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Ni/CaO-La,O3 catalysts generated by in situ reduction of La; —,Ca,NiO3 perovskite systems (x = 0; 0.15; 0.30
and 0.50) were prepared and evaluated in steam reforming of acetic acid under steady state conditions. The
objective of this work was to study the effect of calcium content towards activity and syngas formation in such
catalytic systems. The catalytic materials were characterized by in situ X-ray diffraction and temperature pro-
grammed reduction. The catalytic activity was evaluated in a packed bed reactor in a temperature range from

400 to 700 °C for LaNiOs; reduced samples and at 600 °C for the La; —,Ca,NiO3 reduced precursors. The tests
indicated that the presence of calcium oxide directly promotes hydrogen formation, by permitting a greater
amount of water to be converted and limits the occurrence of ketonization.

1. Introduction

The abrupt climate changes caused by global warming and the non-
stoppable ever-increasing energy consumption are complex challenges
humankind must urgently deal with. The extreme dependence of up-to-
date energy production technologies on non-renewable sources had
been of negative effect on environmental and energy security issues [1].
Environmentally, in order to maintain the present standard of living,
producing energy from non-renewable sources is unsustainable as it is
directly or indirectly correlated to large amounts of greenhouse gases
[1,2]. Economically, the establishment of a competitive energetic ma-
trix, minimally dependent on foreign oil-based sources, is a matter of
national sovereignty and of external political relationships [3,4]. A vi-
able solution for the problem presented above could be the develop-
ment of the so-called hydrogen economy, in which hydrogen would be
inserted in the energetic matrices, diminishing crude-oil participation.

Hydrogen is considered an important energetic vector for the future
generations and its production techniques have been exhaustively stu-
died in the literature [5-9]. This important energy source can be pro-
duced by various routes as exemplified by coal and biomass gasification
[6,7,10], steam reforming and partial oxidation of ethanol and the
consolidated catalytic steam reforming of methane [11-15]. An inter-
esting process that has called attention recently is the steam reforming
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of bio-oil produced by different types of biomass transformation. Bio-oil
is a complex mixture of at least 200 different compounds, including
acids, aldehydes, ketones, alcohols and lignin oligomers emulsified in
aqueous medium [16-20]. Biomass derived liquids composition is fully
dependent of the biomass origin and the applied technology used on its
conversion. Due to the complexity of bio-oil composition and to the fact
that the catalytic phenomena are utterly correlated to the substrate/
surface interactions, authors have studied the catalytic activation of its
major component, acetic acid, which can have a 12-14 wt% content in
bio-oil [18,21,22].
The steam reforming of acetic acid is presented by Eq. (1):

Steam reforming of acetic acid has been studied on different cata-
lytic systems, such as supported noble metals [5,23,24]. Supported
noble metals catalysts showed themselves quite active and relatively
stable against coke formation, but these systems have the disadvantage
to be quite expensive when compared to nickel and copper-based ma-
terials [16,25]. The advantage in using nickel-containing catalysts is
due to its low price and relatively high availability if compared with
noble metals. It has been reported that nickel-based catalysts are as
active as noble metal systems but deactivation phenomena due to coke
formation is still a problem to be deeper understood in those systems.
To better understand the effect of the synthesis route on the steam
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reforming of acetic acid, Xiang and co-workers [26] have synthesized
diverse batches of Ni/y-Al,O3 using nitrate, chlorate, acetate and Sul-
phur-containing nickel precursors calcined at 600 °C. The work de-
monstrated the inadequacy of S-containing synthesis routes due to
nickel silicate formation and the interaction of alumina with chlorine
revealed to be the main reason to the support’s sintering. The acetate
and nitrate routes produced Ni-based catalysts with similar activity
towards syngas production, being the coke formation still an issue. Lee
and co-workers [27] have evaluated the effect of Ni/y-Al,O3 catalyst
promotion with Mg, La, K and Cu dopants on acetic acid conversion and
coke suppression. Mg doping was shown to suppress coke formation
circa 60% by comparison with unpromoted Ni/y-Al,03 and the pre-
sence of lanthanum and potassium seemed to have contributed to an
increase in the total catalyst’s basicity. Still on the evaluation of the
effect of synthesis route on the final performance of Ni-based catalysts,
Lago and co-workers [28] have verified that destruction of ABO3 per-
ovskite-type precursors in a reducing atmosphere, prior to the reaction,
could generate a B%/A,0; catalyst with B® metallic particles finely
dispersed on A,O3; oxide. During the last decade Noronha and co-
workers have been studying the application of perovskite-type oxides
on syngas production [29-33]. Specifically, on steam reforming of
acetic acid, a positive effect of La-site substitution by Pr and Sm was
observed on the suppression of coke formation, without significative
effect on acetic acid conversion. The authors agreed that the tradeoff
between rare earth’s elevated cost and their activity respect to acetic
acid conversion makes their large-scale utilization not feasible.

