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� SBA-15 and mesoporous CeO2 were used as supports for reforming Ni catalysts.

� Mesoporous CeO2 improved the catalytic performance of Ni and reduced coke deposited.

� La2O3 promotion prevented Ni sintering getting better Ni dispersion.

� Ni supported over La2O3-mesoporous CeO2 showed the best catalytic performance.
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In this work, the support effect and the La2O3 promotion of Ni-based catalysts on the

oxidative steam reforming of acetic acid as bio-oil model compound has been studied. Ni/

SBA-15 showed the worst catalytic performance with an acetic acid conversion dropping

below 30% at 500 �C ascribed to active phase oxidation. In contrast, Ni supported over

mesoporous CeO2 (CeO2-m) reached better catalytic performance and lower coke formation

due to the higher Ni dispersion and oxygenmobility of the support. On the other hand, La2O3

promotion to SBA-15 and CeO2-m led to even higher Ni dispersion and prevented sintering

during the reforming reaction. This effect resulted in an improvement in the catalytic per-

formance for both promoted samples. As a consequence of low Ni crystallite size and high

oxygen mobility, Ni/La2O3eCeO2-m reached almost complete conversion (~96%), the highest

hydrogen yield (~53%) maintained for 5 h with the lowest coke formation (62.3

mgcoke$gcat
�1$h�1).

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
biomass-to-energy processes allow a neutral carbon emission

Introduction

Hydrogen is increasingly getting much more attention as an

energy carrier, particularly when it is produced from renew-

able feedstock such as biomass. It is well established that
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scenario. Biomass reduces global warming emissions since it

absorbs CO2 from the natural environment during photosyn-

thesis [1e3]. As biomass can store energy through chemical

bonds between carbon, hydrogen, and oxygen, through ther-

mochemical processes, such as pyrolysis or hydrothermal
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liquefaction, it is possible to break down these bonds to

release vast amounts of energy to produce bio-oil [4e6].

However, bio-oil is considered a poor quality fuel due to the

presence of oxygenated hydrocarbon compounds in its

composition. Bio-oil can be revalorized by a catalytic reform-

ing process producing renewable hydrogen. In this regard, in

recent years, many research groups have paid attention to

catalytic steam reforming of bio-oil [7e9]. Steam reforming,

being an endothermic reaction, has high energy requirements

that constrain its implementation at an industrial scale. This

drawback can be addressed by co-feeding oxygen or air along

with the steam, resulting in oxidative steam reforming. The

presence of oxygen will reduce the energy requirements and

the proportion of CO which would be oxidized to CO2 [10]. The

overall equation that describes this process can be repre-

sented as:

CnHmOK þ pO2 þð2n�k�2pÞH2O/nCO2 þ
�
2nþm

2
�k� 2p

�
H2

(1)

One of the main challenges in the oxidative steam

reforming process is maintaining the catalyst's stability in the

presence of oxygen. Nickel has been deeply studied as an

active phase for reforming purposes given its high activity

toward CeC bond breaking and low price. However, the for-

mation of carbon deposits and sintering is the major draw-

back of their applications [11]. Not with understanding that

coke deposition is lower in oxidative steam reforming

compared to traditional steam reforming, hot spots due to

exothermicity of the oxidation reactions can lead to sintering

gradually reducing the catalyst activity [12]. Moreover, an

oxidizing atmosphere may cause active phase oxidation

resulting in less active species, the reasonwhy oxygen feeding

should be controlled [13,14]. The nature of the support has

also been reported as a crucial role in catalyst properties

including the deactivation behavior [15]. To enhance the cat-

alytic performance of nickel-based catalysts, it is important to

use mesoporous structures with a high surface area which

may allow higher metal dispersion [16]. In this regard, SBA-15

as support has been widely studied for reforming purposes

given its ordered hexagonal mesostructure [17e19]. On the

other hand, ceria-containing supports have been reported to

have a proper interaction with nickel particles also hindering

carbon formation. This is ascribed to the ability of CeO2 to

promote coke gasification apart from being active in the

water-gas shift reaction due to its capacity to store, release,

and transport oxygen as reported elsewhere [20]. The main

problem of using ceria as a support is its non-porous structure

with low surface area [21]. However, it can be faced by pre-

paring mesoporous ceria, thus taking advantage of oxygen

mobility but allowing high dispersion [22]. Despite this, the

use of ceria-based mesoporous structures is rarely reported

for reforming purposes. Apart from that, the catalytic perfor-

mance could be further improved by including promoters in

the catalyst formulation [23e25]. In a previous work [26], it

was verified how La2O3 promotion to Co/SBA-15 in glycerol

steam reforming, prevented metal sintering along with a

decrease in coke deposition ascribed to the formation of

La2O2CO3 which can react with carbon deposits releasing CO
Please cite this article as: Megı́a PJ et al., Oxidative steam reforming
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and regenerating La2O3. Similarly, Charisiou et al. [27] re-

