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Abstract

In this work, production of hydrogen by the steam methane
reforming sorption enhanced reaction process (SMR-SERP) was studied.
This process works by the combination of a SMR catalyst with a high
temperature sorbent selective for CO2. The removal of CO2 enhances the
methane conversion, producing high purity hydrogen at lower
temperatures than traditional SMR. The periodic regeneration of the
sorbent material requires multicolumn operation of the SMR-SERP.

An experimental unit was built to perform the experimental work of
this PhD thesis. The unit was adapted to measure CO: breakthrough
curves, SMR kinetics and diffusional limitations and for SMR-SERP
experimental work.

Three commercial hydrotalcite materials from SASOL (Germany)
were impregnated with potassium or cesium. The potassium impregnated
extrudates showed the highest CO:2 equilibrium sorption capacity at 676
K. Carbon dioxide sorption equilibrium isotherms were measured at 579,
676 and 783 K in the MG30-K (K impregnated) and MG30-Cs (Cs
impregnated) hydrotalcites. Both materials presented a maximum in the
sorption capacity at 676 K. This maximum was modeled by the Bi-
Langmuir isotherm considering endothermic adsorption and exothermic
reaction as sorption mechanisms. The LDF model was employed to
describe the sorption kinetics in the extrudates.

The true SMR kinetics of a commercial catalyst (Degussa) and a
large-pore catalyst (Catalyst A) were measured employing catalyst
powder. The reaction rate equations reported by Xu and Froment (1989)
were used to describe the catalyst kinetics. Experiments with catalyst
extrudates were used to determine the diffusional limitations of each
catalyst. The presence of the large-pore network in Catalyst A increased
the mass transfer of reagents and products inside the catalyst extrudates
resulting in higher reaction effectiveness factors.

The influence of operating variables in SMR-SERP was measured with
a reactor with layered distribution of catalyst (Catalyst A or Degussa) and
sorbent (MG30-K). It was found that the operating conditions have
opposed effects in the catalyst and sorbent. For example: increasing the
temperature benefits the SMR reactions rates but decreases the sorption
capacity of the sorbent; increasing the pressure reduces the SMR
reaction rates but increases the CO: sorption capacity in the
hydrotalcite.

The SMR-SERP reactive regeneration cycle proposed by Xiu et al
(2002) was simulated using the Degussa catalyst or Catalyst A and the
MG30-K hydrotalcite. At 680 K, a stream with 8 ppm CO and 88 %
hydrogen was simulated with the Degussa catalyst. With Catalyst A, 29
ppm of CO and 82 % H: were obtained. The difference is due to the
higher Ni content of the commercial Degussa catalyst.






Resumo

Nesta tese foi estudada a producao de hidrogénio por reformado
de metano em reactores adsorptivos (SMR-SERP). O processo consiste na
combinac&o no mesmo reactor, de um catalisador e de um adsorvente
de alta temperatura selectivo para CO2. A remogédo de CO: pelo
adsorvente permite obter conversdes de metano superiores ao equilibrio
termodinamico das reacc¢des de reformado de metano. Este processo
requer operacao simultdnea de multiplos reactores uma vez que o
adsorvente requer regeneracao periodica.

Uma instalagcdo experimental foi construida durante esta tese. A
instalacao foi utilizada para a medicdo de curvas de quebra de CO: a
alta temperatura, cinética de reformado de metano (SMR) e limitacdes
difusionais dos catalisadores e para experiencias de SMR-SERP.

Trés amostras diferentes de hidrotalcites cedidas pela SASOL
(Alemanha) foram impregnadas com potassio ou césio. A mais alta
capacidade de adsorcdo de CO: a 676 K foi medida nos extrudados
impregnados com potassio. Isotérmicas de equilibrio de adsorcdo de
CO: foram medidas a 579, 676 e 783 K numa amostra impregnada com
potassio (MG30-K) e numa impregnada com césio. Foi medido um
maximo na capacidade de adsorcdo a 676 K resultante da
combinacdo de dois mecanismos de adsorcdo: adsorcao fisica
(endotérmica) e reaccado quimica (exotérmica). A equacao de Bi-
Langmuir foi utilizada para descrever a adsorcdo. O modelo de LDF foi
utilizado para descrever a cinética de adsorgao nos extrudados.

Foram utilizados dois catalisadores para o reformado de metano:
um catalisador comercial (Degussa) e um catalisador de poros largos
(Catalyst A). A cinética verdadeira foi medida utilizando catalisador em
po e foi ajustada as equacdes propostas por Xu e Froment (1989). Foram
também medidas as limitagdes difusionais dos extrudados de cada
catalisador. Os poros largos do Catalyst A aumentam a transferéncia de
massa, resultando em factores de eficiéncia de reacgao mais elevados.

Foram feitas experiéncias de SMR-SERP num reactor com
distribuicAo em camadas de catalisador (Catalyst A ou Degussa) e
adsorvente (MG30-K). Os resultados indicam que as condicdes
experimentais tém efeitos opostos no catalisador e no adsorvente. Por
ex: aumentar a temperatura favorece a cinética de reaccdo mas
diminui a capacidade do adsorvente; aumentar a pressao favorece a
capacidade de adsorcao mas diminui a cinética de reaccéo.