In the present work, nickel-based catalysts were obtained in situ, by
hydrogen reducing treatment of the La; _,CayNiO3 system and their
activity towards syngas and stability due to coking formation were
evaluated in the steam reforming of acetic acid during 23 h time on
stream (TOS).

2. Experimental
2.1. Synthesis of the catalyst’s precursors.

Perovskites La; —,Ca,NiO3; (x = 0, 0.15, 0.30, 0.50) were prepared
by citrate method [34]. This method consists in a simple dissolution of
stoichiometric amounts of metallic nitrates, together with an excess of
citric acid, that is introduced to guarantee first the formation of the gel-
like viscous syrup after water evaporation and finally, the formation of
the glassy material that will be calcined in further steps [35]. Stoi-
chiometric quantities of lanthanum, calcium and nickel nitrates were
dissolved in water, then citric acid was added to this solution, being the
ratio between citric acid molar amount and total molar amount of
metallic ions equal to 1.5. The solution was heated for 1 h at 90 °C until
the formation of a gel that immediately was calcined in air in different
steps: 100 °C for 1 h; 300 °C for 2 h; 800 °C for 4 h, always with heating
rate equal to 10 °C/min. The non-Ca containing perovskite was named
LaNiO3 and the calcium-containing samples were named Ca 15%, Ca
30% and Ca 50% (molar fraction based).

2.2. Characterization

X-Ray Powder Diffraction (XRD) analyses of the calcined samples
were conducted at room temperature with Cu Ka radiation
(A =1.5418 f\) using a Shimadzu XRD-6000 diffractometer. Data were
collected in the 26 range of 10° to 80°, with a scan rate of 0.25°/min.
Temperature programmed reduction (TPR) analysis was performed by
reducing an amount of 20 mg of perovskite diluted with 20 mg of quartz
powder in a flow of 30 mL/min (5% H,/He) from room temperature
until 800°C at a ramping rate of 10°C/min and the hydrogen con-
sumption was monitored by mass spectrometry (Balzer, model QMS
200). In situ diffraction experiments were conducted in a furnace in-
stalled into a Huber goniometer operating in Bragg-Brentano geometry
at the D10B-XPD beamline at the Laboratério Nacional de Luz
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Sincrotron at Campinas - Sao Paulo, using a radiation with
A = 1.5500 A. The analyses were performed during the reduction of the
catalyst precursors under a flow of 30 mL/min of 5% H,/He mixture.

2.3. Steam reforming of acetic acid

Steam reforming (SR) of acetic acid was performed in a fixed-bed
reactor using a Microactivity Reference equipment (PID Eng & Tech.)
previously described in [29,30]. The samples (10 mg of catalyst diluted
in 150 mg of SiC) were previously reduced with 30 mL/min pure H,
stream at 800 °C for 1 h. The reactant mixture containing a water/acetic
acid ratio of 3 on molar basis was pumped (0.25 mL/min) into a va-
porizer and diluted with He (200 mL/min) and then, it was fed to the
reactor. Initial proof experiments and thermodynamic calculations
presented in topic 3.3 were performed to determine the range of tem-
perature for the catalytic tests in order to minimize carbon formation.
Being so, LaNiO3 catalyst were evaluated from 400 to 700 °C and the
Ca-containing catalysts at 600 °C. Reactants and products were ana-
lyzed by gas chromatography (Agilent 7890A) equipped with a thermal
conductivity detector (TCD) and a Porapak Q column.

