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Abstract

Carbon dioxide (CO2) emissions to the atmosphere are considered a significant contributor
to climate change due to the activity of the carbon dioxide molecule in the infrared
spectrum. This causes solar radiation to be ‘trapped” in the earth’s atmosphere if increased
CO: concentrations are present, leading to global warming. In order to decrease CO:
emissions from stationary sources, like fossil fuel-fired power plants, and halt global
warming, carbon capture and storage is proposed as a viable option. Here, a big fraction of
the CO2 normally being emitted to the atmosphere is to be separated from a flue gas
stream of a conventional combustor facility (known as post-combustion) or from a
synthesis gas (syngas) stream obtained by gasification of the fuel before its combustion
(known as pre-combustion). The characteristics of the post-combustion flue gas and the
pre-combustion syngas are substantially different, so that capture technologies must be
developed for their respective application. The captured CO: can then be either used in
industrial applications like enhanced oil recovery, if a market exists, or else be stored in
places separate from the atmosphere, so as to not cause global warming. Underground
storage, consisting of saline aquifers or depleted natural gas caverns, is among the options

considered for permanent and safe CO: storage.

This project investigated the use of metal oxide-based sorbents for pre-combustion capture
of CO:z at 250 to 400 °C from syngas generated in the Integrated Gasification Combined
Cycle (IGCC) process. At this temperature, syngas leaves the water gas shift reactor, which
is the ultimate part of the gasification system within the IGCC process. Capturing the COz
in-situ at this temperature is considered beneficial, as it eliminates the requirement to cool

or heat the gas to CO2 sorption temperature, which would come with an energy penalty.

In the first part, various metal oxides were screened for their suitability to capture CO:z in
the temperature range of IGCC syngas. These were lanthanum oxide, magnesium oxide,
zinc oxide and cadmium oxide. Based on a literature review, it was found that their
carbonates decompose at temperatures considered here. A thermogravimetric screening
test routine was outlined and the materials tested by exposure to carbon dioxide on a

temperature ramp from 120 to 650 °C. Pure metal oxides and carbonates were considered
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as well as oxides doped with alkali metal compounds. It was found that cadmium oxide
doped with various alkali halides sorbs and desorbs CO: well in the screening test, so that
more detailed studies were proposed. A magnesium oxide/cesium carbonate composite,
which was analysed in detail in a previous project and synthesised using a variety of
precursors here, was screened as well and found suitable. As the latter material exhibited a
comparatively poor overall CO:z sorption capacity, it was hypothesised that improvements

could be made by varying the synthesis method.

In the second part, cadmium oxide/alkali halide mixtures were analysed for their optimal
concentration of dopant required to give maximum COz sorption capacity. A variation of
alkali halide dopants showed that 17.5 wt% of sodium iodide (based on cadmium
carbonate used as synthesis precursor) used in synthesis yields the best-performing
sorbent. This sorbent was tested in detail via thermogravimetric analysis (TGA) for single-
cycle and multiple cycle CO2 sorption and desorption by partial pressure variation under
isothermal conditions at various temperatures. The carbonation of cadmium oxide to
carbonate and its decarbonation was confirmed as the reaction mechanism via powder X-
ray diffraction (XRD) and Fourier-transform infrared (FTIR) spectroscopy. XRD also
showed no significant change in the unit cell parameters of cadmium oxide due to sodium
iodide doping. It was shown that alkali halides are necessary promoters for the
carbonation reaction, as pure cadmium oxide did not exhibit any CO: inclusion and
conversion into cadmium carbonate. For the sodium iodide-doped cadmium oxide, a
stoichiometric recarbonation was achieved, resulting in a mass gain of 26 % (based on

cadmium oxide and considering the presence of dopant here).

It was also shown in multicyclic sorption experiments, that a significant decay in working
capacity (i. e., the amount of CO: both captured and released per cycle) occurred if the
initial decarbonation of the cadmium carbonate precursor was performed in air. This
could be improved by carbonate decomposition in inert gases like nitrogen or argon.
Elemental analysis performed by inductively coupled plasma mass spectrometry (ICP-MS)
and atomic absorption spectrometry (AAS) showed that iodine is lost from the sample,
which might be attributed to oxidation of iodide to iodine. The loss of iodine promoter is

considered to be the cause of a decay in working capacity of the sorbent. Water vapour
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addition (1 vol%) to the sorption gases lead to an increase in stability in terms of the
working capacities over the number of cycles, but had no noticeable effect on the iodine
loss over sorption cycles. Powder samples were considered for multicyclic sorption as well
as pelletised samples. It was shown that pelletisation via mechanical compression under
vacuum resulted in materials with lower working capacities than powder equivalents,
being attributed to the larger pellets being less accessible to the gas than small powder
grains. Pellets made from carbonate lost their mechanical strength after 25 CO: sorption
cycles, whereas pellets made in the oxide state virtually exhibited no working capacity.
Introduction of SBA-15 (porous silica) as spacer made the oxide pellets more accessible to
the gas so that they showed a certain working capacity. However, this again led to partial

loss of mechanical strength, but to a lower extent as observed for the carbonate pellets.

In the third part of the thesis, the physico-chemical properties of the cadmium
oxide/sodium iodide material were studied in detail. Transmission electron microscopy
(TEM) showed morphological changes if the samples underwent multiple sorption cycles.
Initially, spherical cadmium oxide nanoparticles of approx. 200 nm width were observed,
which partially broke into irregular pieces after 25 sorption cycles. It was also confirmed
by scanning electron microscopy (SEM) and elemental mapping that sodium iodide is
interspersed into the cadmium oxide as discrete particles. In-situ powder XRD showed
that sodium iodide contained in the cadmium oxide/sodium halide mixture is amorphous
at room temperature after initial calcination, but becomes crystalline upon heating to CO:
sorption temperature (in this case 325 °C). These results lead to the conclusion that the
cadmium oxide/sodium halide mixed sorbent is not a mixed metal oxide, but rather a
mixture of halide and an oxide particles. The initiation of the CO: sorption by the dopant
halide must thus be due to a mechanistic contribution of the crystalline halide, rather than
the formation of a cadmium-alkali-halide-oxide mixed phase under CO: uptake after
sorption. Analysis of the exit gas from CO: desorption in a fixed bed by mass spectrometry
confirmed the loss of iodine by showing mass-to-charge values of 126 in the mass
spectrum, whereas X-ray photoelectron spectroscopy (XPS) revealed two species of iodine
on the material’s surface, possibly due to different oxidation states. These results support
the idea that iodine might be lost during multicyclic sorption by oxidation of iodide to

iodine.
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In the fourth part of the thesis, improvements in the sorption capacities of magnesium
oxide/cesium carbonate sorbents are shown. Using a solvothermal process involving
hydration of magnesium methoxide and cesium carbonate methanolic solution mixed with
toluene and subsequent treatment in an autoclave at 265 °C and flash-evaporation of the
solvent, higher surface areas were obtained compared to the material made from
commercial magnesium oxide as substrate. The activated solvothermally-made
magnesium oxide/cesium carbonate sorbent appeared chemically similar to the one made
from commercial templates as shown by XRD, but exhibited a higher working capacity
(5 wt% instead of 4 wt%) than the latter. TEM and elemental mapping techniques showed
that the solvothermal method leads to smaller particle sizes and also showed a mostly
uniform distribution of the cesium throughout the magnesium, with occasional clustering

of cesium being observed.

The fifth part of the thesis investigates the effect of syngas components on the sorbents. As
syngas contains hydrogen, which is a strong reducing agent, it was deemed necessary to
assess if the sorbents are stable if hydrogen is present during CO: sorption. It was also
analysed if hydrogen sulphide, which is a trace component in syngas, has an effect on the
sorbents. It was shown that hydrogen tends to lower the working capacity of the cadmium
sorbents, possibly due to reduction of the cadmium oxide to cadmium metal. Lowering the
sorption temperature 20 °C below the one achieving the highest multicyclic working
capacity (i. e., to 285 °C), was able to significantly reduce capacity loss in a CO: sorption
experiment containing hydrogen. The magnesium-cesium sorbent appeared stable in the
presence of hydrogen. Hydrogen sulphide, however, had a significant impact on both the

cadmium and magnesium-based materials by reducing their working capacities.

In summary, a cadmium oxide based CO: sorbent was developed and its physical and
chemical properties examined. A magnesium-based mixed oxide developed in a previous
study was improved in sorption capacity. The stability of both these materials under
simulated syngas conditions was examined and future work is proposed to focus on the
application of real syngas to these sorbents, with the goal of further improvements in their

stability.
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Chapter 1 Introduction

1.1 General background

The term “global warming’, also called ‘climate change’ or ‘greenhouse effect’, refers to an
increase in the earth’s surface temperature, caused by so-called greenhouse gases. These
gases, of which many are natural components of the atmosphere, are mostly translucent to
visible light, but have the ability to absorb radiation in the infrared spectrum. When
sunlight (i. e., its fraction of the visible light spectrum) reaches the earth, it is first absorbed
by the earth’s surface and then re-radiated as longer-wavelength infrared radiation. This
radiation is then partially ‘trapped” in the atmosphere, as the greenhouse gases then
hinder the energy associated with the infrared light from escaping into space (Figure
1.1.1). Without the natural greenhouse gases, the earth would on average be 33 °C cooler

and potentially unable to create conditions supportive for life as we know it [1].

Activities of human civilisation, however, have created technologies that strongly rely on
energy conversion, which in turn is backed up by a widespread use of fossil fuels. These
fuels generate carbon dioxide (CO2) as an exhaust gas during their combustion. An in-
crease in living standard in developing nations is predicted also to increase energy de-
mands by 57 % from 2004 to 2030 [2], peaking no earlier than in the year 2025 in the case of
China and India [3].

Carbon dioxide, being the greenhouse gas of greatest impact emitted by human activity
[4], causes an undesirable intensification of the greenhouse effect, which is predicted to
lead to rising sea levels, desertification and species extinction. Secondary effects, like an in-
crease in water vapour content in the atmosphere due to a higher temperature, might fur-
ther accelerate the greenhouse effect, as water vapour is also an infrared-active gas, and,
thus, can be considered a greenhouse gas [5]. A more recent study has found that non-
condensing greenhouse gases, particularly COs, are the most important factor in the
control of the earth’s temperature, and that the feedback system involving condensing

vapours (like water) and the earth’s albedo (this is a measure of radiation reflectivity,
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influenced by the appearance of reflective/white glacial ice vs. darker rocks, among others)

is very complex [6].

As the extent of the contribution of energy generation to human carbon dioxide emissions
is considered to be more than 75 % and the majority of emission sources are stationary
emitters like power and heat generation systems [5], reduction strategies for greenhouse

gases in this sector are considered most likely to offer the greatest impact [7].

The greenhouse effect
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Figure 1.1.1: Schematic illustration of the earth’s greenhouse effect [8]

To move away from high carbon dioxide emissions, there are three prospective strategies:

Firstly, the amount of energy used by society can be reduced. If it is assumed that society
does not want to compromise its living standard, which requires technology that, in turn,
consumes energy, more energy-efficient ways of energy conversion and supply need to be

developed to address this first option.

Secondly, another possibility is to make the switch to fuels which have a lower specific
carbon content. For example, methane (CHa4), a major component of natural gas, has a

calorific value of 50 MJ/kg [9]. With combustion according to eqn. 1.1.1 and accounting for
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the molar masses of CO: (44 g/mol) and CH: (16 g/mol), it can be calculated that the
combustion of methane yields emissions of 2.75 g CO: per g of methane. Considering the
calorific value stated above, this means that 0.055 g CO: per kJ of thermal energy will be

emitted if methane is used as a fuel.
CH:+2 O2— CO2+2 H0 eqn. 1.1.1

If we consider anthracite, a high rank coal, which contains 92.2 mass% of carbon [10], it
can easily be shown that 3.7 g CO: per g carbon (molar mass 12 g/mol) are emitted
according to eqn. 1.1.2. This yields 3.4 g CO: per g anthracite, under the assumption that
carbon is the major contributor to the calorific value. As anthracite is reported to have a
calorific value of 35.7 MJ/kg [10], it can be concluded that a k] of thermal energy derived

from anthracite emits 0.095 g COz, almost double the value for methane.
C+02— CO2 eqn. 1.1.2

The use of natural gas would thus be of considerable benefit as a substitute for coal in
order to reduce energy-specific carbon dioxide emissions. Of even greater benefit would
be the use of renewable energy sources, like solar, wind and hydropower, which offer an
almost carbon-free alternative. However, the low fraction of penetration of these energy
sources (Figure 1.1.2) in the global energy market will need to be increased significantly.
Currently this faces constraints due to the deployment times required [11, 12]. Some
renewable energy sources, like wind or solar power, are not available constantly (i. e.,
wind can only be harvested when it is blowing, solar energy can only be used during

daytime) and are thus unable to provide the base load for an electricity grid.

The third strategy of reducing carbon dioxide emissions involves carbon capture and
storage (CCS, Figure 1.1.3). The high abundance and low cost of coal make it a likely key
player in the energy generation industry of the near future [4, 13], so that this strategy
focuses on continuing the use of fossil fuels, while avoiding the emission of carbon dioxide
to the atmosphere. This is done by separating the carbon dioxide gas from exhaust gas or
fuel gas streams, then subsequently storing it in a place where it can be safely contained

for long periods. The introduction of the CO: into the chemical industry market as a
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feedstock for chemical reactions will also be of consideration, if such a market can be

developed.
a. Estimated renewable energy fraction b. Energy distribution, global final
of global electricity generation 2011 energy consumption 2010
79.7% 80.6%

= Fossil fuel and = Fossil fuels
nuclear & Niusisar
® Hydropower
Renewables

Other renewables

S.0% 15.3% (non-hycre) 16.7% 27%

Figure 1.1.2: a. Fraction of renewable energy of global electricity generation 2011, b. global final
energy consumption, distribution 2010. Values from [12].

Storage of CO:2 was proposed by injection into deep sea waters [14], but concerns have
arisen that this would pose an impact on the marine ecosystem and, thus, “replace one
environmental problem with another” [4]. More recent research efforts are focussed on
CO: storage in depleted oil and gas reservoirs, rock cavities, saline aquifers, unmineable
coal seams or the use of CO: in the recovery of coalbed methane, or oil [15]. The latter,
known as “Enhanced Oil Recovery (EOR)’, is predicted to use significant amounts of CO:
that can only be supplied if CO: is obtained through capture from industrial sources [16].
Part of the CO: used in EOR remains in the oil reservoir, so that this technique can be
considered a CO: storage strategy. Another suggested manner of CO: disposal is mineral
carbonation. Naturally occurring minerals, like magnesium or calcium silicates, are able to
form non-toxic carbonated materials with CO:, which can then easily be disposed of or

used in the construction industry [17].

Before any considerations for the use or storage of CO:2 can be made, ways must be found
to recover it from power plant processes. This, so-called CO: capture, represents the main

focus of this thesis, as will be elucidated below.
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Figure 1.1.3: An artist’s illustration of industrial CO: sources and disposal possibilities [8]

1.2 Carbon dioxide capture process integration

This sub-chapter describes the different CO: capture approaches. As different energy
conversion technologies result in different properties of the COz-bearing gas streams, it is
important to design CO2 capture processes and materials to make them most suitable for

the process they are intended to perform in.

1.2.1 Chemical looping combustion

A series of novel energy conversion processes have been described that involve carbon
dioxide capture in their process flow sheet [4]. An example is the chemical looping
combustion process, which reacts carbon-containing fuel gas with a metal oxide as oxygen
carrier to generate heat. The exhausted metal oxide is then looped into a separate
oxidation reactor, where it is regenerated by oxidation with air, and then recirculated into
the combustion reactor (Figure 1.2.1). As the principal products of fuel combustion in the
presence of a metal oxide are water and carbon dioxide, carbon dioxide capture can be
achieved at low energy and cost expenditure [18]. A more recent study has proposed a
modified process, where calcium oxide is used for both oxidation of the carbon and
capture of the carbon dioxide to form calcium carbonate. This is then looped through a

regenerator to be converted back to calcium oxide, yielding pure carbon dioxide [19].
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Figure 1.2.1: Conceptual scheme of the chemical looping combustion process [18]. ‘Me’ stands
generically for a metal.

As the novel energy generation processes are very diverse, this chapter will not elaborate
on them in detail. The subsequent subchapters will focus on carbon dioxide capture
technologies that incorporate well-known processes — coal gasification and the

conventional power plant combustion process.

1.2.2 Post-combustion capture
A possible way to remove CO: from exhaust gas streams is to use the flue gas of
conventional power plants, extract the CO: into a separate stream and release a CO»-

depleted flue gas to the atmosphere (Figure 1.2.2).

Tpower flue gas captured CO,
power plant CO, \ storage or
process 7] separation 7| industrial use

lT T . CO, free
coa ar exhausts

Figure 1.2.2: Conceptual scheme of the post-combustion carbon dioxide separation [2, 20].

As this approach requires the fuel to be incinerated first, it is referred to as “post-
combustion’ capture. This approach has the advantage that it can be easily retrofitted into
existing power plants [20]. In this case, the flue gas contains a high amount of nitrogen
originating from the air used during combustion, and a CO: content of 13 to 16 vol% for
coals [4, 21] or 3 to 4 vol% for natural gas [4] (Table 1.2.1). The conventional combustion is
normally carried out around atmospheric pressure and the temperature of the end-of-tail

flue gas is normally not below 130 °C due to the danger of condensation of sulphuric acids
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inside the flue gas duct. More modern power plants are able to reduce the flue gas
temperature to values as low as 72 °C by using the cooling tower draft as a flue stack

replacement [22].

Table 1.2.1: Flue gas composition of a typical low-sulphur east USA bituminous coal fired in 20 %
excess air [21]. Balance gas is Na.

compound CO: H:0 Oz SOz NOx HCI Hg

concentration 15-16 vol%  6-7vol% 3-4vol% 500-1000 ppm 500 ppm 100 ppm 1 ppb

1.2.3 Oxy-fuel combustion

The comparatively low CO: concentration obtained in post-combustion flue gas provides a
challenge for CO2 sorption systems, as due to the high amount of inert nitrogen and the
low CO:2 concentration, high volume flows of gas have to be processed by a CO: capture

system, requiring large apparatus and thus, creating high investment costs [4, 20].

A solution to this problem is oxy-fuel combustion, which is very similar to the pre-
combustion approach, but uses pure oxygen as combustion gas instead of air (Figure
1.2.3). This approach requires an air separation unit that removes the nitrogen from air to
provide oxygen. As combustion in pure oxygen would result in temperatures that are too
high for currently available construction materials to withstand, a fraction of about 2/3 of
the flue gas is recirculated into the combustion process. This way, carbon dioxide
concentrations of more than 80 % can be achieved and the concentration of nitrogen oxides
is also reduced, as airborne nitrogen is removed before combustion. A disadvantage of the
oxy-fuel process is the requirement of an air separation unit, which is expensive both in

terms of energy consumption and capital cost [4, 20].

it CO,-rich
nitrogen  ,yvgen power exhausts

power plant .| storage or
process industrial use

K
(6]0)
T air coaIT rec;zlcle

Figure 1.2.3: Conceptual scheme of the oxy-fuel process [2, 20]

air separation
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1.2.4 Pre-combustion capture

The approach known as ‘pre-combustion” carbon dioxide capture [23, 24] is achieved by
the Integrated Gasification Combined Cycle (IGCC) process (Figure 1.2.4), which involves
high temperature gasification of coal into an intermediate synthesis gas (syngas) mixture.
This syngas is created by treating the coal with water vapour in a lean oxygen atmosphere,
in this way avoiding complete combustion of the coal [24]. With this approach, the
reactions in eqn. 1.2.1 to eqn. 1.2.5 occur, producing a syngas consisting mainly of carbon
monoxide, carbon dioxide, water vapour and hydrogen, as well as impurities that contain

sulphur and nitrogen [25].

C(s) +O2 — CO2 eqn. 1.2.1
2C(s)+ 02 - 2CO eqn. 1.2.2
C(s) + H. O S CO+Hz eqn. 1.2.3

C(s) +2 H.0 S CO:2 +2H2 eqn. 1.2.4
2CO0+02 —»2CO: eqn. 1.2.5

The reactions in eqn. 1.2.1, eqn. 1.2.2 and eqn. 1.2.5 are exothermic and provide energy for
the autothermal operation of the reactor, i. e., to power the endothermic reactions of the
char and water (eqn. 1.2.3 and eqn. 1.2.4). In a water-gas shift (WGS) reactor, located
downstream of the gasifier, the yield of carbon dioxide and hydrogen can be increased

according to eqn. 1.2.6.
CO+H:0 S CO2+Hz eqn. 1.2.6

If the carbon dioxide could be conveniently captured from the syngas in the WGS reactor,
(non-polluting) water would be the principal combustion product released from the power
plant, after combustion of the hydrogen gas for power generation in a combined gas and
steam turbine process. The removal of carbon dioxide in-situ in the WGS reactor would
also encourage a shift in the equilibrium of the water-gas reaction (eqn. 1.2.6) towards the

valuable product, hydrogen.
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Figure 1.2.4: Conceptual scheme of the IGCC process with carbon dioxide separation [24].

In comparison to the post-combustion approach, pre-combustion syngas consists of
different constituents (Table 1.2.2). The nitrogen content is low, as only fuel nitrogen is
carried into the gasification chamber. Furthermore, due to the lean oxygen environment,
trace contaminants resulting from sulphur and nitrogen contained in the fuel are of a
different nature in pre-combustion (H2S, NHs, COS) compared to post-combustion (SO,
NOx) gases [21, 25]. Temperatures in the gasifier usually range between 800 and 1800 °C
[25], whereas pressures of atmospheric up to 50 bar are reported, depending on the type of

gasifier [26].

Table 1.2.2: Syngas compositions in %, dry gas basis [27].

compound CcO H> CO: N2
dry-coal fed gasifier 65 30 2 3
slurry-fed gasifier 44 37 16
after WGS reactor 4 55 38

As the gas leaves the water-gas shift reactor at temperatures between 250 and 400 °C [23]
and at pressures of typically 20 to 30 bar [28], it would be beneficial to capture the carbon
dioxide in this temperature range, without any necessities to further cooling or heating of

the gas.

The pre-combustion capture process is considered to involve a high capital cost, but it is

also reported that CO: capture is more easily achieved due to the high CO: content of the
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syngas compared to flue gas (Table 1.2.1 and Table 1.2.2). This might lead to reduced
expense in terms of the carbon capture cost, giving the pre-combustion process good
prospects for future implementation [2, 4, 20]. For this reason, this project is focussed on

pre-combustion capture methods capable of operating between 250 and 400 °C.
1.3 Carbon dioxide capture methods

1.3.1 Solvent absorption

Absorption processes for carbon dioxide using an aqueous amine solution, Selexol
(dimethylethers of polyethylene glycol) or Rectisol (methanol) have been employed for
more than 40 years [29]. In the Selexol and Rectisol process, the liquid serves as a physical

solvent, whereas in aqueous amine solvents, chemically reactive absorption is performed.

Another process uses a potassium carbonate solution as chemical absorbent. Here, the
overall reaction (eqn. 1.3.1) involves water and carbon dioxide to form potassium

hydrogen carbonate [30].
CO2+ KoCOs + H2O S 2 KHCO:s eqn. 1.3.1

For absorption processes, normally a gas stream is supplied through the bottom of an
absorber column and the absorbent solution is supplied at the top. The laden solvent is
subsequently pumped into a regeneration column, where the carbon dioxide is released by

heating or flash evaporation (pressure release).

The reaction of the amine with carbon dioxide (Figure 1.3.1) is performed at a temperature
around 40 °C with absorbent regeneration at 100 to 140 °C [29], whereas potassium
carbonate solutions absorb at 40 °C and are regenerated at above 107 °C [30]. The Selexol
process is performed at even colder temperature (-40 °C). For pre-combustion carbon
dioxide capture, these temperatures would require significant cooling of the syngas
associated with an energy penalty; so that these processes are not part of the scope of this
study. Furthermore, amine solvents are prone to react with trace contaminants during the
carbon dioxide absorption process, like oxygen, sulphur and nitrogen oxides, and
corrosion products from within the reactor, causing degradation of the absorbent

performance [31].
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Figure 1.3.1: COz absorption reaction with a primary or secondary amine [29].

1.3.2 Cryogenics

Cryogenic carbon dioxide capture methods involve cooling of the gas in order to bring
carbon dioxide below its boiling or sublimation point. The advantage of this process is that
liquid carbon dioxide can be generated. The process is projected to operate well for gases
with a high carbon dioxide concentration, including oxyfuel exhaust gas and pre-

combustion syngas [32].

The cooling process requires a lot of energy and, thus, is only viable if cryogenic carbon
dioxide is required for another purpose. An additional requirement is the removal of
hydrocarbons and water traces in the gas upstream of the cryogenic process, due to their
tendency to freeze and block equipment [32]. The superiority of a cryogenic carbon
dioxide capture process over membranes has been reported under conditions where the
energy demand for cooling could be met by a nearby liquefied natural gas (LNG)
evaporation unit incorporating heat integration [33]. An older study (2003), however,
summarises doubts about the attractiveness of cryogenics for carbon dioxide separation

[21].

As for liquid absorption processes (section 1.3.1), cryogenics are considered a means of
end-of-tail carbon dioxide capture, requiring their optimal operating temperature below
the one of syngas. For this reason, cryogenic processes are not considered to be
prospective for an in-situ capture of carbon dioxide from hot syngas within the water-gas

shift reactor.

1.3.3 Membranes

An IGCC plant that uses a metallic membrane reactor for hydrogen separation from

syngas was hypothetically described and analysed by process design calculation and
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simulation [24]. The benefit of this process layout is in the ability to effect in-situ
separation of hydrogen and carbon dioxide at the temperature of the water-gas shifted
syngas (in the study, around 450 °C). Pd-Cu alloys were reported as hydrogen-permeable
membrane materials, and which also have the benefit of being tolerant to sulphur
compounds. Furthermore, the presence of a catalyst to promote the water-gas shift
reaction (eqn. 1.2.6) on the raffinate side, inside the membrane separator, encourages a
high yield of hydrogen. This is further encouraged by constant removal of hydrogen
through the membrane according to Le Chatelier’s principle [34]. The authors, however,
conclude that the benefits of the membrane process are only a few per centage points in
terms of performance and cost. This is because of the expensive membrane materials (Pd)
that are required. It is also stated that the membrane reactor would likely need to be very
large due to a high required surface area (caused by low permeability) and also delicate,
posing potential problems in a syngas environment that might contain aggressive
chemicals and that is also subject to changing concentration of its components [35, 36]. A
different study came to a similar conclusion, stating that membranes with a good
compromise between high permeability combined with high selectivity and chemical

stability require further research [2].

Other types of membranes permeable to carbon dioxide comprise polymers, Facilitated
Transport Membranes (FTM), inorganic membranes, hybrid organic-inorganic membranes
and hollow fibre gas-liquid contactors. These are reported to operate at low temperatures
(-20 to 35 °C for organic membranes, -20 to 180 °C for inorganic membranes, 25 to 35 °C for
hybrid membranes, 20 to 40 °C for hollow fibre contactors and 23 to 26 °C for FTM) [32].
Another study reports higher temperatures for hydrogen permeability, especially for
inorganic membranes of up to 650 °C, and for a polymeric membrane of 270 °C [37]. This
study also outlines future research requirements in terms of inexpensive membrane
materials and manufacture, chemical and long-term stability and pilot plant scale

investigations to test membrane scale-up and the effects of realistic industry conditions.

In conclusion, membranes appear prospective for use in pre-combustion capture, but at

present require significant trade-offs between e.g. selectivity vs. permeability or
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permeability vs. ease of synthesis [38]. Furthermore, the majority of membranes are

reported for low temperature use.
1.3.4 Adsorption

1.3.4.1 Definition and application
Adsorption generally describes trapping gases on solid surfaces of an adsorbent [39],

according to reaction eqn. 1.3.2 for carbon dioxide, as an example.
COz2 gas + adsorbent 5 CO, adsorbed, AH < 0 eqn. 1.3.2

The reaction is in most cases exothermic on adsorption and thus, endothermic on
desorption, i. e., release of the gas molecules from the adsorbent. For a process like carbon
dioxide capture, where the gas is to be adsorbed and subsequently re-desorbed, different
modes of process design can be employed [40]. Firstly, in thermal or temperature swing
adsorption (TSA), adsorption is carried out at a lower temperature than desorption.
Heating up the laden adsorbent causes the endothermic desorption reaction to be
favoured, releasing the adsorbed molecules. Secondly, pressure swing adsorption (PSA)
uses isothermal conditions (same temperature) for both adsorption and desorption, and
the adsorption is carried out at a higher pressure than the desorption. According to eqn.
1.3.2, Le Chatelier’s principle dictates the reaction will proceed to the right if the partial
pressure of the gas increased. Lowering the pressure would then drive the reaction to the
left-hand side, causing desorption. PSA normally refers to the use of elevated pressures
(above atmospheric) being used in the process, whereas if a vacuum is involved for
desorption, the term vacuum swing adsorption (VSA) is commonly used. Pressure (or

vacuum) and thermal swings can also be combined.

Vacuum and pressure swing have advantages in the process design, as a pressure change
can very quickly be applied to a sorbent bed, whereas uniform heating and cooling takes
substantially longer times [41]. For this reason, a special focus is given to the capability of
materials to perform under isothermal pressure swing conditions in the scope of this

thesis.
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1.3.4.2 Adsorption materials

A variety of materials have been described as carbon dioxide adsorbents. These materials
generally possess high surface areas, which facilitate the physisorption of gases in its own
right. In order to increase their selectivity towards carbon dioxide compared to other gases
(like nitrogen in the case of post-combustion carbon dioxide capture flue gas), they can be
chemically functionalised. Examples for such adsorbents are mesoporous silica-based

adsorbents, carbon-based adsorbents, and metal organic frameworks (MOF).

SBA-15 mesoporous silica is synthesised using a surfactant (e. g. Pluronic P123) directing
the silica precursor (tetramethoxysilane, tetraethoxysilane, tetrapropoxysilane) into a
hexagonal array of micelles in an acidic medium [42]. Hydrolysis of the silica precursor
and removal of the surfactant (by solvent washing or calcination) then yields a
mesoporous, high surface area silica framework. MCM-41 (Figure 1.3.2), being made from
sodium silicate, involves a similar synthesis technique, also using a surfactant in acidic

solution [43].

& -4

surfactant micellar hexagonal silicate MCM-41
micelle rods array addition

Figure 1.3.2: Synthesis of MCM-41 as an example for a high-surface area silica [43].

The silica can subsequently be functionalised using polyethylenimine [44], generating
amine functions either tethered onto the surface of the support, filled into the pores, or
polymerised in-situ into the support [45]. The amine functions can react with carbon
dioxide according to eqn. 1.3.3. Such materials can then be considered to be chemisorbents,
as the amine functional groups form a chemical bond with the carbon dioxide upon

adsorption.
2 RNH: + CO2 5 RNHCOO- + RNHs* eqn. 1.3.3

Metal organic frameworks consist of organic ligands, forming networks with metallic ion
nodes. These networks can be porous and of high surface area (up to 5000 m?/g), so that

they are prospective for gas adsorption techniques [29]. Also MOFs are considered for
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amine functionalization in order to enhance their carbon dioxide sorption ability, but their
water stability must be ensured if used in water-containing gas streams like flue gas or

syngas [46, 47].

Activated carbons studied in this context have also been subjected to amine
functionalisation using a surface grafting method [48] or a ployethyleneimine pore loading

technique [49] in order to make them more efficient for carbon dioxide capture.

The aforementioned adsorbents are reported to work at temperatures from room
temperature to a maximum of 200 °C, the latter for regeneration. For this reason, they are
not of particular relevance for in-situ high temperature application for pre-combustion

carbon dioxide capture as outlined in the previous sections.

1.3.5 Metal oxides for carbon dioxide capture

In order to design an adsorption process for carbon dioxide, metal oxides, which convert
to their respective carbonates upon exposure to a carbon dioxide-containing gas stream,
are considered suitable candidate materials. If such oxides can form carbonates within the
range of 250 to 400 °C, they will show potential to be used in-situ for the water-gas shift
reaction with carbon dioxide capture (refer section 1.2.4). As these metal oxides are
considered to show a chemical reaction to form carbonates in their bulk, rather than by
surface physisorption or chemisorption as outlined in section 1.3.4, it is questionable
whether the term ‘adsorption’ is appropriate. For this reason, the more generic terms
‘sorption’ and ‘sorbent” will be used in the context of this thesis, when referring to metal

oxide carbonation reactions.

1.3.,5.1 Calcium oxide containing sorbents

In the recent years, calcium oxide has been studied intensely as a prospective carbon
dioxide sorbent. Natural limestone, as well as synthesised materials (with or without
support) have been used as a source of calcium oxide [50-78]. The carbon dioxide capture
properties of calcium oxide are given by the reversion of the lime calcination reaction, eqn.
1.3.4 (M =alkaline earth metal, in this case calcium). Regeneration then releases pure

carbon dioxide, which can be used for further industrial processes or sequestration.
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MO + CO:2 S MCOs eqn. 1.3.4

The temperatures required for the sorption of carbon dioxide on calcium oxide
(carbonation) are between 600 and 700 °C, whereas regeneration (calcination) requires
even higher temperatures of approx. 900 °C. It is reported that cyclic ad-/desorption leads
to a reduction in sorption capacity. This has been the focus of a significant body of

scientific work [50, 51, 57, 59-61, 63, 67, 74].

According to the change in molecular weight during the reaction in eqn. 1.3.4, a mass
increase of 78 % (based on the initial amount of pure calcium oxide) is possible if all
calcium oxide is converted (stoichiometric conversion). A multitude of authors have
reported that up to more than 90 % of this stoichiometric conversion can be achieved in
thermogravimetric analysis (TGA) and fixed bed tests [57, 58, 63, 69-71, 74, 77]. While
these authors refer to the reaction in eqn. 1.3.4 as the carbon capture reaction, they have
employed different precursors for the synthesis of the sorbent. Chen et al. [54], for
instance, synthesised an alumina support for the calcium oxide sorbent, by mixing calcium
oxide and either aluminium isopropoxide or aluminium nitrate enneahydrate in an
aqueous solution. By calcination of the precipitated solids afterwards, a Cai2Ali4Oss
compound is formed. Calcium oxide supported by this compound was shown to be
slightly more stable than pure calcium oxide during several carbonation-calcination cycles
in 10 % carbon dioxide gas in nitrogen. But with approx. 25 % mass increase, only less than
half of the stoichiometric capacity was achieved in 10 and 60 minutes carbonation runs
and there was still a decrease in capacity to be observed with multiple ad-/desorption

cycles.

Feng et al [57] used calcium chloride as a precursor to impregnate calcium oxide onto y-
alumina. After calcination at 823 K, the obtained sorbent showed approx. 90 %
stoichiometric conversion during a 5 minute carbonation experiment, and exhibited stable

capacity over 9 cycles, using pure carbon dioxide for the sorption step.

Florin et al. [58] used commercial nano-sized calcium carbonate particles for calcination
and carbonation experiments. The sorption capacity of these samples was initially high
(90 %), but decreased to approx. 20 %, using 15 % carbon dioxide in nitrogen for the

sorption step.
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Florin et al. and Manovic et al. found that a prolonged carbonation cycle, after capacity
reduction due to multiple sorption cycles, leads to an increase of the sorption capacity in

following cycles, [58, 70, 71].

The causes for the decreasing capacity of calcium oxide sorbents during cycling are stated
to be (a) sintering due to the high temperatures involved [54, 79] and (b) a shift from
smaller mesopores to larger macropores during multicyclic carbon dioxide sorption. The
latter has been clearly demonstrated by mercury porosimetry [74]. The loss-in-capacity
problem can be remediated by creating nanoparticles of calcium oxide, either by
dispersing the sorbent onto a support [57, 67] or by a flame-spray method that creates
small particles [68]. Impregnation with potassium permanganate also has been shown to
maintain a higher sorption capacity over a multitude of sorption cycles [66]. It appears that
differences in the performance of various calcium oxide materials can be related to the
sorbents’” morphology rather than its surface/gas reaction chemistry. X-ray diffraction
studies undertaken by Gupta et al. revealed peaks for calcium oxide, no matter which
precursor the oxide sample was prepared from. But it was shown that different pore sizes
and surface properties had different sorption behaviour [63]. Alvarez et al. quantified the
formation of closed pores during cycling by calculating a theoretical density of the sorbent
and comparing it with the density obtained by mercury porosimetry at maximum pressure
of 225 MPa; the group observed an increase in closed pores as the number of cycles

progressed [51].

Regarding calcium oxide based sorbents, it must be noted that the carbonation and
calcination temperatures are comparatively high — around 650 °C for carbonation and
around 900 °C for calcination. Thus, pure calcium oxide based sorbents are not ideally
suited for the pre-combustion carbon dioxide capture process after the water-gas shift

reactor described in section 1.2.4.

However, by changing the structural properties (see above) or introducing other metal
compounds, a suitable sorbent based on calcium oxide can be synthesised. Sirivardane et
al. [73] reported a solid-state mixing procedure of sodium hydroxide and calcium oxide.
The so prepared sorbent had a sorption capacity of more than 13 wt% carbon dioxide at

315 °C and was regenerable at 700 °C.
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Sultan et al. [80] used commercially available calcium-magnesium acetate as a precursor
for a sorbent, which was able to capture 55 wt.-% of carbon dioxide from a 50 % carbon

dioxide containing gas stream at 750 °C.

Reddy and Smirniotis [81] used alkali metal dopants to increase the capacity of a calcium

oxide sorbent, reaching 50 % weight increase with a cesium-doped sorbent at 600 °C.

Lu et al. [68] used a flame-spray method to synthesize calcium oxide sorbents from a
calcium naphtenate precursor, also with zirconium doping. Depending on the properties,
some of the resultant sorbents showed 95 % molar conversion during carbonation in the

first cycle and were stable for several cycles at 700 to 850 °C.

1.3.,5.2 Magnesium oxide

Although the carbonation-calcination reaction of magnesium oxide is similar in principle
to that of calcium oxide (eqn. 1.3.4 with M being Mg) [82], less information for magnesium
oxide carbonation can be found in literature. According to a thermodynamical calculation
performed by Feng et al., the calcination temperature for magnesium carbonate can be
considered lower than the one for calcium oxide. Depending on the gas composition,
carbon dioxide desorption is reached between approx. 230 to 370 °C [56]. This temperature
range is similar to that of the water-gas shift reaction; thus, magnesium oxide may be more

suitable for the pre-combustion carbon dioxide capture process.

A theoretical calculation of the molar mass increase during the carbonation of magnesium
oxide reveals that the potential mass increase of magnesium oxide is 109 %; in other words

this is the theoretical sorption capacity.

Yong et al. [83] have reported that magnesium oxide has a capacity of 0.5 mmol/g at
atmospheric pressure and 300 °C (equal to a weight increase of 2.2 %). This is obviously
far below the value that is theoretically achievable. The reason for this behaviour is

reported as due to the carbon dioxide mostly being surface-bound [79].

Bhagiyalakshmi et al. [84] reported a process for producing a mesoporous support-free
sorbent. Impregnating mesoporous silica with a carbohydrate solution and then calcining
it under nitrogen flow delivered a mesoporous carbon. By washing with hydrofluoric acid

to remove the silica and impregnating and calcining the obtained carbon with magnesium




1.3 Carbon dioxide capture methods 19

nitrate precursor, a mesoporous support-free magnesia sorbent was prepared. This
material was found to sorb 8 % of its initial weight of carbon dioxide and thus to have a

higher capacity than the magnesium oxide sorbents reported by Yong et al. [83].

Hassanzadeh et al. [82] modified a dolomite containing calcium as well as magnesium
carbonate by “half-calcining’ it at 350 °C, and thus, calcining the magnesium, but not the
calcium carbonate. This sorbent then had a capacity of 35 % molar conversion of the
magnesium oxide portion (i. e. 38 wt% based on the magnesium oxide content) after a
carbonation of 30 minutes at 450 °C. As these experiments were performed in a
thermogravimetric analyser under high pressure (20 atm), the results cannot be compared
to the more widely performed investigations at atmospheric pressure. It is argued that
high surface areas led to fast reaction, but that small pores blocked easily during
carbonation, thus, making it impossible to reach the stoichiometric conversion. Sultan et al.
come to a similar explanation, stating that higher surface areas and pore volumes

measured by BJH are to be associated with a higher capacity [80].

Recent work at Monash University has demonstrated that cesium-doped magnesium

oxide is a suitable carbon dioxide sorbent, with a mass increase of approx. 12 % [85].

Other applications of magnesium oxide can be found as a support for calcium oxide
sorbents, where calcination and carbonation temperatures are adjusted beyond the
calcination temperature of magnesium oxide, so that the calcium oxide fraction is to be

considered the reactant [67, 80].

1.3.5.3 Alkali metal carbonates
Alkali metal carbonates are able to capture carbon dioxide according to the reaction in eqn.

1.3.5 (A = alkali metal). Water must be present for this reaction.
ACO3+ CO2+ H20 5 2 AHCO:s eqn. 1.3.5

Lee, Zhao and Liang performed analyses on alkali metal carbonate based sorbents with
and without inert support [86-90]. As these sorbents operate best at temperatures of
approx 60 °C and are to be calcined at below 200 °C, their application in in-situ pre-

combustion carbon dioxide capture must be considered unsuitable.
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1.3.5.4 Hydrotalcites

Hydrotalcites, also called layered double hydroxides, are hydroxide compounds
consisting of divalent as well as trivalent metal ions, other anions and crystal water [91].
Their carbon dioxide capture properties have been studied in a wide range of
temperatures, but at 400 °C their sorption capacities are comparatively low (approx.
1 wt%) [91-94]. For a 200 °C sorption temperature, capacities of 2.9 wt% [95] were
observed, whereas Yavuz et al. determined approx. 6 wt% for a potassium/gallium
enhanced hydrotalcite. Here, X-ray diffraction data revealed that the gallium doping
replaces aluminium ions, causing diffraction patterns to shift from 60.5 to 60 degrees 20
with increasing gallium loading, due to a one-dimensional increase in unit cell size of the

hydrotalcite [96].

The temperature range of sorption/desorption for hydrotalcite can be suitable for the pre-
combustion processes, but the sorption capacities of the materials are low compared to

other sorbents.

