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a  b  s  t  r  a  c  t

Catalytic  phenol  steam  reforming  with  the  aim  of  hydrogen  production  was  studied  in terms  of bimetallic
nickel-cobalt  supported  by CeO2, ZrO2, La2O3, �-Al2O3, and  �-Al2O3. The  catalysts  (each  formed  of 5%  wt.
of  nickel  and  5% wt.  of  cobalt  on the  support)  were  prepared  according  to the impregnation  method.
The  effect  of  different  supports  on  the  properties  and  catalytic  behaviour  with  the  aim of  hydrogen
production,  phenol  conversion,  and  coke  formation  on  the surface  of  the catalysts  were  studied.  The
physical  and  chemical  properties  of  the  catalysts  were  characterised  in terms  of  their  surface  area,  acidity,
basicity,  reducibility,  crystallinity,  and  coke  formation  (for  spent  catalysts).  The  catalysts  were  tested  by
using a micro-reactor  fixed  bed  at a  temperature  range  of  500–800 ◦C.  The  activity  of  the  catalysts  on
phenol  conversion  and  hydrogen  yield  depends  on  the  basic  and  acidic  site  of the  catalysts  as  well  as  the
metal  interaction  with  the  support.  Results  of  various  experiments  in  catalytic  activity  confirmed  that
a  higher  production  of  H2 occurred  in  the  presence  of  high  CO2 uptake  and  H2 consumption  which  are
characterised  by  basicity  and  reducibility  analysis  respectively.  The  coke analysis  results  show  that  the
irreducible  oxides  for the  Ni-Co  bimetallic  catalyst  are  more  favour  for  coke formation  than  reducible
oxides.  All  catalysts  were  active  in the reformative  reactions  but  the catalysts  supported  on  the reducible
oxides  of  ZrO2 showed  superiority  in activity  and stability.  The  most  active  catalyst  was  Ni-Co/ZrO2
because  of having  the tetragonal  phase  structure  which  is  favour  in reforming  processes,  strong  metal-
support  interaction,  high  surface  area,  the  lowest  coke  formation,  and six days’  reformative  stability.  The
catalyst  test  shows  that the phenol  conversion  achieved  at 650 ◦C is  75.9%  and  hydrogen  yield is 80.7%
for  Ni-Co/ZrO2 catalyst.  The  reaction  rate  and activation  energy  with  respect  to  Ni-Co/ZrO2 catalyst  were
found  to be  11.17  mmol/g  s  and 102.41  (J/mol),  respectively.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Hydrogen can be considered an attractive source of carrying
nergy due to the advanced development of proton exchange mem-
rane fuel cell (PEMFC), a green technology. PEMFC is well-known
o be a clean technology for mobile application (such as trans-
ortation) and aims to replace fossil fuel combustion engines. Since

ydrogen does not exist naturally or is stable in its normal con-
ition, it must be extracted from a renewable source, compound
r molecules that contain hydrogen [1]. Phenol, with six hydro-

∗ Corresponding author at: Hydrogen and Fuel Cell Lab, N29, Universiti Teknologi
alaysia, Skudai, 81310, Malaysia.

E-mail addresses: tamran@cheme.utm.my, tuanamran@utm.my
T.A. Tuan Abdullah).

ttp://dx.doi.org/10.1016/j.apcata.2016.08.033
926-860X/© 2016 Elsevier B.V. All rights reserved.
gen atoms, six carbon atoms, and an oxygen atom, is considered
to contain a high level of hydrogen. Interestingly, phenol can be
obtained from a side reaction during the pyrolysis of biomass. Phe-
nolic compounds are the main bio-oil components with up to 38%
wt. [2,3]. Phenol was  further recognized as the main component
of tar formed following wood-biomass gasification by steam in a
fluidized bed reactor in the low temperature range (600–700 ◦C)
[4–6]. According to the previous research [7], there are two succes-
sive reactions that may  take place in the steam reforming of phenol.
Phenol steam reforming reaction and water gas shift reaction are
represented by Eqs. ((1) and (2)).
C6H5OH + 5H2O → 6CO + 8H2 �Ho = 710.91kJ⁄mol (1)

CO + H2O ↔ CO2 + H2 �Ho = −41.15kJ⁄mol (2)

dx.doi.org/10.1016/j.apcata.2016.08.033
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2016.08.033&domain=pdf
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However, one of the major problems in the phenol steam
eforming is the high potential formation for some by-products
uch as carbon [7–9]. This carbon formation will lead to catalyst
eactivation and can make troubles for continuous steam reform-

ng process and sustainable production of hydrogen.
The reaction product of biomass pyrolysis typically contains a

igh molecular weight of hydrocarbon, phenolic compounds, acid,
nd water. It can directly convert to highly valuable gas hydro-
en via catalytic steam reforming. It has been found that steam
eforming is the most effective and convenient method for hydro-
en production from hydrocarbons compared to other methods
uch as auto-thermal reformation, partial oxidation, and dry ref-
rmation [10,11].