Egs. (2), 3 and 4 were used to calculate conversion, compositions,
molar flow in the entrance (n'™%) and outlet (n°""®%) of the reactor.

pintet _
Conversion of reactant i: X; = 100 = —

outlet
i

ngnler (2)

n

outlet
i

Composition of product i: Y; =100 # ———
Diota] (3)

nyift = D7 nf", i = Acetic acid, H,0, Hy, CO, CO,, CH, and acetone
()]

3. Results and discussion
3.1. XRD, TPR and in situ X-ray diffraction studies.

Fig. 1 shows the XRD diffraction lines of the calcined La; —,Ca,NiO3
samples.

XRD patterns of the calcined LaNiO3 sample revealed the char-
acteristic lines of LaNiOs; rhombohedral phase (PDF 33-0711), as
mentioned in literature [36], indicating that the perovskite structure is
the main phase obtained after calcination for the Ca-free sample
(x = 0). The substitution of Lanthanum by Calcium resulted in the
appearance of segregated La;NiO4 (PDF 34-0314), CaO (PDF 03-1123)
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Fig. 1. XRD profiles of La; —,Ca,NiO5 calcined system. ®: LaNiO3; 4: La;NiOy;
V: NiQ; «: CaO (A = 1.5418 A).
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Fig. 2. TPR-H, profile of LaNiO3 calcined precursor and the chosen tempera-
tures for further in situ XRD experiments.
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Fig. 3. In situ XRD profiles of LaNiO3 on reducing atmosphere. 30 to 280 °C.
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Fig. 4. In situ XRD profiles of LaNiO3 on reducing atmosphere. 330 to 420 °C.

and NiO (PDF 44-1159). Lima and co-workers [34] have showed that
values of x = 0.1 on La; _4Ca,NiO3 system unfavored the formation of
the perovskite-type structures, giving path to the segregation of part of
the cations into NiO, CaO and La,NiO, spinel. Fig. 2 shows the LaNiO3
TPR-H, profile and some of the temperatures retained for in situ XRD
studies (. = 1.5418 A) presented by the Figs. 3-5.

The reduction profile for LaNiO3 (Fig. 2) shows four events. The first
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Fig. 5. In situ XRD profiles of LaNiO3 on reducing atmosphere. 420 to 700 °C.

event starts at 171 °C followed by a shoulder at 230 °C that is rapidly
superimposed to a peak with its maximum value at 330 °C. Until 280 °C
as shown in Fig. 3, there is no detectable difference between the cor-
responding diffractograms, indicating that the initial hydrogen con-
sumption could be correlated to the gradual oxygen loss until the
maximum structural limit, with the formation of LaNiO, 7, as proposed
by Jia et al. [37]. The transformation presented by the perovskite be-
tween 280 °C and 420 °C can be verified in those diffractograms pre-
sented in Fig. 4 and corresponds to the reduction of Ni** to Ni®*,
forming La,;Ni»Os (PDF 36-1230). This latter transformation is totally in
agreement with the literature [38,39]. The difference between LaNiO3
and La,Ni,Os (26 = 26; 28,8; 29,86; 39,16) XRD profiles are very
subtle as already shown by Valderrama et al [38]. The conversion from
Ni2™* to Ni° is favoured at temperatures higher than 420 °C, as shown in
Fig. 5, generating Ni’ (PDF 00-001-1258) supported on lanthanum
oxide (PDF 01-073-2141). TPR allied to in situ XRD measurements
showed that the destruction of La,Ni,Os to generate Ni®/La,03 occurs
in the 420-600°C temperature range. The TPR profiles of
La; —xCayNiO3 precursors were significantly changed and shifted to
higher temperatures as can be seen in Fig. 6.
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Fig. 6. TPR-H, profiles of La; _4Ca,NiO3 calcined system.
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Fig. 7. In situ XRD profiles of Ca 50% at selected temperatures. ® — LaNiO3; ¢ —
La,NiOy4; V — NiO; e — CaO; M — Ni°% O - La,0s.

