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Stability and resistance of nickel catalysts for
hydrodeoxygenation: carbon deposition and effects
of sulfur, potassium, and chlorine in the feed†

Peter M. Mortensen,‡a Diego Gardini,b Hudson W. P. de Carvalho,c

Christian D. Damsgaard,bd Jan-Dierk Grunwaldt,c Peter A. Jensen,a

Jakob B. Wagnerb and Anker D. Jensen*a

The long term stability and resistance toward carbon deposition, sulfur, chlorine, and potassium of

Ni/ZrO2 as a catalyst for the hydrodeoxygenation (HDO) of guaiacol in 1-octanol (as a model compound

system for bio-oil) has been investigated at 250 °C and 100 bar in a trickle bed reactor setup. Without

impurities in the feed good stability of the Ni/ZrO2 catalyst could be achieved over more than 100 h of

operation, particularly for a sample prepared with small Ni particles, which minimized carbon deposition.

Exposing the catalyst to 0.05 wt% sulfur in the feed resulted in rapid deactivation with complete loss

of activity due to the formation of nickel sulfide. Exposing Ni/ZrO2 to chlorine-containing compounds

(at a concentration of 0.05 wt% Cl) on-stream led to a steady decrease in activity over 40 h of exposure.

Removal of the chlorine species from the feed led to the regaining of activity. Analysis of the spent catalyst

revealed that the adsorption of chlorine on the catalyst was completely reversible, but chlorine had caused

sintering of nickel particles. In two experiments, potassium, as either KCl or KNO3, was impregnated on

the catalyst prior to testing. In both cases deactivation was persistent over more than 20 h of testing and

severely decreased the deoxygenation activity while the hydrogenation of guaiacol was unaffected. Overall,

sulfur was found to be the worst poison, followed by potassium and then chlorine. Thus, removal/limitation

of these species from bio-oil is a requirement before long term operation can be achieved with this catalyst.

1. Introduction

Conversion of biomass with flash pyrolysis followed by
hydrodeoxygenation has been identified as a prospective path
to engine fuels usable in the current infrastructure.1 In pyroly-
sis, the biomass is rapidly heated to form char, gas, and a liquid
product, the so-called pyrolysis oil or bio-oil. This oil has a low
heating value, contains water, is acidic, and has a low shelf
storage time, among others, and is therefore not directly
suitable as an engine fuel but represents a good energy carrier
for bio-energy.2–4 The unfavorable characteristics of bio-oil are

all associated with relatively high oxygen and water content,
up to 40 wt% oxygen and 30 wt% water.1,5

In hydrodeoxygenation, bio-oil is upgraded with high
pressure hydrogen (up to 200 bar) in the presence of a catalyst
at temperatures around 300 °C. Hereby the oxygen functionality
can be removed, making an oil product more similar to
conventional crude oil, which can be used for the production
of engine fuels.1 A challenge in this concept is to find suitable
catalysts for HDO which possess good activity and long term
stability. Particularly, long term stability is challenging due to
the formation of carbon species on the catalysts or due to
impurities in the feed.1,6–10

Previous work has primarily focused on the traditional
hydrotreating catalysts such as Ni–MoS2 and Co–MoS2,

1,11,12

noble metal catalysts based on Pd or Ru,13–16 or nickel
based catalysts17–21 for HDO. However, little work on
these catalytic systems has been devoted to evaluate long
term stability or resistance toward impurities during
HDO.1,8,9 Elliott et al.13 tested the stability of HDO of real bio-
oil in a continuous flow reactor at 340 °C and 75–130 bar over
a Pd/C catalyst and found catalyst lifetimes of up to ca. 100 h.
They reported carbon build-up and thereby plugging as one of
the major problems. Other studies have reported lifetimes of
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up to 200 h for a Co–MoS2/Al2O3 catalyst.
22 However, from an

industrial perspective 100–200 h is a short time.
Carbon on the catalyst is formed because many of the oxy

compounds present in bio-oil can undergo polymerization and
polycondensation reactions on the catalyst surface, forming
polyaromatic species which can lead to the blocking of both
the pore structure and the active sites of the catalyst.23

As bio-oil is derived from biomass, it will contain traces of
a range of inorganic compounds like alkali metals, transition
metals, chlorine, sulfur, and phosphorus.24 Especially, potas-
sium, chlorine, and sulfur can be found in relatively high
amounts in bio-oil with concentrations of up to 0.3 wt%,
0.6 wt%, and 0.8 wt%, respectively.25 These are therefore of
significant concern.

In the current work, the long term stability of a Ni/ZrO2

catalyst has been investigated in a continuous flow setup,
using a bio-oil model compound system consisting of
guaiacol in 1-octanol. The stability of Ni based catalysts is
interesting since much research currently is investigating
nickel based catalysts intended for use in HDO of bio-oil17–20 or
lignin and lignosulfonate upgrading.26,27 It is very well known
that nickel based catalysts are particularly prone to sulphur
deactivation.28,29 However, recent results from Song et al.26,27

have, surprisingly, indicated that the high partial pressure of
hydrogen used in these reactions might help prevent the
deactivation of nickel catalysts due to sulphur. Additionally,
Ni/ZrO2 has been specifically found attractive in a screening
study for HDO of phenol.21 Guaiacol was chosen as the
bio-oil model compound to make the interpretation of
stability comprehensible, with this molecule representing the
phenolic fraction. These are present in significant quantities
in bio-oil,30,31 are among the most persistent molecules of
bio-oil,9,32 and are partly responsible for carbon formation.9,33

1-Octanol was chosen as the solvent for guaiacol due to
its ideal phase characteristics under the given experimental
conditions and furthermore to serve as a simple alcohol
model compound.

2. Experimental
2.1 Catalyst synthesis

5 wt% Ni/ZrO2 was prepared by the incipient wetness method
with Ni(NO3)2·6H2O (Sigma-Aldrich, ≥97.0%) as the precursor.
Zirconia was supplied by Saint-Gobain NorPro and of type SZ
6*152 with an impurity of 3.3% SiO2, a specific surface area of
140 m2 g−1, and a pore volume of 0.32 ml g−1. This was initially
ground to a particle size of 300–600 μm. In the synthesis, the
precursor was dissolved in water equivalent to the pore volume
of the support and subsequently mixed with the support. After
impregnation, the sample was dried at 70 °C for 12 h. A batch
of the catalyst was additionally calcined at 400 °C with a
heating rate of 10 °C min−1 and a holding time of 4 h.

2.2 Catalytic tests

The experiments were performed in a high pressure gas and
liquid continuous flow setup, which is schematically shown

in Fig. 1. High pressure liquid is fed from a recirculation loop
where a liquid pump and a back pressure valve are used to
adjust the feed pressure. From this loop, liquid is fed to the
reactor through mass flow controllers and mixed with high
pressure gas before reaching the catalyst loaded in the reac-
tor. Liquid samples are withdrawn from a high pressure sepa-
rator regulated on the basis of the liquid height at 25 °C. The
liquid product is collected in a sample manifold placed in a
small fume hood, where 8 different samples can be collected
as a function of time. Gas from the separator flows through a
regulator valve controlling the system pressure, passes a flow
meter, and ends at a GC-TCD (GC-2014, Shimadzu). Online
sampling on the GC-TCD allows analysis in 20 min intervals.

