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11 Abstract

12 This manuscript analyzes the steam reforming of ethanol (SRE) over Ni/La,O3-aAl,Os
13 catalyst in a fluidized bed reactor under a wide range of operating conditions (500-650 °C,
14 space time up t0 0.35 geaaiysth/grion, and steam/ethanol (S/E) molar ratio in the feed between 3
15  and 9) in order to select optimum conditions for maximizing H, production. The significance
16  the individual reactions in the reaction mechanism have on products distribution and the role
17 of the catalyst in the extent of these reactions have also been analyzed. Blank runs (without
18  catalyst) have been performed to test the contribution of thermal routes to this mechanism.
19  Ethylene and acetaldehyde are intermediate products in the kinetic scheme, whose presence is
20  only observed when ethanol conversion is not complete. The increase in temperature enhances
21 the reforming and decomposition of ethanol and acetaldehyde and, when the catalyst is used,
22 CH,4 reforming and reverse WGS reactions are also promoted, so that the yield of H, and CO
23 increases, that of CH, decreases and the one of CQO, remains almost constant with
24  temperature. The increase in S/E molar ratio increases H, yield, but attenuates the rate of
25  some reactions involved in the process. 600 °C, a space time of 0.35 gcatalysth/grion and S/E =6
26  are suitable conditions for maximizing ethanol conversion (100%) and H, yield (82%) with

27 high catalyst stability.
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INTRODUCTION

The foreseen 30 % growth in worldwide energy demand for 2040, together with the
increasing social awareness concerning the negative consequences of the use of fossil fuels,
has boosted the development of technologies for maximizing energy production from
renewable sources, so that 37% of power generation will be from renewable resources in
2040, compared to 23% today [1]. Among these, biorefinery technologies aimed at converting
different biomass types into chemicals and fuels have a relevant role [2], and the reforming of
biomass derived oxygenates has gained an important strategic interest because of the
increasing demand of H, for use as a fuel, and as raw material in petrochemical industry and

agrochemistry [3].

Among biomass derived oxygenates, bio-ethanol has great interest as raw material for
producing H, by reforming [4,5], mainly due to the good perspectives for its production from
lignocellulosic biomass, with a forecasted increase from the current 270 L/tonne biomass to
400 L/tonne biomass in 2030, as a result of the advance in the technology of enzymatic
hydrolysis-fermentation [6]. Moreover, the steam reforming (SR) of bio-ethanol (~86 % H,0)
avoids the high cost required for its dehydration (estimated at 50 % the total product cost [7])
in order to be used as a fuel (dehydrated ethanol).

The steam reforming of ethanol (SRE) is an endothermic process that proceeds at relatively

low temperatures (between 300 and 800 °C), with the following stoichiometry:

C,Hs0H + 3H,0 — 6H, + 2CO, AHYy¢ =173.3 kJ/mol (1)

The use of steam/ethanol (S/E) molar ratio in the feed above the stoichiometric value (S/E =
3) improves H, selectivity and attenuates deactivation by coke deposition [8]. Nevertheless,
the reaction mechanism is complex due to secondary reactions that take place in parallel to
steam reforming reaction and generate intermediate products and by-products, thus reducing

H,; yield. Among the secondary reactions, the following are considered [9-11]:

Ethanol dehydrogenation: C,Hs0OH «~ C,H,0 + H, (2)
Ethanol dehydration: C,HsOH — C,H4 + H,O 3)
Ethanol decomposition: C,Hs;OH — H, + CO + CH,4 4)
Acetic acid formation: C,HsOH + H,O — CH3COOH + 2H, (5)
Acetone formation: 2 C,HsOH — CH3;COCH; + CO+H,  (6)
Acetone steam reforming: CH;COCH; + 2H,0 — 3CO + 5H;, (7)

Acetic acid steam reforming: CH;COOH + 2H,0 — 2CO, + 4H, (8)
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Incomplete ethanol reforming: C,HsOH + H,O — CH4 + 2H, + CO,  (9)

Acetaldehyde decomposition: C,H4,0 — CH4 + CO (10)
Acetaldehyde reforming: C,H4,0+H,0—2CO+3H, (11)

C,H40 + 3H,0 — 2CO, + 5H, (12)
Water Gas Shift reaction: CO + H,0 < H, + CO, (13)
Methane steam reforming (reverse to CH; + H,O < CO + 3H, (14)
methanation of CO and CO,): CH, + 2H,0 <> CO, + 4H, (15)
Ethylene steam reforming: C,H, + 2H,0 — 4H, + 2CO (16)

Other reactions take also place, which are not relevant for products distribution, but they

contribute to catalyst deactivation by formation or elimination (by gasification) of coke (C):

Ethylene polymerization: C,H4 — polymers — C (17)
Boudouard reaction: 2CO & C+CO, (18)
Methane decomposition: CHy —2H, +C (19)
Coke gasification: C+H,0—- CO+H, (20)

Due to the complexity of the reaction scheme, the yield and selectivity of H; is highly affected
by reaction conditions (temperature, S/E molar ratio, space time), as well as by catalyst
composition. Consequently, the industrial viability of SRE process requires the development
of catalysts that are highly active and selective for H, formation (thus minimizing secondary
reactions), which are stable and hardly affected by coke formation. With this objective,
several reviews have analyzed the use of catalysts with both noble and non-noble metals,
supported on different oxides [9,12-15]. Noble metal catalysts, especially Rh based catalysts,
are highly active and selective for SRE [16,17], but their practical applications are limited by
their high cost. Among the non-noble catalysts, those based on Ni and Co are the most studied
due to their high C-C- bond breakage activity [18-23].

