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a  b  s  t  r  a  c  t

Glycerol,  a by-product  of  biodiesel  industry,  could  be utilized  for the production  of synthesis  gas  or  hydro-
gen via  steam  reforming.  Ni/Al2O3 catalysts  are  efficient  for this  process  but  could  be improved  regarding
their  activity  at low  temperatures,  selectivity  toward  hydrogen  production  and  stability  with  time-on
stream.  In the  present  work,  the  effects  of addition  of B2O3 and  La2O3 on Ni/Al2O3,  on  the  physicochem-
ical  characteristics  and  catalytic  performance  are  investigated.  N2 adsorption–desorption,  XRD,  UV–vis
DRS,  TPR,  NH3-TPD  and  HR-TEM  were  employed  for  the  evaluation  of the  textural  and  structural  prop-
erties  of  the  catalysts,  while  quantitative  assessment  of  the  carbonaceous  deposits  was  performed  using
TPH-TPO.  Catalytic  behavior  was investigated  in the  temperature  range  of  400–800 ◦C. In the  absence  of
metal,  the  support  presents  considerable  activity  for the  dehydration  reactions  and  influences  selectivity
to  oxygenate  products.  The  catalytic  behavior  of  the bare  carriers  seems  to  be  dictated  by  their  surface
acidity.

The presence  of Ni enhances  significantly  catalytic  activity  and  promotes  the  production  of  gaseous

products,  mainly  carbon  oxides  and  hydrogen.  Conversion  to gas-phase  products  and  hydrogen  yield  are
enhanced by  the  addition  of La2O3 to  the  support  while  the  opposite  is  observed  upon  addition  of  B2O3.
These  differences  are  more  pronounced  at lower  temperatures.  Lower  amount  of  graphitic  carbon  was
formed  on  NiLaAl  at all temperatures.  However,  this  catalyst  has  not  been  proven  more  stable  than  the
unmodified  NiAl,  mostly  due to its poorer  textural  properties.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Worldwide energy requirements are expected to triple by 2050,
hile the transportation sector will still depend mostly on liq-

id fuels [1,2]. Sustainability, energy independency and protection
f the environment require the development of new technologies
or the effective exploitation of renewable energy and materials
esources. Nevertheless, the production of biomass derived biofu-
ls faces serious impediments, among which feedstock availability
nd production costs.

Biodiesel is by far the most common biofuel used in the EU,
roduced via vegetable oil transesterification [3,4]. In biodiesel
anufacturing, ca. 10 wt% of the processed vegetable oil is con-

erted to crude glycerol. An interesting idea is the utilization of this
rude glycerol as a raw material for hydrogen, other energy carriers
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

nd/or chemicals, having both economic and environmental advan-
ages due to waste minimization and valorisation [5–11] . In this

∗ Corresponding author.
E-mail address: verykios@chemeng.upatras.gr (X. Verykios).

ttp://dx.doi.org/10.1016/j.apcata.2015.11.047
926-860X/© 2015 Elsevier B.V. All rights reserved.
context, steam reforming of glycerol (SRG) has gained attention in
recent years [6,9,12–21] .

SRG (Eq. (1)) is a combination of two  main reactions, glycerol
decomposition (Eq. (2)) and water–gas shift reaction (WGS, Eq. (3)):

C3O3H8 + 3H2O ↔ 3CO2 + 7H2 �H0 = 128kJ
mol

(1)

C3O3H8 ↔ 3CO + 4H2 �H0 = 245kJ
mol

(2)

CO + H2O ↔ CO2 + H2 �H0 = −41kJ
mol

(3)

Glycerol decomposition follows a complicated reaction net-
work, involving several parallel and consecutive steps such
as dehydration, dehydrogenation/hydrogenation, isomerization,
polymerization of reaction intermediates, C C and C O bond cleav-
age [6,15,17]. Thus, the catalyst composition, texture, structure and
surface properties are crucial for its efficiency. Due  to the sequential
reaction mechanism, operating parameters such as temperature,
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

steam to glycerol ratio (S/G) and contact time also play a significant
role [22,23].

Ni-based catalysts, especially Ni/Al2O3, have been proven to
be active for the steam reforming of various compounds and

dx.doi.org/10.1016/j.apcata.2015.11.047
dx.doi.org/10.1016/j.apcata.2015.11.047
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:verykios@chemeng.upatras.gr
dx.doi.org/10.1016/j.apcata.2015.11.047


ARTICLE IN PRESSG Model
APCATA-15702; No. of Pages 13

2  K. Kousi et al. / Applied Catalysis A: General xxx (2016) xxx–xxx

d NiBA

b
c
�
c
m
m
a
a
i
i
d
i
e
t
p
i
u
n
h
p
i
r

e
t
e
o
d
A
a
h
t
t
s
t
r
h
C
a
s
k
N

Fig. 1. Pore size distribution of the reduced NiAl (�), reduce

iomass derivatives (including ethanol) and they are much more
ost-effective for industrial applications than noble metals [9,17].
-Al2O3 is one of the most common supports in heterogeneous
atalysis due to its good textural properties and its thermal and
echanical stability. Having acid sites (mainly of Lewis type), alu-
ina is not chemically inert, presenting catalytic properties for

cid-base catalyzed reactions such as dehydration, isomerization
nd polymerization, that can also take place during glycerol reform-
ng. Consequently, alumina contributes to glycerol reforming. Yet,
t should have the suitable acid-base properties to promote the
esired reactions but must not be too acidic to enhance crack-

ng and carbon formation. Thus, various oxides (mainly alkaline
arth oxides or lanthanide oxides have been investigated in order
o improve the resistance of Ni/Al2O3 toward coking and metal
hase sintering [16,20,24–27]. The added oxide is expected to (i)

mprove the stability of the metal particles at high temperature
nder steam (ii) weaken the Ni-alumina interaction and increase
ickel precursor reducibility (iii) promote water dissociation into
ydroxyl groups and spillover of these species toward the metal
articles, where the decomposition of glycerol or other organic

ntermediates takes place, and (iv) increase the water–gas-shift
eaction [20,24,25].

Lanthana has higher PZC (point of zero charge) and IEPS (iso-
lectric point) than alumina [28,29] and, thus, it is often used to
une the surface acidity of alumina [30–33]. In the case of glyc-
rol gas phase dehydration, it has been reported that the addition
f La2O3 increases the basicity and decreases the overall glycerol
ehydration activity and the selectivity to acetol and acrolein [30].
ccording to Iriondo et al. [34], addition of lanthana reduces of
cidic nature of the Al2O3, favoring the conversion of oxygenated
ydrocarbons (OHCs) into CH4, CO, CO2 and H2. They also observed
hat although Ni dispersion increased when La content increased,
his improvement was not clearly related with catalytic activity and
electivity toward hydrogen [34]. Garbarino et al. [35] report that
he reduction of the acidity due to lanthanum addition, effectively
educes the production of ethylene and other olefins. On the other
and, boron is known to increase the acidity of alumina [36–39].
oriolo et al. [39] indicate that the addition of B2O3-changes the
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

cidity of A12O3, creating new weaker acidic sites. Therefore, it
hould favor the reaction paths involving dehydration steps. To our
nowledge there are no literature reports on the performance of a
i/B2O3–Al2O3 catalyst for the title reaction. There is only a study
l (�), reduced NiLaAl (©) and calcined NiLaAl (�) catalysts.

on a Ni-B amorphous alloy catalyst compared with a Raney Ni for
the aqueous-phase reforming of glycerol, catalyst and conditions
differing considerably with those used in steam reforming [40] .

In the present work, B2O3 or La2O3 have been added to Ni/Al2O3,
i.e., a more acidic and a more basic oxide than alumina, respectively.
The effects of a second oxide have been investigated as regards the
physicochemical characteristics and the catalytic performance of
Ni/Al2O3 catalysts for SRG. In an effort to estimate the contribution
of the modified supports, alumina and the binary supports were
also tested under SRG conditions.