Many typical active metals such as Ni [8], Rh [12,13], Fe [7],
h-Fe [6], CaO [14], Pt, Pd, and Rh [15] over irreducible oxide sup-
orts such as �-Al2O3 [15,16], La2O3 [8,13,16,17] and reducible
xide supports such as ZrO2 [6,8,12,13,15], MgO  [6,7,12], and CeO2
6–8,12,13,15] have been studied in terms of phenol reformation.
or example, Matas Güell, et al. [8] found that Ni/K-La2O3-ZrO2 and
i/CeO2-ZrO2 catalysts exhibited high activity and good stability

n phenol conversion. However, the catalysts suffered in deactiva-
ion due to coke formation. Ruthenium (Rh) supported on different
omposition of CeO2, ZrO2 and La2O3 was examined by Constanti-
ou, et al. [13] at a steam to phenol ratio of 67:1. They achieved
0% phenol conversion and 80% hydrogen yield at a low temper-
ture of 450 ◦C for 5 wt.% Rh supported on 13 wt%  Ce, 83 wt% Zr
nd 4 wt% La catalyst. This shows good performance, but there are
rawbacks due to the high price of Ru itself as a precious metal.

n general, ZrO2 exists in three different polymorphs at ambient
ressures: monoclinic (m-ZrO2), tetragonal (t-ZrO2), and cubic (c-
rO2). The t-ZrO2 phase shows higher stability, performance and
etal dispersion for chemical reactions [18–20]. Another impor-

ant work is that of Polychronopoulou et al. [7], who  examined Fe
upported on MgO-Al2O3 and MgO-CeO at temperature between
00 and 700 ◦C and a water to phenol ratio of 8:1. They found that

 5 wt.% Fe/50MgO-50CeO catalyst is more active in terms of H2
roduction and has low coke formation on its surface. It is believed
hat Al2O3 was the main contribution to coke formation and suf-
ered less activity compared to a catalyst supported on MgO-CeO.
ther works applied La2O3 support catalysts for phenol [8,13,16],
cetic acid [21,22], and ethanol [23,24] reformation. It was  found
hat applying a La2O3 support in the catalyst highly affected the
ater gas shift reaction and increased H2 production.

Among the metals, nickel as an active metal has been selected
ue to its considerably cheaper price compared with precious met-
ls (for example, platinum, rhodium, or ruthenium) at high catalytic
ctivity in terms of the cracking of C C and C H bonds [25]. In
revious research, in the steam reforming of acetic acid [26,27]
nd ethanol [28,29], a basic catalyst was found to be highly active
n fuel conversion and had good selectivity in terms of hydrogen
ield. Cobalt can assist C C bond cleaving at temperatures as low
s 400 ◦C and this shows high production of H2 and CO2 [28]; this
s due to the highly favourable water gas shift reaction [10,29,30].
n our previous researches [31,32] we found that the same com-
ination of Ni and Co metals may  improve the performance of the
atalyst in the acetic acid steam reforming reaction. Zhang, et al.
33] examined the effect of bimetallic Ni-Co for the CO2 reforma-
ion of methane. They found that bimetallic Ni-Co catalysts exhibit
ighly stable activity with no deactivation and no detectable carbon

ormation. De Sousa et al. [34] also investigated bimetallic nickel-
obalt catalysts for methane dry reformation. They also reported
hat a different catalytic support will have an effect on the cata-

yst’s performance. They found that the NiCo dispersed on NiAl2O4
pecies was highly active in terms of CH4 conversion. NiAl2O4
pecies was highly active in terms of CH4 conversion, whereas Ni◦
: General 527 (2016) 161–170

dispersed on either Fe3O4 Co3O4 or CeO2 NiAl2O4 provided lower
catalytic performance due to active phase degradation.

According to the above-mentioned information, there have not
been systematic studies about the effect of the support on hydrogen
production from phenol steam reforming over supported bimetal-
lic Ni-Co catalysts. However, different type of support can have a
significant effect on catalytic activity and selectivity toward phenol
steam reforming reaction. The metal-support interactions can have
a significant effect on catalytic activity and selectivity in phenol
steam reforming reaction. Another point is that oxygen mobility of
the support is a critical property to favour carbon removal and avoid
deactivation. However, during reaction, the morphology and the
oxidation state of the metal particles are changed and the actual dis-
persion under reaction conditions cannot be represented by initial
dispersion of the metal catalyst. Therefore, the study of the effect
of reducible oxides such as ZrO2 and CeO2 and irreducible oxides
such as La2O3, �-Al2O3, and �-Al2O3 supports on the performance
of bimetallic Ni Co catalysts with the aim of hydrogen produc-
tion from phenol steam reforming is of considerable interest. The
overall performance of these supports for bimetallic Ni-Co catalyst
will be calculated based on phenol conversion and the hydrogen
yield. Thus, the physicochemical properties and activity of bimetal-
lic Ni Co catalyst in relation to La2O3, ZrO2, CeO2, �-Al2O3, and
�-Al2O3 supports in the steam reforming of phenol with the aim
of hydrogen production is reported herewith. In addition, the acti-
vation energy (Ea) and the reaction rate for phenol conversion for
every catalyst were carried out.

2. Experimental procedure

2.1. Catalyst preparation

The bimetallic catalysts of 5 wt.% Ni and 5 wt.% Co supported on
La2O3, ZrO2, CeO2, �-Al2O3, and �-Al2O3 (all from Sigma-Aldrich)
were prepared by using the impregnation method. Previous
researched [35–37] were reported that the 5 wt.% Ni in the bimetal-
lic catalysts show high activity in the reforming reaction. The
catalysts were prepared by mixing nickel nitrate hexahydrate
and cobalt nitrate hexahydrate AR with a metal oxide support in
deionised water based on their metal content. This mixture was
continuously stirred on a hotplate at 90 ◦C until it becomes slurry.
The slurry was  dried in an oven at 110 ◦C overnight, followed by
calcination at 750 ◦C overnight. The powder catalyst will pass the
reactor mesh; therefore, the catalyst’s particle size was required to
be 1 mm in order that it could hold in the reactor. Thus, the cal-
cined catalyst was  crushed and filtered on two layers of 35 mesh
and 34 mesh sieves to obtain a particle size of 1.0 to 1.4 mm.

