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Nickel (Ni)-cobalt (Co) supported on lanthanum (III) oxide (La2O3) catalyst was prepared via

impregnation technique to study the steam reformation of acetic acid for hydrogen gen-

eration by using one-step fixed bed reactor. Moreover, in order to specify the physical and

the chemical attributes of the catalyst, X-ray diffraction (XRD), nitrogen physisorption,

temperature-programmed reduction (TPR), temperature-programmed desorption of

ammonia and carbon dioxide (TPD-NH3 and CO2), scanning electron microscopy (SEM), and

thermogravimetric analysis (TGA) methods were employed. The nitrogen physisorption

analysis showed that the presence of Co on Ni/La2O3 improved the textural properties of

the catalyst by increasing the surface area, the pore diameter and the pore volume of the

catalyst. This improved the dispersion of metal particle and caused a reduction in the size

of metal particle, and consequently, increased the catalytic activity, as well as the resis-

tance to coke formation. On top of that, the condensation and the dehydration reactions

during acetic acid steam reforming created carbon deposition on acidic site of the catalyst,

which resulted in the deactivation of catalyst and the formation of coke. Besides, in this

study, Ni/La2O3 contributed to a high acetic acid conversion (100%) at 700 �C, but it pro-

duced more coking compared to NieCo/La2O3 and Co/La2O3 catalysts.
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Introduction

In the current time of growing ecological uncertainties and

declining petroleum resources, renewable energy sources are

extremely favorable [1]. With the intention of encouraging a

new sustainable expansion, numerous replacements of

renewable fuels are presently being utilized, such as ethanol

and biodiesel [2e5]. Thus, within these past years, the atten-

tion given to the conversion of biomass to hydrogen-rich gas

has raised significantly because hydrogen is considered to be a

green, clean energy carrier in the future [6]. In fact, one of the

numerous renewable feedstock sources and one of the major

bio-oil components generation is acetic acid (17e30%) [7e10],

which has been widely used and achieved by other research

groups. Acetic acid can be produced from bio-oil by fermen-

tation process [11e13]. The detail of fermentation process has

been investigated by previous research [14e16].

Acetic acid has been used as a model compound of bio-oil

for hydrogen production [17e21]. The thermodynamic exam-

ination on steam reforming of acetic acid has exposed that

methane is the major reaction product at temperate temper-

atures, while high water/acetic acid molar ratio and upper

temperatures regard the generation of hydrogen-rich gas

[17,18]. Moreover, by using fixed-bed micro-reactor, experi-

mental studies on steam reforming of acetic acid have been

accomplished with cobalt-promoted nickel catalysts [19] and

marketable Ni-based catalysts [22]. Nonetheless the catalysts'
coking and formation of unwanted products, such as acetal-

dehyde, methane, etc., were the major problems faced

throughout these experimentations. For instance, Lan et al.

[23] looked into syngas and hydrogen-rich gas production

from bio oil using calcined dolomite catalyst. He found that

the optimum temperature for bio oil conversion to syngaswas

700 �C with around 80 wt% of conversion. On the other hand,

the cost of the catalyst is high due to the high amount of

catalyst used to increase the steam reforming reaction rate,

such as Pd catalyst, which was used for hydrogen generation

from ethanol in 2001 [24], has been stated as a problem of the

previous work. As indicated above, many metals can be used

in steam reforming, but Ni is one of the few activemetals used

in conventional steam reforming catalysts due to the low price

and good activity of Ni compared to the more expensive noble

metals.

On top of that, a few techniques that pose disadvantages

are related to hydrogen production, such as partial oxidation

(POX), total oxidation (TOX), two-step reforming, and auto

thermal reforming (ATR). POX, which has low natural H2/CO

ratio, is a disadvantage for applications that require a ratio of

>2.0. This technique also needs very high process operating

temperatures, high temperature heat recovery, and soot for-

mation/handling that adds to process complexity. Moreover,

the two-step reforming requires higher process temperature

than that required for steam reforming and also requires ox-

ygen. Meanwhile, the auto thermal reforming (ATR) technique

is limited in commercial experience and requires oxygen [25].