Foi também simulado o ciclo de regeneracao reactiva reportado
por Xiu et al (2002). A 680 K, utilizando o catalisador Degussa e MG30-K,
foi obtida uma corrente com 8 ppm de CO e 88 % de Hzx. Nas mesmas
condicdes mas utilizado Catalyst A resultou em 29 ppm de CO e 82 % Ho.
A diferenca de resultados foi explicada pelo mais conteudo de Ni do
catalisador comercial (Degussa).






Resumé

Dans cette thése la production d’hydrogéne via la réaction de reformage
vapeur du méthane améliorée par processus (SMR-SERP) a été étudiée. Ce
processus est la combinaison d’un catalyseur SMR avec un absorbant spécifique
du CO: a haute température. Le retrait du CO. améliore la conversion du
méthane, produisant de I'hydrogéne particulierement pur & des températures
inférieures a celles du SMR traditionnel. La régénération périodique de I'absorbant
nécessite I’opération multi-colonnes du SMR-SERP

Une installation particuiere a été mise en place afin d’effectuer les
expériences relatives a cette these. Cette instalation a été adaptée afin de
réaliser les travaux expérimentaux de SMR-SERP, et de mesurer les courbe de
percage de COg, la cinétique et les limites de diffusion du SMR.

Trois matériaux hydrotalcites commerciaux de SASOL (Alemagne) ont été
imprégnés de potassium ou de césium. Les extrudats imprégnés de potassium ont
montré la plus haute capacité d’absorption de CO: a I'équilbre a 676 K. Les
isothermes d’absorption du dioxyde de carbone ont été mesurées a 579, 676 et
783 K dans les hydrotalcites MG30-K (imprégnés de potassium) et MG30-Cs
(imprégnés de césium). Les deux matériaux présentent un maximum de capacité
d’absorption & 676 K. Ce maximum a été modélisé par I'isotherme Bi-Langmuir en
considérant I'adsorption endothermique et la réaction exothermique comme des
mécanismes d’absorption. Le modéle LDF a été utiisé pour décrire la cinétique
d’absorption dans les extrudats.

Les cinétiques réeles d’un catalyseur commercial (Degussa) et d’un
catalyseur & large pores (Catalyseur A) ont été mesurées a I’état de poudre. Les
égquations de vitesse de réaction décrites par Xu et Froment (1989) ont servi a
décrire la cinétique des catalyses. Des expériences avec les extrudats de catalyse
ont déterminé les limites de diffusion de chaque catalyseur. La présence d’un
réseau a pores larges dans le Catalyseur A a augmenté le transfert de masse des
réactifs et des produits au sein des extrudats de catalyse, contribuant ainsi & de
facteurs de efficacité plus élevés.

L’influence des variables opérationnelles sur SMR-SERP a été mesurée grace
a un réacteur dans lequel les catalyseurs (Catalyseur A ou Degussa) et
'absorbant (MG30-K) ont été distibués en couches. | a été observé que les
conditions d’opération ont des effets opposés sur le catalyseur et I'absorbant. Par
exemple, augmenter la température est bénéfique pour les vitesses de réaction
SMR mais diminue la capacité d’absorption de I'absorbant, tandis que
Ffaugmentation de la pression réduit la vitesse de réaction SMR tout en
augmentant la capacité d’absorption du CO: de ’hydrotalcite.

Le cycle de régénération réactive SMR-SERP proposé par Xiu et al (2002) a
été simulé en utiisant le catalyseur Degussa ou le Catalyseur A et I’hydrotalcite
MG30-K. A 680 K, une vapeur a 8 ppm de CO et 88 % d’hydrogéne a été
obtenue avec le Degussa, contre une vapeur a 29 ppm de CO et 82 % de H:
avec le Catalyseur A. Cette différence provient de la plus forte proportion de Ni
dans le catalyseur commercial Degussa.
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1. Introduction

1.1. Relevance and motivation

There is enough scientific evidence to say that there is a straight
relation between the production of energy and fuels from fossil fuels
and global warming. The consumption of these oil and gas reserves has
enhanced the availability to commodities and in fact has improved our
style of life. However, these changes were done in an unsustainable
way. Emission of massive amounts of greenhouse gases has resulted in a
phenomenon termed as global warming, threatening the future of
mankind, at least as we know it now. Additionally to the environmental
problem, the economics of energy production are also changing. The
oil and gas reserves available until now will be depleted in some years
and the new reserves that have been found in the last years are more

difficult and expensive to exiract.



Chapter 1

Economic and environmental problems are boundary conditions
that should be circumvented by developing new pathways to produce
energy. It has been suggested that hydrogen may dominate the energy
matrix in the near future solving sustainability issues. Hydrogen can be
used for storage and production of energy [1] and as fuel, reason why is
termed as energy carrier or energy vector. Hydrogen can be produced
by fossil or renewable sources and one of the fundamental advantages
is that it does not emit carbon dioxide when used. The main
disadvantage in the actual use of energy is its low volumetric density
when compared to fossil-derived chemicals.