2.2. Catalyst characterisation

A chemisorption analyser, Micromeritics Chemisorb 2720, was
used to evaluate the reducibility of the bimetallic catalysts on
the support by applying a temperature-programmed reduction of
hydrogen (TPR-H2) method. 25 mg  of the catalysts were treated at
300 ◦C for an hour under a high purity of 20 mL/min helium (99.99%)
to remove moisture and other adsorbate impurities. The TPR-H2
profile was obtained by ramping the temperature at 10 ◦C/min
under 20 mL/min of 10% (vol.) H2 in argon.

The same apparatus of chemisorption was used to carry out the
temperature-programmed desorption of CO2 and NH3 to evalu-
ate the basicity and acidity, respectively. 35 mg  of the sample was

kept under a 30 mL/min argon flow rate at 600 ◦C for 60 min, then
cooled down to 25 ◦C and kept under a 20 mL/min helium flow rate
for 30 min. The CO2 saturation of the catalyst was carried out for
30 min  at 20 mL/min under purified CO2. The heating rate was set
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Fig. 1. Experimental rig setup of fixe

t 10 ◦C/min from 50 to 800 ◦C. A similar method was applied for
PD-NH3, except that the adsorbate gas was 5% (vol.) NH3 in argon.

The crystalline structure of the reduced catalysts was deter-
ined by x-ray diffraction (XRD) (High Resolution X-Ray
iffractometer Bruker D8 Advance) using Cu K� radiation at 40 kV
nd 30 mA,  with a scanning angle (2�)  of 4 to 90◦. Prior to analysis,
ll samples were reduced with 30 mL/min of purified hydrogen at
00 ◦C for an hour and then cooled to room temperature under a
itrogen flow.

The multipoint BET-N2 method was used to measure the total
urface area of the catalyst using a Micromeritics Gemini 2360 Sur-
ace Analyzer. The pressure ratio of P/Po was measured from 0.05
o 0.3 with five points.

In order to evaluate the carbon deposition on the catalyst after
he reaction in the spent catalyst, thermo-gravimetric analysis
TGA) was carried out using the Perkin Elmer TGA (4000), oper-
ted under a flow of nitrogen at a heating rate of 10 ◦C/min and at
he temperature range of 30 to 950 ◦C. The methodology was  based
n coking studies and is similar to the previous work [31,32,38–40].
ccording to the previous investigations [41,42], there is no differ-
nce between use of nitrogen or air in the total weight loss (material
ecomposition) but nitrogen increase the coke decomposition tem-
erature

.3. Activity test

The tests were performed using 0.2 g of the catalyst diluted with
.3 g silicon carbide, SiC (due to its behaviour of enhancing catalyst
ctivity [36,43–45] and can significantly reduce the overall cost of
he catalyst [46]) in a micro fixed bed reactor as illustrated in Fig. 1.
he catalyst was placed in a 0.5 inch outside diameter (OD) quartz
ube with the end tip of thermocouple type K touching the bed.
rior to reaction, the catalyst was purged with nitrogen at 300 ◦C
ith 30 mL/min for 30 min, followed by in-situ reduction at 600 ◦C

or one hour under 30 mL/min of pure hydrogen. In our previous
esearch [31,32,38], we found that at 600 ◦C the complete reduction
f both nickel oxide (NiO) and cobalt oxide (CoO) to metallic Ni

nd metallic Co was achieved. The mixture of phenol and water
(H2O/phenol(mol/mol) = 9:1) was fed by a HPLC pump (Bio-RadTM,
eries 1350) with the flow rate of 0.36 mL/min, and then it was
ixed with a carrier gas of N2 at 30 mL/min and passed through the
 reactor for phenol steam reforming.

pre-heater before entering the reactor in the furnace. The steam to
phenol mole ratio of 9:1 and 30 mL/min of nitrogen as carrier gas
were used for all of the experiments. Temperatures between 500
and 800 ◦C were employed for six hours in each experiment. The
gas products were analysed using an on-line gas chromatography
(GC) equipped with a thermal conductivity detector (TCD) (Agilent
6890N) and installed with a 30 m × 0.53 mm Carboxen Plot 1010
capillary column (Supelco®). Meanwhile, the liquid product was
analysed using a GC-FID (HP 5890 Series II) and a 0.53 mm × 30 m
Db-Wax capillary column. The 95% confidence level interval was
used to calculate the experimental uncertainty in the conversion
and the gas product distribution.

Eqs. (3) and (4) were applied to compute the phenol conversion
and the product (X: H2 (or) CO (or) CO2) yield. In Eq. (3), [F]in is the
total molar flow rate of the feed, and [F]out is the total molar flow
rate at the exit of the reactor.

