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Abstract

Deactivation of Ni/La,03-aAl,0;5 catalyst in the ethanol steam reforming (ESR) was studied in
order to establish the optimal conditions for maximizing H, production and achieving a steady
behaviour. The ESR reactions were conducted in a fluidized bed reactor under the following
operating conditions: 500-650 °C; space-time up to 0.35 geqaiysth/grion; and steam/ethanol (S/E)
molar ratio in the feed, 3-9. The features of the deactivated catalysts, and the nature and
morphology of the coke deposited were analysed by Temperature Programmed Oxidation, X-
Ray Diffraction, Scanning Electron Microscopy, and Raman Spectroscopy. Catalyst
deactivation was solely caused by coke deposition, especially by encapsulating coke, with
acetaldehyde, ethylene and ethanol being the main precursors, whose concentration was high
for lower values of space-time. Conversely, the filamentous coke formed from CH4 and CO
(with their highest concentration for intermediate values of space-time) had a much lower
impact on deactivation. Owing to the effect space-time has on the extent of reactions leading to
the formation of coke precursors, the Ni/La,03-0Al,0O5 catalyst stability was enhanced by
increasing space-time. The increase in temperature and S/E ratio was also beneficial, since both
variables promoted coke gasification. Consequently, a steady H, yield throughout 200 h

reaction was attained at 600 °C, space-time of 0.35 gcqalysth/grion and S/E > 3.
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1. Introduction

Progress toward the development of efficient and environmentally friendly technologies for
producing H, from biomass would reduce the CO, emissions coming from its current
production process (i.e., reforming and partial oxidation of methane) [1]. Among alternative
routes, the steam reforming (SR) of biomass derivatives is more advantageous in terms of

production costs than thermal processes of pyrolysis and gasification [2].

The competitive advantage of steam reforming of bio-ethanol over other biomass derivatives
(e.g., bio-oil, methanol, dimethyl ether) lies in its higher hydrogen content, in addition to its
high reactivity at low temperature (300 °C), non-toxicity, storage and handling ease, and safety.
Furthermore, the large-scale production of bio-ethanol from lignocellulosic biomass by
hydrolysis-fermentation has good prospects [3-7], and the SR of bio-ethanol (8-12 wt% water)
would avoid the ethanol dehydration costs required for its use as a fuel [6]. Noble metal
supported catalysts (especially Rh-based catalysts) have been reported as highly active and
selective for ethanol steam reforming (ESR) [8-10]. However, Ni and Co based catalysts have
been mostly studied due to their high C-C bond breakage activity and lower cost. These
catalysts are conventionally synthesized by impregnating the metal oxide on different supports,
such as Al,O;, Si0,, CeO, or ZrO, [11-17]. Catalysts derived from perovskite type mixed
oxides [18-21], spinel type catalysts [22-24], and those combining noble and non-noble metals
have also been used [25, 26].

Ethanol steam reforming (ESR) is an endothermic process with the following ideal

stoichiometry:
C,Hs0OH + 3 H,O — 6 H, + 2 CO, AH,3g = 173.3 kJ/mol (1)

The actual H; yield is lower than the stoichiometric value, Eq. (1), owing to the formation
of intermediate compounds and by-products through other side reactions, whose prevalence
depend on the catalyst and operating conditions [4,5,27-29]. These side reactions include (Table
1): ethanol dehydrogenation and dehydration, decomposition of ethanol and acetaldehyde, and
subsequent reactions of decomposition products (e.g., water gas shift reaction (WGS), CO

methanation, steam reforming of methane and of ethylene).

Nevertheless, the reactions that have a more adverse impact on H, production are those
leading to coke formation, which causes catalyst deactivation. These reactions (also gathered
in Table 1) include: cracking of ethanol and acetaldehyde, ethylene polymerization, methane
decomposition and Boudouard reaction. Attenuation of these reactions extent, which depends
on the composition and properties of the catalyst and the reaction conditions, is a priority
objective that needs to be addressed with a view to the economic feasibility of ESR. For this
purpose, it must be taken into account that there is no linear relationship between the decrease

in catalyst activity and the coke content. This fact is a consequence of the heterogeneous nature
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of the coke, composed of amorphous and filamentous fractions, with the coke of amorphous
structure having a greater impact on deactivation due to encapsulation of the active metal sites
[28,30-32].

Table 1

Different strategies aimed at selecting and modifying catalysts have been proposed in the
literature for minimizing coke deposition over transition metal catalysts, which undergo greater
deactivation than noble metal catalysts [4,6]. Such efforts include the use of bimetallic catalysts
(such as Pt-Ni, Ru-Ni, Ru-Co, Cu-Ni, Ni-Co) [33], and modifications of the most commonly
studied support Al,O;3 by: 1) doping with ZrO,, Y,05, CaO, MgO or La,Oj3 in order to passivate
the acidity, thus minimizing ethylene formation and its subsequent polymerization to coke; and
i1) adding materials with high oxygen storage ability (such as CeO, and La,0;) in order to
promote oxidation of deposited carbon [34]. The use of perovskite, spinel, and hydrotalcite
(HT)-derived mixed oxides as catalysts and supports has proved to stabilize highly dispersed
metal nanoparticles, thus decreasing coke deposition. It has also been reported that Ni-
encapsulated graphene chainmail catalyst (with a core-shell structure) improves the stability of

conventional Ni supported catalysts by avoiding sintering and oxidation of Ni [35].