1.3.5.5 Lithium zirconate

Lithium zirconate can react reversibly with carbon dioxide according to eqn. 1.3.6.
Li2ZrOs + CO2 S Li2COs + ZrO2 eqn. 1.3.6

It has been reported that this compound has a capacity of 20 wt.-% in 20 % carbon dioxide
in hydrogen, after a carbonation time of 200 min at 500 °C, and can be regenerated at
680 °C [97]. Ochoa-Fernandez et al. showed later, that nanocrystalline lithium zirconate,
prepared by zirconyl nitrate and lithium acetate precursors, has improved kinetics and
sorbs carbon dioxide to a capacity of 20 wt% after less than 10 minutes [98]. In an
additional investigation, the same group of authors found that the stoichiometry of the
precursors has an influence on the sorption properties, and that adding potassium leads to
an improvement in kinetics at 575 °C [99]. Fauth et al. [100] also came upon a similar result
using a variety of alkali and alkaline earth metal compounds as dopants. They reported
that pure lithium zirconate sorbs 11.5 wt% at 500 °C after 1500 minutes, whereas doped

with alkali or alkaline earth metal salts, the same value was reached after 60 minutes.
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With temperatures of sorption starting only at 420 °C (found by a temperature ramp test,
[97]), the reactivity of lithium zirconate may be slightly too low for direct application in
pre-combustion carbon dioxide capture. The high temperatures are also required for
sorption by zirconates with a lithium-/potassium carbonate/lithium hydroxide eutectic salt
as a dopant, as shown by Fauth et al. [100]. Lower temperatures lead to slower kinetics, so
lithium zirconates must be considered technically unsuitable for the pre-combustion

capture process.

1.3.5.6 Cobalt and iron oxides

Cobalt carbonate decomposes at above 220 °C [101, 102], whereas iron carbonate does so at
459 °C [103]. This temperature range can be deemed appropriate for pre-combustion
capture, but the so produced cobalt and iron intermediates are a carbon dioxide reducing
catalyst in the presence of hydrogen rather than an sorbent that reversibly carbonates and

are thus not suitable.

1.3.5.7 Effects of sulphur

As calcium carbonate is already used as a sulphur dioxide sorbent in the power plant
industry, it of course also reacts with sulphur compounds during a carbon dioxide capture
cycle. This has been described for calcium oxide [62, 65], doped calcium oxide [104], as
well as for hydrotalcites [95]. In all cases, reaction with sulphur dioxide leads to the
formation of sulphates, which are only decomposable at temperatures higher than the
desired decarbonation temperatures. This behaviour can then be considered to represent a
deactivation or poisoning of the sorbent. A carbon dioxide sorption material used in a

technical application must be stable under flue gas conditions that involve impurities.

In the proposed utilisation of pre-combustion carbon dioxide capture, it must be kept in
mind that a lean-oxygen gas and not an end-of-tail flue gas is present. This results in
different compounds of diverse impurities, e. g. sulphur is present as hydrogen sulphide
rather than sulphur dioxide in flue gas, whereas nitrogen is present as ammonia and
hydrogen cyanide, rather than nitrogen oxides [105]. As up to 1.3 vol% of hydrogen
sulphide can be contained in some coal-derived syngas [105], future sorbents should also

be tested for their reaction with this impurity.
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1.4 Project objective

The objective of this project is to develop novel carbon dioxide sorbents based on metal
oxides that are high in capacity, have high selectivity to carbon dioxide and are stable
through multiple sorption and desorption cycles. The primary focus hereby is the
sorption-enhanced water gas shift reaction with in-situ carbon dioxide capture.
Preparation methods for the sorbents of interest are developed. A particular focus of the
investigation is to determine the sorbents’ capabilities to operate under (simulated)
isothermal pressure swing conditions between 250 and 400 °C, i. e., sorbing carbon dioxide
in high partial pressures and desorbing it in low partial pressures at the same temperature.
Under laboratory conditions, this is achieved by exposing the sorbent sample to carbon
dioxide at atmospheric pressure (high partial pressure of carbon dioxide) and purging it
with an inert gas (i.e., zero partial pressure of carbon dioxide) for desorption.
Furthermore, the effect of other syngas constituents, particularly hydrogen sulphide,
hydrogen and water, is assessed, as they might compete with carbon dioxide sorption, or
even alter the chemistry of the materials and disrupt its carbon dioxide sorption capability.
The mechanisms of sorption and desorption of carbon dioxide on the metal oxides are also
investigated by studying the sorbents using a variety of ex-situ and in-situ analytical

methods.

1.5 Research hypotheses
The hypotheses for this project are the following:

1. Based on a literature review (section 1.3.5), novel carbon dioxide capture sorbents
based on carbonation reactions of metal oxides can be found. A simple screening
test can be developed in order to determine the temperature in which the oxides
form their respective carbonates.

2. Sorbents qualifying for further investigation after this screening test are reversibly
forming carbonates under pressure swing cycles and have stable working
capacities over a multitude of sorption and desorption cycles.

3. An optimal temperature can be found to achieve the highest feasible capacities in

an isothermal pressure swing sorption process, probably representing a
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compromise between achieving fast reaction rates (favoured by high temperature)
and a maximum in the (thermodynamically limited) difference in capacity between
high and low pressures (favoured by low temperatures).

4. The reaction mechanism and, if evident, capacity reduction/sorbent decay
mechanism(s) over multiple sorption cycles can be clarified.

5. The sorbents can be used in hydrogen-containing syngas mixtures, as the possible
reduction of the metal oxide sorbent by hydrogen takes place at a different (i. e.,
higher) temperature than carbon dioxide sorption.

6. Hydrogen sulphide, a syngas trace constituent, might sorb onto the samples and
causes oxide to sulphide transformation, altering the sorption capacity for carbon

dioxide.
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Chapter 2 Screening study of prospective

metal oxides

2.1 Introduction

This chapter presents a screening study to determine the potential of a series of metal
oxides to reversibly sorb carbon dioxide in the temperature range of interest (250 to
400 °C). The test procedure is outlined and the results of the screening test are described.
From the test results, conclusions are drawn for further research and the prospects of

using these metal oxides for further investigation.
2.2 Selection of metal oxides

2.2.1 Lanthanum oxide

Lanthanum carbonate decomposes to oxide at 450 °C, whereas heavier lanthanides have
higher decomposition temperatures [106]. Assuming that the temperature for carbonation
is lower than for decarbonation, the reaction from lanthanum oxide to carbonate could be
in the temperature range of interest in this project (i.e., if the reaction actually is
reversible). As no information was found on the reversibility of the decomposition of

lanthanum carbonate, it was decided to test this material for carbon dioxide sorption.

2.2.2 Dolomite

Hassanzadeh et al. [82] have used natural dolomite as a carbon dioxide sorbent. Dolomite
is a mineral that consists both of magnesium and calcium carbonate, which was previously
‘half-calcined” [82] in order to decompose magnesium carbonate to oxide, but keeping the
calcium carbonate intact as a support. Doping with potassium resulted then in a suitable
sorbent, which was tested at 20 atm in a pressurised thermogravimetric analyser. This
group also stated that high surface area can lead to higher carbonation and decarbonation
rates, but small pores can also block during carbonation, making it difficult to reach the

stoichiometric capacity of the sorbent.
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In this project, the idea was to synthetically make a doped ‘dolomite” by impregnating
potassium carbonate and magnesium nitrate on calcium carbonate and then calcining the

sorbent, so that the nitrate gets converted into oxide.

2.2.3 Zinc oxide

Zinc oxide was carbonated close to ambient conditions (in a refrigerator in a water-
saturated atmosphere) and decarbonated below 340 °C by Sawada et al. [107]. It was
previously suggested to be unsuitable in the IGCC water gas shift temperature range [85],
but as Sawada et al. carbonated it at a low temperature, it was considered worth testing it
under carbon dioxide at higher temperatures. Although decarbonation occurred in air
below 340 °C, it was assumed to possibly be a suitable sorbent, as it might behave
differently at this temperature in an environment containing significantly more carbon

dioxide than the atmosphere.

224 Cadmium oxide

Doiwa et al. reported that cadmium carbonate decomposes reversibly in the presence of
sodium halides at temperatures between 250 to 300 °C, particularly favourably with
sodium iodide [108]. This is a truly dynamic equilibrium, as demonstrated by *C exchange
reactions, which show “CQO: incorporation even into fully carbonated samples [109]. In
[108], a USSR study was cited, which explained the CO: exchange in carbonates at room
temperature through an ‘ion mechanism’ in the presence of water, and through an ‘atom
mechanism” at higher temperatures. The authors point out that the reference they cite does
not explain what these terms mean. Furthermore, they conclude that a mechanism
involving the formation of H2COs is unlikely, as ethanol vapour has a similar effect on
promoting CdO carbonation at room temperature like water, although with lower reaction

rates.

Doiwa’s reports summarise the observations without giving any hint of possible industrial
application for it (it is assumed that there was no community interest in carbon dioxide
capture at the time (1962, 1964) of these publications). The temperature range of 250 to
300 °C was considered appropriate for the focus of this study, and so the material was

included in this project.
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2.2.5 Mesoporous magnesium oxide

As a literature review has shown (section 1.3.5), most sorbents do not reach their
theoretical capacity. This is particularly true for calcium oxide, which is explained by a
carbonate layer build-up mechanism (refer [50, 52, 53, 75]). Jahan also stated similar
observations for cesium-doped magnesium oxide sorbents, which reach up to 8 wt% mass
increase based on the whole sample, although this material could in theory take up to 60 %
of its mass of carbon dioxide (based on the conversion of approx. 60 wt% of magnesium

oxide, see section 2.3.1.4).

This led to the idea that it might be beneficial to modify the structural properties of a
magnesium oxide-based sorbent. By, for example, employing a porous material that rather
consists of a thin-walled honeycomb-like structure than a bulky (e. g. spherical) particle, a
better penetration of the material by carbon dioxide could possibly be achieved. In this
case, the build-up of carbonates in a way that they reach a critical layer thickness (if also

existent for magnesium oxide/carbonate) might be avoided.

Bhagiyalakshmi et al. reported the synthesis of a mesoporous magnesium oxide [84]. For
the present purpose, a mesoporous silica SBA-15 was synthesised according to a literature
method [42]. The method consists of using a SBA-15 as a template to make a porous
carbon, which after the removal of the silica is used as a template for impregnating
magnesium nitrate. Afterwards, calcination burns off the carbon and decomposes the
nitrate, resulting in a mesoporous magnesium oxide. The method is described in more
detail in the experimental part, section 2.3.1.6. Bhagiyalakshmi et al. also examined the use

of rice husk ash as a silica source to make SBA-15, which is not elaborated here.
2.3 Experimental

2.3.1 Synthesis of sorbents

Unless stated in the following subsections, the sorbents were prepared using a wet mixing
synthesis method similar to [85]. For this purpose, the precursors of the sorbents were
dispersed or dissolved (depending on their solubility) in a beaker glass in approx. 150 mL
of deionised water and stirred on a magnetic hotplate stirrer while being heated in order

to evaporate the liquid. As soon as all water had evaporated, the sample was removed
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from the beaker glass, transferred to a Petri dish and dried in an oven at 120 °C under

nitrogen flow.

Samples that require calcination in order to produce an oxide were transferred to an
alumina combustion boat after evaporation and calcined in air in a muffle furnace
according to the procedures outlined in the following subsections. After either calcination

or drying, the samples were stored in capped and sealed vials.

2.3.1.1 Lanthanum carbonate

Lanthanum carbonate was used as a pure chemical and also wet-mixed with 9.5 wt% of
cesium carbonate. As lanthanum is located in the third group of the periodic table of
elements and thus close to magnesium (second group), it was thought that cesium might

have a similar effect on lanthanum as it has on magnesium (refer [85]).

2.3.1.2 Zinc oxide
Zinc oxide was used as a pure chemical as well as wet-mixed with 14.8 wt% of sodium

iodide.

As cadmium oxide was reported to form carbonate in the presence of sodium iodide (refer
section 2.3.1.3 and [108]) and zinc and cadmium both stand in the 12 group of the
periodic table, it was considered that sodium iodide might have a similar effect on zinc

oxide as it has on cadmium oxide.

2.3.1.3 Cadmium carbonate
Cadmium carbonate was wet-mixed with 10.4 wt% of sodium iodide for a trial screening

run (i. e., approx. 0.0013 mol alkali metal salt on 0.85 g cadmium carbonate).

2.3.14 Magnesium-based sorbents
Magnesium oxide was wet-mixed with 41 wt% of cesium carbonate, which equates to a
molar ratio of 15 mol% Cs on the total molar amount of Cs and Mg together. This sorbent

composition was found to be most suitable by Jahan [85].

An attempt to synthesise this sorbent from alternative magnesium oxide precursors was
also made. For this purpose, magnesium nitrate or acetate was mixed into an aqueous

solution of cesium carbonate and the water was evaporated. The acetate samples were
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then calcined in air at 850 °C for eight hours, whereas for the nitrate samples, a
temperature of 650 °C was used for six hours. The concentrations were adjusted to result
in 15 mol% of Cs to Mg in the oxide end product, as outlined above, assuming that the

nitrate or acetate converts into oxide during calcination.

2.3.1.5 Magnesium/calcium mixed carbonate

Hassanzadeh et al. [82] reported a potassium-doped natural dolomite sorbent containing
44 wt% magnesium and 54 wt% calcium carbonate. Doping this sorbent with 4 to 5 wt%
potassium resulted in a sorbent that is effective at 425 °C and 20 atm. An attempt to make
such a sorbent synthetically was made by wet-mixing a mixture of 1.2 wt% of potassium
carbonate and 72.0 wt% magnesium nitrate hexahydrate on 26.8 wt% of calcium carbonate.
The sorbent was calcined at 650 °C for 6 hours. This was considered high enough to
decompose the nitrate, but low enough to avoid decomposition of the calcium carbonate.
As this was later shown to be wrong and a certain amount of calcium carbonate actually
did decompose (refer Table 2.4.3), the material was synthesised again by preparing a
calcium carbonate/magnesium nitrate suspension first (using the same mass ratio as stated
above) and evaporating the water. The remaining solids were then calcined at 450 °C for
three hours in nitrogen flow and then wet-mixed with 5 wt% potassium carbonate, again

in a wet mixing step, and dried in a nitrogen-purged drying oven at 120 °C.

2.3.1.6 Porous magnesium oxide

Porous magnesium oxide was synthesised using a similar method as described by
Bhagiyalakshmi et al. [84]. SBA-15 was synthesised using 85 g tetraethylorthosilicate
(TEOS), which was added to a solution of 40 g of surfactant (Pluronic 123) in 300 g of
water and 1200 g of 2-molar hydrochloric acid, while stirring at 35 °C for 20 hours. The
solution was aged at 90 °C for 24 hours without stirring. The surfactant directs the
hydrolysing TEOS into forming porous silica by forming silica walls around the surfactant
micelles. A subsequent filtration and calcination over 32 hours at 500 °C then burned off
the surfactant, leaving a porous network. SBA-15 silica was used as kept in stock within

the workgroup, which had been previously made in a large 20 g batch (lot # JB1-06a).

The second step involved making a porous carbon, using 0.6 g of sucrose dissolved in

approx. 5 g of water, which was added into 1 g of SBA-15. Addition of 0.12 g of 98 %
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sulphuric acid helped decomposing the sucrose to carbon. The mixture was dried in a
nitrogen-purged oven at 100 °C for six hours, then heated up to 160 °C for six hours and
then cooled down to room temperature in nitrogen flow. The sample turned black during
this treatment. The procedure was repeated with 0.4 g sucrose and 0.06 g sulphuric acid in
aqueous solution. Next, carbonation was carried out by pyrolysis at 900 °C in nitrogen
flow. Then, the silica template was removed by washing twice with a hot solution (near its
boiling point) of 8 g of sodium hydroxide dissolved in 200 ml of a 50 vol% water in ethanol
mixture. Next, the sorbent was washed with a water/ethanol mixture while being
separated from the liquid by vacuum filtration. The solid carbon was recovered and dried

in nitrogen flow at 100 °C.

In the third step, the obtained carbon was mixed into a solution of 1 mol/L magnesium
nitrate and stirred for 2 hours. The liquid was filtered off, the solids were recovered and
calcined at 350 °C in nitrogen for two hours. These steps were repeated twice. Afterwards,

the carbon was burnt off by calcining the material in air at 800 °C for 2 hours.

The obtained solid was wet-mixed with cesium carbonate solution, as explained for

commercial magnesium oxide in section 2.3.1.4.

The magnesium oxide, as well as the silica and carbon precursors, were analysed by

nitrogen adsorption according to section 2.3.2, in order to monitor their change in porosity.

2.3.2 Nitrogen physisorption

In order to obtain the BET surface area [110] and a pore size distribution via the BJH model
[111], nitrogen physisorption at liquid nitrogen temperature (77 K) was performed using a
Coulter Omnisorp 360CX gas sorption analyser. Samples of approx. 80 to 100 mg were
used. All samples were pretreated under a vacuum of 10 torr at a temperature of 120 °C
for a minimum of 12 hours in the degassing station of the analyser in order to desorb all
impurities on the surface. Afterwards, the samples were analysed for adsorption and
desorption using a 60 torr gas dosing increment. Desorption was performed until a cut-off

pressure of 60 torr.

For the BET calculation, the adsorption isotherm region between relative pressures (p/po)

of 0.05 to 0.25 was used.
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2.3.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed using a Setaram TAG 24 symmetrical
thermoanalyser. The gases (argon and carbon dioxide) were dosed into the
thermoanalyser using Bronkhorst F-201DV-RAD-11-K programmable mass flow
controllers. A total gas flow of 70 mL/min was used for all experiments, consisting of
either 70 mL/min argon (inert gas flow) or a mixture made up of 35 mL/min carbon
dioxide and 35 mL/min argon (sorption gas flow, i. e., 50 vol% carbon dioxide). The total
gas stream was divided into two streams, so that 35 mL/min were added to the sample.
The other half was led over the reference side of the balance, which automatically allows
for buoyancy corrections during the experiment. A sample mass of between 22 and 30 mg
was used for the experiments. The temperature and gas settings are outlined in the

following subsection.

2.3.4 Screening tests

Figure 2.3.1 shows the screening procedure for the test of sorbents. The aim of this TGA
experiment was to examine the temperatures that the sorbent requires to sorb and desorb
carbon dioxide. First, the sorbent was pre-treated under argon atmosphere at a
temperature of 650 °C, which was kept for 20 minutes. This step was performed in order to
remove all atmospheric surface contaminants from the sample as well as to decompose all
carbonate materials to their respective oxides, which were considered the active sorbents.
Next, the system was allowed to cool down to 120 °C as fast as possible (i. e., programmed
at a rate of 99 K/min). From the end of the programmed ramp, an hour was allowed for the
system to fully cool down and equilibrate at that temperature before the gas was switched
from inert to 50 vol% carbon dioxide. After keeping the sample at 120 °C for another 30
minutes, the temperature was ramped up slowly at a rate of 5 K/min and kept at 650 °C for
15 minutes. Afterwards, the gas flow was switched back to pure argon. The temperature
was held for another 15-minutes period before cooling down to 20 °C. In order to obtain a
stable mass reading at the end of the experiment, the temperature was kept at this
temperature for 2000 seconds (approx. 33 minutes). The sample mass was determined by
an analytical balance before and after the experiment in order to ensure the
thermoanalyser has given a consistent (non-drifting) mass reading over the duration of the

whole experiment.
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Figure 2.3.1: Temperature program for the TGA screening experiment

A humid environment was described as essential by Sawada [107] for the zinc oxide
sample, due to the formation of hydrated zinc carbonates during carbonation. For this
purpose, the carbon dioxide and argon supply of the thermogravimetric analyser were
bubbled through a wash bottle filled with water, which was kept in a water bath at 10 °C.
This resulted in a partial pressure of 0.012 bar of water vapour [112], or, in other words,
1.2 vol% of the feed gas stream at the instrument pressure of approx. 1 bar. The zinc oxide

sample doped with sodium iodide was however analysed in a dry feed gas stream.

2.4 Results and discussion

2.4.1 List of materials made
Table 2.4.1 gives a brief summary of the samples produced for this chapter. The results of
the analyses are given in the following subchapters; the syntheses are given in the sections

indicated in the table.

Table 2.4.1: List of samples examined in this chapter

Material Refer Brief summary of synthesis
section
Laz(CO:s)2 2311 used pure and also wet-mixed with of Cs2COs
ZnO 2.3.1.2 pure (TGA in wet CO), as well as wet-mixed with Nal
CdCOs 2.3.1.3 series of samples wet-mixed with sodium iodide: 0, 1, 2.5, 5,

7.5,10,12.5, 15, 17.5 and 20 wt.-% calcined 500 °C 3 h;

screening sample 10.4 % (section 2.4.4) not calcined
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Material Refer Brief summary of synthesis

section

MgO/CaCO:s 23.1.5 1. wet-mixing of CaCOs, Mg2(NOs)2 and K2COs, calcination
at 650 °C 6 h
2. wet-mixing of CaCOs and Mg2(NOs)., calcination at
450 °C, impregnation with K2COs

porous MgO, 23.14, via porous silica — porous carbon — porous MgO from
MgO 2.3.1.6 Mg(NO:s)2, after calcination wet-mixing with Cs2COs;
commercial MgO used directly for impregnation with

Cs2C0s

Mg2(NO:s)2 23.1.4 wet-mixed with Cs2COs, calcined at 650 °C 6 h (nitrate), 650

and 850 °C (acetate) 8 h
Mg-acetate

amount of Cs2COs adjusted to obtain same concentration as
on MgO sample, assuming decomposition of nitrate or

acetate to oxide

2.4.2 Surface area and pore size distribution of MgO-based sorbents

Adsorption isotherms for the magnesium oxide sorbents are shown in Figure 2.4.1.
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Figure 2.4.1: N2 ad-/desorption isotherms for the porous MgO and precursors. Same MgO sample data
shown in a. and b. on different scales.
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SBA-15, which was employed as the template for the carbon synthesis, was porous. The
BJH pore size distribution shows a peak in pore volume for a pore diameter of 6 nm
(Figure 2.4.2). For the carbon that was synthesised from the silica, this most prominent
pore diameter is reduced to approx. 4 nm. This may be due to the ‘inversion” of the
sample, i. e., what were pores in the silica became the solid material in the carbon, and vice

versa. It can be argued that this leads to a smaller pore size in the carbon.

It can be observed that from the carbon template to the magnesium oxide, a lot of porosity
is lost, resulting in a lower amount of nitrogen adsorbed and less hysteresis (Figure 2.4.1b).
For the porous magnesium, Bhagiyalakshmi et al. [84] reported a hysteresis similar to the
one observed for the SBA-15, but such a result cannot be seen in this case. A reduction in
the volume of adsorbed nitrogen can also be observed after the doping procedure with
cesium for the respective materials (Figure 2.4.1a), but most of the porosity in the
mesopore region is lost in the step where magnesium oxide is made from the carbon

material.

As the templated MgO material was close in BET surface area and pore volume to the one
synthesised using MgO, it was decided that the synthesis is not viable for a substantial
improvement of the magnesium-based sorbent family. Chapter 5 summarises a more

successful approach in increasing the sorption capacities of magnesium-based sorbents.

Table 2.4.2: BET surface areas of the magnesium oxides and their precursors

Sample BET surface area, m?/g
SBA-15 1026.5

porous carbon 1303.6

porous MgO 97.8

Cs-doped porous MgO 54.7

commercial MgO 133.8

Cs-doped commercial MgO 29.7
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Figure 2.4.2: Pore volume distribution derived by the BJH model
2.4.3 Screening of new sorbents

2.4.3.1 Explanation of the results analysis

Figure 2.4.3 shows the TGA results of the cadmium carbonate/sodium iodide sorbent.
With this example, the calculation and evaluation procedure, also employed for other
samples, shall be explained. Figure 2.4.3a shows the sample temperature and absolute
thermogravimetric (TG) readings given by the instrument. At the beginning of the
experiment, the balance was tared, giving the reading 0 mg. From the beginning of the
pre-treatment temperature ramp, the carbonate-containing sample started decomposing to
oxide, which causes a mass loss. At the beginning of the second temperature ramp, carbon
dioxide was introduced into the instrument. At a certain temperature, the sorption of the
carbon dioxide was no longer kinetically hindered and the mass increased. Beyond a
higher temperature, where desorption is thermodynamically in favour, the mass began to
decrease, resulting in a peak indicating the temperature range where the sorbent is most

potent.

As the sample masses used varied from experiment to experiment, it is sensible to plot the
thermogravimetric (TG) reading as a relative value, according to eqn. 2.4.1. The results of
this calculation are given in Figure 2.4.3b. This means, that the initial mass is taken as

100 %, or 1, and mass changes are given relative to this.
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Figure 2.4.3: TGA screening test of 10.5 wt.% Nal on CdCOs, 25.1 mg raw sample: a. TG reading as
per instrument output, b. TG reading normalised to 100 % of initial mass. Red arrows indicate
region used for TG vs. T plot (Figure 2.4.4)

In most cases, the pre-treatment step is irrelevant in the subsequent mass change analysis.
In the specific case, the second ramp with carbon dioxide is the interesting step to look at
(red arrows in Figure 2.4.3b). For this purpose, the initial mass of the sample in eqn. 2.4.1 is
taken as 100 % at the beginning of the second temperature ramp (lower red arrow), and

relative changes taken from thereon. The result is the plot in Figure 2.4.4.

T Ginstrument + Msample eqn. 2.4.1

TGrelaﬁve = m |
sample

121

1151

TG, relative

-

o

o
T

100 200 300 400 500 600 700
temperature, °C

Figure 2.4.4: TGA screening test of 10.5wt.% Nal on CdCOs;, TG relative =100 % from the
beginning of the temperature ramp
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In the following sections, the plot style is the same as outlined in this section for Figure

2.4.3b and Figure 2.4.4.

2.4.4 Cadmium carbonate results

The results given in Figure 2.4.3 and Figure 2.4.4 show that cadmium carbonate in the
presence of sodium iodide decomposes to oxide under heat treatment. The conversion can
be considered stoichiometrically complete, as indicated in Figure 2.4.3b, where a residual
mass of approx. 75 % can be observed after the first heat treatment step. This approximates
the change in molar mass (82 %) from cadmium carbonate (M = 172.4 g/mol) to cadmium
oxide (M =128.4 g/mol) in a sample containing 10 % sodium iodide. The material sorbs
about 20 % of its weight in the oxide state in this particular experiment (Figure 2.4.4) and
can thus be considered a prospective novel carbon dioxide sorbent that is further

described in Chapter 3.

2.4.5 Lanthanum carbonate

Lanthanum carbonate shows decomposition in the first high temperature treatment step.
For the pure sample (Figure 2.4.5a), decomposition resulted in approx. 62 % of the mass
left. The theoretical mass change from the carbonate (La2(COs)2, M =457.9 g/mol) to the
oxide (La20s, M =325.8 g/mol) is 71 %. As the lanthanum carbonate comes as an
unspecified hydrate from the supplier, the additional mass loss might be considered due

to the dehydration.

The cesium-doped material (Figure 2.4.5b) shows only 80 % residual mass after
decomposition. This is significantly less than the pure sample. It is possible that this
difference is due to the doped sample being dried at 120 °C in nitrogen after the wet
mixing, whereas the pure sample was taken straight from the storage container as
supplied by the manufacturer. The sorption step (second temperature ramp) does not

reveal much mass uptake in the plots in Figure 2.4.5.
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Figure 2.4.5: TGA screening test of La2(COs)2, a. pure, b. doped with 9.5 wt.-% Cs2COs

However, if only the sorption step is considered (Figure 2.4.6), a mass uptake can be
observed that is most prominent between 500 and 600 °C, whereas the cesium-doped
sample sorbs about one per cent more than the pure one. In the temperature range
between 250 and 400 °C, the sorption capacity is comparatively poor (approx. 1 %), so it

was decided that this material not be studied further.
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Figure 2.4.6: TGA screening test of La2(COs)2, temperature vs. TG

2.4.6 Zinc oxide

Zinc oxide was tested as a pure substance in wet carbon dioxide. It can be observed in
Figure 2.4.7a that there is no significant mass increase during the carbon dioxide
introduction into the sample. Thus, zinc oxide seems not to be a prospective sorbent. Zinc

oxide doped with sodium iodide exhibited a significant mass loss (Figure 2.4.7b). A similar
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mass loss observed for sodium halide enhanced cadmium oxide samples is examined in

detail in Chapter 3.
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Figure 2.4.7: TGA screening test of zinc oxide, a. pure ZnO tested in wet COz, b. ZnO with 15 wt.-%
Nal tested in dry CO»

2.4.7 Magnesium oxide sorbents

2.4.71 Magnesium oxide/cesium carbonate mixed oxide

The results of the precursor study (refer section 2.3.1.4) are shown in Figure 2.4.8. It can be
observed that cesium carbonate-doped magnesium oxide revealed the best carbon dioxide
sorption capacity. The sorbents made from magnesium acetate or nitrate in a
coprecipitation method with cesium carbonate were showing less than half the capacity in

the screening experiment (refer section 2.3.4).

As all samples were treated at 650 °C in the first stage of the screening experiment, the
difference in sorption capacity could be explained by the formation of a different structure
of mixed oxides. In the coprecipitated samples, mixed carbonates/oxides could be more
readily formed than by loading the cesium carbonate onto the magnesium oxide, which,
more likely, resulted in a surface deposition of the cesium. If this was the case, this
‘doping” would result in a more effective sorbent. The acetate sample calcined at 850 °C
virtually showed no sorption. This might be due to the evaporation of cesium, resulting in
the loss of the dopant activity. The melting temperature of cesium carbonate is reported as
610 °C [112], but from the analysis of coal ash it is known that alkali metal compounds

tend to evaporate even below this temperature [113].
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Also notable is a mass decrease at the end of the experiment, i. e. only 99 % of the starting
mass is left. It appears that pre-treatment of the sample was not complete because of either
(a) insufficient decomposition of the acetate or nitrate precursors, (b) a slow desorption of
adsorbed gases from atmospheric exposure, or (c) the evaporation of certain components
of the sample (most likely cesium) itself. So the samples were pre-treated for longer
periods of time (up to 6000s instead of 1200s). A linear mass decrease can still be
observed even after the longer pre-treatment. Its clear reason remains undetermined
(Figure 2.4.9b). However, the sorption capacity showed no trend with regard to the pre-

treatment time (Figure 2.4.9a).
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Figure 2.4.8: TGA screening test of CsCOs/MgO made from different precursors (acetate calcined at
650 and 850 °C) and pure MgO
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2.4.7.2 Calcium-supported magnesium sorbents

The results of the potassium carbonate/calcium carbonate/magnesium nitrate sorbents are
shown in Figure 2.4.10. It is evident that the temperature of pre-treatment of 650 °C caused
some of the calcium carbonate to decompose, which was unwanted. A comparison
experiment with pure calcium carbonate heat-treated at the same temperature verified this
(Table 2.4.3). Significant mass uptake took place at temperatures beyond 500 °C, which did
not stop until the end of the carbon dioxide dosing. As magnesium oxide sorbs carbon
dioxide in a lower temperature range (compare Figure 2.4.8 and Figure 2.4.9), the mass

uptake can likely be associated with calcium oxide carbonation.
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Figure 2.4.10: TGA screening test of CaCO3/MgO/K2COs, a. full plot, b. sorption vs. temperature

It must be noted that the material is not comparable to the natural sorbent reported by
Hassanzadeh et al. [82], where the reaction of magnesium oxide was favoured by not
calcining the calcium carbonate and using it as a support. However, their experiments
were reported for a thermogravimetric analyser operating at a pressure of 20 atm. It might
be that this higher pressure is required to promote sorption onto magnesium oxide,
making their reported results not directly comparable to the ones obtained here. In their
setup, sorption could be noted at a temperature of 425 °C, resulting in about 30 % of the

magnesium oxide being converted.
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Table 2.4.3: Mass loss experiment for pure calcium carbonate

treatment temperature, duration residual mass
120 °C, over night 99.9 %
650 °C, 6 hours 73.9 %

In order to recover the calcium carbonate support in the material that was calcined at an
obviously too high temperature, a procedure was chosen to carbonate the sorbent, before
doing the screening test. The results are shown in Figure 2.4.11. Here, the sorbent was first
heated up to 650 °C in a carbon dioxide atmosphere. Then, the sample was cooled down to
500 °C. Afterwards, the gas was switched to pure argon and left at that temperature for
three hours. This step, it is expected, should have calcined the magnesia in the sorbent at a
lower temperature whilst avoiding decomposition of the calcium carbonate. Then the
sample was cooled to 120 °C in argon, followed by a ramp similar to the screening test

(refer section 2.3.4), under carbon dioxide.

But neither in this experiment could a mass increase due to sorption around 400 °C be
observed. Based on these results, the material should, perhaps, not be heated up to 650 °C,
but rather calcined at a lower temperature, 450 °C. So the synthesis of the sorbent was
attempted in a different manner, where magnesium nitrate and calcium carbonate were
mixed in water first. Doping with potassium was then carried out after calcination at
450 °C. The screening test result of this material is shown in Figure 2.4.11b. As this
material also did not show carbon dioxide sorption, this approach was not studied further.
It is concluded that the materials prepared in this study are different from natural
dolomite and thus have different sorption properties. In particular, no significant porosity
or surface area could be determined for the materials synthesised here (physically
impossible negative surface areas were obtained from BET calculation), whereas the

dolomite used by Hassanzadeh et al. [82] had a surface area of about 5 m?/g.
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Figure 2.4.11: a. TGA recovery/screening of CaCOs/MgO/K2COs sorbent, b. screening of sorbent
made at a lower calcination temperature of 450 °C with doping after calcination

2.5 Conclusion

A series of metal oxide systems was tested for carbon dioxide sorption in a TGA screening
test. The most prospective sorbent, a cadmium carbonate/sodium iodide mixture, has
shown a good response to carbon dioxide exposure on a temperature ramp of 5 K/min,
exhibiting approx. 20 % mass gain between 235 and 320 °C (start of mass gain and top of
peak in Figure 2.4.4). This material has not previously been described as a sorbent for
carbon dioxide within the scope of carbon capture from power generation processes. For
this reason, it was decided to study this material in more detail. The results of these

studies are described in subsequent chapters.

For a magnesium/cesium mixture, which had been described in a previous project,
attempts were made to improve upon this approach, by varying the precursor
(magnesium nitrate and acetate instead of oxide) and through the use of a carbon
templating method. Both of these approaches were not considered successful. However,
the reader is referred to Chapter 5 of this thesis, where a more successful method of

improving Mg/Cs-based carbon dioxide sorbents is presented.
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Chapter 3 Investigation of CdO-alkali halide

carbon dioxide sorbents

3.1 Chapter overview

This chapter describes a detailed investigation on carbon dioxide sorbents based on
cadmium oxide. As outlined in Chapter 2, a mixture of cadmium carbonate and sodium
iodide, calcined to oxide within the TGA experiment, showed a high carbon dioxide

uptake in a TGA screening test.
This chapter contains two papers (each with supplementary information):

The first paper investigates different loadings of sodium iodide and identifies the
optimum concentration using the screening test mentioned before. The substitution of
sodium iodide by potassium iodide, lithium iodide and bromide, and sodium bromide
was also investigated. The reversible carbonate formation of the cadmium oxide in the
presence of sodium iodide, being the best performing promoter, was confirmed using

infrared spectroscopy and powder X-ray diffraction.

The second paper details the sorbent behaviour under up to 25 cycles of carbon dioxide
sorption and desorption and shows the reversibility of the reaction, which performed best
if the samples were not exposed to air during initial decarbonation to cadmium oxide. For
the sorbents containing sodium iodide, it was shown that multicyclic capacity loss is
associated with iodine loss from the sample. Pellets made in oxide and carbonate state

from the sample containing sodium iodide were also investigated.

Page 55-83: Reproduced by permission of The Royal Society of Chemistry, 2013.
Full citation: http://dx.doi.org/10.1039/C3TA12087B
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halide mixtures - a potential high capacity sorbent for pre-combustion CO: capture,”
Journal of Materials Chemistry A, vol. 1, pp. 10962-10971, 2013.
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3.2 Abstract

A series of cadmium oxide based materials were prepared by mixing cadmium carbonate
with alkali metal halides. Subsequent heat treatment then transformed the cadmium
carbonate into oxide to yield the active carbon dioxide sorbent. It was observed from
thermogravimetric analysis that neat cadmium oxide does not sorb significant amounts of
carbon dioxide, whereas doping the material with alkali halides facilitates conversion to
cadmium carbonate. The cadmium oxide/sodium iodide mixture, in particular, was found
to reversibly bind up to 24 wt % carbon dioxide in the temperature range of 250 to 300 °C,
which is consistent with an almost stoichiometric conversion of the cadmium oxide to
cadmium carbonate. The carbon dioxide could subsequently be released, in the same
temperature range, when the gas supply was switched from carbon dioxide to an inert gas
flow. The formation of the carbonate was separately verified by both infrared
spectrometry and powder X-ray diffraction (XRD). In addition, XRD provided
simultaneous detection of both the oxide and carbonate phases thus demonstrating their
inter-dependency and is consistent with the absence of other cadmium phases. Le Bail

refinement of the unit cell parameters did not reveal a significant change in the unit cell
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size of the cadmium oxide or carbonate due to mixing with alkali metal halides.
Transmission electron microscopy on a 17.5%Nal sample indicated that the material
consists of spherical particles of ~250 nm diameter. Nitrogen physisorption experiments
showed that the sodium iodide-enhanced material is non-porous and of a low surface

area.

Keywords: Pre-combustion, carbon dioxide capture, cadmium oxide, high-temperature

sorption, partial pressure swing

3.3 Introduction

Efforts are underway to reduce greenhouse gas emissions that are associated with
anthropogenically induced climate change. Nevertheless, carbon dioxide emitting fossil
fuels, like coal, are likely to play a key role in the power generation sector of the near
future [1-3]. In order to reduce carbon dioxide emissions while generating power from
fossil fuels, new power generation processes are under development that can incorporate
carbon dioxide capture into their process flow sheet and so avoid its release to the

atmosphere.

The proposed Integrated Gasification Combined Cycle (IGGC) process involves high
temperature gasification of coal into an intermediate synthesis gas (syngas) mixture. This
syngas is created by gasifying the coal to hydrogen, carbon monoxide and carbon dioxide
using water vapour in a lean oxygen atmosphere that avoids complete combustion of the
coal [4]. Impurities that evolve from the sulphur and nitrogen compounds contained in the
coal can be present in the syngas as well [5]. A water gas shift (WGS) reactor is employed
downstream of the gasifier to increase the yield of hydrogen via the oxidation of the

carbon monoxide product gas with water, yielding hydrogen and carbon dioxide.

Subsequent selective removal of the carbon dioxide component (pre-combustion capture)
would leave an enriched hydrogen product suitable for power generation using a
gas/steam turbine combined cycle for which the only significant exhaust stream would be
environmentally friendly water [4, 6]. The in-situ removal of carbon dioxide from within
the WGS reactor would also support a shift in the equilibrium of the water-gas reaction

towards the valuable hydrogen, according to Le Chatelier's principle [7].
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As the gas leaves the water-gas shift reactor at temperatures between 250 and 400 °C [6], it
would be beneficial to capture the carbon dioxide in this temperature range, without any
necessity to further cool or heat the gas. In order to be useful as an industrial sorbent, the
material should also reversibly sorb and desorb carbon dioxide, have a high CO:
selectivity and sorption capacity, deliver fast sorption/desorption kinetics and exhibit
long-term capacity stability. The process configuration for reversible sorption could
involve either a thermal swing, where sorption is carried out at lower temperatures, and
heating encourages the sorbent to release the CO, or a pressure (or vacuum) swing, where
sorption takes place at higher and desorption at lower partial pressures. Pressure or
vacuum swing is likely to be favoured from a process design point of view, because

pressure changes can be more quickly achieved than temperature changes [8, 9].

For this purpose, a range of materials have been considered, including layered double
hydroxides [10-12], lithium zirconates [13], magnesium/potassium double salts [12, 14]

and calcium carbonate.

Layered double hydroxides have been studied in the temperature range of the IGCC
process, but at temperatures around 200 to 400 °C, their sorption capacities are reported to

be fairly low, around 1 to 2.9 wt % [10, 12].

Calcium carbonate, which under heat calcines to calcium oxide according to eqn. 3.3.1, has
been studied by a number of research groups. This includes studies of the kinetics of
sorption/desorption and the stability of the sorbents during carbonation-calcination
cycling at lab scale [15-19], modelling of the capacity decay due to sintering at high
temperatures [20] as well as pilot plant scale studies on a carbonator-calciner system [21,
22]. The uptake of sulphur oxides by calcium oxide has also been studied and occurs in

competition with carbonation [23, 24].

CaCOs 5 CaO + CO2 eqn. 3.3.1

This reaction requires a comparatively high temperature (typically 800 °C and beyond for
calcination, above 600 °C for carbonation), so that the sorbent is not active in the

temperature range of interest in the IGCC process.
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Lithium zirconates, which sorb carbon dioxide according to eqn. 3.3.2, also require higher
temperatures for sorption (500 °C) and desorption (680 °C) than the WGS reactor, with
sorption kinetics becoming slow below this temperature window [25]. They can be
considered high capacity sorbents, as they sorb up to 20 wt % of carbon dioxide [13], but
additional heating of the syngas to reach the necessary sorption/desorption temperature

range would result in an energy penalty in the IGCC process with carbon dioxide capture.

eqn. 3.3.2
Li2Z1rO3+ CO2 S Li2COs + ZrO2

Magnesium/potassium carbonate double salts have been studied and found to be
promising materials for pre-combustion carbon dioxide capture. Their utilisation involves
the formation of potassium carbonate and magnesium oxide phases during desorption,
and a mixed potassium/magnesium oxide and carbonate phase during carbonation. Cyclic
working capacities of about 8 wt % have been achieved [14]. However, a further increase
in capacity is always desirable, as it would help decrease the size of a sorption reactor and

thus, cut the costs of carbon dioxide capture.

Doiwa et al. [26, 27] have described the carbonation of cadmium oxide. Pure cadmium
oxide itself does not sorb any carbon dioxide to form cadmium carbonate, but does so if
mixed with sodium halides in a temperature range between 250 and 300 °C, which is
suited to WGS reactor conditions. To the best of our knowledge, cadmium compounds
have so far not been considered as carbon dioxide sorbents. We have thus hypothesised
that a cadmium oxide/alkali halide might be suitable for pre-combustion carbon dioxide

capture.

