prime importance.23 In this
respect, cat B and D are preferred because they give oil products
with the highest H/C ratio.
Figure 6 shows the H/C ratio of the oil product versus the H2

consumption during the hydrotreatment reaction. As expected,

for catalysts with a lowmethane production (cat B−D), the H/C
ratio of the oil products correlates with the H2 consumption. Cat
E and Ru/C both yield significant amounts of methane (Figure
3), leading to higher hydrogen consumptions, explaining the
deviations from the trend observed for the Picula cat B−D.
The residue after heating an oil product to 900 °C in N2 in a

TGA device (TG residue) appears as a good measure for the
thermal stability of the sample,50 and it also nicely correlates with
the Conradson carbon residue (CCR) or micro carbon residue
tester (MCRT) as used routinely in the petrochemical
industry.51 The TG residue of the organic products is given in
Figure 7. The values are between 0.7 and 6.0 wt %, which is a
considerable improvement compared to the fast pyrolysis oil feed
(11.6 wt %). Best results were obtained for cat B (0.8 wt %), with
a value close to that for Ru/C (0.7 wt %). The TG residue also
correlates nicely with the H/C ratio, with lower TG residues for
oil products with a higher H/C ratio (see Figure 7). Such
relations are also found for fossil fuels.52 A possible explanation is
that the hydrogenation of the reactive groups (aldehydes/

Figure 4.Catalyst activity for the Picula catalysts for the hydrotreatment
of fast pyrolysis oil [150 °C (1 h) and 350 °C (3 h), with total initial
pressure of 200 bar at 350 °C; activity based on total catalyst intake].

Figure 5. van Krevelen plot for the oil products [hydrotreatment at 150
°C (1 h) and 350 °C (3 h), with an initial pressure of 200 bar at 350 °C].

Figure 6. H/C ratio of the oil products versus H2 consumption during
the hydrotreatment of fast pyrolysis oil [150 °C (1 h) and 350 °C (3 h),
with a total initial pressure of 200 bar at 350 °C].
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ketones and sugars) in the fast pyrolysis oil feeds leads to the
formation of less reactive molecules (alcohols, aromatics, and
alkanes). The latter are less prone to coke formation at elevated
temperatures.53 High H/C ratios also indicate that the lignin
fractions are converted into low-molecular-weight, monocyclic
compounds instead of large, condensed molecules, such as
polymeric aromatic hydrocarbons (PAHs, with a lowH/C ratio),
which are known coke precursors.54

For co-feeding applications, it is desirable that the oil products
have a high solubility in hydrocarbons. As such, the solubility of
the oil products in a model hydrocarbon mixture (hexane−
benzene) was determined (see Table 4 for details). It is obvious
that the oil products are more soluble in the model hydrocarbon
mixture than the fast pyrolysis oil feed. However, none of the oil
products obtained with cat B−E has a solubility close to the oil
product from Ru/C. Apparently, the polarity of the oil products
from cat B−E is higher than that for Ru/C.
The higher polarity of the oil products was also confirmed by

1H NMR measurements. The percentages of protons in various
classes of organic products in the oils were classified using a
procedure reported by Mullen et al.55 (see Table 5 for details).
The main difference between the oil products from the
hydrotreatment with Picula cat B−E and Ru/C is the presence
of lower amounts of alkanes in the products obtained with Picula
cat B−E. These observations are in line with the solubility tests
performed with the oil products, showing that the solubility of oil
products using cat B−E in apolar hydrocarbon mixtures is lower
than that for Ru/C. Apparently, alkane formation is reduced for
cat B−D, indicating that hydrogenation of, for instance,
aromatics and hydrodeoxygenation of small aldehydes and
ketones occur to a lesser extent with these catalysts than with Ru/
C.
The composition of the oil products was also analyzed with