The scheme of the reactions involved in ESR over the Ni/La,03-aAl,O5 catalyst has been
established in a previous work [36]. After a prior equilibration cycle, this catalyst recovers its
activity in successive reaction-regeneration cycles [37]. The complexity of the deactivation
dynamics was also previously proved, showing three different stages in the evolution with time
on stream of product yields at 500 °C [38]: 1) Stage 1, ascribed to the formation of filamentous
coke with little impact on the catalyst activity; ii) Stage 2, related to the formation of a more
condensed and graphitic coke that causes severe deactivation by encapsulating the Ni sites; and
1i1) Stage 3, ascribed to slow deposition of a highly-deactivating amorphous coke which covers
almost completely the catalyst surface. These previous results evidenced that the amount and
nature of the coke, and its impact on the catalyst deactivation are greatly influenced by the

reforming conditions.

Consequently, this work focuses on studying formation and evolution of coke in order to
establish suitable operating conditions (temperature, S/E molar ratio and space-time) that
minimize Ni/La,03-0Al,O5 catalyst deactivation. For this purpose, special emphasis has been
placed on identifying the coke precursors by relating the characteristics of the coke with the
concentration of compounds in the reaction medium. ESR reactions have been carried out in a
fluidized bed reactor, which has good perspectives for the scaling-up, enables thermal
uniformity of the catalytic bed, and attenuates deactivation by coke deposition [39]. The
deactivated catalyst samples have been collected after each reaction and characterized by
Temperature Programmed Oxidation (TPO), X-Ray Diffraction (XRD), N, adsorption-

desorption, Raman Spectroscopy and Scanning Electronic Microscopy (SEM). In order to
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properly ascertain the role of reaction medium compounds in the formation of coke, this study
covers a wide range of reaction conditions to include: 1) reactions with low conversion, and
hence high concentration of ethanol and intermediate compounds; ii) reactions with high
conversion (close to thermodynamic regime), and hence high concentration of final carbon by-
products (CO and CHy).

2. Experimental section
2.1.  Catalyst synthesis and characterization

The Ni/La,05-0Al,05 catalyst (with 10 wt% Ni and 9 wt% La,O; nominal contents) was
prepared by incipient wetness impregnation, and calcined at 550 °C for 2 h. Prior to its use in
the ESR reactions, the catalyst was equilibrated in order to provide reproducible behavior in
successive reaction cycles with intermediate regeneration by coke combustion [37]. The
catalyst properties were reported elsewhere [36]: metal contents close to nominal values (8.8 %
Ni and 6.8 % La, measured by ICP-AES); BET surface area of 35 m?/g; Ni® metal surface area
and dispersion of 3.1 m?/g and 4.7 %, respectively; and Ni° crystal size of 10.6 nm. Before each

reaction, the catalyst was reduced in situ at 700 °C for 2 h by using a H,—He flow (10 vol% H,).

X-ray diffraction technique (XRD) was used to characterize the crystallinity and Ni° particle
size (by applying the Debye-Scherrer approach at 20 = 52°) using a Philips X"PERT PRO
diffractometer at 40 kV and 40 mA, in theta—theta configuration, with a secondary
monochromator with Cu Kal radiation at a wavenumber of 1.5418 A. The great amount of coke
may hinder a proper detection of Ni diffraction peaks in deactivated catalyst samples.
Therefore, XRD analyses were conducted after removing the coke deposited (by combustion
with air at 500 °C for 2 h) and subsequent reduction of NiO, species formed during combustion
(in Hy/Nj; stream at 700 °C for 2 h). The BET surface and porous structure were analyzed by N,

adsorption—desorption in a Quantacrome Autosorb 1Q2 in physisorption mode.

The coke deposited was analyzed by: (i) TPO for qualitative characterization of the coke
nature and quantitative determination of coke content. A Thermo Scientific TGA Q5000TA
thermobalance connected on-line to a Thermostar (Balzers Instruments) mass spectrometer was
used to record the CO, signal during combustion, which allowed quantification of coke content
since thermogravimetric signal is masked by Ni oxidation. (ii) Raman spectroscopy for
determining the crystallinity degree of the coke. These analyses were performed in a Renishaw
InVia confocal microscope using an excitation wavelength value of 514 nm. (iii) SEM images
for determining the morphology of the coke (encapsulating or filamentous). These images were
obtained using a JEOL/JSM-7000F microscope, equipped with energy dispersive spectroscopy
(EDS) accessories and operating at 25 kV.

2.2. Reaction equipment and experimental conditions
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The automated reaction equipment (Microactivity reference-PID Eng & Tech) consisted of
an isothermal fluidized bed reactor (22 mm internal diameter and 460 mm length), described
elsewhere [40]. The reactor was connected on-line to a gas chromatograph (MicroGC Agilent
3000) provided with four modules for analysing the reaction products: 1) permanent gases (O,,
N,, H,, CO, and CH,4) with a 5SA 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 compounds were
identified and quantified with calibration standards of known concentration. The C, H, O mass

balance closure was above 98 % for all the experiments.

The catalyst particles (0.15-0.25 mm) were mixed with inert solid (SiC, 37um) in
inert:catalyst mass ratio > 8:1 in order to have bed height/diameter ratio = 2. The gas flow-rate
and linear velocity at the reactor inlet was 7.6 cm?/s and 2.4 cm/s, respectively (6 times the
minimum fluidization velocity). These fluid-dynamic conditions were previously established
for ensuring proper catalytic bed fluidization and avoiding internal and external diffusional

restrictions within the catalyst particles [13].