ported higher dispersion of Ni0 species in La2O3-promoted Ni/

Al2O3 catalysts, allowing higher glycerol conversion towards

gaseous products. Guo et al. [28], achieved lower Ni particle

size with the promotion of lanthanum to Ni/SiO2, resulting in

a better catalytic performance in acetic acid steam reforming.

They observed that the presence of La2O3 in the catalyst

formulation greatly decreased the coke deposition apart from

inhibiting the generation of encapsulating coke. Nonetheless,

the research about the use of mesostructured supports for

acetic acid oxidative steam reforming is limited. Based on this

background, the effect of lanthanum addition to a series of Ni

catalysts supported over SBA-15 and mesostructured ceria

synthesized by nanocasting is studied in the oxidative steam

reforming of acetic acid as a model compound of bio-oil

aqueous phase.
Methodology

Catalysts preparation and characterization

To study the effect of lanthanum addition on nickel-based

catalysts, two supports synthesized in the lab were used: a

mesostructured SBA-15 and mesoporous ceria using SBA-15

as a hard template. The SBA-15 material was prepared

following a hydrothermalmethod as described elsewhere [29].

As stated before, SBA-15, apart from being used as a support,

was used as hard-templated to synthesize the mesoporous

ceria (CeO2-m) which was prepared by nanocasting [30] using

Ce(NO3)3$6H2O as the metal precursor. All the supports were

subsequently modified by lanthanum incorporation using

aqueous solutions of La(NO3)3$6H2O to reach a La loading of

about 10 wt% in the support. The incipient wetness impreg-

nation method was used for SBA-15 while the wet impreg-

nation technique was selected for the mesoporous CeO2 given

its lower surface area and pore volume. After that, samples

were calcined at 550 �C for 5 h to completely remove the

lanthanum precursor. Finally, Ni incorporation was per-

formed following the same impregnation procedure described

for La, using an aqueous solution of Ni(NO3)2$6H2O to get Ni

loadings around 7 wt % in the calcined catalysts. The samples

were subsequently calcined at 550 �C for 5 h.

Synthesized materials were characterized using different

techniques. ICP-AES was used to determine the Ni and La

contents in the materials in a Varian Vista-PRO AX CCD-

Simultaneous ICP-AES spectrophotometer. SBA-15-based

samples were previously dissolved by acidic digestion using

H2SO4 and HF while HNO3 and H2O2 were used to dissolve

ceria-based samples. Textural properties were determined on

a Micromeritics TRISTAR 3000 sorptometer measuring nitro-

gen adsorption-desorption isotherms at 77K. Before the

adsorption, samples were outgassed under vacuum at 200 �C
for 4 h. Surface areas were estimated according to the

Brunauer-Emmett-Teller method (BET). XRD diffractograms

were acquired on a Philips X’PERT PRO diffractometer using

Cu Ka radiation. To determine the crystalline phases, the ob-

tained patterns were compared to those from the JCPDS index.

The mean crystallite diameter was calculated by applying the
of acetic acid on Ni catalysts: Influence of the La promotion on
https://doi.org/10.1016/j.ijhydene.2023.06.283

https://doi.org/10.1016/j.ijhydene.2023.06.283


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 en en e r g y x x x ( x x x x ) x x x 3
Scherrer equation in the main diffraction line of Ni. The

catalyst reducibility was studied by temperature programmed

reduction analysis (TPR) in a Micromeritics Autochem 2910

equipment by flowing a reducing mixture (10% H2/Ar) through

the sample while heating up to 980 �C using a heating rate of

5 �C/min. Carbon deposited after oxidative steam reforming

reaction was analyzed by thermogravimetric analysis (TGA)

over the used catalysts on a TGA-DSC Mettler Toledo ther-

mobalance in air flow with a heating rate of 5 �C/min up to

1000 �C. Finally, the morphology of the used samples was

evaluated by transmission electron microscopy (TEM) at the

National Centre for Electron Microscopy (CNME, Complutense

University of Madrid), using a JEOL JEM 2100 microscope

(200 kV) with a resolution of 0.25 nm.