These profiles presented a first peak of H, consumption at
(400-440 °C), followed by a broad peak (450-620 °C) and a third peak
at high temperature (650-670 °C). Attempting to obtain a better un-
derstanding also on the redox properties of those calcium-containing
precursors, studies of in situ XRD were performed with Ca 50%. The
results can be seen in Fig. 7. As a matter of fact, the analysis of Ca 50%
can be extended to the other calcium-containing materials as the TPR
profiles are quite similar.

For the Lag sCag sNiO3 precursor, the diffractogram obtained after
reduction at 490 °C showed that the intensity of the diffraction lines
characteristic of La;NiO4 phase decreased whereas weak lines due to
La,03 and metallic Ni were observed. In the TPR profile of this catalyst,
the first hydrogen consumption (maximum at 440 °C) can be attributed
to the reduction of segregated NiO, in agreement with the dis-
appearance above 490°C of the corresponding diffraction line
(20 = 63°). In the presence of calcium (50%) La,NiO,4 appears more
stable at high temperature if compared to the Ca-free system. The TPR
reduction peak above 645 °C is therefore attributed to the complete
reduction of LayNiO,4 [40,41]. Fig. 7 exhibits only the lines of La;,03 and
metallic Ni after further increase of the reduction temperature up to
740 °C. Although the average size of La,NiO, crystallites is apparently
not affected by the Ca content, the average crystallite size of reduced
nickel crystallites obtained after reduction of the catalysts is affected by
the presence of Ca. the size of Ni° crystallites increases strongly when
adding 15% of Ca in the LaNiO3 perovskite, and then in a more mod-
erate way when going from 15 to 50% of Ca. This increase in Ni°
crystallite size when increasing Ca content is probably linked to the
difficulty to fully reduce the catalysts as evidenced by TPR curves in
Fig. 2. The maximum temperature of the final reduction process is 510,
655, 670, 680 °C for the catalysts containing respectively 0, 15; 30 and
50% Ca. The higher the final reduction temperature, the more difficult
reduction, but the higher the Ni® diffusion rate, generating therefore
larger Ni° crystallite sizes. The sintering of Ni crystallites is apparently
not directly correlated to the crystallite size of the parent oxide struc-
ture, suggesting that the reduction destroy at least in part the spatial
organization of the precursors. Then, together with an agglomeration of
Ni® species during reduction, LaO, species also reorganize to generate
La,;O3 based compounds associated in an unknown way to Ca species.
As no change in metallic nickel phase diagram is observed after re-
duction, the amount of Ca inside Ni° structure must be negligible.
Table 1 shows the average crystallite size of La,NiO4 found on calcium-
containing calcined samples and the metallic Ni formed after reduction
in situ at 800 °C, calculated by Debye Scherrer Equation, using the re-
spective most intense diffraction lines (La,NiO4 at 26 = 32 and Ni® at 2
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Table 1
Average crystallite size of La,NiO, and Ni® (reduction at 800 °C).
Precursor La,NiO4 (nm) Ni® (nm)
LaNiO, - 22
Ca 15% 38 40
Ca 30% 38 43
Ca 50% 35 47
6 = 44,2).

The average size of La;NiO,4 crystallites did not change significantly
with calcium content, but the size of metallic nickel crystallites formed
after “in situ” reduction, is clearly increased as the amount of Ca is
increased.

3.2. Thermodynamic considerations and homogeneous reaction results.

In order to check the feasibility of hydrogen production from acetic
acid steam reforming on the conditions previously detailed in the ex-
perimental section, thermodynamic data were calculated by Gibb’s free
energy minimization using a home-made code with Mathematica®
software. It was considered the presence of carbon graphite in the
equilibrium and the ideality for all the gaseous species. In the experi-
mental conditions, the steam reforming of acetic acid leads only to
hydrogen, acetone, methane, carbon dioxide and monoxide gaseous
products and being so, the thermodynamic allowed conversion of acetic
acid and water and the products composition (dry basis) are confronted
with the homogeneous experimental results. The confrontation is
shown in Fig. 8(A)—(C).

