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Abstract The hydrodeoxygenation (HDO) of guaiacol

was investigated over SiO2, ZrO2, and active carbon (AC)

supported Ni2P catalysts. The physical properties of the

catalysts were analyzed by temperature-programmed re-

duction (H2-TPR), CO-uptake chemisorption, and N2 ph-

ysisorption. X-ray diffraction and extended X-ray

adsorption fine structure spectroscopy were used to obtain

structural properties for the supported Ni2P catalysts. The

HDO was tested in a batch reactor at 573 K and 30 atm.

The Ni2P/SiO2 catalyst underwent a decrease in the HDO

conversion from 87 to 30 % for the first and second run of

reaction. However, the Ni2P/ZrO2 and Ni2P/AC catalysts

showed a little low but stable HDO conversions of 72 and

46 %, respectively. The in situ XAFS analysis revealed

that differently from the cases of Ni2P/ZrO2 or and Ni2P/

AC catalysts, the local structure of the Ni2P on SiO2 sup-

port underwent an oxidation to form nickel phosphate

during the reaction, demonstrating that the SiO2 based Ni2P

was vulnerable to the water or hydroxyl group of the re-

actant due to the hydrophilic nature of SiO2 support.

Keywords Ni2P catalyst � Support effect �
Hydrodeoxygenation � Guaiacol � In situ XAFS

1 Introduction

Depletion of petroleum reserves and stringent environmental

regulation give rise to attention for alternative fuel and clean

source of energy. Bio-oil produced from the pyrolysis of

biomass is one of the potential alternative clean energy sour-

ces due to the CO2-neutral nature and free of SOx emission

upon the combustion. However, the high amount of oxygen

(45–50 %) of bio-oil can be an obstacle for directly using it as

fuel [1, 2]. The oxygen can be catalytically removed via two

reactions: catalytic cracking or hydrodeoxygenation (HDO).

The catalytic cracking occurs at atmospheric pressure condi-

tion and high temperature ([450 �C) over acidic zeolite cat-

alysts, but the cracking gives a lower yield of transport fuel

product due to the high amount of coke formation, reaching

50–60 % [3]. Gayubo et al. studied catalytic cracking of bio-

oil over ZSM-5 zeolite and showed that phenol and guaiacol

had low reactivity for hydrocarbons formation; deposition of a

coke formed thermally by condensation of 2-methoxyphenol

was noticeable [4]. The HDO is generally conducted at high

pressure and temperature and results in high product yield

with high H/C ratios. As the reaction condition is similar to the

traditional hydrotreating process, it can be grafted onto the

existing system [5].

Traditionally the hydrotreating catalysts are composed

of metal sulfides like NiMoS/Al2O3 or CoMoS/Al2O3 [6–

16]. However, these catalysts can be poisoned in the lack

of sulfur in the feed stream. In other words, the active

sites of the catalysts can be oxidized and deactivated

when the bio-oil without sulfur is applied as feedstock

[12]. Therefore, alternative catalysts for HDO of bio-oil

are necessary and very recently, non-sulfided metal

phosphides have been studied. Among those metal phos-

phide catalysts, Ni2P have shown the best activity in the

HDO of guaiacol [17–24]. Moreover, the type of catalyst

support is also influential in the HDO. The alumina

(Al2O3) is known to cause coke deposition and rapid

deactivation in the HDO, particularly in the presence of

water [25–29]. These drawback led to work on other
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supports such as silica [29, 31], carbon [15, 16], zirconia

[17, 30, 31], and various mixed oxides [32].

In the present study, our attention is placed on investi-

gating the effect of various supports like SiO2, ZrO2 and

active carbon (AC) on the catalytic activity in the HDO and

durability upon the exposure to water in the course of the

HDO. In particular, in situ XAFS analysis was employed to

elucidate the structural properties during the reaction.