Furthermore, it is well established that an increase in metal content in Ni based catalysts
improves ethanol conversion, but it does not guarantee a higher H, selectivity. Thus, Han et
al. [24] determined an optimum content of 15 wt% Ni for a catalyst prepared by sol-gel
technique, which showed a high Ni dispersion and resistance to coke deposition. Gayubo et
al. [25] reported an optimum content of 10 wt% Ni in Ni/SiO, and Ni/a-Al,O; catalysts
prepared by incipient wetness impregnation, which is due to a higher Ni content leading to a

significant agglomeration of metal crystals.
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v-Al,O5 has been widely used as support because of its high thermal and mechanical stability,
linked to its high specific surface area, which also improves the dispersion of the active phase.
Nevertheless, its acidity promotes ethanol dehydration reaction and, as a result, coke
deposition via ethylene, which causes a rapid deactivation of the catalyst. Consequently,
several methods have been studied for the neutralization of its acidity. The addition of basic
additives, such as CaO, lowers the support acidity and also weakens the interaction between
Ni and Al,O3, which facilitates the reduction of Ni*? species to Ni? [26,27]. However, Ca
contents above 5 wt% increase Ni active particle size, which causes a lower H; yield [27] and
promotes the formation of encapsulating coke responsible for the rapid deactivation of the
catalyst [26]. The addition of MgO to y-Al,O; caused similar results to those obtained by
doping with CaO [28-30]. Nevertheless, the doping of the support ZrO, with CaO did not
affect Ni reducibility and inhibited coke deposition [31]. Furthermore, the addition of La,0;
provides stability to Ni/Al,O5 catalyst by lowering coke formation rate [32-34]. In a previous
work, a Ni/La,03-0Al,05 catalyst used in the SRE reaction achieved an equilibration state
subsequent to a reaction-regeneration cycle (consisting in the steam reforming at 700 °C
followed by coke combustion with air at 550 °C), which allowed attaining a reproducible

performance in successive reaction-regeneration cycles [35].

In view of this background, this work analyzes the effect operating conditions (temperature,
S/E molar ratio, space time) have on the behavior of an equilibrated Ni/La,03-aAl,O; catalyst
in the SRE process, in order to determine the conditions maximizing ethanol conversion and
H, yield. Moreover, the relevance on products distribution of the individual reactions of the
complex reaction mechanism (Eqs. 1-16), and the role of catalyst in the extent of these
reactions has been also analyzed. With this objective, blank runs (without catalyst) have been
performed to test the contribution of thermal routes to the reaction mechanism. Moreover,
catalyst stability has been approached by means of long duration runs (200 h), as it is an

essential aspect for larger scale applications.

EXPERIMENTAL SECTION
Catalyst preparation

The catalyst was prepared by incipient wetness impregnation method, and with a composition
(10 wt% Ni and 9 wt% La,03) determined in a previous work [36]. It has been proven that
once calcined at 550 °C for 2 h in air, and subsequent to an equilibration treatment, the
catalyst achieves a reproducible kinetic behavior in reaction-regeneration cycles [35]. Prior to
the kinetic runs the catalyst was reduced in situ at 700 °C for 2 h by using a H,—He flow (10

vol% H,). The properties (Table 1) have been determined as follows: composition, by
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inductively coupled plasma and atomic electron spectroscopy (ICP-AES) in a Thermo X7-11
spectrometer; surface area (Sggr) and porous structure, by N, adsorption—desorption in a
Quantacrome Autosorb 1Q2 physisorption mode; metal surface area and dispersion, by H,

chemisorption in a Quantacrome Autosorb 1Q2.

Temperature programmed reduction (TPR) measurements were conducted on an AutoChem II
2920 Micromeritics. The TPR profile of this catalyst showed three reduction peaks [35]: 1) a
peak below 380 °C, corresponding to the reduction of bulk NiO clusters with low interaction
with the support; ii) a main reduction band, in the 400-700 °C range (which can be
decomposed into two peaks), usually ascribed in the literature to the reduction of dispersed
NiOx species, which are probably amorphous and interact strongly with the support [37], or to
the reduction of LaNiO; [38]; iii) a small peak above 700 °C, corresponding to the NiAl,O4
spinel, which has probably been formed by migration of Ni atoms on Al,O; [39].

The X-ray diffraction (XRD) pattern measured on a Bruker D§ Advance diffractrometer with
a CuKol radiation showed diffraction lines corresponding to the reflection of Al,O3 phase
and Ni° phase (at 20 angle of 44.5°, 51.9° and 76.4°). LaAlO; phase (La,O3; combined with a-
AL ;) is also detected [40].