The reactor tube is made of 316 SS steel and has an inner
diameter of 8 mm. This is placed inside a 2 cm inner diame-
ter pressure shell which is placed in a three-zone furnace.
The feed gas is introduced in the bottom of the pressure shell
and heated in up-flow in the pressure shell before being
mixed with the liquid feed in the top flange of the pressure
shell and then goes into the reactor tube.

For loading of the reactor tube, 2.5 g of the corresponding
catalyst in a sieve fraction of 300–600 μm was mixed with
7.5 g of glass beads in a sieve fraction of 212–245 μm to
dilute the catalyst bed and thereby obtain better control of
the exothermic reactions. The glass bead–catalyst mixture
was suspended on a quartz wool plug in the reactor, which
was supported on a crossbar in the reactor. The loading pro-
file of the reactor from the crossbar up was 1 cm of quartz
wool, 12 cm of catalyst/glass beads, 1 cm of quartz wool, and
25 cm of glass beads (1 mm in diameter).

All catalysts were initially reduced in the reactor tube by
heating at a rate of 10 °C min−1 to 500 °C in flow rates of
250 Nml min−1 H2 and 250 Nml min−1 N2 at atmospheric
pressure and kept under these conditions for 2 h. 500 °C was
sufficient for the complete reduction of Ni/ZrO2 as found by
in situ X-ray absorption spectroscopy (XAS) (further information
is found in the ESI†). The experimental conditions were set
directly after reduction.

Evaluation of transport limitations by Mears criterion34

for the given sieve fraction of catalyst particles revealed that

Fig. 1 Flow sheet of the high pressure gas and liquid continuous flow
setup used for studying the stability of Ni/ZrO2 during HDO.
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the system was not limited by boundary layer diffusion. How-
ever, some internal diffusion resistance was present, at least
for the most active catalysts where the effectiveness factor
was calculated to be in the range of 0.89–0.97 for the applied
particle size distribution. However, as the present work deals
with catalyst stability it was concluded that this limitation
did not influence the interpretation of the results and may
even make the experiments closer to industrial conditions.
Additional information on the evaluation of transport limita-
tions can be found in the ESI.†

A feed mixture of 10 vol% guaiacol (Sigma-Aldrich, ≥99%)
in 1-octanol (Sigma-Aldrich, ≥99%) was used as the bio-oil
model compound system and fed at a flow rate of 0.2 ml min−1.
1-Octanol was chosen as solvent (despite not being considered
a bio-oil component) due to its relatively high boiling point
(195 °C at ambient pressure35) and ability to mix with guaiacol
in a homogenous phase. Hydrogen (AGA, 99.9%) and nitrogen
(AGA, 99.9%) were fed to the reactor at a flow rate of
300 Nml min−1 and 100 Nml ml−1, respectively, corresponding
to 6 times the required hydrogen for complete hydrogenation
and deoxygenation of the feed. During the reactions the reactor
was maintained at a constant pressure of 100 bar and the set
point of the reactor oven was 250 °C for all experiments. The
actual temperature in the catalyst bed varied between 245 °C in
the bottom of the bed and 251 °C in the top part. The slightly
higher temperature in the top part of the bed was due to the
exothermic reactions taking place.

In the deactivation experiments either 1-octanethiol
(Sigma-Aldrich, ≥98.5%) or 1-chlorooctane (Sigma-Aldrich,
99%) was added to the liquid feed corresponding to a con-
centration of 0.05 wt% S or Cl, respectively. Assuming 100%
decomposition to H2S or HCl, this would correspond to con-
centrations of 177 ppmv and 162 ppmv in the feed gas,
respectively.

KCl or KNO3 was impregnated to separate batches of the
catalyst by incipient wetness impregnation. A portion of the
uncalcined Ni/ZrO2 catalyst was weighed and a solution
(corresponding to the pore volume of the given fraction of
the catalyst) with KCl or KNO3 in H2O was prepared. KCl and
KNO3 were impregnated in amounts corresponding to the
molar content of nickel. After mixing the solution and the
catalyst, it was dried for 12 h at 70 °C.

A blank experiment without the catalyst was performed
under the same conditions as the experiments. This led to a
conversion of 2% for guaiacol and hardly any conversion of
1-octanol, showing that the reactor was not catalytically active
for the reaction.

2.3 Product analysis

Analysis of the liquid product was done with a Shimadzu
GC-MS/FID-QP2010 Ultra EI gas chromatograph fitted with
a Supelco Equity-5 column. Identification of the products
was done using a mass spectrometer (MS) where their
concentration was quantified using a flame ionization
detector (FID). External standards were prepared for guaiacol,

cyclohexanol, cyclohexane, methanol, 1-octanol, and heptane.
The concentrations of the remaining peaks were calculated
from the FID on the basis of the effective carbon number
method,36 where the concentration of a compound was
found as:

C C A
Ai ref

i

ref

eff ref

eff i

  






(1)

Here C is the concentration, A the area of the peak in the
FID spectrum, and νeff the effective carbon number. Index i
refers to the compound with the unknown concentration and
index ref refers to a reference compound where the concentra-
tion is known. In all calculations with this formula, heptane
was used as reference. The effective carbon number was taken
from the review by Schofield.36

The conversion, X, was calculated as:

X
C v
C v

 = %out,i out

i

1 100
0 0

















(2)

Here Ci is the concentration of compound i and v is the
volumetric flow. Index out refers to the conditions after the
reactor, index 0 refers to the inlet conditions, and i refers to
the compound of relevance. The conversions of both guaiacol
and 1-octanol were evaluated.

The yields (Yi) of relevant products were calculated as:

Y
C v
C vi
out,i out

j

 = %




0 0

100 (3)

Index i here refers to the compound of relevance and
index j refers to the initial reactant, guaiacol or 1-octanol.

The selectivity (Si) of a compound (i) was calculated as:

S Y
Xi

i = %100 (4)

The degree of deoxygenation (DOD) was calculated as:

DOD = %O,out

O,in

1 100










F
F

(5)

Here FO is the molar flow of oxygen in oxygen-containing
species except water either in or out of the reactor. To give
further emphasis on the HDO of guaiacol, which only consti-
tuted 10% of the feed, the degree of deoxygenation for the
guaiacol related compounds (DODGUA) was also calculated:

DOD  = %GUA i
O of i out

Guaiacol in

1
2

100

















 



F

F
(6)

Here index i refers to the oxygen-containing guaiacol
related compounds, which were guaiacol, methanol, cyclo-
hexanol, and 2-methoxy-cyclohexanol.
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The carbon balance was evaluated on the basis of the
GC-MS/FID and GC-TCD measurements:


   

  

  



C
F F F

F F
 = i

i i Guaiacol -Octanol

Guaiacol

 . 7 8

7 8

0 0 1

0 00 1

100

















-Octanol

% (7)

Here ΔC is the carbon deviation in % and Fi is the
molar flow of compound i. All compounds identified in the
GC-MS/FID and GC-TCD analyses were included in the
carbon balance. Generally the carbon balance was closed
within 5%. This will be discussed in further detail later.