The complete conversion of acetic acid in this range of temperature
is not limited by thermodynamics but its steam reforming in gas phase
is kinetically unfavoured. The maximum conversion is reached only at
700 °C and it is below 10%. The conversion of water is even lower as
can be seen in Fig. 8(A). In the equilibrium, as can be seen in Fig. 8(B),
only traces of acetone and solid carbon were expected in the
400-700 °C range and the formation of hydrogen and carbon monoxide
are favoured as the temperature increases. In the entire range of tem-
perature acetic acid is not found in the equilibrium and at 400 °C it is
fully decomposed in methane and carbon dioxide. The presence of
hydrogen at low temperatures accompanies water and methane con-
sumption, being the presence of the later directly correlated to the
velocity in which the hydrogen is released. Once methane lacks in the
system hydrogen tends to find its maximum yield and the concentration
of water does not change anymore. The quantity of carbon expected by
thermodynamics is irrelevant.

Homogeneous run is presented in Fig. 8(C). Carbon balances shows
that the conversion of acetic acid is small but leads to a great formation
of coke. The carbon containing substances in gas phase does not justify
the quantity of acetic acid converted and only at 700 °C traces of gas-
eous products were detected.

3.3. LaNiO3 evaluation—the effect of reaction temperature.

In order to understand the effect of temperature on catalytic steam
reforming of acetic acid, LaNiO3 sample was tested on 23h TOS in a
400-700 °C range, with increments of 100 °C. The results of conversion
and compositions are shown in Fig. 9.

The increment in temperature had a significant effect in acetic acid
conversion and on products distribution. At 400 °C, the low acetic acid
conversion leads almost completely to its ketonization product (Eq.8)
and coke, and it is completely in agreement with the presence of carbon
dioxide and acetone in gas phase.

Ketonization: 2CH;COOH — (CH;),CO + H,0 + CO, 8)

In the first hours of reaction the conversion of acetic acid is low but
rapidly increases as hydrogen is being released in the system and this
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Fig. 8. (A) HAc and H,O conversion (homogeneous run versus equilibrium), (B)

homogeneous run.

fact could be correlated to the oxido-reducing character of the gas
composition. The gas composition at the beginning could partially re-
oxidize the Ni° species and as hydrogen is been produced, nickel oxi-
dized species tend to return to their original metallic state. At this
temperature water conversion was very low and so are the yields of
hydrogen and carbon monoxide.

When the temperature increases, the acetic acid conversion in-
creases up to 600 °C. It should be pointed out that up to 600 °C the
conversion of acetic acid has its steady state delayed as the temperature
increases and it is achieved exactly when acetone concentration re-
mains constant, also reaching its steady state condition. In all tem-
peratures, excepted 400 °C, the conversion of acetic acid is at its max-
imum value at the beginning of the run, but rapidly decreases, due to
catalyst deactivation. The deactivation observed, as Takanabe et al.
reported [24], could be explained by coke formation that is directly
correlated to the presence of acetone in the system. Acetone could
suffer aldol-condensation type reactions forming coke deposits [24].
The molar fraction of carbon was calculated by mass balance and is
presented in Fig. 10.

As already presented in Fig. 9, acetic acid conversion has no ther-
modynamic limitations and due to kinetic effects, it could also generate
carbon deposits on the catalyst. The Fig. 11 shows the potentiality of
acetic acid ketonization occurrence in the experimental conditions
stablished in this work.

Temperature (°C)

System composition in the equilibrium and (C): Products distribution in the

K= pacetone * pHZO *pCOZ
- 2
pacetic acid

)]

The constant K.y, (experimental) and K., (equilibrium) are calcu-
lated using (Eq. (9)). The former was calculated using the experimental
partial pressures verified during the tests and the later using thermo-
dynamic data. In all experiments the Keyp/Keq ratio is lower than 1,
meaning that the formation of acetone is favoured by thermodynamics
during the entire run, no matter the temperature.

The presence of methane at 700 °C is higher than in any other re-
action temperature during the first hours of run and its presence is
attributed to acetic acid decomposition [24]. Takanabe et al. proposed
a kinetic scheme in which acetic acid decomposes into methane, COx
and hydrogen, showing that the contribution in methane formation due
to carbon monoxide hydrogenation is irrelevant. A bifunctional me-
chanism could be retained for the catalytic process, in which water
could be activated by the support, generating hydroxyl groups that
could be used in steam reforming or WGS reactions (Eq. (10)).