The operating conditions for ESR reactions were: 500 - 650 °C range (the upper limit was
set to avoid an excessive conversion of ethanol by thermal routes [36]); steam/ethanol molar
ratio (S/E) between 3 and 9; space-time between 0.02 and 0.35 geaalysth/grion (catalyst mass
between 0.03 and 0.525 g); total pressure, 1.4 bar; and ethanol partial pressure, 0.083 bar. The

duration of each reaction was 20 h, except for some long-term experiments (200 h).

The ethanol conversion (X) was calculated from its molar flow-rate (F) at the inlet and outlet

of the reactor, according to the following equation:

X = Finlet B

Finlet

Foutlet (15)

The yield of each product (Y;) was calculated as the ratio between its molar flow-rate (F;)
and the maximum molar flow-rate that can be obtained from, according to stoichiometry:
F.
Y. = 1L (16)

bovi e
where v; = 6 for Hy, v; = 2 for CO,, CO and CHy4, and vi= 1 for acetaldehyde and ethylene.
Other intermediate compounds were not detected in the operating condition range studied.

3. Results and discussion

The effect temperature, S/E ratio and space-time have on the evolution with time on stream

of ethanol conversion and product yields is discussed in Section 3.1. Special attention has been
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paid on the composition of the reaction medium, and the relative prevalence of each coke
formation reaction (Table 1) under the different operating conditions. The deactivation results
will be related to the content and nature of the coke in Section 3.2 (cause and effect
relationship). This will allow identifying the coke precursors, and establishing suitable

operating conditions for minimizing deactivation (Section 4).
3.1. Effect of operating conditions on the catalyst stability

This section analyses the effect temperature, space-time and S/E molar ratio have on the
evolution with time on stream of ethanol conversion and product yields (H,, CO,, CO, CHy,,
acetaldehyde and ethylene) resulting from ethanol steam reforming and side reactions. The
relationship between reactants and products of these reactions has been schematically described

in a previous work [36].
3.1.1. Effect of temperature

Figures 1 and 2 show the evolution with time on stream (TOS) of ethanol conversion and
product yields for different reaction temperatures. Each figure corresponds to a different value
of space-time, which is useful for studying the catalyst deactivation in a reaction medium with
different concentration of reactants and products. Figure 1 corresponds to a low space-time
(0.02 geatalysth/griom), and thus to a low extent of reaction. At 500 °C (Figure la), the initial
conversion of ethanol is very low and decreases rapidly, so that the major compounds in the
reaction medium are ethanol and acetaldehyde (by-product formed by ethanol
dehydrogenation). At 650 °C (Figure 1b), there is a rapid deactivation for 4 h TOS, and
afterwards ethanol conversion reaches a steady value corresponding to the thermal pathways
(catalyst is completely deactivated) [36]. Under these conditions, acetaldehyde is the major
compound, and there is also a notable concentration of ethylene (formed by ethanol
dehydration).

Figure 2 corresponds to a higher space-time (0.18 gcatarysth/grion), and thus a greater extent
of reaction. The initial conversion of ethanol (at zero TOS) is complete in the whole range of
temperature (500-650 °C), and it decreases after 12 h of reaction at 600 °C and after 5 h at 500
°C due to catalyst deactivation. The yield of each product evolves differently with TOS due to
the complex effect of deactivation on each reaction of the kinetic scheme. Thus, the evolution
with TOS of H; and CO, yields (Figures 2b and 2c¢, respectively) have the same trend, which is
also similar to that of ethanol conversion, because they are final products of the SR and WGS

reactions.

Nevertheless, carbon by-products show different trend (Figure 2) which can be explained by
their different nature of primary, intermediate or final product within the reaction scheme. Thus,

the CO yield increases slowly throughout reaction at 600 and 650 °C, due to the selective
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catalyst deactivation for WGS and methanation reactions. The progressive increase in CH, yield
at 650 °C (Figure 2¢) indicates that reforming of this by-product is also affected by deactivation.
The maximum observed in the CO yield at 500 °C (Figure 2d) is due to the fact that
acetaldehyde decomposition decreases after 10 h (Figure 2¢). It should be noted that ethylene
yield is significant for a low space-time (Figure 1) but negligible under the reaction conditions
of Figure 2. The progressive decrease in CHy yield at 500 °C (Figure 2¢) can be attributed to
the catalyst deactivation for CO methanation. The afore-mentioned deactivation of
acetaldehyde decomposition also contributes to the faster decrease observed in CHy yield after
10 h TOS. These trends are qualitatively similar to those observed for other S/E ratios (results
not shown). It should be mentioned that these results are consistent with those reported in the
literature for other catalysts [28,41], which reveal improvement of catalyst stability by

increasing temperature in the range 500-650 °C, under conditions of high ethanol conversion.

These results evidence that, regardless the operating conditions used, acetaldehyde
concentration in the reaction medium is high during the period of rapid catalyst deactivation
(from zero TOS in Figure 1 and from 10 h TOS in Figure 2). The role of this by-product as a
coke precursor (Eq. 10) will be confirmed below. Furthermore, the role of ethanol as a coke
precursor (by cracking, Eq. 9) or by condensation of ethyl oxonium ions into aromatic structures
should not be discarded.

