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RESUMO

Este trabalho avaliou o desempenho de catalisadores a base de niquel suportados em CaO
e Ca0-MgO-Al,O3 na reforma a vapor de etanol melhorada (RVEM) visando a producao
de H, de alta pureza. Os catalisadores foram preparados pelo método sol-gel e
caracterizados por diferentes métodos: Redugdo a temperatura programada (RTP),
difracdo de raios X (DRX), microscopia eletronica de varredura (MEV) com mapeamento
de elementos quimicos, fisissor¢ao de N> e analise termogravimétrica (ATG). As analises
de DRX mostraram que as fases predominantes foram CaO, MgO, CaCO3, Ca(OH) e
NiO nas amostras calcinadas e de Ni’ nas amostras reduzidas e passivadas. Os petfis de
RTP indicaram que todos os catalisadores tiveram um alto grau de redugdo (Ni/CaMgAl-
68 > Ni/CaMgAl-79 > Ni/Ca), embora as amostras de Ni/CaMgAl-X apresentem altas
temperaturas de reducdo indicando a formagdo de NiAlbO4. A RTP realizada nas
condi¢cdes de temperatura da ativagdo do catalisador obteve um grau de reducdo do NiO
superior a 90% devido ao contato das amostras em uma atmosfera redutora por um tempo
maior do que o usado durante a analise de RTP. A ATG mostrou que o catalisador
Ni/CaMgAI-68 foi o mais estavel durante os 20 ciclos de carbonatagdo e regeneracao
porque teve a menor perda de capacidade de captura de CO,. No entanto, o catalisador
Ni/CaMgAI-79 apresentou a maior capacidade de captura apos 20 ciclos tanto em relacao
a massa de catalisador quanto por massa de CaO. Os testes cataliticos na RVEM
mostraram que o catalisador Ni/CaMgAl-79 teve o melhor desempenho, uma vez que foi
0 que teve maior tempo de producdo de hidrogénio de alta pureza. No periodo de pre-
breakthrough, as fragdes molares de H» ficaram proximas de 90% para todas as amostras
durante todos os ciclos reacionais. Além disso, a captura de CO; promovida pelo sorvente
permitiu que esses valores de concentragdo fossem superiores as da reforma a vapor de
etanol convencional, devido ao deslocamento do equilibrio que favorece a producdo de
H>. A ATG realizada apos os ciclos reacionais também mostraram que provavelmente a
presenca dos 6xidos metalicos MgO e Al>Os3 nos catalisadores minimizou a formagao de
coque na superficie dos catalisadores, obtendo taxas médias de deposicao de 11,5, 7,4 ¢
6,2 mgC/gea/h, para os catalisadores de Ni/Ca, Ni/CaMgAl-79 e Ni/CaMgAl-68,
respectivamente.

Palavras-chave: catalisadores a base de niquel, reforma a vapor de etanol melhorada
(RVEM), oxido de calcio, 6xido de magnésio, 6xido de aluminio, hidrogénio de alta
pureza.



ABSTRACT

This work evaluated the performance of nickel-based catalysts supported on CaO and
Ca0-MgO-Al>O3 in the sorption enhanced steam reforming of ethanol (SESRE) aiming
the production of high purity Ho. The catalysts were prepared by sol-gel method and
characterized by different methods: Temperature programmed reduction (TPR), X-ray
diffraction (XRD), scanning electronic microscopy (SEM) with chemical element
mapping, N2 physisorption and thermogravimetric analysis (TGA). XRD analyses
showed that the predominant phases were CaO, MgO, CaCO3, Ca(OH)> and NiO in the
calcined samples and Ni® in the reduced and passivated samples. TPR profiles indicated
that all catalysts presented a high degree of reduction (Ni/CaMgAl-68 > Ni/CaMgAI-79
> Ni/Ca), although the Ni/CaMgAl-X samples presented high reduction temperatures
indicating the formation of NiAl,O4. TPR performed under temperature conditions of
catalyst activation obtained a degree of reduction of NiO over 90% due to the contact of
the samples in a reducing atmosphere for a longer time than that used during TPR
analysis. TGA showed that the catalyst Ni/CaMgAI-68 was the most stable during the 20
cycles of carbonation and decarbonation because it had the lowest loss of CO; uptake
capacity. However, Ni/CaMgAl-79 catalyst showed the highest capture capacity after 20
cycles in relation both to mass of catalyst and by mass of CaO. The catalytic tests in the
SESRE showed that Ni/CaMgAl-79 catalyst had the best performance since it had the
longest high purity hydrogen production time. In the pre-breakthrough period, the H»
mole fractions were close to 90% for all samples during all reaction cycles. Furthermore,
the CO;z capture promoted by the sorbent allowed these concentration values to be higher
than conventional steam reforming of ethanol, due to the equilibrium shift that favors H»
production. The TGA performed after the reaction cycles also showed that probably the
presence of the metal oxides (MgO and Al>O3) in the catalysts minimized the formation
of coke on the surface of the catalysts, obtaining average deposition rates of 11.5, 7.4 and
6.2 mgC/gcar/h, for the Ni/Ca, Ni/CaMgAl-79 and N1/CaMgAl-68 catalysts, respectively.

Keywords: nickel-based catalysts, sorption enhanced steam reforming of ethanol
(SESRE), calcium oxide, magnesium oxide, aluminum oxide, high purity hydrogen.
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CHAPTER 1. INTRODUCTION

Due to global population growth, urbanization and industrial development, energy
demand continues to increase. Nowadays, energy supply is heavily dependent on fossil
fuels, which are non-renewable. This type of energy is gradually depleted and has been
causing serious environmental problems, especially global warming effects. Renewable
energy, which presents a low environmental impact, is an alternative way to face the

increasing energy demands of the 21% century (Chen et al., 2020).

Among the more sustainable forms of energy, hydrogen has been considered to
be one of the most promising future energy sources due to its clean combustion,
abundance in our planet, and high energy content (120.7 kJ/g). Hydrogen has great
potential to be used in transportation, fuel cells and power stations. It is also used as an
important reactant in chemical industries, which is implemented in some processes such
as ammonia synthesis, Fischer—Tropsch synthesis, and oil refining processes (Chen et al.,

2020; Chen; Pei; Gong, 2019).

Catalytic reforming is an effective and classic method to produce hydrogen, which
has been used for several years in commercial chemical production and fuel upgrading.
In recent years, a lot of work has been devoted to the reforming of renewable resources,
such as biomass and biomass-derived liquid fuels, which are becoming an important
research field. Using biomass as a renewable resource is very advantageous because it is
highly available in many forms and it has a low dependence on location and climate. The
expansion of feedstock usage from hydrocarbons (CH4) to oxygenated compounds
(CH30H, C;HsOH) has brought new challenges and opportunities for the catalytic
reforming process. Steam reforming of ethanol (SRE) is a sustainable option because
ethanol can be produced from renewable biomass during fermentation process. It is a
promising hydrogen storage chemical for large-scale transportation since the global
annual output of ethanol exceeds 900 million tons (Ashok et al., 2020; Chen et al., 2020;
Chen; Pei; Gong, 2019).

Although it is a suitable alternative, SRE process produces carbon dioxide as a
byproduct, which is a main concern due to environmental problems linked to global

warming. To solve this, a promising technology to produce hydrogen can be used, also
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known as Sorption Enhanced Steam Reforming of Ethanol (SESRE). This process
associates the conventional steam reforming to CO; capture using a sorbent in the
catalyst, favoring H> production according to Le Chatelier’s Principle. These catalysts are
known as bifunctional since they have both catalytic activity and sorbent characteristics.
Nickel has been used as the active phase and calcium oxide as the CO: sorbent of the
catalyst during sorption enhanced steam reforming process. This partial reforming of
ethanol reaction provides high yield to hydrogen (4 mol of H> per mol of ethanol fed) as
shown in Equation 1.1. The water-gas shift reaction also occurs in the reactional system
and can be represented by Equation 1.2. Equation 1.3 represents the capture reaction

performed by the sorbent (Gunduz; Dogu, 2012; Nimmas et al., 2019).

C,HOH + H,0 2 2CO+4H, AHY, . =255.9 kJ / mol Equation 1.1
CO+H,0= H,+CO, AH S, « =—41.2 kJ / mol Equation 1.2
COy,, +CaQ,,, =2 CaCOy AH),, . =—178.2 kJ / mol Equation 1.3

Many studies have shown that CaO-based materials are used as solid sorbents for
COz capture due to their good thermodynamic and chemical properties. The strong
decrease in sorption capacity after multiple carbonation/decarbonation cycles is the main
problem of CaO and sintering process is believed to be the cause of the decay. Another
reason may be related to the formation of a non-porous calcium carbonate layer on the
surface of the CaO particles, limiting the CO> diffusion to the bulk of the grain (Cesario
et al., 2015). In order to overcome this problem, researchers have been using a spacer
strategy to improve CaO properties, where the sintering process is avoided by using a
refractory phase to separate the sorbent particles (Dang et al., 2016). Several studies have
shown that this refractory phase can be metal oxides (MgO, AlLOs, ZrO, TiO2, Y203,
etc.) or mixture oxides (Cai2Al14033, CaxSiOy4, etc.) during sorption enhanced steam

reforming (Dang et al., 2020; Sang et al., 2019; Wang et al., 2020; Zhao et al., 2014).
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The addition of a refractory phase to CaO may enhance the sorbent anti-sintering
properties. In the literature, there are few studies that evaluate the stability over the cyclic
reaction/regeneration process for ethanol reforming since it is more common to find in
the literature sorption enhanced steam reforming of methane. Thus, the general objective
of this work is to study nickel-based catalysts supported on CaO and CaO-MgO-Al>O3
for the sorption enhanced steam reforming of ethanol (SESRE) aiming H> production
with high purity. The specific objectives include to prepare and characterize the catalysts;
to evaluate the CO> sorption capacity over 20 carbonation and decarbonation cycles; to
quantify the products during catalytic tests over 10 cycles and to study the influence of

adding metal oxides into CaO in the cyclic stability of the bifunctional catalysts.
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2.1. Hydrogen

Nowadays society has been facing a very important environmental challenge:
climate change caused by global warming. However, industry is still highly dependent on
traditional fossil fuels (such as natural gas, petroleum and coal) as energy sources. Fossil
fuels can cause high greenhouse gas (GHG) emissions during the combustion process. In
addition, since energy consumption is closely related to industrialization and rapid
population growth, it is expected that energy consumption will continue to increase in the
future. Therefore, there is an urgent need to use renewable energy sources to reduce

greenhouse gas emissions to the atmosphere (Capa et al., 2020).

Studies have been developed in order to use hydrogen as a future energy vector
for transportation, fuel cells and power plants due to its waste-free combustion, high
energy mass density, and a variety of raw materials that can be used for its production.
The renewable production of this fuel can be conducted through different methods, such
as photolysis, thermolysis and electrolysis of water, biological reactions, gasification and
pyrolysis of biomass, partial oxidation and steam reforming of fossil and renewable
biomass. Hydrogen production from photocatalytic process has been making progress,
but the excessive demand for electricity makes the electrochemical process expensive.
The photolysis of water is very expensive because of the requirement of high-cost
electrodes. It is also possible to find biological methods in the literature, but they present
a low rate of hydrogen generation. These inconveniences make thermochemical method

a viable way to produce hydrogen sustainably (Sharma et al., 2017).

Although there are several technologies to produce hydrogen from sustainable and
renewable energy resources (such as solar, wind and geothermal energy to hydrogen),
hydrogen production from biomass has presented a favorable condition in terms of
economic and environmental issues. The availability and low prices of biomass feedstock
represent the main economic advantages (Hosseini et al., 2015). Some of the hydrogen

production pathways are illustrated in Figure 2.1.
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Figure 2.1. Traditional routes for hydrogen production, adapted from Lamb et al.,

(2020).

In contrast to other methods that require chemical or electrochemical counterparts,
microorganisms catalyze the biochemical routes of H, production (Lamb et al., 2020).
There are some methods to produce hydrogen and each group uses an appropriate type of
microorganism. The biochemical production of hydrogen processes can be classified as
direct biophotolysis (microalgae),

indirect biophotolysis (cyanobacteria), photo

fermentation (purple bacteria) and dark fermentation (closteridum) (Bolatkhan et al.,

2019).

The thermochemical process involves thermally assisted chemical reactions to
release gases with high purity hydrogen. Some sources, such as biomass, nuclear and
fossil fuels, can be used by this rout. The traditional thermochemical processes commonly
used for H> production include reforming, pyrolysis, gasification, water splitting and

supercritical water extraction.

Reforming refers to the use of various technologies to convert carbon-containing
fuels. When hydrocarbon fuels react with steam or O» (or a combination of the two) at
high temperatures, Hz is produced. These reactions are known as reforming reactions.
When only steam is used, the reaction is endothermic, this process is steam reforming.
The partial oxidation reaction uses O> for fuel conversion, which is called an exothermic
reforming reaction. The combination of steam reforming and partial oxidation is called

an autothermal reforming reaction (Lamb et al., 2020).
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Pyrolysis consists on heating and degasifying raw organic materials at a
temperature of 500-900 °C and pressure of 0.1-0.5 MP. It occurs in the absence of oxygen
and dioxin formation, therefore, can be almost negligible. CO and CO; are the minority
products, which excludes the need of using secondary reactors (Bi¢akova; Straka, 2012).
This process has pure carbon as by-product and the reaction can be usually described as

Equation 2.1.

Organic material + heat - H, + CO+CH, + other products Equation 2.1

Pyrolysis process is divided into different categories according to the temperature
range: low (below 500 °C), medium (500-800 °C) and high (above 800 °C). Rapid
pyrolysis is one of the latest processes to convert organic materials into products with
higher energy content. The products of rapid pyrolysis appear in all phases: solid, liquid
and gaseous (Bicakova; Straka, 2012).