2.4 Catalyst characterization

The specific surface area was estimated by a seven-point BET
measurement (Quantachrome iQ2).37 Nitrogen adsorption at its
boiling point was used in the p/p0 range of 0.05–0.3. The pro-
duced Ni/ZrO2 catalyst had a specific surface area of 130 m2 g−1.

The local structure of the catalysts was characterized by
XAS in terms of X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) at the
Ni-K edge at the XAS beamline at the synchrotron radiation
source ANKA (Karlsruhe, Germany). The reduction of Ni/ZrO2

was followed in situ, whereas the structures of the poisoned
catalysts were analyzed ex situ after the corresponding
reactions.

The catalyst reduction was followed by Quick-XAS in fluo-
rescence detection mode.38 For this purpose, a 63–125 μm
sieved fraction of the calcined catalyst was filled into a quartz
capillary microreactor (1 mm internal diameter) resulting in
plug flow-like conditions.39 The reaction mixture, 25% H2 in
He, in a flow rate of 50 mL min−1 was supplied by a gas delivery
system. The microreactor was heated with a gas blower
(FMB Oxford) from room temperature up to 500 °C using a
heating rate of 5 °C min−1 similar to the setup in ref. 40.
Spectra were recorded every 12.5 °C.

The ex situ studied catalysts were pressed to pellets using
cellulose and then measured in transmission mode.

XAS data analysis was carried out using Athena and
Artemis softwares of IFEFFIT.41 The spectra were energy
calibrated from a reference metal foil and the background was
subtracted and then normalized. The structural parameters
were obtained by adjusting theoretical backscattering phases
and amplitudes (ab initio calculated with FEFFG).42

The relative proportions between the starting and the
formed Ni species were estimated by linear combinations car-
ried out using Athena IFEFFIT software.41 Linear combination
fitting was performed in the spectral range of −20 to 90 eV rela-
tive to the energy of the edge. This procedure allowed tracking
the proportion of species consumed and formed during cata-
lyst activation. The references for the linear combinations were
the first spectrum at room temperature and the last spectrum
at 500 °C.

Powder X-ray diffraction (XRD) measurements were car-
ried out using a PANalytical X'Pert PRO diffractometer in a
Bragg–Brentano Theta–Theta geometry. A 300–600 μm sieved

fraction of the catalyst was analyzed at a 25° < 2θ < 100°
range using monochromatic Cu-Kα radiation (λ = 1.5418 Å).
XRD data treatment was carried out using PANalytical
HighScore Plus 3.0.5 and the average crystallite size was esti-
mated using the Scherrer equation. The crystallite size analy-
sis was carried out neglecting the lattice strain effects.

The elemental composition of the catalysts was analyzed
by means of energy dispersive X-ray spectroscopy (EDX) with
an FEI Quanta 200 ESEM FEG scanning electron microscope
(SEM) operated at 10 kV and equipped with an Oxford Instru-
ments 80 mm2 X-Max silicon drift detector. A few particles of
300–600 μm sieved fractions of the catalyst were fixed to stan-
dard SEM aluminium stubs with Vishay Micro-Measurements
M-Bond epoxy resin and mechanically polished in order to
reach a flat geometry configuration.

EDX elemental maps were acquired using a FEI Osiris
transmission electron microscope (TEM) operated at 200 kV
in scanning mode (STEM). Catalysts were crushed in a mor-
tar and dry dispersed on a copper TEM grid coated with lacey
carbon. Maps were smoothed using a 7 × 7 pixels kernel
smoothing algorithm implemented in the Bruker Esprit
software.

Temperature programmed oxidation (TPO) was performed
in a tubular furnace. Prior to the analysis the spent catalyst
samples were washed in ethanol and dried. 50–100 mg of the
catalyst was placed in a ceramic boat and placed in the center
of the oven and heated at a ramp of 11 °C min−1 in a flow
rate of 1100 Nml min−1 gas (10% oxygen in nitrogen). Online
CO and CO2 measurements were performed with an IR detec-
tor (ABB automation GmbH AO2020 Uras26) in order to
quantify the amount of carbon on the catalyst. Carbon deter-
mination was done on the basis of the integration of the
CO/CO2 signal relative to flow and time.

Elemental analysis of nickel on the catalysts was
performed using inductively coupled plasma atomic emission
spectroscopy (ICP-OES). For the analysis, the samples were
crushed and melted together with potassium pyrosulfate.
This was dissolved in a solution of water and HCl and then
analyzed by plasma emission spectroscopy. The instrument
was calibrated with a certified nickel standard.

3. Kinetic model

For a more quantitative description of the catalyst activity a
kinetic model was developed for the HDO of guaiacol and
1-octanol.

On the basis of the product distributions (see ESI†),
guaiacol was indicated to react by the sequential reaction
scheme shown in Fig. 2. Guaiacol was initially hydrogenated
to 2-methoxy-cyclohexanol, followed by hydrogenolysis of the
ether bond to form cyclohexanol and methanol. Both
alcohols can subsequently undergo hydrodeoxygenation to
produce, respectively, cyclohexane and methane. The same
reaction scheme has been observed for the HDO of guaiacol
over noble metal catalysts,43–45 indicating that this is a
general reaction path over transition metal catalysts.
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Heptane was the primary product from 1-octanol (as shown
in Fig. 2), and therefore a cracking type reaction appeared to
be the primary path for this compound. Previous work on Pt
catalysts with C3 alcohols

46,47 has shown that these undergo an
initial dehydrogenation to form an aldehyde, which can then
undergo decarbonylation producing ethane and CO. Probably,
the same reaction pathway occurs for 1-octanol over nickel cat-
alysts. However, under the conditions used in our experiments,
the CO produced can be hydrogenated into CH4. Note that the
Gibbs free energy of the reaction CO + 3H2 ↔ H2O + CH4 is
−96.4 kJ mol−1 at 500 K (calculated with the data from ref. 48),
and the equilibrium is completely displaced toward CH4

formation. This could explain why only CH4 was detected in
the gas phase.

Based on the experimental observations summarized in
Fig. 2, the reaction rates of the four identified main reactions
were assumed to be:

r k C P n
1 1= Guaiacol H2

  (8)

r k C P m
2 2 2 2
= -Methoxy-cyclohexanol H  (9)

r3 = k3·CCyclohexanol·PH2

l (10)

r k C P k
4 4 1 2
= -Octanol H

. . (11)

Here ri is the rate of reaction i, ki is the rate constant
for reaction i, Ci is the concentration of compound i in the
liquid phase, PH2

is the partial pressure of H2, and n–k are
the unknown reaction orders of hydrogen. All hydrocarbon
reaction orders were assumed 1st order. Previous work has
shown that 1st order reactions of guaiacol, anisole, and
phenol HDO sufficiently describe these systems for simple
interpretations.19,21,49

As a significant excess of hydrogen was used in all experi-
ments the partial pressure of hydrogen was assumed constant
and therefore the kinetic expressions were reduced to:

r k C1 1= Guaiacol (12)

r k C2 2 2= -Methoxy-cyclohexanol (13)

r k C3 3= Cyclohexanol (14)

r k C4 4 1= -Octanol (15)

Based on these rate terms a kinetic model was derived for
a plug flow reactor system. The derivation of this model can
be found in the ESI.†

4. Results and discussion
4.1 Long term stability

Two batches of 5 wt% Ni/ZrO2 were prepared: one where the
batch was calcined at 400 °C for 4 h and one where the batch
was not calcined. Both samples were reduced at 500 °C as
found from the analysis in the ESI.† In this way two different
nickel particle sizes could be obtained, as described by
Louis et al.50 In the following, Ni/ZrO2-CR will refer to the
calcined and reduced sample and Ni/ZrO2-DR will refer to the
directly reduced sample.