2 Experimental

2.1 Synthesis of Ni2P Catalysts

The supported Ni2P catalysts were prepared by incipient

wetness impregnation. The initial Ni/P molar ratio was 0.5

and the amount of Ni loading was maintained at 1.5 mmol/

g of support using silica (Cabot, Cab-O-sil, M5,

200 m2 g-1), ZrO2 (Alfa Aesar), and AC (Sigma Aldrich,

Darco G-60,100 mesh). The supported nickel phosphate

precursor was synthesized with a solution of nickel nitrate,

Ni(NO3)26H2O(Alfa Aesar, 98 %) and ammonium phos-

phate (NH4)HPO4 (Samchun, 99 %), followed by drying at

393 K for overnight. After drying, the supported Ni2P

catalysts were calcined 673 K for 4 h in He. The resulting

precursor phosphates were reduced to the corresponding

phosphides at 873 K for 2 h using a hydrogen flow at

100 cm3 min-1/g of sample. After reduction, the catalysts

were activated in tridecane which is used as solvent of

reactant.

2.2 Catalyst Characterization

CO chemisorption uptake measurements were performed

on reduced fresh Ni2P and on air-exposed spent samples re-

reduced in hydrogen at 723 K for 2 h to examine the dis-

persion of Ni2P on the support. Pulses (100 ll) of CO at

room temperature (300 K) were passed over the sample to

measure the total dynamic gas uptake. A Micrometeritics

ASAP2010 micropore size analyzer was used to measure

the N2 adsorption/desorption isotherms at 77 K, and the

specific surface area of the sample was calculated from the

linear portion of Brunauer-Emmett-Teller (BET) plots (P/

P0 = 0.01 - 0.10). The chemical composition of the

samples was determined by inductively coupled plasma-

atomic emission spectroscopy (ICP-AES) (PerkinElmer,

Model Optima-4300 DV). X-ray diffraction (XRD) pat-

terns of the samples were analyzed using a diffractometer

(Rigaku DMAX-2500) operated at 60 kV and 300 mA

with Cu Ka radiation (k = 0.15418 nm).

2.3 X-ray Adsorption Fine Structure (XAFS) studies

XAFS spectra at the Ni-K-edge (8.333 keV) of reference

and catalyst samples were recorded in the energy range

8.23–9.283 keV using synchrotron radiation at the beam-

line 8C, Pohang Light Source (PLS). The X-ray ring at the

PLS has a flux of 1 9 1010 photons s-1 at 100 mA and

2.5 GeV. The X-ray beamline is equipped with a Si (1 1 1)

channel-cut monochromator and has an energy range ca-

pability of 4–33 keV. The samples were prepared in a

kapton sealed glass cell to avoid air-exposure. The X-ray

adsorption spectra were recorded at ambient temperature in

transmission mode using ionization chambers for the de-

tection of primary (I0, 100 % N2) and transmitted (IT,

100 % N2) beam intensities.

In situ XAFS analysis with H2-TPR (temperature-pro-

grammed reduction) and the HDO of phenol was con-

ducted. The disc shaped samples were placed in an in situ

reactor (quartz, 25.0 mm external diameter) using a sample

holder (quartz, 15.0 mm external diameter). The holder

was placed in the center of a reactor and thermocouple port

was placed right above the sample disc. The catalysts were

pre-reduced at 823 K with a temperature ramping rate of

5 K/min in 5 % H2/He. For in situ XAFS measurements

with flowing phenol or water, the samples were exposed to

a gaseous phenol flow vaporized via a bubbler (1 % phe-

nol/hexane and distillated water) at 573 K. The obtained

XAFS data were analyzed by Winxas 3.1.

2.4 Activity Test for Hydrodeoxygenation of Guaiacol

The HDO of guaiacol was measured in 150 ml autoclave

batch reactor. The reduced catalyst (0.5 g) was applied

with 1wt% of guaiacol (Alfa Aesar, 98? %) in tridecane

(TCI, [98 %) at 573 K and 30 atm for 8 h. After the first

run of the HDO, a repetitive test was also applied to ex-

amine the stability of the catalysts, in which the catalysts

were re-tested with new reactant feed of 1 wt% guaiacol

after removing the previous reactant and product. The

catalyst was not re-reduced after the first run but washed

with tridecane two times prior to the introduction of the

reactant. Moreover, the addition of water on the HDO was

also examined for Ni2P catalysts by applying 1.0 wt%

distillated water mixed in the reactant in the batch reactor

at the same reaction condition.