Compared to these techniques for acetic acid conversion,

steam reforming is selected since this process can be carried

out at a low temperature and gives a high H2/CO2 production

ratio [24,26].
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According to previous research, the Ni-based catalysts

were found to be highly active in terms of acetic acid con-

version and hydrogen selectivity [27e29]. Pant et al. [11]

applied NieCo/CeO2/ZrO2 catalyst and discovered that 88%

of the acetic acid was converted to product at 600 �C by using

unsupported NieCo catalyst. Meanwhile, Vagia et al. (2008)

claimed that they had only reached 53% of conversion of

acetic acid at a temperature of 550 �C with Ni/CaOeAl2O3

catalyst [30]. They did not only find low acetic acid conversion,

but also that nickel catalyst, compared to noble metal catalyst

(which is expensive), produced more coke formation on its

surface [31]. Zhikun et al. mentioned that by increasing the Ni

content in Ni/ZrO2 catalyst up to 16%, the coke formation

increased [32]. Besides, the NieCO supported on Lanthanum

(III) Oxide was used inside the reformer to increase the reac-

tion rate because Ni and noble based catalysts have been

found to be more active and selective to hydrogen production

and gave good hydrogen yields in acetic acid steam reforma-

tion [24]. On the other hand, cobalt-based catalyst is an

appropriate catalyst for steam reforming of bio-oil due to its

advantages of having no catalyst inventory cost and low

temperature to generate high hydrogen yield. Besides, cobalt

has the capability to promote CeC bond rupture at tempera-

tures as low as 400 �C, and supported cobalt catalysts show

higher production to H2 and CO2, but lower production to

ethylene [33]. Furthermore, nickel and cobalt based catalysts

required lower reaction temperature [34] and exhibited high

activity and selectivity towards acetic acid conversion and

hydrogen selectivity exceeded 90% [35]. Pudukudy et al. [6]

were used Pd promoted Ni/SBA-15 for CH4 decomposition.

They found that Ni loading effect to block the catalyst pores

and consequently decreased surface area of SBA-15. They

mentioned that the Pd promoter increased the surface area

and reduced the reduction temperature of NiO interacting

with the SBA-15 due to the spillover effect of hydrogen. Other

work done by Pudukudy et al. [36] regarding CH4 decomposi-

tion over bimetallic NieCo/SBA-15 catalyst gives 56% of H2

yield at 700 �C, but this catalyst found to have high coke for-

mation. La2O3 had been chosen in this study as in the previous

study, it showed good catalyst activity for acetic acid conver-

sion and selectivity for hydrogen [37].

The purpose of this study was to appraise the reaction

activity of bimetallic nickel (5 wt. %) and cobalt (5% wt.) sup-

ported on Lanthanum (III) oxide (90%wt.) on acetic acid steam

reforming for hydrogen production. The studywas carried out

by varying the operating reaction temperature (500e800 �C)
with the aim of getting the maximum catalytic activity and

hydrogen production. The physical and the chemical proper-

ties of the catalyst catalysts were characterized by XRD, BET,

H2-TPR, TPD-NH3 and CO2, SEM, and TGA methods.
Experimental

Catalyst preparation

The impregnation method was used for preparing NieCo over

La2O3. In order to prepare the catalyst, 10 wt. % of activemetal

(5 wt.% Ni and 5 wt.% Co) with 90 wt.% of La2O3 (all from

SigmaeAldrich). NieCo was obtained by aqueous solution of
ogen via steam reforming of acetic acid over Ni and Co supported
ttp://dx.doi.org/10.1016/j.ijhydene.2016.04.176
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cobalt nitrate hexahydrate (Co (NO3)2$6H2O) andNickel nitrate

hexahydrate (Ni (NO3)2$6H2O). Then, 9.00 g of La2O3 wasmixed

with 250mL of heated de-ionizedwater, and later, themixture

was mixed with 4.94 g of (2.47 g Ni (NO3)2$6H2O/2.47 g Co

(NO3)2$6H2O) catalyst based on Equation (1). In this equation, X

is Ni (NO3)2$6H2O or Co (NO3)2$6H2O. After that, the slurry was

heated slowly to 90 �C while stirring at a maintained tem-

perature (90 �C) until all the water had evaporated. Next, the

solid residue was dried at 110 �C overnight in an oven. After

that, the dried slurry was calcined at 750 �C for 3 h. Finally, the

calcined slurry was crushed and filtered on two layers of

35 mesh (1.0 mm) and 34 mesh (1.4 mm) sieves.

Amount of XðgÞ ¼ 0:5g NiðorÞCo� 1mol NiðorÞCo
58:7g

� 1molX
1mol NiðorÞCo

� 291g X
1mol X

(1)

Characterization of the samples

Powder XRD patterns were recorded with a Philips X-Pert 3710

diffractometer, by using a Cu Ka radiation at 40 kV and 30mA.

The 2q angle was scanned with a rate of 1.5�/min within the

range of 20� < 2q < 80�. Besides, the BET method to the iso-

therms of N2 adsorption was applied for catalyst specific

surface area calculation, which had been calculated at the

temperature of liquid nitrogen on a Beckman Coulter

SA3100™ apparatus at 200 �C for 2 h on outgassed samples.