2. Experimental

2.1. Catalysts preparation

A commercial �-Al2O3 powder was  used as support mate-
rial. Metal oxide loadings and catalysts’ synthesis methods were
selected based on the results of previous studies on other reform-
ing reactions [41–43]. La(NO3)3 × 6H2O and H3BO3 were used as
precursor compounds for La2O3 and B2O3, respectively, and were
deposited on the surface of alumina by wet impregnation. Alumina
was dispersed in a dilute aqueous solution of either of the above
compounds and the suspension remained under stirring for one
hour, followed by water evaporation and drying at 90 ◦C overnight.
The dried materials were submitted to temperature programmed
calcination (10 ◦C min−1), the final temperature being 900 ◦C for
the La2O3/Al2O3 which remained at the final temperature for 30 h,
whereas for B2O3/Al2O3 the final temperature was  550 ◦C and the
material remained at this temperature for 4 h. The three supports
are symbolized as Al (for �-Al2O3), LaAl (for La2O3/Al2O3) and BAl
(for B2O3/Al2O3).

For the synthesis of Ni/La2O3/Al2O3 (NiLaAl), the La2O3/Al2O3
support (prepared as described above) was immersed into an aque-
ous solution of nickel nitrate under continuous stirring. After water
evaporation, it was  dried at 90 ◦C overnight and calcined at 600 ◦C
for 4 h and then at 750 ◦C for 1 h. In contrast, the B2O3-modified
Ni/Al2O3 (NiBAl) catalyst was prepared by wet  co–impregnation
using an aqueous solution of Ni(NO3)2 6H2O and H3BO3. Drying and
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

calcination were performed following the same procedure used for
the corresponding binary support. In all cases, nickel loading was
10 wt% Ni in the reduced catalyst. The prepared materials, their
composition and notation are shown in Table 1.

dx.doi.org/10.1016/j.apcata.2015.11.047
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Table  1
Materials: their notation and textural properties.

Catalysts Notation B2O3 or La2O3 wt% content SBET of supporta (m2/g) SBET,(m2/g) Average pore
diameter (nm)

Pore volume
(cm3/g)

Calc.b Red.c Calc.b Red.c Calc.b Red.c

Ni/�–Al2O3 NiAl – 194 160 152 12.4 12.8 0.60 0.60
Ni/B2O3–Al2O3 NiBAl 5.6 205 192 185 9.2 12.2 0.53 0.68
Ni/La2O3–Al2O3 NiLaAl 16.8 83 83 75 16.1 16.0 0.37 0.35
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a Specific surface area of the corresponding support.
b Calcined catalyst.
c Reduced catalyst.

.2. Catalyst characterization techniques

Textural properties were measured based on the nitrogen
dsorption–desorption isotherms at 77 K using a Micromeritics
riStar 3000 apparatus. For calculation of the specific surface areas
he standard B.E.T. equation was applied within the nitrogen rela-
ive pressure range of 0.06 < P/P0< 0.20. Pore size distribution was
stimated based on the Barret–Joyner–Halenda (BJH) method and
he adsorption branch of the isotherms.

X-ray diffractograms (XRD patterns) of the fresh and reduced
atalysts were recorded on a Bruker D8 Advance diffractome-
er equipped with a Ni-filtered Cu K� radiation (� = 0.15418 nm).
he following operating parameters were selected: 40 kV, 40 mA,
nglerange 2◦ < 2� < 85◦, step size 0.015◦ and scan speed 0.3 s/step.
CPDF (Joint Committee on Powder Diffraction Standards) data files

ere used for the phase identification. The average size of metal
rystallites was calculated following the Scherrer equation.

Diffuse reflectance spectra (DRS) of the calcined materials
ere recorded using a UV–vis spectrophotometer (Varian Cary

) equipped with an integration sphere coated with BaSO4. The
owder materials were mounted in an appropriate quartz cell
hich provides an “infinite” sample thickness and the spectra were

ecorded at room temperature and in the range of 200–800 nm.
hese are presented as the Schuster–Kubelka–Munk (SKM) func-
ion F (R∞) = (1 − R∞) 2/2R∞ = K/S, where R∞ is the reflectance of

 thick solid layer and K and S are the absorption and diffusion
oefficients, respectively.

Surface acidity was quantified by ammonia temperature pro-
rammed desorption (NH3-TPD). All samples were pre-reduced in
rder to evaluate their acidity at a similar state as they meet the
eactant stream. The pre-reduced catalyst was  dried overnight at
20 ◦C and then cooled slowly to room temperature (RT). 100 mg
f the catalyst (particle size 180–250 �m)  were introduced in
he reactor and then reduced in situ under a stream of pure H2
30 mL/min) at 400 ◦C for 30 min  and then cooled to RT under a flow
f He (30 mL/min) to remove adsorbed H2. Next, a stream of NH3/He
ixture was introduced in the reactor for 1 h, and then switched

o He (30 mL/min) to remove ammonia physically adsorbed on the
atalyst surface. When the signals, monitored by an MS  detector
FL-9496 Balzers), were stabilized, temperature was increased from
T to 750 ◦C at a rate of 10 ◦C/min. Signal calibration was  performed
sing known quantities of ammonia to the mass spectrometer.

ntegration of the TPD curves was used to quantify the amount of
esorbed ammonia. With this method, the exact nature of adsorp-
ion sites (Brønsted or Lewis) can not be defined, but only the total
cidity of the samples.

Reducibility of supports and catalysts was studied by temper-
ture programmed reduction (TPR) with hydrogen. 300 mg  of the
aterial, previously dried at 393 K, was heated under a stream of

0% H /Ar (40 mL/min) from RT to 800 ◦C, with a temperature ramp
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

2
f 10 ◦C/min. The sample remained at 800 ◦C under the same gas
tream until the signal reached baseline (at least for 1 h). The con-
umption of H2 was measured by a thermal conductivity detector
(GC 8610 Chemito). A cold trap (liquid nitrogen/ethanol bath) was
used to remove water from the reactor effluent before it reached
the TCD detector. Various amounts of CuO were reduced under the
same experimental conditions in order to calibrate the method and
quantify hydrogen consumption.

High Resolution Transmission Electron Microscopy (HR-TEM)
micrographs were obtained on a JEOL JEM-2100 system. For nickel
particle size distributions more than 240 individual particles per
specimen were measured.

2.3. Catalytic performance evaluation

The catalytic performance for the steam reforming of glyc-
erol was  evaluated following two  different experimental protocols,
using a fixed bed plug-flow reactor, operating at atmospheric
pressure. The catalysts were submitted to ex-situ reduction. Tem-
perature was increased gradually (10 ◦C/min) from RT to 800 ◦C
under N2 flow (50 mL/min) and then the catalyst was  reduced under
a stream of 100% H2 (100 mL/min) for 1 h at this temperature, fol-
lowed by cooling to RT under N2 flow. The sample was  then stored.
200 mg  of the pre-reduced catalyst (particle size 180–250 �m)
were reduced in situ under a stream of H2 (50 mL/min), while tem-
perature was increasing following a ramp of 10 ◦C/min, from RT
to 750 ◦C, where it was kept for 2 h. The catalyst was  then purged
with helium for 15 min  and temperature was increased to 800 ◦C
and the reaction feed was  introduced into the catalyst bed. The lat-
ter is prepared as follows: a mixture of 20:80 wt% glycerol/water is
kept in a tank under continuous stirring at room temperature. The
mixture is introduced into the evaporator using an HPLC pump.
At the same time a Ar/He mixture (1:40), controlled by two sepa-
rate mass flow controllers, is introduced into the evaporator from
another inlet. The evaporator outlet, consisting of 20% He, 1% Ar,
75% H2O and 4% glycerol, at W/F  = 1.05 mg  min  mL−1, is fed into
the reactor. Evaporator and tubing are held at 350 ◦C in order to
make sure that glycerol is completely in the gas phase. Catalytic
activity and selectivity were assessed in the temperature range of
400–800 ◦C, at steady state conditions for each temperature.