In this work, the conversions of guaiacol and HDO are

defined as below:

GUA conversion %ð Þ ¼ Guaiacolin � Guaiacolout

Guaiacolin

� �

� 100
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3 Results and Discussion

3.1 Physical Properties of Catalysts

The physical properties of the fresh and spent Ni2P cata-

lysts are listed in Table 1. The supported Ni2P catalysts

underwent a loss in the BET surface area, due to the pore

occupation by the Ni2P loadings. The surface area re-

mained unchanged during the reaction, except for Ni2P/

SiO2 catalysts, indicating agglomeration of the support

silica particles in the course of the HDO in the batch re-

actor due to the hydrophilic nature of the fumed silica [38].

Elemental analysis showed that phosphorous contents was

decreased in the course of TPR for the fresh sample,

compared to the initial P/Ni molar ratio of 2/1 in the oxidic

precursor. During the reaction, further loss of P was ob-

served to give the P/Ni molar ratio of 0.72, 0.68, and 0.86

for the spent samples Ni2P/SiO2, Ni2P/AC, and Ni2P/ZrO2,

respectively. The extra P applied in the oxidic precursor

might be removed by the formation of PH3 during the

course of TPR and hydrotreating condition, as also sug-

gested by previous reports [35, 36]. For the fresh samples

the amount of CO uptake followed the order, Ni2P/

SiO2 [ Ni2P ZrO2 [ Ni2P/AC, indicating that the particles

of Ni2P are well dispersed on the SiO2 support. For the

spent samples the amount of CO uptake was reduced

compared to the fresh samples, especially the greatest de-

crease being observed for the SiO2 supported Ni2P,

indicating the loss of active sites of the catalyst during the

reaction.

Figure 1 showed XRD patterns for the fresh and spent

Ni2P catalysts. The XRD patterns for the supported Ni2P

catalysts showed three main peaks centered at 40.5, 44.8,

47.5� corresponding to the characteristic XRD peaks of

Ni2P phase. For Ni2P/ZrO2 catalyst, additional peaks were

observed at 30, 35, 50.1, 60, 62.9� corresponding to te-

tragonal zirconia (ICDD-01-072-7115). In all cases the

Ni2P peaks remained even after reaction, indicating that the

bulk Ni2P phase does not deteriorate during the reaction.

3.2 XAFS Analysis

The Ni K-edge XAFS spectra of the fresh and spent Ni2P

catalysts were obtained as shown in Fig. 2. The X-ray

adsorption fine structure (XAFS) spectra of the fresh

sample of catalysts are collected after being reduced at

673 K. The analysis of X-ray adsorption near edge struc-

ture (XANES) region can provide information on the

symmetry and the oxidation state of the Ni absorber. The

pre-edge intensity is related to the symmetry and the oc-

cupancy of the 3d shell. The Ni K-edge XANES spectra

show two region, which exhibit a pre-edge and main edge

peak corresponds to the transition of 1s to 4p symmetry

levels [35, 37]. For the spent samples the XANES spectra

retain a rise in the absorption peak from 1s-4p transition,

which is generally called white line. Notably, the spent

Table 1 Physical properties

and elemental analysis of the

Ni2P catalyst samples

CO uptake (lmol g-1) BET surface area (m2 g-1) Molar ratio P/Ni

SiO2 – 200 –

Activated carbon – 600 –

ZrO2 – 90 –

Ni2P/SiO2

Fresh 42 168 0.72

Spent 12 34 0.55

Ni2P/AC

Fresh 10 443 0.68

Spent 8 387 0.53

Ni2P/ZrO2

Fresh 26 86 0.86

Spent 20 80 0.72

HDO conversion %ð Þ ¼ 1� Anisoleþ Phenolþ Catecholþ Cyclohexone þ Cyclohexanol

Guaiacolin

� �
� 100
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Fig. 1 XRD patterns for Ni2P/

SiO2, Ni2P/ZrO2 and Ni2P/AC

catalyst

Fig. 2 Ni K-edge XANES,

EXAFS, and Fourier transforms

of fresh and spent Ni2P catalysts
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sample of Ni2P/SiO2 showed a much stronger white line

than the other Ni2P samples, indicating that a partial

oxidation occurred on the surface of the Ni2P/SiO2 catalyst

during the HDO.

