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Abstract

Concerns over environment and fossil fuel depletion led to the concept of “hydrogen
economy”’, where hydrogen is used as energy carrier. Nowadays, hydrogen is mostly
produced from natural gas. As alternative, ethanol is one of the ideal resources for
hydrogen production, since it can be obtained from renewable biomass. The essence is
that this process is carbon neutral. Moreover, the combination of steam reforming
with in situ carbon dioxide adsorption during ethanol conversion enhances the
reaction above the thermodynamic equilibrium to produce more hydrogen. As a result,
sorption enhanced steam reforming for hydrogen production has been investigated in
this thesis.

The objective of this work is to develop suitable catalytic/sorbent systems for high
purity hydrogen production by sorption-enhanced steam reforming of ethanol (SE-
SRE), applying different operating conditions and cyclic operations to improve the
performance of the process.

First, a preliminary experimental study on SE-SRE with commercial materials has
been carried out. Theoretical studies consist of the thermodynamic analysis of the SE-
SRE system with different sorbent materials. A kinetic investigation on a commercial
nickel-based catalyst can also be found. Furthermore, homemade hybrid materials
with nickel and copper as active phases and hydrotalcite sorbent as support have been
prepared and tested for SE-SRE. On the other hand, the adsorption capacity of the
hydrotalcite sorbent could be improved by impregnating a potassium promoter with
potassium nitrate as the alkali precursor. Finally, a multifunctional material with
potassium promoted hydrotalcite sorbent as support, and a nickel-copper alloy as
active phase has been developed.

The process study has been carried out to develop a continuous hydrogen
production operation from SE-SRE. For this purpose, homogeneously packed
columns with two sub-sections have been simulated, and a four-step pressure swing
cyclic process has been used to achieve a continuous operation, where hydrogen with
high purity can be produced continuously. Finally, adsorptive reactors with a two-
dimensional mathematical model have been developed in the simulation of a pressure
swing process with a seven-step cycle scheme. A parametric study has also been

carried out to improve the performance of cyclic operation process.



Resumo

As preocupag@®s com 0 meio ambiente e a escassez de fontes f&seis resultaram no
conceito da economia do hidrogéio, onde hidrogé&io € reconhecido como vector
energéico universal. Hoje em dia o hidrogénio éproduzido maioritariamente a partir
de g& natural. Como alternativa o etanol pode ser considerado uma fonte ideal para a
produc@ de hidrogénio devido asua obtenG a portei de biomassa renovével etanol.
A esséncia deste processo €que ele €neutro na utilizagg® do carbono. Podemos
tambén admitir que a combinaG da reforma por vapor de &ua in situ com a captura
de dic&ido de carbono por adsorG@ durante a convers& do etanol acelera a reacG,
conseguindo assim, em teoria, aproximarmo-nos do equil brio termodin&mico.
Concluindo, a reforma de etanol por vapor de &ua com sorGg® de dicido de carbono
para a producG de hidrogéio foi estudada na presente tese de doutoramento.

O objetivo deste trabalho foi desenvolver um sistema hbrido de catalisador com
adsorvente para a produc de hidrogénio puro com sorG@ de dickido de carbono
para a reforma de etanol com vapor de &ua (SE-SRE), usando diferentes adsorventes
e maté&ias com propriedades catal ficas, aplicando condig®s operat&rias diversas e
operag®s c Tlicas para melhorar o desempenho do processo.

Foi elaborado um estudo experimental preliminar para a SE-SRE com materiais
comerciais. Os estudos te&icos consistem na andise termodin&mica do sistema da
SE-SRE com diferentes absorventes, e a investigagi® da cinéica num catalisador de
nguel comercial. Alén disso, materiais h bridos caseiros com nmuel e cobre como
fases activas, e adsorvente & base da hidrotalcite usado como suporte, foram
preparados e testados para a SE-SRE. A capacidade de adsorGga® do adsorvente abase
da hidrotalcite foi também melhorada através da impregnagd® do promotor de
pot&sio, com nitrato de potd&sio como precursor alcalino. Por Udtimo foi
desenvolvido um material multifuncional com pot&sio como promotor, hidrotalcite
como adsorvente e suporte, e uma liga de n muel-cobre como fase activa.

Finalmente, o estudo do processo foi realizado para desenvolver uma operacg de
produgd de hidrogénio a partir da SE-SRE em cont muo. Para este fim, as colunas
empacotadas homogéneamente com duas sub-secg®s foram simulados, e um
processo c Elico de quatro etapas com modulacgd de pressé foi usado para conseguir
uma operagg contmua, em que o hidrogénio de elevado grau de pureza pode ser
produzido. Reactores de adsorg® com o modelo matem&ico bidimensional também



foram desenvolvidos na simulag@® de um processo de modulagd de press& com um
sistema de ciclo de sete passos. Um estudo paramérico tambén foi realizado para

melhorar o desempenho do processo de funcionamento c Elico.
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Chapter 1

1. Introduction

1.1 Energy Demand and Environmental Impacts

Along with the development of economy, the demand for energy has increased
dramatically. International Energy Outlook (IEO) analysis in 2013 [1] indicates a
continuous world energy demand growth during the first half of this century, as shown
in Figure 1-1. The world energy consumption is expected to expand from 553
quadrillion kJ in 2010 to 664 quadrillion kJ in 2020 and then to 865 quadrillion kJ in
2040 (an increase of 56% within three decades). Additionally, a large proportion of
energy consumption grows up in developing countries outside the Organization for
Economic Cooperation and Development (OECD), where the energy demands are

driven by a robust long-term economic growth [2].
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Figure 1-1 World energy consumption [1].

Nowadays, over 80 % of the energy consumption relies on fossil fuels such as oil,
natural gas and coal, as depicted in Figure 1-2. According to the IEO [1], these
nonrenewable energy sources will dominate the energy system in the first half of the
21% century. However, the use of fossil fuels for energy production leads to numerous
environmental impacts. The release of greenhouse gases such as carbon dioxide and
methane becomes the main concern for global warming up, while the emission of
nitrogen oxides and sulfur-oxygen species contributes to acid rain. Consequently,

finding alternative ways to meet the energy demands and solving the ecological

1
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impacts at the same time is a major challenge for researchers nowadays. Recently, the
“hydrogen economy” [3], which is considered as a promising solution has attracted

worldwide interest.
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Figure 1-2 World energy consumption by forms of fuel [1].

1.2 Hydrogen Economy

The “hydrogen economy”, which was proposed by Lawrence W. Jones in 1970 [4], is
a system where hydrogen is used as universal energy carrier instead of using fossil
fuels for the current hydrocarbon economy. As a clean energy carrier, hydrogen can
offer many advantages for a sustainable future development. Hydrogen, as an
universal fuel [5], can be produced from a wide range of feedstocks [6] including
natural gas, heavy oil, light oil and coal. Supply infrastructures can be developed
according to the feedstocks available in local regions [3]. Hydrogen can also be
produced from renewable fuels or biomass, such as bio-ethanol. The contribution to
net-zero carbon dioxide emissions [7] and long term a sustainable production [3] are
the major advantages. In addition, the use of hydrogen is environmentally friendly,
because little or no polluting emissions can be generated from the combustion of
hydrogen. Hydrogen is especially applicable as fuel for fuel cells, which have higher
energy utilization efficiencies than conventional combustion engines [8].

A variety of hydrogen production technologies are available and can be classified
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into the following categories:

® Thermochemical, including coal gasification [9], hydrocarbons reforming [10],

catalytic cracking [11], etc.;

® Electrochemical, including water electrolysis [12], water vapor electrolysis

[13], chlor-alkali process [14], etc.;

® Photochemical [15] or photocatalytic [16] water cleavage;

® Biological technology, including photobiological production [17], organic

fermentation [18], etc.

The thermochemical method [10] includes the catalytic steam reforming, partial
oxidation and auto-thermal reforming of a variety of gaseous and liquid fuels such as
hydrocarbons, methanol, ethanol and carbohydrates. In addition, gasification and
pyrolysis processes [19] are used when the feedstocks are solids such as coal, wood
and other biomass derivatives. On the other hand, hydrogen production from water by
using electricity is a very typical electrochemical method to obtain high purity
hydrogen. Other technologies, such as photobiological [20] or photocatalytic [16]
methods produce hydrogen from water using the photosynthetic activity of
microorganisms or catalysts are still in laboratory research stage.

Current commercial processes for hydrogen production largely (more than 50 % in
the world) depend on natural gas as source for hydrogen and the source of energy for
the production process. Most of these production processes employ the reforming
technology [10, 21, 22]. Depending on the feed composition and type of the reactor
employed, at least three different methodologies are employed for the industrial
production of hydrogen from methane, steam methane reforming (SMR), partial
oxidation (PROX) and auto thermal reforming (ATR)/oxidative steam reforming
(OSR) [10, 21-23], as shown in Figure 1-3.

In the SMR process, a mixture of methane and steam reacts over the catalyst bed to
produce carbon monoxide and hydrogen, known as the syngas product. The reaction
is highly endothermic and requires external heat supply. On the other hand, methane

and oxygen are used as reactants in the PROX process. In this process, a part of
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methane is first combusted over the catalyst bed to produce carbon dioxide and water,
and then subsequently reacts with the remaining methane to produce carbon
monoxide and hydrogen [23]. PROX is a highly exothermic process and no external
heat supply is required. The ATR process is a combination of SMR and PROX. In this
process, a mixture of methane, steam and oxygen is feed into a combustion zone first,
where a part of methane is converted to generate a mixture of carbon monoxide and
water. At the same time, the heat generated in the combustion zone can be used for
the endothermic catalytic steam reforming reaction to produce hydrogen. In some
cases [24], the combustion and the catalyst bed sections are integrated into one

section.

Steam Methane Reforming (SMR)

HTt
CH4+ H,0
i »| Catalyst Bed 3H,+ CO >
Partial Oxidation (PROX)
Heat
2CH;+ O, 4H,+ 2CO

\i

Catalyst Bed

\/

Auto Thermal Reforming(ATR)/

Oxidative Steam Reforming (OSR)
Heat

\ i

2CH4+ H,0 +0.50 5H,+ 2CO
iz 2 | Combustion Catalyst Bed 2 &

\4

Figure 1-3 Different methodologies for hydrogen production from methane.

However, all these reforming methods produce hydrogen from non-renewable
sources, resulting in additional carbon dioxide emissions and fossil fuel depletion.
From the viewpoint of sustainable development, the use of methane as the feedstock
cannot meet the requirement. Therefore, it is necessary to employ alternative source

for hydrogen production which is renewable and eco-friendly.
4
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1.3 Ethanol as Hydrogen Source

Ethanol is regarded as one possible solution to minimize global climatic changes as
well as energy security [25]. Most ethanol is currently produced by fermentation of
sugars derived from various biomass resources such as corn, sugarcane, lignocellulose,
etc. However, ethanol produced from grains such as corn may lead to increasing food
prices, due to the limited arable land for agriculture production [26].

On the other hand, lignocellulose is the most abundant biomass in the world which
consists of three major components: cellulose (38-50 %), hemicellulose (23-32 %)
and lignin (15-30 %) [27]. The use of lignocellulose as ethanol source can not only
increase the availability of feedstock for ethanol production, but also considerably
reduce the land need and environmental concern, which has been considered as a
potential source for low-cost ethanol production [28]. As a result, there is an
increasing interest in producing ethanol from lignocellulose [29].

However, the crude ethanol obtained from the fermentation process needs to be
distilled before used as ethanol fuel. A large amount of energy is required for the
distillation towers to produce water-free ethanol, while most of the power source
comes from fossil-derived fuels. It is an energy intensive process which may
contribute more than half of the total production costs of ethanol fuel [30]. According
to the estimations of the U.S. Department of Agriculture [31], the ratio of energy
output to energy input in the corn-based ethanol production is no more than 1.34,
which means the overall energy efficiency of the production process is only around
25 %. However, the cost intensive distillation process can be avoided if the crude
bio-ethanol is directly converted into hydrogen by catalytic reforming.

The use of ethanol-derived hydrogen for power generation through fuel cells
suggests that the overall process completes in a closed carbon cycle, avoiding net

carbon dioxide emission into the atmosphere [32], as shown in Figure 1-4.
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Figure 1-4 Carbon cycle for energy production based on bio-ethanol reforming, modified from

Deluga et al. [32].

First, fermentable sugars (glucose, as an example) can be produced by hydrolysis
of the lignocellulose material [27, 33], which is formed from photosynthesis of carbon
dioxide and water, 6 moles of oxygen will be released during this process. Then, the
fermentation process converts the sugar into 2 moles of ethanol and 2 moles of carbon
dioxide using a small amount of energy. Steam reforming of these 2 moles of ethanol
with 6 moles of water produces 12 moles of hydrogen and 4 additional moles of
carbon dioxide.

The hydrogen produced can be employed in a proton exchange membrane fuel cell
(PEMFC) to generate electricity, which has very high energy efficiency [34]. It is
estimated that the overall energy efficiency can reach 50 % [32], which is much
higher than using ethanol as fuel for combustion engines. Besides, the hydrogen
produced can also be used for ammonia synthesis, methanol synthesis, petroleum
refining and other hydrogenation processes.

As a result, research efforts on hydrogen production from ethanol have increased

dramatically in recent years [35-42].
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1.4 Steam Reforming of Ethanol

In principle, the reforming methodologies available for hydrogen production from
light hydrocarbon can also be employed for ethanol as feedstock. However, some
modifications are required. For instance, the additional combustion zone is not
required in ATR of ethanol, since the reaction temperature for ethanol reforming is

relatively lower than that required for methane reforming, as illustrated in Figure 1-5.

Steam Reforming of Ethanol (SRE)
Heat

l

C,H;OH + 3H,0
s 2 Catalyst Bed 6H, + 2C0O, >

Y

Partial Oxidation of Ethanol (PROX)

Heat

T

C,HsOH + 3/20, 3H,+ 2CO,
»| Catalyst Bed >

Auto-Thermal Reforming (ATR)/
Oxidative Steam Reforming (OSR)
Heat

[

C,Hs0H + (3-m)H,0 + n/20, (6-m)H;, +(2-n)CO, + nCO
> Catalyst Bed >

Figure 1-5 Different reforming methodologies for hydrogen based on ethanol as feedstock.

On one hand, PROX process is exothermic and an external heat supply is not
required. However, only 3 moles of hydrogen are produced from each mole of ethanol
converted in the PROX process. The theoretical amount of hydrogen produced from
ethanol via PROX would only be half of that obtained from SRE process. As a result,
PROX process is unlikely to be employed for hydrogen production [43].

On the other hand, a mixture of ethanol, steam and air/oxygen with an appropriate
ethanol/water/oxygen ratio can be used as feed in the ATR process [32, 44]. The
amount of air/oxygen depends on the reaction temperature required to achieve a

condition of thermal balance. This process is also known as the oxidative steam
7
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reforming (OSR) process [45-47], sometimes referred as catalytic partial oxidation
(CPOX) by Verykios et al. [48] and Salge et al. [49] with a mixture of ethanol, water
and oxygen reacting over structured noble metal based catalysts.

The ATR/OSR hydrogen production process from ethanol, as shown in equation
(1.1), combines steam reforming and partial oxidation to overcome some obstacles of

steam reforming (SR) and partial oxidation reactions (PROX) [32, 45-47].

C,H.OH (g) +2.28H,0(g) +0.360,(g) — 5.25H,(g) + 2C0,(g) (1.1)

The process produces significantly more hydrogen than PROX, theoretically 5
moles of hydrogen will be obtained per mole of ethanol converted, and the process
can become thermally neutral by adjusting the ethanol/water/oxygen(air) molar ratios
[48], so that external heat supply is not required.

However, the ATR process also has its own drawbacks; an expensive and complex
oxygen separation unit is always required in order to feed pure oxygen into the reactor,
or using a similar equipment to separate the product gas diluted in nitrogen when air
is used in the feed [5]. The highly exothermic reaction may also cause hotspots in the
catalyst bed, leading to catalyst sintering and deactivation. Finally, this process
produces less amount of hydrogen from each mole of ethanol converted than steam
reforming process, making the ATR process less attractive.

Among the three different reforming processes discussed above, theoretically the
SRE process can generate the highest hydrogen yield, 6 moles hydrogen can be

obtained per mole of ethanol converted, as shown in equation (1.2):

C,HsOH (g) +3H,0(g) <> 6H,(g) +2CO,(9) (1.2)

This makes the SRE more attractive in terms of power generation via hydrogen
fuel cells. It is estimated that around 12828 kJ net energy output can be obtained from
1 liter of ethanol via SRE, which is about 3 times higher than the energy output
obtained when ethanol is used as a fuel for the internal combustion engine [50]. It is
now clear that SRE is the preferred process in terms of hydrogen production.
However, it is a highly endothermic process and an external heat supply is required.

The SRE process involves several reactions over the catalytic system, which is
8
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highly endothermic and usually performed at relatively high temperatures in the range
from 573 to 1073 K.

Most of the experimental investigations were performed with a stoichiometric
steam-to-ethanol molar ratio (Rsg) of 3 in the feed. However, higher Rse, even up to
20 can also be used [51], due to the fact that crude ethanol which contains 14 vol. %
of ethanol has this molar ratio. It is worth to note that, higher Rge in the feed can
suppress the formation of carbon monoxide and carbon deposition, which are poisons
for fuel cells and SRE catalysts, respectively. Besides, bio-ethanol is a slightly brown
liquid mainly consist of ethanol and water with residual amounts of n-propanol (~ 0.4
vol. %), methanol (~ 1 vol. %), acetaldehyde (~ 0.4 vol. %), acetone (< 0.1 vol. %),
etc. [52]. The impact of impurities from bio-ethanol on hydrogen production
performance from SRE has been investigated by Le Valant et al. [53] with a Rge = 4.
They found that the addition of acetaldehyde and methanol can improve the hydrogen
production without changing the product selectivity, while butanol, ethylether and
ethyl acetate compounds have a strong deactivation effect [54]. In order to suppress
the coke formation, the acidic sites of the support, which is responsible for olefin
formation at the origin of coke production, can be decreased by addition of rare earth
elements [55]. On the other hand, thermodynamic analyses have shown that the
carbon deposition can be eliminated with a Rg/e higher than 4 [56].

SRE is an endothermic reaction that means higher temperatures favor hydrogen
yielding. However, the equilibrium limitation of the WGS reaction inhibits the
production of high purity hydrogen (absence of carbon monoxide). Therefore, the
hydrogen-rich product must be purified by cost intensive separation units before used
in fuel cells [5], making the process economically unattractive. To overcome these

drawbacks, sorption enhanced reaction process can be used as a promising solution.

1.5 Sorption-Enhanced Reaction Process
Most of the chemical reactions are limited by equilibrium between reactants and

products. As a result, it is necessary to introduce separation processes to separate the
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equilibrium mixtures and to recycle the unconverted reactants. The number of the
separation steps is mainly dependent on the number of products produced, number of
the solvents used and reactants that have not been converted. The more separation
steps used, the more operation procedures and energy input are required.

In order to reduce the costs of separation processes, the integration of reaction
unit(s) and separation unit(s) into one [57] is derived. In this integrated unit, the
product compound(s) is continuously being separated from the reaction zone. The
major characteristic of an integrated reaction and separation unit is the existence of at
least two phases, a reaction phase and a transport phase [58]. In the case of hydrogen
production via steam reforming, a selective solid adsorbent is used to adsorb carbon
dioxide from the product gas phase, this integrated process is commonly referred as
sorption-enhanced reaction process (SERP) [59].

The concept of SERP [60] is based on Le Chatelier’s principle: when one of the
products is removed, the equilibrium can be shifted towards the formation of more
products. Therefore, if the carbon dioxide can be selectively removed from the
product gas phase by an appropriated solid sorbent, the normal equilibrium limit of
equation (1.2) can be displaced and a complete conversion can be closely approached
[61]. According to Mayorga et al. [62], SERP has several potential advantages
including:

® Replacement of high-temperatures (973-1273 K) required in the reforming
reactor;

® Simplification of the hydrogen purification section due to higher hydrogen
purity and lower concentrations of COx compositions;

® Suppression of carbon deposition in the reactor;

® Lower investment costs due to a reduced number of operating units.

To date, extensive research has been done on the SERP of hydrogen production
from methane, but only few studies have been done on the sorption-enhanced steam
reforming of ethanol (SE-SRE). Therefore, some part of the knowledge gained and

concepts used in the sorption-enhanced steam methane reforming (SE-SMR) process
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are useful for hydrogen production from ethanol. SE-SMR process has been
investigated experimentally and theoretically. SE-SMR simulations and optimization
were first reported at LSRE by Xiu et al [63-65]. Subsequently, the SMR kinetics of
the nickel-based catalysts [66, 67] and the adsorption performance of modified carbon
dioxide sorbents [68] were studied, and used to investigate SE-SMR for hydrogen
production by Oliveira [69].

In previous studies, a hybrid system containing a steam reforming catalyst and
carbon dioxide adsorbent mixture was developed. One typical example of this hybrid

system used for SE-SRE can be found in Figure 1-6.
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Figure 1-6 The hybrid system for sorption-enhanced steam reforming of ethanol.

On the upward side of Figure 1-6, SERP is carried out where the catalyst and the
sorbent are arranged in a random mixing pattern system. Theoretically, only hydrogen
and excess steam will be obtained from the outgoing stream before the carbon dioxide
adsorbent is saturated. Note that SERP requires the periodical regeneration of the
sorbent when it is saturated with carbon dioxide, as shown in Figure 1-6. The most
common regeneration techniques are pressure swing, purge, temperature swing and
the hybrid methods [59].

Temperature swing regeneration is carried out by increasing the temperature of the
sorbent material, consequently decreasing the sorption capacity of the material and
releasing the adsorbed carbon dioxide. The main drawback of this technology is an

extended period of time required to cool down the sorbent. On the other hand,
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pressure swing desorption can be carried out by decreasing the partial pressure of
carbon dioxide in the gas phase, which can be completed in a few minutes.

The concept of SERP is not new, according to Harrison [59], the first report of
SMR in the presence of a calcium-based sorbent was published in 1868 [70]. Up to
date, most of the SERP researches have focused on the use of methane (natural gas) as
feedstock, known as sorption-enhanced steam methane reforming (SE-SMR) [59,
71-75], sorption-enhanced water-gas-shift (SE-WGS) [76] process with carbon
monoxide as feedstock and sorption-enhanced steam glycerol reforming [77-80]. In
addition, several projects such as ZEG Power (Zero Emission Gas Power) [81] in
Norway and SE-WGS process by Energy Research Centre of the Netherlands have

reached pilot stages.

1.5.1 Sorption-Enhanced Steam Methane Reforming

There are already many publications available on SE-SMR process that can be found
from some recent reviews [59, 71-75, 82]. Primary efforts were devoted to the
development of high temperature carbon dioxide sorbents and multi-cycle operation
performance of the catalyst-sorbent materials. Calcium-based sorbents and potassium
promoted hydrotalcite (K-HTIc) sorbents have received more attention than
lithium-based sorbents due to the relatively low adsorption rate and high cost of
lithium-based materials [83], even though they are found to have excellent multi-cycle
stability.

Calcium-based sorbents are employed in most of the SE-SMR studies. Johnsen et
al. [84] carried out the experimental study with dolomite as the carbon dioxide sorbent
in a bubbling fluidized-bed reactor. The operating temperature and pressure are 873 K
and 1 atm, respectively. The product gas with a hydrogen concentration over 98 mol %
could be obtained. Wu et al. [85] performed a SE-SMR process using calcium
hydroxide as the carbon dioxide adsorbent. A 94 mol % hydrogen-rich gas was
achieved, which is approximately equal to 96 % of the theoretical equilibrium limit,

and much higher than the equilibrium concentration of 67.5 mol % without carbon
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dioxide sorption under the same conditions at 773 K, 0.2 MPa pressure and a Rg/c of 6.
In addition, the residual mole fraction of carbon dioxide was less than 0.001.
Chanburanasiri et al. [86] performed SE-SMR tests using Ni/CaO multifunctional
material with a nickel metal content of 12.5 wt. % as the catalyst and carbon dioxide
sorbent, a high hydrogen concentration (80 mol %) was obtained at atmospheric
pressure with a Rsc of 3 and 873 K. In addition, Broda et al. [87] performed SE-SMR
with Ni-Htlc derived catalyst and two different CaO-based sorbents, Ca-based pellets
and Rheinkalk limestone. They found that high-purity hydrogen (99 %) can be
obtained at 823 K and Rgc = 4, and the pellets showed better performance during the
cyclic operation due to the stable nanostructured morphology.

On the other hand, Oliveira et al. [69] conducted sorption-enhanced experiments
using a potassium promoted hydrotalcite as the carbon dioxide sorbent. It was found
that during cyclic SE-SMR experiments, methane conversion and hydrogen purity
was 43 % and 25 %, receptively, which is better than for a normal SMR reactor.
Additionally, a mathematical model for this process was proposed and tested. It was
found that this model was able to describe the SE-SMR experiments without any
fitting parameters.

However, the performance of the SE-SMR process can be affected by several
operating parameters, design parameters as well as physical and chemical parameters,
while effects of these parameters are always coupled. As a result, it would be almost
impossible to achieve the ideal conditions of SE-SMR process just by experimental
tests alone. Modeling and simulation can significantly improve the performance of
SE-SMR systems.

Different operating conditions were tested by Xiu et al. [63-65] to achieve high
hydrogen purities and low carbon monoxide concentrations in the effluent stream
from SE-SMR. The simulations performed by Xiu et al [63] show that a hydrogen
purity of 86.8 mol % together with 587 ppm of carbon dioxide and 50 ppm carbon
monoxide can be achieved. Xiu et al. [88] also applied a subsection-controlling

strategy to design the SE-SMR reactor. The product gas had a concentration of
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hydrogen over 85 mol %, together with a carbon monoxide concentration below 30
ppm and a carbon dioxide concentration below 300 ppm.

Ochoa-Fernandez et al. [89] studied SE-SMR with lithium zirconate as sorbent. A
kinetic equation for the sorbent material, with carbon dioxide partial pressure and
temperature as parameters, has been developed. Afterwards, the hydrogen production
process by SE-SMR was simulated in a fixed-bed reactor, where a Ni catalyst derived
from a hydrotalcite-like precursor has been employed as the steam reforming catalyst.
Simulation results show that the product gas with a hydrogen purity more than 95
mol %, and the concentration of carbon monoxide less than 0.2 mol % can be
produced in a single step.

Lee et al. [90, 91] simulated two different SE-SMR systems with in a fixed-bed
reactor and in a moving-bed reactor, respectively. In the moving-bed reactor, the
nickel-based reforming catalyst and calcium oxide based carbon dioxide sorbent
pellets are moved simultaneously with gaseous reactants. Effects of operating
parameters such as the temperature, pressure and Rs,c on SE-SMR systems have been
investigated. In the fixed-bed reactor, at 923 K, a Rs,c 7 in the feed and a pressure
higher than 100 bar, a product gas with less than 50 ppm of carbon monoxide can be
obtained during the pre-breakthrough stage. In the moving-bed reactor, by using the
optimal feed rates of 1.0 kg-h™ of calcium oxide and 22.4 NL-h™ of methane at 973 K
with a Rgc of 3, the purity of hydrogen can reach 94.0 mol % with 2.5 mol % of

carbon monoxide in the gas phase.

1.5.2 Sorption-Enhanced Steam Reforming of Ethanol
To date, most of the SERP researches are focused on the use of methane (natural gas)
as feedstock, while only a small number of experimental studies have been carried out
on sorption-enhanced steam reforming of ethanol (SE-SRE).

Among these studies, calcium oxide-based materials have been widely used as the
carbon dioxide sorbents. Lysikov et al. [92] compared different feedstocks for

hydrogen production via SERP over a mixture of a commercial nickel-based catalyst
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and calcium oxide sorbent. It was found that ethanol exhibits the best performance
among all the feedstocks studied, a 98 vol. % purity of hydrogen-rich gas, with
impurities of carbon monoxide and carbon dioxide less than 20 ppm, was obtained.
With ethanol as feedstock, He et al. [61] carried out SERP over a mixture of Co—Ni
catalyst derived from hydrotalcite-like compounds (HTIc) and calcined dolomite as
carbon dioxide sorbent. A good performance was observed at 823 K and the product
gas contains 99 mol % hydrogen with only 0.1 mol % of carbon monoxide. Besides, a
study on SE-SRE with Ni- and Co-incorporated MCM-41 catalysts, with calcium
oxide as carbon dioxide sorbent, has been performed by Gunduz and Dogu [93],
where the yield of hydrogen can reach 94 % (dry basis) at 873 K with a Rge of 3.2 in
the feed.

On the other hand, other high temperature carbon dioxide sorbents such as
lithium-based materials and HTIc materials can also be used. lwasaki et al. [94]
performed SE-SRE reaction with lithium silicate as carbon dioxide sorbent over 1 wt. %
Rh/CeO; catalyst. A product gas with hydrogen purity 96 mol % was obtained at 823
K, atmospheric pressure and steam-to-ethanol molar ratio of 3 in the feed. In addition,
Essaki et al. [95] reported that the concentration of hydrogen can reach 99 mol %
along with carbon monoxide below 0.12 mol % by SE-SRE over a commercial
nickel-based catalyst, with lithium silicate as sorbent at similar conditions. Besides, a
commercial nickel-based catalyst with an HTIc sorbent was employed by Cunha et al.
[96] as a hybrid system in a multilayered pattern arrangement. The results of SE-SRE
at 673 K with a Rge of 10 in the feed showed that pure hydrogen was produced in the
first 10 min of reaction.

Finally, hybrid materials [97, 98] with Cu or Ni as the active metal phase and HTIc
sorbent as the support have also been employed for SE-SRE. These materials were
found to have good catalytic performance to produce hydrogen from SE-SRE due to

their relatively high surface areas and small crystal sizes.
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1.6 Materials for Sorption-Enhanced Steam Reforming of Ethanol

As demonstrated in recent reviews [35-42], hydrogen production from ethanol has
been extensively studied over the past two decades. Many efforts have been devoted
to the development of catalysts for SRE process. On the other hand, a successful
SE-SRE process requires promising high temperature carbon dioxide sorbents; these

materials have also been extensively investigated in recent years.

1.6.1 Catalysts for Steam Reforming of Ethanol

The performance of catalytic materials depends on several factors such as the role of
the active phases and supports on the reaction network, the precursors used, the
method adopted for catalyst preparation as well as the presence of promoters.

Various catalytic systems such as single active metal, mixed active metals with
single oxide support, mixed oxide supports and other novel support materials such as
activated carbon have been used [39, 40, 42, 99]. According to the type of the active
metals employed in these studies, catalytic systems can be generally classified into
three categories:

® Supported noble metal based catalysts;

® Supported non-noble metal based catalysts;

® Bi-metallic/alloy catalysts.

The supported noble metal catalysts using Rh, Ru, Pd, Pt, Re, Au and Ir as active
phase [99-107] have been extensively investigated for SRE; these catalysts are
recognized as very active within a wide range of temperatures (623 ~ 1073 K) and
space velocities (5000 ~ 300000 h™). The excellent catalytic performance of noble
metal catalysts might be related with their excellent capability in C-C and C-O bond
cleavage [99, 108].

Among these noble metals, Rh is found to be the most active metal for ethanol
conversion and hydrogen production [103, 104]. The best performance of Rh-based
catalysts is reported by Diagne et al. [105], up to 5.7 mol hydrogen can be produced
per mol of ethanol at 723 K over a CeO,—ZrO, supported Rh catalyst, which is equal
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to 95 % of theoretical hydrogen yield. The density functional theory calculation and
electronic structure analysis have been performed to investigate the reforming
mechanism for SRE over different metal surfaces [53, 109]. Wang et al. [53] found
that Rh- and Ir-based catalysts have excellent conversion efficiencies due to the lower
decomposition barriers and the superior redox capabilities than other catalyst systems.
However, even the metal loadings of the noble metal-based catalysts are relatively
low (0.5 - 5 wt. %) compared with non-noble metal samples (typically 10 - 25 wt. %),
but the extremely high unit price limits their large scale industrial application.

Due to severe mass and heat transfer limitations, conventional steam reformers are
limited to an effectiveness factor for the catalyst which is typically less than 5 % [110].
It was found that the activity of catalysts is rarely the limiting factor [111]. As a result,
increasing research efforts have been focused on the development of non-noble metal
based catalysts. According to the publications up to date, the efforts mainly focuses on
Co, Cu and Ni-based catalyst systems [39, 40, 42, 106]. As typical transition metals,
the active outer layer electrons and associated valence states make it possible for these
metals to be candidates for SRE. In addition, some of these catalysts have already
been employed in an industrial scale steam reforming of methane [10].

Llorca et al. [112-114] studied Co-based catalysts with different supports (y-Al,Os,
Si0,, TiO,, V705, ZnO, Sm,03, and CeO,). Good activity and selectivity was found,
nearly 5 mol of hydrogen can be produced per mol of ethanol converted over the
Co/ZnO sample [112]. Besides, it was also proved that the cobalt phase is very
efficient in C-C bond cleavage even at temperatures as low as 673 K [114]. However,
it was found that Co-based catalysts can easily be deactivated within a short period
during SRE [115]. It is generally believed that the deactivation can be attributed to
cobalt oxidation as well as coke formation [40, 116]. In addition, temperature
programmed desorption and reaction experiments have been performed by Benito et
al. [117] to determine the intermediate species in the reaction mechanism for SRE
over a catalyst based on La-promoted Co/ZnO. Moreover, it was found that the

adsorbed ethanol is dehydrogenated to acetaldehyde producing hydrogen in the first
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step. Then, the adsorbed acetaldehyde is converted into acetone by acetic acid
formation. At last, acetone can be reformed to produce hydrogen and carbon dioxide.

Copper-based catalysts are frequently studied systems in the methanol synthesis
and steam reforming of methanol due to the good selectivity and activity [118-120].
Steam reforming of ethanol on CuO/ZnO/Al,O3 catalyst was first investigated by
Cavallaro and Freni [121]. It was found that copper is very effective for
dehydrogenation of ethanol at 623 K due to its ability to maintain the C-C bond [121,
122].

However, the C—C bond cleavage for hydrogen production using ethanol instead of
methanol requires much higher reforming temperatures. It was found that Cu-based
catalysts always undergo a relative fast deactivation due to the aggregation of copper
on the surface of the support materials at high temperatures [123]. As a result, only
few studies can be found in literature where copper-based catalysts are used for SRE
process [121, 124-129].

Additionally, in most cases Cu-based catalysts employed for SRE are combined
with other active metals such as Ni, Fe and Co [123, 124, 126-130] or arranged as
two-step process with other catalysts [39, 131] to improve the SRE performance and
stability. Besides, many catalyst systems with two or more combined active metals
such as Co, Ni, Fe, Zn, Cu, Pt and Cr can also be found in literature [132-137]. These
catalysts can be referred as bi-metallic or alloy metal catalysts.

On the other hand, Ni-based catalysts have been most extensively investigated
among all transition active metals for SRE. The relatively high C-C bond breaking
activity and the low cost production make the nickel-based catalysts suitable for
reforming reactions [101, 106, 107]. However, at high temperatures nickel-based
catalysts can easily lose activity due to sintering and especially coke formation [36,
106, 138, 139].

At low temperatures, ethylene can be produced from ethanol dehydration reaction,
and carbon may be formed by ethylene polymerization. At higher temperatures,

reverse carbon gasification and hydrocarbon decomposition reactions are the main
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possible sources of carbon deposition. Thermodynamic considerations indicate that
carbon deposition at higher temperatures (> 473 K) can be eliminated by a high Rse
[140]. The acid/base property of the catalyst support is also an important effect [139,
141, 142], since suppressing surface acidity can reduce ethylene formation and hinder
carbon deposition. It is worth to note that adding elements to neutralize acid sites can
be a very attractive method. Alkali or earth alkali metals (e.g., Na, K and Mg)
[142-146], and other rare earth elements (e.g., Sc, Y, La, Er, and Gd) [147-150] have
been tested in previous studies and proved to be effective.

Metal particles should also be stabilized against sintering at higher temperatures to
maintain the catalytic activity, e.g. by alloying nickel particle with a less active metal
[151] or increase the oxygen storage capacity of the catalyst [152]. It was found by
Vizcamo et al. [151] that the presence of Cu eliminates the large ensembles of Ni
atoms. On the other hand, oxide supports that exhibit an appropriate interaction with
the active phase to preserve a small metal particle size and good dispersion [146, 148,
153] without decreasing the reducibility [154] should also be considered.

As a result, the metal loading, the support material, the preparation method, the

promoter and alloying metal for nickel-based catalytic systems should be considered.

1.6.2 High Temperature Carbon Dioxide Sorbent Overview

The selection of an appropriate carbon dioxide sorbent for a SE-SRE process is not
straightforward and several requirements have to be fulfilled. According to Yong et al.
[155], the desired sorbent must have: (1) high selectivity and sorption capacity for
carbon dioxide at high temperatures; (2) high adsorption/regeneration reaction rates
for carbon dioxide at operating conditions; (3) stable adsorption capacity of carbon
dioxide after repeated adsorption/regeneration cycles; (4) adequate mechanical
strength of adsorbent particles after repeated adsorption/regeneration cycles. Finally,
SE-SRE requires regeneration of the adsorbent after saturation with carbon dioxide.
Regeneration can be carried out by temperature swing and/or pressure swing

depending on the nature of the sorbent and energy efficiency.
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According to the sorption temperatures, carbon dioxide sorbents can be classified
into three groups: low- (< 473 K), intermediate- (473 - 673 K) and high-temperature (>
673 K) sorbents [156]. Low-temperature carbon dioxide sorbents include materials
based on activated carbons, zeolites and alumina known as physisorbents. These
physisorbents are sensitive to temperature changes and have relatively low carbon
dioxide selectivity due to the weak physical adsorption force [157]. In order to carry
out carbon dioxide adsorption processes at intermediate- and high-temperatures,
chemisorbents must be used [155, 156, 158, 159]. Chemisorbents have a much higher
selectivity towards carbon dioxide and relatively higher adsorption capacities
compared with physisorbents [156]. Clearly, the physisorbents cannot be used for
carbon dioxide sorption under operation conditions employed for SE-SRE due to the
limitations discussed above, while chemisorbents, which can provide a reasonable
sorption capacity and selectivity at intermediate- and high-temperatures, become ideal
candidates for carbon dioxide adsorption in SE-SRE process.

Metal oxide based sorbents such as calcium oxide and alkali ceramic based
sorbents such as lithium zirconate are widely used as high-temperature chemisorbents
[156, 160, 161].

Due to a high sorption capacity at high temperatures, calcium oxide has been
widely used for the selective adsorption of carbon dioxide in SE-SMR [162-165] and
SE-SRE [61, 93] processes. The use of calcium oxide is environmental friendly and
economically attractive since calcium-based materials such as limestone and dolomite
are abundant and low cost [166, 167]. Calcium oxide adsorbs carbon dioxide at high

temperature (~ 873 K) by the carbonation reaction:
CaO(s) +CO,(g) — CaCO,(s) (AHZ . =-171.3kJ -mol ™) (1.3)

Regeneration will take place due to the reverse carbonation reaction at elevated
temperatures (> 1073 K), releasing the adsorbed carbon dioxide and regenerating the
calcium-based sorbent materials.

Reaction (1.3) proceeds by a rapid surface reaction-controlled step, followed by a
second stage of product layer diffusion-controlled process [168-170]. The first step
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involves a rapid reaction between carbon dioxide with calcium oxide at surface. In the
second step, the reaction slows down due to the formation of a layer of calcium
carbonate around the adsorbent, the mass transfer resistance increases for the
diffusion of carbon dioxide to reach internal calcium oxide for further carbonation
[170]. The low adsorption rate in the latter step has a very limited effect on the
enhancement of hydrogen production. Therefore, the initial fast step is considered to
be critical in determining the reactor size, conversion and hydrogen purity [171].

The loss of sorption capacity for calcium oxide-based sorbents is a typical
phenomenon during cyclic operation. Abanades et al. [172] found that the conversion
of calcium oxide decreased sharply from 70 % in the first cycle to 20 % after 10
cycles when tested in a fluidized-bed. Abanades [173] fitted several series of
experimental data to one equation to describe the adsorption capacity evolution of

calcium oxide during extended cyclic adsorption/regeneration operations:
Xy=f""+b (1.4)
where Xy is the conversion of calcium oxide within calcium carbonate at the N™ cycle,
with the constants f = 0.782 and b = 0.174. According to this equation, the adsorption
capacity of calcium oxide as function of the number of adsorption /regeneration

cycles is shown in Figure 1-7.
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Figure 1-7 CaO adsorption capacities during adsorption/regeneration cycles.

It can be observed from Figure 1-7 that deactivation is a major concern against the
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application of calcium oxide-based sorbents for their use in a SE-SRE process. It was
found by Wang et al. [174] that steam can be introduced during the adsorption process
to prevent the sintering of sorbents and facilitate the diffusion of carbon dioxide
within the sorbent. Analysis based on simulation results for SE-SMR showed that
calcium oxide must maintain at least 15 % of its thermodynamic capacity in the cyclic
operation to avoid large loss in the system efficiency [171]. Another drawback
associated with calcium oxide based materials is the high temperatures required for
regeneration. A large temperature gap between adsorption and regeneration increases
the energy consumption. In addition, high temperature can lead to the deactivation of
the catalyst used in SE-SRE.

Lithium-based sorbents are another kind of high temperature selective carbon
dioxide uptake material. In 1998, a sorption capacity of 4.54 mol-kg™ for carbon
dioxide was first reported by Nakagawa and Ohashi [175] using potassium carbonate
promoted lithium zirconate at high temperatures (673-873 K). The reversible

chemical adsorption/desorption reaction can be described as:
Li,ZrO,(s) +CO,(g) <> Li,CO,(s) + ZrO,(s)  (AHg. =-81.0kJ-mol™)(1.5)

It is found that only little carbon dioxide can be adsorbed when using the pure
lithium zirconate, and the sorption Kinetics are extremely slow, approximately 250
min is required to achieve the maximum adsorption capacity [176]. By doping lithium
zirconate with potassium, the sorption rate increases 40 times [175].

A double-shell mechanism for carbon dioxide sorption/desorption on lithium
zirconate was proposed by Ida and Y. S. Lin [177]. During the sorption process,
carbon dioxide diffuses to the surface of lithium zirconate and reacts with Li* and 0>
on the surface to form lithium oxide and lithium carbonate nuclei. When lithium oxide
nuclei grow to form a shell covering unreacted lithium zirconate, the sorption rate
decreases because Li* and O*™ have to diffuse through the lithium oxide shell to react
with carbon dioxide. Worse still, lithium carbonate nuclei form another shell outside
of lithium oxide shell. The lithium carbonate shell can also decrease the sorption rate,
because carbon dioxide molecules have to diffuse through this shell before reaction. It
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is found that the diffusion of carbon dioxide in solid lithium carbonate is the rate
limiting step for carbon dioxide adsorption over lithium zirconate materials [177]. The

whole adsorption and desorption process is illustrated in Figure 1-8.
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Figure 1-8 Mechanism for carbon dioxide sorption and desorption on lithium zirconate.

Besides lithium zirconate, Kato et al. [83] examined carbon dioxide adsorption
performances over several different lithium-based sorbents including LiFeO,, LiNiO,,
Li,TiO,, Li»SiO3 and LisSiO4. Among these materials, lithium silicate was found to
have the highest adsorption capacity (6.13 mol-kg™). In addition, the lithium silicate
sorbent has a sorption rate 30 times faster than pure lithium zirconate at 773 K, and
the costs associated to this material is lower than lithium zirconate sorbent [83].
However, similar double-shell adsorption mechanism has also been found by Zhang et
al. [178] for the lithium silicate material and high temperature (~ 973 K) is required
for desorption.

These lithium-based materials have great potential due to their excellent carbon
dioxide sorption capacity as well as stability after many adsorption/regeneration
cycles [179, 180]. However, the main obstacle for the practical application for SERP
of lithium-based sorbents is the kinetic limitation [156].

On the other hand, hydrotalcite-like compounds (HTIc) are typical intermediate-
temperature chemisorbents, which belong to a large class of anionic and basic clays,

also known as layered double hydroxides (LDH). They have been widely used as
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catalysts, precursors, ion exchangers and adsorbents [181]. HTlc materials have a

general formula| M,",M" (OH), |[ A™ ] -2H,0, where M" and M" are divalent

(Mg®, Mn*, Fe**, Co**, Ni?*, Cu?*, Zn?*, etc.) and trivalent (AI**, Mn**, Fe**, etc.)
respectively, A" is the anion (COs*, CI', SO4%, etc.) and X is usually between
0.17-0.33 [182]. Their structure consists of positively charged brucite-like layers with
charge compensating anions and water molecules within the interlayer space
[183-185].

The most common HTIc is [MgHAIX(OH )2][C03]X/2 -zH,O occurring in nature

as [ Mgy Al (OH ), [[CO;], . -0.5H,0 , the mineral can be also referred as

“hydrotalcite” or HT, where the above class of anionic clays is isostructural [186].
Hydrotalcite possess both high surface area and abundant basic sites, as a result,
carbon dioxide can be adsorbed in the form of the carbonate ion (CO3%) in the
interstitial layer [187, 188]. A representation of the structure of a HTIc can be seen in

Figure 1-9 [184].

Figure 1-9 Structure diagram of a hydrotalcite sorbent [184].

Upon thermal treatment, the interlayer spacing of the hydrotalcite decreases at
around 473 K due to the loss of interlayer water, but the material still remains in its
layered structure. Further heating to 673 K causes the decomposition of CO5> in the

interlayer, and the material is completely dehydrated and partially dehydroxylated.
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This kind of material is usually referred as layered double oxides (LDO) [189].
Comparing with HTlc, LDO has an amorphous 3-D structure with higher surface area
and pore volume [189]. Samples calcinated at less than 773 K can be transformed
back to the original layered structure by contacting with a carbonate solution. The
phenomenon is the so-called “memory effect” of HTlcs [186]. However, if a HTIc is
heated to temperatures above 773 K, the structure may change irreversibly and a
spinel phase is formed [186].

The effect of the type of anion presents in the HTIc was studied by Yong et al.
[190] . It was found that the amounts of adsorbed carbon dioxide on HTIc containing
COs> are higher than those containing OH". Therefore, Mg-Al-CO; HTIc is
recommended for the adsorption of carbon dioxide. The effect of calcination
temperature on the carbon dioxide adsorption capacity of Mg-Al-CO3; HTlc was
investigated by Ram Reddy et al. [191], the sample calcined at 673 K had the highest
adsorption capacity, due to the trade-off between the surface area and availability of
active basic sites. These basic sites favor reversible carbon dioxide

adsorption/desorption in a form as shown in equation (1.6):
Mg -0+CQO, <> Mg—-0---CO,(ads) (1.6)

The interaction between the adsorbed carbon dioxide and the basic sites is stronger
than for a zeolite but weaker than alkali metal oxide [156]. As a result, the adsorption
(for zeolite < 473 K) and regeneration (for calcium oxide > 973 K) process can be
carried out at intermediate-temperatures (473-773 K).

Recently, a lot of studies were published regarding the sorption enhanced hydrogen
production processes with HTlc as selective carbon dioxide sorbents [65, 69, 96, 186,
192-195]. It was found that when doped with potassium carbonate, HTIc is able to
adsorb carbon dioxide within a temperature range 573-773 K, and the carbon
monoxide concentration in the product gas from steam reforming reaction can be
restrained to a ppm level [65, 196].

Comparing with SMR process, higher amounts of carbon dioxide will be produced
per molar of reactant converted during SRE process. In order to employ an HTlc

25



Introduction

material as carbon dioxide sorbent for SE-SRE process, the relative low carbon
dioxide adsorption capacity becomes the biggest obstacle. Intense efforts have been
devoted to improving the adsorption capacity of this material in recent years
[197-200].

As a result, effects of production conditions, operation temperatures and pressures,
with or without the presence of steam, regeneration methods, sorbent particle sizes
and alkali promoter doping on the carbon dioxide adsorption performance should be

investigated to obtain a promising HTIc sorbent material.

1.7 Scope of the Research

The objective of research on SE-SRE is to produce high purity hydrogen via the

SERP at intermediate temperatures.

The tasks for SE-SRE process intensification are as follows:

® Testing and characterization of commercially available catalysts on steam
reforming of ethanol within the optimization of the operating conditions.
Improvement of the performance and comparison with catalysts reported in
literature. Finally, developing new catalytic systems.

® The enhancement of hydrogen production in SRE by the use of a suitable carbon
dioxide adsorbent, thus shifting the equilibrium reaction to the products side.
Breakthrough experiments and the determination of reaction kinetics will allow
the development and the validation of mathematical models.

® Development of a cyclic reactive pressure swing operation process for hydrogen
production by SE-SRE. This process should be simulated and optimized, and the

overall performance should be determined for economic evaluation.