In this study, cadmium oxide/alkali halide mixtures were synthesised by using simple wet
or dry mixing approaches, followed by heat treatment. The product materials were
examined for carbon dioxide sorption capacity via thermogravimetric analysis (TGA),
having in mind the application of these materials in a pre-combustion carbon dioxide
capture system. One of the materials was subsequently analysed by Fourier-transform
infrared spectrometry (FTIR) to verify carbonate formation during sorption. Powder X-ray

diffraction (XRD) was used to determine the crystal phases prevalent during the sorption
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and desorption of carbon dioxide and to examine their unit cell parameters. Nitrogen

physisorption was used to determine the surface area of the material.
3.4 Experimental section

3.4.1 Chemicals

Cadmium carbonate (99+ % metals basis, Alfa Aesar, containing 0.003 % of nitrate),
sodium iodide (99 %, Alfa Aesar), sodium bromide (>99.0 % Sigma-Aldrich), potassium
iodide (99.5 %, BDH), potassium bromide (98.5 %, Univar for synthesis, and IR grade,
Sigma-Aldrich for FTIR sample preparation), lithium iodide (98 % for synthesis, Merck),
lithium bromide (>99 %, Alfa Aesar) and sodium carbonate (>99 %, BDH) were used as
supplied. Carbon dioxide (food grade, BOC), argon (high purity, BOC) were used after
purification by a Hydropurge Il water trap in the TGA experiments. Liquid nitrogen

(BOC); gaseous nitrogen was obtained from the headspace above the liquid.

3.4.2 Preparation of sorbents

Cadmium carbonate (~ 1 g) was mixed with sodium iodide (0, 7.5, 10.0, 12.5, 15.0, 17.5 &
20.0 wt %), sodium bromide (12.9, 13.8 and 20.6 wt %) potassium iodide (20.1, 23.5 and
24.3 wt %), potassium bromide (15.4 wt %), lithium iodide (16.4 wt %), lithium bromide

(12.4 wt %) and sodium carbonate (18.5 wt %) via either dry or wet mixing.

For the wet mix, suspensions of cadmium carbonate dispersed in alkali metal halide
aqueous solution of approx. 100 mL were dehydrated by evaporation of the water using
an electric hotplate stirrer. After almost complete evaporation of the water, the slurry
samples were moved to a nitrogen purged oven at 120 °C and left overnight, resulting in
completely dry powder samples. Except where specifically indicated, all samples

described in this study were prepared using the wet mixing technique.

For comparison, one sample was prepared using a dry mixing approach. Here, cadmium
carbonate and sodium iodide were mixed with mortar and pestle, without the addition of

any liquid.
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Some of the samples were subsequently calcined in an alumina crucible in air within a CM
Inc. brand rapid temperature furnace at a rate of 10 °C/min to 500 °C and then kept at this

temperature for three hours before cooling down at 30 °C/min.

The sample designations indicate the mass % of the alkali metal halide as a fraction of the
cadmium carbonate as calculated from the mass amount of reagents used. A pure
cadmium oxide sorbent was prepared directly via calcination of the cadmium carbonate in
air. The formerly white solid turned dark red during this treatment, indicating the
decomposition of cadmium carbonate to cadmium oxide. After synthesis or calcination,

samples were stored in sealed vials for further use.

3.4.3 Nitrogen physisorption

Nitrogen sorption/desorption was conducted at 77 K via a Coulter Omnisorp 360 CX gas
sorption analyser. A sample of 2 g was degassed at 120 °C under a vacuum of 2-10% torr
(2.66 mPa) for 24 hours prior to analysis. The BET surface area was calculated between

relative pressures of 0.05 and 0.35 on the sorption isotherm.

3.4.4 Thermogravimetric analysis of carbon dioxide sorption

Carbon dioxide sorption screening tests (Figure 3.4.1a) and single-cycle isothermal
sorption studies (Figure 3.4.1b) were performed using a Setaram TAG 24-16 symmetrical
thermoanalyser. Argon and carbon dioxide were dosed into the thermoanalyser via
Bronkhorst model F-201DV-RAD-11-K programmable mass flow controllers. A total gas
flow of 70 mL/min (i. e., 35 mL/min sample gas and 35 mL/min on the reference side of the
balance) was used for all experiments, consisting of either 70 mL/min argon (inert gas
flow) or a mixture made up of 35 mL/min carbon dioxide and 35 mL/min argon (sorption
gas flow, i.e., 50 vol % carbon dioxide, close to the value of 38 % as reported for a water
gas shift reactor outlet gas stream [28]). A sample mass of approximately 20 mg of an
oxide material or 30mg of a carbonate material was used for the experiments.
Temperatures given in the text are the sample temperatures measured; fluctuations of
temperature over time at isothermal setting of the thermoanalyser led to errors of no more

than + 3 °C.
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A screening test procedure, as shown in Figure 3.4.1a, was used for an initial
characterisation of the materials. The experiment consisted of a pre-treatment step (660 °C,
20 min, 610 °C for pre-calcined samples) in argon atmosphere. After cooling down to
125 °C, the gas supply was changed to 50 % carbon dioxide in argon, and the temperature
ramped up to 660 °C. At the beginning of this second temperature ramp, the mass was set
to 100 % and mass readings considered relative to that, along the ramp shown as a dashed
line in Figure 3.4.1a. Samples used in this test were either used directly as synthesised (i.e.,
containing cadmium carbonate), or else after calcination in air (500 °C, 3 h). The samples

that were tested according to this procedure are given in Table 3.4.1.

A second set of experiments consisted of choosing several temperatures to set up a
sorption and desorption run as illustrated in Figure 3.4.1b and Table 3.4.1. Here, samples
were pre-treated at either 610 °C for 20 minutes (as indicated in Figure 3.4.1b) or 380 °C for
1h in argon and then cooled down to the sorption temperature, which was then kept
constant. After one hour of equilibration time, the mass reading was set to 100 % and the
gas flow was switched to CO: sorption and maintained for two hours. Afterwards, the gas
flow was switched back to argon and the mass changes measured over another hour. The
change from argon to carbon dioxide and back at a constant temperature was intended to
mimic a pressure swing sorption by changing the partial pressure of carbon dioxide from 0
(= argon purge) to 0.5 (CO2 mixture). A final increase in temperature (to between 380 and

450 °C) brought the samples fully back to the oxide state for further analysis.

Multicyclic sorption was tested for the 17.5 % Nal sample using a method similar to that of
Figure 3.4.1b. In this experiment, however, the isothermal step for sorption and desorption
was set to be long enough to accommodate four cycles (12 minutes sorption, 24 minutes
desorption each), which were achieved by switching the gas between 50 % CO: and pure

argon repeatedly.
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temperature temperature
y N A
610 or 380 °C g
NS A 380 to 450 °C
& 2
R 5 ads./des. temp.
(_% .........................
b.
room CO, on, off
temp. F—2—>] > F———>] >
time time

Figure 3.4.1: a. Initial screening program for TGA; b. sorption/desorption program. The dashed line
on the temperature graph indicates the mass readings used for further calculation.

Table 3.4.1: Cadmium carbonate materials tested. Mass percentages refer to the basis of CdCOs.

screening test

(Figure 3.4.1a)

one cycle sorption
pre-treatment: 610 °C

(Figure 3.4.1b):

one cycle sorption
pre-treatment: 380 °C

(Figure 3.4.1b):

pure CdO t
7.5 % Nal *
10 % Nal *
12.5 % Nal *
15 % Nal *
17.5 % Nal *
20 % Nal *

pure Nal #

13.8 % NaBr (dry mix)
f

20.6 % NaBr t

24.3 % K1

20.1 % KI (dry mix)
15.4 % KBr (dry mix) f
18.5 Na:COs ¢

17.5 % Nal (sorption temp
°Q):

247 1
267 1
277 1
298 1
308 }
318 1
328 1

293 (dry & wet mix) I

non-calcined samples at
290 °C:

Nal 17.5 % ~
Lil 16.4 %
NaBr 12.9 %
LiBr 12.4 %
KI23.5 %

* both calcined in air and in carbonate state

# also in pure Ar (no COz)
1 calcined in air

~ also four-cycle experiment
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3.45 Infrared spectrometry

Infrared spectra were obtained on a Perkin-Elmer Spectrum RXI Fourier-transform
infrared spectrometer. For analysis, single grains of the prepared sorbents (<1 mg) dried
in nitrogen flow (minimum 24 hours at 120 °C) were dispersed into 0.3 g of oven-dried IR-
grade potassium bromide and then pressed at 8 tons force for 10 minutes into 13 mm
diameter pellets using a Specac brand press and pellet die. A pure potassium bromide
pellet was used as a background correction sample; background correction was performed
automatically by the instrument control software. The pellets were dried in nitrogen flow
at 120 °C for at least three hours immediately before the analysis to ensure they are as dry
as possible. A resolution of 0.25 cm™ was chosen and spectra were taken as an average of

16 scans between wavenumbers of 4000 to 400 cm!.

3.4.6 Powder X-ray diffraction

Laboratory powder X-ray diffraction experiments were performed on a Bruker D8 focus
powder diffractometer using Cu Ka radiation (1.5418 A). The 17.5 % Nal sample (calcined
in air at 500 °C for 3 h) and pure comparison samples were used as approximately 0.5 g
subsamples, whereas 20 mg was used of the carbonated sample. Samples were mounted
on a flat plastic sample holder for analysis and data was acquired at 0.2 ° 20 per minute

speed at a resolution of 0.005 °.

The unit cell parameters of cadmium oxide and cadmium carbonate were refined using the
Le Bail method and the software package GSAS-EXPGUI [29, 30]. Powder Diffraction File
(version 4+,2011) entries 04-001-3770 (cadmium oxide) and 04-014-4823 (cadmium
carbonate) were used as starting values for the unit cell parameters. XRD patterns were
converted from 20 with the respective wavelength to the wavelength-independent values
of Q using the software CMPR [31]. The definition of Q is given in eqn. 3.4.1, wherein A is
the wavelength of the X-rays used to acquire the pattern. The value of Q has a unit of

reciprocal length, as evident by eqn. 3.4.1.

. 20
4 sin =
A

0= eqn. 3.4.1
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3.4.7 Transmission electron microscopy

Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX)
of a 17.5 % Nal sample was performed on a JEOL 2100F model instrument. Bright-field
TEM imaging was used to investigate the morphology of the sample and electron
diffraction was used to examine the crystallinity of the material. d-spacings from Powder
Diffraction File entry 04-001-3770 (CdO) were used to match the electron diffraction

patterns. Camera length was calibrated using a silicon calibration TEM sample.
3.5 Results and discussion

3.5.1 CO: sorption analysis

The full thermogram of the 17.5 % Nal as synthesised sample (included in Figure 3.5.1c) is
shown in Figure 3.5.1a. Figure 3.5.1b and ¢ present the portions of the thermogram
between 10000 and 16000 s (i. e., spanning the second temperature ramp) plotted as a
function of temperature and normalised to 100 % mass at the beginning of the ramp.
Several samples are shown with different sodium iodide loadings, along with a pure
cadmium oxide sample, as they were heated at 5 °C/min in carbon dioxide. For Figure
3.5.1b, the samples had previously been calcined in air (500 °C, 3h), whereas for Figure
3.5.1c, the samples were used directly as synthesised. In the latter case, the decomposition
of carbonate to oxide occurred in the thermoanalyser during the pre-treatment step (see

Section 3.4.4).
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Figure 3.5.1: TGA screening tests (5°C/min ramp in CO:; 100 % at 125°C) of sodium
iodide/cadmium mixed oxide of different Nal content: a. full thermogram of 17.5 % Nal as
synthesised material; b. after pre-calcination in muffle furnace in air at 500 °C for 3h; c. as
synthesised material (carbonate).

The results show that the pure cadmium carbonate that was calcined to oxide does not
sorb any carbon dioxide under these conditions. An amount of 10 wt % of sodium iodide
(calcined sample) or 7.5 % (uncalcined sample) is required to trigger any significant
sorption. The results also show that a sample made with 17.5 % sodium iodide gives the
highest-capacity sorption. At the higher 20 % sodium iodide loading, the capacity is
reduced. Thus, sodium iodide behaves as a promoter at lower levels of addition, but when

present in excess is detrimental for carbon dioxide sorption.

In each case, the mass uptake and subsequent loss occur over the same temperature range,

(i. e., the peak is always at the same position). This result seems to indicate that the sodium
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iodide is acting as a promoter for the actual reaction (cadmium oxide to cadmium

carbonate), which always occurs at the same temperature.

The significant mass losses at the end of the TGA experiments (temperatures beyond
400 °C) are notable in the samples containing 10 % and more sodium iodide (Figure 3.5.1).
A clear explanation for this phenomenon is still being sought (refer to section 3.11 and
following for results). In theory, a 17.5 % sodium iodide/cadmium carbonate mixture
would contain 28.7 mass % carbonate and 14.8 mass % iodide. Decarbonation of the
mixture would result in a mass loss of 21 %, which is consistent with the value of 20.6 %
shown in Figure 3.5.1a. The first 2.3 % weight loss is assumed to be due to desorption of
atmospheric contaminants and water, as this occurs at comparatively low temperature.
Noteworthy are gradual mass losses at higher temperatures during the pre-treatment step

(2.4 %) and a further one at the end of the run, together totalling 11 %.

Both of these latter mass losses might be attributable to two causes. Firstly, the evaporation
of some sodium iodide is possible. Its melting point is reported as 661 °C [32], which might
correlate with sufficient vapour pressure for evaporation to occur at the temperatures used
here. Secondly, the mass losses (especially the one after 1.3x10* s) are hypothesised to be
due to the loss of iodine. The amount of iodide used to synthesise the fresh sample
(14.8 %) is sufficient to account for these mass losses. However, for this to occur would
require some of the iodide to be oxidised by an as yet undetermined mechanism.
Evidently, carbon dioxide plays a vital role in this mechanism, as the mass loss after its
injection is substantially higher than during the initial pre-treatment step under inert

conditions.

Another TGA screening experiment was performed to test this influence of evaporation
and/or reaction. Pure sodium iodide as well as the 17.5 % Nal sample were exposed to
carbon dioxide as well as pure argon in the screening test (Figure 3.4.1a). The results of
this test show no mass decrease for pure sodium iodide up to temperatures of about
550 °C both in carbon dioxide and in pure argon. Furthermore, the 17.5 % Nal sample did
not exhibit a mass loss below 660 °C when heated in an inert argon environment. Mass
losses were observed at 550 °C and higher for sodium iodide, both in carbon dioxide and

argon. It can be speculated that a significant vapour pressure of sodium iodide is built up
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around 550 °C, causing evaporation of the solid. Altogether, the results indicate that a
reaction of cadmium, iodide and carbon dioxide must take place to account for the mass
loss that occurs above 400 °C. It can be speculated that the reaction might even occur at

lower temperature, if it is masked in this experiment by simultaneous carbon dioxide

sorption occurring in this same temperature range.
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Figure 3.5.2: TGA screening test of 17.5 Nal sample and pure Nal with and without CO: addition.
17.5 % Nal sample calcined at 500 °C in air 3 h prior to analysis.
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Figure 3.5.3: Two-hour sorption and one-hour desorption studies of samples calcined in air 500 °C
3 h, pre-treated in Ar. a. Sample 17.5 % Nal at various temperatures (°C), pre-treatment 610 °C 1 h,
b. 15 % Nal sample made by dry and wet mixing, 610 °C pre-treatment (20 min).

The results of the screening test in Figure 3.5.1 show that sorption of carbon dioxide is in

favour between 235 °C (left bottom of the peak) and 315 °C (top of the peak). Therefore, a
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series of temperatures between these two limits were chosen to perform sorption and
desorption experiments according to the procedure given in section 3.4.4 and Figure
3.4.1b. A 17.5 % Nal sample was chosen for this and further tests. The results, given in
Figure 3.5.3a, show that the temperature of 247 °C is too low to achieve the maximum
sorption capacity of 26 %. When the sorption mode was ended after two hours and the
sorbents purged with inert gas for another hour, it can be observed that the mass also did
not decrease very much. At higher temperatures, maximum sorption is reached (i.e., 267 to
298 °C). These results can be logically explained. At lower temperatures, conversion of
oxide to carbonate is kinetically hindered and the decomposition of carbonate to oxide is
not thermodynamically favoured. Higher temperatures improve the kinetics, but shift the
equilibrium so that sorption is less strongly favoured. At a temperature of 328 °C, the
oxide is thermodynamically preferred, but a small amount of cadmium carbonate can be
assumed to be present. In Figure 3.5.3a, it becomes evident that the mass gain due to
carbon dioxide uptake is masked by a mass loss during carbon dioxide addition.

Switching back to inert gas then causes a further mass loss.

It was confirmed that the method of synthesis (dry mixing vs. wet impregnation, refer
section 3.4.2) has no significant effect on the sorption properties of the material (Figure
3.5.3b). The dry-mixed sample, however, sorbed and desorbed carbon dioxide a bit faster
than the wet mixed one; this might be attributable to a smaller particle size achieved by

thorough grinding of the sample with mortar and pestle prior to calcination.

Around 298 °C, both sorption and desorption were effectively achieved in an isothermal
partial pressure swing, as the capacity is still comparatively high and the decarbonation
occurs readily when the CO: partial pressure is zero. This can be seen in the plot of the
working capacity versus temperature in Figure 3.5.4; this gives the differences between the
highest relative thermogravimetric mass reading (in 50% CO2, 50% Ar) and the lowest
relative mass reading at the end of the one-hour desorption run (in argon). These values
give an indication of how much carbon dioxide can be both captured and then released at

the same temperature.
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Figure 3.5.4: Working capacities derived from the difference between thermogravimetric maxima
and end points in Figure 3.5.3a.

The initial high capacities of the sorbent are noteworthy. During sorption, a 26.6 % mass
gain is observed at the optimal sorption temperature of 277 °C. Acknowledging that there
is 17.5 % sodium iodide in the sample (considered to be inert in this estimation), the total
conversion of cadmium oxide (molar mass 128.4 g/mol) to cadmium carbonate
(172.42 g/mol) would correspond to a mass gain of 28 %. So it is clear that near
stoichiometric conversion is occurring. Given the fact that the material is of low BET
surface area (2.4 m?g), this also indicates that carbon dioxide penetrates the particles
without the constraint of any intense diffusion limitation through a product layer, as has

been described for carbonation of calcium oxide [33].

The data show that the temperature corresponding to the highest sorption uptake (277 °C)
is not the one corresponding to the highest working capacity (298 °C, Figure 3.5.4). This is
because of the balance between low temperatures favouring high-capacity sorption and
high temperatures favouring facile desorption, when an isothermal (partial) pressure
swing is employed. However, the highest working capacities achieved in this study are

24 % at 298 °C and 23 % at 308 °C.

Another experiment examined the cyclic sorption capability of the 17.5 % Nal sorbent
calcined in air, with the results shown in Figure 3.5.5. The thermogram shows that the
sorbent repeatedly takes up mass within a short timeframe of 12 minutes and releases it

under isothermal conditions upon switching to inert/argon purge for 24 minutes. A
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gradual mass decrease over time is evident in this experiment during the addition of COx,

which is assumed due to the same mechanism as described earlier.
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Figure 3.5.5: Multiple sorption. Four cycles of 17.5 % Nal at 305 °C, sample calcined in air 500 °C
before experiment. Partial pressure swing (50 % CO2/Ar 12 min vs. pure Ar 24 min), pre-treatment
and end step in Ar. 100 % mass at the start of experiment.

Interestingly, cadmium oxide mixtures prepared with sodium bromide, potassium
bromide or sodium carbonate, using both wet and dry mixing methods, show no
significant sorption in the screening test if they are calcined in air before the test (Figure
3.5.6a). This is further supported by a sorption and desorption test similar to those in
Figure 3.5.3, but with a sodium bromide containing cadmium carbonate sample that was
calcined in air (not illustrated). The sample calcined in air showed no sorption at 308 °C,

which is in general agreement with the screening test result (Figure 3.5.6a).

Another set of sorption-desorption tests were performed using lithium bromide and
iodide. These solids were used without calcination in the muffle furnace and pre-treated in
the thermoanalyser in argon before analysis at 380 °C for one hour. This lower pre-
treatment temperature was chosen because cadmium carbonate decomposes at this
temperature easily within the set pre-treatment time [34], and the temperature is well
below the melting point of the lithium compounds [32]. Sorption-desorption results of
these materials, given in Figure 3.5.6b, show that lithium iodide leads to similar behaviour
as sodium iodide (Figure 3.5.3), promoting the carbonation reaction of cadmium oxide. It

can also be seen that use of iodine compounds leads to faster kinetics in the carbonation
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relative to their bromine analogues, whereas potassium iodide facilitates only weak
sorption of approx. 5 %. Given the fact that a lithium bromide containing sample sorbs a
fair amount of carbon dioxide in this experiment, which contrasts the result in Figure
3.5.6a for a different (i. e., sodium) bromide, it seems likely that the different modes of pre-
treatment (calcination in air at 500 °C, Figure 3.5.6a, vs. pre-treatment in argon, Figure
3.5.6b) have had an influence on the sorption capabilities of the materials. Based on this
conclusion, a sodium bromide-containing cadmium carbonate sample was tested again in
the sorption-desorption test, this time without any pre-treatment in air. The result, which
is also shown in Figure 3.5.6b, confirms that the pre-treatment step does have an influence

on the material’s capability to sorb carbon dioxide.
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Figure 3.5.6: a. Screening TGA test of mixed Cd oxides incorporating alternative alkali halide
dopants and pre-treated for 3 h at 500 °C in air, b. 2 h adsorption, 1 h desorption at 290 °C of
samples with substituted dopants, pre-treatment in thermoanalyser at 380 °C in Ar 1 h.

3.5.2 Infrared spectrometry
Infrared spectrometry results performed on a 17.5 % Nal sample are given in Figure 3.5.7.
Pure cadmium carbonate and pure oxide made by heat-treating cadmium carbonate was

examined for comparison.

Figure 3.5.7a shows the sorbent in its oxide state. The fresh (calcined) sorbent is compared
with a sample that had been carbonated and afterwards decarbonated in the
thermogravimetric analyser, as well as with a cadmium oxide sample not containing any
sodium iodide. A sine-shaped background absorption curve can be observed for all oxide

samples, which similarly has been reported by Rieder et al. [35] for cadmium oxide. Also
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notable are the peaks at wavenumbers around 3657 and 1384 cm™. These have been
reported as associated with trace amounts of nitrate (1384 cm™, [36]), and with hydroxyl

groups (3800 to 3200 cm™, [37]).
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Figure 3.5.7: FTIR spectra of 17.5 Nal (calcined in air 500 °C 3 h) sample, a. oxide state, b. carbonate
state

The hydroxyl peak is most prominent in the samples that contain sodium iodide and is
probably a result of the affinity for water of the sodium iodide. The nitrate peak is most
prominent in the untreated and pure oxide sample. It probably originates from nitrate
impurities in the cadmium carbonate (see section 3.4.1). After decarbonating the sample
once, as done for the calcined and pure oxide sample, these impurities have apparently not
decomposed fully. However, as soon as the sample has undergone a
carbonation/decarbonation cycle, and so was exposed to high temperatures for a

significant time, the nitrate peak disappears.

A sample that was carbonated in the thermoanalyser for three hours in a 50 % carbon
dioxide in argon mixture at 285 °C and subsequently cooled down in the same gas mixture
is shown in Figure 3.5.7b, along with a pure cadmium carbonate. It can be observed that
the two spectra resemble each other. This gives an indication that the oxide sorbent
transforms into the carbonate during carbon dioxide sorption. The shape of the spectrum

has also been reported by Stuart as a typical carbonate spectrum between wavenumbers of

2000 and 500 cm [37].
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The infrared spectrometry results clearly suggest that a metal carbonate forms during
carbonation, which is then decomposed during decarbonation. The sodium iodide does

not provide any peaks in the wavenumber area studied here.

3.5.3 Sample crystallinity and morphology

The results of the powder diffraction studies are given in Figure 3.5.8. In this figure, a
comparison between the 17.5 % Nal sample (calcined in air at 500 °C for 3 h) and pure
cadmium oxide, cadmium carbonate and sodium iodide is possible. It can be observed that
the cadmium carbonate phase is prevalent in the fully carbonated 17.5 % Nal sample,
whereas it reverts to cadmium oxide as soon as it is decarbonated. It can also be observed
that there is no distinct crystalline sodium iodide phase present in the 17.5 % Nal sample.
This suggests that sodium iodide is present in an amorphous phase, or else somehow
incorporated or substituted into the cadmium oxide or carbonate lattice. If the latter, it
might be expected that there could be a change in the unit cell parameters of the cadmium
oxide or carbonate and this motivated a detailed investigation of the data using a Le Bail

refinement.

Detailed results of the Le Bail refinement are given in the supplementary materials. It was
found that the cadmium oxide unit cell of the mixed material is 4.6994 A in size, whereas
pure cadmium oxide was found to have 4.6949 A. The latter value is close to the Powder
Diffraction File (version 4+ 2011) entry for cadmium oxide 04-001-3770 (4.6951 A). As a
refinement of pure cadmium carbonate compared to the database entry (refer to
supplementary materials) resulted in a difference of 0.013 A in one dimension, the
difference of the cadmium oxide unit cell was considered to be due to uncertainties in the
refinement, rather than an actual change in its size upon sodium iodide doping. This

favours the former suggestion that sodium iodide is present as an amorphous phase.
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TEM images (Figure 3.5.9a and b) show that the sorbent consists of beads of approx.
250 nm diameter and that its morphology is hardly changed after four cycles of CO2
exposure (Figure 3.5.9b). Electron diffraction patterns show a spot pattern rather than ring-
shaped appearance in both instances (c and d). This indicates that the particles are
polycrystalline and the crystal size is comparatively large. This observation is consistent
with the powder XRD pattern of the oxide state (Figure 3.5.8), as the pattern shows narrow
peaks. The electron diffraction patterns match the d-spacings for CdO obtained from
Powder Diffraction File, which is indicated in Figure 3.5.9 c and d (refer to supplementary
materials for d-spacings and indices). Sodium iodide was not found in the electron
diffraction pattern of the neat and used samples, however a weak iodine signal was found
in the EDX spectrum from areas marked in Figure 3.5.9b (refer to supplementary
materials; the presence of the weak Na signal was not conclusive in this case as it overlaps
with Cu signals from the TEM grid bars). The TEM results are in agreement with the XRD
patterns (Figure 3.5.8), as they indicate large and highly crystalline CdO particles, as well
as the presence of amorphous phase sodium iodide, being relatively well-distributed

throughout the sample.
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|
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—

Figure 3.5.9: TEM images (a. & b.) of 17.5 % Nal, electron diffraction (c. & d., A-K denote diffraction
lines as identified as CdO, refer supplementary material). Sample calcined in air, a. & c. neat, b. & d.
after 4 cycles (Figure 3.5.5),

3.6 Concluding remarks

In this study, a cadmium/alkali halide mixture was synthesised and characterised for pre-
combustion carbon dioxide capture. Synthesis can easily be achieved by dry mixing of
cadmium carbonate and alkali halide or by wet mixing of alkali halide solution onto
cadmium carbonate. Heat treatment of the material, preferably performed in an inert gas
such as argon, results in the active sorbent. A composition with 17.5 % sodium iodide
based on cadmium carbonate gives the best carbon dioxide sorption properties as
determined in TGA. A trial to substitute sodium iodide with a range of other sodium and

potassium salts resulted in materials with no significant carbon dioxide sorption if the heat
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treatment is performed in air. If pre-treated in inert gas, dopants alternative to sodium
iodide show CO: sorption, but with less favourable kinetics. TGA results show that the
material with the optimum level of promoter carbonates almost stoichiometrically in an
atmosphere containing 50 % carbon dioxide at temperatures between 247 and 318 °C. A
subsequent purge with inert gas releases carbon dioxide easily at a temperature around
308 °C, suggesting that the material has good pressure swing sorption capabilities.
Noteworthy are the comparatively high sorption capacities in the context of the material
having a low BET surface area. The samples are assumed to be air-sensitive at high
temperatures, as samples containing alternative dopants to sodium iodide show no
sorption if they are pre-treated in air at elevated temperatures after synthesis. If pre-
treated in inert atmosphere, substitution of sodium iodide dopant is possible.
Characterisation of the material by FTIR spectrometry and powder XRD shows that
cadmium carbonate is formed and decomposed during sorption-desorption runs,

according to eqn. 3.6.1.

CdCOs 5 CdO +CO2 eqn. 3.6.1

XRD analysis revealed that cadmium oxide and carbonate phases are visible in the mixed
sample, but a discrete sodium iodide phase could not be observed. It appears that the
sodium iodide dopant is distributed amorphously within the cadmium oxide since Le Bail
refinement did not reveal any change of the XRD unit cell parameters. TEM images
indicate a spherical morphology of the samples, with CdO particles of 250 nm diameter
and a polycrystalline appearance. In addition, the combination of electron diffraction and

EDX results suggest that sodium iodide is present in the sorbent in an amorphous form.

The results of this study suggest that CO: sorbents based on cadmium may be viable for
use in a pressure swing sorption process due to their ability to reversibly carbonate and
decarbonate at the same temperature. In order to be industrially interesting, research must
now be focussed on maintaining a high sorption capacity over a multitude of carbonation-
decarbonation cycles and analysing the effect of other syngas constituents (hydrogen,

water and trace compounds like hydrogen sulphide) on the sorbent.
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Cadmium oxide is known to be toxic when ingested, so this is a concern that would need
to be fully assessed if it were to be used industrially. Since the sorbent would probably be

fully contained as a fixed bed it seems likely that this risk would be manageable.

Further research that sheds light on the exact sorption mechanism of the materials

presented here may also lead to the development of less toxic analogues.
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Figure 3.8.1: a. N2 adsorption-desorption isotherm (gas volume at STP adsorbed vs. p/po), b. BJH
pore volume of a 17.5 % Nal sample, after initial calcination at 500 °C in air 3 h

3.9 Le Balil fit of the XRD data

3.9.1 Statistics

The statistical values of the Le Balil fits performed in the paper are given in Table 3.9.1.
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Table 3.9.1: Statistics of the Le Bail fits

reference in

sample wRp Rp X2
supplement
17.5 % Nal, Figure39.1 01663  0.1109 5.891
calcined 500 °C air
pure CdO Figure 3.9.2 0.1145 0.0740 2.930
pure CdCOs Figure 3.9.3 0.1245 0.0875 1.529

3.9.2 Le Bail fit graphs

The graphs of the Le Bail refinements of the powder XRD data are given in the figures
below. The black crosses denote the observed, the red line the refined data. The
background is plotted green; blue denotes the difference between calculated and observed.

The difference graph is offset below the other graphs.
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Figure 3.9.1: Le Bail refinement plot of 17.5 % Nal sample, as synthesised
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Figure 3.9.3: Le Bail refinement plot of pure CdCO:s
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3.9.3 Results

Table 3.9.2: Results of the Le Bail refinement of the laboratory XRD data for cadmium oxide and

carbonate
sample phase  unit cell lengths a=b unit cell length ¢  space group
17.5 % Nal calcined cdo 46994 A —a Fm-3m
500 °Cair3 h
pure CdO CdO 4.6949 A =a Fm-3m
PDE4+ 201l entry 40 4.6951 A -a Fm-3m
04-001-3770
pure CdCO:s CdCOs 4.9330 A 16.3448 A R-3¢
PDE4+201Lentry  cqco; 4.9207 A 16.2968 A R-3¢

04-014-4823

3.10 EDX results and Powder Diffraction File data

EDX results are given in Figure 3.10.1 to Figure 3.10.3. The increased iodine content
relative to cadmium is evident in Figure 3.10.2. Table 3.10.1 shows the d-spacings and

reciprocal distances for cadmium oxide, Powder Diffraction File entry 04-001-3770.
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Figure 3.10.1: EDX spectrum for ‘edx 2’ label in article.
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Figure 3.10.2: EDX spectrum for ‘edx 3’ label in article.
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Table 3.10.1: Assignment of electron diffraction pattern observations corresponding to label A-K in
the article, d-spacing values obtained from Powder Diffraction File entry 04-001-3770 (CdO)

Label A B C D E F G H I ] K
d-spacing 271 235 166 142 136 117 108 105 096 09 083
(A)

Reciprocal

distance 369 426 602 706 738 852 928 953 1043 11.07 12.05
(I/nm)

Q (1/A) 232 268 378 444 464 535 583 599 655 696 7.57
h 1 2 2 3 2 4 3 4 4 5 4
K 1 0 2 1 2 0 3 2 2 1 4

1 1 0 0 1 2 0 1 0 2 1 0
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3.11 Abstract

Cadmium oxide/alkali metal halide mixtures for pre-combustion CO: capture were made
using a wet mixing approach. Some of the samples were pelletised, also using SBA-15
mesoporous silica as an additive. In a multiple CO: sorption cycle test via
thermogravimetric analysis, the best performing powder material by capacity and kinetics
(a cadmium oxide made from carbonate doped with 17.5 wt% sodium iodide) exhibited a
sorption capacity loss from 17 wt% to 2 % after 25 cycles of partial pressure swing sorption
(50 vol% COx2 in Ar vs. pure Ar) at atmospheric absolute pressure and temperatures of 285
and 305 °C. When the initial decomposition of the carbonate took place in inert gas (Ar or
N2 instead of air), the cyclic stability was improved. Water addition (1 vol%) to the
sorption gas further improved the cyclic CO: sorption stability and capacity. Elemental
analysis of the samples after cyclic exposure to CO: revealed that the capacity loss is
associated with loss of iodine from the sample, whereas the sodium is kept within the
samples. Water addition, however, had no significant effect on this iodine loss. Pellets
made from carbonate performed with a working capacity of 10 wt%, but lost their
mechanical integrity during multicyclic sorption. If made in the oxide state, pellets
remained sturdy, but showed almost no working capacity. The addition of 13.7 wt%
SBA-15 improved the working capacity of the oxide pellet to a stable value of 5.2 wt% over
25 cycles. In-situ powder X-ray diffraction showed the reversible isothermal phase

transformation of CdO to CdCOs during three cycles of sorption and also revealed the




86 Chapter 3: Investigation of CdO-alkali halide carbon dioxide sorbents

presence of a crystalline sodium iodide phase, which appeared to be lost with increasing

number of sorption cycles.

3.12 Introduction

The Integrated Gasification Combined Cycle (IGCC) process with water-gas shift reaction
(WGS) and carbon dioxide capture has been proposed as a promising new power
generation technology, which could help reduce anthropogenic greenhouse gas emissions
and thereby halt global warming and climate change [1, 38]. The process consists of the
gasification of coal to synthesis gas (syngas) mostly consisting of water, hydrogen, carbon
monoxide and carbon dioxide. A WGS reactor is employed downstream of the gasifier to
enrich the gas by converting the carbon monoxide to carbon dioxide and hydrogen by
reaction with water. Subsequent carbon dioxide capture from the shifted syngas would
then result in a hydrogen-rich fuel gas, the combustion of which can power a gas and
steam turbine combined power plant process, leaving water vapour as the only major

exhaust gas [1, 6].

Separating the carbon dioxide in-situ at the temperature of the WGS reactor would be
beneficial, as it would reduce the energy penalty arising from cooling or heating the
syngas to the required carbon dioxide capture/separation temperatures. Syngas typically
exits the final stage of the WGS reactor at a temperature between 250 and 400 °C [6]. A
range of metal oxide based sorbents have been proposed to operate in this temperature
window, including layered double hydroxides [10-12], lithium zirconates [13],
magnesium/potassium double salts [12, 14] and a magnesium-cesium mixed metal oxide
[39]. These materials accommodate the CO: by reacting with it to form carbonated
products. However, most working capacities are reported to be lower than 10 weight-% in
the temperature range studied here, whereas the lithium zirconates require higher
temperatures to perform with acceptable reaction kinetics and capacity. A high working

capacity is always desirable as it would help to keep carbon capture costs to a minimum.

Calcium oxide based materials, which have been considered for carbon dioxide capture at
higher temperatures (typically 600 to 900 °C) by a number of research groups, show a

decay in capacity during several carbonation-decarbonation cycles. In the case of calcium
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carbonate, this decay is considered to be due to sintering at high temperature and due to
the filling of inter-micrograin void spaces due to carbonation [16]. A successful attempt to
solve the decay in capacity was performed by calcium carbonate sorbent synthesis via CO:

introduction into a calcium hydroxide aqueous slurry [40].

The carbonation of cadmium oxide was first studied by Doiwa et al. [26, 27], who showed
that the presence of a sodium halide was essential. We have more recently reported that
cadmium oxide/sodium iodide mixtures can sorb up to 24 wt% CO:2 in the temperature
range of 250 to 310 °C [41]. This study showed that mixtures of various sodium and
lithium halides with cadmium carbonate were able to sorb and then desorb carbon dioxide
after decomposition to cadmium oxide by heating. This reversible sorption is due to the
formation and decomposition of cadmium carbonate as confirmed by Fourier-transform
infrared spectroscopy and powder X-ray diffraction (XRD). The best-performing material,
made from 17.5 wt% sodium iodide (based on cadmium carbonate), showed a maximum
weight increase of 26 wt% as CO: was sorbed at 265 °C. The sorption was reversible and
the carbon dioxide was recovered at the same temperature by reducing the partial
pressure of CO2. Due to its high sorption capacity, this material appears prospective for
carbon dioxide capture from syngas and worthy of more detailed study. It is important to
determine whether any capacity loss occurs under cyclic conditions as has been reported

for calcium oxide.

In the present study, cadmium oxide/alkali halide mixtures were examined under cyclic
sorption conditions via thermogravimetric analysis (TGA) to investigate the stability of
their working capacities. Samples were examined both as powders and pellets since the
latter are more likely to be used in industrial applications. SBA-15 silica was added to the
sample prior to the pelletisation process in an attempt to improve gas diffusion into the
pellet. An assessment of the mechanical stability of the pellets was also performed before

and after cyclic COz sorption in TGA.

CdO-Nal powder samples were separately investigated by inductively coupled plasma
mass spectrometry (ICP-MS) and atomic absorption spectrometry (AAS) to determine

their cadmium, iodine and sodium content before and after cyclic exposure to COz. In-situ
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powder XRD experiments at 325°C were performed to more directly observe the

reversible transformation of cadmium oxide to carbonate.
3.13 Experimental section

3.13.1 Preparation of cadmium oxide/alkali halide composite samples

Cadmium oxide/alkali metal halide composites were prepared via a wet mixing method as
previously described [41] and as summarised in Table 3.13.1. Cadmium carbonate was
mixed with either sodium iodide (17.5 wt%), sodium bromide (12.9 wt%), lithium iodide
(15 wt%) or lithium bromide (10 wt%). Water was removed from suspensions of cadmium
carbonate dispersed in the respective alkali metal halide aqueous solution by heating and
evaporation during continuous stirring. The precipitated samples were then dried
overnight in a nitrogen-purged oven at 120 °C, resulting in completely dry powder

samples.

Some of the dried powder samples were subsequently calcined in a muffle furnace (CM
Inc., model Rapid Temperature 840940) in atmospheric air at either 370 °C or 500 °C. Other
samples were also separately calcined under nitrogen (Carbolite ORF-810 furnace with
internal gas-purged steel tube assembly). Samples were either calcined for 3 or 24 hours.

After synthesis or calcination, samples were stored in sealed vials for further use.

The sample designations indicate the mass % of the alkali metal halide as a fraction of the
cadmium carbonate as calculated from the mass of reagents used. Samples with no

percentage indicator comprise samples made with 17.5 wt% Nal.

3.13.2 Preparation of SBA-15 silica

SBA-15 type mesoporous silica was prepared by a method similar to that reported by Zhao
[42] and adapted by Knowles et al. [43] using poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (Sigma Aldrich), tetraethylorthosilicate (Sigma
Aldrich), ethanol absolute (Merck) and hydrochloric acid (Merck). The synthesis mixture
was initially stirred overnight, then aged three days at 105 °C in a polypropylene jar
contained within a Hawkins ‘Big Boy’ 22L pressure cooker. The product was

subsequently filtered, air dried and then calcined at 575 °C for two days. A pore size
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distribution and nitrogen physisorption isotherm of the SBA-15 used in this study is given

in the supplementary material.

3.13.3 Pelletised samples

For pelletisation, the as-synthesised and oven-dried (i. e., carbonate form) powder samples
as well as a sample calcined in nitrogen in a muffle furnace (500 °C, 3 hours) were used.
Mixtures of the calcined sample with SBA-15 silica were also prepared and fed to the pellet

press. Mass percentages of SBA-15 are reported with respect to the mass of calcined

CdO/Nal mixed sample.

Pellets of a nominally 17.5 % Nal sample were made using a Specac brand hydraulic press
and 13 mm diameter circular pellet die. 0.5 g of sample was placed into the pellet die,
evacuated for ten minutes and then compressed by up to 10 tons force for another ten
minutes. The force was continuously brought back to 10 tons as it decreased over time.
Afterwards, the pellet was removed from the die and segments cut off using a sharp blade.
Up to three such segments of approx. 1 mm width were used in a TGA experiment, so as
to have sample masses of approx. 20 mg (oxide state) and 30 mg (carbonated state). The
physical integrity of the pellets was documented photographically and the pellets were
examined manually by trying to break them using a spatula or rubbing between two

gloved fingers.

3.13.4 Thermogravimetric analysis of carbon dioxide sorption

A Setaram TAG?24-16 thermoanalyser, equipped with Bronkhorst model
F-201DV-RAD-11-K programmable mass flow controllers for the supply of argon and COs,
was used in this study. TGA of multiple isothermal CO2 sorption and desorption cycles
(up to 25 cycles) was achieved by varying the CO: partial pressure (0 vs. 50 vol%) over
samples within the instrument. A sample mass of approx. 20 mg of an oxide material or

30 mg of a carbonate material was used for the experiments.

Samples were pre-treated in-situ at 380 or 510 °C in argon purge for one hour as noted in
Figure 3.13.1 and Table 3.13.1. Tests were performed in both long (one hour each for
sorption and desorption) and short cycles (12 minutes adsorption, 24 minutes desorption)

at temperatures of 285 and 305 °C. A final step at 380 °C in argon flow ensured that
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samples were brought back to fully decarbonised state, i. e., cadmium oxide. This was
necessary to provide a standardised basis for subsequent sample analysis by dissolution

and elemental analysis (ICP-MS, AAS) of some of these samples.

A gas flow of 70 mL/min was always maintained, consisting of either 70 mL/min argon
(inert gas flow) or a mixture made up of 35 mL/min carbon dioxide and 35 mL/min argon
(sorption gas flow, i. e., 50 vol % carbon dioxide, close to the value of 38 % as reported for
a water gas shift reactor outlet gas stream [28]). As per the instrument design, the gas flow
was split into sample and reference gas flow, so that only half of the total flow

(35 mL/min) was diverted to the sample.