Table 1
Reaction equipment and experimental conditions

The runs were carried out in automated reaction equipment (Microactivity reference-PID Eng
& Tech) provided with an isothermal fluidized bed reactor (22 mm internal diameter and total
length of 460 mm), connected on-line to a gas chromatograph (Agilent 3000) provided with
four modules for the analysis of products: 1) permanent gases (O,, N,, H,, CO, and CH,) with
5A molecular sieve capillary column; 2) light oxygenates (C,—), CO, and water, with Plot Q
capillary column; 3) C,-C, hydrocarbons, with alumina capillary column; 4) oxygenated
compounds (C,+) with Stabilwax type column. The use of a fluidized bed is interesting in
order to guarantee the isothermicity of the bed and also attenuate deactivation by coke

deposition [33,41].

In order to ensure a correct fluidization of the bed and avoid internal and external diffusional
restrictions in the catalyst particles, the following conditions have been established [41]: a bed

made up of catalyst (particle diameter between 0.15 and 0.25 mm) and inert solid (CSi, 37um)
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in a mass ratio inert:catalyst > 8:1; bed height/bed diameter of 2; gas flow rate at the reactor
inlet ~ 7.6 cm? s°1, corresponding to a gas linear velocity of 2.4 cm s-!, which accounts for 6

times the minimum fluidization velocity.

The conditions of the catalytic runs are as follows: temperature between 500 and 650 °C;
steam/ethanol molar ratio (S/E) between 3 and 9; space time between 0.02 and 0.35
Scatalysth/grion (With a catalyst mass between 0.03 to 0.525 g); total pressure, 1.4 bar; partial

pressure of ethanol, 0.08 bar.

Blank runs (without catalyst) have been performed in order to delimit the temperature from
which there is a noticeable contribution of thermal routes to the reaction mechanism. These
runs have been carried out with inert solid (CSi) in the fluidized bed, in the 500-700 °C range,
with an S/E molar ratio between 3 and 9, and maintaining the same hydrodynamic conditions

than in the runs with catalyst.
Reaction indices
The kinetic behaviour has been quantified by considering the following reaction indices:

Conversion of ethanol (X), which is calculated from its molar flow rate (F) at the inlet and

outlet (unreacted ethanol) of the catalytic reactor:

F

X = 1:inle‘[ ~ “outlet 1)

F inlet

The yield of each product (Y;) is calculated as the ratio between the molar flow rate of
product 1 (F;) and the maximum molar flow rate that may be obtained according to
stoichiometry when ethanol is fed into the reactor:

. S (22)

b Fipge
where v; = 6 for Hy, v; =2 for CO,, CO and CHy, and vi=1 for acetaldehyde and ethylene.

The selectivity of each gaseous product (S;) is calculated as the ratio between the molar flow
rate of product i (F;) and the molar flow rate of all the reaction products (ethanol and water
excluded):
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RESULTS AND DISCUSSION

Contribution of thermal routes to SRE mechanism

Figures 1 and 2 show the composition (molar fraction on a water free basis) of the products
stream at the reactor outlet obtained in the runs without catalyst at different temperatures and
S/E molar ratios. Figure 1 corresponds to ethanol (Figure 1a) and H, (Figure 1b), whereas
each graph in Figure 2 corresponds to a carbon product (acetaldehyde, ethylene, CO and
CH,). The composition of CO, (below 2 % under all the studied conditions) is not shown.
Moreover, neither acetone nor acetic acid has been observed in the products stream in the

temperature range studied.

It is observed that at 500 °C ethanol conversion is low and the product stream is mainly
composed of ethanol (~95 %), with low concentrations of H, (~2.5 %), acetaldehyde (~2.5
%), and ethylene (~0.1 %). Moreover, at this temperature, the results are not affected by S/E

molar ratio.

The increase in temperature up to 600 °C involves a slight increase in ethanol conversion.
However, above this temperature ethanol conversion rapidly increases, so that its molar
fraction decreases noticeably (Figure la) and H, molar fraction increases almost linearly,
achieving a value of 0.36 at 700 °C and for S/E =9 (Figure 1b). The molar fractions of carbon
products have different trends with temperature (Figure 2). Acetaldehyde is the major product
in the 600-650 °C range (Figure 2a), whereas the formation of CO and CH, increases
exponentially with temperature above 650 °C (Figures 2c, 2d), and the formation of CO, (not
shown) is almost insignificant. These results give evidence that an increase in temperature
promotes firstly ethanol dehydrogenation to form acetaldehyde (Eq. 2) (whose presence is
significant at 500 °C), and subsequently ethanol dehydration to form ethylene (Eq. 3) (whose
formation is noticeable above 550 °C), whereas the decomposition of ethanol (Eq. 4) or
acetaldehyde (Eq. 10) to produce CO and CH,4 are only significant above 650 °C, and they are
enhanced exponentially with temperature. The similar concentration of CO and CH, obtained
at high temperature, as well as the almost insignificant formation of CO, gives evidence that,
in the absence of catalyst, WGS reaction (Eq. 13), methane steam reforming (Eqgs. 14 and 15)
and direct steam reforming of ethanol (Eq. 1) do not have a significant contribution to the

reaction mechanism in the 500-700 °C temperature range.
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Furthermore, an increase in S/E molar ratio has lower effect than temperature on these results.
In general, all the thermal routes are promoted by increasing S/E molar ratio from 3 to 6,

although a further increase in this variable has no significant effect.