1.7.1 Experimental Focus
The experimental scope can be categorized in the following research topics:
a) Experimental study for the low temperature SRE over different catalytic systems,

including catalyst characterization, activity and stability testing as well as the
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b)

d)

reaction performance study.

Sorption studies in terms of breakthrough tests of the prepared selective carbon
dioxide adsorbents and investigating the effect of promoters on the sorption
performance.

Experimental investigation of the SERP in a fixed bed reactor using an admixture
bed consisting of catalyst/sorbent particles or hybrid material (catalyst with
sorbent).

Regeneration process should be introduced to demonstrate adsorption/desorption

cyclic operations and a process for continuous production of hydrogen.

1.7.2 Modeling and Simulation Focus

The systematic research of SERP requires a modeling and simulation section

described as follows:

a)

b)

d)

Thermodynamic study of the SRE and SE-SRE systems, and find out suitable
operating conditions for further studies.

Deriving kinetic parameters of different catalytic systems from SRE experiments,
and developing a mathematical model to simulate the reaction process.

Obtaining carbon dioxide adsorption/desorption kinetic parameters from produced
carbon dioxide sorbent, and developing a mathematical model to simulate the
adsorption process.

Developing a mathematical model for the SERP, improving the whole cyclic

operation process and carrying out an economic study.

1.8 Outline of the Thesis

The thesis is organized as follows:

Chapter I is the introduction of thesis. The motivation of the research project,

research scope and thesis outline are addressed. In addition, a brief survey on

hydrogen production techniques, SRE, SERP, SE-SRE process and the materials

involved for SE-SRE is provided.
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Chapter 11, 11l and IV combine a series of papers published or to be published.
Each section of these chapters can be found as a stand-alone research paper.

In chapter Il, a preliminary experimental study on SE-SRE with commercial
materials is included. Besides, theoretical researches consist of the thermodynamic
analysis of the SE-SRE system with different sorbent materials and kinetics
investigation on the commercial nickel-based catalyst for SRE can be found.

Chapter 11l involves the development of materials for SE-SRE process. Hybrid
materials with Cu or Ni as active phase and HTIc as sorbent have been prepared and
employed for SRE and SE-SRE studies. Afterwards, potassium-promoted HTlc was
developed to improve the carbon dioxide adsorption performance of pure HTIc
material. Finally, multi-functional material consisting of K, Cu, Ni and HTlc was
prepared for SE-SRE process.

SE-SRE process studies can be found in Chapter IV. In the first section, continuous
cyclic SE-SRE operation was performed numerically in a column with two
subsections. SE-SRE operation process by four columns with two-dimensional
mathematical model has been included as the second section.

Finally Chapter VV summarizes the general conclusions of this research project and

some suggestions for future work.
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Chapter I

2. Experimental and Theoretical Investigations®

In this chapter, the concept of sorption enhanced reaction process on steam reforming
of ethanol has been demonstrated by the use of commercial materials (section 2.1). A
reactor with a multilayer pattern arrangement of Ni-based catalyst and hydrotalcite
sorbent has been employed to enhance the hydrogen production performance, and
carbon dioxide appears in traces in the product gas stream during the initial
breakthrough periods.

Theoretical investigations of the thermodynamic analysis (section 2.2) on the
SE-SRE system with different high temperature carbon dioxide sorbent materials and
kinetics study (section 2.3) on the commercial nickel-based catalyst for SRE can also
be found. The thermodynamic analysis is performed with a Gibbs free energy
minimization method to compare the conventional SRE and SE-SRE with three
different sorbents, namely, calcium oxide, lithium zirconate, and HTIlc. The best
performance of SE-SRE is found to be at 773 K with the HTlc sorbent. Almost
6 moles hydrogen can be produced per mole ethanol converted, while the carbon
monoxide content in the vent stream is less than 10 ppm, which meet the requirement
of directly usage for fuel cells. On the other hand, a simplified Langmuir—
Hinshelwood-Hougen—Watson kinetic model was proposed in the Kkinetic study,
where the surface decomposition of methane is assumed as the rate determining step.
Experimental results can be successfully demonstrated by simplified kinetic model

over a wide temperature range (473 K — 873 K).

" The content of this chapter is part of the following articles:

A. F. Cunha, Y.-J. Wu, F. A. D Rz-Alvarado, J. C. Santos, P. D. Vaidya, A. E. Rodrigues, Steam
Reforming of Ethanol on a Ni/Al,0; Catalyst Coupled with a Hydrotalcite-like Sorbent in a
Multilayer Pattern for CO, Uptake, Canadian Journal of Chemical Engineering, 90(6), 2012,
1514-1526.

Y.-J. Wu, F. A. Drz-Alvarado, J. C. Santos, F. Gracia, A. F. Cunha, A. E. Rodrigues,
Sorption-Enhanced Steam Reforming of Ethanol: Thermodynamic Comparison of CO, Sorbents,
Chemical Engineering & Technology, 35(5), 2012, 847-858.

Y.-J. Wu, J. C. Santos, Ping Li, J.-G. Yu, A. F. Cunha, A. E. Rodrigues, Simplified kinetic model
for steam reforming of ethanol on a Ni/Al,O5 catalyst, Canadian Journal of Chemical Engineering,
92(1), 2014, 116-130.
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2.1 SE-SRE with Commercial Materials

2.1.1 Introduction

Environmental concerns and fossil fuels depletion led to the philosophy of a
“Hydrogen economy” [1]. Hydrogen is a clean and efficient energy carrier, showing
excellent performance in fuel cells [2]. However, fuel cell applications tolerate carbon
oxides only in well-defined levels [3].

Hydrogen is mostly produced by steam reforming of light hydrocarbon fractions,
obtained from fossil fuels [4]. This process involves strong emissions of carbon
oxides. An adequate alternative process can be the implementation of SRE [5];
bio-ethanol is a renewable resource and, based on life cycle assessment, its use can

reduce carbon emissions [6].

C,H.OH +3H,0 <> 6H, + 2CO, (2.1)

Bio-ethanol, which contains water in large excess [7], can be directly subjected to
steam reforming, thereby eliminating rectification units, required to produce technical
pure ethanol (azeotropic ethanol concentration 96 vol. %). Furthermore, the presence
of excess water ensures sufficient supply of steam, maximizing hydrogen production
and reducing ethanol dehydration (C,HsOH — C,H; + H,0) followed by the
decomposition of ethene into coke (C,H; — 2H, + 2C). It has been reported that for
temperatures of ~ 573 K and higher, ethanol/water ratios above 3 are sufficient to
suppress the deposition of graphitic carbon [8]. However, the support materials used,
v-Al,O3; and a-Al,O3, show different surface areas. The former one has a higher
surface area than the latter. According to this finding, a higher activity was also
observed for the y-Al,O3 support material. In this case, the formation of ethene,
promoted by y-Al,O3, should not be discarded.

The catalytic SRE to produce hydrogen for fuel cells has been discussed, in depth,
in recent reviews [9, 10]. Commercial catalysts for steam reforming are usually based
on Ni, as active phase, supported in alumina [11]. Ni is widely used in industry, and is
a low-cost non-noble metal. It is also known to work quite well for the activation of
carbon-carbon, hydrogen-carbon or hydrogen-hydrogen o-bond™s [12, 13]. However,
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hydrogen production by steam reforming is limited by the thermodynamic equilibrium
of the involved reversible reactions, mainly the SMR and WGS reactions [14, 15].

The SMR reaction [14] is strongly endothermic, and therefore favored by high
temperatures, while the WGS reaction is moderately exothermic, meaning that it is
favored by low temperatures. The reforming reaction will also be more pronounced at
low pressures, whereas the WGS reaction is largely unaffected when changes in
pressure are used.

Steam reforming carried out in the presence of a hybrid system, catalyst and
carbon dioxide sorbent, is of great interest. An appropriate carbon dioxide sorbent can
selectively remove carbon dioxide from the reaction mixture [16-19], thereby shifting
the reversible reaction equilibrium according to the principle of Le Chatelier, thus,
yielding more hydrogen [20, 21]. This technique is known as SERP and hereafter
designated as SE-SRE. In optimal conditions, SE-SRE enables the production of pure
hydrogen (CO-free) at low temperatures in a single-bed reactor, rather than the
conventionally used ones, meaning cost minimization. The sorbent can then be
regenerated in-situ, using a pressure swing [22, 23], a temperature swing [24-28] or
reactive regeneration [16, 19].

In principle three groups of suitable sorbents are known to have good capacities for
the sorption of carbon dioxide at high temperatures; calcium oxide-based materials,
Hydrotalcite-based materials and lithium-based materials. The selection of the sorbent
requires a good selectivity and capacity toward carbon dioxide, good sorption kinetics,
stability for cyclic operation and mechanical strength for an operation with pressure in
the presence of steam.

It has been presented earlier thermodynamic analysis for hydrogen production via
SRE, using calcium oxide as a carbon dioxide sorbent [29]. However, promising
classes of compounds are the hydrotalcites due to their ability to work at lower
temperatures, even when the sorption capacity of these materials is lower in
comparison to the other ones. Table 2-1 collects the properties of selected sorbents

reported in literature, based on an updated version of the work from Oliveira et al. [40].
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Table 2-1 Overview for carbon dioxide sorption capacity of selected materials.

- T yCOZ p QSorb
Materials K] [mol/mol] [kPa] [mol/kg] References

Calcium oxides 573-973 0.05-1 100 2.1-17.3  [20, 30-39]
Hydrotalcites 573-773 0.15-1 50-300 0.2-1.8  [24, 40-49]
Basic Aluminas 573-723 1 100-300 0.4-0.8  [26, 50]
Carbons 573 1 100 0.3 [51]

Basic Zirconias 673-873 1 100 3.0-6.1 [52-55]
Basic Silicas 773-973 0.05-1 100 0.5-8.2 [55-58]

Previous studies on hydrotalcites made in our laboratory, showed sufficient
sorption capacities for carbon dioxide at moderately high temperatures (~ 673 K) [40].
Besides, hydrotalcites are anionic clays consisting of positively charged layers of
metal oxide (or metal hydroxide) with inter-layers of anions, such as carbonate [59].
These sorbents can be used to enhance the methane steam reforming process [60].
Recently, SRE has been studied in presence of nickel catalysts derived from
hydrotalcite-like precursors, but SE-SRE was not the subject [61]. It is clear that
SE-SRE is an important topic related with the use of a renewable raw material
(bio-ethanol) and the preservation of the environment (capture of carbon dioxide).

The present work reports results obtained on a Ni/Al,O; catalyst as well as a
coupled system of catalyst plus hydrotalcite-like sorbent in a multilayer pattern
arrangement, which is the novelty of this work. The effect of the operating conditions
on the activity and selectivity were studied for these systems, and critically compared
one with each other to emphasize the advantage of SE-SRE against the conventional
SRE. A temperature increase was used to regenerate the sorbent.

To the best of our knowledge there is no systematic study reported in literature
discussing the production of hydrogen in the presence of a commercial Ni-catalyst
and a commercial hydrotalcite-like sorbent in a multilayer pattern arrangement for the

capture of carbon dioxide.
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2.1.2  Experimental

2.1.2.1 Materials

A commercial 15 wt. % Ni/y-Al,O3 catalyst (Octolyst 1001) was supplied by Degussa
AG, in form of extrudates, and used in this work. The sorbent PURAL MG30
(aluminium magnesium hydroxide, 70 % Al,O3) was provided by SASOL.

2.1.2.2 Reaction studies

Reaction studies were carried out in a 42 cm long tubular stainless steel fixed-bed
continuous down-flow reactor (i.d. = 3.3 cm). The continuous down-flow reactor was
loaded with the catalyst or catalysts plus sorbent, and placed inside a heating furnace
with a PID temperature controller (Termolab, Fornos Electricos Lda).

Prior to the reaction runs, the catalyst (and sorbent) was activated with a hydrogen
flow-rate of 30 cm® min™ at 723 K during 2 h.

Each run was studied between 373 K and 873 K with 50 K intervals, until steady
state conditions were achieved on stream. During these intervals, the temperature was
subsequently increased exclusively in the presence of the carrier gas helium, with a
heating rate of 5 K/min, to ensure total absence of product gases formed during the
isothermal runs.

An HPLC pump (Merck L-2130) was used to introduce the liquid ethanol-water
mixture inside the reactor. In most of the experimental runs, the premixed liquid flow
rate of ethanol-water was adjusted to 0.3 ml/min with a Rge of 10. Helium or
Nitrogen was used as a carrier gas during experimental runs, and the flow rates
(50-200 Ncm*min™) were controlled by mass flow controllers. The liquid-gas
mixture was vaporized in a spider tube inside the upper part of the reactor (21 cm
long). This gas stream passed over the catalyst (and sorbent) placed inside the lower
part of the reactor. Blank measurements were made to ensure that no possible catalytic
effects occur during the steam reforming process due to the ever presence of the inner
reactor wall which consists on stainless steel. The sorbent used was also analyzed in

terms of possible catalytic activity. It was found that no large amounts of products are
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formed at an operating temperature of 673 K.

During the reaction, the products exiting the reactor were passed through a
condenser (stainless steel heat exchanger consisting on a bundle of tubes) and an
ice-cooled trap using a Dewar. The composition of the outgoing off-gas stream was
determined with a gas chromatograph (GC 1000, Dani Chromatographs) equipped
with an on-line multiport 16-valve system for sample injection (Valco Instruments
Company Inc.), a capillary column (Carboxen 1010 Plot, Supelco) and a thermal
conductivity detector. The liquid products, including the unreacted ethanol present,
were periodically collected in the ice-cooled trap and separately analyzed with the
same aforementioned gas chromatograph, using a capillary column (Poraplot-U) and a
flame ionization detector. The water conversion was calculated via the measured
amounts of carbon dioxide formed during reaction, in agreement with the global SRE
equation; 2/3 mole of carbon dioxide formed may consume 1 mol of water.

Figure 2-1 depicts a schematic representation of the experimental ethanol steam
reforming unit. For all the measurements made in this work, an average error of

around 5% should be taken into account.

Figure 2-1 Schematic representation and picture of the experimental steam reforming unit: T-1-4
Feeding gases; MC1-4 Mass-flow controllers; T-5 Feeding ethanol-water mixture; P-1 Pump for
liquids; V-5 Mixing valve; R-1 Reforming reactor; V-6 Back pressure valve; C-1 Condenser; F-1

Moisture trap.
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2.1.2.3 Characterization

The materials were characterized before reaction runs, applying different
physicochemical techniques. The content of nickel and alumina in the catalyst was
determined with inductively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis (70 Plus Jobin Yvon, Unterhaching, Germany). The particle and solid density
was measured with a Quantachrome PoreMaster 60 (Quantachrome, Hook, United
Kingdom). A mercury porosimeter was used to determine the macro- and mesopore
size distribution of the catalyst. The specific surface areas of the fresh catalysts were
calculated by the BET method from the N, equilibrium adsorption isotherms at 77 K
with a coulter Omnisorp 100 CX apparatus. The catalyst and sorbent was examined
with a JEOL JSM-6301F (JEOL, Japan) scanning electron microscope (SEM)
associated with an energy dispersive X-ray analyzer (EDX), Oxford INCA Energy
350 (Oxford Instruments, Oxford, United Kingdom).

Carbon dioxide sorption capacity was determined by comprising helium, carbon
dioxide and water. Helium and water were employed for sorbent regeneration. The
liquid water flow-rate was controlled with the HPLC pump and vaporized before
entering into the column. Both carbon dioxide and helium flow-rates were controlled

by independent mass flow controllers.

2.1.3  Results and Discussion
2.1.3.1 Materials characterization

A detailed discussion on the characterization of the catalyst [62] and sorbent [40]
used in this work, can be found in previous reports. The properties of the catalyst and
sorbent used are briefly discussed in this section, and collected in Table 2-2. The
nickel and aluminum contents of the catalysts were determined by ICP-AES analysis.
It was found that the catalyst is composed of nickel (15.4 wt. %) and alumina (84.6
wt. %). The results are in good agreement with the nominal value indicated by the

catalyst supplier.
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Table 2-2 Properties of the used materials

Ni Al,O3 MgO (ii l_| Pp Ps €p (zpore SgeT

Materials
[Wt%] [wt%] [wt%] [mm] [mm] [ka/m®] [kg/m®] [%] [nm] [m?g]

Octolyst  15.4 84.7 / 1.6 5 1274 3630 649 85 250
MG30 / 71.5 28.5 4.6 2.9 1139 2183 522 83 200

The catalyst has an average diameter of d; = 1.6 mm and a length of approximately
;= 5 mm. The advantage of this catalyst is that the pressure drop (less than 2 % of
atmospheric pressure) can be limited in a certain range due to the large particle size.

The pellet density (pp) of the catalyst corresponds to a value of 1274 kgm™, while
the solid density (ps) was found to be 3630 kg'm™. According to this, porosity (gp) Of
64.9 % was calculated.

SEM analyses performed in a glance of the fresh catalyst reveal that the support
(y-alumina) is covered with nickel clusters ranging from 170 to 3720 nm as shown in
Figure 2-2. A large particle value variation of the Ni clusters is normally an indication
for a poor dispersion during catalyst preparation (impregnation, co-precipitation, etc.),
or less probably, an existing interaction between the support material used and active

phase deposited.

Figure 2-2 SEM micrograph of the catalyst.

The catalyst also shows a narrow pore size distribution with average diameter
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(dpore) OF 8.5 Nm, as shown in Figure 2-3. This is an indication that the catalyst consists
mostly on mesopores (between 2 to 50 nm), rather than macropores (> 50 nm).
140 -
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Figure 2-3 Pore size distribution of the catalyst.

The BET surface area of the catalyst, Sger = 250 m>g™, is within the range of
reported values for this type of catalyst [8].

The commercial hydrotalcite sorbent MG30 used shows a highly porous lamellar
structure (Figure 2-4). The magnesium oxide content of 28.5 wt. % is in good

agreement with the expected nominal value of the Mg content (30 wt. %).

Al Livetime:60

AI203-71 50%
MgO -28.50%

0.000
Label:MG30

Figure 2-4 Pore size distribution of the catalyst.

The BET surface area of the sorbent was found to be Sger = 200 m*g™. The MG30
sorbent was also screened in typical breakthrough experiments, employing a stream of

carbon dioxide, water vapor and helium (considered as inert gas), to ensure sufficient
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capacity for carbon dioxide sorption equilibrium. The experiments were conducted at
673 K with a partial pressure of carbon dioxide close to 40 kPa. The experiments
carried out showed sufficient capacity for carbon dioxide sorption (Qsop = 0.1

mol-kg™?).

2.1.3.2 Catalyst performance

Reaction studies were carried out, and the catalyst was evaluated for 5 h on stream at
each temperature interval to ensure stable operating conditions. The effects of
temperature, flow-rate (contact time) and presence of sorbent during reaction and after
regeneration, were investigated. To ensure total regeneration of the sorbent, a
temperature increase was used as mentioned in section 2.1.2.2 (as e.g.: before a
reaction was executed at 673 K with an inert gas-flow-rate of 50 or 200 Ncm®min,
the temperature was increased from 673 K to 693 K with an inert gas-flow-rate of 500
Nem®min, and kept during 30 min at these conditions, followed by an adjustment of
the desired reaction conditions). In a real industrial technology the regeneration can be
done with a temperature swing. The activity of the catalyst is assessed by comparing
the conversion of ethanol and water. The conversion of ethanol and water was

calculated as follow:

n -Nn
X g [%] = —2222—EO 100 (2.2)
r]EtOH 0
n -n
X, ol%] = 120~ 400 2.3)
Nh,0.0

For convenience, the molar product distribution was calculated from the moles of

one product formed divided by the total moles of products:

n;

y.[mol %] = - %100 (2.4)

1
where n. represents the molar flow rate of one product and Zhi represents the total

molar flow rate of products in the dry product stream (water is here excluded). However,
to calculate the selectivity it is required first to obtain the yield of the products, in this
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case hydrogen. The hydrogen yield can be calculated from:

n, —n
Y,, [%] = —=—tze Yeon g09 (2.5)

Netom o Vi,
The hydrogen selectivity can then be obtained by:
Y
M (2.6)

SHZ B XEtOH

Figure 2-5 shows the conversion of ethanol and water, as well as the product
distribution (dry basis). It might be observed that conversions of both ethanol and
water (Figure 2-5a), increase with temperature. However, higher reaction
temperatures are required for the activation of water. For instance, when using an
inert-gas flow-rate of 200 Ncm*min™ at a temperature of 623 K or above, ethanol
conversion is almost complete, suggesting good activities at low temperatures, while
higher temperatures are required for a moderate water conversion. Moderate water
conversions have been reported previously by Resini et al. [61]. Nevertheless, in this
study the low water conversion is a consequence of the high Rse used (1:10),
indicating that the higher the amount of water in the feed is the lower the water

conversion is. However, a moderate water conversion is not a problem, since the

catalyst selectivity is good enough (product purity).

100+ a) %\é\\(\ . 120 757 b) Open symbol, V. _ =50 Ncm*/min _
éé‘\ Filled symbol, V. = 200 Nem’/min_w~""x"
80 S : 60
§ o {15
T S
.0_.160 . Q)Q '0\3' 'O\E‘ 45 —— - sz yCHA
g 10 o, E O Y TV Yoo
X 404 X = 301 ¢ " Yencro
. 200 Nem®/min > :
15 15 R S S,
20 .
YO ——0—0—"0
0 : 50 Nem®/min 0 0. o ——
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TIK] TIKI

Figure 2-5 Ethanol (filled symbols) and water (open symbols) conversions (a), and product
distribution (b) as function of reaction temperature at steady state conditions; operating conditions:

Meat = 20.0 g; p = 100 kPa;
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It was also found that higher flow-rates increase the conversion of the reactants and
the yield of hydrogen. Apparently this seems to be a contradiction, because a higher
flow-rate means lower contact time and therefore lower conversion of the reactants.
This phenomenon may be an effect of external diffusion limitations at the lower
flow-rate. The presence of nickel clusters located on top of the porous y-alumina
support (SEM micrographs) may be responsible for the lower activities in the lower
flow-rate regime due to external diffusion limitations.

The product distribution (Figure 2-5b) as a function of temperature during SRE in
presence of the catalyst, shows that at 373 K considerable amounts of acetaldehyde
are found (~ 50 mol %).

At 423 K, only carbon monoxide, methane and hydrogen are present. From these
observations it can be concluded, that in a low temperature range of 373 K to 423 K,

only ethanol is decomposed in the following two steps:

CH,CH,OH «>CH,CHO +H, 2.7)

CH,CHO <> CO+CH, (2.8)

The first step of ethanol activation goes through the formation of hydrogen and
acetaldehyde as intermediate compound, and in the second step acetaldehyde
decomposes partially or totally into methane and carbon monoxide. These
observations are in good agreement with reports in literature [63, 64].

However, when ethanol is dehydrogenated, equal amounts of acetaldehyde and
hydrogen should be expected; however, part of the formed acetaldehyde can yield
equal amounts of carbon monoxide and methane so that the molar product distribution
is effectively not the expected stoichiometric value of ethanol dehydration.

In the middle temperature range (473-673 K) the presence of acetaldehyde and
carbon monoxide decreases strongly, while carbon dioxide and hydrogen increase in
considerable amounts. The methane concentration remains constant. This observation
suggests a latent WGS reaction of acetaldehyde or a direct WGS reaction after carbon

monoxide formation:
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CH,CHO+H,0 «»2H,+CH, +CO, (2.9)

CO+H,0 < H,+CO, (2.10)

It was reported that Ni catalysts have lower WGS activities [64-67] than Cu
catalysts [11, 15]. In practice the WGS process is applied in two stages, consisting of
a high temperature shift (HTS) at 623 K and a low temperature shift between 463 K
and 483 K. It is worth to note, the WGS reaction should not be discarded, because it is
an exothermic reaction and equilibrium conversion of carbon monoxide is favored
with the application of low temperatures. In this work the conversion of carbon
monoxide (formed from the decomposition of ethanol) was low at 473 K, the
beginning of catalyst activity for WGS, and almost complete at 573 K. However, in
this temperature range only part of the ethanol is converted, so that the mass of
catalyst used is enough to convert almost all the carbon monoxide formed at 573 K.

In the higher temperature range (673-873 K), the methane concentration decreases
with temperature, thus indicating its activation. As a consequence, more hydrogen is

generated, where SMR is most probable, as shown below:

CH, +2H,0 <> 4H, + CO, (2.11)

However, traces of carbon monoxide are always present, and their concentrations
increase with temperature in the higher temperature range. This can be explained by
the fact that SMR, equation (2.11), is a sum of the two individual reaction steps,

already described by Xu and Froment [14]:

SMR CH, +H,0 <>3H, +CO (2.12)

WGS CO+H,0 <>H,+CO, (2.13)

Since equation (2.13) is the exothermic WGS step, more carbon monoxide is
generated at higher reaction temperatures (reaction (2.12)). It should be emphasized
that in industrial applications the SMR is conducted over nickel catalysts at
temperatures up to 1023 K to ensure complete methane conversion [11, 15]. Methane
and water are thereby completely converted into hydrogen, carbon dioxide and

considerable amounts of carbon monoxide which are then converted in the WGS
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process into additional hydrogen and carbon dioxide.

2.1.3.3 SE-SRE results

In the following section the objective was to study a possible selective removal of
carbon dioxide from the product stream by sorption. The chemical equilibrium should
be shifted to the desired product hydrogen. Furthermore, the introduction of a carbon
dioxide sorbent in the system should enable the production of high-purity hydrogen at
a lower reaction temperature (673 K). A typical product distribution as function of the
reaction time during SRE for a system consisting of pure catalyst or a coupled system

of catalyst and sorbent is shown in Figure 2-6.

30 40 50 60 0 10 20

20
t [min] £ [in]

0 10

40 50 60

Figure 2-6 Product distribution as function of reaction time; operating conditions: p = 100 kPa;
Virenr = 50 Nem®min™, (a) catalyst (T = 873 K; me = 20.0 g); (b) multilayer system of catalyst

and sorbent (T = 673 K; Mg = 4 %5.0 g and mgep = 3 %< 16.7 Q).

In the presence of the catalyst, at 873 K and inert gas flow-rate of 50 Nem®min™, a
transient start-up period is observed during the first minutes of reaction, while
steady-state conditions being recognized in the remaining period (Figure 2-6a). A
relative slow increase in the hydrogen content occurs in the transient start-up period
simultaneously with a constant content of carbon dioxide and a stronger decrease in
the methane content. On the other hand the amounts of methane formed are lower.
The concentrations of carbon dioxide are relative independent of the flow-rate applied.
Traces of carbon monoxide are formed as well (~ 0.2 mol %).

The most desirable pathway of SRE produces 6 moles of hydrogen and 2 moles of
54



Chapter I

carbon dioxide. The yields of carbon dioxide, and in particular hydrogen, will only
increase, if the equilibrium of the reaction is shifted to the product side. An elegant
method for this purpose is the SERP. The SE-SRE is well understood, when the molar
fractions of products on dry basis are plotted versus time [20, 21]. In general, four
regions may be observed: a) a transient start-up period; b) a pre-breakthrough period,
where the steam reforming reaction runs at maximum efficiency; c) a breakthrough
period, where the efficiency of the adsorption reaction starts decreasing; d) and finally,
a post-breakthrough period, where only steam reforming reaction occurs.

At this point, it is important to stress that a bi-layer system (catalyst plus sorbent)
performs like a system of two separated units: a) a reaction unit (catalyst-bed), where
the reactants are converted into the products which remain in equilibrium conditions,
and b) a separation unit (sorption-bed), where preferentially carbon dioxide is retained,
while the remaining unconverted gas mixture passes off, thus acting as a “preferential
product separation”. The off-gas mixture of the sorption unit, which has a different
reactant composition, will pass through the third catalyst layer where the steam
reforming reaction will occur in more desirable equilibrium conditions. In optimal
conditions, a system of “infinite” alternated layers of catalyst and sorbent, is
equivalent to a mixture of catalyst and sorbent in corresponding proportions.

The scope of this section is to demonstrate the concept of SE-SRE on a laboratory
scale. The results obtained have certain relevance for further developments in
engineering, especially for energy systems. In order to approach a practical SRE
system with a SERP, kinetic and thermodynamic studies can be found in the following
sections.

According to the results obtained with catalyst alone (Figure 2-6a), it was decided
to pack the plug-flow reactor with alternated multiple layers of catalyst and sorbent.
The objective was to test the concept of SE-SRE at 673 K (Figure 2-6b) in a system
with four layers of catalyst (each with 5 g of mass) and three layers of sorbent (each
with 16.7 g of mass).

The product distribution (hydrogen, carbon dioxide, methane and carbon monoxide)
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in Figure 2-6b, shows pre-, intermediate and post-breakthrough periods. The
hydrogen content in the first instants of operation is higher than in the steady state
operation and higher than the one observed in the experiments with catalyst only
(Figure 2-6a). This is a clear indication that the sorbent is shifting the equilibrium
towards the formation of hydrogen in the transient period. A SERP can be fairly
proposed for the occurring WGS reaction, and most probably also for SMR.

The plot shows an “S-shaped curve” for the carbon dioxide content vs. time. An
initial absence of carbon dioxide is well visible, followed by increasing carbon
dioxide content until the sorbent is completely saturated. Moreover, the levels of
carbon monoxide may be reduced to a level tolerable for the application of hydrogen
in proton exchange membrane fuel cells (PEMFC). In all experiments made, it was
observed that breakthrough periods were only noticed for a moderate temperature of
673 K, and especially for a lower flow-rate of 50 Ncm*min™. In other words, the

SERP works properly, if both reaction and adsorption rates are similar.

720 100 + 120
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15

y, [mol %]
Yoo [0 %]
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Figure 2-7 Product distribution as function of reaction time in a multilayer system; operating
conditions: T = 673 K; p = 100 kPa; Vinert = 50 Nem®min™; (a) Mgy = 4 < 10.0 g with Mg, = 3

%8.3 g; (b) Myt = 4 x1.25 g with mgo, =3 x 25.0 g.

Therefore, it is important to show the sensivity of a hybrid reactor design for a well
working SE-SRE. In the following experimental sequence, it was decided to vary the
mass ratio of catalyst and sorbent. Figure 2-7 depicts the effect of the mass ratio
between catalyst and sorbent in a multilayer pattern arrangement. The use of the same

feed flow-rate and a lower (or higher) mass of catalyst, defines the contact time which
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is higher (or lower), and should decrease (increase) the conversion of the reactants
and amounts of products formed. Namely of interest is hereby carbon dioxide which
should appear in less amount when it leaves the sorbent layers, then the use of a
higher mass of sorbent will facilitate its capture. As a result, the effect of SERP should
increase. On the other hand, the employment of a higher catalyst mass, keeping the
feed flow constant, should increase the amounts of carbon dioxide generated, so that
the use of a lower mass of sorbent should decrease or even neutralize the desired
SERP due to the less available sorption capacity of the sorbent.

At first (Figure 2-7a), the plug-flow reactor was loaded with alternated multiple
layers of catalyst (4 > 10 g) and sorbent (3 > 8.3 g), using the same inert gas
flow-rates, 50 Ncm*min™, and a temperature of 673 K. It is observed that the capacity
of the sorbent for carbon dioxide quickly saturates. As a result, the amounts of
hydrogen produced in the first instants are much lower compared with those depicted
in Figure 2-7b, and the concentration of methane in the initial breakthrough period has
such a high value that indeed a SERP either for WGS or SRE reaction can fairly be
discarded. On the other hand, an alternated system of multiple layers, consisting of 4
% 1.25 g of catalyst and 3 < 25.0 g of sorbent (Figure 2-7b), using the same inert gas
flow-rates as before, leads to higher hydrogen production in the initial breakthrough
period, while carbon dioxide only starts to appear after 10 min, thus the breakthrough
time increased. Moreover, during this period and especially for lower inert gas
flow-rates, neither methane nor carbon monoxide appears, suggesting a SERP for
WGS reaction and for the SRE reaction, respectively.

The effect of pressure and feed composition was also studied. The plug-flow
reactor packed with the alternated multiple layers of catalyst (4 < 1.25g) and sorbent
(3 =< 25¢g) was tested under higher pressure conditions (p = 500 kPa) at 673 K with
inert gas flow-rate of 50 Ncm*min™. The objective was to increase the sorbent
capacity for carbon dioxide; however, higher pressures displace the reaction
equilibrium to the reactant side so that the conversions of both ethanol and water

decrease. It was found that the sorption capacity could be increased, but reaction
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enhancement was not very obvious (Figure 2-8).
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Figure 2-8 Product distribution as function of reaction time in a multilayer system; operating
conditions: mg = 4 % 1.25 g with mg, = 3 x25.0 g; T = 673 K; p = 500 kPa; Vinert = 50

Nem® min,

Finally, experiments were carried out with a water/ethanol feed ratio of Rge = 3
instead of Rse = 10, with the system consisting on layers of catalyst and sorbent, at
100 kPa. The idea was to ensure that the use of excess water does not disturb the
performance of the hybrid system. Indeed, it seems that the use of excess water
performs better than a stoichiometric feed ratio for SRE (Rse = 3). Furthermore, the
levels of carbon monoxide increased in the transient period, when using a low feed
ratio of water/ethanol. In addition, considerable amounts of carbon deposits were
detected.

We are now able to compare the results obtained at steady state conditions
with those measured in the transient period, as shown in Table 2-3. The experimental
conditions are listed, together with the transient conversions of both, ethanol and
water, as well as yields and selectivity of hydrogen, respectively, and the steady state
measurements made. Sorption enhancement can be assessed by comparing the
conversions, hydrogen yields and selectivity obtained in the transient period (values

obtained for the best performances ~180 s).
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Table 2-3 Comparative performance between SRE and SE-SRE

Operating conditions Transient state Steady state
Materials | Mgy Moy, T p Vo Xeon Yz Swz | Xeon  Yhz Sz
[0 [g1 [K] [kPa] [Nem®/min] %]  [%] [%] | [%] [%] [%]
873 100 50 100 28.7 287 | 100 319 319
873 100 200 100 60.2 60.2| 100 64.6 64.6
Octolyst | 20 /
673 100 50 63.3 146 231| 645 160 248
673 100 200 100 271 27.1| 100 314 314
20 50 673 100 50 766 163 213 | 650 161 248
20 50 673 100 200 100 318 318| 100 314 314
40 25 673 100 50 79.1 180 228 | 675 164 242
OCti'VSt 40 25 673 100 200 100 335 335| 100 308 308
MG30 5 75 673 100 50 100 218 218 642 161 251
5 75 673 100 200 100 348 348 | 100 30.6 30.6
5 75 673 500 50 711 136 19.1| 495 122 246
5 75 673 500 200 100 258 25.8| 100 253 253

Among the results obtained, the introduction of the sorbent (MG30) together with

the catalyst (Octolyst) in a multilayer arranged pattern show better performances in

the transient period as the in the steady state periods. Even better performances

reported in the present study, in terms of activity and selectivity, are those exhibited

by hybrid systems consisting on low mass ratios of catalyst and sorbent (Mca/Msory =

0.067) together with the use of lower inert gas flow-rates, such as a multilayer pattern

system with mey = 4 % 1.25g plus Mg = 3 *x 25.0 g, using a flow-rate of 50

Nem®min™ of inert-gas in the feed.

Table 2-4 Effect of Rse in the feed: hybrid system, Mga/Msor, = 0.067.

Operating conditions Transient state Steady state
Re/c T p Virert XetoH — YH? Shz | XetoH YH2  Sh2
0 0 0 0, 0, 0,
(Kl kPal o osming | %1 %1 %1 | 161 161 %]
3 673 100 50 634 164 0259 | 57.0 16.4 0.288
3 673 100 200 100 248 0248 | 84.7 234 0.276
10 673 100 50 100 218 0218 | 642 16.1 0.251
10 673 100 200 100 348 0348 | 100 30.6 0.306
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Finally, Table 2-4 compares results obtained for the hybrid systems consisting on a
low mass ratio of catalyst and sorbent (Mca/Msor, = 0.067), using feed ratios of Rge =
3 and Rge = 10, respectively. It can be seen that there is no real advantage in using a
low Rge = 3.

In a continuously operating cycle, the sorbent must be active for a long time. Our
studies have shown that after two regeneration cycles, made with a temperature swing,
the hybrid system consisting on catalyst plus sorbent (Octolyst with MG30) in
multilayer pattern showed reproducibility for the isothermal reaction runs. At this
stage, it must be pointed out that a stable catalyst bed was observed after carbon
dioxide release by temperature increase, which is of course the key step for the
application of this technology. It is now possible to elucidate the performance of the

hybrid system for a practical industrial application.

2.1.4 Conclusions

Sorption enhanced steam reforming of ethanol can be performed on a Ni/Al,O;
catalyst (Octolyst 1001) coupled with a hydrotalcite based sorbent (PURAL MG30).
The effects of the operating conditions (temperature and flow-rate) on the course of
reaction were studied. Hydrogen was generated in the temperature range between 373
K and 873 K. A mechanism was used to explain the reaction pathways. Moreover, it
was found that the hydrotalcite-like material acts as a relative good carbon dioxide
sorbent at 673 K. The SERP concept was verified for this system coupling the
Octolyst catalyst with the MG30 hydrotalcite sorbent. Higher amounts of hydrogen
were yielded during the initial breakthrough periods. Carbon monoxide appears in

traces in the product gas stream.
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2.2 Thermodynamic Analysis

2.2.1 Introduction

Hydrogen is a clean energy carrier and shows an excellent performance in fuel cells [2,
3]. It is considered to have a bright future [68], because it can be produced from
several sources using different methods [69]. However, PEMFC have a stringent
requirement for impurities in the hydrogen carrier (10 ppm or less of carbon
monoxide) [70], meaning that only selected processes are applicable for the
production of hydrogen. Nowadays, the most reliable and extensively used process is
the steam reforming of fossil fuels (e.g. natural gas or light hydrocarbons) [71].
However, the use of fossil raw materials has its limitations due to their depletion [72].
Therefore, the use of ethanol in steam reforming seems to be a promising alternative
for hydrogen production [9, 10, 73]. Ethanol can be obtained from renewable sources
such as sugar cane or lignocellulos materials [74].

SRE is an endothermic reaction, meaning that higher temperatures favor the yield
of hydrogen. Unfortunately, the equilibrium conditions of the WGS inhibit the
production of high purity hydrogen (absence of carbon monoxide). The hydrogen
produced must be purified in cost expensive units before used in fuel cells.

Earlier studies have shown that as temperature increases, both the ethanol and
water conversions as well as the hydrogen yield increase, while the methane
concentration decreases at equilibrium [75, 76]. For a good hydrogen yield, SRE
requires higher temperatures and higher water ratios than in methanol steam
reforming [75]. Furthermore, the use of excess water in the feed can reduce undesired
products such as carbon monoxide, carbon deposits and methane [76]. In addition, the
effect of inert components was also considered [77], and it was found that the
equilibrium can be shifted to the product side by increasing the amount of inert gas vs.
ethanol (Rinerveton), minimizing the methane vyield. Finally, thermodynamic
calculations for SRE with an extended representation of carbon deposits were done
[78, 79]; carbon deposits disappear as Rgse increases, mainly due to the removal of

carbon nanotube (CNT) species.
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Now, if carbon dioxide is selectively adsorbed by the application of a relative new
technique designated as SERP [17, 80], the equilibrium can be shifted to the product
side according to Le Chatelier’s principle [81]. A complete conversion of ethanol can
be approached [82].
SE-SRE with calcium oxides the carbon dioxide sorbent is a typical example [29],
it yields higher amounts of hydrogen, higher thermal efficiency and also suppresses
the formation of graphite. With optimal conditions, a relative pure hydrogen stream
(97 mol %) with a carbon monoxide content of around 10 ppm can be obtained [83].
This hydrogen stream could be used directly in fuel cells. Further purification
processes involving WGS, methanation and PROX would then be obsolete.
Many thermodynamic analyses on SRE and SE-SRE are available, a survey of
these publications can be found in Table 2-5. The thermodynamic analyses use three
main methodologies: Gibbs free energy minimization (GFEM) [75-79, 84-86],
Equilibrium constants method (EQM) [87-91] or response reactions (RR) [92].
In this work, thermodynamic analysis on SRE and SE-SRE has been performed
based on GFEM, with the following objectives:
® Comparison of SRE results obtained with ideal gas state vs. real gas state
assumptions;

® The advantage of using SE-SRE vs. SRE;

® Comparison of equilibrium composition changes with HTlc, CaO and Li,ZrO3 as
sorbent in the SE-SRE;

® Effect of the HTlc amount used and potassium promoted HTlc on SE-SRE;

® Comparison of the equilibrium composition with experimental results obtained.
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2.2.2 Methodology for Thermodynamic Calculations
The prediction of the equilibrium composition was based on GFEM, which requires
the total Gibbs free energy of the system expressed in equation (2.14) to be minimized
[96].

G=G(T,P,n,n,,..ny) (2.14)

where n; is the number of moles of component i and N is the number of the species in
the system. The following constraint is introduced based on elemental mass balances

in this system:
N
D na;=b;,j=12...,M (2.15)
i=1

where a;; is the number of j-type atoms in the species i, bj is the number of j-type
atoms in the feed and M refers to the types of atoms in all species.

In order to obtain the equilibrium composition at which the total Gibbs free energy
Is at its minimum value with the constraint (2.15), the Lagrangian multipliers A; were

introduced to get a new function F [97]:

M N
F=G+) 4 [Zniaji—ij,jzl,Z...,M (2.16)

j=1 i=1
When G is at its minimum value, the deviation of F with respective n; must be

zero:
oF L .
(%j = 1 +Z/1jaji =0,i=12...,N (2.17)
i /TP =

where the subscript n’ stands for keeping the amount of every component fixed except

for component number i, ; is called the chemical potential and is defined by:

“ =(§] (2.18)
on, TP

For solid species, equation (2.17) can be expressed as:
M
AG +> Aa; =0,i=12..,N (2.19)
j=1

where AGy' is the standard Gibbs free energy of formation, which is only a function

65



Experimental and Theoretical Investigations

of temperature. While for gaseous species, equation (2.17) can be further expressed

as:

i

n M
AG; +RTInpyd +> Aa; =0,i=12..,N (2.20)
j=1

p is the pressure of the system and y; is the mole fraction of component i in the gas
phase.g?i is the fugacity coefficient of component i in the gas mixture, which can be

obtained from equation (2.21) under the assumption of real gases representation by a
Virial equation of state [98].
YiP

Pe (B’ +mB}) (2.21)

Ao T
T,

Pei IS the dimensionless critical pressure of component i, while T and w; are the

critical temperature and the acentric factor of component i, respectively. Terms B’
and B'were calculated from Pitzer correlation, available in equation (2.22).

-16 -4.2
B° =0.083-0.422- (TLJ ,B'=0.139-0.172- {TLJ (2.22)

G G

It is worth to mention that in some other publications the ideal gas state assumption
has been used [29, 75, 76, 79, 83, 84, 88, 92, 94, 95].
When carbon dioxide is partially adsorbed, equation (2.20) can be modified:
AGY +RTIN pyeo, (- f)gg, + A +245 =0 (2.23)
where f is the fraction of adsorbed carbon dioxide, which is related with the mass and

adsorption isotherm of the sorbent used:

fo Neo, ads _ Yeq.co, “Msortent (2.24)

nco2 nco2
Oco,eq IS the combination of two types of adsorption, one endothermic physical
adsorption and one exothermic chemical reaction. A bi-Langmuir model can be used
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to describe the adsorption isotherm [40]:

KiPYeo, K, PYco,

—— "t (2.25)
1+ K, PYeo, 1+ K, PYeo,

qads = qmaxl

Omax 1S the maximum capacity for site 1 (exothermic physical adsorption) and site 2

(endothermic chemical reaction) and K is given by the equation (2.26):
K, =ky exp(—-AH,/RT), K, =k, exp(-AH, /RT) (2.26)

where Kkoj is the pre-exponential factor, AH; and AH; are the enthalpies of the physical
carbon dioxide adsorption and carbonation reaction, respectively.

Three different sorbents were included in this work: CaO, Li»ZrOs; and HTlc. For
CaO and LiyZrOs, only the endothermic chemical reaction was considered in the

adsorption isotherm as shown in Table 2-6.

Table 2-6 Parameters used in the bi-Langmuir model for CaO, Li,ZrO3z;, HTlc and
K-HTlc. [40, 102-105]

Parameters CaO LioZrO3 HTlc K-HTlc
Omaxz [mol kg™ n.a. n.a. 0.0453 0.423

ko1 [bar™] n.a. n.a. 9.07 10° 9.07 107
AH; [kJ mol™] n.a. n.a. 40.0 40.0
Omaxz [Mol kg™] 17.83 6.53 0.0546 0.351

ko [bar™] 1.84 10° 3.8310° 1.01 40% 1.01 40%
-AH; [kJ mol™] -171.9 -150.9 -130.8 -130.8

The values for the feed ratio of sorbent to ethanol are based on the stoichiometric
ratio of carbon atoms, CaO or Li,ZrOs/EtOHinee = 2. For HTIc, considering the
destruction of the HTIc structure which occurs at > 773 K [99], SE-SRE with HTIc as
sorbent was performed in the temperature range from 573 to 773 K. Conventional
HTIlc has a small carbon dioxide sorption capacity, around 0.10 mol-kg™ [100]. In
order to employ HTlc as sorbent in SE-SRE process, the ratio of HTIc to ethanol is set
as 1mol of EtOH vs. 20 kg of HTlc, which is in the stoichiometric ratio of carbon
atoms. In addition, the effect of the ratio of HTIc and K-HTIlc was also analyzed.

In total, 4 atoms, C, H, O and He as well as 9 compounds, C,HsO, C,H,0, H,0, H,
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CO, CO,, CHy, He in the gas phase and C as solid species are considered in the
equilibrium system based on a previous experimental work [82].

The initial quantity of ethanol was set as 1 mol, the molar quantities of water and
helium are dependent on the Rse and inert-to-ethanol ratio (Rinerveton). Finally, the
following explicit forms are obtained:

AG) +2. =0,AG; +RT(INp-g, - Yy)+ Ay =0

AG) +RT(In Dby, Vi, ) +24 =0,AG) +RT(NP-geo - Yeo) + e + 4 =0

AGY . +RT(INP-goyy, - You,) +Ac +4244 =0,AG]  +RT(INP-G - Vi 0)+24 + 45 =0

AG], +RT(INP-o, - Yoo, (A= F)) + A +245 =0,

AGY  +RTUN PG yi0 VYeumo) + 24 + 44 + 75 =0,

AG  +RT(INP-Gerio Youo) + 2% +64 + Ao =0,Ny =N o - Reeryeon

Ne +Ney, +Neo +Neo, +2Ne p 0 + 2N 0 = 2Ny o +Neo + 2N, +Ne o +Ne o = Rge +1

ane, + 2nHZ + 2nHZO +4ne o+ 6nCZHGO =2R; . +6 (2.27)
The task is to solve the above 13 non-linear equations. The calculations for this

non-linear system were performed in Matlab R2010b using the fsolve function

following the Levenberg-Marquardt algorithm [101]. All the thermodynamic data

required for the calculation were taken from references [40, 102-105].

2.2.3 Results and Discussion

2.2.3.1 Real gas state vs. ideal gas state assumption

The thermodynamic equilibrium state is an important issue for any catalytic process;
it provides information on how far or how close the process can reach equilibrium
state. Table 2-7 shows a comparison of the thermodynamic equilibrium data
calculated for SRE with real gas state and ideal gas state at a pressure of 100 kPa. It
could be observed that both the conversions of water and the yields of products
(hydrogen, carbon monoxide, carbon dioxide and methane) show considerable
deviations with increasing temperature and decreasing Rge. However, at high
temperatures (> 773 K), there are some differences between the hydrogen and carbon

monoxide yields from real gas state and ideal gas state. As a result, it is recommended
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to employ real gas state for thermodynamic analysis of SRE and SE-SRE. All the

calculated results below were obtained from real gas state.

Table 2-7 Comparison of the thermodynamic equilibrium data for SRE with real gas

state assumption and ideal gas state assumption at 100 kPa.