Figure 1
Figure 2

3.1.2. Effect of steam/ethanol (S/E) molar ratio

The effect of S/E molar ratio on the evolution with TOS of ethanol conversion and H, yield
(Figure 3a), and yields of the main carbon by-products (CO and CHy, Figure 3b) is analyzed in
this section. The results correspond to 500 °C (for which deactivation is remarkable, as shown

in Section 3.1.1) and space-time of 0.18 g..sh/ggon.
Figure 3

These results, consistent with those reported in the literature for other catalysts [6,28,42],
show that the increase in S/E ratio favors the H, production by enhancing the extent of SR and
WGS reactions. Besides, catalyst deactivation is notably attenuated, especially from 3 to 6, with
this effect being less noticeable in the 6-9 range. Similar effect of S/E ratio on catalyst

deactivation has been observed for other values of temperature and space-time (not shown).
3.1.3. Effect of space-time

The effect that space-time has on the deactivation dynamics is analyzed in Figure 4. This
shows the evolution with TOS of ethanol conversion (a), and yields of H, (b), CO (c¢), CH4 (d),
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acetaldehyde (e) and ethylene () at 550 °C for three values of space-time. The evolution with
TOS of CO, yield (not shown) has a similar trend to that of H,.

Figure 4

The rapid decrease in ethanol conversion and product yields at the lowest value of space-
time (0.02 gcarysth/grion) evidences a very fast deactivation rate. Consequently, all products
tend rapidly towards the yields corresponding to thermal routes [36], with acetaldehyde (Figure
4e) and ethylene (Figure 4f) being the only compounds when the catalyst is fully deactivated.
The decrease in ethanol conversion and H; yield is attenuated by increasing space-time, with
both parameters decreasing by only 5 % after 20 h reaction for 0.17 geataiysth/grion. The absence
of acetaldehyde and ethylene for values above 0.17 gcatarysth/grion 1s @ consequence of the total

extent of their transformation reactions (by decomposition and steam reforming, respectively).

The rapid deactivation observed under conditions with high yields of intermediate products
(acetaldehyde and ethylene) and reactant (ethanol) reveals the significant role of these
compounds in the catalyst deactivation (Egs 9-11). Conversely, CO and CH4 by-products have
little contribution, as suggested by their low concentration in the reaction medium under

conditions of rapid deactivation.

Furthermore, two steam reforming reactions were carried out with pure acetaldehyde (ASR
reactions) in order to verify the role that this compound has in Ni/La,03-aAl,O5 catalyst
deactivation (Eq 11). The operating conditions were: 600 °C, steam-to-acetaldehyde (S/Ac)
molar ratio of 12.3, space-time of 0.04 and 0.21 gc,ysth/Ac, partial pressure of 0.083 bar. The
results (Figure S1 of Supporting Information) confirm a very fast catalyst deactivation when
acetaldehyde concentration in the reaction medium is high (Figure S1a, corresponding to low
space-time and low conversion), which is notably attenuated when the concentration of

acetaldehyde is lower (Figure S1b, corresponding to high space-time and high conversion).
3.2. Analysis of deactivated catalyst

It is a well-known fact that coke deposition and metal sintering are the major causes of Ni-
based catalysts deactivation in the ESR. The deterioration of porous structure and metal surface
properties of Ni/La,03-0Al,05 catalyst is analyzed in Section 3.2.1 in order to ascertain the
significance of Ni sintering under the studied conditions. In section 3.2.2, content and nature of

the coke is studied and related to the deactivation observed in Section 3.1.
3.2.1. Catalyst surface deterioration

Deactivated catalyst samples have been analyzed by adsorption-desorption of N, (as
described in Section 2.1) to determine any deterioration of the porous structure. The results of

SgeT, pore volume and average pore size (Table 2) reveal the importance of space-time. For a
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low space-time (0.04 gcarysth/grion), physical properties of deactivated catalyst are very similar
to those of the fresh catalyst, and hence aging of the support and pores blocking by coke can be
discarded as causes of catalyst deactivation. However, for a high space-time (0.18
Zeatalysth/gEion), the Sper of deactivated catalyst is markedly higher (156.6 m? g'!) than that of
the fresh one (35.3 m? g'!), and volume and size of pores are noticeably lower. The influence
that space-time has on the catalyst porous structure can be attributed to different amount and

morphology of the coke deposited, as described in Section 3.2.2.
Table 2

The possible Ni sintering has been studied on the basis of Ni® crystal size of the catalysts
used in long-term experiments (200 h) at 600 and 650 °C, determined by XRD diffractometry
(by means of Scherrer equation at 20= 52 °). The results (Table 3) do not show a significant
increase in crystal size, even for the most severe conditions (650 °C and S/E = 6) for which the
size is similar to that of the fresh catalyst (10.6 nm). This fact reveals the insignificant role of
Ni sintering, which is consistent with the evolution with TOS of ethanol conversion and product

yields during the long-term experiments conducted at high temperature (shown below).