Meanwhile, the H2 chemisorption at 25 �C by using a 30mL/

min flow rate of Ar and 0.1 mL (10% H2 in Ar) on a Micro-

meritics Autochem II 2920 Chemisorption Analyser unit was

used for NieCo dispersion measurement. The catalyst sample

was reduced for 1 h at 650 �C under 30 mL/min H2/Ar before

the pulse chemisorption experiment was carried out. Then,

the sample was flushed at 5 �C beyond the temperature

reduction for 15 min under Ar gas.

Moreover, the same apparatus, Micromeritics Autochem II

2920 Chemisorption Analyzer, was used for temperature-

programmed reduction (TPR) experiment, which was armed

with a thermal conductivity detector. 25 mg of the catalyst

was thermally treated to remove moisture, such water and

other impurities, under 300 �C. Furthermore, in order to obtain

the TPR profile, the sample was heated under 30 mL/min at

10% of H2/Ar and a temperature range of 50e800 �C at the

15 �C/min linearly programmed rate.

In addition, thermogravimetric analysis (TGA) profiles

were carried out in Perkin Elmer TGA instrument, which had

been operated under nitrogen flowing at a heating rate of

10 �C/min. Besides, exothermic weight loss was observed at

the temperature range between 30 and 950 �C. This could be

assigned to the combustion of deposited carbon.
20 30 40 50 60 70
2 Theta scale

Fig. 1 e XRD patterns of Ni/La2O3, NieCo/La2O3 and Co/

La2O3 catalysts (B) peaks correspond to Nio and Coo, (C)

peaks correspond to La2O3, (-) peaks correspond to

NiLaO3.
Activity test

The 0.36 mL/min acetic acid flow rate was fed into the reactor

by employing a high pressure liquid chromatography (HPLC)

pump (model: Pharmacia LKB 2850). After that, nitrogen was

regulated at a flow rate of 30 mL/min, mixed with acetic acid

solution, and then, it was pre-heated at 200 �C. The mixture,
Please cite this article in press as: NabganW, et al., Production of hydr
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then, moved into a vapor phase and was fed into the fixed bed

reactor at an atmosphere pressure. Besides, the temperature

ranged from 500 �C to 700 �C, while the catalyst amount of

0.2 g was placed on a quartz reactor (12.7 mmO.D. and 10 mm

I.D). The thermocouple was placed on the catalyst bed. The

temperature of the reactor was controlled at the catalyst bed,

and the temperature was measured by using a thermocouple

(type-K). The flow diagram of this work is similar to that

employed by Abdullah et al. [38].

Prior to the experiment, the catalyst was reduced in-situ

with pure hydrogen at 30 mL/min and 600 �C for an hour.

The reaction product obtained from the reactor flowed in a

condenser, which was cooled by a circulating chiller set at

10 �C. Next, a liquidegas separator was used to separate the

liquid and the gas phases. The gas was examined through

online gas chromatograph (model Agilent 6890N) armed with

a thermal conductivity detector (TCD) and a capillary column

(0.53 mm � 30 m CarboxenPlot. 1010). Other than that, the

temperature of GC was 250 �C. Besides, 5 mL of liquid product

was collected and stored in sample bottles. The samples of

liquid were examined by using a Perkin Elmer GC armed with

flame ignition detector (FID) and a capillary column (Nukol®).
Results and discussion

Catalyst characterizations

X-ray Diffraction
The X-ray diffraction (XRD) patterns of the various catalysts

were shown in Fig. 1. The purpose of XRD is to investigate

possible structural changes in the crystallinity of the catalysts

after the reduction process at 600 �C. The characteristic

diffraction peaks of metallic Nio (111) [JCPDS 01-1258] and Coo

(111) [JCPDS: 01-1254] are located at 2q ¼ 44.4� [39] and were

hard to distinguish from each other due to their similar

morphology and characteristic peaks [40]. The absent of NiO

or CoO signals could be explained by the fact that the
ogen via steam reforming of acetic acid over Ni and Co supported
ttp://dx.doi.org/10.1016/j.ijhydene.2016.04.176
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complete or partial reduction of NiO and CoO to metallic Nio

[41,42] and metallic Coo [43] is happened. The XRD patterns of

La2O3 [JCPDS 02-0688 [44,45]] showed peaks at 2q ¼ 27.28,

27.93, 31.47, 39.52, 47.07, 48.63, 50.12, 55.36, and 64.04 repre-

senting the (1 1 1), (1 1 1), (2 0 0), (2 1 1), (2 2 0), (2 2 1), (2 2 1), (3 1

1), and (4 0 0) crystal plane of hexagonal phase respectively

[45,46]. The additional peaks for the Ni/La2O3 and NieCo/La2O3

catalyst signals might be indexed to the NiLaO3 phase which

can be attributed to the strong interaction between Ni active

metal and La2O3 support. Cubic perovskite-type of NiLaO3

phase [JCPDS 33-0710 [47,48]] were observed for both Ni/La2O3

andNieCo/La2O3 catalysts at 2q¼ 40.67 and 51.93 representing

the (2 1 1) and (3 1 0) crystal plane, respectively.