Figure 2 also shows Ni K-edge extended X-ray ad-

sorption fine structure (EXAFS) spectra and their Fourier

transforms for the fresh and spent samples. The EXAFS

spectra of bulk Ni2P consist of a little wider oscillation

region in 30.0–80.0 nm-1 and a narrower oscillation region

in 80.0–140.0 nm-1 due to the Ni–P contribution and Ni–

Ni contribution, respectively. These give rise to two main

peaks in the Fourier transforms, centered at 0.175 nm,

corresponding to Ni–P and 0.240 nm, corresponding to Ni–

Ni [35]. Also for the fresh Ni2P/SiO2, Ni2P/ZrO2, and Ni2P/

AC samples, the Fourier transforms exhibit two distinct

peaks in the region 0.15–0.30 nm, the shorter distance peak

due to the Ni–P bond and the longer distance peak Ni–Ni

bond, indicating well formation of Ni2P phase. For the

spent Ni2P/ZrO2 and Ni2P/AC, the two distinct peaks lo-

cated almost the same position as the fresh samples, im-

plying the maintenance of the Ni2P phase during the

reaction. However, the spectrum for Ni2P/SiO2 shows

wider oscillation range at 40.0–60.0 nm than that of Ni2P

reference. These results demonstrate that the phase of

nickel phosphide was slightly oxidized as also observed in

the XANES results.

In order to elucidate the structural properties of the Ni2P

catalysts, the in situ XANES measurements were con-

ducted as shown in Fig. 3. After the pre-reduction at

823 K, the phenol was introduced at 573 K and the spectra

were collected every 15 min. For Ni2P/SiO2 samples, the

white line appeared upon the introduction of phenol and

developed till 30 min of the reaction. After then the

spectrum was maintained after the introduction of water. In

contrast, the in situ XANES spectra for Ni2P/ZrO2 samples

exhibited almost no difference upon the introduction of

phenol or water.

3.3 Hydrodeoxygenation of Guaiacol

Table 2 presents the product distributions for the guaiacol

HDO for the Ni2P/SiO2, Ni2P/ZrO2, and Ni2P/AC catalysts.

The HDO conversion followed the order: Ni2P/SiO2 [
Ni2P/ZrO2 [ Ni2P/AC, corresponding to the order of the

amounts of CO uptake. For Ni2P/SiO2, the main products

of HDO of guaiacol were benzene, cyclohexane, anisole

and phenol and the conversion of the HDO was 87 %. The

introduction of water in the reactor led to the decrease in

the HDO conversion down to 18 % and the main product

was phenol, indicating that the HDO activity of was de-

teriorated upon the introduction of water. For Ni2P/ZrO2,

the HDO conversion was 72 % and the main product was

cyclohexane, phenol, cyclohexene, and cyclohexone. The

production of phenol can be explained by the side reaction

occurring on the support ZrO2. Previous studies have

shown that the support ZrO2 is active in the elimination of

the methoxy group of guaiacol to give phenol [30, 31]. For

Ni2P/AC, the HDO conversion was 46 % and the main

products were cyclohexane, benzene, and cyclohexene.

After the water was introduced to guaiacol, the HDO

conversion of ZrO2 or AC supported Ni2P catalysts was not

severely affected, demonstrating a less vulnerable nature to

the exposure to water than Ni2P/SiO2 during the HDO.

In order to examine the catalytic stability a repetitive

HDO test was conducted for the catalysts as shown in

Fig. 4. The product distributions are also summarized in

Table 3. For the Ni2P/SiO2 catalyst, the HDO conversion

was considerably decreased from 87 to 30 % in the first

Fig. 3 In situ Ni K-edge XANES spectra for Ni2P/SiO2 (left), Ni2P/ZrO2 (right) catalysts
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and second HDO tests, respectively and the main product

also changed from cyclohexane to phenol, demonstrating a

loss of the HDO activity, particularly in the hydrogenation

activity. For Ni2P/AC, the HDO conversion was slightly

decreased from 46 to 41 % with the yield of cyclohexane

being decreased from 20 to 5 % and of phenol being

slightly increased from 2 to 6 %. For Ni2P/ZrO2, the HDO

conversion was slightly decreased from 72 to 70 % with

the yield of phenol being slightly increased from 25 to

27 %, demonstrating the methoxy elimination activity

ZrO2 [30, 31].

