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ABSTRACT

Technologies for the separation of CO, from flue gas require a feat of engineering for
efficient achievement. Various CO, capture technologies, including absorption, adsorption,
cryogenics and membranes, have been investigated globally. The absorption technology uses
mainly alkanolamine aqueous solutions, the most common being monoethanolamine (MEA);
however, further investigation is required to circumvent its weakness due to degradation
through oxidation, material corrosion and high energy costs required for regeneration.
Attractive advantages in adsorption technology, including the ability to separate the more
diluted component in the mixture with a low energy penalty, have been a motivation for
many researchers to contribute to the advancement of adsorption technology in CO, capture.
The challenge in CO, adsorption technology is to design a hydrophobic and biodegradable
adsorbent with large CO, uptake, high selectivity for CO,, adequate adsorption Kinetics,
water tolerance, and to require low levels of energy for regeneration processes. The existing
adsorbent such as activated carbon, silica gel, zeolites, metal organic frameworks and others,
have been ineffective where moisture occurs in flue gas. This work provides an advanced
adsorption technology through a novel adsorbent, MWNT-PAA, designed from the non-
covalent functionalization of multi-walled carbon nanotubes (MWNTS) by polyaspartamide
(PAA) as product of amine grafted to polysuccinimide (PSI). Three types of PAA were
prepared using ethylenediamine (EDA), 1, 3 propanediamine (PDA) and monoethanolamine
(MEA) drafted to PSI to give PSI-EDA, PSI-PDA and PSI-MEA respectively. The CO;
adsorption capacity was 13.5 mg-CO./g for PSI-PDA and 9.0 mg-CO,/g for PSI-MEA, which
decreased significantly from PSI where the CO, adsorption capacity was 25 mg-CO,/g. PSI-
EDA was selected as PAA, because the CO, adsorption capacity was 52 mg-CO,/g which
doubled from PSI. The polymer polyethylenimine (PEI), the most commonly polymer used in
CO, capture, was found to be non-biodegradable, while the polymer PAA showed the
presence of CONH as a biodegradable bond functionality, occurring in the MWNT-PAA, as
confirmed through Fourier Transform Infrared (FTIR) analysis. The adsorbent MWNT-PAA
was demonstrated to have a water tolerance in the temperature range 25-55 °C, where CO,
adsorption capacity increased with the increase of water in the adsorbent. The highest CO,
adsorption capacity recorded was 71 mg-CO,/g for the moist MWNT-PAA using 100% CO,
and 65 mg-CO,/g for the mixture of 14% CO, with air. Under the same conditions, the dry
MWNT-PAA adsorbed 70 and 46 mg-CO,/g respectively (100%, 14% CO,). The



regenerability efficiency of the MWNT-PAA absorbent was demonstrated at 100 °C; after 10
cycles of adsorption-desorption 99% of adsorbed gas was recovered in the desorption
process. The heat flow for the thermal swing adsorption system resulted in the net release of
heat over the complete cycle; a cycle includes adsorption (heat release) and desorption (heat
absorbance). Thus, this MWNT-PAA adsorbent demonstrates an advantage in terms of
overall energy efficiency, and could be a competitive adsorbent in CO, capture technology.
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CHAPTER ONE

INTRODUCTION

1.0. INTRODUCTION

In the 19th century, scientists realized that gases in the atmosphere cause a "greenhouse
effect” which controls the planet's temperature. These scientists were interested chiefly in the
possibility that a lower level of atmospheric CO, gas might explain the ice ages of the distant
past M. At the turn of the century, Svante Arrhenius calculated that emissions from
anthropogenic industries might someday bring about a global warming . Other scientists

dismissed his idea as faulty.

In 1938, G.S. Callendar declared that the level of CO, was climbing and raising global
temperatures 1. He found that a doubling of atmospheric CO, concentration resulted in an
increase in the mean global temperature of 2 °C, with considerably more warming occurring
at the poles. However, most scientists found Callendar’s arguments improbable . In the
1950s, few researchers joined him by discovering that global warming truly was possible. In
the early 1960s, C.D. Keeling measured the level of CO, in the atmosphere: it was rising fast
B This raised the big debate for researchers seeking to understand the cause of changing
levels of CO; in the past, and how the chemical and biological forces could be impacted by
changing levels. Researchers have concluded that gas plays a crucial role in global warming,
and that the rising level of CO, due to anthropogenic emissions seriously affects the future.
Indeed, Keeling (1998), found the CO, growth from less than 1 ppm/yr in the 1960s to about
2 ppm/yr after 2000 [ decreased the ability for the terrestrial biosphere and ocean to take up
CO,"®. The Intergovernmental Panel on Climate Change (IPCC) has assessed, from present
levels, a 50-85% reduction in emission would be required by 2050 in order to limit the global

temperature to less than 2 °C by 2100 ), and thus preventing major climate change.



1.1. BACKGROUND OF STUDY

Global warming is caused by the enhancement of the greenhouse effect, a phenomenon due
to the thin layer of mixed gas which surrounds the Earth, trapping some of the solar radiation.
In general, the gases present in the atmosphere convert radiation energy into thermal energy
by absorption of electromagnetic radiation, and vice versa by radiation. The mechanism for
the absorption of radiation in a gas is that the gas molecules absorb the radiation energy by
increasing its kinetic energy through molecular translation, rotation, and vibration, as well as
electron translation and spin, and nuclear spin. The longer the radiation travels through a gas,
the more energy is converted. Water vapor (H,0) and carbon dioxide (CO,) are the two main
gases responsible for the greenhouse effect. The other “natural” greenhouse gases are:
methane (CHy), nitrous oxide (N»O), halocarbons (gases containing fluorine, chlorine and
bromine), and ozone (Os3). Their presence is beneficial since, without them, the temperature
on Earth would not exceed -18 °C "%, The two most abundant gases in the atmosphere — N,
and O, — contribute almost nothing to the greenhouse effect as homonuclear diatomic

molecules (such as Ny, O,, and Hy) neither absorb nor emit infrared radiation.

At present, carbon-based fossil fuels provide ~80% of the world’s energy needs ™ CO, is
generated by these energy producing processes. Due to increasing anthropogenic emissions of
CO; and other greenhouse gases, climate change has become a major concern. Many
solutions can be given to the question: how to reduce CO, emissions?; but an efficient
solution requires special attention for specific approaches. The CO, emission reduction

strategies can be divided into five broad categories %, as shown in Figure 1.1:

1) Control of energy consumption by: (a) improving the energy efficiency of automotive
vehicles, (b) limiting the use of vehicles (development of public transport,
teleworking, etc.), and (c) improving the energy performance of buildings (insulation,
low-consumption equipment, etc.).

2) Renewable energies which include the use of hydroelectric, wind, solar and biomass
energy 3,
3) Enhancement of natural CO, sequestration in order to limit the increase of CO;

concentration in the atmosphere by feeding the soils or forests with CO, [*.



4) Nuclear power can produce electricity with zero greenhouse gas (GHG) emissions,

but it needs more development for safety improvement and waste disposal 1> **.

5) Management of fossil energies which can be completed either by change in the fossil
energy mix; for example, the coal-fired power plant can be substituted for natural gas-
fired power plant to reduce CO, emissions; or the incorporation of CO, Capture and
Storage.
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Figure 1.1: CO; emission reduction option, 2005-2050. Source: IEA-2008, Energy
Technology Perspectives, Scenarios and Strategies to 2050 41,

It is obvious that fossil fuel utilization, due to large CO, emissions amongst other pollutants,
is of big concern to the environment. The suppression of fossil fuel utilization will be, on the
one hand, a rapid solution to reduce CO, emissions in the atmosphere, on the other hand, a
breakdown of industrial development and world economic growth. Fossil fuel energy will
continue to play a central role over the next few decades due to the increase of world
population going hand-in-hand with increased energy demand per inhabitant. Thus, there is a
need to reduce CO; emissions, and carbon capture and storage (CCS), is a widely accepted
selected track towards sustainable application of fossil fuels.

With regard to coal, South Africa is a major consumer of coal, mainly for power generation.

Eskom and Sasol convert coal for electricity and chemical fuel production respectively. An
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investigation conducted in 2010 stated that Eskom emits 225 Mt of CO; per annum, and
Sasol emits 72.7 Mt of CO; equivalent per annum °. South Africa is the largest producer of
CO; in Africa and 13" in the world; the annual quantity of CO, emitted in South Africa can
be estimated to 350Mt %), South Africa is ranked among the top 20 countries measured by
absolute CO, emissions, with emissions per capita in the region of 10 metric tons per annum.
This shows why South Africa is counted amongst countries which must be bound to the
international agreements/obligations to reduce their GHG emissions via the Kyoto protocol or
other mechanisms. During the 17" Conference of the Parties (COP 17) hosted by South
Africa, the country reaffirmed its commitment to voluntarily reduce its GHG emissions to
below the business-as-usual trajectory by 34% by 2020, and 42% by 2025 ). Thus, CCS, via
the capture of CO, from power plants and its transportation after compression to geologic
sinks for storage, presents a viable approach of reducing CO, emissions in South Africa.
There is a need to develop safe and economical CCS technologies that will make deep cuts in
South Africa’s GHG emissions.

1.2. PROBLEMS STATEMENT

Carbon dioxide must be isolated from the other gases in the flue gas stream produced
following coal conversion in order to be diverted from large point sources of generation to
storage in geologic sinks. Effluent flue gas from power generation typically contains CO, in
dilute concentrations (3-15% mol). It is impractical to store flue gas effluent with all its
constituents, because of costs associated with transportation and compression, in addition to
storage space considerations. The theoretical minimum energy cost for compressing the entire
flue gas stream from a coal fired plant to 100 atm is about 18% of energy released from the
combustion per unit of flue gas 8. With a theoretical separation energy of 110 kJ/kg CO, for
a 14% mole fraction CO, stream at atmospheric pressure ™ and 200 kJ/kg CO, for
compression %!, the minimum energy requirement for reversible separation and compression
of only the CO, component is about 4% of the energy released. For these reasons, an efficient
method of separating CO, from the flue gas and producing a pure CO, stream would greatly

enhance the potential for CO, storage to make an impact on global CO, emissions.

Capture technologies are well defined, and their efficiencies, cost and energy penalties are

estimated Y. However, the efficiency penalty induced by CO, capture within energy
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conversion systems poses a threat to the economic viability of these systems. Moreover, coal-
fired power generation where average net efficiency penalties for post-and oxy-combustion
capture are 10 percentage points relative to a pulverized coal plant without capture, and 8
percentage points for pre-combustion capture, compared to an integrated gasification
combined cycle (IGCC) 2. Therefore, the need to develop efficient and cost-effective
resources for CO, capture is pressing in order to enhance the outlook for commercial

application.

The treatment of flue gas for the capture of relatively pure CO, requires identification of
impurities in the flue gas that otherwise affect the transport and the storage of CO..
Separating the low concentrations of CO, from an exhaust stream, especially from pulverized
coal-fired power stations is a complex and, even with today’s technologies, expensive process
which results in a high energy penalty and high cost. The CO, must be separated to achieve
plus 95% purity. Other components, which include CHg4, N5, O2, NOy, SO« and Ar, and some
particulates in the flue gas stream could have different impacts in the transportation and
storage processes need to be minimized in the CO, stream. An advanced technology will
separate CO; from the flue gas, aiming to minimize the risk, to simplify the technology, and
to reduce the cost for capture as well as transportation and storage. As CO, capture will
require particulate control and flue gas desulphurization prior to the capture plant, it is hoped
at least most SO and particulates will be removed prior to CO, separation, as well as any
moisture in the gas stream (if required by the technology). A good adsorbent will operate to
separate CO; at an efficient selectivity from the other components that remain in the flue gas
after SO, and particulate removal.

The existing commercial separation technologies include the use of alkanolamines
(Monoethanolamine, Diethanolamine and Triethanolamine) and ammonial®® 24, which all
have presented significant concerns due to their limited effectiveness of capturing CO, at the
concentration above 90%, as well as cost and environmental issues !, Thus, alternative
technologies for capturing CO, are constantly being sought, with lower cost, higher

efficiency, and lower environmental impact.



1.3. RESEARCH AIMS AND OBJECTIVES

Within the framework of CCS research in the School of Chemical Engineering, University of
the Witwatersrand (Wits), the present project presents a contribution to CO, mitigation. It is
the project’s primary aim to address the problem of inefficiency of CO; capture by providing
an alternative separation method for improved CO, capture. Using various strategies, the aim
is to capture CO, through the development of an adsorbent synthesized from carbon
nanotubes (CNTSs) bound to a polyaspartamides surfactant. This method could be a suitable
competitor in CO, capture technologies when trapping a large quantity of CO, during the
adsorption process, leading to the formation of carbamate group (-COQ’). The proposed
approach is instrumental in fulfilling the project’s specific objectives, viz.,
1) to design an adequate hydrophobic and biodegradable sorbent for CO, capture;
2) to test the adsorbent performance for CO, capture under variety conditions by using
thermogravimetry;
3) to investigate the differential heat flow of the adsorbent operating in thermal swing
adsorption (TSA) systems;
4) to elaborate the possibility of implementing TSA systems operating in continue under

optimum conditions.

1.4. RESEARCH HYPOTHESIS AND QUESTIONS

An amine polymer has a potential to form carbamate in the presence of CO, where the length
of polymer limits the quantity of CO, uptake. The carbon nanotubes generally present good
mechanical properties, and can be used for the improvement of potential interaction between
adsorbent and adsorbate in the adsorption process. Therefore, carbon nanotubes with long

chain polyasprtamide surfactants are expected to be highly suitable for CO, capture.

The energy penalty and economical cost have been common concerns for the existing
technologies capturing CO, from power plants: the energy input for regeneration is one of the
key factors in determining the efficiency and cost. A key question is how to develop efficient
and cost-effective means for CO, capture, taking into account the technical and economic
consideration of processes for both adsorption and desorption for adsorbent regeneration?
Knowing that the capture cost is related to the performance of adsorbents, the following
questions were addressed during this work:



1)
2)

3)

4)

Can nanotubes with polyaspartamide surfactant be used to capture CO,?

The diamine used to synthesize polyaspartamide is more reactive due to two amine
groups, which also pose a risk of being bound to the polymer and cause cross linking.
The question is: how to provide one amine group to react with the polymer and the
other group to be available to capture CO,?

If the adsorbent can capture a large quantity of CO,, how can the CO, be stripped
from the adsorbent with limited energy impacts, and at a low cost?

What is the advantage of using nanotubes with polyaspartamide to capture CO, over

the other techniques currently available?

1.5. RESEARCH TECHNIQUES

The technique of this work consists in the design of adsorbent with specific chemical surface

having large available sites for CO, anchoring and good geometry/structure which can

provide high potential interaction. A long chain polymer named polysuccinimide was grafted

to amine in order to produce a polyaspartamide with primary amine as terminal group. In

varying the amines used as CO, anchors, many polyaspartamides were synthesized; the best

was selected for coating of multi-walled carbon nanotubes (MWNTS) in order to enhance the

geometry/structure of the adsorbent.

1.6. EXPECTED CONTRIBUTION TO KNOWLEDGE

This work is introducing a novel technology which an efficient evaluation requires deep

understanding of the performance standard of CCS technology which is still in development.

A series of novel sorbent systems with high selectivity for CO, capture was
synthetically and analytically developed as a contribution to the national and
worldwide CCS management programs.

Varying the amines as CO, anchoring to make specific polyaspartamides, the best
performing amine was selected for effective surface modification of adsorbent in
advanced adsorption technology for CO, capture.

The CO, adsorption properties were highly enhanced through the use of multi-walled
carbon nanotubes with polyaspartamide surfactant. Non-covalent functionalization
process was preferentially chosen to preserve the functionalities required for CO,
capture enhancement and environmental safety.
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e |t is hoped that this work has provided adequate information on the developed CO,
adsorption technology operating in thermal swing adsorption (TSA) systems with

efficient energy.

1.7. ORGANIZATION OF THE THESIS

A general introduction of the study, background, problems, aims and objectives of the
research, techniques and expected contribution to knowledge are presented in Chapter One.
Chapter Two contains literature review of the basic concepts and on previous and recent
work relating to this study. The methodology which includes equipment, chemicals and
procedures for adsorbent characterization and adsorbent synthesis were found in Chapter
Three. Chapter Four was relative to the results and discussion where reasonable scientific
approaches were developed for the sustainability of this work. The summary of the study,
conclusions and recommendations were presented in Chapter Five. The contribution of the
work to scientific advancement and achievements were found in Chapter Six. Lastly, a
comprehensive list of all referred materials to this thesis and appendices are given.

Thus, more information about CCS has been of great importance to elaborate a work with

conventional scientific standard.



CHAPTER TWO

LITERATURE REVIEW

2.0. INTRODUCTION

The increase of industrial and population energy demands requires high energy production by
fossil fuels. Fossil fuels are packed with high potential energy, but the release thereof causes
an increase in anthropologic CO, emissions in the atmosphere. It is imperative to reduce CO;
emissions into the atmosphere in order to reduce the threat to mankind in terms of global
climate change. Huge quantities of fuel, composed of solid, liquid and gaseous fuels, are in
use on this planet to support the essential life activities of human beings. The capturing of
CO; is a promising solution for fossil fuel power plant emission reduction. The CO, diverted
from the atmosphere must be led elsewhere with the objective of minimizing the risk of
global climate change. CCS contains three parts as follow: (a) firstly the capturing of CO,,
(b) secondly the transport of CO,, and (c) finally the long term storage of CO,. Valuable
advanced CO; capture technologies with the possibility to retrofit combustion plants which
include post-combustion, pre-combustion and oxy-fuel combustion, are intended to reduce

significant anthropogenic CO, emissions.

CO, capture technologies, including absorption, adsorption, membrane separation, and
cryogenics, are being used or investigated for the implementation of advanced technologies
required for large scale CO, uptake with high purity production, high energy efficiency for
regeneration or CO, recovery, and low economic cost. The transport of CO, to a storage
location must be done without any technical problems. The storage of CO; requires adequate

geological sites able to keep large quantities of CO, for the indefinite future.

With regard to the adsorption technology for CO, capture, much research done with existing
natural adsorbents (such as activated carbon, silica gel and zeolites) have shown the
inefficiency relative to CO; purity production, regeneration and moisture tolerance. The art of
improving the chemical surface of adsorbents has been exploited for many years, and today

the adsorption technology for CO, capture is taking the rise. However, chemical surface
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modification and geometry/structure improvements through polymer grafted with amine and
MWNTs for CO, uptake enhancement still in its infancy. Therefore, investigation of the
sources of CO, emissions is very important in order to assess the scale of CO, separation

technology in a given source.

2.1. CO; EMISSION SOURCES

2.1.1. Fuel and Fuel production

Fossil fuel is packed with high potential energy that is needed for work or heat energy. The
use of fossil fuel increases with the world development, which goes together with high
energy consumption. The fuel releases heat that can be used for warmth, cooking, or
industrial processes. The development of engine technology has impacted further on the use
of fuel, through which the heat energy is harnessed into mechanical energy via an engine.
Though many substances, which include radioactive metals and cells of organisms, are also
utilized; hydrocarbons are the most common source of fuel used by humans. Frequently heat
is released after specific reaction or combination of substances. Table 2.1 shows energy
content values of different fuels with mega Joule [MJ] as the energy scale unit.

Table 2.1: Energy content of fuels *°!

Energy carrier, 1 kg of fuels Energy content [MJ]
Brown coal 9.0

Wood 14.7

Hard coal 29.3

Natural gas (1 m°) 31.7

Crude oil 42.6

Fuel oil, light 42.7

Gasoline 43.5

The increase of industrial and population energy demands in the world results in high energy

production by fuel which consequently goes with the increase of anthropogenic CO,
10



emissions in the atmosphere. The largest fuel groups which include coal, natural gas, and
propane accounted for 94% of total CO, emissions in 2007, where coal alone represented

78% of all CO, emissions by electric power plants (Figure 2.1) 721,
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Figure 2.1: CO, emissions by U.S. power plants by major fuel groups, 2003-2007 2
All substances able to release heat through oxidation process or combustion are considered as

chemical fuels. The chemical fuels are divided in physical properties as solid, liquid and gas,

occurring as natural or artificial fuels as shown in Table 2.2.

Table 2.2: General types of chemical fuels

Primary (natural) Secondary (artificial)
Solid fuels Wood, coal, peat, dung, etc. Coke, charcoal103
Liquid fuels petroleum Diesel, gasoline, kerosene, LPG, coal

tar, naptha,ethanol

Hydrogen, propane, coal gas, water gas,

Gaseous fuels Natural gas blast furnace gas, coke oven, CNG
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2.1.1.1.Solid fuel

Solid fuel includes all wood, charcoal, peat, coal, hexamine fuel tablets, and pellets from
wood that are used as fuel to produce energy and provide heating. Combustion is the
technology utilized for solid fuel conversion to release energy and heat. Solid fuels were used
early in the existence of human beings, since the primitive epochs, to create fire. This started
with the use of wood as solid fuel which does not require tools, especially when picking up
dead wood for fire production. However, nowadays special tools such as skidders and
hydraulic wood splitters have been developed to industrialize the production of wood for fuel.
In the photosynthesis cycle, trees take in CO, and release O,, balancing carbon cycle.
Furthermore, the burning of trees under O, reaction converts the carbon to CO,, which is
released again into atmosphere. Despites the release of CO,, the photosynthesis cycle ¥
works to reduce GHG emissions for climate change mitigation. The photosynthesis cycle has
given more importance to the use of biomass, which includes wood, and all plant and plant-

derived materials as well as animal matter and animal manure, for combustion.

Wood remains the largest biomass energy source to date. In addition, biomass has shown the
ability to produce fuels and chemicals that are often produced in petroleum resources B 32,
The use of biomass is more environmental friendly compared to other fossil fuels by the fact
that it leads to net CO, emission reductions ¥ it also contains negligible amounts of sulfur
and nitrogen. Consequently, the CO,, SO, and NOy emissions are extremely low compared to
conventional fossil fuels. Biomass contains moisture; the high moisture content is not feasible
for combustion unless the biomass is pre-dried. Though high moisture content biomass is
intended for suitable biological conversion process, a content < 50% is required for efficient
biomass combustion . According to US statistics 190 million dry tons of biomass is
consumed per year, which is equivalent to 3% of current energy consumption °. Variables
methods have been developed to convert chemical energy present in biomass to useful heat

energy. These conversion methods can be summarized as shown in Figure 2.2.
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Physical conversion Biochemical conversion Thermal conversion
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Figure 2.2: Different categories of biomass conversion B¢

Due to the low-cost and high energy production, coal has been a large source of energy for
power regeneration worldwide. The coal-fired plants (via combustion + gasification) in South
Africa actually generate more than 93% of local electricity, demand 70% of primary energy
consumption, and 30% of petroleum liquid fuels . Thus, there is necessity of either
substituting the coal-fired plants with other feedstocks or renewable power plants or
retrofitting with CO, capture plants. This will result in CO, emissions mitigation and prevent
further disaster changes in the environment. Coal is a solid fuel which enabled the industrial
revolution, from furnaces, to running steam engines. However, coal is the dirtiest fossil fuel
which contributes to high CO, emissions. Nowadays, an enormous quantity of coal is burnt
every day for energy and electricity generation. Coal, essentially fossilized vegetation, has
generally a high carbon contain which is converted to CO, during the combustion or

oxidation process.

In an anaerobic medium and under the influence of pressure and moderate temperature,
fossilized vegetation is converted into peat, low-grade fuel, brown coal, lignite, sub-
bituminous, bituminous, semi anthracite or finally anthracite coal (increasing rank). These
types of coal are useful according to the specific application. Higher-rank coal is defined as

13



coal with a higher heating value of more than 24MJ/kg on moisture and ash-free basis, and

low-rank coal below 24MJ/kg 7]

. High-rank coals, including bituminous and anthracite
coals, contain more carbon than lower-rank coals, which results in a much higher energy
content. Anthracite, a hard coal with high luster, has the highest carbon content between
92.1% and 98% *® 3 4%l |ndustrial and the population growth have influenced the release of
huge quantities of CO, from coal combustion due to the high demand for electricity.
According to international information, in 1999, the CO, emissions were estimated to 8666
million tonnes ¥, and an increase of 66% was recorded in 2011 “?). Compared to natural
gas, a coal-fired electric power generation emits around 900kg of CO, for every megawatt-
hour generated, while natural gas-fired electric plant emits 495kg of CO, for every megawatt-
hour generated 13!, Thus, the reduction of coal and the increase of natural gas generation have

been considered as an approach to mitigate climate change 4.
2.1.1.2. Liquid fuel

Liquid fuels consist mainly of hydrocarbons, which are combustible or energy-generating
molecules that can be harnessed to create mechanical energy. Most liquid fuels used currently
are produced from petroleum. Petroleum oils consist almost entirely of hydrocarbons, with
some impurities including S and N in small quantities. There are three types of liquid fuels
classified according to the chemical structure of hydrocarbons, namely: aliphatic
hydrocarbons, aromatic hydrocarbons and naphthene hydrocarbons /.
e Aliphatic hydrocarbons are constituted of carbon atoms in straight chains, branched
chains, or non-aromatic rings. The aliphatic hydrocarbons are divided into two series.
These are saturated and cannot adsorb hydrogen, or the paraffins, and these are
unsaturated and can still adsorb hydrogen, or the olefins.
e Aromatic hydrocarbons are constituted of carbon atoms in aromatic compounds
attached to each other in the form of rings.
e Naphthene hydrocarbons, sometimes called naphthenic compounds, cycloparaffins or
hydrogenated benzenes are type of organic compound of carbon and hydrogen that
contains one or more saturated cyclic (ring) structures, or contains such structures as a

major portion of the molecule.

Hydrogen compounds dominate the liquid fuels, while O, and N, compounds are usually
present to very small extent in refined products, and in unrefined petroleum products !,
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Crude petroleum, from whatever source, contains S compounds which are generally
undesirable constituents of liquid fuels and considered as impurities in petroleum, shale oil,

and coal-tar products.

In the combustion process of hydrocarbon, the C is converted to CO, and the H; to steam
according to the chemical equation shown in Equation 2.1:

C.H, +/1(n +gj(o2 +3.78N,) - nCO, +%H20 +(2 —1)(n +%on +3.78(n +%)N2 2.1)

The fuel molecule parameters n and m are numbers respective to the nature of hydrocarbon,
while the parameter A is excess air ratio to make available the total conversion of carbon to
carbon dioxide. Additionally high hydrogen content in the liquid fuels results in release of

large quantity of steam.
2.1.1.3. Gaseous fuels

All hydrocarbons in the form of gas are a potential source of energy to generate heat or
electricity; referred to as gaseous fuels. The fuel gases are classified in to natural gas and

manufactured gas.