Gasification of biomass is carried out in the presence of a gasification agent, which
interacts with solid char and heavier hydrocarbons in order to convert them into CO and
H». The gasification media can be steam, oxygen, air, carbon dioxide, or a combination
of them. Gasification of biomass reduces the carbon to hydrogen mass ratio. Therefore,
the H» fraction increases, which in turn raises the heating value of the output gaseous

product (Sikarwar; Zhao, 2017).

Compared with thermochemical gasification, which consumes a lot of energy for
biomass conversion, supercritical water (or hydrothermal) gasification is relatively
energy-saving and does not require additional biomass drying. Lignocellulosic biomass
components can be broken down into simple molecules in the supercritical water
gasification (SCWG) process to produce syngas. Syngas (Hz + CO) is the main product
of biomass SCWG, which can be used as a clean fuel or to produce diesel fuel through
gas-to-liquid (GTL) technology such as Fischer-Tropsch catalysis or syngas fermentation

(Reddy et al., 2014).

Hydrogen production by water electrolysis has the advantages of no pollution,
simple process, high purity, and wide sources. For one hundred years the industrial water

electrolysis cells have been established. Nevertheless, water electrolysis is only used in



CHAPTER 2. LITERATURE REVIEW

special situations that require high-purity hydrogen. In the past few decades, this
technology has been regarded as a supplement to hydrocarbon sources rather than a
replacement. However, fossil fuels, such as coal, petroleum or natural gas are not reliable
due to severe environmental pollution and reduced reserves. Renewable primary energy
sources such as wind, solar and ocean energy have received more and more attention.
This could be an energy revolution that will change an era. The problems or disadvantages
of renewable primary energy are intermittence, regionalism and non-storable, which can
lead to instability of the power supply. Hydrogen production by electrolysis is considered
to be the best energy carrier to adjust the balance between renewable primary energy
power generation and energy demand for end-use. It provides an inspiring opportunity

for the development of water electrolysis technology (Wang et al., 2014).

In the future, a roadmap with broad prospects for sustainable energy development
is shown in Figure 2.2. Most renewable energy sources provide power for the end-use,
and the excess electricity is used to electrolyze water to produce storable hydrogen and
oxygen. Then, the hydrogen is delivered to areas lacking renewable energy to serve
industry, traffic, electric stations, and households. The sustainable energy route is feasible
and convenient. Then, pure hydrogen is produced by water electrolysis. Intermittent wind
power is converted into stored hydrogen, which is used to power homes and cars through

fuel cells (Wang et al., 2014).

Industry Traffic
Renewahle enerpy Metallurgy, ammonia, Electric vehicle,
petrochemistry Spacecraft
Sun !
Wind [Excess electricity Water H! Transportation and storage of hydroge
Tide 1 electrolysis ¢ o
y e b, s
Fuel cell, electrical Cooking, heating,
L ] machine lighting
Power source :
Electric station Household

for end-use

Figure 2.2. Sustainable production and energy application (Wang et al., 2014).

2.2. Steam reforming for hydrogen production

Steam reforming (SR) is carried out at high temperatures, with catalysts that

convert hydrocarbons and steam into H> and other gases. Steam reforming must be
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performed at high temperatures, high steam to carbon ratio and low pressure in order to
maximize hydrogen yield because the reaction is reversible and strongly endothermic
(according to Le Chatelier’s principle). Some of the important steps of SR include the
generation of synthesis gas, water-gas shift reaction (WGS) and gas purification. The
catalyst used for reforming varies greatly depending on the type of feedstock. For
instance, nickel-based catalysts are the most commonly used for steam reforming of
methane. When choosing a catalyst, performance and cost are obviously the most critical
considerations. It can be a combination with a variety of noble metals (such as Rh, Ru,
Pt, Pd and Ir), transition metals (such as Ni, Co, Cu and Fe) and oxide support metals
(such as Ni/MgO, Ru/Mg(Al)O and Ni/Al>O3) suitable for catalyst compositions. Studies
have proved that catalysts composed of noble metals have high activity and stability for
steam reforming reactions, but their high cost has led researchers to switch to low-cost
materials (such as nickel-based catalysts), which have similar activity to the former.
Besides metal catalysts, non-metal catalysts have also been studied but commercial
success has not been achieved yet due to their small activity (Lamb et al., 2020). Table
2.1 compares the difference between noble and non-noble metals prices commonly used

as active phase in steam reforming.

Table 2.1. Price of some noble and non-noble metals used in SR (Phung et al., 2020).

Metal Price @
Ru 249.00 USD ozt™!
Rh 3530.00 USD ozt
Pt 843.50 USD ozt
Pd 1505.50 USD ozt
Ni 6.66 USD Ib™!
Co 12.93 USD Ib"!
Cu 2.70 USD Ib™!

@1 pound (Ib) = 14.58 troy ounces (ozt).
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2.2.1. Steam reforming of ethanol (SRE)

Steam reforming of ethanol offers a promising solution for future hydrogen
production. The advantage of using ethanol in hydrogen production is due to its renewable
nature, relatively high hydrogen content, transport safety and low toxicity (Chen et al.,
2020). It is common for steam reforming of ethanol to be performed at temperatures of
300 °C or more, usually from 450 to 600 °C. Thermodynamics shows that Gibbs free
energy variation becomes a negative value above 205 °C. However, it is difficult to
achieve high ethanol conversion and low coke formation at such low temperatures (Ogo;

Sekine, 2020).

Steam reforming of ethanol reactions is complex and can occur by several

pathways. Stoichiometrically, the overall reaction is represented as follows:

C,H,OH(g)+3H,0(g) - 6H,(g)+2CO,(g) AH',y, =174kJ mol”"  Equation 2.2

The series of reaction pathways that can occur in the ethanol reform is shown

below (Bepari et al., 2017; Han et al., 2017; Ogo; Sekine, 2020):

1) Dehydration of ethanol to form ethylene (CzH 4 ) and water followed by the formation

of coke:
C,HOH(g) —C,H,(g) + H,0(g) AH' . =45.5k] mol™ Equation 2.3
C,H,(g) »>2C(s)+2H,(g) AHBZ%K =-52.3kJ mol™ Equation 2.4

2) Decomposition of ethanol to form methane (CH ;), followed by steam reforming of

methane:

C,H,OH(g)— CH,(2)+CO(g)+ H,(g) AH’,, =49.0 kJ mol™"  Equation2.5

CH,(g)+2H,0(g) - 4H,(g)+CO,(g) AH' ., =165.0 kJ mol™ Equation 2.6

3) Dehydrogenation of ethanol to form acetaldehyde (C2H40 ), followed by

decarboxylation or steam reforming:
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C,H,OH(g)— C,H,0(g)+H,(g) AH,, =68.9kJ mol Equation 2.7
C,H,0(g) > CH,(2)+CO(g) AH o, =—19.3kJ mol™ Equation 2.8

C,H,0(g)+H,0(g) > 3H,(g)+2C0O(g) AH;)ZQSK =186.8kJ mol™'  Equation 2.9

4) Decomposition of ethanol to form acetone (C;H0), followed by steam reforming of

acetone:

2C,H.OH(g) — C,H (g)+CO(g)+3H,(g) AH',, =142kJ mol"  Equation 2.10

C,H,0(g)+2H,0(g) = 5SH,(2)+3C0O,(g) AH',, =—481kJ mol”"  Equation2.11

5) Steam reforming of ethanol to produces synthesis gas (CO+H,):

C,H.OH(g) + H,0(g) = 2CO(g) +4H,(g) AH' g =256.0 kJ mol™" Equation 2.12

6) Water gas shift reaction (WGS):

CO(g)+H,0(g) = CO,(g)+ Hy(g)  AH sy =—41.4k  mol"t  Equation2.13

7) Methanation:

CO(g)+3H,(g) » CH,(g)+H,0(g) AH', =—206.1kJ mol"  Equation2.14

CO,(g)+4H,(g) > CH,(2)+2H,0(g) AH’,, =-164.8 kJ mol ' Equation 2.15

8) Decomposition of methane generating coke:

CH,(s) > 2H,(g)+C(s) AH' ., =74.9 kJ mol™ Equation 2.16

298K

Figure 2.3 shows some possible reaction pathways of steam reforming of ethanol
over nickel surface based on experimental and theoretical results. The ethanol reaction

proceeds by the scission of OH bond, followed by continuous dehydrogenation (steps 2-

10
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5), forming a series of intermediates, such as acetaldehyde (CH3CHO%), acetyl
(CH3C*0O), ketene (*CH2C*O), and ketenyl (*CHC*O). After C-C bond of the

intermediates is cleaved, hydrogenation/dehydrogenation, water activation and oxidation

of C* species reaction may also occur (Zanchet et al., 2015).

0 H,C— CH, ?
1 + OH 10 ccc ccc
T co
SURFACE

Figure 2.3. Schematic representation of the SRE reaction pathways for nickel catalysts,

adapted from Zanchet et al. (2015).

There have been thousands of papers about catalysts tested for the steam
reforming of ethanol and it is not the goal of this modest chapter to perform a wide
literature review about this topic. Here are two examples of studies recently published
about this topic: Di Michele et al. (2019) performed steam reforming of ethanol at 625 °C
using MgAl1,O4 as a stable support and varying nickel composition as an active phase
(1.5, 5 and 10 wt%). For 1.5 wt% Ni, ethanol conversion was 86% and it was possible to
observe ethylene as a byproduct due the catalyst low activity to reform this intermediate.
This metal loading is insufficient for C—C bond cleavage, keeping unreacted ethanol and
ethylene. This sample also had low stability due to the decrease of ethanol conversion
after 450 minutes of reaction and the simultaneous increase of acetaldehyde selectivity,

as can be seen in Figure 2.4. The other catalysts had 100% of ethanol conversion and

11
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increasing the Ni content improved H» production because of the lower CO/CO> ratio

promoted by the water-gas shift reaction and diminished CHy selectivity.
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Figure 2.4. Steam reforming of ethanol using 1.5 wt% Ni/MgAl>O4 at 625 °C (Di
Michele et al., 2019). Legend: ethanol conversion (®) and acetaldehyde selectivity (M)

Bepari et al. (2017) investigated a series of Ce-promoted Ni-Mg-Al hydrotalcite
catalysts, prepared by co-precipitation followed by wet impregnation, during steam
reforming of ethanol. The cerium content and reaction conditions were varied
(temperature, steam/ethanol molar ratio and space-time) in order to observe the products
distribution and catalytic activity. The catalyst with 10% Ce loading had a good stability
and activity during a long time of reaction at atmospheric pressure. The best operational
conditions were with a space-time of 22.04 kge h kmol! of ethanol fed and a
steam/ethanol molar ratio of 9 at 540 °C. At these conditions, ethanol conversion was

about 97% and hydrogen yield of 4.13 mol of hydrogen per mole of ethanol reacted.

2.3. Sorption enhanced steam reforming for hydrogen production

Sorption enhanced steam reforming (SESR) is an innovative technology that can
produce H> on a large scale in a relatively low temperature range of 550-700 °C,

achieving a high fuel conversion and high H> purities, when compared to the conventional

12
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steam reforming processes. According to this concept, steam reforming, water-gas shift
and CO; adsorption reactions can be carried out in a single reactor in the presence of a
suitable catalyst composed of CO> sorbent. As CO: is removed from the gas phase by the
sorbent in situ, the reaction shifts to the production of H», which increases the production
of hydrogen, as predicted by Le Chatelier’s principle (Capa et al., 2020; Vanga et al.,
2019). In the environmental aspect, CO> capture and storage and the system to remove
sulfur, make biomass-based hydrogen a best alternative comparing to fossil fuel-based
hydrogen production (Hosseini et al., 2015). Figure 2.5 shows a schematic diagram that

illustrates how this principle works.

-----

. COs sorption

H» andCz i 4
\

Fuel and H.O H; and CO;

Figure 2.5. Schematic diagram of the SESR based on Le Chatelier’s principle, adapted
from Wang et al. (2021b).

In the SESR process, there are three important concepts that are worth to mention:
pre-breakthrough, breakthrough and post-breakthrough period. In the pre-breakthrough
period, the sorbent easily adsorbs the CO; formed during the SR and WGS reactions and
favors the production of H» with high purity. The breakthrough period is characterized by
the gradual reduction of the CO, sorption capacity of the sorbent due to the diffusion
limitation, leading to the appearance of CO; at the reactor exit and lower H, molar
fraction. When the sorption material is practically saturated, the H> and CO> molar
fraction approach their equilibrium composition that would occur in the conventional
steam reforming, this region is known as the post-breakthrough period (Ghungrud;
Vaidya, 2020). When the SESR reaction reaches the breakthrough stage, it means that the
regeneration process in the reactor should take place, also known as decarbonation

process. The regeneration mode occurs at high temperatures, which is a favorable

13
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condition to the reaction shown in Equation 2.17. Figure 2.6 describes the two processes

that involve the SESR: sorption enhanced reaction and regeneration.

Carbonated sorbent(s) <> Sorbent(s)+CO,(g) AH, >0 Equation 2.17

Fuel + H,0 H:

100% inert gas CcO;

Regeneration

* Sorptionsite  Catalyticsite & Fresh catalyst ) Spent catalyst

" CO = CO:;

Figure 2.6. Representation of two processes in sorption enhanced steam reforming,

adapted from Wang et al. (2021b).

Martavaltzi, Pefkos and Lemonidou (2011) performed SESR of methane using
1.5 g of nickel-based catalyst and 3—6 g of CaO-Ca;2Al14033 sorbent. The steam to carbon
molar ratio was 3.4 and the inlet flow of methane and helium was 36-144 cm?/min. The
reaction was conducted at 500, 600 and 650 °C and decarbonation process was at 850 °C,
in pure helium flow. Hydrogen concentration gradually decreases from 92-93% in the
pre-breakthrough period to 77-78% in the post-breakthrough at 650 °C. Methane
conversion achieved 95% in the reaction. They reported that the duration of the pre-
breakthrough period is a function of sorbent properties (sorption kinetics and sorption
capacity) and operating conditions (flow rate, sorbent mass, temperature, pressure). For
a new batch of the same material, the duration of the pre-breakthrough period only
increases due to different operating conditions. Therefore, the increase of sorbent mass
from 3 to 6 g and other operating parameters were kept constant, the duration of the pre-

breakthrough period was doubled (from 80 to 160 min).