Figure 1

Figure 2

There are scarce papers in the literature reporting results without catalyst in order to analyze
the thermal routes for ethanol conversion under steam reforming conditions. The
aforementioned results are consistent with those by Fatsikostas and Verykios [42] obtained by
experimentation at temperature programmed under conditions of SRE reaction (S/E=3 in the
500-800 °C range). These authors concluded that ethanol conversion is activated from 600 °C
on, and is significant above 700 °C. At low temperature, ethanol dehydrogenation was the
prevailing reaction, whereas at high temperature dehydration and cracking/dissociation were
the main reactions. Melchor-Hernandez et al. also obtained a significant ethanol conversion
above 600 °C for S/E=3 [43]. Barattini et al. [44] operated in a fixed bed reactor with quartz
as inert solid with S/E=3 and found that ethanol conversion was significant above 430 °C, and
complete at 790 °C. At low temperature (400 °C), the main products were ethylene and acetic
acid, whereas at higher temperature (730 °C) small amounts of CO, CH4 and H, were obtained
and ethylene selectivity remained stable in the studied temperature range, and acetaldehyde
was not detected, differently to the results in this paper and to those by Fatsikostas and
Verykios [42].

Based on these results, and although the higher reaction rate of the catalyzed steps will
minimize the contribution of the thermal routes, the 500-650 °C range has been selected in
order to analyze the effect of operating variables on catalyst performance (next section). This
range is wide enough, and minimizes the contribution of thermal routes, so that conclusions

concerning activity, selectivity and stability of the catalyst itself can be inferred.

Effect of operating conditions for 10Ni/La,0;-aAl,O; catalyst

This section analyzes the effect operating conditions (temperature, space time and S/E molar
ratio) have on the reaction indices at zero time on stream, which have been obtained by

extrapolating the results obtained in runs of 20 h duration to zero time.
Effect of Temperature

The effect temperature has on the reaction indices is shown in Figures 3 and 4, in which the

values are shown for ethanol conversion and H, yield (Figure 3), and carbon products yields
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(Figure 4). The results correspond to S/E molar ratio of 3 (which is the stoichiometric ratio for
SRE reaction) and for two values of space time, low (0.04 guiysth/grion) and high (0.35
Seatalysth/grion), With the aim of establishing the effect of temperature under conditions far
from equilibrium (kinetic regime) and close to equilibrium (thermodynamic regime),
respectively. It should be pointed out, that neither acetone nor acetic acid is present in the
products stream in the experimental conditions studied. The explanation may lie in the fact
that the reactions corresponding to their formation/disappearing (Eqgs. 5-8) are very rapid or
do not occur. In fact, taking into account that these products are not observed in the blank runs

either, it can be concluded that the reactions do not occur.

Under kinetic regime (space time of 0.04 guulysth/grion, continuous lines), high ethanol
conversion (0.6) is obtained at 500 °C, which progressively increases with temperature and
almost full conversion is achieved at 650 °C (Figure 3). For a high space time (0.35
Seatalysth/grion, dashed lines) ethanol conversion is full for the whole temperature range
studied. This effect of temperature is consistent with that observed in the literature for
different catalysts and reaction conditions [43,45-49]. Thus, according to Fasikostas et al.
[45], who used 30%Ni/La,03/Al,05 catalyst, S/E=3 and a space time of 0.29 g aiysth/grion,
conversion increases from 0.2 at 600 °C to 0.92 at 800 °C, and is full at 850 °C. Melchor-
Hernandez et al. [43] used 10%Ni/8%La,05-yAl,O catalyst prepared by sol-gel method, S/E=
3 and space time ~0.07 Zeaiysth/grion and obtained high ethanol conversion from low
temperature (0.88 at 450 °C and 0.94 at 500 °C) and total conversion at 600 °C, although their
H, yield was rather low (0.04 at 400 °C and 0.50 at 600 °C). They also proved that this yield
was slightly higher for a higher La,O; content in the support. The increase in ethanol
conversion with temperature is more pronounced for Llera et al. [46] (from 0.10 to 0.55 in the
600-650 °C temperature range) when they used Ni/Al,Os/LDH catalyst, S/E=5.5 and a low
space time, whereas Patel et al. [47] obtained 0.95 conversion at 600 °C and full at 700 °C
with Ni/Ce,0;/Zr,0; catalyst [47], for a high space time and S/E=9. In the steam reforming of
bioethanol (14 wt % ethanol) on 10%N1/6%La,03-Al,05 catalyst, total ethanol conversion
was achieved at 350 °C, which can be partially attributed to the high S/E ratio (~15) [49].