Natural gas, found in deep underground rock formations, is the result of fossil fuel formation
exposed to intense heat and pressure over thousands of years. It is primarily composed of
CH, including some alkanes in varying amount, and lesser percentage of CO,, Ny, and H,S
471 As an energy source for heating and electricity generation, natural gas is also used as a
chemical feedstock in the manufacture of plastics and other commercially important organic
chemicals. According to the different sources of fossil fuels and process of formation, there
are many types of natural gas, which includes: shale gas [*®!, hydrate gas “°, town gas

and biogas Bt °2,

With regard to CO, emissions, natural gas releases less CO; into the
atmosphere than oil and coal conversion. The IPCC Fourth Assessment Report®®® stipulates
that natural gas produced about 5.3 billion tons a year of CO, emissions, while coal and oil
produced 10.6 and 10.2 billion tons respectively. Other pollutants in very small quantity
release in the atmosphere through the combustion of natural gas are: CO, SO,, NO, and

particulates at 40 ppm, 1 ppm, 92 ppm, and 7 ppm respectively.
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Manufactured fuel gases are produced through an artificial or gasification process, usually
from coal or oil, resulting in gases which include coal gas, water gas, producer gas, syngas,
wood gas, biogas, and blast furnace gas ®*. The technology relevant to the gasification of
coal as well as gasification of other hydrocarbon resources such as biomass or oil residues, is
flexible with flexible conversion. In a gasification reactor, the hydrocarbons in the feedstock
are transformed into a synthesis gas (syngas), basically a mixture of H,, CO and CO,, which

can be used for energy generation, heat production and other chemical synthesis.

Coal gasification is the incomplete combustion of coal, and operates at specific condition of
temperature and pressure with deficiency of air in order to produce a syngas composed
primarily of H, and CO B®). For the purpose of power generation (created by turbines under
steam pressure) the CO is converted to CO, and H,, or CO; only, dependent on the air feed
(H20, O,). The gas product is composed of CO, and H, and CO, is captured prior to the
production of steam through synthetic gas combustion. The presence of H,O to convert CO to
CO; has an advantage of increasing the yield of H, resulting in large steam generation for
high power generation. Coal gasification in integrated gasification combined cycles (IGCC)
plants has the ability to render CCS easy and offers the lowest cost of CO, capture compare
to any fossil-fuel-based power plant ®%. In case of underground coal gasification (UCG), the
CO;, emissions are drastically minimized because UCG can be directly coupled to CCS in
order to contribute to a sustainable future ). Most CO, sequestration investigation are done
on considering depleted oil and gas reservoirs or geologically-similar deep saline aquifers,
while UCG operations create voids that offer further possibility for CO, storage ®®. In
addition, UCG process avoids the need for coal mining, transportation, preparation,
gasification equipment and the transportation as well as disposal of ash, which has cost, labor

and environmental benefits.
2.1.2. Other industrial sources of CO,
2.1.2.1. Cement production

Cement is an important construction ingredient produced in large quantity throughout world.
However, the process of cement production results in significant CO, emissions.
Investigations done have shown that 2.4% of global CO, emissions are released from cement
plants % CO, is released as a by-product during the calcination of CaCOs in the temperature
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range 600 - 900 -C. In the production of cements, Portland cement is made with addition of
gypsum, resulting in no additional emissions; while Masonry cement requires addition of

lime resulting in large CO, emissions.
2.1.2.2. Refineries

Refineries are production facilities to convert crude oil into finished petroleum products.
Refineries can operate with fractioned distillation process of petroleum to give different
finished products such as propane, butane, natural gas, refinery fuel gas, gasoline, solvent,
kerosene, chemical precursor (plastic, rubber, etc.), diesel, heating oil, lube oil, greases,
asphalt, pitch, coke and byproducts, respective to the temperature limit of volatility % It is
obvious that the combustion of refinery products results in CO, emissions into the
atmosphere, but the concentration of CO, emissions from the refineries process of petroleum
is relatively low. Emissions from the petroleum refining sector, classified by the IPCC (2006)
code 1Alb, cover all combustion activities required to support the refining of petroleum

products, including burning the site to generate electricity for own use %,

2.1.2.3. Iron and steel industry

Crude iron is obtained from the reduction of iron oxide performed in a blast furnace through
CO provided by the combustion of coke, petroleum coke, or coal. The process operates with
the addition of heat in order to melt the iron and elimination impurities. However, the CO,
emissions occur through the calcination of carbonate fluxes; the oxidation of coal/coke leads
to the production of CO,. The produced crude steel has 0.5 to 2 percent of C content by
weight, which is the cause of CO, emissions in the production of the steel. The steel can be
produced in a basic oxygen furnace (BOF) or an electric arc furnace (EAF). As the EAF
requires graphite electrodes, additional CO, emissions occur as these electrodes are

consumed [,
2.1.2.4. Petrochemical industry

Basically the petrochemical industry treats the outputs from crude oil refineries to produce

petrochemical products that are gathered in three groups as follow: olefins, aromatics and
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synthesis gas. These petrochemical products are utilized to make a wide range of chemicals
as shown in Figure 2.3.
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Figure 2.3: A Visual Sketch of the Petrochemical Value Chain and Applications **!

The IEA (2006) report stated that the chemical and petrochemical industry is the third largest
source of CO, emissions after the iron/steel and cement industries [°*!. The CO, emissions in a
petrochemical plant come from three sources: (a) large CO, emissions come from the fuel
combustion used to heat the steam cracker furnaces; (b) other energy (electricity) generation;

and (c) feedstock or process gas losses from cracker operations.
2.2. CO, CAPTURE, TRANSPORT AND STORAGE
2.2.1. CO, capture

Carbon dioxide as a gas contributes largely to the greenhouse gas effect, because large
quantities of CO, is produced from the combustion of fossil fuels such oil, natural gas or coal,
for energy production or heating, and in industrial processes. The capture of CO, is a huge
challenge which needs the implementation of advanced technologies able to significantly
reduce anthropogenic CO, emissions. Combustion plants have three methods for separating
concentrated streams of CO, *® as depicted in Figure 2.4.

e Post-combustion: Separation of CO, from N, O, H,O. In this method, the flue gas

stream from the combustor is subjected to CO, separation anywhere along the path
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before effluent exhaust. In general, the concentration of CO; is rarely above 15%
mole fraction and requires concentration to 95% after separation. Thus, the post-
combustion CO, capture is characterized by: (a) low CO, concentration (10-15%
CO,), 4.4%0,, 6.2% H,0, 73-74% N, 50ppm CO, 420ppm NOy and 420ppm SO, °°:
(b) large volumes, where 600MW coal-fired power station produces ~10,000 tonnes
CO, per day; and (c) elaborate low pressure. Post-combustion facilities can be
retrofitted to existing power plants ) or provided as a feature of new plants in the
future, but there is a need to bring down costs considerably. Despite the existing cost
barrier, post-combustion capture is receiving increased attention, because of the
realization that many existing coal-fired power stations will continue to operate for 30
years or more. In addition, post-combustion capture can be used to treat flue gases
from a range of industries including cements or iron and steel plants, not just fossil
fuel power plants.

Pre-combustion: this is the separation of carbon in the form of CO, from a resource
after the energy content of the resource is transferred to a carbon-free carrier. An
alternative approach, pre-combustion capture, involves IGCC. In this type of plant,
the fuel is not burnt, but is reacted at high pressure and temperature to form a
synthesis gas containing CO, CO, and H,. The CO, is then removed and the H; is
burnt to produce power, leaving H,O (vapor) as the main exhaust to the atmosphere.
The flue gas composition is 7.4-7.7% CO,, 14.6% H,0, ~4.45% O,, 200-300ppm CO,
60-70 ppm NOy, and 73-74% N,. The advantage of this approach is that it is much
less expensive than the post-combustion capture process. The disadvantages are that
there are only a few IGCC plants in the existing coal fleet and IGCC plants are more
expensive to construct + operate than PC plants when costs of CO, capture are not
included.

Oxy-fuel combustion: the nitrogen-free oxidizer stream is used for combustion in
order to produce a stream with composition: 3-4% O,, 0-10% N, 60-70% CO,, 20-
25% H,0, 60-85 ppm (NOx + SO;). This results in a flue gas with high CO,
concentrations (greater than 80% by volume). The water vapor is then removed by

cooling and compressing the gas stream.
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Figure 2.4: Carbon dioxide separation methods !

All coal-fired electricity is currently produced by direct combustion of coal with air in a
boiler, whilst gasification and oxy-fuel processes present good perspective for clean and
efficient energy production. Regarding the technology efficiency, the separation of CO, with
low partial pressure in the flue gas is more challenging. However, post-combustion offers the
advantages to be incorporated into existing combustion technologies without radical changes
to them. The power plants using pulverized coal systems can be more practically retrofitted
with CO; capture plants than the IGCC power plants; this makes post-combustion capture
easier to implement as a retrofit option to existing plants. IGCC power plants will require
certain modifications for the implementation of the CO, capture plant. In pre-combustion
capture, CO, found at much higher pressure is separated from gasified coal syngas (largely
H, and CO) prior to the gas going to a combustion turbine. While in the post-combustion
capture, CO, is at low partial pressure in flue gas from combustion and must be separated
from flue gas (mostly Ny). Finally, for oxy-combustion, coal is burned in nearly pure oxygen
separated from air to generate a flue gas that has a high concentration of CO, and almost

ready for sequestration, but O, separation is costly.

Progress towards more efficient and lower carbon capture from large point sources is

constrained primarily by technological progress in gas separation. The theoretical minimum
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energy of 200kJ/kg CO, is required for CO, capture plant technology to be approved
performant regarding the significant progress on energy penalty ™. An optimum design of
the process will provide the necessary equipment able to ensure good separation when
considering different factors that include selectivity, capacity, and regeneration. Therefore,
three factors will be important in achieving the design of the equipment: 1) flue gas
specification, 2) CO, product specifications, and 3) constrains that include flow rate of the
flue gas, product specification as defined in the scope of work, minimum harmful emission to
air or environment. Another factor that affects system design is the equipment’s pressure drop
gradient or required operating power. The equipment must be efficiently selected in order to
yield over 90% of CO, with other gases and trace of elements % ®). The maximum impurity
levels in captured CO, are as follow: H,S 3.3%, SO, 2.5%, O, 1.8%, H, 1.7%, CO 0.2%,
NOy, 0.15%; and maximum levels of trace elements are follow: Hg 0.14mg/kg, As 9.8 mg/kg,
Se 3.5 mg/kg, Cd 0.2 mg/kg, Pb 1.7 mg/kg Sb 0.74 mg/kg, Cr 22mg/kg, Ni 279 mg/kg,
1560mg/kg .

The purity of CO, concentration influences the efficiency of further operations which

includes compression and transportation, and storage.
2.2.2. CO, compression and transport

The CO, separated from flue gases comply with transportation requirements for injection in
the appropriate storage site. The CO, can be transported by either ship or pipeline (onshore or
offshore) without any particular technical problems, and has been done so far many years.
The big challenge is to design an advanced CO, transport technology able to carry highly
volumes of CO, form CO, capture plant to storage site after minimizing possible risks. In
transport by pipeline, the CO, must be carried under supercritical condition at a pressure over
74 bars ' ™ 72 To bring the CO, to supercritical stage requires combination of technique
processes in four stages, which include: compression, intercooling, dehydration, and
compression for supercritical CO,, as shown in the Figure 2.5. The dehydration stage operates
for liquid knockout in order to prevent the material of the CO, pipeline from being attacked
by moisture. The supercritical CO, is discharged to the storage site at appropriate delivery
pressure through multistage CO, pump/compressors, depending on the distance "?. The
possibility of transporting CO, by pipeline in liquid state under suitable conditions of

temperature and pressure (for example -40 °C and 10 bars), is still under investigation ["?. For
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the long distance, in particular, for offshore storage, the use of ship with tankers is more
advantageous to transport CO, than pipeline. The transport of CO, by ship requires less
energy, because the CO, is transported in liquid phase at moderate pressure and low
temperature (about 20 bars and -20 °C) ',

Captured
CcO2 ’
L

C0O2
Pipeline

2nd Stage 4th Stage

Figure 2.5: Typical Schematic of CO, Compression Process ["*]
2.2.3. Storage

The question about the place where CO, can be stored is fundamental, and must be answered
before capturing of CO,. The technology relevant to the geological storage of CO, requires
deep understanding and integration of basic principles of earth sciences, petroleum geology,
geophysics, geochemistry and engineering . If a 600 — 1000 MW power plant can release
about 10,000 tonnes of CO, per day ', it is really a huge task to find geologic sinks and
trapping mechanisms able to confine safely the injected CO, for eras. Small quantities of
essentially pure CO, can be used for industrial applications including carbonated beverages,
and urea + EOR ["® but the large quantities require a permanent sequestration in order to
reduce significant CO, emissions in the atmosphere. The exploration of efficient storage site
leads to different studies which include:

e Site selection and characterization giving a guarantee of leaktight storage about 0.01%
per year "1 because the leakage of CO- could release the CO, back to the atmosphere
and may present the potential for health problems other than global warming.

e Storage capacity and injectivity where a specific depth must be above 800m for CO,
injection in order to reach the pressure and temperature conditions respective to CO,

transition to supercritical state 8,
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e Containment able to encourage the geochemical reactions over time between the
injected CO, and the minerals in the rocks without any undesirable geomechanical
consequences. In addition, the planning and geologic analysis of the storage requires
safe operation through careful monitoring of the CO, during the injection and a long

time afterwards.

Underground and ocean CO, storage, mineral carbonation and industrial use of CO, are
briefly discussed.

2.2.3.1. Underground Storage

Several data sources have confirmed that underground CO, storage is feasible as a CO,
emission mitigation option due. The capacity, structure, seals, porosity and other properties
are assessed, that make underground storage safe to store CO, for decades or centuries; the
longer the CO, remains underground, the more securely it is stored. After injection, the CO,
enters the storage rock through tiny pores and, over time, dissolves into the water already in
the rock formation. Chemical combinations with the rocks will then occur for the trap pines
of CO, even more securely. The assessment of seismic activity of the underground storage
area is very important in order to prevent potential fractures in the rocks. Otherwise the rocks
will no longer act as a seal or cap rocks, but will allow the stored CO; to return to the
atmosphere thus potentially causing disaster to all surrounding life (life scale rupture) and
ultimately rendering the storage unsuccessful . The CO, may be stored in depleted oil and
gas reservoirs, possibly deep coal formations, and particularly saline formations (deep

underground porous reservoir rocks saturated with brackish water or brine) ©%.

In depleted oil and gas field, CO; is injected for enhanced oil recovery (EOR) or enhanced
gas recovery (EGR), where the injection of CO, could lead to greater production of oil or
natural gas due to changes in viscosity + pressure. The geology of hydrocarbon source rocks
is general well understood, and hence the reason why this option is nowadays extensively use
for CO, sequestration. The mechanism of EOR is that CO, as a solvent mixes with the oil,
causing oil expansion, oil viscosity reduction, and interfacial tension disappearance ®. The
produced oil comes out with about 50-67% of the injected CO, which must be captured in
order to be recycled to the oil reservoir 2. In United States, about 30 to 50 million metric

tonnes of CO is re-injected into declining oil fields ). The experience from the USA is that
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EOR with CO; gives an incremental oil recovery of 7-23% (average 13.2%) of the original
oil in place (OOIP) (IPCC-CCS 2005) 4,

With regard to CO, storage in coal formation, it is important to note that coal presents the
affinity for gas adsorption. Gas adsorption is the main mechanism of gas storage in coal
seams, geological factors such as pressure, temperature, moisture content and rank (including
lignite, sub-bituminous, bituminous and anthracite) play an important role in defining
reservoir capacity for CO; storage. Working on investigation of factors which influence the
CO; adsorption in coal seams, Ceglarska-Stefanska et al (2002) 8] found that capillarity
structure or maceral composition could act to reverse the usual trend and result in preferential
desorption of CO,. Likewise, Bustin et al (2000) ! concluded that the presence of moisture
has the effect of decreasing the amount of gas absorbed and the selectivity of CO,. Moreover,
the pore structure of coal is highly heterogeneous, with the pore size varying from a few
Angstroms to frequently over a micrometer in size ") One advantages of using coal seams
for CO, storage resides on the possibility of displacing the CH, in the coal by CO; injection
into deep unmineable coal seams. Injection of CO, enables more CH, to be extracted, while
at the same time sequestering CO,. Thus, the balance of CO, storage cost and the cost of
produced CH, results in low storage cost. However, CO, from the combustion of CH,4 and the
reinjection of CO; into coal seams, the coal bed can still provide net storage of CO,, because

coal can adsorb twice as much CO, by volume as CH, &),

The Norwegian research community will contribute in developing the knowledge and
technology necessary to enable large-scale storage of CO, (>10 Mt CO,l/year) on the
Norwegian shelf by 2018. Particular attention is put on the use of CO, for EOR, harvesting

from the Norwegian petroleum expertise and business opportunities related to CO, storage
[89]

Although the presence of water limits the storage capacity, deep saline formations are more
widespread and have the largest potential volumes for geological storage of CO, with fewer

well penetrations to reduce the risk of leak paths %!,
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2.2.3.2.0cean storage

As 70% of the Earth’s surface is comprised of oceans (with an average depth of about 3,800
m), deep oceans contain large spaces to isolate unlimited quantities of CO, from the
atmosphere for a very long time; probably several hundreds of years. The injection of CO; in
the ocean can be done into the saline water, where the CO, will dissolve and be diluted in
large volumes of seawater, or beneath the ocean floor (if injected). The CO, injected into the
oceans at great depth can take millennia to balance with the same quantity of CO, as it is
ultimately rereleased into the atmosphere. As the reaction of water with CO; converts to
carbonic acid, the CO, dissolves in the upper ocean layer in order to be mixed further with
deep ocean waters. However, despite there being virtually no change in acidity in the deep
ocean, the increase of CO, in the atmosphere has caused not only the climate change, also a
decrease of 0.1 in pH on the upper layer of oceans Y. The investigation done showed 30-
40% of anthropogenic CO, found in the atmosphere dissolves into oceans, rivers and lakes
%1 With regards to 1300Gt CO, released over the past 200 years into atmosphere by human

activities, the oceans have taken up about 500 GtCO, [*4,

The CO, ocean storage technology is under investigation and can be feasible after fulfilling
certain criteria that include ®): a) storage technology at effective cost; b) acceptable
environmental impact; c) politically and legally viable methods, and 4) the increase of

scientific certainty for safe CO, storage.
2.2.3.3.Mineral carbonation

The reaction of CO, with metal oxide bearing metals is a mineral carbonation process; the
formation of insoluble carbonates occurs where calcium, magnesium and iron are the most
attractive metals. The chemistry of mineral carbonation is completed with the release of heat
at suitable temperature and pressure levels, according to the following chemical reaction:

MO + CO;, ——> MCO; + heat. (2.2)
In the case of metal silicates, metal carbonate is produced with the silica in an exothermic
reaction, according to the following chemical reaction:

Olivine: Mg,SiO4 + 2CO, —> 2MgCO; + SiO; + 89 KJ mol™ CO, (2.3)
Serpentine: MgsSi,Os(OH)4 + 3CO, —>3MgCO; + 2Si0, + 2H,0 + 64 KJ mol™? CO, (2.4)
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Wollastonite: CaSiO; + CO, —> CaCOs + SiO, + 90 KJ mol™ CO; (2.5)
The reaction of solid and gas is too slow to be practical in the case of unrefined material
unless the reaction is done at reasonable pressure, especially for the refined materials like
oxides or hydroxides of calcium and magnesium P” %% Mineral carbonation with refined
materials can be also used for the CO; capture in case of pressurized CO; rich gases from
IGCC plants.

2.2.3.4. Industrial use — products

The production of chemicals through the industrial use of CO, as gas or a liquid or as
feedstock is an approach of mitigating climate change by keeping captured CO, out of the
atmosphere in order to store it in anthropogenic carbon products. Currently, CO; is used at a
rate of approximately 110 Mt CO./yr (33 Mt C/yr) worldwide, excluding the use for EOR !,
The industrial production of urea requires two third of this quantity of CO,, while the one
third is shared by different carbonate products, such as methanol and salicylic acid %% 1%,
Nowadays, the development of technology has given more influence to the industrial use of
CO;, for the production of fine and commodity chemical productions, fuel, plastics and
beverage. The greatest challenge for the industrial use of CO, is the storage life-time; the
limited cycle time of the industrial products enacts either the recycle of the products into a
new or different industrial product, or the disposal of the products as a waste. Thus, an
efficient CO, storage system will require the increase of amount of carbon in industrial

production or the increase of amount of industrial waste.
2.2.4. CO, capture economic cost evaluation

Regarding the impact of carbon constraints on different sectors of the economy, it is
important to set specific environmental and economically sensible approaches to controlling
GHG emissions, the primary driver of global warming. The government has to elaborate
policies relevant to the pricing CO, emissions through a carbon tax in order to encourage
companies and households to pollute less by investing in cleaner technologies and adopting
greener practices 2. A carbon tax is a fee placed on GHG pollution, mainly from burning
fossil fuels. The carbon fee or tax must be set with the strategy of making polluting activities
more expensive in order to render the green technologies more affordable. With the strategy
to reinforce the fight against global warming, Tokyo Metropolitan Assembly passed the bill
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to take effect in fiscal 2010 with the introduction of Japan’s first cap-and-trade emissions
trading program %) The 2010 carbon tax discussion paper proposes three options for
implementing comprehensive carbon price through the carbon tax, and defines the following
tax bases [10%!:

a) Carbon pricing will encourage a shift in production patterns towards low-carbon and
more energy-efficient technologies by altering the relative prices of goods and
services based on their emissions intensity, and by encouraging the uptake of cost-
effective, low-carbon alternatives.

b) The carbon-intensive factors of production, products and services are likely to be
replaced with low-carbon-emitting alternatives. In order to achieve the extent of
emissions reduction committed to under the Copenhagen Accord, the consumption of
certain carbonintensive products (e.g. cement, steel and aluminium) need to be
reduced and/or the production technologies have to become less carbon intensive.
Given that these industries are important for the country’s proposed infrastructure
building programme, appropriate policies are required to ensure that mitigation and
adaptation strategies are taken into account in investment decisions with long-term
lock-in effects.

c) A carbon price will create dynamic incentives for research, development and
technology innovation in low-carbon alternatives. It will help to reduce the price gap

between conventional, carbon-intensive technologies and low-carbon alternatives.

Regarding the carbon cost, it is obvious to say that CCS in power plants makes sense
economically only for large, highly efficient plants. Thus, the evaluation of CCS economic
cost is very important in order to determine from the project technical specifications, an
estimation of the investment required, the operating costs, and the possible revenues. A fairly
wide range of costs has been reported by literature for employing CCS systems with fossil-
fired power production and various industrial processes M%) It is estimated that the
investment cost of a demonstration power plant with CCS ranges from US $0.5 to 1 billion,
50% of which covers the CCS equipment ™%, The economic evaluation of CCS takes into
account the extra cost required for CO, capture, transport and storage divided by the quantity
of CO; stored in order to give the cost per tonne of CO,. The requirement on the CO, purity
(e.g. CO; concentration above 90%), the type of transportation (pipe or ship), and the storage
generally makes the cost per CO; to be high. The capture section, which includes the CO,

compression to a pressure, (typically about 14 MPa) suitable for pipeline line transport, is
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always very expensive compared to transport and storage costs. This is due to the energy
requirement for capture and compression. Today’s typical cost CCS in power plants may
range from US $30 to $90/tCO,. The cost includes capture at $20-80/t; transport $1-10/t per
100km; storage and monitoring $2-10/t 19181 |t is obvious that the increase of CCS cost per
tonne of CO, will increase also the cost of electricity, especially when the electricity is
generated by the fossil fuel power plants.

New or improved technologies for CO, capture have to be investigated with aims to reduce
significantly the cost of CO, capture in the future. An advanced technology must be able to
capture large quantities of CO, at record time with efficient energy and low economic cost.
Assuming the reasonable rates of technology learning, the total CCS cost is expected to fall
by at least 20-30%, while new technologies currently under development may allow for more
substantial cost reductions in the future M. In case of EOR or ECBM, the CO; storage is
beneficial to the oil or CH,4 production respectively. The additional tonne of oil or CH,4
produced per amount of CO, allows the deduction of storage cost per tonne of CO, to low

cost or no cost.

The majority of the operating costs are based on the consumption of utilities, including steam
and electricity. Other costs including chemical consumption, insurance and taxes, and labor
associated with the operation and maintenance along with overhead costs. Since the
concentration of CO, must be raised to above 90%, the more dilute CO, in the flue gas
generally more expensive the capture section. Making a comparison study of cost between
post-, pre-, and oxy-combustion, the average net efficiency penalties for post- and oxy-
combustion capture are 10 percentage points relative to a pulverized coal plant without
capture, and eight percentage points for pre-combustion capture. The costs of CO, avoided
are on average $58/tCO,, but vary between $40/tCO, and $74/tCO, for case studies across
OECD region. Costs of CO, avoided for China are estimated $42/tCO, "), Davidson (2006)

(119 has investigated the performance cost of power plant with capture (Table 2.3).

The CO, transport cost depends on the distance of the location storage site and the type of
transport used (includes pipe and ship). The transport of CO, through pipelines is the most
economical method able to carry large amounts of CO,. The cost of pipelines can be affected
by the distance and geographical location between the capture location and the storage site. A

normal terrain presents generally low cost, when compared to the more mountainous and
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densely populated areas. For a longer distances at sea, the use of ship will requires large
tankers in order to carry large amount of CO,. Ship transport will be preferred to the pipeline

especially for the long distance beyond 1000 km.

In the storage section of CO, the expectation of finding a safe and permanent CO, storage
plays a significant role in CO, storage cost. The specific reservoir depth and the geological
characteristics of the storage formation (e.g., permeability, thickness, porosity, etc.) are major
factors that will influence a significant range and variability of costs of CO, storage, which
include onshore and offshore locations. Table 2.4 depicts the estimation costs for CO;
storage, excluding monitoring costs in different geological sites, with offshore transportation
costs evaluated for a distance range and depth of 100-500 km and 3000 m respectively.

Table 2.3: Cost of electricity and CO, avoidance M7

Fuel Power CO;capture $1.1/GJ coal, $2.2/GJ coal,
generation technology $3.9/GJ gas $7.8/GJ Gas
technology

ckwh $tCO;, c/kwh $/tCO;
avoided avoided
Coal Pulverised None 4.46 5.36
fuel
Post-combustion  6.34 30 734 34
Fluor
Post-combustion  6.27 28 740 31
MHI
Oxy-combustion  6.63 33 7.76 36
None 4.88 5.81

IGCC

(Shell) Pre-combustion,  6.52 33 7.68 39
Selexol.

IGCC

(GE) None 4.55 5.60
Pre-combustion,  5.66 20 6.94 27
Selexol

] None 3.70 6.23

Gas Combined

Cycle Post-combustion, 5.07 44 8.03 58
Fluor
Post-combustion, 4.93 39 7.76 48
MHI
Oxy-combustion  6.84 85 998 102
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As shown in Table 2.4, unlike geological and ocean storage, mineral carbonation requires
significant energy inputs equivalent to approximately 40% of the power plant output.

Table 2.4: Estimates of CO, storage costs ™!