GC−MS/FID, and the results are given in Table 6. Several
general trends are visible when comparing the composition of the
oil products and the fast pyrolysis oil feed. The small sugars (such
as levoglucosan) and non-aromatic aldehydes (such as
hydroxyacetaldehyde) are absent after hydrotreatment, which
demonstrates the high reactivity of these compounds. The acid

content tends to increase slightly after hydrotreatment,
particularly when considering that the water phase produced
during the hydrotreatment reaction also contains significant
amounts of organic acids (Table 7, vide inf ra). This suggests that
the organic acids are rather inert under these conditions.
Additional amounts of organic acids may be formed by reactions
involving the sugar fraction of fast pyrolysis oil that are known to
be able to form organic acids by acid-catalyzed reactions.56 The
amounts of non-aromatic ketones (such as cyclohexanone)
slightly increase, which may be due to hydrogenation/hydro-
deoxygenation of phenolics arising from the lignin fraction in fast
pyrolysis oil. The content of non-aromatic ketones in the
upgraded oil from Ru/C is low, indicating further hydrogenation
of ketones into alcohols and alkanes. Oil products obtained with
Picula cat B−E contain less alkanes than for Ru/C, in line with
the 1H NMR data. Important to note here is that only a limited
fraction of all compounds could be identified (19−33 wt %),
because organic compounds with larger molecular weights in
both the pyrolysis oil feed and the upgraded oils cannot be
detected by GC−MS/FID.

3.3.5. Aqueous Phase. The aqueous phases after the
hydrotreatment reaction with the Picula catalysts contain up to
9 wt % carbon (Table 3), indicative of the presence of polar
organic molecules. Analysis with GC−MS/FID shows that the
main components are low-molecular-weight organic acids and
alcohols. The water phase does not contain substantial amounts
of higher molecular weight, non-GC-detectable components, as
was shown by GPC measurements.

3.3.6. Concluding Remarks for the Catalyst-Screening
Experiments. On the basis of the screening experiments, cat B
is the most promising catalyst because it produces an oil product
with the highest H/C ratio (Figure 5), lowest TG residue (Figure
7), and highest solubility in a hydrocarbon model mixture. The
good performance may be due to the presence of the noble metal
Pd, which is replaced by Cu for the other Picula catalysts. On the
basis of the product properties of the oil products, we conclude
that polymerization is not occurring to a considerable extent in
the early stage of the hydrotreatment reaction (Scheme 1). As a
result, oil products with a lower molecular weight and a
concomitant lower TGA residue are obtained. However, because
Pd is by far more expensive per kilogram than Cu57 (about 300
times), the latter is preferred. Of the Cu-promoted catalysts, cat
D gave the best performance in terms of methane formation
(low) and oil product properties (high H/C ratio and low TG
residue).

3.4. Catalyst Regenerability. To anticipate the possible
deactivation at very long times on stream, some of the catalysts
tested were regenerated by calcination in air and the catalysts
were characterized afterward. It is desirable to perform the
calcination at a temperature as low as possible to prevent the
destruction of the catalyst; however, it is also important that
possible carbon deposits are (nearly) quantitatively removed. To
determine the optimum calcination temperature for the spent
catalysts, two different calcination approaches were applied, both
using TGA. The first approach (isothermal mode) involves
heating the catalysts to the preset temperature (300 °C) and
maintaining the sample at this temperature for 1 h. The second

Figure 7. TG residue versus the H/C ratio of the oil products obtained
from hydrotreatment at 150 °C (1 h) and 350 °C (3 h), with a total
initial pressure of 200 bar at 350 °C.