SRE (real gas) SRE (ideal gas)
p T X H,0 YH2 Yeo Yco2 YCH4 X H,0 YHZ Yeo Yco2 YCH4
kPal K]
[%] [mol/molgor ] [%] [mol/molgon 0]
473 0.4 0.02 0.00 051 1.49 05 0.03 0.00 0.26 1.49
573 3.0 0.18 0.00 054 1.45 36 022 000 0.28 145
673 11.2 069 002 066 1.32 130 0.79 0.01 0.35 1.30
3 773 263 172 014 083 104 | 295 185 008 045 1.02
873 43.0 322 063 083 054 | 481 330 042 051 057
973 514 435 127 064 010 | 581 450 1.01 044 0.12
473 04 0.05 000 051 149 05 0.07 0.00 0.26 148
573 2.6 0.36 0.00 059 141 3.2 0.45 000 031 1.39
673 9.2 131 0.02 082 1.17 108 152 0.01 044 112
! 773 207 304 014 116 0.71 23.1 331 0.08 0.64 0.65
873 304 477 052 130 018 | 335 501 032 076 0.17
100 973 30.7 513 082 117 0.01 | 346 539 055 0.72 0.01
473 0.3 0.07 0.00 052 1.48 05 009 0.00 026 148
573 24 049 000 0.62 1.38 30 061 0.00 033 1.35
10 673 8.5 1.72 0.02 092 1.07 9.9 199 0.01 050 1.00
773 182 378 013 134 052 | 202 411 008 0.74 0.45
873 242 527 042 150 008 | 262 550 025 085 0.06
973 236 535 063 136 000 | 260 559 039 080 0.00
473 0.3 0.13 0.00 0.53 147 05 018 0.00 0.27 145
573 2.2 0.88 0.00 0.72 1.28 2.7 110 0.00 0.39 1.23
673 7.1 286 0.02 120 0.78 8.2 3.28 0.01 0.66 0.68
20 773 127 521 011 172 0.17 136 548 006 092 0.12
873 137 573 024 175 0.01 143 585 013 094 0.01
973 132 564 036 164 0.00 140 580 020 091 0.00
2.2.3.2 Carbon deposits

It is known that carbon formation can occur during SRE [106], but at a certain Rge

the formation can be suppressed. This topic was considered in some previous works,
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those who considered solid deposits formation, represented carbonaceous deposits
simply as graphite [77, 84, 85, 107, 108]. The calculated yields for hydrogen and
carbon deposits (graphite) are shown in Figure 2-9. It can be found that carbon
deposits are formed below Rse = 3, associated also with a low hydrogen yield in this
region, fully in agreement with a previous work [79]. It must be emphasized that the
ethanol used in SRE can be obtained from bio-ethanol by fermentation processes [109]
where the Rgge is between 10 and 20, while carbon deposits may change the
equilibrium composition only when the Rge is low (< 3). Therefore, carbon formation

will not be a key point of our work.
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Figure 2-9 Calculated yields for hydrogen and carbon deposits supposed to be graphite.

2.2.3.3 Conversions in steam reforming of ethanol

It might be pointed out that ethanol and acetaldehyde are thermodynamically unstable;
therefore, the conversions of ethanol and acetaldehyde are always very close to 100 %
within the temperature range analyzed, while the conversion of water is higher at a
lower pressure, lower Rge and higher temperatures, as depicted in Table 2-7. This
behavior is in agreement with the principle of Le Chatelier, because conversion in
SRE is associated with an endothermic change and volume increase reaction, thus a
temperature increase favors conversion. Not negligible, the conversion of water is a
critical issue, because it enables both important processes, steam methane reforming

and water-gas-shift reactions.
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2.2.3.4 Steam reforming of ethanol under pressure conditions

Figure 2-10 shows the hydrogen yields at equilibrium for SRE at 100 kPa (Figure
2-10a) and 500 kPa (Figure 2-10b), respectively. The hydrogen yield at 100 kPa
(Figure 2-10a) quickly increases with temperature and Rse in the feed which
reduces/avoids the formation of coke significantly; while for a higher pressure of 500
kPa the yield is lower, as expected from the principle of Le Chatelier. As a result, high
pressures are not recommended for SRE. In addition, when steam is used in excess,
the Rge has no longer a strong effect on SRE, while temperature becomes the major

parameter for hydrogen production.

20
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r .
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Figure 2-10 Thermodynamic calculation of hydrogen yields from SRE when p = 100 kPa (a) and
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In all the operating conditions analyzed, the theoretically maximum hydrogen yield
(6 mols hydrogen per mol of ethanol converted) cannot be found, which can be
overcome by shifting the equilibrium of SRE. Both, hydrogen and carbon dioxide can
be selectively removed, thus pushing the equilibrium constant to the product side. In
this work, the discussion is focused on carbon dioxide sorption, comparing different

materials (CaO, Li,ZrO3; or HTIc) which preferentially exhibit this property.

2.2.3.5 Sorption-enhanced steam reforming of ethanol
Sorption-enhanced steam reforming of ethanol is a hybrid process involving catalytic
reforming of ethanol and carbon dioxide capture with adsorbents. Table 2-8 depicts a

comparison of the calculated thermodynamic equilibrium data between SRE and
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SE-SRE with calcium oxide, lithium zirconate or HTIc as carbon dioxide sorption
materials at a pressure of 100 kPa. The results obtained for the use of CaO provides an
improvement in hydrogen equilibrium composition due to the disappearance of
carbon dioxide, thus inducing a shift of the chemical equilibrium to the product side.
However, this improvement is not maintained when the temperature is higher (> 873
K), because SRE without sorption already reaches high hydrogen yields in this region.
Furthermore, the decrease of the hydrogen yield in this region can be a contribution of

decarbonation:

CaCQ,,, - CO,,, +CaQ,, (AHg, =+171.3kJmol ™)  (2.28)

Lithium zirconate is another kind of high temperature carbon dioxide sorbent. The

reversible chemical adsorption/desorption reaction can be described as:
Li,ZrO,, +CO,,, <> Li,CO,, +ZrO,,  (AHg,, =—146.7 kimol™ ) (2.29)

The thermodynamic equilibrium of SE-SRE with Li,ZrOs; as sorbent has in
principle similar results towards calcium oxide as sorbent. The enhancement on
hydrogen yields becomes insignificant at 973 K. In addition, from reports in literature
it is known that pure Li,ZrO3; has extremely slow sorption Kinetics [110]. As a result,
employing un-promoted Li,ZrO3 as sorbent is not appropriate for SE-SRE.

On the other hand, HTlc show higher sorption enhancement at lower temperature
ranges than CaO or Li,ZrOs. Therefore, the use of the former class of materials causes
an increase in hydrogen production at lower temperatures, while in the latter two
cases the operating temperature range is higher for a successful enhancement of the
hydrogen production. The results obtained where catalyst and HTIc are coupled in a
hybrid system with Rge above 10 at 773 K, show high equilibrium yield of hydrogen
very close to 6.

The results obtained suggest that the use of HTIc for carbon dioxide capture is
recommended, because it is possible to produce hydrogen near to the stoichiometric
limit with lower energy requirements for the hybrid reactor operation. However, the
kinetics of sorption and SRE, as well as the regeneration of the sorbent in a cyclic

process are critical issues, should be investigated in the following chapters.
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Chapter 11

2.2.3.6 SE-SRE under pressure conditions

It is expected that, in a presence of a sorbent, a pressure increase (p = 500 kPa) could
enhance sorption of carbon dioxide. Then, less carbon dioxide should be present at
equilibrium. The operation under pressure was analyzed to verify possible
improvements in the hydrogen production at higher pressures.

Table 2-9 compares the thermodynamic equilibrium data between the SRE and the
SE-SRE with CaO, Li,ZrO3 and HTlc as carbon dioxide sorption materials at a
pressure of 500 kPa. As it can be seen for SRE, when comparing the results with Table
2-8, the maximum in hydrogen yield is reached at 973 K with a pressure of 500 kPa
instead of 873 K at 100 kPa.

It can be found that the decrease of carbon dioxide yield is noticeable, but the
SERP with pressure also affects methane equilibrium composition, thus reducing the
hydrogen yield. The use of pressure improves the performance of the sorbent, but
pressure also shifts the equilibrium to the reactants side. According to these results,
the use of pressurized processes does not seem to be appropriate for hydrogen

production through SE-SRE.

2.2.3.7 Influence of promoter and amount on SE-SRE with HTlc

In Figure 2-11, the effects of the HTIc amount as well as the effects of the
K-promoted HTlc amount are depicted. The higher the temperature and the higher the
amount of the HTIc used in the feed, the higher hydrogen yield (Figure 2-11a). Traces
of carbon dioxide (Figure 2-11b) and especially carbon monoxide (Figure 2-11c) are
obtained, for HTIc with an amount of 200 Kg on the feed of K-promoted HTIc with an
amount of 20 Kg have shown carbon monoxide levels less than 10 ppm. Hydrogen
produced under these conditions can be used directly for PEMFC [70], while further

purification units (WGS, PROX, Methanation) are not required.
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Figure 2-11 Thermodynamic equilibrium for SE-SRE with different HTlc ratios and K-promoted
HTlc: Hydrogen yield (a), carbon dioxide yield (b) and carbon monoxide yield (c).

2.2.3.8 Comparison of results
The comparison of results from thermodynamic models and experimental data is quite
difficult since the experimental data reported in literature are not necessarily at
equilibrium conditions. However, it is useful to compare experimental results with
thermodynamic data. The comparison allows us to verify how far the system is from
equilibrium conditions, for possible improvements. Figure 2-12 illustrates a
comparison between experimental works [82, 97] and thermodynamic calculations
[83, 97].

In Figure 2-12a, the calculated product compositions regarding to the works of
Silva et al. [83] and He et al. [97] for SRE at 823 K, p=100 kPa and Rse = 6 can be
found. Under the real gas state, the product gas from our thermodynamic analysis had

a composition of 64.9 mol % hydrogen and 5.37 mol % of carbon monoxide, within a
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good agreement with results from other researchers.
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Figure 2-12 Comparison between experimental and theoretical data of He et al. [97], Silva et al.
[83] and this work for the prediction of the equilibrium compositions when T = 823 K, p = 100

kPa and Rse = 6, SRE (a) and SE-SRE using CaO as sorbent (b).

When CaO is used as sorbent in SE-SRE (Figure 2-12b), under the same reaction
conditions, the yields of hydrogen and other undesired species calculated in this work,
deviate slightly from the results of He et al. [97] and Silva et al. [83]. It might be
referred that in this work the performed calculations where made with real gas state,

while the works of He and Silva considered ideal gas state.

2.2.3.9 Influence of inert species

The use of inert carrier gases has to be taken into account due to the fact that most
experiments are carried out with inert. Figure 2-13a shows the effect of inert gas ratios
Rinert/eton 0N equilibrium compositions at 673 K, p = 100 kPa and Rge = 10. It could
be observed that with increasing inert gas ratios, both the conversion of water and the
hydrogen equilibrium amounts increase, while methane decreases. However, the
amounts of carbon dioxide and carbon monoxide remain relative constant. These
results show that reactants and products diluted in inert gas could affect the

conversion and product distribution.
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Figure 2-13 Thermodynamic equilibrium composition with inert gas at 673 K, Rge = 10 and p =
100 kPa, when no sorbent is included (a) and comparison between experimental and theoretical

data of Cunha et al. [82] and this work when HTlc is included (b).

The comparison between experimental results [82] and thermodynamic data of
SRE with inert gas and SE-SRE with HTIc as carbon dioxide sorbent is shown in
Figure 2-13b. SE-SRE results obtained from the experiments indicate that during the
first 10 minutes of reaction almost all ethanol was converted along with very high
hydrogen purities (~ 96 mol %). The results obtained, mostly, indicate that the
catalytic SRE process is away from this theoretical work, while the SE-SRE at the

same condition is close to it.

2.2.4 Conclusions

Thermodynamic equilibrium analysis of SRE indicates an improvement in hydrogen
yield and purity when an HTlc sorbent is used in the system. HTlc sorbent is more
preferable than CaO and Li,ZrOs, because HTIc has a better adsorption performance
than the others at lower temperatures. The results of this work show that when enough
sorbent is used, the hydrogen yield can reach close to 6 mol hydrogen per mol ethanol
converted, while the content of carbon dioxide in the product gas is less than 10 ppm
at 773 K and Rg/e > 10. According to the thermodynamic equilibrium analysis, the use
of further purification units would not be necessary. These conclusions are also

proved experimentally.
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2.3 Kinetic Study

2.3.1 Introduction

Hydrogen is the energy carrier of the future [111, 112]. It is used in fuel cells for
energy generation [2, 3]. Nowadays, steam reforming (SR) of natural gas and light oil
fractions is widely used to produce hydrogen [1, 68]. Renewable resources are an
alternative for the production of hydrogen via SR. Ethanol is among the candidates a
good choice, because it can be produced in large amounts by the fermentation of

biomass [113, 114]:

C,,H,,0, (sacarose)+H,0 — 4CH,CH,OH +4CO, (2.30)

In addition, ethanol can be directly converted into hydrogen by SRE. Since the
research efforts focuses on SRE [5, 9, 10], it is clear that several reaction pathways
are possible in SRE (Figure 2-14) , depending on the catalysts used [5]. The efforts
are mainly focused on Co, Cu, Pt and Ni based catalysts [5, 9, 10, 63]. As typical
transition metals, the active outer layer electrons and associated valence states make it
possible for these metals to be candidates for SRE. It is worth noting that the
conversion of the reactants used, ethanol and water, as well as the product distribution
is strongly dependent on the nature of catalysts employed (active phase, promoters
and support material). Therefore, it is necessary to carry out a comprehensive Kinetic

study on SRE to understand the nature of the reaction.

CH,CH,0H <> CH,CHO+H,
Dehydrogenation

CH,CH,OH <> C,H, +H,0
Dehydration

05C,H, &>C+H,

Ethylene Acetaldehyde

Ethylene Polymerization

[
1=

Steam Ethylene Reforming Decorboxylation

Steam Met(h;;\;\\;) Reforming CH,CHO ¢>CH, +CO

Coke
A

Steam Ethane Reforming
»

—»{ Hydrogen
C+H,0 o o5 <—>CO+H2> *
CH,+2H,0>CO, +3H,| ¢

A Carbon

Ethane I Methane I monoxide
2CH, <>C,H, +H, |

Methane Decomposition
CH, <> C+2H,

Dehydrogenation

H,+H,0 - CO+3H,

Water Gas Shift
CO+H, 0+ CO,+H,

C+CO, & 2CO

Boudouard Reaction

Figure 2-14 Scheme of reactions involved in SRE, pathways are dependent on catalyst and

operating conditions used.
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It is known that carbon formation can occur during SRE, but at a certain Rg/e the
formation can be suppressed. This topic was considered in previous works [82, 115].
It was found that carbon deposits are formed below Rse = 3, associated also with a
low hydrogen yield in this region. In this work the simplified kinetic model proposed
does not consider the formation of adsorbed carbon due to the fact that we operate
SRE with excess water. In this work SRE reaction is studied in a large range of
temperature (473 - 873 K) and space time (0.008 - 6.731 s) in which the ethanol
conversion goes from 0 to 100 %. The goal is to prove if the established simplified
kinetic model is convenient to describe the kinetic behavior of the catalyst used in
SRE. The novelty of this work is that a simplified Langmuir-Hinshelwood-
Hougen-Watson (LHHW) kinetic model is proposed with nine parameters, where the
surface decomposition of methane is assumed as the rate determining step (RDS),
while all other reaction steps are set as reversible. To the best of our knowledge there
is no literature report assuming that the dissociative methane adsorption is the RDS in
SRE. The purpose of this work was to develop a simplified mechanistic model to
move away from empirical models (power rate model), but also to move away from

other proposed models which are too complex for an applied kinetic process.

2.3.2 Kinetic Models

The kinetic behavior of the SRE reaction has been studied over various catalysts in
recent years to describe the reaction rate using a power law rate expression [67,
116-125] or an equation based on certain mechanistic assumptions [121, 126-132].
However, these reports on kinetics show significant differences. This might be related
with the different catalytic materials and reaction conditions used, as well as the time
scale of elementary step procedures (~ 1072 s); it is difficult to detect surface species
with the yet available spectroscopic methods. Kinetic analysis can be classified into
two groups, according to the type of kinetic expressions used for analysis; the Power
rate law expressions derived from data fitting or the use of a Langmuir—Hinshelwood

and/or Eley-Rideal kinetic model.
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2.3.2.1 Power rate law expressions derived from data fitting

In order to have a model independent description, many of the measured kinetics are
given by power law expressions without considering the mechanism of elementary
steps. Data from kinetic measurements of the SRE reaction are normally fitted into the

following power law expression:

—E u
—Tore = KoEXP [R_TA] Peton - pgzo (2.31)

Asurvey of reported power rate law expressions can be found in Table 2-10.

Table 2-10 Power rate law kinetics and activation energies reported.

Ea Support/ T

Rate expression Active metal R Refs.
P [kJ'mol™] Precursor K] SE
7.0 Ni (20.6 wt. %) Y,05
. 5.9 after heat treated at 773 K 67,
r=K-Ngoy . 403 0 [
16.9 | Ni(16.1wt.%) |  AlO; 116]
r=k-pion - Phso n.a. Ni AlLO; 673 43 | [117]
r=k-p* 144 Ni (43.6 wt. %) | Ni-Al-LDH | 823-923 | 55 | [118]
Raney-Type
r=k-Ceop 149 68.9 wt. % Ni- 28.2 wt. % 523-573 1 [119]
Cu- 2.9 wt. % Al,O4
r=k-Paon - Prio 23 Ni (25 wt. %) | MgO-AlLO; | 673-873 | 3-18 | [120]
r=k-nge, 4.4 Ni (15 wt. %) Al,O, 593-793 | 4.3 | [121]
r=K- P 96 Ru (5 wt. %) Al,O, 873973 | 10 | [122]
r=k-ng%, 51 Ni (20.6 wt. %) n/a 673-863 | 4.3 | [123]
monolith
r=k-c¢ Rh-Pt (~4
= 85 ( (BASF: 837-973 | 3-10 | [124]
wit. %)
a=02/1.2, SR10D)
r=k- pgtOH : pgzo
18.4 Pt (1-5 wt. %) CeO, 573-723 | 1.5-6 | [125]
a = 0.5+0.05,
B=0+0.015

* " eron represents the molar flow rate of ethanol
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The rate constant ko, activation energy Ea, a and B for the reaction order vary
between different studies. The reasons for the disagreement among previous research
results on the values of the kinetic parameters for the investigated reaction can be
explained with the use of different catalysts (active phases, supports, particle sizes,
morphologies, catalyst activation/pre-treatments) and/or operating conditions

(temperature ranges, feed ratios, different reactors such as differential type).

2.3.2.2 Langmuir—Hinshelwood (or Eley-Rideal) mechanism

Power rate laws provide little information about the underlying processes. Moreover,
the power rate law kinetic model used in one study might not be suitable for other
types of catalysts under different reaction conditions. A better understanding of the
involved chemical processes can be used for the kinetic models, which can be more
generic. The establishment of a kinetic model with elementary steps requires a deep
knowledge of the reactions involved in the overall SRE process. Kinetic models
normally use the Langmuir—Hinshelwood (or Eley-Rideal) mechanism. It assumes
that all reaction species are adsorbed on the catalyst surface before they take part in
network reactions, and the mechanisms proposed are based on assumptions or
simplifications [133]. A survey of mechanisms can be found in Table 2-11. In Table
2-11a Ni and Co based catalysts used in SRE can be found with the corresponding
kinetic models. Table 2-11b summarizes the kinetic models in SRE for Rh and Ru
based catalysts. Finally, in Table 2-11c the kinetic models used in SMR with Ni based
catalysts are shown for a better comparison.

It could be found that these published kinetic studies in the field of SRE processes
are mainly performed in a small temperature range. In order to have an intensive
investigation of SRE behavior, a systematic kinetic study of SRE was performed from
473 to 873 K, based on a Langmuir—Hinshelwood-Hougen-Watson mechanism model
with nickel as the active metal phase. The kinetic model is based on the reaction
pathway (green color) shown in Figure 2-14, involving four reactions. In addition, the

power rate law kinetic expression was also examined for comparison purpose.
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2.3.3 Kinetic Models Derivation

2.3.3.1 SRE and the reaction pathways

Based on results reported in literature, a schematic representation of the reactions
involved in SRE was given in the introduction section (Figure 2-14). In a first step
ethanol can go through dehydrogenation or dehydration reaction. Dehydration
reaction is favored when the catalytic system shows acidic features (e.g. Al203-based
support material), resulting in the formation of ethylene [136], which is a precursor
for coke formation through polymerization. When the catalyst has basic features (e.qg.,
MgO-based support material), dehydrogenation is preferred, leading to the formation
of acetaldehyde [82, 137-139]. The acetaldehyde formed is then decomposed via
decarboxylation into methane and carbon monoxide. These two reactions occur in low
temperature ranges [82], but it is also possible that ethanol directly cracks into
hydrogen, carbon monoxide and methane. This reaction step can be considered as a
sum of the first two reactions. Hereafter, the WGS takes place in a middle temperature
range. However, there is a possibility that a latent WGS occurs, that means
acetaldehyde reacts directly with water [139]. Some catalysts, such as copper based
systems, which have been reported in literature [140, 141], can also force
acetaldehyde to react with water, so that the acetic acid formed, decomposes into
methane and carbon dioxide. Indeed, these two reactions can be considered to be a
latent WGS, because the sum of the individual reactions corresponds to WGS.

The remaining methane, formed upon ethanol decarboxylation, has a critical aspect
in SRE; it limits the production of hydrogen at low and intermediate temperatures. For
methane conversion the SMR is required. Note that SMR is the reaction which
generates the highest molar amounts of hydrogen. SMR occurs when sufficiently high
temperatures and excess of water is used, avoiding coke formation by methane
decomposition [142], Boudouard reaction and ethylene polymerization. Furthermore,
at SMR reaction conditions the WGS equilibrium becomes the limiting factor for
hydrogen yield [115]. Therefore, a second low temperature WGS reaction step is

necessary to complete hydrogen production. The possible reactions that can occur
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during SRE are summarized in Table 2-12.

Table 2-12 Possible reactions during SRE.

. . e AHSQSK

Reactions Chemical description
[kJ-mol™]

Dehydration CH3CH2,0H « CyH,4 + H,0 +45.4
Dehydrogenation CH3CH,0H « CH3CHO + H, +68.4
Acetaldehyde Decomposition CH3CHO <« CH4 + CO -18.8
Direct Ethanol Decomposition CH3CH,0H < H, + CH4 + CO +49.7
Water-gas-shift CO +H,0 - CO,+ H; -41.1
Latent Water-gas-shift CH3CHO + H,O0 < CO,+H, + CHy  -59.9
Acetic Acid Formation CH3CHO + H,0 < H, + CH3;COOH -26.7
Acetic Acid Decomposition CH3COOH « CH4 + CO» -33.3
Steam Methane Reforming CH4 + H; < CO + 3H; +205.9
Overall Steam Methane Reforming  CH4 + 2H,0 < CO; + 4H, +164.7

2.3.3.2 Ethanol decomposition (ETD)

Several research groups reported the production of hydrogen via -ethanol
decomposition under different conditions. Most of the authors suggest that the first
elementary step of SRE is the molecular adsorption of ethanol [121, 123, 143]. This
assumption can be described by the Langmuir adsorption (associative adsorption).
The adsorbed ethanol dissociates into adsorbed ethoxy species which further
decomposes into acetaldehyde and hydrogen [144]. Acetaldehyde may then be
released in molecular form together with hydrogen. Infrared studies made on different
catalysts have shown that ethanol adsorbs dissociative to form ethoxy species
[145-147]. In these studies, the increase in temperature led to the complete

disappearance of the bonds corresponding to ethoxy species at ~ 473 K [148].

2.3.3.3 Acetaldehyde decomposition (ACD)
In the next elementary step, the adsorbed acetaldehyde molecule may go again

through C-C bond dissociation, forming an adsorbed methyl and aldehyde species.
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The adsorbed aldehyde species further decomposes into adsorbed carbon monoxide
and hydrogen species. Ni-H may then react with the adsorbed Ni-CHj intermolecular
species to release methane and two free nickel sites. At this point the backward
reaction can be set as the RDS. Finally, adsorbed carbon monoxide species may also
be released as well.

Several works have reported the appearance of carbon monoxide, methane and
hydrogen at the low-temperature region during temperature programmed desorption
analysis of adsorbed ethanol. Such an observation can be fairly attributed to the
decomposition of ethoxy species [149-151].

A pure Ni (111) surface, as Gates et al. [152] have shown, causes bond breaking of
ethanol in the following order: as first, the scission of the O—H bond in the ethanol
molecule to form adsorbed ethoxy species, as second, the scission of the C-H bond in
the —CH,— group in the ethoxy species to form an adsorbed intermediate of
acetaldehyde, and finally, the scission of the C-C bond of intermediate adsorbed
acetaldehyde to form adsorbed methyl species, -CHs, and carbon monoxide species, -
CO. Therefore, it is possible to assume that the key reaction for the nickel catalyst
tested at temperatures up to 573 K is the dehydrogenation of ethanol to surface
adsorbed acetaldehyde. The following sequence seems to describe the transformations

of acetaldehyde at this temperature range:

CH,CHO,,, <> CH,CHO ) <> COue) + Ha) + CHagage) <> COyy +CH,  (2.32)

2.3.3.4 Water gas shift reaction
The WGS reaction is an exothermic reaction without volume change, and equilibrium
conversion of carbon monoxide (and water) is favored with the application of low
temperatures. The WGS reaction is very fast at reforming conditions. As a result, the
water-gas shift equilibrium is always established during steam reforming.

A comparison of metal-based catalysts shows that WGS depends also on the nature
of the active phase. Tests made at 573 K under forward WGS feed conditions, have
shown the following experimental trend for catalysts investigated on alumina oxide
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support [153], which has weak support effects, Cu > Co> Rh > Ni > Pt > Au > Fe >
Pd > Rh > Ir, that means Cu shows higher WGS activity than e.g. Ni.

It must be pointed out that in WGS, O or OH species tend to stick better on Fe, Mo
or W, whereas Ni, Rh, Ru, Ir, Pd and Pt are covered with carbon monoxide species,
and Cu, Au and Ag present only small coverage of both of these species. This is the
reason why in practice the WGS process is applied in two stages, consisting of a high
temperature shift (HTS) at 623 K with metaloxide catalysts such as Fe,03/Cr,0;3 for a
better water activation, and a low temperature shift (LTS) between 463 and 483 K
with for e.g. Cu/ZnO/Al,Oj3 catalysts.

The activation of water plays an important role and can follow different routes;
associative adsorption of water, dissociative adsorption into OH and H [126, 154-156],
or the water reacts in the gas phase with adsorbed species following an Eley-Rideal
mechanism [126, 155]. It is claimed that the latter mechanism has lower probability of
occurrence [157]. In this work a monomolecular water adsorption (Langmuir
adsorption) is proposed. However, the manner in which water is activated is, of course,
temperature dependent.

Adsorbed carbon monoxide species reacts with adsorbed hydroxyl species, forming
intermediate carboxyl groups which then decompose into adsorbed hydrogen and

carbon dioxide. Hydrogen and carbon dioxide are then released.

2.3.3.5 Steam methane reforming
The first known kinetic studies on SMR were published in 1950s [158, 159]. Bodrov
et al. [160-162] investigated SMR kinetics on a nickel foil. The following expression

was proposed to describe SMR reaction rate:

Ko = P
R (2.33),
1+a- szo ’ pH2 +b- Pco

fsvr =

where “a” and “b” are temperature dependent constants.
Allen et al. [163] also carried out SMR experiments, using a commercial nickel

catalyst and concluded that the RDS was the desorption of products. Later, De Deken
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et al. [164] determined the SMR kinetics on a Ni/Al,O3 catalyst. Hydrogen was added
to the feed stream. The kinetic model was composed of two expressions that
accounted for the formation of carbon monoxide and carbon dioxide.

The proposed SMR kinetics [14, 160-162, 164] were compared by Elnashaie et al.
[165]. The most important conclusion was the different dependences for the partial
pressure of steam: negative [160-162], positive [164] and positive or negative [14].
The conclusion was that the work of Xu and Format [14] is the most generic kinetic
model. They postulated that carbon intermediates react with adsorbed oxygen and this
should be the RDS.

Another mechanism for SMR has been proposed later by Rostrup-Nielsen [166].
Hou and Hughes [167] later developed a similar model to fit the kinetics on a
Ni/a-Al,O3 catalyst with more parameters. Reports in literature for SMR kinetics
indicate that the key-step for a successful hydrogen production must be the sufficient
supply of activation energy to crack the C-H bonds in the methane molecule. It has
been also reported that the theoretical “methane activation” in SMR may occur at
temperatures higher than 573 K [168]. It is well known that the X-H bond strength in
covalent hydrides depends on the electronegativity and element size (X = H, C, N, O).
Increasing the atomic number, the bond force decreases in a group. Bonds between
hydrogen, carbon, oxygen or nitrogen atoms are the most stable covalent bonds. The
dissociation energy of methane is very high (AgissH® = 435.3 kJ'mol™). Also the
electronic configuration of methane is 1s 2s* 2p?, with two unpaired electrons present
in two 2p orbitals. The transfer of one electron from the 2s to the 2p orbitals results in
four single filled orbital’s (1s® 2s* 2p®) for bonding. Thus, the arrangement of the four
C-H bonds in the methane molecule is the result of a tetrahedral symmetry which
minimizes electron repulsion.

Wei et al. [135] found that the reaction rates are only proportional to the partial
pressure of methane. This observation leads to the conclusion that the dissociation of
methane is the RDS for SMR. The methane dissociation is limited Kkinetically by the

initial activation of the C—H bonds, and unaffected by the water concentration.
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The current understanding of methane dissociation [134], leads to the conclusion
that the reaction does not proceed via an adsorbed precursor state. It has been found
that the adsorbed methyl species may decompose so far that an adsorbed carbon
species is obtained [169].

The first reaction step is the dissociative adsorption of methane:
CH,+2) < )CH,+)H (2.34)
The 5CH3 species are subsequently dissociated by many possible surface

reactions until chemisorbed carbon atoms are formed on the metal surface, as shown

in Figure 2-15a.
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Figure 2-15 The mechanism of methane decomposing (a) and potential energy diagram based on

DFT calculations [152] (b).

DFT calculations of these steps on Ni surface, which are reproduced in an energy
diagram given in Figure 2-15b, were performed by Bengaard et al. [170]. They proved
that the energies of the CHy species are higher than those for methane, while the
adsorbed methyl species -CH3 show a similar energy to -CH, and -CH species. In
addition, the energies of the chemisorbed carbon C” species are lower than for CH,
species and CHy, with higher activation energy for decomposition of CHy species to
C” then to the hydrogenation of CH, species to methane. The dissociative adsorption
of methane equation (2.34) seems to be the RDS.

If water is introduced in excess, the adsorbed CHj; species may react with the
adsorbed hydroxyl species or even oxygen species intermolecular, thus forming
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adsorbed carbon dioxide and hydrogen:

JH,C +)OH < )JH,COH +)H

JH,C +)OH < )JH,COH +)H
JALCOR ] JALGO +J
JH,CO+) «]CHO+)H
JCHO +) «<)CO+)H

(2.35)
(2.36)
(2.37)
(2.38)

(2.39)

As a result, these steps in this model could be simplified due to the excess water used.

The adsorbed carbon dioxide species will undergo again a WGS reaction mechanism,

as already proposed above, or being released.

2.3.4 Proposed Mechanism

Based on the findings in literature, the model which is associated with Figure 2-16 is

proposed for SRE with excess water.
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Figure 2-16 Proposed mechanism for SRE with excess water.

94



Chapter 11

It is clear that the proposed SRE mechanism with excess water is too complex;
therefore the establishment of a new simple kinetic model is described in the
following subsection (Table 2-13), associated with the corresponding LH expressions
and using the HW methodology where the dissociative adsorption of methane,
equation (2.34), is set as the RDS.

In the first step (1s) ethanol reacts with a nickel site directly into adsorbed
acetaldehyde and releases molecular hydrogen simultaneously.

The adsorbed acetaldehyde (2s) is released from the free active nickel site, or it
further reacts (3s) to form methane and adsorbed carbon monoxide simultaneously.
Here after carbon monoxide can be released (4s), while the produced methane and
two free active sites can go through the reversible dissociative adsorption reaction,

which is set as the RDS.

Table 2-13 Simplified mechanism and calculation of coverage expressions.

Simplified model Number
CH,CH,0H +) «)CH,CHO +H, (1s)
JCH,CHO <) +CH,CHO (2s)
)CH,CHO «)CO +CH, (3s)
JCOCO+) (45)
CH,+2) «<)CH,+)H (RDS)
H,0+2) <)H +)OH (55)
WJF OH +W<—>3T+COZ+H2 (6s)
2W<—>27+ H, (7s)
JCH, +)OH <) +)CO +2H, (8s)

In the next step adsorbed carbon monoxide, hydroxyl and hydrogen react to
form three active sites plus carbon dioxide and hydrogen in the gas phase (6s).
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Adsorbed hydrogen species may also react with intermolecular (2Ni-H) to form two
free active nickel sites and molecular hydrogen (75s).

Finally, the adsorbed methyl species, obtained in (3s) can react with adsorbed
hydroxyl groups (5s) to generate the adsorbed carbon monoxide, 2 molecular

hydrogen products and one active nickel site.

2.3.5 Experimental and Modeling
2.3.5.1 Reaction studies
A commercial 15 wt. % Ni/y-Al,O3 catalyst (Octolyst 1001), supplied by Degussa AG
in form of extrudates, was used. The experiments were performed from 473 to 873 K
with 100 K intervals and atmosphere pressure with a Rge of 10 in the feed. Details on
the characterization of the catalyst, reaction units can be found in a previous work
[82]. In addition, a Dycor ProLine Process Mass Spectrometer (AMETEK, Berwyn,
USA) was used to measure all the partial pressures of products in real time. The
schematic representation of the experimental units can be found in the previous
section (Figure 2-1).

The catalytic results are discussed in terms of space time t:

reYe Mo 1 (2.40)
Voo & Vo

where Vg is the reactor volume, Vj is the volume flow rate of the reactants and inert
under the standard condition, mc and p, represents the mass of the catalyst and the
bulk density of the catalyst, respectively. The reproducibility of experimental results
was checked and the experimental error was around 5%. For all the measurements

made in this work, an average error of around £5% should be taken into account.

2.3.5.2 Kinetic modeling
Thermodynamic analysis only provides the limit of the reaction system [115].
However, kinetics must be taken into account. It is known that carbon formation can

occur during SRE, but at a certain Rse the formation can be suppressed. It was found
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that carbon deposits are formed below Rge = 3, associated also with a low hydrogen
yield in this region. In this work the simplified kinetic model proposed does not
consider the formation of adsorbed carbon due to the fact that we operate SRE with
excess water.

The SRE reaction was investigated in an integral reactor, the reaction rates were

obtained using the differential method by analyzing the conversions versusm /1 .

The initial concentration of the ethanol-water mixture is used to find the reaction rate,

using the differential method of analysis.

o X 24y
d(mcat /ni,o)
The rate of reaction is determined by the slope of dX; versus d(m /n,), where
n,, represents the molar flow rate of reactant i in the feed.
The power rate law model can be expressed as:
“Ex
Fore = Ko€ 7 pEtOH (2.42)

where Ko is the pre-exponential factor, Ea is the energy of activation, pgwon IS the
partial pressure of the reactant ethanol and n in the superscript is the reaction order
with regard to the reactant. These parameters can be determined with a nonlinear
regression of the experimental results.

In a next step the establishment of a simplified LHHW kinetic model for SRE was

prepared:
1 Yoo, Vs 1
Fre = K- Yon, '[ 1= S 2H2 ) 2 (2.43)
Keq,SMR ycH4 'YHzo DEN
y y y7/2
DEN =1+ KAc Yot Kco Yoo + KOH ) F1|/2§) + KH ylH/zz * KCH3 . C)(/); . (2.44)
H, H,0 '

In order to estimate kinetic parameters, experimental data points obtained were
fitted with the use of the power rate model and the LHHW model. The sums of

squared residuals were used to obtain the objective function Fp;:
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m
2
z :(riexp _ ricalc)

Fyy =- (2.45)

obj m 2
(=)
i

where m is the total number of experimental measurements and # is the average

reaction rate, 7>® and 7°

represent the reaction rate derived from experiments and
calculations, respectively. The kinetic parameters were estimated by minimizing this
objective function using Levenberg—Marquardt method with the non-linear regression
software (MATLAB 2010b). The values of the Levenberg—Marquardt parameters used
in the optimization were function tolerance = 10*°, max iterations = 10% and max

function evaluations = 10,

2.3.6 Results and Discussion
2.3.6.1 Catalyst performance
Ethanol and water conversion vs. space time, at different temperatures, are shown in
Figure 2-17. Dashed lines used in Figure 2-17 to Figure 2-19 were introduced to
follow the experimental points. As it can be seen ethanol conversion increases with
temperature and space time. Particularly at temperatures higher than 573 K, the total
ethanol conversion can be reached with a space time of 0.78 s. The water conversion
also increases with temperature and space time for space times lower than 0.2 s. At
873 K and space times greater than 0.2 s the water conversion remains constant in
correspondence with the total conversion of ethanol or decreases slightly due to the
water formation through the reverse WGS reaction favored at the higher temperature.
The intra-particle diffusion was determined with the Weisz—Prater criterion, and
the calculated value was less than 1 (0.25 at 873 K and 0.0085 at 473 K), which
means the concentration on the catalyst surface is very close to the concentration
within its pores within our experimental conditions. Therefore, the effect of the
intra-particle diffusion was eliminated. In order to eliminate the external mass transfer
limitation, preliminary tests at constant space time but with varying feed rates were
carried out [82]. It was found that the conversion of ethanol at constant space time
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becomes independent from feed rate when the inert flow was 200 Ncm*min™. In
addition, the external mass transfer effect was determined with the Mears’ criterion,
the calculated values are less than 0.15 (0.028 at 873 K and 0.001 at 473 K) with an
inert flow of 200 Ncm®*min™ in the feed. As a result, only experimental results

obtained with 200 Ncm®/min inert in the feed were used for LHHW kinetic model

analysis.
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Figure 2-17 Ethanol & water conversions at different reaction temperatures with inert gas flow

rates of 200 Ncm®min™ at steady-state conditions (the dash lines are drawn to help visualize the

data). Operating conditions: pi = 100 kPa, Rge = 10.

During SRE reaction on a nickel catalyst, acetaldehyde, carbon monoxide and
methane are hereby intermediate products, while hydrogen and carbon dioxide are the
desired products. The variation of intermediate product distributions with space time
and temperature is shown in Figure 2-18. As a result of the decomposition reaction,
yields of acetaldehyde were decreased with space time in all temperatures. With
increasing temperature, the methane yields first increased because of the ETD, and
then decreased due to the existence of the SMR at high temperatures. Whereas the
carbon monoxide yields initially decreased and then increased marginally by the
temperature owing to the equilibrium of WGS reaction. On the other hand, with
increasing space time, the yields of carbon monoxide decreased while methane
increased slightly, which is most probably due to the methanation reaction [129].
Therefore, low space times are recommended for hydrogen production from SRE.
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Figure 2-18 Molar fractions of the intermediate products formed at different reaction temperatures
with inert gas flow rates of 200 Ncm*min™ at steady-state conditions (the dash lines are drawn to

help visualize the data). Operating conditions: pyta = 100 kPa, Rge = 10.

The distributions of the desired products vs. space time at different temperatures
are shown in Figure 2-19. Below 773 K, the selectivity towards hydrogen and carbon
dioxide increased with the temperature and space time, whereas above 773 K, the
yields of carbon dioxide decreased due to the existence of the reverse WGS at high
temperatures. At 873 K, the selectivity of hydrogen remains constant with different
space times which are in agreement with the complete conversion of ethanol at these
conditions.

Figure 2-17 shows results of Xi [%] vs. t [s], while Figure 2-18 and Figure 2-19
depict results of yi [mol %] vs. 1 [s]. As the conversions of the reactants increase, it
was found that the molar fractions of desired products also increases, suggesting the

conversions of reactants are proportional to the molar fractions of the desired
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Figure 2-19 Molar fractions of hydrogen and carbon dioxide at different reaction temperatures
with inert gas flow rates of 200 Ncm*min™ at steady-state conditions (the dash lines are drawn to

help visualize the data). Operating conditions: pta = 100 kPa, Rse = 10.

2.3.6.2 Kinetic analysis

By considering the reactions and products involved mentioned in Section 2.3.3, and
the simplified mechanisms of the kinetic behavior as shown in Table 2-13. The
dissociative adsorption of mechanism has been considered as the RDS in this model,
which is similar to the reports in literature for SMR Kinetics.

Research efforts on SMR kinetics [134, 135] agree that methane is adsorbed on
nickel surfaces as carbon atoms. Water is also adsorbed either as OH species or O
species, and hydrogen formation is a fast reaction compared to the RDS.

However, there is no agreement in the adsorption mechanism for methane. Xu and
Froment [14] found that only one Ni atom is required for the adsorption of methane.
Methane is subsequently dehydrogenated, but the model predicts that three RDS are
involved together with 13 reaction steps, as shown in Table 2-11c. They found also an
unlikely negative heat of adsorption of steam, which is not a strong argument in favor
of their mechanism, as well as it is known that the WGS reaction is very fast at
reforming conditions. As a result, the WGS equilibrium is always established during

steam reforming.
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In contradiction to Xu and Froment [14], Rostrup-Nielsen [171] postulated that
methane is not dissociative adsorbed on Ni. The RDS is assumed to be the irreversible
adsorption of methane associated with substantial energy and entropy barriers, and
requires at least a certain amount of active sites for carbon atoms formation, since
methane is a stable and highly symmetrical molecule with low sticking coefficients
for adsorption.

Wei and Iglesia [135] postulate that the reactivity of the active metal phase towards
C-H bond breaking governs the overall reaction kinetics. It was found that reaction
rates are proportional to methane partial pressure, but independent of carbon dioxide
and water pressures, which led them to the conclusion of sole kinetic relevance of
C-H bond activation steps. The catalyst surface may be uncovered by reactive
intermediates, due to the fast steps of the activation of the co-reactant and methane
activation through the foraging of chemisorbed carbon intermediates. Further, it is
postulated that recombinative desorption steps of H atoms with OH species form
hydrogen and water.

Finally, Gate et al. [152] describe the mechanism of ethanol decomposition on the
Ni (111). The sequence of bond scission steps occur as ethanol undergoes dissociative
reactions. Bond activation occurs in the order -O-H, -CH,, -C-C-, -CHgs. The products
observed are acetaldehyde, methane, carbon monoxide, hydrogen and surface carbon.
The latter species dissolves into the Ni bulk. Acetaldehyde and methane desorb, and
the formation of both of these products is controlled by scission of the methylene
(CH; group). The CHs group is cleaved from the intermediate surface CH3;-CHO
species to form CHgs(ads). Hydrogen exhibits a broad, the carbon-oxygen bond in
ethanol remains intact and carbon monoxide ultimately desorbs in a single desorption.
A small fraction of adsorbed carbon monoxide species undergo exchange with the
carbidic surface carbon in a minor process observed.

Mars et al. [118] reported kinetic experiments on SRE with the formation of
hydrogen, carbon monoxide, carbon dioxide and traces of methane. Experiments with

different methane concentrations showed that ethanol conversion decreases as
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methane concentrations increase, revealing the existence of competitiveness between
both ethanol and methane for adsorption on the same active site. A power rate law was
used first to estimate kinetic parameters, and then to complete the kinetic study with a
LH model.

Llera et al. [130] analyzed the kinetic results on SRE, and they found that both
carbon dioxide and methane are intermediate products, while carbon monoxide is a
final product. They proposed a kinetic model involving two reaction steps where
ethanol reacts irreversible, while the methane and carbon dioxide are reversible in the
reaction. They postulate that the surface reactions are the RDS steps, and that the
dissociative adsorption of methane is a reversible step in quasi-equilibrium, as well as
all remaining reactions. 18 reaction steps with 4 RDS steps were used making the
model quite complex. The model parameters have shown acceptable fit with a
goodness of R? = 0.95218.

Sahoo et al. [126] proposed a mechanistic kinetic model using LH approach,
considering the surface reactions of SRE, WGS and ETD as the RDS in the
mechanism. The fitted data indicate that the formation of acetaldehyde from ethoxy is
the RDS for reforming, and the correlation coefficient R? value for all cases was
above 0.95.

Mathure et al. [120] used acquired experimental data from SRE to fit them in the
power-law kinetic model. A deviation of 10.2 % was calculated, and considerable
amounts of coke formation were observed during the process as well, reducing
catalytic activity. Hereafter, an Eley-Rideal mechanism proposed by Akande et al.
[121] was developed for a better fitting and description of reactions involved in SRE.
Four RDS are proposed; adsorption of ethanol on active sites, dissociative adsorption
of ethanol, surface reaction of the adsorbed oxygenated hydrocarbon fraction with no
adsorbed steam, surface reaction of the adsorbed hydrocarbon fraction with
non-adsorbed steam.

The values of kinetic parameters and the fitness value of objective function for

power rate law model and LHHW model obtained from fitting are summarized in
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Table 2-14. The coefficients of determination R? is obtained from:

R?=1-F, (2.46)

As is shown in Table 2-14, R? calculated by the power rate law model and LHHW
for ethanol reaction rates are 0.918 and 0.981, respectively. The comparison of
reaction rates from experimental and calculated results at different temperature
conditions is shown in Figure 2-20 and Figure 2-21 with a power rate law model (a)
and a LHHW model (b). As can be seen from these figures, the predicted values from
both models are in agreement with the experimental results under different
temperature conditions, and the values of LHHW model are more close to the
experimental values than the power rate law model due to the higher coefficient of
determination of LHHW model (R? = 0.981) compared with that of power rate law
model (R? = 0.918). These results confirmed the LHHW model with assumption of
the surface decomposition of methane as the RDS has a better fit than the power rate

law model.

epelMmol-kg™h™]
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Figure 2-20 Kinetic models (lines) vs. experimental results (filled spots) at pr = 100 kPa and

Rse = 10 with Viner = 200 Nem® min™: a power law model (a) and a LHHW model (b).
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The order values of activation energies reported for SRE has a deviation from 10°
to 10° kJ-mol™ the deviation of activation energies could be due to the different active
phases and reaction conditions employed.

While the reaction order with respect to ethanol has a deviation from 0.43 to 3.64
over nickel based catalysts according to Akande et al. [121] and Akpan et al. [123],
the large difference could be due to the presence or absence of heat and mass transfer
resistances as well as a different mechanism related with the catalyst type.

The obtained energy of activation the SRE reaction in this study is 31.8 kJ-mol™,
which is between the values that obtained by Mathure et al. [120] (23 kJ-mol™) and
Akpan et al. [123] (51 kJ-mol™) where nickel-based catalysts were employed, while
the reaction order (1.52) of the ethanol partial pressure is also in the range of the

values reported by Mathure et al.[120] (0.71) and Akpan et al. [117] (2.52).
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Figure 2-21 Parity plot for rates of reaction calculated using the power rate model (a) and

LHHW-model (b) vs. the experimental reaction rates.

Parity plots for rates of reaction were calculated using the power rate model and
LHHW-model vs. the experimental reaction rates, Figure 2-21. R-squared values were
obtained from the linear fitting of the points. It might be observed that the
LHHW-model has a quite good fitting, while the power rate model has stronger
deviations. The relatively low activation energy obtained for LHHW model is very
likely attributed to the reaction conditions, because a high water-to-ethanol molar

ratio (10) was used. Mathure et al. [120] investigated a commercial Ni-based catalyst
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at similar reaction conditions (Rse = 12), where the gas-phase and intra-particle mass
transfer resistance was eliminated, and the activation energy was determined with a
value of 21 kJ'mol™.

The obtained values of K;j are listed in Table 2-14. It can be found that K3 >> Kg,
which indicate that the acetaldehyde decomposition reaction is much faster than the
ethanol decomposition reaction. On the other hand, K, > K; > K, suggests the
unreacted acetaldehyde could be released from the active phase faster than hydrogen
and carbon monoxide. As a result, a low yield of acetaldehyde was obtained especially
at high temperatures. It can be found that Kg with a relatively large enthalpy value
(123 kJ-mol™) increases as the temperature is raised, indicating that the elementary
reaction between Ocps and Ooy IS also a strong endothermic reaction similar as SMR
which has an average enthalpy of 180 kJ-mol™ among the reaction conditions used in
this study (473-873 K). In addition, the equilibrium constant (Kg) of the elementary
reaction (equation 6s in Table 2-13) which is related with the reversible WGS reaction
decreases with the temperature rise. As a result, the reaction temperature becomes the
deterministic function of SRE process in order to obtain a high yield of hydrogen with

a low yield of carbon monoxide from the product gas [79].

2.3.7 Conclusions

In this section, the kinetic behavior of SRE over a commercial nickel-based catalyst

has been investigated from 473 to 873 K with a Rse of 10 in the feed. The purpose of

this work was to develop a simplified mechanistic model to replace empirical models

(power rate model) and other proposed kinetic models which are too complex for an

applied kinetic process. The following conclusions can be drawn from the analysis

and discussion above.

1) The power rate law and LHHW kinetic models employed in this work both can
successfully demonstrate the catalytic SRE process in a fixed-bed reactor among a

large temperature range.
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2)

3)

4)

The energy of activation for SRE reaction was 31.8 kJ-mol™ and the reaction order
of the ethanol pressure obtained from the power rate law model was 1.52, which is
in a good agreement with other reported results.