Another important issue to be addressed in the production of
energy is the cost of production. Hydrogen is now a feedstock in the
chemical industry, representing only a very small amount of the market
of energy and fuels. The worldwide hydrogen production capacity in
refineries in January 2008 was 3.81x108 Nm3/day [2]. Only 0.6 % of this
hydrogen was produced in Portugal. The share of hydrogen markets [3]
is shown in Figure 1.1. The bulk of the hydrogen is produced to supply
the demand of existing industries. Even if all this hydrogen was used to
replace fossil fuels, it only accounts for 2 % of the global energetic
requirements [3].

To accomplish an increase in production capacity by 2 orders of
magnitude in a sustainable way, new and more efficient technologies
should be implemented. The main objective of this thesis is the study of
an innovative route for production of hydrogen by combining reaction
and in-situ separation of CO2 to promote additional formation of

products.
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Methanol
plant
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Other
11%
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Figure 1.1. Hydrogen production capacities in different industries.

Current technologies for hydrogen production include steam and
autothermal reforming, partial oxidation, water electrolysis, chloro-alkali
processes, styrene manufacture, MTBE production, petroleum refining [1,
3].

Among the current technologies, steam methane reforming (SMR)
is still, by far, the most economic and widely employed technology for
hydrogen production [4], accounting for 48 % of the total H2 produced
in 2002 [1, 5] while the reforming of other petrochemicals accounts for
30 % and coal 18 % [1]. The SMR technology is a well established large-
scale technology and produces the highest amount of H2 per carbon
input, reducing the carbon footprint per energy unit produced. To
achieve long-term sustainability (usually translated to economical
policies intending to Kyoto protocol targets [6]), the SMR can be
modified to include carbon dioxide capture and storage, CCS. Capture
of CO2 can be implemented in different ways in a SMR process:
modifying the current separation technology for H2 cleaning or entirely
modifying the plant flowsheet by integrating reaction and separation in

a hybrid reactor.
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Steam methane reforming, although based on non-renewable
sources, is the best option available at the moment to produce H: in
large quantities while other technologies do not achieve the required
maturity. However, in the long term, the best option for energy and fuels
production will always be the use of renewable sources like wind, solar,
hydro, geothermal or tidal.

New processes include sorption enhanced reaction processes
(SERP), membrane enhanced reaction processes, advanced coadl
gasification with carbon capture and storage (CCS), production from
biomass, production using solar power by photoelectrochemical and
photobiological technologies [1]. This thesis focuses on the SERP process,

a technology that will be discussed in detail in the following chapters.

1.1.1. Steam reforming of carbon-based materials

Steam reforming refers to the combination of steam and carbon
sources to produce hydrogen (H2) and carbon oxides: carbon
monoxide (CO) and/or carbon dioxide (COz2). In the presence of CO
and steam, the water-gas shift (WGS) reaction also takes place and
accounts for the simultaneous production of CO2. The carbon steam
reforming and WGS reactions can be seen below [4]:

C+H, 0 CO+H, AH o6 =131.3kJ/mol (1.1)

The steam reforming process dates back to the beginning of the
20t century. At that time, the demand for cheap H: for the synthesis of
ammonia and methanol was the driving force for the development of

this process. Ammonia was a major source of fixed nitrogen and was
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used in the production of fertilizers, explosives, nitric acid, refrigeration
fluid, disinfectants [4, 7]. The production of cheap ammonia was
important to increase the output of farms and consequently lower the
price of food. The Second World War also raised the demand for
explosives and consequently for more ammonia. Parallel to the demand
of ammonia was the demand for methanol for the production of
formaldehyde. Formaldehyde is used to produce polymers, paints and
explosives [8]. Methanol is obtained by the combination of synthesis gas
(CO and Hz) at high pressure.

The first steam reforming process was developed in 1917 by Haber
and Bosh [4]. This process relied on coke to provide the carbon
necessary for reaction 1. BASF developed the technology for the steam
methane reforming. In this process, methane (CHs) — from natural gas —
was combined with steam over a catalyst at high temperatures to
produce Ha. In 1931 the BASF process was applied industrially in New
Jersey to reform refinery off-gases. An example of an industrial steam
methane reformer can be seen in Figure 1.2 [?9]. Later, ICI developed
better catalysts and infroduced a desulphurization step to clean the
feed gas. In places where natural gas was not so readily available,
steam reforming processes were developed for other hydrocarbons [4],
namely naphtha, ethane, methanol, ethanol among others.

More recently steam reforming of methane and oxygenated
carbon sources (methanol, ethanol) have been studied for the
production of H2 for fuel cells [10-13]. In fact, with the maturity that
reforming technology has atftained, it has been presented as an
alternative to boost overall process economic of production of bio-fuels
[14].



Chapter 1

The main source of methane is natural gas. Natural gas
composition is different depending on the extraction site [4, 15]. Other
components that can be found are ethane, propane as well as small
amounts of other hydrocarbons, nitrogen, carbon dioxide, sulfur and
chlorine [4, 15].

Figure 1.2. Methane steam reformer for the production of hydrogen (~112x103
Nm3/h) [9].