Table 4. Solubility of Pyrolysis Oil and Upgraded Oils in a Mixture of Hexane and Benzene

pyrolysis oil cat B cat C cat D cat E Ru/C

solubility in the hexane−benzene (HB) mixture (goil/gHB) 0.01 0.21 0.11 0.16 0.18 >0.49
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approach (dynamic mode) involves heating the catalysts with a
constant heating rate of 10 °C/min from ambient temperature to
600 °C. The TGA results are given in Table 8.
Spent cat B−E were calcined at a constant temperature of 300

°C (1 h) as well as heating from 25 to 600 °C. The weight loss is
most likely due to oxidation of the coke/char deposited on the
catalyst. The amounts are relatively small and indicate limited
repolymerization of reactive intermediates and deposition on the
catalyst surface in the course of the hydrotreatment reaction.
However, after coke/char oxidation, the weight of the samples
increases, indicating that oxidation of the active metals in the
catalysts occurs to a significant extent. This effect is particularly
evident in the dynamic mode, where the temperature is increased
to 600 °C. As such, the results indicate that a balance has to be
found between coke removal by oxidation and undesirable

oxidation of the metals in the samples. It was decided to
regenerate at a medium temperature of 300 °C for 1 h to prevent
excessive oxidation. Thereafter, the catalysts were heated to 400
°C for nearly complete burning of residual carbon species. The
latter temperature was selected because the fresh catalysts were
also calcined at this temperature.
After regeneration, the catalysts were treated in a reductive

medium (0.1 MPa H2, 350 °C, flow rate of 100 cm3/min, and 1
h) and characterized.
The XRD patterns of fresh and reduced cat B−E and spent

samples after regeneration/reduction are presented in Figure 8.
The XRD patterns of fresh and reduced cat B and D (Figure 8)
show broad peaks, which are assigned to a NiO phase, with a

Table 5. 1H NMR Data for the Oil Products Obtained with Picula Cat B−Ea

catalyst

shift (ppm) proton assignment pyrolysis oil cat B cat C cat D cat E Ru/C

10.1−9.5 aldehydes 0.8
8.5−6.0 (hetero)-aromatics 14.9 11.4 8.4 5.0 5.4 7.6
6.0−4.4 methoxy, carbohydrates 15.6
4.4−3.0 alcohols, methylene−dibenzene 18.8 7.1 2.3 5.0 2.8 3.3
3.0−1.5 aliphatics α to heteroatom or unsaturation 28.6 39.9 36.4 25.7 20.6 36.2
1.2−0.5 alkanes 18.2 41.7 34.5 23.2 20.9 52.9

aliphatics/aromatics ratio 3.1 7.2 8.4 9.7 7.6 11.7
aNumbers are in percentage of the total proton integration area. The upgraded oils were obtained by a catalytic hydrotreatment at 150 °C (1 h) and
350 °C (3 h), at a total initial pressure of 200 bar at 350 °C.

Table 6. Composition by GC−MS/FID of the Product Oilsa (in Weight Percent, Wet)

pyrolysis oil cat B cat C cat D cat E Ru/C

acids 2.75 3.37 2.95 1.96 4.09 5.98
non-aromatic alcohols 0.24 4.53 0.98 2.82 1.96 0.34
non-aromatic aldehydes 7.44
non-aromatic ketones 4.18 15.79 10.25 12.15 9.21 4.07
furans 2.67 3.88 1.34 3.39 3.39 2.02
pyrans 0.88 0.64 0.08 0.33 0.20 0.19
sugars 3.43
catechols 0.05
aromatic aldehydes 0.01
lignin-derived phenols 0.07 1.11 1.21 1.03 1.48 2.69
guaiacols (methoxy phenols) 2.90 1.69 1.71 2.07 1.88 4.83
alkanes 0.82 0.32 0.55 0.71 7.19
miscellaneous 0.65 1.08 0.65 2.37 0.62 0.86
total 25.27 32.91 19.48 26.66 23.55 28.15

aThe oil products were obtained by a catalytic hydrotreatment at 150 °C (1 h), followed by 350 °C (3 h), at a total initial pressure of 200 bar at 350
°C.