Conversion (%) = [F]in − [F]out

[F]in
× 100% (3)

Xyield (%) = moles of Xobtained
moles of X obtained from stochiometric potential

×100 (4)

3. Results and discussion

3.1. Catalyst characterisation

The XRD patterns of the Ni-Co catalyst in terms of different
supports after reduction at 600 ◦C are presented in Fig. 2 with the
reference peaks from JCPDS. The characteristic diffraction peaks of
metallic Nio (111) [JCPDS 45-1258] and Coo (111) [JCPDS 01-1254]
are located at 2� = 44.4◦ [31,32,47] and are hard to distinguish from
each other due to their similar morphology and characteristic peaks
[48]. For all catalysts, no NiO or CoO peaks were detected. This is
probably due to the complete or partial reduction of NiO and CoO

to metallic Nio [49,50] and metallic Coo [51], respectively.

The XRD patterns of Ni-Co/La2O3 [JCPDS 02-0688 [52,53]]
showed peaks at 2� = 27.28, 27.93, 31.47, 39.52, 47.07, 48.63, 50.12,
55.36, and 64.04 representing the (1 1 1), (1 1 1), (2 0 0), (2 1 1), (2 2
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Fig. 2. XRD patterns for fresh-reduced catalysts at 600 ◦C, (a) Ni-Co/La2O3, (b) Ni-
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broad feature peaked at ∼610 ◦C corresponding to the reduction
eO2, (©) peaks correspond to �-Al2O3, (♦) peaks correspond to �-Al2O3, (�) peaks
orrespond to ZrO2 and (�) peaks correspond to La2O3.

), (2 2 1), (2 2 1), (3 1 1), and (4 0 0) crystal plane of hexagonal phase
espectively [53,54]. The additional peaks for the Ni-Co/La2O3 cat-
lyst signal might be indexed to the NiLaO3 phase which can be
ttributed to the strong interaction between Ni active metal and
a2O3 support. Cubic perovskite-type of NiLaO3 phase [JCPDS 33-
710 [55,56]] were observed for Ni-Co/La2O3 catalysts at 2� = 40.67
nd 51.93 representing the (2 1 1) and (3 1 0) crystal plane, respec-
ively. The XRD patterns of Ni-Co/ZrO2 catalyst resulted in a number
f peaks located at 2� of 28.17, 36.78, 39.29, 45.59, and 66.94◦ cor-
esponding to (200), (211), (220), (311), and (421) crystal planes,
hich can be attributed to the monoclinic [JCPDS 83-0936] struc-

ure of ZrO2 and this reflects Tarak, et al.’s work [57]. The tetragonal
rO2 [JCPDS 83-0943] phases are identified at 2� = 31.53◦ corre-
ponding to (210) crystal plane and by comparison with those
eported in references [19,58]. The tetragonal phase structure of
rO2 is more desirable than monoclinic structure in the reform-

ng process [59]. The XRD peaks observed at 2� of 28.33, 32.82,
7.08, and 55.82◦ were respectively indexed as (111), (200), (220),
nd (311) planes of the fluorite structure (JCPDS 81-0792) of CeO2.
he same results were reported previously [60,61]. However, the
RD patterns of the reduced catalysts showed diffraction peaks at
pproximately 2� = 37.04, 45.75, and 66.71◦ corresponding to (111),
200), and (220) planes related to �-Al2O3 [JCPDS 83-2080] [62] and
-Al2O3 [JCPDS 86-1410] crystalline structure [62,63].

The surface area of all catalysts has been measured by the
runauer-Emmett-Teller (BET) technique. Table 1 shows the BET
urface area of the Ni Co supported on La2O3, ZrO2, CeO2, �-Al2O3,
nd �–Al2O3. The catalysts were calcined at 750 ◦C and reduced
t 600 ◦C. The specific surface areas of five spent catalysts were
lso determined by nitrogen adsorption in order to evaluate if cok-
ng is one of the possible reasons for catalyst deactivation. For
hese catalysts, the BET result shows that their surface areas are
bout 9–95m2/g for the fresh (after calcination) and 7–67 m2/g for
he spent catalysts (after steam reforming reaction). The decrease
n surface area of catalysts after reaction is mainly due to coke
eposition on the surface and to some extent within the pores of
he catalyst [64]. The surface areas of these catalysts are in the

ollowing order: Ni-Co/�-Al2O3 > Ni-Co/�-Al2O3> Ni-Co/ZrO2 » Ni-
o/La2O3 > Ni-Co/CeO2. The lower surface area corresponds to a
elatively lesser number of active sites [65]. It was found that the
Fig. 3. Temperature-programmed reduction profiles of 10% vol of 10% vol H2/Ar,
heating rate 10 ◦C/min for (a) Ni-Co/La2O3, (b) Ni-Co/ZrO2, (c) Ni-Co/CeO2, (d) Ni-
Co/�-Al2O3 and (e) Ni-Co/�-Al2O3 catalysts.

specific surface area of the Ni Co supported on La2O3, ZrO2, CeO2,
�-Al2O3, and �–Al2O3 decreased after reaction by 32%, 21%, 24%,
24%, and 30%, respectively.