Catalytic tests

Acetic acid oxidative steam reforming reactions were

isothermally performed at 500 �C and atmospheric pressure in

a fixed-bed reactor on a Microactivity-Pro unit described

before [17]. Previously, the catalysts were reduced under pure

hydrogen according to H2-TPR results at 600 �C. After that, a

nitrogen stream flowed into the reactor to achieve the desired

reaction conditions. Then, a mixture of acetic acid and water

(steam-to-carbon¼ 2) was pumped to the reactor at aWHSVof

15 h�1, defined as the ratio between the liquid feed mass

flowrate and the mass of catalyst used. The oxygen-nitrogen

gas mixture composition allows us to work with an O2/AcOH

molar ratio of 0.15 whit a total gas flow of 60 mL/min.

The reactor outlet streamwas evaluated by using anAgilent

490 Micro-GC equipped with a thermal conductivity detector

(TCD), a Pora Plot U column (10 m), and a Molecular Sieve 5A

column (20 m) which allow the online determination of the

product gas stream composition. A Varian CP-3900 chro-

matograph equipped with an Agilent J&W CP-WAX 52 CB col-

umn and flame ionization detector (FID) was used to analyze

the condensable vapors previously trapped in a condenser at

4 �C. 1,4-butanediol was used as an internal standard.

The catalytic performancewas evaluated in terms of acetic

acid conversion (XAcOH, Equation (2)), hydrogen yield (YH2,

Equation (3)), and carbon co-products selectivities (SCO, SCO2,

SCH4, Equation (4)), where F is related to the molar flowrate at

the inlet (in) or the outlet (out) of the reactor.

XAcOH ¼FAcOH;in � FAcOH;out

FAcOH;in
$100 (2)

YH2
¼ FH2 ;out

4$FAcOH;in
$100 (3)

Si ¼ Fi;out

2$ðFAcOH;in � FAcOH;out

�$100 (4)

The value of carbon deposited during the reaction is given

as:

Coke
�
mgcoke $ gcat

�1 $h�1
�
¼ mcokeðmgÞ
mcatalystðgÞ$TOSðhÞ$100 (5)

whereas mcoke is the amount of coke deposited along the re-

action and, mcatalyst is the amount of catalyst loaded into the

reactor (0.3 g).
Please cite this article as: Megı́a PJ et al., Oxidative steam reforming
mesostructured supports, International Journal of Hydrogen Energy,
Results and discussion

Characterization of the prepared catalysts

Firstly, the bare supports, SBA-15 and CeO2-m, were charac-

terized by TEM to verify the porous mesostructure achieved

during the synthesis. In this regard, the micrographs of the

calcined samples are displayed in Fig. 1. SBA-15 (Fig. 1A)

shows the hexagonal mesoporous structure typical for this

material. On the other hand, CeO2-m (Fig. 1B) shows an

aligned nanorods structure. These elongated structures are

formed by small rounded CeO2 particles replicating the uni-

directional channels of the SBA-15 used as hard-template.

The physicochemical properties of the supports and the

corresponding catalysts used in this work are summarized in

Table 1. As it can be discerned from the values, metal loadings

determined by ICP-AES analysis are close to the fixed during

the synthesis.

Fig. 2 displays the N2-physisorption isotherms at 77 K. SBA-

15 and CeO2-m-based samples showed type IV isothermswith

an H1-type and H3-type hysteresis loop, respectively, ac-

cording to the IUPAC classification. The H1-type hysteresis

loop is ascribed to a narrow range of uniform hexagonal

mesoporous structures, whereas the H3-type is ascribed to

materials with slit-shaped pores [31] as a consequence of the

porous structure obtained by nanocasting. After the support

modification with La2O3 and Ni incorporation (Fig. 2B), the

isotherm shapes are similar to those of the corresponding

supports (Fig. 2A) but shifted to lower N2 adsorption volumes.