Representative STEM-EDX elemental maps for both
Ni/ZrO2-CR and Ni/ZrO2-DR are shown in Fig. 3(a) and (b),
respectively. From these and other acquired maps it was
possible to estimate the Ni particle size being on average
9 nm for Ni/ZrO2-DR and 18 nm for Ni/ZrO2-CR based on size
measurements of more than 80 particles for each catalyst
(size distributions are shown in Fig. 4). Although the number
of analyzed particles cannot be considered fully statistically
representative, the size distribution for Ni/ZrO2-DR was
noticed to be more homogenous than that for Ni/ZrO2-CR.
For the calcined sample, a tail toward larger particle sizes
and the presence of very big ones (>100 nm) were observed
(cf. Fig. 4(a)), indicating agglomeration of some nickel during
the preparation procedure. It is worth mentioning that using
the Ni signal to estimate the average particle size does not
take into account any oxidation effect that could occur by
exposure of the sample to air. However, XRD measurements
did not reveal any evident oxidation of the Ni nanoparticles.

The two catalysts were tested at 250 °C and 100 bar with a
feed of 0.2 ml min−1 and 10 vol% guaiacol in 1-octanol corre-
sponding to a WHSV of 4.0 h−1. In Fig. 5(a) and (b) the devel-
opment in the conversion of guaiacol and 1-octanol and the
degree of deoxygenation (DOD) is shown as a function of
time on stream (TOS) for both catalysts.

For Ni/ZrO2-CR (cf. Fig. 5(a)) a maximum DOD of 40% was
achieved after 3.5 h of TOS and hereafter the activity
decreased throughout the 80 h of TOS, ending at 23% DOD.
The relative decrease of DODGUA was more pronounced,
from a value of 17% to only 4% after 80 h TOS. Thus, little
deoxygenation of the guaiaicol was found at the end of the
experiment.

For Ni/ZrO2-DR (cf. Fig. 5(b)) the DOD was significantly
higher, in the order of 90%. Also the stability of this catalyst
was better, as the DODGUA only decreased from a value of
71% to 61% after 104 h TOS.

Both catalysts converted all guaiacol into 2-methoxy-
cyclohexanol as a first step. However, the selectivities toward
subsequently formed cyclohexanol and cyclohexane were only
ca. 30% and ca. 1% on Ni/ZrO2-CR, respectively, but ca. 50%
and ca. 25% on Ni/ZrO2-DR, respectively (detailed development
in the yield of 2-methoxy-cyclohexanol, cyclohexanol,

Fig. 2 Observed reaction path of guaiacol and 1-octanol.
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cyclohexane, and heptane can be found in the ESI†). Similarly,
the conversion of 1-octanol was around 30% on Ni/ZrO2-CR but

100% on Ni/ZrO2-DR. In both cases >90% selectivity toward
heptane was observed.

Using the simple kinetic model in section 3, the catalytic
activity of the catalysts was quantified, as summarized in
Table 1. The rate of hydrogenation (k1′) could not be distin-
guished on the two catalysts, as both had 100% conversion.
However, the rate of the three deoxygenation reactions
(k2′, k3′, and k4′) were a factor of 2.4, 6.9, and approximately
10 times higher for Ni/ZrO2-DR compared to Ni/ZrO2-CR,
respectively.

The large difference in activity can be linked to the differ-
ence in nickel particle size on the catalysts. In our previous
study,51 we have shown that the deoxygenation activity of
nickel based catalysts can be increased by decreasing the
nickel crystallite size due to an increasing fraction of step/
corner sites on the nickel nanoparticles, which are more
active for the C–O bond breaking reaction. Thus, Ni/ZrO2-DR
would also be expected to have the highest activity. Compar-
ing the individual rate constants, the decarbonylation reac-
tion and the deoxygenation reaction were most dependent on
the type of nickel sites available, as k3′ and k4′ had the largest
relative increase. In contrast, the hydrogenolysis reaction (k2′)
was less structure sensitive, which may be linked to a lower
bond dissociation energy of the methoxy group (343 kJ mol−1

(ref. 52)) compared to that of the alcohol group (385 kJ mol−1

(ref. 52)).
Detailed analysis of the GC-MS/FID data revealed that the

side products included methanol, cyclopentane, cyclopentanol,
octane, methoxy-cyclohexane, cyclohexanone, dicyclohexyl
ether, and dioctyl ether. A complete carbon analysis from the
experiment with Ni/ZrO2-DR (cf. Fig. 5(b)) showed that 91% of
the carbon fed to the reactor was recovered in the oil phase,

Fig. 3 STEM-HAADF micrographs of Ni/ZrO2-CR (a) and Ni/ZrO2-DR (b). Sub-image I: STEM-HAADF micrograph. Sub-image II: zirconium EDX
elemental distributions. Sub-image III: nickel EDX elemental distributions.

Fig. 4 Size distributions of Ni/ZrO2-CR (a) and Ni/ZrO2-DR (b) based
on the STEM-HAADF images.
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1% in the aqueous phase, and 6% in the gas phase; the
remaining 2% was unaccounted for. The aqueous phase

contained methanol, cyclohexanol, and 2-methoxy-cyclohexanol
as primary carbon-containing species. Loss of carbon to the
gas phase was due to the formation of CH4, which was
linked to the reduction of methanol formed from guaiacol
and the hydrogenation of CO from 1-octanol (see discussion in
section 3).

In order to quantify the carbon on the spent catalyst, the
used catalysts were subjected to TPO (cf. results in Table 1).
For both catalysts the deposited carbon was oxidized in the
temperature range of 200–500 °C with a peak in the CO/CO2

evolution just below 400 °C. Comparing Ni/ZrO2-DR to
Ni/ZrO2-CR, Ni/ZrO2-CR had 3 times higher carbon deposi-
tion rate. This correlates with a more pronounced deactiva-
tion on Ni/ZrO2-CR as a function of TOS (cf. Fig. 5(a)).