According to the comparison of experimental data between the results from two
kinetic models, the LHHW model with assumption of the surface decomposition
of methane as the RDS has a better fitting than that from the power rate law
model.

The values of the parameters for LHHW Kkinetic model indicate that the
acetaldehyde decomposition reaction is much faster than the ethanol
decomposition reaction, while the elementary reaction between Ocnyz and Oy IS

also a strong endothermic reaction as the SMR.
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3. Studies on Materials Development and Evaluation’

In this chapter, hybrid materials with Cu (section 3.1) or Ni (section 3.2) as active
phase and HTIc as sorbent have been prepared and employed for SRE and SE-SRE
studies. Both the Cu- and Ni-HTlc materials show good stability during the SRE and
SE-SRE tests due to the unique layered double hydroxide structure. The hydrogen
production through SRE was enhanced by carbon dioxide sorption in the initial
transient period. Afterwards, K-promoted HTIc (section 3.3) material with potassium
nitrate as the K precursor was developed to improve the carbon dioxide adsorption
performance of pure HTIc material. The synthesized material was found to have
promising stability during repeated adsorption/desorption cycles.

Finally, we extend the previous results to develop a multi-functional material
consisting of K, Cu, Ni and HTIc (section 3.4). It was found that Ni and Cu formed an
intermetallic alloy NigsCups with the advantage of ensemble formation. The K
promoter together with the hydrotalcite material ensured a successful carbon dioxide
sorption performance. As a result, high purity hydrogen steam can be obtained during

the pre-breakthrough period at 773 K.

" The content of this chapter is part of the following articles:

A.F. Cunha, Y.-J. Wu, J.C. Santos, A.E. Rodrigues, Sorption Enhanced Steam Reforming of
Ethanol on Hydrotalcite-like Compounds Impregnated with Active Copper, Chemical Engineering
Research and Design, 91(3), 2013, 581-592.

A.F. Cunha, Y.-J. Wu, J.C. Santos, A.E. Rodrigues, Steam Reforming of Ethanol on Copper
Catalysts Derived from Hydrotalcite-like Materials, Industrial & Engineering Chemistry Research,
51(40), 2012, 13132-13143.

Y.-J. Wu, Ping Li, J.-G. Yu, A.F. Cunha, A.E. Rodrigues, Sorption-Enhanced Steam Reforming of
Ethanol on NiMgAIl Multifunctional Materials: Experimental and Numerical Investigation,
Chemical Engineering Journal, 231, 2013, 36-48.

Y.-J. Wu, Ping Li, J.-G. Yu, A.F. Cunha, A.E. Rodrigues, K-Promoted Hydrotalcites for CO,
Capture in Sorption Enhanced Reactions, Chemical Engineering & Technology, 36(4), 2013, 567—
574.

A.F. Cunha, Y.-J. Wu, Ping Li, J.-G. Yu, A.E. Rodrigues, Sorption-Enhanced Steam Reforming of
Ethanol on a K-Ni-Cu-Hydrotalcite Hybrid Material, Industrial & Engineering Chemistry
Research, 53 (10), 2014, 3842-3853.
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3.1 Copper-HTIc Hybrid System

3.1.1 Introduction

Nowadays, most of the energy is derived from non-renewable sources, such as fossil
fuels [1]. The gradual depletion of these fossil fuel reserves as well as involved
greenhouse gas emissions increased substantially the research efforts in new
alternative energy systems [2]. Hydrogen is generally accepted to be the energy
system of the future [3]. It is clean and efficient in fuel cells [4].

Steam reforming is the most important process for hydrogen production [5]. For a
hydrogen infrastructure based on renewable resources, there is a need for efficient
technologies. In late years, attentions have been given to the production of hydrogen
and synthesis gas from ethanol. Bio-ethanol offers a highly attractive route, because it
can be easily derived from biomass [6]. Moreover, it is abundant, renewable as an
energy source, free of sulphur and it has a relatively high H/C ratio for steam
reforming.

However, the research efforts on catalytic SRE are relatively young [7]. It is found
that the reaction pathways of SRE differ significantly, depending on the nature of the
catalyst [8] and operating conditions [9] used. Thus, it is of prime importance to
design and develop a suitable material for selective hydrogen formation, with
sufficient ethanol and water conversion.

Among different catalyst systems, nickel-based catalysts have been investigated
extensively due to the relatively high activity and the low cost. However, the major
problem for nickel-based catalysts is deactivation due to carbon deposition over nickel
particles. It was found by Verykios et al. [9] that the formation of ethylene from
dehydration reaction (C;HsOH — C,H; + H;0) at high temperatures over a
nickel-based catalyst could lead to polymeric deposits (coke).

In order to avoid carbon deposition, Vaidya et al. [9] proposed SRE in a two-layer
fixed bed catalytic reactor (Figure 3-1). In a first layer ethanol can be converted into
acetaldehyde and hydrogen (C,HsOH = CH3CHO + H,) on a copper-based catalyst at

low temperatures, avoiding ethylene formation. The acetaldehyde may partially
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decompose into methane and carbon monoxide (CH;CHO — CH, + CO). In addition,
copper is known as an excellent active phase for the water-gas-shift reaction [10],
which is reversible and exothermic. Hence, the equilibrium shifts to the right by
favoring the formation of hydrogen and carbon dioxide at lower temperatures (CO +
H,O = CO, + Hy). The resulting mixture, consisting of hydrogen, acetaldehyde,
methane, carbon dioxide and water is then fed into a second layer of a nickel-based

catalyst, coupled with an HTIc carbon dioxide sorbent.

O Cu-Catalyst @ Ni-Catalyst O Adsorbent
05000606000

esssesessse s 00090303030
C,HsOH, H,0|3080§0§0§0 90 C,Hi0, H,0_ S0805050509
080808080808 CH,, H;,cox 020202020202

H,

03030303030 09090303030
sesesecesene 203030202020
1* Layer 2" Layer

Figure 3-1 A two-layer fixed bed reactor for sorption-enhanced ethanol steam reforming

In the presence of nickel, the products of the first catalyst layer may undergo SR at
lower temperatures (~ 673 K). The selective removal of carbon dioxide from the
product stream by sorption further enables production of high-purity hydrogen. In a
previous work, SE-SRE on a Ni/Al,O3 catalyst coupled with HTIc as sorbent in a
multilayer pattern for carbon dioxide uptake was performed [11]. In this section, the
concept of SERP on SRE was illustrated by the use of a hybrid system at 673 K.

At this point, it must be emphasized that the support material, for the copper-based
catalyst in the first layer, should also have a carbon dioxide sorption capacity for
sorption enhanced WGS (SE-WGS). Thus, the support material should act with at
least bi-functional properties, as catalyst support and as carbon dioxide sorbent.
Moreover, the use of a copper-based catalyst operating at 673 K requires a stringent
operating stability (long life-time), which is at this moment quite difficult to achieve,
according to the known state of the art [12]. Cu as the active phase for catalytic
applications suffers mostly on deactivation phenomena, mainly provoked by thermal

sintering. This is a big challenge, and to overcome this issue, an appropriated support
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material is required for the stabilization of the dispersed copper crystallites.

Proper materials for metal crystallite stabilization are e.g. hydrotalcite-like
compounds; they show apart from a wide range of applications as catalysts [13] and
catalyst supports [14] also good capacities for the selective capture of carbon dioxide
at large temperatures [15]. HTlc have layered structures with the general formula
[MZ% 1M, (OH)2]* (A" wn)-mH-0. Besides, HTIc has the so-called “memory effect”
feature [16], which means the layered structure can be regenerated by exposure to
anions after a relatively gentle calcination.

Several potential advantages of SE-SRE were found to reduce the hydrogen
production cost [11, 17]. Lower reaction temperatures, less expensive construction
materials, decreased heat exchanger sizes and simplified purification units [18] can be
achieved when a single unit consisting on both, a reaction part (catalyst) and a

separation part (sorbent for carbon dioxide capture) is used.
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Figure 3-2 Possible arrangements of the hybrid system (catalyst plus sorbent): Multilayer pattern

system of catalyst and sorbent (a) or active phase dispersed in the sorbent (b).

Thus, the material acts as a multi-functional system, as catalyst, as catalyst support
and as carbon dioxide sorbent. These types of materials (hybrid systems) can be
arranged in different manners and they are explained in Figure 3-2. At least two
arrangements are possible for a hybrid system of catalyst plus sorbent. In Figure 3-2a
the catalyst and the sorbent can be arranged in a multi-layer pattern system [11], or the

active phase (catalyst for SRE) is randomly dispersed in the sorbent (catalytic support
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for the active phase and selective carbon dioxide sorbent) [19]. In this section, we will
focus our attention on the latter possibility.

The resulting gas mixture coming out from a copper hybrid system, consisting
ideally only of hydrogen, methane, water and carbon dioxide after breakthrough [9],
can then be fed into a second Ni-based hybrid system (e.g. Ni-catalyst coupled with a
carbon dioxide sorbent). In the presence of Ni, the products of the first system may
undergo SMR at the same low temperature range (around 673 K). The selective
removal of carbon dioxide from the SMR product stream by sorption further enables
the production of high-purity hydrogen [20]. Barelli et al. [21] and Harrison [22] have
systematically discussed this technique.

However, the use of a copper-based hybrid system operating between 648 K and
723 K requires a stringent operating stability (long life-time), which can hardly be
approached. In the present work, a hybrid system Cu-HTlIc is developed for SE-SRE.
This hybrid system was prepared by a novel and simple impregnation method. In
addition, the calcination of HTIc creates mixed oxides [16], which are useful in
catalytic applications due to their high surface area, large pores and the copper
dispersion [14, 23] on surface.

In this section, two types of Cu-HTIlc materials have been prepared/studied,
CuznAl and CuMgAl based hybrid materials. Relative good catalytic stability of the
used active copper phase becomes another part of the improvement. Furthermore,
forceful evidence of the sorption enhanced steam reforming process has been found
during the first minutes of reaction in the hybrid systems. The effect of the operating
conditions on the activity and selectivity was also studied for these systems and

critically compared one with each other.

3.1.2  Experimental
3.1.2.1 Materials
CuMgAIl samples were prepared from a commercial hydrotalcite-like compound.

PURAL MG30 (Sasol) was used as support material for copper and as carbon dioxide
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sorbent. The sorbent was impregnated with copper-nitrate trinydrate using a simple
technique to obtain different copper loadings. The materials obtained are designated
by the sorbent material used and the corresponding copper loading (e.g. CUMgAI-5HT,
corresponding to a copper loading of 5 wt. %). The abbreviation HT stands for the
used HTlc PURAL MG30. The calculated amounts of Cu(NO3),-3H,0 were dissolved
into 200 ml of water at room temperature. Hereafter, the pellets of the PURAL MG30
sorbent were added to this solution, and treated under heated ultrasonic environment
at 373 K during 2 h. The obtained suspensions were further dried in an oven at 383 K
for 48 h. These materials were smashed and crushed in a grinding mill into a fine
powder, and then loaded into the reactor for thermal treatment during 48 h at 548 K
under a nitrogen flow-rate of 50 Ncm*min™. Finally, this system was activated with a
pure hydrogen flow-rate of 30 Ncm®min™ at 548 K during 24 h.

On the other hand, the CuZnAl materials used in this work were prepared in an
automated laboratory reactor (Mettler-Toledo Labmax) by constant pH precipitation
from aqueous metal solutions, with Na,COj3 as precipitating agent and a subsequent
individual ageing time in the mother liquor. The continuously obtained precursor was
prepared by a slightly different production method as it was precipitated accordingly
from a Cu and Zn nitrate solution, using Na,COj3 solution to which an adequate
amount of sodium aluminate was added. This slurry was continuously fed into a
spray-dryer (Niro minor mobile, Tinet = 473 K, Touwtet = 373 K). The active catalyst
was obtained in-situ from the precursor by calcination in air and reduction in pure
hydrogen. The material obtained is designated as CuZnAl-50HT.

The experimental setup, analysis and calculation methods used for the material

evaluation can be found in the previous chapter 11 (page 46).

3.1.2.2 Characterization of the materials
The materials were characterized before and after SRE runs, applying different
physical-chemical techniques.

The elemental compositions of the materials were determined with inductively
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coupled plasma atomic emission spectroscopy (ICP-AAS) analysis IRIS 1000
(Thermo Elemental, Franklin, USA). The specific surface areas of the fresh materials
were calculated by the BET method from the nitrogen equilibrium adsorption
isotherms at 77 K, determined with ASAP2020-M (Micromeritics Instrument Co.,
Atlanta, USA). The decomposition behavior during calcination was simulated with
Thermogravimetry analysis (TG) in a Pyris Diamond TG (Perkin-Elmer, Boston, USA)
analyzer with coupled mass spectrometry (MS) in HPR-20 QIC (Hiden, Warrington,
UK). X-ray powder diffraction (XRD) patterns were recorded within the range of 10—
80° (20) by D/max2550V (Rigaku Co., Tokyo, Japan) diffract meter equipped with a
Cu K, radiation source. The materials were examined with the S-4800 (Hitachi, Tokyo,
Japan) scanning electron microscope (SEM). The reducibility of CuO over the
calcined materials was studied by temperature programmed reduction (TPR)
technique with CATLAB (Hiden, Warrington, UK). At a rate of 5 K:min™, 20 mg
sample was heated from room temperature to 973 K, in a H, (5 mol %)/Ar flow (100
cm®*min™). A high-resolution transmission electron microscopy (HR-TEM) study of
the materials was carried out with a Philips CM200FEG microscope operated at 200

KkV.

3.1.3  Results and Discussion

3.1.3.1 Materials characterization

The properties of the sorbent, PURAL MG30, used as catalyst support material for the
active copper phase was described in a previous work [24].

Materials composition: The results for the composition of the materials used are
collected in Table 3-1. It might be observed that the results obtained from the
ICP-AAS are in good agreement with the nominal mass percentage values. The mass
losses between the precursors and the reduced materials are considerable, which can
be explained by the decomposition reactions which occur during the preparation of

the materials.
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Table 3-1 Materials composition.

[a] [b] NA- M- ALl

Mater|a_|s mprec mcat CU.Mg.A| CU.Mg.A|
[] [9] [mol %] [mass %]

CuZnAl-50HT 15.0 7.0 50:17:33 61:21:17
CuMgAI-5HT 60.0 52.6 6:35:59 13:30:57
CuMgAI-14HT 82.0 58.4 14:32:54 28:25:47
CuMgAI-25HT 113.9 71.7 20:31:49 38:22:40

[a] Total mass of the precursor, [b] Total mass of the catalyst and [c] Mass percentage
obtained by ICP-AAS for the reduced materials.

Nitrogen physisorption: The BET surface areas of precursors, calcined precursors,

hydrogen reduced and materials obtained after SRE are collected in Table 3-2.

Table 3-2 Characterizations obtained by BET and pore sizes obtained by BJH.

SBET Lal &pore[a] SBET[b] &pore[b] SBET[C] CIpore[c] SBET[d] Jpore[d]
[m’/g] [nm] [m’/g] [nm] [m’g] [nm] [m?*g] [nm]

Materials

CuZnAl-50HT 200 8 n.a. n.a. n.a. n.a. n.a. n.a.
CuMgAI-5HT 162 7 159 9 187 9 98 15

CuMgAI-14HT 123 6 157 9 150 12 95 14
CuMgAI-25HT 85 7 48 11 104 11 67 13

[a] precursor, [b] calcined precursor, [c] reduced and [d] after SRE.

In general, all the materials show relatively high BET surface areas. It can be found
that the surface areas increase during calcination as well as during reduction, and
decrease after SRE which is an indication for sintering.

Associated to these results, Figure 3-3 shows the nitrogen equilibrium sorption
isotherms obtained at 77 K of CuMgAI-14HT. It might be observed that the shape of
all these isotherms are quite similar, which can be interpreted as a type IV isotherm
associated with a hysteresis of type H1. The isotherms obtained are typical for
mesoporous materials with pores in the range between 2 and 50 nm. The hysteresis of
type H1 is normally an indication that the material is composed of rigid agglomerates

with spherical shapes and uniform size arrangement.
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Figure 3-3 N, equilibrium adsorption-desorption isotherm of CuMgAI-14HT at 77 K of the

precursor, calcined precursors and reduced materials before and after SRE.

The pore size distribution in the mesoporous region (2-50 nm) can be estimated

from the desorption curve following the method of Barrett-Joyner-Halenda (BJH) [25].
This method assumes cylindrical pores and the results can be found in Table 3-2. The
medium pore diameters of the CuMgAl based materials are within the same range,
and increase with the thermal treatments applied, from around 7 nm (precursor) to
around 14 nm (after SRE).
Thermogravimetry - Mass Spectrometry (TG-MS): In order to investigate the
structural effects on carbon dioxide adsorption, it is important to study the
dehydration and the decarbonation of the materials used. Decomposition products
were monitored during the heating of the materials from room temperature to 973 K
in typical TG-MS experiments which were conducted with 21 mol % oxygen in Argon
at a flow rate of 100 Ncm®min™. The results are presented in Figure 3-4.

It is known that the Hydrotalcite (MgsAl2(OH)16C0O3-4H,0) is an anionic clay with
a structure similar to brucite (Mg(OH),). However, part of the Mg cations are replaced
with AI** in a HTIc and the resulting positive charge is compensated by anions,
typically carbonate, in the interlayer between the brucite-like sheets [16]. Also known,
the activation of HTIc involves a heat treatment wherein the layered structure is
destroyed to form a mixed oxide. However, in a next step the material is rehydrated to

restore the original HTIc structure to a large extent and with the exclusion of other
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anions and carbon dioxide, Brensted base sites (OH") are incorporated in the interlayer
[26-30].
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Figure 3-4 TG-MS of the sorbent MG30 (a) and the precursor CUMgAI-14HT (b).

During the calcination of precursors, hydroxyl carbonates can be released due to
thermal decomposition processes, forming corresponding metal oxides. Every step
corresponds to a certain process caused by the temperature increase. Nevertheless, it
is possible to check whether the decomposition of hydroxyl carbonates into oxides is
completed under the applied calcination conditions or if high-temperature carbonates
are still present.

The water release is observed for the MG30 HTlc at around 534 K (Figure 3-4a)
and, especially at 736 K where the release of carbon dioxide is also observed in the
same temperature peaking. This is an indication that the structure of MG30 material is
irreversibly destroyed at temperatures > 723 K and in agreement with reports in
literature [16].

The CuMgAI-14HT precursor material (Figure 3-4b) shows strong releases of
water (peaking at 407 K), nitrogen dioxide (peaking at 570 K) and carbon dioxide
(peaking at 683 K) during thermal treatment, as expected for the chemical nature of
this type of materials. Remind that the HTIc was impregnated with Cu(NO3),-3H-0,
as the temperature increases the copper(Il)-nitrate decomposes into copper(ll)-oxide,
while water and nitrogen dioxide is released.

X-Ray Diffraction (XRD): XRD is an important method to characterize materials in

terms of catalytic behavior as well as the phase composition, structural properties of
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the bulk phase and crystal sizes. The phase composition may help to interpret possible
sorption effects of carbon dioxide during the first minutes of SRE (SE-SRE), if e.g.
the presence of the HTIlc structure is detected. Structural properties may give
information of the atoms arrangement in the corresponding phase, the crystal sizes of
the active phase obtained from diffraction patterns and their full width at half
maximum (FWHM) through the Debye-Scherrer equation, which can be used to
interpret catalytic activity and stability.

The XRD patterns of the MG30 carbon dioxide sorbent, not shown here, clearly
depict an HTlc structure similar to earlier reports available in literature [31-34]. In

another report [35], it is also shown that the crystallinity increases with Mg content.

Cu (111) b) Cu (111)

a) V\m
M’\\J e o0
, Cu (200)

after SRE k\w e ) ij\gj\(fi?)
WMWW
reduced ML\J ~

calcined MWWWW M
MMM e

precursor

precursor
10 20 30 40 50 60 70 8010 20 30 40 50 60 70 80
20 [] 20 [°]
c) Cu,(111) d)

Cu (200 after SRE
after SRE e J\h\_,) ( ) cu (220) *\J/UMM
LWMM\M.

reduced LJ calcined
L—-——».-MM\._M M
"““\-«-Aw
precursor
precursor

10 20 30

40 50 60 70 8010 20 30 40 50 60 70 80
20 [°] 20 [°]
Figure 3-5 XRD patterns of the materials used; CuMgAI-5HT (a), CuMgAI-14HT (b) and

CuMQgAI-25HT (c) and CuMgAI-50HT (d).
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However, the calcination of MG30 at 873 K results in the destruction of the LDH
structure and the formation of a periclase MgO, which is also found for pure MgO
[36]. Peaks of the periclase structure in MG30 are broad and low in intensity. Weak,
broad peaks for MgAl,O4 (352, PDF no. 21-1152) and y-Al,O3 (66°) are also observed
in the patterns of MG30, and a spinel phase is formed at a higher degree after
calcination of MG30 at 973 K. The characterization of the bulk structure for the
materials prepared for the use in SRE was obtained through the collection of XRD
patterns, before and after SRE. The materials used before SRE are subdivided in their
treatment features, the precursors produced, their calcined state and their reduced state.
These diffraction patterns are shown in Figure 3-5, in association with the
identification of the phases formed for CuMgAl can be found in Table 3-3.

The CuMgAIl materials of different metal loadings (Figure 3-5) showed the
presence of copper hydroxyl nitrate (Cuy(OH)3NOs3), aluminum oxide (Al,O3) and
magnesium aluminum double hydroxide (Mg.,Al(OH);) at the precursor state.
Copper(ll)-oxide (CuO), Al,0; and magnesium aluminium spinel (MgAl,O,) are
found at the calcined state, metallic copper (Cu® and the HTIc structure
(MgsAl,(OH)16C0O3-4H,0) for the reduced state. After SRE experiments, which
means SRE was conducted from 473 to 873 K with a total time on stream of more
than 30 h, only metallic copper, magnesium aluminium oxide (MgAl,O4) and
copper(ll)-oxide were detected as species in the bulk structure.

On the other hand, the precursor of CuZnAI-50HT (Figure 3-5d) can be identified
as a typical hydrotalcite-like material. It matches with the patterns reported for
Cu3ZnzAl,(OH)16C03-4H,0O [37]. No other crystalline phase is observed. The
d-spacings of (003) and (006) reflections correspond to the FWHM of brucite-like
sheets. After calcination of the CuzZnAl-HT, the following phases were identified:
CuO, ZnO and CuAlO,. The HTIc structure was almost destroyed. The calcined
CuZnAlI-HT was then reduced in-situ with hydrogen and subjected to XRD analysis.
Typical reflection planes of Cu, assigned to a metallic faced centred cubic phase were

identified. This is an indication that most of the copper was reduced.
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Before SRE runs, the precursor was calcined in air at 275 <€, followed by
activation with pure hydrogen flow. Accordingly, when SRE was started, most
probably only not detectable traces of the HTlc structure remain in the bulk structure
of the material. The XRD pattern taken after SRE reaction has the following phases:
Cu, CuO, Cu,Al;O7 and CuAl,O4 (corresponding to a syn-Spinel). Possible carbon
dioxide sorption effects, observed in SE-SRE runs can only be explained by the fact
that ZnO has the ability to adsorb carbon dioxide on its surface [38].

Table 3-4 collects the crystal sizes of copper for the materials used before and after
SRE. The formation of small copper particles is desired in terms of catalytic
performance. It is observed that after SRE, the crystal sizes of copper obtained

become larger, which means copper has sintered.

Table 3-4 Copper crystal sizes obtained from the Cu (111) reflex.

Material d [ [nm] d I [nm]
CuZnAl-50HT 7 17
CuMgAI-5HT 16 20
CuMgAI-14HT 20 22
CuMgAI-25HT 23 36

[a] after reduction and [b] after SRE.

Scanning Electron Microscopy (SEM): Figure 3-6 depicts the SEM micrographs of
selected samples. The precursor (Figure 3-6a) and calcined precursor (Figure 3-6b) of

CuMgAI-25HT show platelet-like morphologies, indicating the structure was kept.

Figure 3-6 SEM micrographs of the precursor (a) and calcined precursor (b) of CUMgAI-25HT.
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Temperature Programmed Reduction (TPR): TPR profiles were recorded for the
CuMgAIl material used. These TPR analyses were performed with 5 mol % of
hydrogen in an argon inert gas at atmosphere pressure, using a total flow rate of 100
Nem®min™ (Figure 3-7). It was found that the reduction of copper in CUMgAI-14HT
starts at around 473 K, associated with a peak maximum of around 598 K and with the
reduction process ending at ~ 800 K without any further reduction stages involved.
For the CuzZnAlI-50HT sample (Figure 3-7), it can be seen that the reduction of copper
starts at about 400 K. The reduction curve has a peak at a temperature of 548 K,
ending at around 600 K. It is also observed that two partially resolved reduction stages
are well visible, which are connected to copper oxides reduction (CuO — Cuy0O — Cu)

[39].
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Figure 3-7 TPR on the calcined material CUMgAI-14HT.

Breakthrough Experiments: The material CuMgAI-14HT was tested to investigate
the carbon dioxide adsorption performance with and without the presence of water
vapor. Possible sorption properties for carbon dioxide capture on the materials used
were insured by inert gas flow and steam for regeneration. The results of
breakthrough experiments, for different molar fractions of carbon dioxide, are shown
in Figure 3-8. Operating conditions are a helium flow-rate of 50 Ncm*min™, the
presence of carbon dioxide (filled symbols) with water feed = 0.234 mI-min™ (open

symbols) at 673 K and total pressures of 1 bar.
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Figure 3-8 Breakthrough curves for CUMgAI-14HT material (a) and CuZnAI-50HT material (b).

It might be observed that CuMgAI-14HT has shown the ability of carbon dioxide
adsorption. The breakthrough time, for each molar fraction of carbon dioxide, is
directly linked to the sorption capacity of the material. The introduction of water
vapor reduced the breakthrough time (and so the sorption capacity of carbon dioxide).
It was found by Ficicilar and Dogu [40] that excess water vapor can cause partial pore
mouth closure and increase the diffusion resistance for the transport of carbon dioxide
to the active sites of the sorbent. As a result, the sorption capacity decreased from
0.11-0.18 mol-kg™ to 0.03-0.10 mol-kg™ in the presence of water vapor. The obtained
CuMgAIl materials have a similar adsorption capacity compared with pure MG30
hydrotalcites [24, 41]. This low carbon dioxide uptake was already expected since the
HTlc used was not impregnated with a promoter such as potassium carbonate. In
order to have a higher adsorption capacity for SE-SRE, the effects of the promoter on
the adsorption and reaction performance of CuMgAl materials need to be investigated
in the following sections. On the other hand, it could be observed that CuZnAl-HT
had shown a similar ability of carbon dioxide sorption, as expected. It has been
reported that Cu;xAlx-HT-CO3 with x = 0.43-0.48 has selectivity for carbon dioxide
adsorption [42].

Transmission electron microscopy (TEM): In addition, a typical transmission
electron microscopy (TEM) picture for CuZnAl-50HT was obtained (Figure 3-9a).
Very small Cu particles embedded in the oxidic matrix are observed. Copper particle

size distribution was also calculated, and a histogram is presented (Figure 3-9b). The
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analyses show that the Cu particle of the CuZnAl-50HT material has a mean size of

7.7 nm.,
b) | | Histogram
\ —— LogNormal fit
>
S Mean size: 7.7 nm
: \
O
Q
LL
0 10 20 30 40

Cu particle diameter [nm]
Figure 3-9 TEM image (a) and Cu particle size distribution (b) of CuZnAlI-HT.

3.1.3.2 Activity of Cu-HTlIc for SRE

Figure 3-10 shows the conversion of ethanol and water for SRE in the presence of the
reduced Cu-HTIc materials at steady state conditions (each reaction temperature was
conducted during 4h).

It can be observed that conversions of both, ethanol and water increase with the
temperature. However, higher reaction temperatures are required for the activation of
water, while ethanol already has a high conversion at lower temperatures. The
conversion of ethanol on the Cu-HTIc materials (Figure 3-10) seems to be dependent
on the copper loadings employed. For CuMgAIl materials, higher metal loadings
increase the catalytic activity for water conversion and especially for the ethanol
conversion. No significant difference in the evolution of the conversions was
observed when the inert gas flow-rate in the feed was increased from 50 Ncm®min™

(Figure 3-10a) to 200 Ncm®min™ (Figure 3-10b).
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Figure 3-10 Ethanol and water conversion as function of reaction temperature at steady state
conditions with mey = 5g and an inert-gas flow-rate of 50 Ncm*min™ (a) and 200 Nem:min™ (b)

for the materials: CuMgAI-5HT, CuMgAI-14HT, CuMgAI-25HT and CuZnAl-50HT.

It was found that the Cu-HTIc materials show satisfying activities without apparent
deactivation phenomena during 4 h measurement in a temperature range from 473 to
873 K. However, it must be emphasized that the temperature increase compensates in
a certain level the activity loss. At this point it is also necessary to stress that
compared with other active phases, copper is more likely to deactivate, especially
because of thermal sintering. An increasing order of stability for metals is proposed
[43]: Ag<Cu<Au<Pd<Fe<Ni<Co<Pt<Rh<Ru<Ir<Os < Re. These results
are supported by the low Hutig temperature of copper [44]. The predominant
sintering mechanism in the bulk is known to be the vacancy diffusion [12]. SRE
process employing copper-based catalysts should be operated at relatively low
temperatures, generally lower than 573 K [18]. However, the latest report indicates
that copper-based catalysts may also work at 673 K [45].

In order to investigate the stability of the copper-based materials, it was decided to
carry out measurements with two selected materials at 673 K for 12 h, CUMgAI-14HT
sample after SRE and the fresh CuMgAI-14HT material, as depicted in Figure 3-11.
The CuMgAI-14HT material after SRE (Figure 3-11a) did not show strong
deactivation behavior, because the initial activity of the sample was poor. The
difference between the performances of fresh material and the material after SRE

might be related with the destruction of the HTIc structure (formation of mixed oxides
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and spinel) and the relative large crystal sizes after SRE at high temperatures (see

Table 3-4).
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Figure 3-11 Ethanol and water conversion as well as product distribution on dry basis as function

of reaction time over CuMgAI-14HT after SRE (a) and fresh CuMgAI-14HT (b). Operating

conditions: me, = 3.4 g, T = 673 K, inert-gas flow-rate of 50 Ncm®min™.

In addition, the fresh CuMgAI-14HT material was also subjected to a long time

measurement (Figure 3-11b). The catalytic behavior of CuMgAI-14HT during SRE

was found to be close to the expected. The activity of the material was gradually

decreased over time. As a result, to investigate the temperature effect on the SRE

reaction performance of Cu-HTIlc materials, the results of production distributions and

conversions versus temperatures in the following section 3.1.3.3 were taken after 1 h

of each reaction test.
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This stabilization process (for the copper crystallites) can be a contribution of the
HTIc structure (support material), where copper particles can have a good dispersion.

Another possible reason is the nature of the conducted reaction and respective
operating conditions used, in our case the SRE. During the SRE reaction on the
Cu-HTIc materials, a certain level of hydrogen is produced. This hydrogen is most
probably beneficial, as it helps to maintain stable operation. Furthermore, from
metallurgy it is known that oxygen containing copper can be fragmented when
exposed to hot hydrogen [46]. The hydrogen diffuses through the copper and reacts
with Cu,O, forming steam and fragmented Cu. Pressurized steam bubbles are then
formed at the grain boundaries. This process may cause the crystallites to literally be
forced away from each other, and this is known as steam embrittlement. It may be
possible that some regeneration of the copper crystallites has taken place during the
SRE reaction, also because of the excess steam present in the reaction mixture which
can contribute to an embrittlement. In addition, the established operating conditions
for SRE where Cu-HTIc catalysts perform well are not necessarily optimal for other
reactions [47]. However, some thermal stability was also observed for methane
decomposition on massive Raney-Copper catalysts under severe reaction temperatures

[48].

3.1.3.3 Product distribution on dry basis for SRE
The product distributions on dry basis as evolution of the reaction temperature during
SRE at steady state conditions in the presence of the Cu-HTlc materials are depicted
in Figure 3-12.

Ideally, SRE only generates carbon dioxide and hydrogen. In practice many other
reactions take place, leading to the formation of intermediates and by-products.

The results of Cu-HTIc materials (Figure 3-12) show that at low temperatures
nearly pure hydrogen was obtained from the outlet stream. The increase of the
reaction temperature subsequently caused a decrease in hydrogen purity. Apart from

the presence of carbon dioxide in the dried gas stream, traces of methane and carbon
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monoxide were observed. At reaction temperatures higher than 673 K, the amounts of
by-products increase considerable. Especially the appearance of ethylene was more

notable when lower copper loaded materials were employed.
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Figure 3-12 Product distribution on dry basis as function of reaction temperatures after 1 h of
SRE reaction with me = 5g and an inert-gas flow-rate of 50 Ncm*min™ (open symbols) and 200
Nem®min™ (filled symbols) for the materials: (a) CuMgAI-5HT; (b) CuMgAI-14HT, (c)
CuMgAI-25HT and (d) CuzZnAl-50HT.

It is well known that two main reaction pathways can occur during SRE [8]: the
dehydration and dehydrogenation route. The former one consists on the formation of
ethylene (produced via dehydration of ethanol C,HsOH = C,H,4 + H,0), which can be
further decomposed into carbonaceous species (CoHs = CHy4 + C or CoHy = 2H; +
2C,). Carbon deposition may also occur via Boudouard reaction (2CO = CO; + C)
[49] and methane decomposition (CH4 = 2H; + Cy) [50]. This “encapsulating” carbon
blocks the active sites of the catalyst and results in deactivation. At this point it is

important to stress that in this work a water/ethanol ratio of 10 was used in the feed,
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while thermodynamic studies have found that high water/ethanol ratios can suppress
the carbon deposition [17, 51]. As a result, the aforementioned carbon deposition has
not been detected during all the experiments.

However, one disadvantage of using higher water to ethanol ratios is that more
energy is required to operate the process, even when a combined heat and power
system is employed. To circumvent this problem, the hot excess steam coming out
from the reactor can be recycled as heating source for the same reaction unit [52].

The products found in the liquid phase mainly consist of condensed water,
acetaldehyde, acetone and acetic acid. The appearance of these products is strongly
dependent on the reaction temperature, copper loadings and nature of the materials
used. For instance, high amounts of acetaldehyde were detected in the liquid products
at low reaction temperatures, while at higher reaction temperatures acetone starts to
condensate.

The formation of acetaldehyde suggests that ethanol is decomposed through the
dehydrogenation route (C,HsOH = CH3;CHO + H;). Besides, acetic acid was also
detected in traces at lower temperatures, suggesting the oxidation of acetaldehyde in
the presence of steam (CH3CHO + H,0 = CH3COOH + Hy). Acetic acid can further
decompose into methane and carbon dioxide (CH;COOH = CH, + COy). Das et al.
[18] reported that the formation of acetaldehyde could be suppressed when the Rse in
the feed increased from 3 to 6, due to the formation of acetic acid through
acetaldehyde reaction with water steam. Indeed, methane starts to appear as a result of

the acetic acid decomposition reaction, which takes place at 673 K and higher.

3.1.3.4 Product distribution on dry basis vs. reaction time

Product distributions as evolution of the reaction time during SRE in the presence of
the Cu-HTIlc materials have been given in Figure 3-13. Two different inert gas
flow-rates of 50 Ncm*min™ (open symbols) and 200 Ncm®min™ (filled symbols)

were used in the tests.

139



Chapter 111

y. [mol %]

a)— 100
H
2 steady state for hydrogen g

180 ®

i)

£
CO2 470

» >

404 0) 4100
30- \<> {90
— ~o 2 steady state for hydrogen
L B o B
© ©
é 20 4180 £
>“_ ~
o » Co, >
10+ . 470
CH co
0+ T < T T T T ?J 60
0 10 20 40 50 60

40 A

30

y. [mol %]
3

10

b) 7

steady state for hydrogen

d) 190

CO

40+

30

100

490

y,, [mol %]

470

60

Figure 3-13 Product distribution on dry basis as function of reaction time on CuMgAI-5HT (a-b),
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The results collected for the materials used, depict the product compositions in the
gas phase (hydrogen, carbon dioxide, methane and carbon monoxide), which reveal
pre-, intermediate and post-breakthrough periods for the Cu-HTIc materials (Figure
3-13). The hydrogen content in the first minutes of operation was much higher than in
the steady state operation. The enhancement in hydrogen production can be
interpreted as a result of the HTlc structure within Cu-HTlc materials.

It can be found that CuMgAI-25HT shows less sorption enhancement than
CuMgAI-14HT due to the loss of the surface area for carbon dioxide adsorption
(Table 3-2). In addition, no obvious sorption enhancement was found with higher inert
gas flow rate due to the low contact time.

HTlc are suitable to be employed as carbon dioxide sorbents [16], these materials
have a satisfying sorption performance, stable capacity for cyclic operation and
mechanical strength at around 673 K in the presence of steam [24]. Previous studies
on HTlIc at high temperatures [24, 41] have demonstrated that they can be applied to
enhance the steam methane reforming [53] or SRE process [11]. Furthermore, the
experiments were conducted with excess steam, so that the HTIc structure can be kept
during SRE reaction [35].

It could be observed from Figure 3-13, for all the materials with HTIc structure,
during the transient periods (0-10 min) either the conversions of ethanol and water,
yields and selectivities of hydrogen are relative higher than in the steady state,
suggesting that the carbon dioxide uptake enhances the reaction process.

Thermodynamic analysis [17] has shown that the carbon monoxide content in the
obtained gas from SE-SRE with HTIc as carbon dioxide sorbent could be lower than
10 ppm. As a result, theoretically the produced hydrogen-rich gas can be directly
employed for PEMFC applications. However, during the pre-breakthrough periods at
673 K with SE-SRE over CuMgAI-14HT material in this study, the carbon monoxide
content was around 5000 ppm due to the limitation of the catalytic activity for WGS

reaction.

141



Chapter 111

3.1.4 Conclusions

Sorption enhanced steam reforming of ethanol can be performed on Cu-HTlc based
materials. A new method of preparation was employed to the ensemble of catalyst and
adsorbent for reaction enhancement of catalytic SRE.

The effects of the operating conditions and materials nature on the course of
ethanol steam reforming products were studied. Hydrogen was generated in the
temperature range between 473 K and 873 K.

Carbon dioxide uptake during the transient period of SRE is possible since an HTlc
structure is kept after the synthesis of the materials used, as it was experimentally
proved for the Cu-HTIc materials. Carbon dioxide uptake during the transient period
of SRE was found with the CuZnAl based material derived from an HTlc precursor
due to a relative good interaction of carbon dioxide formed during the initial transition
period of SRE with the ZnO phase present in the CuZnAl catalyst, and also probably
due to the reconstruction of HTlc structure in the presence of steam after calcination
for the CuzZnAl-HT catalyst. These materials have a similar carbon dioxide adsorption
capacity as pure hydrotalcites at 673 K. A sorption enhanced reaction process concept
may be verified for these systems. Higher amounts of hydrogen were yielded during

the initial transient periods.

3.2 Nickel-HTIlc Hybrid System
3.2.1  Introduction
Fossil fuels used as raw material and energy sources are limited [2]. In addition,
ecological reasons become relevant due to the climatic changes caused by the carbon
dioxide emission [54]. These facts lead to the idea "hydrogen economy" [55], based
on hydrogen as the universal energy carrier. Hydrogen fuel cells are important in this
concept due to the high efficiency and low environmental impact [56].

Hydrogen is generally produced through steam reforming of conventional fossil
resources [57]. As an alternative, the use of renewable feedstock (methanol [58],

bio-ethanol [59], glycerol [60], bio-oil [61], etc.) seems to be promising. Bio-ethanol,
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which contains water in large excess, is an ideal feedstock that can be directly
employed for steam reforming (SRE) [8]. The presence of excess water ensures
sufficient supply of steam, improving hydrogen yield and reducing coke formation.
Up to date, a wide range of catalytic materials have been investigated [9]. It was
found that the use of nickel-based catalyst system promises success in catalytic SRE
[59, 62, 63]. Nickel as active phase in a catalytic system proceeds via a complex
network of reactions. Some of them are favored, depending on the catalyst and
operating conditions used [64]. However, catalytic SRE is thermodynamically limited
[17], the use of a carbon dioxide sorbent is required for a high hydrogen yield and has
the advantage to capture carbon dioxide in-situ [65].

The catalyst and the sorbent can be arranged in different manners, as a multilayer
pattern system of catalyst and sorbent [11, 66], mixtures of the two materials [65, 67]
or the active phase (catalyst) integrated into the sorbent [68-71]. Among these
methods, impregnating the active phase on the sorbent can assure a good dispersion.
HTIlc materials are excellent for this purpose due to the promising adsorption
performance at moderate to high temperatures for carbon dioxide capture [72].
Thanks to the alkaline feature [42, 73], these materials are also useful in catalytic SRE
process to avoid carbon deposition through formation of the ethylene, known as coke
precursor. Therefore, HTIc can be suitable support materials for active phases in
catalyst. In addition, Ni- [74-77] and Co- [78-80] based catalysts derived from HTlc
precursors are found as good catalytic systems to produce hydrogen from SRE
process due to the high surface areas and small crystal sizes [77]. One strategy to
achieve the stabilization of Ni crystallites can be the incorporation of this active metal
phase into a matrix of HTlc by a simple wet impregnation method. SE-SRE was
investigated with copper as the active phase and HTIc sorbent as the support material
in the previous section. The hydrogen yield increased 29 % during the initial transient
period at 673 K. However, deactivation was found for the copper-based catalysts at
higher temperatures due to sintering.

In this section, a systematic study was carried out for the production of hydrogen in
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the presence of a Ni-HTIc hybrid material. Nickel was used as the active phase for the
catalytic SRE reaction which has been impregnated in an HTIc. This later material
shows bi-functional features; it is used as catalyst support material and it can capture
carbon dioxide. As a result, sorption enhanced hydrogen production during SRE can
be achieved. The purpose of this work is to develop the hybrid materials consist of Ni
and Mg®*/AI** based HTIc for SE-SRE, together with a numerical model to simulate
and improve the performance for hydrogen production with the obtained materials for

SE-SRE process.

3.2.2  Experimental

3.2.2.1 Materials synthesis

A commercial HTlc [81] from Sasol Germany GmbH was used as support material for
the active nickel phase and as carbon dioxide sorbent. The support material was
impregnated with nickel (Il) nitrate hexahydrate (VWR international) to obtain
different metal loadings.

The materials prepared are designated by the corresponding nickel loading (e.g.
Ni5.9M% corresponds to a nickel loading of 5.9 wt. % and MgAl stands for the used
HTIc based support material). The calculated amounts of Ni(NOgs), 6H,O were
dissolved into 200 ml of water at room temperature. Hereafter, the HTIc pellets were
added to this solution, and treated under heated ultrasonic environment at 363 K
during 2 h. The obtained suspensions were further dried in an oven at 383 K for 48 h.
These materials were smashed and crushed in a grinding mill into a fine powder, and
then loaded into the reactor for thermal treatment during 48 h at 723 K with a nitrogen
gas flow of 50 Ncm®min™. Finally, these materials have been activated at 723 K by
hydrogen gas with a flow-rate of 30 Ncm®min™ for 24 h.

The experimental set-up, characterization and analysis methods used in this section
can be found in previous chapter Il (page 46). Altogether, six multifunctional
materials each having a weight of 20 g were prepared and tested as shown in Table

3-5.
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Table 3-5 Composition, pore diameter, pore volume and surface area of the materials.

metal ratios

before SRE after SRE
[wt./wt. %]*
Materials doore Seer pore dowe ~ Seer pore
Ni Mg Al [nm] [m*g"] volume [nm] [m*g?'] volume
[cm®g™] [em®g™]
MG30 0 27.8 722 8 200.0 0.55 n.a. n.a. n.a.
Nil.oMA 28 259 713 9 182 0.33 11 130 0.34
Ni5.OMA 132 241 627 9 152 0.31 12 112 0.29
Ni11.5M%#' 235 216 549 11 119 0.29 13 86 0.26
Ni21.5M%' 344 183 473 14 105 0.27 14 80 0.27
Ni34.0M#' 588 134 278 14 95 0.28 15 75 0.25
Ni51.0M#" 751 79 170 13 87 0.27 13 67 0.23

*Mass percentage obtained by ICP-AES of the materials prepared.

3.2.2.2 Thermal efficiency

Thermal efficiency was employed to evaluate the energy suitability of SE-SRE
process. In the present work, thermal efficiency evaluation method is developed from
the equation proposed by He et al. [82] used for thermodynamic equilibrium
conditions. For converting ethanol into hydrogen, the thermal efficiency of the

process can be calculated by the following expression:

th LHVHz
Tse_sre =

- (3.1)
r-]EtOH ,0 I‘HVEtOH + Qinput + r]mixAH

latent

where AHpent is the latent energy of fed stream, and LHV,. (244 kJ-mol™) and
LHVEeon (1329.8 kJ-mol™) are the lower heating value of hydrogen and ethanol.
While Qinput i the energy input in the reaction system, which is calculated from the
enthalpy change due to reaction and adsorption:

Qinput = Hout(T)_ Hin (T) = ZhiHi(T)_zhi,OHi(T)+AHreg (32)

M) =HE s [ CodT (33

298K
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where Hqu(T) and Hi,(T) are the enthalpies of the inlet and outlet streams from the
reactor at temperature T, and AH,q iS the heat required for regenerating the carbon
dioxide adsorbent. The enthalpy of the inlet/outlet stream depends on the enthalpy of
each species i at a certain temperature, and the number of moles of each species feed

into the column and obtained from the outlet, respectively.

3.2.3  Kinetic Model

A Kkinetic model based on the Langmuir-Hinshelwood-Hougen-Watson (LHHW) rate
expression was used for the modeling; details of the mechanism, reaction scheme and
model development can be found in the previous chapter 11 (page 95). During the SRE
reaction, ethanol and water are the reactants, and carbon monoxide, carbon dioxide,
hydrogen, acetaldehyde and methane are the products involved. Other intermediate

species were considered as negligible. Finally, the rate expressions are:

Ethanol dehydrogenation =K Yeon (1— %%)ﬁ (3.4
Acetaldehyde decomposition r,= kzyAc( —%%)ﬁ (3.5
Methane steam reforming r, = KsYen, Yoo [ - Kia yi:c’;/i'zo j DElN -~ (3.6)
Water gas shift f, =K Yeo Yi,o [1—%4 ;/Z:yijo J DElN ; (3.7)

where k; to k4 are the reaction rate constants and K; to K, are the equilibrium
constants, which can be obtained from thermodynamic data. The denominator (DEN)
IS given by:

DEN =1+ Keon Yeon T Kio Yo T Ken, You, +

(3.8)

Yh,0 Yeu, 05
Kon o5 K(:H3 —os T KeoYeo + Ky Yu,

HZ HZ
where each K;* is the adsorption equilibrium constant of the adsorbed species and the
molar fraction of hydrogen cannot be zero. Therefore, the hydrogen flow rate in the

feed for the mathematical model was fixed with a flow rate of 7y, = 10™ mol's™.
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3.2.3.1 Parameters estimation

Seven equilibrium constants and four rate constants in the reaction rate expressions
were used. These parameters for the kinetic model are estimated based on the
maximum likelihood formulation by gPROMS software (PSE Enterprise, London,
UK). The values of the parameters for optimal fitting were determined and are listed

in Table 3-7.

Table 3-6 Calculated results of the kinetic parameters.

L Ko Eaj
Kinetic Parameters 1 -1

[mol-kg™s™] [kJ/mol]
ki (1.14+0.16)-10* 31.843.6
ka (8.42+1.03)-10° 24,8425
k(M) =k, -e 7 ks (9.87+1.59)-10° 11948.9
ks (1.06+0.13)-10° 60.44.4

Adsorption Equilibrium Ki*(673_’.115)_1 AH;
[mol-kg™s™] [kJ/mol]
Keon™ (9.83+0.56)-10° -4.9640.52
Kio™* (1.3240.11)-10™ -56.843.16
Kcha™ (1.12+0.23)-10° -66.844.59
)= K et Kow*  (L73£0.16)-102  -53.543.49
Kcrs™ (1.074+0.20)-10° -66.746.82
K™ (7.35+1.02)-10” -27.141.22
Kco* (1.48+0.26):107 -79.548.21

3.2.4  Modeling and Simulation

A mathematical model was developed with the following assumptions:
® |deal gas behavior;

No mass or heat variations within the radial direction of the column;
No mass or heat transfer resistance within the catalyst particle;

Porosity is constant along the column;

Carbon dioxide is the only species adsorbed on the HTIc support material [83].
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3.2.4.1 Governing equations

With all the assumptions proposed, the mass and energy balances of the gas and solid
phase in the fixed bed reactor are depicted in Table 3-7. On the other hand, the axial
dispersion, transfer coefficients and diffusivities are calculated with the correlations
shown in Table 3-8. In addition, the detailed correlations of the properties of the gas
phase, i.e., viscosity, gas thermal conductivity and molecular diffusion are also

calculated with the local conditions.