Catalysts were also evaluated following a different reaction pro-
tocol, according to which catalytic tests were performed for exactly
3 h, at the temperatures of 400, 500 and 600 ◦C, using a fresh catalyst
sample at each temperature. Activation was  performed in exactly
the same way as described above. Temperature was then lowered
to reaction temperature and the reaction feed was  introduced into
the reactor (feed composition and W/F  are the same as previously
stated).

Feed and gas-phase reaction products were analyzed by 3 gas
chromatographs: (a) a Shimadzu GC-8A, equipped with a packed
Carbosieve SII column (spherical carbon molecular sieve), a TCD
detector, N2 as carrier gas and a data processor (HP 3395), (b) a Shi-
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

madzu GC-9A equipped with a packed Porapak Q column (spherical
carbon molecular sieve), an FID detector, He as carrier gas and a data
processor (Shimadzu C-R6A) and (c) a Shimadzu GC-14A with a
packed Carboxen 1000 column (spherical carbon molecular sieve),

dx.doi.org/10.1016/j.apcata.2015.11.047
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 TCD detector, He as carrier gas and a data processor (Shimadzu
-R6A). A cold trap was used for the condensation of the liquid
roducts at the reactor exit before entering the gas chromatographs
ystem. The condensed liquids were analyzed using MS-gas chro-
atography. In this case the gas chromatograph (Hewlett-Packard

890), equipped with a capillary column (HP-INNOWax) and using
e as carrier gas, is directly connected to the mass spectrometer

HP 5973) which is used as a detector.
One of the problems encountered in many studies is the estima-

ion of glycerol conversion using carbon balance in the gas phase
6]. If the concentration of all carbon-containing compounds in the
as phase is not measured, this approach may  be erroneous, render-
ng comparison between studies uncertain. This can be overcome
f conversion is calculated using the moles of glycerol at the reactor
nlet and outlet. In this study the total glycerol conversion (Xtot)
nd the glycerol conversion to gas (Xgas) were calculated following
he equations:

tot = [glycerol] in − [glycerol] out
[glycerol] in

× 100 (4)

gas = [total Carbon]out, gas

[G] in
× 100 (5)

total Carbon]out, gas = ��P1i	
3

+ 2 × � [P2i]
3

+ � [P3i] (6)

here P1i, P2i and P3i, represent the product i that contains one, two
r three carbon atom(s) in the molecule, respectively.

Yield was calculated based on the following:

P1i =
[P1i]

3 × [glycerol] in
× 100 for 1 C containing molecules (7)

P2i =
2 × [P2i]

3 × [glycerol] in
× 100 for 2 C containing molecules (8)

P3i =
[P3i]

[glycerol] in
× 100 for 3 C containing molecules (9)

H2 = [H2]
7 × [glycerol] in

× 100 (10)

.4. Analysis of carbonaceous deposits

The carbonaceous deposits on the spent catalysts were mea-
ured by temperature programmed hydrogenation (TPH) followed
y temperature programmed oxidation (TPO). At the end of the 3 h
atalytic test, the catalyst was cooled to room temperature under

 flow of He (15 mL  min−1) to remove the unconverted reactants
nd products. The used catalyst was dried overnight at 120 ◦C and
hen cooled slowly to room temperature (RT). A weighted amount
f catalyst was introduced in the reactor and was purged in situ
ith He at RT. The temperature was increased from RT to 700 ◦C

t a rate of 10 ◦C/min under a reductive gas mixture of 6% H2/He
30 mL/min) at atmospheric pressure. Temperature was kept at
00 ◦C until the methane signal reached the baseline. Then, it was
ooled down to RT and TPO was conducted under a flow of 6% O2/He
30 mL/min), following the same procedure. The signals of H2, O2,
O, CO2 and CH4 were continuously monitored by an MS  detec-
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

or (FL-9496 Balzers). Calibration was performed by introduction
f known quantities of H2, O2, CO, CO2 and CH4 to the mass spec-
rometer. The TPH and TPO signals were integrated to calculate the
otal amount of carbonaceous deposits.
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3. Results and discussion

3.1. Materials characterization

3.1.1. Textural properties of materials
The deposition of lanthana on the surface of �-Al2O3 support

resulted in an important decrease of the specific surface area (SSA)
probably due to sintering during calcination and to pore blockage
of the alumina pores (Table 1). On the contrary, there is no signif-
icant alteration of the textural properties upon B2O3 addition to
�-Al2O3 due to the lower calcination temperature and the lower
B2O3 content. The same trend is followed when Ni is deposited
on the surface of these carriers (Table 1). The ternary NiBAl and
NiLaAl have slightly smaller SSAs than their corresponding binary
supports. As materials operate in their reduced form, the textural
properties were also evaluated following the reduction/activation
procedure applied prior to the catalytic tests. Reduction caused a
slight deterioration of texture (Table 1). From the above results it
can be concluded that the oxide loading on alumina and calcination
temperature are the main factors determining textural properties.

In order to clarify the impact of each of the two parameters
the following observations can be made. The loading of the sup-
ported phase in the binary materials follows the order 5.6 wt%  B2O3,
12.7 wt%  NiO and 16.8 wt% La2O3, i.e., as the content of the sup-
ported phase increases, alumina content decreases. As it is alumina
which provides the large SSA, it is logical to assume that, as its
content decreases the SSA also decreases. This is true for BAl and
NiAl. However, for LaAl, the decrease is much higher than expected
(Fig. S1 in supporting information). The most plausible reasons for
the significant textural deterioration observed for LaAl and NiLaAl
is the blockage of the smaller mesopores of alumina and/or sin-
tering during calcination. Pore size distribution confirms the above
hypothesis, as can be seen in Fig. 1. NiLaAl catalyst has a higher aver-
age pore diameter, a narrower pore size distribution and a much
smaller pore volume, as compared with the other Ni catalysts.

3.1.2. X-Ray diffraction analysis
The X–ray diffraction analysis of the binary supports (not

shown) exhibit the characteristic features of �-Al2O3 for all sam-
ples. The presence of B2O3 cannot be detected in the BAl support, as
boron oxides are difficult to crystallize, forming amorphous glassy
phases [43]. On the contrary, new phases were detected in the X-
ray diffractogram of LaAl. The sharp and narrow peaks observed
at 2� of 23.46◦, 33.41◦, 41.20◦, 47.98◦, 54.11◦ and in the range of
70–81◦ are attributed to LaAlO3 in rhombohedral symmetry (JCDD
#31-0022). The formation of this phase is expected after calcina-
tion at 900 ◦C [44,45]. The existence of La2O3 cannot be excluded
but it is difficult to be confirmed as its main diffraction peaks are
overwhelmed by those of alumina. The formation of LaAlO3 may be
another reason for the notable decrease in SSA.