The C2+ hydrocarbons (hydrocarbons with two or more carbons)
are not problematic in small amounts as they also undergo steam
reforming resulting in H2. However, chlorine and sulfur are poisons to the
catalyst and have to be removed before the reforming reactor. Sulfur
can be removed by a desulphurization step using a bed of zinc oxide
(ZnO). As chlorine destroys the ZnO, usually a chlorine guard is installed
before desulphurization step [4]. Nitrogen and CO2 are not hazardous to
the catalyst but act as diluents, decreasing the H2 yield as well as the
energy efficiency of the process and therefore, if economically feasible,
should also be removed.

The production of hydrogen by SMR is associated to several

technological difficulties that were overcome over time, but sometimes
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in an expensive way. Reaction is carried out at high pressure (25-40 bar)
and very high temperature (up to 1100 K). The presence of large
amount of steam and the strongly endothermic nature of SMR result in
severe heat fransfer limitations, normally solved by direct firing of the
reactor tubes. Such conditions result in a very short life of reactor tubes
(3-4 years depending on the operating conditions and tube wall
thickness) that are made of expensive materials (chromium and nickel).
Reducing the reaction temperature will be a very interesting approach
since less energy will be spent in heating and cheaper materials can be

used.

1.1.2. Improvements to current SMR technology: hybrid

reactors

Among the list of the suggested improvements to SMR process are
hybrid reactors. The concept of hybrid reactor refers to the use of the
same vessel to perform reaction and separation. There are several
processes where hybrid reactors were proposed, such as synthesis of
diethylacetal [16] or dimethylacetal [17], production of TAME and n-
Propyl propionate [18] and SMR [19-24] among others. The hybrid
reactor concept is specially suited for equilibrium-limited reactions:
when one of the products is removed, the equilibrium is shifted towards
the formation of more products according to Le Chatelier's principle.
Therefore, in a hybrid reactor it is possible to obtain higher conversions
than in a conventional reactor operating in the same conditions. In the
case of SMR, a hybrid reactor allows the use of lower temperatures of
operation (~500 °C) while maintaining high methane conversion and

hydrogen yield. The temperature decrease reduces both operational



Chapter 1

costs (heating) and investment costs (materials) improving the overall
life cycle analysis and thus carbon footprint. The number of separation
processes necessary to purify the Ho after the reactor will also be smaller
as, inside the reactor, one of the products — CO2 or Hz — is removed as
soon as it is produced. In the effluent stream, the carbon monoxide
content will be close to zero as CO will react with the excess steam to
produce more CO2 and Hz (reaction 1.2).

Literature dealing with hybrid reactor suitable for steam methane
reforming report the use of membranes [25] or sorbents [26] to achieve
the equilibrium shift fowards the products. Membranes permeable to
hydrogen can be used to obtain a stream composed of high purity
hydrogen. In the other stream leaving the reactor, the unconverted
methane has to be separated from the CO and COs. The methane can
then be recycled to the reactor and the carbon dioxide captured. An
important problem of this technology is that H2 is obtained at low
pressure and therefore there is an extra cost of compression that must
be considered in the economic balance. Additionally, the life of
membranes and sealing under SMR conditions still represent important
technological problems to be solved.

High temperature carbon dioxide sorbents are also suitable to
achieve the equilibrium shift. Removing the CO2 from the reactor shifts
the equilibrium, increasing the methane and carbon monoxide
conversion to more hydrogen. This is known as sorption-enhanced
reaction process. The effluent stream of the SERP is composed of
methane, hydrogen and steam at high pressure. The SERP reactor has to
be periodically regenerated to desorb carbon dioxide from the sorbent
material. This means that, unlike the membrane reactor, more than one

column has to be operated simultaneously fo achieve a continuous H2
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production. The carbon dioxide recovered during the regeneration
stage can be purified for chemical uses or for permanent sequestration
in secure geological formations. Simulation of SERP has been already
performed at the LSRE to determine new operating conditions [20-24]
employing published data of carbon dioxide sorption equilibrium and

kinetics and catalyst reaction kinetics.

— i 4 = — = A " _— Y

b) SMR-SERP Reactor — Sorption/reaction

c) SMR-SERP reactor - Regeneration

Figure 1.3. a) Steam methane reforming reactor; b) SERP reactor during sorption
step; c) SERP reactor during regeneration of the CO2 sorbent step.
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A comparison example of evolution of gas concentration in the
SMR reactor and in SERP can be seen in Figure 1.3. Note that the original
SMR reactor may operate in steady state conditions while SMR by SERP
require periodical switching of columns.

The process design and optimization as well as technology fransfer
of SERP process for H2 production is strongly linked to the development
of materials able to remove CO2 from a “difficult” reaction media. For
this reason, an important topic within this thesis was devoted to research
of CO2 removal at high temperatures under presence of large amounts

of steam.

1.1.3. Sorption of CO: at high temperature (> 573 K)

Physical adsorption is an endothermic process and therefore the
equilibrium sorption capacity decreases with temperature. This is a
problem for steam reforming reaction running at temperatures higher
than 400 °C. There are many materials that can be used to sorb CO2at
low temperatures such as activated carbons, silica gel, zeolite 13X and
others [27] but at high temperatures and in the presence of steam most
of them are destroyed or show very low capacities and therefore
cannot be used.