Borowiecki53 showed that the carbon deposition rate during
steam reforming of butane at 500 °C was highly dependent on
the nickel crystallite size, increasing by more than an order
of magnitude when increasing the nickel crystallite size from
6.5 nm to 35.7 nm. Bengaard et al.54 later described that
carbon nucleation takes place on the step sites on the nickel
crystals and builds carbon layers from there. These layers are
however only thermodynamically stable when the carbon layer
is larger than ≈25 Å and therefore the associated nickel facet,
on which the carbon layer is built, should be larger than this.
Increasing the carbon layer size further decreases the total
energy and therefore stabilizes carbon formation further. Thus,
large nickel particles are in other contexts also found more
prone to carbon formation.53–55

Another potential source of deactivation is the loss of
active metal by leaching. Therefore, the nickel content was
investigated in one case for Ni/ZrO2-DR by ICP-OES. Prior to
reduction, this catalyst had a nickel content of 4.5–4.9 wt%;
the span is indicated because Ni/ZrO2-DR contained some
fraction of NO3 which should be corrected for in the compari-
son. After 104 h of operation the nickel content was again
measured to be 4.7 wt%. Hence, the extent of nickel leaching
from the catalyst is negligible.

In conclusion, carbon deposition appears to be the most
probable cause for the observed loss of activity in Fig. 5. This
is supported by the observation that the rate of deactivation
is faster on Ni/ZrO2-CR compared to Ni/ZrO2-DR, which corre-
lates with the threefold higher carbon build-up rate on
Ni/ZrO2-CR compared to Ni/ZrO2-DR.

4.2 Effect of impurities in the feed

To understand other potential deactivation mechanisms during
the HDO of bio-oil, exposure to sulfur, chlorine, and potassium
in the feed was simulated, as described in the following.
Ni/ZrO2-DR was used for all of these measurements due to
the higher activity of this sample.

4.2.1 Effect of sulfur. In an experiment similar to those
discussed in section 4.1, 0.3 vol% 1-octanethiol (corresponding
to 0.05 wt% S in the feed) was added to the feed with 10%
guaiacol in 1-octanol after 8 h of TOS. This impurity of sulfur is
representative of what can be present in bio-oil.25 Fig. 6(a)

Fig. 5 Development of the conversions of guaiacol and 1-octanol and
DOD for Ni/ZrO2-CR (a) and Ni/ZrO2-DR (b) as a function of TOS.
DODGUA is the degree of deoxygenation of the guaiacol feed. Ni/ZrO2-CR
was calcined and then reduced while Ni/ZrO2-DR was not calcined
but reduced directly from nickel nitrate. T = 250 °C, P = 100 bar,
Foil = 0.2 ml min−1, WHSV = 4.0 h−1.

Table 1 Comparison between Ni/ZrO2-CR and Ni/ZrO2-DR,
summarizing kinetic parameters, nickel particle size, and carbon build-
up on the spent catalysts. Ni/ZrO2-CR was calcined and then reduced
while Ni/ZrO2-DR was not calcined but reduced directly from nickel
nitrate. Kinetic parameters evaluated at TOS = 4.5 h for Ni/ZrO2-CR
and TOS = 10 h for Ni/ZrO2-DR. Carbon content measured on the
basis of temperature programmed oxidation (TPO)

Catalyst Ni/ZrO2-CR Ni/ZrO2-DR

Total TOS [h] 79 106
Crystallite size [nm] 18 9
Carbon content [wt%] 3.7 1.5
Carbon content [mol C mol−1 Ni] 3.6 1.5
Carbon deposition rate [μgC gcat

−1 h−1] 463 144
k1′ [ml kgcat

−1 min−1] ≥500 ≥500
k2′ [ml kgcat

−1 min−1] 51 126
k3′ [ml kgcat

−1 min−1] 11 76
k4′ [ml kgcat

−1 min−1] 52 ≥500
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shows the development in the conversion of guaiacol and
1-octanol and the DOD as a function of TOS. Initially, when
sulfur was not present, the conversions of both 1-octanol
and guaiacol were 100% and the DOD was in the order of
90–92%, similar to the experiment with no impurities present
(cf. Fig. 5(b)). After the introduction of sulfur, the activity
rapidly decreased. After only 12 h exposure to sulfur the conver-
sions of both guaiacol and 1-octanol were almost 0%. The
conversion of both compounds and the DOD decreased in a
similar way, indicating that deactivation was taking place as a
progressive front in the catalyst bed, inhibiting all types of
reactions as the sulfur front progressed. The relative exposure
to sulfur over the entire experiment was 1.1 mol S :mol Ni,
showing an effective deactivation by sulfur.

1-Octanethiol was quantitatively converted to heptane or
octane and H2S throughout the experiment. Only in the final
two liquid samples, where the activity had severely decreased,
traces of 1-octanethiol could be found.

4.2.2 Effect of chlorine. In a similar experiment to the one
described above, a new batch of catalyst was loaded and
started with a standard feed of 10 vol% guaiacol in 1-octanol.
After 8 hours of operation the feed was changed to 10 vol%
guaiacol and 0.3 vol% 1-chlorooctane (corresponding to
0.05 wt% Cl in the feed) in 1-octanol. This corresponds to the
quantity of organic bound chlorine, which can be found in
bio-oil.25 In Fig. 6(a) the development in the conversion of
guaiacol and 1-octanol and the DOD is seen as a function of
TOS. Initially, the activity was similar to the reference case
(cf. Fig. 1) with no impurities in the feed, but after the intro-
duction of chlorine to the feed the activity of deoxygenation
steadily decreased; the DOD decreased from a level of 90–95%
to 16% after 40 h exposure to the chlorine-containing feed.
However, the DODGUA decreased even faster and dropped to
below 25% after only 8 h of exposure.

The conversion of 1-octanol followed the development in
the DOD. In contrast, the conversion of guaiacol was only

Fig. 6 Development of the conversions of guaiacol and 1-octanol and DOD over the Ni/ZrO2-DR catalyst as a function of time when deactivated
with 1-octanethiol (a), 1-chlorooctane (b), KCl (c), and KNO3 (d). 1-Octanethiol and 1-chlorooctane were added to the feed in concentrations
of 0.05 wt% S and 0.05 wt% Cl, respectively, after 8 h of TOS as indicated in the respective figures. 1-Chlorooctane was removed from the feed
again after 48 h of TOS, as shown in Fig. 6(b). KCl or KNO3 were impregnated in stoichiometric amounts relative to nickel on a fresh batch
of catalyst prior to testing. DODGUA is the degree of deoxygenation isolated for the guaiacol feed. T = 250 °C, P = 100 bar, Foil = 0.2 ml min−1,
WHSV = 4.0 h−1.
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slightly affected, dropping a few percentage points only after
30 h of exposure. With respect to the product composition,
the yield of cyclohexane decreased from 40% prior to deacti-
vation to only a few percent after ca. 10 h exposure to chlo-
rine. The cyclohexanol yield was not affected to the same
extent and only decreased from a yield of 32% to 17% after
40 h of exposure. 2-Methoxy-cyclohexanol ended up being the
primary product with a yield of more than 70% (see ESI†).
Thus, chlorine deactivation is primarily associated with the
deoxygenation activity of the catalyst.

Throughout the chlorine exposure period there was a
complete conversion of 1-chlorooctane to heptane and HCl.
Nickel has also previously been reported as effective in
the hydrodechlorination (HDCl) reaction.56–59 The exposure
to chlorine atoms has therefore been high throughout the
exposure period.