The reducibility properties of bimetallic Ni-Co catalysts were
investigated using the H2-TPR technique. H2 consumption, as
a function of temperature, is shown in graphs in Fig. 3 and
H2 consumption data is summarised in Table 1. In Fig. 3
and Table 1, TPR-H2 shows that the reducibility of Ni-Co
species, in the temperature range of 50 to 800 ◦C, increases in
the following order: Ni-Co/La2O3 > Ni-Co/CeO2 > Ni-Co/ZrO2 > Ni-
Co/�-Al2O3 > Ni-Co/�-Al2O3. Previous research [66,67] has shown
that the reduction peaks before 500 ◦C illustrate the reduction of
nickel and cobalt ions to metallic Nio and Coo, which can also be
confirmed by XRD analysis. The Ni-Co/La2O3 catalyst shows twin
peaks in the initial part of the reduction of Co species at tempera-
tures between 250 and 420 ◦C and twin peaks in terms of the signal
for the reduction of Ni species at temperatures between 420 and
700 ◦C. A less intense peak is seen at 290 ◦C and is due to the reduc-
tion of Co species that are in weak interaction with the support.
The higher temperature peak at 341 ◦C may  be because of a strong
interaction between Co and the La2O3 support. The two distinctive
reduction peaks in the temperature range of 410 to 700 ◦C are due
to the strong and weak interaction of Ni with La2O3.

The TPR signal for the ZrO2-supported catalyst shows the three
reduction peaks at 228 ◦C, 342 ◦C, and 521 ◦C. Previous researches
[68,69] reported that the peak around 340 ◦C defines the reduction
of Ni2+ to Nio. Strong interaction of the present bimetallic Ni-Co
with ZrO2 is also supported by the broadening peak for the high
surface area samples (63.7 m2/g). This signal shows only one peak
at 541 ◦C regarding the strong interaction between the Ni species
and the ZrO2 surface [70]. This peak is the same as in previous
research, which detected the reduction of Ni/CeZrO2 [71]. For La2O3
and ZrO2-supported catalysts, the signal is shifted to lower tem-
peratures of 341 ◦C and 516 ◦C for La2O3 and 342 ◦C and 541 ◦C
for ZrO2 supports. This might be because of the presence of Co
and Ni species and the low strength of interaction between the
La2O3 and ZrO2 supports compared to CeO2, �-Al2O3, and �-Al2O3
[72]. The ceria-supported Ni-Co exhibited a large single reduction
peak which is the second highest level of H2 consumption. The
of the surface ceria [73]. At low temperatures (between 300 ◦C and
400 ◦C) NiO to Ni reduction processes take place [74] while 442 ◦C
can be attributed to the reduction of NiO species with higher inter-
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Table  1
Surface area, basicity, reducibility and acidity data of catalysts.

Catalyst Ni (wt.%)a Co (wt.%)a Fresh catalyst
surface (m2/g)

Spent catalyst
surface (m2/g)

CO2 uptake
(�mol/g)

H2 Consumption
(mmol/g)

NH3 uptake (�mol/g)

Ni-Co/La2O3 4.97 4.98 17.3 11.8 401 2.134 413
Ni-Co/ZrO2 4.98 4.99 63.7 50.4 25 1.514 650
Ni-Co/CeO2 4.96 4.97 9.7 7.4 41 2.001 208
Ni-Co/�-Al O 4.97 4.95 71.9 54.8 16 1.075 785

67.3 700 0.916 630
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a The metal content was measured by ICP test.

ction with the support [73]. There are low temperature reduction
eaks for �-Al2O3 and �-Al2O3 at 230 ◦C and 242 ◦C respectively,
hich are generally due to the weak interaction between the Ni-

o bimetallic catalyst and the supports [75]. The high temperature
eak at 592 ◦C for �-Al2O3 might be due to the facilitation by Ni of
o reduction. This suggests that the 380 ◦C and 592 ◦C peaks corre-
pond to the interaction between the bimetallic Ni-Co phase and
he �-Al2O3 support. A nearly exact result was found previously
egarding the reducibility properties of a �-Al2O3 support with

 bimetallic Re-Co catalyst [76]. The maximum reduction peak in
erms of the �-Al2O3 support occurred at 370 ◦C and 607 ◦C. More-
ver, the peak at 370 ◦C, which belongs to the interaction of the
o species with �- Al2O3, was broad and not well-defined. The
ifference in the reducibility of the La2O3, ZrO2, CeO2, �-Al2O3,
nd �–Al2O3-supported Ni-Co metal is due to differences in the
roperties of the supports. This different reducibility and metal to
upport the interaction is one of the determinants of a water gas
hift reaction in terms of the performance of catalytic activity.

The chemisorption and dissociation of CO2 can be improved
hrough enhancement of catalyst basicity, which is usually deter-

ined by the CO2-TPD technique. All samples were pre-treated
y calcination at 750 ◦C in air overnight, followed by a reduction
t 600 ◦C in H2 gas for one hour. The low temperature desorp-
ion peaks (below 400 ◦C) could be attributed to weak interaction
etween CO2 molecules and weak basic sites on the catalyst surface,
hereas the CO2 desorption peaks between 400 ◦C and 700 ◦C can

e attributed to a medium basic site and the CO2 desorption peaks
bove 700 ◦C represent a strong basic site [77]. Fig. 4 illustrates the
asicity of the catalysts analysed by TPD-CO2 and the number of
ase sites were estimated based on the area under their TPD curves
or the temperature range as summarised in Table 1. In general,
emperature represents base strength, and peak area represents the
ase amount of the catalyst. There is a low base strength and base
mount for the detection of Ni-Co/ZrO2, Ni-Co/CeO2, and Ni-Co/�-
l2O3. This is due to the weak basicity of these three catalysts. Some
revious studies found that ZrO2 [78,79], CeO2 [80,81], and �–Al2O3
82] supports have OH (hydroxyl) groups in their structure. There-
ore, the weak basic sites for these three supports might be due to
he formation of hydrogen carbonates that results from the interac-
ion of CO2 with the weak basicity of OH groups [83]. The hydroxyl
roup is mainly formed due to the coordination of metals during
he preparation of the catalyst. The TPD-CO2 desorption curve of
i-Co/La2O3 displayed three desorption peaks at 408 ◦C, 540 ◦C,
nd 738 ◦C, which can be attributed to low (bicarbonate), medium
bidentate carbonate), and high (unidentate carbonate) strength.
his is in agreement with results reported in existent literature
egarding the basicity of Ni-based catalysts [84]. The highly prefer-
ntial adsorption of CO2 on the La2O3 surface is in agreement with
he previous research of Liuye, et al. [85]. It is obvious that, in a
i-Co/�-Al2O3 sample, a weak basic site appears at 131 ◦C and, at