One of the first reported sorbents was calcium oxide (CaO) [28,
29]. Since then, several sorbent materials have been employed in basic
research to study the sorption of CO2 at high temperature in presence
of steam: lithium oxides [30-32], calcium oxides [33], hydrotalcites [19,
34-42], double salts [43] and basic alumina [26]. Hydrotalcites, at low

temperatures, have low sorption capacity when compared to other
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sorbents but as this material can withstand steam and high
temperatures it was selected for this work.

When the sorbent is saturated with CO., the sorbent has to be
regenerated. The most common regeneration techniques are pressure
and temperature swing.

Temperature swing regeneration is carried out by increasing the
temperature of the solid, decreasing its loading and releasing COa2. The
main drawback of this technology is the time needed to heat and cool
the sorbent. Temperature swing is used when CaO is selected as sorbent
[33, 44].

In pressure swing, desorption is achieved by decreasing the partial
pressure of CO2. An energy penalty exists if the goal is to store the COa,
since energy has to be used to compress the carbon dioxide from the
low pressure of the effluent stream to the pressure of storage. The
regeneration of the hydrotalcite sorbent selected can be achieved by
either pressure [45] or temperature swing [46]. This work will focus on

pressure swing.

1.2. Objective and outline of the thesis

The objective of the present work is the production of high purity
hydrogen using a sorption-enhanced reaction process (SERP) applied to
the steam methane reforming reaction. The use of a high temperature
carbon dioxide sorbent and a steam reforming catalyst in the reactor
was studied to produce high purity hydrogen at temperatures bellow
550 °C. Fundamental preparation and characterization of alkali-
modified hydrotalcites was performed as well as SMR tests in two

different Ni-Al2O3 catalysts. Finally, SERP experiments were conducted to
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validate a mathematical model used for simulation of a process for
continuous production of Ha.

This thesis is outlined as follows.

In chapter 2 the sorption of CO2 in a suitable sorbent is addressed.
Commercial hydrotalcite samples were used as the base material and
several alkali-modified sorbents were prepared in the scale of 100 g
/batch. The nine sorbents (3 commercial and é prepared samples) were
screened and 2 were selected for the measurement of their sorption
properties at high temperature. A fixed bed model was developed to
describe the high temperature carbon dioxide breakthrough curves.

In chapter 3 two Ni/AlOs catalysts were studied for steam
methane reforming. The main difference between them is the presence
of large pores in one of them. The intrinsic kinetics were measured for
both catalysts in the powder form. Conventfional steam methane
reforming was performed to measure the effect of diffusional resistances
within the catalysts.

Chapter 4 deals with SERP. Two different configurations — random
mixture and alternating layers of catalyst and sorbent — were studied to
illustrate the improvements achieved by the SERP when compared with
regular steam methane reforming. A mathematical model of the SERP
reactor was developed and was validated by experiments made to
produce high purity hydrogen. With this mathematical model, a SERP
process with reactive purge was designed.

The final chapter presents the conclusions of this work and some

suggestions for future work.
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2. CO: sorption at high temperature in hydrotalcites

2.1. Introduction

In a sorption-enhanced reaction process (SERP), the
thermodynamic equilibrium of a reversible reaction is displaced by
selectively removing one of the products from the reaction media. This
chapter focuses on the selection, preparation and characterization of a
proper sorbent material able to remove CO:2 for the production of H2 in
a SERP process. Based on previous experience at LSRE, the work was
oriented to use hydrotalcites. This chapter shows details on the
preparation of large amounts of alkali-modified hydrotalcites as well as
their characterization. Measurements of sorption at high temperature
and with large amounts of steam were conducted to determine

equilibrium and kinetics of sorption of CO2 within the prepared materials.
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2.2. Carbon dioxide sorption

2.2.1. Why is carbon dioxide capture important?

Water vapor, carbon dioxide, methane and some other gases
present in the atmosphere absorb a part of the thermal radiation
reflected from the surface of Earth [1], maintaining the atmospheric
temperature. These gases are known as greenhouse gases (GHG)
because they act as a partial blanket for thermal radiation producing a
natural greenhouse effect that maintains the average temperature on
earth at 15 °C, instead of the average -18 °C without the greenhouse
effect [1]. However, since the industrial revolution, the amount of GHG
in the atmosphere has been increasing as can be seen in Figure 2.1. The

global CO2 concentration increased from about 280 ppm to 380 ppm in

150 years.
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Figure 2.1. Atmospheric carbon dioxide concentration over the last 400
thousand years [2].

The higher concentration of greenhouse gases in the atmosphere

due to anthropogenic emissions results in an enhanced greenhouse
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effect with unknown consequences in global and regional climate.
However, to avoid irreversible changes in global climate, the United
Nations have agreed to establish goals to reduce the emissions of CO2
to limit its concentration in atmosphere to less than 550 ppm. It is
expected that keeping CO2 below this concentration, the global
increment of temperature is contained within 2 °C. The starting point of
these international agreements is the Kyoto protocol [3]. By signing this
commitment, the industrialized countries have agreed to reduce its
emissions to 8% of their emission levels in 1990. However it must be stated
that the Kyoto protocol is the kick-off point in a series of measures to
decarbonise the energy and fuels markets.