Option Representative Cost Range  Representative Cost Range
(US$/tonne CO, stored) (US$/tonne C stored)

Geological - Storage 0.5-0.8 2-29
Geological - Monitoring 0.1-0.3 04-1.1
Ocean

Pipeline 6-31 22-114

Ship (Platform or Moving

Ship Injection
12-16 44-59

Mineral Carbonation
50-100 180-370

2.3. CO, CAPTURE TECHNOLOGY

The focus in this research will be post-combustion CO, capture technology. A number of
separation technologies could be used with post-combustion capture. These include: (a)

absorption; (b) membranes; (c) cryogenics separation, and (d) adsorption.
2.3.1. Absorption

Absorption is a separation method based on Henry’s Law in which atoms, molecules or ions
enter some bulk phase — gas, liquid or solid material. With all the available CO, capture
technologies, chemical absorption of CO, is utilized as the most efficient technology for
capturing CO, M. The absorption is rendered possible through the use of solvent and
advanced studies have been done in order to find a number of properties that contribute to

determine if a solvent can be applied economically at an industrial scale for CO, capture.
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Recent investigations by Eirik Falck da Silva ™*? have suggested that chemical absorption of
CO; is likely to remain a highly competitive technology for CO, capture in the future. All
absorption processes are a continuous processes, which include an adsorption step where the
CO; present in the flue gas is selectively absorbed by the solvent, and a solvent regeneration
step where the CO; is extracted from CO; rich solvent (desorption) under specific conditions
of pressure and temperature. The absorption process becomes a big challenge especially
when chemical solvents are used for high-volume gas flows. The effectiveness requires large
amounts of material resulting in high investment costs and energy consumption. In addition,
degradation and oxidation of the solvents over time produces products that are corrosive and
may require hazardous material handling procedures 3. Among the solvents, alkanolamines
are divided into three groups, which are primary, secondary and tertiary amines, as well as
ammonia. Amine-based chemical absorbent is today the favorite chemical solvent technology
for CO, capture. Monoethanolamine (MEA) relatively cheap, and with the lowest molecular
weight 4 has been used as amine for CO, separation from natural gas streams. However,
this also has showed some ineffectiveness related to the energy regeneration, loss of solvent
due to high vapor pressure, and irreversible reactions with minor impurities such as carbonyl
sulfide (COS) and Carbon disulphide (CS,).

2.3.2. Adsorption

Adsorption is a separation method based on adhesion of atoms, ions, or molecules from gas,
liquid, or dissolved solid to a surface of porous materials ™. Porous adsorbents with large
CO, capture and desorption capacity under PSA or TSA conditions are currently under
investigation to overcome the disadvantages of amine aqueous solutions. However, the
separation of CO, from a diluted solution is more challenging; the adsorption technology has
the ability to treat diluted solution. The most important characteristics of an adsorbent to
achieve efficient CO, capture from CO, diluted in the flue gases are: capacity, selectivity,
regenerability, Kinetics, compatibility, and cost. For several economic, environmental, and
technical reasons, the adsorbent should not be discarded, after one use, but should regenerate

have crossed this out so many times.

In the process of CO, capture, the flue gas from coal-fired power plant must be cleanup prior
to CO, adsorption process. After leaving the boiler, the hot flue gas contains particulates and
certain gases including SO,, and NOy which can affect the performance of the CO,
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adsorption process. These components must be removed from the flue gas prior to CO,
adsorption. SO, removal is usually achieved in a Flue Gas Desulphurization (FGD) unit. The
investigation by Davidson ™ shows that SO, concentrations of less than 10ppm are
recommended in the flue gas prior to CO, capture. NOy is removed using Selective Catalytic
Reduction (SCR), Selective Non-catalytic Reduction (SNCR) or low NOx burners during
combustion. Particulate matter such as fly ash is removed by either electrostatic precipitators
(ESP) or bag house filters ™. This “clean” flue gas will flow to the CO, capture plant for

CO; separation.
2.3.3. Membranes

Membrane is a selective barrier based on the permeation of atoms, ions and molecules in
diffusion from bulk gas, liquid and solid *®!, The absorption process has been improved with
the application of membrane systems with thin barriers that, due to the high surface area,
allow selective permeation of certain gases; one component in a gas stream can pass through
faster than the others **°!. Permeation rates will be related to the sizes of the molecules or
diffusion coefficients in the membrane material. The driving force for the permeation is the
difference in partial pressure of the components either side of the membrane. However,
though an extra energy requirement, the ineffectiveness due to the direct contact between the
liquid solvent and gas mixture could be circumvented. It is noticeable that a membrane with
efficient permeation allows a higher uptake of absorbate in the liquid solvent compared to the
absorption where the gas mixture and solvent are in direct contact. The varying rates of gas
transport cause inherent difficulty to most membranes in achieving high degrees of gas
separation. In addition, the process must operate in recycling stream where the selectivity is
enhanced by refeeding the membrane with the previous refusal gas or multiple stages of
membranes to achieve CO, concentrations for geologic storage ™. This requires, of course,

an increase in energy consumption.
2.3.4. Cryogenic separation

Cryogenic technology consists at creating different phases allowing easy separation of
components. When gases have different freezing temperatures, they can be separated by
cooling them until they separate into different phases. Carbon dioxide can be frozen at 195 K
and atmospheric pressure, and pressurized past its critical point at about 304 K and 74 bars to
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form a liquid. The cryogenic separation technology for CO, is beneficial for oxyfuel
combustion where the flue gas contains 60-70% CO, with 20-25% H,O. The application of
cryogenic technology in post-combustion capture where the concentration of CO; is very low
(3-13%) in the flue gas, will require a theoretical energy requirement of 1.9MJ/kg CO,™! to
bring the CO, diluted in flue gas to the critical point. With real equipment, this could
represent a significant energy penalty, unless liquid CO; is already required for transport.

2.4. ADSORPTION TECHNOLOGY
2.4.1. Introduction

The adsorption technology has been booming in chemical industry, also in the fields of
environmental pollution control and energy utilization. Adsorption is classed among
practicable separation methods for purification or bulk separation in newly developed
material production processes of, for example, high-tech materials and biochemical and
biomedical products 221, Adsorption is usually described through isotherms, that is, the
amount of adsorbate on the adsorbent as a function of its pressure (if gas) or concentration (if
liquid) at constant temperature. The quantity adsorbed is nearly always normalized by the

mass of the adsorbent to allow comparison of different materials 2.

Adsorption takes place at the surface of the adsorbent where the solid and gas come in
contact with each other, i.e. at the interface between the phases. This is rendered possible
through self-distribution of molecules of adsorbate between the gas phase and the adsorbed
phase (almost instantaneously in some cases, in others at a measurable rate) until a state of
equilibrium is reached. Various forces are operative in holding together the atoms or
molecules constituting the solid. Regardless of the nature of the predominating forces, a
molecule in the body of the solid is subjected to unbalanced forces, the inward pull being
greater than the outward force 4. Gases are adsorbed on solids by the saturation of the
unsatisfied forces of the surface atoms of the solids by the force of the gas molecules striking
the solid surface. Thus, the reduction of the surface tension of the solid substance is obvious.
This process tends spontaneously to the decrease of surface energy, which is a function of
surface area and surface tension. Therefore, all adsorption phenomena are spontaneous 2%

and result in a decrease of the free energy of the system.
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Adsorption, being an exothermic process, decreases with a rise in temperature. The
adsorption process is thermodynamically exothermic with heat release. Therefore, the heat
from external source decreases in order to balance with the heat release in the system as the
adsorption temperature is intended to be constant for an isothermal operation. Thus, physical
adsorption and chemisorption will be relevant to the nature of the forces involved through the
evolution of the general magnitude heat. Indeed, physical adsorption named physisorption
takes place where the fundamental interacting force is caused by Van der Waals forces as
reversible force. Working in certain conditions, including high pressure, through weak
interactions such as van der Waals forces, adsorbents can separate CO, from a stream by
preferentially attracting it to the material surface. Upon changing the conditions to remove
the CO,, adsorbents can be regenerated with the ability to reverse the chemical potential
adsorbed phase. The challenge in adsorption is to improve the efficiency by working with
limited temperature changes that require a time cycle due to the heat capacity of adsorbent
material. The central advantage of physical adsorption methods is the possibility for low
energy requirement to regenerate the sorbent material, and the quick regeneration time
associated with changing the pressure “%®!. The forces operative at high temperatures for
primary chemical valence forces occurrence results in chemisorption. With regards to
chemisorption, gas molecules can chemically bond to the surface of some materials. The
molecule will be either totally bound to the surface as associative process, or the gas
molecule will break up as dissociative process, forming a bond. This, most of the time,

requires the sorbent to be composed of an active surface layer supported by an inert substrate.

2.4.2. Fundamental factors for designing adsorbents

Surface characteristics and pore structures of adsorbents are the main properties in
determining the performance of adsorption, based on equilibrium and rate properties as
factors needed for plant design. A high surface area to volume ratio will determine a
successful adsorbent as adsorption is a surface phenomenon. Large adsorption capacity as a
property for characterizing adsorptivity of adsorbents is an important aspect, which requires
understanding factors for adsorption efficiency, including large specific surface area and the
pore size distribution of micropore. The amount of gas adsorbed per gram of the adsorbent at
equilibrium is dependent upon the temperature, the pressure, and the nature of the adsorbent,
the preparation and history of the adsorbent and the adsorbate. The quantity of a gas adsorbed
by a given weight of adsorbent varies greatly from one adsorbing solid to another, as well as
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from different adsorbents of the same apparent chemical composition. It is not the most
porous adsorbent which adsorbs the most gas; the shape of the pores is an important
consideration. The pore structure of the adsorbent plays a part in unimolecular adsorption
only if an appreciable portion of the surface is comprised of pores that are not more than one
or two molecular diameters wide. In such narrow pores the heat of adsorption is greater than
on a plane surface, since the adsorbate is subjected to greater attractive forces. This results in
an increase in the amount of gas adsorbed. If the pores are too narrow, the molecules may not
be able to penetrate them. This may result in a considerable decrease in the amount of gas
adsorbed or an entire elimination of adsorption. Very fine pores act as molecular sieves,
allowing the penetration of smaller molecules and shutting out the larger ones. The
adsorbability of gas, i.e., the amount taken up by a given adsorbent at a fixed temperature and
pressure, depends upon the nature of the adsorbed gas. However, no simple quantitative
relationships have been advanced to express adsorption as a function of the nature of the
adsorbate.

Small particles as substrates are beneficial to providing large surface area. This gave raise to
nanotechnology, where a particle is defined as a small object that behaves as a whole unit in
terms of transport and properties. The physical adsorption and chemical adsorption
occurrence during the adsorption process depend on the surface characteristic of adsorbents

and their affinity with the adsorbate.

The selection of a proper sorbent for a given separation is a complex problem. The
predominant scientific basis for sorbent selection is the equilibrium isotherm. Diffusion rate
is generally secondary in importance. The equilibrium isotherms of all constituents in the gas
mixture, in the pressure and temperature range of operation, must be considered. The
adsorption isotherm is generally based on: (1) interaction potentials, and (2)
geometry/structure of the adsorbent. This shows the importance of physical and chemical
investigations on the bonding state and the reactivity of the functional groups on the surface
of an adsorbent 2”1 Thus, a specific tailoring of pore size and the surface of adsorbents will
certainly affect the surface area and the interaction between adsorbate-adsorbent interactions
respectively. The adsorption is then the phenomenon adsorbate-adsorbent interactions
depending on dispersion, electrostatic and chemical bond ™. \Weak chemical bonds
involving 7 electrons or @ -complexation may be a good factor of designing new and highly

selective adsorbents.
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Based on adsorption isotherms, the following factors are important to the design of the
separation process can be estimated "*3!:
a) Capacity of the sorbent, in the operating temperature and pressure range.
b) The method of sorbent regeneration— for example, temperature or pressure swing—
and the magnitude of the required swing.
c) The length of the unusable (or unused) bed (LUB).
d) The product purities.

An adsorbent will face fluid flow in order to yield its efficiency during the adsorption
process; however, all factors to the design the adsorbent can be suitable. Therefore, the deep

knowledge of fluid flow is of major importance for the effective adsorption.
2.4.2.1. Fluid flow through packed bed
The adsorption process is the contact between adsorbent and fluid in packed bed causing the

pressure drop during the fluid flow through the packed column, as shown in Figure 2.6. The

pressure drop depends on variables, which include particle size, fluid velocity and bed

dimension. The pressure is determined by the following equation 2% *°:
L 2
Ap=f (D—)Pf (Ve) (2.6)
p

Where:
f: a dimensional friction factor
L: length of packed column
pr- fluid density
vc: fluid velocity
Dp: particle diameter

36



Pressure Drop

Bed size increasing

Pressure Drop

Free Stream Velocity

Figure 2.6: The pressure drop in fluid flow 23!
2.4.2.2. Mass transfer and adsorption kinetics

Mass transfer of gas depends on the adsorption isotherms, flow rate (i.e. residential time), and
mass residence. Throughout the adsorption process there is occurrence of mass transfer zones
(MTZ) where the length of bed is involved in the adsorption process, and adsorption moves
along the bed from the inlet to the outlet point during the operation time. As an adsorbent
becomes exhausted in the zone where it reaches the equilibrium capacity, the MTZ will travel
further through the adsorbent. Thus, the MTZ length is a function of the influent rate and
adsorption rate. In the MTZ, the diffusion of adsorbate from the bulk toward the adsorption
site occurs in both axial and radial directions depending on the geometry/structure of the
adsorbent, the potential interaction between adsorbate and adsorbent!*? the velocity and
viscosity of the bulk fluid. Therefore, an efficient adsorption bed design will need adequate
length and velocity of MTZ in order to enhance the capacity of the bed. Minimizing the MTZ
length increases the capacity of the bed. Breakthrough point occurs when the front edge of
the MTZ reaches the end point of the bed. The breakthrough curves depend on bed geometry,
operating conditions, transport properties, heat effects, and equilibrium adsorption

isotherm(s).
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The adsorbate molecules transfer between the fluid and adsorbents through three stages in

packed beds 33 134:

a) External transport: First molecules transfer occurs via convection from the bulk flow
in the bed to the laminar film adjacent to the particle ™.

b) Internal transport: the penetration of the gas molecules into the porous structure and
the adsorbed on the internal surface of the pellet. Thus, the diffusion phase occurs
through pore diffusion and surface diffusion in parallel %37,

c) Adsorption: the attachment of the adsorbate molecules with the adsorbent via physical
or chemical adsorption. This phenomenon occurs on the interface between the gas
phase and the solid phase, either at the external surface or within the pores of the

particles (381391

Adsorption is complex; therefore, requires experiment for the understanding of the principle
relevant to it. It is difficult to utilize completely the maximum capacity of an adsorbent,
because of the involvement of the mass transfer effects in actual fluid-solid contacting
processes. The elaboration of model mathematics has been rendered possible when
considering that the mass transfer takes place from the fluid surrounding a particle into the
particle or vice versa, with the alternative that the intraparticle concentration of the mass
transferring species is concentric (the same as radial symmetry or center symmetry). Then the
physical adsorption in a packed bed with an imposed signal is described by the following

equations (40 1411:

2

x_p @ g_U@_gD{@j 27
ot OX X &, or Jq

oc 1 0( ,0c oc, 4

— =D ——1|r-=—= |- ——ac 2.8
i erzar( arj Po "t (2.8)
and when C=c =cCy,=0 at t=0; ?:o at r=0; the above equation at r = R becomes:

r

oc
D,—=k,(C-c 2.9
e~ =ki(C=) (2.9)
Where

a = particle surface area per unit volume of packed bed; with a = 3(1-¢,)/R for spherical
particles
C = tracer concentration in the bulk fluid

c = tracer concentration in the intraparticle pore volume
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Cad = @amount adsorbed in the particle

Dax = axial dispersion coefficient of the adsorbing species
D, = intraparticle effective diffusivity

Kt = particle-to-fluid mass transfer coefficient

R = particle radius

r = radial distance variable

U = interstitial fluid velocity

&p = bed void fraction

gp = Intraparticle void fraction

pp = particle density.

When c is small, the physical adsorption rate is assumed to be first-order

Caa _y [ Can (2.10)
ot K,

Where Ka = adsorption equilibrium constant and k, = adsorption rate constant.

Thus, Equation (2.10) results in Langmuir’s adsorption isotherm model, where the adsorption
is developed in a unimolecular layer from the stand point of the equilibrium between gas
molecules striking the surface, and those which evaporate after the lapse of a certain time.
When taking the concentration, c, to the partial pressure, p, of the gas, at the equilibrium, the
rate of adsorption is equal to the rate of desorption.

K_pl-c,)=k,C, (2.11)
Assume that K = k_,/k;,
hence,
Kp
C.,=—2 2.12
ad 1_ Kp ( )

Chungsying Lu et al. have found model mathematics to determine the amount of CO; on

adsorbents (g, mg/g) at a certain time (t, min) by the following relation
1 ¢t
6=—],QlC;, ~Cyy i (2.13)

where m is the weight of virgin adsorbents (g); Q is the influent flow rate (L/min); Ci, and

Cesr are the influent and effluent CO, concentrations (mg/L), respectively.
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2.4.2.3. Potential Energies for adsorption

Selection or synthesis of adsorbents for a target adsorbate molecule is based on the adsorption
isotherm. The interaction potentials and geometry/structure of the adsorbent are factors which
influence the adsorption isotherms. Work (W) must be done in order to take a gas molecule to
the adsorbed stage. Thus, the adsorption occurs when ® (Interaction Energy Potential) = W.
Considering the first adsorbed state approximately at the saturated vapour pressure Py, the

adsorption pressure P for the given @, and AG the free energy change ™. Hence:

~®=-AG=["VdP=RT In% (2.14)
D =D ssioae —atsosae T P atvorsare —adsorsen (2.15)
If @ = Dagsorvate-adsorbent

P=P5 +Pr + Ppa + P, + Peg (2.16)

Where

dp = dispersion energy,

®r = close-range repulsion energy,

®|ng = induction energy (interaction between electric field and an induced dipole),

®p, = interaction between electric field (F) and a permanent dipole (1),

®dyq = interaction between field gradient (F) and a quadrupole (with quadrupole moment Q).
(dp + DR) are nonspecific, which are operative in all sorbate-sorbent systems.

While (@ng + Pr, + Prg) arises from charges (which create electric fields) on the solid

surface.
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2.4.2.4. Heat of adsorption

Adsorption is accompanied by the evolution of heat, and temperature changes affect the
adsorption equilibrium relation and, in some cases, adsorption rate. The achievement of the
adsorption involves mechanical work, because the adsorption goes with evolution of heat.
Thus, the important definitions of heat of adsorption are differential heat of adsorption and
isosteric heat of adsorption. However, Enthalpy and internal energy state variables depend on
the initial and the final states: the definition of different thermodynamics paths will be
necessary for evaluation of the energy balance in adsorption process. As the adsorption
process is exothermic heat is released along the adsorption. A high heat release in an
adsorption isotherm will require a temperature controller in order to maintain the temperature
by regulating the external source of heat. This is beneficial for energy conservation which
results in low cost of energy expenditure. Conversely, in the desorption process, the external
source of energy operates to compensate the desorption heat which is absorbed by the system
due to endothermicity of the desorption reaction. A competitive adsorbent must be able to
release more heat during the adsorption than to absorb heat during desorption process. The
adsorption heat implies advection heat, diffusion heat and isosteric heat occurring according

to the following process *+:

a) The fluid is preheated and the transfer heat is done by advection due to bulk motion

Q= AvpC AT (2.17)
b) In interface fluid-solid the heat is transferred by diffusion
or o1
Q:APpCp(E_ay (2.18)
c) Inadsorption isotherm: Isosteric Heat Qs
Qp _ (8 In Pj
RT? L oT ), (2.19)

Where

Q: heat flux (w); A and A,: bed and particle surface area (m?) respectively; v: fluid
velocity (m/s); p: density; a: thermal diffusivity; T: temperature (K); Cp: heat capacity
(J/kg °C)
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2.4.3. Adsorption separation process

The adsorption separation process is based on uptake and release phenomenon, where the
efficiency depends on the conditions of operation including temperature, pressure and
medium pH. The regeneration of spent adsorbent is necessary because the low economic cost,

reduced environmental space for disposal and continuous operation.

2.4.3.1. Regeneration of spent adsorbent

Adsorption is an unsteady process which operates with different conditions for the
completion of specific stages. The regeneration of adsorbents is used on the one hand to
restore the adsorption capacity of exhausted adsorbent, and on the other hand to recover
valuable components present in the adsorbed phase, if any. As the sorbent has to be
regenerated for most commercial applications, the adsorption operations are necessary cyclic.
Therefore, adequate investigation is required to state the efficiency and cost of regeneration

which play important roles in the overall feasibility of adsorption process.

2.4.3.2. Regeneration methods

There are several methods in application for the regeneration of spent adsorbents:

QD
1

Thermal swing adsorption (TSA)

o
T

Pressure swing adsorption (PSA)

(e}
1

Vacuum swing adsorption (VSA)

d- Electrical swing adsorption (ESA)

A. Thermal swing adsorption

In a thermal swing adsorption (TSA) process cycle, the elevation of temperature is required

to regenerate the bed. Thus, the decrease of temperature promotes the adsorption while the
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increase of temperature promotes the regeneration or desorption. The suitable way for raising
the temperature is to preheat the gas in order to purge the bed. This process is important for
the sweeping of the adsorbent, with the intention to remove the gas or water previously
incorporated in the lattice of pores, in order to provide more available sites for adsorption.
The greatest challenge in adsorption processes using TSA is the heating and the cooling
times, which generally lengthen each cycle usually from several hours to over a day. To
circumvent this challenge requires a specific internal heat-exchanger able to collect the heat
released from the processes, including adsorption and cooling, to heat up the adsorber for
desorption process 4 21 Therefore, specific numbers of beds must be arranged in order to
synchronize the TSA system with efficient timing for the multiplication of cycles resulting in
higher daily adsorption. Since the TSA operates with a complete cycle of adsorption and
desorption, dual-bed systems are most commonly used for TSA. The dual-bed systems will
then operate continuously in such way that when one bed is adsorbing, simultaneously the
other is desorbing. To circumvent certain unexpected problems in the operation of TSA
system, a third bed was found appropriate to operate as a guard bed 1. A large number of
beds to assure the TSA system to operate continuously will increase the daily adsorption rate;

but will be a drawback due to large space, high energy cost and high equipment cost.

The TSA system is good for strong adsorbed species ™" and a small change of temperature
has the advantage of increasing significantly the adsorption capacity. In addition, the
desorbate is recovered at high concentration. However, the thermal aging of the adsorbent is
one of disadvantages in TSA system. Also, the heat loss causes the inefficiency in energy
usage & %%l Furthermore, the TSA system is unsuitable for rapid cycling due to inability

for the adsorbent to be used for maximum efficiency.

In carbon capture technology, the TSA system is suitable for post-combustion capture where
the gas mixture is supposed to be at low pressure and most of the time low temperature. The
process of preparation is not so significant than it could be for pre-combustion capture where
the gas is released from the power plant to the capture plant at high temperature and high

pressure.
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B. Pressure swing adsorption

Pressure swing adsorption (PSA) is an unsteady technology for separation and purification of
gas mixtures. The increase of pressure promotes the adsorption while the decrease of pressure
promotes the regeneration or desorption. PSA is favorable for high purity of species;
therefore it is good when the adsorption is weak. The cyclic operation relative to adsorption
desorption is rapid and efficient in PSA system; however the process requires high
mechanical energy which is more expensive than heat and also the desorbate is recovered at
low purity. A conventional PSA method involves a usual cycle of four steps ranked as follow
compression (pressurization), high pressure production (i.e. feed), decompression (i.e.

blowdown), and low pressure purge ™.

C. Vacuum swing adsorption

Vacuum swing adsorption (VSA) operates at low temperature; therefore requires less energy.
VSA is more efficient and requires less maintenance than TSA and PSA. The main difference
between PSA and VSA is that in PSA the feed gas is compressed substantially above
atmospheric pressure and the recovery is done at atmospheric pressure. While in VSA, the
feed is only “slightly” compressed (up to 1.5 atm at most), and the recovery is performed

under vacuum conditions ™54,

D. Electrical swing adsorption

Electrical swing adsorption (ESA) applies an electric field to drive the cycle adsorption-
desorption with a basic switch able to be turned on/off for gas separation. This results in
instantaneous modification of thermodynamics of adsorbent/adsorbate interaction with the
external field. The complete realization of ESA to its fullest potential has the advantage of
increasing the efficiency of overall energy production *°2. Moreover, the ESA system is very
fast because the temperature of the adsorbent is rapidly increased through the application of a

low voltage electric current by the direct Joule effect %% 154 155 156 and requires less energy.
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One of the disadvantages in using ESA system is that the electric power is used to raise the
temperature compared to TSA system where the waste heat is used to increase the

temperature 57,

2.4.4. Adsorption technology for CO, Capture

Adsorption technology for CO, capture separates CO, from flue gas from fossil fuel power
plants. CO, adsorption is based on a cyclical process in which CO, is adsorbed from a gas
stream on to the surface of solid called adsorbent. The gas stream, with most of the CO,
removed, is then emitted to the atmosphere. The adsorbent is then regenerated using
differences in either pressure or temperature to remove CO, and compress it for storage. In
both pre-combustion and post-combustion capture, the flue gases are hot and wet and require
pretreatment specific to the adsorbent or bed. But most of the time the flue gas from post-
combustion is pre-treated through the desulphurization process, and therefore meet the CO,
adsorption requirements. Developing an adsorbent based system for CO, capture requires a
material that is cheap, environmentally friendly, impurity and water tolerant, and has a good

thermal stability.

The adsorption technology for CO, capture uses different types of bed (namely fixed bed,
moving bed and fluidized bed) where the efficiency is of importance.

2.4.4.1. Adsorption technology for CO, capture using fixed bed

A fixed bed packed bed reactor consists of a compact, immobile stack of catalyst pellets
within a generally vertical vessel ™. In the technology of fixed bed adsorption the adsorbent
is usually in a vertical cylindrical bed, where the gas is injected from downstream to upstream
in case of low pressure or from upstream to downstream in case of significant or high
pressure. One of advantages of the fixed bed is that the attrition is minimized therefore the
adsorbent has a long life. Figure 2.7 shows three beds operating in a TSA system, where a

complete cycle occurs in the following stages *%):
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1) Feed: the flue gas goes into the adsorption bed, CO, is adsorbed and N flows
through.

2) Purge: CO; is pumped back into the adsorption bed to flush out impure nitrogen
trapped in spaces between the granules of the adsorbent.

3) Evacuate: the vacuum pump lowers the pressure and CO, is removed from the

chamber.

4) Repressurise: N, flows back into the adsorption bed to re-pressurise the adsorption
bed.

Remove A
other gases

Decrease pressure
or increase
temperature

to desorb CO, q

Process } @
stream : Remove
’ @ Carbon dioxide (CO, Other gases
Figure 2.7: Three fixed beds operating in TSA system for CO, capture ***

Figure 2.8 shows use of a TSA system technology where a fixed bed contains two types of
adsorbent. The flue gas is injected where the lower adsorbent operates to capture SOx, NOx
and water. The flue gas, devoid of SOx, NOx and water, continues its path upward into the
upper adsorbent, where the CO, is captured. The two kinds of adsorbent must have different
condition of adsorption and desorption. Therefore, these adsorbents are designed in such a
way that CO; is not supposed to be adsorbed at the lower adsorbent, likewise SOx, NOx and
water at the upper adsorbent; however they can pass through to be removed for adsorbent

regeneration.
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Figure 2.8: A fixed bed with two different types of adsorbent for specific adsorption !