BrunauereEmmetteTeller (BET) surface area
The nitrogen adsorption isotherms of Ni and Co over La2O3 are

shown in Fig. 2. After the active metals were added to the

support, a large amount of micropores were generated and

greatly enhanced the uptake of N2 in low pressure regions. By

adding cobalt in the catalyst, the N2 adsorption increased

significantly with the relative pressure in the whole pressure

ranges. Moreover, the shape of the isotherms of the catalyst

had been dependent on the active metals species introduced.

The pore size distributions and N2 adsorption/desorption

isotherms of the reduced samples at different ranges of active
Fig. 2 e (a) N2 adsorption and desorption isotherms and (b)

pore size distribution of the as-prepared catalysts.

Please cite this article in press as: NabganW, et al., Production of hydr
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metals showed that all the samples displayed mesoporous

structure (Fig. 2b) while the quite large hysteresis loops in the

isotherms indicated that the mesopores found in the Ni and

Co over La2O3 are important (Fig. 2a). In addition, some pa-

rameters describing the porosity could be derived quantita-

tively from the adsorption data. Type IV isotherm, H2

hysteresis loop, and typical mesoporous materials had been

the categorizing aspects of nitrogen adsorption/desorption

isotherms data, which means, solids consisted of particles

crossed by nearly cylindrical channels or made by aggregates

(consolidated) or agglomerates (unconsolidated) of spherical

particles. Hence the addition of cobalt to Ni/La2O3 catalyst

increased the mesoporous structure.

On top of that, the BET surface of catalyst exhibited

different sizes of pores and an average pore diameter (see

Table 1). Fig. 2b shows that for all of the catalyst samples, the

pore size had been less than 20 nmwith uniform distribution,

while Co/La2O3 catalyst had themain pore size of about 10 nm.

The high pore size and uniformity of Co/La2O3 catalyst

benefited the uniform dispersion of metallic Ni/Co in the

catalyst.

Support is needed in low surface areas and it is among the

best known materials for physisorption of molecular

hydrogen gas. Therefore, it had been important to determine

the impacts of Ni and Co doping on the surface area of La2O3.

The surface area calculated from nitrogen isotherm (Table 1)

was found to be 15.06, 17.28, 7.79, and 0.6 m2/g for Co/La2O3,

NieCo/La2O3, Ni/La2O3, and bare La2O3 respectively, suggest-

ing that Ni existed inside the pores and on the surface as well.

It can be seen that the minimum particle size was 22.2 nm for

Ni/La2O3 catalyst, but in general, the particle sizewas nearly in

the same degree of instruction (22.2e25.6 nm).

Temperature-programmed reduction (TPR)
Fig. 3 illustrates the TPR-H2 result profile for NieCo supported

on La2O3 catalyst. These data show the dissimilar NieCo

species relative properties to disperse the NieCo structure.

The calcined catalyst shows the wide reduction peak in the

range of 300e340 �C, 400 �C, and 550e700 �C, as portrayed in

this figure. The first collection at about 400 �C temperatures

could be attributed to the reduction of Ni and/or Co simple

oxides, while the next peaks at over 600 �C temperatures could

be ascribed to the reduction of spinel oxides. In fact, the

presence of spinel phase could possibly stabilize the
Table 1 e Chemical composition, BET surface area, pore
volume, and average pore diameter of Ni/Co bimetallic
catalysts.

Ni
(wt%)a

Co
(wt%)a

SBET
(m2/g)b

Vp

(cm3/g)c
Dp

(nm)d

La2O3 0 0 0.6 0.004 22.1344

Ni/La2O3 9.88 0 7.79 0.0594 22.2323

NieCo/La2O3 4.96 4.99 17.28 0.0996 23.0556

Co/La2O3 0 9.99 15.06 0.0965 25.6274

a The metal content was measured by ICP test.
b SBET, BET surface area.
c Vp, total pore volume.
d Dp, average pore diameter(4 V/S by BET).
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formation of low size Ni metallic crystallites in reduction

conditions, which exhibited a positive effect on conduct of

reaction [49].