XRD patterns of calcined NiAl and NiLaAl (not shown) exhibit
the characteristic peaks due to X-rays diffraction by the NiO cubic
lattice, reflections being more intense for NiLaAl. On  the contrary,
crystalline NiO are not clearly seen in the XR diffractogram of cal-
cined NiBAl. The boron content and the preparation procedure of
this catalyst results in improved dispersion of nickel oxide, the
crystallites of the latter being beyond the detection limits of the
XRD technique [43] . The existence of LaNiO3 in NiLaAl cannot be
confirmed as its diffraction pattern is very similar to LaAlO3 that
has been detected on the calcined support. However, according to
Palma et al. [46] the similarities between the lattice parameters
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

of LaNiO3, NiAlO3 and the (1 1 0) plane of the �-Al2O3 favor the
formation of either a NiLaO3 perovskite monolayer on top of the
LaAlO3 perovskite or LaNi1-xAlxO3 mixed oxide phase. The pres-
ence of NiAl2O4 is also difficult to verify as lattice parameters are

dx.doi.org/10.1016/j.apcata.2015.11.047
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ig. 2. The XRD patterns of Ni-catalysts (A) reduced and (B) used at 400 C, © �-
l2O3 (JCPDS 10-0425), * LaAlO3 (JCPDS 31–0022), � Ni (JCPDS 04-0850), � graphitic

 (JCPDS 41–1487).

omparable to those of �-Al2O3 and thus diffraction peaks overlap
hose of the support.

The XR diffractograms of the reduced Ni-catalysts are presented
n Fig. 2A. LaAlO3 or other orthorhombic perovskite phase is still
resent in the reduced NiLaAl, accompanied by diffraction peaks
ue to �-Al2O3 and metallic nickel, in accordance with the results
f Palma et al. [46]. The different degree of dispersion of the nickel
xide, observed for the calcined catalysts, resulted in significant
ifferences in the Ni0 dispersion after reduction; i.e., the intensity of
he peak corresponding to X-ray diffraction from (1 1 1), (2 0 0) and
2 2 0) planes of Ni0, appearing at 44.55◦, 51.89◦ and 76.45◦ Bragg
ngles respectively, follow the order NiBAl < NiAl < NiLaAl (Fig. 2).
he average Ni particle size, calculated from the diffraction peak of
he Ni (2 0 0) plane (at 2� = 51.9◦), using the Scherrer equation, give

 quantitative measure of this observation (Table 2).

.1.3. UV–vis DRS analysis
The UV–vis DR spectrum of �-Al2O3 (Fig. S2) shows an absorp-

ion band in the area 200–350 nm with maximum at ca. 220 nm,
hich is attributed to the ligand-metal charge transfer transitions

2− 3+
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

rom O → Al [47] . The absorption edge has been calculated to
e 3.99 eV, in accordance with the formation of �-Al2O3 [48]. The
R spectrum of LaAl sample presents an absorption band with at

east two maxima, one at about 206 nm and one at 230 nm (Fig.
Fig. 3. The UV–vis DR spectra of the Ni-catalysts recorded after calcination using
alumina as background.

S2). Besides the O2− → Al3+ charge transfer transitions in �-Al2O3,
other electron transitions also contribute to this absorption band.
An absorption band due to O2− → La3+ charge transfer transition
is also expected in this area. Barrera et al. [45]. observed a shift to
higher wavelength in the binary La-Al oxides. In fact, they suggest
alterations of the coordination shell of the Al3+ cations due to the
interactions with the La3+ cations [45]. In addition to the forma-
tion of LaAlO3, the inter-diffusion of Al3+ and La3+ ions between
LaAlO3 and Al2O3 solid phases results in the formation LaAl11O18
microdomains, i.e., the electronic environment of Al3+ and La3+ ions
can vary considerably and these variations can be expressed by the
observed shift in the absorption band [45]. The absorption edge
of LaAl increases to 4.34 eV, in line with literature reports [47,48].
The DR spectra of BAl shows two bands, a band at the detection
limits (200 nm)  and a broad band at ca. 255 nm.  The presence of
the two  distinct bands may  indicate at least two different elec-
tronic environments for Al3+, due to the presence of B3+ ions. To
our knowledge there are no literature reports on UV–vis DRS stud-
ies on borated aluminas and further investigation of this issue is
beyond the scope of the present study.

The UV–vis electronic spectra of Ni-catalysts are much more
complicated due to the influence of neighboring metal ions and
more remote ligands, providing information on the coordina-
tion environment of the transition cations. In an effort to gain
more information on the symmetry and the coordination of
nickel species, the DR spectra of the calcined Ni-catalysts were
recorded using as reference the alumina support (Fig. 3). The
absorbance in the 250–350 nm region is assigned to O2− → Ni2+

charge-transfer in octahedral symmetry in a NiO lattice [49,50].
The maximum has been reported to be at 320 nm in bulk
NiO and it is blue shifted in supported NiO/Al2O3 catalysts
[43,49,51–53]. A peak at � < 250 nm and a shoulder at about 294 nm
is observed in the spectrum of NiAl catalyst, indicating good dis-
persion of the nickel oxide and interaction with the alumina
support [51,53 and citations therein]. More intense bands at ca.
294 nm are observed for the NiBAl and NiLaAl samples (Fig. 3),
implying different Ni2+ electronic environment and/or larger NiO
particles. For NiBAl, the difference in this band must be related to
alterations of O2− → Ni2+ charge-transfer transition due to the pres-
ence of B2O3, as Ni2+ and B3+ precursors were co-impregnated and,
thus, may  have formed a ternary amorphous common phase [43].
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

This is in accordance with the XRD results by which no nickel phase
could be clearly detected for the calcined NiBAl catalyst, indicating
small NiO particles. For NiLaAl, the absorption band at ca. 294 nm is
more important and may  be due to both reasons. XR diffractograms

dx.doi.org/10.1016/j.apcata.2015.11.047
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Table 2
Average nickel particle size (estimated by XRD) after reduction and catalytic tests for 3 h at 400 ◦C, 500 ◦C and 600 ◦C and carbonaceous deposits after testing for 3 h at 500 ◦C.

Catalysts dNi,R (nm) dNi,U400C (nm) dNi,U500C (nm) dNi,U600C (nm) dNi,U stability (nm) H2 consumption (mmol H2/gcat) C500 ◦C (mg C/gcat)

16.1± 0.7 0.91 121
– 1.18 181
14.2± 0.6 0.85 39
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NiAl 9.5 ± 0.5 7.6 ± 0.4 7.6 ± 0.4 8.4 ± 0.7 

NiBAl  6.7 ± 0.2 4.3 ± 0.4 4.3 ± 0.4 4.8 ± 1.0 

NiLaAl  11.7 ± 0.4 10.7 ± 0.7 10.7 ± 0.7 10.6 ± 0.5 

how larger Ni0 crystallites for the reduced NiLaAl catalyst, as com-
ared to those in NiAl. On the other, hand, the calcination of NiLaAl
atalyst is expected to enhance the diffusion of Ni2+ into the LaAlO3
attice, creating a different electronic environment than in NiAl.

The band at 370–385 nm,  corresponding to d-d electron tran-
itions in octahedral Ni2+ in NiO lattice, is clearly observed for all
atalysts and differences are insignificant (Fig. 3). An overlapping
and with maximum at ca. 410 nm is observed for the NiBAl cat-
lyst, attributed to octahedral Ni2+ in NiAl2O4-like surface spinel,
aving different physical and catalytic properties than bulk nickel
luminate [54,55]. This band is more intense for Ni/B2O3–Al2O3 cat-
lysts calcined at lower temperatures [43] but calcination at 750 ◦C
nhances the diffusion of Ni2+ into the alumina lattice, to occupy
etrahedral coordination in the bulk NiAl2O4-spinel [35]. The lat-
er species are detected by the presence of the doublet in the area
00–650 nm.  The formation of this phase is also confirmed for NiAl
nd NiLaAl as the calcination temperature is the decisive factor for
ts formation.

In summary, NiAl exhibits the properties of a state of the art
i/Al2O3. NiO and NiAl2O4 are present in all calcined catalysts. B2O3
nd NiO addition do not alter considerably the textural properties
f the support but an important decrease in SSA and porosity is
bserved upon La2O3 introduction. This must be mainly due to
he formation of LaAlO3 phase. After reduction, differences are
bserved in Ni0 dispersion, being greater in NiBAl and lower in
iLaAl, as a result of the lower SSA of LaAl.