Figure 3

Figure 4
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Concerning the H, yield obtained in this work (empty symbols in Figure 3), it increases with
temperature (from 0.19 at 500 °C to 0.33 at 650 °C) under kinetic regime conditions (low
space time), although to a lesser extent than ethanol conversion, especially above 600 °C.
Under conditions with full ethanol conversion (high space time), H, yield increases with
temperature in the 500-650 °C range (from 0.40 to 0.73), but in a less pronounced way above
600 °C. It should be mentioned that these results correspond to S/E=3, and that a higher H,
yield (0.88) was obtained for a higher S/E ratio (S/E=9) at 600 °C.

This evolution of H, yield, which is different to the evolution of ethanol conversion, is
explained by the different effect of temperature on the reactions of the overall mechanism
(Egs. 1-16), which also involves a noticeable change in the yields of carbon products with
temperature, as shown in Figure 4. Under kinetic regime conditions (low space time, 0.04
Seatalysth/grion) (Figure 4a), the order of the yields at 500 °C is: acetaldehyde (0.24) > CO,
(0.08) > CO (0.06) > CH4 (0.05) > C,H4 (0.01). It should emphasized that under these
conditions, H,/CO, molar ratio (6.91) is noticeably higher than the stoichiometric value (3)
corresponding to ethanol reforming reaction (Eq. 1). These results give evidence that at 500
°C the fastest reaction in the kinetic scheme is the dehydrogenation to acetaldehyde (Eq. 2),
which is noticeably faster than ethanol reforming (Eq. 1). However, the latter is faster than the
decomposition reactions (of both ethanol and acetaldehyde, Egs. 4 and 10), and the WGS (Eq.
13), methane reforming (Eqgs. 14-15) and dehydration to ethylene (Eq. 3) are apparently slow
reactions, specially the last one. When temperature increases above 600 °C, acetaldehyde
yield decreases noticeably, (slightly lower than 0.1 at 650 °C), whereas the yield of the
remaining carbon products increases, especially that of ethylene, with the lower increase
corresponding to methane. Consequently, H,/CO, molar ratio decreases asymptotically with
temperature (to 5.3 at 650 °C). These results give evidence that an increase in temperature
promotes mainly ethanol dehydration (Eq. 3), as well as ethanol and acetaldehyde
decomposition (Egs. 4 and 10) and the reforming of acetaldehyde (Eqgs. 11 and 12) and CHy
(Egs. 14-15).

For a high space time value (0.35 gcaulysth/grion, Figure 4b), that is, under conditions with
total ethanol conversion and close to the thermodynamic equilibrium, there is almost total
absence of ethylene in the whole temperature range studied, and acetaldehyde formation is not
observed above 550 °C. This result is consistent with the role of both compounds as
intermediate products in the reaction scheme, and therefore their transformation reactions

(reforming of ethylene and decomposition/reforming of acetaldehyde) are complete under the
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studied conditions. Furthermore, methane yield decreases almost linearly with temperature
(from 0.45 at 500 °C to 0.13 at 650 °C) and a significant increase in CO yield takes place at
the same time (similarly to that obtained for H, yield under these conditions, Figure 3), which
evidences an important contribution of methane steam reforming reaction (Eq. 14) to the
global reaction mechanism at high temperatures (because this reaction is highly endothermic),
with a noticeably increase in H, yield. The CO, yield is high and almost constant (~0.46) in
the 500-600 °C range, and decreases slightly above 600 °C due to the shift in the
thermodynamic equilibrium of the exothermic WGS reaction (enhancing the reverse WGS
reaction). The fact that CO, yield remains almost constant in the 500-600 °C range, even
though there is an increase in the reaction rate of steam reforming of oxygenates and
hydrocarbons, should be attributed to CO, consumption in both the methanation reaction
(reverse Eq. 15) and the subsequent CH4 reforming, as well as in the dry reforming of

oxygenates and hydrocarbons, as pointed out by Fatsikostas et al. [45].

As previously mentioned, the properties of the support have an important role in products
distribution. Thus, Melchor-Hernandez et al. (2013) obtained a maximum ethylene yield of
~0.35 in the 500-550 °C range, with a subsequent decrease to ~ 0.20 at 600 °C, with the yield
being lower for a higher La content in the support [43]. This high ethylene yield was a
consequence of the slightly acidic support (y-Al,O3), which is highly active for ethanol
dehydration reaction. On the contrary, with a Ni/Si0O, catalyst and under similar conditions to
those used in this work, Vicente et al. [10] reported total absence of ethylene in the product
stream due to the non-acidic SiO, support, which minimizes ethylene dehydration reaction.
Moreover, with this support without activity for ethanol dehydration, the competence of
catalytic reactions with thermal reactions avoided the formation of ethylene even at high

temperatures.
Effect of space time

Figure 5 shows the effect of space time on ethanol conversion and H, yield for different
temperatures, and Figure 6 the effect of space time on the carbon products yields for two
temperatures (500 °C (Figure 6a) and 650 °C (Figure 6b), which are the limits of the studied
range). These results correspond to an S/E molar ratio of 3, and similar trends have been