In addition, for all catalysts, the first peaks had been as-

cribable to the reduction of surface non-stoichiometric Ni(or

Co)3þ to Ni(or Co)2þ [50], while the sharp peaks at 350e450 �C
range catalyst had been due to the reduction of “unreacted”

NiO (or CoO) on the surface, where this NiO form was essen-

tially uninfluenced by the La support. On the other hand, as

50% and 0% of Ni catalysts samples showed a little, if any,

hydrogen consumption, it could be concluded that the most

reactive forms of NiO had undergone a progressive diffusion

into the La2O3 lattice, likely forming a “bulk” Ni(or Co)O/La2O3

solid solution. Indeed, the reduction pattern of all samples

(especially sample a) was characterized by a broad peak

(600 �C), tailed towards higher temperature that denoted a

reduction process evolving with a lower rate. This, together

with the simultaneous decrease of NiO reducibility (see Table

2), had been the result of partial formation of “bulk” Ni(or Co)

O/La2O3 solid solution. Moreover, it could be seen that the TPR

peaks approved the dissimilar interaction degree for support

species with metals that could eventually change the char-

acterization of reduction. Nevertheless, the strong interaction

of the active metal caused the reduction profile to shift to a

higher temperature. Besides, the calculation of the area under

the TPR curve (Table 2) showed that under the conditions

applied, part of nickel was reduced (about 60%), which corre-

sponded to the reduction of NiO only. These results confirmed

XRD observations for reduced fresh catalyst where peaks of

metallic Ni and La2O3 spinel phases were detected.
Table 2 e Relative total area of peaks.

Catalyst CO2 uptake
(mmol/g)

H2-consumption
(mmol/g)

NH3 uptake
(mmol/g)

Ni/La2O3 153 1483 18,130

NieCo/

La2O3

396 818 9719

Co/La2O3 132 259 12,960

Please cite this article in press as: NabganW, et al., Production of hydr
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Temperature-programmed desorption
The CO2 TPD shapes on the catalysts displayed in Fig. 4a were

executed after reduction process with pure hydrogen at 600 �C
for an hour. In steam reforming of acetic acid, the activemetal

chemical nature plays an important part in the system cata-

lytic performance; the active metal with strong basic charac-

teristics, favors the facilitation of CO2 adsorption (molecule

with acid characteristics), and therefore, the gasification of

the obtained carbonaceous deposits during the reaction,

whereas those with strong acidity favor the growth of carbo-

naceous deposits [30]. Besides, the TPD-CO2 profile shows the

strong basic site at 473 �C,whileweak sites at 555 �C and 727 �C
for Ni/La2O3 catalyst, which has stronger basicity than 100 wt

% of Co/La2O3, as shown in Table 2, based on peak area. Thus,

the active metal becomes an “active oxygen” source species

with high reactivity that leads to a path by which the coke

deposition is prevented on the surface of catalyst. CO2-TPD

profiles from the NieCo/La2O3 catalyst were attained

following CO2 adsorption at 25 �C for 10 min. Moreover, it was

practical for CO2 to desorb from the NieCo/La2O3 catalyst,

probably due to the amount of CO2 desorbed was very low to

be detected and/or because the CO2 formed was powerfully

adsorbed on the La2O3, e.g. in the form of La2CO3 that does not

decompose in the functional range of temperature. In fact, a

group of strong CO2 peaks was detected to desorb from the

NieCo/La2O3 catalyst.
Fig. 4 e Temperature-programmed desorption of (a) CO2

and (b) NH3.

ogen via steam reforming of acetic acid over Ni and Co supported
ttp://dx.doi.org/10.1016/j.ijhydene.2016.04.176

http://dx.doi.org/10.1016/j.ijhydene.2016.04.176
http://dx.doi.org/10.1016/j.ijhydene.2016.04.176


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e1 16
Furthermore, the acid properties of the catalysts varied

with the type and the ratio of active metal. Fig. 4b shows the

TPD-NH3 profiles of La2O3 support-based catalysts and the

data are presented in Table 2. The ammonia intensity de-

convoluted curves were different for each catalyst. As for Ni/

La and Co/La catalysts (a, b), a broad and strong NH3 desorp-

tion peak at the temperature of 350~700 �C was observed,

whereas weak desorption at 700~800 �C, and for NieCo/La

catalyst, broad NH3 desorption peaks with low intensity were

observedwithin the temperature range of 350~800 �C. Besides,
the area of NH3 desorption peaks on Ni/La2O3 was larger than

that of others, especially when it was mixed with cobalt

(catalyst b), as shown in Table 2. That is to say, there were

more acidic sites when nickel was doped into La2O3. Mean-

while for Co/La2O3, the area and the intensity of the desorp-

tion peaks of NH3 decreased a little compared to that of Ni/

La2O3 catalyst.