Table 3
3.2.2. Content and nature of the coke

The effect space-time has on the TPO results of the coke deposited at 500 °C (Graph a), and
600 °C (Graph b) is shown in Figure 5. The corresponding results of total coke content are
shown in Figure 6. All the TPO profiles show a single peak whose intensity and combustion
temperature significantly depends on space-time, thus revealing the notable effect of this
variable on the nature of the coke deposited. For low values of space-time (< 0.04 gcatatysth/geion)
the combustion peak is located below 400 °C, whereas for space-time > 0.09 gcqiysth/grion (and

consequently, higher extent of reaction) there is a wider peak located above 550 °C.
Figure 5
Figure 6

Based on the available literature on TPO of catalysts used in ESR reaction, formation of
different types of coke has been reported depending on the catalyst and reaction conditions used
[28,30,43,44]. Overall, combustion peaks at low temperatures (< 450 °C) have been ascribed to
amorphous coke deposited on the metal, which catalyzes its rapid combustion, whereas
combustion peaks at higher temperatures correspond to a coke with fibrillar structure and
different graphitization degree (including carbon filaments), which is located far from the metal
[38]. The coke deposited on the metal sites (encapsulating) causes a rapid deactivation, whereas
the filamentous coke has less incidence in catalyst deactivation, since it does not block the

active metal sites [28].
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The total amount of coke is also greatly affected by the space-time used, showing a
maximum coke content at intermediate values for different temperatures and S/E ratios (Figure
6). At 500 °C (Figure 6a), the maximum coke deposition is shifted to higher space-time values
as S/E ratio is increased, but it is not affected at 650 °C (Figure 6b). These results evidence
different content and nature of the coke, consequence of the effect that space-time has on the
concentration of coke precursors. The mechanism of coke formation will be different depending

on these precursors, as explained below.

The effect reforming temperature has on the TPO results of the coke deposited for a low
value of space-time (Graph a) and intermediate value (Graph b) is shown in Figure 7. The
results for S/E ratios other than 6 are qualitatively similar. The effect of reforming temperature
is also noticeable, although it is less significant than the effect of space-time. All the samples
show a single asymmetric combustion peak, with its maximum located in the 350-430 °C range
for the lowest space-time, and in 560-660 °C for higher space-time, in agreement with the
combustion peaks observed in Figure 5. Both peaks shift towards higher combustion
temperature as reaction temperature is raised, which reveals a more condensed and graphitic
nature of the coke, with lower H/C ratio and more difficult to burn [38,45-47].

Figure 7

These results also suggest that the effect reforming temperature has on the total amount of
coke deposited depends on the space-time used. Thus, for a very low space-time (0.02
Seatalysth/grion, Figure 7a) there is almost negligible coke content which increases moderately
with temperature (from 0.7 wt% at 500 °C to 1.8 wt% at 650 °C). However, for intermediate
space-time (0.09 geaalysth/grion, Figure 7b) the coke content at 500 °C is very high (60 wt %)
and it decreases markedly as temperature is raised (to 2.3 wt % at 650 °C). This different trend
ratifies the hypothesis of the different mechanism of coke formation that exists when the extent

of the reforming reaction is low or high.

The effect S/E ratio has on the TPO results is shown in Figure 8. This figure corresponds to
an intermediate value of space-time (0.18 gcatatysth/grion) and two temperatures, 500 °C (Figure
8a) and 600 °C (Figure 8b). After reforming at 500 °C (Figure 8a), combustion temperature of
the coke (~580 °C) does not vary significantly with S/E ratio, whereas at 600 °C (Figure 8b) the
combustion peak slightly shifts towards lower temperatures as S/E ratio is raised (625, 623 and
616 °C, for S/E of 3, 6 and 9, respectively). This result is explained by a slightly more
hydrogenated nature of the coke when the water content in the reaction medium is higher.
Nonetheless, the amount of coke deposited decreases noticeably by increasing S/E ratio at both
temperatures, which is explained by: 1) the attenuation of reactions that lead to the formation of
coke precursors, and ii) the intensification of coke gasification (Eq 13), especially at high
temperature [25]. Based on the results in Figure 8, the prevailing effect at 500 °C (Figure 8b)

is presumably the first one (considering the low reaction temperature), whereas the notable
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effect of S/E at 600 °C can be attributed to the gasification of coke (in a state of incipient

formation).

Figure 8
3.2.3. Morphology and structure of the coke

SEM and Raman spectroscopic techniques (described in Section 2.1) have been used to
complement the TPO information of the coke deposited on deactivated catalysts. The TPO
results obtained for different space-time values have been explained by possible differences in
the nature (amorphous or filamentous coke) and structure of the coke (with different
condensation degree). Figure 9 compares the morphology of the coke (SEM images) deposited
for low (0.04 geatalysth/grion) and high (0.18 geqiysth/grion) space-time at 500 °C and S/E = 6.
Carbon filaments are clearly discerned in the catalyst deactivated for the highest space-time
(Figure 9b), but they are not detected for the lowest value (Figure 9a). These images confirm
the different nature of the coke and support the hypothesis that coke formation mechanism is

conditioned by the composition of the reaction medium.
Figure 9

Raman spectroscopy is a suitable technique for analyzing amorphous carbonaceous
materials which is useful for corroborating the different coke structures. Figure 10a shows the
Raman results corresponding to the coke deposited at low space-time (0.04 geaalysth/grion), S/E
=3, and two different temperatures (550 °C and 650 °C). Figure 10b corresponds to high space-
time (0.35 eatatysth/grion), 500 °C, and two different values of S/E ratio. The Raman spectra
have been deconvoluted into 4 characteristic lorentzian bands of coke [45,48,49]: 1) G band
(1580-1600 cm™) corresponding to ordered aromatic structures or graphitic structures; ii) D
band (1350 cm') ascribed to disordered aromatic structures that indicates the presence of
unstructured carbons, multilayer nanotubes or microcrystalline graphite; iii) the band assigned
to amorphous coke in turbostratic fashion due to bond vibrations close to the edges in highly
disordered graphitic layers (1450-1510 cm™); and iv) the band assigned to sp*-sp® bond
vibrations in disordered graphitic layers, with aliphatic chains (~1200 cm™"). Table 4 shows the
results of the intensity ratio of D and G bands (Ip/l), and the location and width of the G band.