observed for the ratios of 6 and 9.
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Ethanol conversion increases in a pronounced way with space time (Figure 5), although more
moderately at high temperatures due to the significant contribution of thermal routes to the
reaction mechanism. For all the studied temperatures, H, yield (empty symbols in Figure 5)
increases in a pronounced way with space time in the 0.02-0.09 gcaiysh/gron range. A
maximum is achieved for 0.09 g,iysth/grion, When ethanol conversion is complete, and below
550 °C H; yield decreases with an increase in space time due to the relevance of methanation
reactions at these temperatures (reverse Eqs. 14-15), and tends towards the thermodynamic
equilibrium values [11]. Consequently, the yield of CHy increases (Figure 6a), although less

noticeably as temperature is increased.
Figure 5
Figure 6

Two zones are also identified in the evolution with space time of carbon products yields
(Figure 6), similarly to those observed in Figure 5 for ethanol conversion and H, yield,
although the range in which the effect of space is noticeable depends on temperature: i) at 500
°C (Figure 6a) there is a noticeable effect of space time on the yields of all carbon products in
the 0.02-0.18 geaalysth/grion Tange; ii) at 650 °C (Figure 6b) a significant variation in the
products yields takes place below 0.09 gcaiysi/hgron (that is, before achieving total ethanol
conversion). For both temperatures, acetaldehyde and ethylene are the main products at low
space time values, specially the former, which confirms that ethanol dehydrogenation and
dehydration reactions, especially the former, are the fastest reactions in the kinetic scheme,
which is more noticeable at high temperature for the dehydration reaction. Moreover, CO and
CO, yields at both temperatures increase sharply for low space time values, and subsequently
CO, yield continues increasing asymptotically towards the thermodynamic equilibrium value
[11], whereas CO yield, which peaks at 0.09 gcaiysth/grion, decreases slowly towards the
corresponding thermodynamic equilibrium value [11]. A 500 °C, the increase in CH, yield is
almost parallel to that of CO,, and progressively attenuates with the increase in space time
(Figure 6a). Furthermore, CH, formation is faster at 650 °C (Figure 6b), thus achieving a
significant value at a low space time value, which confirms the importance of thermal routes
in ethanol and acetaldehyde decomposition reactions (Eqgs. 4 and 10, respectively) at this

temperature.
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Similar trends in the effect of space time in ethanol conversion and products yield have been
observed in literature for other Ni based catalysts, although the range of space time depends
on catalyst composition and on the remaining reaction conditions. Thus, Llera et al. ([46],
obtained a conversion of 0.50 for 0.035 geuiysih/grion, and total conversion for 0.14
Seatalysth/grion, at 650 °C and S/E=5.5, on a Ni/Al,Os/LDH catalyst. According to these
authors, H, yield increased with space time to 0.80 for 0.14 gcuuaysth/grion, and decreased
slightly for higher space time. With a skeletal (non-supported) Ni-based catalyst Zhang et al.
[48] obtained total ethanol conversion for a space time above 0.15 geqiysth/grion, Whereas H,
yield remained almost constant (0.60) in the 0.07-0.35 gcaulysth/grion range, at 450 °C with
S/E=8. An increase in ethanol conversion with space time was also observed for Patel et al.
[47]. on a Ni/Ce,03/Zr,03 catalyst, with values of up to 0.95 for 0.60 gcaaiysth/grion, at 650 °C
and with S/E=4. According to these authors, H, yield varied in the 0.70-0.80 range, which is
slightly higher than that shown in Figure 5, probably due to the higher S/E ratio used. For a
commercial 15%Ni/Al,O5 in the 200-600 °C range and for S/E=10, two zones were also
identified by Wu et al. [50] , below and above a certain value of space time (corresponding to
a contact time of 1 s). Thus, with an increase in space time, the increase in CO, yield is less
pronounced in the second zone (> 1 s). Furthermore, CO yield peaks for a space time at 600
°C, whereas CH,4 yield (higher at low temperature) increased with space time in the first zone

(<1 s), and acetaldehyde yield decreased continuously with space time, especially at 600 °C.
Effect of steam/ethanol molar ratio

The effect of this variable has been more scarcely studied in literature than that of
temperature. Most of the research has been carried out with S/E molar ratio=3, which
corresponds to the stoichiometric value [11-13,51]. The results with S/E values above 6
correspond to studies on bio-ethanol steam reforming, whose characteristic ethanol content is

around 14 wt %, and therefore S/E ratio is of around 15 [52].