Wet gas experiments were performed with argon and carbon dioxide bubbled through
separate wash bottles filled with distilled water, which were maintained at 10 °C in a
cooling bath. The wetted gas was mixed with a stream of dry argon originating from the
balance device purge, resulting in 1 vol-% water concentration at the sorbent sample. Wet
CO:z and wet argon were used as sorption/desorption gases, whereas pre-treatment and

after-treatment were performed in dry argon.

temperature
A
pre-treat
temp. |8 380 °C
S 2
& E)
Y S ads./des. temp
) .
N
CO, cycles
;
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Figure 3.13.1: Adsorption/desorption TGA program. The dashed line on the temperature graph
indicates mass readings used in subsequent data processing.
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Table 3.13.1: Samples used in multicyclic sorption/desorption tests.
sample name composition pre-treatment in pre-treatment in sorption/desorption
CdCOs +.. muffle furnace TG analyser, in cycle mode
(Wt%) Ar
285-a510-s " 17.5 % Nal 500 °Cin air 3 h 510 °C short, 285 °C
285-Ar380-s 17.5 % Nal - none - 380 °C short, 285 °C
305-a510-s " 17.5 % Nal 500 °Cin air 3 h 510 °C short, 305 °C
305-Ar380-s * 17.5 % Nal - none - 380 °C short, 305 °C
285-Ar380-1 17.5 % Nal - none - 380 °C long, 285 °C
305-a380-s 17.5 % Nal 370 °C in air 3h 380 °C short, 305 °C
305-N500-s 17.5 % Nal 500 °Cin N224 h 510 °C short, 305 °C
LiBr-305-Ar380-1 10 % LiBr - none - 380 °C long, 305 °C
Lil-305-Ar380-s 15 % Lil - none - 380 °C short, 305 °C
NaBr-305-Ar380-s 12.9 % NaBr - none - 380 °C short, 305 °C
Lil-285-Ar380-s 15 % Lil - none - 380 °C short, 285 °C
NaBr-285-Ar380-s 12.9 % NaBr - none - 380 °C short, 285 °C
carbonate pellet 17 5o/ N - none - 380 °C short, 305 °C
Ar380 305-s
carbonate pellet 17.5 % Nal - none - 380 °C long, 305 °C
Ar380 305-1
oxide pellet 175%Nal 500 °C in N2, 3h 380 °C long, 305 °C
Ar380 305-1
oxide pellet Ar380 17 50/ N1 500 °C in N2, 3h 380 °C short, 305 °C
305-s-d
1 o,
oxide pellet 175%Nal, 500 oC in N, 3h 380 °C short, 305 °C
SBA15 4.22 % 4.22 % SBA-15
oxide pellet 17.5%Nal, - 500 oC in N3, 3h 380 °C short, 305 °C
SBA15 13.7 % 13.7 % SBA-15

‘short’ = 12 min sorption, 24 min desorption, ‘long’ = 1 h sorption, 1 h desorption

"wet and dry gas experiments

#17.5 wt% Nal based on CdCOs, SBA-15 amount (wt%) based on mixed CdO/Nal sample after

calcination
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3.13.5 Elemental analysis

All mass determinations for the elemental analysis of a 17.5 % Nal sample were performed
using a Mettler H54 balance with an accuracy of 0.00001 g. Samples of 20 mg were
dissolved in 40 g of 1wt % hydrochloric acid. For cadmium and iodine analysis, the
samples were further diluted down to expected values of 20 to 30 ug/kg of cadmium and
iodine using 1 % hydrochloric acid. For the determination of sodium, dilutions were
performed using deionised water, giving an expected value of 1.5 mg per kg solution of

sodium.

Cadmium carbonate and sodium iodide standard solutions for instrument calibration
were prepared in a similar manner using the same batch of pure chemicals as used for
synthesis (refer section 3.4.2 and [41]). For cadmium and iodine standards, 20 mg of
sodium iodide and cadmium carbonate were dissolved separately and the samples
subsequently diluted down to values of 10, 20, 40 and 60 pg cadmium or iodine per kg
solution using 1 % hydrochloric acid. Dilutions were obtained using the same batch of 1 %
HCI as used for dissolution. For a sodium standard, the primary dissolved sodium iodide
sample mentioned above was diluted in the range of 0.5, 1, 1.7 and 2.5 mg sodium per kg

solution using deionised water.

Elemental analysis for cadmium and iodine was performed by inductively coupled plasma
time of flight mass spectrometry (ICP-MS) on a GBC Optimass 9500 model instrument. For
sodium determination, atomic absorption spectrometry (AAS) was employed and a GBC
XplorAA model instrument was used. The hydrochloric acid sample itself was used as a
blank (zero concentration) calibrator in ICP-MS, deionised water was used as the blank in

AAS.

The results of ICP-MS and AAS, measured in pg or mg of element per kg of solution, were
calculated into weight percentage amounts of cadmium, iodine and sodium using the
dilution factors and the amount of solid sample used, i. e., based on the powder mass in
the decarbonated/cadmium oxide state before dilution (except for samples analysed in the
cadmium carbonate state, as indicated in the text/caption). Theoretical amounts were
calculated assuming 17.5 % Nal in cadmium carbonate, the decomposition of carbonate to

oxide during calcination, and that Na and I are inert and non-volatile.
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3.13.6 Powder X-ray diffraction

In-situ powder X-ray diffraction studies were undertaken at the Australian Synchrotron. A
fresh 17.5 % Nal sample (calcined at 500 °C, 3 h) was transferred into a quartz capillary,
mounted into the diffractometer and purged with either nitrogen or pure carbon dioxide
during data acquisition. Heating of the sample was performed using a hot air blower,
which was mounted underneath the capillary. The temperature of the hot air was set to
325 °C. Experiments were performed by interchanging the purge gas between pure
nitrogen and carbon dioxide for three cycles, starting with the calcined sample. After each
gas change, XRD patterns were observed until no more change was apparent (between 40

and 90 minutes).

The wavelength, zero offset and unit cell parameters of cadmium oxide and cadmium
carbonate were refined via the software package GSAS-EXPGUI [29, 30] using the Le Bail
method. Powder Diffraction File 4+ 2011 entries 04-001-3770 (cadmium oxide) and 04-014-
4823 (cadmium carbonate) were used as starting values for the unit cell parameters. For
ease of comparison of the lab data with the synchrotron data, XRD patterns were
converted from 20 with the respective wavelength to the wavelength-independent values
of Q using the software CMPR [31]. The definition of Q is given in eqn. 3.13.1, wherein A is

the wavelength of the X-rays used to acquire the pattern.

srsin2?
TS eqn. 3.13.1
A

Q=
A lanthanum hexaboride standard (NIST 660b) was also measured as a reference without
gas purge or heating in order to refine the wavelength and zero offset. The wavelength

was found to be 0.8267593 A and the zero offset -0.0206908 degrees 20, as determined by a

Le Bail refinement (refer supplementary materials for detailed results).

Powder XRD patterns of pure comparison materials (CdO and CdCOs) were acquired on a
Bruker D8 focus diffractometer using Cu-Ka radiation (1.5418 A wavelength). Intensities
were multiplied with a factor (as indicated) to make them comparable to the higher-

intensity synchrotron patterns on the same intensity scale.
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3.14 Results and discussion

3.14.1 Thermogravimetric analysis of the sample stability

Figure 3.14.1 shows two examples of full thermograms of 25 cycle sorption/desorption
experiments (a and c) as well as excerpts with the mass at the start of the cycles set to
100 % (b and d). The derivation of the working capacities is indicated for the last cycle as
the difference in relative mass for each cycle, as shown in Figure 3.14.1b. The full
multicyclic plots for all materials reported can be found in the supplementary material
(sample designators are listed in Table 3.13.1). In general, the results show that the
working capacity decays for samples calcined in air (Figure 3.14.1c and d). Apart from the
working capacity, there is a mass loss before and after cyclic exposure evident in most of
the full thermogravimetric plots (refer dashed arrows in Figure 3.14.1 a, also evident in
Figure 3.14.1 c and supplementary material). This can be observed in the baseline of the
mass signal in the full thermograms showing higher values before than after the cyclic
exposure. This suggests that some part of the sample mass must be lost by reaction and/or
evaporation during the experiment and this motivated a detailed analysis of the samples

for their elemental composition (section 3.14.2).
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Figure 3.14.1: a. Full thermogram of a 17.5 % Nal sample, cycles at 285 °C, wet gas (285-Ar380-s-w),
showing activation step, 25 cycles (12 min sorption, 24 min desorption), final desorption, b. excerpt
from a. with 100 % set at the beginning of the sorption cycles, working capacity derivation shown at
final cycle. c. and d. analogue a and b, calcined sample (285-a510-s-w)

Plots of the working capacities versus cycle number for all materials studied here are given
in Figure 3.14.2. These results show that the sorption capacities of some materials were
reduced over several adsorption-desorption cycles. Generally, it can be observed that the
samples pre-treated in air at any temperature showed a fast decay during muticycle
sorption and the effect was more pronounced at a temperature of 305 °C than at 285 °C
(Figure 3.14.2a). Sodium iodide containing samples that had not been in contact with air,
i. e., the samples calcined in an inert (nitrogen or argon) atmosphere, maintained their
capacity to a much more significant extent. 1 % water addition increased both the stability
and the capacity (Figure 3.14.2b), whereas higher temperatures resulted in a capacity

reduction. The time of pre-treatment did not seem to play a significant role in the long-
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term performance of the materials (Figure 3.14.2c); rather it seems to be a matter of
exposure to air at high temperatures (380 or 510 °C) that determines the capacity stability.
Non-calcined samples containing lithium iodide, however, exhibit capacity decay similar
to the sodium iodide samples calcined in air (Figure 3.14.2d). The rates of CO: uptake
(evident in the full thermograms, refer to supplementary material) of the lithium bromide
sample were relatively slow, so that this experiment was only performed using long

(1 hour) cycles. Alternative dopants to Nal, in general, show an overall lower capacity

than Nal (Figure 3.14.2d).
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Figure 3.14.2: Multicyclic adsorption-desorption of various alkali halide/CdO samples at different
temperatures. Refer to Table 3.13.1 for sample designators. a. 17.5 % Nal samples pre-treated in Ar
and in air, no water added during TGA; b. as for a but with 1 % water addition in TGA; c.
17.5 % Nal samples and different pre-treatments; d. other alkali halides. Last letter d =dry gas,
w = wet gas.




3.14 Results and discussion 97

3.14.2 Elemental analysis

Figure 3.14.3 shows the composition of as-synthesised and calcined samples as well as
theoretically expected values. The expected values are based on the mass ratios of
cadmium carbonate and sodium iodide used during synthesis. It was assumed that
cadmium carbonate decomposed to oxide upon calcination, and that sodium iodide was
inert. The absolute cadmium content of the sample was assumed to be unchanged
throughout synthesis, calcination and testing runs, since it is not volatile at the
temperatures used in this study (its sublimation point is reported at 1559 °C [44]). The
results for the calcined and non-calcined 17.5 % Nal samples investigated in dry and wet
gas TGA cycles at 285 and 305 °C (refer to Figure 3.14.2a and b) are shown in Figure 3.14.4.
The results given in Figure 3.14.3 and Figure 3.14.4 are both showing wt% and also the

mass ratios relative to Cd content.

It can be noted in Figure 3.14.3 that the elemental composition of cadmium, iodine and
sodium of the as-synthesised sample in the carbonated state was found to be lower than
the expected theoretical values. This may be due to inaccuracies in weighing the amount of
powder sample used for the dissolution. A dry sample was assumed, but the sample
might have adsorbed water during handling before the dissolution. Furthermore, it is
evident that the iodine to cadmium ratio (Figure 3.14.3b) is lower than the value that was
expected. It is speculated that a certain amount of iodine may have been lost during wet

synthesis.

Figure 3.14.3b shows that the unused/as-synthesised sample after calcination had a lower
iodine content than expected if it is assumed that only cadmium carbonate decomposes to
oxide and that sodium iodide remained inert during calcination. Calcination in air led to
an even lower iodine content compared to calcination in nitrogen. Slightly increased
Na/Cd levels that accompany lowered I/Cd ratios were attributed to a heavy element
(iodine) leaving the sample. Consequently, the sodium ratio, on a mass basis, had to rise, if

is assumed that the iodine is replaced by a lighter element.
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Figure 3.14.3: Elemental analysis of as synthesised (a/s) 17.5 % Nal samples calcined in air, N2 and
uncalcined (carbonate state), a. mass-%, b. Na and I relative to amount of Cd. Max. error 5.29 %
(absolute) for Cd of a duplicate measurement of N2 calcined sample.

The elemental compositions of the samples after multicyclic exposure are presented in
Figure 3.14.4. It can be observed that the iodine content was lowered significantly during
the TGA experiment, while the amounts of the other elements remained at similar
magnitudes. Figure 3.14.4c and d also shows that the concentrations of iodine decreased
relative to cadmium. It can be concluded from this observation, together with the loss of
capacity after multiple carbonation-decarbonation cycles (Figure 3.14.2), that halide is an
important promoter of the carbonation reaction. The maintenance of higher CO: sorption
capacities appears to be associated with the maintenance of higher iodide content within
the sample. Interestingly, sodium appeared to remain incorporated within the sample
during the carbonation-decarbonation experiments, while the halide was removed from
the sample. Water addition during cycling has no significant influence on the elemental

composition of the samples.

Given the loss of iodine occurring in some samples, the question must be asked how the
composition of the sample changes with respect to stoichiometry. As sodium iodide was
added to the sample initially and sodium levels do not change significantly, sodium iodide
must be somehow changing into a different form upon the removal of iodine from the
sample. Furthermore, calcination in air leads to a more substantial loss of iodine than
calcination in an inert environment (N2), both after initial calcination and multicyclic CO:
sorption. It is hypothesised that oxidation of iodide to iodine in air is involved in this

mechanism. However, as iodine loss over sorption cycles (compared to initial samples) is




3.14 Results and discussion 99

also observed for samples calcined in inert conditions, CO: seems to play a role in the
decay mechanism as well. The investigation of the iodine loss mechanism is the subject of

ongoing studies (presented in Chapter 4).
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Figure 3.14.4: Elemental analysis of 17.5 % Nal/CdO samples after cyclic CO2 sorption experiments,
a. dry gas, b. wet gas, c. & d. like a, b with I and Na content relative to Cd. Samples correspond to
Figure 3.14.2 a and b.

3.14.3 Powder X-ray diffraction

The results of the in-situ powder XRD studies performed at the Australian Synchrotron are
given in Figure 3.14.5. A 17.5 % Nal sample (calcined in air at 500 °C) was used in this
experiment. Upon heating to 325 °C in nitrogen purge, the first scan (labelled ‘start’) was
obtained (Figure 3.14.5a). Afterwards, the gas flow was switched to CO: and the pattern

changed (Figure 3.14.5b). Three cycles of nitrogen and CO: purge resulted in carbonation
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and decarbonation of the material as indicated by the diffraction patterns changing from
cadmium oxide to carbonate and vice versa. Cadmium carbonate and oxide patterns are

given for comparison.
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Figure 3.14.5: Powder XRD patterns of a 17.5 % Nal sample obtained from in-situ synchrotron
experiments at the end of each cycle at 325 °C: a. decarbonated state, b. carbonated state. Arrow
indicates two peaks assigned to Nal. Sample calcined in air at 500 °C before experiment.

Initially, a cadmium oxide phase was observed when purged with nitrogen. After
exposure to pure carbon dioxide, a cadmium carbonate phase evolved. Noteworthy is the

temperature of 325 °C, at which this experiment was performed. This conflicts with the
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results of TGA experiments reported in the previous study in this series [41], which
showed that a temperature beyond 318 °C is too high for CO: sorption. This discrepancy is
probably because the temperature measurement for the in-situ XRD system was not
located within the sample cavity but, rather, adjacent to the hot air outlet that blows on the
sample capillary. The XRD capillary was also purged with cool gas, which may have
contributed to the actual sample temperature being below the setpoint. The true sample
temperature was almost certainly lower than the measured one, though by how much is
unknown. By contrast, the temperature sensor of the thermoanalyser was located
immediately underneath the sample crucible and was thus probably a more realistic

representation of the true sample temperature.

Le Bail refinements of the unit cell parameters of the cadmium carbonate and oxide phase
observed in the in-situ XRD experiments have also been performed on the raw
synchrotron data (i.e., at a wavelength of 0.8267593 A). The results are given in the
supplementary material. It can be noted that the unit cell lengths are marginally larger
(4.71 A) than the ones given in the Powder Diffraction File database (4.69 A) and the ones
reported in [41]. This can be explained by thermal expansion at the elevated temperatures
used in these experiments. There is no new structure or unit cell modification due to the

carbonation reactions and/or the doping with sodium iodide apparent here.

However, another noteworthy observation was the decrease of a sodium iodide phase at
325°C in the in-situ synchrotron experiment. An XRD scan of the fresh/calcined
17.5 % Nal sample at the synchrotron at 325 °C showed a sodium iodide phase at very low
intensity (see arrow in Figure 3.14.5a, two peaks between 1.5 to 2 A-1). During multicyclic
sorption at 325 °C, the intensity of the sodium iodide peak decreased significantly with the
progressing number of cycles. This suggests a loss of iodine, which is consistent with the
elemental analysis results in section 3.14.2. However, despite the use of high-resolution
diffraction analysis employing synchrotron radiation, a new sodium-containing phase was

not identified.

3.14.4 Pelletised material

The working capacities for the pelletised sorbents are presented in Figure 3.14.6. Multiple

short (12 min sorption, 24 min desorption) and long cycles (one hour each) for the material
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pressed in the carbonated state, as well as long cycles for the pellet made in the oxide state
(with and without SBA-15 addition) were performed and the working capacities

determined.

It is evident that the pelletised materials provided lower working capacities than their
powder counterparts in equal short cycles (compare Figure 3.14.2). This is presumed to be
due to the formation of a significant diffusion barrier within the fused pellet, which
limited the access of the carbon dioxide. It can be observed that the carbonate pellets
showed a capacity decrease for the long cycles. This also occurred, but was much less

significant for the short cycles.

The reversible CO: capacity of the oxide pellets was observed to improve with cycle
number during long cycles. This might be due to expansion of the oxide as soon as it
transformed into carbonate, thus creating fine voids within the pellet. These, in turn, could
lead to better permeation of the gas through the pellet, resulting in higher working
capacities in the subsequent cycles. A similar explanation might be used for an initial
increase in working capacity observed for a powder sample calcined in air (Figure 3.14.2b),
as nanoparticles might fracture upon multicyclic CO2 sorption, improving access of the gas
into the core of the nanoparticle in subsequent cycles. In short cycles, the oxide pellet did

not give any significant working capacity (< 0.5 %, Figure 3.14.6).

Pellets pressed using a mixture of the calcined CdO/Nal sample and SBA-15 silica initially
exhibited a higher working capacity than the oxide pellet. The incorporation of 13.7 wt%
SBA-15 led to a working capacity of 5.2 wt%. However, the adsorption rate is slow and
CO: saturation was not achieved for this material, as can be seen in the full thermogram
(refer to supplementary materials). The mass showed an overall increasing trend over the
25 cycles for this material, which might be attributed to the sorption rate being slightly less
diffusion-limited than the desorption rate, or an expansion of the structure over multiple
sorption/desorption cycles. Decreasing the amount of SBA-15 to 4.22 % led to more stable
cycling (i.e., the baseline is more horizontal); perhaps there was a better balance between
sorption and desorption rates in this case. However, the working capacity reduced further

to 2.8 wt%.
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The fact that adding SBA-15 improved the CO: uptake of the pellet during short cycles
supports the view that CO: is less able to diffuse into the inner reaches of the pellet,
relative to the powder samples. If a porous material is interspersed into the sorbent pellet,
it can be imagined that the gas can penetrate into the core of the pellet more easily by
diffusing through the void volume provided by the porous material particles. This is
indeed evident in Table 3.14.1, showing that the fraction of the potential (stoichiometric)
mass uptake achieved was higher for the pellets containing SBA-15. Adding a lower
amount (4.22 instead of 13.7 wt%) of SBA-15 led to a lower working capacity, as
accessibility was reduced by the reduced amount of empty volume. It appears that the
higher amount of SBA-15 benefitted the reversible CO: sorption working capacity, but

came with limitations in the mechanical strength of the pellets, as discussed next.
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Figure 3.14.6: Working capacities of pelletised 17.5 % Nal material. Pelletisation performed in oxide
(N2 calcination) and carbonate state. Dry gas.
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Table 3.14.1: Theoretically achievable mass gains by full carbonation compared with the working
capacities achieved in Figure 3.14.6 in the short cycle experiments. 17.5 % Nal based on CdCOs is
assumed here to be inert during initial decarbonation, SBA-15 throughout the experiment.

sample CdO max. weight gain (wt%)  average fraction of max.
(wt%) in by full carbonation of working working
activated ~ CdO to CdCOs capacity (wt%) capacity
state achieved achieved
pure CdO, 100 34.3 n/a n/a
theory
carbonate pellet 77.84 26.7 12.2 45.7 %
oxide pellet 77.84 26.7 0.6 22 %
4.22 % SBA-15 74.63 25.6 2.8 10.9 %
13.7 % SBA-15 67.17 23.0 5.2 22.6 %

Figure 3.14.7 shows photographs of the pellets. The pressing of the carbonate sample gave
a sturdy pellet (Figure 3.14.7a). The segments used in the TGA experiments are shown in
Figure 3.14.7b. After the multicyclic exposure, the pellet fragments maintained their shape
(Figure 3.14.7c), but only slight manipulations with a spatula caused them to fall apart
(Figure 3.14.7d). For comparison, two whole carbonate pellets were calcined in nitrogen at
500 °C (Figure 3.14.7¢e). These also were very brittle and easily crushed between the fingers
(Figure 3.14.7f). It might be concluded that the weakening of a carbonate pellet already
occurred during the initial activation of the pellet rather than during the cyclic sorption
tests. By contrast, the pellet made in the oxide state (Figure 3.14.7g) maintained its
integrity well throughout a multiple cycle TGA experiment. After the TGA experiment, the
pellet fragments maintained their original shape (similar to Figure 3.14.7c) and did not
easily crumble when crushed or rubbed between the fingers (though some minimal
amount of material did rub onto the gloves in a similar manner to a hard pencil writing on
paper). The two pellets with SBA-15 added behaved in an intermediate way. After 25 CO2
sorption cycles, the inner portion of the pellet remained sturdy, but was covered by a
powdered layer, which was easily removed by rubbing the pellet between two fingers. The
remainder of the pellet core and the removed powder after cyclic COz exposure is shown

in Figure 3.14.7h.
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Figure 3.14.7: Images of 17.5 % Nal pellets. a. fresh carbonate pellet, b. segments cut off for TGA,
c. & d. brittle segments after sorption cycles, e. & f. brittle carbonate pellet calcined at 500 °C in N,
g. sturdy pellet pressed as oxide, h. 4.22 % SBA-15 pellet after 25 CO2 sorption cycles. Diameter of
pellet after pressing 13 mm, width of tweezers (shown for comparison) 10 mm.

The results show that the material can be pelletised and that pelletisation is best performed
in the oxide state so as to maintain the mechanical integrity of the pellet during sorption
cycles. However, the working capacity of the pellets was relatively low, and the addition
of a porous filler material caused the pellets to partially crumble to powder during CO:
sorption cycles. In order to overcome this problem, future studies might also consider the

use of suitable binding agents.

3.15 Concluding remarks

In this study, cadmium oxide/alkali halide mixtures made from both lithium and sodium
bromide and iodide were characterised in multiple sorption-desorption cycles. All
materials exhibited reversible mass gains and losses under CO: partial pressure swing
processing via TGA. The best-performing material, a sample made from 17.5 wt% Nal and
CdCOs, was analysed in detail, as samples with other alkali halides than Nal exhibited
lower working capacities, slower carbon dioxide sorption or weak multicyclic CO2
sorption stability. It was shown by TGA that a cyclic exposure to carbon dioxide in argon
and pure argon induces a cyclic sorption and desorption of carbon dioxide at constant
temperature, which was confirmed to be due to the reversible formation of cadmium
carbonate and oxide by powder XRD. From the TGA results, it became evident that the

working capacity of the material is severely reduced over 25 cycles if the initial material
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activation (decomposition of the carbonate) is performed in air. Pre-treatment in an inert
gas (argon or nitrogen) significantly improves the multicycle sorption stability. 1 % water
addition to the feed gas stream also has a beneficial effect on the overall capacity and
cyclability. In a TGA experiment in wet gas with 12 minutes sorption and 24 minutes
desorption, at 285 °C, a comparably stable working capacity of approx. 18 weight-% per

cycle was achieved.

The severe capacity loss of samples pre-treated in air is associated with a loss of iodine,
whereas the sodium content was unaltered during the capacity loss, relative to the
cadmium content and, so, appeared to be completely retained within the sample. This was
confirmed by elemental analysis using AAS and ICP-MS. This must mean that sodium
takes on a new form, but its exact nature so far remains unidentified. It can be speculated
that the loss of iodine is related to the oxidation of iodide to iodine, which then evaporates.
This is consistent with the result that samples calcined in air exhibit a greater iodine loss
than if they are calcined in inert conditions (i. e., where no oxygen is available as oxidiser).
Mass losses during the multicycle experiments, determined by the baseline shift, also
confirm alteration and loss of sample constituents over multiple sorption cycles. Water
addition during cyclic experiments apparently had no noticeable effect on the loss of

iodine.

Pelletisation of the samples and subsequent multiple cycle sorption of the pelletised
material resulted in lower working capacities than their powder counterparts. Pellets
pressed after pre-treatment (as oxides) had better mechanical stability, but only achieved a
relatively low CO: sorption working capacity. The reduction of the working capacity
caused by pelletisation is assumed due to fusion of powder particles, resulting in diffusion
limitations due to greater material thickness. For a pellet prepared from the oxide form of
the sorbent with the addition of SBA-15, an improved cyclic sorption capability is
presumed to be due to the porous material enabling better gas diffusion into the core of
the pellet. In comparison to an oxide pellet without additive, the pellets containing silica
were found to be less robust and partially crumbled into powder after 25 CO: sorption

cycles.
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The cadmium oxide/alkali halide sorbent was found to exhibit promising potential as a
sorbent to reversibly capture from CO: from syngas associated with power generation via
IGCC. The cyclic capacity of a sorbent in powder form was successfully maintained over
25 cycles without deterioration under appropriate operating conditions. Future research
must now be directed at maintaining the physical integrity of pelletised samples and

improving chemical stability over multiple sorption cycles.
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3.17 Pore size distribution of SBA-15

The nitrogen physisorption experiment at 77 K on the SBA-15 sample used in this study
was performed on a Coulter Omnisorp 360CX gas sorption analyser. The isotherm and the
pore size distribution calculated by the BJH method are given in Figure 3.17.1. The BET
surface area, determined between 0.05 and 0.35 relative pressures, was determined to be

974.8 m?/g.
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Figure 3.17.1: a. N2 adsorption isotherm, b. BJH pore volume for SBA-15.
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Figure 3.18.1: Full thermograms (left) and normalised thermograms to 100 % active sorbent (right)
of multicyclic sorption-desorption of Cd-Nal (17.5 %) sorbent at constant temperatures (275 and
295 °C) in dry and wet gas. Refer to Table 1 in the main article for sample labels. Starred (*) sample
thermograms appear in full in main article as well.
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Table 1 in the main article for sample labels.
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Figure 3.18.3: Full thermograms (left) and normalised thermograms to 100 % active sorbent (right)
of multicyclic sorption-desorption of Cd sorbent with different alkali promoters at constant
temperatures (275 and 295 °C) in dry gas, comparing short and long cycles. Refer to Table 1 in the

main article for sample labels.
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Figure 3.18.4: Full thermograms (left) and normalised thermograms to 100 % active sorbent (right)
of multicyclic sorption-desorption of pelletised Cd-17.5 % Nal sorbent at constant temperature
(295 °C) in dry gas, comparing short and long cycles. Refer to Table 3.13.1 in the main article for

sample labels.

3.19 Le Bail fit of the powder XRD data

3.19.1 Results

The unit cell sized obtained by Le Bail refinement are given in Table 3.19.1.

Table 3.19.1: Results of the Le Bail refinement of the synchrotron XRD data (refer Figure 6) for
cadmium oxide and carbonate

sample phase  unit cell lengthsa=b unit cell lengthc  space group
decarbonated cycle cdo 47121 A - Fm-3m
#3

carbonated cycle #3 CdO 4.7125 A =a Fm-3m
PDE 4+ 2011 entry Cdo 4.6951 A -a Fm-3m
04-001-3770

carbonated cycle #3 ~ CdCO:s 4.9207 A 16.4269 A R-3c
PDE4r 201l entry  cqc0; 49207 A 162968 A R-3c

04-014-4823

3.19.2 Statistics

The statistical values of the Le Balil fits performed in the paper are given in Table 3.9.1.
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Table 3.19.2: Statistics of the Le Bail fits

reference in

sample reference wRp Rp X2
supplement
LaB¢ standard text/paper  Figure 3.19.1 0.0396 0.0332 3.337
17.5 % Nal decarb. ~ Table3.19.1  Figure 3.19.2 0.0882 0.0544 13.80

carbonated cycle p 5191 Figure3193  0.1042 0.0608 21.14

#3

3.19.3 Le Bail fit graphs

The graphs of the Le Bail refinements of the powder XRD data are given in the figures
below. The black crosses denote the observed, the red line the refined data. The
background is plotted green; blue denotes the difference between calculated and observed.

The difference graph is offset below the other graphs.
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Figure 3.19.1: Le Bail refinement plot of LaBs standard, synchrotron
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Chapter 4 Investigation of the decay

mechanism of a CdO-Nal sorbent

4.1 Chapter overview

In Chapter 3, cadmium oxide/alkali halide mixed sorbent powders were presented. It was
shown that a sodium iodide-loaded cadmium oxide performs best for multicyclic carbon
dioxide sorption in terms of the reaction rate and the ability to reach stoichiometric
carbonation in a reasonable amount of time. It was, however, discovered that a significant
reduction in working capacity is observed as the sorbents progress through multiple
carbon dioxide sorption cycles. This working capacity reduction was associated with the

loss of iodide promoter.

This chapter contains one paper, which details this decay observation. Using a mass
spectrometer to analyse the exit gas of a fixed-bed sorption experiment, the removal of
iodine in its elemental form was confirmed. XPS showed a highly oxidised species of
iodine on the surface of the sample in its initially activated state. Surface carbonation was

also evident on the samples.

The morphology and crystallinity of the sorbent was analysed via electron microscopy and
powder XRD. It was shown via TEM that the previously spherical sorbent nanoparticles
formed cracks/voids after multicyclic exposure to carbon dioxide. A rise in crystallinity
(higher intensities in XRD patterns) of the cadmium oxide phase as well as the formation
of crystalline sodium iodide was observed upon heating the sorbent from room
temperature to the carbon dioxide sorption temperature. It is speculated that this increase

in crystallinity has a positive impact on the carbon dioxide sorption capability.
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4.2 Abstract

The mechanisms for the loss of both CO: working capacity and mass from a CdO/Nal
composite were investigated to better assess the potential use of the material to facilitate
the pre-combustion capture of CO: from syngas. Fresh activated material was used to
analyse sorption and desorption using a CO2/N2 mixture. Mass spectrometric analysis of
the exit gas revealed the loss of elemental iodine from the system over the period,
attributed to the oxidation of iodide. X-ray photoelectron spectroscopy revealed the
formation of a highly-oxidised iodine species on the surface of the sorbent during initial
calcination in both air and N, but this compound vanished after the use of the sorbent in
25 CO: sorption cycles. Elemental mapping showed that iodine was dislocated from the
sodium, which it was considered to be originally associated to, supporting the theory of
oxidation and evaporation (and possible re-deposition). Transmission electron microscopy
revealed that the sorbent consisted of regular, spherical nanoparticles of approx. 250 nm
diameter, which became more irregularly-shaped after CO: sorption cycles, considered

due to void/crack formation caused by density changes upon calcination and carbonation.
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In-situ powder X-ray diffraction revealed an increase in crystallinity of both CdO and Nal
upon heating to CO: sorption temperature of 325 °C in N2 atmosphere, compared to room
temperature. It is assumed that inhibiting the oxidation of iodide promoter would
potentially be the most significant contribution to improved multicyclic CO:2 sorption

stability of the material.

4.3 Introduction

Carbon dioxide capture and storage is considered to be one suitable pathway supporting
the mitigation of anthropogenic climate change [1]. Pre-combustion capture, i.e., the
removal of CO: from a synthesis gas (syngas) derived from coal gasification, is considered
to have certain advantages over post-combustion capture (i. e., the capture of CO: from a
conventional power plant exhaust gas) in the terms of economic viability [2]. A series of
sorbents have been considered for use in pre-combustion environments [3], wherein metal

oxides are promising candidates.

Cadmium oxide/sodium halide mixtures were previously found to sorb CO: to form
cadmium carbonate [4, 5]. We have considered these materials as potential candidates for
pre-combustion CO: capture at temperatures around 300 °C. In a previous study, it was
shown that lithium bromide and iodide, sodium bromide and iodide and potassium
iodide promote the carbonation reaction of cadmium oxide, whereas a sample made from
17.5 wt% sodium iodide (based on cadmium carbonate precursor) showed the best results
in terms of reaction speed and stoichiometric CO: uptake [6]. This sample was studied in
further detail. An uptake of 26 wt% CO: was achieved in a single-cycle sorption
experiment at 277 °C, indicating the complete reaction of the cadmium oxide contained in
the sample to carbonate. Carbonate formation was confirmed by powder X-ray diffraction
(XRD) and Fourier-transform infrared spectrometry (FTIR). A second study showed the
reversible transformation of cadmium oxide to carbonate over 25 short (12 minutes
sorption, 24 minutes desorption) CO: sorption and desorption cycles (Chapter 3, section
3.14). A stable cyclic working capacity of 10 wt% in dry gas and 18 wt% in wet gas
(1.2 vol% water) was achieved during these experiments. The 17.5wt% (nominal)
Nal/CdO material, however, showed a significant overall mass loss and samples exposed

to air at high temperatures exhibited a severe capacity reduction over 25 CO: sorption
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cycles. Elemental analysis by dissolution of the solid samples and measurement of iodine
via inductively coupled plasma mass spectrometry revealed a significant loss of iodine
associated with CO: sorption capacity decay. These observations motivated a detailed
study of the iodine loss and the surface properties of the sample, in order to obtain more
information on the chemical changes occurring during calcination and CO: sorption and

that may be associated with this capacity reduction.

In this study, the exit gas of a fixed bed sorption experiment containing a 17.5 wt%
(nominal) Nal-CdO sample was analysed for iodine species via a residual gas
analyser/mass spectrometer. The surface properties of the samples before and after 25 CO2
sorption cycles were analysed by X-ray photoelectron spectroscopy (XPS) to gain
information on the different species of elements present in the sample. Scanning and
transmission electron microscopy (SEM, TEM) were used to examine the appearance and
crystallinity of the material on a micro/nanoscale before and after CO2 sorption cycles. In-
situ powder X-ray diffraction (XRD) upon heating under a nitrogen purge was used to

study the crystallinity of the sample at COz sorption temperature.
4.4 Experimental

4.4.1 Sample preparation

The mixed cadmium oxide/sodium iodide CO: sorbent (17.5 wt% Nal based on CdCOs)
used in this study was previously reported (refer [6] and Chapter 3). Briefly, CdCOs (Alfa
Aesar, 99+ %) was dispersed into an aqueous solution of Nal (Alfa Aesar, 99 %) using a
magnetic hotplate stirrer and the water evaporated by heating. The resultant powder was
dried in a nitrogen flow at 120 °C overnight. Subsequently, two subsamples of the
resultant powder were calcined in nitrogen flow and in air, respectively. Calcination was
performed at 500 °C for 3 hours causing the cadmium carbonate to decompose to oxide,
turning the formerly white powder dark-red. A pure CdO comparison sample was made

by calcining pure CdCOs in the same manner.

4.4.2 Electron microscopy
For the transmission electron microscopy experiments, virgin calcined samples were used

as well as ones which had been used in thermogravimetric experiments that are fully
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described in Chapter 3, section 3.13.4. Samples were pre-treated in the thermoanalyser in
argon flow at 500 °C and subsequently exposed to 25 isothermal cycles of sorption using
50 % CO:z in argon (12 minutes) and desorption in pure argon purge (24 minutes) at 305 °C.
The last cycle involved argon purge to fully decarbonate the samples for analysis at a

temperature of 380 °C.

Transmission electron microscopy (TEM) was performed on a JEOL 2100F transmission
electron microscope. Electron diffraction was calibrated in the instrument using a silicon
reference sample to give accurate measurement of crystal lattice d-spacings. Lattice
parameters were determined from electron diffraction images using Powder Diffraction
File 4+ (PDF) entries 04-001-3770 (cadmium oxide) and 00-006-0302 (sodium iodide).
Lattice parameters were directly measured using the Fast Fourier transformed TEM
images at high magnification, where lattices were visible. For data processing using Fast

Fourier transformation (FFT), Gatan Digital Micrograph software was used.

Scanning electron microscopy (SEM) and elemental mapping of a neat CdO-Nal sample
(calcined in air) was performed on a JEOL JSM-7001F instrument. Samples were coated

with platinum before the analysis.

4.4.3 In-situ powder X-ray diffraction

Powder X-ray diffraction (XRD) was performed at the Powder Diffraction beamline at the
Australian Synchrotron. A lanthanum hexaboride standard (NIST 660b) was used to
perform a calibration run at room temperature. The wavelength and zero offset were then
refined using the software package GSAS-EXPGUI [7, 8] via the Rietveld method. The
wavelength and zero offset were determined to be 0.7930492 A and -0.0029907 ° 20,
respectively. A CdO-Nal sample (calcined in air) was analysed in a quartz capillary while
being purged with nitrogen and the capillary heated using a hot air blower. XRD patterns
were re-calculated from degrees 20 at their respective wavelength into the wavelength-

independent scale of Q using the software package CMPR [9].

A pure sodium iodide reference sample was measured at ambient conditions on a Bruker

D8 focus powder diffractometer using Cu Ka radiation.
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4.4.4 Fixed bed CO: sorption and residual gas analysis

Analysis of the exit gas during the sorption and desorption of CO: in a fixed bed was
performed on a Micromeritics AutoChem II2950 instrument equipped with a MKS
Cirrus 2 mass spectrometer (MS). This system allows a gas to be purged through a heated
fixed-bed sample while analysing the outlet gas using the mass spectrometer. A non-
calcined/oven dried (carbonate) sample and a sample calcined in air were analysed and
sample masses of between 0.26 g (calcined in air) and 0.87 g (oven-dried) were used. A
blank run with no sample was used to observe background readings given by the mass

spectrometer.

The measurement program is shown in Figure 4.4.1. In two sets, mass spectra (mass to
charge, m/z =1 - 200) were obtained continuously. First, this measurement was performed
over the initial temperature ramp in nitrogen purge. A second set of mass spectra was
acquired under isothermal conditions at 300 °C after the switch to 50 % CO: in N2 for
30 minutes, and subsequent N2 purge for another 30 minutes. Over the temperature ramp,
mass spectra were assigned to the appropriate temperature by estimating the position on
the 5 °C/min ramp using the elapsed time of the experiment, as temperature records were

kept separate to the mass spectra over time (due to software limitations).

temperature 400 °C
10 min

A
300 °C

50 % CO,/N,
30 min pure N,

35°C

»
| 1 N

MS on (1 hr) time

Figure 4.4.1: AutoChem fixed-bed exit gas mass spectrometry program

4.4.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was performed at CSIRO Materials
Science and Engineering using an AXIS Ultra DLD spectrometer (Kratos Analytical Inc.,
Manchester, UK) with a monochromated AlKa source at a power of 140 W
(14 kV x 10 mA), a hemispherical analyser operating in the fixed analyser transmission

mode and the standard aperture (analysis area: 0.3 mm x 0.7 mm). The total pressure in the
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main vacuum chamber during analysis was typically 10® mbar. Survey spectra were
acquired at a pass energy of 160 eV. To obtain more detailed information about chemical
structure, oxidation states etc., high resolution spectra were recorded from individual

peaks at 20 eV pass energy (yielding a typical peak width for polymers of 1.0 eV).

Samples were filled into shallow wells of custom-built sample holders. One lot of each
sample was prepared and 2 different locations were analysed on each sample at a nominal
photoelectron emission angle of 0 ° w.r.t. the surface normal. Since the actual emission
angle is ill-defined in the case of particles (ranging from 0 ° to 90 °) the sampling depth

may range from 0 nm to approx. 10 nm.

Data processing was performed using CasaXPS processing software version 2.3.15 (Casa
Software Ltd., Teignmouth, UK). All elements present were identified from survey
spectra. The atomic concentrations of the detected elements were calculated using integral
peak intensities and the sensitivity factors supplied by the manufacturer. Binding energies
were referenced to the aliphatic hydrocarbon peak at 285.0 eV and peaks identified using
the NIST XPS database [10].

The accuracy associated with quantitative XPS is approx. 10 % to 15 %. Precision
(i. e., reproducibility) depends on the signal/noise ratio but is usually much better than

5 %.
4.5 Results

451 Sample morphology

TEM images of the as-synthesised sample calcined in nitrogen, as well as of pure CdO
made from CdCOs, are shown in Figure 4.5.1 along with their respective selected area
electron diffraction patterns. It can be observed that both the neat mixed sorbent and the
neat CdO sample consist of spherical nanoparticles of approx. 250 nm diameter (Figure
45.1a and c). The samples appear highly crystalline, as indicated by a spot electron
diffraction pattern (Figure 4.5.1b and d), and the pattern was matched with cadmium
oxide using Powder Diffraction File entry 04-001-3770. A similar observation has been
made for a sample calcined in air [6]. It appears that the two calcined samples and the

CdO reference sample are similar in morphology; in other words the morphology is
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independent of the mode of calcination (in air or nitrogen) or the sodium iodide addition.
Sodium iodide was not observed in the CdO-Nal sample and so it is assumed to be

present as either discrete nanoparticles that were not sampled by the TEM experiments, or

else amorphously distributed over the cadmium oxide (i. e., in non-crystalline form).

Figure 4.5.1: TEM images and electron diffraction patterns of CdO-Nal sorbent calcined in N2 (a, b),
pure CdO made from CdCO:s (c, d). Assignments A-K are made according to Powder Diffraction
File entry 04-001-3770 for CdO.