WGS: CO + H,0 - CO, + H, (10)

The acetic acid could be decomposed into hydrogen, methane,
carbon monoxide and dioxide and CHy species that could oligomerize,
blocking catalytic sites and also could recombine to give path to
acetone synthesis that is also raw material for oligomerization products.
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Fig. 12. La, _,Ca,NiO3 reduced samples evaluated on steam reforming at 600 °C.

The activation of water on the support surface plays an important role
not only in hydrogen formation step (recombination of hydrogen ad-
sorbed atoms) but also in cleaning the active phase by hydrogenating
those CH, groups. The effect of support composition is studied in the
next section.

3.4. Effect of calcium content in La; — ,Ca,NiO3.

The effect of calcium content on La; _,Ca,NiO3 perovskites in the
steam reforming of acetic acid and the activity of the corresponding
catalysts is presented in Fig. 12.

The conversion of acetic acid presented by the calcium-containing
catalysts is lower than the one achieved by the reduced LaNiO3. Table 2
shows the values of the reactant’s conversion achieved after 23 h TOS
and the Ni° average crystalize size calculated by Debye Scherrer’s
Equation for all samples.

As can be seen in Table 2, a rather good correlation is observed
between the conversion of acetic acid and the Ni° average crystallite
size. The average diameter of Ni° crystallites when LaNiOj is reduced in
situ is less than 50% of those obtained by reduction of calcium-

Table 2

Steam reforming of acetic acid at 600 °C in presence of Ni-based catalysts issued
from La,Ca; —4NiO3 precursors: conversion of both reactants after 23 h TOS and
values of the mean crystallite size of reduced nickel. Ni° crystallite sizes from
Table 1 are also recalled.

Precursor Conversion of HAc (%) Conversion of HyO (%) Ni° (nm)
LaNiO3 52.8 7.0 22
Ca 15% 28.1 16.6 40
Ca 30% 33.2 20.5 43
Ca 50% 37.1 28.5 47

containing catalysts and so, the metallic area accessible when calcium is
present is approximately half of that accessible in the reduced LaNiOs3.
The smaller is the active phase crystallite size, the higher is the presence
of steps and kinks on its surfaces, increasing so the turnover rate [42]
what could explain the higher acetic acid conversion on Ni/La;O3 ob-
tained from LaNiO; precursor. The presence of calcium has a positive
effect on water conversion, as can be seen in Table 2. It increases with
calcium content and when calcium substitutes lanthanum in Ca 50%
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sample, the conversion of water increases by a factor of 4.

As it has already been mentioned, it is believed that steam re-
forming of acetic acid proceed via bifunctional mechanism, being the
water activated on the support generating hydroxyl groups that could
be recombined to give hydrogen and to slow down the deactivation by
steam reforming of those possible CH, intermediates derived from
acetic acid decomposition. In fact, the increase in calcium content
showed an increase in water conversion and also a significant increase
in hydrogen production. It could be inferred that the increase in cal-
cium content produces a more efficient support for water activation.
The presence of calcium seemed to mitigate acetic acid conversion to
acetone and the increase in calcium content makes acetone depletion
come sooner with time on stream. The system containing reduced
LaNiO; displayed detectable acetone during the entire 23 h TOS but in
those systems containing calcium, acetone formation was pulled back
and its presence could not be detected after 5h TOS in presence of
Ca50%.

4. Concluding remarks

The catalysts generated in situ were active when applied to the
steam reforming of acetic acid. XRD studies showed that the presence of
calcium increased significantly the Ni® crystallite average size. The
presence of calcium seemed to anticipate both production and complete
depletion of acetone, an undesired side product that is the precursor of
carbon solid structures that could accelerate the catalyst deactivation. It
was possible to verify a linear correlation between Ca content and the
conversion of water, being the presence of the former beneficial to
water activation. Hydrogen and carbon monoxide generation was also
directly proportional to Ca content.
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