Figure 7 shows the evolution with S/E molar ratio (in the 3-9 range) of ethanol conversion
and H, yield at 600 °C for a space time of 0.18 geqalysth/grion. For this high value of space
time ethanol conversion is complete for all the S/E molar ratios studied, but a significant
effect of this variable on H; yield is observed, as predicted by thermodynamics [11]. Thus, H,
yield increases almost linearly by increasing S/E molar ratio, because the excess of water
favours the reactions producing H,, such as ethanol and methane reforming, and WGS

reaction. This effect explains the evolution of products selectivity with S/E molar ratio shown
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in Figure 8, corresponding to the same temperature and space time as Figure 7. As S/E ratio is
increased there is an almost linear increase in the selectivities of H, and CO,, although the
latter to a lesser extent, whereas the selectivity of CO and CH, progressively decrease, as a

consequence of the increase in the rates of WGS and CH,4 reforming reactions.
Figure 7
Figure 8

Similar trends in carbon products selectivity by changing S/E ratio have been also observed
by Carrera-Cerritos et al. [18] and Li et al. [53]. According to Li et al. [53]., an increase in
CO, yield of the same order as the decrease in CHy yield is explained because the WGS

reaction is enhanced at the same extent as the CO methanation reaction is hindered.

The selectivies of acetaldehyde and ethylene have not been plotted in Figure 8 because their
presence has not been detected for this high value of space time. Under conditions they appear
in the reaction medium (space time below 0.09 gcaaiysth/gron), their selectivity decrease with

an increase in the S/E molar ratio.

In order to complement the previous results, corresponding to total ethanol conversion, the
effect of S/E molar ratio on ethanol conversion and H; yield has been studied with runs at low
values of space time (0.04 geaaiysth/grion). As observed in Figure 9, ethanol conversion in the
500 -550 °C range (kinetic regime) is lower as the S/E molar ratio is increased. This result
gives evidence that excess of water with respect to the stoichiometric value attenuates the
global reaction mechanism for ethanol steam reforming (Eqgs. 1-16) due to the lower rate of
some of the reactions in the kinetic scheme, such as ethanol dehydrogenation and dehydration,
and ethanol and acetaldehyde decomposition. This attenuation should be taken into account in
future studies for the development of a kinetic model for this process. In the 500-550 °C
temperature range, H, yield is slightly affected by an increase in the S/E molar ratio because
the drop in ethanol conversion is balanced by the increase in H; selectivity. A similar effect of
S/E ratio was observed by Carrera-Cerritos et al. [18] on a 10Ni/La,03-Al,05 catalyst used in
a fixed-bed reactor, at 600 °C and a space time of 0.10 garysth/grion. These authors obtained
complete conversion with S/E=3, whereas for S/E=6 the conversion decreased to 0.89, and H,

yield did not increase with S/E ratio.
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Nevertheless, Figure 9 shows that H; yield noticeably increases when S/E ratio is increased in
the 550-650 °C range because an increase in S/E molar ratio under these conditions (of high

conversion) hardly attenuates ethanol conversion.
Figure 9

Taking into account the above mentioned results concerning the effect of operating conditions
on products distribution obtained on a Ni/La,03-Al,0; catalyst, and their explanation based
on the relevance of the possible steps in the reaction mechanism (Eqs. 1-16), the kinetic
scheme plotted in Figure 10 has been established. This scheme only considers the reactions
that affect products distribution in the range of reaction conditions studied, and is useful for
quantifying this distribution by means of a kinetic model. In this scheme, continuous arrows
denote irreversible reactions, whereas dashed arrows denote reversible reactions. Blue arrows
indicate the reactions that are favored by an increase in S/E molar ratio (enhancing H,
production), whereas black arrows denote reactions attenuated by increasing S/E molar ratio

(decreasing ethanol conversion).
Figure 10
Catalyst stability

In order to test the stability of the catalyst, long duration runs (200 h time on stream) were
performed under conditions suitable for maximizing H, yield, which in view of the results in
previous sections are: 600-650 °C; space time, 0.35 gcatarysth/grion, and; S/E molar ratio, 6. A
higher S/E ratio was not considered because only a slight increase in H, yield would be
achieved at the expense of a higher cost for steam generation and product separation (product

molar fractions decrease due to dilution).

The evolutions of ethanol conversion and products yield under these conditions are plotted in
Figures 11a (600 °C) and 11b (650 °C). As observed, intermediate products in the reaction
scheme of the process (acetaldehyde and ethylene) are not formed, and the catalyst is highly
stable. Thus, ethanol conversion is almost complete (> 0.97) after 200 h time on stream, and
there is also a very small variation in products yields. The yield of the carbon products is
different at both temperatures due to the opposite effect of temperature on the equilibrium of
WGS and methane steam reforming reactions, as previously commented. Thus, the

equilibrium of WGS reaction shifts to the left as temperature increases, thus increasing CO
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yield and decreasing CO, yield, whereas methane steam reforming equilibrium is favored,
thus decreasing CH, yield. As a consequence of the opposite effect of temperature on the

previously mentioned reactions, the H, yield remains almost the same at both temperatures.
Figure 11
CONCLUSIONS

The effect operating conditions have on products distribution in the SRE over Ni/La,0s-
aAl,O; catalysts is complex, as it is a consequence of numerous parallel reactions that are
activated by the catalyst, and also due to the contribution of thermal (non catalytic) routes. In
the catalytic reforming, these thermal routes have a significant contribution to the extent of
some reactions, and therefore to products distribution, i.e., below 600 °C by means of ethanol
dehydrogenation and dehydration and above 600 °C by ethanol and acetaldehyde
decomposition. Furthermore, the WGS reaction, methane steam reforming or direct ethanol
steam reforming reactions are not significant in the absence of catalyst, even at high

temperature (as revealed by the almost null formation of CO, under these conditions).