Power plants are the most important stationary sources of CO:2
emissions. In these plants, coal, fuel oil, natural gas or other fossil fuels
are burned to produce electricity. Other sources include industrial
processes such as reforming of hydrocarbons, paper and cement
production, co-generation plants and industrial ufilities such as boilers
and heaters fuelled by hydrocarbons. In Portugal, 83.5 % of all the
energy is produced using fossil fuels [4].

In all these industrial streams, CO2 is vented to the atmosphere.
Therefore, innovative processes are required to capture and purify the
CO2 produced to be sequestered or to be employed as reactant in a
new CO2-based chemistry. The main problem is that no general solution
to CO2 capture can be obtained due to the wide range of operating
condifions of the processes that produce carbon dioxide.

One of the most challenging conditions for CO2 removal is when
the stream is at high temperature, possibly also in the presence of large
quantities of steam, SOx and NOx. This is the case of CO2 capture from

flue gases where temperatures range between 473 and 773 K. The CO2
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removal at high temperatures also appears in the context of
hydrocarbon reforming to produce hydrogen in sorption enhanced
reaction process. This application will be specifically considered within

the scope of this thesis.

2.2.2. Current technologies for carbon dioxide capture

Carbon dioxide and other "acid gases” are commonly present in
natural gas streams. The most common way for natural gas sweetening
is the removal of carbon dioxide using amine scrubbing [5, 6], where
the reversible reaction of an amine with CO2 is employed. The stream
containing carbon dioxide should be at a temperature between 313-
333 K to enter into the absorber where it contacts with the liquid stream
containing the amine. When the amine is saturated with CO-, it goes
through a blower to a thermal regeneration in a stripper — normally at
temperatures around 373-413 K and low pressure — where the carbon
dioxide is released. The most commercialized amine s
monoethanolamine (MEA), although other amines with lower reactivity
but higher resistance to contaminants can be employed. The cost of this
process is estimated to be between 40-70 $/ton CO2 [6].

The extension of amine scrubbing to capture of CO2 from flue
gases arises some operating problems: stream available at high
temperature, low partial pressure of CO2 and contaminants leading to
high make-up requirements. The stream to be treated by amines has to
be cooled to, at least, 333 K. Also, when the CO2 concentration is low,
the energetic penalty of the process is high. Other gases present in the
stream, such as SOx, NOx, Oz, etc. create irreversible interactions with

the amines requiring a make-up stream, again increasing the costs of
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operation [5]. Research in this technology is currently focused in
developing new amines to prevent the problems mentioned previously
[5-7].

Apart from amines, several substances act as physical solvents
when they come in contact with CO2. Rectisol is a physical sorbent
(methanol plus additives) commercialized by Linde Engineering
(Germany) [8]. Other solvents like Purisol, Selexol are also
commercialized [5-7]. Alstom Power (Germany) [?] is demonstrating a
carbon dioxide capture technology using chilled ammonium carbonate
solution to absorb the COz2, in the form of ammonium bicarbonate. The
COzis desorbed by heating the resulting bicarbonate to 393 K.

Membranes are an interesting technology for separation of carbon
dioxide. High temperature membranes for hybrid reaction-separation
processes are in the development stage for the production of
hydrogen, in a project funded by Tokyo Gas (Japan) [10]. Other works
are focused in flue gas treatment by composed systems like membrane-
solvents [11] and membranes with potassium carbonate and glycerol
[12].

Pressure swing adsorption (PSA) is another, more recent,
technology that is already in use for the separation of CO2 from
industrial streams. The CO2 containing stream is passed through a bed of
adsorbent at high pressure and the CO:2 is more adsorbed than the
other components in the mixture. Continuous operation requires a
multicolumn system that switches the production to a clean column as
soon as the one in use is saturated with CO2. The carbon dioxide is
recovered at low pressure during the regeneration of the sorbent.
Pressure swing is currently used for low temperature separations as the

adsorption capacity decreases with increasing temperature [13-15].
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This technology can use a variety of adsorbents such as activated
carbons, zeolites or other materials [13-15]. Commercial units for
removal of carbon dioxide from industrial streams exist for natural gas
[16] and for steel industry [17].

Extension of the PSA technology to CO: capture in energy
production presents some challenges: in physical sorbents, when
temperature increases the capacity of sorption decreases, increasing
the size of the plant and its energetic penalties. The presence of SOx in
feed stream is also detrimental as it poisons the adsorbents. Finally, the
presence of water is critical for some sorbents such as zeolites, as water
is more adsorbed than CO2 or can even destroy the structure of the
sorbent. The solution to problems such as processes for carbon dioxide
capture [18], competitive adsorption of CO2/H20 mixtures [19] and the
presence of impurities [20] are part of the current focus of the
Cooperative Research Centfre for Greenhouse Gas Technologies
(CO2CRC) in Australia .