Figure 10
Table 4

Figure 10 and Table 4 evidence significant differences in the structure of the coke deposited
for low and high space-time values, whereas the effect of temperature and S/E ratio on coke
structure is less significant. Thus, for a high space-time, both D and G bands are narrower, the
G band position is higher, and the /p//; ratio is noticeably lower, which suggests a greater

structuring degree of the coke [46]. As reforming temperature is raised, the Ip/Ig ratio decreases
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slightly, the G band is narrower and it is located at a higher Raman displacement value, thus
indicating formation of more crystal structures. Although position and width of the G-band are
very little affected by S/E ratio, the coke deposited for higher S/E has a greater crystallinity, as
suggested by the lower Ip/Ig.

4.  Discussion on precursors of coke formation

Based on the afore-mentioned results, the Ni/La,0;-aAl,O5 catalyst deactivation in the
range of operating conditions used is caused by coke deposition. The relationship between the
product yields (Section 3.1) and the content and nature of the coke (Section 3.2.2) points that
the different deactivation rate can be attributed to the amount, location and morphology of the
coke, which in turn depends on the reaction medium composition (concentration of each coke

precursor).
4.1. Effect of reaction conditions on the formation and characteristics of coke

TPO results shown in Section 3.2.2 (Figures 5, 7 and 8) evidence that location and nature of
the coke deposited in the 500-650 °C range significantly depend on space-time, whereas
temperature and S/E ratio have much lower effect. Thus, for low space-time values (< 0.04
Seatalysth/grion) there is a low deposition of an encapsulating coke (Figure 7a) in the whole range
of temperature and S/E studied. This result is consistent with the fast deactivation rate observed
(Figure 1) despite the low amount of coke deposited in these conditions. However, a slight
increase in space-time above 0.04 g ,iysth/grion entails a sharp increase in coke deposition, and
for space-time > 0.09 geaiysth/grion there is a huge amount of a filamentous coke (Figures 7b
and 8). Owing to location (far form the metal sites) and filamentous morphology of this coke
(as evidenced by SEM, Figure 9), it has much lower impact on catalyst deactivation than the
encapsulating coke. This fact explains the lower deactivation rate observed (Figures 2 and 4)

despite the high amount of coke deposited (Figure 6).

Although temperature and S/E ratio do not affect the type of coke deposited, its amount and
to a lesser extent its structure, are affected by both variables. On the one hand, the effect
temperature has on the amount of coke deposited depends on the space-time used. Thus, for
low values of space-time, the increasing temperature entails a slightly higher deposition of
encapsulating coke which explains the slightly faster deactivation at 650 °C (Figure 1b) than at
500 °C (Figure la). For intermediate values of space-time, there is a great formation of
filamentous coke, whose deposition decreases noticeably by increasing temperature (mainly in
the 500-550 °C range) which explains the attenuation in deactivation rate (Figure 2). On the
other hand, the attenuation of catalyst deactivation observed as S/E ratio is increased (Figure 3)

is explained by the lower amount of coke (Figure 8). Nevertheless, the coke combustion peak
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hardly varies with S/E ratio (especially for low temperature, Figure 8a), which evidences that

S/E has a much lower impact on the coke structure than reforming temperature.

Raman spectra (Figure 10 and Table 4) are consistent with TPO results (Figures 5, 7 and 8)
and SEM images (Figure 9). The Raman results reveal a more structured coke deposited for
high space-time value compared with that deposited for low space-time. This is consistent with
the fibrillar morphology of the former (Figure 9b) and non-fibrillar of the latter (Figure 9a), and
also consistent with the respective high and low combustion temperature in the TPO profiles.
Similarly, the higher crystallinity of the coke deposited at higher reforming temperature
(deduced from Raman spectra) is consistent with the shift towards higher combustion
temperature observed in TPO (Figure 7). Likewise, the higher crystallinity of the coke deposited
for higher S/E ratios at low temperature is consistent with the symmetrical combustion peak

observed in Figure 8a (that is, lower amount of coke burning at low temperature).