This corroborates the preservation of the initial mesoporous

structure of supports in the final catalysts. By applying the

Brunauer, Emmett, and Teller (BET) method, the surface areas

were obtained, included in Table 1. In both cases, the BET

surface area decreases when increasing the metal content,

which evidences the presence of oxide nanoparticles within

the porous structure.Whereas SBA-15-based samples reached

higher specific surface areas, CeO2-m samples achieved

values considerably smaller given the differences between the

density of the bulk phases and the different porous structures.

However, these results are comparable to those reported by

other authors with similar materials when using SBA-15 as

hard-template [32,33].

To study the reducibility of the catalysts, H2-TPR mea-

surements were carried out on the calcined samples. The

reduction profiles of the four catalysts are shown in Fig. 3. Ni

SBA-15 profile shows reduction in a wide temperature range

with two features at 411 �C and 516 �C ascribed to the reduc-

tion of Ni2þ species with different interaction degrees. The

higher temperature zone corresponds to Ni-phase interacting

more strongly with the support [34,35]. The addition of La2O3

to Ni/SBA-15 shifted the reduction profile towards higher

temperatures (around 600 �C) indicating a stronger metal-

support interaction according to the results reported by

Wang et al. [36]. In the case of Ni/CeO2-m, the main reduction

zone is located in the temperature range of 300e450 �C related

to the reduction of NiO into Ni0. On the other hand, another

peak arises at higher temperatures (755 �C) ascribed to the

partial reduction of bulk CeO2 [37]. Ni/La2O3eCeO2-m presents

the main reduction zone shifted to higher temperatures
of acetic acid on Ni catalysts: Influence of the La promotion on
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Fig. 1 e TEM micrographs of calcined (A) SBA-15, (B) CeO2-m.
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compared to the non-promoted sample, suggesting that NiO

remains in more intimate contact with the support [38]. This

effect is due to the ability of La2O3 to act as a structural pro-

moter which prevents the aggregation of Ni particles during

the reduction [39] thus allowing a higher surface of interaction

between the Ni-phase and CeO2. However, the peak at higher

temperatures which was previously ascribed to the partial

reduction of ceria, is shifted to lower temperatures suggesting

that La-promotion enhances ceria reducibility as reported by

Pizzolitto et al. [40].

After the activation at 600 �C, samples were characterized

by X-ray diffraction. The obtained diffractograms for the

reduced catalysts are shown in Fig. 4. Since no diffraction lines

of NiO could be distinguished the reduction step was suc-

cessful. On the contrary, peaks corresponding to the metallic

nickel pattern with a cubic crystal system (JCPDS 01-071-3740)

arise, a good indicator that the reduction step was successful.

Regarding SBA-15-based samples, Ni/SBA-15 showed diffrac-

tion at 2q¼ 44.5, 51.8, and 76.4� ascribed to Ni0. After the La2O3

promotion, only the first signal could be differentiated, con-

firming that the presence of La2O3 prevents the aggregation of

Ni particles. In addition, no diffraction lines of lanthanum

oxide could be appreciated thus, tiny particles beyond the

detection limit of the equipment (3 nm) were formed, indi-

cating that La is distributed in sheet form over the support

[41], thus facilitating the contact with Ni species. On the other
Table 1 e Physicochemical properties of supports and Ni catal

Sample Nia Laa

(wt.%) (wt.%) (

SBA-15 e e

Ni/SBA-15 6.5 e

La2O3-SBA-15 e 9.6

Ni/La2O3-SBA-15 6.2 9.4

CeO2-m e e

Ni/CeO2-m 6.7 e

La2O3eCeO2-m e 9.1

Ni/La2O3eCeO2-m 6.5 9.0

a Obtained by ICP-AES.
b Determined at P/P0 ¼ 0.95.
c Maximum BJH pore size distribution.
d Calculated from the reflection peak (111) of Ni.0 pattern in the reduced

Please cite this article as: Megı́a PJ et al., Oxidative steam reforming
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hand, Ni/CeO2-m showed diffraction lines of metallic Ni at

2q¼ 44.5 and, 51.8� along with those of cubic CeO2 at 2q¼ 28.3,

32.8, 47.2, 56.0, 58.9, 69.2, 76.4, and 78.9� (JCPDS 01-089-8436).