.1.4. Estimation of surface acidity
Glycerol decomposition reactions can follow different paths,

lso involving dehydration reactions [15]. Since the latter are cat-
lyzed by materials having acid-base activity [30,56], the acidity of
he catalysts can be investigated using NH3 adsorption–desorption
57,58]. The NH3-TPD profiles of the reduced Ni-catalysts are exhib-
ted in Fig. 4a. The Ni-catalysts were studied after reduction, in
he state that these operate under glycerol reforming conditions.
nly NH3 could be detected during TPD, indicating that adsorp-

ion and desorption of ammonia take place molecularly. An intense
esorption peak is observed at about 100 ◦C for the NiAl catalyst
Fig. 4a), similar in shape to that obtained for the alumina sup-
ort (not shown) [59] but lower in intensity and shifted to lower
emperature by about 15 ◦C. This is probably due to the higher
alcination temperature and the reduction that proceeded. Desorp-
ion of ammonia is observed to continue at higher temperatures,
he higher amount being released up to 400 ◦C and then forming

 decaying “tail”. The addition of La2O3 on alumina results in a
ecrease of the total amount of desorbed ammonia, being more

mportant for the stronger acid sites (higher desorption tempera-
ure) while the presence of Ni0 had no further effect (Fig. 4b). On the
ontrary, much higher acidity is exhibited by NiBAl and BAl (Fig. 4a
nd b). Although the acidity of NiBAl is significantly lower than
hat of BAl, NiBAl is still more acidic than the other catalysts. The

ore important difference between NiBAl and the other catalysts
s observed for the weak acid sites, as those desorbing ammonia
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

p to 300 ◦C. The results of NH3 TPD analysis are in accordance
ith relevant literature studies, showing decrease in acidity upon

a2O3 addition [28,30,31] and the contrary in the presence of B2O3
36,38].
Fig. 4. NH3-TPD profiles obtained over the reduced Ni-catalysts (A) and relative
acidity of catalysts and supports (B).

3.1.5. Reducibility of catalysts
The reducibility of the catalysts was  evaluated via H2-TPR (Fig.

S3). The supports have negligible reducibility. For Ni-catalysts,
hydrogen consumption starts at about 650 ◦C for NiAl and NiLaAl
and at 600 ◦C for NiBAl and increases sharply up to 800 ◦C. The main
reduction takes place isothermally at 800 ◦C. Although the hydro-
gen consumption profiles are comparable regarding their shape to
those obtained by other similar Ni/Al2O3 catalysts [43,58], reduc-
tion takes place at higher temperatures (by about 120–130 ◦C)
whereas total hydrogen consumption is lower than that of similar
catalysts calcined at lower temperatures [43]. Reduction pro-
files similar in shape and recorded at temperatures higher than
750 ◦C was also reported by Bizkarra et al. [60], who have cal-
cined their materials at 700 ◦C for 4 h. Palma et al. [46] , studying
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

Ni/La2O3–Al2O3 catalysts calcined at 900 ◦C, report that catalysts’
reduction occurs in a single step with a maximum in the reaction
rate at ca. 860 ◦C. The complete reduction of NiO (assuming that this
is the main nickel phase in all calcined catalysts) would require

dx.doi.org/10.1016/j.apcata.2015.11.047


ARTICLE IN PRESSG Model
APCATA-15702; No. of Pages 13

K. Kousi et al. / Applied Catalysis A: General xxx (2016) xxx–xxx 7

Fig. 5. Conversion of glycerol and yields (Y%) of main gas products in the absence
of  catalyst. � total conversion%, � conversion to gas%, * Y% hydrogen, © Y% CO, � Y%
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O2, � Y% acrolein, Y% acetol, � Y% acetaldehyde, � Y% methane, � Y% ethylene,

Y% propane.

.70 mmol  H2/gcat. As it can be seen in Table 2, the total amount
f hydrogen consumed is significantly lower. Similar decrease in
educibility was also reported by other researchers [61,62]. The

ain reason for the hindrance of reducibility may  be due to
tronger interactions of “nickel oxide entities” with the support.
t has been suggested that these enhanced interactions are the
esult of Ni2+ cations occupying Al3+ in the �-Al2O3, in the LaAlO3
r in a LaxAlyOz lattice or the reverse, i.e., the incorporation of
l3+ or La3+ into NiO lattice [46,61–64]. Calcination temperature
lays an important role; the higher the calcination temperature
he lower the reducibility [61]. As the calcination temperature
ncreases, the diffusion of Ni2+ ions into the �-Al2O3 spinnel to form
iAl2O4 is promoted. It is known that the latter phase is difficult

o reduce. Previous studies on similar materials have shown much
igher reducibility for Ni/Al2O3 calcined at 550 ◦C instead of 750 ◦C
applied in the current study) [43]. The H2-TPR analysis results are
n accordance with those of UV–vis DRS (Fig. 3) that confirms the
xistence of Ni2+ in tetrahedral symmetry (doublet at 500–650 nm)
s in NiAl2O4. Blom et al. [61]. observed lower reducibility of
i/La2O3–Al2O3 as compared to Ni/Al2O3 even though these cata-

ysts were calcined at the same temperature (900 ◦C). Regarding the
iLaAl, there may  be other explanations for the difficulty regard-

ng reducibility. The interaction between nickel and lanthana oxidic
pecies may  lead to incomplete reduction due to La3+ ions incor-
orated into the surface of NiO species, creating the decoration
henomenon [62,65]. For perovskite ABO3 structures, the nature of
he B metal cation determines the formation of the oxygen vacan-
ies [46]. If the B cation is hardly reducible as Al3+, oxygen vacancies
ccur at very high temperatures. According to Palma et al. [46] mor-
hological constrains induced by �-Al2O3 support on the perovskite

ayer and the random distribution of Ni and Al at the B sites of
he perovskite prevents oxygen vacancies to group. Consequently,
ickel reduction takes place only at high temperatures [46].

.2. Catalytic performance experiments

The boiling point of glycerol is 290 ◦C, while its evaporation
s accompanied by decomposition. Thus, its homogeneous reac-
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

ions were investigated in the temperature range of 400–800 ◦C.
s it can be seen in Fig. 5, in the absence of catalyst, higher

han 20% total glycerol conversion can be achieved at temper-
tures <600 ◦C, increasing considerably at higher temperatures,
Fig. 6. Conversion of glycerol and yields (Y %) of main gas products obtained with
the supports at 500 ◦C.

whereas almost total decomposition of glycerol is observed at
800 ◦C, most of the products being in the gas phase at this temper-
ature. At temperatures between 400 and 600 ◦C, the main products
are oxygenates as acetol (1-hydroxy-2-propanone), acrolein (prop-
2-enal), acetaldehyde, acetone, acetic acid and others in smaller
quantities, such as phenol and compounds with C > 3, show-
ing that homogeneous polymerization also occurs. An interesting
observation is that acrolein is the main product and its yield
increases with temperature up to 700 ◦C, while it is negligible
at higher temperatures. At T > 700 ◦C, more severe decomposition
occurs, resulting in the formation of methane (Y800 = 12.4%), ethy-
lene (Y800 = 29.0%) and propane (Y800 < 2%), CO (Y800 = 46.3%), CO2
(Y800 < 2%) and hydrogen (Y800 = 14.6%) while other hydrocarbons
are also present (Fig. 5).