Table 3-7 Mathematical model of the fixed-bed reactor used.

Mass balance for gas phase in the column:

-\ a(ucC, B (1= @)Kr o C,
C ay|j ( )+(l < )apcatz i1 JI l —{;‘C)%(Ci_ci,cm)

Mass balance for solid phase in the column:

oC, 15D Bi _ oq
= T -BI (CCO —Ceo cat) ~fon ooy
ot r- Bi+l 2 2 & ot

p p

Mass transfer coefficient of the sorbent material [84]:

Nlco,
ot

15 £0,
r2 Oco,
P g, +(1—5p )pcat RT, ;O <

0 co,

= kCOz (QCOQ,eq - qCoz )’ kcoz -

Momentum balance with the Ergun equation:

op 150p,(1-&)* 1. 75(1 £)P,
_5: 42 u+ | |
cp

Energy balance for gas phase in the column:

8cCthmﬂ=2(ﬂaT oC,
T ot oz oz

(1) Ay o (T-T,) =2 (T T,

rC

) CC 8T+ RT —
" oz

Energy balance for solid phase in the column:

o, Cin :
[ngv mCt cat ( &y )pcatcps JES = acathf,cat (T _Ts )+ &y RTS att i t+ Peat é I:ej (_AHj )

Energy exchange with the surroundings:

oT. 2r 2U (Tw _Tfurnace )

pwcpw#mh”_m_{m““'“(FC:'WH

C
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Ideal gas behavior:

p=CRT,C, :Zn:Ci

i=1

Boundary and initial conditions

. or
& Dy % = Yieed,i ~ Yios A— = ~Ueeq Cth (Tfeed _Tz=o) and Ufgeq = & at
62 7=0 82 7=0 ol
z=0. Y, =0, Al _o and P = Pou atZ=Le.
oz, o,

Table 3-8 Calculation of transport parameters and physical properties of the gas.

Axial mass and heat dispersion coefficients by Wakao and Funazkri correlations [85]:

%=20+0.580Re, ki=7+o.5PrRe

m g
Schmidt, Reynold, Prandtl and Biot numbers were calculated as follows:

h_ pe=fol pr_ACon gy Mok

P40 g K, 5¢,D,

Sc=

Heat capacity
Molar heat capacity at constant pressure of component i was obtained with Shomate
equation [86]:

-

C i:A+Bt+Ct2+Dt3+E2,t=—
. t 1000

Molar heat capacity at constant pressure of the gas mixture was calculated as:

Cp = ; inp,i

The mass heat capacity at constant pressure of component i was calculated as:

C.i
Comi =,

where M; is the molecular weight of component i.
The mass heat capacity at constant pressure of the gas mixture was calculated as:

C = Zin=l inp,i

" Zinzl yiMi

Viscosity
Viscosity of the gas component i was calculated according to the first order
Chapman-Enskog equations [86]:
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where &i/K is the characteristic Lennard- Jones energy of component i.
The viscosity of the gas mixture was calculated with Wilke method [86]:

-05 02572
P T @Hlﬂﬂ 1 [ )
i-1 ijl Y, D; M; Hi \ M

Thermal conductivity
The thermal conductivity of the gas component i was calculated according to the
following equations proposed by Eucken [86]:

R
ki = [Cp,m,i +125Vj,ul

The thermal conductivity of the gas mixture was calculated with Wassiljewa method
[86]:

Sk
kg :Z

i=1 Zr;ﬂ yiq)ij

Molecular diffusivity
The molecular diffusivity of the mixture gas was calculated follows:

Dm = Zn: Dm,i yi

i=1
The molecular diffusivity of the gas component i was calculated as follows:
D, _ v

m,i N y
Zj:lD:j

Where Dj; is obtained from the Chapman-Enskog equation [86]:

-7
PoiQ), M, M,

! ]

where oj is the characteristic Lennard-Jones length of component i. €, is calculated

by:

—0.476k—T —1.53k—T —3.89k—T

0.1561
E.. - - 3
Qij =1.06[ﬁ) +0.19%e % 4+1.04e " +1.76e 7 V& = quigj
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3.2.4.2 Numerical solution

The mathematical model consists of partial differential equations which are solved by
gPROMS software (PSE Enterprise, London, UK). The discretization method for the
spatial domain in the column is the orthogonal collocation with finite elements
method (OCFEM) with 200 intervals in the whole column and the order of
approximation is 3. The set of ordinary and algebraic equations obtained by OCFEM
discretization are integrated with the DASOLV solver, and a value of 10 for absolute

tolerance. The parameters used for modeling are listed in Table 3-9.

Table 3-9 Parameters used in the mathematical model.

Parameter Unit Values
le [m] 0.21
re [m] 1.2 10%
Ly [m] 1107

Meat [kg] 2407
U [W m?K?Y 200
Cow [J kg K™ 500
Pw [kg M 7750
Cos [J kg K™ 835
hs [W m?2K?Y 80.7
d, [m] 1.5 4107

PHTIC [kg m™] 1354
PNi [kg m™] 8908
& [m*m?3] 0.67
hw [Wm?2KY 55.0
R [J K™ mol ™ 8.31

3.2.5 Results and Discussion

3.2.5.1 Characterization of the materials

The properties of the sorbent, PURAL MG30, used as catalyst support material for the
active nickel phase was described in previous works [24, 72, 87, 88]. Table 3-5 gives
an overview of the composition of the multifunctional materials used. The actual
value of Ni mass content for each prepared catalyst is given by the designated name.
In the metal composition row in Table 3-5 from ICP-AES tests, the weight ratios of

the metals (Ni, Mg, Al) appeared in the samples are given. Surface areas, average pore
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diameters and volumes of the prepared materials are also collected. It might be found
that both the surface area and pore volumes decrease as the nickel content increases,
which is a clear indication that the higher the nickel loading the lower is the

dispersion.

300 -

Ni5.9"*" material
—— before SRE test
- - - after SRE test
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100
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Figure 3-14 N, equilibrium adsorption—desorption isotherms of the Ni5.9M%*',

The N, adsorption isotherms of the activated Ni5.9"%' catalyst and the sample
after reaction are shown in Figure 3-14. For all the materials used similar behaviors
are observed, the shapes can be interpreted as the IUPAC type IV isotherm associated
with a hysteresis of type H3. Isotherms of this type are characteristic of mesoporous
materials, and the average pore sizes of the materials are around 10 nm, similar to the
pure HTIc material [81]. On the other hand, the type of hysteresis is related with the

aggregates of plate-like particles [89] due to the support material with HTlc structure.

Table 3-10 Crystal sizes obtained from the Ni (111) reflex.

Material d [ [nm] d ™ [nm]
Ni1.oMoA 4 4
Ni5.9MoA 5 5
Ni11.5MoA! 5 6
Ni21.5MeA 7 8
Ni34.0MA 8 11
Ni51.0MoA 10 18

[a] before SRE and [b] after SRE.

152



Studies on Materials Development and Evaluation

For a good catalytic performance, small crystal sizes of nickel are desired. Table
3-10 which collects the crystal sizes of nickel for the materials used before and after
reaction. It is observed that all the nickel crystal sizes increase with the metal loadings.
While the nickel crystal sizes become larger after SRE due to the sintering of nickel

particles at high temperatures.

b T
) Ni5.9"" Sample * Ni
e HTlc

. HTIc AIOOH

AIOOH + MgALO,
u L‘JLA—-—JL\MA_J after cyclic tests
- OMDA‘ w

W JMWN
W

Ni1.0%"

a)

before cyclic tests

r T T T T T T 1 r
10 20 30 40 50 60 70 8010 20 30 40 50 60 70 80

20 20

Figure 3-15 XRD patterns of the reduced materials before (a) and Ni5.9M%' after cyclic tests (b))

XRD patterns of the material can be found in Figure 3-15, and Table 3-11 identifies
the bulk structure of the materials with the corresponding 26 positions. The NiMgAl
materials with different nickel loadings reduced before SRE (Figure 3-15a) showed
the presence of Ni, NiO and HTlc structure support, as expected. It can be found that
the NiO phase becomes dominate especially on the samples with high metal loadings.
Since the samples have been activated before SRE and XRD reflects the structure of
the bulk phase rather than the surface, the NiO phase is most probably due to the very
high loadings of the catalyst, where NiO in the bulk phase has not been reduced. A
similar behavior was found by Al-Ubaid and Wolf [90] on Ni-based catalysts with
high metal loadings. For the sample after cyclic SE-SRE operations carried out at 773
K (Figure 3-15b), most of the HTlc structure was kept during and only a small amount
of magnesium aluminum oxide (MgAl,O4) was found. In addition, the carbon
deposition was not detected from the XRD pattern which is due to the relatively high
Rs/e (10) used in the feed. According to a previous thermodynamic study [15], carbon

deposition can be suppressed with Rse > 4 in the feed.

153



ST

‘[T8] anwyaoq Jo junowre JuedlIUBIS B SUIRIU0D OEDIN TVENd ‘1Ua1U0d wnuiwnje ybiy ayl 01 anQ .«

'sBUIPEO| 301U JUSIBHHP UM S[ELIBJRIA

€6TT-L. (Ottb2 69 ‘(00vb8' Y ‘(TTELS9E ‘(022HETE YOZ\BIN
£ET0-6V (20050599 ‘(0TZbE 67 (TOTHY'S (0TTHZ'82 (0T0LO VT +x(HO)OIV
§1591 211942 Jayye
8ZYT-TY (TT26'87 ‘(Y20bt v (8T0bL 22 (900bE'TT O%HP-9"(HO)(E0D)eVBIN
678T-0. (022bt'9. ‘(00Zb8'TS ‘(TTTHG v IN
yn_<©_>__z
£€T0-61 (2001059 ‘(0TZbE 67 (TOTHY'8 ‘(0TTHZ'82 (0TOBLO ¥T xx(HO)OIV
8ZVI-TY (TT2b6'87 ‘(F20by v (8T0bL2C (900HETT O°HY-*"(HO)EOD)?IvBIN
sa|dwres paonpal
£2GT-€/ (2zzbe6L ‘(TTebESL (02282 '(002bE ey (TTTHLZ LE OIN
678T-0. (0z2bt'9. ‘(00ZH8'TS ‘(TTTHG v IN
aal
saue[d uonoapyar 29 suonisod gz aseyd Juawireal | [eLIBleIN
9|14-4ad

suonisod gz Surpuodsariod Ay} YlIM S[elIa1ew ayl ul paljnuapl seseyd IT-€ 9|gel

11 Jaxdeyd



Studies on Materials Development and Evaluation

3.2.5.2 Materials performance

Catalytic activity at steady state conditions: SRE reaction was performed with
different nickel loadings in a temperature range of 478 K to 891 K. The catalytic
activity can be described in terms of ethanol and water conversion. The results
obtained with different Ni loadings are depicted in Figure 3-16. Lines have been
introduced to follow the experimental points. The results collected correspond to a

steady state (taken after 1 h).
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Figure 3-16 Ethanol and water conversions on the prepared catalysts at different temperatures.

The conversion of ethanol increases with increasing nickel loading as well as
reaction temperatures due to ethanol dehydrogenation (endothermic reaction). The
conversion of water also increases along with the temperature; however, the
conversion of water requires higher temperatures (> 650 K) due to the highly
endothermic methane steam reforming. In addition, the use of Ni as active phase
shows quite higher potential for the conversion of water as in comparison the use of
Cu [91]. Besides, the molar ratio of water-to-ethanol (Rse = 10) used in the feed was
above the stoichiometric ratio. A previous thermodynamic study has shown that
higher Rse favors hydrogen yield, while other by-products, such as carbon monoxide
or carbon deposition, can be suppressed [92].

Nevertheless, the theoretically maximum water conversion at the established Rg/e

conditions can only reach a maximum of 30 %. The water conversion obtained
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experimentally (~ 25 %) becomes stable at temperatures higher than 823 K, which can
be attributed to the backward effect of WGS. As a result, the highest hydrogen yield
during the activity test was 5.05 moles per mole of ethanol at 891 K.

Product distribution on dry basis at steady state conditions: The product
distribution of SRE as function of reaction temperature T [K] in the presence of
Ni5.9M% “is shown in Figure 3-17a. The results show that at 478 K a considerable
amount of acetaldehyde is found as expected [11, 64]. However, part of the formed
acetaldehyde is cracked into carbon monoxide and methane so that the molar product
distribution is effectively not the expected stoichiometric value of ethanol
dehydrogenation. As the temperature increases, the presence of acetaldehyde and
carbon monoxide decreases strongly, while carbon dioxide and hydrogen increase in
considerable amounts due to water-gas-shift and acetaldehyde decomposition

reaction.
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Figure 3-17 Product distributions under different reaction temperatures (a); with different

MeatNeton Fatios (b).

It can be found that the selectivity to carbon dioxide and hydrogen increases with
temperatures below 723 K, whereas above these temperatures the selectivity towards
carbon dioxide decreases. The selectivity towards hydrogen, however, first increases
and then remains unchanged. In the same figure it is also observed that the carbon
monoxide concentration decreases and then slightly increases with temperature.
Finally, the concentration of methane increases, but then it decreases with

temperatures higher than 685 K. These results suggest that the reaction rates of
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ethanol dehydrogenation and acetaldehyde decomposition are higher than the reaction
rates for the water-gas-shift at low temperatures. As a result, the concentration of
carbon monoxide becomes higher than that of carbon dioxide. The relative higher
increase of the water-gas-shift reaction rate is responsible for the higher selectivity
towards carbon dioxide and hydrogen. However, the selectivity towards carbon
monoxide is low at intermediate temperatures (478 K - 683 K). Higher reaction
temperatures favor the methane steam reforming which is responsible for methane
selectivity decrease, and increase in carbon monoxide selectivity above 683 K.

The product distribution at 685 K as a function of Mea/figron [keg-h'mol™] is
depicted in Figure 3-17b. It is worth to note that the hydrogen concentration first
slightly decreases and then increases with increasing Mea/Mgron, While undesired
by-products such as methane and carbon monoxide increase slightly in its
concentrations and then decrease with increasing Mca/Mg oy . These results are due to
the acetaldehyde decomposition reaction (C,H4;O = CH,4 + CO). The total molar flow
rate increases with the contact time as the acetaldehyde being converted, and the
hydrogen concentration may decreases at the beginning. As the contact time increases,
more hydrogen can be obtained from the steam methane reforming and
water-gas-shift reactions, and the concentration of hydrogen increases with the

decrease of methane as can be found from the Figure 3-17b.

3.2.5.3 Model Verification
Kinetic parameters were fitted according to the obtained experimental results with the
method described in section 3.2.3.1. The values obtained are listed in Table 3-6. A
comparison between predicted ethanol conversions simulated from the mathematical
model and obtained from experimental results, is given in the parity plot shown in
Figure 3-18a.

The partial pressures predicted by the model and obtained from the experiments are
shown in Figure 3-18b. It can be found that the predicted values match well with the

experimental data obtained within a large range of operating conditions, which means
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the kinetic model proposed can also be used for further sorption enhanced reaction

process study.
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Figure 3-18 Parity plots for ethanol conversions (a) product distribution (b).

The investigation on the adsorption performance of the support material can be

found in previous studies [88, 93]. Fixed-bed breakthrough experiments were carried

out to investigate the adsorption performance on the prepared multifunctional material.

The applicability of the mathematical model for adsorption should be validated before

the simulation of sorption enhanced

reaction process.

The carbon dioxide

breakthrough tests were carried out over the Ni5.9M%! sample at 723 K and 773 K,

Przo = 50 kPa with different carbon dioxide partial pressures. Helium was used as the

balance gas to maintain V;prq; =50 Ncm*min™ in the feed.
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Figure 3-19 Adsorption performance: breakthrough curves (a); adsorption isotherm (b).

Results of the breakthrough experiments for different carbon dioxide molar
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fractions at 723 K can be found in Figure 3-19a; the plots are the normalized carbon
dioxide mole flow rates at the column outlet as a function of time. The carbon dioxide
adsorption isotherms at 723 K and 773 K are shown in Figure 3-19b. Experimental

data was described by the Langmuir isotherm according to the following equation:

’AHads

bco2 Pco, —b

_ , g RT 3.9
Oco, = Omex 1+ beo, Pro, co, = Peo, 0 (3.9)

where max = 0.31 mol-kg™ is the maximum capacity, bcozo = 3.2:10* kPa™ and AH =
- 37.16 kJ-mol™ is the adsorption enthalpy. It could be found that the support material
of the multifunctional catalyst has a similar adsorption capacity compared with the
pure HTIc sample [88, 94], since the support material used for the multifunctional
catalyst was not impregnated with an alkaline promoter such as K or Cs. In order to
improve the SE-SRE performance of the material, effects of the promoter on the
adsorption and reaction performance of NiMgAIl materials need to be investigated in

following sections.

3.2.5.4 Sorption enhanced reaction process

The economic feasibility of SERP depends on its ability to work in cyclic mode,
which is a requisite for a well SE-SRE. The material used for SE-SRE has to be
periodically regenerated without affecting the catalytic and sorption properties
(activity, selectivity, stability, selective carbon dioxide capture, etc.). Each column
with SE-SRE promoting material swings between two different states; reaction and
carbon dioxide sorption, where the mixture of ethanol and steam is fed into the reactor
to produce ultra-pure hydrogen, and regeneration, where the operating conditions are
twisted to regenerate the sorbent. In the design of a cyclic SE-SRE process, the longer
the pre-breakthrough period, the less parallel columns are required for operation
which may be an advantage in the fixed cost structure and a possible disadvantage in
the variable cost structure. In this section the SE-SRE process on the synthesized
material was first simulated to find the desired and/or required reaction conditions,

and then the prediction was verified experimentally.
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According to previous research, SE-SRE with HTIc material as sorbent can be
performed in the temperature range up to 773 K due to irreversible destruction of
HTIc structure [95]. While the yield of hydrogen is relativity low at temperature lower
than 723 K [17]. It could be found from Figure 3-16 that the Ni5.9M%' sample has a
good reaction performance under this temperature condition and a high
sorbent-to-catalyst ratio which was chosen for SE-SRE study.

Effect of mqa/ngoy: The concentrations of hydrogen and carbon dioxide as function
of reaction time at 773 K with a steam-to-ethanol molar ratio of 10 in the feed under
different mey/fig oy conditions are shown in Figure 3-20. It could be found that the
concentration of carbon dioxide in the product gas is kept low during the
pre-breakthrough period due to selective in situ removal by the multifunctional

catalyst in the reactor bed.
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Figure 3-20 Molar fractions of hydrogen and carbon dioxide at different mg/ng,on conditions.

The reaction enhancement can be observed for all these mca/ngoy conditions. The
sorption enhanced reaction region increases with increasing mca/ngoy, especially
when Meg/Mgop rises from 0.15 to 0.25 kg-h~mol’1.

Under Mea/Mgron = 0.25 kg-h'mol™ condition, a clear reaction enhancement is
observed. The hydrogen produced has an initial purity higher than 99 mol % during
the first 150 s, which is kept higher than 90 mol % for the remaining 800 s.

The concentration of hydrogen decreases in the non-enhanced regime after sorbent
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saturation with carbon dioxide. Here, the purity of hydrogen reaches ~ 66 mol %, the
same as the hydrogen concentration during SRE at steady state. For both the initial
and post-breakthrough periods, the product gas compositions were found to be close
to thermodynamic equilibriums for SE-SRE and SRE, respectively [17]. This is an
indication that the multifunctional material prepared has a promising reaction and
adsorption performance.

Effect of the steam/ethanol ratio: Most of the experimental investigations made on
SRE were performed with a Rg/e molar ratio of 3 in the feed [8, 9, 96]. However, high
ratios such as 21 or even up can be used for SRE process [97] due to the fact that the
crude bio-ethanol which contains 14 vol. % of ethanol has an Rge around 20. The
advantages of using such high feeding Rse were previously discussed. The use of
higher Rsj, the generation of higher purity hydrogen and the suppression of carbon
monoxide and carbon deposit formation. The four most widely used steam-to-ethanol

molar ratios (3, 6, 10, and 20) among several studies were tested.

100 — =,

y; [mol %]

1
0 500 1000 1500 2000 2500
t[s]

Figure 3-21 Molar fractions of hydrogen and carbon dioxide at different Rge conditions.

The concentrations of hydrogen and carbon dioxide as a function of reaction time
at 773 K with mey/nigiop = 0.25 kg-h-mol'1 under different Rge feeding ratios
conditions are shown in Figure 3-21. It could be found from the figure that the feed
Rse has an effect on both SRE reaction and carbon dioxide adsorption rate. The

hydrogen concentrations at both the transient state and steady state increase with
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increasing Rge. Therefore, a high Rge is favored in order to obtain hydrogen with
high purity during the SE-SRE process. However, the breakthrough times of carbon
dioxide in Figure 3-21 decrease with the Rge increase, and the concentration of
hydrogen with Rge = 20 after pre-breakthrough (540 s) is even lower than that with
Rs/e = 10 in the feed. At this point it must be pointed out that the higher the Rs/e used
in the feed the lower is the obtained partial pressure of carbon dioxide, and
simultaneously carbon dioxide adsorption capacity of the material used decreases with
the decrease of pcoz. Nevertheless, the overall thermal efficiency may decrease with a
higher Rs/e [82]. As a result, the practical Rge for this multifunctional material can be
fairly attributed to a value of around 10 in terms of improving the hydrogen purity and
efficiency.

Effect of sorbent mass fraction: The effect of the sorbent mass fraction on the
carbon dioxide breakthrough curves are shown in Figure 3-22a. It can be detected that
with increasing sorbent mass fractions, longer transition times are required for the

equilibrium approach of the carbon dioxide concentration at the outlet of the column.
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Figure 3-22 Effects of sorbent mass fraction on CO, breakthrough (a) and operation time (b).

During the breakthrough period the hydrogen purity can be enhanced to a higher
level. Figure 3-22b depicts the relationship of the operation windows [98] with vsorp
ratios at 773 K, Rge = 10 and a contact time of 0.25 kg-h-mol™. The constraint is the
hydrogen purity higher than 95 mol %. It can be seen that the operating window
increases almost in a linear manner with the adsorbent fraction increases initially, and

an optimum appears near to the position of vsor, = 0.945. In other words, the simulated
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nickel loading for the optimal multifunctional material is around 1.1 g. This is close to
one of the materials (Ni5.9M% corresponding to 1.2 g of nickel loading) prepared in
this work. However, with further increase of the sorbent fraction, the operation time
drastically decreases due to the reduction of catalyst efficiency [99]. These results
suggest that the operation window for SERP can be greatly affected by the
catalyst/sorbent ratios. It is recommended that the ratio should be properly chosen to
obtain an optimal design the SE-SRE process.

Sorption enhanced reaction results According to the previously simulated results,
experimental tests were carried out with the following conditions: T = 773 K, vsory =
0.94, Mea/Nprog= 0.25 kg'h'mol™ and Rge = 10. Comparisons of the product

distribution as a function of reaction time from experiment and simulation are

depicted in Figure 3-23a.
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Figure 3-23 Product distributions as function of the reaction time for SE-SRE.

From the experimental results obtained, it can be seen that the carbon dioxide
breakthrough happens between 300 and 350 s after reaction start. On the other hand,
hydrogen with purities higher than 95 mol % was directly produced from the reactor
for more than 500 s, where the most abundant impurity in the product gas was
methane. After saturation approach of the material, carbon dioxide sorption
enhancement was no longer effective and the post-breakthrough period began. The
carbon dioxide molar fraction reaches the final value ~ 23 mol % after 2000 s, while
both the molar fractions of methane and carbon monoxide also increased to

equilibrium state conditions during the post-breakthrough period. The lines in the
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figure correspond to the simulated values in the reactor. On the other hand,
experimental test performed at lower temperature (723 K) is shown in Figure 3-23b. A
similar SE-SRE performance can be found from the result. However, the purity of
hydrogen is relatively low (< 95 mol %) during the pre-breakthrough period due to the
thermodynamic limitation of SMR [92]. Therefore, the applicable temperature in this
study is 773 K in terms of hydrogen purity and HTIc structure stability. It can be
found that the numerical simulation can describe the experimental points during the
pre- and post-breakthrough periods well. The relatively good agreement confirms the
validity of the mathematical model proposed for SE-SRE process simulations.

In addition, products yields and thermal efficiencies of the SE-SRE process are
calculated and compared with the results obtained from conventional SRE process,
which is shown in Table 3-12. The results for SRE process are obtained at steady state,
while results of SE-SRE are calculated for the products obtained during the initial 500
s. It could be found that under both temperature conditions, the yields of hydrogen
and thermal efficiencies from SE-SRE process are higher than that from conventional
SRE process. Therefore, the use of a carbon dioxide sorbent can increase not only the

yield of hydrogen, and also improve the overall thermal efficiency.

Table 3-12 Yields of products and thermal efficiencies during SRE and SE-SRE.

T YH2 YCH4 Yco Ycoz Thermal
Process x) -
[K] [mol-molgiono ] Efficiency
773 SRE 3.98 49210 12910 1.39-10° 0.51
SE-SRE 5.74 7.00-10%  4.55-10° 2.96:107 0.71
703 SRE 2.76 737-101 473102 1.12-10° 0.36
SE-SRE 4.81 23210 2.14-10°  2.53-107 0.61

3.2.5.5 Stability of the material
One technological challenge of SE-SRE process is its cyclic nature. The material has
to be regenerated without affecting the catalytic activity. Therefore, investigations on

the catalytic stability of the material used are required. The Nib5. was first tested
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for long time-on-stream performance, the results can be found in the Figure 3-24.
Conversions of ethanol fluctuated from 98 % to 100 % for an overall run time of 48 h,
while water conversion changed from 18.0 % to 19.1%. Besides, the compositions of

products were not affected by the run time.
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Figure 3-24 Time-on-steam performance of the Ni5.9"%' material.

On the other hand, the stability of Ni5.9M%" for cyclic operation at 773 K was also
investigated. Five operation cycles have been carried out as can be seen from Figure
3-25. Each cycle consists of two steps: sorption-enhanced reaction with ethanol and
steam in the feed for 3000 s with figion=4.8-10° mol‘h™ and 1iy,0= 4.8:107 mol-h™
in the feed; Regeneration by introducing only steam to the column for 5400 s with
Nya0=5.3102 mol-h™ in the feed.

It can be found from the experimental results that the reaction and
adsorption/desorption performance of the Ni5.9%"" material had not been changed
much during these cycles. Besides, the major composition and structure of the sample
after cyclic tests were also preserved according to the characterization results (section
3.2.5.1). Because excess steam had been used during the reaction and regeneration
steps, which can help to preserve the HTIlc structure [51] and avoid the carbon
deposition [15]. While hydrogen gas produced during the reaction can maintain the
activation of the nickel phase at the same time. Therefore, the prepared material can

have good stability under the conditions employed in the cyclic process.

165



Chapter 111

0 i 0
0 1 2 3 4 5
Cycle
0.010 ,
b) experiment
— simulation

0.006

0.002

0.000

Cycle

Figure 3-25 Cyclic performance of the Ni5.9"9" material at 773 K. Product distribution during
the breakthrough period (a) and carbon dioxide desorption curve (b) as a function of the cycle

numbers.

The good stability of the obtained material (for the nickel crystallites) can be a
contribution of the metal support interaction effect [75] and HTIc structure of the
support material where the active metal can have a good dispersion [68, 76]. In
addition, the relativity high Rge used in the feed can also suppress the carbon
formation which can lead to deactivation. Therefore, the prepared multifunctional
material with a good stability performance becomes an attractive material for SERP

study in the future.
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3.26  Conclusion

A novel impregnation method was used to create a multifunctional material with
bivalent properties, catalytic and selective carbon dioxide sorption for SE-SRE. The
kinetic behavior of the NiMgAIl multifunctional material obtained was investigated
and simulated with a previously developed kinetic model. The model employed
successfully predicts the SRE reaction and carbon dioxide adsorption for a selected
multifunctional material. The support material with nickel impregnation has a similar
carbon dioxide adsorption capacity as pure hydrotalcites.

The SERP with the multifunctional material in the fixed-bed reactor was simulated
to investigate the effects of different reaction conditions. The reaction conditions were
found as Rge = 10 and with a Mca/ngop= 0.25 kg~h-mol'1 at 773 K where the material
can achieve the highest possible enhancing performance. It was found that the
hydrogen produced during the sorption-enhanced reaction period had an initially high
purity (> 99 mol %). The concentration was kept higher than 95 mol % for the first
500 s. The use of a carbon dioxide adsorbent can improve the yield of hydrogen and
the thermal efficiency of the hydrogen production process. Experimental SE-SRE
tests were carried out to confirm the simulated predictions which were in a good
agreement.

Finally, the catalytic stability at steady state conditions and cyclic operations for
the chosen material has been investigated. It was found that the prepared material
have good reaction and adsorption/desorption stability under the conditions employed,
the composition and structure of the sample were preserved.

According to these results, numerical studies can successfully predict experimental
behavior of the materials NiMgAIl multifunctional synthesized for a SE-SRE process.
In addition, a further extension to the cyclic operation as well as material

improvement is required in the following sections.
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3.3 Potassium-Promoted HTIc Sorbent

3.3.1 Introduction

Since the last century development grew up exponentially. Along with the growth, the
carbon dioxide concentration in the atmosphere has raised up, which enhances the
greenhouse effect [100]. The majority of the simulated scenarios preview a
temperature increase [54].

In order to solve the environmental impact of carbon dioxide, research efforts have
been devoted to capture carbon dioxide from fossil fuel-fired power plants [101-103]
or to replace fossil fuels with a hydrogen based system, known as “Hydrogen
Economy” [55]. Steam reforming of hydrocarbons is currently the process of choice
for hydrogen production [104], which also releases strong amounts of carbon dioxide.
Recently, the use of biomass-derived feedstock’s e.g. bio-ethanol [105], which allows
an almost closed carbon cycle, is becoming attractive [106].

Sorption enhanced reaction process was developed [22, 107] for hydrogen
production with in situ carbon dioxide capture formed during the steam reforming
process [108] and water-gas-shift process [109], which shifts the equilibrium towards
the product side. Apart from lower reaction temperatures, less expensive construction
materials, decreased heat exchanger sizes, and the elimination of undesired
by-products such as carbon deposition [110] and carbon monoxide [17], carbon
dioxide can be captured and afterwards be stored and/or be used.

Sorption-enhanced steam reforming of ethanol can be carried out in a single
reaction step [11]. An efficient catalytic system coupled with an adequate carbon
dioxide sorbent, such as HTlc, is required. The later material is going to be studied in
this work extensively on its ability to capture carbon dioxide. Specific properties of
HTIc can be found in previous works [72, 84, 88].

Recently, many studies were published regarding SERP [11, 66, 95, 111, 112]. It is
known that HTIc doped with potassium carbonate is able to adsorb carbon dioxide

within a temperature range of 573 to 773 K. In addition, the carbon monoxide
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concentration in the product gas of steam reforming can be restrained to a ppm level
at these temperatures [108, 112].

However, the relatively low carbon dioxide adsorption capacity becomes the
biggest obstacle for SE-SRE. Intense efforts have been devoted to improve the
adsorption capacity of HTlc. Effects of synthetic conditions, operating temperatures
and pressures, with or without the presence of steam, particle sizes and alkali
(especially K) doping were widely investigated. Previous studies focused heavily on
the use of potassium carbonate as the precursor for K as promoter. The present work
reports novel results employing potassium nitrate as the K precursor with a new
impregnation method [68] to obtain a K-promoted HTlc (K-HTlIc) for carbon dioxide
sorption.

A commercial HTIc was impregnated with KNOj, breakthrough tests were
performed with pior = 1 bar (pu2o = 0.5 bar, T = 608 - 711 K and different pcoz
conditions). The modified HTIc was submitted to cyclic sorption and regeneration
steps for stability evaluation. The information collected for the carbon dioxide
sorption kinetics were examined through an own developed mathematical model, the

simulation of the experimental SERP unit.

3.3.2  Experiments

3.3.2.1 Materials

The sorbent, PURAL MG30 provided by Sasol (Germany) was impregnated with
potassium nitrate (> 99 mol % KNO3) from Sigma-Aldrich. The fresh material was
calcined at 673K for 4 h with a helium flow-rate of 50 Ncm®*min™ before
impregnation. After calcination, the obtained 100 g sorbent was impregnated with an
aqueous solution of 51.7 g potassium nitrate to achieve a potassium loading of 20
wt.%, and treated under heated ultrasonic environment at ~ 363 K for 2 h. The
obtained suspension was dried over night at 383 K. Hereafter, the sample was loaded
into the reactor and thermally treated at 723 K with a helium flow-rate of 50

Nem®min™ for 48 h. Finally, the sample was subjected to a hydrogen treatment at 723

169



Chapter 111

K with a hydrogen flow-rate of 30 Ncm*min™ for 24 h to convert the remaining
potassium nitrite. This material is hereafter designated as MG30-K"; MG30 stands for
its origin (PURAL MG30), K for the cationic potassium promoter and the superscript

N for the anionic nitrate origin of the precursor (KNO3).

3.3.2.2 Experimental set-up

Sorption studies were carried out in a stainless steel fixed-bed continuous down-flow
reactor. The continuous down-flow reactor was loaded with 40 g of the obtained
K-HTIc sorbent. Details on the experimental units can be found in the previous
chapter Il (page 46). Prior to the sorption tests, the sorbent was activated with a
hydrogen flow rate of 30 Ncm®min and helium flow rate of 50 Nem*min™ at 723 K

for 24h.

3.3.2.3 Adsorption and desorption experiments

The carbon dioxide adsorption isotherms on the material used were determined at
three temperatures from 608 to 711 K, with helium as balance gas during experiments
to ensure a total feed flow rate equal to 200 Ncm*min™ and puw = 1 bar with

different pco,. The carbon dioxide sorption capacity of the material is defined as:

- ts .
ncoz,adsorbed ncoz,feed 'ts _jo nCOz,outdt

= = 3.10
qCOz msorb msorb ( )

where gco2 is the sorption capacity of the material, mgyp iS the mass of the sorbent
material, Nco2 adsorbed 1S the mol number of adsorbed carbon dioxide on the material, n
coz.feed 1S the molar flow rate of the carbon dioxide feed, N co2out iS the molar flow
rate of the carbon dioxide outlet and t; is the time for stabilization.

After carbon dioxide adsorption, desorption was carried out until 1nco, < 0.1
mmol'min™ without variation for 5 min in the outlet stream with water (pn20 = 0.5
bar), helium (pne = 0.5 bar) and a total feed flow rate equal to 200 Necm*min™.
Detailed operating conditions used for the breakthrough tests can be found in Table

3-14.
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Table 3-13 Operation condition used in the breakthrough tests.

Temperature [K] 608, 656, 711
Total pressure [bar] 1
Total flow rate [cm*/min, 298 K, 1 bar] 200
Sorbent Mass [kg] 0.04
Operation Pcoz [bar] Przo [bar] — pre [bar]
0.05 0.45
0.10 0.40
. 0.20 0.30
Adsorption 0.30 0.5 0.20
0.40 0.10
0.50 0
Desorption 0 0.5 0.5

3.3.2.4 Mathematical modeling
A mathematical model was developed to analyse the sorbent performance under
different operation conditions, the detailed facts of the model and the numerical

solution used for the simulation can be found in the previous section 3.2.4 (page 147).

3.3.3  Results and Discussion

3.3.3.1 Carbon dioxide sorption isotherm

In order to employ a carbon dioxide sorbent for a SE-SRE process, the sorption
capacity must be determined at different temperatures. It is also necessary to
determine the operating conditions at which the carbon dioxide sorbent possesses the
highest carbon dioxide capacity in the presence of steam. For this reason, sorption
equilibrium isotherms at 608 K, 656 K and 711 K were measured. The isotherms were
determined by measuring the breakthrough curves of carbon dioxide. The measured
gas effluent in the breakthrough experiments is considered at equilibrium when the
carbon dioxide concentration did not vary for at least 5 min. The obtained isotherms at

three different temperatures are shown in Figure 3-26.
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Figure 3-26 Carbon dioxide sorption equilibrium isotherms on MG30-K" at 608, 656 and 711 K.
Solid lines - bi-Langmuir model; dashed lines - physical contribution; dotted lines - chemical

contribution.

The solid curves correspond to the fitted results obtained with a bi-Langmuir
model [24]:

K, Peo, K Peo,

= — — 3.11
qCOz qmaxl 1+ Kl pcoz qmaxz 1+ K2 pcoz ( )

where (max the maximum capacity for site 1 (physical adsorption) and site 2 (chemical

adsorption) and K; is given by the Van't Hoff equation:

—AH, —AH,

K, =kpe 7 K, =k,e © (3.12)

where Ko; is the pre-exponential factor, AH; is the enthalpy of physical adsorption and
AH3, is the enthalpy of chemical reaction.

The dashed and dotted curves correspond to the contribution of the physical and
chemical sorption terms of the model, respectively. The fitting parameters of the

bi-Langmuir model are listed in Table 3-14.

Table 3-14 Fitting parameters of the bi-Langmuir isotherm.

Omax1 Koz AH; Omax2 Koz AH,
Parameters
[mol-kg™] [bar™] [kJ-mol™] [molkg™] [bar™] [kJ-mol™]
values 1.2403  (8.040.2)40° -33.641.6 0.4340.1 (5.920.9)40° 123.848.1

172



Studies on Materials Development and Evaluation

The large value of ko, means the prepared sorbent has a large number of active
chemisorption sites. The highest CO, adsorption capacity (1.13 mol-kg™) of this
material was obtained at 656 K with pcoz = 0.5 bar. The sorption capacity for pcoz =
0.4 bar was found to be 1.04 mol-kg™ which is around 37 % higher than the K-HTlc
used in a previous study (0.76 mol-kg™) where similar conditions have been used [24].
When KNOj is thermally decomposed the following reaction occurs:

2KNO, — K,0+2NO, +0.50, (3.13)

The released nitrogen dioxide and oxygen gas have an additional calcination effect
on the HTIc, and potassium oxide incorporates better into the HTIc, since
no “needle-like” morphology [24] was found in the SEM micrographs. The increased
adsorption capacity can be attributed to a better interaction between the potassium
oxide promoter and HTIc sorbent.

It could be found in Figure 3-26 that the adsorption capacities at 711 K with pco2 =
0.05 and 0.1 bar were higher than those at 608 K and 656 K, while the adsorption
capacities with higher pco at 711 K were lower than for other temperature conditions.
This “crossing” phenomenon in isotherms at different temperatures and pcoz cannot
be explained by physical adsorption alone. Hutson et al. [113] found that the
adsorption capacity is a combination of physisorption and chemisorption. The
physisorption has a strong correlation with the number of basic sites on the sorbent,
while the relationship between the surface basicity and the chemisorption capacity is
absent. Physisorption is an exothermic spontaneous process (AH < 0) attributed to van
der Waals and electrostatic forces. The typical value of physical adsorption enthalpy is
~ -25 kJ-mol™ [114]. However, in the case of HTlIc, the value for the heat of physical
adsorption can be higher due to the electrostatic contribution of the positively charged
metal layers [24]. In this work, the heat of physical adsorption was 33.6 kJ-mol™.

The adsorption isotherms in the low pco, region indicate the presence of strong
adsorption sites, this major portion can be attributed to chemisorption sites, while in
the high pco2 region the majority appears to be physical adsorption sites. The physical
adsorption capacities decrease with the temperature rise due to the negative enthalpy,
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while the chemical contribution increases as the temperature is raised. This contrast
becomes even more obvious at a low pcoz region (pco2 < 0.1 bar). As a result, a
maximum in the carbon dioxide sorption equilibrium capacity (1.13 kJ-mol™) was
obtained at 656 K with pcoz = 0.5 bar.

However, we cannot simply go to the conclusion that the optimal temperature to
operate the SE-SRE process is 656 K. When the SRE reaction is performed at
atmospheric pressure, the pcoz can only reach a maximum of ~ 0.25 bar, supposing
that ethanol and water are totally converted.

In addition, the molar ratio between ethanol and water used for SRE is always
higher than the stoichiometric ratio of 3. This was done in most of the studies to avoid
carbon deposition [17]. Therefore, the pcoz region of interest for SE-SRE is lower
than 0.25 bar, where the adsorption capacities at 711 K are higher than for 656 K or
608 K. At this point it must be stressed that the operating conditions for SE-SRE need
to be established according to the catalyst performance. That means the reaction rate

must be similar to the sorption rate for carbon dioxide.

3.3.3.2 Carbon dioxide adsorption kinetics

The coupling of SRE with an in situ separation unit is innovative. A hybrid
configuration consisting of a catalyst for chemical reaction and a sorbent for selective
carbon dioxide separation can improve the operating unit [108, 112]. Reversible
reactions, such as the SRE, are of interest for this purpose. More favorable reaction
equilibrium can be reached as under a conventional regime; higher reactant
conversions and product selectivities can also be achieved. Moreover, this reaction
enhancement may enable a lower temperature of operation. For a gas-phase catalytic
reaction such as the SRE, the separation can be based on the sorption of carbon
dioxide generated during the reaction [11]. In order to develop a mathematical model
for the SE-SRE process, the carbon dioxide sorption kinetics on the sorbent is
required. Therefore, carbon dioxide sorption breakthrough curves were used to

investigate the kinetic behavior of MG30-K".
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Carbon dioxide sorption breakthrough curves were measured on the synthesized
MG30-K". The sorption kinetics was determined in the temperature range of 676 to
783 K, which is in the range of interest for SERP, especially on SE-SRE. The pu20o
was always kept at 0.5 bar during the experimental runs due to two main reasons; on
the one hand, steam is always in excess during SE-SRE process with the advantage to
avoid the carbon deposition [11], and on the other hand Ding and Alpay [84] found
that the adsorption capacity of HTIc is approximately 10% higher with the presence of
steam than under dry feeding conditions, and this is likely attributed to the
maintenance of the hydroxyl groups on HTIc surface [84].

Simulations were performed on MG30-KN with 6 different feed Pcoz, 0.05; 0.1,
0.20; 0.30; 0.40 and 0.50 bar. The experimental and simulated breakthrough curves
associated with the temperature profile during breakthrough time at a temperature of

656 K are shown in Figure 3-27a and b. The plots are the normalized carbon dioxide

mole flow rates [ g . (1)/ Neo, e ] @t the column outlet as a function of time.
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Figure 3-27 Carbon dioxide breakthrough curves for pco, = 0.5 bar in the feed at 656 K in a
column packed with MG30-K: mole flow rate of the carbon dioxide effluent at the outlet (a) and
temperature wave measured at 8 cm from top of the column (b). Symbols correspond to

experimental points and lines represent simulated results.

As it can be seen from Figure 3-27a, the curves exhibit a dispersed front when the
carbon dioxide mole flow rate approaches equilibrium at the outlet of the column,

which is a result of the mass transfer effects [115]. The breakthrough curve as well as
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the shape of the carbon dioxide front was successfully simulated with the proposed
mathematical model in most of the experimental runs. The simulated curves closely
follow the experimental results indicting the equilibrium points which correspond to
the carbon dioxide isotherms at different temperatures. It is proved that the
bi-Langmuir model can be employed to simulate the adsorption performance during
the breakthrough period.

The temperature profiles in the column are depicted in Figure 3-27b for the
experimental and simulated case, with 0.5 bar feed pco, at 656 K. The sorbent
temperature in the bed was measured at 8 cm from top during the breakthrough
experiments inside the column. Comparing the carbon dioxide mole flow rate fronts in
Figure 3-27a, the prolonged slope of the temperature line in Figure 3-27b suggests

that a longer time was required for the complete release of the temperature wave.

3.3.3.3 Stability tests
The stability of the sorbent was assessed by submitting the obtained K-HTIc material
to cyclic adsorption and regeneration operations. In SE-SRE, catalyst and sorbent are
mixed in the column to capture carbon dioxide in situ, displacing the thermodynamic
equilibrium towards higher yields of hydrogen [11]. After sorbent saturation,
regeneration is required. In practice, the adsorption/desorption cyclic process is
performed in several columns operating in parallel for a continuous operation.
Therefore, the sorbent must resist to the feed and operational variations during the
sorption/desorption cycles without great changes in sorption capacity or kinetics to
maintain stable conditions. For all these reasons, the obtained fresh sorbent was
submitted to an adsorption/desorption cyclic operation for 10 cycles at 656 K. The
operating conditions used in the cyclic tests can be found in Table 3-15.

The results obtained for the stability tests at 656 K with a pco, = 0.5 bar over ten
adsorption/desorption cycles is shown in Figure 3-28a and b. From the calculation of
Figure 3-28a it can be found that after 10 cycles the carbon dioxide adsorption

capacity slightly decreases (~ 7 %), from 1.13 mol-kg™ to 1.05 mol-kg™. The capacity
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loss can be attributed to partial unavailability of K promoter (K,O or KOH), which
was partially converted into potassium carbonate (K,CO3). In addition, by comparing
the breakthrough plots from the first and tenth tests, it can be seen that the Kinetic

behavior of the material is kept during the cyclic operations.

Table 3-15 Operation condition used in the cyclic tests.

Temperature [K] 656

Total pressure [bar] 1

Total flow rate [cm®min, 298 K, 1 bar] 200

Sorbent Mass [kg] 0.04

Number of cycles 10
Operation Pcoz [bar] PH2o [bar] Pre [bar]
Adsorption 0.5 0.5 0
Desorption 0 0.5 0.5

Previous investigations have found that K-HTIc have a good stability after several
numbers of cyclic operations [116]. In a recent study it was found that the capacity
loss (8 %) of K-HTIc occurs during the initial cycles, but the capacity stabilizes after
many number of cycles [115]. Comparing the previous cyclic operation results with
the newly developed K-HTIc, it can be fairly admitted that this material is adequate to

be employed for a cyclic SE-SRE process.
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Figure 3-28 Carbon dioxide breakthrough curve with MG30-K" (a) and temperature wave with

MG30-K" (b) at 656 K after the tenth adsorption/desorption cycle.
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3.3.3.4 Carbon dioxide desorption experiments

The experiments for carbon dioxide desorption in the presence of steam were also
performed and simulated as well. As a representative example, Figure 3-29a shows
the curve of desorption at 656 K corresponding to the sorption test for pco, = 0.50 bar.
It can be found that during the initial minutes, the released carbon dioxide mole flow
rate at the outlet of the column which was 9 % higher than the carbon dioxide feed
flow rate during the breakthrough period, which can be attributed to purging of the
remaining carbon dioxide in the gas phase. The mathematical model proposed is able
to describe this desorption behavior. Also the temperature curve was measured and
simulated during the desorption process, as shown in Figure 3-29b. During the first 10
min of desorption, the temperature in the bed decreased ~ 2 K due to the fact that

desorption is an endothermic process. The temperature then gradually increases to 656

K after 30 min.
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Figure 3-29 Desorption curve for pco, = 0.5 bar at 656 K: The mole flow rate of the CO, effluent
at the outlet (a) and temperature wave measured at 8 cm from top of the column (b) Symbols

correspond to experimental points and lines represent simulated results.

It can be seen from experimental and simulated results that the carbon dioxide
desorption front is of dispersive nature. The equilibrium theory of fixed bed
adsorption [117] says that the velocity of propagation of a given concentration is
inversely proportional to the slope of the isotherm; for a favorable isotherm (as it is
the case here) it means lower concentrations travel through the column at lower

velocities and therefore take longer time to appear at the column outlet. The result is a
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dispersive front; in fact in desorption step the initial state corresponds to the column
saturated with carbon dioxide at given concentration and the final state will be zero
gas concentration and clean adsorbent when the regeneration is made with inert gas.
The main message is that the shape of the desorption front is mainly determined by
the shape of the isotherm being mass transfer effects of second-order. Therefore, the
time required for desorption (~ 120 min or more) was always one order of magnitude
higher than the time required for complete sorption (~ 30 min). In the design of a
cyclic SE-SRE process, the longer the time required for desorption, the more parallel
columns are required for operation which is a disadvantage in the cost.

Most of the regenerative operations reported in literature were carried out at
isothermal conditions. However, time consumption associated with desorption process
can be reduced if a temperature swing is employed for cyclic adsorption/desorption
operation. Temperature swing desorption was achieved by heating the sorbent up to
the desorption temperature for carbon dioxide release. The most significant aspect of
this design is to reduce the time required for regeneration [118]. Lee et al. [119] have
found that a relatively simple and very compact unit can be developed for
sorption-enhanced steam reforming of methane with the use of temperature swing
desorption, whereas the conventional desorption process uses steam at isothermal

conditions to purge the saturated sorbent.
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Figure 3-30 Desorption curve with temperature swing regeneration and isothermal regeneration (a)
and Curves of desorption after the tenth adsorption/desorption cycle with temperature swing

regeneration (b). Symbols correspond to experimental points and lines represent simulated results.
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The desorption experiments made in this work after breakthrough tests with a pco2
= 0.50 bar in the feed at 656 K, uses a temperature increase of the column to 708 K
with a heating rate of 5 K-min™. After 30 min, the temperature in the column was
decreased to 656 K with a cooling rate of 2.5 K-min™ before the next adsorption test.
Desorption conditions were kept as described in Table 3-15. A comparison between
obtained desorption results from temperature swing and isothermal regeneration is
shown in Figure 3-30a. It can be seen that the time required for desorption process can
be reduced to 60 min by the use of a temperature swing, as shown in Figure 3-30a.
However, desorption kinetics was not affected after ten temperature swing cycles
according to Figure 3-30b.