Figure 4.5.2 shows TEM images and diffraction obtained for a CdO-Nal sample calcined in
air after exposure to 25 cycles of isothermal CO: sorption at 305 °C. The sorption cycling
had effects on the morphology of the sample. It can be observed that formerly spherical
particles (Figure 4.5.1a) became slightly fractured on their edges (Figure 4.5.2a). In this
specimen, sodium iodide was also identified, as evident in the EDX spectrum (Figure 4.5.2,
EDX-1c). In Figure 3¢, it can be seen that discrete sodium iodide grains are present. It
appears these are located adjacent to areas of high cadmium concentration, which

indicates the presence of cadmium oxide and sodium iodide in separate nanoparticles.
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Figure 4.5.2: TEM images (a, ¢, d) and electron diffraction pattern (b) of a CdO-Nal mixed sample
calcined in air, after 25 CO: sorption cycles. EDX spectra refer to image c. Assignments A-K are
made according to Powder Diffraction File entry 04-001-3770 for CdO.
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A more drastic morphology change is evident for the sample calcined in nitrogen after
exposure to 25 CO:z sorption cycles (Figure 4.5.3). The more severe fracturing of the particle
calcined in nitrogen might be due to the more stoichiometrically complete CO2 sorption
and desorption reactions that have occurred over this sample. As the sample calcined in
air lost capacity very rapidly (refer Chapter 3, section 3.14.1), the last of the 25 sorption
cycles did not affect the stoichiometric conversion of CdO to CdCOs. This might, in turn,
have caused less expansion and contraction of the material during formation and
decomposition of carbonate. It is likely that the mass density change when cycling
between the carbonate and the oxide might be the fundamental cause of this fracturing. It
can be noted that the density of cadmium oxide is reported to be between 6.95 g/mL
(amorphous) to 8.15 g/mL (crystalline), whereas the density for cadmium carbonate is
5.3 g/mL [11]. Once carbon dioxide enters the oxide and carbonates are formed almost
stoichiometrically, the density reduces, i.e. the material expands due to carbonate
formation. This might create mechanical stress that eventually leads to cracks in the
material nanoparticles. Upon the next carbon dioxide sorption cycle, this is repeated,

leading to fractured material as shown by the TEM images (like shown in Figure 4.5.3).

For the upper section of the particle (labelled “ED’ in Figure 4.5.3a), the electron diffraction
pattern (Figure 4.5.3b) shows discrete crystalline sodium iodide. High-resolution images
show lattice fringes, which were measured by Fast Fourier transformation and were
identified as both cadmium oxide and sodium iodide (Figure 4.5.3d and e and PDF entries
Nal 00-006-0302 d =3.74 A (111), CdO 04-001-3770 d =2.35 A (111)). Thus, in this sample it
appears that sodium iodide is presumably distributed over the sample as small crystallites

in an uneven manner.

In order to further investigate the distribution of sodium iodide and cadmium oxide
throughout the sample, a neat mixed CdO-Nal sample calcined in air was analysed via
scanning electron microscopy (SEM), with elemental mapping at a lower magnification
than is possible in TEM. The SEM image is shown in Figure 4.5.4. It shows that particles of
more than a micrometre size are also present in the sample, which could not be seen in

TEM.
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Figure 4.5.3: TEM images (a, ¢, d) and electron diffraction pattern (b, corresponding to box ‘ED’ in
a) of a CdO-Nal sample calcined in N, after 25 cycles of CO:z sorption and desorption, d. boxed area
in c. enlarged, e. FFT image of d. used to calculate lattice parameters. Assignments a-h correspond
Powder Diffraction File entry 00-006-0302 (Nal).

B oL 3/09/2012
X 14,000 30.0kV SEI  SEM WD 6.0mm 11:19:08

Figure 4.5.4: SEM image of a fresh CdO-Nal sample calcined in air.

The elemental maps (Figure 4.5.5) confirm the aforementioned uneven distribution of
sodium and iodine throughout the sample. It can be observed that each of the elements is

dispersed throughout the sample in a different fashion. Given the method of sample
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preparation, one might expect cadmium and oxygen would be at relatively similar
positions, as would sodium and iodine. However this is not the case. Spots where iodine
but no sodium is present (white arrow) were found in the elemental maps. The
segregation of iodine and sodium could be due to oxidation of iodide to iodine, which

might evaporate and re-deposit on the surface of the sample.

O K series Na K series IL series Cd L series

I25p.mI

f ' L 25um

25um 25um

Figure 4.5.5: SEM elemental maps and electron image of the mapped area of a fresh CdO-Nal
sample calcined in air.

4.5.2 Exit gas analysis during a CO: sorption experiment

In order to further investigate the role of the sodium iodide during the capacity decay
during CO:2 sorption cycles (as reported in Chapter 3, section 3.14.2, where it was shown
that iodine is lost from the samples), a study of the exit gas composition during CO2

sorption and desorption was undertaken.

Examples of mass spectra from the fixed-bed exit gas analysis are given in Figure 4.5.6
(blank runs with nitrogen and with nitrogen/CQ), Figure 4.5.7 (calcined CdO-Nal sample,
ramp test in nitrogen) and Figure 4.5.8 (calcined CdO-Nal, sampling during CO: addition).
The blank run (Figure 4.5.6) showed nitrogen at m/z = 28 and 14, together with other
distinct background spectra (all other m/z). Carbon dioxide addition to a blank run gave
additional peaks at m/z =44, 16 and 12 (Figure 4.5.6b). The spectra observed for nitrogen
and COz are in clear agreement with reference spectra obtained from the NIST library [12].
A mass-to-charge m/z = 17 was used to identify water. This is because m/z = 18 was

conflicted, as it gave a strong background peak in the blank run (Figure 4.5.6).

For the CdO-Nal sample pre-calcined in air, water was released during the initial ramp
(refer Figure 4.4.1) between 117 and 167 °C (refer Table 4.5.1 and Figure 4.5.7b). Increasing

the temperature further led to a release of ions at m/z = 127, which can be assigned as I*
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(Figure 4.5.7b). The evolution of this peak eventually ceased at a higher temperature of
341 °C, but was once again observed as soon as CO: was added to the process (Figure

4.5.8), then stopped as soon as CO:z addition was terminated.

The position of the iodine peak, at m/z = 127, indicates that the species of iodine in the
mass spectrometer must be either I* or I2*, suggesting that the species evolving from the
sample is iodine in its elemental form. If this is the case, the oxidation of the iodide species
contained within the Nal initially added to the sample during preparation must have
occurred, as the ionic form contained in Nal is considered non-volatile in this temperature

range (as confirmed in a TGA experiment shown in [6]).

A similar behaviour was observed for the non-calcined sample (Table 2). The sample lost
water during the ramp test, then CO: (due to in-situ decarbonation) and an iodine species.
Under CO: addition, at the isothermal setting, iodine release was also observed in a similar
manner to the sample calcined in air, as illustrated in Figure 4.5.7 and Figure 4.5.8. It must
be noted that the temperatures were different (Table 4.5.2). Water release started at a much
lower temperature and took higher temperatures to complete; this is attributable to the
lack of an ex-situ pre-treatment that would have otherwise driven off a substantial amount
of water already. The higher temperatures required for iodine release for the non-calcined
samples (compare Table 4.5.1 and Table 4.5.2) indicate the possibility that different species
of iodine are present in the two samples. It is speculated that the sample pre-calcined in air
already contained a relatively volatile species of iodine (potentially I2) prior to the exit gas
analysis, and that this had completely evaporated prior to the end of the temperature
ramp; whereas, for the non-calcined sample, an iodine species was still being released at
the end of the ramp. In the latter, the iodine evolution (m/z = 127) stopped as soon as the

temperature was lowered to 300 °C, and prior to the addition of CO:a.

As this iodine species was also released from the sample during CO: addition, it can be
concluded that CO: itself has an effect on a reaction that transforms the iodide into a
volatile species, possibly due to oxidation. This might also explain why iodine is
dislocated from sodium, as evident in the element maps; i.e. because a volatile form of

iodine might partially re-deposit elsewhere throughout the sample (Figure 4.5.5).
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Figure 4.5.6: Exit gas mass spectra for a fixed-bed blank run. a. during N2 purge, b. during 50 % CO2

in N2 purge.
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Note: Spectra were observed to be independent of temperature setting (isothermal or
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Figure 4.5.7: Examples of gas mass spectra obtained during the first temperature ramp for a CdO-
Nal sample calcined in air. a. high amounts of water released at 148 °C, b. iodine release at 304 °C.
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Figure 4.5.8: Exit gas mass spectrum of a calcined CdO-Nal sample during CO2 addition at 300 °C
showing iodine release.
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Table 4.5.1: Temperatures for release of compounds during the temperature ramp test for the CdO-
Nal sample calcined in air before the experiment

compound, m/z start, °C end, °C
water, 17 117 167
iodine, 127 272 341

Table 4.5.2: Temperatures for release of compounds during the temperature ramp test for the
CdCOs-Nal sample used in the carbonate state (decarbonated in fixed-bed instrument)

compound, m/z start, °C end, °C

water, 17 47 end of ramp
iodine, 127 391 end of ramp
CO, 44 249 end of ramp

4.5.3 X-ray photoelectron spectroscopy

4.5.3.1 Surface concentration of iodine

Table 4.5.3 shows the surface elemental ratio of iodine to sodium (mol/mol) for a calcined
CdO-Nal sample before and after cyclic CO:z exposure as well as for a pure Nal reference
sample. It can be observed that the initial iodine content was reduced by calcination in
both air and nitrogen. A further loss in iodine was observed after subjecting the samples to
25 CO: sorption/desorption cycles. The trends seen within these results are in general
agreement with elemental analysis results given in Chapter 3, section 3.14.2. The higher
iodine content in the fresh sample calcined in air compared to the one calcined in N2 are an
exception to this. It must however be noted that the surface analysis performed by XPS
(which typically penetrates between two to five nanometres, [13]) is not necessarily
representative of the bulk material; so that it appears that the general agreement between

the bulk elemental analysis and XPS analysis is reasonable.




140 Chapter 4: Investigation of the decay mechanism of a CdO-Nal sorbent

Table 4.5.3: Molar ratios of iodine to sodium as determined by XPS

pure Nal  CdO-Nal CdO-Nal CdO-Nal cale. ~ CdO-Nal
calcined in air calcined in N2 air after 25 calc. N2 after
cycles 25 cycles
I/Na 0.97 0.85 0.67 0.16 0.32

(mol/mol)

4.5.3.2 Cadmium 3d

The plots of the high-resolution X-ray photoelectron (XP) spectra for cadmium 3d in a
pure cadmium oxide sample as well as the fresh/calcined and used CdO-Nal samples are
shown in Figure 4.5.9. Graphs are shown on binding energy scale and positions were
corrected to the aliphatic hydrocarbon C 1s peak. For the reference CdO sample made
from CdCO:s by calcination in air (500 °C, 3 hours), the Cd 3d 5/2 peak is evident at 405 eV
(Figure 4.5.9a). In comparison, the XP spectra of the fresh/calcined CdO-Nal samples show
the 3d 5/2 peak at 404.5 eV, being at slightly lower binding energies than the reference
CdO sample.

In the XPS database, it is reported that CdO has a distinctly lower Cd 3d 5/2 binding
energy than Cd(OH): and CdCOs (Table 4.5.4). The peak for the reference CdO sample has
a binding energy that is higher than Cd in pure CdO, indicating that the surface of this
sample is substantially in the form of CdCOs or Cd(OH).. A different study [14] also
reported surface hydroxide and carbonate formation on a single crystal of CdO, which
resulted in higher binding energies for the carbonate species (in [14], 405.9 eV) than for the

oxide (404.2 eV).

In the current study, the higher Cd binding energy of the reference CdO sample may, on
the one hand, be due to incomplete calcination. It has been described in the literature that
the decomposition of cadmium carbonate to oxide is aided by the presence of sodium
halides [15]. This 16 lines long communication entry hypothesises that the migration of
alkali metal ions onto Cd? positions and a following anion vacancy mechanism
(“Anionenleerstellenmechanismus’) promotes diffusion and collective crystallisation
(‘Sammelkristallisation”) of CdO. This would be consistent with reduced surface
decarbonation for the reference CdO sample. On the other hand, hydroxylation or re-

carbonation of the reference CdO sample surface may have occurred more extensively, as
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the reference sample had been stored in a desiccator for a week before the XPS analysis,
whereas the neat mixed CdO-Nal samples were only stored for two days. The slightly

lower binding energy of the neat CdO-Nal samples corresponds to CdO.

The 3d 3/2 peak at ~411 eV shows a similar behaviour (i. e., shifting) for the different

cadmium compounds studied here, as expected.
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Figure 4.5.9: XP spectra for Cd 3d of neat mixed CdO-Nal samples and pure CdO (a) and CdO-Nal
after 25 COz sorption cycles (b).

Table 4.5.4: Literature values for Cd 3d binding energies taken from [10] (except *). Averages were
taken if multiple entries in the same order of magnitude were found in the database.

compound binding energy (eV) remarks

CdCOs 405.1 3d 5/2, one entry
CdO 404.2 3d 5/2, average
Cd(OH): 404.9 3d 5/2, average
CdO 411 * 3d 3/2, graph in [14]

The satellite peaks for the neat sample calcined in air (401 and 408 eV, arrow in Figure
4.59a) are also noteworthy. These are considered to be caused by sub-optimal
compensation of differential sample charging by the charge neutraliser during analysis.
This would indicate regions of varying levels of charging across the sample surface which
could not be uniformly compensated, despite efforts being made to optimise charge
neutraliser settings for each sample separately. It must be noted that charge neutralisation

proved difficult for all samples analysed in this study.
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The samples that were subjected to 25 CO: sorption cycles show a distinct Cd 3d 5/2 peak
at 405 eV, indicating carbonation of the surface (Figure 4.5.9b). For the air-calcined sample,
a distinct shoulder (arrow) is apparent at 404 eV, indicating a substantial amount of CdO
on the surface. This shoulder is less evident for the sample calcined in nitrogen. This can
be associated with the loss of iodine, which acts as a promoter for carbonation. A more
substantial iodine loss was observed for the air-calcined sample than for the nitrogen-
calcined sample (refer Chapter 3, section 3.14.2). The loss of iodine apparently causes the
air-calcined sorbent to take up carbon dioxide less readily. It must be noted that these
samples were left in sealed vials inside a desiccator for a week before XPS analysis. It was
possible that the samples were exposed to atmospheric CO: left within the vials during

this time, enabling slow carbonation on the surface.

Also noteworthy is a slight shift of the peak at 405 eV to higher binding energy for the
sample calcined in air. This is considered to be an artefact caused by sub-optimal charge

compensation (see above).

45.3.3 Oxygenls

Plots of XP spectra for the oxygen 1s line are shown in Figure 4.5.10. It is evident that the
CdO reference sample has a distinct peak at 531.4 eV, which matches with the database
entry for oxygen in CdCOs (Table 4.5.5). The peak is also evident for the neat CdO-Nal
mixed samples calcined in air and N2, but less prominent than another one observed at
529 eV for these samples (more aligned with 529.6 eV reported for CdO (Table 4.5.5)). Pure
Nal gives two peaks in this region, at 531.5 and at 535 eV, which are also assumed to
overlap the CdO-Nal spectra, giving a broad shoulder (arrow in Figure 4.5.10a, small peak
in Figure 4.5.10b at 536 eV). These peaks are Na KLL Auger peaks [16]. At around 535 eV,
oxygen in water also gives a peak, which might be observed here due to the hygroscopic

nature of the sodium iodide.

Samples exposed to 25 CO: sorption cycles showed the peak at 531.4 eV (CdCOs), whereas
the sample calcined in air also showed a small peak at 529 eV (CdO), indicating the latter

sample is less prone to carbonation due to the missing iodide promoter.
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Figure 4.5.10: XP spectra for O 1s of neat mixed CdO-Nal samples and pure CdO (a) and CdO-Nal
after 25 COz sorption cycles (b).

Table 4.5.5: Literature values for O 1s binding energies taken from [10]. Averages were taken if
multiple entries in the same order of magnitude were found in the database.

compound binding energy (eV) remarks

CdO 529.6 average

CdCO:s 531.4 one entry

Cd(OH): 530.9 and 532.5 two different entries
H-O 534.95 average

These results support the observations made for the Cd 3d XP spectra as described in
section 4.5.3.2 and are in general agreement. It is, however, hard to determine from the
O 1s spectra if surface cadmium hydroxide is present, as the database gives two very

different entries for oxygen in Cd(OH): at 530.9 and 532.5 eV (Table 4.5.5).

4.5.3.4 Carbon1s

Figure 4.5.11 shows the XP spectra for carbon. The aliphatic hydrocarbon peak is evident
in all samples at 285eV (to which it was aligned for normalisation). The samples,
especially the reference CdO sample, have another distinct peak between 289.0 and

289.5 eV. This peak position is indicative of carbon in cadmium carbonate (Table 4.5.6).

The high intensity of the cadmium carbonate peak for the reference CdO sample indicates

the presence of the cadmium carbonate on the surface, as had been described for the
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cadmium spectra in section 4.5.3.2. This may be due to re-carbonation of the surface due to

atmospheric exposure or incomplete calcination.

The low binding energy shoulder for the neat CdO-Nal sample calcined in air (~ 282.5 eV)
was considered to be due to sub-optimal charge compensation as described in section

4.5.3.2.

An adventitious carbon peak is also clearly evident for pure sodium iodide. In this case, a
second chemically shifted peak also appears at higher binding energy, but slightly lower
(<289 eV) than the carbonate peak; it is attributed to adventitious carbon subspecies, such

as carboxylic acids, present on the surface of this sample.
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Figure 4.5.11: XP spectra for C 1s of neat mixed CdO-Nal samples, pure CdO and Nal (a) and CdO-
Nal after 25 CO2 sorption cycles (b).

Table 4.5.6: Literature values for C 1s binding energies. Averages were taken if multiple entries in
the same order of magnitude were found in the database.

compound binding energy (eV) remarks
adventitious carbon 285 used for alignment
CdCOs 289.4 average, [10]

4.5.3.5 Iodine 3d
XP spectra for the iodine 3d line are given in Figure 4.5.12. It can be observed that pure

sodium iodide gives a doublet peak of 619.5 (I 3d 5/2) and 631 eV (I 3d 3/2). This is in
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agreement with the iodine observed within the calcined mixed CdO-Nal samples,

indicating sodium iodide still being present in both the neat and used samples.

A peak of low intensity at 631 eV (Figure 4.5.12b) for the air-calcined sample after CO:
cycles indicates a lowered iodine content on the surface, as discussed before (section
4.5.3.2). It must be noted that cadmium has a peak at 618.4 eV (Cd 3p 3/2) that overlaps
with the iodine spectra (this can be seen for the reference CdO sample shown in Figure
4.5.12a), so a distinct peak is observed at this position also for the used/air-calcined

sample, as cadmium was still present in the sample after the sorption cycles.

Another doublet peak is evident at 636 and 624.5 eV. The XPS database gives the entries
shown in Table 4.5.7, indicating that iodates (IOs and IO«) can likely be assigned to these
peaks. Thus, it appears that iodide was oxidised upon calcination. The additional shoulder
at lower binding energy for the neat CdO-Nal sample calcined in air (628 eV, arrow in
Figure 4.5.12a) is assumed to be due to sub-optimal charge compensation, as discussed

already for cadmium and carbon (sections 4.5.3.2 and 4.5.3.4).

Iodine (I2) is assumed not to be observable on the surface of any sample. As it is a volatile
compound under the calcination and CO: sorption conditions studied here, it was
considered to evaporate immediately during the process, if it was formed. Its melting
point is reported at 113.5 °C, its boiling point at 184.35 °C [17], and, thus, lower than CO2

sorption temperatures around 300 °C or calcination temperatures of 500 °C.

It is noteworthy that this more highly oxidised iodine is consumed during CO: sorption
after calcination, as the iodine spectra after CO: cycles for the sample calcined in nitrogen
do no longer clearly show any sign of peaks around 636 and 624.5 eV, whereas the sample
calcined in air shows a remainder of it, as evident by small peaks in this range (Figure

4.5.12b).
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Figure 4.5.12: XP spectra for I 3d of neat mixed CdO-Nal samples, pure CdO and Nal (a) and CdO-
Nal after 25 COz sorption cycles (b).

Table 4.5.7: Literature values for I 3d binding energies taken from [10]. Averages were taken if
multiple entries in the same order of magnitude were found in the database. Cd 3p shown for
comparison.

compound binding energy (eV) remarks

Nal 618.55 average

I 620.35 average

NalOs 623.5 one entry

NalOs 624 one entry

(Cd 3p 3/2) (618.4) Cd, element/metal, one
entry

4.5.3.6 Sodium 1s

XP spectra for sodium 1s are given in Figure 4.5.13. They show that sodium (assumed to
be Na*) appears similar in all samples and is in good agreement with the Nal entry in the
database (Table 4.5.8). Peak differences of less than 0.5 eV are considered to be due to sub-
optimal charge compensation (as discussed previously), which are most evident for the
neat CdO-Nal sample calcined in air (additional peak shoulder at 1069 eV, arrow in Figure
4.5.13a) and the used CdO-Nal sample calcined in air (shoulder at 1073 eV, arrow in
Figure 4.5.13b).




4.5 Results 147

x 10°
5 T T T T T T 10000 T T T T T
CdO-Nal calc. N2 neat CdO-Nal calc. N2 used
CdO-Nal calc. air neat ——— CdO-Nal calc. air used
45t CdO reference ) 9000 |
Nal pure
4 -
® » 8000}
2 2
c =
> 3.5} >
8 8
= > 7000
£ k=
6000 [
25F
ol 5000
15 ) N L L L L L L L T ) 1 4000 L L L L L L L L L L L L
10781077 1076 1075 1074 1073 1072 1071 1070 1069 1068 1067 1066 1065 107810771076 10751074 1073 10721071 1070 1069 1068 1067 1066 1065
binding energy, eV binding energy, eV

Figure 4.5.13: XP spectra for Na 1s of neat mixed CdO-Nal samples, pure CdO and Nal (a) and
CdO-Nal after 25 CO: sorption cycles (b).

Table 4.5.8: Literature value for Na 1s binding energy [10].

compound binding energy (eV) remarks

Nal 1071.4 one entry

4.5.3.7 Summary of XPS results

The XPS results indicated that iodine present in the mixed CdO-Nal sample after
calcination consists of both iodide species (most likely unaltered sodium iodide as used in
synthesis) and a highly oxidised species, potentially iodates. Elemental iodine was not
evident, which is not surprising, as it would most likely evaporate during the calcination
and CO: sorption experiments. This is also in agreement with the exit gas analysis (section
4.5.2), where an m/z of 127 (the g/mol molar mass of iodine) was observed. After 25 CO:
sorption cycles, this highly oxidised iodine species disappeared, and the iodine loss of the

sample that was calcined in air became evident as the peak intensity for iodine got weaker.

The iodine XPS results and the exit gas analysis both suggest that an oxidation of iodide

took place during the initial calcination, according to eqn. 4.5.1.
2 Nal (s) + %2 02 (g) — L2 (g) + Na2O (s) eqn. 4.5.1

As this was also the case for a sample that was never exposed to air at higher temperatures

(the N2 calcined CdO-Nal sample), it can be concluded that carbonate must play an
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important role in the decay mechanism of the sorbents. It can be speculated that the
oxygen within the CdCO:s partially contributes to a formation of either iodine (eqn. 4.5.2)
or iodate as a highly-oxidised iodine species upon calcination in both air and nitrogen

(using COz evolving from carbonate decomposition, eqn. 4.5.3, or oxygen, if air is present,

eqn. 4.5.4).
2 Nal (s) + CO2 (g) — L2 (g) + CO (g) + Naz0 (s) eqn. 4.5.2
Nal (s) + 3 CO2 (g) — NalOs (s) + 3 CO (g) eqn. 4.5.3
Nal (s) +3/2 Oz (g) — NalOs (s) eqn. 4.5.4

It must, however, be noted that the samples were exposed to atmospheric air during
sample handling at room temperature. But given the fact that the samples calcined in air
showed a much greater capacity decay and iodine loss than the sample calcined in Ny, it is
assumed that exposure to air at room temperature only had a marginal effect on the

sample decay.

Iodide has been studied as an ozone destructor [18], where it is considered to be oxidised

to iodates [19] at ambient temperatures, according to eqn. 4.5.5.
KI(s)+3 0Os(g) — KlIOs (s) + 3 O2(g) eqn. 4.5.5

Mechanistically, similar reactions (eqn. 4.5.1 to eqn. 4.5.4) could also be considered in the
case of the CdO-Nal mixed material. No ozone is present here, but oxygen (during
calcination in air) and CO, a compound which could potentially supply oxygen and
decompose to CO. This reaction could likely be catalysed by the presence of cadmium at
the high temperatures studied here, as the transition metal cadmium has some catalytic
activity (it is stated that cadmium oxide is used as a catalyst in hydrogenation and
dehydrogenation reactions [20]). Upon CO: sorption, the iodates disappeared, which is
considered due to a reduction reaction involving iodide and iodates, forming volatile I,
which was observed in the exit gas upon CO:2 sorption (section 4.5.2, Figure 4.5.8). For
ambient ozone decomposition, the reaction given in eqn. 4.5.6 releases volatile I> in the
presence of aqueous media (like water vapour or aerosols, to deliver protons) [19]. In this

study, water vapour or acidic media were not used, so a different reaction must take place
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in order to release iodine under the influence of cadmium compounds and carbon dioxide

being present.
05 +5I'+6 H* - 312+ 3 H0 eqn. 4.5.6

XPS spectra of Cd, O and C revealed the re-carbonation of the used Nal-doped samples in
atmospheric conditions and the less facile recarbonation of the used air-calcined sample,
which had lost a substantial amount of iodide promoter. Surprisingly, a reference CdO
sample made from CdCOs showed a substantial amount of carbonate. As alkali halides
were shown to promote the complete decomposition of cadmium carbonate [15], it is
assumed that calcination of the pure CdCOs sample to CdO was not complete. XPS spectra
for Na showed no significant changes among the samples. This is not surprising, as
sodium is most prevalent as Na* and different sodium compounds show only marginal
differences in XPS [10]. These were hard to distinguish in the present study, as the samples
used exhibited significant differential charging during XPS analyses, which was hard to

overcome by charge neutralisation.

4.5.4 In-situ powder X-ray diffraction

Powder X-ray diffraction results of a CdO-Nal sample calcined in air are shown in Figure
45.14. It can be observed that the intensities of the pattern became stronger upon
increasing the temperature from room temperature to 325 °C, indicating an increase in
crystallinity (Figure 4.5.14a). The pattern was assigned to cadmium oxide. A second phase
became apparent upon heating, which can be seen in Figure 4.5.14a at Q<2 A (two
peaks). On a different scale and with the peaks assigned to CdO removed, it is evident that
this phase is sodium iodide, as can be seen by comparison with a pure reference sample

(Figure 4.5.14b).

Cadmium oxide is known to crystallise from an amorphous form upon heating in oxygen
[20]. It is, however, noteworthy that the sample was calcined in air before the experiment,
loaded to the diffractometer at room temperature and upon heating in nitrogen
crystallised even further in nitrogen purge. This indicates that the crystallisation upon
heating is either reversible (i. e., reverted by cooling down) or was not completed during
the initial calcination in air. The sodium iodide peaks only became evident upon heating

(Figure 4.5.14b). It thus appears that crystallinity was increased when the sample was
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heated, both for the CdO and Nal phases. It is, however, speculative if this high
crystallinity is actually required for the CO: uptake reaction performed in the
diffractometer at this temperature (as reported in Chapter 3, sections 3.5.1 and 3.14.1), or if

the elevated temperature is just a kinetic requirement for the sample to sorb CO..
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Figure 4.5.14: In-situ powder XRD patterns measured in N2 purge of a CdO-Nal sample calcined in
air. a. Full pattern at room temperature and 325 °C in N2 purge, b. same dataset as a. but with CdO
peaks removed. Intensities for pure Nal reference (lab instrument) multiplied with 10, other
intensities to scale.

4.6 Conclusion

In this study, a cadmium oxide/sodium iodide based CO: sorbent was examined to gain
details about the sorption capacity decay, which was observed in a previous study
(Chapter 3, section 3.14.1). The change in morphology and crystallinity upon multiple-

cycle CO:z sorption was also analysed.

In-situ powder XRD revealed that the crystallinity of both cadmium oxide and sodium
iodide in the sample significantly increased during heating of the sample in nitrogen flow
to COz sorption temperature. It can be speculated that high crystallinity of the CO: capture
reactant (CdO) and its promoter (Nal) might be important for the CO: uptake reaction. It
might, however, also be a simple kinetics consideration that higher temperatures than
room temperature are required for CO: sorption with adequate reaction rates, with the
increase in Nal and CdO crystallinity at higher temperatures being coincidental and not

relevant for an improved carbonation behaviour of the material.




4.7 Acknowledgements 151

TEM revealed that the CdO-Nal mixed material consisted of crystalline and regularly-
shaped spherical nanoparticles of approx. 250 nm diameter, which were fractured during
multicyclic CO2 sorption, possibly due to a mass density change during the reversible
transformation of cadmium carbonate into oxide. These fractures could explain an initial
rise in working capacities during the first cycles of some multicyclic CO: sorption
experiments (Chapter 3, section 3.14.1) due to void formation and increased accessibility of
the particles before the capacity decay took over. SEM also showed bigger nanoparticles
than observed in TEM being present in the sample. Sodium iodide was shown to be
interspersed irregularly throughout the sample, as seen in a SEM elemental map.
Separation of iodine and sodium also suggested a reaction of the iodine and its re-

deposition onto the sample into different spots than the sodium.

A CO2 sorption and desorption experiment in a fixed bed equipped with a mass
spectrometer as an exit gas analyser revealed the release of elemental iodine (m/z of 127)
during initial calcination and CO: addition, whereas XPS confirmed the oxidation of

iodide to a highly-oxidised iodate-like compound.

These results confirm that the loss of iodide promoter is related to both oxygen and carbon
dioxide-induced oxidation of the iodide originating from the sodium iodide added during
synthesis. During progressing CO:z sorption cycles, it appeared that the iodate compounds
were decomposed/reduced again, resulting in mostly iodide being observed in the cycled

(used) samples.

Future research should be aimed at confirming CO formation and release to the exit gas by
more sophisticated gas mass spectrometry techniques. This could help ascertain the exact
mechanism of oxidation and release of the iodine, potentially leading to the design of
fixation techniques in order to design a stable promoter for the CO2 capture reaction that

does not take part in a decay mechanism and is removed from the sample.
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Chapter 5 Improvement of Mg-Cs mixed

sorbents

5.1 Chapter overview

The previous chapters described a novel high-capacity carbon dioxide sorbent based on
cadmium oxide. As cadmium compounds are considered toxic, a requirement for
appropriate occupational health and safety arrangements is likely if these sorbents are to
be applied in an industrial process. Lower-capacity magnesium oxide/cesium carbonate
mixed sorbents are therefore still promising candidates for pre-combustion carbon dioxide

capture, due to their low toxicity, and thus, still worth studying.

This chapter presents a paper, which concerns the use of magnesium oxide/cesium
carbonate composites synthesised by a solvothermal method. This method proved
superior to a simple wet-mixing technique used in a previous study. A solvothermally
synthesised Mg-Cs composite sorbent showed a higher working capacity. This appears to
be a result of better interaction between cesium and magnesium-containing phases created
by co-precipitation of the precursors in the solvothermal synthesis. The BET surface areas
of these materials were also higher than those produced by wet mixing. TEM analysis
showed there was good distribution of the cesium into the magnesium, with occasional

clustering of cesium phases.
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5.2 Abstract

Cesium carbonate-doped magnesium oxide has been shown to be a prospective candidate
for pre-combustion CO: capture at temperatures between 300 and 410 °C. Materials were
synthesised by wet mixing commercially available materials as well as a solvothermal
approach using a magnesium methoxide in methanol solution. The materials were
activated by heat treatment at 600 to 610 °C in order to yield the active CO: sorbent. The
sorbents showed working capacities of around 4 wt% in up to 25 partial pressure swing
(12 min sorption, 24 min desorption) cycles. If the cesium carbonate was dissolved into the
magnesium methoxide solution before solvothermal synthesis, multicyclic working
capacities were increased to 5wt%. BET surface area measurements of the activated
materials showed that the solvothermal method led to materials with higher surface areas
of ~13 m?/g, compared to 3.4 m?/g if made from commercial MgO. Transmission electron
microscopy showed the morphology of the activated solvothermally mixed materials to
consist of spheres of approx. 50 nm diameter, with crystallinity increasing during heat
treatment. Powder X-ray diffraction results confirmed this result and also proposed a

similar chemistry during CO: sorption of the solvothermally synthesised materials
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compared to the ones made from commercial precursors. Elemental mapping using
scanning transmission electron microscopy showed a uniform distribution of cesium and
magnesium in the sample, with occasional clustering of cesium being visible in some
particles. It is assumed that cesium carbonate addition into the solvothermal process
created a better mixture of Cs and Mg in the particle than wet mixing onto dispersed
particles. This led to the creation of a higher number of active sorption sites and thus, a

higher capacity for CO2 sorption.

5.3 Introduction

Carbon dioxide (CO2), emitted from activities in the power generation industry, is
considered to be a major contributor to anthropogenic climate change. In order to reduce
these emissions, carbon dioxide capture has been proposed [1, 2]. While post-combustion
capture focusses on the separation of dilute concentrations (up to 15 %) of CO: from a
conventional power plant flue gas, the pre-combustion process involves separating CO:
from a fuel gasification synthesis gas (syngas). After gasification, a water-gas shift reactor
shifts the carbon monoxide by reacting it with water vapour to carbon dioxide and the
valuable hydrogen fuel. A typical concentration of carbon dioxide in the shifted syngas is
given as 38 % [3] and its temperature around 200 to 400 °C [4]. Separating the CO: in-situ
at this temperature would be beneficial, as it could reduce the energy penalty arising from
heating or cooling the syngas to required CO: separation temperatures. Furthermore, the
in-situ removal of CO: would drive the shift reaction towards the product, and thus,

towards the valuable hydrogen fuel side.

In the temperature range of 250 to 400 °C, a range of metal oxide based sorbents has been
proposed to be suitable for CO: capture. These include layered double hydroxides [5, 6],
lithium zirconates [7], magnesium-potassium double salts [6, 8], a magnesium-cesium
composite [9, 10] and cadmium oxide/alkali halide mixtures [11]. Many of the
aforementioned materials have been reported to have a low working capacity (<10 %),
whereas the lithium zirconates reach their best working capacity and kinetics for
reversible CO:z sorption at around 575 °C [12], and thus require the shifted syngas to be
heated. Cadmium oxide-based materials have been shown to exhibit a high CO: sorption

capacity of up to 26 % [11], but the toxicity of cadmium compounds could lead to
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increased safety requirements in industrial applications compared to less toxic alkali and
alkaline earth metal compounds. It is therefore still beneficial to further develop low-

toxicity sorbents in order to increase their capacity.

The use of cesium carbonate/magnesium oxide composites was described previously [9],
where the CO2 sorption aspect was elaborated in detail with regard to temperature swing
sorption. This means that sorption is carried out at lower temperature, whereas desorption
is encouraged by raising the sorbent temperature. It is however beneficial to perform an
isothermal pressure swing, by sorbing at high pressure and lowering the pressure for
desorption, as a pressure change can be performed more quickly and easily than a uniform
temperature change of a large sorbent bed [13, 14]. However, an assessment is required of
whether the sorbent is actually capable of performing under these conditions.
Furthermore, carbonation of MgO to MgCOs was found not to be the reaction mechanism
of CO: uptake, but rather a formation of a previously unidentified mixed cesium-
magnesium phase was assumed [10]. Under this assumption, the study also hypothesised
that a better mixing of cesium and magnesium into each other might lead to higher
sorption capacities, as this would lead to more interaction points between the cesium and

magnesium bearing phases, encouraging mixed phase formation upon CO2 uptake.

Utamapanya et al. have synthesised magnesium oxide nanoparticles using a solvothermal
approach, beginning with magnesium metal dissolved in methanol, forming a magnesium
methoxide solution. Toluene and water were added to the solution and the mixture aged
overnight in order to partially hydrolyse the magnesium methoxide to hydroxide. The
process was finished by treating the solution in an autoclave at 265 °C and subsequent
pressure relief at this temperature. By this process, magnesium hydroxide-methoxide
nanoparticles of high BET surface areas of up to 1104 m?/g were obtained. These could
subsequently be calcined to magnesium oxide [15]. Montero et al. have used this approach
to synthesise a magnesium oxide/cesium nitrate composite, which they tested for catalytic
reactions for biodiesel synthesis [16, 17]. This group added cesium nitrate by wet mixing
and evaporation as well as by direct addition of the nitrate to the autoclave. The success
with this approach (improved catalytic activity) inspired the use of the solvothermal

synthesis for the present study.
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In this study, magnesium oxide/cesium carbonate composites were synthesised via both
the classic wet mixing method (using commercial MgO) as well as the solvothermal
approach, both using cesium carbonate as precursor. Both wet-mixing and direct addition
of the cesium carbonate to the autoclave process were examined. The materials based on
commercial MgO were studied in a single-cycle CO: sorption program using
thermogravimetric analysis (TGA) for their ability to perform partial pressure swing
sorption. The materials were also examined in a 25 cycle sorption/desorption TGA test,
assessing their working capacity. Nitrogen adsorption at 77 K, powder X-ray diffraction
(XRD) and transmission electron microscopy (TEM) were used to characterise the

materials.
5.4 Experimental

5.4.1 Synthesis of Mg-Cs:COs via the wet mixing method

15 mol% Cs was loaded onto MgO using a wet mixing approach as described by Jahan [9].
In a typical synthesis, 0.7 g of Cs2COs was dissolved in approx. 120 mL deionised water in
a beaker. Next, 1 g MgO was dispersed into the solution and the water evaporated by
heating on a hotplate stirrer under vigorous stirring. As soon as the suspension became a
thick paste, stirring was stopped and the beaker placed into an oven to dry at 120 °C for at
least six hours. The as-synthesised powder sample was then removed from the beaker,
ground using mortar and pestle and stored in a sealed vial for further use. The sample is

referred to as ‘Mg-Cs-wetmix’.
5.4.2 Synthesis of Mg-Cs:CO:s via solvothermal method

5.4.2.1 Magnesium methoxide-hydroxide nanoparticle synthesis (‘nano-Mg’)

Solvothermally synthesised magnesium hydroxide was prepared in a method similar to
the one described by Utamapanya [15], which had also been used by Montero et al [16, 17].
In our method, 1.247 g magnesium turnings (Sigma-Aldrich, 98 %) were dissolved
overnight in 51.25 mL methanol (Merck, >99.8 %) in a covered conical flask at room
temperature while stirring using a magnetic stirrer. The top of the flask was purged with
nitrogen in order to minimise atmospheric moisture to deposit in the solution. A clear

solution of magnesium methoxide was expected to form, but a cloudy solution was
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obtained. As this was considered to be due to Mg-methoxide prematurely hydrolysing and
precipitating to form Mg(OH), the solution was centrifuged at 4500 rpm for five minutes
in 45 mL tubes using a Hermle Z 200 A centrifuge. The clear Mg-methoxide solution was
decanted off and the solids discarded. 28.75 g of the liquid was then mixed with 143.67 g
toluene (Merck, >99.9 %) under vigorous stirring, while 1.3 mL of water was added
dropwise using a syringe. The liquid was aged overnight in a covered flask while stirring

lightly at room temperature.

After ageing, 45 mL of the liquid were transferred into an autoclave of 100 mL capacity,
sealed and evacuated. Evacuation was restricted to 15 seconds in order to reduce solvent
evaporation. Afterwards, the autoclave was pressurised with nitrogen to 0.6 MPa, selaed
and heated in a fluidised sandbath to 265 °C (sample temperature measured inside the
autoclave) in 80 minutes. After keeping the temperature constant for 20 min, the autoclave
tap was opened and the liquids flash-evaporated. After allowing the autoclave to cool to
room temperature, it was opened and a powdered sample was obtained. Samples from
two autoclave reactions, which were heated in the sandbath simultaneously, were
combined into one and the powder was dried at 120 °C overnight and stored in a sealed

vial for further use. This sample was named ‘nano-Mg’'.

5.4.2.2 Synthesis of Mg-Cs2COs-nano using wet mixing technique (‘nano-wetmix’,
‘nano-wetmix-lowCs’)

1.189 g of the nano-Mg sample described in section 5.4.2.1 was dispersed in approx.

150 mL water and 0.594 g Cs2COs added to the slurry (this was calculated to result in a

15 mol% Cs to Mg ratio similar to the material described in section 5.4.1, assuming the

nano-Mg sample consists solely of Mg(OH)z). The liquid was evaporated and the sample

dried in an oven at 120 °C as described in section 5.4.1. This sample is referred to as ‘nano-

wetmix’.

A second preparation used 0.442 g nano-Mg and 0.151 g Cs2COs. Here, the presence of
100 % Mg-methoxide is assumed in the nano-Mg sample. This sample is referred to as

‘nano-wetmix-lowCs’ due to its lower Cs content than the nano-wetmix sample.
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5.4.2.3 Synthesis of Mg-Cs2COs-nano using direct addition (‘nano-direct’)

In this synthesis, Cs2COs was added directly into the autoclave process. Synthesis was
commenced as for the nano-Mg sample (section 5.4.2.1), using 1.258 g Mg turnings and
51.5 mL methanol. In this case, the solids obtained after centrifugation were recovered and
the volume of clear Mg-methoxide solution was measured using a measuring cylinder
(37.5 mL). The methanol-soaked solids were calcined at 850 °C in air for three hours and
the resulting powder (assumed to be solely MgO) was weighed (0.5171 g). This then
allowed quantification of the remaining magnesium in the liquid and adjustment of the
amount of Cs2COs to be added. The appropriate amount of Cs2COs to give a 15 mol% Cs to
Mg ratio (1.119 g) was dissolved in 20 mL methanol and this liquid subsequently added to
the mixture of Mg-methoxide solution (31.318 g) and toluene (155.28 g). 1.37 mL of water
was then added and the ageing and autoclave process was continued as described in

section 5.4.2.1. This sample is labelled ‘nano-direct’.

5.4.3 Nitrogen physisorption

Nitrogen physisorption at 77 K was measured on a Micromeritics Tristar II 3020
instrument. Samples of 0.2 to 0.5 g were degassed at 120 °C to a vacuum of 0.05 bar using a
Micromeritics VacPrep 061 degas station prior to analysis. BET surface areas were
calculated at relative pressures between 0.05 and 0.35. Some samples were calcined in a
muffle furnace at 600 °C for three hours in air in order to obtain nitrogen physisorption

data for ex-situ activated materials.