In addition, several aspects should be highlighted. For

instance, bimetallic NieCo catalyst leads to the apparition of

theweakest adsorption site of acid and the strongest base site,

while the concentration of strong acid sites is higher than the

concentration at strong base sites. Moreover, Ni-based cata-

lyst has higher concentration of strong acid sites, but lower

concentration at strong base sites. Besides, the deconvolution

of the thermograms for the Ni/La2O3, Co/La2O3 and the NieCo/
500 550 600 650 700

0.0

0.1

0.2

0.3

0.4

0.5

0.6

91.5
95.7

99.2 99.3 100

84.5
89.2

93.6 94.1 96.9

61.2

79.9
84.2 86

99.8

500 550 600 650 700
0

20

40

60

80

100

120

A
ce

tic
 a

ci
d 

co
nv

er
si

on
 (%

)

Temperature (oC)

Ni/La2O3

 Ni-Co/La2O3

 Co/La2O3

(a)

(c)

Pr
od

uc
t m

ol
e 

fr
ac

tio
n

Temperature (oC)

 H2

 CO
 CH4

 CO2

Fig. 5 e Effects of temperature on (a) acetic acid conversion; effec

Ni-Co/La2O3, and (d) Co/La2O3 catalysts.
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La2O3 catalysts evidenced two types of acid sites. Probably due

to the basic character of La, this ratio of nickel and cobalt did

not generate a new type of acid site. This may be a conse-

quence of generating new acid sites specifically either to the

interaction between the active metals and the support.

Catalysts performance tests

The catalytic performance of Ni/La2O3, NieCo/La2O3, and Co/

La2O3 catalysts was examined under conditions of acetic acid

steam reforming. The experiments were performed at tem-

perature range of 500e700 �C using a 0.36 mL/min acetic acid

flow rate and 0.2 g of catalyst. All catalysts were reduced with

pure hydrogen at 30 mL/min and 600 �C for an hour. Fig. 5

compares the results collected in 6 h on stream, which

shows differences in the total conversion and the product

distribution depending on the catalysts used. It could be seen

the catalyst showed activity for the reforming reactions even

at the initial lower reaction temperature of 500 �C, where

acetic acid conversion attained about 61.2%, 84.5%, and 91.5%

for Co/La2O3, NieCo/La2O3, and Ni/La2O3 catalysts, respec-

tively. The results of acetic acid conversion show that Co/

La2O3 catalyst presents the poorest activity in acetic acid

steam reforming reaction. This might be because of lowest

hydrogen consumption on its surface which analyzed by H2-
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TPR. The most active catalyst is Ni/La2O3 with a conversion of

91.5% and an outlet H2 molar fraction of 0.52 at 500 �C. The
total conversion of acetic acid was achieved by increasing the

temperature above 550 �C. Our result is consistent with results

obtain for other catalysts [51e53] the highest activity of Ni/

La2O3 catalyst towards acetic acid conversion might be due to

highest hydrogen consumption, metal-support interaction

and acidity behavior which analyzed by H2-TPR and TPD-NH3,

respectively. This superior activity of Ni/La2O3 is in agreement

with the work done by Zhikun et al. [54] who achieved com-

plete conversion of acetic acid at 400 �C, S/C ratio 7.5:1;

LHSV ¼ 5.1 h�1; P ¼ 1 atm. According to previous litera-

ture [55,56], the catalytic activity was solely due to high Ni

metal presented in the catalyst.

In addition, Fig. 5 shows the product mole fraction at

reactor temperature ranged from 500 to 700 �C as well. There

were fourmajor products; H2, CO, CH4, and CO2. Asmentioned

above, H2 selectivity was observed to increase with increasing

temperature, in accordance with thermodynamic predictions

[57]. The general trend is similar to that observed for acetic

acid conversion. At low temperatures, in decreasing order of

H2 selectivity, the result had been Ni/La2O3> NieCo/La2O3>
Co/La2O3. This fact is in agreement with the preference of Ni2þ

ions to occupy octahedral sites, as reported by other authors

[58]. Moreover, with similar Ni and Co content catalysts, it can

be seen that themole fraction of H2 increased until 550 �C, and
then decreased. In contrast, CO2 kept decreasing from 0.42 to