14
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Hu et al. (2017) studied SESR of acetic acid using 2 g of Ni-CaO-CexZrixO>
catalyst with a Ca/(Zr+Ce) ratio of 2.5 and a Steam/Carbon ratio of 4 at 550 °C. Figure
2.7 shows the product distribution on dry basis for the first cycle and they found the three
typical steps for this process: pre-breakthrough, breakthrough and post-breakthrough.
The methanation reaction of CO was not considered by the authors in the first cycle of
SESR of acetic acid because of its low concentration was maintained. The H»
concentration in the pre-breakthrough period was 95.5% and in the post-breakthrough
was 68.4%, which represents a strong evidence of the sorption enhanced effect. They also
reported that this catalyst had a valuable performance due the addition of Zr to Ca, which
enabled the CaZrO3 formation, diminishing the sintering rate of CaO and increasing the

efficiency of CaO utilization.

100
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Figure 2.7. Products found on the first cycle of sorption enhanced steam reforming of
acetic acid bounded by the three typical periods. Operational conditions: Steam/Carbon

ratio = 4, Treaction = 550 °C, 1 atm, 2 g of catalyst, 0.016 mL/min (Hu et al., 2017).

Wu et al. (2012) investigated SESR of ethanol using Ni-CaO-Al,O;3 catalyst
derived from hydrotalcite-like compounds, varying the Ca/Al molar ratio (CA =2, 2.5, 3
and 3.5). They used a mixture of 30 mg of catalyst and 0.1 mL of quartz sand. The reaction

was performed at 500 °C and 1 atm with a steam to carbon molar ratio of 4 during 120

15
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minutes. The catalytic test showed that CA2.5 and CA3.0 catalysts had higher H»
concentration than the other two even in the post-breakthrough period. This may be
attributed to highly dispersed nickel nanoparticles and the strong interaction between
nickel and oxides. These two factors have been shown to contribute to high activity for
hydrocarbon conversion and reforming reactions. Although CA3.0 catalyst had good
performance in SESRE process, CA3.5 was the one that reached the maximum adsorption

of COz at 500 °C (24.8%).

2.3.1. Materials used in sorption enhanced steam reforming

Calcium oxide (CaO) is commonly used in the process of CO2 capture due to its
favorable characteristics, such as high availability of their precursors, low cost, high CO»
capture capacity, fast CO; sorption-desorption kinetics and regeneration capacity (Dang
et al,, 2020a). CaO can be obtained by decomposing different calcium precursor
compounds (such as calcium carbonate, calcium hydroxide, calcium acetate, calcium
nitrate, etc). Among them, calcium carbonate (CaCO3) is widely used as a precursor of
CaO because it is easy to find in nature. However, the chemical and texture properties of
natural CaCOj resources are diverse and difficult to control the requirements of industrial
processes. Therefore, synthetic CaCO3 has been developed to replace natural CaO in
order to overcome their limitations and can be used in a variety of applications, such as

COz sorption, hydrogen production, renewable fuel production, etc (Nimmas et al., 2019).

The carbonation/decarbonation cyclic process occurs in CaO-based materials
during SESR, which consists on converting CaO into CaCO3 under CO» atmosphere. This
process is divided into three distinct stages (Yoon; Mun; Lee, 2021):

(1) in the rapid chemical reaction-controlled carbonation stage, the surface of
unreacted CaO undergoes rapid CO> chemisorption without any interruption, and a thin

layer composed of CaCOs is formed around the CaO particles;

(i1) in the slow diffusion-controlled carbonation stage, the unreacted CaO is
completely surrounded by the CaCOs layer and the CO: sorption kinetics suddenly
decreases for the additional CO; sorption due the limitation of CO; diffusion through the

carbonate layer;

16
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(ii1) in the calcination stage, also known as decarbonation or regeneration, the CO>
feeding is stopped and only remains an inert stream in order to release the CO; present in

the material that contains CaCOs.

Figure 2.8a shows the typical profile of CO> capture capacity (Ct) as a function

of time, obtained by a thermogravimetric analyzer, over multiple

carbonation/decarbonation cycles. When zooming in the first cycle of CaO material
(Figure 2.8b), it is possible to observe the three-stage mechanisms listed before. Figure

2.9 illustrates the first two CO> sorption mechanisms that occur on CaO-based materials.

0.6 0.6
(a) Ca0O . (b) diffusion-coqtrolled switching to N
05 { P s 05  je—momalon i D
04 d=7"" 0.4
il
o i If - &) . 5 5
g o3l 2 0.3 £5 8
o i ot %2 e
0.24| © 0.2 2] 5
i1 { g3 -
0.1} | 0.1 5%
0.0 b 0.0+ -Y.__switching to CO, + N,
T T T T T T T T T
0 400 800 1200 1600 2000 0 10 20 30 40 50 60
Time (min) Time (min)

Figure 2.8. (a) Multiple carbonation/decarbonation cycles and (b) stages of the

carbonation process (Zhou et al., 2012).
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Figure 2.9. Representative scheme of two CO2 sorption mechanisms that occur on
CaO-based materials: the kinetically controlled stage and diffusion-limited stage (Yoon;

Mun; Lee, 2021)
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Although being considered a very attractive sorbent, after several
adsorption/desorption cycles at high temperatures, the CO> sorption capacity of CaO
declines. It is generally observed that in the first 10 cycles of pure CaO or limestone
sorbents, the sorption capacity is reduced by 60% to 80% (Dang et al., 2020a). The rapid
decrease in CO; sorption capacity is related to the increase of CaO crystal grain size and
the formation of a CaCOs layer on the surface of the sorbent, which deteriorates the
microstructure in the high-temperature adsorption/desorption cycles, reducing the CO>
adsorption rate and inhibits the diffusion of CO» from the solid state. Therefore, in order
to increase the stability of CaO, the effect of adding different metal ions to CaO has been
studied, including AI**, Y3*, Zr**, La**, Mg?*, Ti*" and Si*'. These metal ions are selected
according to their Tammann temperature, the minimum temperature at which ions, atoms
or molecules in the solid acquire enough energy to undergo a solid-solid interaction and
take part in sintering process. Figure 2.10 exhibits the Tammann temperature for some
metal oxides. Tammann temperature is given by a fraction of the absolute melting
temperature (approximately 0.5 for bulk diffusion and 0.3 for surface diffusion)
(Phromprasit et al., 2017). The reaction temperature for SESR is usually higher than the
Tammann temperature of CaCO3 (533 °C), which causes a decrease in porosity and
activity of the material. However, doping inert oxides stabilizes the CO» uptake activity
of the CaO and improves the sintering resistance, key features for materials used in SESR

reactions (Xu et al., 2016).
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Figure 2.10. Representation for Tammann temperature of some materials

(Phromprasit et al., 2017).
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The catalysts used in SESR have a different characteristic when compared to those
used in SR: the presence of both active phase for reforming and CO; sorbent, denominated
bifunctional materials. This integration into one particle allows the improvement of mass
and heat transfer characteristics between reforming (endothermic) and carbonation
(exothermic) reactions, which have been reported by several theoretical studies (Broda et
al., 2012; Xu et al., 2014). CaO is the most attractive sorbent to be used on bifunctional
materials, however, its fast-sintering process needs a strategy development to stabilize it,

as the incorporation of metal oxides previously described.

Zhao et al. (2017) investigated the use of Ni-CaO-La>Os3 catalyst with 8, 16 and
20 wt% Ni for hydrogen production via SESR of acetic acid. The experiments were
conducted using 2 g of catalyst at 650 °C, 1 atm and WHSV (Weight Hourly Space
Velocity) of 0.6316 Zacetic acid/geat h™!. The best performance was achieved by the 20 wt%
Ni-CaO-Lay0Os catalyst with hydrogen concentration and yield of 92.24 and 86.02%,
respectively, in the pre-breakthrough period. This catalyst was stable during the catalytic
tests, which had a good Ni dispersion and enough Ni’ on the surface, but during the
carbonation tests the CO2 uptake capacity was slightly declined due to sintering process

and blockage of pores within the first nine carbonation/decarbonation cycles.

Li et al., (2020) prepared a bifunctional catalyst, as shown in Figure 2.11, via sol-
gel method. The feed was composed by 45 mL/min of N2 and 0.01 mL/min of liquid flow
rate with a steam to carbon molar ratio of 1.3. The reaction was carried out with 1 g of
catalyst at 220 °C and 1 atm. The 8 wt% Cu-MgO/Al:O3 catalyst had the optimal
performance for SESR of methanol. Metallic Cu had good results as active site on the
catalyst surface for this reaction. They reported that the interaction between Cu ion and
MgO promotes sorption capacity and by forming more bidentate carbonates, the
desorption of carbon dioxide is facilitated. It was found that the inhibition of carbon
monoxide production happened due to the induction of more formate species caused by
MgO. They also concluded that there was an inhibition of Cu sintering when compared

to materials that had a mechanical mixture of sorbents and catalysts.
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Figure 2.11. Representation of Cu-MgO/Al>Os catalyst used in SESR of methanol,
adapted from Li et al. (2020).

Dang et al. (2020a) performed SESR of glycerol, which is an abundant by-product
from biodiesel manufacturing. They used Ni-CaO-MgO catalysts prepared by
hydrothermal method that formed a porous material with small size of CaO particles. It
was required only 8.1 wt% of MgO to stabilize it. The catalytic test was performed using
0.5 g of catalyst at 550 °C and 1 atm. A liquid mixture of 0.02 mL/min containing glycerol
and water (S/C = 4) with 30 mL/min of N as carried gas was fed into the reactor. After
10 carbonation/decarbonation cycles, the sorption capacity was 0.374 gCO2/gca;, higher
value than some found on the literature (usually lower than 0.20 gCO2/gcat), and reached
98.66 and 0.31 vol% of Hz and COa, respectively, in the pre-breakthrough region during
the catalytic test.

Dang et al. (2020b) also prepared Ni-Ca-Al-O catalysts by coprecipitation method
and performed SESR of phenol using 1 g of catalyst at 550 °C and 1 atm. The reactor was
fed with a liquid mixture of phenol and water (0.0797 g/mL, S/C ratio of 11) at
0.02 mL/min with an Ar carrier gas flow of 25 mL/min. The best catalyst achieved
98.88% of purity of hydrogen and approximately 100% of conversion under the optimum
conditions of reaction. After 50 reaction/decarbonation cycles (nearly 100 h), phenol
conversion and hydrogen concentration were stabilized at 100 and 98%, respectively.
They also reported that during the stability test coke was not present in the catalysts.
Figure 2.12 represents the catalyst structure used in the SESR of phenol to produce
hydrogen with high purity.
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*
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Figure 2.12. Structure representation of Ni-Ca-Al-O catalyst, adapted from Dang et al.
(2020D).

Fermoso, He and Chen (2012) produced hydrogen from SESR of crude glycerol
using a mixture of 12 g of sorbent (calcined dolomite) and catalyst (Ni-Co/hydrotalcite-
like material). The tests were performed from 525 to 600 °C, at atmospheric pressure.
The inlet of the reactor was composed by 75-150 mL/min of N with 5-10 g/h of liquid
reactant mixture in a way that N»/C molar ratio remained constant. At 550-600 °C with a
steam to carbon of 3, H yield was up to 88% and its purity was approximately 99.7 vol%.
CO concentration increases with the temperature rise from 525 to 600 °C whereas
methane was lowest at 575 °C. They also reported that methane reforming and water-gas

shift reactions exhibited higher reaction rates than steam reforming of crude glycerol.

Dewoolkar and Vaidya (2017) studied SESR of butanol using K-Ni-
CaO/hydrotalcite (HTlc), Ni-CaO/HTlc and Ni-CaO/HTIc. The catalytic tests were
performed from 773 to 923 K using a steam to butanol ratio of 3-9. The highest H»
concentration (98.7 mol%) and sorption capacity (12.8 mol COxz/kgsorbent) Was obtained
by K-Ni-CaO/HTlIc at 823 K with steam to butanol ratio of 5. This catalyst also had the
best stability during 21 cycles. The improvement of hydrogen production, multiple cycles

stability and resistance occurred due to the addition of K as a promoter.

2.3.2. Sorption enhanced steam reforming of ethanol (SESRE)

Wang et al. (2021a) studied sorption enhanced steam reforming of ethanol using
lithium silicate-based sorbents in two parallel reactors. To prepare them, rice husk ash
was used as silica precursor for the sorbent, which guarantees a sustainable characteristic
by reusing residues. The material was modified by doping metallic elements (K, Ca, Al,

Mg) in order to improve its chemical properties. The reaction was carried out with 2 g of
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catalyst and 8 g of sorbent at 525 °C. A mixture containing steam to carbon ratio of 8 and
LHSV (Liquid Hourly Space Velocity) of 0.8 mL/g h was fed in the reactor. The
decarbonation was at 650 °C with a total flow rate of 30 mL/min (10 vol% H2/Nz). The
one which had the best CO» uptake properties was the K-doped Li4Si04 and it was used
in the catalytic test under the optimal conditions obtained by thermodynamics analysis.
Figure 2.13 shows the product distribution over the 10 reaction/decarbonation cycles for
K-doped sorbent with Ni as its active phase. It can be seen that CO and CO; achieved low
concentrations in all cycles, indicating good stability without compromising the CO»
capture capacity during the regeneration process. The catalytic activity was decreased due
to coke formation causing a fluctuation of CH4 concentration. However, H, remained

higher than 93% during reaction.
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Figure 2.13. Products concentration obtained over 10 reaction/decarbonation cycles

during SESRE process (Wang et al., 2021a).