Temperature notably affects the kinetic behavior of Ni/La,0;-aAl,O; catalyst, so that both
ethanol conversion and H, yield increase considerably with temperature. Acetaldehyde
dehydrogenation is the fastest reaction of the kinetic scheme at 500 °C, and WGS reaction,
methane steam reforming and ethanol dehydration are slow reactions, especially the latter. In
addition, ethanol dehydration, as well as ethanol and acetaldehyde decomposition reactions,
are noticeably enhanced by increasing temperature. The enhancement of methane steam
reforming with temperature involves a significant increase in H; yield, although this increase
is attenuated above 650 °C because the equilibrium of WGS reaction shifts towards the left at

high temperature.

Ethanol conversion and the yields of H,, CO, CO, and CH, increase in a very pronounced
way by increasing space time to 0.09 geauiysh/grion, whereas those of ethylene and
acetaldehyde decrease, because they are primary products in the reaction scheme, i.e., they are
formed by the fast reactions of ethanol dehydration and dehydrogenation, respectively. Above
0.09 geatalysth/grion, ethanol conversion is almost complete and products yields do not vary
significantly, especially above 600 °C, as they approach the values corresponding to the
thermodynamic equilibrium. The effect of space time is less noticeable at high temperature

(650 °C) due to the significant contribution of thermal routes to the reaction mechanism.
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Steam/ethanol (S/E) molar ratio has an important role on conversion and products selectivity.
An increase in S/E ratio above the stoichiometric value (3) enhances H, selectivity due to the
promotion of ethanol and methane steam reforming and WGS reaction, whereas the
selectivity to by-products (CO, CH,4, ethylene and acetaldehyde) decreases. Nevertheless,
under conditions far from thermodynamic equilibrium (low values of space-time and
temperature) ethanol conversion decreases by increasing the S/E ratio above the

stoichiometric value due to the attenuation in the rate of some reactions in the kinetic scheme.

In order to maximize H, yield, while minimizing by-products formation, the following
operating conditions are recommended: 600 °C, space time above 0.35 geaalysth/grion and S/E
molar ratio = 6. Under these conditions, a H, yield of 82% is achieved, which remains

constant along 200 h time on stream.

Based on the results, a kinetic scheme has been proposed, which includes the relevant
reactions accounting for the products distribution obtained. The reactions of
formation/disappearance of acetone or acetic acid are not included in this scheme due to the
total absence of these compounds in the products stream in the range of operating conditions

studied.
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650 Table 1. Physical and chemical properties of Ni/La,0;—aAl,O; catalyst.

Technique Property Results
N, Physisorption | S, (m%g) 35
Ni (%) 8.8
ICP
La (%) 6.8
Metal Dispersion (%) 4.7
H, Chemisorption )
Metal active Surface (m?/g) 3.1
XRD Crystal size (A), 20 =52° 106
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Molar fractions (dry basis) of ethanol (a) and H, (b) obtained in runs without
catalyst at different temperatures and S/E molar ratios.

Molar fractions (dry basis) of acetaldehyde (a), ethylene (b), CO (c) and CHy (d)
obtained in runs without catalyst at different temperatures and S/E molar ratios.

Effect of temperature on ethanol conversion and H; yield in the SRE process over
Ni/La,03;—aAl,0O; catalyst for two values of space time. S/E molar ratio =3.-

Effect of temperature on carbon products yields in the SRE process over
Ni/La;03-aAl, O3 catalyst with a space time of 0.04 gcauiysth/grion (a) and 0.35
Zeatalysth/geton (b). S/E molar ratio =3.

Effect of space time on ethanol conversion and H; yield in the SRE process over
Ni/La,05—0Al,05 catalyst at different temperatures. S/E molar ratio =3.

Effect of space time on carbon products yield in the SRE process over Ni/La,O3—
aAl,Oj5 catalyst at 500 °C (a) and 650 (b) °C. S/E molar ratio =3.

Effect of S/E molar ratio on ethanol conversion and H; yield in the SRE process
over Ni/La,03-aAl, O3 at 600 °C and space time of 0.18 geataiysth/griom.-

Effect of S/E molar ratio on carbon products selectivity in the SRE process over
Ni/La,03-aAl,05 at 600 °C and space time of 0.18 geaatysth/gromn.-

Effect of temperature on ethanol conversion and H, yield in the SRE process over
Ni/La,03—-0Al,0O3 for two different S/E molar ratios. Space time of 0.04

gcatalysth/ ZEtOH-

Kinetic scheme proposed for the SRE process over Ni/La,O;—aAl,O5 catalyst.

Evolution with time on stream of ethanol conversion and products yield in the
SRE process over Ni/La,0s;—aAl,O3; at 600 °C (a) and 650 °C (b) for 0.35
Seatalysth/geion and S/E molar ratio = 6.
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