Finally, the recovered adsorption capacity Figure 3-31 of the sorbent with
temperature swing and isothermal regeneration shows a similar decrease (~ 7 %) after
ten cycles. The experimental desorption results with temperature swing and
isothermal operation can both be successfully simulated, which indicates that the

proposed model is able to design a cyclic operations for SERP.
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Figure 3-31 Adsorption capacities of carbon dioxide on MG30-K" at 656 K with temperature

swing regeneration and isothermal regeneration for ten adsorption /desorption cycles.

3.3.4  Conclusions
Potassium promoted HTIc was prepared by a novel impregnation method with

potassium nitrate as the K precursor. The carbon dioxide adsorption isotherms of the
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obtained material were investigated at 608 K, 656 K and 711 K with pco, from 0.05
bar to 0.5 bar. A bi-Langmuir adsorption isotherm model combining physical
adsorption and chemical reaction was used to fit the equilibrium data. It was found
that the equilibrium adsorption results can be successfully described by a bi-Langmuir
isotherm. The highest ever reported carbon dioxide adsorption capacity (1.13 mol-kg™)
at 656 K with the pcoz = 0.5 bar for K-HTlc was found.

Breakthrough curves at different conditions were also investigated experimentally
and numerically. A mathematical model was developed to simulate the adsorption and
desorption process, the model satisfactorily predicts the breakthrough curves of
carbon dioxide in the column packed with the K-HTIc.

The stability of the K-HTIc was studied with repeated adsorption/desorption cycles.
It was found that both the carbon dioxide adsorption capacity and kinetics were not
that much affected after ten cycles. Additionally, carbon dioxide desorption
experiments were also conducted with temperature swing regeneration. The
temperature swing regeneration can be achieved within 60 min which reduce half of
the time required for regeneration at isothermal condition. The K-HTIc material used
was found to have very good thermal and cyclic stability, which becomes an attractive

carbon dioxide sorbent for SERP.

3.4 Potassium-Nickel-Copper-HTIc Multifunctional Material

3.4.1 Introduction

Energy demands and environmental impacts are the major concerns of civilization
since the past century [120]. As a result, a new concept of “hydrogen economy” [121],
where hydrogen is used as universal energy carrier, has been proposed.

Several most commonly employed processes such as steam reforming [122],
oxidative reforming [123] and its combination auto-thermal reforming [124] can be
used to produce hydrogen from different sources [57] such as natural gas, naphtha and
other renewable feedstock such as ethanol [79]. Among these processes, steam

reforming can produce the highest amount of hydrogen from the ethanol feedstock,
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where ethanol reacts with water steam to produce carbon dioxide and hydrogen.

However, other side reactions also exist [64]. The major challenge is to produce
high purity hydrogen with carbon monoxide content in ppm level for its application in
fuel cells [125]. SERP was regarded as a promising method to produce pure hydrogen
in a single step which has been extensively studied [11, 22, 108, 126, 127]. This
concept is the combination of reaction and adsorption in a single column packed with
a mixture of catalyst and adsorbent. In order to achieve a good dispersion of the
catalyst along the column, hybrid multifunctional materials consisting on a selective
carbon dioxide adsorption support material and catalytic phase have been developed
in some recent studies [69-71, 128, 129]. It was found that the hybrid material with
nickel as the active phase and HTIc as the carbon dioxide adsorbent [130] can
improve the yield of hydrogen and the thermal efficiency of SRE process [128].
However, reaction performance of this hybrid material can be further improved on
this nickel-based catalyst. Previous studies have found that nickel based catalysts
favor the methanation reaction [131], which can lead to a low hydrogen vyield.
Fortunately, it has been proved that copper can restrain the reaction by suppressing the
carbon monoxide dissociation step on Ni [132], which is the rate-determining step of
the methanation reaction. As a result, copper, which has also been regarded as an
excellent active phase for WGS [133] as well as SRE [68, 91] was employed to
improve the hydrogen yield.

On the other hand, potassium promoter [87] has been used to enhance the carbon
dioxide adsorption performance on the HTlc material. In this work where HTIc has
been used as the support, the possible acid sites would be the Al,O3 due to the high
aluminium content in the unpromoted material [81]. As an acidic support, Al,O3 has
the disadvantage of favoring ethanol dehydration reaction to produce the ethylene
by-product [134], which is considered as the source of graphite/coke [135] that can
deposit on the catalyst and causes catalyst deactivation. It has been found that the
presence of the alkaline metal can neutralize the acid sites in the support material and

improve the selectivity towards hydrogen [136, 137].
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The major challenge is to combine the HTIc with potassium for carbon dioxide
uptake, and nickel copper active phases for the catalytic SRE reaction to achieve
SERP. In the present work a K-Ni-Cu-HTIc hybrid system has been prepared with a
simple synthesis method. During the thermal treatment of the precursor, oxygen and
NOy were released, which were responsible for simultaneous volatile expansion of the
material surface and calcination [68, 87, 128]. Afterwards, the material consisting of
K20, NiO and CuO together with the HTIc was reduced in a hydrogen atmosphere.

The synthesized hybrid material was systematically studied on its performance.
The effects of the operating conditions on the activity and selectivity for hydrogen
production from SRE with nickel and copper as active catalyst phase were
investigated. The carbon dioxide adsorption capacity was further examined by
carrying out carbon dioxide breakthrough tests in a fixed-bed reactor with the feed of
helium, carbon dioxide and steam. Finally, the synthesized hybrid material was also

analyzed on selective carbon dioxide sorption for hydrogen production by SE-SRE.

3.4.2 Experimental

A commercial HTIc, also known as LDH, from Condea (now Sasol), with the
designation PURAL MG30 was used as support material for potassium, nickel and
copper. The selective carbon dioxide sorbent was mixed with potassium-nitrate,
nickel-nitrate hexahydrate and copper-nitrate trihydrate. The preparation method
developed in our research group can be found in several previous publications [68, 87,
128].

Previous studies found that high catalytic performance for SRE can be obtained
when a mass ratio of Cu/Ni = 1 is used [75, 138], while promising carbon dioxide
adsorption performance was achieved on HTIc with 20 wt.% of K-promoter [24].
Therefore, the material prepared is designated by the compounds used (K-Ni-Cu-HTlIc)
and the corresponding loadings were 20 wt. % for K, 5 wt. % for Ni and 5 wt. % for
copper. The abbreviation HTIc stands for the used PURAL MG30 sample. The
calculated amounts of KNO3, Ni(NO3), 6H,0 and Cu(NO3), 3H,0 were dissolved in
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200 ml of distilled water at room temperature. Hereafter, the pellets of the PURAL
MG30 sorbent were added to this solution, and treated under heated ultrasonic
environment at 373 K during 2 h. The obtained suspension was further dried in an
oven at 383 K for 48 h. These materials were smashed and crushed in a grinding mill
into a fine powder, and then loaded into the reactor for thermal treatment during 48 h
at 723 K under a nitrogen flow-rate of 50 Ncm®*min™. Finally, this system was
activated with a pure hydrogen flow-rate of 30 Nem®min™ at 723 K during 24 h.

The experimental set-up, characterization and analysis methods can be found in

previous chapter 11 (page 46).

3.4.3 Results and Discussion
3.4.3.1 Characterization of the materials
The properties of the sorbent, PURAL MG30, used as the support material for
potassium, nickel and copper phases was described in previous sections. The results
obtained are compared with the previously used systems.

The metal composition of the multifunctional material together with other
physico-chemical properties can be found in Table 3-16. The results obtained from
ICP-OES are found to have a good agreement with the nominal mass percentage

values.

Table 3-16 Properties of the prepared K-Ni-Cu-HTIlc material

mcatla [g] 451
K:Ni:Cu:Mg:Al° [mass %] 25:16:11:15:33
SgeT [m2~g'1] 38

pore. [nm] 16
Vpore [Cm3-g'1] 0.14

a: Total mass of the catalyst; b: Metal mass fraction from ICP-OES.

Water release and decomposition reactions during thermal treatment can be
explained by:

Ni(NO, ), 6H,0 — NiO+NO, + NO+0, +6H,0 (3.14)
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Cu(NO,), 3H,0 —> CuO +NO, + NO+0, +3H,0 (3.15)
KNO, —> KNO, +0.50, (3.16)
2KNO, —> K,0+ NO, + NO (3.17)

The release of the NOy species together with oxygen improved the volatile
expansion of the material (higher surface area and better dispersion) and calcination in
a single step.

The N, adsorption isotherm of the activated K-Ni-Cu-HTlc hybrid material is
given in Figure 3-32. It can be found that the shapes of the obtained isotherms can be
interpreted as the IUPAC type IV isotherm associated with a hysteresis of type H3.
Isotherms of this type are characteristic of mesoporous materials, and the average pore
sizes of the materials are around 16 nm, similar to the K-promoted HTIc material [87].
In addition, it must be pointed out that this type of hysteresis is related with the
aggregates of plate-like particles [89], because the PURAL MG30 sample used in this
work as sorbent and as support material has such a layered structure.

Comparing the BET surface area of the K-Ni-Cu-HTIc hybrid material with
previously used materials [68, 87, 128], it is clear that a subsequent decrease in
surface area can be observed. The physico-chemical properties of this prepared
material were found to be more close to the K-promoted HTIc sample. While the
physico-chemical properties of the other hybrid materials (Ni-based [128] or
Cu-based [68]) without K promoters were found to be close to the PURAL MG30
[81]. The HTIc MG30 with a 100 % available surface area of 200 m? g, decreases in
its surface area to 76 % after the loading with Ni [128], 75 % after the loading with
Cu [68] and 14.5 % after incorporation of the K promoter [87]. The percentage of the
surface area decrease for the K-Ni-Cu-HTIc hybrid material was 19 % (this work).
The average pore diameter obtained for the K-Ni-Cu-HTlc hybrid material (16 nm)
was also in good agreement with the previously used materials (between 8 and 15 nm).
On the other hand the pore volume of the hybrid material (0.14 cm® g™) was in the

range of the K-promoted HTlc [87], which is reasonable since the loadings are similar.
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For nickel [128] and copper [68]incorporated HTIc materials the pore volumes were
0.31 and 0.32, respectively, since the metal loadings of these materials were much

smaller (~5 wt. %).
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Figure 3-32 N, adsorption—desorption equilibrium isotherm of the prepared K-Ni-Cu-HTlc

material at 77 K.

As previously mentioned, the adsorption-desorption isotherm indicated that the
material was mostly composed by plate-like particles, as shown in the SEM
micrograph depicted in Figure 3-33. In previously published studies [68, 87, 128], the
same morphology was also observed. From Figure 3-33, it is clear that the
morphology was kept for the K-Ni-Cu-HTIc hybrid material, while the diameter of the

multifunctional material particle varies from 30 to 50 pm.

Figure 3-33 SEM micrograph of the prepared K-Ni-Cu-HTIlc material.
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XRD patterns of the synthesized hybrid material before and after SRE tests can be
found in Figure 3-34, and Table 3-17 identified the phases of the bulk with the

corresponding 26 positions.
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Figure 3-34 XRD patterns of the K-Ni-Cu-HTlc material before and after SRE tests (a) and
comparison of K-HTIc [87], Ni-HTIc [128], Cu-HTIc [68] and the K-Ni-Cu-HTIc material

synthesized for this work (b).

The material reduced before SRE consisted of multiphase compositions and had
the presence of boehmite (AIO(OH)), potassium bicarbonate (KHCO3) and HTIc
material (MgsAl,(CO3)(OH)16-4H,0), as expected. However, the 20 positions of the
characteristic reflections corresponding to the Ni phase at 44.59(PDF#70-1849) and
Cu phase at 43.4° (PDF#65-9743) cannot be distinguished, because a strong
overlapping peak can be observed between the 20 positions from 41°to 47.5°9
Previous researches have shown that a strong overlapping peak can only be found
when a well formed Ni-Cu alloy was obtained [139], otherwise two separated peaks
can be found when an incipient alloy is synthesized [140] or a physical mixture is
prepared [139]. Besides, the alumina (PDF#29-0063) content did not appear since the
strongest peak for this material at 67was not found. Therefore, the results from XRD
in this work clearly indicated the formation of a nickel-copper alloy (NigsCugs).
These results are in agreement with a former report by Cunha et al. [141], where the

formation of nickel-copper alloys has been studied thoroughly.
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Table 3-17 Phases identified in the materials with the corresponding 26 positions

Materials Phase 20 positions & reflection planes PDF
ICDD
HTIc 11.39006), 22.7018), 34.49024), 48.99211) 41-1428
MgAI,O;,  19.09111), 31.29220), 36.89311), 65.29440) 77-1193
K-Ni-Cu-HTIlc KHCO; 12.09200), 24.29400), 31.39¢111) 89-2369
NigsCUgs  44.59111), 51.89200), 76.49¢220) 70-1849
AIO(CH)  14.09010), 28.29110), 37.4111), 49.3%210) 49-0133

On the other hand, it can be found from the samples before and after SRE that most
HTIc structure was kept during the SRE tests. Only traces of magnesium aluminium
oxide (MgAl,04) were detected (20 = 19°) after SRE. Due to the high aluminium
content, the prepared material contained a significant amount of boehmite [81], the
peaks from boehmite overlapped with the peaks from MgAl,O, except the peak at 192

As previously calculated from thermodynamic equilibrium [17, 92], carbon
deposition can be suppressed with a water-to-ethanol ratio higher than 4. It is in good
agreement with the XRD results reported in Figure 3-34b, since no carbon deposition
can be detected due to the relatively high molar ratio of water-to-ethanol (10) used in
the feed. Another method to avoid carbon deposition and other undesired side
reactions is the formation of small ensembles of nickel surface atoms. These small
ensembles of surface atoms have the benefit to minimize interactions of adsorbed
species formed during a catalytic process.

For a good catalytic activity, small crystal sizes of the active phases are desired.
Table 3-18 collects the crystal sizes of the formed nickel-copper alloy in the hybrid
material used for SRE. Additionally, crystal sizes of previously used materials were

introduced for comparison purposes.

Table 3-18 Metal crystal sizes obtained from the Ni, Cu and NigsCugs reflections by

the Scherrer equation.

Materials dni [nm] dcy [nm] dnicu [Nm]
K-Ni-Cu-HTlc n.a. n.a. 15
Cu-HTlc [68] n.a. 16 n.a.

Ni-HTlc [128] 5 n.a. n.a.
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The broad peak of around 45<indicated a small crystal size obtained for the nickel
copper alloy [142], and the average metal crystal size was found to be 15 nm in the
K-Ni-Cu-HTlc hybrid material, which was in approximation with 16 nm obtained
from the crystal size of Cu for Cu-HTIc system [68]. This phenomenon is related with
the incorporation of copper in the nickel lattice and the lower melting point of copper

(Tamman and HUtig criteria) [143].

3.4.3.2 Catalytic performance

Catalytic activity under steady state conditions SRE tests were performed with
different feeding rates in a temperature range between 570 K and 753 K. The catalytic
activity was investigated in terms of ethanol and water conversion. The results
obtained with different feeding rates are depicted in Figure 3-35. Lines were
introduced to follow the experimental points, and the results were collected at steady
state conditions, taken within post-breakthrough regions at least after 1 h since the
start of reaction, and when the concentrations of the products did not vary more than 5
mol % for at least 5 min. Higher temperatures have not been tested in order to avoid
the irreversible destruction of the hydrotalcite-like structure at temperatures higher
than 773 K [144]. The external and intra-particle diffusion limitations were
determined (at lowest and highest temperatures) with the Mears’ criterion and the
Weisz—Prater criterion, respectively. It was found that the catalytic tests were
performed under Kinetic control regime and the effect of the external and intra-particle
diffusion can be neglected. In addition, it was found that the pressure drop with
highest feeding flow rate at 773 K was around 2 % of the atmospheric pressure.
Therefore, the effect of pressure drop on the reaction performance was not considered.
Heat transfer effects in the hybrid material particles and temperature gradients in the

bed can also be discarded since they were not found.
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Figure 3-35 The effect of reaction temperature (a) and contact time (b) on the ethanol and water
conversions at steady state conditions, where X;*® stands for the equilibrium conversions of the

reactants from the thermodynamic study [17].

Previous thermodynamic studies [17, 145] have found that ethanol is a
thermodynamically unstable compound at temperatures higher than 523 K. Therefore,
the equilibrium conversion of ethanol was always 100 % within the temperature range
used in this work. The equilibrium water conversions at three different temperatures
are also included in Figure 3-35 according the thermodynamic calculations with real
gas model [17]. The conversions of ethanol from the experiments increased with the
rise of reaction temperatures (Figure 3-35a) and contact times (Figure 3-35b).
According to the reaction scheme given in Table 3-19, this fact is expected since the

fast endothermic ethanol dehydrogenation (ETD) reaction [146] is the first reaction
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step in SRE. Because copper was present as active catalyst phase, ETD was even
more favored [147]. However, conversions of ethanol can decrease with increasing

feeding flow rates due to the shorter contact times.

Table 3-19 Reaction scheme of ethanol steam reforming

Reactions Chemical description [AkIJ{.Or;gsT_l]
Ethanol dehydrogenation (ETD) CHO+-CHO+H, +68.4
Acetaldehyde decomposition (ACD) C,H,O0<«>CH,+CO -18.8
Water-gas-shift (WGS) CO+H, 0+ CO,+H, 41.4
Steam methane reforming (SMR) CH,+H, 0« CO+3H, +205.9

The conversion of water also increased with temperature increases (Figure 3-35a),
while the feeding rate of the liquid reactant (contact time, Figure 3-35b) had a
negative effect on the conversions. It is also important to stress that the activation of
water is higher than for ethanol, which means higher temperatures are required to
convert water. The maximum thermodynamic conversion of water at 773 K and with a
molar ratio of water-to-ethanol (Rse = 10) used in the feed can only reach a maximum
of 18.2 %. This phenomenon can be attributed to the thermodynamic equilibrium
limitation of the SMR as well as the WGS reaction [17, 92]. In these experimental
tests the highest water conversion of around 17 % was reached with the
K-Ni-Cu-HTIlc hybrid material.

With the presence of nickel as active phase, the propensity of activating the
endothermic steam methane reforming (SMR) at higher temperature levels can be
obtained, while the presence of copper favors the activation of the exothermic WGS
[127]. No acetaldehyde was found at a reaction temperature of 753 K, as shown in
Figure 3-36, which is a good indication that nickel is suitable for acetaldehyde
decomposition (ACD) [136, 148].

It has been observed from XRD results that between nickel and copper an alloy
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was formed. The formation of small ensembles of nickel atoms and copper atoms on
surface can avoid the interaction of adsorbed species, the catalytic decomposition of
methane and catalytic carbon monoxide decomposition can be avoided. The generated
carbon monoxide from SMR by the nickel active phase can be converted by the
neighboring copper active phase in the WGS reaction. It was also found that the
crystal sizes of the Ni-Cu alloy are very small, which can be the explanation for the
high activities of the hybrid material synthesized. Finally, there is also a good
possibility that the K species used in the hybrid material acted as an electronic
promoter for WGS reaction [149].

Product distribution on dry basis at steady state condition: The selectivities of
intermediate compounds formed during SRE as function of the reaction temperature

in the presence of the hybrid material is shown in Figure 3-36.

60 - 104 -
a) —=—44 gcat'hrn()l-:l —=—44 gcat'hmOI b)
%01 —e—55 g_hmol*| g] | —*—55g,hmol’
——7.3 g_.hmol™ ——7.3g,_,.hmol™
= 40- cat . 10 9 h I,l
S —v—10.9 g, .hmol o\? 6 —~—109g¢g..-hmo
—_ -1
% 30+ ——21.9g_.hmol* 3 —+—21.9g_ .hmol
" -1
5 —e— 43.7 gcat'hmorl ) 4 —+—43.7g_,.hmol
) 204
104 2]
O' T T T T 0 T T T T T T T T
575 600 625 650 675 700 725 750 575 600 625 650 675 700 725 750
T[K] T [K]
50- C)
40 -
3 —=—4.49_.hmol™
. 30 e
- —e—5.5g_.hmol
¥ A -1
n 204 7.3 g,,.hmol
——10.9 g_.hmol™
10 ——21.9g_.hmol™
——43.7g_ .hmol*
0

575 600 625 650 675 700 725 750
TIK]

Figure 3-36 Selectivities of the intermediate products under different reaction temperature and

feeding flow rate at steady state conditions: CH3;CHO (a), CO (b) and CH, (c).
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The results showed that at lower temperatures high selectivity towards
acetaldehyde was observed (Figure 3-36a). The high selectivity towards acetaldehyde
suggests a fast ETD, which can be the contribution of the active copper phase [91],
while nickel as the active phase was more responsible for the C-C bond cleavage
[150] by catalytic cracking of acetaldehyde into methane and carbon monoxide,
known as ACD. These deductions can be confirmed by the selectivities of
acetaldehyde and carbon monoxide which were not the stoichiometric ratio of ETD
reaction.

The presence of acetaldehyde decreased strongly with temperature increase and
lower amounts of reactant feeding. It could be an indication that the bimetallic Ni-Cu
alloy system improves the ACD reaction [138]. Previous study found that the addition
of a second metal (copper) can lead to a promoting effect on Ni for the decomposition
of C," species [132]. The presence of potassium may also electronically promote [151]
both ETD and ACD since the selectivity of acetaldehyde decreased rapidly.

Carbon monoxide appeared with low selectivities (Figure 3-36b) during all the
SRE measurements (less than 6 %), which is important for pure hydrogen production.
It is also clear that WGS was promoted since the selectivity towards carbon monoxide
for the hybrid material used in this work is much lower than for the previously used
material (without copper) [128] within the low temperature region. However, the
selectivity of carbon monoxide first decreased with the rise of temperature, reaching a
minimum at ~ 660 K. The result suggested that the forward reaction rate of WGS was
higher than ACD at intermediate temperatures, since the lowest selectivity towards
carbon monoxide under different feeding flow rates was obtained between 600 K and
700 K.

The backward WGS and the backward SRM (known as reverse WGS and
methanation reaction) are the main side reactions in SRE, leading to the consumption
of hydrogen. In Figure 3-36¢ it can be observed that higher reaction temperatures
favor SMR due to the thermodynamic equilibrium of this reaction, which is the major

reason for the decrease of methane selectivity, and increase in hydrogen selectivity. In
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addition, Cu could suppress the methanation reaction by suppressing the dissociation
of carbon monoxide on the Ni surface [132]. Comparing a previous study where a
Ni-HTlc material [128] was used at 673 K with similar reaction conditions, the
selectivity towards methane decreased with the use of Ni-Cu alloy as active phase,
from 62 % to 45 % in this study. On the other hand, the reverse WGS reaction became
significant at high temperatures and the selectivity of carbon monoxide increased as
methane selectivity decrease. Besides, it was found that the WGS closely reached
equilibrium at high temperature conditions, the experimental results from the test
performed at 753 K with 4.4 gexhmol™ (lowest contact time) in the feed was
calculated, and the WGS reaction constant from our study (5.71) was close to the
equilibrium constant (5.87), while at low temperature (T = 570 K, with the longest
contact time 43.7 gechmol™) the reaction constant (1.76) was found to be much lower

than the equilibrium value at 570 K (42.2).
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Figure 3-37 Product yields of hydrogen (a) and carbon dioxide (b) under different reaction

temperature and feeding flow rate at steady state conditions.

The yields for hydrogen and carbon dioxide produced during SRE as function of
reaction temperatures in the presence of the K-Ni-Cu-HTlIc hybrid material is shown
in Figure 3-37. The yield for hydrogen (Figure 3-37a) increased with temperature rise
under different feeding flow rates. The yield of hydrogen with the longest contact time
(43.7 gcamolh™) was found to be highest at low temperatures, because more ethanol
can be converted (Figure 3-35a) into hydrogen and acetaldehyde under the low

feeding flow rate condition. Under high temperature conditions, the effect of contact
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time became less obvious, since the ethanol reactant and the intermediate product
acetaldehyde (Figure 3-36a) were already converted.

On the other hand, the yield of carbon dioxide (Figure 3-37b) first increased
rapidly with temperature rise, and then the increase with temperature slowed down
due to the reverse WGS at these conditions. Meanwhile more carbon monoxide
appeared at higher temperatures (Figure 3-36b).

Finally, for all the reaction conditions used, no carbon deposition was found.
Carbon deposition, generated by the carbon monoxide dissociation [43] at low
temperatures (< 573-648 K), can be suppressed when Rge > 4. In addition, a graphitic
carbon film only appears at higher temperatures (> 873 K) due to thermal cracking of
methane [141]. Since SRE tests were carried out between 570 and 753 K the carbon

film formation can be avoided.

3.4.3.3 Carbon dioxide adsorption

SE-SRE for pure hydrogen production requires a multifunctional material with the
ability to capture carbon dioxide selectively, especially when the hybrid material was
incorporated with catalytic active phases as in this work. The influence of the active
copper and active nickel phase on the carbon dioxide sorption behavior for the hybrid
material used in this work was studied and also compared with previous results [24,
84, 87]. For the implementation of the obtained multifunctional material on a SE-SRE
study, the carbon dioxide sorption capacity must be determined at different
temperatures.

The sorption isotherms were obtained by measuring the breakthrough curves of
carbon dioxide. The measured gas effluent in the breakthrough test was considered at
equilibrium when the carbon dioxide concentration at the outlet of the column did not
vary for at least 5 min. The detailed conditions can be found in Table 3-20.

The carbon dioxide sorption capacity of the prepared material is defined as:

. tS .
ncoz,adsorbEd ncoz,feed 'ts _J-O r]Coz,outdt

= = 3.18
qCOz msorb msorb ( )
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where gco2 is the sorption capacity of the material, msop IS the mass of the sorbent
material, Nco2adsorbed 1S the Mol number of adsorbed carbon dioxide on the hybrid
material, ncozfed 1S the molar flow rate of the carbon dioxide feed, ncoz,out IS the

molar flow rate of the carbon dioxide outlet and t; is the time for stabilization.

Table 3-20 Operation condition used in the breakthrough tests

Temperature [K] 669, 721, 763

Total pressure [kPa] 100

Flow rate [cm®min™, 298 K, 100 kPa] 200

Material Mass [kg] 0.04

Operation Pcoz [kPa] Pr2o [KPa] Pre [KPa]
5 45
10 40

. 20 30

Adsorption 30 50 20
40 10
50 0

Desorption 0 50 50

After carbon dioxide adsorption and SE-SRE reaction, regeneration was carried out
until fcozout < 0.1 mmol-min™ without variation for 5 min in the outlet stream with
water (pr2o = 50 kPa), helium (pne = 50 kPa) and a total feed flow rate equal to 200
Nem®min™. During all the tests, a steam feed with the partial pressure of 50 kPa has
been used. As had been reported [84], the adsorption process on an HTlc material with
the presence of steam favors carbon dioxide capture. Furthermore, the layered
structure of the HTIc can be recovered or maintained when contacted with ambient
moisture, which is known as the memory effect [16]. Finally, sorption equilibrium
isotherms at 669 K, 721 K and 763 K were measured, as depicted in Figure 3-38.

The plots are the experimental data and the solid curves correspond to the

Langmuir isotherm at different conditions:

_AHads
b

o, 0€ (3.19)

bco2 Pco, b

Oco, = Omax 1Mo, =
’ 1+ bco2 Pco, ’

where gmax = 1.21 molkg™” is the theoretical maximum capacity, bcozo = 2.11-10°

kPa™ and AH,g = - 18.7 kJ-mol™ is the heat of carbon dioxide adsorption.
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Figure 3-38 CO, adsorption equilibrium isotherms on K-Ni-Cu-HTlIc at 669, 721 and 763 K.

The adsorption heat of this material was close to results obtained by Ding and
Alpay (-17 kJ-mol™) [84] on a K,COs; promoted HTIlc material under similar
conditions. The adsorption capacity was found to be much higher than the unpromoted
Ni-HTIlc sample in section 3.2. The carbon dioxide adsorption capacity of the hybrid
material with K-promoter in this study was 0.83 mol-kg™ at 721 K and pcoz = 40 kPa,
while the Ni-HTIc material has a capacity of 0.26 molkg™ at 723 K and pcoz = 40 kPa.
The possible explanation for the improvement on the carbon dioxide sorption capacity
can be found in a previous report [87]. It seems also that the active phases, Ni and Cu,
do not influence the sorption behavior of the support material.

It can be found from the sorption isotherms that the highest carbon dioxide
adsorption capacity was obtained under the lowest temperature condition (669 K) due
to the exothermic carbon dioxide adsorption process. However, we cannot simply
come to the conclusion that low temperature favors the SE-SRE process, since the
operating conditions for a successful SE-SRE process should be established in
combination with both promising catalytic and adsorption performance of the hybrid

material.

3.4.3.4 Sorption enhanced reaction process
The feasibility of operating regions on SE-SRE for a high purity hydrogen production
should be investigated. The K-Ni-Cu-HTIlc hybrid material was studied at different
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reaction conditions. Figure 3-39 depicts the molar fractions obtained for hydrogen,
carbon dioxide, carbon monoxide and methane at 723 K and 773 K for the same

contact time during the transient time period and steady state period.
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Figure 3-39 Product distributions as a function of reaction time at 723 K (a) and 773 K (b) with a

Meat Mo gron = 43.7 geat-h'mol ™.

It is important to note that in this study the highest reaction temperature applied for
SE-SRE tests was 773 K, where an irreversible HTlc structure destruction can be
avoided [16]. In a previous study [17] it was also found from thermodynamic
equilibrium conditions that the performance of SE-SRE benefits from a low pressure
operation, because the overall SRE reaction is a volume increase reaction. Therefore,
atmospheric pressure was used during SE-SRE tests.

At a lower temperature, 723 K (Figure 3-39a), the yield of hydrogen produced
during the transient period was relatively lower than for 773 K (Figure 3-39b). On the
other hand, the breakthrough time for methane (and carbon monoxide) was shorter as
for a lower temperature. This means that at 723 K mainly SE-WGS occurred, while at
773 K SE-SMR and SE-WGS were both performed simultaneously. As a result, the
yield of hydrogen for the latter case was higher and the carbon dioxide breakthrough
time was longer. After breakthrough, the outlet concentrations observed at steady state
conditions corresponding to the previously observed SRE experiments. In addition, a
comparison between the results, both SE-SRE and SRE tests, from the prepared
K-Ni-Cu-HTlc material and other studies can be found in Table 3-21, where yu»

[mol %] represents the concentration of hydrogen in the product gas (dry basis).
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Table 3-21 Comparative performances of the materials used for SE-SRE

(Pre-breakthrough state) and SRE (Post-breakthrough state).

Pre-breakthrough state | Post-breakthrough state

Materials XEtoH YH2 Shz2 | XetoH YH2 Sh2

[%] | [mol %] | [%] | [%] | [mol %] | [%]

Thermodynamic [17] 99.9 98.3 | 100 66.0 63.0
2Co—Ni/HTIc with CaO [65] >99 n.a. | 100 66 n.a.
Ni/Al,03 with LisSiO4 [152] ~98 ~87 | 100 ~61 ~58
*Ni/Al,03 with HTlc [11] 100 98.7 21.8 | 64.2 56.0 25.1
“Cu-HTlc [68] 91.7 24.4 | 83.8 84.4 22.6
Ni-HTIc [128] 98.2 95.7 | 100 66.4 66.3
'K-Ni-Cu-HTlc 99.8 96.5 | 100 67.1 66.7

Operating conditions: p = 101 kPa, T = 773 K and Rge = 10, °T = 823 K and
Rse = 6, T =800 K and Rse = 6, *T = 673 K and Rge = 10.

Among the SE-SRE studies published, many pairs of catalyst-sorbent systems have
been developed. These configurations can be classified into two groups: alternate
layers of catalyst and sorbent; or uniform mixture of the two materials. By packing the
bed with several layers of catalyst and sorbent sequentially, the column is just a
combination of several reactors and adsorbers in series. The arrangement can affect
the overall performance [153]. Rawadieh and Gomes [154] compared different
layered systems, they found that a well-mixed configuration can produce higher
hydrogen purity with lower carbon monoxide content compared to other layered
configurations, which is in agreement with the result found by Lu and Rodrigues
[155]. However, in practice it is very difficult to obtain an ideal mixed catalyst-
sorbent system due to the differences in particle size, shape and density of the catalyst
and sorbent materials. Alternatively, recent studies suggested that a homogenous
mixture can be achieved by synthesis of sorbent material together with an active phase
[68, 128, 156].

It could be found that the use of a carbon dioxide adsorbent can improve the
hydrogen production performance in the reforming process, since under all these

different operating conditions, the yields and selectivity of hydrogen were much

199



Chapter 111

higher during the pre-breakthrough period (SERP region) than that obtained from
conventional reforming process. According to the results collected from
K-Ni-Cu-HTlc material (Table 3-21), for both the pre- and post-breakthrough periods,
the hydrogen concentrations and selectivity were found to be close to thermodynamic
calculations for SE-SRE and SRE, respectively. It is an indication of the promising
reaction and adsorption performance of the multifunctional material. In addition,
hydrogen with a higher concentration can be produced from the use of a K-HTlc
material as carbon dioxide sorbent than the other high temperature carbon dioxide
sorbents.

It can be observed that the developed multifunctional material can offer promising
hydrogen production performance (yn2 = 99.8 mol % and Sy, = 96.5 %) during the
pre-breakthrough region, comparing the conventional operation [65, 152] of the bed
packed with a mixture of catalyst and sorbent. As a result, the development of a
multifunctional material can eliminate the use of additional catalyst support and offers

the advantage of reducing the reactor size [156].
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Figure 3-40 Product distributions as a function of time at 773 K with mg/nogon = 21.9

gearh'mol™ (a) and 10.9 gearhrmol ™.

Comparing Figure 3-39a with Figure 3-40a and Figure 3-40b, we can find that at a
temperature of 773 K, the higher of the reactant mixture feeding rates, the shorter
were the breakthrough times during SE-SRE. These breakthrough times were very
important for the design of a SE-SRE process in order to employ this hybrid material

for hydrogen production. In the design of a cyclic SE-SRE process, the longer the
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pre-breakthrough period, the less parallel columns would be required for a continuous
operation, which can be an advantage in the fixed construction cost [128]. Therefore,
a detailed investigation will be carried out in the following chapter to design a cyclic

SE-SRE operation process with the material synthesized in this work.

3.4.4 Conclusions

A multifunctional hybrid material was synthesized with multivalent properties,
catalytic activity and selectivity as well as the selective sorption towards carbon
dioxide for SE-SRE. The catalytic behavior obtained for SRE was investigated and
found to be more promising than the previously used HTIc materials incorporated
with Ni or Cu alone. The multifunctional hybrid material used in this work kept a
similar carbon dioxide adsorption capacity as the K-promoted hydrotalcite studied in
former studies. It is found that the K-HTIc structure was kept in the multiphase
material similar like the previously used individual materials. In this work, the
formation of a nickel-copper alloy phase has been observed, which can be very
helpful in the catalytic property due to the formation of small ensembles of nickel and
copper that reduce in considerable amounts the interactions of adsorbed species on the
specific metallic surfaces. The metallic crystallite size of the NiysCugs alloy was
found to be very small which has the benefit of high catalytic activity. The hybrid
material consisted of a multiple phase composition used for SRE was found to have
promising activity and selectivity, together with the excellent selective carbon dioxide
sorption capacity. This multifunctional material was found as one of the most
promising SERP materials, which is ripe for a scale up SE-SRE process design to

produce high purity hydrogen in a single reaction unit.
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Chapter 1V

4. Process Study '

In this chapter, a four-step pressure swing operation process in one column with two
subsections for SE-SRE has been developed by simulation for high purity hydrogen
production in section 4.1. Within the two subsections, two different volumetric ratios
(1:2 and 1:4) between the Ni impregnated hydrotalcite catalyst and K-promoted
hydrotalcite sorbent have been employed. Various reaction conditions and operating
parameters have been tested to improve the hydrogen production performance. The
product gas with hydrogen purity above 99 mol % and carbon monoxide content of 30
ppm can be produced at 773 K with swing pressure from 101.3 to 304 kPa. The yield
of hydrogen in SE-SRE (78.5 %) is found to be much higher than in SRE (38.3 %) at
the same reaction conditions.

In the following section, a two-dimensional adsorptive reactor model has been
developed for SE-SRE. The product distributions from simulations match well with
experimental data obtained from a laboratory-scale fixed-bed reactor. In addition, the
performance of sorption enhanced reaction is found to be sensitive to the temperature
gradient in the radial direction in a scale-up reactor. Afterwards, four reactors with a
seven steps cycle operation scheme have been employed in a continuous hydrogen
production process. It is found that high purity hydrogen with 0.95 mol-kg™h™
productivity can be produced under cyclic steady state operation, the ratio between
energy output and input is around 1.7. Besides, high purity carbon dioxide can also be

captured as a by-product during the sorbent regeneration step in this process.

" The content of this chapter is part of the following articles:

Y.-J. Wu, Ping Li, J.-G. Yu, A.F. Cunha, A.E. Rodrigues, High-Purity Hydrogen Production by
Sorption-Enhanced Steam Reforming of Ethanol: A Cyclic Operation Simulation Study, Industrial
& Engineering Chemistry Research, 53 (20), 2014, 8515-8527.

Y.-J. Wu, Ping Li, J.-G. Yu, A.F. Cunha, A.E. Rodrigues, Sorption-enhanced Steam Reforming of
Ethanol for Continuous High-Purity Hydrogen Production: 2D Adsorptive Reactor Dynamics and
Process Design, Chemical Engineering Science, 2014, DOI: 10.1016/j.ces.2014.07.005.
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4.1 SE-SRE Operation in a Single Column System

4.1.1 Introduction

Until now, most of the SERP researches are focused on the use of methane (natural
gas) as feedstock, while only a small number of experimental studies have been
carried out on SE-SRE. Among these studies, calcium oxide-based materials have
been widely used as the high temperature carbon dioxide sorbents. Lysikov et al. [1]
compared different feedstocks for hydrogen production via SERP over a mixture of a
commercial nickel-based catalyst and calcium oxide sorbent. It was found that ethanol
exhibits the best performance among all the feedstocks studied, a 98 vol. % purity of
hydrogen-rich gas, with impurities of carbon monoxide and carbon dioxide less than
20 ppm, was obtained. With ethanol as feedstock, He et al. [2] carried out SERP over
a mixture of a HTlc derived Co—Ni catalyst and calcined dolomite as carbon dioxide
sorbent. A good performance was observed at 823 K, where the product gas contains
99 mol % hydrogen with only 0.1 mol. % of carbon monoxide. Besides, a study on
SE-SRE with Ni- and Co-incorporated MCM-41 catalysts, with calcium oxide as
carbon dioxide sorbent, was performed by Gunduz and Dogu [3]. They found that the
yield of hydrogen can reach 94 % at 873 K with a steam-to-carbon molar ratio (Rs/c)
of 1.6 in the feed.

On the other hand, other high temperature carbon dioxide sorbents such as
lithium-based materials and HTIc materials are also used. Iwasaki et al. [4] performed
SE-SRE reaction with lithium silicate as sorbent over 1 wt. % Rh/CeO, catalyst. A
product gas with 96 mol % hydrogen was obtained at 823 K, atmospheric pressure
and Rgc = 1.5. In addition, Essaki et al. [5] reported that the concentration of
hydrogen can reach 99 mol. % along with carbon monoxide below 0.12 mol % by
SE-SRE over a commercial nickel-based catalyst, with lithium silicate as sorbent at
similar conditions. Besides, a commercial nickel-based catalyst with an HTIc sorbent
was employed by Cunha et al. [6] as a hybrid system. The results of SE-SRE at 673 K
with Rsc = 5 in the feed showed that pure hydrogen was produced in the first 10 min

of reaction. In addition, hybrid materials with Cu [7] and Ni [8] as the active metal
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phase, HTIc material as the catalyst support have also been developed for SE-SRE.
These materials were found to have good catalytic performance to produce hydrogen
from SE-SRE due to the relatively high surface areas and small crystal sizes.

However, one technological challenge of SERP is its cyclic nature. The sorbent has
to be periodically regenerated without affecting both the activity of the catalyst and
the sorbent. Each column with sorbent and catalyst swings between at least two states:
Reaction, where ethanol together with steam is fed to the reactor to produce hydrogen;
Regeneration, operating conditions are modified to regenerate the saturated carbon
dioxide sorbent. Previous studies on SE-SRE only have the reaction stage where
SERP was performed with different catalysts and sorbents, while the results from a
cyclic operation process have not been reported. Therefore, investigations on sorbent
regeneration and cyclic process should be performed to develop a continuous SE-SRE
operation. Fortunately, strategies developed for cyclic sorption-enhanced steam
methane reforming [9-22] and sorption-enhanced water-gas-shift [23-25] operations
can be taken into consideration. A brief survey of these operation strategies can be
found from Table 4-1.

The aim of the work in this section is to find suitable cyclic steady-state operation
parameters to produce hydrogen with sufficiently high purity, traces of carbon
monoxide less than 30 ppm for fuel cell applications [26]. The development of a
mathematical reactor model with two subsections to analyze the SE-SRE reaction is
given in the first step. Within the two-subsections, different ratios between the Ni
impregnated hydrotalcite catalyst and K-promoted hydrotalcite sorbent are employed.
Afterwards, the model is constructed to investigate the whole cyclic process. In
addition, reaction conditions and operating parameters have been investigated to
improve the overall performance of the process. Finally, the energy analysis of the

predicted process for hydrogen production has also been taken into account.
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4.1.2 Process Development

4.1.2.1 Materials for sorption enhanced reforming reaction

Ethanol steam reforming catalyst: Several reaction pathways can occur during the
reforming process depending on the catalysts and reaction conditions used [33, 34].
Due to the relatively low cost and good activity compared with other metals [35],
nickel-based catalysts is one of the most studied active phases for catalytic SRE
process. A previously developed nickel-based catalyst (Ni/HTIc) [8] has been
employed in this work. According to previous researches [36, 37], four most
important reactions and species involved should be included in the reaction scheme

when a nickel-based catalyst is used (Table 4-2).

Table 4-2 Reaction scheme of the ethanol reforming process.

) . . AH98k
Reactions Chemical description Number
[kJ-mol™]
Ethanol dehydrogenation C,HO-CH,O+H, +68.4 0]
Acetaldehyde decomposition  C,H,O «<>CH, +CO -18.8 (m
Methane steam reforming CH,+H,0+ CO+3H, +205.9 (UD)
Water-gas-shift CO+H,0«+-CO,+H, -41.4 (v)

The rate expressions of reactions are:

k
Ethanol dehydrogenation [ =—2 Pegio g L PemoPh, (4.1)
DEN Kero Pe,h.0
k
Acetaldehyde decomposition r, = —=2 Pepoly 1 PeoPen, (4.2)
DEN Kaco Pe,H,0
k 3
Methane steam reforming r,=—=% Pri.0 2p e g L PooPh, (4.3)
DEN Kswr Pr,o Pe,
Water-gas-shift r, = Kues szozpCO 1- L Peo.Py, (4.4)
DEN Kwes Pryo Peo
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where y; is the molar fraction of the species in the gas phase, and k; to k4 are the
reaction rate constants. At last, Kerp, Kacp, Ksvr and Kwes are the equilibrium
constants, which can be obtained from thermodynamic data. The denominator (DEN)
is given by:
DEN =1+ Keon Peon + Ko Prjo + Kew, Pon, + 45)
Kot Pro P, + Ko, Por, Pry” + Ko Peo + Ky PR
where each K; is the adsorption equilibrium constant of the adsorbed species.

Parameters used for the Ni/HTIc catalyst [8] can be found from chapter 111 (page 147).

High temperature carbon dioxide sorbent: Numerous sorbents have been
developed for carbon dioxide capture [38-41]. However, most commonly used
physisorbents (zeolites, activated carbons, etc.) may suffer from capacity loss at
elevated temperatures. On the other hand, chemisorbents can be used to carry out
carbon dioxide adsorption processes at high temperatures. These materials include
calcium oxide [42], lithium-based materials [43] and HTIc (also referred as layered
double hydroxide, LDH) [27]. Among these materials, HTlc sorbents have fast
sorption Kinetics, very good cyclic stability and can be easily regenerated due to the
weak bonding towards carbon dioxide [44]. On the other hand, very high regeneration
temperature and energy consumption are required when lithium-based and calcium
oxide-based materials are used as carbon dioxide adsorption materials due to the
strong chemisorption. Therefore, lithium-based and calcium oxide-based materials
were not used in this work.

The major challenge for HTlc sorbents is to increase the relatively low carbon
dioxide adsorption capacity, which can be improved with an alkaline promoter. It can
be found in Table 4-1 that K-promoted HTlc sorbents have been employed in most
cases. K-HTIc material [45] with promising adsorption and desorption performance at
high temperatures has been used as carbon dioxide sorbent in this work. The

adsorption isotherm of the material is given by the bi-Langmuir model [32]:
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K, Pco, K, Pco,

q ) =qmax - ., max2 1~ 1, _ (46)
“ 14K, Peo, 1+ K, Peo,

where gmax 1S the maximum capacity for site 1 (physical adsorption) and site 2

(chemical adsorption), respectively. And K; is given by the Van't Hoff equation:

—AH, —AH,

K, =k,e " ;K, =kye fT 4.7)

where Kg; is the pre-exponential factor, AH; is the enthalpy of the physical adsorption
and AH; is the enthalpy of the chemical adsorption. The parameters involved in the
adsorption isotherm and kinetic of the sorbent material [45] can be found from chapter

111 (page 172).

4.1.2.2 Arrangement within the column

Among the works published, many pairs of catalyst-sorbent systems have been
developed in SERP. Two typical configurations can be found: alternate layers of
catalyst and sorbent; or uniform mixture of the two materials. By packing the bed with
several layers of catalyst and sorbent sequentially, the column is just a combination of
several reactors and adsorbers in series, and the arrangement can affect the overall
performance [46]. Rawadieh and Gomes [22] compared different layered systems,
they found that a well-mixed configuration can produce higher hydrogen purity with
lower carbon monoxide content compared to other layered configurations, which is in
agreement with the result found by Lu and Rodrigues [47]. However, in practice it is
very difficult to obtain such a well-mixed catalyst-sorbent system due to the
differences in particle size, shape and density of the materials. Alternatively, recent
studies found that a homogenous mixture can be achieved by impregnating the
sorbent material with an active phase [7, 48-53].

On the basis of the homogeneously packed column, the subsection-controlling
strategy [19, 20] and a similar multi-section column concept [54] are proposed to
improve the performance of the sorption-enhanced reaction. By using different
packing ratios of sorbent/catalyst and wall temperature in each section, the
concentration of impurity can be decreased further in the produced gas. As a result,
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additional degree of freedom can be obtained for flexible operation [54]. Therefore, a
column with two subsections and homogeneously packed with Ni/HTlc catalyst and

K-HTIc sorbent has been developed and used for SE-SRE process.

O Ni/HTlc catalyst © K-HTlc sorbent

C;Hs0H, H,0 H,, H,O
—_ " —

Section | Section Il
:< x >:

2m 4m

Figure 4-1 Scheme of the fixed-bed reactor developed with two subsections for cyclic SE-SRE

process.

A scheme of the reactor is shown in Figure 4-1. In the inlet zone of the column
(subsection 1), the SRE reaction is more intensive with a high reaction rate, so it is
packed with more catalyst than that in subsection II. In subsection II, the
sorption-enhanced reaction becomes dominant, and the reforming reaction rate is
slower than in subsection I, therefore more adsorbent can be packed in this section.
The detailed parameters for the reactor column and subsections can be found in Table
4-3. It has been found that promising reaction performance can be achieved within a
short first subsection [54], which is around 2 m in this work. Therefore, the use of a
longer second subsection (4 m) is found to be favorable rather than increase the length
of the first section where ethanol dehydrogenation and acetaldehyde decomposition

reactions dominantly occurs.
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Table 4-3 Parameters used for the reactor column and subsections.