Compared to other reactor types or designs utilizing heterogeneous catalysts, the fixed

packed bed reactors are preferred because of simpler technology and ease of operation %41,

2.4.4.2. CO, adsorption technology using moving beds

The CO, adsorption technology using moving beds (Figure 2.9) consist of the circulation of
solids as adsorbents from adsorber to regenerator and vice versa. During the adsorption
process, the flue gas and the steam at low pressure are injected counter current to the
adsorber, and to the regenerator for the capture and release of CO, respectively. The moving
bed has the advantage of rapid generation after adsorption completion and the heat transfer is
better than in fixed beds. The technology of moving bed is more expensive as it is a more
complex piece of equipment compared to fixed beds. Moreover, inevitable attrition of the
adsorbent occurs, with the equipment. This requires more attention on the selection of

equipment.
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2.4.4.3. CO, adsorption technology using fluidized bed reactors (FBRS)

The technology of fluidized bed (Figure 2.10) consists of a suspension of solid particles in an
ascending circulation of flue gas under pressure, making a bed for CO, adsorption. A limited
velocity of the fluid is required to avoid random movement of particles caused by the
circulation of fluids with excess of upward velocity “°%. The solid particles saturated with

CO; are recovered by overflow for further regeneration.
The advantages of using a fluidized bed are as follows. *°:

a) Good thermal transport inside the system and good heat transfer because the contact
of the solid particles with the fluidization medium is greatly enhanced. Thus, the FBR

system is beneficial for large-scale operations

b) Uniform particle mixing resulting in elimination of radial and axial concentration

gradients.

¢) Uniform Temperature Gradients leading to exothermic reactions.
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d) Ability to operate reactor in continuous state

a)

b)

suspension.

the fluid.

d)
complex mass and heat flows within the bed.

f) Pressure loss scenarios leads to sudden loss of fluidization pressure causing sudden

surface area reduction and runaway reaction.

!

Gas Bubble o

Gas —

e = — - -

The disadvantages of using a fluidized bed are as follow 6%
Increased reactor vessel size causing the expansion of the bed materials in the reactor

Pumping requirements and pressure drop resulting in higher fluid velocity for solid

Particle entrainment requires extra unit for the separation of fine particles entrained in

Lack of current understanding because it is very difficult to predict and calculate the

Erosion of internal components cause possible wear of the reactor vessel

Solid
t—  Particle

Distributor

Figure 2.10: Fluidized bed reactors (FBRs) [
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2.4.5. Adsorbent materials for CO, capture

Suitable adsorbents for CO, capture from flue gas should satisfy several important criteria to

compete with the present technologies, including:

a) The solid sorbent for CO, must be cost effective and energy-efficient where a highly
exothermic adsorption reaction will prevent heat from generated source. !

b) High adsorption capacity and high selectivity for CO,

c) Adequate adsorption/desorption kinetics and high rate of adsorption under the
operating conditions.

d) The stability during repeated ad/desorption cycling for adsorbents life time and
replacement frequency.

e) Mechanical strength: stable microstructure and morphology under several operating
conditions which include high volumetric flow rate of the flue gas, vibration, and
temperature.

f) Good performance in the presence of moisture and impurities in the feed (i.e. water
vapor, O, and SO,)

g) Low operating cost

Among prospective materials for the gas separation processes are: activated carbons 167 1681
silica gel, zeolites "% and metal-organic frameworks (MOFs); and related compounds

[171.172] are currently receiving preferential attention.
2.4.5.1. Activated carbon

Activated carbon is prepared at high temperature from carbon containing source materials
such as coal (anthracite or brown coal), lignite, wood, nutshells, petroleum, and sometimes
synthetic high polymers, which are commercially available for different actions including gas
purification, and removal of organic pollutants from water 3. The huge advantage over
other adsorbents is the temperature stability over 500 C and low cost of the raw materials.
Activated carbon as a non-polar adsorbent provides the larger micropores preferable for the
adsorption of larger molecules. With larger micropores, this method will be inefficient for
CO, capture and gas separation, because the molecule gases in flue gas have generally small

sizes: 3.3, 3.5 and 3.6 Angstroms for CO,, Oy, and N respectively " The adsorption is
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more efficient when there is good contact between the adsorbent and the adsorbate.
Therefore, the yield of activated carbon from raw materials is, in most cases, less than 50%,

and sometimes 10% 7%,

2.4.5.2. Silica gel

Silica gel, another type of adsorbent, is a dehydrated adsorbent with nanopores, generally
obtained through coagulation of colloidal solution of silicic acid. Possessing a highly porous
form of silica, with an extremely large internal surface area, silica gel is non-corrosive,
odourless, tasteless, non-toxic, and chemically inert *!. Silica gel has a very strong affinity
for water; this enables its use in numerous applications, including dehumidification of gases
such as air and hydrocarbons, chromatographic separation, and removal of impurities in
adsorption. Silica gel can be used to capture CO,, but, as it is also a good adsorbent for Ny,
the adsorption process will be more selective in oxyfuel separation methods. Hyun-Kon Song
et al. ® chemically modified the surface of silica gel at 700 °C in order to increase the
adsorptivity for CO,. However, the adsorption process, requiring large energy consumption,
operates at 100 — 250 °C.

2.4.5.3. Zeolites

A third adsorbent is natural zeolite, an aluminosilicate mineral, composed of SiO4 and AlQO,,
tetrahedra with shared O, atoms with various regular arrangements in order to form an open
crystal lattice containing pores of molecular dimensions into which molecules can penetrate.
This form of structure gives zeolite the characteristic of a polar adsorbent. Zeolite as an
adsorbent is used for drying agents, deodorants, adsorbents for air separation, ion exchangers
for water purification (especially for removing ammonium ion and heavy metal ions), and for
water softening, soil upgrading, and so on 2771 Zeolites are used in the petrochemical and
petroleum refining industries as ion exchangers, adsorbents, and selective catalysts 78 and
have a high affinity for polar molecules such as H,O and CO,. Breck (1974) found at ambient
temperature and pressure competitive adsorption using zeolite is typically of the order
H,0>C0,>N,>0, ™. Thus, it is more challenging to separate CO, from flue gas containing

water by the use of zeolite as adsorbent.

51



2.4.5.4. Metal Organic Frameworks

Metal-organic frameworks (MOFs) are easy to synthesize and have permanent porous
structures able to operate as a molecular sieve or as a storage device for some gases ™.
Thus, MOFs are developing rapidly as materials for selectivity adsorbing CO, ™. MOFs are
highly porous*®?, and thermally stable. ®3 Also they can be made in large quantities from
low-cost ingredients. In addition, they can be designed for a specific pore size, and
functionality can be added to the pores 8. MOFs exhibit higher CO, adsorption capacities
than traditional zeolites and other porous material reported ®%. Some MOFs can selectively
adsorb CO, from mixture with N, or CH, at both sub-atmospheric pressures and high
pressures 88 Yazaydin et. al (2009) through the presence of water molecules coordinated to
metal sites in the framework, have shown that CO, adsorption in Cusz(btc), (HKUST-1 or Cu-

BTC, btc-1,3,5-benzenetricarboxylate) was significantly high. 287!

2.4.6. Modification of surface characteristic of adsorbents

Most physical CO, adsorbents such as 13X zeolite,*¥® # activated carbons, 9 91

unmodified periodic mesoporous silicas, ™% and metal-organic frameworks (MOFs)[***
present a drawbacks according to the conditions of adsorption operation which require large
pressure and/ or temperature gradients between the adsorption and desorption stages in order
to perform efficient adsorption and adequate regenerability. Additionally, they display
relatively low selectivity toward CO, and mostly low tolerance to water vapour in the gas

feed, and their CO, separation performance decreases significantly at increasing temperature.

The surface characteristics of an adsorbent can be technically subjected to modification in
order to improve the affinity or/and the interaction potential between adsorbent and adsorbate
for adsorption capacity enhancement. In the mixture of the gas, the adsorbent preferentially
adsorbs the molecule where it has greater affinity. The application of chemicals on a given
adsorbent will either modify the chemical surface of the adsorbent or/ and change the
geometry/structure that includes surface area, pore volume and pore size. Nowadays, with the
use of amine, there is a trend of modification of chemical surface of adsorbent for CO,
capture, due to the fact that the chemical reaction of amine and CO, results in carbamate
formation which is a reversible bond. However, amine degradation and the energy intensive

nature of the regeneration process, motivate alternative approaches; the separation of CO;
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from low pressure stream gases by amines is recognized as an effective technology for CO;
capture %4 195 191 Monoethanolamine (MEA) has been the most common adsorbent in
absorption technology for CO, capture plants leading to carbamate formation in aqueous
solution. The chemical engineering literature has shown considerable number of publications
on carbamate formation %7 1% 1 |y the prominent mechanism of carbamate formation,
Caplow (1968) 2 originnally showed the formation of a zwitterionic form of the carbamate,
followed by a slow proton exchange reaction with a base. Furthermore, this carbamate

formation mechanism, as showed below, has been used in many instances 2%,
CO, +RNH, <> RNH,CO, (2.20)
RNH,CO, + B <> RNHCO, +BH " (2.21)

During the reaction amine and CO,, the amides obtained through carbamate formation cannot
protonate easily, because they are very weak bases compared to amine itself. Consequently,
the released proton is captured by the amine to form an ammonium complex, according to the

following reaction:

2RNH,, + CO, <> RNHCO, + RNH (2.22)

Many types of adsorbents with amine surface modification have been reported, including
amine-tethered silica materials %% 2% 204 2051 ‘activated carbon, zeolite and carbon nanotubes
[208] " Chungsying Lu et al. (2008) ™2 investigated the adsorption behaviour of zeolite,
granular activated carbon (GAC), and carbon nanotubes (CNTs), and also their modified
surface in CO; capture using 3-aminopropyl-triethoxysilane. Under the same conditions, the
modified surface of these adsorbents have shown high CO, adsorption capacity, where the
modified CNTs possess the greatest followed by the modified zeolites, and then the modified

GAC.

A big challenge of the use of amine is related to health risks; the wide-scale deployment of
CCS requires that health, safety and environmental risks are identified and minimized 2% 208
209.2101 The jdentification of a risk can lead to the performance of new studies to circumvent
the risk in order to design and operate an amine based CO; capture plant without any health

and environmental risks.
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For a long-time, polymers have been used as an adsorbent for volatile organic compounds
(2111 "While the pores of polymers can range from macro-porous through molecular sizes, the
application of polymeric adsorbents has been limited due to the lack of very small
micropores. These days researchers focus on polymers containing amine group ?*? in order
to increase the affinity of the adsorbent with CO,. Such polymers have a promising potential
for large CO, capture capacity respective to the large number of amine group in monomer
along the polymer intended to be converted to reversible carbamate. Thus, a long chain
polymer grafted with an amine group will capture more CO, than a short chain polymer. The
selection of polymers must be done with the aim to maximize their potential as polymeric
adsorbents through the decrease of toxicity, and (or) the increase of adsorptivity index of
CO,. Accordingly, they must meet certain requirements which include biodegradability,

biocompatibility, and chemical composition.

The most common polymer with amine group investigated for CO, capture is
Poly(ethylenenimine) (PEI) 213214 215 218l: the strycture is shown in Figure 2. 11 Eoghan et al
(2008) ™ by increasing the molecular weight of PEI from 6000, 10000 to 25000, found that
the capacity of CO, capture increased respectively. However, PEI is extremely toxic 7, due
to two different mechanisms #*: 1) the disruption of the cell membrane leading to necrotic
cell death (immediate), and 2) the disruption of the mitochondrial membrane after
internalisation leading to apoptosis (delayed). In addition, Yuting, et al (2008) % showed

that the PEI becomes more toxic and non-biodegradable at higher molecular weights.
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Figure 2.11: Polyethylenenimine structure ?*%

Carbon nanotubes (CNTs) have recently gained popularity as potential gas carriers due to
their high surface area, enhanced porosity, superior thermal conductivity, and mechanical,

and electrical properties **21. CNTSs are categorized as single-walled nanotubes (SWNTSs) and
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multi-walled nanotubes (MWNTSs) with single and multiple rolled layers of graphene
respectively. However, due to the hydrophobic and inert nature of the surface of CNTSs,
modification of the surface is necessary in order to improve the interaction of CNTs and
foreign molecules ???. This manner of modifying the surface of nanotubes results in the

functionalization of the CNTSs.

The functionalization of MWNTSs includes covalent functionalization and non-covalent
functionalization. In the covalent functionalization the chemical reactions form bonds on the
nanotube sidewalls, resulting sometimes in a change in structure. Non-covalent
functionalization of MWNTs can be modified with amphiphilic surfactant molecules or
polymers. The non-covalent dispersion of MWNTS in a solution allows preservation of their
aromatic structure and thus their electronic characteristics “*%!. In addition, the physical

properties of MWNTS are essentially preserved by the non-covalent approach.

The functionalization of CNTs with polymers has been beneficial to circumvent the challenge
related to polymer macropore capacity, and has extended the application of polymers as
adsorbents with micropores. It has been shown that SWNT will be attached by more than two
up to five polymers 2! while a polymer grafted with amine can present many available sites
for CO, trapping, as shown in Figures 2.12 and 2.13. Aiming to trap CO,, the integration of
CNTs with functional groups, specifically amines, has been found to be good for high

selectivity toward CO,, (2%

NEe  NH, N, NE,€ N, NHCOO' i,  NHCOO NH,  ywcoo

Co,
TL'_H_L’_‘_'_L —

+
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Figure 2.12: Chemical Structure of Polymer grafted with amine and CO, in reaction %24

Coating of CNTS withh Polymmer

Figure 2.13: Structure of coating of CNTs with polymer [225]
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In this work an adsorbent tailor-made will be designed from a long chain polymer (molecular
weight > 50000) grafted with amine for CO, trapping, covering MWNTSs for structure/
geometry enhancement. The synthesized polymer will have high molecular weight, being
polysuccinide (PSI) with diamines, resulting in (polyaspartamide) PAA production. The
synthesized PAA will cover MWNTSs to enhance the adsorbent characteristics. The synthetic
polymers, presenting high CO, adsorption capacity, are tailor-made in accordance with the
general requirement to be fulfilled by any polymer in the attempt to serve in a biological
environment with their minimal entire molecular-weight distribution of 50000. These
synthetic polymers are categorized according to the chemical nature (e.g. polysaccharides,
vinylic, acrylic polymers, poly(amino acids), etc.), the stability of the backbone, and the
molecular weight. In recent years, intensive studies of poly(amino acids) have been
performed, motivated by the definite advantages these polymers have over other
macromolecules generally used as drug carriers. The first poly(amino acid) whose plasma
expander property was investigated was poly(glutamic acid) ?*!. However, the results were
not encouraging, the compound proved to be toxic 22" 281 Therefore, the interest for the
preparation of uncharged poly(amino acids) as plasma expander rose. In this respect, the
polycondensation of aspartic acid at the temperature range 190 - 250 ‘C was used to
synthesize poly(succinimide) (PSI) with high molecular weight (> 640000) ?*! and closed
ring (Fig. 2.14); this exhibited special properties, such as biocompatibility, biodegradability
(230 and non-toxicity @Y. The PSI can be lengthened by the use of
Dicyclohexylcarbodiimide (DCC) %% as a coupling agent. Due to its long chain, ease to open
the ring by amine action, and ability to retard renal clearance, PSI has been chosen as the best
macromolecular carrier for drug delivery 2% 24 21 Moreover, PSI is used in engine oil
compositions of various viscosity grades as dispersants, with complementary antifriction
efficiency, and some conventional detergent, antioxidant, antiwear, and anticorrosion engine
oil additives 2 %71 Thus highlights the choice made to use PAA a polymer with PSI as the
backbone incorporated with diamine (NH,-R-NH,), as shown in Figure 2.15; here one amine
is grafted to the backbone in order to open the ring for amide formation, and another remains
available for CO, trapping. The amide group is a biofissionable bond able to be broken under
enzymatic or hydrolytic actions. This gives to the PAA the characteristic of biodegradability.
In addition, the diamine must be totally fixed in the PAA without excess; excess amine can

increase the health and environmental risks, and material corrosion as well.
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Figure 2.14: Polycondensation of aspartic acid for Poly-DL-succinimide synthesis %%
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Figure: 2.15: PSI grafted to diamine for Polyaspartamide synthesis %%

For the choice of diamine, a large commercial availability must be considered in order to
enssure continuous operation of the adsorption unit. Ethylenediamine (EDA), an organic
compound with the formula Cy;H4(NH,),, is the most commercialized diamine with a
worldwide yearly production of approximately 0.5 Mt *°). EDA has large applications that
include bleach activator, chelating agents, corrosion inhibitors, elastomeric, fibbers,
fungicides, fuel additives, mineral processing aids, pharmaceutical intermediate, plastic
lubricants, polyamide, resins and rubber processing additives, textile additives, and urethane

chemicals [#44,

The choice of 1,3 propanediamine (PDA), an organic compound
[CsHs(NH,)2] was beneficial in order to investigate the behaviour of polyaspartamide using
diamines with variable alkanes for CO, capture. Monoethanolamine (MEA), having both

amine and phenol groups, is used in aqueous solutions to remove CO, from flue gas.

2.4.7. Moisture effects on adsorbents for CO, capture

The flue gas from combustion power plants generally includes some moisture in its
composition, originating mostly from the combustion of H,, or sometimes also from the
crude materials containing moisture before combustion. During the combustion process of

fossil fuel, carbon and hydrogen are converted to CO, and H,O respectively. The presence of
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moisture in the flue gas becomes a challenge for CO, adsorption efficiency, due to either the
affinity of H,O over CO, for a given adsorbent, or the possible pore blockage preventing the
CO, from finding available sites for adsorption. Jadhav et al. **?! found that hydrophilic
materials, such as 13X zeolite, decrease the CO, adsorption capacity in the presence of
moisture. Su et al. ¥ stated that hydrophobic materials, such as CNTs, experience an
increase of CO, adsorption capacity in the presence of moisture.

With regard to amine adsorbents, it is noticeable that the reaction of CO, with amine results
in carbamate formation, as shown in Equation (2.22) where the stoichiometry gives
0.5molCO,/mol. Concerning CO, in the presence of moisture, there is the formation of
carbonate due to the amphoteric aspect of H,O which behaves as base and acid by releasing
OH" and H" to CO, and amine in order to make HCO3 and RNHs", as shown in Equations
(2.23) and (2.24) 2441,

RNH, + CO, + H,O %RNH; + HCOj3 (223)
Ro,NH + CO,+ H, O <——> RZNH2+ + HCO3 (224)

Thus, the stoichiometry evaluation of Equations (2.23) and (2.24) show the amount of
1molCO,/mol. The CO, uptake obtained for the flue gas with moisture has doubled compared
to the dry flue gas. This shows that the amine adsorbent has the potential to increase the CO;
adsorption capacity by 100% from dry flue gas to flue gas with moisture content. Peter et al.
245 shown the increase of CO, adsorption capacity with mesoporous silicas synthesis and
triamine silane grafting, in the flue gas with moisture. Huang et al. **®! shown that the CO,
adsorption capacities of monoamine grafted on silica-based and silica xerogel doubled from
dry flue gas to a more humid flue gas. Hiyoshi et al. ), studying the effect of amine and
moisture on CO, adsorption performance for various amines grafted onto SBA-15, found a
slight decrease of CO, uptake when using monaamino and slight increase when using both
diamino and triamino. Thus the statement saying that the CO, adsorption performance is
relative to amine density. The modification of the chemical surface of Y-type zeolite by the
use of tetraethylenepentamine (TEPA) resulted in an increase of CO, adsorption capacity
from dry flue gas to flue gas containing. **® Wurzbacher, et. al. ¥ investigated the
adsorbent diamine-functionalized silica gel, and concluded that the CO, adsorption capacity
is higher in flue gas with moisture content than in dry flue gas.
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The adsorbent MWNT-PAA designed in this work presents the potential of hydrophobicity
due to combination of MWNT, which is highly hydrophobic, and the polymer PAA, which is
water insoluble. Furthermore, the presence of amine in MWNT-PAA procures the ability of
carbonate formation in the presence of water. Therefore, it is predictable for the CO;
adsorption capacity to be higher in the presence of flue gas with moisture content than dry
flue gas when using the adsorbent MWNT-PAA for CO, adsorption.

2.4.8. Specific Characterization for adsorbents evaluation

2.4.8.1. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is an analytical technique which provides
information on the magnetic properties of the center of an atom (nucleus) which contains
protons and neutrons. The principle of NMR is based on specific resonance that an
intramolecular magnetic field around an atom in a molecule can change in order to give
access to details of the electronic structure of a molecule *°!. Therefore, NMR is used to
determine the content and purity of a sample, as well as its molecular structure. Through the
NMR, it is possible to qualitatively analyse mixtures containing known compounds. The
NMR is active in the magnetic field of *H (proton) or *3C (carbon) where electromagnetic

radiation can be absorbed at a frequency characteristic of the isotope. !

2.4.8.2. Fourier transform infrared spectroscopy and Raman spectra

Fourier transform infrared spectroscopy (FTIR) and Raman spectra both probe molecular
vibrations, and they are often used for similar analytical problems, with FTIR being more

commonly used.

FTIR is an analytical technique which provides information for a solid, liquid or gas through

infrared spectrum captured by absorption, emission, or photoconductivity 2°%. It is noticeable
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that every atom or molecule vibrates at a specific frequency which is related to a wave
number. Thus, the principle of FTIR analysis is based on the absorption of infrared of matter,
causing the increase of vibration energy in atoms or molecules within the matter.
Consequently, the link between atoms will be excited and stretched in a certain band or

region with emission of infrared respectively [

. FTIR analysis is helpful for the
identification of the molecules or atoms in substance. The advantages of FTIR spectroscopy
are as follows: spectra provide much information; the analysis is relatively fast and easy; it is

o [254]

relatively inexpensive and sensitiv . However, FTIR cannot detect some molecules,

including sp?-hybidized carbons, and finds challenges for mixtures with water.

2.4.8.3. High resolution transmission electron microscope

High resolution transmission electron microscope (HR-TEM) enables straightforward
imaging of the atomic structure of the sample *! HR-TEM is intended to study
nanomaterials; therefore it operates at a high-magnification in order to analyse the
nanomaterial by imaging on the atomic scale. The HR-TEM has an advantage of analysing
crystal structures and lattice imperfections in different types of advanced materials on an
atomic resolution scale and can characterize point defects, dislocations, and surface

morphology [256, 257, 258]

2.4.8.4. Brunauer, Emmett, and Teller

The surface area, pore volume and pore size of adsorbents were determined by using the
Brunauer, Emmett, and Teller (BET) equation (3.1). BET have proposed the theory of
multilayer which is adsorption applied principally to physical adsorption isotherms. The BET

equation is recognized as an excellent method of estimating surface areas **°.

(3.1)
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Where V is the number of adsorbed gas molecules, Vn, the number of molecules required to
form a monolayer, and S; is the number of sites covered with stacks i molecules high.

2.4.8.5. Thermogravimetric analyser

Thermogravimetry analysis (TGA) is a domain of thermal analysis which gives information
on the mass change of a sample versus temperature in the scanning mode or versus time in
the isothermal mode, and therefore operates to provide information on the decomposition and
thermal stability of materials. Thermal events including desorption, sorption, sublimation,
vaporization, oxidation, reduction and decomposition bring about a change in the mass of
sample %% conversely, the thermal events including melting, crystallization or glass
transition are not associated with a change in the mass of the sample ?®). TGA curves are
produced relating the unique sequence of the physicochemical processes, dependent on the
molecular structure of the sample, that occurs over specific temperature ranges and heating
rates. TGA curves are normally plotted with the mass change (Am) expressed as a percentage

on the vertical axis and temperature (T) or time on the horizontal axis.

Several research projects were successfully done on the evaluation of CO, adsorption
capacity and the regenerability of the adsorbents using TGA 262 2632641 | addition, Heydari-
Gorji et al. (2011), using the TGA for the investigation of CO, adsorption through
polyethylenimine (PEI)-impregnated mesoporous silica, found that at low temperature the
adsorbent with relatively low PEI contents are more efficient than their highly loaded
counterparts®®®®). Xu et al. (2004), operating at 75 °C for CO, adsorption using the TGA
through the mesoporous molecular sieve MCM-41 loaded with PEI, found that the CO,
adsorption capacity was higher when using linear PEI than branch PEI ®® The
regenerability of the adsorbent ethylenediamine-modified SBA-15 was investigated by Zeng
et al. (2004) using TGA ¢,
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2.5. SUMMARY

Large quantity of CO, is emitted principally from the burning of fossil fuels and from some
industrial and resource extraction processes. In all fossil fuels, the burning of coal is the most
generating CO, emissions in the atmosphere; however, coal has the advantage of low-cost
and high energy production 8. Biomass contains negligible amounts of sulphur and
nitrogen, and it can be used for energy production with reduced CO; emissions. Though, the
combustion is not feasible for biomass containing moisture. Increased moisture means less

energy available for the boiler (28,

Carbon dioxide capture and storage (CCS), is one of approaches for reducing anthropogenic
CO; emissions in the atmosphere. The application of CCS to large point sources of CO,, such
as power plants or large industrial processes is the most preferentially developed approach to
accelerate the mitigation of climate change caused by enormous CO, emissions in the
atmosphere. CCS involves the use of technology, first to capture large quantity of CO, at the
concentration above 90% ®), to transport it after compression to a suitable storage location
where it will stay away from the atmosphere for a long period of time. The economy
evaluation of CCS includes the cost relevant to the CO; capture, transport and storage taking
into account all requirements to achieve advanced technologies with minimum risk and

suitable energy penalty.

The CO, capture technologies using absorption, adsorption, membranes and cryogenic are
intended to be efficiently applied in post-combustion, pre-combustion and oxy-fuel
combustion. Using absorption technology, MEA is the chemical solvent mostly utilised for
CO, capture ™4 however, more investigations are being done to improve its efficiency due
to oxidation degradation, material corrosion and high energy for regeneration. The adsorption
technology with the property of purification or bulk separation is still in development for CO,
capture. Thus, the CO, adsorption requires specific adsorbents operating preferentially in
fixed, moving or fluidized bed with efficient regeneration respective to the system operating
in TSA, PSA, VSA or ESA.
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The existing adsorbents including activated carbon, silica gel, zeolites and MOFs have been
found inefficient regarding the capturing of CO, at the threshold limit requirement. Therefore,
the design of specific adsorbents for CO, capture has been of great importance. This requires
good potential interaction through good geometry/structure and adequate chemical surface.
The application of nanotechnology through the use of carbon nanotubes is the most
investigated to improve the mechanical and electronic properties including
geometry/structure (surface area, pore volume and pore size) of solid materials. The amine
has the potential to form a reversible carbamate or a reversible carbonate when reacted with
CO; or moist CO, respectively. Consequently, the grafted of amine to the solid has been
investigated as a good alternative to improve the chemical surface of the adsorbents which

are intended to capture CO,.

Amine polymers have a promising potential for large CO, capture which increases with the

longest chain polymer [

. The use of polysuccinimide grafted with amine to give a
polyaspartamide presents an amide bond as biodegradable potential and a primary amine as

CO, anchoring site potential.