The content and morphology of the coke explain the differences in the porous structure of
the catalyst deactivated in conditions of low and high space-time (Table 2). Accordingly, the
porous structure is not appreciably changed by the low content of encapsulating coke (3.5 wt
%) deposited for low space-time. However, the specific surface is significantly increased by the
great amount of coke (60 wt %) deposited for high space-time, due to the filamentous nature
and porous structure of this type of coke [28,30,38]. The decrease in pore size could be caused

by a partial blockage of the support porous structure, due to the large number of coke filaments.
4.2.  Precursors and mechanisms of coke formation

As indicated above, content and characteristics of the coke deposited at different reaction
conditions can be explained by the concentration of compounds that are precursors in the
formation of each type of coke (Table 1, Eqs 9-13). These compounds and the coke formation
mechanisms have been identified by comparing the composition of the reaction medium
(Figures 1-4) with the corresponding TPO results of the coke deposited (Figures 5, 7 and 8) at
each operating condition. Thus, for a low space-time and low extent of SR reaction (Figure 1)
there is a remarkable concentration of acetaldehyde and ethylene, whose formation is promoted
by increasing temperature. Coke formation capability of these compounds by cracking and
polymerization towards aromatics (Eqgs. 10 and 11) is well established in the literature [50,51].
Therefore, acetaldehyde and ethylene are considered main precursors of the coke deposited for
low space-time. Ethanol cracking (Eq 9) and formation of aromatics on the catalyst surface
cannot be discarded, due to the reactivity of ethoxy ions (enhanced with temperature) whose
concentration is high when there is a high concentration of ethanol. The greater concentration
of acetaldehyde and ethylene with increasing reaction temperature explains the greater

deposition of amorphous and encapsulating coke, resulting in higher deactivation rate (Figure

1.
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Conversely, the great extent of ethanol and ethylene reforming reactions (Eqs 1 and 8) and
acetaldehyde decomposition (Eq 4) for higher space-time (= 0.09 gcaaysth/grion) results in high
yields of CH4 and CO (Figures 2 and 3) and very low yields of acetaldehyde and ethylene.
Therefore, the precursors of filamentous coke formation under these conditions are CH, (by
decomposition reaction, Eq 12), and CO (by Boudouard reaction, Eq 13). This origin of the
filamentous coke explains the maximum coke content obtained for an intermediate value of
space-time (Figure 6), since the yields of CH,4 and CO are maximum (Figure 4). Further increase
in space-time enhances both CH4 reforming and WGS reaction, which promotes the formation
of CO,, thus disfavoring the coke formation by Boudouard reaction. Likewise, the significant
attenuation of coke deposition by increasing S/E ratio for any temperature and space-time
(Figure 8) is explained by the decreasing concentration of coke precursors, and by promotion

of coke gasification (Eq 14) especially at high temperature.

These findings about the precursors of different types of coke have been corroborated by the
Ni/La,05-aAl,O5 deactivation results and the analysis of the coke deposited in the SR reaction
of pure acetaldehyde. The experiments have been conducted with two values of space-time in
order to have different concentration of coke precursors (acetaldehyde, CO and CH,) in the
reaction medium. The evolution with TOS of conversion and product yields is shown in Figure
S1 (Supporting Information) and the corresponding TPO profiles of deactivated catalyst are
shown in Figure S2. The TPO profile of the catalyst deactivated under a reaction medium with
high concentration of acetaldehyde (low space-time, 0.04 g.,h/ga.), shows a single combustion
peak at 385 °C, which is ascribed to encapsulating coke deposited on the metal. The TPO of the
catalyst deactivated in a reaction medium with very low concentration of acetaldehyde and high
of CO and CHy (high space-time, 0.21g.,sh/gs.) shows a combustion peak at 602 °C which

corresponds to a filamentous and graphitic coke.

It should be highlighted that the results of this work are interesting in view of the ESR scale-
up, since they demonstrate that Ni/Al,0s-aAl,O3 catalyst deactivation is significantly
attenuated by increasing space-time and temperature (especially in 500-600 °C range).
Therefore, it is possible to keep steady conversion and product yields during long-term
operation at 600 °C and a space-time of 0.35 gcatarysth/grion, €ven under conditions of low S/E
ratio in the feed (Figure 11, S/E = 3 stoichiometric ratio). As observed, a steady H, yield of
around 65% is achieved throughout the whole reaction (200 h).

Figure 11

Considering the remarkable attenuation of Ni/Al,0s-aAl,O5 catalyst deactivation by
increasing S/E ratio (especially in the 3-6 range), the steady period of ESR is likely to last longer
by increasing this variable up to 6. The stability of this catalyst, already reported under certain
conditions [36], has been confirmed by the afore-mentioned results on the dynamics of coke

formation in a wide range of reaction conditions.
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5. Conclusions

Ni/La,05-aAl,O5 catalyst deactivation during the ESR in the 500-650 °C range is only due
to coke deposition because Ni sintering is negligible, even under the most severe reaction
conditions. However, key factors in the deactivation are the nature and morphology of the coke,
which depend mainly on the composition of the reaction medium. For a low space-time,
acetaldehyde and ethylene (formed by dehydrogenation and dehydration of ethanol), as well as
non-reacted ethanol, are the main precursors of coke formation. For a high space-time, the coke
precursors are CH4 and CO byproducts. Although temperature and S/E ratio affect the extent
of reactions that lead to coke formation, and its condensation and gasification reactions, they

play a secondary role in the nature and morphology of the coke,

The rapid catalyst deactivation for a low space-time is caused by deposition of encapsulating
coke on the metal sites, which is formed by acetaldehyde and ethanol cracking and ethylene
polymerization. The content of this type of coke is very low and it increases slightly with
temperature. As space-time is raised, catalyst deactivation is attenuated owing to changes in the
coke formation mechanism, with CHy (by decomposition) and CO (by Boudoard reaction)
being the main precursors of a filamentous and partially graphitic coke. A further increase in
space-time attenuates the deposition of this filamentous coke by decreasing CH; and CO

concentration.