5.4.4 Thermogravimetric analysis of carbon dioxide sorption

Carbon dioxide sorption analyses were performed using a Setaram TAG 24-16
symmetrical thermoanalyser fitted with programmable mass flow controllers (Bronkhorst
model F-201DV-RAD-11-K). A total flow of 70 mL/min gas was always maintained, using
either 50 % CO2 in argon (sorption gas), or pure argon (desorption and pre-treatment gas).
As per instrument design, 35 mL/min of gas flow into the sample furnace, whereas the

other 35 mL/min flow through the reference side of the balance.

Experiments were designed according to Figure 5.4.1 using a pre-treatment step in argon
designed to convert all magnesium compounds into magnesium oxide (610 °C for single

cycle experiments, 510 °C for multiple cycles). Afterwards, the temperature was lowered
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to the sorption temperature and the gas flow turned to sorption gas. An end step was

performed at the same temperature as the pre-treatment to fully decarbonate the sample at

the end of the run.

temperature
A
510 or 610 °C 510 or 610 °C
: £
§ ¢ o e
o 3 o o
é S'ads./des. temp 3
Y 35
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temp. ¥

N L
time

Figure 5.4.1: TGA program used for single-cycle (610 °C) or multi-cyclic (510 °C) sorption analysis

Sorption experiments were performed for the Mg-Cs-wetmix samples in a single cycle
experiment at different temperatures, enabling sorption for two hours, followed by
desorption in argon flow for one hour isothermally. A second set of experiments consisted
of up to 25 cycles of isothermal sorption and desorption, cycling between sorption (12 min)

to desorption gas (24 min) for the Mg-Cs-wetmix, nano-wetmix and nano-direct samples.

5.45 Powder X-ray diffraction

Powder X-ray diffraction experiments were performed on a Bruker D8 focus powder
diffractometer using Cu Ko radiation (1.5418 A). Samples were mounted on a flat plastic
sample holder for analysis and data was acquired at 0.5° 20 per minute speed at a
resolution of 0.005°. Powder Diffraction File entries 04-010-4039 (MgO), 04-010-8323
(Cs2COs (H20)3), 00-022-1788 (Mg(OH)1.3(OCHzs)oz) and 04-013-9511 (Mg(OH)2) were used

to identify and mark peaks in the patterns.

5.4.6 Transmission electron microscopy

Transmission electron microscopy (TEM) and selected area electron diffraction was
performed on an aberration-corrected instrument, Titan (FEI Company), operated at 80kV.
Bright-field TEM imaging was used to investigate the sample morphology and selected

area electron diffraction was used to examine its crystallinity. Camera length was

calibrated using a thin silicon TEM specimen.
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For obtaining annular dark field images as well as elemental mapping for cesium,
magnesium, oxygen and carbon, a JEOL 2100F instrument equipped with a Gatan CCD
camera and a high angular annular dark field (ADF) detector (camera length 10 cm and
0.5nm probe) to collect elemental mapping profiles. A 50 mm JEOL Si(Li) energy
dispersive X-ray (EDX) detector was used for elemental mapping. EDX spectra obtained
from the mapped images were checked to contain the elements being mapped and are

given in the supplementary materials.

For the analysis of carbonated samples, 30 mg of each of the as-synthesised sample of both
the nano-direct and nano-wet mix material was pre-treated in the thermoanalyser for 20
minutes at 610 °C in argon flow, subsequently cooled to 310 °C and exposed to 50 % CO:
in Ar for 2 hours. Afterwards, it was cooled down too ambient temperature in the same
atmosphere, removed from the thermoanalyser and stored in a sealed vial until TEM

analysis.
5.5 Results

5.5.1 CO: sorption analysis

A full thermogram of the single-cycle sorption experiment of a Mg-Cs-wetmix sample is
given in Figure 5.5.1a. It can be observed that the initial pre-treatment step caused a mass
loss which is attributed to the removal of residual water and the decomposition of
magnesium hydroxide, which originated from magnesium oxide during wet synthesis. In
its activated state, the material then sorbed CO: once the gas flow was switched to
sorption gas. Switching back to argon, the mass decreased, indicating an ability to perform

pressure swing sorption by altering the partial pressure of CO2 from 0.5 bar to 0 bar.

As the material is considered to consist of the active sorbent after the pre-treatment step,
the mass was expressed as 100 % before the sorption gas was switched on and results
plotted from there. Figure 5.5.1b shows the behaviour of this material at several sorption
temperatures. The results show that a temperature of 247 °C gave a slow sorption of
2.9 wt% after two hours, and that desorption was not thermodynamically favoured, as
most of the mass gain was retained during the argon purge. Higher temperatures led to

faster CO: uptake, and desorption was more favoured. A maximum CO: uptake of
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8.1 wt% was achieved at 313 °C after two hours of sorption. At temperatures of 354 to
391 °C, the material exhibited a fast uptake of CO: and was also capable of releasing the
sorbed mass at isothermal conditions to a certain extent. This is indicated by the working
capacities (Figure 5.5.1c) being highest around 380 °C. For this reason, subsequent

temperatures for experiments of partial pressure swing were chosen in this temperature

range.
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Figure 5.5.1: a. Full thermogram of a 2 hr sorption, 1 hr desorption run of a Mg-Cs-wetmix sample
at 354 °C, b. 2 h Sorption and 1 h desorption excerpt from a. with 100 % mass set at the start of the
sorption run for different temperatures, with working capacity indicated for the 313 °C experiment,
c. working capacities derived from b.

It must be noted that Jahan obtained higher single cycle maximum sorption capacities of
up to 12 wt% on this material [9]. This is assumed to be because her work involved a

partial pressure of 0.9 bar CO: instead of the 0.5 bar used here.
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It is necessary for an industrial application that the sorbents be fully regenerable over
multiple cycles. In order to test this, a multiple cycle sorption TGA routine was applied
and an example full thermogram (wet mix sample at 390 °C) given in Figure 5.5.2a. Here,
the active material (i. e., 100 % mass) was yielded after the pre-treatment step, as for Figure
5.5.1, and the working capacity determined as the difference between the highest and
lowest relative masses of each sorption cycle with 12 minutes of sorption (50 % CO2) and
24 minutes of desorption (Ar). For the wet mix, nano-wet mix and nano-direct samples,
these working capacities were plotted versus the cycle number in Figure 5.5.2 b, c and d.
All full thermograms can be found in the supplementary materials, along with the

excerpts showing 100 % mass at the start of the cycles.
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Figure 5.5.2. a. Full thermogram of a wet mix sample in 12 min sorption, 24 min desorption cycles at
390 °C, b. working capacities for wet mix samples at different temperatures over 25 cycles, c. and d.
for nano-wetmix and nano-direct samples, respectively.
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Figure 5.5.2b shows that the material is capable of a partial pressure swing by sorbing and
desorbing CO: at isothermal conditions. It can be observed that the working capacities of
the wet mix material were highest at 390 °C, reaching about 4 wt%, but are less both at
higher and lower temperatures. Also noteworthy is a capacity loss at temperatures of 350
and 370 °C during the first (approx.) six cycles. This capacity loss eventually subsided, so
that a constant working capacity was achieved with subsequent cycles. The full
thermogram of the measurement at 350 °C (refer to supplementary material) also shows
that the first cycle sorbed up to 5.5 wt%, but desorption was not complete, stopping at a
mass percentage of 3 % above the baseline. Subsequent sorption cycles showed an
increasing amount of CO:z retained. It is speculated that this CO: retention after several
cycles is associated with annealing particles and an inclusion of CO: into deeper parts of
the sample, so that the CO: was in turn harder to desorb isothermally. At higher
temperatures, desorption took the relative mass closer back to the original tare point,
which could mean that the higher temperature enables desorption of CO: trapped in inner
layers of the material more easily, or, in other words, that a higher temperature makes CO:
diffuse more easily into and out of the sample. Thus, the optimum pressure swing

temperature, in terms of working capacity, is to be found at an intermediate point.

The nano-wetmix samples (Figure 5.5.2c), which were made from a nanoparticle
magnesium hydroxide/methoxide substrate, showed similar working capacities to the
samples made from commercially available MgO. Reducing the amount of cesium had a
no effect on the working capacity. This result is in agreement with an observation made by
Jahan, showing that the single cycle CO: sorption capacity is not very sensitive towards a

variation in the cesium loading in a range of concentrations between 10 and 30 mol% Cs

[9].

It was initially hypothesised that the wet mixing of the cesium carbonate onto a high
surface area magnesium substrate after synthesis would lead to a better distribution and,
in turn, to a higher working capacity than if commercial MgO was used. This was not the
case. However, by directly adding the cesium carbonate to the autoclave in the
solvothermal approach, the working capacity was increased, as the results in Figure 5.5.2d

show.
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It appears that the wet mixing approach had some constraints, as the working capacity
results of the nano-wetmix samples were similar to the ones made from commercial MgO.
It can be seen in Table 5.5.1 that the BET surface area of the nano-Mg is comparatively high
(818 m?/g), but significantly reduced upon addition of cesium carbonate by wet mixing
(32 m?/g) and further still on calcination (12.8 m?/g). A similar trend was observed for the
samples made from commercial MgO, although their overall surface areas were lower,
whereas the nano-direct sample had a similar surface area to the nano-wet mix sample
after calcination. Thus, it appears that surface area is not the key indicator influencing the
working capacities. This motivated a more detailed study of the powders by transmission

electron microscopy and powder X-ray diffraction.

Table 5.5.1: BET surface areas from N: physisorption. Refer to supplementary materials for
isotherms.

name BET surface area, m?/g
MgO, Sigma-Aldrich 122

wet mix 6.8

wet mix calcined 600 °C, 3 h 3.4
nano-Mg 818
nano-wet mix 32
nano-wet mix calcined 600 °C, 3 h 12.8
nano-wet mix-lowCs 52
nano-direct 84.3
nano-direct calcined 600 °C, 3 h 13.8

5.5.2 Morphology and crystallinity of the materials

The powder X-ray diffraction patterns for the nano-wetmix and nano-direct materials are
provided in Figure 5.5.3, whereas a detailed analysis of the wet mixed materials made
from commercial MgO has been published previously [10]. It can be observed that the
nano-Mg material appeared to consist of small crystals, characterised by broad and flat
peaks. The peaks in the pattern have been matched by Montero et al. to be of magnesium
hydroxide methoxide [16], but this assumed the merging of three peaks to one at 58.8, 60.1
and 62.7 °26, and of two at 33.8 and 38.4 ° 20 (refer to markers in Figure 5.5.3). This is the
likely phase obtained in the methanol-based solvothermal synthesis. However, upon wet
mixing, the material fully converted into magnesium hydroxide. The cesium carbonate

phase was not observed in this pattern and thus had to be present as a mostly amorphous
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phase. Upon calcination, Mg(OH): transformed into MgO and a hydrated cesium
carbonate phase was observed. The hydration of the cesium phase presumably occured
due to its hygroscopic nature, taking up atmospheric moisture during sample handling
during the transfer from the muffle furnace to the diffractometer. This phenomenon has
been previously described for the wet-mix samples made from commercial MgO [10].
Furthermore, it was shown, using an in-situ powder XRD experiment, that avoiding
atmospheric exposure preserves the dehydrated Cs2COs formed on calcination [10]. The
nano-direct material obtained via solvothermal synthesis showed a similar behaviour
upon calcination. Here, it appears that the magnesium hydroxide-methoxide and hydrated
cesium carbonate phases were present in the as-synthesised material, which upon
calcination converted to magnesium oxide and cesium carbonate. The hydration of cesium
carbonate is assumed here to be due to atmospheric exposure after calcination as described
for the nano-wet mix material. It appears, however, that the crystallinity of the hydrated
cesium carbonate after calcination was higher in the nano-direct sample as compared to
the nano-wetmix sample, given the peaks are of higher intensity relative to the MgO

phase.

O Mgo & Cs,CO,(H,0), @ Mg(CH),,(OCH,),, x Mg(OH),
* nano direct calcined
0’ O

of & o |*hee)]® Toellee o . g O

. LS .
5 nano direct
2 oo bt dITEC
1) nano wet mix calcined
c O
>
8 L R 2 00 o
X
X X .
X X x hano wet mix
X
o o nan:)-Mg
<
0 10 20 30 40 50 60 70 80
26, degrees

Figure 5.5.3: Powder X-ray diffraction patterns of the solvothermally synthesised Mg-Cs composite
materials and the nano-Mg substrate. Peak markers are set according to Powder Diffraction File.
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TEM images and selected area diffraction patterns are given in Figure 5.5.4 to Figure
5.5.10. For the nano-Mg sample, it is shown that it consisted of small crystallites, as evident
from the electron diffraction pattern showing broad intense ring patterns (Figure 5.5.4b).
The pattern was matched with MgO. This appears, at first, to contradict the XRD results in
Figure 5.5.3. However, it should be noted that magnesium compounds tend to decompose
to MgO in the electron microscope, as the electron beam supplies enough energy for this
decomposition. This observation was also made in our earlier study [10]. The morphology
of the particles as seen in the TEM image (Figure 5.5.4a) looks a little like flat chips.
Scanning electron microscopy results published by Utamapanya et al. also showed this

morphology [15].

| e
R Lt

Figure 5.5.4: TEM image (a) and electron diffraction pattern (b) for the nano-Mg sample. Diffraction
pattern matches MgO.

Upon wet mixing of the nano-Mg material with Cs2COs, the flake-like structure
disappeared. It can be noted, in Figure 5.5.5a and b, that cesium addition led to the
formation of larger, more bulky particles. It might be that the cesium compound had acted
like a glue to stick the Mg-nano particles together as it dissolved and re-precipitated
during the wet mixing synthesis. The electron diffraction pattern (Figure 5.5.5c) shows a
weak signal of MgO, which is considered to be due to flat but large nanoparticles.. High-
resolution images (Figure 5.5.5d and e) show particles of approx. 50 nm width with a

rough surface.
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Figure 5.5.5: a, b, d ,e: TEM images of nano-wet mix as synthesised sample, c: electron diffraction
pattern for b.

In contrast to the nano-wet mix sample, the nano-direct sample (in the as-synthesised
state) showed bulky as well as wrinkled/chip-like particles, appearing like a mixture of the
nano-Mg and the nano-wet mix samples (Figure 5.5.6a and c). High-resolution TEM
showed a rough surface and few lattice fringes (Figure 5.5.6f) and the electron diffraction
patterns consisted only of faint rings (Figure 5.5.6b and e), indicating polycrystalline
particles. MgO was apparent in the diffraction patterns, but the ring diffraction pattern
also indicates a small crystallite size. The appearance of both chipped and bulky particles
here is somewhat surprising, as the direct mixing approach was intended to form a more

homogeneous sample than the wet mix approach.
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Figure 5.5.6: (a, ¢, d, f) TEM images of nano-direct sample, as synthesised; (b) electron diffraction
image for (a), (e) for ‘areal’ marked in (d); (f) enlarged section of ‘areal’ in (d).

Upon calcination, the samples formed larger MgO crystals. This is evident from Figure
5.5.7c and d (nano-wet mix sample) and Figure 5.5.8a and b (nano-direct sample), if they
are compared to their as-synthesised counterparts as described above. The morphology,
consisting of irregular spheres (Figure 5.5.7a), was similar to the observations reported by
Montero et al [16]. The nano-direct and nano-wet mix samples appeared similar in their
morphology and crystallinity. It appears from electron diffraction images, giving spotted
patterns (Figure 5.5.7b and Figure 5.5.8d and e), and high-resolution TEM images,
showing regular lattices (Figure 5.5.7b and Figure 5.5.8c) that the crystallinity and
crystallite size have increased during calcination, possibly due to annealing. Furthermore,
the wrinkled/chipped appearance has disappeared during calcination, and more spherical

particles have formed, being consistent with an annealing process.

Figure 559 and Figure 5.5.10 show the materials after CO: saturation, following
calcination. Somewhat surprisingly, the morphology change compared to the calcined

state was minimal. The material still consisted of polycrystalline almost-spherical particles.
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Figure 5.5.7: (a-c) TEM images of nano-wet mix sample after calcination (d) electron diffraction
pattern of (c).

Figure 5.5.8: (a, ¢, d) TEM images of nano-direct sample after calcination, (b) electron diffraction for
(a), (e) for (d) respectively.
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SHiiE R

Figure 5.5.9: (a, b) TEM images of nano-wet mix sample after carbonation, (c) electron diffraction
pattern of (b).

Figure 5.5.10: (a, ¢) TEM images of nano-direct sample after carbonation, (b) electron diffraction
pattern of (a).

It is interesting to investigate the elemental distribution of the samples in order to assess
how well cesium is distributed into the magnesium phase, as the interaction between
cesium and magnesium phases is considered a key factor in carbon dioxide sorption. For
this purpose, elemental mapping using scanning transmission electron microscopy has
been performed on the as-synthesised and carbon dioxide saturated samples. Figure 5.5.11
shows the elemental maps of carbon, oxygen, magnesium and cesium for three specimens
of the as synthesised nano-wetmix sample, along with an annular dark field and a bight
field image. It can be observed that there is an even distribution of magnesium, cesium
and oxygen, which is well in line with the intensities seen on the dark field images. Carbon
is hard to interpret, as the TEM sample grid is made of carbon. It can however be observed

that high intensities in the dark field images correspond to high concentrations of carbon.
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Figure 5.5.11: Elemental maps for carbon, cesium, magnesium and oxygen and scanning
transmission electron microscopy dark field image of the nano-wet mix sample in the as-
synthesised state. Refer to supplementary materials for duplicate specimens and EDX spectra.

A similar picture can be observed for the elemental maps of the nano-direct samples given
in Figure 5.5.12. Here, clearly distinct clusters of cesium can be observed (as indicated).
These regions were high in cesium, but low in magnesium. It also appears that
magnesium-rich areas appear with thread-like morphology, whereas the cesium-rich area
appears more like a sphere. These observations are in agreement with the TEM images
provided in Figure 5.5.6, showing clusters of almost spherical particles (possibly cesium-
rich) and also chip-like/wrinkled particles (possibly magnesium-rich). Other regions of the
specimen exhibited a more uniform distribution of the elements shown. Additional maps

can be found in the supplementary material.
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250 nm

Figure 5.5.12: Elemental maps for carbon, cesium, magnesium and oxygen and scanning
transmission electron microscopy dark field image of the nano-direct sample in as-synthesised
state. White arrow indicates a cluster with increased Cs content, but low in Mg. Refer to
supplementary materials for duplicate specimens and EDX spectra.

In the carbonated state, the nano-wet mix and nano-direct samples showed a similar
appearance compared to their as-synthesised counterparts. Again, it can be seen that the
cesium is comparatively well distributed over the magnesium (Figure 5.5.13 and Figure
5.5.14). The clustering effect of the cesium within the nano-direct sample was evident here,
too, and also for the nano-wet mix specimen. It must be noted that the nano-wetmix
sample after carbonation (Figure 5.5.13) was hard to capture in the annular dark field
imaging mode. Two attempts to capture an ADF image showed a very oversaturated

image like the one shown in Figure 5.5.13.
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Figure 5.5.13: Elemental maps for carbon, cesium, magnesium and oxygen and scanning
transmission electron microscopy dark field (mislabelled ‘BF’) image of the nano-wetmix sample
after carbonation. White arrow indicates a cluster with increased Cs content, but low in Mg. Refer to
supplementary materials for EDX spectrum.

The electron microscopy results generally showed that the particle size of the materials
made by solvothermal methods (both nano-wet mix and nano-direct) led to a decrease in
particle size compared to using commercial MgO as a starting material [10]. This, in turn,
also led to an increased surface area as shown in Table 5.5.1. A good distribution of cesium
and magnesium throughout the particles was achieved, although some segregation (spots
of higher cesium than magnesium intensity in the elemental maps) seemed to occur. The
occurrence of such segregation in the nano-direct samples, where the cesium and
magnesium were both in liquid solution when mixed, is somewhat surprising.

Occasionally, this segregation is also visible in the wet mixed sample (Figure 5.5.13).
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Figure 5.5.14: Elemental maps for carbon, cesium, magnesium and oxygen and scanning
transmission electron microscopy dark field (mislabelled ‘BF’ at the bottom) images of the nano-
direct sample after carbonation. White arrow indicates a cluster with increased Cs content, but low
in Mg. Refer to supplementary materials for duplicate specimens and EDX spectra.

5.6 Conclusion

In this study, magnesium-cesium composites for pre-combustion CO: capture were
synthesised via a solvothermal method, by (i) synthesising a magnesium hydroxide
methoxide substrate and subsequent wet mixing with cesium carbonate as well as by (ii)
directly mixing the cesium carbonate into the solvothermal synthesis of the magnesium
substrate. These two materials were compared to a cesium carbonate-doped magnesium
oxide, which had been described in earlier studies [9, 10]. The latter material was also
synthesised and tested in TGA experiments to assess its performance in isothermal
pressure swing CO:z sorption in single cycles at different temperatures. It was shown that
the material is able to sorb and desorb up to 4.7 wt% of CO: in this mode at temperatures
of around 375 °C. Under more stringent multicyclic conditions, a stable working capacity
of 4 wt% was achieved over 25 cycles at 390 °C. Synthesising the material in a similar
manner, but using a nanoparticle magnesium substrate that was synthesised using a

solvothermal method, gave a similar trend in working capacities. Using the direct mixing
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approach, the working capacities were increased to 5 wt% and the optimal temperature

was found to be lower, around 370 °C.

Powder XRD patterns of the solvothermally synthesised materials show that the material
consists of magnesium oxide and hydrated cesium carbonate phases in its active (calcined,
ex-situ) state. These results show that the chemistry of the solvothermal materials in their
active states is the same as found in a previous study focussing on a material made from
commercial MgO. Transmission electron microscopy indicated that the material
crystallinity increases upon calcination and that particle sizes as low as about 50 nm are
obtained for the Mg-Cs composites. This is smaller than the ones observed in the classic
synthesis route using commercial MgO [10]. This is also reflected in the higher surface
areas of the solvothermally synthesised materials. Elemental mapping revealed that a
mostly uniform distribution of the cesium and the magnesium in the particles was

achieved, with occasional clustering of cesium occurring.

It can be concluded that the solvothermal approach increased the working capacity if the
cesium carbonate is added into the synthesis process as a solution, co-precipitating and
hydrolysing with the magnesium methoxide precursor (nano-direct sample). It appears
that an improved distribution of cesium was obtained in this case, leading to particles
having cesium and magnesium interspersed into the core of the particles. In contrast to
this, a wet mix of cesium carbonate solution onto dispersed magnesium precursor particles
is assumed to lead to a different dispersion of cesium throughout the particles, particularly
the core of the particles. Since the active sites for CO: sorption are considered to be a

mixed metal oxide phase, this would be a less effective mixing strategy.

These differences in elemental distribution might potentially not be entirely visible in
elemental mapping techniques, as here a 3D particle is projected onto a 2D surface (the
picture). In this context, for wet mixed samples, the diffusion of the CO: through the
cesium phase shell must be overcome, which is easier at a higher temperature of 390 °C. In
the case of the direct-mix sample, more active sites could thus be considered to be
available on the accessible surface, enabling better access of the CO: to active sites of the

solid particles. This would explain both the lower temperature required for multicyclic
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sorption (i. e., easier diffusion), as well as the higher working capacity achieved in the

nano-direct sample (more active sites through better mixing of cesium and magnesium).

The results show that a better mixing of the cesium and magnesium phases lead to an
improved Mg-Cs CO: sorbent. Future investigations should be directed at further
increasing the BET surface area of the direct-mix sample, in order to preserve the initially
high surface area of 84 m?/g, or to create even higher surface area materials when the

sorbent is in its active (calcined or pre-treated) state.
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Figure 5.9.1: Thermograms (cycle plots, 100 % mass at start of cycles, left) and full plots (100 % mass
at start of experiment, right) for the MgO-Cs2COs materials

5.10 Energy dispersive X-ray spectra and additional elemental maps

The energy-dispersive X-ray (EDX) spectra confirmed the existence of the elements
mapped in the samples (cesium, magnesium, carbon, oxygen) and are given here next to
the dark-field images for recognition in the journal article. Additional elemental maps and

their respective EDX spectra are shown in this section as well.
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5.10.1 EDX spectra, dark field image and elemental maps of the nano-wet mix as

synthesised sample.
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5.10.2 EDX spectra, dark field image and elemental maps of the nano-direct as

synthesised sample
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5.10.3 EDX spectrum and dark-field image of the elemental maps of the nano-

wet mix carbonated sample.
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5.10.4 EDX spectra, dark and bright-field images and elemental maps of the

nano-direct carbonated sample.
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Chapter 6 Effect of syngas constituents on the

sorbents

6.1 Chapter overview

In previous chapters, laboratory testing of multicyclic carbon dioxide sorption via TGA
was performed using a gas blend of carbon dioxide in an inert gas, and a pure inert gas for
desorption, both also with the addition of water. In real syngas, however, there are other
constituents that might have a different impact on the sorbent. Of particular concern in
hydrogen, a strong reducing agent, which might react with the metal oxide sorbents to
form their respective metallic element. Furthermore, hydrogen sulphide, a trace
constituent in syngas, has been previously reported to be sorbed in competition with

carbon dioxide, leading to inactivation of the sorbent for carbon dioxide.

The paper presented in this chapter shows screening test results using hydrogen and
hydrogen sulphide for the two metal oxide systems described in the previous chapters,
namely the CdO-Nal and the MgO-Cs2COs sorbents. It became evident that reduction due
to hydrogen is not a concern at the optimal carbon dioxide sorption temperature.
Furthermore, it was studied how hydrogen sulphide and carbon dioxide interact with the
sample in competition during a multiple-cycle sorption TGA experiment. A working
capacity reduction was observed, likely due to formation of a stable sulphide compound.
In a moist mixed hydrogen/carbon dioxide environment, the MgO-Cs2COs sorbent proved
stable in working capacity, whereas the CdO-Nal sorbent showed a capacity decrease,
which is speculated to be due to reactions with hydrogen causing the removal or

destruction of the halide promoter.
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6.2 Abstract

Magnesium oxide/cesium carbonate composites as well as a cadmium oxide/sodium
halide mixture have been previously described as potential candidates for pre-combustion
carbon dioxide capture. Here, the effects of water and hydrogen alongside carbon dioxide
were examined in simulated partial pressure swing experiments analysed by
thermogravimetric means. It was shown that the magnesium-cesium sorbents are tolerant
to hydrogen at a temperature of 370 °C and that their working capacities over 25 cycles are
enhanced by the addition of water to the sorption gas stream. The cadmium-sodium
iodide sorbent showed a stable working capacity for 23 sorption cycles at 285 °C, but
tended to lose working capacity afterwards. At a temperature of 305 °C, a significant loss
in capacity was observed during sorption cycling. As reduction in an inert gas/hydrogen
mixture was not found to commence below 400 °C, a halide promoter disintegration
mechanism is assumed to be the cause of the decay. The sorption of HxS was also
examined. Both cadmium and magnesium-based materials showed a significant uptake of
H:S, which was hard to desorb. It appears that H2S sorption competes alongside carbon
dioxide sorption causing a reduction in working capacities over multiple cycles. Powder
X-ray diffraction showed that the cadmium-based sorbent forms CdS upon H:S sorption,
whereas the MgO phase of the magnesium-based sorbent is not changed. A new cesium
phase was formed from cesium carbonate with H:S, which is probably a previously

unreported magnesium-cesium sulphide mixed phase.
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6.3 Introduction

Anthropogenic greenhouse gas emission, especially of carbon dioxide from fossil fuel
combustion, has been reported to be a contributor to climate change and associated global
warming [1]. As fossil fuels are predicted to play an important role in the energy
generation in the mid-term future, carbon dioxide capture and storage is considered a
viable option to slow down climate change [2, 3]. Alongside the retrofitting of carbon
dioxide capture systems to existing power plant processes (post-combustion capture), new
power plant processes are under development that incorporate carbon dioxide capture in

order to avoid its release to the atmosphere.

An example of such a process is the Integrated Gasification Combined Cycle (IGCC)
process. Here, synthesis gas (syngas) is produced by gasifying coal in a low oxygen
atmosphere containing steam at high temperatures. This syngas is made up of carbon
monoxide and water, which is then shifted to hydrogen and carbon dioxide in a water gas
shift (WGS) reactor located downstream of the gasifier [1]. Subsequent in-situ removal of
the carbon dioxide from the WGS reactor to yield hydrogen fuel (pre-combustion capture)
would be beneficial, as additional energy input to heat or cool the gas for carbon dioxide

capture could then be avoided.

As the WGS reaction is typically conducted between 250 and 400 °C [4], recent studies
have focussed on a magnesium-cesium composite [5] (Chapter 5) and a cadmium oxide-
alkali halide mixture [6] that reversibly sorb carbon dioxide at temperatures around 370 °C
and 300 °C, respectively. Both these sorbents have been shown to work well for selectively
capturing carbon dioxide from mixtures with argon, achieving up to 5 wt% working
capacity (Mg-Cs sorbent, Chapter 5) or up to 18 % (Cd sorbent, Chapter 3/section 3.14.1) in
12 minutes sorption/24 minutes desorption cycles. 1.2 vol% water addition to the gas
stream showed a beneficial effect on multicyclic carbon dioxide sorption on the cadmium-
based sorbent (Chapter 3, section 3.14.1), but had no effect on the magnesium-based
sorbent [5]. It must, however, be noted that the latter was only checked during a single

carbon dioxide sorption cycle.

It must, however, be noted that syngas contains hydrogen, which is a strong reducing

agent. Conceivably, this might lead to difficulties in the use of metal oxide-based sorbents
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in a syngas environment, as it might reduce the oxides into their respective metallic forms.
Furthermore, trace impurities contained in syngas, like H2S, are reported to react with

metal oxide sorbents [7], which might then compete with carbon dioxide sorption.

The use of hydrotalcite materials for use in pre-combustion carbon dioxide capture has
previously been reported. During fixed-bed studies, it was shown that the material can
reversibly sorb and desorb both hydrogen sulphide and carbon dioxide in the presence of
water and hydrogen at a pressure of 5bar and a temperature of 400 °C [8, 9]. These
materials, however, have also been shown to have comparatively low carbon dioxide
sorption capacities (~ 4 wt%) in anhydrous conditions [10, 11]. Hydrotalcite sorbents [12]
and calcium oxide-based sorbents [13, 14] have shown a retention of strongly bound
sulphur compounds in the scope of post-combustion carbon dioxide capture from flue
gases. It is hypothesised that H2S also reacts with MgO-Cs2COs and CdO-Nal composites
in a similar manner to carbon dioxide, forming either cadmium sulphide instead of
carbonates, or, as observed in the MgO-Cs2COs sorbent, a mixed Mg-Cs phase while

keeping the MgO phase mostly intact [15], similar to the one observed for carbonation.

This study is concerned with proposed CdO-Nal and MgO-Cs2COs composites towards
the syngas constituents hydrogen, water, carbon dioxide and H:S. Screening tests using
thermogravimetric analysis (TGA) were used to examine the temperature range of the
materials’ tolerance towards hydrogen and H.S. Multicyclic carbon dioxide sorption
performance was studied using 50 % carbon dioxide in argon containing 0.2 % H-S, which
was also used in a previous study, representing a typical concentration in syngas [9]. TGA
of multicyclic carbon dioxide sorption was also conducted in the presence of hydrogen,
carbon dioxide (1:1 volume ratio) and 2.4 % water. This experiment aimed at mimicking
the main components of syngas and testing the ability of the sorbents in this environment.
Treatment of ctive sorbents with HaS was also studied by powder X-ray diffraction (XRD)

to further investigate any reactive chemistry.
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6.4 Experimental section

6.4.1 Sorbent synthesis

The cadmium-based carbon dioxide sorbent was synthesised using a simple wet mixing
approach described elsewhere [6]. Cadmium carbonate was dispersed in an aqueous
solution of sodium iodide, so as to yield a mass fraction of 17.5 wt% Nal based on CdCOs.
MgO-Cs2COs composites were made similarly by dispersing MgO into an aqueous
solution of Cs2COs. Here, the cesium loading was adjusted to be 15 mol% Cs and 85 mol%
MgO, which was determined to be the best-performing concentration in a previous study
[5]. This sample is named ‘Mg-Cs-wetmix’. A solvothermally synthesised MgO-Cs2COs
composite was also analysed in this study. Its synthesis comprised the use of a solution of
magnesium methoxide and cesium carbonate in methanol and toluene, which was
hydrolysed with water and subsequently treated in an autoclave at 265 °C. At this
temperature, the solvent vapour was vented to yield the precipitated powder sample

(refer also Chapter 5). This sample is labelled ‘Mg-nano-direct’.

After synthesis, all samples were dried in a nitrogen-purged oven at 120 °C overnight and

stored in sealed vials for future use.

6.4.2 Thermogravimetric analysis (TGA)

A Setaram TAG 24-16 symmetrical thermoanalyser equipped with Bronkhorst model
F-201DV-RAD-11-K programmable mass flow controllers was used. A sample mass of
approx. 30 mg and total gas flow of 70 mL/min (35 mL/min on either sample and reference

side of the balance) was used for the experiments.

In a screening test (which was similarly used for carbon dioxide tests [6]), the sample was
heated up in pure argon flow to 610 °C and held at that temperature for 20 minutes.
Afterwards, it was cooled to 125°C and the gas flow was switched to either 50 %
hydrogen in Ar, or to 1% H2S in Ar, while the temperature was ramped up to 610 °C
(Figure 6.4.1a). The exposure to the reactive gases (H, H-:S) over this temperature ramp
was designed to indicate at which temperature the samples react with the hydrogen or

H:S, respectively. 1 % H2S was chosen as a concentration significantly higher than in a
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typical syngas in order to observe the effects on the sample in laboratory scale as well as

possible.

In a second series of TGA experiments (Figure 6.4.1b), samples were exposed to 25 cycles
of carbon dioxide sorption (12 minutes) and desorption (24 minutes) by switching the gas
from pure Ar to a mixture of ‘contaminated” carbon dioxide in argon (i. e., 50 % Ar, 0.2 %
H:S, 49.8 % COz). A pre-treatment step in pure Ar at 510 °C (Mg sorbents) or 380 °C (Cd
sorbent) was performed both at the beginning and the end of the experiment to bring the
material into its activated/initial state. The H2S concentration of 0.2 % was chosen as a
typical concentration of H2S in a syngas, reported to be between 0.2 % and 1.3 %,
depending on the type of gasifier, for unshifted syngas [16], and also used in a different

experimental study [9].

temperature temperature
A A 510 (Mg) or 380 (Cd) °C
610 °C 610 °C e ~
O
©
a. £ o
S S
é 5350/370 °C (Mg)
QY 285/305 °C (Cd)
room i/ pure Ar lestgas * pure Ar pureAr  lestgascyclesy o
temp. > x> >
time time

Figure 6.4.1: a. TGA screening test procedure, b. mulitcyclic procedure. * Test gas denotes 50 % Ho
in Ar or 1 % H2S (Cd) or 0.2 % H2S (Mg) in Ar for a.; and either 50 % Ar, 0.2 % H2S, 49.8 % CO: or
48.8 % Hz, 48.8 % COz, 2.4 % water (sorption cycles), dry Ar (desorption cycles) for b.

A third set of TGA experiments, designed to mimic exposure of the samples to syngas,
used 25 cycles of carbon dioxide sorption in a similar way. Here, a mixture of 48.8 % Ho,
48.8 % CO2 and 2.4 % water was used for sorption. Water addition was achieved by
bubbling carbon dioxide and hydrogen through wash bottles with distilled water, which
were kept in a cooling bath at 10 °C. Desorption cycles were performed in pure dry argon,
which meant reducing the partial pressure of the syngas constituents to zero, similar to a

vacuum being drawn on the sample in a pressure swing process.
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6.4.3 Analysis of samples exposed to H2S

In order to examine the hydrogen sulphide uptake of the sorbents and their phase
transformation, saturation of samples with H2S was performed using the furnace and glass
tubes of a Micromeritics VacPrep 061 instrument. Approx. 1 g of sample was placed into
the tubes, then heated to 380 °C in nitrogen flow. After temperature equilibration (two
hours), the gas flow was switched to a 2 % H:S in Ar mixture. The samples were kept at
this temperature for 2.5 hours and were then cooled to room temperature in H2S/Ar flow.
This procedure was selected to produce a sample of sufficient mass (1 g) for the powder
XRD experiments, as the samples used in the TGA experiments were too small (between

20 and 30 mg).

Subsequently, powder X-ray diffraction was performed on these samples using a Bruker
D8 focus diffractometer with Cu Ka radiation. Scans were obtained between 5 and 80 ° 20
at a step size of 0.02 ° and a speed of 0.5 °/min. Powder Diffraction File entries 04-001-3770
(CdO), 00-041-1049 (CdS) and 04-010-4039 (MgO) were used to index peaks in the patterns.

6.5 Results

6.5.1 Cadmium-based sorbent

The results of the screening test in 50 % hydrogen for the CdO-Nal sample are shown
Figure 6.5.1. The full thermogram with the mass normalised to 100 % at the start is shown
in Figure 6.5.1a, whereas Figure 6.5.1b shows the second temperature ramp with the mass
set to 100 % at the beginning of the ramp. At the beginning of the ramp, the sorbent is
considered to be in its active state, as the initial decarbonation to cadmium oxide occurred
in the pre-treatment step, as evident by a mass loss to 80 % of the initial mass (Figure

6.5.1b).

It is observed that the material is stable up to 400 °C in the presence of hydrogen (Figure
6.5.1b). Heating beyond this temperature causes the material to lose mass, which is
considered to be due to the reduction of Cd* to Cd°® via reaction with hydrogen (eqn.
6.5.1). The initially dark red to brown powder (cadmium oxide) was subsequently found
to have transformed into small metallic particles, supporting the suggestion that cadmium

oxide is reduced by hydrogen to form metallic cadmium.
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CdO + H: — Cd + H:0 eqn. 6.5.1

The result of this screening test indicates that, at the ideal sorption temperature of around

300 °C (refer to [6]), the material does not appear to be affected by hydrogen.
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Figure 6.5.1: Hydrogen TGA screening test of a CdCOs-Nal sorbent sample. a. full thermogram, b.
second temperature ramp of a. with hydrogen exposure vs. temperature.

A similar experiment was performed using hydrogen sulphide, with the results shown in
Figure 6.5.2. It is evident from the mass increase with temperature that hydrogen sulphide
was sorbed by the sample after H2S had been added to the argon flow. The initial inflexion
at 120 °C is an artefact of the gas changeover but, from about 300 °C, there is continuous
mass increase observed up to about 500 °C (Figure 6.5.2b). After the H2S has been removed
from the argon flow, the mass does not fall significantly, indicating that the hydrogen
sulphide is strongly bound to the sample and hard to desorb. The stoichiometric
conversion of the sorbent would equate to a mass gain of 9.5 %, assuming the presence of
the sodium iodide and only the reaction of the cadmium oxide to sulphide. This means
that stoichiometric saturation was not achieved in the screening test (Figure 6.5.2). It must
however be noted that the ramp test is not considered the appropriate design for a
saturation experiment. Another artefact due to gas changeover took place upon switching
back to pure argon flow, which was hard to avoid (experiment was repeated once). The
sorption of H2S might have an impact on the carbon dioxide sorption capabilities of the

material in the presence of syngas, as HaS (a trace constituent of syngas) sorption likely
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competes with carbon dioxide sorption and, thus, might reduce the material’s reversible

carbon dioxide sorption capability. This was tested and the results are reported next.
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Figure 6.5.2: Hydrogen sulphide TGA screening test of a CdCOs-Nal sorbent sample. a. full
thermogram, b. second temperature ramp of a. with hydrogen sulphide exposure plotted vs.
temperature.

The results of a 25 cycle carbon dioxide sorption/desorption experiment, where the
sorption gas stream contained 0.2 % H:S alongside carbon dioxide, are shown in Figure
6.5.3. In addition, Table 6.5.1 and Table 6.5.2 summarise the working capacities using both
CO2/Ar (previous study, Chapter 3/section 3.14.1) and CO2/H2S/Ar mixtures (this study).
For the 285 °C case (Figure 6.5.3a), it can be observed that an initially large mass uptake is
followed by a very small mass loss during desorption. This is because the desorption is not
strongly favoured at this temperature and higher temperatures are required for full

desorption, as shown in (Chapter 3/section 3.14.1 and 3.18).

There is also a constant downwards baseline drift over the cycles, possibly due to iodide
promoter loss, as observed for experiments in pure carbon dioxide and argon mixtures
(wet and dry, refer Chapter 3, section 3.18). In the final desorption step at 380 °C, an
increased mass can be observed (comparing baselines before and after cycles as shown by
arrows in Figure 6.5.3a). It appears that H:S reacted with and reaction products were

retained by the sample during the multiple cycles.

In a similar study undertaken with pure carbon dioxide (Chapter 3/sections 3.14.1 and

3.18), such mass retention was not observed; on the contrary, a mass loss being attributed
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to halide loss was observed. It can also be seen that the working capacities are reduced
over cycles and the overall working capacities in the ‘contaminated’ carbon dioxide are
lower than in pure carbon dioxide (refer Chapter 3/sections 3.14.1 and 3.18 for the exact
derivation of working capacities, Table 6.5.1, and working capacities in argon/carbon
dioxide experiments (without HzS) of previous projects (Chapter 5 and [6]) summarised in
Table 6.5.2). At the higher temperature of 305 °C (Figure 6.5.3b), desorption is substantially
improved, but the capacity decay over successive cycles is even worse than at the lower
temperature. Also, at the higher temperature a mass retention at the end of the cycles is
observed, which is assumed to be due to reaction with H:S into a strongly bonded
cadmium compound, which was also shown by the screening test in Figure 6.5.2. The
decay in working capacity is much worse than if wet carbon dioxide in argon (without H2S

addition) is used (Chapter 3/sections 3.14.1 and 3.18).

Quantification of the incorporation of sulphur into the cadmium-based sorbent has been
attempted; the data are shown in Table 6.5.3. If an exchange of O* with S* is assumed, in
Figure 6.5.3b, the mass retention between the points I and VI would mean that
0.0469 mmol of CdO have changed into CdS. The working capacity in the first cycle
(assumed to be only carbon dioxide to be sorbed and desorbed) was 2.565mg, or
0.0583 mmol COz. This value reduced to 0.56 mg, or 0.0127 mmol, for the 25" cycle. The
difference in working capacity between the 1st and 25% cycles is therefore 0.0456 mmol,
which is quite close to the deactivated amount of CdO (0.0469 mmol) as stated above. It
can thus be concluded that the retention of sulphide is very likely responsible for the
deactivation of the active CdO sorbent, by forming a stable cadmium sulphide compound

that can no longer sorb carbon dioxide.