In energy and fuel production applications, the use of high
temperature sorbents is an interesting option since it is not necessary to
spend energy to cool down the gas stream. In SERP applied for H2
production by hydrocarbon reforming, a high temperature sorbent is
essential since CO2 should be removed from the reaction media (at
high temperature and in presence of large amounts of steam).
According to some studies of SERP units for H2 production, high
temperature sorbents should present suitable CO:2 sorption capacity (>
0.3 mol/kg [21]) and fast diffusion kinetics as well as good resistance to
steam. The following section illustrates the ongoing research in the area

of high temperature carbon dioxide sorbents.
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2.2.3. High temperature carbon dioxide sorption

The first reference to the use of a high temperature sorbent dates
back to 1868 [22]. In the 20" century various patents were issued for the
integration of a high temperature sorbent with a steam reforming
catalyst [23-26], particularly dolomite but the research was not
continued due to the low cost of energy at the time [22].

In recent years, the concerns about GHG emissions combined with
the increase in oil prices renewed the interest of researchers in high
temperature sorbents for CO2. The works published in this field covers
different materials such as: calcium oxide [22, 27-37]; lithium oxides
(zirconate and orthosilicate) [38-48]; hydrotalcites [21, 49-79]; carbon-
based adsorbents [80]; basic aluminas [81]; double salts [82] and
sodium oxides [83-85]. A “rule of thumb” comparison of the general

properties of four of these adsorbents can be seen in Table 2.1 [69].

Table 2.1. Characteristics of CO2 sorbent materials [69]

Sorbent Capacity | Stability Kinetics
Calcium oxide Good Poor Good
Hydrotalcites Poor Good Poor
Double salts Fair Unknown Fair
Lithium oxides Fair Fair Good

The high temperature carbon dioxide sorbents listed in Table 2.1
can be divided in two groups according to the regeneration protocol
required to operate a cyclic process:

1. Thermal swing regeneration — Calcium, lithium and sodium oxides;
2. Pressure swing regeneration — Hydrotalcites, double salts, basic

aluminas and carbon-based adsorbents.
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Recently, a few works were published considering the regeneration
of hydrotalcites by thermal swing [75, 77]. A detailed description of
each of these materials and new trends in research are discussed

below.

2.2.3.1. Calcium-based sorbents

Calcium-based materials are available in several combinations on
Earth. The most important ones are: limestone — a naturally occurring
mineral consisting mainly of CaCOs — and dolomite — a combination of
calcium and magnesium carbonates, CaMg(COs)2. The materials
obtained from dolomites decompose into separate oxides and it was
verified that only CaO is involved in CO:2 sorption while MgO stabilizes
the pore network and acts as a carrier for the calcium phase [36].

Due to its abundance in nature, calcium oxide is the cheapest of
the sorbents presented in Table 2.1 [7]. Calcium oxide sorbs CO2 at high
temperature by the carbonation reaction [33]:

CaO(s)+CO,(g)«> CaCO,(s)  AHyg =-182.1kJ/mol (1.1)

Acceptable carbonation (sorption) rates in the range of 0.08-0.4
mmol/s can be achieved at temperatures higher than 773 K, while the
decarbonation reaction (desorption) temperature should be above
1173 K [22, 31, 33-35]. Carbonation of CaO is characterized by a rapid
initial reaction rate followed by an abrupt transition to a quite slow rate.
This change in reaction rate was attributed to the formation of a layer of
carbonate around the sorbent that increases the mass fransfer
resistance to the diffusion of CO2 to the center of the CaO particle.

Cyclic studies suggested that the thickness of CaCOs layer formed in
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the carbonation cycle has 22 nm [27]. The CaCOs layer also influences
the activation energy which is initially low but increases with conversion.

Ca-based sorbents are also significantly deactivated by the high-
temperature calcination treatment. This cyclical disadvantage was
attributed mainly to pore blockage [32] and sintering [30] and was
accompanied by textural and surface area changes [29]. A decrease
of CO2 capacity to lower than 20% of the initial value was reported for
large carbonation times using pure CO2 due to the formation of a
bofttleneck in the limestone pore network [32]. A direct consequence of
these deactivation problems is that both capacity and kinetics of CO2
are smaller and slower as the number of calcination/carbonation cycles
increases, which is not desirable for cyclic operation. When dolomite
was used, the rate of sintering was less pronounced due to the excess
pore volume created by decomposition of MgCOs [30]. The true density
of calcium oxide is 3.3 g/cm3 while for CaO synthesized from natural
dolomite this value was around 1.4 g/cm3 (porosities up to 55%). The
work from Barker [27] showed that if 10 nm CaO particles were used, the
conversion was maintained at 93 % over 30 cycles at 202 K.

A strategy followed to achieve large conversions, keeping sorbent
durability, was its synthesis in laboratory. In one study, CaO was
prepared from a mesoporous (5-20 nm) high-surface area calcium
carbonate precipitated from Ca(OH)2 using COa2. This sorbent did not
show sintering and kept its high sorption capacity (16.1 mol/kg) in the
first three carbonation-calcination cycles [28]. The influence of different
precursors in the BET area and pore volume was also investigated.
Calcium acetate and calcium propionate were the precursors that
gave the best results for the sorption of CO2, with capacities of 16.1 and

17 mol/kg, respectively, in the carbonation reaction — 10.7 and 14.6
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mol/kg in the first 15 min [37]. The high sorption and kinetics were
credited to the higher macroporosity of the materials that was not
blocked by the calcium carbonate.