A study comparing the performance of Ni/CaO and Ni/CaO-MgO catalysts was
carried out by Sang et al. (2019). They prepared the materials by coprecipitation method
and used them in sorption enhanced steam reforming of ethanol. SESRE tests were
conducted using 0.5 g of catalyst at 600 °C, 1 atm, S/C = 4, liquid feed of 0.015 mL/min.
The regeneration time was 120 minutes at 700 °C, 1 atm and 60 mL/min of N>. For both

catalysts 100% of ethanol conversion was reached over the 10 cycles. As the number of
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cycles of Ni/CaO catalyst increased, the purity of hydrogen decreased significantly due
to the decrease in catalytic activity of steam reforming of methane reaction and a direct
evidence is the increase in CH4 concentration shown in Figure 2.14a. As far as the
Ni/CaO-MgO catalyst is concerned (Figure 2.14b), it can maintain high hydrogen purity
in 10 cycles, varying from 97.2 to 96 vol% in the 1*' and 10™ cycles, respectively. It was
observed that the pre-breakthrough duration of both catalysts was shortened, from 50 to
35 minutes in the first and tenth cycles, respectively, which can be attributed to the
decrease in the CO; sorption capacity of the samples. This work confirmed that adding
MgO as a dopant improved the catalyst cyclic stability, producing high-purity hydrogen
and reduced the coke deposition. Figure 2.14 presents the products distribution over 10

cycles for SESRE reactions for Ni/CaO and Ni/CaO-MgO catalysts.
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Figure 2.14. Concentrations obtained over 10 cycles during SESRE reaction for (a)

Ni/CaO and (b) Ni/CaO-MgO (Sang et al., 2019).

Rahmanzadeh and Taghizadeh (2019) investigated SRE and SESRE reactions
using Ce-Ni/NCM-41 and CaO as sorbent at 600 °C with molar ratio steam/ethanol of 6
and WHSV of 1.99 h'!. The regeneration of the sorbent occurred at 850 °C under pure N>
atmosphere. As can be seen in Figure 2.15a, analyzing the gas products for SRE the
amount of Hy and CO> produced is about 70 and 20%, respectively. The products
distribution for SESRE reaction (Figure 2.15b) showed a significant increase in hydrogen
production was found, which is due to the CO> capture by the sorbent present in the

catalyst and following Le Chatelier’s principle. In addition, because of this effect, the
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values of CO and CO; are significantly reduced. In the beginning of SESRE reaction (pre-
breakthrough period), H> concentration was 93%, being decreased to 70% after 210
minutes, which obviously corresponds to the saturated state of the CaO sorbent for a
longer period of time, caused by the reaction with CO; and the formation of CaCO3 on
the surface of the sorbent (post-breakthrough period). Before 60 minutes of reaction, CO
and CO; values were very low, indicating that the CaO-based sorbent has significant CO»
absorption. After 60 minutes, the amount of CO enhanced as the content of CO; increased.
In Figure 2.15 can be seen the distribution of gaseous products generated from SRE (just
catalyst) and SESRE (catalyst and sorbent), indicating that the sorbent plays an important
role in the H> purity.
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Figure 2.15. Catalytic tests for (a) SRE and (b) SESRE reactions over 210 minutes
(Rahmanzadeh; Taghizadeh, 2019).

Combining the traditional Ni/AlO3 catalyst with the new CaO-based porous
spherical sorbent (prepared by a new molding method) has been studied by Xu et al.
(2021) in the sorption-enhanced steam reforming of ethanol process (SESRE) to improve
H: purity. They used 0.5 g of catalyst at 650 °C and 1 atm with a feed of 0.08 mL/min
containing a steam to ethanol ratio of 4. The regeneration occurred at 900 °C for 15
minutes with 200 mL/min of pure N,. In the pre-breakthrough stage, high-purity Ho> is
produced, especially the process that is enhanced by a modeled sorbent (CaOS-CS5 pellets)
using cells as a template, showing a good perspective to use these pellets in the SESRE
process. Using CaOS-CS5, it was possible to reach continuously a H, concentration higher

than 90% in the 10" SESRE process for at least 15 minutes of reaction. The authors
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reported that the spheric CaO-based sorbent greatly increases the concentration of Ho.
The Ni/Al;O3 catalyst coupled with the modeled sorbent presented good stability in the
long-term reaction in repeated cycles, which shows that these new spherical sorbents

improve the catalytic activities for the SESRE process.

Based on the works presented in this literature review, it was verified that there
are advantages to use nickel and calcium bifunctional catalysts doped with inert materials
during the sorption enhanced steam reforming of ethanol rection. This process reaches
higher purity of H» than the conventional steam reforming of ethanol, it is eco-friendly
because it avoids emitting pollutants in the environment and reduces the operation costs
in the industrial field by not requiring extra separation processes at the reactor outlet.
Ethanol is used as a renewable source for H> production to avoid depletion of fossil fuel
materials and nickel is used as active phase of SESRE because its low price and high
catalytic activity. Calcium oxide is usually used as CO> sorbent due its sorption capacity,
low cost and adding inert materials guarantees more stability to it by avoiding the
sintering process. Therefore, given the relevance of this process from a technical and
operational point of view, this catalytic system may be very promising and deserves

further investigation.
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3.1. Materials and equipment
Reactants used in the preparation of the catalysts:

e Nickel nitrate (IT) hexahydrate (Ni(NO3)2-6H20) (97.0%) — Vetec;

e Calcium nitrate tetrahydrate (Ca(NO3)2:4H20) (99.0%) — Dinamica;
e Magnesium nitrate hexahydrate (Mg(NO3)2:6H20) (98.0%) — CAAL;
¢ Aluminum nitrate nonahydrate (Al(NO3)3-9H20) (98.0%) — Nuclear;
e Anhydrous citric acid (CsHgO7) (99.5%) — Dinamica;

e Ethylene glycol (C2HgO2) (99.5%) — Dinamica;

e Distilled water.

Gases and reactants used in the characterization and in the CO; capture of the catalysts:

e Argon (99.99%) — White Martins;

e (as mixture containing 1.96% H> in Argon (99.99%) — White Martins;
e Helium (99.99%) — White Martins;

e Carbon dioxide (99.99%) — White Martins;

e Synthetic air (99.99%) — White Martins;

e Nitrogen.

Gases and reactants used in the catalytic tests:

e Ethanol (95.0%) — Neon;
e Hydrogen (99.99%) — White Martins;
e Argon (99.99%) — White Martins;

e Distilled water.
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Equipment used:

e Laboratory glassware in general (mortar with pestle, crucibles, beaker and so
on);

e Analytical balance (Shimadzu ATX224);

e Magnetic stirrer with heating (IKA C-MAG HS 7);

e Oven with airflow (Brasdonto - model 3);

e Muffle furnace with airflow (Fornitec - number 3331);

e X-ray diffractometer (Shimadzu Lab X — XRD-6000);

e High pressure pump for liquid (Shimadzu LC-20AT);

o K-type thermocouple;

e Temperature controllers (ThermaTH 91 DP 203-000 and NOVUS N1040);

e Gas chromatograph (Shimadzu GC-2014 and GC-17A);

e Quartz fixed-bed reactor;

e Ceramic furnace;

e Unit for catalytic tests;

e Thermogravimetric Analyzer (Shimadzu TGA-50);

e NOVAtouch Gas Sorption Analyzer LX1 (Quantachrome instruments).

3.2. Preparation of the catalysts

The experimental procedures to prepare the catalysts by sol-gel method were
based on Tian et al. (2020). This method was chosen due to the formation of a porous
microstructure that favors the diffusion of CO; into the CaO particle, improving cyclic
stability and reactivity (Xu et al., 2016). Anhydrous citric acid and the precursors salts
Ca(NO3)2-4H20, Mg(NO3)2:6H20, AI(NO3)3-9H>0 and Ni(NO3)2:-6H20 were dissolved
into water considering a molar ratio anhydrous citric acid : water of 25 and magnetically
stirred at 90 °C for 1 h. Then, ethylene glycol was added making the molar ratio of
metal : anhydrous citric acid : ethylene glycol at 1:2:2, maintaining the continuous stirring
at 90 °C until the gelation promoted by the removal of excess solvent. The obtained gel
was dried overnight at 140 °C in an oven to remove water and causing the volume to
increase considerably. The as-burnt product was calcined up to 450 °C at a heating rate

of 1 °C/min, temperature was held for 4 h and then heated until 800 °C at 5 °C/min and
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was kept constant for 2 h under airflow to remove the residual organic materials. The
prepared catalysts were named as Ni/Ca and Ni/CaMgAl-X, where X represents the
theoretical calcium content in the material. Table 3.1 shows the theoretical composition

(Wt%) of the prepared catalyst by sol-gel method.

Table 3.1. Theoretical composition (wWt%) of the catalysts after calcination.

Catalyst Ni (%) CaO (%) MgO (%) AL2O3 (%)
Ni/Ca 10 90 - -
Ni/CaMgAl-79 10 78.84 3.24 7.92
Ni/CaMgAl-68 10 67.68 6.48 15.84

3.2.1. Activation and passivation process

The calcined catalysts were firstly activated under a gas mixture atmosphere of Ha
(30 mL/min) and Ar (100 mL/min) from room temperature up to 800 °C at 10 °C/min,
maintaining at this temperature for 1 h. After the activation time, the catalysts were cooled
down until 0 °C by immersing the reactor into an ice bath with ethanol, following the
passivation process. After 10 minutes, the samples were submitted to a mixture of 5%

O,/Ar at a flow rate of 30 mL/min for 30 minutes.

3.3. Characterization of the catalysts
3.3.1. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) measurements were carried out using a Shimadzu Lab
X-XRD-6000 diffractometer operated at 40 kV and 30 mA with CuK & radiation
( A =0.154 nm). Data were collected using the scan range (26) from 10 to 90°, steps of
0.02° and scan speed of 2°/min. This analysis aimed to determine the bulk crystalline

structure of the materials and the average crystallite size by Scherrer equation (Equation
1.1), where d . 1s the average crystallite size; K is the shape factor, taken as 0.90 in this

work; A is the wavelength of radiation in nanometer; 6 is the diffracted angle of the

peak; g is the full width at half maximum of the peak (FWHM) in radians.
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J - KA Equation 3.1
" Bcosd

Equation 3.2 was used to calculate metallic nickel dispersion (Thomas; Thomas,

2014). In this equation, D,; represents the metal nickel dispersion, MW); is the molecular
weight of nickel (58.6934 g/mol), NV, is the Avogadro constant (6.022-10% mol™), 7,
is the radius of the nickel metal particle (obtained by Equation 1.1), A,; is the area of the

Ni® atom (4.831-102° m?) e O,; is the nickel density (8908000 g/m?).

B 3MW,, Equation 3.2
Ni T
NA'rp'ANi'pNi
The XRD analysis were conducted for the calcined, passivated and spent
materials.

3.3.2. Temperature Programmed Reduction (TPR)

H>-TPR was performed in a quartz reactor which was heated by a furnace
connected to a temperature controller. Approximately 100 mg of each sample was used.
The samples were pretreated under Ar flow at 500 °C for 1 h and then cooled down to
room temperature. The tests were conducted using a thermal conductivity detector with a
mixture of 1.96% H; in Ar (30 mL/min), increasing the temperature from room
temperature to 1000 °C at a heating rate of 10 °C/min. The experimental H> consumption
was determined comparing the area below the peaks obtained during TPR with a
calibration curve using the quantitative reduction of CuO to Cu’. The degree of reduction

was obtained by the ratio between experimental H, consumption and the theoretical one.
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3.3.3. Scanning Electron Microscopy (SEM)

SEM analysis was used to verify the changes in the structure and surface of the
catalysts before the sorption enhanced steam reforming of ethanol (fresh) and after 10
reactional cycles (spent). This technique can help to elucidate changes in the samples
caused by sintering and carbon deposition on the surface. The samples were fixed in
aluminum stubs with a double-sided carbon tape, sputter-coated with one thin layer of
gold (approximately 56 nm) using a metallizer (SCDO050, Leica) in order to avoid
charging the catalysts due to the accumulation of electrostatic fields by increasing
electrical conductivity. The morphology was investigated using scanning electron
microscopy, EVO-MA10, ZEISS with a voltage setting of 20 kV and EHT (extra-high
tension) mode. The SEM was also equipped with an Energy-Dispersive X-ray
Spectroscopy (EDS) detector for the analysis of the individual chemical elements

contained in the samples.

3.3.4. Nz physisorption

The N> physisorption experiments were performed in surface area and porosity
analyzer, model NOVAtouch Gas Sorption Analyzer LX1. Before the analysis, the
samples were previously heated under vacuum at 333 K for 66 hours. Then, the sample
weight was measured and the analysis started, and the N> physisorption on the solid was
performed at liquid nitrogen temperature (77 K). The volume of N> adsorbed or desorbed
was measured at different nitrogen partial pressure conditions by varying the
concentration of this gas. Finally, determination of specific surface areas (Brunauer,
Emmett and Teller Model — BET), volume (Barrett, Joyner and Halenda Model — BJH)
and pore sizes were provided by the software installed in the equipment. This analysis
was carried out for the catalyst before (fresh) and after (spent) the sorption enhanced

steam reforming of ethanol.

3.4. Carbonation and decarbonation tests

The CO» capture capacity was evaluated using a thermogravimetric analyzer
(TGA-50 from Shimadzu). A thermal pretreatment was performed before the

carbonation/decarbonation cycles at 800 °C in order to remove impurities and moisture

30



CHAPTER 3. MATERIALS AND METHODS

from the samples. The carbonation cycle occurred at 600 °C during 30 minutes under
10.6 mL/min of diluted CO> in 60 mL/min of He. After that, CO, feed was stopped,
remaining just the He flow rate and temperature was increased to 800 °C at 10 °C/min,
maintaining constant during 10 minutes aiming to regenerate the material by converting
CaCOs3 to CaO and releasing CO,. After the decarbonation process, temperature was
cooled down to 600 °C, starting a new cycle. A total of 20 carbonation/decarbonation

cycles were performed for each sample.