Furthermore, it has been investigated that amine adsorbents have the potential of doubling the
CO, adsorption capacity when the CO, is mixed with water compared to the dry CO, 1% 234,
Because, the water and CO, will lead to carbonate formation which in stoichiometric
evaluation requires one mol of amine for one mol of CO,. While for carbamate occurrence

one mol of amine captures half mol of CO,.

Thus, the implementation of adequate adsorbent for CO, capture needs the experimental to
investigate the improvement of factors such as geometry/structure and chemical surface
modification resulting in biodegradability, large CO, adsorption capacity, efficient adsorption
kinetics, effective regeneration and efficient energy for the overall adsorption system.
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CHAPTER THREE

METHODOLOGY

3.0. INTRODUCTION

This work presents the development of a novel adsorbent for CO, capture adsorption
technology. The methodology has been set out with the intention to provide specific data for
the achievement of the objectives provided in Chapter 1. The design of an adequate
hydrophobic and biodegradable adsorbent required specific material with appropriate
equipment design for chemical reaction and purification, resulting in MWNTS covered, via a
non-covalent functionalization process, by a water insoluble polymer with a biofissionable
bond. The testing of the performance of the adsorbents for CO, adsorption was achieved
through the evaluation of factors which include CO; adsorption capacity, selectivity for CO,,
adsorption Kinetics, water tolerance and regenerability using thermogravimetry analyser at
different temperatures and constant pressure of 110 kPa (1.1 bar). Gases with different
compositions of air with CO, at variable proportions (100, 40 and 14%) were fed through the
TGA using dry and wet adsorbents. Furthermore, pure O, and N, were fed through the TGA
at the same conditions in order to evaluate the selectivity for CO, over other gases. The
regenerability efficiency of the adsorbent was evaluated through the percentage of CO,
recovery, which is the ratio of the desorption curve and the adsorption curve. The evaluation
of heat flow for a complete cycle of TSA systems, which includes sweeping, adsorption and
desorption processes, was achieved after considering the differential heat of the segment
and/or section making a loop as the output of heat flow versus temperature from the DSC.
Finally, the evaluation of timing relevant to the sweeping, adsorption and desorption
processes was a major factor to optimize the number of beds for the synchronization of TSA

system.

The technique of designing the enhanced adsorbent was completed in three stages: 1) the
synthesis of polysuccinimide (PSI) as the backbone, 2) the grafting of the amine onto the
backbone to make polyaspartamide (PAA), and 3) the coating of the MWNT by PAA. Three
amines, namely 1) ethylenediamine (EDA), 2) 1,3 propanediamine (PDA), and

3) monoethanolamine (MEA) were separately grafted to the PSI to produce different PAAs.
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With the objective to enhance the CO, adsorption capacity, the PSI was grafted to amine to
produce PAA with the requirement to have higher CO, adsorption capacity than PSI.

The designed adsorbents were tested using the necessary characterizations: 1) nuclear
magnetic resonance spectra (NMR), 2) Fourier transform infrared (FTIR), 3) high resolution
transmission electron microscope (HRTEM), 4) Brunauer, Emmett, and Teller (BET), and

5) thermogrametric analyser (TGA).

3.1. EQUIPMENT AND CHEMICALS

3.1.1. Equipment

The chemical reactions were performed in a laboratory fumehood (Mode: LA1500EFC &
Serial No: 2511008-E) in the School of Chemical and Metallurgical Engineering at the
University of the Witwatersrand (Wits). A Rotavapor R-114 & heater vessel was used for
polycondensation to produce the polymer, and Rotavapor R-210 for the evaporation to
eliminate solvent in the compound. The chemical reactions to produce PAAs and MWNT-
PAAs were done in a reactor with a magnetic bar inside a flask placed on a plate heater with
a magnetic stirrer. An Oven LabCon (EGO4 (50 - 300 °C)) was used for routinely drying

samples.

3.1.2. Chemicals

Commercially available MWNTSs with a diameter of < 8 nm (purchased from Cheap Tubes:
www.cheaptubes.com) were used as the basis chemical product. The length of MWNTSs was
in the range of 10-30 pm, the purity > 95wt%, Ash < 1.5wt%, SSA > 500m?/g, EC >10%
s/cm and SKU 030101. This data was provided by the manufacturer.
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The hydroxyamines and amines were of analytical grade obtained from Aldrich Chemie,
Fluka AG, South Africa. These included: D,L aspartic acid, ethylenediamine (EDA), 1,3
diaminopropane (PDA), monoethanolamine (MEA) and dicyclohexylcarbodiimide (DCC).

Different bases and acids including ammonium hydroxide, sodium hydroxide, sodium
bicarbonate, sodium carbonate, hydrochloric acid, glacial acetic acid, phosphoric acid,

sulphuric acid and nitric acid were occasionally used for the cleaning of the products.

Distilled water was used for preparative work. All reactions were run in the solvent, N,N-
dimethylformamide (DMF) with 99.8% purity. All other solvents, Diethyl ether (Et,O),
hexane, acetone and toluene, were of laboratory grade, received from unit 11 Fedsure Park
Midrand South Africa.

3.2. CHARACTERIZATION

In this work the following characterization was found necessary for sample evaluation:

e Proton nuclear magnetic resonance (*H NMR) spectra performed in the School of
Chemistry at Wits were recorded on a Bruker AVANCE 11l 500 at 500.13 MHz.
These spectra were used in order to gain information about the purity of PSI and PAA
where excess of amine was avoided. *"H NMR spectra were recorded on a Bruker
AVANCE 11l 500 at 500.13 MHz. Spectra were recorded in deuterium oxide (D,0)
solution. The chemical shifts, 6 in ppm, were referenced against sodium 3-
(tetramethylsilane)-2, 2, 3, 3-d, propionate (TMS), which occurs at zero ppm for *H
NMR. The pH values of the sample in D,O solution were adjusted to 10-11 by adding
sodium hydroxide in order to eliminate potential protonation effect.

e Fourier transform infrared (FTIR) was used in order to prove the presence of the
primary amine group (NH;) and amide (CONH) as CO, anchoring site and
biodegradable bonds respectively in the synthesized adsorbents. Solid-state FTIR
spectra were recorded with KBr pellets over the region of 4000-600 cm™. Only the

significant bands were considered. The Raman spectra were used to identify the
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integrity of sp>hybridized carbon atoms and the existence of carbon containing
defects of the MWNTs. FTIR and Raman spectrometry were performed in the
Schools of Chemistry and Physics at Wits.

The morphology of adsorbents was analysed using a High resolution transmission
electron microscope (HR-TEM), model JEM-100S, in the School of Biology at Wits.
The geometry/structure which includes surface area, pore volume and pore size was
analysed using Brunauer, Emmet, and Teller (BET) in the School of Chemistry at
Wits.

The thermal stability, the adsorption and desorption capacities, and the
thermodynamic studies of the samples, were determined by the use of a Simultaneous
DSC-TGA Q Series instrument, or SDT Q600 (Fig. 3.1), housed in the School of
Chemical and Metallurgical Engineering at Wits. The SDT Q600 is an analysis
instrument capable of performing both differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) at the same time. The SDT Q600 has an advantage
of furnishing data about the heat flow and weight changes associated with transitions
and reactions in materials over the temperature range ambient to 1500 °C. The data
provided by the SDT Q600 are beneficial for the thermodynamic studies of the
material through the knowledge of endothermic and exothermic events regarding the
physicochemical process of the material. This information helps the scientist or
engineer to identify processing and end-use performance. Furthermore, performing
both DSC and TGA measurements at the same time, on the same instrument and same
sample, offers greater productivity and removes experimental and sampling variables
as factors in the analysis of data ®*. The simultaneous DSC-TGA works in

conjunction with a controller and associated software.
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Figure 3.1: Thermogravimetry analyzer of type TA-Q600 ™!

3.3. EXPERIMENTAL PROCEDURE

The synthesis of adsorbents started by the preparation of the polysuccinimide (PSI) which
was made through polycondensation of aspartic acid in a phosphoric acid medium, resulting
in a short chain PSI. A long chain PSI as backbone will provide large number of monomers
with NH, when grafted to amine; leading to high potential CO, anchoring. Therefore, a
coupling agent named dicyclohexylcarbodiimide (DCC) was necessary in order to lengthen
the polymer chain through the attachment of a minimum of two PSI short chains together,
resulting in a long chain PSI. The anhydrous hydrophobic and biodegradable PSI long chain,
henceforth named PSI, was used as a CO, adsorbent, and was further subjected to treatment
for the production of different adsorbents to enhance CO, uptake. The grafting of amine to
the PSI is a delicate process which can lead to the polymer crosslinking when the amine used
contains more than one amine group. Therefore in the grafting process of amine to PSI the
conditions of operation are very specific for EDA and PDA, which are diamines; MEA is a
monoamine which requires less attention. The polymer crosslinking must be avoided,
because the presence of NH; as potential available site for CO, uptake is reduced. The
process of polymer crosslinking synthesis is deliberately used to obtain a plastic structure as

nonporous materials taking the form of a crystalline, rigid unit in a glassy state ™. These
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materials are not favourable for any adsorption process. The crosslinking occurs when both
right and left extreme primary amines of NH;-R-NH; react with the PSI. An unreacted
diamine (NH,-R-NH,) is always more reactive than the reacted one (-NH-R-NH,). This
means that the next reaction is always an opportunity for an unreacted diamine to become
reacted. Consequently, the following conditions must be respected during the reaction:

a) Considering that -NH-R-NH (after reaction) is less reactive than NH2-R-NH,, excess

diamine is required to prevent the reaction between the polymer and -NH-R-NH..

b) A low temperature is needed in order to promote a slow reaction between the polymer
and diamine. This will allow the unreacted diamine (NH»-R-NH;) to control the

reaction over the reacted diamine (-NH-R-NH,).

¢) The polymer solution must be released dropwise into the solution for the limitation of

available sites that NH,-R-NH> should totally hold by prevailing over -NH-R-NH.

d) In addition, the reaction must be performed under strictly anhydrous conditions in
order to avoid unwanted hydrolytic ring opening, resulting in the generation of free

carboxylic side group.

Three types of polyaspartamide (PAA) were synthesized from EDA, PDA and MEA.

In the process of enhancing the adsorptivity of the adsorbents, PSI and PAA were both used
to coat MWNTs in a non-covalent functionalization process for the preserve of the
functionality, which includes the biodegradability and the CO, anchoring sites.

Following the adsorbent selection, all types were tested under 100% CO, using the TGA at

25 °C and 1.1 bar. Successful adsorbents were subjected to further tests. The adsorbent

synthesis is discussed in further detail below.

3.3.1. Detailed description of adsorbents synthesis

3.3.1.1. Design of polyaspartamides (PAAS)

With the objective to elaborate the adsorbent models for CO, capture, an attempt was made to
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use tailor-made adsorbent through the design and derivation of several synthetic polymeric
structures. This possibly will prevent the destruction of polymer and provide an adequate
adsorption of CO, in flue gas with high selectivity and efficient regenerability. Note that the
synthesis by biodegradable conjugation of selected adsorbent models with hydrophobicity,
and CO affinity evaluation of the resulting adsorbents, are two objectives to be fulfilled in
respect of necessary prerequisites for any polymer intended to serve in CO, adsorption
technology. The polymeric adsorbents used for the anchoring of CO, fell into the wide
aliphatic polyamide type (schematized below) with subunits randomly distributed along the
chain. F represents the extra functional group capable of reversible CO, anchoring and y
represents the degree of polymerization (Fig.3.2).

%CUNH—@+
}r

Figure 3.2: Structure of polyamide-type carrier

In this study, to provide an access to the polymer-CO; binding via carbamate bond formation,
a primary amino group was found important. The most important point is that the amide bond
performs the ability to develop biofission, which results in enzymatic activity in the internal
structure of the polymer, causes the polymer release from the cleavage space. The
incorporation of subunits of the preset structures, by the use of multi-walled carbon
nanotubes (MWNTSs), will be necessarily important to afford tailor-made adsorbents that are
equipped with all required functions. This allows efficacious adsorption properties including
geometry/structure, and enhanced selectivity for CO,. Thus, a non-covalent functionalization
of the MWNTSs by the designed polymer is necessary in order to conserve the functionality of
the polymer. The adsorbents were designed to be hydrophobic with the amine grafted totally
on the long chain polymer to provide high selectivity for CO..

The polyamide conforming to the basic adsorbent models (Figure 2.10), namely
Polyaspartamide (PAA) was used for CO, conjugation by carbamate bond formation. The
primary amine functional groups of these polymers were introduced as terminals in
component F (Figure 4.1). With the recognition of the incorporation of CO, from F-labeled

subunits of the primary-amine, the polymer containing larger mole percentages of F-labeled
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subunits will be needed for utilization of an unduly large excess of CO, to provide high CO,
adsorption capacity. The purification of polymeric adsorbents was completed by water,

toluene and acetone to remove the excess of aspartic acid, amine and solvent respectively.

3.3.1.2. Preparation of poly-af3-DL-succinimide (PSI)

The preparation of PSI, a long chain polymer, used as backbone in PAAs required efficient
method assessed to be viable in terms of simplicity of technology, energy efficiency and
economy cost for the achievement of favorite product.

The polymerization of N-carboxyanhydride of a-amino acid in general (NCA method) "2
and thermal phosphoric acid-catalyzed polycondensation of aspartic acid (Neri method) %!
are two different methods that occur in literature for the synthesis of polysuccinimide (PSI).
The protection of the pendent reactive groups carried by the amino acid and their disclosure
under harsh consideration as required in the NCA method in order to produce poly (amino
acid) are very challenging. This will need large amounts of phosgene, disphosgene or
triphosgene, as reagent widely used for the synthesis of N-carboxyanhydride. This raised
complex safety problems in large-scale plants. Thus, the NCA method has been found
disadvantageous both in cost and production. On the contrary, the Neri method has an
advantage of producing high molecular weight PSI in one step "%, Therefore, this approach
was adopted for the synthesis of poly-DL-succinimide (PSI) from DL aspartic acid as shown
in Figure 2. 9. A coupling agent dicyclohexylcarbodiimide (DCC) was added to the crude
polymer for further chain extension purposes. A representative polymer had a relative
viscosity of 36 mL g-1 in DMF at 30 °C, which corresponds to a weight-average molecular
weight of 32000.

The PSI was therefore synthesized according to the following stages:

1) A mixture of D.L. aspartic acid (50 g) and H3PO, (25 g) was homogenized ina 2 L
round-bottom flask, and the flask was placed in an oil bath at 250 °C. During
polymerization, the expansion of the mixture was controlled by nitrogen. The reaction
was allowed to proceed at 250 °C until the end of expansion. Note that during the
expansion, the polymer spreads around the round flask reactor. Thereafter, the

temperature was reduced to 190 °C for another 2 hours. The resultant product, being
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very acid, was washed with water until 6 < pH < 7, and dried in an oven for 72 hours,
thus producing a PSI, a short chain polymer.

2) In order to obtain a long chain PSI polymer, an appropriate coupling agent was
applied to the short chain polymer, under specific conditions. Therefore, 15 g of PSI
short chain polymer was dissolved in 60 ml of DMF and stirred overnight (O/N). The
brownish solution obtained was stirred again for 1 hour in an ice bath, and 2.0 g of
DCC added while the solution was stirred for another 4 hours in the ice bath. The
solution was allowed to continue at room temperature (RT) O/N. The solution was
centrifuged to give a clear solution, which was precipitated with distilled water. The
precipitate was filtered, and kept in an oven for 48 hours, producing a brittle solid PSI

long chain polymer reported as adsorbent in Table 3.1.

Table 3.1: List of adsorbents

Adsorbents Chemical composition

PSI

PSI-EDA

PSI-PDA

PSI-MEA

MWNT

MWNT-PSI

MWNT-PSI-EDA

MWNT-PSI-PDA

MWNT-PSI- MEA

3.3.1.3. PAA synthesis with PSI- EDA

As stated in Section 2.4.6, EDA as a diamine was used, because of its large commercial

availability. Thus, the PSI (2.95 g; 30 mmol) was dissolved in DMF (37 ml). The resultant
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solution was added dropwise to EDA (6.67 g; 45 mmol) in DMF (20 ml). The reactor was
cooled in an ice bath to control the temperature below 5 °C. The solution was flushed with
nitrogen gas and stirring continued for 20 hours in the ice bath, and for another 5 hours at 27
°C as room temperature. The solution was then concentrated on the roti-evaporator at 60 °C
to reduce the volume by half. The polymer was precipitated out with a mixture of
diethylether-hexane (2:1), and washed with hot toluene, followed by hot acetone several
times to eliminate the excess of EDA and solvents respectively. After filtration, the
precipitate was dried for 24 hours in the oven at a moderate temperature (40 °C) to give the

final product PSI-EDA, a polysapartamide reported as adsorbent in Table 3.1.

3.3.1.4. PAA synthesis with PSI- PDA

PDA is a diamine with alkane which has more number of carbons than EDA. The reason why
PDA was chosen is started material in Section 2.4.6; the purpose is to evaluate the behaviour
of diamine with variable alkane radicals for CO, adsorption when grafted on PSI. Thus the
PSI (2.95 g; 30 mmol) was dissolved in DMF (37 ml). The resultant solution was added
dropwise to PDA (3.33 g; 45 mmol) in DMF (10 ml). The reactor was cooled in an ice bath to
control the temperature below 5 °C. The solution was flushed with nitrogen gas and stirred
continuously for 20 hours in the ice bath and for another 5 hours at room temperature. The
solution was then concentrated on the roti-evaporator at 60 °C to reduce the volume by half.
The polymer was precipitated with a mixture of diethylether-hexane (2:1). The precipitate
was washed several times with hot toluene, followed by hot acetone to eliminate the excess of
PDA and solvents. After filtration, the precipitate was dried for 24 hours in the oven at
moderate temperature of 40 °C to give the final product PSI-PDA, a polysapartamide

reported as adsorbent in Table 3.1.

3.3.1.5. PAA synthesis with PSI- MEA

Compared to the previous diamines, MEA is a monoamine and it was selected due to its large

utilization for CO, adsorption technology, as discussed in Section 2.4.6.
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The PSI (2.95 g; 30 mmol) was dissolved in DMF (37 ml), and MEA (2.5 g; 41 mmol) was
added to the resultant solution at 27 °C at room temperature and stirred for 20 hours. The
solution was then concentrated using the roti-evaporator at 60 °C to reduce the volume by
half. The polymer was precipitated with diethylether, and washed several times with hot
toluene, followed by hot acetone to eliminate the excess of MEA and solvents respectively.
After filtration, the precipitate was dried for 24 hours in the oven at a moderate temperature
of 40 °C to give the final product PSI-MEA, a polysapartamide reported as adsorbent in
Table 3.1.

3.3.1.6. Coating MWNTs by PSI to give MWNTSs-PSI

Using the commercial MWNTSs discussed in Section 3.1.2, identified as in Table 3.1, 300 mg
was dispersed by sonication in DMF (10 ml) for 15 minutes and mixed with 3 g of PSI
dissolved in DMF (15 ml). After 3 days of stirring, the resultant solution was filtered and
washed several times with hot toluene and acetone. The solid product was then dried at 40 °C

in an oven for 24 hours, to give MWNTSs-PSI as reported in Table 3.1.

3.3.1.7. Coating of MWNTSs covered by PAA to give MWNT-PAA

The commercial MWNTSs (300 mg) were dispersed by sonication in DMF (10 ml) for 15
minutes and mixed differently with 3 g of Polyaspartamides as follow: PSI-EDA, PSI-PDA
and PSI-MEA respectively dissolved in DMF (15 ml). After 3 days of stirring, the resultant
solution was filtered and washed several time with hot toluene and acetone. Solid product
was then moderately dried at 40 °C in an oven for 24 hours to give MWNTs-PSI-EDA,
MWNTSs-PSI-PDA and MWNTSs-PSI-MEA as reported in Table 3.1.
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3.3.2. Adsorption experiments

3.3.2.1. CO, adsorption using the TGA

Adsorption tests were carried out using a TGA connected to an external mass flow controller,

used to evaluate flow rate. For all the runs were performed flow rate was kept at a constant

pressure of 1.1 bars (110 kPa). The first adsorption tests were run at the temperature of 25 °C

using 100% CO, and the results obtained were used for the selection of polyaspartamides

produced from EDA, PDA and MEA. Thus, a sample was swept in flowing N, (60 mL/min)

at 110 °C for an isothermal time of 30 minutes, before the temperature was cooled to 25 °C as

the desired adsorption temperature, and then exposed to flowing CO, (60 mL/min)

isothermally for 180 minutes. The adsorption isothermal curve obtained was used to evaluate

the CO, adsorption capacity, the CO, adsorption rate, and the adsorption kinetics.

Variable runs were used for the achievement of the adsorption experiments:

Investigating the influence of temperature on CO, adsorption capacity for different
adsorbents, N, (60 mL/min) was done by sweeping gas at 110 °C isothermally for 30
minutes, before the temperature was cooled to the desired temperatures: 25, 35, 45,
55, 65, 75, and 85 °C. The adsorbent was exposed to flowing CO, (60 mL/min)
isothermally for 180 minutes. The different adsorption isothermal curves produced
respective to the change of temperature were used to evaluate CO; adsorption
capacity with regards to temperature.

Regarding the selectivity for CO, over other gases, after sweeping with N, (60
mL/min) at 110 °C for 30 minutes, the adsorbents were exposed to pure N, (60
mL/min) and pure O, (60 mL/min) at different adsorption temperatures (25, 35, 45
and 55 °C) for 150 minutes. The N, and O, adsorption isothermal curves obtained
were compared to CO, adsorption isothermal curves in order to evaluate the affinity
of each gas on the different adsorbents.

To test the efficiency of selected adsorbents in different CO, concentrations, the
adsorbents were exposed simultaneously to the flow rates 14 mLCO,/min and
86mLair/min to make a flue gas of 14% CO,, and 40 mLCO,/min and 60 mLair/min
to make a flue gas of 40% CO,. The adsorption tests were carried out at various
temperatures: 25, 35, 45 and 55 °C, for 180 minutes. The purity of CO, after
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adsorption was calculated according to the CO, concentration as the mathematic
relationship below:

%CO, = M g5 = (N pgs +Ongs)

100 (3.2)
Ads
Where Mags is the adsorbed gas obtained from the adsorption using the gas mixtures of
14% CO, and 40% CO, with air. Nags and Oags are N2 and O, adsorbed from pure N,
and O, respectively. The purity of CO, was considered as minimum due to the
following reasons: (a) the adsorbents were exposed to pure N, and O, because N, and
O, are likely to occur in flue gas from power plants; (b) when an amine adsorbent is
exposed to the flue gas mixture with CO,, N, and O,, CO is expected to be captured

preferentially to N, and O,, due to its (CO,) high affinity for amines.

e To evaluate water tolerance, the adsorbents were swept with N as previously, and the
run was interrupted in order to incorporate the moisture into the adsorbents. The
quantity of water incorporated was 20% and 40%, calculated from the quantity of
adsorbent remaining after the sweeping process. The wet adsorbent was exposed to
pure O, 100% CO, and a gas mixture of 14% CO, with air, at various temperatures:
25, 35, 45 and 55 °C for 180 minutes. The adsorption isothermal curves were

subjected to evaluation of selectivity for CO, as stated previously.

3.3.3. Desorption experiments

The regenerability testing of adsorbents was rendered possible through desorption process
with the use of the TGA. Thus, the adsorbent was swept with N, (60mL/min) at 110 -C for
30 minutes. The temperature was cooled to 25 °C as a desired adsorption temperature where
the adsorbent was exposed to CO, (60 mL/min) for 60 minutes. Afterwards, the CO,
adsorbed was stripped from the adsorbent using N, (60 mL/min) as a purge gas at desired
desorption temperatures, which varied as 90 °C and 100 °C. This operation of CO, adsorption
and desorption was then repeated ten times in order to confirm the regenerability of the
adsorbent. The isothermal curves were used for: (a) the evaluation of the percentage of CO,
recovery obtained from the ratio of CO, desorbed and CO, adsorbed, considering the
minimum and maximum of each isothermal curve; (b) the evaluation of differential heat
flows of the different paths include in sweeping, adsorption and desorption processes for the
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TSA system with variable adsorption temperatures (ranging from 25 to 55 °C); (c) finally the
optimization of TSA systems for continued operation after evaluation of the heating and

cooling times for possibly integration of the number of adsorption beds.

3.4. SUMMARY

The achievement of this work required specific chemicals and appropriate equipment for the
design of hydrophobic and biodegradable adsorbent with a geometry/structure and chemical
surface suitable for high potential interaction between the adsorbent and the adsorbate (CO5).
Different characterizations were applied to the adsorbents in order to predict the adsorptivity
characteristic of the specimen prior to adsorption. The synthesis of PAA was obtained
through the polycondensation of aspartic acid in phosphoric acid medium which, resulting in
PSI, was grafted to amine. Three amines, being EDA, PDA and MEA were used to
synthesize PAAs which include PSI-EDA, PSI-PDA and PSI-MEA respectively. The 'H
NMR was beneficial to evaluate the proportion of incorporation of amine in PAA. The FTIR
was applied for the confirmation of the chemical structure of PAAs, including the presence of
NH; group as CO, anchoring and CONH a biofissionable bond for biodegradability. The
BET was necessary for the evaluation of the geometry/structure which includes surface area,
pore volume and pore size. The TGA was used on one hand to evaluate the thermal stability
for the operational temperature range of the adsorption. On the other hand the TGA was used
for the adsorption with 100% CO, as gas steam at 25 °C and 1.1 bar in order to select the best
PAA which should have a higher CO, adsorption capacity compared to PSI.

To improve the geometry structure, the selected PAA was applied for non-covalent
functionalization with MWNT to give MWNT-PAA with the aim to preserve the
functionality. Besides the FTIR and BET applied to MWNT-PAA with the same objective as
done previously for PAA, more attention was given to the HRTEM to confirm the structure
of MWNT, and to Raman spectra to confirm the coating of MWNT by PAA with the increase
of carbon containing defect. Besides the thermal stability which was analysed through the
TGA, both selected PAA and MWNT-PAA were exposed to the flowing of different gas
stream of 100% CO,, 100% N, and 100% O in temperature range 25 — 55 °C at 1.1 bar for
the evaluation of the affinity of each single gas to these adsorbents. To evaluate the influence
of gas mixture with variable CO, concentration on CO, adsorption capacity, both selected
PAA and MWNT-PAA were exposed through TGA to flowing of gas stream composed of
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14% CO, and 40% CO, with air as balance. The adsorption was then performed in the same
condition of temperature and pressure as done previously for the single gas.

The moisture test was rendered possible through the wettability of both PAA and MWNT-
PAA at the proportion of 20 and 40%, which was further exposed to the flowing of different
gas stream of 100% O, 100% CO, and gas mixture composed of 14% CO, with air as
balance. The adsorption was run using TGA in the same condition of temperature and

pressure as previously.

The regeneration of MWNT, PSI, PAA and MWNT-PAA was completed with the use of
TGA for the 10 cycles adsorption-desorption for the adsorption temperature of 25 °C and

desorption temperature of 90 and 100 °C.