Finally, the carbon dioxide sorption capacity of CaO can also be
increased by doping with alkali-metals. As CO2 is a weak acid,
increasing the basicity of the surface increases the sorption capacity.
The CO2 sorption capacity using alkali-metal dopants increases with
atomic number and electropositivity of the metals: Cs > Rb > K > Na > Li
[31]. A sample prepared with 20 % Cs/CaO showed a capacity of 11.4
mol/kg at 873 K when tested in a flow of pure CO2. AlImost the same
capacity was obtained when a flow of 40 % CO2, 50 % air and 10 %

water were used [31].

2.2.3.2. Lithium salis

Lithium zirconate sorbs CO2 at temperatures above 723 K [38]. The
desorptfion can be performed at temperatures above 923 K. Lithium
zirconate sorbs CO2 by the following carbonation reaction:

Li,ZrO,4(s)+ CO,(g) <> Li,CO4(s)+ ZrO,  AHyg =-160kJ/mol  (1.2)

A sorption capacity of 4.54 mol/kg was initially reported [40], but
the sorption kinetics were slow. Doping lithium zirconate with potassium
and lithium carbonate improved the sorption kinetics by 40 times when
compared to the pure sample, as the CO2 diffuses faster to reach the
lithium zirconate [40]. Sodium carbonates and oxides were also
reported to show promoting effects on Li2ZrOs and LisSiO4 if added in a
maximum amount of 30 % mol [41]. More recent works reported lithium
zirconates with improved capacities for CO2 sorption — 5.0 mol/kg at

673 K [45]. The sorption kinetics were very good, with saturation in less
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than 10 min. The improvement in the characteristics of the material was
credited to a new preparation method that was able to produce high
purity lithium zirconate crystals [47]. Regeneration of the new material
was achieved at 923 K.

Lithium orthosilicate also shows promising results in the sorption of
COo2. The sorption is also achieved by a carbonation reaction:
Li,SiO,(s)+ CO,(g) «> Li,SiO4(s)+Li,CO,4(g) (1.3)

Lithium orthosilicate is cheaper than lithium zirconate and has an
sorption rate 30 times faster than pure lithium zirconate at 773 K and
CO2 concentrations of 20 % — sorption capacity of 6.13 mol/kg [44]. The
carbon dioxide can be desorbed at temperatures above 973 K, which is
much lower than the 1173 K required using CaO. Another feature of
lithium orthosilicates is the capacity to remove CO2 even from diluted
streams (with 2 % of COz2). It was reported that LisSiO4 can adsorb up
5.91 mol/kg of CO2 in 50 min, from the diluted stream. Bretado and
coworkers [42] proposed the impregnated suspension method fo
prepare lithium orthosilicate, claiming that with this method higher purity
of the material is achieved. The new material achieved showed a CO:2
sorption capacity of 8.2 mol/kg — which they compared with the value
of 6.9 mo/kg reported by Kato et al [44].

When LisSiO4 crystals were inserted into a pellet, mass transfer
limitations and sintering were observed. Essaki et al [46] reported a
decrease of 25 % in the capacity at 873 K between the powder and
pellet samples. Kato et al [44] reported a 27 % decrease in the capacity
of the pellets during cyclic tests. The decrease in the capacity could be

reduced by doping the orthosilicate with 5 % lithium zirconate.
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Other lithium-metal combinations such as lithium ferrite (LiFeO2),
lithium nickel (LiNiO2), lithium tfitanate (Li2TiOs) and lithium methasilicate
(Li=SiOs) were already tested at various temperatures [41]. Despite of the
large number of lithium salts investigated, LisSiO4 was found to have the
highest capacity and reactivity to COa..

The interest in lithium salts as CO2 high temperature sorbents can
be seen by the two international patents registered by Toshiba
corporation [38, 39] and the patent by the group of NTNU in Norway
[48].

2.2.3.3. Hydrotalcites

Hydrotalcites are naturally occurring, bi-dimensional layered
double hydroxides from the family of anionic clays having the general

formula:

M, M3 (OH), (A )

x/n

-mH,O (1.4)

where M2+ and M3+ are divalent (Mg, Mn, Fe, Co, Ni, Cu, Zn, Ga) and
trivalent (Al, Cr, Mn, Fe, Co, Ni, and La) metal ions and A is an anion

(CO3 ,OH ,NO;,S0%", ClIO;). The divalent and trivalent ions form a

crystalline structure that is positively charged due to the presence of the
trivalent ion: 0.2 < x < 0.33. The excess of positive charge will be
balanced by the anions present in the interstitial position between the
two positive layers [86, 87]. In the case of the hydrotalcites used for
carbon dioxide sorption at high temperature, M2+ is magnesium (MQ)
and M3t is aluminum (Al). The CO2 can be sorbed in the form of the
carbonate ion (COs?) in the in