Weight and temperature were monitored by the thermogravimetric analyzer
during the carbonation and decarbonation cycles. These data were treated to determine

the capture capacity for all the materials during carbonation process in each cycle

according to Equation 3.3. In this equation, M, represents the sample weight at the

beginning of the carbonation process of each cycle and M, represents the maximum

sample weight at the end of the carbonation process of each cycle.

_ Equation 3.3
Capture Capacity (g co, J = I Ty a

g cat m,

Equation 3.4 was used to determine the CO; capture capacity by mass of CaO in

the samples. In this equation, Yoo represents the theoretical weight fraction of CaO in

each sample as shown in Table 3.1.

— Equation 3.4
Capture Capacity[ g €0, j M~ Mo a

g CaO in the catalyst - my Y.,

3.5. Thermodynamics Analysis

A software developed by National Aeronautics and Space Administration
(NASA), based on a Chemical Equilibrium with Applications (CEA) model was used in
order to determine the equilibrium composition during sorption enhanced steam
reforming of ethanol and steam reforming of ethanol (Gordon; Mcbride, 1994). This
software is based on minimization of Gibbs free energy ( £ ). This software uses the non-

stoichiometric method to find the equilibrium composition using the minimization of the
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Gibbs free energy based on the set of species assumed initially. This method has the
following advantages: 1) no need to define the reactions, ii) no divergence occurs through
the computation, iii) no need to estimate the initial equilibrium composition (Mojaver et
al., 2020).

According to Gordon and Mcbride (1994), the Gibbs energy for a mixture of NS

species per kilogram of mixture is given by Equation 3.5, where /; represents the

chemical potential per kilogram-mole of species j (7;), as shown in Equation 3.6.

NS Equation 3.5

g=2 um,

J=1
og Equation 3.6
,uj = =
T.P.n;,;

The minimization of free energy is the condition for chemical equilibrium, which

can be shown as the mass-balance represented by Equation 3.7, where A are Lagrangian

multipliers and @; are the number of kilogram-atoms of element i per kilogram-mole of
species j. Equation 3.7 allows to determine the equilibrium composition for a

thermodynamics state at a temperature ( 7 ) and pressure ( P ).

NS Equation 3.7
w+ Y Aa, =0 (j=1.., NS)
i=1

The species considered for the thermodynamics analysis for the steam reforming
of ethanol were C,HsOH, H>O, H>, CO, CH4, CO2 and C(s). For the sorption enhanced
steam reforming of ethanol, CaO(s) and CaCOs3(s) were also considered in addition to the
species cited before. The assumed molar ratio steam/ethanol was 6 and pressure 1 atm,
varying the temperature condition: 400, 500, 600, 700, 800 and 900 °C. The molar feed
ratio steam/ethanol employed was 6 (twice the stoichiometric) because no carbon
formation was found in any experimental runs with the molar ratio more than 3, one

advantage compared to the conventional reforming as reported by (Aceves Olivas et al.,
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2014). The pressure 1 atm was chosen because it is the atmospheric value and no need to
increase it since higher pressure restrains hydrogen formation (Wang; Wang, 2008). For
each temperature was determined the equilibrium compositions for all the species and
Table 3.2 shows the feed molar ratio inserted in the Software for the thermodynamics

analysis.

Table 3.2. Molar ratio inserted in the Software to simulate Steam Reforming of Ethanol

(SRE) and Sorption Enhanced Steam Reforming of Ethanol (SESRE).

Feed Molar Ratio

Reaction Syst
eaction System Steam : Ethanol : CaO

Steam Reforming of Ethanol (SRE) 6:1:0
Sorption Enhanced Steam
Reforming of Ethanol (SESRE)

3.6. Catalytic tests

The catalytic tests were divided into three steps: reduction, reaction and
decarbonation. The reduction occurred with 1.5 g of sample in the quartz reactor with a
mixture of 30 mL/min of H> and 100 mL/min of Ar. The furnace was heated up to 800 °C
at a heat rate of 10 °C/min and the temperature was held for 1 h. After the reduction step,
the reactor was purged with Ar and the temperature was cooled down until 600 °C. A
liquid solution with a molar ratio water : ethanol of 6:1 was pumped, evaporated forming
a vapor phase with the following composition: 27 mL/min of water, 4.5 mL/min of
ethanol and 100 mL/min of argon. When the reactants stream was stabilized, the reactants
mixture was fed to the reactor. After 5 minutes, the quantification of the products was
done by a Gas Chromatograph GC-2014 (Shimadzu) every 7 minutes. The sorption
enhanced steam reforming of ethanol was performed at 600 °C, 1 atm, during 117
minutes. After the reaction step, the furnace was heated until 800 °C at 10 °C/min for 1 h
under Ar atmosphere aiming to decompose CaCQO3, also known as the decarbonation (or
regeneration) step. The reduction, reaction and regeneration steps are shown in Figure
3.1. The reaction and decarbonation steps were repeated 10 times in a cyclic process to

monitor the performance of the catalysts. Figure 2.1 exhibits the experimental unit used
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in this work, based on Zhao et al. (2017) sketch, since they used a similar reactional unit

for sorption enhanced steam reforming of acetic acid.

1000
N cycle
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Q
N
o) 117 min
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§ 600 — 1
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o
=
400 4 Atmosphere
23% H,/Ar
Pure Ar
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Figure 3.1. Scheme and reactional conditions for the catalytic tests.
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Figure 3.2. Representative scheme used during sorption enhanced steam reforming of

ethanol, adapted from Zhao et al. (2017).
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After each cycle of reaction and decarbonation, the products distribution and

ethanol conversion were calculated. Equation 3.8 was used to determine the molar

fraction of the products on dry basis, where }; represents the molar fraction of each

product in gas phase, 7; and 71; are the number of moles on dry basis, in gas phase, from

the species i and ; at the exit of the reactor and N represents the total number of species

identified by the GC.
n, Equation 3.8
Yi=

N
Z n;

j=1

For the ethanol conversion, the pumped solution was injected into the gas
chromatograph before the beginning of the cycle (feed, with the reactor in the bypass
position) and after each cycle (condensed solution), in order to obtain the number of moles

of ethanol in the feed and at the exit of the reactor. Equation 2.2 was used to calculate

ethanol conversion ( X, oo )s Where Tl o represents the number of moles of ethanol.

o (%) = (e,.01) jeea = e on deni 100 Equation 3.9

Xc
: (nC2H5OH ) feed

3.7. Thermogravimetric analysis after multiple reaction and decarbonation cycles

The thermogravimetric analysis (TGA) of the catalysts after 10 cycles of sorption
enhanced steam reforming of ethanol, also known as spent catalysts, were performed in
the TGA-50 from Shimadzu. Approximately 10 mg of the regenerated samples were
inserted into the equipment and temperature was increased from room temperature to
900 °C at a heating rate of 10 °C/min with an atmosphere containing 15% O>/He. Weight

and temperature were monitored during all the process.
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4.4. X-Ray Diffraction (XRD)

Figure 4.1 shows the diffractograms obtained at room temperature for the calcined
samples. Ni/Ca catalyst presented CaO, CaCO3, Ca(OH); and NiO phases. For CaO (PDF
82-1691), the characteristic peaks are represented in 26 equal to 37.4, 53.9 and 64.2°,
with the corresponding planes (2 0 0), (22 0) and (3 1 1), respectively. CaCO3 peak (PDF
4-636) was also detected in 43.0° with the plane (2 0 2) suggesting that CaCO3; was
incompletely decomposed to CaO and CO; during calcination at 800 °C. Due the high
hygroscopicity of CaO, most of the peaks observed correspond to Ca(OH), (PDF 81-
2041) which diffraction angles are at 18.0, 28.7, 34.1, 47.1, 50.8, 71.8, 79.1 and 84.8°
related to planes (00 1), (1 00),(101),(102),(110),(022),(113)and (01 4),
respectively. Besides the previously mentioned phases, Ni/CaMgAl-79 and Ni/CaMgAl-
68 catalysts showed diffraction peaks related to the MgO phase. The three samples also
present NiO peaks (PDF 65-2901) at 37.1, 43.1, 62.6, 75.0 and 79.0° with the
corresponding phases (1 1 1), (2 0 0), (22 0), (31 1), (2 2 2). Unfortunately, these
diffraction peaks have coincidentally, the same 260 values for MgO according to PDF 65-
476. Probably there are NiO and MgO peaks overlapping in the Ni/CaMgAl-79 and
Ni/CaMgAl-68 catalysts. Therefore, it is not possible to affirm that the MgO phase is

present.

* CaO + CaCO; 4 Ca(OH), ® NiO *+ MgO
+

%
A R

4 Ni/CaMgAl-79 calcined

A Ni/CaMgAl-68 calcined
) ﬂ f\ T
2 A - Y
F TV R N S S IR
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£

Ni/Ca calcined
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Figure 4.1. XRD patterns for the Ni/Ca, Ni/CaMgAl-79 and Ni/CaMgAl-68 calcined

catalysts.
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It is worth to point out that diffraction peaks related to Al,O3 phases were not
detected. This is an indication that the aluminum added may have been converted to small
amounts of other phases such as nickel aluminate spinel (NiAl,O4). Although the
presence of small quantities of this kind of spinel as a surface species is difficult to be
detected by XRD, it is considered to be the cause of a peak at high temperature in TPR of
nickel catalysts (Di Giuliano et al., 2019).

Figure 4.2 displays XRD patterns obtained at room temperature for the passivated
catalysts. After passivation process, the peaks that corresponds to reduced nickel
appeared at 44.5, 51.8 and 76.4° (PDF 65-2865) which can be correlated to the respective
planes (1 1 1), (2 00) and (2 2 0). It is also important to notice that Ca(OH)> phase was
not presented in the passivated catalysts. CaO phase (PDF 82-1690) was present at 32.2,
37.4, 53.9, 64.2, 67.5, 79.8 and 88.7° with the planes (1 1 1), (200),(220), (31 1),
(222),(400)and (3 3 1), respectively. CaCOs (PDF 4-636) had a single peak at 43.0°
with the plane (2 0 2). The diffraction peaks detected at 37.1, 43.1 and 62.6° could be
related to NiO which would suggest that nickel was not completely reduced. The presence
of this oxidized nickel could be related to the passivation procedure. Unfortunately, the
peaks observed at 37.1, 43.1 and 62.6° are also characteristic of CaO, CaCO3 and MgO.
Therefore, we could not rule out the presence of NiO phase, nor CaO, CaCO3, and MgO.

*CaO +CaCO, © Ni’ = NiO * MgO
x

Jr
¥ % X

w
mk X O ¥ *
Ni/CaMgAl-68 passivated

w
.X x o X ¥
Ni/CaMgAl-79 passivated

X
x X
R Ok A o X *

Ni/Ca passivated
. . . . . . T ! T "
10 20 30 40 50 60 70 80 90
26 (°)

Intensity (a. u.)

Figure 4.2. XRD patterns for the Ni/Ca, Ni/CaMgAI-79 and Ni/CaMgAl-68 passivated

catalysts.
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The average crystallite sizes of CaO and Ni’ and the Ni® dispersion were
calculated from the XRD data obtained for the passivated catalysts, using the Scherrer
Equation. The results can be found in Table 4.1. It was not possible to calculate the
average crystallite diameter for NiO, because the peaks for this phase are interfered by
other phases that may be present (MgO, CaO and CaCO3). The peak at 20 = 53.9° was
used for the calculation of CaO average crystallite size and the one at 20 = 44.5° was used
for Ni°. The three catalysts showed CaO average crystallite sizes between 26-32.3 nm.

For Ni° the three catalysts presented the same average crystallite sizes around 19 nm.

Table 4.1. Average crystallite size (CaO and Ni®) for the passivated catalysts.

Average crystallite size (nm)

Catalysts a0 N0 Ni’ dispersion (%)
Ni/Ca 32.3 19.0 7.1
Ni/CaMgAl-79 29.5 19.3 7.1
Ni/CaMgAl-68 26.0 19.0 7.2

4.5. Thermogravimetric Analysis (TGA) for the calcined catalysts

Thermal pretreatment was performed in each sample in order to eliminate
moisture, impurities, calcium hydroxide and calcium carbonate. The weight loss caused
by the increase of temperature for the three calcined catalysts can be shown in Figure 4.3.
The first weight loss between 350 and 500 °C is usually associated to the decomposition
of Ca(OH), (Klimesch; Ray, 1999).The second weight loss, between 550 and 700 °C,
may be attributed to CaCO3; decomposition (Wang et al., 2010). Ni/Ca catalyst presented
the highest mass loss (21.6%), followed by Ni/CaMgAI-79 and Ni/CaMgAl-68 (17.1 and
14.8%, respectively), These differences are probably related to the decreasing order of

the calcium content present in the catalysts (90, 78.84 and 67.68%, respectively).
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Figure 4.3. Thermogravimetric analysis obtained after thermal pretreatment from
Ni/Ca, Ni/CaMgAI-79 and Ni/CaMgAl-68 catalysts under He atmosphere (50 mL/min).
Tireatment = 800 °C (10 minutes).