The evaluation of the catalytic performance of the carriers was
studied in the temperature range of 400–800 ◦C but important dif-
ferences are observed at lower temperatures. At 400 ◦C, alumina
(Al) does not exhibit any significant activity, increasing only slightly
the conversion to gaseous products compared to that observed
homogeneously. LaAl and BAl are much more active, total conver-
sion of glycerol being 85% and 100% respectively, while acrolein is
the main product of BAl (Y400,acrolein = 38.5%) at 400 ◦C. Raising tem-
perature to 500 ◦C results in 100% total conversion for all supports,
which is 300 ◦C lower than that achieved homogeneously. Glycerol
conversion to gas phase products (Xgas) and yield to major products
at 500 ◦C are shown in Fig. 6. Alumina favors dehydration reac-
tion pathways, the main product being acrolein (Y500,acrolein = 19%),
whereas a 10% conversion to gas-phase products (mainly CO, CO2
and acetaldehyde) is observed. Addition of boron does not improve
activity toward gas phase products but has a remarkable effect on
selectivity to acrolein, increasing its yield to 45% (Fig. 6). Acetol
and acetaldehyde yields are also increased. Addition of La2O3 to
alumina has the opposite effect. Conversion to gaseous products
increases to 15%, the yield of acetol is also increased while acrolein
production is considerably suppressed, as compared to alumina.
The yields of CO and CO2 also increase. At this temperature, H2
obtained by all supports is negligible.

Solid acids are good catalysts for the dehydration of glycerol,
one of the main products being acrolein [11,66]. According to
Tsukuda et al. [66], dehydration with the elimination of secondary
hydroxyl group of glycerol forms 3-hydroxypropanal. The latter,
being unstable, is readily dehydrated into acrolein [66]. Stosic
et al. [30]. have shown that the route of glycerol dehydration to
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

acrolein is preferentially catalyzed by materials exhibiting Brön-
sted acidity, in line with the suggestion of Tsukuda et al. [66].
who imply the protonation of the secondary hydroxyl group of
glycerol before water removal to form 3-hydroxypropanal. Alu-

dx.doi.org/10.1016/j.apcata.2015.11.047
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Fig. 7. Conversion to gas products and yields% of main products achieved over NiAl
(black symbols), NiBAl (white symbols) and NiLaAl catalysts (gray symbols), using a
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ina exhibits mainly Lewis acidity. B2O3–Al2O3 materials possess
onsiderable Brönsted acidity, related to the boron content [67].
Our results are in line with the literature as acrolein formation
ot only follows the same order with that of surface acidity, i.e.,
aAl < Al < BAl but these are linearly connected (Fig. S4).

Another possible route for glycerol dehydration involves
he elimination of a terminal hydroxyl group, forming ace-
ol (1-hydroxyacetone). Hernandez et al. [11], studying glycerol
ehydration at 400 and 500 ◦C over LaNiO3 and La2O3 in the
bsence of steam, report the formation of acetol but no acrolein was
etected under their reaction conditions. Interestingly, glycerol
onversion and selectivity to products at 400 and 500 ◦C are simi-
ar for both catalysts (LaNiO3 and La2O3, reduced or not), including
he formation of COx (mainly CO). This leads to the conclusion that
ctive sites for the glycerol conversion are not necessarily based on
i0, but it is the basicity of the catalysts (oxygen anion sites) which

s the key parameter to form acetol and even break C C bonds to a
ertain extent [11]. Auroux and co-workers [10,30]. have observed
hat basic sites are important for acetol formation. Our results are
n accordance with the above studies, as LaAl gives higher yield of
cetol, CO and CO2 than Al and BAl (Fig. 6). Regarding acetalde-
yde formation there is no general consensus. It may  be produced
ia partial decomposition of 3-hydroxypropanal, with CO and H2
emoval, as concluded by Tsukunda et al. [66]. In contrast, Pompeo
t al. [15]. and Pathak et al. [8] . suggest that acetaldehyde is formed
rom acetol. Our results show higher acetaldehyde formation for
he materials that also give higher acrolein yield, indicating that
he path of acetaldehyde formation through 3-hydroxypropanal is

ore probable. A schematic representation of the reaction paths
or the oxidic materials studied is given in Scheme 1.

Ni-based catalysts were also evaluated at the temperature range
f 400–800 ◦C. In the presence of Ni, catalytic activity is greatly

mproved as compared to the bare supports (Fig. S5). At 400 ◦C,
00% total conversion is achieved by NiAl, whereas glycerol con-
ersion to gas is increased from 10% for Al to 30% for NiAl. The
sual oxygenates (mainly acrolein, acetaldehyde, acetol, acetone)
re observed. As Ni0 catalyzes the cleavage of C C bonds, more
O (YCO = 5%) and CO2

(
YCO2 = 16%

)
are formed while the yield of

ydrogen is 13.5% at 400 ◦C. Conversion to gas products increases
ith temperature and so do yields of hydrogen and carbon oxides.

t is worth noting that CO2 yield increases up to 600 ◦C, decreasing
t higher temperatures while the yield of CO increases with tem-
erature. This is expected as the inverse WGS  reaction is favored
t high temperatures. In the presence of B2O3, conversion to gas
nd hydrogen yield is higher at 400 ◦C but at higher temperatures
t is similar to that achieved by NiAl (Fig. S5). Selectivity toward
crolein over NiBAl is high at this temperature (not shown). On the
ther hand, La2O3 does not seem to have any important effect on
onversion to gas or products selectivity at 400 ◦C, but H2 and CO
ields are a little higher at higher temperatures. The CO/CO2 molar
atio exhibits an interesting minimum at 500 ◦C (Fig. S5C), indicat-
ng that these catalysts perform as high temperature WGS  catalysts.
verall, differences among the three catalysts are very small at tem-
eratures higher than 600 ◦C since, at this temperature essentially
omplete conversion to gas phase products is achieved and product
istribution is mostly governed by thermodynamics.

Catalysts were further investigated at 400, 500 and 600 ◦C, at
hich temperatures their differences are most pronounced. Cat-

lytic tests were performed for 3 h at each temperature, using a new
atalyst sample each time, in order to also evaluate coking behav-
or following an identical time on stream. The obtained results are
resented in Fig. 7. Interestingly, these are not quite the same as
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

hose observed with the previous protocol which involved contin-
ous reaction following a descending temperature order, with the
ame batch of catalyst. At 400 ◦C, NiAl and NiLaAl fresh samples
xhibit higher glycerol conversion to gas phase products (Figs. 7 and
fresh catalyst at each temperature. (A) © Xgas of glycerol, � YH2 %, (B) YCO% and �

YCO2 % and (C) � Yacrolein%, Y% acetol, � Y% acetaldehyde, * Y% methane for NiLaAl.

S5). The most probable explanation is that in the previous proto-
col (Fig. S5), 400 ◦C was  the last temperature at which the catalysts
were studied and a certain deactivation may  have occurred. Yields
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

of H2, CO and CO2 follow the same trend as previously observed
(Fig. 7A and B), the catalysts exhibiting reasonable glycerol con-
version to gas-phase products and high WGS  activity. At 400 ◦C,

dx.doi.org/10.1016/j.apcata.2015.11.047
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Scheme 1. Reaction pathways of steam reforming o

iLaAl is the best catalyst as it gives not only higher hydrogen
ield (Y400, H2 = 47%) but also higher CO2 yield (Y400, CO2 = 59%).
or these low reaction temperatures, interesting differentiations
egarding the yields of oxygenate can be seen (Fig. 7C). For NiAl,
he yield of acrolein at 400 ◦C is 31% but it is negligible at higher
emperatures. In the presence of B2O3, acrolein is present in the
roducts at all temperatures. A Y400,acrolein = 22% is obtained over
iBAl at 400 ◦C, decreasing to 10% at 500 ◦C and 3% at 600 ◦C