emperatures higher than 400 ◦C, the peak disappears. The same

esult was obtained for Ni-K/Al2O3 in the research of Ching, et al.
86]. They showed that the disappearance of the TPD-CO2 signal at
igh temperatures is because K species might cover the site that
trongly adsorbed CO2.
Fig. 4. Temperature-programmed desorption profiles of CO2 for (a) Ni-Co/La2O3,
(b) Ni-Co/ZrO2, (c) Ni-Co/CeO2, (d) Ni-Co/�-Al2O3 and (e) Ni-Co/�-Al2O3 catalysts.

The NH3-TPD results of the bimetallic Ni-Co catalysts are shown
in Fig. 5. The total surface acid amounts (defined as desorbed NH3)
are shown in Table 1. The acid site distributions are mainly classified
by temperature range as weak (<250 ◦C), medium (250–400 ◦C), and
strong (>400 ◦C) acidic sites [87]. Fig. 5 indicates two  peaks in differ-
ent positions except in the case of the Ni-Co/La2O3 sample, in which
one peak appeared at 220 ◦C. This shows there are weak acidic sites.
For the catalyst supported by CeO2, ZrO2, �-Al2O3, and �-Al2O3,
the first peaks were at a temperature of 100 ◦C, while the second
peaks were at 790 ◦C. The presence of these weak acidic sites might
be related to centres created by the incorporation of the metal

[88]. A qualitative comparison of the peak intensities shown in
Table 1 illustrates that the �-Al2O3-supported catalyst adsorb more
ammonia, followed by ZrO2, �-Al2O3, La2O3, and CeO2 supports
(from high to low capacity of ammonia uptake) and hence a low
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oncentration of acidic sites on the surface. These additional fea-
ures indicate that there are different acidic sites which can adsorb
mmonia with varying strengths. The presence of a high tempera-
ure feature around 790 ◦C in terms of Ni-Co/�-Al2O3 followed by
i-Co/ZrO2 is especially indicative of stronger acidic sites.

.2. Catalyst performance test

The activity of bimetallic Ni-Co catalysts supported on reducible
xides of ZrO2 and CeO2, and irreducible oxides of La2O3, �–Al2O3
nd �–Al2O3 were firstly tested in terms of phenol steam reform-
ng in the temperature range of 500 ◦C to 800 ◦C. The influence
f reaction temperature on phenol conversion steam reforming is
hown in Fig. 6. In general, the reformative activity of phenol con-
ersion increases as the temperature increases. This is because of

avourable hydrocarbon conversion at high temperatures [89]. Pre-
ious works have achieved the same result of increasing phenol
onversion activity with high temperatures [7,90]. As seen in Fig. 6,
he highest phenol conversion was achieved for the Ni-Co/ZrO2
Fig. 7. Hydrogen yield at 500 to 800 ◦C for (a) Ni-Co/La2O3, (b) Ni-Co/ZrO2, (c) Ni-
Co/CeO2, (d) Ni-Co/�-Al2O3 and (e) Ni-Co/�-Al2O3 catalysts.

catalyst. For this catalyst, the conversion increased from 75.9% at
650 ◦C to 98.9% at 800 ◦C. This high activity of reducible ZrO2 oxide
support for bimetallic Ni-Co catalyst might be due to strong metal-
support interaction and detect of tetragonal phase structure which
analysed by TPR and XRD, respectively. The Ni-Co/CeO2 catalyst
showed lower performance in terms of phenol conversion (96.4%
at 800 ◦C) than the Ni-Co/ZrO2 catalyst. Previous studies of ethanol
steam reforming highlighted that the lower level of activity of CeO2
compared to ZrO2 is because of the catalyst deactivation by coke
formation on the CeO2-supported catalyst’s surface [91]. On the
other hand, the Ni-Co/La2O3 catalyst produced the minimum con-
version of phenol, which was  92% at 800 ◦C. This is despite that
the reducibility and basicity tests showed that it had maximum H2
consumption and the second highest basic site. The highest sur-
face area, high acidity, and basic sites were achieved for irreducible
�–Al2O3 and �–Al2O3-supported catalysts, but these two catalysts
have lower levels of activity in terms of phenol conversion.