The increase in reaction temperature and S/E ratio has a significant contribution to
attenuating catalyst deactivation by diminishing the concentration of coke precursors and
enhancing coke gasification (especially at high temperature). Consequently, the greatest
stability of the Ni/La,O3-aAl,O5 catalyst is achieved using the highest values of the three
operating variables studied in this work. Thus, a steady H; production throughout 200 h reaction

was attained at 600-650 °C, with S/E ratio above 3 and space-time above 0.35 gcatatyst@/gEion-
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Evolution with time on stream of ethanol conversion and product yields at 500 °C
(a) and 650 °C (b). Reaction conditions: space-time, 0.02 gcatatysth/geion; S/E = 6.

Effect of temperature on the evolution with time on stream of ethanol conversion
(a) and yields of H, (b), CO; (c), CO (d), CHy4 (e) and acetaldehyde (f). Reaction
conditions: space-time, 0.18 geataiysth/grion; S/E = 3.

Effect of steam/ethanol ratio on the evolution with time on stream of ethanol
conversion and H, yield (a), and yields of CO and CHy (b). Reaction conditions:
500 °C; space-time, 0.18 gcatalysth/gEion-

Effect of space-time on the evolution with time on stream of ethanol conversion (a)
and yields of H, (b), CO (c), CH,4 (d), acetaldehyde (e) and ethylene (f). Reaction
conditions: 550 °C; S/E = 6.

Effect of space-time on the TPO profiles of deactivated catalyst. Reaction
conditions: Graph a: 500 °C; S/E = 6; Graph b: 600 °C; S/E = 3.

Effect of space-time on the coke content deposited for two values of S/E ratio at
500 °C (a) and 600 °C (b).

Effect of reaction temperature on the TPO profiles on deactivated catalyst. Reaction
conditions: S/E = 6; space-time: 0.02 gcaalysth/grion (a) and 0.09 geaparysth/grion (b).

Effect of steam/ethanol ratio on the TPO profiles of deactivated catalyst at 500 °C
(a) and 600 °C (b). space-time, 0.18 geaatysth/griom

SEM images of the coke deposited on the catalyst at 500 °C, S/E=6 and space-time
0f 0.04 (a) and 0.18 geqpaiysih/grion (b).

Raman spectra of the catalyst deactivated at two temperatures (a) and two values of
S/E ratio (b). Reaction conditions: Graph a: space-time, 0.04 g..h/ggon; S/E = 3.
Graph b: 500 °C; space-time, 0.35 gcatatysth/geion

Evolution with time on stream of ethanol conversion and product yields in a
experiment of 200 h. Reaction conditions: 600 °C; space time, 0.35 geaalysth/griom;
S/E=3.
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Table 1. Secondary reactions of gaseous by-products formation and coke formation-gasification
reactions in ethanol steam reforming.

Ethanol dehydrogenation
Ethanol dehydration
Acetaldehyde decomposition
Ethanol decomposition

Water Gas Shift (WGS) reaction

C,HsOH — C,H40 + H;
C,HsOH — C,H4 + H,O
C,H4O — CO +CH4
C,HsOH — CO +CH4 + H;
CO +H,0 «+ CO, + H,

Methanation<>methane steam reforming CO +3 H, « CH4 + H,O

Ethylene steam reforming

C2H4 +2H20 — 2CO + 4H2

Coke formation/gasification reactions:

Ethanol cracking:
Acetaldehyde cracking:
Ethylene polymerization:
Methane decomposition:
Boudouard reaction:

Coke gasification:

C,HsOH — gases (H,, CO, CO,, CHy) + Coke
C,H40 — gases (H,, CO, CO,, CHy) +Coke
C,H; — polymers — Coke

CH; — 2H, +C

2CO « C+CO,

Coke + HO — CO + H,

)
(€)
4)
©)
(6)
(7)
(8)

)
(10)
(1)
(12)
(13)
(14)

Table 2. Physical properties of the catalyst fresh and used with different space time values.
Reaction conditions: 500 °C, S/E = 6.

SgeT, Voores dpores Coke content,
Catalyst m?/e om’/g i W%
fresh 353 0.179 30.90 --
deactivated
(0.04 geyarysh/gi0n) 35.1 0.198 30.95 35
deactivated 1566  0.159 9.55 60.0

(0 18 gcatalysth/ gEtOH)

Table 3. Effect of reaction conditions of the Ni° crystal size for the catalyst deactivated in long

duration runs (200 h).

Reaction conditions

dMO (Ni0)7 nm

0
(regenerated catalyst) Coke content, wt%

T, °C S/E 20 =52°

600 3 11 76
600 6 12 53
600 6 12 42




Table 4. Characteristic parameters of Raman spectra for the catalyst used with different reaction

conditions.
Space time, . G band
Seatalysh/ EoH T.°C S/E Io/lg location, cm’! width, cm’!
550 2.31 1590.4 65.2
0.04 650 3 1.94 1594.3 56.9
3 1.80 1594.3 52.2
0.35 500
0.84 1595.2 51.5
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Figure S1.  Evolution with time on stream S of conversion (X,.) and products yield (Y;), in the
SR of acetaldehyde. Reaction conditions: 600 °C, S/Ac = 12; W/Fy, = 0.04
gcatalysth/gAc (a) and 0-21gcatalysth/ Zac (b)
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Figure S2. TPO profiles of the catalyst used in the SR of acetaldehyde with different space time
values. Reaction conditions: 600 °C, S/Ac=12, P,.=0.083 bar