Fig. 7C). A 5–7% yield of acetaldehyde is also obtained over NiAl
nd NiBAl in the temperature range of 400–600 ◦C. Yield of acetol
s ca. 7% over NiAl and 9% for NiBAl at 400 ◦C and negligible for
ll catalysts at higher temperatures. Yields of acrolein and other
xygenates are negligible over NiLaAl at all temperatures. On the
ontrary, methane is formed (Fig. 7C) at 400 ◦C (Y400, CH4 = 12%). In
ummary, B2O3 addition favors dehydration and the production of
xygenates, whereas in the presence of La2O3 the cleavage of C C
onds are favored even at 400 ◦C. At 500 ◦C and 600 ◦C any other
roduct besides H2, CO and CO2 is practically absent over NiAl and
iLaAl, but NiBAl still produces acrolein (Y500,acrolein = 10.4%), acetol

Y500,acetol = 3%) and acetaldehyde (Y500,acetaldehyde = 5.5%) at 500 ◦C.
There are several studies on steam reforming of glycerol over

i/Al2O3 and our results are in line with literature reports. Adhikari
t al. [68]. have shown Ni/Al2O3 is a good catalyst for the title reac-
ion, in terms of glycerol conversion and hydrogen yield. Cheng
t al. [69] . report H2, CO2 and CO as the main gaseous products over
i/Al2O3, at the temperature range of 450–550 ◦C. They observed
2:CO2 ratios lower and H2/CO ratios higher than in the current

tudy as they have used lower Steam/Carbon ratios. In general, at
igher steam to glycerol molar ratios, higher conversion and selec-
ivity to hydrogen can be achieved [14,69,70]. Also in accordance
ith literature, addition of lanthana hindered the production of

xygenates and olefins in favor of CO, CO2 and H2 [34,35,62] . In
ddition, as Iriondo et al. [34]. have observed, Ni dispersion is not
learly related with catalytic activity and selectivity toward hydro-
en.

.3. Characterization of used catalysts and carbonaceous
eposits.
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

The catalysts, exposed to reaction conditions for three hours as
escribed above, were analyzed by XRD and TEM in order to inves-
igate possible changes in their structure and the size of nickel
erol over modified aluminas with different acidity.

particles and to define the type of carbonaceous deposits on the
catalyst surface. XRD analysis has shown that there were no sig-
nificant alterations regarding the crystalline phases of the used
catalysts and/or size of Ni0 crystallites for all temperatures and cat-
alysts composition (Fig. 2B). In fact, slightly smaller particles were
calculated for the used catalysts than the corresponding reduced
catalyst (Table 2). Although the difference is small, it is larger than
the estimated experimental error and it is observed for all mate-
rials. For some of the used catalysts (randomly selected), the Ni0

particles size was  also measured from the TEM micrographs which
confirm the above observation. The particle size distribution of Ni0

in NiAl after reduction and after 3 h exposure to reaction condi-
tions at 600 ◦C are shown in Fig. 8, as an example. The Ni0 particle
size distribution in the used catalyst is narrower and shifted to
smaller values. A plausible explanation is the fracture of nickel par-
ticles under reaction condition probably in the process of carbon
formation.

The characteristic XRD peak of graphitic carbon is observed and
it is more important for NiAl (Fig. 2B). TEM micrographs confirm
the presence of filamentous carbon which is formed from graphene
sheets and, thus, it is of graphitic nature (Fig. S6). As it can be seen
in Fig. 2B, after 3 h under reaction conditions at 400 ◦C graphitic
carbon (2�  = 26.3◦) is clearly observed for NiAl, being less for NiBAl
and much less for NiLaAl. This result is quite interesting as NiLaAl
is the most active for the production of H2, CO and CO2 at this low
temperature (Fig. 7) although nickel dispersion on the surface of
this catalyst is not the highest as the calculated average metal par-
ticle size is larger than that of the other catalysts. The formation of
carbon is a major issue in reforming reactions and many research
efforts have been devoted in order to define the parameters which
affect coking. For methane reforming reactions, the nickel parti-
cle size seems to be related to the rate of carbon deposition, the
smaller the nickel particles the lesser the graphitic carbon formed
[43,71 and references therein]. This is not observed in the current
case, probably because the LaAl support plays a significant role in
hindering coke formation [72].

The quantitative analysis of carbonaceous deposits was  per-
formed by TPH followed by TPO (Fig. S7). The amount of carbon
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

formed (g C/gcat) was determined by integration of the hydro-
genation and oxidation profiles. At the reaction temperature of
400 ◦C, NiLaAl forms the largest amount of resilient carbon (type
A), removed by TPH up to 750 ◦C, whereas the more refractory car-

dx.doi.org/10.1016/j.apcata.2015.11.047
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Fig. 8. Particle size distribution of Ni0 in NiAl measured from TEM micrographs after
reduction and after reaction at 600 ◦C for 3 h.

Fig. 9. Total amount of coke formed over the catalysts after 3 h under reaction cond
 PRESS
 General xxx (2016) xxx–xxx

bon (type B), removed by TPO, is much less on this catalyst (Fig.
S7). The opposite is observed for NiAl catalyst, on which a larger
quantity of carbon difficult to remove is formed. NiBAl forms a
similar amount of resilient carbon but much less of type B carbon.
As reaction temperature increases, the amount of type A carbon
decreases (Fig. S7). Type B carbon also decreases but to a smaller
extent and higher temperatures are needed for its removal. At
400 ◦C the higher amount of coke (total carbon = typeA + type B)
is formed over NiAl (Fig. 9). Even though B2O3 suppresses carbon
formation at this temperature, it does not have the same effect at
higher temperatures. On the contrary, in the presence of La2O3 cok-
ing is hindered at all temperatures (Fig. 9). As the catalytic tests
have shown, it is possible that a different reaction path is followed
in the presence of La2O3 and/or LaAlO3 which does not involve deep
dehydration reactions but fast CC breaking and CO formation fol-
lowed by WGS  reaction to produce more H2 and CO2. At 600 ◦C less
carbon is formed for all catalysts. This is not surprising as at higher
reaction temperatures and in the presence of excess water, carbon
gasification (endothermic reaction) is favored and lower amounts
of coke are formed [71].

3.4. Stability assessment

The stability of the NiAl and NiLaAl was investigated under
more harsh conditions, i.e., lower W/F  = 0.67 mg min/mL, in order
to provoke and detect rapid deactivation. In fact, several W/F  were
explored and the one for which one of the two catalysts was deac-
tivated after a short time on stream was selected. NiAl and NiLaAl
catalysts were chosen based on the previous results, as they have
been proven more effective in hydrogen production. The catalysts
remained under reaction conditions at 600 ◦C until their initial
activity (estimated from glycerol conversion) dropped to 30%. The
initial activity of NiLaAl, expressed as total conversion, is simi-
lar to that of NiAl but conversion to gas products is significantly
lower (Fig. 10A). A dramatic deactivation with time-on stream is
observed for NiLaAl, reaching a 30% conversion in 18 h. NiAl pre-
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

serves 100% total conversion for 25 h, although conversion to gas
decreases slowly. Hydrogen and carbon dioxide are the main gas
products and their yields follow the same trend (Fig. 10B). Carbon
monoxide yield is always ca. 10%, irrespectively of glycerol con-

itions at 400, 500 and 600 ◦C (fresh catalyst was used for each temperature).

dx.doi.org/10.1016/j.apcata.2015.11.047
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Fig. 10. Catalytic performance of NiAl (white symbols) and NiLaAl (black symbols)
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ersion or catalyst composition, indicating that WGS  reaction is
t equilibrium under these reaction conditions and La2O3 is not
mportant for this reaction.