Fig. 7 shows the hydrogen yield of phenol steam reforming in
the temperature range of 500 ◦C to 800 ◦C. The H2 yield followed
a behaviour that is similar to the phenol conversion. It can be
remarked that the entire hydrogen yield increased as the tem-
perature for all supported catalysts increased. The lowest H2 yield
was about 19.8% for Ni-Co/�-Al2O3 at 500 ◦C, but the temperature
increased slightly and reached 85.6% at 800 ◦C. The Ni-Co/La2O3
catalyst had the lowest activity in terms of hydrogen production at
high temperatures. This is probably due to the low surface area
and the acidity of the Ni-Co/La2O3 catalyst. On  the other hand,
the Ni-Co/�-Al2O3 catalyst was  more active and presented higher
hydrogen formation 500 ◦C. Clearly, irreducible �-Al2O3 oxide sup-
port for Ni-Co bimetallic catalyst exhibits higher activity in terms of
phenol conversion and hydrogen production at 500–700 ◦C than the
Ni-Co/�-Al2O3, Ni-Co/La2O3 and Ni-Co/CeO2 catalysts. This might
be because of the highest acidity of the Ni-Co/�-Al2O3 catalyst.
The H2 yield for Ni-Co/�-Al2O3 catalyst was 57.6% at 500 ◦C and
increased to 83.5% at 800 ◦C. This follows previous research which
discussed that the alumina support is favoured in a water gas shift
reaction, but the disadvantage of this support is that, during dehy-
dration reactions, the deactivation of catalysts by coke formation
is caused [92]. Moreover, the Ni-Co/�-Al2O3 catalyst shows high
selectivity in terms of extracting hydrogen from phenol. The poly-

merisation of phenol to coke takes place on both strong acid sites on
the Ni-Co/�-Al2O3 catalyst. This results in the formation of polynu-
clear hydrocarbons, which remain strongly adsorbed on acidic sites
and cause loss in activity or form coke multi-layers that lead to cat-
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Fig. 9. (a) TGA– (b) DTA curves after 6 h steam reforming for (a) Ni-Co/La2O3, (b)
Ni-Co/ZrO2, (c) Ni-Co/CeO2, (d) Ni-Co/�-Al2O3 and (e) Ni-Co/�-Al2O3 catalysts.

Table 2
Weight loss and amount of coke formation on the spent catalysts.

Catalysts Weight loss (%) Total weight loss (%)

WL1 WL2 WL3

Ni-Co/La2O3 0.66 0.31 13.7 14.7
Ni-Co/ZrO2 0.23 0.8 8.14 9.1
Ni-Co/CeO2 1.68 0.79 6.7 9.2
ig. 8. (a) catalyst staibility based on gas product yield and (b) catalyst staibility
ased on phenol conversion for ZrO2 supported catalyst at 500, 650 and 800 ◦C for

 days.

lyst poisoning [61]. These results indicate the choice of support for
ctive metals was very effective for increasing the H2 yield of phe-
ol conversion. In summary, Ni-Co/ZrO2 catalyst was  more effective

n terms of the phenol conversion with higher level of hydrogen
electivity and is selected as promising catalyst.

According to Fig. 6 and Fig. 7, the highest level of activity for
henol steam reforming is found in the Ni-Co/ZrO2 catalyst. Thus,
i-Co/ZrO2 is selected as a promising catalyst for phenol steam

eforming in this work. The stability tests of the Ni-Co/ZrO2 catalyst
ere performed at 500, 650 and 800 ◦C, at 0.36 mL/min, and at an

tmospheric pressure for 144 h (six days) to investigate the cata-

yst deactivation phenomenon. Fig. 8 shows the long-term stability

easurements of Ni-Co/ZrO2 in terms of the steam reforming of
henol. It can be clearly seen that at low temperatures such as 500
nd 650 ◦C, the catalyst performance towards phenol conversion
Ni-Co/�-Al2O3 1.27 1.58 7.3 10.2
Ni-Co/�-Al2O3 2.2 3.13 12.5 17.8

and hydrogen yield was gradually decreased by time. The hydro-
gen yield at 800 ◦C was  constant (92.2%–90.1%) up to 144 h and the
phenol conversion changed from 98.91% to 98.87% during this time.
However, it can be seen that no deactivation was observed during
the 144 h’ stability of the Ni-Co/ZrO2 catalyst at high temperatures.

The carbon content of the spent catalysts was  analysed by
thermo-gravimetric analyses (TGA) for six hours’ time-on-stream

of phenol steam reforming reaction and is presented in Fig. 9.
Table 2 shows the quantification of weight loss and the amount of
carbon deposits during the phenol steam reforming for reducible
(CeO2 and ZrO2) and irreducible (La2O3, �-Al2O3, and �-Al2O3)
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Table 3
Reaction rate at 800 ◦C and apparent activation energies (Ea).

Catalyst Reaction rate (mmol/g s) Slope Ea (J/mol)

Ni-Co/La2O3 10.40 −6.08 50.57
Ni-Co/ZrO2 11.17 −12.32 102.41
Ni-Co/CeO2 10.87 −8.10 67.38
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Fig. 10. Arrhenius plot for phenol steam reforming reaction over (a) Ni-Co/La2O3,

nol conversion (75.9%) at 650 ◦C. By using this reducible support
Ni-Co/�-Al2O3 10.95 −6.14 51.01
Ni-Co/�-Al2O3 11.02 −9.03 75.07

xides supports for bimetallic Ni-Co catalysts. In literature, the
eight loss region below 200 ◦C (WL1) has been attributed to the
ater and moisture evaporation. The weight loss between 200

nd 600 ◦C (WL2) has been ascribed to less stable deposits [93],
hereas the weight loss above 600 ◦C (WL3) is generally attribu-