After 48 h of TOS the feed was changed back to the
chlorine-free feed (10 vol% guaiacol in 1-octanol). At this
point the activity increased (cf. Fig. 6(b)) toward the initial
activity level before terminating the experiment. Thus, the
deactivation by chlorine appears to be at least partly revers-
ible, indicating that the Cl species blocking the surface sites
required for HDO can desorb. The desorption of chlorine
from the catalyst was further proven by verification of Cl– in
the liquid product collected at a TOS of 51–52 h by precipita-
tion with AgNO3.

In the 40 h where chlorine was fed to the reactor the rela-
tive exposure was 3.2 mol Cl : 1 mol Ni. All of this shows that
the deactivation by chlorine was not as persistent as that by
sulfur, which is probably linked to reversible adsorption.

4.2.3 Effect of potassium. In the third type of deactivation
experiment, KCl was impregnated on a batch of Ni/ZrO2-DR
in stoichiometric amounts relative to nickel on the catalyst.
Fig. 6(c) shows the conversions of guaiacol and 1-octanol and
the DOD as a function of TOS for this catalyst. In this experi-
ment the DOD was in the order of 20%, the conversion of
guaiacol was 100% throughout 24 h of TOS, while the conver-
sion of 1-octanol was in the order of 25%. The primary part
of deoxygenation was from 1-octanol, as the DODGUA was
only around 5% with the 2-methoxy-cyclohexanol yield being
76% (see ESI†). Thus, similar to the Cl deactivated catalyst,
KCl deactivated mainly the deoxygenation reactions. How-
ever, in contrast to the Cl deactivated case this catalyst was
persistently deactivated as the DOD was constantly low
throughout the 24 h experiment.

The isolated effect of potassium was tested by impregna-
tion of a batch of Ni/ZrO2-DR with stoichiometric amounts of
KNO3 relative to nickel. In Fig. 6(d) the conversions of
guaiacol and 1-octanol and the DOD are shown as a function
of TOS in a 20 h experiment. Comparing to Fig. 6(c) with KCl
deactivation, similar trends are seen: the conversion of
guaiacol was high (100%) throughout the test, 2-methoxy-
cyclohexanol was the primary product (56% selectivity) from
guaiacol, and deactivation was persistent as the activity was
stable throughout 20 h of TOS. However, the DODGUA was
around 10–15% for the KNO3 deactivated sample compared

to 5% in the KCl case, and therefore the interaction with the
guaiacol molecule was more hampered in the latter case.

4.3 XRD and TEM characterization of poisoned catalysts

4.3.1 Sulfur poisoning. The presence of sulfur in the spent
catalyst was confirmed by STEM-EDX elemental maps, show-
ing a very similar spatial distribution of sulfur and nickel
signals (cf. Fig. 7). Thus, it appears that sulfur preferentially
adsorbed on the nickel.

XRD measurements (cf. Fig. 8(a)) revealed the presence of
zirconia and a reflection at 2θ ≈ 45.2° could be identified as
NiS, confirming the permanent deactivation of the catalyst by
the formation of a non-active nickel sulfide phase. XRD anal-
ysis was carried out on the same specimen used for XAS mea-
surements, and therefore the presence of cellulose is due to
the XAS sample preparation procedure. Three reflections at
2θ ≈ 41°, 37.9° and 36.8° belong to the sample stage. Cellu-
lose peak labelling was carried out according to Park et al.60

4.3.2 Chlorine poisoning. XRD analysis of the chlorine
poisoned catalyst after reaction showed reflections belonging
exclusively to zirconia and nickel (cf. Fig. 8(b)). The absence of
chlorine species was further confirmed by EDX measurements
carried out by SEM. This supports the non-persistent nature
of chlorine indicated in the catalytic experiment described in
section 4.2.2.

The nickel crystallite size was estimated from XRD
patterns by applying the Scherrer equation on the 2θ ≈ 44.5°
reflection. The nickel particle was estimated to be approximately
39 nm for the chlorine exposed sample, indicating a growth of
nickel particles during exposure to chlorine. The growth of
nickel nanoparticles could be explained by the formation of
mobile Ni–Cl species upon reaction of HCl with surface oxides.61

In order to investigate in more detail the extent of chlorine
poisoning, the deactivation experiment was repeated with a new
batch of catalyst and without restoring the chlorine-free feed.
XRD and SEM-EDX analyses of the sample after 48 h of TOS did
not reveal the presence of chlorine species. Thus, it appears
that chlorine species readily will leave nickel when exposed to
air and/or hydrogen (during cooling down of the experiment).

4.3.3 Potassium poisoning. Impregnation of KCl on the
catalyst resulted in the deposition of KCl crystals on the
catalyst surface, as visualized by both STEM-EDX (Fig. 9)
and XRD (Fig. 8(c)) measurements on the spent sample. The
XRD measurements indicate an average crystallite size of
>100 nm, approximately the size limit after which the

Fig. 7 (a) STEM-HAADF micrograph of the sulfur poisoned catalyst
with (b) nickel, (c) zirconium and (d) sulfur EDX elemental distributions.
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reflection peak width is dominated by instrumental broaden-
ing. KCl particle sizes of up to 600 nm were reported as
shown by STEM-EDX maps in Fig. 9.

The nickel crystallite size was estimated to be approxi-
mately 24 nm for the KCl impregnated catalyst after 25 h
TOS, indicating growth of the nickel particle size. However,
this was less pronounced when compared to the chlorine poi-
soned samples but could be explained once more by the pres-
ence of HCl during reaction.

Analyzing the spent KNO3 impregnated catalyst by SEM-EDX
confirmed the presence of potassium. However, XRD analysis
did not reveal any potassium-containing crystalline phase (cf.
Fig. 8(d)). This indicates a more homogeneous deposition of
potassium compared to that in the KCl impregnated catalyst.

In an attempt to visualize the potassium deposition,
STEM-EDX mapping of this catalyst resulted in the redistribu-
tion of potassium all over the scanned area. This is due to
the high mobility of potassium ions under the effect of the
electron beam.62,63

4.4 XAS analysis of poisoned catalysts

To further understand the deactivation mechanism of the
Ni/ZrO2 catalyst caused by the impurities in the feed, the
local structure of the poisoned samples was analyzed by XAS.

Table 2 presents the respective refined structural parameters
of the investigated samples. Additional information can be
found in the ESI.†

Initially, the local structure of the unreduced Ni/ZrO2-CR
and the in situ reduction of this catalyst (as discussed in the
ESI†) was studied by refining the extended X-ray absorption
fine structure (EXAFS) spectra. Table 2 presents the respective

Fig. 8 X-ray diffraction patterns of the poisoned catalysts. (a) Sulfur poisoned catalyst, (b) chlorine poisoned catalyst, (c) KCl poisoned catalyst,
(d) KNO3 poisoned catalyst.

Fig. 9 (a) STEM-HAADF micrograph of the potassium chloride poisoned
catalyst with (b) zirconium, (c) nickel, (d) chlorine and (e) potassium EDX
elemental distributions.
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refined structural parameters. For the calcined catalyst,
nickel was coordinated by 6 oxygen atoms at 2.06 Å, and the
second coordination shell was composed of 8.6 ± 0.9 nickel
atoms at 2.96 Å. This local order was similar to NiO as
expected; however, the number of nickel atoms at the second
coordination shell was lower than that for NiO (12 nickel
atoms64), which indicates a small particle size of the NiO-like
structure after calcination.