Using the simultaneous DSC-TGA it was possible to evaluate differential heat flows and the

optimization of continuous TSA with integration of adsorption bed
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.0. INTRODUCTION

After adsorbent synthesis, the manufactured adsorbents were characterized to predict the
adsorbents efficiency, taking into account factors relevant to the adsorptivity, which include:
surface modification and geometry/structure improvement, solidity which includes thermal
stability, and biodegradability. Therefore the information obtained through *H NMR, FTIR,
BET, TEM, Raman spectra and TGA was beneficial for the establishment of different
approaches relevant to the performance of the adsorbents developed.

In recapping the reasons for the selection of the various analytical techniques prior to the

detailed discussion pertinent to the adsorbents developed, the following is provided:

e 'H NMR spectra were necessary to evaluate the efficiency of the experimental method
according to the model of chemical structure of the adsorbent. The interpretation of
'H NMR results were rendered possible through the knowledge of chemical structure
of the compound, which gives information regarding the protons expected in
proportion to the protons obtained from the integration of the corresponding peaks.
Thus, *H NMR spectra were used as quantitative analysis for the evaluation of amine
incorporation in the polymer where the excess of amine reveals the unsuccessful
cleaning process. As the amine was previously used in excess over polysuccinimide,
this excess was meant to be removed during the cleaning process.

e FTIR analysis was useful in the adsorbent design, as the surface modification was
supposed to show the presence of primary amine (NH;) and amide (CONH) groups as
CO, anchoring and biodegradable sites respectively. This was rendered possible
through FTIR analysis where the bonds relevant to primary amine and amide groups

were stretched in appropriate regions.
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e BET analysis was necessary for the evaluation of the geometry/structure of adsorbent
in order to insure adequate adsorptivity for the adsorbent. Therefore, the use of BET
analysis provided information on surface area, pore volume and pore size, with a
discussion to predict the performance of each adsorbent.

e TEM analysis was useful for the verification of the MWNTSs structure and the
functionalized MWNTSs with the polymer, providing information on the diameter of
MWNTs, as well as the position of polymer on the MWNTS. Due to the coating of the
MWNT by the polymer the aim was to conserve the polymer functionality, which
includes primary amine and amide groups.

e Raman spectra were able to show the peaks of graphitized carbon and carbon contain
defects of MWNTSs and the functionalized MWNT with the polymer. This was helpful
to know the increase of carbons contain defect after functionalization with the
polymer, since a large quantity of polymer versus small quantity of MWNT in a ratio
of 1/30 was used to synthesize the adsorbent.

e TGA was useful to evaluate the thermal stability of adsorbents, their CO, adsorption
capacity, adsorption kinetics and their regenerability efficiency. The DSC-TGA could
evaluate heat flow for each adsorbent during CO; adsorption. A possible integration
of the number of beds for the continuous synchronization of TSA was discussed

through the knowledge of time variance in order to set the optimum conditions.

In this work, the chemical surface modification and the improvement of geometry/structure
of the adsorbents were principally developed for the enhancement of CO, adsorption in
temperature range 25 — 100 °C which includes the adsorption and desorption temperatures at

1.1 bar.

Regarding the chemical surface modification, after the design of PSI, three amines which are
EDA, PDA and MEA were differently grafted to PSI in order to produce PSI-EDA, PSI-PDA
and PSI-MEA as PAAs respectively. The PAAs obtained show for PSI-EDA and PSI-PDA
the presence of NH, as CO, anchoring sites which was not the case for PSI-MEA, because
EDA and PDA are diamines, and MEA is a monoamine as stated in Section 2.4.6. However,
the grafting of amine was a drawback to the geometry/structure and thermal stability for all
PAAs. Consequently, the interaction potential between the adsorbent and the adsorbate was
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weak to produce a higher CO, adsorption capacity especially for PSI-PDA which was
classified in macroporous category and for PSI-MEA which does not have NH; group as CO,
anchoring sites. The PSI-PDA and PSI-MEA were deselected as their CO, adsorption

capacities are lower compared to PSI.

The improvement of geometry/structure was rendered possible through the non-covalent
functionalization of MWNT with PSI and PAA resulting in MWNT-PSI and MWNT-PAA.
The geometry/structure was enriched from PSI to MWNT-PSI and from PAA to MWNT-
PAA. However, the CO, adsorption capacity of MWNT-PSI was almost the same compared
to the CO, adsorption capacity obtained for PSI.

The CO, adsorption capacity increased significantly from PSI to PAA and from PAA to
MWNT-PAA; however, PAA has poor geometry/structure. The evaluation of selectivity for
CO; on N3 and O, was rendered possible with the use of 100% CO,, 100% N, and 100% O..
Thus, both PAA and MWNT-PAA showed high selectivity for CO, due to the presence of
NH; as CO, anchoring site.

The result obtained with the moisture testing showed the possibility of increasing the CO,
adsorption capacity for both PAA and MWNT-PAA in the presence of flue gas with moisture
content. This becomes more significant with  MWNT-PAA which has high potential

interaction due to geometry/structure improvement.

Regarding the result on the cycle adsorption-desorption, the regeneration of adsorbents PAA
and MWNT-PAA was successfully achieved. This led to the thermodynamic study through
the evaluation of heat flow which resulted in very high heat release in adsorption process and

very low heat absorbed in desorption process.
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Finally, the evaluation of the number of beds for TSA systems was rendered possible through
the results of CO, adsorption capacity, adsorption kinetics, the adsorption time, and the

heating and cooling times.

4.1. POLYASPARTAMIDES (PAAS)

The adsorbents, being PAAs, include PSI, PSI-EDA, PSI-PDA, PSI-MEA, and the
functionalized MWNTs which include MWNT, MWNT-PSI and MWNT-PAA were
subjected to characterization in order to evaluate their performance as adsorbents for CO,

capture.
4.1.2. Characterization of PAAs
4.1.1.1. Polysuccinimide (PSI)

The production yield was used to assess the efficiency of the synthesis process. The process
of PSI synthesis included two steps: 1) the preparation of PSI short chain and 2) the use of a
coupling agent in order to lengthen the PSI chain. In the first step 35 g of crude PSI was
collected from the polycondensation of 50 g of aspartic acid where 25 g of phosphoric acid
was used as catalyst; this resulted in a yield of 70%. After investigation, the following causes
justify the loss of 30%: (a) the washing of the crude PSI for pH adjustment (6-7) using
distilled water to remove unreacted aspartic acid; (b) raising the pH from the range 2-3 to the
range 6-7 required several washing steps resulting in product loss. Thus, the improvement of
washing process will certainly enhance the yield of production. The second step relevant to
the extension of the chain using DCC as coupling agent resulted in a yield of 38 g or 95%,
with the loss of 5% possibly due to the separation process which includes centrifugation and

precipitation.

The *H NMR spectrum (Fig. 4. 1) of PSI in oxide deuterium (D,O) showed a broad resonance
in the spectra range 4.4 - 4.8 ppm, corresponding to the methine proton (NCO-CH) where the
integration of the relevant peak was 0.49 compared to 0.5 as expected. Accordingly, another

resonance was shown in spectra range 2.4 - 3.0 ppm corresponding to the methylene protons
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(-CH2*-CH). The peak was used as a reference in order to evaluate the synthesized PSI,
according to the structure presented in Figure 4.1.
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Figure 4.1: 'H NMR spectra showing protons in the chemical structure of PSI

The presence of the imide group (-CON-) as depicted in the structure of PSI in Section 2.4.6
(Fig. 2.14) is the key component to prove biodegradability of the synthesized PSI. The
analysis done with FTIR shows in Figure 4. 2 the peak C=0 stretched at 1710 cm™ in the
region 1680-1720 cm™ and the peak C-N stretched in the region 1436.3 cm™. This confirms
the imide group (-CON-) in the chemical structure of the synthesized PSI as a biodegradable

bond which can be potentially cleaved under hydrolytic, enzymatic or biological actions.
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Figure 4.2: FTIR showing necessary peaks in chemical structure of PSI
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The synthesized PSI was stable with an increase of temperature up to 400 °C as depicted in

Figure 4. 3. The loss of 8% below 200 °C was due to water elimination. A suitable drying

device after production will prevent the sample from this loss. Thus, the PSI has the ability to

operate below 400 °C without being subjected to destruction or combustion.
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Figure 4. 3 : TGA mass loss curve showing the temperature stability of PSI

The BET analyses for PSI shows the results of surface area, pore volume and pore size (Table

4.1). According to IUPAC ™ the classification of an adsorbent is as follows: micropore for

pore size < 2 nm, mesopore for pore size in the range 2 — 50 nm and macropore for pore size

> 50 nm. The synthesized PSI is mesoporous.

Table 4.1: BET Analysis showing surface area, pore size and pore volume of adsorbents

Sample ID Surface area Pore Volume Pore size
(m?/g) (cm’/g) (nm)
PSI 42.99 0.3808 35.43
PSI-EDA 1.93 0.0100 20.63
PSI-PDA 1.02 0.0099 122.92
PSI-MEA 5.56 0.0501 12.87
MWNTs 452.69 0.7441 6.56
MWNT-PSI 305.76 0.6699 8.44
MWNT-PAA 60.44 0.4043 13.76
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4.1.1.2. PAA using EDA to produce PSI-EDA

The production of PSI-EDA resulted in a yield of 4.30 g, corresponding to a recoverable
yield of 76% from the reaction of 2.95 g (30 mmol) of PSI with 2.7 g (45 mmol) of EDA.
Since the reaction was operated with an excess of 50% EDA to prevent polymer crosslinking,
the maximum yield could not exceed 83% due to the removal of unreacted EDA during the
cleaning process.

The chemical structure of PSI-EDA (Fig. 4.4) shows the presence of significant elements
including primary amine (NH,) and amide groups (-CONH-) as devices for CO, anchoring
and biodegradability respectively. Thus, the identification of these elements in the
synthesized PSI-EDA by the use of *H NMR and FTIR were necessary to prove the structure
of the resultant product. The integration of peaks in the *H NMR spectra (Fig. 4.5) for the
chemical shift (-CONH-CH,-CH,-NH,) in the range 2.5-2.9 ppm was evaluated (4H), and
CH-CH,-CONH- in the range 3.2-3.3 ppm (2H), and yielded the expected values. This shows
that the reaction between PSI and EDA was successfully completed with 100% EDA
incorporation in PAA. The purification process for the removal of free EDA to obtain clean
PAA was complete. Likewise, the FTIR analysis (Fig. 4.6) shows the NH; peak in the region
3300 - 3500 cm™ and the NH peak in the region 3100 - 3200 cm™. The peaks C=0 and C-N
stretched in regions 1680 - 1720 cm™ and 1436.3 cm™ respectively. These confirm the
possibility of CO, attachment at primary amine groups for carbarmate formation. Also, the
amide group in the chemical structure of the synthesized PSI-EDA confirms a potential
biodegradable bond which can be cleaved under hydrolytic, enzymatic or biological actions.
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Figure 4.4: Reaction for PSI-EDA formation showing the chemical structure.
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Figure 4.6: FTIR showing necessary peaks in PSI-EDA

Regardless of the decreased weight (< 5%) due to water elimination (Fig. 4.7), the TGA
results show that the PSI-EDA was stable up to 200 °C. A large destruction of PSI-EDA was
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observed after 200 °C where the weight loss increased significantly, indicating possible
combustion of the sample. While PSI could be stable until 400 °C, the stability of PSI-EDA
was reduced to 200 °C. This is because the incorporation of EDA into PSI for PAA formation
opens the ring of the polymer. Thus, regarding the thermal stability, the opened ring has a

drawback.

The BET analysis for PSI-EDA (Table 4.1) classify the pore size in the mesoporous category
according to IUPAC rules ®%. The geometry/structure of PSI-EDA was poor compared to
PSI.
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Figure 4.7: TGA showing the stability of PSI-EDA with temperature

4.1.1.3. PAA using PDA to produce PSI-PDA

The production of PSI-PDA resulted in a yield of 4.74 g, corresponding to 75.5%. In order to
prevent polymer from crosslinking that could occur due to the simultaneous reaction between
crude PSI and both terminal primary amine groups in PDA, the inhibition of the primary
amine group was necessary. This was rendered possible through the use of 50% excess of

PDA in the reaction. Therefore, the maximum yield could not go beyond 83%.
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The structure of PSI-PDA (Fig. 4.8) shows the presence of significant elements including
primary amine (NH;) and amide groups (-CONH-) as devices for CO, anchoring and
biodegradability respectively. Thus, the identification of these elements in the synthesized
PSI-PDA by the use of *H NMR and FTIR was necessary to prove the validity of resultant
product. The integration of peaks in the *H NMR spectra (Fig. 4.9) for the chemical shift
(-CONH —CH,-CH,-CH,-NHy) in range 1.4 - 1.8 ppm was evaluated respective to 2H and
(-CH2-CONH-, -NH-CH,, and CH>-NH,) in the range 2.2-3.4 ppm. This shows 92% PDA
incorporation in PAA with 8% of loss most likely due to the purification stage. Likewise,
Figure 4.10 shows all expected peaks including NH, between 3300 — 3500 cm™, to confirm
the presence of primary amine as CO, anchoring site. NH at 3100 - 3200 cm™, C=0 at 1650 -
1740 cm™ and C-N between 1430 — 1530 cm™ confirm the amide group as the potential
biodegradable bond.
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Figure 4.8: Reaction for PSI-PDA formation showing the chemical structure.
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Figure 4.9: 'H NMR according to PSI-PDA chemical structure.
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Figure 4.10: FTIR showing the necessary peaks for the chemical structure of PSI-PDA

Regardless of the decrease of weight (< 8%) due to water elimination, the TGA results (Fig.
4.11) show that the PSI-PDA was stable with the increase of temperature up to 200 °C.

However, the PSI showed reasonable stability with the increase of temperature up to 400 °C.

This confirms the statement that the opening of the polymer ring renders the polymer more

combustible compared to the crude polymer.
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Figure 4.11 TGA showing the stability of PSI-PDA with increasing temperature
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The BET analysis (Table 4.1) shows that the PSI-PDA has a very poor geometry/structure
and was classified in the category of macroporous due to the broad pore size.

4.1.1.4. PAA using MEA to produce PSI-MEA

The production of PSI-MEA resulted in a yield of 4.60 g, corresponding to 93%. Compared
to the diamines EDA and PDA, which were used in excess in order to prevent polymer
crosslinking, an excess was not required with MEA as a monoamine which was added to PSI
in a stoichiometric ratio. Therefore, a higher yield was recorded for PSI-MEA due to the

simple purification process.

The chemical structure of PSI-MEA (Fig. 4.12) does not show the presence of a primary
amine (NH,) as potential device for CO, anchoring, because the single NH, found in MEA as
monoamine has previously reacted with PSI in order to open the ring of PSI during the
reaction. However, the amide group (-CONH-), a chemical bond use to predict the potential
biodegradability, was confirmed in the chemical structure of PSI-MEA. Thus, the integration
of peaks in *H NMR spectra (Fig. 4.13) for the chemical shift (-CH-CH,-CONH-) in range
3.5 - 3.6 ppm was evaluated as 2.13 respective to a theoretical value of 2H. The integration
for chemical shift (-CH,-OH-) in the range 3.8 - 4.0 ppm was 2.10, which is equivalent to
1.97H against an expected theoretical 2H. This shows 98.6% MEA incorporation in the PAA.
The FTIR analysis (Fig. 4.14) shows all necessary peaks expected according to the chemical
structure depicted in Figure 4.12. Thus, the following peaks were observed in Figure 4.14:
OH stretching peaks in range 3250-3300cm™, the secondary amine NH stretching peaks in
range 2850 — 3100 cm™, C=0 and C-N stretching peaks in range 1650 — 1700 cm™ and 1100

— 1200 cm™ to confirm the amide group.
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Figure 4.12: Reaction for PSI-MEA formation showing the chemical structure.
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Figure 4.14: FTIR showing the necessary peaks for the chemical structure of PSI-MEA

Regardless of the decrease of weight (< 8%) due to water elimination shown by the TGA
results in Figure 4.11, the PSI-MEA was stable with an increase of temperature up to 200 °C.
The stability of PSI-MEA has dropped to 200 °C due to the opening of the rings of polymer
compared to PSI where the thermal stability was up to 400 °C.
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Figure 4.15: TGA showing the stability of PSI-MEA with increasing temperature

The BET analysis shows (Table 4.1) the surface area, pore volume and pore size respectively.

Compared to the crude PSI, the pore size is improved.

4.1.1.5. Comparison of PAAs

PSI as an adsorbent presents adequate characteristics, which include biodegradability,
thermal stability and geometry/structure; however the PSI does not possess NH,, as an
available site for CO, anchoring. The use of diamines (which include EDA and PDA) to
produce PAA through PSI was on one hand beneficial to provide a terminal primary amine
group as potential CO, anchoring point in the resultant polymer. On the other hand, the
thermal stability and geometry/structure were less than ideal. The ability of the primary
amine group (NH>) to form a carbamate through CO, chemisorption is a determining factor to
provide large CO; adsorption capacity. Otherwise, the adsorption properties are likely to be

poor when predicting large adsorption capacity through physisorption.

The synthesized PSI-MEA has shown an acceptable surface area, pore volume and pore size

compared to the PAAs obtained through the use of EDA and PDA. However, the surface area

and pore volume compared to PSI are lower. The pore size predicts a good potential for

interaction between CO, and PAA if should there be a possibility of CO, uptake. Conversely,
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the lack of a terminal primary amine group (NH;) could be an obstacle for carbamate
formation, and can negatively affect the CO, adsorption capacity, unless physisorption is the

determining mechanism in the adsorption process.

4.1.2. Adsorption at 25°C for PAA selection

The evaluation of the adsorption capacity PAA was done using PSI as reference. It is
noticeable that the PAA was deliberately designed with the objective to obtain improved CO,
adsorption capacity compared to the crude PSI. Otherwise the process to synthesize PAA
from PSI would be meaningless. Thus, four adsorbents namely PSI, PSI-EDA, PSI-PDA and
PSI-MEA were subjected to pure CO, at a flow rate of 60 mL/min to measure the CO,
adsorption process using the TGA at 25 °C and 1.1 bars.

4.1.2.1. PSI

Figure 4.16 shows a CO, adsorption capacity of 25 mg-CO,/g after an adsorption time (taq) Of
60 minutes (min) when using the adsorbent PSI. It is observed that the kinetics of CO;
adsorption was very fast in the first 10 minutes of adsorption, within which 21 mg-CO,/g was
adsorbed at an adsorption rate of 2.1 mg-CO,/g min, as showed in Figure 4.17. This shows
that within the first 10 minutes, PSI as an adsorbent was able to take up 84% of the total
adsorption capacity over the 60 minutes of adsorption time. In the last 50 minutes a slow
Kinetic adsorption with a low adsorption rate: 0.08 mg-CO,/g-min is observed, within which

only 4 mg-CO,/g was adsorbed (Fig. 4.16).

4.1.2.2. PAA of the type PSI-EDA

With regards to the adsorbent PSI-EDA, Figure 4.16 shows a CO, adsorption capacity of 52
mg-CO,/g after t,g = 180 min. The high adsorption capacity of PSI-EDA in spite of the poor
geometry/structure confirms the prevalence of chemisorption during the adsorption process.

Within the first 10 minutes of the adsorption process, PSI-EDA adsorbed 24 mg-CO,/g with a
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CO; at an adsorption rate of 2.4 mg-CO./g min, which is more or less the same as the total
CO, adsorption capacity recorded for PSI. This shows that 46% of the total adsorption
capacity was achieved during the first 10 minutes. More importantly, a large CO; adsorption
capacity occurred during the first 30 minutes, within which the CO, adsorption for PSI-EDA
was 34 mg-CO,/g, corresponding to 65.4% of the total CO,, adsorption capacity achieved in
180 minutes. This means that after adsorbing 34 mg-CO,/g in the first 30 minutes, 18 mg-
CO,/g more was adsorbed; over the remaining 150 minutes to achieve the CO, adsorption
capacity of 52 mg-CO,/g (Fig. 4.16). Thus, the adsorbent PSI-EDA could capture an
acceptable quantity of CO, if the capture plant is deliberately designed with a number of beds
integrated to operate with short adsorption time (< 30 min). As the CO, adsorption rate
decreases with the increase of adsorption time (Fig. 4.17), a lengthy CO, adsorption period is

not beneficial.
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Figure 4.16: CO, adsorption capacity of different Polyaspartamides at 25 °C

4.1.2.3. PAA of the type PSI-PDA

A CO, adsorption capacity of 13.5 mg-CO,/g was achieved after t,g = 180 minutes when
using PSI-PDA (Fig. 4.16). The poor geometry/structure was not able to promote adequate
interaction that could allow chemisorption between CO;, and NH; for carbamate formation.
However, the surface modification did confirm the presence of a NH, groups. The CO;
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adsorption capacity is very low compared to the CO, adsorption capacity of PSI. Thus, CO;

capture using PSI-PDA as adsorbent is inefficient.

4.1.2.4. PAA of the type PSI-MEA

After 180 minutes of the adsorption process, the use of PSI-MEA as adsorbent has resulted in
a very low CO; adsorption capacity of 9.0 mg-CO,/g, as shown by the results presented in
Figure 4.16. Compared to the PSI where it derived from, this is much reduced and lower. The
trend of adsorption kinetics was so slow (Fig. 4.16) that the prediction of the use of PSI-MEA

in large scale for a capture plant is simply not feasible.
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Figure 4.17: CO, adsorption rate of all Polyaspartamides at 25 °C

4.1.2.5. Comparison and PAA selection

After grafting the PSI with amines, the results in Table 4.2 show a higher CO, adsorption
capacity for PSI-EDA and lower CO; adsorption capacity for PSI-PDA and PSI-MEA. The
PAAs produced through the reaction of PSI with amine were unfavorable regarding surface
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area (SA), pore volume (PV) and pore size (PS), as depicted in Table 4.1. The CO;
adsorption capacity and the CO; adsorption kinetics were improved for PAA corresponding
to PSI-EDA, as shown in Figures 4.16 and 4.17. The high CO, adsorption capacity of crude
PSI prior to chemical surface modification is due to the good geometry/structure with regard
to SA, PV and PS, that allowed rapid physisorption to occur, as shown in Figure 4.17. The
surface modification of PSI by the use of EDA to give PSI-EDA, resulted in a dominant
chemisorption process, which yielded high CO, adsorption capacity and high adsorption

Kinetics in spite of poor geometry/structure.

Table 4. 2: CO, adsorption capacity of PAAs at 25 oC in 100% CO., as flue gas

Adsorbents CO; Cyd
(mg-CO2/g)
PSI 25.0
PSI-EDA 52.0
PSI-PDA 135
PSI-MEA 9.0

The chemical surface modification of PSI by the use of PDA to produce PSI-PDA resulted in
a low CO, adsorption capacity; however PSI-PDA demonstrated the presence of a NH; group
necessary to form a carbamate group. This shows that the geometry/structure was so poor; the
chemisorption expected through carbamate formation was a failure, while the physisorption

could not occur as the adsorbent PSI-PDA is macroporous in size.

With regard to PSI-MEA, where the CO, adsorption capacity and kinetics of adsorption (Rag:
adsorption rate) were very low compared to PSI and other PAAs, the amine group that was
intended to form carbamate has previously reacted as part of the opening of the polymer
rings. However, despite the acceptable geometry/structure in PSI-MEA was achieved
compared to other PAAs. The lack of a primary amine group as an available CO, anchoring
site was a disadvantage for PSI-MEA. In addition, physisorption was not able to provide

enough CO, adsorption in order to overcome the absence of chemisorption. While the CO,

! Cag: adsorption capacity
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adsorption capacity of PSI-EDA increased by 108% compared to the crude PSI, the CO;
adsorption capacity of PSI-PDA and PSI-MEA decreased by 46% and 64% respectively.
Consequently, it is more beneficial to use PSI as adsorbent for CO, capture than PSI-PDA

and PSI-MEA, which, instead of improving CO; capture, rather decreased it.

Thus, PSI and PAA synthetized with the use of EDA were selected for further test work as
adsorbents, where the improvement of geometry/structure was made possible with the use of
MWNTs. Hence forth, PSI-EDA is named PAA. Whenever PAA will be stated subsequently,
it is referred to PSI-EDA.

4.2.  NON-COVALENT FUNCTIONALISATION OF MULTI-WALLED CARBON
NANOTUBES WITH POLYASPARTAMIDE (MWNT-PAA)

The advantage of the non-covalent functionalization process on the design of an adsorbent is
started in Section 2.4.6. Therefore, the non-covalent functionalization of MWNTs with
polyaspartamide was deliberately preferred in this work over the covalent functionalization,

for CO, adsorption applications.

The PAA coated MWNT have the following characteristics: 1) the coating molecules should
be biodegradable and nontoxic; 2) the coating should be sufficiently stable to resist
detachment from the nanotubes surface in CO, adsorption and desorption process; 3) the
coated molecules should have a functional groups which are available for CO, anchoring.

4.2.1. Characterization of MWNT with PAA
4.2.1.1. Multi-walled carbon nanotubes (MWNTS)
A commercial MWNT, as described in Section 3.1.2, was used to improve the adsorption

properties of the adsorbent respective to CO, adsorption. A diameter size of 8nm was
determined by TEM result (Fig. 4.18).
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Figure 4.18: TEM showing the nanostructure image of MWNT

The Raman spectra of the MWNTs show two peaks located at ~1350 and ~1580 cm™
(Fig.4.19). The peak near 1580 cm™ is the G band with intensity Ig which is related to
graphite Exg symmetry of the interlayer mode reflecting structural integrity of sp2-hybridized
carbon atoms of the nanotubes. There is also a prominent band around 1350 cm™. This band
is known as a hybridized vibration mode associated with graphene edges and it indicates the
presence of some disorder to the graphene structure #’!. The band D is known to be typically
very weak in graphite and typically weak in graphene as well. If the D-band is significant, it
indicates that there are a lot of defects in the material ?""). This band is often referred to as the
disorder band or the defect band and its intensity relative to that of the G band is often used
as a measure of the quality with nanotubes 8. Hence, the extent of carbon containing
defects of MWNTSs can be evaluated by intensity ratio of D band to G band ((Ip/lg). The Ip/lg
ratio of MWNTSs was evaluated to 0.667. This value is recorded for MWNTSs without being
functionalized. Thus, the Ip/lg ratio of all functionalized MWNTs (f-MWNTSs) made from
these MWNTSs will be compared to that value of 0.667 to evaluate the growth of carbons
contain defect in the -MWNTs which is intended to increase.
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Figure 4.19: Raman Spectra (MWNTYs)

The commercialized MWNT was stable at up to 500 °C, as determined using the TGA (Fig.

4. 20). Thus, the MWNT has the ability to operate below 500 °C without being subjected to
destruction or combustion.
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Figure 4.20: TGA showing weight degradation of MWNTSs with temperature

The BET analysis (Table 4.1) classified the MWNT as a mesoporous adsorbent from the
evaluation of SA, PV and PS. The MWNTSs used present good adsorbent characteristics

which can be used to enhance the adsorptive properties of PAA, which has previously
showed a suitable chemical surface for CO, anchoring.
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4.2.1.2. Multi-walled carbon nanotube with polysuccinimide (MWNT-PSI)

The investigation of MWNT-PSI was found necessary in order to justfy the reason for using
PSI-EDA (PAA) instead of PSI alone, because an extra-process corresponding to extra-cost is
required to PSI synthesis to get PAA. Therefore MWNT-PSI was used for CO, adsorption in
comparison to MWNT-PAA.