4.6. H>-Temperature-programmed reduction (TPR)

Figure 2.1 displays TPR profiles obtained for Ni/Ca, Ni/CaMgAl-79 and
Ni/CaMgAl-68 catalysts after calcination process. Ni/Ca catalyst presented two peaks at
489 and 628 °C. According to the literature, the lower temperature peak can be attributed
to NiO that had weak interaction with CaO. The higher temperature peak can be
associated to NiO that presented a stronger interaction with CaO (Sang et al., 2019). For
Ni/CaMgAl-79 and Ni/CaMgAl-68 catalysts, the TPR profiles are very similar. The only
differences are the peak intensity and the change of the reduction temperature. Both
profiles exhibit two distinct peaks, a smaller one between 500 and 730 °C and a larger
one between 750 and 1000 °C. The first half of the lower temperature peak can be
associated to NiO interacting with CaO, as observed for Ni/Ca. As reported by Sang et
al. (2019), the second half of the low temperature peak could be related to the reduction
of NixMg;xO. Since many MgO and NiO diffraction peaks have the same 20 position, it
was not possible to identify the formation of small amounts of this phase by X-ray
diffraction. However, the formation of this phase has been previously reported in the
literature for materials prepared in a similar way used in this present work. For the
Ni/CaMgAl-79 catalyst, the formation of this mixed oxide phase would be less notable
probably because this sample has a low theoretical MgO content (3.24 wt%). The larger
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H> consumption peak, above 880 °C, could

be associated to the reduction of NiAl,O4

spinel (Liu et al., 2020; Wu et al., 2012; Xu et al., 2021). The TPR patterns also showed

that reducing the CaO content and adding Mg

making the catalysts more difficult to reduce.

and Al increased the reduction temperature,

—— Ni/CaMgAl-68 898 °C
—— Ni/CaMgAlI-79
— Ni/Ca
665 °Co0 o
5
5 885 °C
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5 629 °C 656 °C
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Temperature (°C)

Figure 4.4. TPR of the calcined catalysts: Ni/Ca, Ni/CaMgAI-79 and Ni/CaMgAI-68.

TPR was also performed under the same temperature conditions used in the

catalyst activation process preceding the SESRE reaction: the furnace was heated until

800 °C at a heating rate of 10 °C/min and kept at this temperature for 1 hour. This

procedure was conducted in order to confirm that the catalyst activation conditions were

appropriate for the catalytic tests. The TPR profiles obtained are presented in Figure 4.5.
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Figure 4.5. TPR of Ni/Ca, Ni/CaMgAl-79 and Ni/CaMgAl-68 catalysts under the same

temperature conditions used in activation process that preceded catalytic tests.

The profiles obtained under activation conditions are similar to the standard ones
presented in the Figure 2.1. The main difference is that there was an increase of H»
consumption, since in these experiments, the catalysts remained for a longer time under
hydrogen atmosphere. Table 4.2 shows experimental H> consumption and degree of
reduction obtained during TPR procedure under the same temperature conditions used in

activation process. The theoretical H2 consumption for total NiO reduction in these

samples is 13388 umol/gcat.

Table 4.2. Experimental consumption of Hz and degree of reduction of the catalysts

during the TPR under the same temperature conditions used in activation process.

Catalyst H: consumed (umol/gcat) Degree of Reduction (%)

Ni/Ca 12234 91
Ni/CaMgAl-79 14411 100
Ni/CaMgAl-68 12054 90

All the samples presented a degree of reduction above 90%, indicating that this

condition is favorable to activate the catalysts. The majority of the nickel is in the reduced

41



CHAPTER 4. RESULTS AND DISCUSSION

form, which is the active phase for steam reforming of ethanol promoting the conversion
of ethanol and water into high purity H». It is also worth noting that during catalytic tests,
the hydrogen produced can promote reactivation of the sites that have been oxidized
throughout the reaction cycles, which may help to maintain the catalytic activity. In
addition, the TPR profiles using the same temperature conditions as the one used in the
reduction process before catalytic tests showed that Ni/CaMgAI-79 catalyst achieved a
degree of reduction of 100%.

4.7. Carbonation and decarbonation tests

The samples were submitted to carbonation and decarbonation cycles using
thermogravimetric analysis. Figure 4.6 shows the results of carbonation and
decarbonation for all the catalysts during 20 cycles. Ni/Ca catalyst (Figure 4.6a) presented
a weight increase of 47.7% in the 1% cycle and 19.7% in the 20", For Ni/CaMgAl-79
(Figure 4.6b), the weight increases were 31.7 and 24.2% in the 1% and 20™ cycles,
respectively. The Ni/CaMgAl-68 catalyst (Figure 4.6¢) presented an increase of 22.3% in
the 1% cycle and 17.7% in the 20", These weight increases are attributed to the conversion
from CaO to CaCOs3 during the carbonation cycle, when the sample is exposed to a diluted
CO; flow. The decrease of CO> uptake capacity can be probably attributed to the
incomplete conversion of CaCOj3 to CaO due to the sintering of CaO and the change of
physical properties caused by the multiple carbonation-decarbonation cycles (Wu et al.,
2012). The addition of inert materials possibly delays the sintering of CaO during
calcination and contributes considerably to the CO, uptake capacity and stability, as
reported by Wu et al. (2012) when adding aluminum to Ni/CaO. Table 4.3 summarizes
the loss of CO; uptake capacity from the studied catalysts.
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Figure 4.6. 20 carbonation and decarbonation cycles from: a) Ni/Ca, b) Ni/CaMgAl-79
and c) Ni/CaMgALl-68 catalysts. Tcarbonation = 600 °C (15% of CO; in He atmosphere),
T decarbnation = 800 °C (pure He atmosphere).
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Table 4.3. Loss of CO» uptake capacity from Ni/Ca, Ni/CaMgAI-79 and Ni/CaMgAl-
68, comparing the 1% and 20" cycles.

1%t cycle (gCO2 / 20t cycle (gCO2 / Loss of CO2
Catalyst
gCa0) gCaO) uptake (%)
Ni/Ca 0.53 0.19 64
Ni/CaMgAlI-79 0.40 0.31 23
Ni/CaMgAl-68 0.33 0.26 21

From Figure 4.6 it was possible to calculate the amount of CO, absorbed per gram
of catalyst (Figure 4.7a) over the 20 cycles. In the first 6 cycles, Ni/Ca catalyst presented
the highest CO; capture capacity, which is consistent with the fact that this sample has
the highest CaO content (90%), followed by Ni/CaMgAl-79 and Ni/CaMgAl-68.
Ni/CaMgAI-79 catalyst presented almost the same CO; uptake capacity in the first 2
cycles, and this capacity suffered a slight decrease over the remaining cycles. In the
seventh cycle, the sorption capacity of Ni/Ca was equal to the one observed for
Ni/CaMgAl-79 catalyst. However, Ni/Ca sorption capacity continued to decrease sharply
until the 18" cycle. At this point, both Ni/Ca and Ni/CaMgAl-79 presented similar CO»
uptake capacities per gram of catalyst (Figure 4.7a). Ni/CaMgAI-68 catalyst had the
lowest initial CO> capture capacity per gram of catalyst and it presented the smallest
variation in CO> capture capacity between the first and last cycle, but it is not enough to

be considered as the most stable catalyst.

In order to have a suitable comparison, the CO> sorption capacity was normalized
by mass of CaO, considering the theoretical CaO content of Ni/Ca, Ni/CaMgAl-79 and
Ni/CaMgAl-68 catalysts as 90, 78.84 and 67.68%, respectively. Figure 4.7b shows that
in the first 3 cycles Ni/Ca catalyst has the highest CO» sorption capacity, similar to the
behavior noted in Figure 4.7a. As the number of cycles increased, the ability to capture
COz of Ni/Ca catalyst decreased. This is probably due to the fact that this sample had no
inert material in its composition. Therefore, the sintering process could not be avoided
and this sample was the worst one in terms of CO; capture capacity at the end of 20
carbonation/decarbonation cycles. The best catalyst in terms of CO; capture capacity was

Ni/CaMgAl-79, followed by Ni/CaMgAl-68. Both samples had the addition of spacers,
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which play an important role in the stability of the catalyst, reducing its sintering and

facilitating the molecular contact between CO2 and CaO (Aceves Olivas et al., 2014).
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Figure 4.7. Comparison among CO> uptake capacity over 20 cycles from Ni/Ca,
Ni/CaMgAI-79 and Ni/CaMgAl-68 catalysts, in mass of CO> by mass of: a) catalyst and
b) CaO.

Loganathan et al. (2016) considered some models to describe CO> capture

kinetics. One of them is the double-exponential model and it is feasible to explain kinetic
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mechanisms that involves two steps: a rapid and a slow phase. The rapid phase is
controlled by strong surface reactions (chemisorption of CO2 on CaO) while the slow one
is controlled by intra-particle CO> diffusion through the CaCOs external layer formed.
The TGA data acquired (Figure 4.6) were adjusted by the double-exponential model given
in Equation 4.1. The two exponential terms represent the two steps of the adsorption
kinetics for an adsorbent: the rapid and the slow carbonation. In Equation 4.1, y
represents the percentage of CO; adsorbed at a given time, ¢ is time, 4 and B are pre-
exponential factors, k, and k, represent the kinetic rate constant of the two adsorption
steps and C is the percentage of CO; adsorbed at the equilibrium (Loganathan et al.,
2016; Qi et al., 2013).

y=Ad-e"" +B-e™" +C Equation 4.1

Table 4.4 summarizes the kinetic parameters from all the three catalysts in the 1%

and 20" cycles and the ratio k,/k, and coefficient of determination (R?). According to
Guo et al. (2017) if k,/k, value is more than 1, the CO; diffusion through an external

layer of CaCO;j to react with CaO is the controlling step. On the other hand, if &, /k, is

lower than 1, the surface reaction is the rate-determining step. Figure 4.8 shows the

experimental data from TGA and the double-exponential model fitting for all the three

catalysts.
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Figure 4.8. Experimental and double-exponential model fitting in the 15 and 20" cycles

for a) Ni/Ca, b) Ni/CaMgAl-79 and c) Ni/CaMgAl-68 catalysts.

Table 4.4. Estimated parameters by the double-exponential model using TGA data for
Ni/Ca, Ni/CaMgAl-79 and Ni/CaMgAl-68 catalysts, comparing the 1 and 20" cycles.

Catalyst cycle A B C ki(s") ka(s') kikz2 R?
NI/C It -34.075 -32.378 60.502 0.0078 0.0005 15.600 0.992
i/Ca

20" -9.692  -11.936 20.278 0.0215 0.0007 30.714 0.998
It -15.199 -19.698 33.503 0.0221 0.0012 18.417 0.998

Ni/CaMgAl-79
20" -16.355 -9.970 25.088 0.0337 0.0012 28.083 0.996
1t -14391 -14.640 25.687 0.0109 0.0008 13.625 0.988

Ni/CaMgAl-68
201 -12.810 -7.045 18.020 0.0329 0.0011 29.909 0.994
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As can be seen in Table 4.4, both 1% and 20" cycles indicated a &, /k, value over

1 for all the three catalysts, which suggests that the CO; diffusion is the rate-limiting

process. The k; value, that represents the chemisorption step, varied from 0.0078 to
0.337 s! whereas k, , that represents slow step (diffusion), had a variation from 0.0005
to 0.0012 s!. The following increasing order of &, and k, values was determined in both
15t and 20™ cycles: Ni/Ca < Ni/CaMgAl-68 < Ni/CaMgAl-79 k, and k, values increased

when comparing the 1% and 20" cycles for Ni/Ca and Ni/CaMgAl-68. However,
Ni/CaMgAl-79 kept the same k, value for the 15 and 20™ cycles (0.0012 s!). The smallest

values for k, and k, were calculated for Ni/Ca catalyst, which is in agreement with the

highest loss of CO; uptake capacity of this catalyst. The correlation coefficients for the
fitting (R?) are approximately 1, which indicates a good agreement between the double-
exponential model and the experimental data, as shown in Figure 4.8.

Yoon, Mun and Lee (2021) used a deactivation model to fit the cyclic sorption
data, which describes the sorbent activity in each cycle. This model allows to calculate

the deactivation coefficients ( k, ) of the materials based on Equation 4.2 as follows:

a=K-e*N Equation 4.2

The parameter N represents the number of carbonation/decarbonation cycles, a
indicates the sorbent activity at the N cycle (amount of CO» sorption uptake at the N™
cycle divided by 78.5 wt%, that is the maximum CO: sorption capacity of CaO) and the
model pre-exponential factor is K. According to these researchers, the deactivation
coefficient can indicate the degree of loss of the CO2 sorption performance of the
materials per cycle, and sorbents with lower values tend to have a higher cyclic stability.
The calculated values of the deactivation model are presented in Table 4.5 for the three

CaO-based sorbents. It is clear that Ni/CaMgAl-68, and Ni/CaMgAI-79 presented £,

values around 70% lower than Ni/Ca. It is notable that adding spacers to Ni/Ca lead to
the decrease of the deactivation coefficient value, which means that the dopped catalysts

are more stable, as expected.
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Table 4.5. Estimated parameters by the deactivation model using TGA data for Ni/Ca,
Ni/CaMgAIl-79 and Ni/CaMgAl-68 catalysts.

Catalyst K -ka R?
Ni/Ca 0.5777 0.0563 0.9566
Ni/CaMgAl-79 0.4065 0.0149 0.9794
Ni/CaMgAl-68 0.2791 0.0130 0.9680

4.8. Thermodynamics Analysis

Thermodynamics Analysis was performed to determine the equilibrium
composition of the reactional system on dry basis using CEA Software (Snyder, 2021).
This program employs the Gibbs free energy minimization technique, ensuring greater
reliability in the results. The obtained data were compared to the literature in Figure 4.9.
Collins-Martinez et al. (2013) carried out a thermodynamic modeling for steam reforming
of light alcohols, including ethanol, at 300-800 °C and 1 atm, and the molar ratio
(Steam:Ethanol:Ca0O) was varied from 3:1:2.5 to 6:1:2.5, keeping constant the amount of
CaO. Molar ratio 5:1:2.5 and the range temperature 400-800 °C at 1 atm were chosen for
comparison. The lines represent the molar fraction in dry basis obtained by Collins-
Martinez et al. (2013) , whereas the symbols represent the results obtained using the CEA
Software, in this present work. Collins-Martinez et al. (2013) reported that all the ethanol
was consumed in these conditions, which was also observed in the simulation using the
CEA Software. The molar fraction of the products found using the CEA Software and by

Collins-Martinez et al. (2013) are similar as it can be observed in Figure 4.9.
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Figure 4.9. Thermodynamics Analysis — comparison between CEA Software and
literature. Steam:Ethanol:CaO molar ratio = 5:1:2.5. Lines, (simulation obtained by
Collins-Martinez et al. (2013)) and symbols (simulation obtained by CEA Software in
this work).