The local chemical environment of the reduced catalyst
was similar to a metallic nickel phase; nevertheless, the
refined 9.2 ± 1.0 coordination number of the first shell
showed that the reduced phase of the catalyst was structured
as small particles.

Analyzing the poisoned catalyst samples, the local nickel
surroundings in the KNO3, KCl, chlorine, and carbon (catalyst
exposed to feed for 106 h TOS) poisoned catalysts remained
similar to the reduced catalyst as seen from the refined struc-
tural parameters in Table 2 with the exception of a slight oxi-
dation after reaction. This was evidenced by a peak shoulder
around 2 Å at the Fourier transformed EXAFS spectra (see the
ESI†). These oxygen atoms were most likely at the surface of
the nickel metallic particles since the refined bond distances,
varying between 1.96–2.00 Å, were shorter than the expected
Ni–O distance in the NiO reference (2.08 Å).64 The oxidation
was probably a consequence of exposure to air in between
the experiment and XAS measurements, as confirmed in the
XRD pattern of potassium and chlorine poisoned catalysts
(cf. Fig. 8) by the presence of a weak peak at 2θ ≈ 43°, corre-
sponding to a NiO phase.

The Fourier transformed EXAFS spectra of the carbon and
KCl poisoned catalysts presented a significant amplitude
reduction (see the ESI†). The structural refinements showed
that this amplitude reduction was mainly caused by the
increase of the structural disorder expressed by the mean-
square disorder in the atomic distances.

The KNO3 poisoned catalyst showed the strongest ampli-
tude reduction as a result of high structural disorder. The
refinement of its EXAFS spectrum required an additional
structural parameter (the third cumulant of disorder, C3),
which measures the asymmetry of atomic vibrations. A reduc-
tion in the magnitude of the Ni signal was also observed in
the XRD pattern of this catalyst (cf. Fig. 8). Note that in both
the Fourier transformed EXAFS spectra (see the ESI†) and the
EXAFS fit (cf. Table 2) there was a stronger contribution for
backscattering at low R values. This provides evidence of
stronger oxidation.

Overall, these XAS measurements support the observations
in section 4.3 that chlorine and alkali metals did not induce
a phase change of nickel crystals. Thus, the deactivation
caused by these species was probably related to deposition
on the nickel surface.

The Ni-K-edge XANES of the sulfur poisoned catalyst sample
showed the presence of a completely different Ni species, as
shown in Fig. 10. The refinements suggested the conversion of
the metallic Ni phase to a NiS-like phase, which explains the
total loss of the catalytic activity in this case. This is supported
by the STEM-EDX map in Fig. 7, also showing that sulfur is
distributed similar to Ni, confirming the tight interaction and
the reflection of NiS in the XRD pattern (cf. Fig. 8(a)).

4.5 Comparison of deactivation mechanisms

For a quantitative comparison of the different deactivation
phenomena, the kinetic constants (cf. section 3) for the four
reactions were calculated, as summarized in Table 3. Sulfur
was the worst poison as this catalyst was completely inactive
with respect to both hydrogenation and deoxygenation after a
relatively short exposure time.

XRD, STEM-EDX, and EXAFS analyses revealed that the
sulfur deactivated catalyst was a bulk deactivation (cf. Fig. 10),

Table 2 Structural parameters around the Ni absorber atom refined from the EXAFS spectra of the Ni/ZrO2 catalysts, comparing calcined, freshly
reduced, and poisoned samples. Calcined is the fresh catalyst prior to reduction and reduced is the same catalyst after in situ reduction. N is the
number of neighboring atoms, r the distance, σ2 the mean-square disorder in the atomic distances, and ρ the misfit between experimental data
and theory. S20 = 0.78, calcined: ΔE0 = −3.5 ± 0.5, reduced: ΔE0 = 6.5 ± 0.6, carbon: ΔE0 = 5.8 ± 0.9, chlorine: ΔE0 = 6.6 ± 1.4, KCl: ΔE0 = 7.1 ± 0.7,
KNO3: ΔE0 = 6.6 ± 1.0 and C3 = 4.9 × 10−4 Å3, sulfur: ΔE0 = 8.4 ± 0.5

Sample Shell Atom N r [Å] σ2 × 10−3 [Å2] ρ [%]

Calcined 1st O 6.0c 2.06a ,e 6.2 ± 0.5e 0.7
2nd Ni 8.6 ± 0.9e 2.96a ,e 9.6 ± 1.0e

Reduced 1st Ni 9.2 ± 1.0e 2.48 ± 0.01e 5.5 ± 0.8e 3.2
2nd Ni 6.9 ± 3.4e 3.46 ± 0.02e 14.0 ± 0.5e

3rd Ni 21.6 ± 7.8e 4.33± 0.01e 10.2± 3.3e

Carbon poisonedb 1st O 0.8 ± 0.3e 1.98 ± 0.05e 7.1 ± 0.1d ,e 0.5
2nd Ni 8.7 ± 0.9e 2.48 ± 0.01e 6.3 ± 1.0e

Chlorine poisoned 1st O 0.8 ± 0.2e 2.00± 0.04e 7.2 ± 0.1a ,e 0.9
2nd Ni 8.5 ± 0.6e 2.48a ,e

KCl poisoned 1st O 0.6 ± 0.1e 2.00 ± 0.04e 7.2 ± 0.1a ,e 0.9
2nd Ni 9.9 ± 0.4e 2.48a ,e 6.8 ± 0.5e

KNO3 poisoned 1st O 1.1 ± 0.3e 1.96 ± 0.01e 7.9 ± 4.5a ,e 1.3
2nd Ni 8.3 ± 0.9e 2.48 ± 0.01e 9.2 ± 1.0e

Sulfur poisoned 1st S 5.0c 2.22 ± 0.01e 7.6 ± 0.4e 2.5

a Fitted uncertainty less than 1%. b Ni/ZrO2-DR used in the long term testing in section 1 analyzed after 106 h TOS. c Constrained. d Ni–O σ2

was constrained and fitted together with a NiCO3 reference.
e Fitted.
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which explains the distinct deactivation profile (cf. Fig. 6(a)).
It has previously been shown that sulfur forms a saturated
surface layer on nickel at pH2S/pH2

ratios above 5 × 10−6.65 The
pH2S/pH2

threshold for the formation of bulk sulfides decreases
with decreasing temperatures and is in the order of 10−4 at
400 °C66 but even lower at 250 °C. In the current experiment
the pH2S/pH2

ratio was 2 × 10−4, assuming all 1-octanethiol
decomposed to H2S, which is at the range where bulk nickel
sulfides can be expected to form.

Sulfur deactivation of nickel catalysts has previously been
established to be severely persistent and hardly reversible in
hydrogen alone.67,68 Removal of sulfur can be achieved to
some extent by steaming of the catalyst, but this requires
temperatures above 600–650 °C.69,70 Thus, the catalyst appears
to have little chance to avoid deactivation or to regain activity
in the presence of sulfur species during HDO. Our results
therefore do not confirm the observations by Song et al.26,27

that a high hydrogen pressure can retain Ni in an active state
in HDO. The reason for this difference is not clear but may

be related to the fact that Song et al. made experiments in a
batch reactor where deactivation phenomena are generally
difficult to observe, especially if the reactor is overloaded
with catalyst.