Given that Ce-oxides require temperatures above 1000 �C to be

reduced, they remain as oxide after the activation process

(600 �C) and no diffraction lines of metallic Ce appear [42].

Similarly to Ni/La2O3-SBA-15, in Ni/La2O3eCeO2-m no

diffraction lines of La2O3 could be distinguished. In general,

due to the presence of La2O3 in the carrier, the pattern of Ni/

La2O3-SBA-15 and Ni/La2O3eCeO2-m display broader Ni

diffraction peaks. Based on this, it is reasonable that themean

crystallite sizes calculated by applying the Debye-Scherrer

equation on the reflection peak (111) of the cubic Ni0 pattern

are smaller than the non-promoted samples (see Table 1).

Catalytic activity in the oxidative steam reforming of acetic
acid

In order to investigate the performance of the Ni-based cata-

lysts in the oxidative steam reforming to compare the effect of

the support nature and lanthanum promotion, their catalytic

activity was evaluated in terms of acetic acid conversion and

hydrogen yield with time on stream. The obtained results are

shown in Fig. 5. It is possible to observe that the Ni/CeO2-m

sample achieved better catalytic behavior than Ni/SBA-15.

This sample reached almost complete conversion and
ysts.

SBET Vpb Dpc DNi
d

m2/g) (cm3/g) (nm) (nm)

601 0.91 7.7 e

533 0.80 7.8 11.5 ± 0.4

474 0.76 7.7 e

407 0.63 7.3 4.6 ± 0.3

114 0.29 7.3 e

98 0.26 8.1 7.6 ± 0.3

86 0.22 8.2 e

73 0.17 8.1 5.7 ± 0.2

materials using the Debye-Scherrer equation.
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hydrogen yields over 46% after 5 h time on stream. On the

contrary, Ni/SBA-15 suffered severe deactivation during the

test, decreasing both acetic acid conversion and hydrogen

yield down to 28% and 17%, respectively. Despite it has been

widely reported as a carrier for conventional steam reforming

of different oxygenates [43e45], bare SBA-15 is not an

adequate support of Ni catalysts in an oxidizing environment

as evidenced by these results. However, regarding the effect of

lanthanum promotion, Ni/La2O3-SBA-15 tripled the conver-

sion value for 5 h while the hydrogen yield became 2.4 higher

compared to Ni/SBA-15 sample. This effect is related to
Fig. 4 e XRD diffraction patterns of catalysts reduced at

600 �C.

of acetic acid on Ni catalysts: Influence of the La promotion on
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Fig. 5 e Evolution of acetic acid conversion (A) and hydrogen yield (B) with time on stream at 500 �C for Ni/SBA-15, Ni/La2O3-

SBA-15, Ni/CeO2-m, and Ni/La2O3eCeO2-m catalysts (S/C ¼ 2, O2/AcOH ¼ 0.15).
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smaller crystallite size (see Table 1) given the ability of La2O3

to act as a dispersing promoter preventing the aggregation of

Ni particles [46,47]. On the other hand, the La2O3 addition to

Ni/CeO2-m resulted in a similar acetic acid conversion with an

increase of about 6% in the hydrogen yield. Given that the

calculated crystallite size for both promoted samples was

similar, the superior catalytic activity in the oxidative steam

reforming of acetic acid obtained with Ni/La2O3eCeO2-m is

not only related to higher dispersion but also to the presence

of CeO2 in the carrier which is active in the water-gas shift

reaction and promotes coke gasification due its capacity to

store/release oxygen [20].

Apart from these results, other products were detected in

the gas outlet stream. In this regard, the selectivities for CH4,

CO, and CO2 after 5 h time on stream are summarized in Table

2. As it is reported in the literature, lower methane selectivity

is associated with higher hydrogen production [48]. This

assumption is entirely in line with the results obtained for Ni/

CeO2-m and Ni/La2O3eCeO2-m. However, SBA-15-supported

samples did not follow the same trend. As reported else-

where [49], during the acetic acid steam reforming, methane

and carbon dioxide (deriving from the acetic acid decompo-

sition) are intermediates appearing in the first stage of the

steam reforming pathway. Thus, the lower methane selec-

tivity for Ni/SBA-15 could be related to the low acetic acid

conversion achieved with this sample. In the same way,

methane yield is also lower for Ni/SBA-15, 2.63% versus 11.61%

for Ni/La2O3-SBA-15. In that scenario, the low amount of
Table 2 e Gas product selectivities, mean Ni0 crystallite size of
oxidative steam reforming using mesostructured Ni-based cat

Gas products selectivities

Sample CH4 CO

(mol%) (mol%)

Ni/SBA-15 9.5 12.0

Ni/La2O3-SBA-15 13.8 8.7

Ni/CeO2-m 10.4 6.6

Ni/La2O3eCeO2-m 6.6 7.8

a Calculated from the reflection peak (111) of Ni0 pattern in the used cat
b Estimated by TGA in airflow.