ive to decomposition of coke deposits with more stable [93] and/or
ifferent degree of graphitization [94]. In overall, the reducible
upports for bimetallic Ni-Co are stronger against coke deposi-
ion on their surface than irreducible oxides. The results of the
arbon deposition on the catalysts’ surfaces showed that the Ni-
o/ZrO2 catalyst had the lowest level of coking activity while the
i-Co/�–Al2O3 catalyst showed the highest level of coking among

he five tested catalysts. As seen in Fig. 9a and data in Table 2, from
he region WL1, the maximum water and moisture were adsorb
n Ni-Co/�-Al2O3 catalyst surface (2.2%). The strongest catalyst
gainst the water and moisture adsorption was Ni-Co/ZrO2 (0.24%).
i-Co/ZrO2 catalyst was also the strongest catalyst in WL2 and WL2

egion with lowest coke deposition on its surface (9.28% of weight
oss). For Ni-Co/La2O3 and Ni-Co/�–Al2O3 catalysts, the carbon con-
ent of the spent catalysts shows 14.7% and 17.8% weight decreased,
espectively. This carbon formation has resulted minimum phenol
onversion of the Ni-Co/La2O3 catalyst compared to other catalysts.
owever, the results show that Ni-Co/ZrO2, Ni-Co/�-Al2O3, and
i-Co/CeO2 catalysts have low carbon deposition. It is illustrated

hat carbon began to be decomposed at 500 ◦C and their peaks
ncreased along with the temperature increase. Fig. 9b illustrates
he derivative weight loss curves (DTA), which indicate decompo-
ition peaks at 650 ◦C, 660 ◦C, and 675 ◦C. The peaks that are higher
han 550 ◦C represent the decomposition of coke deposits with dif-
erent degrees of graphite [94]. Jeffery et al. [42] indicated that the
se of nitrogen instead of air in the TGA analysis cause to increase
aterial decomposition temperature.

. Reaction rate and activation energy

The rate of the reaction is a subject of broad importance. It
s important in understanding reactions, and has practical impli-
ations, too. In our study, the reaction rate of the Ni-Co/La2O3,
i-Co/ZrO2, Ni-Co/CeO2, Ni-Co/�-Al2O3 and Ni-Co/�-Al2O3 cata-

ysts as function of phenol conversion for each catalyst in the
emperature range of 500–800 ◦C was studied. The rate of reac-
ion (-rPh) based on catalyst weight were calculated from the
onversion-residence time kinetic data. It is depicted by Eq. (5).

rPh = xPhQPh
Wcat

(5)

n this equation, −rPh is the reaction rate in mmol/g s, xPh is the
onversion of phenol, QPh is the flow rate of phenol in mmol/s
nd Wcat is the weight of catalyst in g. The calculated data of the
ate model does not include the water concentration because the
oncentration of water was present in excess compared to the con-
entration of phenol. The similar assumption was reported for the

team reforming of glycerol [95] and ethanol [96]. The data of the
eaction rate are shown in Table 3, this data is in agreement with the
atalyst activity tests for phenol conversion. The maximum reac-
(b) Ni-Co/ZrO2, (c) Ni-Co/CeO2, (d) Ni-Co/�-Al2O3 and (e) Ni-Co/�-Al2O3 catalysts
in  the temperature range of 500–800 ◦C (0.2 g catalyst and 0.36 mL/min feed flow
rate).

tion rate found to be 11.17 mmol/g s with respect to Ni-Co/ZrO2
catalyst.

4.1. Apparent activation energy and comparison of activity

The apparent activation energies were calculated over temper-
ature range of 500–800 ◦C, based on the phenol conversion. The
experimental data were taken after 6 h time-on-stream (TOS) to
ensure stable performance of the catalyst. The Arrhenius plots,
through which activation energies (Eapp) were calculated using Eq.
(6), are given in Fig. 10. The apparent activation energies were
determined from the slopes of the Arrhenius plots.

Ln (k) = Ln (A) − EA
RT

(6)

where A is pre-exponential factor or frequency factor, EA is the
activation energy (J/mol), R is gas constant (8.314 J/mol K) and T
is absolute temperature (K). As it shown in Table 3, it may  readily
be observed from the slopes that the activation energy of phenol
conversion for Ni-Co/ZrO2 catalyst is comparable and considerably
higher than that of other four catalysts.

5. Conclusion

This study investigated hydrogen production as a result of phe-
nol steam reforming using a bimetallic Ni-Co catalyst over two kind
of supports such as ZrO2, CeO2 (reducible) and La2O3, �-Al2O3, and
�-Al2O3 (irreducible). The characterisation analysis shows that the
highest acidity and the largest surface areas were achieved for Ni-
Co/�-Al2O3 and Ni-Co/�-Al2O3 catalysts. These two supports have
the lower levels of activity in terms of phenol conversion and H2
production than Ni-Co/ZrO2 catalyst. This is due to coke formation
on their surfaces, which results in the deactivation of the catalyst.
The Ni-Co/La2O3 catalyst showed the low level of phenol conver-
sion and activity for the H2 yield, which is due to the surface area
and high coke formation in its surface. In this work, the Ni-Co/ZrO2
catalyst illustrated the highest level of activity in terms of phe-
for bimetallic Ni-Co catalyst, large surface area, strong interac-
tion of metal-support, formation of tetragonal phase of ZrO2, high
acidic site, strong resistant to coke formation, and long-term sta-
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ility were achieved. The reaction rate and the activation energy
f phenol conversion with respect to Ni-Co/ZrO2 catalyst were
1.17 mmol/g s and 102.41 (J/mol), respectively.
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