A mixture of 100 mg MWNTSs and 3 g PSI resulted in the production of 2.8 g MWNT-PSI,
corresponding to a yield of 90%. The loss of 10% is due to the cleaning and fitration

processes.

Evaluation using TEM indicates a 10 nm diameter for the MWNT-PSI product (Fig. 4.21).
The microscope image shows that the PSI, as a long chain polymer, has tightly twisted
around the MWNT during the coating process. This shows that the PSI possess enough strain
able to compress around the MWNTSs through the coating. Consequently, the diameter size
has not changed significantly between the MWNT and MWNT-PSI (8-10nm respectively).

The Raman spectra of the MWNT-PSI shows two peaks located at ~1350 and ~1580 cm™
(Fig. 4.22). The higher disorder in graphite results in a larger G band with higher intensity, as
well as a D band with relative average intensity #’® % The evaluation of the extent of
carbon containing defects of MWNT-PSI was done by considering the intensity ratio of D
band to G band, which is Ip/lg= 0.532.
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Figure 4.22: Raman Spectra (MWNT-PSI)

The TGA curve (Fig. 4.23) shows 3 stages of weight change with the increase of temperature
as follow: a) the first stage is the 5% of weight degradation in the temperature range 100 -
150 °C due to water elimination and other gases that were infused in MWNT-PSI; (b) in the
second stage, about 10% of sample was degraded in the temperature range 350 - 400 °C; this
is related to the temperature limit of PSI stability as shown in Figure 4.3; (c) finally, a broad
weight degradation after 600 °C, related to the combustion temperature of MWNTS, is shown

in Figure 4.20. Since the PSI and MWNT were mixed with a ratio 1:30 to produce MWNT-

101



PSI, a broad weight degradation should appear due to the large quantity of PSI, which
degrades at 400 °C. Instead, broad weight degradation was observed after 600 °C, a
temperature beyond the pure MWNT temperature degradation. This shows that PSI has
tightly coated the MWNT, resulting in MWNT-PSI with a high thermal stability.
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Figure 4.23: TGA showing weight degradation of MWNT-PSI with temperature

The BET analysis (Table 4.1) shows that the MWNT improved the geometry/structure of the
adsorbent MWNT-PSI compared to PSI alone. The MWNT-PSI is classified in the

mesoporous category adsorbent according IUPAC statement.

4.2.1.3. Multi-walled carbon nanotube with polyasparatmide (MWNT-PAA)

The TEM analysis (Fig. 4.24a) confirmed the nanotube structure of 15 nm diameter size with
the presence of transversal dark line related to the coating of MWNTSs by PAA. Figure 4.24b
shows the growth of PAA rolling over the MWNTSs in multi-layers following the nanotube

shape.
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Figure 4.24: TEM showing the nanostructure image of MWNT-PAA:

a) Coating of MWNT showing PAA in tranvesal lines and b) Multilayer of PAA on
MWNT growing in path of nanotubes

The Raman spectra for the MWNTs-PAA (Fig. 4.25) show the D band for graphitized carbon
in range 1300 — 1400 cm™, while the G relevant to carbon contains defects occur in the range
1500 — 1600 cm™. Thus, the coating of MWNTSs by PAA resulted into Ip/l ratio = 0.375.
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Figure 4.25: Raman Spectra (MWNT-PAA)
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The use of MWNTSs to improve the adsorption properties of the adsorbent has resulted in the
conservation of the functional group. The MWNT-PAA shows through FTIR analysis in
Figure 4.26 the primary amine group (NH,) stretched in the wavenumber range 3000 - 3500
cm, confirming the CO, anchoring site for carbamate formation. The biodegradable bond
(the amide group CONH) was apparent through the CN, C=0 and NH stretches in the
wavenumber ranges 1500 — 1600 cm™; 1650 — 1800 cm™; and 2800 — 3000 cm™,

respectively.
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Figure 4.26: FTIR for MWNT-PAA identification

The TGA curve (Fig. 4.27) shows a 3 stages of weight degradation with the increase of
temperature as follows: (a) the first stage is the 8% of weight degradation below 110 °C due
to water elimination and other gases that were infused in MWNT-PAA; (b) in the second
stage, a large degradation about 42% occurred in the temperature range 200 - 400 °C; this
may be the destruction of the major part of the PAA coating on the MWNTSs; (c) Finally, the
remaining part of the adsorbent was totally destroyed in temperature range of 400 - 650 °C.
Thus, the adsorbent MWNT-PAA produced from the mixture of MWNT and PSI-EDA has
weight stability up to a temperature of 200 °C.
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Figure 4.27: TGA showing the weight stability of MWNTSs-PAA

The BET analysis (Table 4.1) shows that the use of MWNT to make MWNT-PAA has
resulted in an improvement of the geometry/structure. The SA, PV and PS for MWNT-PAA
were improved by 31.3, 40.5 and 1.5 times compared to PAA. Thus, the adsorbent MWNT-

PAA is classified as a mesoporous material.

4.2.2. Comparison study of growth of adsorbent characterization

PSI was enhanced chemically and physically to produce MWNT-PAA with the aim of
enhancing its CO, adsorption properties. The chemical surface modification with a primary
amine group (NH,) as the CO, anchoring sites was achieved by making PSI-EDA as PAA
part of the structure. The enhancement of the physical structure was achieved by the use of
the MWNT’s. The FTIR results (Figs 4.2, 4.6, 4.26) show the growth of NH; in the MWNT-
PAA, as expected. The SA and PV for the PAA were poor, but for the MWNT-PAA, these

values were significantly increased.

The Raman spectra in Figure 4.28 show the growth of D and G bands respective to
graphitized carbon intensity and carbon containing defects intensity from MWNT, MWNT-
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PSI to MWNT-PAA. The ratio Ip/lg has decreased from MWNT, MWNT-PSI to MWNT-
PAA at the value of 0.667, 0.532 and 0.375, respectively. This showed that the carbon
containing defects increased more in the functionalized MWNTs (f-MWNTSs) than in
MWNT. With regard to -MWNTSs, which comprise MWNT-PSI and MWNT-PAA, it is clear
that MWNT-PAA showed high carbon containing defects due to the presence of the
encapsulated carbon chain in the structure of PAA (Fig. 4.4), while PSI has a ring structure
(Fig 2.14). Thus, MWNT-PAA is more functional and predicted to be more unstable
compared to MWNT-PSI.
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Figure 4.28: The growth of D and G bands from MWNT to the f-MWNTs

The adsorbent stability with the increase of temperature in the TGA was proportional to the
composition of the structure of the adsorbent. Figure 4.29 shows a high mass stability with
temperature in MWNT-PSI, followed by MWNT. The nanostructure of MWNT-PSI (Fig.
4.21) shows that the PSI twisted tightly around the MWNT, resulting in high weight stability
with the increase of temperature (T < 600 °C). Due to the chain formation in the structure of
PAA, a low weight stability was observed for the MWNT-PAA and PAA where the curve

overlaps to confirm the same weight stability (T < 200 °C).
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Figure 4.29: TGA for all adsorbents showing the weight stability with temperature

43. TEMPERATURE EFFECTS ON CO, ADSORPTION USING 100% CO;

Each adsorbent (PSI, PAA, MWNT, MWNT-PSI, MWNT-PAA) was subjected to CO,
adsorption tests in 100% CO, at 1.1 bar, and a flow rate of 60 mL/min at temperatures

varying from 25 to 85 °C in intervals of 10 °C, using the TGA.

4.3.1. CO; adsorption at 25 °C

The CO, adsorption capacities of the 5 adsorbents with the complete adsorption time are

shown in Table 4.3 and Figure 4.30.
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Table 4.3: CO, ads

orption isotherms at 25 °C

Adsorbents Cad tag” Rad
(mg-CO./g) (minutes) (mg-CO,/g-min)
PSI 25 50 0.5
PAA 52 180 0.29
MWNT 12.2 27 0.45
MWNT-PSI 23 39 0.59
MWNT-PAA 70 155 0.45
80 -
70
60 -
¥s0 - —o—MWNT
% 40 - —&—PS|
= PAA
~ =>é=MWNT-PSI
=#=MWNT-PAA
0 I ; ; ; ; ; .
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t,q (min.)

Figure 4.30: CO;, adsorption isotherm at 25 °C using 100% CO,

Considering the adsorption isotherm curves in Figure 4.30, the adsorption kinetics is

generally high for the first 10 minutes and decreases afterward, as the curves become flatter

and correspond with Langmuir models.

Thus, the first 10 minutes the adsorption was marked by high adsorption rates, as shown in

Table 4.4. Apart from PAA, which has poor geometry/structure, the rest of adsorbents have

high adsorption kinetics, where more or less 70% of CO, adsorption capacity was achieved

?1,q: adsorption time
*Raq: adsorption rate
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during the first 10 minutes. This shows that a good geometry/structure in an adsorbent has the
advantage of improving the adsorption properties. As the CO, adsorption capacity for PAA is
52 mg-CO,/g over 180 minutes, the 23.8 mg-CO,/g achieved in the first 10 minutes
compared to 28.2 mg-CO,/g over the remaining 170 minutes is important information for

technology design.

Table 4.4: CO, adsorption capacity corresponding to the first 10 minutes

Adsorbents CO; uptake CO; uptake/CO; Cyy
(mg-CO>/g) (%)

MWNT 10 75

PSI 21.1 85

PAA 23.8 45.8

MWNT-PSI 20.4 89

MWNT-PAA 48.5 70.3

The large CO, adsorption with high adsorption kinetics within the first 10 minutes of the
adsorption process shows that the possible combination of broad available sites produce high
attraction forces able to capture large quantities of CO,. The faster the adsorption occurs, the
more the available sites decrease, resulting in a reduction of attraction forces to capture CO..

Accordingly the driving force for CO, adsorption decreases in intensity over time.

The lack of the CO, anchoring site to form carbamate on MWNT, PSI, and MWNT-PSI has
limited the CO, adsorption capacity to physisorption occurrence. Further, on adsorption PAA
shows high adsorption capacity compared to MWNT, PSI and MWNT-PSI which have rather
good geometry/structure properties. This shows that the improvement of chemical surface
through PAA synthesis with the presence of NH; as CO, anchoring site was an efficient route
to allow chemisorption over carbamate occurrence. However, the adsorption process took

180 minutes to allow a large quantity of CO, adsorption at 25 °C.
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Thus, the surface modification done of PSI using EDA was beneficial to increase the CO,
adsorption capacity by 108%. Similarly, the improvement of geometry/structure of PAA
using MWNT to produce MWNT-PAA was beneficial to increase the CO, adsorption
capacity by 35% (Table 4.2).

4.3.2. CO; adsorption at 35 °C

Considering the CO, adsorption isotherms at 35 °C (Fig. 4.31), the adsorbent MWNT-PAA
shows a higher CO, adsorption capacity (60 mg-CO,/g) compared to the others, shown in
Table 4.5. All adsorbents, excluding PAA which remains stable, showed a decrease of CO,
adsorption capacity at 35 °C (Fig. 4.31) compared to 25 °C. This confirms the predominance
of physisorption, which is known to decreases with an increase of temperature. PAA alone
shows a predominance of chemisorption for carbamate formation was more favorable at 35
°C. The poor geometry/structure of the adsorbent PAA was a drawback for the physisorption
occurrence. When the chemisorption determines the adsorption process, the increase of
adsorption capacity with the increase of temperature is possible in a certain temperature
range. Also, the adsorption process of a gas at low temperature with the physisorption

occurrence can change into chemisorption at higher temperatures.

Table 4.5: CO; adsorption isotherm at 35 °C

Adsorbents Cad tad Rad
(mg-CO2/g) (minutes) (mg-CO,/g-min)

PSI 20 38 0.53

PAA 52 113 0.46

MWNT 11 39 0.30

MWNT-PSI 20 38 0.53

MWNT-PAA 60 120 0.50
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Figure 4.31: CO, adsorption isotherm at 35 °C using 100% CO,

The chemical surface modification of the adsorbent PSI to produce PAA has resulted in an
increase of CO, adsorption capacity by 160% from PSI to PAA for the adsorption performed
at 35 °C. Similarly, the geometry/structure improvement of the adsorbent PAA to produce
MWNT-PAA has resulted in an increase of CO, adsorption capacity by 16%. The adsorbent
MWNT was purposely used to improve the geometry/structure in order to produce the
adsorbent MWNT-PAA with higher CO, adsorption capacity. However, the adsorbent
MWNT always had a lower adsorption compared to all other adsorbents. The CO, adsorption
capacity of the adsorbent MWNT-PSI was not favorable compared to PSI; however the
MWNT-PSI shows the improvement of geometry/structure through the coating of MWNT by
PSI. The same phenomenon was observed on the reduced CO, adsorption capacity for
MWNT-PSI at 25 °C as was reproduced at 35 °C. It was stated previously that the PSI has
tightly twisted over the MWNT, keeping the diameter of the resultant product constant (Fig.
4.21). This can significantly shrink the pore size, resulting in the restriction of CO, to migrate
towards available sites. Consequently, the adsorbent MWNT-PSI was found less suitable for
CO; capture since it does not demonstrate the CO, adsorption capacity improvement when

compared to PSI.

The CO, adsorption rate has generally increased at 35 °C compared to the adsorption rate
obtained at 25 °C. This is obvious according to the Arrhenius equation (Eq. 4.1), which
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shows clearly that the increase of temperature causes the entropy of the system to increase as
well. Consequently, the adsorption rate increases, leading to higher energy of adsorption.

Ink=In A- E,
RT

Equation 4.1

where k is the rate constant, E, is the activation energy, R is the gas constant, T is
temperature in Kelvin and A is frequency factor constant or also as pre-exponential factor or

Arrhenius factor.

Thus, the adsorbents MWNT and MWNT-PSI were found less important due to their low
CO; adsorption capacity compared to PSI; MWNT-PAA performed the best overall at 35 °C.
Going forward PSI, PAA and MWNT-PAA were tested.

4.3.3. CO; adsorption at 45 °C

The adsorbent MWNT-PAA again has the highest CO, adsorption capacity of the 3 samples
(PSI, PAA and MWNT-PAA), with a maximum of 56 mg-CO; at 45 °C (Fig. 4.32). There is
an increase of adsorption rate and the adsorption kinetics as the temperature increases from
35 to 45 °C, which is in agreement with the Arrhenius equation (Eq. 4.1). The adsorbents
MWNT-PAA and PAA perform best within the first 5 minutes, where 79 and 90% of the
maximum of CO, adsorption capacity was achieved (Fig. 4.33). The first 30 minutes were
marked with very high adsorption kinetics for all three adsorbents where 95, 93 and 97% of

the maximum CO, adsorption capacity was achieved (Fig. 4.32).

Thus, as observed at previous temperatures (25 and 35 °C), the surface modification of PSI
using EDA to produce PAA was beneficial to increase the CO, adsorption capacity by 120%
for the adsorption performed at 45 °C. Similarly the improvement of geometry/structure done
on PAA by using MWNT to produce MWNT-PAA was beneficial to increase the CO;
adsorption capacity by 48% compared to PAA alone.
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Table 4.6: CO, adsorption isotherm at 45 °C

Adsorbents Cad tad Rad
( mg-CO,/g) (minutes) (mg-CO,/g-min)
PSI 17.0 30 0.57
PAA 38 65 0.58
MWNT-PAA 56 90 0.62
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Figure 4.32: CO;, adsorption isotherm at 45 °C using 100% CO,

4.3.4. CO, adsorption at 55 °C
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The adsorbent MWNT-PAA again shows a higher CO, adsorption capacity at 55 °C
compared to PAA and PSI (Table 4.7). In contrast to the adsorbents MWNT-PAA and PSI,
the adsorbent PAA showed an increase of CO; adsorption capacity from 45 °C (Fig. 4.32) to
55 °C (Fig. 4.33). This shows that at 55 °C the CO, adsorption using the adsorbent PAA was
controlled mostly by chemisorption. The chemical surface modification using EDA to
produce PAA has been beneficial to increase the CO, capacity by 181% from PSI. Similarly,
the improvement of geometry/structure using MWNT to produce MWNT-PAA has been

beneficial to increase the CO, adsorption capacity by 7% from PAA. The increase of CO,



adsorption capacity from PAA to MWNT-PAA was not significant at 55 °C, as the isotherm
curve for PAA is very close to the isotherm curve for MWNT-PAA (Fig. 4.33).

Table 4.7: CO, adsorption isotherm at 55 °C

Adsorbents Cad tad Rad
(mg-CO2/g) (min.) (mg-CO,/g-min)

PSI 154 25 0.62

PAA 43.3 25 1.73

MWNT-PAA 46.4 35 1.33

With regards to the adsorption kinetics, a higher adsorption rate was observed in the first 5
minutes of the adsorption time where 90% of CO, adsorption capacity was achieved for PAA
and 81% for MWNT-PAA, and PSI (Fig.4.33). However, the adsorption time was reduced to
complete the total CO, adsorption capacity (Table 4.7) due to the increase of adsorption rate
with the increase of temperature (Eqg. 4.1).
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Figure 4.33: CO; adsorption isotherm at 55 °C using 100% CO,
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4.3.5. CO, adsorption at 65 °C

The decrease of CO, adsorption for all the adsorbents was not so significant at 65 °C
compared to the CO, adsorption obtained at 55 °C. The adsorbent MWNT-PAA shows a
higher CO, adsorption capacity compared to PAA and PSI (Table 4.8). The chemical surface
modification using EDA to produce PAA has been beneficial to increase the CO, adsorption
capacity by 213% from PSI. Similarly, the geometry/structure improvement using MWNT
has been beneficial to increase the CO, adsorption capacity by 12% from PAA.

Table 4.8: CO, adsorption isotherm at 65 °C

Adsorbents Cad tag Rad
(mg-CO,/g) (min.) (mg-CO,/g-min)

PSI 13.1 20 0.66

PAA 41 21 1.95

MWNT-PAA 46 25 1.84

The first 5 minutes of the adsorption times were noticeable, with a high CO, adsorption rate,
where 82%, 88% and 87% of the maximum of CO, adsorption capacity was achieved for PSI,
PAA and MWNT-PAA, respectively. However, the adsorption time for complete CO;
adsorption capacity was short compared to the previous temperatures. This still confirms that
the increase of temperature causes the increase of molecular entropy relevant to the increase
of kinetic energy, which results in high adsorption kinetics according to the Arrhenius
equation (Eq. 4.1).
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Figure 4.34: CO, adsorption isotherm at 65 °C using 100% CO,

4.3.6. CO; adsorption at 75 °C

The adsorbent MWNT-PAA shows a higher CO, adsorption capacity compared to PAA
(Table 4.9) at 75 °C. The CO, adsorption capacity for all adsorbents decreased with the
increase of temperature from 65 to 75 °C. The chemical surface modification using EDA to
produce PAA has been beneficial for the CO, adsorption capacity which increased by 230%
compared to PSI at 75 °C. Similarly the improvement of geometry/structure using MWNT to
produce MWNT-PAA has been beneficial to increase the CO, adsorption capacity by a
further 27.3% from PAA. The beginning of adsorption was marked with a higher adsorption
rate where 82% and 88% of the total CO, adsorption capacity was achieved during the first 5
minutes of adsorption process for PAA and MWNT-PAA, respectively. However, the
adsorption time to complete the maximum CO, adsorption capacity kept decreasing with the

increase of temperature to 75 °C (Fig. 4. 35).
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Table 4.9: CO, adsorption isotherm at 75 °C

Adsorbents Cad tad Rad
(mg-CO./g) (min.) (mg-CO,/g-min)
PSI 10 15 0.67
PSI-EDA 33 20 1.65
PSI-EDA-MWNT 42 20 2.10
45
40
35
T 30
§ 25 ||
A = PS|
£ 20
= == PAA
< 15
MWNT-PAA
10
5
oIt
0 20 40 60 80 100 120
t,s (min.)

Figure 4.35: CO, adsorption isotherm at 75 °C using 100% CO,

4.3.7. CO; adsorption at 85 °C

The last temperature tested was at 85 °C. The decrease of CO, adsorption capacity was

observed at 85 °C for the adsorbents PSI, PAA and MWNT-PAA as shown in Figure 4.36.

Compared to the CO, adsorption capacity obtained at 75 °C, the increase of temperature to 85

°C was marked with the decrease of CO, adsorption capacity by 10, 15 and 21% for PSI,
PAA and MWNT-PAA, respectively. Within the first 5 minutes, 82, 80 and 88% of the
maximum CO, adsorption capacity was achieved for PSI, PAA and MWNT-PAA,

respectively. However, the time to complete the maximum CO, adsorption capacity was 10,
15 and 12 minutes for PSI, PAA and MWNT-PAA respectively, as depicted in Table 4.10.

The CO; adsorption time at 85 °C was very short compared to the CO, adsorption time at
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previous temperatures. The increase of adsorption kinetics with the increase of temperature

was continuously observed at all temperatures, as well as at 85 °C.

Table 4.10: CO; adsorption isotherm at 85 °C

Adsorbents Cad tad Rad
(mg-CO2/g) (min.) (mg-CO,/g-min)
PSI 9 10 0.9
PAA 28 15 1.87
MWNT-PAA 33 12 2.75

Thus, EDA has been beneficial for chemical surface modification as the CO, adsorption
capacity of PAA has increased by 211% from PSI at 85 °C. Also the production of MWNT-

PAA through geometry/structure improvement using MWNT has been beneficial to increase

the CO, adsorption capacity by 18% from PAA.
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Figure 4.36: CO, adsorption isotherm at 85 °C using 100% CO,
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4.3.

8. Conclusion of effect of increasing temperature on adsorbents in 100% CO,

The experiments conducted with the use of the TGA at variable temperatures in the range 25-

85 °C and at a constant pressure of 1.1 bars where the adsorbents were exposed to the flowing
of 100% CO, with a flow rate of 60 mL/min for the CO,, led to the results presented in Table

4.11 and the following conclusions.

Table 4.11: Temperature effects on CO, adsorption capacity and adsorption time

25°C 35°C 45°C 55°C 65 °C 75°C 85°C

Ads. Cad Cad Cad Cad Cad Cad Cad
tad tad tad tag tad tad tad
os| 25mg/g  20mg/g 17.3mg/g 15.4mg/g 13.1mg/g 10mg/g 9mg/g
50 min 38 min 30 min 25 min 20 min 15 min 10 min
DAA 52mg/g 52mg/lg  38mg/g 43.3mg/lg 41mg/g  33mg/g 28mg/g

180 min 113 min 65 min 25 min 21 min 20 min 15 min

MWNT-  70mg/g 60mg/g  56mg/b 46.4mg/g 46mg/lg  42mglg 33mg/g

PAA

155 min 120 min 90 min 35 min 25 min 20 min 12 min

d)

In the adsorption process, the first few minutes are marked by high CO, adsorption
rates, which resulted in high adsorption kinetics, according to the Langmuir models.
The increase of temperature leads to high CO, adsorption kinetics, in agreement with
the Arrhenius equation. Therefore, the higher the temperature, the shorter the time is
to achieve the maximum CO, adsorption capacity (Table 4.11).

However, the total CO, adsorption capacity decreases with the increase of
temperature, when physisorption is the predominant adsorption process.

It is possible to increase the CO, adsorption capacity with an increase of temperature
when chemisorption is the predominant adsorption process. This was observed for the
adsorbent PAA in temperature range 25 - 35 °C and 45 - 55 °C, where the CO;
adsorption capacity was constant and increased with the increase of temperature

(Table 4.11) respectively.
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The physisorption and chemisorption in the CO, adsorption process are related to an
adequate geometry/structure and specific chemical surface.

f) The use of EDA to produce PAA and the use of MWNT to produce MWNT-PAA are
beneficial to enhance the CO, adsorption capacity at all adsorption temperatures (25-
85 °C) as shown in Figure 4.37 compared to crude PSI and PAA, respectively (Table
4.11).

g) Despite the poor geometry/structure of PAA, the presence of a primary amine was
enough to cause chemisorption through carbamate formation, thus leading to high
CO,, adsorption capacity.

h) Using PAA as adsorbent, the highest CO, adsorption capacity was 52 mgCO-/g,
obtained at 25 and 35 °C.

i) The chemisorption process is more dominant at 35 and 55 °C when using PAA as an
adsorbent.

J) The CO, adsorption capacity of the adsorbents MWNT-PAA steadily decreases with
the increase of temperature to show the predominance of physisorption over
chemisorption that should occur due to the presence of the primary amine on MWNT-
PAA. 70 mg-CO,/g achieved at 25 °C is the highest CO, adsorption capacity for the
MWNT-PAA in the temperature range 25 - 85 °C (Table 4.11).
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Figure 4.37: Temperature effect on CO, adsorption capacity for all adsorbents
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The adsorbents PAA and MWNT-PAA have been competitive with respect to adsorption
capacity, adsorption rate and kinetics of adsorption. Therefore, further investigation of their
selectivity with respect to CO, and their ability to adsorb CO, diluted in flue gas were

necessary for their evaluation and potential application in CO, capture technology.

4.4, TEMPERATURE EFFECTS ON CO,, N, and O, ADSORPTION

In this section, the adsorbents PAA and MWNT-PAA were exposed to N, and O, at different
temperatures in the range 25-55 °C with increasing temperature intervals of 10 °C using TGA
at a pressure of 1.1 bars and a flow rate of 60 mL/min. This was necessary for clarity of the
selectivity for CO, over N, + O,, flue gas effluent from fossil fuel power plants will contain
predominantly N,, with same O, + CO,, amongst other gases. The activity of O, and N is

intended to decrease in the presence of CO, when using an amine adsorbent.

4.4.1. N, and O, adsorption at 25 °C compared to CO, adsorption

The adsorbent PAA shows very low affinity for N, and O, at 25 °C compared to CO, (Table.
4.12). Therefore, the adsorption of N, and O, were insignificant when using 100% N, and
100% O, compared to the adsorption of CO, when using 100% CO; at 25 °C (Fig. 4.38). As
the chemisorption could not occur with N, and O,, only physisorption could occur to a
limited extent due to the poor geometry/structure of the adsorbent PAA. This indicates a high
selectivity for CO, when using the adsorbent PAA for CO, captured at 25 °C and 1.1 bar

from a mixture of gas containing CO,, N, and O, contents.
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Table: 4.12: Adsorption capacity using 100% CO,, 100% O, and 100% N,

25 °C 35°C 45°C 55 °C

Adsorbent Cad (Mg/Q) Cad (Mg/Q) Cad (Mg/Q) Cad (Mg/Q)

CO, 0O, N, [CO, O, N, [CO, O, N, |[CO, O; N

PAA 52 14 28 |52 13 1 38 097 078 [434 0 0

MWNT- 70 21 2 60 125 1.1 |56 3.18 0.88 | 464 033 0
PAA

The adsorption of pure N, and pure O, using MWNT-PAA as adsorbent shows a low

adsorption capacity of 2 mg/g for both N, and O, after 150 minutes as compared to CO,
adsorption capacity that was 70mg/g (Table 4.12). The adsorbent MWNT-PAA has adequate

geometry/structure for good adsorption, yet the N, and O, adsorption was insignificant at 25

°C (Fig. 4.39). This shows that the presence of amine could inhibit the adsorption of N, and

O, to occur through either chemisorption or physisorption at 25 °C. Thus, high selectivity for

CO; is predicted when using MWNT-PAA as adsorbent for CO, which has to be separated

from a mixture of gas which includes N, and O, at 25 °C.
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Figure 4.38: The adsorption of N, O, and CO, using PAA at 25 °C

122



u o N
o o o o

=¢==100%N2
== 100%02
100%C0O2

C,s (mg/g)
N w N
o o o

[any
o

0 50 100 150 200 250 300

t,q (min.)

o
~

Figure 4.39: The adsorption of N, O, and CO; using MWNT-PAA at 25 °C

4.4.2. Ny and O adsorption at 35 °C compared to CO, adsorption

The adsorbent PAA shows a very low adsorption capacity of 1.3 mg/g for both N, and O,
after 150 minutes of adsorption, compared to the CO, adsorption capacity which was 52 mg-
CO,/g at 35 °C (Table 4.12). The adsorption isotherm curves for N, and O, are very close to
zero adsorption at 35 °C (Figure 4.40), confirming the predominance of CO, chemisorption
occurring at 35 °C as stated previously. Obviously the primary amine group found on the
PAA was specific for CO, adsorption. This shows the potential high selectivity for CO, when
CO; has to be captured from flue gas with CO,, N, and O, contents.