Please cite this article as: Megı́a PJ et al., Oxidative steam reforming
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methane produced through acetic acid decomposition would

be easily reformed towards hydrogen in the available active

sites. Attending to CO and CO2, the presence of ceria in the

carrier resulted in a higher SCO2/SCO ratio since it promotes the

water-gas shift reaction [20,50] given the oxygen exchange

capacity due to the Ce4þ/Ce3þ redox couple.

To shed light on the differences observed in the catalytic

performance during the oxidative steam reforming of acetic

acid, the spent catalysts were characterized by means of XRD,

TGA, and TEM. The diffractogram patterns of the used cata-

lysts after 5 h time on stream are shown in Fig. 6. Features

ascribed to graphitic carbon (JCPDS 00-041-1487) at 2q ¼ 25.5

and 54.4� could be discerned associated with the (002) and

(100) planes, respectively. These diffraction lines proved the

coke deposition being more pronounced for SBA-15-based

materials suggesting that higher carbon formation is taking

place along the reaction. On the other hand, peaks corre-

sponding to the cubic phase of Ni0 (JCPDS 01-071-3740) arise in

all the samples (JCPDS 01-071-3740). It is noteworthy how

apart from the metallic nickel features, on Ni/SBA-15 the

presence of NiO (JCPDS 01-075-0197) with a cubic crystal sys-

tem is evident at 2q ¼ 43.2, and 62.9�. In context, apart from

coke deposition, the active phase is being oxidized leading to

non-active sites which could explain the poor catalytic activ-

ity obtained during the tests (see Fig. 5). It should be noted that

sintering can also take place thus, decreasing the Ni0 disper-

sionwhich could not be recovered [10]. By applying the Debye-

Scherrer equation on the main diffraction line of the Ni0
spent catalysts, and coke deposition on the acetic acid
alysts.

DNi
a Coke depositedb

CO2

(mol%) (nm) (mgcoke$gcat
�1$h�1)

78.5 14.7 ± 0.5 173.5

77.5 4.4 ± 0.3 223.5

83.0 10.4 ± 0.4 117.1

85.6 5.8 ± 0.2 62.3

alysts using the Debye-Scherrer equation.

of acetic acid on Ni catalysts: Influence of the La promotion on
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Fig. 6 e XRD diffraction patterns of the used catalysts after

5 h time on stream.
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pattern (2q¼ 44.5�) is possible to calculate themean crystallite

size after the reaction. The obtained results are summarized

in Table 2. Comparing the obtained results for Ni0 particles in

the spent catalysts with those obtained for the reduced sam-

ples (see Table 1), it can be assured that sintering is taking

place in the non-promoted La2O3 samples since the mean

crystallite size increase of about 30% for Ni/SBA-15 and Ni/

CeO2-m catalysts after 5 h time on stream. On the contrary,

the La2O3 addition prevented sintering as the mean crystallite

sizes remained almost constant as reported before [26]. To

estimate the amount of coke deposited during the reaction,

TGA analyses were performed on the used catalysts. The

amount of coke formed during the oxidative steam reforming

reaction is displayed in Table 2. As expected, the samples
Fig. 7 e TEM micrographs of used (A) Ni/SBA-15, (B) Ni/La2O3-SB

after 5 h time on stream.
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supported over CeO2 achieved much lower coke deposition

than SBA-15-supported samples ascribed to its ability to pro-

mote coke gasification [20]. On the other hand, the La-

promotion to Ni/CeO2-m decreased 53% in the coke deposi-

tion. Given that the conversion values were similar for both,

Ni/CeO2-m and Ni/La2O3eCeO2-m, this effect is ascribed to

lanthanum's ability to prevent the aggregation of Ni particles

[39] resulting in higher dispersion and higher oxygen mobility

[51]. Large Ni particles have been reported to promote coke

formation [41], which supports the obtained results. However,

this effect could not be appreciated for SBA-15-based mate-

rials. According to the catalytic results, this could be related to

the higher acetic acid conversion reached with Ni/La2O3-SBA-

15 which may lead to higher coke formation. As discussed

above, acetic acid decomposition could lead to methane and

coke production which agrees with product distribution

observed with Ni/La2O3-SBA-15 where higher methane yield

and coke deposition were observed.