Reactor
Parameter Unit Values

I [m] 6

re [m] 1.25 407
Ly [m] 14107
& [m*m?] 0.5

U [Wm?2K?Y 71
Cow [0 kgt K™ 500
Pw [kg m™] 7750
Pe [kg m™] 900
Cos [J kg™ K™ 835

hs [W m?K™] 80.7
ks [m? s 1.0340*
dp [m] 24107
hw [Wm?2K?Y 55.0

R [0 K™ mol™] 8.31

Subsections

Iy [m] 2

1, [m] 4
Meat/Msorbi [kg kg™] 1:2
Meal Msorb [kg kg™] 1:4

4.1.2.3 Operation strategy

The schematic diagram of cyclic configuration of the process is presented in Figure
4-2. Each cycle of the overall SE-SRE process can be carried out with four steps:
sorption-enhanced reaction with ethanol and steam in the feed at high pressure; the

rinse of the column with steam to remove the residual products within the gas phase
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with a pressure decrease;

low pressure; and finally

the regeneration of the carbon dioxide adsorbent by steam at

the purge of the column with hydrogen gas and steam with a

pressure increase occurs before the next cycle.

A
Pressure

PH

pL

EtOH CHy4, H, CO, H,O
H,O CO,, H,0 H,O H,
S S S
S
o
H, H,0 H,0 H,0, H,
Reaction

Rlnse

Regeneration

initial

treaction trinse tregeneration

Time

Figure 4-2 Operation scheme of the SE-SRE cyclic process: sorption-enhanced reaction; rinse;

regeneration; and product

purge.

The detailed operating parameters of the cyclic SE-SRE process, the initial and

boundary conditions for different steps are given in Table 4-4.
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Table 4-4 Initial and boundary conditions for different steps.
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4.1.2.4 Performance Assessment
To assess the performance of the SE-SRE process, the hydrogen purity [mol %] and
the carbon monoxide content [ppm] during the first sorption enhanced reaction step

are employed as follows:

jtreamn I’]szt
H, purity[mol%] = — : t‘““jﬁ' : : %100,
J‘tm (nco +Neg, +My, +Ng, )dt
- (4.8)
[ neot
CO content [ ppm] = Ciil x10°

treaclion . . . .
J' (nco +Neo, + My, + N, )dt

tinitial

where 11, is the molar flow rate of the compound i at the outlet during the sorption

enhanced step. While the hydrogen yield [mol %] during the reaction and carbon

dioxide yield [mol %] during the regeneration step are calculated by:

treaction d tpurge X d
; J; My, t_J.t LT t
H2 yleld [mOl%] — Zinitial — regeneration ><100,
GL_ - rlEtOH ,Odt
tregeneratiol:mal (4 " 9)
. L _ Mo, dt
C02 YIeId [mol%] = ”t"se - %100
2J‘ nE'[OH ,Odt

tinitial

where 1, represents the molar flow rate of the ethanol reactant during the

sorption enhanced reaction step. Finally, the amounts of the hydrogen and carbon

dioxide produced in a cycle are calculated by:

.[treaction n dt _ J‘tpurge n dt
t H, t H,,0

H2 produced [mol . kg _l] — initial regeneration ,
mcat + msorb (4 10)
tregeneration . '
. L " Ao, dt
CO, produced [mol -kg ] L
mcat + msorb

where n, , is the molar flow rate of hydrogen in the feed during the purge step, and

Mcar aNd Mgorp are the weight of the catalyst and sorbent materials, respectively.
The energy balance of the hydrogen production process is an important issue for

the economic evaluation. Therefore, thermal efficiency has been employed to evaluate
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the energy feasibility of the process. In this work, thermal efficiency evaluation
method is developed from the model proposed by He et al. [55]. For hydrogen
production from ethanol, the thermal efficiency of the process can be calculated by:

n,, LHV,,

Mse_sre = (4.11)
SESRE nEtOH,OLHVEtOH +Qinput +n AH

mix,0 latent
where ny, is the molar amount of hydrogen collected at outlet, ngono and Npixo are
the molar amounts of ethanol and feed stream used, respectively. AHjaent IS the latent
energy of the feed stream, and LHV; (244 kJ/mol) and LHVgion (1329.8 kd/mol) are
the lower heating value of hydrogen and ethanol. Qinpu IS the energy input, which is

calculated from the enthalpy change due to reaction and adsorption:

Qinput = Hout(r)_ Hin(T) = ZniHi(T)_Zni,OHi(T)+AHreg (412)

where Hou(T) and Hin(T) are the enthalpies of the inlet and outlet streams from the
reactor at temperature T, and AH,g is the heat required for carbon dioxide
regeneration. The enthalpy of the inlet and outlet stream depends on the enthalpy of
each species i under operating conditions, the amount of each species fed into the

column, and obtained from the outlet.

4.1.3 Mathematical Modeling
The mathematical model adopted for the cyclic SE-SRE process is developed from
mass, energy and momentum balances, including the following assumptions:

® Axial dispersed plug flow, momentum balance is simplified by the Ergun
equation;
Ideal gas behavior;
No mass, velocity or heat variations in the radial direction of the column;

The column porosity, cross sectional area are constant along the column;

Carbon dioxide is the only species adsorbed on the sorbent material [56].

Based on the above assumptions, the following governing equations and the
corresponding initial conditions and general boundary conditions for the SE-SRE
process are derived. The overall mass balance equation in the fixed-bed is:
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8%=8£(D CayJ a(UC)"'(:I- E)OK,OCZ 1 JIJ

ot 0z 0z 0z (4.13)

TR | o) LI
(1 ) Bl +1 (CI Ci,sorb)

where C; is the gas-phase concentration, D,y is the axial dispersion coefficient, u is the
superficial gas velocity, € IS the column porosity. pc is the solid density within the
column, where the density of catalyst and sorbent is assumed as the same due to the
relativity low metal loadings. o is the volume fraction of catalyst, a = 1/3 in
subsection I and 1/5 in subsection II. vj; is the stoichiometric number of species i in
reaction j, rj is the reaction rate of reaction j, a, is the specific area of pellet, kr is the
film mass transfer resistance, Bi is the Biot number, Cison is the averaged
concentration in the adsorbent, t is the time, and z is the axial coordinate.

The mass transfer from the gas phase to the macropores in the adsorbent is given

by:
oC. 15D i = 0;
isorb _ . p _BI (CI _Ci sorb)_&% (414)
ot r; Bi+l | p Ot

where @, represents the average adsorbed species concentration in the pellet, D, is

the pore diffusivity, rp is the radius of pellet, g, is the porosity of the adsorbent.
Since carbon dioxide is the only species adsorbed, the mass balance for the
adsorbed carbon dioxide in the sorbent can be expressed by:

00, 15D

ot = rzy,coz (qeq,co2 _C_Icoz) (4.15)

crystal

where Dpcoy is the crystal diffusivity, reystar iS the crystal radius and Ueo, eq is the

carbon dioxide adsorbed concentration in the equilibrium state.

The momentum balance in the fixed bed is given by Ergun equation as:

op 150u,(1-¢,) 175(1 g)pg
R ol
cHp

(4.16)

where d, is the diameter of the adsorbent, piq and pg are the bulk gas mixture viscosity

and density, respectively. The total pressure p is given by:
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p=CRT (4.17)

where C; =} C;j is the total concentration, T is the gas temperature and R is the ideal
gas constant.

The energy balance includes three phase (gas, solid, and column wall). The energy
balance for gas phase in the fixed-bed is given by:

6 -2 e, T
Z Z Z
(4.18)

~(1-a)ah, (T-T,)-2(T-T,)

¢
where C, and C,, are the specific molar heat at constant volume and the specific molar
heat at constant pressure of the gas mixture, respectively. A is the axial heat dispersion
coefficient, hs is the film heat transfer coefficient, h,, is the film heat transfer
coefficient between the gas phase and the wall. r. is the radius of the column and T,y
is the temperature of the wall.

The solid phase energy balance in the fixed bed is expressed by:

|:8 c Ct,sorb +(l_5p)pccps:|% = a.hf (T —Ts)+ngTs acgiorb

p ~v,ads

(4.19)

4 OTco,
+p.| DR, (—AHJ.)+T(—AHMS)

i1

where C,a¢s 1S the molar specific heat in the adsorbed phase at constant volume,

C..n IS the average total gas concentration within the adsorbent, Cys is the particle

specific heat at constant pressure, Rj and AH; are the reaction rate and reaction
enthalpy of reaction j, respectively. AHqgs IS the isosteric heat of adsorption.

Finally, the energy balance for the column wall is given by:

U(T,-T
puCop T 2k (7T~ (T ~Thr) (4.20)
ot 1,(2r+1,) {(Zr N )In(rc+|wﬂ
C w rc

where pw and Cpy, are the density and the specific heat of the column wall (stainless

steel), respectively. |, is the thickness of the column wall, Tsymace IS the temperature of

227



Chapter 1V

the furnace and U is the overall heat transfer coefficient between the column wall and
the external air in the furnace.

The values of transport parameters are calculated with the following correlations:
axial mass and heat dispersion coefficients and the mass transfer and heat convective
coefficient are estimated using the Wakao and Funazkri correlations [57]. The internal
convective heat transfer coefficient between gas and the column wall is calculated
with the Wasch and Froment correlation [58]. On the other hand, properties of the gas
mixture, such as density, viscosity, and molar specific heat are obtained according to
Poling et al. [59]. The molar specific heat of the adsorbed gas is assumed to be equal
to the molar specific heat in the gas phase.

The mathematical model consists of partial differential equations which are solved
by gPROMS software (PSE Enterprise, London, UK). The discretization method for
the spatial domain in the column is the orthogonal collocation with finite elements
method (OCFEM) with 200 intervals and the order of approximation is 3. The set of
ordinary and algebraic equations obtained by OCFEM discretization are integrated

with the DASOLYV solver, and a value of 107 for absolute tolerance.

4.1.4 Results and Discussions

4.1.4.1 Sorption enhanced steam reforming of ethanol

In order to probe feasible operation regions to fulfill carbon monoxide free and high
purity hydrogen production, the effects of reaction conditions on the performance of
SE-SRE reaction have been investigated. The evolution adjustments are performed
sequentially with the following route: steam-to-carbon molar ratio, operating pressure
and residence time. It must be pointed out that the temperature applied in this study is
fixed at 773 K, where the reforming catalyst can achieve a high activity [8] and
avoiding the irreversible HTlc structure destruction [60].

Effect of steam-to-carbon ratio: Most of the previous SRE investigations were
performed with a stoichiometric steam-to-carbon molar ratio (Rs/c) of 1.5 in the feed

[33, 34, 61]. However, high ratios up to 10.5 [62] can also be used, since the crude
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bio-ethanol contains 14 vol. % ethanol has an Rgc around 10. Both thermodynamic
analyses [63-65] and experimental studies [6, 36, 66] found that the use of high
feeding Rs/c can help to generate hydrogen with higher purity, while carbon monoxide
and carbon formation are suppressed at the same time. Several Rgsc (0.5, 1.5, 3, 5 and
10) that have been used among previous studies are tested, the pressure is kept at
101.33 kPa and the feed gas velocity was 4= 0.1 m's™, corresponding to a residence
time of 60 s in a column with I; =6 m.

The dynamic behavior of the hydrogen and carbon monoxide molar fractions under
different Rg,c conditions are given in Figure 4-3a. It can be found that by increasing
the Rs,c from 0.5 to 3 enhances the average hydrogen purity in the transient sorption
enhanced regime from ~ 50 mol % to ~ 95 mol %, and the prebreakthrough time rises
with the Rgc increase. For fuel cell application, the content of carbon dioxide in
hydrogen product should be controlled less than 30 ppm [26]. Therefore, the
allowable operation regions under different Rgc conditions are investigated, two
constraints (CO content < 30 ppm and H; purity > 99 mol %) were imposed to

determine the operation window (prebreakthrough time), the results are shown in

Figure 4-3b.
100 25 7500 -
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Figure 4-3 The effect of Rsc conditions on dry basis H, (solid line) and CO (dashed line)
concentrations at the outlet stream (a) and operation window (b) for H, purity (> 99 mol %) and

CO content (< 30 ppm) limits with ug=0.1 m's™, p = 101.3 kPaand T = 773 K.

From the Figure 4-3b, we can find that the limits in the operation window for the

carbon monoxide content is always smaller than that for hydrogen purity, i.e., to fulfill
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carbon monoxide content limit was more difficult than to obtain high purity hydrogen.
In addition, it can be found that a feasible operation window to produce carbon
monoxide free hydrogen gas cannot be achieved when Rgc is lower than 2, and the
operation window is increasing with the Rg,c rise. However, we cannot simply come
to the conclusion that high Rsc favors the performance of SE-SRE reaction. The
effect of Rs;c on the amount of hydrogen produced and thermal efficiency within the

operation windows is given in Figure 4-4.
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Figure 4-4 Thermal efficiency and H, produced with different Rgc, Uy = 0.1 m-s?, T =773 K and

p = 101.3 kPa conditions

It can be found from Figure 4-4 that both the thermal efficiency and hydrogen
productivity are enlarged drastically with the increase of Rs,c from 2 to 3 due to the
positive effect of high Rs,c on SRE reaction performance, which is in agreement with
the operation window shown in Figure 4-3b. On the other hand, the hydrogen
produced slightly decrease when Rgc is larger than 5. Because the higher Rg,c used in
the feed, the lower is the obtained partial pressure of carbon dioxide, and
simultaneously carbon dioxide adsorption capacity of the material used decreased
with the decrease of pcoz. Therefore, the adsorption performance of the material is
suppressed by increasing Rsc. While both adsorption and reaction performances can
affect SE-SRE process. As a result, further increase Rgic from 5 to 10 causes a

negative effect on the amount of hydrogen produced, and the overall thermal
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efficiency decreased in a linear manner due to the excess latent heat required for the
feed stream [55]. The practical Rgc for SE-SRE process can be fairly attributed to a
value of around 4 in terms of improving the amount of hydrogen produced and
thermal efficiency.

Effect of pressure: A previous report [64] found that the performance of SRE
reaction under thermodynamic equilibrium conditions benefit from lower pressure
operation, since the overall SRE reaction is a volume increase reaction. However,
carbon dioxide adsorption capacity of the sorbent can be enhanced and consequently
improve the SE-SRE reaction performance under higher pressure operations.
Therefore, the pressure effect on the SE-SRE performance has been investigated at
pressure conditions in a range from 101.3 kPa to 506.5 kPa, two constraints CO
content < 30 ppm and H; purity > 99 mol % are imposed. The results are given in

Table 4-5.

Table 4-5 Operating performance in sorption-enhanced reaction step during the
operation time under different pressure conditions at 773 K, up = 0.1 m's™ and Rg/c =

4.

p Operation time H, produced Thermal efficiency
[kPa] [s] [molkg™] [kJ/KkJ]
101.3 2410 0.761 0.799
202.7 1365 0.850 0.795
304.0 930 0.853 0.791
405.3 665 0.804 0.785
506.6 485 0.717 0.778

It could be found that the amount of hydrogen produced during the sorption
enhanced reaction step increase when operation pressure increases from 101.3 kPa to
304.0 kPa. In addition, the operation time required can be dramatically reduced from

2410 s to 930 s with only a small loss of thermal efficiency. However, hydrogen
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production during the reaction step cannot benefit from further pressure increases
from 304.0 kPa to 506.6 kPa. This behavior can be explained with the results
presented in Figure 4-5 where the solid lines correspond to the adsorbed carbon
dioxide profile along the reactor at the end of each allowable operation region under
different pressure conditions and dashed lines represent the equilibrium carbon

dioxide adsorption capacity of the sorbent at given conditions.
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Figure 4-5 CO, adsorption performance along the reactor under different pressure conditions, Rs;c
= 4 and up = 0.1 m's™. Solid lines correspond to the CO, adsorbed along the reactor and dashed

lines represent the equilibrium CO, adsorption capacity after breakthrough period.

Even though the equilibrium carbon dioxide adsorption capacity along the reactor
can be enhanced with increased pressure conditions as shown in Figure 4-5, the
additional carbon dioxide adsorption capacity has not been fully used within the
operation time due to the kinetic limitation [15] (caused by the intra-particle diffusion
resistance) of the sorbent material. Therefore, an operation pressure of 304.0 kPa is
employed for further studies where the highest hydrogen production and carbon

dioxide adsorption performance can be achieved.

Effect of the feed gas velocity: The feed gas velocity is a key operation parameter for

SE-SRE. Figure 4-6 shows the concentration profiles on dry-basis of hydrogen and
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carbon monoxide with several different feed gas velocity conditions, the operation

pressure is kept at 304.0 kPa and Rgyc is 4.
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Figure 4-6 The effect of feed gas velocity on dry basis H, (black) and CO (red) concentrations at

outlet stream (a); and the amount of H, produced and thermal efficiency (b). p = 304.0 kPa, T =

773 Kand Rgic =4

It can be found from Figure 4-6a that higher residence time can give longer
pre-breakthrough periods. However, decrease the feed gas velocity results in a longer
operation time to obtain the required amount of hydrogen. The relationship between
the operation times, which depends on the feed gas velocity, with the performance of
SE-SRE has been investigated. Figure 4-6b shows the amount of hydrogen produced
and thermal efficiency under different operation times; these operation times (from
left to right) correspond to ug = 0.2, 0.15, 0.1, 0.075, 0.05, 0.04 and 0.02 m's™. The
operation pressure is kept at 304.0 kPa and Rgc is 4.

As shown in Figure 4-6b, we can find that decreasing the feed gas velocity
(increasing the time for operation) resulted in an enhancement for the amount of
hydrogen produced and thermal efficiency. However, this enhancement became
insignificant after 1405 s (corresponding to up = 0.075 m-s™). In addition, a much
longer operation time will be required to obtain the same amount of hydrogen, when a
lower feed gas velocity has been used. As a result, a feed gas velocity of 0.075 m's™ is

employed to improve the hydrogen production and thermal efficiency within a

practical operation time.
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On the other hand, the performance of a single-section column system (with the
same amount of catalyst and sorbent) has been compared with the results obtained
from the column with two subsections, the reaction conditions are T = 773 K, p = 304
kPa, up = 0.075 m/s and Rgc = 4. It is found that the prebreakthrough period (CO
content < 30 ppm and H; purity > 99 mol %) of the single-section column is shorter
than (1290 s vs. 1405 s) the results from the column with two-subsections. As a result,
the hydrogen produced from the single-section column (0.89 mol) is lower than that
from the column with two-subsections (0.97 mol). These results are in a good

agreement with the results found by Jang et al. [54] .

4.1.4.2 Other operation steps in a cyclic operation

Rinse step: In order to achieve a cyclic operation, the saturated carbon dioxide
adsorbent should be regenerated before the following cycle. The rinse step followed
the sorption-enhanced reaction step first. The column is depressurized from 304.0 kPa
to atmospheric pressure by switching the feed to pure steam (counter currently) at
atmospheric pressure. Even lower pressures has not been employed, because the use
of a vacuum pump and sub-atmospheric steam will be the cost intensive [21].

During this period, only steam is introduced into the column and the feeding molar
flow rate has been kept the same as in the reaction step. It is found that the pressure at
the outlet of the reactor dropped rapidly to 101.3 kPa within 90 s. The outlet stream
consisted of interspace gas in the column and some desorbed carbon dioxide, the
concentrations of hydrogen, carbon monoxide and methane first decreases and then
increases during the initial several seconds. Because the change of pressure decreases
concentrations of the produces, and increases the outlet gas velocity at the same time
to flush higher amounts of the residual products out of the column. Afterwards, the
carbon dioxide molar fraction among the gas phase (dry basis) can be enriched by
removing the remaining products within the column. After 90 s, the carbon dioxide
molar fraction on the dry basis reached 99 mol % and the pressure along the reactor

became atmospheric, the rinse step finished.
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Regeneration step: A regeneration step is carried out to desorb the carbon dioxide
adsorbent and produce pure carbon dioxide at the same time. It is found that the
amount of regeneration steam required for complete desorption should be considered
as the key parameter to characterize the efficiency of the regeneration step [24].
Therefore, the effect of the regenerating steam velocity on the regeneration
performance has been investigated in this step. The concentration of carbon dioxide at
the outlet of the column and the adsorbed carbon dioxide concentration profiles

through the column as a function of regeneration time are given in Figure 4-7.
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Figure 4-7 The effect of feed steam velocity on the CO, desorption performance during the
regeneration step (a), and CO; loading profiles inside the column during the regeneration step with

a feed steam velocity of 0.3 m's™ (b).

It can be found that the initial carbon dioxide desorption rates under different feed
velocities are very rapid, especially when a high up, was used. However, the
improvement of desorption rates by increasing feed velocities became insignificant
when up > 0.3 m-s™, while thermal efficiency of the regeneration step decreases more
rapidly when a high feed velocity has been used. On the other hand, the adsorbed
carbon dioxide concentration profiles through the column as a function of
regeneration time are given in Figure 4-7b. When the carbon dioxide concentration at
the outlet reaches ~ 0.5 mol'm™ and regeneration time over 1000 s, a much slower
desorption rate can be observed according to Figure 4-7a. The recovered carbon
dioxide adsorption capacity is related with the carbon dioxide concentration at the end

of regeneration step. However, the adsorbent is regenerated slowly during this period
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due to the strong steepness of the carbon dioxide isotherms in the low-pressure range,
while the thermal efficiency for the regeneration step decreases continuously.
Therefore, an unavoidable decay in adsorption capacity should be taken into
consideration in the cyclic operation to perform the process with a practical
regeneration time and thermal efficiency. As a result, a feed velocity of uy = 0.3 m-s™
was used in terms of regeneration time, carbon dioxide yield and thermal efficiency.
Purge step: A product purge step is typically added in the cyclic operation to obtain
pure product in the following cycle [18]. Besides, an excess steam is required to
maintain the HTIc structure in the K-promoted HTIc sorbent material used in this
study. Therefore, a gas mixture of hydrogen and steam is fed into the column during
this product purge step. At the same time, the column is pressurized from atmospheric
pressure back to 304.0 kPa. The total molar flow rate of hydrogen and steam feed had
been kept the same as in the reaction step, with yn2 = Yu20 = 50 mol % in the feed
stream. By switching the feed steam into a mixture of hydrogen and steam, the
remaining carbon dioxide gas within the column can be removed, and hydrogen molar
fraction among the gas phase (dry basis) can be enriched. It is found that after 120 s,
the hydrogen molar fraction on dry basis reached 99 mol % and the pressure along the
reactor became 304.0 kPa, the purge step finishes and the reactor becomes ready for

the next operation cycle.

4.1.4.3 Cyclic steady state
In this work, a cyclic steady state (CSS) is considered to be achieved when the
difference between profiles of the mole fractions during the last two cycles reaches

the following criterion:

(n-1)

Yi(n) -

I_l<10 (4.21)
Yi

where n is the number of the cycles.
A cyclic operation has been tested with reaction time (treaction) 1405 s, rinse time

(trinse) 90 s, regeneration time (tregeneration) 3000 s and purge time (tpurge) 120 s, with the
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operating parameters obtained in previous sections. Figure 4-8a shows the effluent
mole fractions of the products from the reactor in the reaction step during the cyclic
operation process. Figure 4-8b shows the purity of the hydrogen and carbon monoxide
content in the product gas obtained from the reaction step during the cyclic operation

process as a function of the cycle number n. The cyclic steady state is obtained after 5

cycles.
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Figure 4-8 Molar fractions of products at the outlet as a function of time in the cyclic operation (a).

The H; purity and CO content in the produced gas as a function of the number of cycles (b)

It can be found from Figure 4-8a that the purity of hydrogen in the product gas in
the first cycle is higher than that in the following cycles since the first cycle uses the
fresh sorbent. After regeneration, the recovered adsorption capacity of the adsorbent is
smaller than the fresh sample due to the remaining carbon dioxide in the sorbent
(Figure 4-7b). As a result, with an increase in the cycle number, the prebreakthrough
time decreases due to the decay in the carbon dioxide adsorption capacity. Sorption
enhancement becomes no longer effective after the prebreakthrough period, and the
molar fractions of by-products methane and carbon monoxide at the outlet stream
increases. The purity of the hydrogen decreases with an increase in the cycle number,
as shown in Figure 4-8b. At the cyclic steady state, hydrogen-rich product with an
average hydrogen purity of around 94 mol % and a carbon monoxide content of 2561
ppm can be obtained.

In order to produce hydrogen product with an acceptable level of carbon monoxide

content, the reaction step should be performed within the prebreakthrough period,
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which is mainly determined by the cyclic adsorption capacity of the sorbent. The
recovered adsorption capacity of the sorbent in the regeneration step is directly related
with carbon dioxide concentration at the outlet stream from the column during the
regeneration step. Therefore, the effect of carbon dioxide concentration at the outlet
stream on the cyclic operation performance has been investigated. In addition, two
constraints, CO content < 30 ppm and H, purity > 99 mol %, were imposed to
determine the prebreakthrough period. The time of reaction step (treaction) is the length
of the prebreakthrough period where pure hydrogen (with the constraints) can be
obtained, which means that when the carbon monoxide content in the produced gas
reached 30 ppm, the reaction step is finished and the time becomes treaction. Therefore,
the carbon monoxide content in the obtained hydrogen product is kept as 30 ppm. The
rinse and following steps have been carried out after the prebreakthrough period. On
the other hand, tregeneration 1S the time consumed to reach the required carbon dioxide

concentration at outlet during the regeneration step.

Table 4-6 The effect of CO, concentration at the end of regeneration step on the
performance of the cyclic operation at CSS. Operation conditions: T = 773 K, Ug reaction
=0.075 m's™, Ug regeneration = 0.3 m's™, Rgic = 4, pu = 304.0 kPa, pi. = 101.3 kPa, tyinse =
90 s and tyurge = 120 s.

tiotal _ CO; Thermal
Ccoz tregeneration treaction Ha yleld . L
Mreaction yield efficiency
[mol'm®]  [s] [s] [mol%]
[ss7] [mol%]  [kJkI™]
0.20 1581 567 4.16 84.1 78.7 0.43
0.25 1033 432 3.88 78.5 75.0 0.45
0.30 702 329 3.77 724 72.0 0.46
0.35 483 260 3.67 64.6 68.5 0.47
0.40 382 216 3.75 58.3 65.4 0.48

From the results given in Table 4-6, we can find that the carbon dioxide

concentration at the end of regeneration step has a major effect on the performance of
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the cyclic operation at CSS. In other words, the higher is the carbon dioxide
adsorption capacity recovered during the regeneration step, the longer is
prebreakthrough period. As a result, more pure hydrogen and carbon dioxide can be
produced with an extended prebreakthrough. However, the thermal efficiency of the
overall process decreases due to the longer regeneration period required (more steam
used) to recover the carbon dioxide adsorption capacity. In addition, the ratio between
the whole cyclic period (reaction, rinse, regeneration and purge steps) and the
prebreakthrough period also increases with the decrease of the Ccoy. In the design of a
cyclic process, for higher ratio between the whole operating period and the
prebreakthrough period, more parallel columns are required for a continuous
operation, which is a disadvantage in the fixed cost structure. Finally, a carbon
dioxide concentration at the end of regeneration step of 0.25 mol-m™ is chosen, where
high hydrogen productivity and a relatively low ratio between the whole operating

period and the prebreakthrough period can be achieved.

4.1.4.4 Hydrogen production performance

A continuous hydrogen production process was proposed with four columns as can be
found in the Figure 4-9, and the operating parameters are listed in Table 4-7. The time
of purge step has been increased to 173 s to achieve a ratio between the whole

operating period and the prebreakthrough period equal to 4.

Rinse

Column 1 Reaction Regeneration

Purge

Column 2 Regeneration Reaction Regeneration

Purge
Rinse

Purge
Rinse

Column 3 Regeneration Reaction Regeneration

Column 4 Regeneration Reaction

Rinse
Purge

Figure 4-9 A continuous hydrogen production by SE-SRE operating scheme with four columns.
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The simulated hydrogen production performance from SE-SRE under CCS is given
in Table 4-8. Around 0.25 mol-kg™ of fuel cell grade hydrogen (CO content = 30 ppm)
and 0.08 molkg™ of pure carbon dioxide as by-product can be produced in within one
column in a cycle. The yields of hydrogen and carbon dioxide are 78.5 % and 75 %,
respectively, which are much higher than the results (hydrogen yield 38.3 % and
carbon dioxide yield 51.0 %) from a conversional SRE process under the same
reaction conditions. The thermal efficiency (0.45) of SE-SRE is much higher than the
thermal efficiency (0.33) of the SRE process. In addition, numerous separation steps
are required to produce pure hydrogen and carbon dioxide from the product gas
mixture obtained from a conversional reforming process, which can greatly increase
the cost and reduce the efficiency. Therefore, comparing with a conversional

reforming process, better energy efficiency can be achieved with SE-SRE.

Table 4-7 Operating parameters and reaction conditions used for CSS test.

Parameters unit values
T K 773
PH kPa 304.0
PL kPa 101.3
Rsic mol-mol? 4
treaction S 432
trinse S 90
tregeneration S 1033
tourge S 173
Uo,reaction ms™ 0.075
Uo regeneration m-s? 0.3
nHZO,O,rinse mol-s™ 1.0-10°
Ni1,0,0,purge mol-s™ 3.47-10°
M, 0, purge mol-s™ 3.47-10°
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Another important result of the SE-SRE process simulations described by Table 4-8
is the steam cost. It can be found that in an operating cycle, the steam required per unit
amount of H, produced is 8.44 molwomol™y, (corresponds to 0.076 toNseamkg ™ h2)
which is a little less than the result (9.86 moliomol ™) obtained from a thermal-
swing sorption-enhanced water-gas-shift H, production process by Lee et al. [24]. The
cost of this steam at 773 K with an energy cost of $3.6 per MMBtu (13/9/2013) [67] is
$ 11.5 ton™seam according to the steam cost calculator [68]. Therefore, the cost of
steam is $ 0.87 per kilogram of hydrogen, which is around 38 % of the cost goal by
DOE ($ 2.3 per kg) for hydrogen production from biomass-derived renewable liquids
in 2020 [69]. It must be noted that in this preliminary design, the excess energy from
the outlet stream has not been recycled. Therefore, the steam cost of SE-SRE can be
reduced even further. However, the energy cost is only part of the overall cost of in a
whole reforming process [70]. A more detailed economic analysis of this design will

be investigated in the following section.

Table 4-8 Comparison of hydrogen production performance for SRE process and
cyclic SE-SRE process under CSS. Operating conditions: T = 773 K, Ug reaction = 0.075
m-s™, Ug regeneration = 0.3 m's™ Rgic = 4, pr = 304.0 kPa, pi = 101.3 KPa, treaction = 432 S,
trinse = 90'S, tregeneration = 1033 S, tpurge = 173 S.

Hvield CoO, H, CoO, Thermal H, Steam
ie
Operation [zylo/] yield produced produced efficiency productivity  requirement
mol %
[mol %] [molkg™ [mol'kg?] [kJkJ'  [molkg*h™] [molyz0/moly,]
SE-SRE! 785 75.0 0.245 0.078 0.45 0.51 8.44
SRE? 38.3 51.0 0.446 0.188 0.33 0.93 3.74

! The performance of SE-SRE is based on the total amount of material (catalyst+
adsorbent) and refers to hydrogen product with 30 ppm carbon monoxide content.

2 The performance of SRE is based on the amount of catalyst only, and PSA
separation units are required after SRE to meet the purity requirement (hydrogen

purity > 99 mol %, carbon monoxide content < 30 ppm).
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4.1.5 Conclusion

In this section, a four-step pressure swing sorption-enhanced steam reforming of
ethanol (SE-SRE) process has been investigated by numerical analysis to produce
fuel-cell-grade hydrogen and pure carbon dioxide at the same time.

A reactor column with two subsections is developed, within the two-subsections,
two different volumetric ratios (1:2 and 1:4) between the Ni impregnated hydrotalcite
catalyst and K-promoted hydrotalcite sorbent are employed. Various reaction
conditions and operating parameters have been tested to improve the hydrogen
production performance of the cyclic SE-SRE operation process. According to the
results obtained with the most promising operating parameters, it is possible to
produce the hydrogen product with purity higher than 99 mol % with carbon
monoxide content of 30 ppm by conducting the SE-SRE and carbon dioxide sorbent
regeneration in a cyclic manner at 773 K and the swing pressure from 101.3 to 304
kPa. In addition, better SE-SRE performance has been found by the use of a column
within the two-subsections compared with a single section column.

This cyclic SE-SRE operation process is predicted to have a great potential to
produce fuel-cell-grade hydrogen with a high yield (78.5 %) and thermal efficiency
(0.45). At the same time, pure carbon dioxide can also be obtained as a by-product
with a yield of 75 %. The cost of steam ($ 0.87 per kilogram of hydrogen) for the
SE-SRE have also been calculated, which can be reduced even further by recycling
the exhaust energy. As a result, further extension to a multi-bed continuous hydrogen

production process will be performed in the next section.
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4.2 SE-SRE Operation in a Multi-Column System

4.2.1 Introduction

One-dimensional fixed-bed adsorptive reactor is the most widely used model for
SERP in previous researches [15, 17-20, 49, 56, 71-73], where multifunctional
reactors with small diameters have been employed. However, Rostrup-Nielsen [74]
found that the radial temperature difference within a typical industrial reformer can be
as large as 40 K, and the effect of energy transport in the radial direction might be
significant when a large diameter reactor is used [69, 75-78]. An accurate design of
SE-SRE reactors requires an adequate description of the reaction/adsorption kinetics,
momentum, heat and mass transfer processes, and a two-dimensional model has
therefore been developed in this study, where the size of reactors is intended to be
enlarged from experimental to industrial scale.

The aim of this research is to find a feasible multi-bed SE-SRE process for
continuous hydrogen production with traces of carbon monoxide (no more than 30
ppm) in the high purity product for fuel cell applications [26]. The development and
validation of a two-dimensional heterogeneous fixed-bed adsorptive reactor model
can be found in this section. Afterwards, the reaction dynamics of SE-SRE in an
industrial scale reactor has been reported. In addition, a seven-step pressure swing
process with four reactors has been constructed to investigate the overall cyclic
operation performance for continuous hydrogen production. Finally, a brief energy
analysis of the predicted process for hydrogen production has also been taken into

consideration.

4.2.2 Adsorptive Reactor Modeling and Validation

The development of a fixed-bed adsorptive reactor model is described in this section.
Based on the reactor geometry illustrated in Figure 4-10, differential mass, energy,
and momentum balances are considered as a function of time (t), axial (z) and radial (r)
positions inside the reactor with 2-D cylindrical coordinates system, including the

following assumptions:
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® Ideal gas behavior;
® The column porosity, cross sectional area and solid density are constant

® Carbon dioxide is the only species adsorbed on the sorbent material [56]

Saturated K-Ni-Cu/HTlc
Fresh K-Ni-Cu/HTlc

[

C;HsOH, H,0
——> | {lo e
gl |
u
______ LT L
|

H, Yield - Cco, Yield

Figure 4-10 Scheme of the 2-D fixed-bed adsorptive reactor.

4.2.2.1 Governing equations
The overall mass balance equation for the gas phase in the reactor can be expressed

as.
€c£=8c§LDngJ ‘9§LDC‘?’ J a(”a )
Z( ) A r kr r Z (422)
18uCr ¢a —
AU (- )22 (c -E
o | %) gi1(C o)

where C; and C,; are the concentration of species i in the bulk gas phase and the
average concentration of gas phase within the pellet (mol-m™). D, and D are the axial
and radial effective mass diffusivity (m%s™), respectively. u, and u, are the velocities
of gas phase in the axial and radial direction (m-s™), respectively. ¢ is the column

porosity. a, is the surface area to volume ratio of the pellet (m™), Bi is the Biot number

and kg is the film mass transfer coefficient (m-s™).
The mass balance equation for the pellet can be obtained from

oC,; 15D, Bi " oq
p.r_ p I i
P ot =& r2 Bi+l(Ci C )+pp (Z LVl _Ej

p

(4.23)
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Where &, is the porosity of the solid, D, is the pore diffusivity (m*s™) and r, is the
radius of the pellet (m), pp is the density of the pellet (kgpe||et~m'3). vj,; Is the
stoichiometric number of species i in reaction j. Ij is the average reaction rate of

reaction j in the pellet (mol-kgpe”et'l-s'l), which is calculated according to the reaction
kinetics. Since only CO; is the only species adsorbed on the sorbent material, G

represents the average adsorbed CO, concentration in the sorbent (mol-Kgpeitet b,

which is calculated by:

o,
ot

= kco2 (qeq,co2 - qcoz ) (4.24)

Where qc, ., is the CO, adsorbed concentration at equilibrium state (mol-kgpeitet

"1y, which can be obtained from the Langmuir CO, adsorption isotherms and kcos is
the CO, mass transfer coefficient (s7).
The momentum balances in both axial and radial direction are given by Ergun

equation as:

op 1504, 1-¢&.)? 1. 75(1 £, ),0g
ICE gd? He ¥ b,
cHp

op 1504, 1-¢.)? 1. 75(1 £ ),0g
e .
c“'p

Ju, (4.25)

where d, is the diameter of the pellet (m), pg and pg are the bulk gas mixture viscosity
(Pa s) and density (kggas-m'3), respectively. The total pressure p (Pa) is given by:

p=CRT, (4.26)

where C; = )’ C; is the total concentration in the gas phase (molgas'm %, Ty is the gas
temperature (K) and R is the ideal gas constant (J-mol™-K™).
The energy balance includes three phases (bulk gas phase, pellet, and column wall).

The energy balance for gas phases in the reactor is given by:

oT, T, oT oT
¢.CC,— [ D¢, oc, +u,C JCp — (—DrgC £+urCtij —L+k,e, 2%
ot oz oz or or oL\ oz

k ot
+9—8°3[r 9] &RT E—(1 & )a,h(T,-T,)- 2hW(Tg -T,) (4.27)
r or\ or ot Iy
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where C, and C, are the specific molar heat at constant volume and the specific molar
heat at constant pressure of the gas mixture (J:mol™K™), respectively. kq is the thermal
conductivity of the gas phase (W-m™K™), while h is interstitial convection coefficient
between the solid and gas phases (W-m?%K™), hy is the heat transfer coefficient
between the gas phase and the wall (W-m™K™). rg is the radius of the reactor (m) and

Tw Is the temperature of the wall (K).

On the other hand, the energy balance within the hybrid material pellet can be

expressed by:

_ oT of(oT o [roT
I p_ p P
(ngVCt,p +ppCpp +pquOZCv,ads) ot - kp (1_‘9;3 ){5( o7 j+ ror ( or j:|

+aph(Tg —Tp)+€pR-|-p a(;m +p, [irj (—AHJ)'F%(_AHMS)}

j=1

(4.28)

where C,ags 1S the molar specific heat in the adsorbed phase at constant volume

(J'mol™K™), C,

.p IS the average total gas concentration within the pellet
(mol-mpe||e{3), Cpp is the pellet specific heat at constant pressure (I-kgtK™), and AH;
is the reaction enthalpy of reaction j (3:mol™). AHags is the heat of CO, adsorption on
the pellet (J:-mol™).

Finally, the energy exchange of the reactor wall with the surroundings is described

by the following equation:

aTW _ 2I‘R h (T _T 2U (Tw _Tfurnace)
¢}

AL " I, (2, +1,) " W){(er +Iw)ln(wﬂ

where py IS the density of the column wall (kg-m‘3), Cpw Is the specific heat at

(4.29)

constant pressure of the column wall (J:mol™K™) and |, is the thickness of the
column wall (m). Tymace 1S temperature within the heating furnace (K) and U is the
overall heat transfer coefficient (W-m™?-K™) between the column wall and the external

air in the furnace.
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In addition, the detailed correlations of the properties of the gas phase, i.e.,
viscosity, gas thermal conductivity and molecular diffusion are calculated with the
local conditions, while the axial and radial dispersion coefficients, mass and heat
transfer coefficients are also related with the correlations shown in Table 4-9. The

definitions of the symbols used can be found in the notation.

Table 4-9 Calculation of mass and heat transport parameters.

Axial and radial mass dispersion coefficients [76] can be calculated by:

&0 lgope &P % Lo o8
D T 2 D T 12

m m

Schmidt, Sherwood, Prandtl, Biot and Reynolds numbers are calculated as follows:

s p,u,d - H1Cpn K¢, k,d

Sc = , Re= P Pr= ,Bi= ,Sh=—""P =241 1Re*® Sc**
£;Dn 78 K, 5D,¢, D,

Molar heat capacity [59] at constant pressure of species i is obtained by:
C,;=A+Bt+Ct’+Dt’ +E2,t -

' t 1000
Molar heat capacity at constant pressure of the gas mixture is calculated as:
Cp = Zl inp,i
The mass heat capacity at constant pressure of species i is calculated as:

Cpi

Comi =T,

where M; is the molecular weight of species i.
The mass heat capacity at constant pressure of the gas mixture is calculated as:

c = 2 YCo

" Zinzl yiMi

Viscosity [59] of the gas species i is calculated according to:

-0.77kT —2.44KT

MT 05 : 0.15
M:2.67><10*6u, Q, =116/ 2| +052 % +2.16e “
" KT

giQ,u

where &;/K is the characteristic Lennard- Jones energy of species i.
The viscosity of the gas mixture is calculated with Wilke method [59]:
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05 —0.257?
P T cleﬂH " %&J
i-1 ijl YD M; i\ M;

Thermal conductivity [59] of the gas species i is calculated according to:

K :[cpmi +1.25M3] P

The thermal conductivity of the gas mixture is calculate by:

C yiki
Ky = z

i=1 Zr;zl yiq)ij

The density of the gas mixture can be obtained from:

_PSym
pg_RT(;yIMI]

The molecular diffusivity [59] of the mixture gas is calculated follows:
Dm = Z Dm,i yi

i=1
The molecular diffusivity of the gas species i is calculated as follows:

7
oW p taE0ea0” [T
' Zn L paijQij M. M ! !

i ]

where oj is the characteristic Lennard-Jones length of speciesi. Q. is calculated by:

ij

—0.476k—T —1.53k—T —3.89k—T

0.1561
E.. - 5 N
Q; =1-06£ﬁj +0.1% 7 +1.04e T +176e  U,g = [ge,

Heat transfer coefficient between gas and wall hy, and gas and solid h can be
described as [58, 79, 80]:

kg 0.8 de
h, =2.03 o Re®® exp o ,(Re =7600-20)

f'r

ky (2+1.1Re Pr'®)
and h= 5

j,(Re<20) P

where k,° in is defined as:

R
kO

=6.15|
, [Zr

R

i 2k
! =Ky 16, +(1-,)/| 0.1395, ~0.0339+ ¢

S
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4.2.2.2 Numerical solution

The mathematical model consists of partial differential equations which are solved by
gPROMS software (PSE Enterprise, London, UK). The discretization method for the
spatial domain in the column is the orthogonal collocation with finite elements
method with 200 and 10 intervals in the axial and radial direction, respectively, and
the order of approximation is 2. The set of ordinary and algebraic equations obtained
from discretization are integrated with the DASOLV solver, and a value of 10 for

absolute tolerance. The modeling parameters used for the experimental and industrial

scale reactor are listed in Table 4-10.

Table 4-10 Parameter of the reactors used in the experiments and simulations.

_ Values
Parameter Unit
Experimental Industrial
Ir [m] 0.2 6
R [m] 1.65 407 0.05
dp [m] 440° 2107
Tinlet [K] 773
Tturnace [K] 773
Ly [m] 14107
U [Wm? K] 200
Cow [J kg™t K 500
Pw [kg m™] 7750
P [kg M 1419
€ [1 0.21
Cop [J kgt K 835
R [0 K mol™ 8.31
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4.2.2.3 Performance Assessment
To assess the performance of the overall process, the hydrogen purity [mol %] and the

carbon monoxide content [ppm] during the reaction step are employed as follows:

. J‘;reacxion nHZ d t
H, purity[mol%] = —— : : : : x100,
IO (nco +Nleg, + My, + N, )dt
- (4.30)
J. e Neodt
CO content[ ppm] = 0 x10°

treaction . . . . d
_[0 (nco +Neo, Ny + nCHA) t

where 1, , Ny, N, and ng, are the molar flow rate of the products in the outlet

H,
stream during the reaction step. While the net hydrogen yield [mol %] obtained in a

cycle can be calculated by:

treacti t

", dt— [, ot

H, yielol[mol%]:IO o Jy Mo x100
GJ‘ r.]EtOH,Odt

0

(4.31)

where n, , isthe molar flow rate of hydrogen in the feed and ng,,, represents the

molar flow rate of the ethanol reactant during the reaction step. Finally, the net
hydrogen productivity of the continuous SE-SRE process can be obtained from:

reaction . d tcycle . d
fy, dt— [ 1y, ot

m t

1
H, productivity[mol kg h‘1] = L (4.32)

solid cycle

where mgig is the weight of the hybrid material in a reactor and teyce is the time of a
whole cycle.
The thermal efficiency of the hydrogen production process is evaluated by the
following equation developed from a previous work [36]:
n,, LHV,,

(4.33)
nEtOH 0 I‘HVEtOH + Qinput - Qrecovered

Nse_sre =

where n, is the molar amount of H obtained from the outlet stream, ng,, , is the

molar amount of ethanol used. LHV}, (244 kJ'mol™) and LHVgwon (1330 kJ-mol™)
are the lower heating value of hydrogen and ethanol. Qrecovered 1S the energy recovered
from the outlet steam-gas mixture by heat exchanger [81], and an average heat
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recovery rate of 22 % was used in this study. Qinput IS the energy input in the system,

which is calculated from the enthalpy change due to reaction and adsorption:

Qinput = r]mix,OAHIatent + Z r-]i Hi (T) _Z r]i,OHi (T) (434)
where AHjaeent is the latent energy of the inlet stream and n_;, ,is the molar amount

feed mixture that has been introduced into the reactor. H;(T) is the enthalpy of the
compound i at temperature T. The enthalpy of the inlet and outlet stream depends on
the enthalpy of each species i under operating conditions, the amount of each species

fed into the column, and obtained from the outlet.

4.2.2.4 Experimental validation

Material: The catalyst and sorbent materials can be integrated with different methods
for SERP [47]. Different catalyst-sorbent packing systems have been studied by
Rawadieh and Gomes [22]; it was found that a well-mixed catalyst-sorbent
configuration can produce hydrogen product with higher purity and lower carbon
monoxide content compared to other configurations. However, due to the differences
in pellet size, shape and density of the catalyst and sorbent materials, it is difficult to
obtain an ideally well mixed catalyst-sorbent system in practice. To achieve an ideal
dispersion, hybrid multifunctional materials consisting of sorbent, as support material,
and active metals as catalytic phase have been developed in some recent studies [49,
50, 52, 82]. Promising SE-SRE reaction performance was found on the hybrid
multifunctional material K-Ni-Cu-HTIc [53] that has been used in this work, where
the active phase is the Ni-Cu alloy and the catalyst support K-promoted HTIc is the
carbon dioxide sorbent.

The reaction scheme and rate expressions of SRE on the hybrid material can be
found from Table 4-11. Where p; is the pressure of the species i in the solid phase,
Ketp, Kacp, Ksmr and kwes are the reaction rate constants. Finally, Ketp, Kacp, Kswr
and Kwgs are the equilibrium constants, which can be obtained from thermodynamic

data. The denominator (DEN) is given by:
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DEN =1+ K. . Peoy + K o Puo + Keyy Pey. +
EtoH MEtoH H,0 MH,0 cH, McH, (4.35)

* -05 * -05 * * 05
KOH szo sz + KCH3 Pew, Pu,” + Kco Peo t+ Ky PH,

where each Ki* represents the adsorption equilibrium constant of the adsorbed

species.

Table 4-11 Reaction scheme of ethanol steam reforming.

Reactions Rate expression
Ethanol dehydrogenation ~ Kerp Pe,h.0 1 1 Pc,m,0Ph,
(ETD) " DEN Keo  Pe,po
Acetaldehyde decomposition _ Kaco Pe,,0 1 1 PcoPen,
(ACD) AP DEN Kaco Pe,H,0
Steam methane reforming _ Kswr Ph,o Pen, 1 1  Pco pﬁz
(SMR) " DEN® Kswr Pro Pen,
Water-gas-shift _ Kwes Pri,0 Peo 1— 1 Pco, P,
(WGS) e DEN* Kwes Ph,0Peo

On the other hand, the carbon dioxide adsorption isotherm of the material is given

by the Langmuir model:

—AH

ads

Poo,Peo, beo. & T (4.36)

Oco, = Umax 1Mo, = Meo
2 v 2
1+ bco2 Pco,

The reaction and adsorption kinetic parameters used for the hybrid multifunctional
material are calculated from the experimental data obtained from the work of Cunha

et al. [53], which are given in Table 4-12.
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Table 4-12 Parameters for the catalytic steam reforming of ethanol process and

the CO, adsorption process over the hybrid material [53].