A similar calculation for Figure 6.5.3a indicates a retention of 0.83 mg, equating to
0.0519 mmol CdO changing into CdS. The working capacities in the 1%t and 25" cycle were
2.08 mg (0.0472 mmol) and 0.72 mg (0.0164 mmol), respectively. It appears here that the
difference in working capacity (0.0308 mmol) was less than the amount of CdO
deactivated by sulphide formation. This difference calculation however, is probably not
appropriate in this case, as the baseline (dash-dotted arrows in Figure 6.5.3a) was not

reached at the end of each cycle. This indicates carbon dioxide retention, as the
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temperature was not high enough to desorb all carbon dioxide during the short cycle time.
If a hypothetical desorption down to the baseline (dash-dotted arrows in Figure 6.5.3a, left
baseline for 1¢ cycle, right for 25" cycle) was assumed, the difference in hypothetical
working capacity (0.0687 mmol between 1t and 25% cycle) would be in the order of

magnitude of the degenerated sorbent (0.0519 mmol as stated above).
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Figure 6.5.3: Isothermal multiple sorption cycles (12 min sorption in 50 % Ar/49.8 % CO2/0.2 % H-2S,
24 minutes desorption in pure Ar) of a CdCOs-Nal sample. a. 285 °C, b. 305 °C. Pre-treatment and
after-treatment in pure Ar at 380 °C.

In a third set of experiments, the sorbent was exposed to a mixture of hydrogen, carbon
dioxide and water for sorption cycles, whereas desorption was performed in pure dry
argon. The results are shown in Figure 6.5.4. It can be observed that the material exhibits a
comparatively stable working capacity at a temperature of 285 °C. There is, however, a
continuous mass loss over the cycles, which is more severe than for the same samples in a
similar wet carbon dioxide/argon sorption experiment with 1.2 % water addition, but
without hydrogen. However, at 305 °C, an even more severe loss in working capacities
and overall mass loss is observed. Using wet carbon dioxide in argon at these
temperatures was formerly considered to be the preferred operating condition for this
adsorbent, since working capacities were almost completely stable and the overall mass
loss was low (Chapter 3/sections 3.14.1 and). It thus appears that hydrogen has a negative

effect on these samples.
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Table 6.5.1: Working capacities (wt%) for sorbent samples in H> and H2S multicyclic experiments.

Sample 1stcycle  25th cycle Comments
Cd H25 285 °C 8.2 % 3.1%
Cd H2S 305 °C 9.8 % 2.0%
Cd H2285 °C 10.1 % 12.4 %
Cd H2305 °C 20.4 % 0.8 %
Mg-Cs-wetmix H2S 350 °C 2.5 % 1.3 %
Mg-Cs-wetmix H2S 370 °C 2.9 % 1.0 %
Mg-Cs-wetmix H2 370 °C * 4.0 % 3.4 %

. wet gas (1.2 % water) Ar and
Mg-Cs-wetmix 370 °C wet CO2* 4.0 % 3.0 %

CO: flow, no H2/H>S.

Mg-nano-direct H>S 350 °C 3.3 % 0% 0.5 % after 8th cycle, then 0 %
Mg-nano-direct H2S 370 °C 3.9 % 0 % 0.5 % after 7th cycle, then 0 %
Mg-nano-direct H2 370 °C 5.6 % 6.7 %

* capacity reduction to 3 % in 4t cycle, then stable.

Table 6.5.2: Working capacities of a previous project in dry and wet (1.2 % water) gas cycles
containing 50 % COz/Ar and pure Ar (no H:S). Refer section 3.14.1 and 3.18 for Cd and Chapter 5
for Mg samples. Cd sample name of sections 3.14.1 and 3.18 given in comments.

Sample 1st cycle 25th cycle Comments

Cd wet gas 285 °C 18 % 19 % 285-Ar380-s-w
Cd wet gas 305 °C 24 % 23 % 305-Ar380-s-w
Cd dry gas 285 °C 10 % 10 % 285-Ar380-s-d
Cd dry gas 305 °C 24 % 13 % 305-Ar380-s-d
Mg-nano-direct dry gas 350 °C 4.9 % 3.4 %

Mg-nano-direct dry gas 370 °C 5.0 % 5.0 %

Mg-Cs-wetmix dry gas 350 °C 2.8 % 1.3 %

Mg-Cs-wetmix dry gas 370 °C 3.4 % 24 %

Table 6.5.3: Assessment of degradation of CdO sample due to assumed S* retention of the

experiment in Figure 6.5.3b.

Numeral Absolute mass, mg
L. -7.835
II. -5.275
I11. -7.840
IVv. -6.315
V. -6.875
VL -7.085

[.-VI.: 0.75 mg (S* retention, replacing O%)
MI.-1I.: 2.565 mg (CO:z captured 1% cycle)
V.-IV.: 0.56 mg (CO: captured 25% cycle)

total sample mass (TG relative = 1): 34.0 mg
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In contrast to the screening test (Figure 6.5.1), which showed that hydrogen has a reducing
effect on the samples only at temperatures above 400 °C, it is speculated that hydrogen
reacts with the halide promoter (Nal), and that this effect is more pronounced at 305 °C
than at 285 °C. Reduction of the sample does not seem to occur, because the weight loss is
not great enough and the sample still appeared as a dark red powder characteristic of

cadmium oxide after completion of the experiment.
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Figure 6.5.4: Isothermal 25-cycles TGA experiment using Cd-Nal sorbent in 48.8 % Ho, 48.8 % CO2
and 2.4 % water (12 minutes sorption) and pure dry Ar (24 minutes desorption). a. 285 °C, b. 305 °C.

6.5.2 Magnesium-based sorbent

Analogous screening test results for the Mg-Cs-wetmix material, using 50 vol% hydrogen,
are shown in Figure 6.5.5. In contrast to the CdCOs-Nal sorbent (Figure 6.5.1), there was
only a slight observable mass loss after hydrogen exposure (Figure 6.5.5a), indicating that
this material showed no significant reaction to hydrogen gas. Mass changes of only up to
1 % are evident (Figure 6.5.5b), but measurement uncertainties (buoyancy artefacts) due to
the change from 100 % argon to a lower-density 50 % hydrogen/argon mixture (glitch at
the beginning of temperature ramp) have reduced the accuracy of the mass measurement
in this range. Limited ability to precisely adjust the flow through the furnace also result in
uncertainties in the mass measurement, if such small mass changes are the only ones being

observed.
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Figure 6.5.5: Hydrogen TGA screening test of a Mg-Cs-wetmix sorbent sample. a. full thermogram,
b. second temperature ramp with hydrogen exposure vs. temperature.

Exposure of the material to H2S, however, leads to a significant mass uptake (Figure 6.5.6),
which is not reduced after the HzS is removed from the Ar stream at 610 °C. This indicates
a high retention of HzS in the sample, similar to the result obtained for the cadmium-based

material (Figure 6.5.2), and that it is difficult to desorb.
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Figure 6.5.6: H2S TGA screening test of a Mg-Cs-wetmix sorbent sample. a. full thermogram, b.
second temperature ramp with hydrogen sulphide exposure vs. temperature.

The results of a multicyclic carbon dioxide sorption experiment with HzS addition for the
magnesium-based sorbents are shown in Figure 6.5.7 and the results of a previous study
(multicyclic sorption in uncontaminated carbon dioxide, Chapter 5) are given in Table

6.5.2 for comparison. These results show that the material, which is stable in sorption
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experiments in a pure carbon dioxide/argon mixture (Chapter 5), exhibits a capacity decay
if H2S is present (also indicated in Table 6.5.1). Also here, it becomes evident that a
substantial amount of mass is retained during the sorption cycles. It appears that HaS
competes with carbon dioxide uptake in a similar way as described for the cadmium-
based samples (Figure 6.5.3), with regard to the mass retention. For the Mg-nano-direct
sample (Figure 6.5.7c and d), the capacity decay happens even quicker than for the Mg-
Cs-wetmix samples. Here, after seven to eight cycles in H2S-contaminated carbon dioxide,
no more cyclability could be observed. Also here, a high mass retention, presumably of
H:S, was observed. As the solvothermal method is assumed to give a sample with a higher
dispersion of cesium into the magnesium (Chapter 5), giving a higher carbon dioxide
working capacity than the Mg-Cs-wetmix sample, the same might apply for the H:S
retention and sample degradation, which evidently happens faster for the solvothermally

synthesised sorbent.

Quantitative assessment of the degradation of the Mg-Cs-wetmix sorbent (Figure 6.5.7b, in
a similar way as shown in Table 6.5.3 and section 6.5.1 for the cadmium sample), revealed
a mass retention (mass difference before and after cycles) of 0.54 mg, which equates to
0.034 mmol of O* replaced by S*. The first and 25% sorption cycle showed a working
capacity of 0.7 mg (0.0159 mmol) and 0.24 mg (0.0055 mmol), respectively. The decrease in
absolute working capacity (0.0104 mmol) is therefore significantly less than the amount of
sulphide formed of 0.034 mmol (as indicated by mass retention after cycles, compared to
before). Thus, it can be speculated that, for the magnesia sorbents, the sulphides likely
compete with the carbon dioxide sorption, but also probably adsorb at additional active
sites. It can be noted that for all experiments shown in Figure 6.5.7, desorption did not

bring the mass back down to the baseline.
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Figure 6.5.7: Isothermal multiple sorption cycles (12 min sorption 50 % Ar/49.8 % C0O2/0.2 % H:S, 24
minutes desorption pure Ar) of a Mg-Cs-wetmix (a, b) and a Mg-nano-direct sample (c, d). a+c.
350 °C, b+d. 370 °C. Pre-treatment and after-treatment in pure Ar at 510 °C. Experiment d. was
stopped as no more cyclic capacity was observed.

The magnesium-based materials exhibit a good stability if a mixture of wet carbon dioxide

and hydrogen is used in sorption experiments (Figure 6.5.8). In this case, 25 cycles were

successfully completed without a significant loss in its stable working capacity after the 4t

cycle (also refer Table 6.5.1). From the screening test in Figure 6.5.5 and the results in

Figure 6.5.8, it appears that the Mg-Cs composite is not very susceptible to any reaction

with the hydrogen gas, in contrast to the cadmium-based sorbent (Figure 6.5.4).
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Figure 6.5.8: Isothermal (370 °C) 25-cycles TGA experiment using Mg-Cs sorbent in 48.8 % Hy,
48.8 % CO2 and 2.4 % water (12 minutes sorption) and pure dry Ar (24 minutes desorption). a. Mg-
Cs-wetmix, b. Mg-nano-direct.

From Table 6.5.1 it also becomes evident that the working capacities for the Mg-Cs-wetmix
and Mg-nano-direct samples are substantially higher than in a previous study, which only
involved dry gas (Chapter 5). For the Mg-Cs-wetmix sample, a value of 2.3 wt% was
reported in dry gas in the last few cycles of a 25 cycle experiment at 370 °C (Chapter 5),
whereas here, we observe 3.4 % for the same sample. The Mg-nano-direct sample gives a
similar picture (5 wt% (Chapter 5) vs. 6.7 wt% reported here). In order to test if hydrogen
or water has this influence, a 25 cycle experiment was performed using wet carbon dioxide
(1.2 % water) and 50 % argon as sorption gas (without hydrogen or H2S) and pure wet
argon for desorption. The working capacities are also shown in Table 6.5.1. It is evident
that water addition has a beneficial effect on the multicycle sorption of the magnesium-
based materials; thus it is now apparent that this is the cause of increased working
capacities in the hydrogen cycle experiments (Figure 6.5.8) compared to dry gas
experiments. This result presents an apparent inconsistency with accounts by Jahan [5],
who had found no significant effect of water addition to the sorption gas for Mg-Cs
composites. It must, however, be noted that that study only involved one cycle of carbon
dioxide sorption in wet gas, in comparison to the multiple cycles studied here. As there
was some increase in working capacity during the first cycles in wet gas (Figure 6.5.8b and
Table 6.5.1), potentially due to expansion of nanoparticles during initial sorption and the
creation of voids causing higher accessibility of the particles to the gas, the single-cycle

result might not show the full development of working capacity in wet gas.
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6.5.3 Powder X-ray diffraction

The results of the powder XRD of samples treated in HS are given in Figure 6.5.9. It can be
observed that the CdO-Nal sorbent (which is obtained upon initial calcination as the active
sorbent) is partially converted to cadmium sulphide. As cadmium sulphide has a high
decomposition temperature (sublimation in N2 reported at 980 °C [17]), its formation
appears to explain the high impact on the carbon dioxide working capacity. Cadmium
carbonate appears to easily decompose in a partial pressure swing (as shown in Chapter
3/section 3.14.1). This is not the case for the sulphide, so sulphide formation causes a mass
increase of the sample and blocks the active sites for reversible carbon dioxide sorption,

causing a capacity decay as observed in Figure 6.5.3.
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Figure 6.5.9: Powder XRD patterns (Cu Ka radiation) of a MgO-Cs wetmix and a CdCOs-Nal
sample conditioned in 2 % H>S at 380 °C for two hours.

The XRD pattern obtained for the Mg-Cs-wetmix sample shows magnesium oxide, but no
evidence of magnesium sulphide and so, its formation was not evident during exposure of
the sample to H2S. The original material contained MgO and a hydrated Cs2COs phase if
analysed by ex-situ powder XRD after heat treatment (refer [15] and Chapter 5). After H2S
treatment, MgO is still visible in the pattern. Evidently, a transformation of the Cs2CO:s
phase has occurred, as the pattern no longer matches this compound (especially peaks

between 20 and 40 ° 20). The peaks in this range were thoroughly checked against a series
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of cesium and magnesium sulphides, hydrogen sulphides and sulphates (also hydrated)
contained in Powder Diffraction File, but a match could not be found. The result suggests
that a new cesium-magnesium mixed sulphide phase has formed. Thus, it may be that a
mixed metal oxide/sulphide phase has formed, somewhat analogous to the mixed metal
oxide/carbonate phases that are formed during carbon dioxide sorption/desorption cycling
of this material [15]. A competition between the sulphide and carbon dioxide uptake
would, under these circumstances, also explain the carbon dioxide sorption capacity loss &
mass retention, which was observed for H:S-contaminated carbon dioxide used in a

multicyclic TGA experiment (Figure 6.5.7).

6.6 Conclusion

In the present study, a CdCOs-Nal and two MgO-Cs2COs mixed sorbents proposed for
pre-combustion carbon dioxide capture have been analysed for their reversible carbon

dioxide sorption in contaminated gas streams and under simulated syngas conditions.

The cadmium-based sorbent was found to reduce to metallic cadmium only at
temperatures above 400 °C in a screening test involving hydrogen. Multiple sorption
cycles at 305 °C involving wet hydrogen and carbon dioxide however showed a significant
capacity decay compared to a sorption experiment involving only pure carbon dioxide
and inert gas (Ar). In this case, reduction to cadmium metal was not visibly observed. It
appears that the hydrogen (possibly in conjunction with the carbon dioxide) has a
detrimental effect on the halide promoter and thus, causes a loss in multicyclic capacity
stability. This might also be the case in the 285 °C case, where working capacities are
comparatively stable, but a continuous mass loss is observed, possibly due to the reaction

of the gas mixture with the promoter.

A magnesium-cesium mixed oxide sorbent, on the other hand, showed no significant
reaction to hydrogen, both in the screening test and also in a multicylic carbon dioxide
sorption TGA test using simulated syngas. The sorption capacity was stable over 25 cycles.
It appears that the magnesium composite is not prone to reduction by the hydrogen, in

contrast to the cadmium-based sorbent.
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Exposure of the cadmium-based sorbent to H2S led to a mass increase in a TGA screening
experiment. If carbon dioxide is contaminated with H2S in a multicyclic sorption test, a
capacity decay was also observed. Furthermore, a retention of mass at the end of the
experiment is evident. It appears that the reaction with H>S competes with the reaction
with carbon dioxide, leading to the formation of cadmium sulphide, as evident in powder
XRD. As the sulphide is hard to decompose, it remains there under the cycling conditions

deactivates the material for further carbon dioxide sorption.

The magnesium-cesium mixed sorbents showed good suitability for sorption experiments
in a hydrogen-containing environment, exhibiting a stable working capacity over 25
cycles. Exposure of the sorbent to H2S in a screening test showed sorption of HzS, which
was hard to desorb, similar to the case for the cadmium sorbent. In a multicyclic
experiment, HzS addition led to a decrease in working capacity and a retention of mass
even after the final desorption step. Formation of known cesium or magnesium sulphates
or sulphides could not be observed in powder XRD. It appears likely that the Mg-Cs

composite forms a previously unreported sulphide phase during H2S exposure.

The results show that carbon dioxide capture from syngas is feasible using the Mg-Cs
composite sorbents (both wet mixed and direct/solvothermal) described here. For the
cadmium-based sorbent, it was shown that reduction to cadmium metal is not a concern in
the optimal carbon dioxide sorption temperature range, however, a capacity decrease was
observed in hydrogen-containing atmospheres, likely due to a deactivation reaction with
the halide promoter. Thus, investigations directed at understanding this phenomenon are

necessary if this material is to be pursued further.

Hydrogen sulphide is a concern for both carbon dioxide sorbent materials studied here. It
appears that hydrogen sulphide sorption competes with carbon dioxide sorption, creating
strong bonds that deactivate the materials for further carbon dioxide sorption. If these
sorbents are to be used in a pre-combustion carbon dioxide capture environment, it must
be ensured that the syngas upstream the carbon dioxide capture reactor is made H2S free.
However, further research should be directed to investigating H:S sorption behaviour in
the presence water. This might make the H2S sorption more reversible, as a previous study

has shown for hydrotalcite materials [8, 9].
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Given that H2S is only a trace contaminant in syngas, it is believed that ways of
regenerating sorbents could also be an option. It is therefore also considered worth
investigating if a sulphide-saturated sorbent can be reformed into its active state, possibly
using water or air, assuming that the carbon dioxide sorption promoter is not harmed

during such a regeneration.
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Chapter 7 Concluding remarks

7.1 Cadmium based sorbents: summary

In this work, several metal oxides were screened for their suitability for pre-combustion
carbon dioxide capture. Based on a literature review, metal carbonates that decompose to
oxides at temperatures between 250 and 400 °C were investigated via TGA for their ability
to gain mass by re-forming their respective carbonates by exposure to carbon dioxide. It
was found that a cadmium carbonate/sodium iodide mixture reversibly decomposes to
oxide and re-forms carbonate upon carbon dioxide exposure at temperatures between 250
and 320 °C. This material was found to be a suitable candidate for carbon dioxide capture
and thus, studied in detail. Powder XRD and FTIR spectroscopy confirmed the reversible
formation of cadmium carbonate in a sorbent made with sodium iodide. It was also
demonstrated that sodium bromide, lithium iodide, lithium bromide and potassium
iodide can be used as alternative dopants, but the carbonation rates and working
capacities were found to be lower in these cases. A cadmium oxide sample with no halide
addition showed no carbonation upon exposure to carbon dioxide, whereas a sample
made with sodium iodide addition carbonated almost stoichiometrically (26 % mass gain
after two hours of exposure to 50 vol% carbon dioxide in argon). Additional sorption tests
via TGA showed that the material is capable of reversibly sorbing and desorbing carbon
dioxide at isothermal conditions using a partial pressure swing (i. e., using 50 vol% carbon
dioxide for 12 minutes of sorption, and 24 minutes of desorption in inert gas purge),
reaching working capacities of up to 24 wt% at a temperature of 305 °C. Water addition to
the gas stream had a beneficial effect, as it increased the working capacities and improved
the multicyclic stability. This experiment proved the material’s potential for pressure

swing sorption at isothermal conditions.

The cadmium oxide/sodium iodide mixed sorbent was, however, found to exhibit a
significant working capacity reduction over up to 25 sorption and desorption cycles. It was
shown that there was a gradual mass decrease over the multiple cycles and that the
capacity reduction was most evident if the samples were initially decarbonated in air

instead of inert gas (nitrogen or argon). Elemental analyses helped determine that this
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mass loss is associated with the loss of iodine. It was concluded that the loss of iodide
means a loss of sorption promoter, causing the material to become less efficient over

multiple sorption cycles.

Pelletised samples were investigated in multiple sorption cycles as well and showed a
reduced working capacity, presumably due to the limitation of gas diffusion in and out of
a compact pellet in comparison to a powder. Pellets made in the carbonate state became
mechanically unstable (i.e., crumbled into powder) after 25 carbon dioxide sorption
cycles. A pellet made in the oxide state maintained its integrity well, but showed virtually
no working capacity. The addition of a porous spacer (SBA-15 silica) aided gas
accessibility and led to better performance of a pellet made in the oxide state, however,

this also slightly reduced the mechanical integrity.

Further investigations of the capacity decay associated with iodine loss were performed
using gas-phase mass spectrometry, XPS, TEM and SEM. The exit gas of a fixed-bed
sorption experiment indicated that iodine in its elemental form is released from the sample
upon initial heating from room temperature in inert gas purge and subsequent carbon
dioxide exposure. For a cadmium oxide sample made from a mixture of cadmium
carbonate and sodium iodide by calcination, it was shown via XPS that two iodine species
existed on the surface. These were iodide, as evident from a comparison with a pure
sodium iodide sample, and also a highly-oxidised iodine species, identified to be iodate.
From these studies, it was concluded that the decay mechanism of the cadmium
oxide/sodium iodide mixed sorbent is related to an oxidation reaction. The reduced (-I)
form of iodide, brought into the sample during synthesis with sodium iodide, is thus
considered to be oxidised to both iodide (0), as evident from the exit gas analysis, and
iodates (e. g. probably +V for 10s7), as evident by surface analysis via XPS. It appears that
carbon dioxide is inducing the iodine loss mechanism, as iodine is lost from the sample
even without exposure to air at high temperature. Given the more significant iodine loss
for a sample calcined in air, it is concluded that air (most likely the oxygen contained in it)

plays an important role as well.

Electron microscopy methods (SEM and TEM) revealed the structural morphology of the

cadmium oxide/sodium iodide sample. It was shown via TEM that the powder consisted
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of regular spherical and crystalline cadmium oxide nanoparticles of approx. 250 nm width.
Sodium iodide was occasionally found as discrete nanoparticles next to areas of high
cadmium content. The morphology of the cadmium oxide nanoparticles was severely
altered after 25 carbon dioxide sorption cycles performed via TGA. The particles appeared
fractured and less regular, presumably due to the formation of intra-particle voids/cracks
during conversion from oxide to carbonate and vice versa. An SEM image showed that
larger particles in the micrometre range are also present in the sample. Elemental maps in
this micrometre scale revealed a segregation of sodium and iodide, indicating a reaction
and re-deposition of iodine, which could be due to oxidation reactions and the surface re-

deposition of iodine species, according to the mechanism discussed above.

Sorption experiments in the presence of hydrogen showed that reduction of the cadmium
carbonate to cadmium metal is not of a concern at the temperature used for carbon dioxide
capture. It has, however, a detrimental effect on the sodium iodide promoter. Hydrogen
sulphide was shown to compete with carbon dioxide sorption, forming very stable
cadmium sulphide as confirmed by powder XRD, reducing carbon dioxide sorption

capability.

In conclusion, a novel high-capacity cadmium oxide-based carbon dioxide sorbent has
been developed. The reaction mechanism, a carbonation of cadmium oxide to cadmium
carbonate was proven. The material showed reversible carbonation and decarbonation,
but was subject to a capacity loss over multiple cycles due to oxidation of the halide
promoter, or, in the presence of hydrogen, due to promoter inactivation by hydrogen.
Deactivation of the promoter by hydrogen was also observed, reducing the working

capacity over multiple sorption cycles.

As cadmium is a toxic element, a risk assessment is advocated before the use of cadmium-
based sorbents in an industrial process. The mechanism of carbonation might, however,
lead to a series of novel carbon dioxide sorbents based on metal oxide carbonation, once
the mechanism of carbonation promotion is fully unravelled. It is assumed that the
materials studied here will prove to be an example of a novel promoted carbonation
mechanism, which can potentially be applied to other less toxic metal oxides in the future

and induce them to form carbonates suitable for carbon dioxide capture.
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7.2 Magnesium-based sorbents: summary

A magnesium oxide/cesium carbonate composite was described in a previous project as a
carbon dioxide sorbent and was studied in detail in the scope of pressure swing sorption
in this work. Using a wet-mixing technique as reported in previous work, a magnesium
oxide/cesium carbonate composite was synthesised by dispersing magnesium oxide into a
solution of cesium carbonate and subsequently evaporating the water by heating. This
material exhibited a working capacity of 4 wt% in 12 minutes carbon dioxide sorption vs.
24 minutes desorption (inert gas purge) cycles at 390 °C. Powder XRD results showed that
this material uses a mixed metal oxide mechanism to sorb carbon dioxide. This mechanism
does not involve the formation of magnesium carbonate from magnesium oxide at
temperatures around 370 °C, but rather a previously unreported phase, possibly involving

cesium carbonate and magnesium, was observed upon carbonation.

In order to improve the interaction of the cesium and magnesium phases in the sorbent, a
solvothermal method was employed to synthesise the magnesium/cesium metal oxide
composite.  Synthesising magnesium  hydroxide-methoxide nanoparticles and
subsequently wet-mixing them with cesium carbonate led to a material with no significant
increase in carbon dioxide sorption working capacity compared to the wet-mixed sample
described above. If the cesium carbonate was added directly into the solvothermal
synthesis, leading to a co-precipitation of the cesium and magnesium phases, the cyclic
working capacity could be increased to 5 wt%, now exhibiting its optimum performance at
370 °C. The increase in working capacity for the solvothermally synthesised material is
considered to be due to better mixing between the two metal compound phases in the
solvothermal synthesis and also due to a higher BET surface area than in the sorbent made

from magnesium oxide.

TEM elemental mapping, however, showed a good distribution of magnesium and cesium
throughout all samples, with occasional clustering of cesium-bearing phases. TEM images
also showed that the solvothermally made nanoparticles are slightly smaller than the ones
obtained from magnesium oxide during wet-mixing. Powder XRD confirmed that the

chemistry of the solvothermaly synthesised samples is similar to the wet-mixed ones.
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It was shown that the material’s working capacity for carbon dioxide sorption is stable in a
hydrogen-containing environment and that water addition had a beneficial effect on the
sorption capacity. Hydrogen sulphide addition to the gas, however, competed with carbon
dioxide sorption, forming a strongly-bound compound that had a decreased carbon
dioxide sorption ability. Similar to carbon dioxide sorption, hydrogen sulphide reacted in
a way to form a new phase as confirmed by XRD, but did not lead to the transformation of

magnesium oxide to sulphide.

The solvothermal method showed that magnesium oxide/cesium carbonate composite
sorbents can be improved by improving the interaction between cesium and magnesium-
containing phases. A further improved carbon dioxide sorption working capacity may
result if ways can be found to further increase and preserve the surface area of the sorbent

nanoparticles, by ensuring good cesium and magnesium phase interaction.

7.3 Suggestions for future work

With regard to the cadmium oxide/sodium iodide sorbents, it was shown that a working
capacity loss is evident in multicyclic carbon dioxide sorption; this is even worse if
hydrogen is present. In order to make this sorbent industrially viable, the carbonation
mechanism promoted by the halide and the decay mechanism must be fully studied and

addressed. The following points should be considered and addressed:

e It has not yet been fully determined how the alkali halide exactly decomposes
during the carbonation and decarbonation of the cadmium oxide. A more
sophisticated residual gas analysis in a fixed bed sorption process, like that
described in Chapter 6, might be of help. It would be necessary to use helium
instead of nitrogen as carrier gas; and to incorporate a method to separate carbon
dioxide and carbon monoxide (for example, via gas chromatography), in order to
obtain more detailed information about the exit gas composition. As speculated in
Chapter 6, carbon dioxide might provide oxygen to facilitate the oxidation of the
iodide promoter, yielding carbon monoxide. To confirm or refute this speculation,

the appearance of traces of carbon monoxide must be investigated.
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Obtaining details about the exact promotion mechanism of the alkali halide is
advocated. This could be studied by in-situ electron microscopy techniques, using
carbon dioxide sorption and imaging or diffraction at the same time. A constraint
might be the usually high vacuum requirement for electron microscopy techniques.
Future research should be directed at finding ways of fixing the promoter in the
oxide sample, so it is unable to evaporate from the sorbent, making the sorbent
more stable and avoiding mass losses during multiple carbon dioxide sorption
cycles. Alternatively, ways should be investigated to regenerate decayed sorbents
in a facile process, for example by recovering and re-supplying lost elements like
iodine. Also, in terms of sorbent decay by hydrogen and hydrogen sulphide,
regeneration methods might be worth investigating, for example oxidising the
sulphide-containing samples in oxygen, but without destroying the promoter.

An improvement in the mechanical stability of pelletised samples should be sought
by using suitable binding agents.

Once the exact mechanism is known, future studies should be focussed on
synthesising promoted metal oxide systems, which use less toxic metals than
cadmium, but which work via the same mechanism and lead to a similarly high

(i. e., stoichiometric) capacity.

With regard to the magnesium oxide/cesium carbonate sorbents, research should be

mainly directed at a further improvement in nanoparticle or high surface area synthesis.

This, it is assumed, would lead to further improvement in the interaction between cesium

and magnesium compound phases, which, in turn, it is anticipated would lead to higher

carbon dioxide sorption capacity.

In general, once reproducible synthesis of stable high-capacity materials can be shown,

pelletisation and carbon dioxide sorption experiments are recommended, since this would

be necessary at pilot plant scale. Here, special focus must be given to the tolerance of the

sorbents to real syngas, that is, a mixture of carbon dioxide, carbon monoxide, water

(higher concentration than studied here), hydrogen sulphide, carbonyl sulphide, ammonia

and methane.
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8.1 Introduction

The experimental details are given in each thesis chapter in the style of journal

publications. This chapter aims to provide more detailed descriptions of the experimental

techniques, about what they are capable of and why they have been chosen for this study.

8.2 Chemicals

Table 8.2.1 provides a list of chemicals and gases and their purity (if given by the

manufacturer) used in this thesis.

Table 8.2.1: Specifications of chemicals used in this thesis.

Chemical name Formula Purity, supplier

Argon Ar high purity, BOC #

Cadmium carbonate CdCOs 99+ %, Alfa Aesar

Calcium carbonate CaCOs GR grade, Merck

Carbon dioxide CO:2 food grade, BOC *

Cesium carbonate Cs2C0s 99.9 %, Sigma Aldrich

Ethanol CH:CH=20H absolute, for analysis, Merck

Hydrochloric acid HCl 32 %, analytical reagent grade,
Merck

Hydrogen Ho Industrial, BOC

Hydrogen sulphide (2 % in H-S Air Liquide, 2.01 mol% certified

argon mixture)

Lanthanum carbonate Laz(COs)s 99.9 %, Alfa Aesar

Lithium bromide LiBr >99 %, Alfa Aesar

Lithium iodide Lil 98 % for synthesis, Merck

Magnesium acetate, Mg(CHsCOO)2 98 %, Unilab

tetrahydrate -4 H.0

Magnesium nitrate, Mg(NOs)2 - ACS reagent grade, Merck

hexahydrate 6 H0

Magnesium oxide MgO 99+ %, Sigma Aldrich
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Magnesium turnings

Methanol
Nitrogen

Poly(ethylene glycol)-block-
poly(propylene glycol)-block-
poly(ethylene glycol)

Potassium bromide

Potassium iodide
Sodium bromide

Sodium carbonate

Sodium iodide
Sucrose

Sulphuric acid

Tetraethylorthosilicate

Toluene

Zinc oxide

CHsOH
N2

Pluronic P123

KBr

KI

NaBr
Na:COs
Nal
C12H22011
H2504
CsH20045i1
CeHsCHs
ZnO

98 %, Sigma-Aldrich

99.8 % for analysis, Merck
liquid nitrogen or liquid
evaporated to gas, School of

Chemistry supply, BOC
Sigma-Aldrich

IR grade, Sigma Aldrich, or 98.5 %,

Univar

99.5 %, BDH

>99 %, Sigma-Aldrich

>99 %, BDH

99 %, Alfa Aesar

AnalaR, Merck

98 % AR grade, Merck

98 %, reagent grade, Sigma-Aldrich
99.9 % for analysis, Merck

99.9 %, Alfa Aesar

#used after in-line purification by a zeolite 13X-based water trap

8.3 Synthesis

For wet-mixing synthesis of mixed sorbents, standard laboratory glassware was used. All

glassware was washed with 5% acid (either hydrochloric or sulphuric) at room

temperature and then rinsed with distilled water before and after each synthesis run. The

acid washing ensured that all metal oxide residues were removed from the glassware

surface. The wet-mixing synthesis was performed using a beaker and a magnetic hotplate

stirrer.

For solvothermal synthesis, stainless steel autoclaves were used (Figure 8.3.1), which were

heated in a fluidised sand bath equipped with electric heating.
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Figure 8.3.1: a. sand bath, b. closed autoclave, c. opened autoclave.

8.4 Thermogravimetric analysis

As metal oxides gain weight due to the change in molar mass as soon as they sorb carbon
dioxide or any other gas, thermogravimetric analysis (TGA) was considered a suitable way
of analysing their sorption behaviour. Furthermore, the technique allows immediate
determination of possible mass losses due to decomposition of samples. TGA mainly uses
an enclosed balance, which measures masses of specimens in-situ while heating and
purging the sample with gas. The sample mass and temperature are continuously logged
while the experiment is running, so that temperature and mass plots versus time are

obtained.

Thermogravimetric analysis was performed on a Setaram TAG 24-16 symmetrical
thermoanalyser (Figure 8.4.1). Gas supplies for argon and carbon dioxide were fed
through a zeolite 13X filled water trap for moisture removal. A custom-built gas supply
box enabled manual control of the different gas feeds. Gas flow was controlled by
Bronkhorst model F-201DV-RAD-11-K mass flow controllers, which are built into the gas

supply box.
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Figure 8.4.1: Setaram TAG 24-16 thermoanalyser and auxiliaries.

The gas supply box has outlets at the front, through which the gas can be looped in order
to moisten it. For this purpose, a constant-temperature water bath was set up in front of
the unit. This water bath was set to 10 °C for the cooling of wash bottles with sinter heads,
which were filled with distilled water. A volume percentage of 2.4 % of water is achieved
in the gas stream according to the steam tables [1], if gas is bubbled through the water at
this temperature. As the gas lines of the thermoanalyser are not heated, the moisture
achieved with 10 °C of water posed an upper limit in order to prevent condensation of

water in the gas supply lines before the gas enters the instrument.

A schematic of the gas flow through the thermoanalyser is shown in Figure 8.4.2. In all
experiments, the balance housing must be purged with an inert gas (in this study, argon)

in order to prevent sample gas from diffusing into the balance electronics.

The default configuration with top-to-bottom flow (Figure 8.4.2a) was used for the
majority of experiments. Here, the balance housing purge flow (35 mL/min) mixes with

the sample gas (35 mL/min). For example, a 50 % carbon dioxide in argon mixture is
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created by using 35 mL/min argon in the balance housing and 35 mL/min of pure carbon
dioxide as the sample gas flow. In the bottom-to-top flow, a total flow of 70 mL/min was
always used. It must, however, be noted that the total flow over the sample is then
35 mL/min, as the flow is split over the sample and reference crucibles. The flow meters
and metering valves at the outlet of the instrument were used to ensure a balanced flow
over both crucibles. For the use of wet gas, a water content of 1.2 vol% was reached in this
configuration, as only the sample gas is bubbled through water at 10 °C before being split
in two halves and entering the two instrument furnaces as shown in Figure 8.4.2a. Before
the gas flows past the sample and reference crucibles, it gets diluted by the dry balance

housing flow, halving the water content of 2.4 vol% of the sample gas flow.

balance
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/ balance
balance housing balance
purge —» flow
gas inlet * l meter balance
purge 3
gas inlet *
sample *)}ybﬁ—) (—\ l
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valve

* from flow —» 0O«
controllers reference sample
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valve
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Figure 8.4.2: Schematic of the TAG 16-24 thermoanalyser. a. Top-to-bottom gas flow, b. Bottom-to-
top gas flow

For the sorption studies in Chapter 6 using a moistened hydrogen/carbon dioxide mixture,
the bottom-to-top configuration (Figure 8.4.2b) was used. With this assembly, a higher
waters content up to 2.4 vol% (actually flowing across the sample) can be achieved. This is
closer to the value contained in real syngas. In this configuration, the balance housing flow
and the sample gas flow entering the instrument were both set to 70 mL/min each. This

then resulted in a total flow of 140 mL/min, but the sample gas flow was still 35 mL/min,
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as the balance housing flow was not directed past the sample in this configuration.
Ensuring that the sample is purged with 35mL/min as in other experiments was

considered essential in order to ensure comparability of results.

The upgrade of the thermoanalyser for use of the bottom-to-top flow (Figure 8.4.2b), as

well as to use specialty gases, was performed during the course of this thesis.
8.5 Powder X-ray diffraction

8.5.1 Basic principles

Powder X-ray diffraction (XRD) is a technique to characterise crystalline solids that also
allows identification of different crystal phases using a database. The basic principle is that
X-rays, a form of high-energy electromagnetic radiation, are reflected by atoms in a crystal
lattice, similarly to how visible light is reflected by a mirror. X-rays, however, are able to
penetrate deep into the material, so they are able to pass several layers of atoms in the
lattice. If the X-rays interact with an atom, they are reflected by the electron shell, and exit
the sample in the same angle to the surface normal as they entered the sample (Figure
8.5.1). Before the X-rays are reflected by atoms in different layers, the distances travelled
by different X-ray photons are different until they hit an atom. For instance, the wave
hitting the atom N in Figure 8.5.1 travels the sections [PN] before and [NQ] after reflection
in addition to the distance travelled by a photon hitting the atom M. The reflected beams
can then be out of phase in a way that they extinguish each other (destructive interference,
shown in Figure 8.5.1), or in a way that they are in phase and add up their intensities
(constructive interference). If the distance [PN]+[NQ] is equal to a multiple of the
wavelength, the waves are in phase and a high-intensity reflection is observed. This is
dependent on the incident angle 0. As, by geometry, [PN]=[NQ] =4 - sin 0, this can be
summarised as eqn. 8.5.1, which is known as the Bragg equation [2], wherein A is the

wavelength and 7 is an integer.
2d - sin 0 =nA eqn. 8.5.1

In a powder diffractometer using the Bragg-Brentano configuration, a sample is irradiated
with X-rays while the sample is tilted over an angle 0 and a detector measures the

reflected intensity at an angle of 20. If constructive interference occurs, a high intensity of
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reflected X-rays is detected, so that a plot of reflection intensity over the angle 20 will
show peaks at the positions of constructive interference. As this diffraction pattern is
wavelength-dependent, the concept of the wavelength-independent value of Q has been
introduced according to eqn. 8.5.2. This is a handy way of plotting and comparing XRD
patterns that have been obtained on different instruments that use different wavelengths.

For the calculation of XRD patterns from different wavelengths into Q, the free software

package CMPR was used [3].

A si 20
_ sy eqn. 8.5.2

Figure 8.5.1: Illustration of an X-ray beam being reflected by two atom layers in a crystal lattice.

At the School of Chemistry, a Bruker D8 focus Bragg-Brentano powder X-ray
diffractometer was available for this study, as shown in Figure 8.5.2. This instrument
allowed the acquisition of patterns at ambient temperature using approx. 1 g of sample.
Smaller samples (ones which did not fill up the sample holder completely) were also able
to be analysed, but gave worse signal-to-noise ratios in the patterns. The instrument uses
an X-ray source with a copper anode, giving Cu Ka radiation of a wavelength of 1.54059 A

(Kou) and 1.54443 A (Kow) in the intensity ratios Kou/ Ko = 2:1.
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Figure 8.5.2: Bruker D8 focus powder diffractometer.

In-situ powder X-ray diffraction studies were performed at the Australian Synchrotron
using the Powder Diffraction beamline. A schematic of the diffractometer is given in
Figure 8.5.3. X-rays from the synchrotron are channelled into the diffractometer and target
the sample, which is contained in a quartz capillary. The sample capillary can be heated

using a hot air blower and purged with a gas while the diffraction pattern is obtained.

The detector, as shown in Figure 8.5.3, is capable of measuring the full range of angles 20
at once, without scanning over the angles. However, the detector consists of several
modules, which are joint together to form the arc-like assembly. Gaps between these
modules cause missing data in a diffraction pattern. In order to obtain the full range of
angles 20 without gaps, two scans were performed for each run, where the detector was
slightly tilted for the second scan. This way, the gaps in the pattern occurred at two
different angles 20 in each of the two scans. For data analysis, the two patterns needed to
be merged in order to eliminate these gaps. This data post-processing was performed via
the software ‘Datapro’, which was provided by the Australian Synchrotron. Here, the first
scan result is loaded into the software and the gaps are filled with the data from the
second scan. The complete file written by the Datapro software is then saved and used for

subsequent data analysis and interpretation.
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Figure 8.5.3: Schematic of the diffractometer at the Powder Diffraction beamline of the Australian
Synchrotron.

In general terms, XRD provided a way of identifying phase changes in metal oxide
samples originating from carbonation due to carbon dioxide exposure or, as shown in
Chapter 6, due to hydrogen sulphide exposure. It was assumed that the metal oxide
samples in this study are crystalline to a certain extent (which proved true), which is a

requirement to obtain a reasonable diffraction pattern.

8.5.2 Pattern refinement

Powder XRD pattern refinement is a mode of obtaining data about the unit cell of a
crystalline powder. It uses the whole measured pattern and fits peak data into it, using
known possible unit cell parameters (size, atom positions) as starting values. A
background correction is applied and peaks are subsequently fitted using Gaussian and
Lorentzian functions, the combination of which is also called a Pseudo-Voigt function [4].
By varying parameters that are set as refinable variables, like unit cell dimensions, atom
positions, wavelength, zero offset, or Gaussian/Lorentzian parameters, the peaks are fit
into the pattern to give the lowest-possible deviation between calculated and measured
data. Refined variables can then be obtained after the calculation is complete. The Rietveld
method refines the unit cell size and also the atomic coordinates, whereas a Le Bail fit only

refines unit cell parameters, ignoring the atomic positions in the unit cell.