Finally, to further characterize the coke deposition, TEM

and differential thermogravimetric (DTG) techniques were

performed on the used samples. TEM micrographs are dis-

played in Fig. 7. The well-ordered hexagonal mesoporous

structure was maintained concerning Ni/SBA-15 and Ni/

La2O3-SBA-15. However, the ordered structure of CeO2 dis-

appeared probably due to the operating conditions or to the

growth of carbon nanofiber during the reaction. Despite this,

Ni/CeO2-m and Ni/La2O3eCeO2-mmaintained a good catalytic

performance. This demonstrates that although the porous

mesostructure of the support is important to get a high Ni

dispersion [30], this structure seems not to be essential to

maintain the catalytic activity. Concerning coke deposition, in

general, filamentous coke with different ordering degrees can

be distinguished in all the samples. This assumption aligns

with the results obtained from DTG curves, which are dis-

played in Fig. 8. Overall, all the samples show a maximum at

temperatures between 450 and 550 �C which evidence the

formation of carbon nanofilaments with different ordering
A-15, (C) Ni/CeO2-m, and (D) Ni/La2O3eCeO2-m Catalysts

of acetic acid on Ni catalysts: Influence of the La promotion on
https://doi.org/10.1016/j.ijhydene.2023.06.283
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Fig. 8 e DTG profiles of the used catalysts after 5 h time on

stream.
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degrees since amorphous carbon would oxidize at tempera-

tures below 400 �C [7,52]. It is noteworthy how adding La2O3 to

CeO2-m leads to a reduction in the oxidation temperature of

coke ascribed to the increase in oxygen vacancies which

would facilitate the oxygen transfer to carbon as reported

elsewhere [47]. However, this effect was not observed for SBA-

15 supported samples. Reviewing the literature, other authors

reported several trends in the evolution of coke oxidation

temperature after lanthanum incorporation into the catalyst.

In this regard, Kiani et al. [53] reported that adding La2O3 to

SBA-16 led to an enhancement in coke thermal stability

compared to the non-promoted sample.
Conclusions

The effect of the support nature and the La-promotion on the

catalytic performance of the oxidative steam reforming of

acetic acid using Ni as the active phase was investigated for

the first time. The obtained results when using SBA-15 or

mesoporous CeO2 as a carrier revealed that bare SBA-15 is not

suitable to be used as support for Ni catalysts in an oxidizing

environment, as evidenced by the active phase oxidation,

which may explain the low conversion and hydrogen yield

reached. However, usingmesoporous CeO2 due to its ability to

store/release oxygen, led to almost complete conversion

(>97%) and higher hydrogen yields (~47%) than those obtained

with SBA-15.

La2O3 addition to the support led to an increase in Ni

dispersion as evidenced by the mean crystallite size calcu-

lated through the Debye-Scherrer equation in the reduced

samples. This effect was more pronounced when using SBA-

15. Consequently, the conversion and the hydrogen selec-

tivity for Ni/La2O3-SBA-15 were 3 and 2.4 times higher,

respectively, than for the non-promoted sample. Moreover,

the presence of lanthanum in SBA-15 and CeO2-m hindered

the sintering effect during the test as the mean crystallite size

remained constant after 5 h time on stream.
Please cite this article as: Megı́a PJ et al., Oxidative steam reforming
mesostructured supports, International Journal of Hydrogen Energy,
However, due to the convergence between small crystallites

sizes and the high oxygen mobility of ceria, Ni/La2O3eCeO2-m

achieved the best catalytic performance with high acetic acid

conversion (~96%), the highest hydrogen yield (~53%) close to

the expected value in the thermodynamic equilibrium, and the

lowest coke formation (62.3 mgcoke$gcat
�1$h�1).
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