0.3, and after that, it decreased to 0.34 after 650 �C because of

water gas shift reaction that favors high temperature. As

predicted from the experimental result, due to competition of

water gas shift reaction, H2 dropped at 550 �Ce700 �C, while

the fractions of CH4 and CO increased. The measured H2 mole

fraction at the high Ni catalyst resulted at about 0.2 higher

than the mole fraction of high Co content catalyst for low

temperature, while the rest exhibited similar values at high

temperatures. Besides, Basagiannis et al. [27] mentioned that

the reactions which may be taking place during steam

reforming are water shift reaction, thermal decomposition,

ketonization, and methanation, which are a combination of

the exothermic and the endothermic reactions. As shown in

Fig. 5 and Table 3, at high Ni catalyst, strong exothermic re-

actions had predominated.

The specialty of this work is that at 500e700 �C tempera-

ture range, the high conversion of acetic acid was achieved at

550 �C, which was 95.7% (Table 3), while the complete con-

version was achieved at a temperature higher than 550 �C (see

Fig. 5). Compared to other works, only lower temperature was

needed for high acetic acid conversion and at high Ni catalyst,

strong exothermic reactions had predominated. For example,

Pant et al. [11] had used NieCo/CeO2/ZrO2 catalyst and 88% of
Table 3 e Product distribution at 550 �C.

Catalyst Acetic acid conversion Products mole
fraction

H2 CO CH4 CO2

Ni/La2O3 95.7 0.51 0.09 0.02 0.38

NieCo/La2O3 89.2 0.59 0.06 0.02 0.33

Co/La2O3 79.9 0.37 0.10 0.14 0.37
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acetic acid was converted to product due to the gradual

oxidation of deposited carbon molecules.

Furthermore, the decomposition of carbon containing

molecules had been produced into carbon oxides and

hydrogen. A simple reaction mechanism for steam reforming

of acetic acid is shown in Fig. 6, where it can be seen how

acetic acid is proposed to decompose to COx and CHx, whereas

the latter species can react with OH-species; forming

hydrogen and carbon oxides. Meanwhile, coke formation

takes place either through oligomerization [59] or decompo-

sition, as indicated in Fig. 6, which is themain problem related

with this process as it causes relatively shorter lifetime of the

catalyst [60,61].

Ni/La2O3 catalyst showed much better reforming activity

compare to NieCo/La2O3 and Co/La2O3 catalysts, as the cata-

lytic results presented above. Further we compare the per-

formance of our Ni based catalyst with other Ni based catalyst

on acetic acid steam reforming. There is however a few work

studied the performance of Ni based catalyst on acetic acid

steam reforming reaction. Basagiannis et al. [28] studied

hydrogen production from acetic acid steam reforming using

17 wt.% Ni/La2O3/Al2O3 catalyst at H2O/acetic acid molar ratio:

3, flow rate: 290 cm3/min, T ¼ 800 �C, P ¼ 1 atm. They found

that the acetic acid conversion fluctuated by time between

100% and 80% in a recurring periodic cycle. They found that

the activity recovery under helium flow did not complete due

to the coke deposition on the catalyst surface. On the other

hand, Panagiotopoulou et al. [62] stated that the Ni based

catalysts are active in the reforming reaction but prone to coke

formation which leads to catalyst deactivation. Basagiannis

et al. [27] also studied the acetic acid steam reforming using 17

wt.%Ni/La2O3/Al2O3 catalyst. They found the complete con-

version of acetic acid to products at 950 �C but this catalyst

prone to coke formation. However Xun et al. [35] found that

NieCo bimetallic catalyst in acetic acid steam reforming re-

action had good stability and resistance to carbon deposition

at the experimental conditions of S/C mole ratio 7.5:1;

LHSV ¼ 5.1 h�1; P ¼ 1 atm compare to bare Ni metal and bare

Co metal catalysts. The results obtained from previous

research were comparable to our work. However, the catalyst

preparation method, reaction condition, metal loading and

promoter used is responsible for different activity and selec-

tivity as well as the stability of the catalyst in the acetic acid

steam reforming reaction.
Fig. 6 e Functional reaction mechanism for the steam

reforming of acetic acid.
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TGA and SEM for spent catalysts

Thermogravimetric analysis (TGA) was carried out to deter-

mine the carbon deposition and heat evolved/absorbed during

gravimetric loss up to 950 �C of all three spent catalysts, as

shown in Fig. 7a. Besides, it had been identified that the TGA

profiles showed different behaviors of weight loss. Moreover,

Tsyganok et al. [63] explained the different behaviors of TGA

profiles by temperature variation as follows. The initial weight

reduction that appears in the TGA profile before temperatures

reached 300 �C, as shown in Fig. 7a, is caused by the thermal

desorption of H2O and CO2, as well as the removal of carbo-

naceous species that are easily oxidizable amorphous coke.