Figure 4.10 shows the equilibrium composition for the Steam Reforming of
Ethanol (SRE) and Sorption Enhanced Steam Reforming of Ethanol (SESRE) using CaO
as a sorbent with a molar ratio Steam/Ethanol = 6. Since the values were very low (less
than 0.53%), the equilibrium molar fraction of CH4 and CO were omitted in order to have
a better view of the data. For the SESRE, the equilibrium H> molar fraction was high up
to 600 °C, followed by a slight decrease until 800 °C. For SRE, low temperatures do not
favor high Ha concentration and after 600 °C H: keeps approximately constant. Between

800 and 900 °C, the reaction CaCO, — CaO+CO, is favorable, indicating that the

sorption of CO2 by CaO does not occur. At these high temperatures, the H, and CO;
equilibrium molar fractions are alike for SESRE and SRE processes. From the
thermodynamics analysis, it is possible to observe that the SESRE between 500 and
600 °C favors the high concentration of H2. At 600 °C both SRE and SESRE presents the
highest H> concentration and this explains why some researchers carries out the SESRE
at this temperature with the molar ratio Steam/Ethanol = 6 (Aceves Olivas et al., 2014;

Dou et al., 2018; Nimmas et al., 2019; Rahmanzadeh; Taghizadeh, 2019).
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Figure 4.10. Equilibrium composition obtained by CEA Software, Steam Reforming of
Ethanol (SRE) and Sorption Enhanced Steam Reforming of Ethanol (SESRE). Molar
ratio Steam/Ethanol = 6 for SRE and Steam/Ethanol/CaO = 6:1:2 for SESRE.

Table 4.6 shows the molar fraction in the thermodynamics equilibrium, in dry
basis, for the SESRE and SRE process. These values were used to compare to the molar
fraction reached for all the species during catalytic tests. The results for the SESRE were
used in the pre-breakthrough stage while the SRE were used in the post-breakthrough

stage.

Table 4.6. Equilibrium composition obtained from thermodynamics analysis by CEA
Software at 600 °C, 1 atm and molar ratio Steam/Ethanol = 6 for SRE and
Steam/Ethanol/CaO = 6:1:2 for SESRE.

Molar Fraction H2 (%) CO2(%) CO (%) CHs (%)
SESRE 98.64 0.49 0.35 0.53
SRE 69.58 18.89 8.15 3.38

4.9. Catalytic tests

The catalytic tests were carried out in 10 cycles of reaction and decarbonation for

the SESRE of Ni/Ca, Ni/CaMgAl-79 and Ni/CaMgAl-68 catalysts. The ethanol

51



CHAPTER 4. RESULTS AND DISCUSSION

conversions for all of them were approximately 100% for all cycles. The main product
was H> and the other products observed were CO2, CO and CHg. In Figure 4.11 - Figure
4.19, regions I, II and III represent the pre-breakthrough, breakthrough and post-
breakthrough periods, respectively. The dashed lines refer to the products distribution
predicted by the thermodynamics analysis in the equilibrium.

Figure 4.11 - Figure 4.13 show the molar fractions of the products (dry basis) of
the SESRE for the Ni/Ca catalyst in the 1%, 2" and the 10" cycles, respectively. During
the pre-breakthrough stage of the 1% cycle (Figure 4.11), the H> concentration reached
values between 83.6 and 87.6%. The CO molar fraction was between 8.9 and 10.9%,
followed by the minor products species (CH4 and CO2) with mean molar fractions of 3.3
and 1.2%, respectively. The pre-breakthrough duration was nearly 50 minutes and, in this
stage, the CO> reacted with CaO, which can explain the low CO; concentration. In the
breakthrough period, H> molar fraction decreased whereas CO and CO> increased and
CH4 maintained approximately the same. After 85 minutes, the reaction reached the post-
breakthrough period, which indicates that the catalyst was saturated and the CO> capture
was no longer occurring. In other words, only the steam reforming of ethanol was
happening. In the post-breakthrough, the mean molar fractions of the products Hz, CO,
CO; and CHy are 72.4, 15.8, 10.1 and 1.7%, respectively. The pre-breakthrough period
lasted approximately 43 minutes in the 2™ cycle (Figure 4.12) and reached mean molar
concentrations of 90.4, 7.3, 1.1 and 1.3% for Hz, CO, CH4 and CO3, respectively. The
increase in hydrogen purity may be an indication that the catalytic system was previously
in the induction period and then it was stabilized in the subsequent cycles. After 80
minutes of reaction (post-breakthrough), H> decreased to 72.2% and the concentration of
CO, CH4 and CO» were 15.0, 2.0 and 10.8%, respectively. In the 10" cycle (Figure 4.13),
the H> and CO; mean molar fractions were 88.3 and 1.5% during the pre-breakthrough
period. After 75 minutes of reaction (post-breakthrough), H> and CO, molar fraction
decreased whereas CO increased, indicating that the reverse water-gas shift (RWGS)
reaction is happening, since high temperatures (700 — 1000 K) favor this reaction (Abd
El-Hafiz et al., 2015). Comparing the first and 10" cycle, the pre-breakthrough period
decreased from 50 to 28 minutes and the post-breakthrough increased and started at 45

minutes, due to the loss of CO» uptake capacity.
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Figure 4.11. Product distribution from the SESRE for the Ni/Ca catalyst in the 1% cycle.
Reactional conditions: Treaction = 600 °C, molar ratio steam/ethanol = 6,

W/F = 11.41 min-mgc-mL!. Legend: m: Hy; #: CO; &: CH4 and #: CO..
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Figure 4.12. Product distribution from the SESRE for the Ni/Ca catalyst in the 2™
cycle. Reactional conditions: Treaction = 600 °C, molar ratio steam/ethanol = 6,

W/F = 11.41 min-mgemL". Legend: m: H,; ®: CO; &: CHs and #: CO».
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Figure 4.13. Product distribution from the SESRE for the Ni/Ca catalyst in the 10"
cycle. Reactional conditions: Treaction = 600 °C, molar ratio steam/ethanol = 6,

W/F = 11.41 min-mgc-mL!. Legend: m: Hy; #: CO; &: CH4 and #: CO..

Phromprasit et al. (2017) performed sorption enhanced steam reforming of biogas
using a Ni-CaO catalyst. They used 0.5 g of sample and obtained H> molar fractions
between 79 and 93 % in the pre-breakthrough period. The pre-breakthrough lasted about
30 min and high conversions to methane were obtained. In the post-breakthrough an
average mole fraction of 60% for H> was achieved and methane conversion was slightly
lower than the pre-breakthrough stage. In this work, Ni/Ca catalyst obtained H> molar
fractions within the range cited by the authors during pre-breakthrough in the 10 reaction
cycles. However, the present work had a longer pre-breakthrough period in the 1% cycle
when compared to the authors. This is possibly due to the larger amount of catalyst in the
reactor and the differences in the reaction systems. Furthermore, Ni/Ca catalyst had
higher conversion and average H» concentration in the post-breakthrough during the
reaction cycles comparing to the results found by the authors.

Figure 4.14 - Figure 4.16 exhibit the products distribution, in dry basis, of the
SESRE for the Ni/CaMgAl-79 catalyst in the 1%, 2" and the 10™ cycles, respectively. In
the 1% cycle (Figure 4.14) the mean H, molar fractions in the beginning (pre-
breakthrough) and at the end (post-breakthrough) of the cycle are 83.6 and 73.1%,
respectively. The CO varied from 11.0% in the beginning to 14.3 at the end of the cycle.
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The CO2 molar fraction was 2.2% during pre-breakthrough period and became 10.7% in
the post-breakthrough period. The CH4 species was 3.2% in the beginning of the cycle
and decreased to 1.8% at the end of the cycle. In the 2" cycle (Figure 4.15), the
concentrations of H, and CO2 were 86.1 and 1.8%, while CO and CH4 had molar
concentration of 9.9 and 2.2%, respectively, during the pre-breakthrough period. In the
post-breakthrough period, the concentrations changed to 73.4, 13.7, 1.6, and 11.0% for
H,, CO, CH4, and CO», respectively. In the 10™ cycle (Figure 4.16) the H, molar fraction
had a slight increase to 86.4% in the pre-breakthrough stage and a decrease to 71.9% in
the post-breakthrough stage when compared to the 1% cycle. The other molar fraction
values of the other species remained similar to the 1% cycle. The pre-breakthrough
duration was 45 minutes in the 1% and 2™ cycles and was reduced to 30 minutes at the
end of the 10" cycle. At the same time, the post-breakthrough started at approximately
80 minutes in the 1% cycle and maintained the same value up to the 10% cycle. Similar to
the Ni/Ca catalyst, the decrease of the pre-breakthrough period is attributed to the
reduction in the capture capacity of the catalyst over the reaction/decarbonation cycles.
The strong metal-support interaction, shown in TPR profile, lead to stability when

compared to the Ni/Ca catalyst Sang et al. (2019).

100

90
1 L L | -
go{ m " " .
1 " m g mmEn
~ 707
e\/ 4
= 60 -
=] 7 1 11 111
S 50
— 4
a8}
5 407
'—o‘ 4
S 304
20 -
1e e © ® 0 ¢ 0 40
104 ©®® o 0006 0 ® ||, o x Kk x * X
0_- 444 44 A XK A A A A A A ATAA AT
T T T T T T T T T T T T T T T T T T

T
0 10 20 30 40 50 60 70 80 90 100 110 120

Time (min)

Figure 4.14. Product distribution from the SESRE for the Ni/CaMgAI-79 catalyst in the
1% cycle. Reactional conditions: Treaction = 600 °C, molar ratio steam/ethanol = 6,

W/F = 11.41 min-mgcarmL"!. Legend: B: Hy; ®: CO; &: CH4 and #: CO..
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Figure 4.15. Product distribution from the SESRE for the Ni/CaMgAI-79 catalyst in the
ond cycle. Reactional conditions: Treaction = 600 °C, molar ratio steam/ethanol = 6,

W/F = 11.41 min-mgc-mL!. Legend: m: Hy; ®: CO; &: CH4 and #: CO..

100

90
IR I B

80 4 n

70_. = m E N mn

60

50

40 4

Molar Fraction (%)

30

20 A

] o o
10—0000.....

o4 A A A & K K A A AAAAAA LA

T
0 10 20 30 40 50 60 70 80 90 100 110 120

Time (min)

Figure 4.16. Product distribution from the SESRE for the Ni/CaMgAI-79 catalyst in the
10™ cycle. Reactional conditions: Treaction = 600 °C, molar ratio steam/ethanol = 6,

W/F = 11.41 min-mgcmL". Legend: m: H,; ®: CO; &: CHs and #: CO».
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Figure 4.17 - Figure 4.19 show the molar fractions of the products, in dry basis,
in the 1!, 2" and the 10" cycles, respectively, obtained during SESRE using Ni/CaMgAl-
68 catalyst. The molar fraction in the pre-breakthrough stage in the 1% cycle (Figure 4.17)
for Hz, CO, CH4 and CO; were 83.2, 11.7, 3.0 and 2.1%, respectively. In this same order,
the molar fraction of the species in the post-breakthrough were 73.3, 13.2, 1.6 and 11.9%.
In the 2™ cycle (Figure 4.18), the molar fraction of H> was 86.8% in the pre-breakthrough
period while for CO, CH4 and CO> it was 9.4, 2.2 and 1.6%, respectively. In the post-
breakthrough period, the concentrations became 74.0, 12.7, 1.3 and 12.0%. In the 10"
cycle (Figure 4.19), the H> molar fraction increased to 90.6% in the pre-breakthrough
period and had a decrease of the CO, CH4 and CO» species, becoming 7.1, 1.0 and 1.3%,
respectively. The molar fraction in the post-breakthrough for all the species in the 10%
cycle remained almost the same when compared to the 1% cycle. The pre-breakthrough
duration in the 1% cycle was 30 minutes and maintained the same until the 10" cycle,
indicating that the addition of dopant material promoted an improvement in the cyclic
stability of CaO. Besides, the post-breakthrough in the 1% cycle stared at nearly 79
minutes and was reduced to 59 minutes in the 2™ cycle and kept the same value until the

10% cycle.
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Figure 4.17. Product distribution from the SESRE for the Ni/CaMgAl-68 catalyst in the
1* cycle. Reactional conditions: Treaction = 600 °C, molar ratio steam/ethanol = 6,

W/F = 11.41 min-mgc'mL". Legend: m: H,; ®: CO; &: CHs and #: CO».
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Figure 4.18. Product distribution from the SESRE for the Ni/CaMgAI-68 catalyst in the
ond cycle. Reactional conditions: Treaction = 600 °C, molar ratio steam/ethanol = 6,

W/F = 11.41 min-mgc-mL!. Legend: m: Hy; ®: CO; &: CH4 and #: CO..
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Figure 4.19. Product distribution from the SESRE for the Ni/CaMgAI-68 catalyst in the
10™ cycle. Reactional conditions: Treaction = 600 °C, molar ratio steam/ethanol = 6,

W/F = 11.41 min-mgcmL". Legend: m: H,; ®: CO; &: CHs and #: CO».
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The catalyst containing only Ni and CaO showed the longest pre-breakthrough
period in the first cycle (approximately 50 minutes), when compared to the other catalysts.
This fact is justified by the larger amount of CaO available for CO> capture. However,
this excellent performance was not repeated in the next cycles. This decline in the capture
capacity is related to the low Tammann temperature of CaCOs3, also indicating the need
to add stabilizing material to the catalyst. These results corroborate with the Zhao et al.
(2016), since they studied a similar catalyst, obtained 60 minutes in pre-breakthrough in
the 1% cycle and 30 minutes in the 10" cycle over sorption enhanced steam reforming of
methane reaction.