Table 7. Main Components (in Weight Percent, Wet) in the
Aqueous Products by GC−MS/FID Analysesa

catalyst

cat B cat C cat D cat E Ru/C

methyl alcohol 1.54 1.58 1.98 0.39 0
isopropyl alkohol 0.26 0.85 0.33 0.33 0
acetic acid 3.34 5.44 3.66 4.02 3.39
propanoic acid 0.60 0.98 0.61 1.00 0.68
butyric acid 0.24 0.27 0.24 0.29 0.37
pentanoic acid 0.06 0.06 0.06 0.08 0.02

aHydrotreatment at 150 °C (1 h) and continued at 350 °C (3 h), with
a total initial pressure of 200 bar at 350 °C.

Table 8. TGA Results Using Isothermal and Dynamic Modes
of Calcinationa

isothermal mode (300 °C for 1 h) dynamic mode (25−600 °C)

catalystb
weight lossc

(wt %)
weight increased

(wt %)
weight loss
(wt %)

weight increase
(wt %)

cat B 2.3 1.9 2.2 14.4
cat C 3.1 0.1 3.3 1.5
cat D 1.2 1.8 1.3 14.6
cat E 2.0 0.3 2.1 3.2

aCalcination performed in TGA under air. bHydrotreatment
performed at 150 °C (1 h) and 350 °C (3 h), with a total pressure
of 200 bar at 350 °C. The catalyst sieve fraction is 75−200 μm. cMass
loss as a result of burning of coke deposited on the catalyst surface.
dIncrease in catalyst weight as a result of oxidation of metallic species
after coke removal.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.5b02223
Energy Fuels 2016, 30, 1544−1554

1551

http://dx.doi.org/10.1021/acs.energyfuels.5b02223


slight shift compared to the reference data. The broadness of the
peaks indicates the presence of small-sized NiO crystallites.
However, NiO species strongly interacting with SiO2 by the
formation of silicate-like structures may also contribute to these
peaks. The absence of any reflections around 2θ of 22° and 26.6°
indicates that SiO2 is present in an amorphous phase58 but could
also be evidence for strong interactions between SiO2 and NiO
clusters in the samples.
The XRD patterns of fresh cat B and D after reduction show

the presence of reflections at 2θ values of 44.4° and 51.7°, which
correspond to a metallic Ni phase. The XRD patterns of spent cat
B and D after regeneration and subsequent reduction reveal only
the reflections of metallic nickel. The intensity of these
reflections is increased in comparison to the fresh, reduced
catalysts. In addition, the lines corresponding to the NiO phase
are absent in the XRD patterns, indicating complete reduction of
nickel in the case of regenerated catalysts. A slight shift of the
metallic nickel peaks toward smaller 2θ angles is observed,

pointing to the formation of a NixCuy solid solution. The lines of
metallic copper are also present in the XRD patterns of cat D.
The XRD patterns of fresh and regenerated cat C are similar

and reveal lines corresponding to SiO2 (quartz) and
Al2Si2O5(OH)4 (kaolinite). This is expected because cat C is a
physical mixture of cat D and kaolin. The main differences
between the samples are the intensity and width of the metallic
nickel peaks. The metallic nickel crystal size distribution (CSD)
increases from 150 to 230 Å for the regenerated sample,
indicative of some metal agglomeration. The same tendency is
observed for the other catalysts (Table 10).
The diffraction pattern of fresh cat E after pre-reduction shows

broadened peaks from a NiO phase, which indicates incomplete
reduction of nickel. In the 2θ range of 25−40°, a halo is present,
which is likely due to the ZrO2 support. After catalyst
regeneration, the halo remains and two lines attributed to a
cubic modification of ZrO2 emerge (2θ of 29.9° and 50°) likely as
a result of structural rearrangements. The NiO peaks are absent

Figure 8. XRD patterns of cat B−E after reduction (0.1 MPa H2, 350 °C, and 1 h) and passivation by ethanol and spent regenerated cat B−E after the
same reduction procedure.