3.4 Water Durability of Ni2P Catalysts Supported

on SiO2, ZrO2, and AC

From these experimental results, the schematic of the cat-

alyst surface structure during the reaction can be proposed

as shown Scheme 1. The hydrophilicity of the silica based

Ni2P catalyst can facilitate the hydration of the surface of

the Ni2P/SiO2, resulting in the loss of the HDO activity by

the surface oxidation of Ni2P [38]. Similar results were also

reported for the traditional sulfide catalysts, in which the

presence of water in the HDO led to the formation of a

sulfate layer covering the active phase of sulfide catalysts

and reducing the catalytic activity [28, 33, 34]. For the

ZrO2 or AC supported Ni2P catalysts the catalytic stability

toward HDO was substantially improved, which can be

explained by the nature of the support. The surface hy-

dration behavior can be suppressed by the less hydrophilic

support like ZrO2 or AC. Thus the use of hydrophobic

supports could be beneficial in maintaining the HDO ac-

tivity and stability of Ni2P catalysts.

4 Conclusions

The Ni2P catalysts demonstrated high activity in the HDO

of guaiacol with a guaiacol conversion over 70 % in a

batch reactor at 573 K and 30 atm. The characterization of

structural properties of fresh and spent Ni2P catalysts made

Table 2 Product distributions

for guaiacol HDO over the Ni2P

catalysts

Ni2P/SiO2 Ni2P/AC Ni2P/ZrO2

GUA GUA ? H2O GUA GUA ? H2O GUA GUA ? H2O

Benzene 6.0 2.6 25.8 11.7 6.3 3.3

Cyclohexane 77.4 4.7 48.8 22.9 40.3 38.8

Cyclohexene – – 22.9 59.5 18.8 18.1

Catechol – – – – 1.2 3.0

Cyclohexone – – – – 4.3 0.9

Cyclohexanol 0.2 – – – 3.1 –

Anisole 4.4 – – 0.5 1.6

Phenol 11.8 92.7 2.4 5.9 25.4 28.1

GUA Conv. 95.9 61.8 55.0 61.8 82.9 96.1

HDO Conv. 87.5 18.6 46.1 44.4 72.1 70.4

Fig. 4 Guaiacol HDO conversion of repetitive reaction tests for

Ni2P/SiO2, Ni2P/ZrO2 and Ni2P/AC catalyst

Table 3 Product distributions for repetitive HDO tests

Ni2P/SiO2 Ni2P/AC Ni2P/ZrO2

1st 2nd 1st 2nd 1st 2nd

Benzene 6.0 5.5 25.8 20.7 6.4 3.2

Cyclohexane 77.5 38.2 48.9 45.4 40.3 38.1

Cyclohexene – – 22.9 27.5 18.7 14.2

Catechol – – – – 1.2 1.9

Cyclohexone – – – – 4.3 –

Cyclohexanol 0.2 0.5 – – 3.1 1.1

Anisole 4.4 – – – 0.5 0.5

Phenol 11.8 55.9 2.4 6.6 25.4 27.8

GUA Conv. 95.9 44.2 55.0 53.2 82.9 92.2

HDO Conv. 87.5 30.5 46.1 41.2 72.1 70.9
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by XAFS and XRD analysis revealed that the local struc-

ture of Ni2P phase was slightly oxidized particularly over

SiO2 support, but maintained over the ZrO2 or AC sup-

ports. In situ XANES analysis showed that the introduction

of phenol or water led to the surface oxidation only for the

Ni2P/SiO2 catalyst. All these results demonstrate that the

hydrophilic nature of the support could facilitate the hy-

dration of the catalyst surface during the HDO, while the

use of less hydrophilic support like ZrO2 or AC could

enhance the stability of the Ni2P catalysts.
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Studies of the synthesis of transition metal phosphides and their

activity in the hydrodeoxygenation of a biofuel model compound.