Dewoolkar and Vaidya (2016) studied SESRE using hydrotalcite-like materials
(HTIc). The catalytic test was performed using NiMgHTIc and NiCaHTlIc catalysts at
673 K and S/C = 9. The pre-breakthrough period in the 1* cycle was approximately 15
and 10 minutes, respectively. NiMgHTIc achieved 80% of hydrogen purity whereas
NiCaHTlIc had nearly 70%. Ca?" probably needs to be available in the sample and not
inserted into the structure in order to guarantee better CO; capture capacity. This explains
why the authors obtained lower concentrations of hydrogen when compared to this work.
In addition, NiMgHTlIc catalyst was stable during 18 cycles at 573 K and S/C =5.
Performing SESRE at 773K and S/C = 10, NiCaHTIc remained stable during 6 multi-
cycles. This characteristic of cyclic stability over reaction cycles is desired in sorption
enhanced steam reforming reactions and can be seen in the performance of the catalysts

doped with MgO and Al>Os3 in this work.

Zhao et al. (2017) evaluated the catalytic activity of Ni/CaO-La,O3 in sorption
enhanced steam reforming of acetic acid. The pre-breakthrough period decreased from 20
to 17.5 minutes with the increase of number of cycles from 1 to 9, showing the decline of
CO» sorption capacity. This was due to the blockage of pores and increase of CaO
particles caused by sintering phenomenon. Between the 1% and 7™ cycles, this period was
decreased from 20 to 18 minutes. However, between the 7™ and 9™ cycles, the pre-
breakthrough period was kept unchanged at around 17.5 minutes. This catalyst improved
its cyclic stability and had a small reduction in the CO2 sorption capacity in SESR over
nine cycles. The addition of dopants to the material is responsible for this enhancement,
as reported by Dang et al. (2019). This reinforces the importance of using this technique

in this work.
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Figure 4.20 shows the maximum mole fraction of H> in each of the 10 reaction
cycles at pre-breakthrough and post-breakthrough for all the catalysts studied. The molar
fractions of the upper part represent the pre-breakthrough and the lower part the fractions
at post-breakthrough. The dashed lines represent the equilibrium composition predicted
by the thermodynamics analysis. The molar fractions obtained during the pre-
breakthrough were below the thermodynamic limits and the ones measured during the
post-breakthrough period were above the thermodynamic limits, for all cycles of the
catalysts. In the 1% cycle all catalysts in the pre-breakthrough region had the lowest
hydrogen concentrations, although these values increased and the reactional system
stabilized from the 2" cycle on.
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Figure 4.20. Hydrogen maximum molar concentration in the pre-breakthrough and
post-breakthrough for each cycle in the SESRE reaction for the studied catalysts.
Reactional conditions: Treaction = 600 °C, molar ratio steam/ethanol = 6, W/F =
11.41 min-mge-mL!. Pre-breakthrough period (filled points) and post-breakthrough
period (unfilled points).

4.10. X-Ray Diffraction (XRD) for the spent catalysts

In order to identify the existing phases in the catalyst after 10 reaction cycles,
XRD of the spent catalyst was performed, as shown in Figure 4.21. XRD profiles of the
used catalyst are quite similar to the calcined catalysts, although the intensities of the
peaks related to NiO and MgO phases are lower than for observed for the calcined

samples. Another important fact was the appearance of peaks referring to the Ni® phase
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in all catalysts at 44.5, 51.8 and 76.4° (PDF 65-2865), showing that the catalysts remained
with active sites even after the samples were exposed to air. There is the presence of peaks
related to CaCOs phase, which is the result of CO> capture during the reaction. As
observed for the calcined samples, the phase Ca(OH), was also observed, which can be
due to the hydration of CaO with water from the reaction or from exposure to air. As
previously observed, we did not detect AI2O3 and NiAl.O4 phases nor the presence of
NixMgixO phase, although the formation of NiAl,O4 and Ni,Mgi.xO would be coherent
with TPR results.
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Figure 4.21. XRD patterns for the Ni/Ca, Ni/CaMgAI-79 and Ni/CaMgAl-68 spent

catalysts.

4.11. Thermogravimetric analysis after multiple reaction and decarbonation cycles

The spent catalysts were analyzed by thermogravimetric analysis after
regeneration process in order to perform the gasification of carbon deposited on the
material during reaction. The results can be seen in Figure 4.22. The weight loss for
Ni/Ca, Ni/CaMgAl-79 and Ni/CaMgAl-68 catalysts were 25.3, 18.5 and 15.5%,
respectively. The first weight loss, around 410 °C, can be correlated to Ca(OH)2
decomposition as shown in Figure 4.3 (Klimesch; Ray, 1999). The samples had a weight
increase between 470 and 570 °C. According to the literature, this weight increase could
indicate that CO; was formed by the oxidation of coke and then captured by the sorbent

(Sang et al., 2019). This increase was used as evidence that there was carbon deposition
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on the catalysts during ethanol reforming. The carbon deposit average rate, in mg of
carbon by hour of reaction by gram of catalyst, was obtained considering 117 minutes
each cycle (19.5 hours). Ni/Ca catalyst had the highest carbon deposit rate
(11.5 mgC/gca/h) followed by Ni/CaMgAl-79 catalyst with 7.4 mgC/gca/h and
Ni/CaMgAl-68 with 6.2 mgC/gca/h. Besides improving the stability of the material, the
addition of MgO and Al,O3 caused less carbon deposition when compared to pure CaO.
Chen et al. (2018) evaluated carbon deposition in a series of Mg-modified Ni/Attapulgite
catalysts (Ni/xMg-ATP) after steam reforming of ethanol reaction. Attapulgite is a
hydrated magnesium aluminum silicate (presents Mg?* and AI’*" on its composition,
similar to the studied catalysts), which can be considered an interesting material to be
compared. The authors found higher values for carbon deposition rate, which were 32.2,
29.8 and 12.7 mgC/geah for NiI/ATP, Ni/5Mg-ATP and Ni/20Mg-ATP, respectively,
suggesting the addition of MgO decreased the carbon deposition. According to them,
filamentous carbon formation starts from the adjacent position of nickel particles and can
be effectively extinguished due the strong interaction between support and active metal.
Therefore, even after 10 SESRE reaction and decarbonation cycles, the catalysts of this
work obtained lower weight loss during coke gasification and consequently achieved
lower carbon deposition rate when compared to the steam reforming of ethanol reported

by the researchers.
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Figure 4.22. Weight loss for Ni/Ca, Ni/CaMgAl-79 and Ni/CaMgAl-68 spent catalysts
during carbon gasification in the thermogravimetric analyzer under 15% O2/He

atmosphere.
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4.12. N> physisorption

After the reaction cycles, N2 physisorption technique (adsorption and desorption)
was carried out for the textural characterization of the catalysts. The specific surface area
was determined by N> adsorption fitted by the Brunauer-Emmet-Teller (BET) model and
pore volume and size were estimated from the desorption isotherm, proposed by Barrett-
Joyner-Halenda (BJH) (KIM et al., 2009). The adsorption and desorption isotherms can
be seen in Appendix A. Table 4.7 presents the results obtained by N> physisorption for
the fresh and spent catalysts.

Table 4.7. Textural properties of fresh and spent Ni/Ca, Ni/CaMgAl-79 and
Ni/CaMgAl-68 catalysts obtained by N2 physisorption analysis.

Ni/Ca Ni/CaMgAl-79  Ni/CaMgAl-68

fresh  spent fresh  spent fresh spent

Specific surface area (m?/g) 56 30 50 13 9 10
Pore volume (cm’/g) 0.053  0.060 0.029 0.084 0.048 0.074
Pore size (nm) 1.8 1.9 1.9 1.9 1.9 1.9

For Ni/Ca catalyst the surface area decreased due to the sintering process, as

expected. The other results are not shown because the analysis is still being performed.

4.13. Scanning Electronic Microscopy (SEM)

The Scanning Electronic Microscopy (SEM) analysis was carried out for the
calcined and spent catalysts and the results can be seen in Figure 4.23. After the 10
reaction cycles Ni/Ca catalyst presented greater contact between the CaO particles,
showing the sintering process of the material. This caused the increase of the particles
and consequently the reduction of the specific surface area, which corroborates with the
results found by the N> physisorption analysis. The catalysts doped with metal oxides, on
the other hand, showed a well-preserved structure after the reaction when compared to
the Ni/Ca catalyst. This is an expected behavior, because the inert ones acted as a physical
barrier and minimized the sintering of CaO particles during the cycles (Xu et al., 2016).
From the images, it was not possible to observe the apparent formation of filamentous

carbon on the surface of the spent catalysts, one of the main causes of deactivation of
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nickel-based catalysts in the reforming reactions by blocking the active sites. However,
by TGA analysis for carbon gasification, the presence of small amounts of carbon on the
surface was confirmed. The absence of filamentous carbon in the SEM analysis probably
occurred due to the high amount of catalyst mass, since all the ethanol was converted
before even reaching the end of the catalytic bed, resulting in the formation of coke in the

sample in a non-homogenous way.
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Figure 4.23. Scanning Electronic Microscopy of fresh and used catalysts.

Magnification 10000 times.

Besides the SEM, the mapping of the elements present in the catalysts studied in
this work was performed. Figure 4.24 and Figure 4.25 show the mapping for the fresh

and spent catalyst that proved to be more stable throughout the catalytic tests.
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10 pm

10 pm | 10 pm
Figure 4.24. EDS mapping for the fresh Ni/CaMgAl-79 catalyst.
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10 pm | 10 pm
Figure 4.25. EDS mapping for the spent Ni/CaMgAl-79 catalyst.

From the EDS mapping, it was possible to notice that the dopant particles, MgO
and ALOs, are uniformly supported on the CaO particles and the nickel element,
responsible for the reforming reaction, is well distributed throughout the material.
According to Wang et al. (2015), the nickel present in the structure of NiAl2O4 can lead
to high stability and good dispersion for the metal particles, which can be observed by
EDS. The EDS mapping of the other fresh and spent catalysts are in Appendix B and

show similar behavior.
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5.1. Conclusion

This work showed the effect of adding Mg and Al on the performance of Ni/CaO
catalyst during SESRE process. XRD results showed the presence of CaO, NiO, CaCOs,
Ca(OH), and NiO for calcined samples and Ni° for reduced ones. TPR profiles showed
the occurrence of weak and strong interactions between NiO and CaO. The samples doped
with Mg and Al presented a high temperature of reduction, which could indicate NiAl2O4
formation even though no characteristic peaks of this spinel were shown by XRD. TPR
results also showed that the temperature used for catalyst activation was sufficient to
ensure a high degree of Ni reduction. The TGA evaluated the effect of the addition of
inert materials into CaO during 20 carbonation and decarbonation cycles. Although
Ni/CaMgAl-68 showed higher stability, in terms of CO> capture capacity, Ni/CaMgAl-
79 showed the best result after the cycles, both in terms of gcat and gCaO. The results
showed that the addition of these dopants increased cyclic stability and reduced the loss

of CO; uptake capacity.

In the catalytic tests, all samples achieved an ethanol conversion of 100% for all
the 10 cycles, as expected, due to the high amount of catalyst added into the reactor. In
the 1% cycle, Ni/Ca catalyst was the one that had the longest pre-breakthrough period
(50 min), but by the end of 10 cycles, this time was reduced to less than 30 minutes. The
sample N1/CaMgAl-79 also presented some loss of duration from 45 minutes in the first
cycle to 30 minutes in the 10" cycle. Only Ni/CaMgAl-68 catalyst maintained constant
the pre-breakthrough period over the 10 cycles of reaction and decarbonation (30 min).
However, this catalyst had low capture capacity right in the first cycle, which justifies the
small loss in sorption capacity during SESRE, as confirmed by TGA. For all the catalysts,
the H, mean molar fraction, in dry basis, was almost the same in the 1% cycle during pre-
breakthrough stage. Furthermore, Ni/Ca and Ni/CaMgAl-79 catalysts had a slight
increase in the H> molar fraction during pre-breakthrough of the 10™ cycle. TGA of the
spent catalysts showed that there was carbon formation on the surface of the material,
however no filamentous carbon could be observed by SEM. The textural analysis

indicated that there was sintering of the Ni/Ca sample through the decrease of its specific
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surface area, which can be confirmed by showing a larger particle in SEM analysis. The
results showed that doping Ni/Ca catalyst with Al and Mg may lead to materials with
higher stability, which can be advantageous for SESRE processes.

5.2. Suggestions for future work

e Study the addition of metallic oxides (such as MgO, Al>O3, CeO>, Lax03, Y203)
as dopants in industrial waste with CO> capture capacity.

e Perform catalytic tests using other types of doped sorbents, such as LisSiOs,
Li2ZrO3 and NaZrOs.

e Study sorption enhanced steam reforming of other molecules, such as acetic acid,

phenol, glycerol.
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APPENDIX - SUPLEMENTARY INFORMATION

A. Nitrogen Physisorption
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Figure A.1. Nitrogen adsorption (unfilled points) and desorption (filled points)
isotherms at 77 K for the studied catalysts.
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B.  Mapping of the chemical elements
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Figure B.1. EDS mapping for the fresh Ni/Ca catalyst.
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Figure B.2. EDS mapping for the spent Ni/Ca catalyst.
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Figure B.3. EDS mapping for the fresh Ni/CaMgAl-68 catalyst.
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Figure B.4. EDS mapping for the spent Ni/CaMgAl-68 catalyst.
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