Le Bail refinement was used in this study to obtain information on the cadmium oxide unit

cell size, which was thought to be influenced by sodium iodide doping. For this purpose,
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the unit cell parameters were refined using the XRD patterns obtained from the laboratory

instrument, with the given (fixed) wavelength of Cu Ka radiation.

For data obtained from the Australian Synchrotron, a standard sample (lanthanum
hexaboride, LaBs, NIST standard reference material 660b) was first measured on the
synchrotron diffractometer at room temperature. As the unit cell size of the standard is
known, but the wavelength of the synchrotron radiation is variable and subject to setpoint
tolerances, the standard material provides a way of obtaining a wavelength and zero offset
closest to the true value. Using the measured XRD pattern of the standard, a Rietveld or Le
Bail fit was used to refine the wavelength and zero offset values, with the unit cell
parameters set to fixed values as per standard reference material certificate. The obtained
wavelength and zero offset were then used as fixed values to refine the unit cell size of

cadmium oxide in the cadmium oxide/alkali halide sorbent using the Le Bail method.

Refinements were performed using the free DOS software package GSAS [5], with its
graphical user interface extension EXPGUI [6]. The latter allows the control of the GSAS
software using a Windows interface to enter all required data, and then forwards these
parameters to GSAS for the actual refinement, omitting the need for manual typing of

lengthy DOS commands.

8.6 Electron microscopy

Transmission electron microscopy (TEM) was used to analyse the changes in nanoparticle
morphology of a cadmium oxide/sodium iodide carbon dioxide sorbent over multiple
sorption and desorption cycles, as well as to obtain images of the magnesium
oxide/cesium carbonate sorbents. Elemental mapping using energy-dispersive X-ray
spectroscopy (EDX) was used to investigate the distribution of cesium and magnesium

throughout these samples.

Scanning electron microscopy was used to determine the morphology of a cadmium
oxide/sodium iodide sample on a lower magnification (micrometres) scale. EDX was used

here to determine the distribution of sodium and iodine throughout the sample.

The differences between TEM and SEM can be described by an analogy to the difference

between a slide film and a paper photograph. In TEM, similar to a slide film, the beam
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(light) passes through the specimen (the slide), projecting the image onto a surface. In
SEM, similar to a paper photograph, the beam (light) hits the specimen (the photograph),
is reflected and the reflection is detected or observed. Details of the techniques are given in

the following two subsections.

8.6.1 TEM

The transmission electron microscope possesses a similar setup as a light microscope, in a
way that a radiation source emits light through a set of condenser lenses, which focus
them onto the specimen. Radiation passing through the specimen is then passed through a
second set of lenses onto a screen or detector. Using an electron beam, magnetic lenses are

used instead of optical lenses as found in an optical microscope.
In addition to images, a series of affiliated techniques are available in TEM:

e As the electrons interact with the specimen, an electron diffraction pattern can be
obtained. This is similar to X-ray diffraction, in a way that the electron beam hits
the sample, the passing electrons are shielded off by a beam stopper, and the
diffracted electrons provide a diffraction pattern, which is projected onto the
viewing area (i. e., the screen or the image detector). A silicon calibration sample
was used to obtain a diffraction pattern of known d-spacings. These were
calibrated by calculation of a factor (A1 per pixel in the image file of the diffraction
pattern) via the use of picture editing software. Diffraction pattern files obtained
from samples could then be indexed using the Powder Diffraction File database,
via the calibration factor.

e Similar to an X-ray tube, the electron beam can produce X-ray photons being
emitted from the specimen. These photons have characteristic wavelengths with
respect to the elements in the specimen. This provides an elemental composition of
the specimen, showing relative amounts of different elements to each other.

e The instrument can be switched to a scanning TEM (STEM) mode. Here, the
electron beam is narrowed in a way that it only hits approx. a square nanometre of
the specimen, and can then be scanned along it. During the scan, a bright-field and
annular dark field image can be obtained. The bright-field image is constructed

from the electrons that pass the specimen during scanning. The annular dark-field
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image is produced from scattered electrons that hit a detector, which does not sit in
the electron beam pathway, but rather is arranged in a circular fashion around it
(Figure 8.6.1).

e EDX in STEM mode can be used to create element maps. This is performed by
using the EDX detector while scanning the specimen, so that the intensities of
characteristic X-rays generated at each spot of the specimen are arranged into an
image, which has increasing colour intensity with increasing X-ray intensity

obtained.

converged
electron beam

specimen
ADF -
detector
-
detector

Figure 8.6.1: Location of the bright field (BF) and annular dark field (ADF) detectors in STEM [7].

In this thesis, a JEOL 2100F transmission microscope (Figure 8.6.2) was used for imaging
and mapping. Some images were obtained on an aberration-corrected instrument, Titan
(FEI). Both instruments are located at the Monash Centre for Electron Microscopy. Gatan
Digital Micrograph software was used for data post-processing using image Fast Fourier

transformation (FFT) and the measurement of lattice distances.
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Figure 8.6.2: JEOL 2100F transmission electron microscope.

8.6.2 SEM

In SEM, the specimen is scanned in lines using an electron beam and the information
about the intensity measured by an electron detector located above the sample. The
sample is normally coated with a conductive material (here, platinum was used) and
mounted on a conductive plate, so that charge build-up is prevented during irradiation
with the electron beam. In this study, secondary electron scans were performed, which
means that the electrons measured by the detector are electrons of up to 50 eV [8], which
are emitted from the sample itself as a result of the irradiation with the electron beam. For
elemental mapping, EDX was used, which works in a similar fashion to STEM as

described above. The instrument used in this thesis was a JEOL JSM 7100 F (Figure 8.6.3).
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Figure 8.6.3: JEOL 7001 F scanning electron microscope.

8.7 Fourier-transform infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is an instrumental method, in which a
sample is irradiated with infrared radiation and the passing (transmission) intensity at
different wavelengths is detected. The principle relies on the vibration (stretching and
bending) of molecules, which is excited at different wavelengths of non-ionising infrared
radiation, causing absorption of the infrared beam [9]. In modern instruments, a
Michelson interferometer is used, which creates an infrared beam with -certain
wavelengths intensified by constructive interference of two beams. Scanning these
wavelengths over time gives a raw signal, from which the transmittance spectrum is

calculated via a Fourier transformation, hence the name.

FTIR spectroscopy was used to confirm the carbonate formation during carbon dioxide
exposure in a cadmium oxide/sodium iodide sorbent sample. A Perkin-Elmer Spectrum
RXI instrument was used in this thesis and samples were dispersed in IR-grade potassium

bromide and pressed to a pellet for analysis.

FTIR was able to confirm carbonate formation. However, in the course of this work, the
technique proved inferior to powder XRD, as powder XRD was also able to identify the

phase of cadmium carbonate and oxide, not only the carbonate anion.
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8.8 Inductively coupled plasma mass spectrometry

Inductively coupled plasma mass spectrometry (ICP-MS) involves the ionisation of a
liquid by an argon plasma. The plasma is generated in a plasma torch, which energises an
argon flow by high alternating currents flowing through a coil. A liquid sample is injected
into the plasma torch using a peristaltic pump and nebuliser. The compounds to be
analysed are broken up into atoms and subsequently ionised by the hot plasma. By
subsequent injection into a mass spectrometer (refer section 8.11), elemental compositions
can then be obtained after a calibration using standard liquids of known concentrations

was performed.

ICP-MS was used to determine the content of cadmium and iodine in the cadmium
oxide/sodium iodide sample. For sample preparation, powder samples were dissolved in
hydrochloric acid at room temperature and diluted to a (expected) measurable range in the
ug element per kg liquid range. More sophisticated sample digestion procedures were not
considered as cadmium oxide and carbonate are easily soluble in acids, whereas the halide

promoter already dissolves in water.

A GBC Optimass 9500 instrument with time of flight mass spectrometer was used in this
thesis. Sodium was initially intended to be measured by this method as well; but results
were not satisfactory due to a high sodium background noise produced by the instrument.
The background noise was assumed to be due to sodium being eroded from the quartz
glass components of which the plasma torch is made. For this reason, the sodium content

was measured by atomic absorption spectrometry (section 8.9).

8.9 Atomic absorption spectrometry

Atomic absorption spectrometry (AAS) is a spectrometric technique, which involves the
atomisation of a liquid sample by injection into an acetylene flame. An element-specific
hollow cathode lamp gives light of a certain wavelength, which is absorbable by the atoms
of the element that is to be measured. During irradiation of the acetylene flame, containing
the atomised sample, with the hollow cathode lamp rays, the change in transmission of the
light through the flame is measured on the opposite side of the flame. The more of the

element that is atomised in the flame, the less light transmission is observed by the
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detector. Quantification of the element can be performed, after the instrument is calibrated

using solutions of known concentrations.

In this thesis, a GBC XplorAA model instrument was used. Samples were diluted to
expected values in the mg sodium per kg liquid range, as AAS is a less sensitive technique

than ICP-MS.

8.10 Fixed-bed sorption study

Fixed-bed carbon dioxide sorption was performed on a Micromeritics AutoChem II 2950
instrument (Figure 8.10.1). This instrument is capable of purging a heated powder sample
with a variety of gases and can be programmed for temperature ramps/isotherms and
automatic gas flow switching. A portion of the exit gas stream is fed to a mass
spectrometer (refer section 8.11) for analysis. The instrument is designed to do catalytic

studies and thus, its capabilities go beyond this study.

Figure 8.10.1: Left: AutoChem instrument. Right: Furnace opened with quartz sample tube.

8.11 Mass spectrometry

Mass spectrometers were used in the scope of fixed-bed residual gas analysis (section 8.10)
and ICP-MS (section 8.8). Their purpose is to distinguish different masses of ionised atoms

or molecules to perform composition analyses.

The ICP-MS instrument includes a time-of-flight mass spectrometer. Here, the ions created
by the plasma torch are accelerated by an electric field pulse of 10° to 10* V [9]. This electric

field provides a set amount of kinetic energy, resulting in a mass-dependent speed of the
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ions. The accelerated ions pass through a drift tube of set length, at the end of which a
detector is attached. By the time required for the ions to reach the detector, the different

masses can be discriminated.

The MKS Cirrus 2 model mass spectrometer used in the fixed-bed studies is a quadrupole
mass spectrometer. In this setup, ionised molecules or atoms are injected into the centre
between two opposite positive electrode rods, with two negative electrode rods sitting
perpendicular to them. By applying both static and oscillating electric fields of varying
intensities to the ion path, only ions of certain mass are guided onto a stable trajectory and
reach the detector on the end of the electrode assembly, whereas other ions move in
unstable trajectories and hit one of the electrodes. Scanning over different electric field

intensities allows ions of different mass to pass through to the detector.

In mass spectrometry, it must be noted that ions reaching the detector are of a particular
mass-to-charge (m/z) ratio. For example, hypothetically, an I-** ion passes at the same m/z
as an Ii'* ion. This is one reason why compounds give several m/z in a mass spectrum, as
ionisation does not create singly-charged (1+) ions only. Molecules also can fracture on or
after ionisation, creating ionised fragments, which are also detected in the mass

spectrometer.

8.12 Nitrogen adsorption

Nitrogen adsorption at liquid nitrogen temperature (77 K) is a common method to obtain
adsorption isotherms, which can be used to calculate a pore size distribution and specific
surface area of a powder sample. The samples are prepared by degassing in a vacuum at
elevated temperatures to remove all previously adsorbed species (like atmospheric gases,

moisture) from the surface of the sample.

The gas sorption analyser consists of a manifold of known volume, which can be filled

with gas or evacuated. Pressure measurement is implemented at the manifold as well.
The measurement principle is as follows:

1. Sample tubes are attached to the manifold, evacuated and kept at 77 K in a liquid

nitrogen bath.
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2. Gas is dosed into the manifold to a certain pressure, with the sample tube
connection blocked by a closed valve, and the manifold pressure is recorded.

3. The gas is expanded into the sample by opening the sample valve. Expansion into
both the manifold and the headspace above the sample lowers the pressure.
Assuming the headspace volume of the sample is known, a certain pressure is to be
expected.

4. Due to adsorption of part of the gas, removing gas molecules from the gaseous
phase, the pressure is lowered further. The difference between expected pressure
and measured pressure is the basis of calculation of the amount of gas adsorbed at
the specific pressure.

5. The gas dosing is repeated several times between vacuum and atmospheric

pressure.

In order to obtain a value for the headspace volume above the sample, a helium calibration
is used before analysis. The principle is the same as described above with regard to dosing
the manifold, measuring the pressure and expanding into the sample chamber and
measuring the pressure again. As helium is assumed not to adsorb on the sample, the

expanded pressure can be used for calculating the headspace volume.

At the start of this project, a Coulter Omnisorp 360CX gas sorption analyser was used.
After a recent laboratory upgrade, nitrogen adsorption experiments were delegated to a
new instrument, a Micromeritics Tristar II 3020. The measurement principles of both of
these instruments are the same (as outlined above) and the dosing and measurement is

fully automated.

For sample preparation (outgassing), the Omnisorp 360CX instrument provided a built-in
degas station, whereas for analysis on the Tristar II 3020, a Micromeritics VacPrep 061

degassing station was used.

The specific surface area of the material was calculated using the Brunauer-Emmett-Teller
(BET) model [10] using isotherm points between 0.05 and 0.35 relative pressures, whereas
the pore size distribution in the mesopore area was calculated via the Barrett-Joyner-

Halenda (BJH) model [11] using the desorption isotherm. These models are available in the
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instrument control software for data post-processing, however, for ease of routine

analyses, they were transferred into a custom MATLAB code.

8.13 X-ray-photoelectron spectroscopy

The principle of X-ray photoelectron spectroscopy (XPS) is the removal of core electrons
out of an atom using soft X-radiation that exceeds the binding energy of the respective
electron (Figure 8.13.1a). A simple energy balance can be written for this process (eqn.

8.13.1) [12].
Es=hv-Ex-W eqn. 8.13.1

Here, the incident energy of the radiation hv (Planck constant times frequency) is equal to
the sum of the binding energy of the core shell electron Es being overcome, the kinetic
energy of the ejected electron once ejected Ex, and an instrument-specific work function
term W. By measuring the kinetic energies of the ejected electrons using a detector, the

binding energies of the core shell electrons can be calculated.

Auger electrons (Figure 8.13.1b) are obtained by electrons of outer shells moving into the
vacancy caused by the X-ray. The energy released by the electron moving between these
shells (red arrow) then ejects the Auger electron (blue arrow). In contrast to the
photoelectrons, these Auger electrons have a constant kinetic energy, irrespective of the
incident energy of the X-rays being used. Auger electrons are usually unwanted during
XPS, however, they are the focus of study within a different discipline, Auger electron

spectroscopy.

Incident X-ray Ejected electron, KL,.L,,

kinetic energy E, . Auger electron .
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Figure 8.13.1: a. Removal of a 1s photoelectron during XPS, b. Auger electron ejection as a result of
an electron vacancy in the K shell [12].
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In different chemical compounds, atoms have different electron characteristics, which
result in different binding energies for electrons in the core shells. Thus, XPS can be used
to gain knowledge of the nature of atoms in a compound. It must, however, be noted that
the electrons ejected from atoms in XPS are unable to escape the matrix (and, hence be
detected) from a depth of more than two to five nanometres [9]. Thus, XPS is a surface
analysis technique. However, the chemical analysis by XPS can provide insights about

possible reactions of the material examined.

XPS was performed at CSIRO Materials Science and Engineering and a Kratos AXIS Ultra
DLD spectrometer was used. The incident X-rays had an energy of 1486.7 eV.
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‘Nanoscale Structural Investigation of Cs:2COs-Doped MgO Sorbent for CO: Capture at

Moderate Temperature’

The following paper resulted mainly from a third year project completed by M. Liu. It is
given on the following pages and presents previous work that later led to Chapter 5 of this

thesis.

Copyright 2013, The American Chemical Society. Reproduced with permission.
Full citation: http://dx.doi.org/10.1021/jp4024316
M. Liu, C. Vogt, A. L. Chaffee, and S. L. Y. Chang, "Nanoscale Structural Investigation of

Cs2COs-Doped MgO Sorbent for CO: Capture at Moderate Temperature,” Journal of
Physical Chemistry C, vol. 117, pp. 17514-17520, 2013.
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Nanoscale Structural Investigation of Cs,CO;-Doped MgO Sorbent
for CO, Capture at Moderate Temperature

Maoyuan Liu,"!" Christian Vogt,‘:_':l: Alan L. Chaffee,*"* and Shery L. Y. Chang*™*
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ABSTRACT: MgO sorbents doped with alkali-metal carbonates have
been shown to exhibit improved sorption capacities at both low and
moderate operating temperatures, compared to pure MgO sorbents.
However, the mechanism of how alkali-metal carbonates enhance the CO,  xrp

sorption is not well understood. Using in situ X-ray diffraction, TEM, and o= 58
thermogravimetric analysis, we have shown that the cesium dopants in the
Cs,CO;-doped MgO nanoparticle system do not simply act as a promoter 5 % C R ] g

in sorption of CO,, but rather as a reagent alongside MgO. A new mixed

CsC03-doped MgO
for CO7 capture

magnesium—cesium carbonate phase has been found to be responsible for
the improved sorption capacity of the doped-MgO-based sorbents. On the basis of our findings, it is suggested that a higher
sorption capacity may be achieved if cesium is uniformly dispersed throughout the MgO particles.

Bl INTRODUCTION

CO, generated from power plants has been recognized as one
of the major contributors to the global CO, emissions. As the
large-scale carbon-emission-free energy sources are still many
years to come,' it is therefore attractive to remove CO, from
the flue gas (for postcombustion) and/or syn-gas (for
precombustion) streams in the power plants. Several material
systems can be used to capture CO,, including liquid-phase
solvents,” ™ membmnes,s’ﬂ and molecular sieves.”® However,
many of these systems are considered costly and often require
significant additional energy.” Consequently, regenerable solid
sorbents based on chemical sorption process have been
developed for a range of temperatures and pressures.'””' In
particular, sorbents containing alkali metal or alkaline-earth
metal operating at low temperature (50—150 °C) and moderate
temperature (300—500 °C) find applications in post- and
precombustion capture, respectively."”

Due to their low cost, abundance, and low toxicity, alkaline
earth metal oxides such as MgO have been shown to be good
candidates for carbon dioxide capture materials. CO, is
captured through chemisorption of MgO to form MgCO;
(MgO + CO, = MgCO;). However, MgO has a very low
sorption capacity of 0.13 mmol/g at moderate temperatures
under a dry environment.'® Therefore, improvements have
been made by adding “promoters” to increase sorption
capacities at low and moderate operating temperatures.
Alkali-metal carbonates, for example, have been used as
promoters to enhance the sorption capacities and to tune the
sorption temperatures.'>"*™** Although alkali-metal carbonates
on their own can absorb CO, through the reaction M,CO; +
H,0 + CO, = 2MHCO;, the reaction only happens at low
temperatures and in the presence of water.”~

A systematic study of alkali-metal carbonate double salts
[(Z,C0,),(MgCO;),, where Z = Li, Na, K, and Cs] supported
on MgO under dry and humid conditions reported a broad

< ACS Publications  © 2013 American Chemical Society

range of sorption capacities (~0.1—11.9 mmol/g) at 350—400
°C, depending on the synthesis conditions."® The highest
capacity in this study was observed for Na double salt at 11.9
mmol/g and 375 °C with a Z/Mg ratio of 0.36. On the other
hand, recent reports have suggested a trend of increase in
sorption capacities with the increase of atomic radii of alkali
metals."®"? For example, for the alkali-metal-doped CaO at
both 50 and 450 “C under dry conditions, Reddy et al. reported
that sorption capacity follows the order of Li < Na < K < Rb <
Cs."® Similarly, for sodium, potassium, and cesium carbonates
doped on MgO, the capacities were found to be Na < K < Cs,
at 200—450 °C."”

Although most of the studies on MgO promoted with alkali-
metal carbonates assumed that the reaction mechanism is based
on the carbonation of MgO, with the carbonates as passive
promoters, recent reports have indicated that a mixed cation
carbonate E]hase [2,Mg(CO,),] is the product after CO,
sorption.'”***' A recent study by Lee et al. on K,CO;-
promoted MgO has measured about 4 mmol/g capacity at
lower temperatures (50—100 °C) in the presence of water.
Double salt carbonates of K,Mg(CO;), and
K,Mg(CO,),-4(H,0) were found in the sorbents after CO,
sorption. Zhang et al. also observed double salt Na—Mg
carbonates formation on Na,CO3-promoted MgO sorbents at
300-470 °C under dry conditions with an sorption capacity of
34 mmol/g.20 However, the experimentally observed sorption
capacities, as pointed out by the authors, are much smaller than
the theoretically predicted values. This is also the case for many
examples in the literature.'®

Despite the successful development of alkali-metal carbonate
promoted MgO sorbents for pre- and postcombustion CO,
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capture applications, there exists a broad deviation of reported
sorption capacities and performances. This deviation reflects
that the nanoscopic structures of promoted MgO sorbents are
not well understood. In order to improve the sorption
performances of the alkali-metal carbonate promoted MgO
sorbents, it is therefore important to have a detailed
understanding of the structures of sorbents during the sorption
process. Here, we report a nanoscale structural chracterisation
on Cs,CO;-doped MgO sorbents, at different stages of the CO,
sorption process. This material has been shown to be a good
sorbent for postcombustion applications, with optimum
sorption at 380 “C and regeneration at 550 °C under dry
conditions (total pressure 1 atm).19 Characterization in a
controlled environment was conducted using in situ powder X-
ray diffraction (PXRD) to investigate the structural trans-
formations in the CO, sorption process. In addition,
thermogravimetric analysis (TGA), laboratory-based PXRD,
and transmission electron microscopy (TEM) have also been
applied to investigate the sorption capacity and the structural,
morphological, and compositional distribution changes of the
doped sorbents during the process. A detailed understanding of
the structural changes of the sorbents will provide valuable
insights into the directions of optimizing sorbents for CO,
capture at suitable operating conditions.

B METHODS

Synthesis of Materials. Cesium carbonate doped
magnesium oxide sorbents were synthesized by the wet
impregnation method. MgO (99+% Sigma Aldrich) and cesium
carbonate (99.9% Sigma Aldrich) were used to produce
sorbents with a cesium loading of 15 mol %. This loading
has been previously found as the optimum loading."? Powdered
MgO was added with rigorous stirring to an aqueous solution
of cesium carbonate, which forms a suspension. Water was then
evaporated via heating and continued stirring using a magnetic
hot-plate stirrer. The solid was dried in a N,-purged oven at
120 °C for 2 h. To avoid extensive exposure to air and
moisture, the materials were always stored in a desiccator after
synthesis and treatments.

To investigate the effects of the treatment process used in
thermogravimetric analysis (see later section), a portion of the
synthesized material was calcined in air at 600 °C for 5 h. This
allowed us to perform ex situ analysis in TEM.

Thermogravimetric Analysis. The CO, sorption capacity
of this sorbent was determined by TGA using a Setaram TAG
24 symmetrical thermoanalyzer. The gas flow was controlled by
programmable mass flow controllers and the total volumetric
flow rate was maintained at 70 mL/min at atmospheric
pressure.

Approximately 20 mg of the sample was used for this
analysis. At the start of the experiment, the gas flow was pure
argon (~1 bar) and the instrument was allowed to equilibrate
at room temperature for 20 min. Pretreatment of the sorbent
was commenced by heating to 600 °C (from room temper-
ature) over a 30-min period. This temperature was maintained
for 20 min and then allowed to cool and equilibrate at the
specified carbon sorption temperature (300 or 235 °C) over 45
min. The pretreatment step was carried out in order to
decompose hydroxides formed during the wet synthesis (as
both Cs,CO; and MgO are mixed in aqueous solution) to form
oxide and to desorb atmospheric contaminants, without
exposing the sample to the atmosphere before sorption
analysis. In addition, the pretreatment temperature ranging

from 450 to 650 “C was found to achieve optimum sorption
capacity.'” All samples in this study were pretreated in the
thermoanalyser and not exposed to atmospheric contaminants
before the actual sorption study. This ensures that the all
sorption studies started from the same structure. Next, the gas
was switched to a mixture of CO, and argon, each at 0.5 bar
partial pressure, while a constant temperature was maintained.
Afterwards, the sorbent was allowed to absorb CO, at this
condition for 2.25 h and then allowed to cool to room
temperature over 30 min. This gas mixture was maintained over
the cooling period to prevent pressure-swing-induced decar-
bonation. At the end of the experiment, the carbonated
sorbents were collected and stored in a desiccator. The
temperature and pressure programming for the case of
carbonation at 300 °C is illustrated in Figure 1.
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Figure 1. TGA program of CO, chemisorption of as-synthesized
Cs,CO;5-doped MgO at 300 “C. The temperature programming is
given by the blue dashed line, and the partial pressure of CO, is given
by the black dotted line. Samples at the three stages in this program,
labeled as (a) as-synthesized, (b) pretreated at 600 °C, and (c)
carbonated at 300 °C, were characterized.

Characterization Methods. PXRD patterns were meas-
ured both in situ and ex situ to identify the structures of
materials. Ex situ PXRD analysis was performed for the
carbonated sorbent on a Bruker D8 focus powder diffrac-
tometer using Cu Ko radiation. In situ PXRD analysis was
performed on the powder diffraction beamline at the Australian
Synchrotron. A lanthanum hexaboride standard was used for
calibration. The wavelength and zero offset were determined by
a Rietveld refinement to be 0.793 0492 A and —0.002 990 7°
20, respectively. For in situ characterization, the as-synthesized
sorbent was initially heated under pure N, (~1 bar) at a rate of
10 K/min, with measurements taken at 120, 200, 300, 350, 400,
450, 500, and 650 °C. The sorbent was then allowed to cool to
room temperature under N, Subsequently, the gas was
switched to CO, (1 bar). The temperature was then ramped
up at a rate of 10 K/min and the measurement was carried out
at 300 °C. The in situ PXRD data were converted to the copper
Ka emission line for direct comparison with ex situ data. The
structures of the materials have been identified and rigorously
checked with the known crystal structures from the ICSD and
PDF databases.”®

Transmission electron microscopy and energy disperse X-ray
spectroscopy (EDX) were carried out on the neat MgO (Sigma
Aldrich), the as-synthesized sorbent, the pretreated sorbent,
and the carbonated sorbent (the samples at the stages labeled
in Figure 1) using a JEOL 2100F TEM. Size distribution and
morphology of nanoparticles were examined using the bright-

field TEM (BFTEM), and the crystallinity of nanoparticles was

17515 dx.doiorg/10.1021/jp40243161 J. Phys. Chem. C 2013, 117, 17514—17520
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examined using high-resolution TEM and selected-area
diffraction (SAD). Elemental distributions were measured
using EDX under scanning TEM (STEM) mode with a 1 nm
size probe to generate elemental maps.

B RESULTS AND DISCUSSIONS

CO, Sorption Capacities and Cycling Stability. The
sorption capacity of Cs,CO;z-doped MgO, measured from TG
CO, sorption analysis at 235 and 300 °C, is shown in Figure 2.
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Figure 2. CO, sorption yields of Cs,CO;3-doped MgO and neat MgO.

The sorption capacities of the doped sorbents are found to be
1.9 mmol of CO, per gram of sorbent at 300 °C and
0.8 mmol/g at 235 “C. These capacities are significantly higher
compared with the low capacity of 0.13 mmol/g for the
undoped MgO under similar conditions."® The approximately
14-fold improvement in the maximum sorption capacity when
doping with Cs,CO; demonstrates that the dopants clearly play
a critical role in increasing the CO, sorption yield of MgO at
low pressures (~0.5 bar) and moderate temperatures (~300
°C).

The regenerability of Cs,CO;-doped MgO is presented in
Figure 3, showing the pressure swing sorption/desorption
cycles. The test was carried out using (~0.5 bar) CO, and Ar
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Figure 3. Multiple sorption/desorption cycles of Cs,CO;-doped MgO
using pressure swing.

mixture for 12 min and switching to pure Ar for 24 min. The
cycles were repeated 25 times at constant temperature of 370
°C. As shown in Figure 3, there is a continuous baseline drift;
however, the sorption capacity is stable throughout the cycles
and did not show any apparent loss of capacity. This result
demonstrates the good regenerability of the Cs,CO;-doped
MgO.

Structure of Sorbents before and after CO, Sorption.
The structures of the sorbents were measured using in situ and
ex situ PXRD, as presented in Figure 4. The condition of the in
situ experiment was set to be close to the TG experiments, so
the structure changes of the sorbents can be identified in a
controlled environment. The PXRD patterns of the commercial
MgO and Cs,CO; (not shown here) were also measured to
serve as references. The as-synthesized Cs,CO;-doped MgO
sorbent (Figure 4a) was found to be composed of Mg(OH),
(20 = 18°, 37°)* and Cs,CO;-(H,0);5 (peaks predominantly
at 260 < 35°).”® As both MgO and Cs,COj are hygroscopic and
the impregnation method uses water as the solvent, both
compounds are therefore hydrated.

Upon pretreatment at the temperatures between 120 and
350 °C, it was found that the diffraction peaks related to
Cs,CO5(H,0), disappeared while a partial conversion from
Mg(OH), into MgO (Figure 4b)* occurred. Upon further
heating to 400 °C a monoclinic Cs,CO, phase (20° < 26 < 40°,
Figure 4f)* was formed, and Mg(OH), was completely
converted into MgO. The sorbent remained as a mixture of
the monoclinic Cs,CO; phase and MgO upon further heating
to 650 °C (Figure 4f—i). It was observed that peaks shift
slightly toward lower angles with increasing temperature, due to
the thermal expansion of the solids. Although the pretreatment
temperature in our TG analysis is 600 °C, the in situ PXRD
measurements simulating the pretreated conditions were
carried out up to 650 “C. Since the structure of the sorbent
does not change between 400 and 650 °C, the starting
structures of the sorbents are therefore determined to be
monoclinic Cs,CO; and MgO.

An ex situ PXRD was also carried out on the sorbent sample
after a pretreatment step in TGA, to compare the structure
measured in a controlled environment with that exposed to the
atmosphere during specimen storage and ex situ measurement.
Figure 4j shows the PXRD pattern for a sorbent sample that has
been pretreated at 600 °C in TGA and then allowed to cool to
room temperature, It can be seen that the monoclinic Cs,CO;
phase spontaneously converted back to Cs,CO5(H,0),,
whereas the MgO phase did not reabsorb moisture to become
Mg(OH),. This result demonstrates the hygroscopic nature of
Cs,COy, which readily absorbs moisture from the atmosphere.

The in situ and ex situ PXRD patterns of the sorbents upon
chemisorption of CO, are presented in patterns k and 1 of
Figure 4, respectively. It can be seen that the Cs,COj; phase is
completely converted upon CO, sorption, as the monoclinic
Cs,CO; reflections in Figure 4f—i are not present in Figure 4k
In order to identify the reflections in the region 26 < 35° in
Figure 4k, these patterns have been exhaustively compared
with all known compounds containing Cs, Mg, O, H, and/or C,
as shown in Figure 5. Firstly, it was found that MgCO; was not
present in the carbonated product® and the intensity of the
MgO peak remains prominent. As MgO is expected to be
carbonated into MgCO; upon chemisorption of CO,, the lack
of MgCO; strongly suggests that the carbonation of MgO is
not the reaction route for Cs,CO;-doped MgO. Secondly, it
was found that there are no documented crystal structures that

dx.doi.org/10.1021/jp4024316 | J. Phys. Chem. C 2013, 117, 17514-17520
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Figure 4. PXRD pattemns of Cs,CO;-doped MgO (a) as-synthesized, (b—i) pretreated from 120 to 650 °C in N,, and (k) after CO, sorption.
Patterns a—i and k were taken in situ using synchrotron radiation and patterns j and | ex situ under typical laboratory conditions.
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Figure 5. Comparison of in situ and ex situ XRD patterns with simulated patterns of MgCQO;, Cs,CO;, and Cs,[Mg(CO,),(H,0),]
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can match this measured pattern. As the mixed alkali metal and
magnesium carbonates have been found in the carbonated
product for the MgO doped with sodium and potassium
carbonates, we have therefore also compared our experimental
XRD pattern with the one known mixed Cs—Mg carbonate
structure, Cs,[Mg(CO,),-(H,0),] (Figure 5d), reported by
Zheng and Adam.** However, its XRD pattern does not match
our measured pattern. It should also be noted that a similar
study on the Cs-doped MgO attributes the structure of the Cs
phase in a low-angle region (20 < 35°) to the mixed-cation

phase CszMg(CO3)2.33 However, we find that this reported
pattern actually matches with the known structure of Cs,CO;-
(H,0);™® instead.

There are significant differences between the PXRD patterns
of the carbonated sorbent measured in situ (Figure 5a) and ex
situ (Figure Sb). As the Cs,COj; phase is highly hygroscopic
and is present only as Cs,CO;(H,0); when exposed to
atmospheric moisture, a likely analogue is that the phase
observed in the in situ pattern may become hydrated to give the
observed ex situ pattern. To the best of our knowledge, these

dx.doiorg/10.1021/jp40243161 J. Phys. Chem. C 2013, 117, 17514=17520
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cesium-containing phases after CO, sorption (Figure Sab)
have not been reported before. This strongly suggests that the
structure we have observed here is a new phase.

Morphology of Sorbents. In order to understand the
possible morphological changes of the sorbents during a
sorption process, TEM imaging and average particle size
analysis based on the XRD results have been conducted.

The morphology of the sorbents at different stages of the
CO, sorption (stages labeled in Figure 1), has been examined
using TEM. Figure 6 shows the bright-field TEM images of the

(a) MgO neat

(¢) CsgCOy daped MgO, pretreated at 600°C  (d) CspCOq doped MgO, carbonated at 300°C

Figure 6. TEM images of (a) neat MgO (as received) and (b) as-
synthesized, (c) pretreated, and (d) carbonated Cs,CO5-doped MgO.

neat MgO and as-synthesized, pretreated, and carbonated
Cs,CO;-doped MgO. It can be seen that the morphology of the
doped sorbents differ significantly from the neat MgO. The
doped sorbents appear to be aggregates of nanoparticles, and
the aggregates tend to have an overall diameter in the range of
100—500 nm.

The detailed morphological changes through the different
stages can be seen in the corresponding HRTEM images shown
in Figure 7. Figure 7a shows that neat MgO consists of
aggregates of randomly oriented small nanoparticles of around
10 nm. Upon doping via the impregnation method, the surface
of the particle is visually more uniform and smooth, as seen in
Figure 7b. As the high-energy electron radiation used in a TEM
is known to decompose Mg(OH), to MgO,** the electron
diffraction shows reflections corresponding to MgO spacings
instead of Mg(OH), spacings, as confirmed by X-ray
diffraction. The pretreated sorbent given in Figure 7c shows a
similarly smooth surface, and it consists of larger crystalline
nanoparticles, as the corresponding electron diffraction pattern
appears as spots instead of rings. These larger nanoparticles are
likely formed as the result of annealing at a high temperature
during the pretreatment process prior to CO, sorption. After
CO, sorption, the surfaces of the carbonated nanoparticles
become distinctly regular and crystalline. An example of such

(a) MgO neat

(b} CspC0y doped Mg0, as synthesized

s

(€) CsgC0y doped MgO, pretreated at600°C () Csp00y doped MgO, carbonated at 300°C

Figure 7. High-resolution TEM images and their corresponding
selected-area electron diffraction patterns (inset) of the (a) neat MgO
and (b) as-synthesized, (c) pretreated, and (d) carbonated Cs,CO;-
doped MgO. The reflections labeled in the diffraction patterns
correspond to the spacings of MgO.

morphology is given in Figure 7d. This finding is consistent
with the observations of CO, sorption in alkaline-metal
oxides.>** The electron diffraction pattern for the carbonated
sorbent consists of spots and rings, indicating a greater variation
in the distribution of the size of particles in the carbonated
sorbent compared to the pretreated sorbent.

To estimate the average size of the sorbent particles, we have
used the Scherrer equation to calculate the average sizes of
particles measured from the widths of Bragg reflections in the
XRD patterns. The full width at half-maximum (fwhm) of
peaks is obtained by fitting the specified peaks to a pseudo-
Voigt distribution. Table 1 shows the average size of the

Table 1. Average Particle Size of Cs,CO;-Doped MgO
Sorbents before and after CO, Sorption

temp MgO (nm) Cs,CO; (nm) carbonated Cs (nm)
pretreatment, 400 °C 114 8.3
pretreatment, 450 “C 12.9 10.3
pretreatment, 500 °C 14.9 10.8
pretreatment, 650 °C 19.6 11.1
carbonated, 300 °C 211 8.9

Cs,CO; and MgO particles in the sorbent as well as the
carbonated product. It can been seen that the sizes of both
MgO and Cs,COj particles increase with increasing pretreat-
ment temperatures. This is consistent with the observations
that the sizes of particles grow upon annealing. Upon CO,
sorption, there is also a slight increase in the MgO crystal size
and the formation of much smaller particles of the carbonated
Cs—Mg phase. This trend of size increment is in agreement
with our TEM observations.

dx.doi.org/10.1021/jp4024316 | J. Phys. Chem. C 2013, 117, 17514-17520
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Composition Distribution of Dopants before and
after CO, Sorption. In order to understand the distribution
of the dopants (Cs,CO;) and the matrix (MgO) before and
after CO, sorption, EDX mapping using a 1 nm STEM probe
has been employed to obtain the composition distribution at
the nanoscale. Figure 8 shows the annular dark field (ADF)

2l

i
= 100 nm ADF =50 nm ADF

P

=100 nm Mg

=100 nm Cs

P

=100 nm C

(a) As-synthesized
Cs9COg doped MgO

ca50nm  C

(b) Carbonated
Cs9COg doped MgO

Figure 8. Composition distribution of Cs, Mg, and C in the as-
synthesized (a) and carbonated (b) sorbents. Arrows highlight regions
that are rich in Cs and C but poor in Mg.

images and the Cs, C, and Mg composition maps before (a)
and after (b) CO, sorption. The ADF intensity reveals the
average atomic number density (mass thickness) of the
specimen, whereas an EDX map reveals the atomic density
distribution of a given element. If Cs,CO; dopants were evenly
distributed across the MgO matrix, the Cs, C, and Mg intensity
distribution in the EDX maps would be expected to be in
accord with the ADF intensity.

It can be seen in both part a and b of Figure 8 that there are
regions showing relatively high intensity in Cs and C, relatively
low intensity in Mg, and at the same time relatively high
intensity in ADF images, as indicated by arrows. This means
that the indicated areas are rich in Cs and C and poor in Mg.
The comparison between the EDX map and ADF intensity of
the same region suggests that there is inhomogeneous
distribution of cesium in the sorbents, both before and after
CO, sorption. It should also be noted that as the sorbents are
supported on amorphous carbon coated TEM grids, the C
densities shown in Figure 8 represent both C from the dopants
in the sorbents and also from the amorphous carbon film on
the TEM grid. The presence of a Cs-rich region in Figure 8a
suggests that the inhomogeneity occurs even in the as-
synthesized sample. As the nominal amount of dopants is

relatively low (15 mol %) in this case, it is expected that the
clustering effect could be more significant if a higher loading of
dopant was used.

Possible Phase of the Carbonated Product. The in situ
XRD results establish that at the activated state of the sorbent,
the structure of the dopant is monoclinic Cs,CO; and the
matrix MgO (Figure 4f—i). Since Cs,CO; cannot independ-
ently sorb additional CO, under dry environments and all of
Cs,CO; is converted during carbonation, it follows that
Cs,COj5 is not simply acting as a catalyst. On the contrary,
Cs,CO; must be a reagent in CO, sorption. In addition, the
absence of MgCOj; in the carbonated product suggests that
MgO follows a different reaction route in CO, sorption from
the expected reaction (MgO + CO, = MgCO;). The
elemental analysis of the carbonated product based on EDX
shows that only Mg, Cs, C, and O are present in the sample. All
of this evidence led to the conclusion that the product is highly
likely to be a Cs—Mg mixed carbonate phase.

A recent report on a similar study of CO, sorption properties
of K,CO;-doped MgO also found a K—Mg mixed carbonate
phase upon sorption of CO, and steam.'” It was found that the
activated state of the sorbent was a mixture of K,CO; and
MgO, which then formed K,Mg(CO;), and
K,Mg(CO;),4(H,0) upon sorption of CO, and steam at
50—100 °C under atmospheric pressure. The similarities
between their and our findings provide an indication that the
product upon CO, sorption is of an alkali-metal—Mg mixed
carbonate phase. In the present study, CO, sorption takes place
under dry, inert environments (dry CO, in Ar or N,); thus, a
likely chemical formula for the product is Cs,Mg,(CO3), /s,
This product may then become hydrated upon exposure to
atmospheric moisture.

As it is difficult to experimentally determine the stoichiom-
etry in the final mixed phase product, we have attempted to
estimate the possible stoichiometry by calculating the
theoretical yields using various atomic ratios between Mg and
Cs and then comparing this with our TGA data. Our
calculations suggest that the product could be Cs,Mg,(COj3);,
Cs,Mg;(CO;),, or Cs,Mg,(CO,). 1t is also probable that the
experimentally observed carbonated product is a mixture of
these plausible mixed magnesium—cesium carbonate phases.
We also anticipate that the formation of the magnesium—
cesium carbonate phases could be sensitive to the temperature,
partial pressure of CO,, and the presence of moisture, and these
factors could lead to different phases under different sorption
conditions.

B CONCLUSIONS

Using a simple impregnation synthesis method, Cs,CO; has
been doped on MgO, with a maximum CO, sorption capacity
of greater than 1.9 mmol/g at a sorption temperature of 300
°C. Through characterization by PXRD, TEM, and EDX, it was
found that both Cs,CO; dopants and MgO matrix participate
in the CO, sorption process. The results suggest that CO,
chemisorption of Cs,CO;-doped MgO forms a mixed Mg—Cs
carbonate phase with undetermined stochiometry, and the
activation energy of this reaction route is lower than the
carbonation of MgO at moderate temperatures. The formation
of this mixed phase is the reason why Cs,CO;-doped MgO
shows an improved CO, sorption capacity compared to pure
MgO sorbent.

It is speculated that in order to maximize the CO, sorption
capacity, the Cs-loading should be increased so that a greater

dx.doi.org/10.1021/jp4024316 | J. Phys. Chem. C 2013, 117, 17514-17520
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portion of sorbent can form a mixed Mg—Cs carbonate phase.
Efforts to optimize the sorption capacity might thus be directed
to homogeneous distribution of Cs,CO; on MgO, so as to
prevent segregation and clustering. New methods may achieve
higher yields by increasing the density of Cs or even developing
a method to dope Cs throughout the volume of MgO while
nanoporosity is maintained.
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