Theweight reduction at temperature higher than 500 �C is due

to the gasification of whisker coke, where CO and CO2 (COx)

are generated through the oxidation of coke. In these spent

catalysts, it is noted that the weight gain due to the oxidation

of the metallic Ni particles on the surface is not observed be-

tween 400 and 450 �C. These results accord closely with a
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Fig. 7 e (a) TGA and (b) DTA curves after 6 h of steam

reforming for Ni/La2O3, NieCo/La2O3, and Co/La2O3.
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study carried out by Guo et al. concerning the TG data of used

5%Ni/MgAl2O4 spinel catalyst in CRM [64]. Besides, carbon

deposition by Co contents shows that the least amount of coke

(9.6%) was formed when NieCo/La2O3 was used, whereas the

largest amount of coke (11.9%) was formed from the Ni/La2O3

catalyst without Co addition. The carbon deposition on the

catalysts surface might be because of the coke deposition on

the acid side of the catalyst and block the catalyst pores [65]. It

is evident that the Co addition has a significant effect on the

prevention of coke formation. Xun et al. [35] illustrated that

the additional Co in Ni catalyst show the long term stability

(70 h) in acetic acid steam reforming reaction. As mentioned

above, amorphous carbonaceous species are oxidized at low

temperature of 250e300 �C, while the oxidation of graphitic

carbon occurs at high temperature over 500 �C. At the tem-

perature where weight reduction occurs, the amount of

amorphous carbon and graphitic carbon was estimated by

dividing the sample weight for TGA analysis, respectively.

On top of that, the presence of three TG peak temperatures

indicated that the same types of carbonswere deposited on all

catalysts pores (Fig. 7b). Nevertheless, the peak intensity of

carbon T850 did not change as the nickel loading increased, but

for higher nickel loading, more carbon was deposited in car-

bon T850, as depicted from the TG-DTA. Besides, it had been

reported that some acetate species that accumulated during

the steam reforming remained stable up to about ±700 �C for

all catalysts. In fact, the TG-DTA graph shown in Fig. 7b re-

veals that some of the species that accumulated on this

catalyst might share a similar nature as acetate species that

underwent decomposition with the help of O2 at elevated

temperatures. Other than that, the amount of coke formation

was observed in all catalysts tested for 6 h.

The SEM images of Ni/Co over La2O3 calcined catalyst

(fresh catalyst), after being experimented at 500 �C, 600 �C, and
700 �C, as shown in Fig. 8. In all samples, the observed parti-

cles with spherical morphology in any case of the composition

were possible. The typical particle size of the NieCo/La2O3

before reduction sample was 2 mm, while for 500, 600, and

700 �C samples, the average particle size had been 1, 1.3, and

0.5 mm respectively. It can be seen that the surface carbon

appeared to be denser on spent catalysts as compared to those

that were fresh. This analysis of spent NieCo/La2O3 catalyst

might suggest that the carbon formed was partially crystal-

line, with small crystallite sizes.
Conclusion

Steam reforming of acetic acidwas investigated over Ni/La2O3,

NieCo/La2O3, and Co/La2O3. Based on the catalysts charac-

terization, the physicochemical description and the basicity

measurement results presented the functionary of the cata-

lyst that affected its reforming. The effect of surface enrich-

ment of Co and the formation of Ni/Co alloy had been

observed on the catalyst NieCo/La2O3. Besides, the synergetic

effect between Ni and Co, the high dispersion of metals, and

the uniform distribution of pore diameter caused an

improvement in activity and anti-coking property of the

catalyst. Nonetheless, adding Co into Ni/La2O3 decreased the

coke formation and increased hydrogen selectivity. Besides, in
ogen via steam reforming of acetic acid over Ni and Co supported
ttp://dx.doi.org/10.1016/j.ijhydene.2016.04.176
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Fig. 8 e SEM micrographs of NieCo/La2O3 catalyst (a) fresh catalyst, (b) used catalyst at 500 �C steam reforming, (c) used

catalyst at 600 �C steam reforming, (d) used catalyst at 700 �C steam reforming.
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the experimental analysis of acetic acid steam reforming, H2,

CO, CH4, and CO2 were detected and the highest hydrogen

produced was at temperature 550 �C. Thus, based on tem-

perature effects on the catalyst, 550 �C offered the best per-

formance in conversion of acetic acid with 95.7% for Ni/La2O3

catalyst with the highest ammonia desorption.
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