J Catal 294:184–198

24. De La Puente G, Gil A, Pis JJ, Grange P (1999) Effects of support

surface chemistry in hydrodeoxygenation reactions over CoMo/

activated carbon sulfided catalysts. Langmuir 15:5800–5806

25. Laurent E, Delmon B (1994) Study of the hydrodeoxygenation of

carbonyl, carboxylic and guaiacyl groups over sulfided CoMo/c-

Al2O3 and NiMo/c-Al2O3 catalysts. I. Catalytic reaction schemes.

Appl Catal A 109:77–96

26. Zakzeski J, Bruijnincx PCA, Jongerius AL, Weckhuysen BM

(2010) The catalytic valorization of lignin for the production of

renewable chemicals. Chem Rev 110:3552–3599

27. Laurent E, Delmon B (1994) Study of the hydrodeoxygenation of

carbonyl, carboxylic and guaiacyl groups over sulfided CoMo/c-

Al2O3 and NiMo/c-Al2O3 catalyst. II. Influence of water, am-

monia and hydrogen sulfide. Appl Catal A 109:97–115

28. Laurent E, Delmon B (1994) Influence of water in the deactiva-

tion of a sulfided NiMo c-Al2O3 catalyst during hydrodeoxy-

genation. J Catal 146(281–285):288–291

29. Moon JS, Kim EG, Lee YK (2014) Active sites of Ni2P/SiO2

catalyst for hydrodeoxygenation of guaiacol: a joint XAFS and

DFT study. J Catal 311:144–152

30. Centeno A, Laurent E, Delmon B (1995) Influence of the Support

of CoMo Sulfide Catalysts and of the Addition of Potassium and

Platinum on the Catalytic Performances for the Hydrodeoxy-

genation of Carbonyl, Carboxyl, and Guaiacol-Type Molecules.

J Catal 154:288–298

31. Wu SK, Lai PC, Lin YC, Wan HP, Lee HT, Chang YH (2013)

Atmospheric hydrodeoxygenation of guaiacol over alumina-,

zirconia-, and silica-supported nickel phosphide catalysts. ACS

Sustainable Chem Eng 1:349–358

32. Nimmanwudipong T, Aydin C, Lu J, Runnebaum RC, Brodwater

KC, Browning ND, Block DE, Gates BC (2012) Selective hy-

drodeoxygenation of guaiacol catalyzed by platinum supported

on magnesium oxide. Catal Lett 142:1190–1196

33. Gevert BS, Otterstedt JE, Massoth FE (1987) Kinetics of the

HDO of methyl-substituted phenols. Appl Catal 31:119–131

34. Kresse G, Hafner J (1993) Ab initio molecular dynamics for

liquid metals. Phys Rev B: Condens Matter 47:558–561

35. Lee YK, Oyama ST (2006) Bifunctional nature of a SiO2-sup-

ported Ni2P catalyst for hydrotreating: EXAFS and FTIR studies.

J Catal 239:376–389

36. Oyama ST, Wang X, Lee YK, Chun WJ (2004) Active phase of

Ni2P/SiO2 in hydroprocessing reactions. J Catal 221:263–273

37. Seo HR, Cho KS, Lee YK (2011) Formation mechanisms of Ni2P

nanocrystals using XANES and EXAFS spectroscopy. Mater.

Sci. Eng B 176:132–140

38. Zhuravelev LT (2000) The surface chemistry of amorphous silica

Zhuravlev model. Colloids Surf B 173:1–38

218 Top Catal (2015) 58:211–218

123


	Support Effects of Ni2P Catalysts on the Hydrodeoxygenation of Guaiacol: In Situ XAFS Studies
	Abstract
	Introduction
	Experimental
	Synthesis of Ni2P Catalysts
	Catalyst Characterization
	X-ray Adsorption Fine Structure (XAFS) studies
	Activity Test for Hydrodeoxygenation of Guaiacol

	Results and Discussion
	Physical Properties of Catalysts
	XAFS Analysis
	Hydrodeoxygenation of Guaiacol
	Water Durability of Ni2P Catalysts Supported on SiO2, ZrO2, and AC

	Conclusions
	Acknowledgments
	References