The reason of NiAl deactivation is likely the formation of
raphitic carbon as was detected by XRD (Fig. S8) and was measured
y TPO (Fig. 11). In addition, sintering of Ni0 particles was observed
or NiAl catalyst characterized after 55 h under reaction conditions
s the average Ni0 particle size increased to 16.1 ± 0.7 nm from
.5 ± 0.5, measured for the reduced catalyst. However, the reasons
or the fast deactivation of NiLaAl are not clear. As revealed by
RD and TPO, the amount of graphitic carbon is much less and a
ew type of carbon, removed at lower temperatures under TPO,

s formed. Nevertheless, considering the lower SSA of this cata-
yst, it is possible that the surface is covered by the carbonaceous
eposits faster. In fact, NiLaAl catalyst having almost half the SSA of
iAl (Table 1), presents the same degree of deactivation (30% glyc-
rol conversion) after the amount of coke formed (0.21 g C/gcat) is
lmost half of that formed on NiAl (0.47 g C/gcat). Metal phase sin-
ering occurred at a lower degree, Ni0 particle size increased from
1.7 ± 0.4 (reduced catalyst) to 14.2 ± 0.6 nm after 18 h under reac-
ion conditions. Another approach was also explored in order to
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

efine whether steam could also be responsible for the quick deac-
ivation of NiLaAl. The specific test was performed with a reaction
eed containing only water and He. The SSA of NiLaAl after 3 h at
00 ◦C under flow of steam decreased to 68 m2/g, which indicates
Fig. 11. Characterization of used catalysts after stability tests: (A) Total amount of
coke formed, (B) TPO profiles.

that deterioration of the textural properties under reaction condi-
tions may  also contribute to catalyst deactivation. Under the same
conditions the texture of NiAl also deteriorates, the specific surface
area measured to be 135 m2/g. Yet, it is still twice that of NiLaAl.

TEM migrographs show the presence of filamentous carbon on
both catalysts (Fig. S9). In the case of NiAl it has a structure of car-
bon nanowires whereas carbon nanotubes of various diameters are
formed on NiLaAl.

3.5. Coking vs acidity

The group of Adesina [69], performing a mechanistic study, con-
cluded that a Langmuir–Hinshelwood (LH) mechanism is followed,
involving the molecular adsorption of glycerol and the dissocia-
tive chemisorption of steam on two  different sites (strong acid and
basic sites) with surface reaction as rate determinant step. Thus,
surface acidity is required to improve catalysts efficiency. On the
other hand, it is generally observed that acidic supports promote
dehydration, dehydrogenation, hydrogenolysis and condensation
reactions which lead to coke formation and fast deactivation of the
catalyst [18,73]. Cheng et al. [69]. also reported that carbon deposi-
tion was  significant at 500 ◦C, even under excess steam condition.
So, a question arises whether acidity is determining activity as well
2016), http://dx.doi.org/10.1016/j.apcata.2015.11.047

as rate of carbon formation.
Studying the impact of support’s acidity for the steam reforming

of glycerol over Pt-based catalysts at 350 ◦C, Sad et al. [18]. report
that non-acidic supports favor the production of gaseous products

dx.doi.org/10.1016/j.apcata.2015.11.047


 ING Model
A

1 ysis A:

a
s
t
a
P
s
f
t
f
p
N
f
e
a
f
c

s
r
d
o
t
L
p
t

L

f
a
c
r
t
(
f

r
r
r
v
t
I
s

4

A
s
a
m

h
t
t
g
d
b
u
c

c
c
r
n

[

[

[

[
[

[
[

[

[

[
[

[

[

ARTICLEPCATA-15702; No. of Pages 13

2 K. Kousi et al. / Applied Catal

nd consequently the production of H2 whereas acidic supports
uch as Al2O3 decrease glycerol conversion, enhancing dehydra-
ion and dehydrogenation reactions to oxygenates such as acrolein,
cetol, 1,2-propanediol, acetic acid and acetaldehyde. Nevertheless,
t/MgO, displaying the highest basicity, is not stable with time on
tream, although the reason of its deactivation is not clear as coke
ormed on this catalyst is low [18]. Adhikari et al. [74] . have inves-
igated the catalytic performance of Ni/TiO2, Ni/CeO2 and Ni/MgO
or the steam reforming of glycerol under similar reaction tem-
eratures (550–650 ◦C). They report 100% glycerol conversion for
i/CeO2 and Ni/MgO but lower for Ni/TiO2, whereas hydrogen yield

ollows the order Ni/CeO2 > Ni/MgO > Ni/TiO2 and carbon formation
xactly the opposite order [74]. Taking into account the surface
cidity of the supports (MgO < CeO2 < TiO2 [29]), it is clear that coke
ormation is not straightforwardly related with the acidity as other
atalysts features are also important.

Lanthana hinders the formation of oxygenates and olefins, con-
idered as coke precursors, as observed in the current study and
eported in the literature [34,35,62]. The role of lanthana in hin-
ering the accumulation of carbonaceous deposits may  not depend
nly on the promotion of a different reaction pathway. According
o Tsipouriari and Verykios [72] , CO2 interacts with La2O3, forming
a2O2CO3 species. The latter reacts with carbon deposited onto Ni
articles and at the interface between Ni and La2O2CO3, according
o the following reaction (* is an active site on the surface of Ni0):

a2O2CO3 + C − ∗ → 2CO + La2O3 + ∗ (11)

Carbon is converted to CO and is removed from the nickel sur-
ace before diffusing to graphene forming centers, whereas Ni0

ctive sites and La2O3 are restored and available for a new catalytic
ycle [72]. The rate of the above reaction is crucial defining the
esistance toward coking [72]. On the other hand, at higher reac-
ion temperatures and in the presence of water, carbon gasification
endothermic reaction) is favored and lower amounts of coke are
ormed over all catalysts [71].

Summarizing, catalysts exhibiting surface acidity exhibit a high
ate of coke formation but basic supports do not seem to be more
esistant to deactivation, although coking may  not be the main
eason [18,74,75]. This conclusion is in accordance with the obser-
ations of the present study which show inferior stability with
ime-on stream although lower amount of surface carbon is formed.
t has been suggested that metal catalysts supported on neutral
upports proved to be more resistant to coking [18,73].

. Conclusions

Glycerol steam reforming was investigated over Ni dispersed on
l2O3, La2O3–Al2O3 and B2O3–Al2O3 catalysts as well as over bare
upports. Materials were characterized using various techniques,
iming to define those properties of the catalysts which have the
ost significant impact on catalytic performance.

The addition of La2O3 onto alumina and calcination at 900 ◦C
ad a detrimental impact on the textural properties, mainly due
o formation of LaAlO3 phase. Acidity also decreased and this is
he main factor defining its catalytic behavior, as conversion to
aseous products and acetol yield increased while acrolein yield
ecreased. Addition of B2O3 did not change significantly the texture
ut increased considerably acidity and selectivity to liquid prod-
cts, promoting mainly the production of acrolein. Differences on
atalytic behavior are more pronounced at lower temperatures.

Ni catalysts preserve the morphology and the acidity of the
Please cite this article in press as: K. Kousi, et al., Appl. Catal. A: Gen. (

orresponding support, except for a small decrease in SSA for all
atalysts and in acidity for NiBAl. Changes in the electronic envi-
onment of nickel were provoked by the modifiers but, besides Ni0,
o other nickel containing phases could be detected in the reduced

[

[

 PRESS
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catalysts. Ni0 dispersion follows the order NiLaAl < NiAl < NiBAl. The
addition of nickel increased significantly H2 and CO2 yields, even at
500 ◦C. However at 400 ◦C and 500 ◦C the composition of the liquid
products is similar to that of the corresponding supports. Conver-
sion to gas-phase products and hydrogen yield are enhanced by
the addition of La2O3 to the support while the opposite is observed
upon addition of B2O3. These differences are more pronounced at
lower temperatures. Lower amount of graphitic carbon was  formed
on NiLaAl at all temperatures. However, this catalyst has not been
proven more stable than the unmodified NiAl, mostly due to its
poorer textural properties.
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