. Ko,j Eaj
Kinetic Parameters 1 1
[mol-kg™s™] [kJ/mol]
ky 1.61-10" 20.1
&, ko 1.13-10! 22.2
_ .o RT
k(M) =l -e K 1.27-10 116.9
Ky 8.32-10% 40.0
Ki* AH;
Adsorption Equilibrium O '
[mol-kg™s™] [kd/mol]
Keion™ 9.83-10° -4.96
Ko™ 1.32:10" -56.8
Kepa* 1.12-10? -66.8
KI*(T) = Ki*(673.15K) ~e;RI[%7ﬁ] KOH* 173102 -53.5
Kcna™ 1.07-10°3 -66.7
K™ 7.35-107 271
Kco 1.48-1072 -79.5
Parameter Unit Values
Omax mol kg™ 1.21
bcoz Pa! 2.11-10°®
AHags kJ mol* -18.7
Dy m? st 3.3:10”
kcoz S_1 0.015

Experiments: According to the previous experiments carried out in an fixed-bed

adsorptive reactor packed with 45.1 g of the hybrid material, numerical simulations

are performed with the following conditions: T = 773 K, P = 101 kPa, Rg,c = 5 and

different feed flow rates. Comparisons of the product distribution as a function of

reaction time from experiment and simulation are depicted in Figure 4-11. In addition,

two constraints (dry basis) carbon monoxide content < 30 ppm and hydrogen purity >

99 mol % have been imposed to determine the prebreakthrough period.
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Figure 4-11 Product distributions as a function of time from the experimental reactor with n, =

4-10° mol's™ (a) and N, =810 mol-s™ (b). Operating conditions: T = 773 K, P = 101 kPa and

Rgic = 5. Symbols correspond to experimental points and lines represent simulated results.

From both experimental and simulation results obtained in Figure 4-11, a
prebreakthrough period can be found where high purity hydrogen product can be
directly produced from the reactor for around 750 s. On the other hand, it can be
found that the carbon dioxide breakthrough period happened between 750 and 2250 s
after the start of reaction; the unconverted methane was the most abundant impurity
during the prebreakthrough period. After material saturation with carbon dioxide,
sorption enhancement became no longer effective and the postbreakthrough period
began. The carbon dioxide molar fraction approached a steady value ~ 23 mol % after
2250 s, while both the molar fractions of methane and carbon monoxide also became
stable during the post-breakthrough period. On the other hand, experimental and
numerical tests performed with higher feed flow rate are shown in Figure 4-11b. A
similar behavior can be found and the prebreakthrough period was much shorter than
Figure 4-11a due to the higher feeding flow rate. The lines in the graph correspond to
the simulated values at the outlet of the reactor, we can find that numerical simulation
can successfully describe the experimental points, and the good agreement confirms
the validity of the mathematical model proposed for SE-SRE process simulations.
Therefore, further study will be carried out in the following section to investigate the

SE-SRE dynamics in an industrial scale reactor packed with the hybrid material.
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4.2.3 Reactor Dynamics

Since the radial variations in concentration, velocity and temperature within the 2D
reactor have been considered in this work, the diameter of the reactor can be increased
to the typical industrial conditions without compromising the degree of accuracy. The
dynamic behavior of the SE-SRE reaction in a reactor with 6.0 m in length and 0.1 m
in diameter has been investigated at 773 K, 304 kPa, a Rg/c ratio of 4 and a molar flow
rate of 0.05 mol-s™ have been used in the feed. In addition, the porosity of the large
reactor packed with the hybrid material can be obtained from the relationship between

the radius of the reactor and the radius of the pallet [83]:
1.74

2
[rR +1.14J
rp

Other parameters of the industrial scale reactor can be found from Table 4-10.

£, =0.39+ (4.37)
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Figure 4-12 A comparison between the product distributions as a function of time obtained from

the 1D and 2D model at 773 K, 304 kPa, Rgc =4 and n,=0.05 mol-s™.

Figure 4-12a shows the gas effluent composition (dry basis) of the products as a
function of time at the outlet of the reactor. A comparison between the results obtained
from a 1D reactor model (without the radial variations) and that from a 2D reactor
model has also been included. After the breakthrough period, where the carbon

dioxide sorption enhancement became no longer effective and the reactants can only
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be converted through the conventional reforming reaction, the distinction between the
results obtained from two different models is very small (< 1 %) in this work. The
results obtained during postbreakthrough period are in good agreement with the
results reported by De Deken et al. [84], they found that the effects of radial variations
can be neglected for the hydrogen production from typical industrial reformer.
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Figure 4-13 The temperature profiles of the pellet and the carbon dioxide production/adsorption

rate in the reactor during the SE-SRE reaction at 773 K, 304 kPa, Rsc =4 and n,=0.05 mol-s™.

However, a noticeable difference between the results from 1D and 2D model
during the breakthrough period (SE-SRE reaction) can be found. The most abundant
impurity in the product gas during the prebreakthrough period is also methane, which
is similar to the results from the experiments (Figure 4-11). According to the
calculation, hydrogen with purities higher 99 mol % with carbon monoxide content

less than 30 ppm can be directly produced from the reactor for 1980 s with a 2D
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model, while the length of prebreakthrough becomes 1920 s from the 1D model. The
radial variation in temperature might be the reason for this difference, as shown in
Figure 4-13.

The temperature profiles of the solid phase and in the reactor at 1200 s and 2400 s
were given in Figure 4-13a and b, an oven temperature of 773 K is used to heat the
reactor. A sharp temperature decrease can be found in the entrance region of the
reactor, which is contributed to the highly endothermic SRE reaction. As a result, at
the inlet part of the reactor (about 0 — 0.5 m from Figure 4-13c and d) the production
rate of carbon dioxide is very high due to the high SRE reaction rate. After the inlet
part of the reactor, a temperature wave front formation can be observed according to
the results obtained at different times. It can be found that the temperature front is
directly related with the carbon dioxide production rate front by comparing the left
figures with the right ones, because the remaining reactants (ethanol) and intermediate
products (methane and acetaldehyde) produced in the inlet part of the reactor can be
then converted into carbon dioxide and hydrogen through the endothermic reforming
reaction in this region, resulting in a carbon dioxide production rate front and a large
temperature decrease. Afterwards, the produced carbon dioxide can be adsorbed in the
following part of the reactor during the prebreakthrough period (t = 1200 s), resulting
in a high purity hydrogen product at the outlet. However, after most of the sorbent in
the reactor has been saturated with carbon dioxide, the adsorption rate of carbon
dioxide cannot match the production rate (2400 s). The sorption enhancement
becomes no longer effective, and a breakthrough of carbon dioxide can be found from
the outlet stream after this time (Figure 4-12).

On the other hand, the effect of the radial variation in temperature can also be
found from Figure 4-13. The production and adsorption rates of carbon dioxide are
quite different at r = 0 m and r = 0.05 m due to the difference of temperature in the
radial direction, and the temperature at the surface is always higher than at the center
of the reactor, because the effects of temperature on the carbon dioxide production

and adsorption are different. For example, the higher temperature favors the
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production of carbon dioxide due to the endothermic reforming reaction. However,
the adsorption of carbon dioxide on the sorbent is an exothermic process which can be
suppressed by the higher temperature. In addition, a large temperature gradient
between the surface and the center can be found and this gradient in the radial
direction is nonlinear (Figure 4-13). Therefore, the use of an average temperature
(without the radial direction, r) at each axial position for the numerical calculation
may not be sufficiently accurate for the simulation of a SE-SRE process.

As a result, a noticeable difference in the lengths of prebreakthrough periods
obtained from 1D (1920 s) and 2D model (1980 s) can be found, while the
prebreakthrough period where desired product can be produced is of great importance
in the design of a cyclic SE-SRE process. In a continuous cyclic process, the number
of parallel columns is directly related with the time of reaction step (within the
prebreakthrough period) and the time required preparing the reactor for the next cycle
after reaction step. Therefore, the 2D reactor model will be employed in the following

process design section to achieve a higher degree of accuracy.

4.2.4 Process Design

The simulation of a cyclic pressure swing process has been constructed. The

schematic diagram of a seven steps cyclic configuration of the process is presented in

Figure 4-14. Each cycle of the overall SE-SRE process can be carried out with seven

steps:

® Reaction (cocurrently to feed). Sorption-enhanced reaction with reactants in the
feed at high pressure (pu);

® Rinse (counter-currently to feed). Rinse the column with steam (Yn20 = 100 %
and 1 rinse = 0.01 mol's™) to remove the residual reactants and products within the
gas phase at high pressure (pr);

® Pressure Equalization (EQ, counter-currently to feed). This step is performed by
connecting two reactors at different pressure levels into contact to save energy.

The high pressure of the reactor can be reduced;
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® Blowdown (BD, counter-currently to feed). After the pressure equalization step,
the pressure of the column is reduced to atmospheric pressure (pL);

® Regeneration (counter-currently to feed). Regenerating the carbon dioaixe sorbent
by steam (Y20 = 100 %) at low pressure (pL);

® Received Pressure Equalization (REQ, cocurrently to feed). The high pressure
stream from one reactor on the pressure equalization step is recycled to another
reactor to increase pressure and reduce compression energy.

® Purge (counter-currently to feed). Purging the column with hydrogen and steam
gas-mixture (Yuz = Yrz2o = 50 % and fpuge = 0.01 mol-s™) with a pressure

increase to high pressure (pu) before the next cycle.

CHO  CHa H, CO; H,0
H,0  COH0(CO,H,0  CO,H,0

COZ(gaS) |/

(Mads)_’coﬂgas) H”'
(

( | COZ(ads)—"COZ(gas)

_(.l COZ(ads) _.'COZ(gas) H-’

H,0 H,O H,;0O H,
(1] Q
Reactor 1 Reaction gl g I Regeneration 7 2
& = &
Reactor2| g | & = Reaction = ® Regeneration
o o
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o 2 = o
Q (0]
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Figure 4-14 Four-reactor scheme and cyclic configurations employed SE-SRE process.

259



09¢

s i -1 10 >>£ +1 10 . | MLN\Q N +z 20
1= "lo % "lo < 1y )
asury
Oll% Oliw |N__\A|+N__>I|NW ND O|+Nm
o o %o a% o
1o 10 - . . “lzo n
0= | 0= | ed yog= "d I“'- |°L'0’0= Ty
0w iy 2o
s e "y Y 0= |5~ oy~ cAvd uo
1= L= s 0= |5 W =" 108y
| "l %y "10 1e < '
-1 10 +1 10 0= _N|Q . . +2 20 n
0= @ 0= a Ao _>| _>H _|Nﬁ_o%
d1=1 0=1 4=z 0=z mamam

suonipuod Alepunog

3oeuINy

1=""1=(2'2)"1=(2'2)"L=(2'2)"L '1=(2'2) MK '0=(2'2)""D '0=(12) b

SUOIIPUOI [eNIU]

'sda)s 1uaJaYJIp 10) SUONIPUOI Alepunog pue [eniul €T-¥ a|jge.L

Al Jaideyd



T9¢

-1 10 +1 10 B . -z 20 n +z 20
= | = = U= |—=—se — |— uonesushay
0= %5 0= |5 A= R 0= |7
-1 10 +1 10 . _
= |= = | 0 e =
0% o 0= o 0= fr5 P TOT
-1 M +1 o Z
- m._.ll_\,\,._.H k'c 0= k 0="n 0= q@@ ad
"10 % "1o
_i “ 20 20
_ | _ | 0= |5 0= |
O _>© O _\AQ \A@ >©
=1 \_Q +1 LQ _ . B
= _ = RN N@ _\NQ — O\NQ
-1 M +1 o Z
S T - N
"10 % 1o
-1 +1 o NQ v N@
10 12 0= |13 0= |7
o- 2 o= |2 o e
o o
_ e _ e S LIT PN I SO L2
LT 7 Jao LT [A997 5,y et pog = ""d

Apns ssad0.d



9¢

+1

S s - 2 oo Prods e &
0= Jao 0= Jao "1 ™ 0= =
- ]
¥ " 10
Il p -1 10 >>£ g@ 0l : NN_L.N\Q z wm.:._
- Lo ™ Lo KS 0="n
e e iy i = fze 'n LS
O| _\AQ O| _\A@ U U| 1 NDo% O| _\AQ
_ e _ e ] Aot oyt | 22N
0= |5 0= |& e 109 [1'99= |5 o5
5 N "lo ;
e o "y 1o or > Sazd >
— R — = _— 7 _C %”ND mm
il _ 10 0 ® 10 0="n .N:.._.W_
-1 10 +1 10 -z 20 . . +z 20 n
= T = VN = Tr~ _\Al _\A” TfAn 220
Ve T R T % =T e
_ e _ e S PO TR LC
°7 e T LO90T [A997 5,y e 10T=""d
s 40" e oy~ d RS
-1 "1o ™ Lo K lo

Al Jaideyd



Process Study

The duration of each step is set taking into consideration the extension of the cycle

to a process with four reactors, therefore, teycie = 4 X treaction, treaction = 4 X trinse = 4 Xteq

pressure (p.) values of 304 kPa and 101 kPa for regeneration step have been
employed, lower regeneration pressure has not been used because the use of a vacuum
pump and sub-atmospheric steam can be cost intensive [21]. The detailed operating
parameters of the cyclic SE-SRE process, the initial and boundary conditions for

different steps are given in Table 4-13.

Table 4-14 Cyclic simulations with different parameters, product purity, yields,
productivity and energy efficiency for SE-SRE process under CSS. Operating
conditions: T =773 K, py = 304 kPa, p_ = 101 kPa and Rg/c = 4.

H, CO H, H, Thermal
1:reaction 1 reaction n regeneration
Run purity content yield productivity efficiency
[s] [mols™] [mols™]
[mol %] [ppm] [%] [molkg™h™] [kJ'kI?]

1 250 0.05 0.05 99.61 11.28 82.71 0.61 0.60
2 500 0.05 0.05 99.42 16.86 82.69 0.60 0.59
3 750 0.05 0.05 99.10 25.75 81.64 0.59 0.59
4 1000 0.05 0.05 98.62 40.52 80.04 0.58 0.58
5 500 0.05 0.025 98.91 32.05 80.51 0.59 0.64
6 500 0.05 0.075 99.57 1145 83.44 0.61 0.54
7 500 0.05 0.1 99.61 11.20 83.47 0.61 0.50
8 500 0.025 0.05 99.79 6.52 69.34 0.26 0.45
9 500 0.075 0.05 98.72 37.90 85.04 0.93 0.64
10 500 0.1 0.05 97.73 64.58 85.23 121 0.66
11 250 0.075 0.05 99.13 24.60 86.35 0.95 0.65

A Rgc ratio of 4 has been used in the feed, and the reactor has been filled with

hydrogen before the test. The results in Table 4-14 are obtained under cyclic steady
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state condition, a CSS was considered with equation(4.21). It can be found from runs
1-4 that hydrogen product with high purity and low carbon monoxide content can be
obtained with a short cycle time (tcycle = 4 X treaction = 1000 s), and no significant
difference is encountered in the performance parameters values obtained by using
shorter cycle time. According to run 2 and 5-7, we can find that the use of a higher
regeneration molar flow can increase the hydrogen purity and suppress the carbon
monoxide content in the product, especially when the 1 regeneration 1S increased from
0.025 mol-s™ to 0.05 mol's™, but the thermal efficiency decreases dramatically due to
the excess latent heat required for the steam consumption during the regeneration step.
On the other hand, the hydrogen productivity can be increased in a linear manner by
the use of high feed molar flows (run 2 and 8-10), but a reduction in the product
purity is observed. In addition, the improvement on the thermal efficiency becomes
much less obvious When [ reaction is increased from 0.075 mol's™ to 0.1 mol-s™. As a
result, operating parameters with a relatively high feeding flow rate (A reaction = 0.075
mol-s™), a relatively small steam consumption (p regeneration = 0.05 mol-s™) and a short
cycle time (teycle = 4 X treaction = 1000 s) have been used in the continuous cyclic

operation process, as shown in run number 11.

0.8 4
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Figure 4-15 H, purity and CO content in the product as a function of cycle number during the
cyclic operation (a), and CO; loading profiles on the sorbent at the end of feed step for different
cycles (b). Operating conditions: 773 K, py = 304 kPa, p_ = 101 kPa, Rsc = 4, 1 reaction = 0.075
mol's™, 1 regeneration = 0.05 Mol's™, treaction = 250 S, trinse = teq = tap = treg = 62.5'S, tourge = 125 s and

1:regeneration =375s.
264



Process Study

With this operating schedule, we can find that the obtained hydrogen product has a
purity higher than 99 mol % (dry basis) and a carbon monoxide content of 25 ppm,
which can be directly used for hydrogen fuel cell applications [26]. From Figure
4-15a, we can find that the purity of hydrogen in the product for the first cycle is
higher than that in the following cycles, since fresh sorbent has been used in the first
cycle. After regeneration step in the following cycles, the recovered adsorption
capacity of the sorbent decreases due to the residual carbon dioxide adsorbed on the
sorbent (Figure 4-15b). As a result, with an increase in the cycle number, a decrease in
SE-SRE reaction performance can be found due to the decay in the carbon dioxide
adsorption capacity. The molar fractions of by-products such as methane and carbon
dioxide at the outlet stream increases, which results in a lower hydrogen purity and
higher carbon monoxide content, as shown in Figure 4-15a. After 45 cycles, cyclic
steady state has been achieved and hydrogen-rich product (dry basis) with purity

higher than 99 mol % and a carbon monoxide content of 25 ppm is obtained.

350
reaction finse REQ purge

—p,atr=0m
Lt pgatr=0mj.

150
regeneration

100

0 ' 2(I)O ' 400 ' G(I)O ' 8(I)0 ' 1000
t[s]

Figure 4-16 Pressure profiles at the top (z = 0 m, py) and bottom (z = 6 m, ps) of the reactor

during a cycle under CSS. Operating conditions: 773 K, py = 304 kPa, p. = 101 kPa, Rsc =4, 1

reaction = 0.075 mOI'S—ly 1 regeneration = 0.05 mOI'S_la treaction = 250 S, tiinse = teq = tegp = treg = 62.5 s,

tourge = 125 s and tregeneration = 375 °S .

On the other hand, Figure 4-16 shows the pressure at the top (z = 0 m, po), and

bottom (z = 6 m, pg) of the reactor during the process under CSS conditions at r =0 m.
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It can be found that the pressure at the bottom (po) of the reactor is higher than that (ps)
at the top during the reaction step, while during the regeneration step, the pg is higher
than po because of the pressure drop of the reactor caused by the relatively high gas
superficial velocity.

Finally, a brief energy analysis has been carried out based on the results from
reactor number 1 in a whole cycle under CSS conditions. Figure 4-17 shows the

detailed energy variation during the process.
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Figure 4-17 Energy changes in reactor number 1 in a whole cycle under CSS conditions during a

continuous SE-SRE process for hydrogen production.

The hydrogen energy and ethanol energy are the lower heating values (LHVy; =
244 kJ'-mol™, LHVgon =1330 kJ-mol™) of the net hydrogen produced (10.8 mol) and
ethanol used (2.1 mol) in a cycle. Qinpu is the energy consumed by the
reaction/regeneration enthalpy change and the heating of feed stream, while Qrecovered
is the energy recovered from the outlet steam-gas mixture by heat exchanger, mainly
due to the steam condensation [81]. Therefore, the net energy consumption (1551 kJ)
during the process can be calculated from the difference between Qinput and Qrecovered-
As a result, the cost of energy consumption for the hydrogen production can be
estimated with an energy price of $ 4.5 per MMBtu (19/03/2014) [67], accordingly
the energy cost is around $ 0.71 per kilogram of hydrogen that produced from

SE-SRE process. On the other hand, we can find from the results that the ratio
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between energy output (hydrogen energy) and energy input (energy consumption) in
this process is around 1.7. In addition, around 8.4 kilograms of carbon dioxide can be
captured per kilogram of hydrogen obtained, because carbon dioxide stream with high
purity (> 99 mol %, dry basis) can be directly obtained during the regeneration step,
which makes this hydrogen production process with low carbon emission more

attractive.

4.2.5 Conclusion

A heterogeneous, two-dimensional (2D) adsorptive reactor model with two different
scales for SE-SRE process has been developed and validated in this work with
previous experimental data. According to the dynamic results obtained from an
industrial scale reactor, the importance of a 2D reactor model has been demonstrated
for the SE-SRE process. It is found that the radial variation in temperature has a
noticeable effect on the performance of SE-SRE reaction in a large reactor during the
prebreakthrough period, while the effect of radial variation is found to be negligible
for conventional reforming reaction after the sorbent has been saturated. As a result,
2D adsorptive reactor model has been employed for the production of high purity
hydrogen in a cyclic multi-bed SE-SRE operation process.

Four reactors have been used in the simulation of a pressure swing process with a
seven steps cycle scheme to achieve a continuous hydrogen production operation. A
parametric study has been carried out to improve the performance of cyclic operation,
it is found under CSS condition, a continuous stream of hydrogen (dry basis) with
purity higher than 99 mol % with a carbon monoxide content of 25 ppm can be
produced by conducting SE-SRE in four parallel fixed-bed adsorptive reactors
operated with a cycle time of 1000 s. A brief energy analysis shows that the ratio
between energy output and input is around 1.8, and the estimated cost of energy is
around $ 0.71 per kilogram of hydrogen produced in this process. In addition, more
than 8 kilograms of carbon dioxide can be obtained during the regeneration step per

kilogram of hydrogen produced in the cyclic operation.
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Chapter V

5. Conclusions and Suggestions for Future Work

5.1 Conclusions

The main goal of this thesis is to produce high purity hydrogen by sorption-enhanced
steam reforming of ethanol (SE-SRE) at intermediate temperatures. Hydrogen is
considered as a promising energy carrier according to the concept of “hydrogen
economy” [1]. However, nowadays hydrogen is mostly produced from fossil fuels by
reforming technologies [2]. As alternative, ethanol that can be produced from
renewable biomass resources becomes an ideal feedstock for hydrogen production [3,
4]. But products from SRE reaction always contains a large amount of carbon dioxide
and other undesired by-products such as acetaldehyde, methane and carbon monoxide
[5, 6]. Therefore, numerous separation and purification units are always required in a
conventional high-purity hydrogen production process [7]. One promising alternative
is the sorption-enhanced reaction process (SERP) [8]. The essence of SERP is the
multifunctional reactor where reforming reaction and carbon dioxide removal by
adsorption are integrated over a mixture of reforming catalyst and high temperature
carbon dioxide sorbent. The hydrogen yield and purity are expected to be enhanced by
shifting thermodynamic equilibrium of the SRE reaction towards product side through
in situ carbon dioxide removal, resulting in a SE-SRE reaction process. The concept
of SERP offers promising potential for cost saving compared with the conventional
hydrogen production route [8, 9].

In order to produce high purity hydrogen from SE-SRE reaction, it is important to
evaluate the performances of catalysts and sorbents for the sorption-enhanced reaction.
Therefore, this study starts with the demonstration of sorption-enhanced reaction
process on steam reforming of ethanol concept by the use of commercial materials in
chapter Il. A reactor with a multilayer pattern arrangement of Ni-based reforming
catalyst (Octolyst 1001) and hydrotalcite-like material (PURAL MG30, HTIc) carbon
dioxide sorbent has been employed. The effects of the operating conditions
(temperature and feeding flow rates) on the performance of reaction have been studied.

Hydrogen can be generated from SRE in the temperature range between 373 K and
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873 K. A mechanism with ethanol dehydrogenation, acetaldehyde decomposition,
methane steam reforming and water-gas-shift reactions has been proposed to explain
the reaction pathways. Moreover, it is found that the hydrotalcite-like material acts as
a relative good carbon dioxide sorbent at 673 K. The SERP concept has been verified
for this system coupling the Octolyst 1001 catalyst with the MG30 hydrotalcite
sorbent. High amounts of hydrogen with traces carbon monoxide (< 0.1 mol %) in the
product gas stream can be obtained during the initial breakthrough periods.

On the other hand, thermodynamic analysis has been performed in chapter Il with
a Gibbs free energy minimization method to compare the conventional SRE process
and SE-SRE with three most widely used high temperate carbon dioxide sorbents [10],
Ca0, Li,ZrOz and HTlc. Initially, a noticeable difference has been found between the
results based on real gas state and ideal gas state assumptions, therefore, it is
recommended to employ real gas state for further thermodynamic calculations. From
the thermodynamic study, we find that the use of a carbon dioxide sorbent can
enhance the hydrogen yield and provide lower carbon monoxide content in the
product gas at the same time. Besides, thermodynamic equilibrium analysis of
SE-SRE indicates that HTIc has a better adsorption performance than other materials
at lower temperatures. The results of the thermodynamic study shows that when
adequate amount of sorbent has been used, the hydrogen yield can reach close to 6 mol
hydrogen per mol ethanol converted, while the content of carbon monoxide in the
product gas is less than 10 ppm at 773 K, atmospheric pressure and steam-to-carbon
(Rs/c) molar ratio higher than 5. In addition, the use of further purification units would
not be necessary for hydrogen fuel cell application. The results obtained from
thermodynamic studies are also in a good agreement of data from previous
experimental studies.

The kinetic study with the commercial nickel-based catalyst (Octolyst 1001) for
SRE has also been included in chapter Il. The kinetic behavior of SRE over the
catalyst has been investigated from 473 K to 873 K with a Rs,c of 5 in the feed. In the

study, both the power rate law and Langmuir—Hinshelwood-Hougen-Watson (LHHW)
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kinetic models that have been employed can successfully demonstrate the catalytic
SRE process in a fixed-bed reactor among a large temperature range (473 K — 873 K).
The energy of activation for SRE reaction is found as 31.8 kJ-mol™, and the reaction
order of the ethanol pressure obtained from the power rate law model is 1.52, which
are in good agreement with other reports. The surface decomposition of methane is
assumed as the rate determining step in the simplified LHHW model according to
many previous studies. The values of the parameters for LHHW kinetic model
indicate that the acetaldehyde decomposition reaction is much faster than the ethanol
decomposition reaction, while the elementary reaction between 0cpz and 0oy is also a
strong endothermic reaction similar as the steam methane reforming.

The catalyst and sorbent materials can be integrated with different methods for
SERP. Various catalyst-sorbent packing systems have been studied by Rawadieh and
Gomes [11], it is found that a well-mixed catalyst-sorbent configuration can produce
hydrogen product with higher purity and lower carbon monoxide content compared to
other configurations, which is in a good agreement with the results found by Lu and
Rodrigues [12]. However, due to the differences in pellet size, shape and density of
the catalyst and sorbent materials, it is difficult to obtain an ideally well mixed
catalyst-sorbent system in practice. To achieve an ideal dispersion, hybrid
multifunctional materials consisting of carbon dioxide sorbent, as support material,
and active metals as catalytic phase have been developed in some recent studies
[13-16]. Therefore, hybrid materials with Cu or Ni as active phase and HTIc as
sorbent have been prepared and employed for SRE and SE-SRE studies in chapter
I11. Both the Cu- and Ni-HTIc materials show relatively good stability during the SRE
and SE-SRE tests due to the unique layered structure. The hydrogen production
through SRE was enhanced by carbon dioxide sorption over the Cu-HTIc material in
the initial transient period, and high purity hydrogen over 90 mol % can be obtained.
In addition, breakthrough tests have been performed with the Cu-HTIc material, and
the material shows a carbon dioxide adsorption capacity from 0.11 to 0.18 molkg™,
which is similar as the pure hydrotalcites. On the other hand, both the reaction and

adsorption kinetics of the Ni-HTIc material have been investigated and employed for
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numerical simulation. The mathematical reactor model employed successfully
predicts the SRE reaction and carbon dioxide adsorption process. Therefore, SERP
with Ni-HTIc material has been simulated to investigate the effects of different
reaction conditions. The reaction conditions where the material can achieve the
highest possible enhancing performance are Rsic = 5, Mcat/Mgroy= 0.25 kg-h-mol'1 and
773 K. It is found that the hydrogen produced during the sorption-enhanced reaction
period had an initially high purity (> 99 mol %). The concentration of hydrogen (dry
basis) is kept higher than 95 mol % for the initial 500 s. Experimental SE-SRE tests
have been carried out to confirm the simulated predictions which are in a good
agreement. Besides, the catalytic stability at steady state conditions and cyclic
operations for the Ni-HTlc material has also been investigated. It is found that the
prepared material has good reaction and adsorption/desorption stability under the
conditions employed, the composition and structure of the sample have been
preserved.

Then, potassium promoted HTlc (K-HTIc) sorbent with potassium nitrate as the
potassium precursor has been developed in chapter 11 to improve the carbon dioxide
adsorption performance of pure HTlc material. The highest carbon dioxide adsorption
capacity (1.13 mol-kg™) on the prepared material is obtained at 656 K with carbon
dioxide partial pressure of 50 kPa at humid conditions. A mathematical model is
developed and it satisfactorily simulates the adsorption and desorption processes. The
stability of the material has also been tested with repeated adsorption/desorption
cycles. It is found that both the carbon dioxide adsorption capacity and Kinetics are not
that much affected after ten cycles, and the adsorption capacity is found to decrease
around 7 %. In addition, temperature swing (from 656 K to 708 K) regeneration
operation has been performed, where a complete regeneration can be achieved within
60 min, which reduces to half the time required for regeneration under isothermal
conditions. The K-HTIc material prepared is found to have very good thermal and
cyclic stability, which makes it an attractive carbon dioxide sorbent for further

SE-SRE study.
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As a result, in the last section of chapter 111, we extend the previous studies to
develop a multi-functional material consisting of Cu-Ni alloy as active phase and K-
HTIlc sorbent material as the support. The prepared K-Ni-Cu-HTIc material has been
studied for its catalytic properties for steam reforming of ethanol. It is found that Cu
can preferentially catalyze ethanol dehydrogenation and water—gas shift reactions,
while Ni is more suitable for acetaldehyde decomposition and steam reforming of
methane. Additionally, Ni and Cu metals can form a NigsCugs alloy with the
advantage of ensemble formation. The formation of small ensembles of nickel and
copper atoms on surface can avoid the interaction of adsorbed species, and the
catalytic decomposition of methane and catalytic carbon monoxide decomposition can
be avoided. On the other hand, promising carbon dioxide adsorption performance of
the material can be obtained by the use of potassium promoter, and the adsorption
capacity of K-Ni-Cu-HTIc material (0.83 mol-kg™) is found to be much higher than
that of the unprompted Ni-HTIc sample (0.26 mol-kg™) at around 723 K with carbon
dioxide partial pressure of 40 kPa. Finally, SE-SRE has been performed with the
K-Ni-Cu-HTlc material in a fixed-bed reactor; high-purity hydrogen stream (99.8 mol
% on dry basis) can be obtained during the prebreakthrough period at 773 K with Rg/c
=5 in the feed.

With these promising materials for SE-SRE reaction, processes studies have been
carried out in the following chapter IV. In addition, on the basis of the
homogeneously packed column, the subsection-controlling strategy [17, 18] and a
similar multi-section column concept [19] have been employed in the process study to
improve the SE-SRE performance. It is found that by using different packing ratios of
sorbent/catalyst in the reactor, the concentration of impurity can be decreased further
in the produced gas, and additional degree of freedom can be obtained for flexible
operation [19]. Therefore, a homogeneously packed column with two subsections for
SE-SRE has been developed by simulation for high purity hydrogen production.
Within the two subsections, two different volumetric ratios (1:2 and 1:4) between the
Ni-HTlc and K-HTIc materials that were developed in the previous chapter III have

been used. The effects of reaction conditions on the performance of SE-SRE reaction
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have been investigated. It is found that a feasible operation window to produce carbon
monoxide free (< 30 ppm) hydrogen gas cannot be achieved when Rgc is lower than 2
and the operation window is increasing with the Rg/c rise. However, further increase
Rs/c from 5 to 10 causes a negative effect on the amount of hydrogen produced, and
the overall thermal efficiency decreases in a linear manner due to the excess latent
heat required for the feed stream [20]. Besides, higher amount of hydrogen produced
during the SE-SRE reaction can be obtained when operation pressure increases from
101.3 kPa to 304.0 kPa. We find that the product gas with hydrogen purity above 99
mol % and carbon monoxide content of 30 ppm, which can be directly used in fuel
cell applications, can be produced at 773 K, 304 kPa with Rg;c = 5 in the feed.

On the other hand, a four-step pressure swing cyclic operation process has also
been developed in chapter IV as follows: sorption-enhanced reaction with ethanol
and steam in the feed at high pressure (304 kPa); the rinse of the column with steam to
remove the residual products within the gas phase with a pressure decrease to
atmospheric pressure (101 kPa); the regeneration of the carbon dioxide sorbent by
steam at low pressure (101 kPa); and finally the purge of the column with hydrogen
gas and steam with a pressure increase to 304 kPa before the next cycle. This cyclic
SE-SRE operation process is predicted to have a great potential to produce
fuel-cell-grade hydrogen with a high yield and thermal efficiency according to the
results from calculation. The hydrogen productivity is around 0.51 molkg*h™ and
pure carbon dioxide (dry basis) can be obtained as a by-product during the
regeneration step. The yields of hydrogen and carbon dioxide are 78.5 % and 75 %,
respectively, which are much higher than the results from a conversional SRE process
(hydrogen yield 38.3 % and carbon dioxide yield 51.0 %) under the same reaction
conditions. The thermal efficiency of SE-SRE (0.45) is found to be much higher than
the thermal efficiency of the SRE process (0.33). Besides, the cost of steam ($ 0.87
per kilogram of hydrogen) for the SE-SRE has also been calculated, which can be
reduced even further by recycling the exhaust energy.

One-dimensional fixed-bed adsorptive reactors are the most widely used model for
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SERP in previous researches [13, 17, 18, 21-27], where multifunctional reactors with
small diameters have been employed. However, Rostrup-Nielsen [28] found that the
radial temperature difference within a typical industrial reformer can be as large as 40
K, and the effect of energy transport in the radial direction might be significant when
a large diameter reactor is used [29-33]. An accurate design of SE-SRE reactors
requires an adequate description of the reaction/adsorption kinetics, momentum, heat
and mass transfer processes. As a result, in the final section of chapter 1V, a
two-dimensional mathematical adsorptive reactor model has been developed, where
K-Ni-Cu-HTlc material developed in the previous chapter is used for SE-SRE
reaction. First, it is found that the product distribution from the numerical simulation
matches well with experimental data obtained from a laboratory-scale fixed-bed
adsorptive reactor. Afterwards, the diameter of the reactor has been increased to a
typical industrial scale. We find in an adsorptive reactor with a diameter of 0.1 m, the
radial variation in temperature has a noticeable effect on the performance of SE-SRE
reaction in a large reactor during the prebreakthrough period, according to the
comparison between the results obtained from a one-dimensional reactor model and
that from a two-dimensional reactor model. However, the effect of radial variation is
found to be negligible for conventional reforming reaction after the sorbent has been
saturated with carbon dioxide. As a result, two-dimensional reactor model has been
employed for the production of high purity of hydrogen in a cyclic multi-bed SE-SRE
operation process.

Four adsorptive reactors, with two-dimensional mathematical model, have been
used in the simulation of a pressure swing process with a seven-step cycle scheme to
achieve a continuous hydrogen production operation can be found in chapter 1V. A
parametric study has been carried out to improve the cyclic process; it is found that
under cyclic steady state condition, a continuous stream of hydrogen (dry basis) with
purity higher than 99 mol % and carbon monoxide content less than 30 ppm can be
produced by conducting SE-SRE in four parallel fixed-bed adsorptive reactors
operated with a cycle time of 1000 s. Finally, a brief energy analysis shows that the

ratio between energy output and input is around 1.7, and the estimated cost of energy
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is around $ 0.71 per kilogram of hydrogen produced in this process. In addition, more
than 8 kilograms of carbon dioxide can be obtained during the regeneration step per
kilogram of hydrogen produced in the cyclic operation, which makes this low carbon

emission hydrogen production process more attractive.

5.2 Suggestions for Future Work

The SE-SRE process is a very promising technology for high purity hydrogen
production. The future work can be carried out with the commercialization of SE-SRE
process as the ultimate goal. To achieve such a goal, future research efforts should
focus on both the material and process developments.

On one hand, in order to reduce the possible pressure drop for the use in an
industrial scale reactor, pellets of the hybrid material with a relatively large diameter
should be prepared in the first place. The reaction/adsorption kinetic behaviors,
time-on-stream performance and the cyclic stability of the pellets for SE-SRE have to
be studied. Besides, the possible effects of impurities such as methanol and ethyl
acetate in the bio-ethanol on the reaction performance have to be investigated. On the
other hand, the mechanical strength of the hybrid material pellet is another important
aspect for industrial applications. Therefore, it might be interesting to investigate the
effects of depositing hybrid materials onto the Li-based ceramics, which is another
widely used high temperate carbon dioxide sorbent, to improve the mechanical
strengths and the adsorption capacity at the same time. In addition, molecular
simulation by DFT calculations can be employed to guide rational catalyst-sorbent
material design.

For the development of the process, a reforming reaction kinetic model including
carbon deposit can be useful in the screening of potential operating conditions. In
addition, the use of a rigorous thermodynamic property model for the fluid phase in
the adsorptive reactor may improve the accuracy of simulation during the SE-SRE
process, since ideal gas assumption has been used in the mathematical model. Besides,

the effects of sorption-enhanced oxidative reaction and auto-thermal reforming on the
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energy efficiency and hydrogen production performance can also be determined.
Other possible applications of the SERP concept with glycerol, biomass, biogas and
other renewable sources as the feedstock for hydrogen production can also be
investigated in the future.

Finally, numerical study can be performed on the development of a detailed
SE-SRE hydrogen production and usage system, which can provide fundamental
answers that have not been readily solved in an industrial setting. To investigate the
performance of the hydrogen fuel-cell power system with bioethanol feedstock, the
whole system should be modeled. Therefore, future work may model the hydrogen
production from SE-SRE process with hydrogen fuel cells together to obtain overall

energy efficiency of the system, and economic analysis should also be performed.
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Notation

ai number of j-type atoms in the species i,

ap area-to-volume ratio of the material particle [m™]

ACD acetaldehyde decomposition

ATR auto thermal reforming

bj number of j-type atoms

Bi Biot number

Ci concentration of component i in the gas phase [mol'm™]

Co specific molar heat at constant pressure [J-mol™-K™]

Cos specific heat of the solid phase [J-kg™K™]

Cow specific heat of the column wall [J ~kg'1-K'1]

Csi average concentration of compound i in the solid phase [mol'm™]
CSS cyclic steady state

Ci total gas concentration [mol-m™]

Ces total solid concentration [mol'm™]

Cy specific molar heat at constant volume [J-mol™K™]

Cyads specific molar heat in the adsorbed phase at constant volume
[J-mol™K™]

CNT carbon nanotube

CPOX catalytic partial oxidation

dp particle diameter [m]

dpore average diameter of the pore [m]

DEN denominator

D, sorbent pore diffusion coefficient [m?s™]
D, radial dispersion coefficient [m*s™]

D, axial dispersion coefficient [m*s™]

EQM equilibrium constants method

ETD ethanol decomposition

GFEM Gibbs free energy minimization
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[W-m2K?]

[W-m2K?]
HTlc
ko

Kco2

Mecat
Msolid
Msorb
n;

N0

N;

Ni,o
OECD
OSR

film heat transfer coefficient between the gas and the solid phase

film heat transfer coefficient between the gas phase and the column wall

hydrotalcite like compound

pre-exponential factor

mass transfer coefficient of CO, [s™]

film mass transfer coefficient [m-s™]

thermal conductivity of the gas mixture [W-m>K™]
rate constant of reaction j [mol-kg™s™]

adsorption equilibrium constant of component i [ ]
thermodynamic equilibrium constant of reaction j [ ]
potassium promoted hydrotalcite

wall thickness [m]

layered double hydroxides

layered double oxides

lower heating value [kJ-mol™]
Langmuir—Hinshelwood-Hougen-Watson
international energy outlook

weight of the catalyst material [kg]

weight of the hybrid material [kg]

weight of the sorbent material [kg]

molar flow rate of component i at outlet [mol-s'l]
molar flow rate of component i in the feed [mol-s'l]
molar amount of component i obtained at outlet [mol]
molar amount of component i use in the feed [mol]
organization for economic cooperation and development
oxidative steam reforming

pressure [Pa]

285



Pi dimensionless critical pressure of component i

PH high pressure during the operation[Pa]
Pi partial pressure of component i [Pa]
pL low pressure during the operation [Pa]

PEMFC proton exchange membrane fuel cell
Pr Prandtl number

PROX partial oxidation

Jdcoz average adsorbed carbon dioxide concentration in the particle [mol-kg™]
Qcoz,eq carbon dioxide concentration in the particle at the equilibrium state
[mol-kg™]

Q energy exchange with the reactor [J]

r radial direction [m]

r reaction rate of reaction j [mol-kg™s™]

R radius of the reactor [m]

p radius of the pellet [m]

R gas constant [J'mol™-K™]

Re Reynold number

RDS rate determining step

RR response reactions

Rsic steam-to-carbon molar ratio [mol-mol'l]

Rs/e steam-to-ethanol molar ratio [mol-mol™]

Sc Schmidt number

Sh2 hydrogen selectivity [%]

SERP sorption-enhanced reaction process

SE-SRE sorption-enhanced steam reforming of ethanol
SE-SMR  sorption-enhanced steam methane reforming
SE-WGS  sorption-enhanced water-gas-shift

SMR steam methane reforming

SRE steam reforming of ethanol
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t time [s]

Tei dimensionless critical temperature of component i
Ty temperature of the gas phase [K]

Ts temperature of the solid phase [K]

Tw wall temperature [K]

Tturnace temperature in the furnace [K]

u superficial velocity [m-s™]

U global external heat transfer coefficient [W-m'Z-K‘l]
Vo volume flow rate of the reactants [m*s™]

VR reactor volume [m?]

WGS water-gas-shift

XEtoH ethanol conversion [%]

Xh20 water conversion [%]

Yh2 hydrogen yield [%]

z axial direction [m]
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Greek Letters

a
&

&
AGg°
AHags
AH,;
MNSE-SRE
Aj

Hi

Hg

Pb

Pg

Pp

Ps

Pw

volume fraction of active phase in the particle [ ]
porosity of the column [ ]

porosity of the pellet [ ]

Gibbs free energy of formation for species i [J-mol™]
adsorption enthalpy of CO, [J-mol™]

enthalpy of reaction j [J-mol™]

thermal efficiency of SE-SRE process [kJ-kJ™]
Lagrangian multipliers

chemical potential of species i

gas viscosity [Pas]

bulk density of the catalyst [kg'm™]

gas density [kg'm™]

pellet density [kg'm™]

density of the solid [kg'm™]

column wall density [kg'm'g]

space time [s]

stoichiometric number of component i in reaction j [ ]

fugacity coefficient of component i

acentric factor of component i

288



	Sorption-Enhanced Steam Reforming of Ethanol for Hydrogen Production
	Abstract
	Resumo
	摘要
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	Chapter I-Introduction
	1.1 Energy Demand and Environmental Impacts
	1.2 Hydrogen Economy
	1.3 Ethanol as Hydrogen Source
	1.4 Steam Reforming of Ethanol
	1.5 Sorption-Enhanced Reaction Process
	1.5.1 Sorption-Enhanced Steam Methane Reforming
	1.5.2 Sorption-Enhanced Steam Reforming of Ethanol

	1.6 Materials for Sorption-Enhanced Steam Reforming of Ethanol
	1.6.1 Catalysts for Steam Reforming of Ethanol
	1.6.2 High Temperature Carbon Dioxide Sorbent Overview

	1.7 Scope of the Research
	1.7.1 Experimental Focus
	1.7.2 Modeling and Simulation Focus

	1.8 Outline of the Thesis
	Reference

	Chapter II-Experimental and Theoretical Investigations
	2.1 SE-SRE with Commercial Materials
	2.1.1 Introduction
	2.1.2 Experimental
	2.1.2.1 Materials
	2.1.2.2 Reaction studies
	2.1.2.3 Characterization

	2.1.3 Results and Discussion
	2.1.3.1 Materials characterization
	2.1.3.2 Catalyst performance
	2.1.3.3 SE-SRE results

	2.1.4 Conclusions

	2.2 Thermodynamic Analysis
	2.2.1 Introduction
	2.2.2 Methodology for Thermodynamic Calculations
	2.2.3 Results and Discussion
	2.2.3.1 Real gas state vs. ideal gas state assumption
	2.2.3.2 Carbon deposits
	2.2.3.3 Conversions in steam reforming of ethanol
	2.2.3.4 Steam reforming of ethanol under pressure conditions
	2.2.3.5 Sorption-enhanced steam reforming of ethanol
	2.2.3.6 SE -SRE under pressure conditions
	2.2.3.7 Influence of promoter and amount on SE-SRE with HTlc
	2.2.3.8 Comparison of results
	2.2.3.9 Influence of inert species

	2.2.4 Conclusions

	2.3 Kinetic Study
	2.3.1 Introduction
	2.3.2 Kinetic Models
	2.3.2.1 Power rate law expressions derived from data fitting
	2.3.2.2 Langmuir–Hinshelwood  (or Eley-Rideal) mechanism

	2.3.3 Kinetic Models Derivation
	2.3.3.1 SRE and the reaction pathways
	2.3.3.2 Ethanol decomposition (ETD)
	2.3.3.3 Acetaldehyde decomposition (ACD)
	2.3.3.4 Water gas shift reaction
	2.3.3.5 Steam methane reforming

	2.3.4 Proposed Mechanism
	2.3.5 Experimental and Modeling
	2.3.5.1 Reaction studies
	2.3.5.2 Kinetic modeling

	2.3.6 Results and Discussion
	2.3.6.1 Catalyst performance
	2.3.6.2 Kinetic analysis

	2.3.7 Conclusions

	References

	Chapter III-Studies on Materials Development and Evaluation
	3.1 Copper-HTlc Hybrid System 
	3.1.1 Introduction
	3.1.2 Experimental
	3.1.2.1 Materials
	3.1.2.2 Characterization of the materials

	3.1.3 Results and Discussion
	3.1.3.1 Materials characterization
	3.1.3.2 Activity of Cu-HTlc for SRE
	3.1.3.3 Product distribution on dry basis for SRE
	3.1.3.4 Product distribution on dry basis vs. reaction time

	3.1.4 Conclusions

	3.2 Nickel-HTlc Hybrid System
	3.2.1 Introduction
	3.2.2 Experimental
	3.2.2.1 Materials synthesis
	3.2.2.2 Thermal efficiency

	3.2.3 Kinetic Model
	3.2.3.1 Parameters estimation

	3.2.4 Modeling and Simulation
	3.2.4.1 Governing equations
	3.2.4.2 Numerical solution

	3.2.5 Results and Discussion
	3.2.5.1 Characterization of the materials
	3.2.5.2 Materials performance
	3.2.5.3 Model Verification
	3.2.5.4 Sorption enhanced reaction process
	3.2.5.5 Stability of the material

	3.2.6 Conclusion

	3.3 Potassium-Promoted HTlc Sorbent
	3.3.1 Introduction
	3.3.2 Experiments
	3.3.2.1 Materials
	3.3.2.2 Experimental set-up
	3.3.2.3 Adsorption and desorption experiments
	3.3.2.4 Mathematical modeling 

	3.3.3 Results and Discussion
	3.3.3.1 Carbon dioxide sorption isotherm
	3.3.3.2 Carbon dioxide adsorption kinetics
	3.3.3.3 Stability tests
	3.3.3.4 Carbon dioxide desorption experiments

	3.3.4 Conclusions

	3.4 Potassium-Nickel-Copper-HTlc Multifunctional Material
	3.4.1 Introduction
	3.4.2 Experimental
	3.4.3 Results and Discussion
	3.4.3.1 Characterization of the materials
	3.4.3.2 Catalytic performance
	3.4.3.3 Carbon dioxide adsorption
	3.4.3.4 Sorption enhanced reaction process

	3.4.4 Conclusions

	References

	Chapter IV-Process Study
	4.1 SE -SRE Operation in a Single Column System
	4.1.1 Introduction
	4.1.2 Process Development
	4.1.2.1 Materials for sorption enhanced reforming reaction
	4.1.2.2 Arrangement within the column
	4.1.2.3 Operation strategy
	4.1.2.4 Performance Assessment

	4.1.3 Mathematical Modeling
	4.1.4 Results and Discussions
	4.1.4.1 Sorption enhanced steam reforming of ethanol
	4.1.4.2 Other operation steps in a cyclic operation
	4.1.4.3 Cyclic steady state
	4.1.4.4 Hydrogen production performance

	4.1.5 Conclusion

	4.2 SE -SRE Operation in a Multi-Column System
	4.2.1 Introduction
	4.2.2 Adsorptive Reactor Modeling and Validation
	4.2.2.1 Governing equations
	4.2.2.2 Numerical solution
	4.2.2.3 Performance Assessment
	4.2.2.4 Experimental validation

	4.2.3 Reactor Dynamics
	4.2.4 Process Design
	4.2.5 Conclusion

	Reference

	Chapter V-Conclusions and Suggestions for Future Work
	5.1 Conclusions
	5.2 Suggestions for Future Work
	References

	Notation