In steam reforming, where nickel catalysts have been
extensively used, alkali metals are known to readily deactivate
the catalyst.28,29,55,71 Bengaard et al.54 showed that the deacti-
vation of nickel catalysts for steam reforming by alkali metals
was due to adsorption at the step sites on the nickel crystallites.

In this study, doping with potassium hindered the deoxy-
genation reactions (k2′, k3′, and k4′ in Table 3), while the
hydrogenation reaction was less affected. This correlates
with the Ni/ZrO2 catalyst having two different types of active
sites: vacancy sites in the oxide support where phenolic
compounds can adsorb prior to hydrogenation and exposed
low coordinated metal sites facilitating the deoxygenation
reactions.51 Thus, it appears that potassium (and maybe
also chlorine) preferentially interacts with low coordinated
nickel sites, as primarily the deoxygenation reactions were
affected.

The most striking difference in the deactivation by chlo-
rine and potassium was the reversibility of chlorine poison-
ing. This reversibility of chlorine adsorption has also been
observed previously.72–75 During methane steam reforming
over Ni/Al2O3, Ortego et al.74 observed that the reforming
activity decreased when co-feeding CH3Cl. However, the activ-
ity was regained when removing the chlorine source from the
feed. Richardson et al.73 also found that the presence of
chlorocarbons in the feed led to a decrease in the methane
steam reforming activity of the Ni/Al2O3 catalyst. They con-
cluded that chlorine formed an equilibrium surface layer on
the nickel, which at high coverage could deplete the availabil-
ity of hydrogen. Similarly, Kiskinova and Goodman72 found
that the poisoning effect on CO and H2 adsorption on a
Ni (100) surface increased in the order of P < S < Cl.
However, despite Cl being the worst poison, it easily reacted
with H2 to form HCl. Thus, if the chlorine surface layer was
not maintained, chlorine was found to not affect the catalytic
activity for methanation.

In summary, the current and previous studies show that
chlorine primarily affects the catalytic activity when fed to
the reactor as the coverage appears to be determined by a
fast adapting equilibrium with hydrogen and HCl. This is
supported by the identification of Cl– in the liquid product
after ending the exposure to chlorooctane. However, investi-
gation on the particle size by XRD did indicate that chlorine
also causes the sintering of nickel particles on the catalyst.

Impregnation with KCl and KNO3 shows similar trends.
Deactivation by KCl, however, was slightly worse, especially
considering the hydrogenolysis reaction (k2). This may be
linked to the sintering induced by the presence of chlorine.

5. Conclusion

In this study, the stability and resistance of Ni/ZrO2 have
been investigated during long term operation in a continuous

Fig. 10 Ni-K edge X-ray absorption spectra of the sulfur poisoned
catalyst compared to fresh Ni/ZrO2 and Ni reference.

Table 3 Rate constants for the HDO of guaiacol and 1-octanol
deactivated with different poisons relative to the case shown in
Fig. 5(b) with Ni/ZrO2-DR and no poison. The effectiveness factor was
in the order of 89–97% for the fastest reactions. TOS refers to when
the kinetic parameters are evaluated in comparison to Fig. 5 and 6. T =
250 °C, P = 100 bar, Foil = 0.2 ml min−1, WHSV = 4.0 h−1

Poison

TOS Exposure k′1 k′2 k′3 k′4

[h] [molpoison molNi
−1] [ml kgcat

−1 min−1]

Nonea — — 607 124 80 602
Carbonb 104 3 × 104 >500 108 52 >500
Sulfur 23 1.1 0 0 0 0
Chlorine 48 3.2 181 25 6.1 20
KCl 11 1 >500 26 0.6 22
KNO3 12 1 >500 53 0 24

a Determined from an intrinsic activity measurement with 1.5 g of
5 wt% Ni/ZrO2 in a sieve fraction of 125–180 μm but otherwise
similar experimental conditions with an effectiveness factor of ≥99%
for the fastest reactions. b Ni/ZrO2-DR used in long term testing in
section 4.1.
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flow setup for the HDO of a mixture of 10% guaiacol in
1-octanol as a model system for bio-oil.

The stability and activity of the catalyst were dependent
on the nickel particle size. Small nickel particles (9 nm) gave
higher activity for HDO and produced less coke on the catalyst
compared to larger particles (18 nm). Over a period of more
than 100 h of operation a carbon build-up of only 1.5 wt%
relative to the catalyst mass occurred for the 9 nm Ni/ZrO2

catalyst and therefore the activity only decreased slightly from
a DOD of 92% on the fresh catalyst to a DOD of 90% after
104 h TOS. The higher activity of the small crystallites was
linked to their higher fraction of low coordinated sites which
are efficient in the deoxygenation reaction. The smaller particle
size was also responsible for lower carbon deposition since it is
more difficult for carbon to form on these.

The catalyst stability was very sensitive to sulfur, chlorine,
and potassium exposure. Addition of sulfur to the feed resulted
in a fast deactivation of the catalyst, leading to the complete
loss of activity over a period of only 12 h, which was roughly
the time required to feed the stoichiometric amount of sulfur
relative to the available nickel. In line with this, STEM-EDX,
XRD, and XAS measurements unraveled the formation of a
NiS-like phase, which was the reason for the complete loss of
activity for this catalyst.

Chlorine did not deactivate the catalyst to the same extent
as sulfur, as primarily the deoxygenation activity decreased
after exposure to chlorine over a 40 h period, corresponding
to the addition of 3.2 mol Cl : 1 mol Ni. Furthermore, the
deactivation by chlorine was reversible as the activity could
be partly regained when removing chlorine from the feed.
XRD, XAS, or EDX could not identify chlorine on the spent
catalyst, supporting the reversibility of the deactivation
mechanism. It is suggested that chlorine binds to the nickel
surface sites (preferentially low coordinated sites) and forms
an equilibrium surface layer, but when not co-feeding Cl this
layer is easily removed. However, chlorine also appeared
to cause sintering of nickel particles on the catalyst,
providing a more persistent deactivation/activity loss.

KCl and KNO3 were impregnated on two different batches
of catalyst to test the effect of potassium. The hydrogenation
activity was not affected in any significant degree in the two
cases, but the deoxygenation activity was markedly decreased
and was persistent over more than 20 h of operation. Proba-
bly, potassium blocked low coordinated sites leading to the
loss of deoxygenation activity, as these are considered crucial
for this reaction.

Comparing the different poisons, sulfur was the most
severe, while potassium and chlorine were in the same order
of magnitude when looking at the activity. However, as potas-
sium is a persistent poison this must be considered more
severe than chlorine.

An overall conclusion is that it is difficult to obtain long
term stability for nickel based catalysts for bio-oil HDO as
any of the three types of poisons tested will lead to deactiva-
tion. From an application point of view it would be crucial to
remove specifically sulfur from the feed beforehand and to

minimize potassium and chlorine impurities. The present
work shows the importance of studying the stability of cata-
lysts for HDO of bio-oil under more realistic conditions.
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