Table 9. Textural Properties of the Fresh and Regenerated (+Reduceda) Catalysts

fresh catalysts regenerated catalysts

ABET
(m2/g)

Vpores
(cm3/g)

Vmicropores
(cm3/g)

average pore diameter
(Å)

ABET
(m2/g)

Vpores
(cm3/g)

Vmicropores
(cm3/g)

average pore diameter
(Å)

catalystb

cat B 164 0.16 39 15 0.07 188
cat C 112 0.15 55 25 0.13 202
cat D 142 0.11 0.03 24 15 0.06 153
cat E 66 0.05 0.002 30 32 0.06 74

aReduction at 350 °C (1 h), 0.1 MPa H2, heating rate of 10 °C/min, and flow rate of 100 cm3/min. bHydrotreatment performed at 150 °C (1 h) and
350 °C (3 h), with a total pressure of 200 bar at 350 °C.
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in samples of regenerated cat E, indicative of complete reduction
of the Ni2+ species.
The textural and structural properties of the catalysts before

reaction and spent catalysts after regeneration are given in Tables
9 and 10.

As seen from Table 9, the specific surface area and other
textural properties of the catalysts change after reaction,
regeneration, and reduction. The data suggest that considerable
metal sintering occurs, in line with the XRD data (Table 10).
Taking into account that the catalysts under study have high Ni
loadings, it is proposed that the metallic species provide a greater
part of the specific surface area of the reduced catalysts. Thus, the
apparent decrease of the specific surface area in the case of
regenerated catalysts is likely due to agglomeration of metallic
particles.
This statement is supported by HRTEM measurements.

HRTEM images of cat B [fresh, after reduction (images 1 and 2)
and regenerated and reduced (images 3 and 4)] are shown in
Figure 9. It is evident that the fresh reduced sample possesses a
lamellar structure with thin flakes (1−2 nm), likely arising from
oxide silicate species. Nickel is uniformly distributed throughout

the catalyst. After the reaction and regeneration of the spent
catalyst, agglomeration of Ni particles occurs. Similar changes are
observed for all other catalysts (not shown for brevity).
Metal sintering seems an important phenomenon during the

hydrotreatment reaction, as a result of either agglomeration
during the reactions or the reductive pretreatment of the
regenerated catalysts.

4. CONCLUSION

Ni-based Picula catalysts with a high Ni loading prepared by a
sol−gel method are active catalysts for the hydrotreatment of fast
pyrolysis oil. The catalysts show clear advantages compared to
the benchmark Ru/C catalyst, viz., low methane production
rates, limiting hydrogen usage, and low char formation rates.
Detailed oil product analyses indicate that the reduced tendency
for char formation is likely due to a high hydrogenation activity of
the Picula catalysts in the low temperature range (below 200 °C).
Here, the rate of hydrogenation should be high compared to the
rate of polymerization reactions to avoid the formation of higher
molecular weight fragments and eventually char. For Picula
catalysts, this is certainly the case, whereas the hydrogenation
activity of Ru/C is lower and in the range of the polymerization
reactions. Further study on the long-term stability of cat D in
continuous setups and testing of the oil products for co-
processing in refinery units are in progress and will be published
in due course. Regeneration studies on spent catalysts revealed
that reactivation is possible, although some active metal
agglomeration was observed. Research to identify promoters to
reduce agglomeration is in progress.
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Table 10. Ni CSD Size of the Fresh (after Reduction)a and
Regenerated (+Reduced) Catalysts

Ni CSD size (Å)

reduced regenerated + reduced

catalystb

cat B 60 320
cat C 150 230
cat D 50 370
cat E 50 380

aReduction at 350 °C (1 h), 0.1 MPa H2, heating rate of 10 °C/min,
and flow rate of 100 cm3/min. bHydrotreatment performed at 150 °C
(1 h) and 350 °C (3 h), with a total pressure of 200 bar at 350 °C.

Figure 9. HRTEM images of cat B (NiPd/SiO2): 1 and 2, fresh catalyst after reductive pretreatment (350 °C, 0.1 MPa H2, heating rate of 10 °C/min,
flow rate of 100 cm3/min, and 1 h); 3 and 4, regenerated catalyst after reductive pretreatment at the same conditions.
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