The adsorbent MWNT-PAA shows an increase of O, adsorption capacity at 35 °C, while the
N, adsorption capacity remains low (Table 4.12 and Fig. 4.41). Despite the increase of O,
uptake with the increase of temperature, it is unlikely that the selectivity for CO, will be
detrimentally affected as the O, levels in the flue gas are typically between 4.6-7.1% 284, In
the case of oxyfuel combustion, the selectivity for CO, may be slightly more challenging due

to the enhance O, content, approximately 30% (282,

123



(o2}
o

50
40
Q)
W
E 30 —¢—100%N2
o
S ~8—100%02
20
—#—100%C02
10

0 e

0 50 100 150 200

t,y (min.)

Figure 4.40: The adsorption of N2, O, and CO, using PAA at 35 °C
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Figure 4.41: The adsorption of N, O, and CO, using MWNT-PAA at 35 °C

4.4.3. Ny and O, adsorption at 45 °C compared to CO; adsorption

At 45 °C the PAA adsorption capacity has decreased in the 100% CO, stream, the same trend

that was reported in Section 4.3. The N, and O, gases have very low adsorption potential at
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this temperature, as shown in Table 4.12. A high selectivity for CO, is predicted since the
isothermal adsorption curve for CO; is much higher compared to the isothermal adsorption
curves for N, and O, (Fig. 4.42).

Figure 4.43 indicates a rapid O, uptake by the MWNT-PAA adsorbent in the first 5 minutes,
as previously observed. The selectivity for CO, is predicted to be negatively affected by other
gases at the very beginning of the adsorption, but it recovers afterward as the adsorption
process continues. The CO, shows a higher affinity to MWNT-PAA compared to N, and O,
(Table 4.12).
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Figure 4.42: The adsorption of N, O, and CO, using PAA at 45 °C
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Figure 4.43: The adsorption of N, O, and CO, using MWNT-PAA at 45 °C

4.4.4. N, and O, adsorption at 55 °C compared to CO, adsorption

At 55 °C neither N, nor O, were adsorbed by the PAA, while a significant amount of CO,
was adsorbed (Table 4.12). The CO, adsorption curve is much more prominent compared to
the O, and N, adsorption curves, which coincide with the zero line of adsorption (Fig. 4.44).
This indicates that a maximum selectivity for CO, when using a mixture of gas composed

with CO,, O, and N for the adsorption performs at 55 °C.

With regard to O, adsorption at 55 °C using MWNT-PAA, an insignificant amount of O, was
adsorbed in the first five minutes, and it dropped to zero after that, while the N, adsorption
was consistently zero (Fig. 4.45). The higher CO, uptake compared to O, and N, uptake gives

maximum selectivity for CO, when the flue gas is composed of CO,, O, and N..
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Figure 4.45: The adsorption of N, O, and CO, using MWNT-PAA at 55 °C

4.4.5. Section summary

The selectivity for CO, over other gases, in this instance N, and O,, is an important factor to
consider when addressing the performance of an adsorbent. The adsorbent PAA showed a
high affinity for CO, in the temperature range 25 °C and 55 °C, where the chemical surface
was essentially unable to attract N, and O,. Thus, PAA could be used for adsorption
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technology design after proving its performance for CO, capture in flue gas consisting of
variable CO,and other gas concentrations.

The selectivity for CO, over O, + N, using MWNT-PAA was more challenging in the
temperature range 35 — 45 °C, where a significant amount of O, could be adsorbed. However,
the large amount of N, in the flue gas composition does not appear to be of any concern,
since the N, adsorption was almost zero for both PAA and MWNT-PAA in the temperature

range tested.

Therefore, it is clear that the PAA and MWNT-PAA would be able to selectively adsorb CO,
from a CO;, N2, O, gas mixture in the temperature range 25 - 55 °C. The effect of these gas

mixtures on CO, adsorption capacity are discussed in the following section.

45. CO, ADSORPTION FROM GAS WITH VARIABLE CO,; CONCENTRATION

In order to determine the effects of CO, adsorption from a gas mixture, the following
adsorption tests were performed using the TGA: 1) with a gas mixture containing 14% CO,
(14 mL/min) and air (86 mL/min); 2) with a gas mixture containing 40% CO, (40 mL/min)
and air (60 mL/min). The experiments were run at temperatures from 25 to 55 °C with
temperature intervals of 10 °C and at a pressure of 1.1 bars to determine how it differs from

cases when 100% CO-, were used.

4.5.1. CO;adsorption at 25 °C.

45.1.1. PAA

The adsorption performed at 25°C using the adsorbent PAA shows an increase of adsorption
capacity with an increase of CO; concentration in a gas stream (Table 4.13 + Fig. 4.46). PAA

shows an increase of adsorption capacity by 13% from 14 to 40% CO; and by 49% from 40
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to 100% CO,. The dilution of CO; in the flue gas resulted in a reduced adsorption of CO,. As
the adsorbent PAA has a poor geometry/structure, which includes large pore sizes, the gas
stream could diffuse smoothly while either N, or O, could interfere with the diffusion of CO,
toward an available adsorption site. This phenomenon is known as persorption where N, and
O in air are not held by ordinary valence bonds, but merely fit into the vacant spaces in the
lattice of the PAA %1, It should be born in mind that the adsorption takes place only on the
external surface of adsorbent, and not in the fluid surrounding it. In the adsorption process,

there is a formation of a film in the vicinity of the spherical 4

pellet of the adsorbent
(Section 2.4). The composition of the film depends on the intrinsic rate of adsorption of each
gas, which corresponds to the concentration thereof (partial pressure), molecular weight and
temperature 4. Since that film does not define the attachment of the adsorbate on the
adsorbent, it can be an obstacle to the adsorbate (CO,) to reach the available surface of the
adsorbent when it is covered by gases such as O, or N,. Thus, the driving force encounters
the inertia of the air that is present. This inertia becomes more significant when operating at
low pressure and low temperature where the selectivity for CO, is supposed to be high,
because the N, and O, in the air could potentially concentrate in the pore without being
adsorbed. Consequently, the passage of CO, will be slowed down to get to the available
adsorption sites. As the adsorption results in carbamate formation through chemisorption, the
possibility of increasing the temperature should increase the activity of the CO,, leading to
the activation energy, according to the Arrhenius principle. Thus, the Kinetic energy will
increase with an increase of temperature, resulting in high convection able to allow a
sufficient driving force for the increase of adsorption capacity. Furthermore, the adsorbent
PAA has showed in Section 4.4 that the increase of temperature caused a decrease of O, and
N, adsorption. In case of an increase of pressure, the persoption phenomenon will be reduced,
because the gases O, and N, due to very low affinity for the amine, will be driven out,
leaving the lattice available for CO, adsorption. In addition, the increase of CO;
concentration can cause the radial dispersion of CO, with an increase of driving force toward

the available sites, thus resulting in an increase of adsorption capacity.
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Table 4.13: Adsorption capacity and selectivity for CO;over air (O; + Np) at 25 °C

14% CO, 40% CO; 100% CO,
Adsorbents Cad Xco2" Cad Xco2 Cad Xco2
mg/g % mgl/g % mg/g %
PAA 31 86 35 87 52 100
MWNT- 47 90 62 924 70 100

PAA

With regards to the selectivity for CO,, it can be deduced that the adsorption of N, and O; in
either 14% CO, or 40% CO, content is probably insignificant, since the adsorption of N, and
O, using 100% N, and 100% O, by the PAA was very low (Fig. 4.38). Thus, the N, and O,
uptake from 100% N, and 100% O, was considered as the maximum amount of N, and O,
that PAA can adsorb when exposed to a mixture of gas containing either 14% CO; or 40%
COs,. This has allowed the evaluation of a minimum selectivity for CO, where, after 150
minutes of adsorption isothermal time, the minimum concentration of CO; in the adsorbed

gas is shown in Table 4.13.

Considering the adsorption kinetics, it was found that the first 30 minutes was marked by
high adsorption kinetics, where 22.5 mg/g and 25 mg/g or 68.2% and 71.4% respectively of
the maximum adsorption capacity was achieved for 14% CO, and 40% CO; gas mixtures
(Fig. 4.46). This is beneficial, since Figure 4.38 shows an insignificant adsorption of N, and
0O, of 0.5 mg/g in the first 30 minutes. After calculation, the first 30 minutes results in an
estimated adsorbed gas with a minimum concentration of 96% CO, using both 14% CO, and
40% CO; in the gas stream respectively. Thus, the selectivity for CO, was very high level at
the beginning of adsorption and dropped over time.

4.5.1.2. MWNT-PAA

Similar comments pertaining to PAA apply to MWNT-PAA, where the adsorption capacity

* Xcoz: Selectivity for CO,
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increased with the increase of CO, concentration in the gas stream at 25 °C (Table 4.13). The
MWNT-PAA adsorbent shows a higher adsorption capacity at all concentrations compared to
PAA. The improvement of geometry/structure, which includes the smaller pore size, could
operate as a sieve to allow more CO, to migrate towards available adsorption sites than N,
and O,. Therefore, the radial dispersion of CO, toward available adsorption sites can become

dominant.

With regard to the selectivity for CO,, it is noticeable that the adsorption of N, and O, in the
mixture of gas containing either 14% CO, or 40% CO, is undoubtedly insignificant, as the
adsorption of N, and O, from 100% N, and 100% O, was very low (Fig. 4.39). As with PAA,
the minimum selectivity for CO; after 150 minutes of isothermal adsorption time when using
MWNT-PAA was evaluated, and the minimum concentration of CO, in the adsorbed gas is
shown in Table 4.13.

The first 30 minutes was marked by a higher adsorption kinetics, where 39 mg/g and 48
mg/g, corresponding to 83% and 77.4% of the maximum adsorption capacity, was reached
after 150 minutes from 14 and 40% CO, flue gas mixtures, respectively (Fig. 4.47). It was
demonstrated that the N, and O, adsorption was very low within the first 30 minutes when
the MWNT-PAA was exposed to 100% N, and 100% O, (Fig. 4.39). This resulted in the
enhancement of selectivity for CO, with a minimum CO, concentration of 91 and 93% CO,

adsorbed when using 14 and 40% CO, gas mixtures, respectively.
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Figure 4.46: Adsorption of 100, 40 and 14% CO, onto PAA at 25 °C
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Figure 4.47: Adsorption of 100, 40 and 14% CO, onto MWNT-PAA at 25 °C

4.5.2. CO; adsorption at 35 °C

45.2.1. PAA

The increase of adsorption capacity with the increase of CO, concentration in the variable gas
stream as stated previously, was also observed at 35 °C for the adsorbent PAA, as shown in
Table 4.14. Everything being equal otherwise, the predominance of chemisorption was
observed at 35 °C, since the change of adsorption capacity was not significant when the

temperature increased from 25 to 35 °C.

With regard to the selectivity for CO,, it was found that the adsorption of N, and O, in the
gas stream with either 14 or 40% CO, content was insignificant since the adsorption of N,
and O, when using 100% N, and 100% O, was very low, as shown in Figure 4.40. Thus, the
minimum CO; concentration in the adsorbed gas after 150 minutes of adsorption time was

measured as shown in Table 4.14.

Considering the adsorption kinetics, it was found that the first 30 minutes was marked by
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higher adsorption kinetics, where 24.3 mg/g and 28 mg/g, corresponding to 78.4% and 82.4%
of the maximum adsorption capacity, were achieved. Accordingly, the selectivity for CO,
was enhanced within the first 30 minutes. A minimum CO, concentration of 97% CO, was
adsorbed using a gas stream with either 14% CO, or 40% CO,. This increase of selectivity
for CO; is due to the insignificant N, and O, adsorption for PAA exposed to flowing 100%
N2 and 100% O, within the first 30 minutes of adsorption time, as reported in Figure 4.40.
Thus, the increase of temperature from 25 to 35 °C for the adsorption using PAA has resulted
in an increase of the selectivity to confirm the higher activity for CO, due to the

chemisorption predominance.

Table 4.14: Adsorption capacity and selectivity for CO;over O, and N;at 35 °C

14% CO; 40% CO, 100% CO;,
Adsorbents Cad Xco2 Cad Xco2 Cad Xco2
mg/g % ma/g % mg/g %
PAA 31 88 34 92 52 100
MWNT- 45 70 51 74 60 100
PAA

4.5.2.2. MWNT-PAA

The CO, adsorption capacity for MWNT-PAA to the variable gas composition increased with
the increase of the CO, concentration in the gas stream, as shown in Table 4.14. The increase
of temperature from 25 to 35 °C resulted in a decrease of adsorption capacity. The CO,
should have been higher to assure good CO, radial dispersion in the pores structure due to the
good geometry/structure of MWNT-PAA. The radial dispersion is beneficial for CO,
adsorption, because CO, can migrate easily to the vacant pores. This requires a very weak
interaction of adsorbent with the flue gas which includes N, and O,. Unfortunately, the
adsorption of O, was more significant when exposing the MWNT-PAA to 100% O at 35 °C
(Fig. 4.41). The adsorption of N could not exceed 1mgN,/g even though N, was found to be
in large excess in the gas composed of either 14% CO, or 40% CO,. This observation is due
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to the insignificant amount of N adsorption when using 100% N for adsorption at 35 °C, as

shown in Figure 4.41.

The selectivity for CO, was slightly hampered due to a large quantity of O, in the adsorbed
gas. The evaluation of minimum CO; concentration in the adsorbed gas after 150 minutes of
adsorption time is shown in Table 4.14. The first 30 minutes of adsorption was marked by a
higher selectivity for CO, due to the slow adsorption kinetics for N, and O, and the rapid
adsorption kinetics for CO, (Fig. 4.49). Thus, in the first 30 minutes of adsorption the
minimum CO, concentration in adsorbed gas was 91% CO, and 92% CO, for a gas stream
with 14% CO, and 40% CO, respectively. The selectivity for CO, at 35 °C was lower on
MWNT-PAA compared to PAA; however MWNT-PAA has an advantage of large CO;

adsorption capacity.
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Figure 4.48: Adsorption of 100, 40 and 14% CO; onto PAA at 35 °C
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Figure 4.49: Adsorption of 100, 40 and 14% CO, onto MWNT-PAA at 35 °C

4.5.3. CO; adsorption at 45 °C

4.5.3.1. PAA

At 45 °C, the adsorbent PAA shows an increase of CO, adsorption capacity with the increase
of CO, concentration in the gas stream (Table 4.15). However, due to low adsorption
capacity, the selectivity was high due to insignificant adsorption capacity of N, and O,, as
evaluated from the N, and O, adsorption when using 100% N, and 100% O, at 45 °C
(Fig.4.42). The minimum CO, concentration in the adsorbed gas is depicted in Table 4.15.
The selectivity was enhanced during the first 30 minutes of adsorption, because both O, and
N, demonstrated very low adsorption when using a stream gas of 100% O, and 100% N..
Thus, the minimum CO, concentration in the adsorbed gas was approximately 97 and 98%
CO;, for the first 30 minutes of adsorption time when using a flue gas of 14 and 40% CO,,

respectively.
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Table 4.15: Adsorption capacity and selectivity for CO;,over O, and Nj at 45 -C

14% CO, 40%CO, 100%CO;
Adsorbents Cad Xco2 Cad Xco2 Cad Xcoz
mg/g % mg/g % mg/g %
PAA 26 92 32 94 39 100
MWNT- 40 90 50 92 56 100

PAA

4.5.3.2. MWNT-PAA

The adsorption at 45°C using the MWNT-PAA again demonstrated an increase of adsorption
capacity with increasing CO, concentration in the gas stream; as expected (Table 4.15).
Furthermore, the adsorption capacity has decreased with an increase of the temperature from
35 to 45 °C. As mentioned previously, the adsorption of O, using 100% O, was significant in
the first 5 minutes and dropped afterwards, while the adsorption of N, was very low during
150 minutes of the adsorption process. Therefore, the selectivity for CO; in the gas mixture
was negatively affected at the beginning of the adsorption process.

The enhancement of selectivity for CO;, using the adsorbent MWNT-PAA requires an
adsorption process with an isothermal time up to 60 minutes, the O, was desorbing while the
adsorption process was extended (Fig. 4.43). Therefore, the selectivity for CO, evaluated
after 120 minutes of adsorption time, shows a higher minimum CO, concentration in the
adsorbed gas (Table 4.15) compared to the selectivity for CO; at a short adsorption time. The
shorter the adsorption time, the lower is the selectivity for CO,. The selectivity for CO; in the
first 30 minutes of adsorption shows 87 and 90% concentration of CO, in adsorbed gas for
the feeding gas containing 14 and 40% CO, respectively. In the first 5 minutes of adsorption

time, the selectivity for CO, decreased to 77 and 80% CO, concentration in the adsorbed gas.
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Figure 4.50: Adsorption of 100, 40 and 14%CO, onto PAA at 45 °C

60

50

40
=
=
£ 30 —o—100%C02
S ——240%C02

20

4 14%C02
10
0 I
0 50 100 150 200
t,q (min)

Figure 4.51: Adsorption of 100, 40 and 14%CO, onto MWNT-PAA at 45 °C

4.5.4. CO; adsorption at 55 °C

45.4.1. PAA

The adsorption achieved at 55 °C, the highest temperature tested, again showed that the CO,
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adsorption capacity increase with the increase of CO, concentration in gas stream (Table
4.16). The CO, adsorption process at 55 °C using PAA was more beneficial, because no N,
and O, were adsorbed (Figure 4.44). Thus, the selectivity for CO, was at its potential
maximum corresponding to 100% CO, concentration in adsorbed gas.

The adsorption rate increased significantly at 55 °C compared to the adsorption rate at 45 °C
(Figs 4.52 and 4.51 respectively). The 40% CO; gas stream showed a lower CO, adsorption
in the first 30 minutes compared to the 14% CO,; however, the CO, adsorption for the 40%
CO, stream was higher afterwards (Fig. 4.52). Thus, the adsorption isotherm curve of flue gas
with 40% CO, content was less prominent than the adsorption isotherm curve for the 14%
CO, content during the first 40 minutes of the adsorption process. This contradicts the
statement that the CO, adsorption increases with the increase of CO, concentration in the flue
gas; however, the adsorption isotherm curve of flue gas of 40% became more prominent

afterwards.

4.5.4.2. MWNT-PAA

The adsorption onto MWNT-PAA at 55 °C showed an increase of CO, adsorption capacity
with an increase of CO, concentration in the gas stream (Table 4.16). The adsorbent MWNT-
PAA showed insignificant O, adsorption with no N, adsorbed at 55 °C (Fig. 4.45).
Consequently, the MWNT-PAA demonstrated a potential high selectivity for CO,, as shown
in Table 4.16. The first 5 minutes were marked by a higher CO, adsorption rate when using
the 14% CO; gas than the 40% CO, gas stream. The same phenomenon observed previously
with PAA was reproduced in MWNT-PAA where the 40% CO, adsorption isotherm curve
was initially less prominent than the 14% CO,. In this case the phenomenon corresponded to
the first 5 minutes of the adsorption time (Fig. 4.53). This is opposite to what was
traditionally observed where the CO, adsorption increases with the increase of CO,
concentration in the flue gas; however, the adsorption isotherm curve of gas of 40% becomes

more prominent afterwards.
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Figure 4.52: Adsorption of 100, 40 and 14%CO, onto PAA at 55 °C

Table 4.16: Adsorption capacity and selectivity for CO;over O, and N;at 55 °C

14% CO, 40% CO, 100% CO,
Adsorbents Cad Xcoz Cad Xcoz Cad Xcoz
mg/g % mg/g % mg/g %
PAA 25 100 29 100 39 100
MWNT- 34 99 43 99 46 100
PAA
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Figure 4.53: Adsorption of 100, 40 and 14%CO, onto MWNT-PAA at 55 °C
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4.5.5. Discussion of variable CO, concentration on adsorption

CO, adsorption of a gas stream with variable CO, content provided a challenge. The CO,
adsorption efficiency at the same temperature and pressure is CO, concentration dependent.
The increase of CO, concentration in the gas stream increased the CO, adsorption efficiency.
Most challenges in adsorption process are related to the fluid flow behavior of the system.
Adequate fluid flow must allow good transfer between the adsorbate molecules and
adsorbents in packed beds. This requires: (a) good external transport where the molecules
transfer via convection from the stream gas in the bed to a laminar film adjacent to the
particle surface; (b) good internal transport, where the diffusion occurs through molecules
penetrating into the porous structure and adsorbed onto the internal surface of the pellet; and
(c) good adsorption through physisorption or chemisorption where the adsorbate molecules
reach the interface between the gas phase and the solid phase. The fluid transfer by both
convection and diffusion causes radial or axial dispersion of molecules in the fluid flow,

which allows the mixing in radial and axial directions respectively.

Generally, for efficient adsorption, the axial dispersion must be minimized for the adsorbate
in order to avoid a large quantity of adsorbate content in the breakthrough gas. In the case of
axial dispersion, the bed length and the geometry/structure must be designed accordingly in
order to assure large adsorption of adsorbate during its path along the axial direction before
the gas breakthrough occurs. Since the TGA has a small crucible, axial dispersion is
prejudicial for adsorption efficiency. The radial dispersion will be significant when the
selectivity for CO; is assessed in order to allow good diffusion of CO; into available sites.
Both radial and axial dispersions are the consequence of convection and diffusion for fluid
flow transfer. Therefore, the CO, mixed in the gas stream was not easily accommodated in
the pore spaces due to the obstacle of air composed of N, and O,. The greater the quantity of
air in the gas stream, the greater the CO,, dilution, and the CO, migration toward the available
sites becomes more challenging. Even though the radial dispersion is important for good
contact between adsorbate and adsorbent, enough driving force is needed for CO; to assure
rapid CO, adsorption kinetics in order to avoid the presence of N, and O in the lattice of the
adsorbent. This challenge was more significant with PAA due to the poor geometry/structure,
including large pore size, than with MWNT-PAA, where the geometry/structure was

improved. The location of CO, and other gases (N, and O,) are necessary to be considerable
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with large pores, because the small pores operate as a sieve, allowing CO, migration towards
the available sites due to higher affinity to react with the amine to form carbamate. Thus, the
increase of CO, concentration increases the presence of CO, molecules to migrate toward
available adsorption sites. The CO, adsorption increases as the affinity of CO; to react with
the amine is considerable. Consequently, the beginning of the adsorption process is marked
by the presence of large number of CO; available sites which in combination create enough
driving force to attract a large quantity of CO,. The more the CO, adsorption is advanced, the
more the number of available sites decrease, leading to a flat curve of CO, adsorption as

observed experimentally.

A circumstantial fluctuation of CO, adsorption was observed at 55 °C where during the first
40 minutes the adsorption rate for the gas stream of 14% was larger than the adsorption rate
for the gas stream of 40% CO, when using the adsorbent PAA. The same phenomenon was
repeated with the adsorbent MWNT-PAA, but at very short adsorption time corresponding to
the first 5 minutes. This is an exception to the assumption, affirming that the CO, adsorption
increases with the increase of CO, concentration in the flue gas. This phenomenon is random,
but can be justified by a possible involvement of an amount of CO, in a rapid breakthrough
of the gas stream at the beginning of the adsorption where N, and O, adsorption are almost
zero at 55 °C. Since the convection of gas stream occurs more in the breakthrough direction,
the flux of gas is more controlled by the axial dispersion than the radial dispersion.
Consequently, the driving force decreases with the adsorption kinetics, resulting in a decrease
of CO; adsorption. This phenomenon was emphasized with the PAA, because of the large
pore size where CO; could easily be surrounded by other gases, causing the gas stream to
flow easily to the down surface edge of the bed, minimizing the potential interaction. It is
noticeable that the viscosity of air (79% N2/21% O,) is higher than the viscosity of CO, [*®!;
therefore, at higher temperature the air resistance will increase with the possibility to involve
easily the CO; in its breakthrough lane ®. A higher CO, concentration presents a potential
to be packed out by air resistance than a lower CO; concentration. Also, at 55°C, N, and O,
adsorption is close to zero for PAA and very insignificant for MWNT-PAA. This means that
the axial dispersion before breakthrough is the only possible path for air (N,+O,) due to
higher viscosity to interfere/interact easily with CO,. The availability of adsorption sites
could decrease rapidly especially with 14% CO, gas stream, causing the decrease of driving
force resulting in low CO; adsorption. Consequently, after the first 40 and first 5 minutes the
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adsorption isotherm curve for 40% CO, overtook the adsorption isotherm curve for 14% CO,
when using the adsorbents PAA and MWNT-PAA at 55 °C respectively.

With regard to the selectivity, PAA generally showed a higher selectivity for CO, compared
to MWNT-PAA; however, the adsorption for PAA was always low. This is because PAA has
a poor geometry/structure; and the adsorption was determined only by good chemical
reaction with one primary amine. Therefore, chemisorption was predominant in the
adsorption process where N, and O, adsorption was not favorable. The selectivity for CO,
using MWNT-PAA faced a competitor — O, which was always adsorbed. The O, adsorption
was more significant at 35 °C and 45 °C. Two explanations can be put forward to justify the
O, adsorption on MWNT-PAA: (a) the O, physisorption occurrence was possible as the
adsorbent MWNT-PAA has good geometry/structure; (b) the O, chemisorption was possible
if the MWNT displayed catalyst behavior between the NH, and O,. Mori et al. ?®"! found that
the oxidation of amine by O, is more favorable above 100 °C unless an appropriate catalyst is

used to lower the activation energy.

One more important thing that must be stated is that the selectivity for CO; is time dependent.
As the adsorption of the undesirable gas, including N, and O,, increases slowly and becomes
significant after a long time of adsorption, it is better to shorten the adsorption time to ensure
selectivity for CO,. This was the case of the adsorption performed with MWNT-PAA at 35
°C, where a significant quantity of O, could possibly be adsorbed after 150 minutes. Thus,
the selectivity for CO, would be a drawback after 150 minutes of adsorption process. The
restriction of the adsorption time to 30 minutes would be advantageous to increase the
selectivity for CO,. Conversely, an adsorption process where the adsorption rate of any
undesirable gas is high at the beginning, the selectivity for CO, will be negatively affected at
the beginning and recover later on as the undesirable gas will be desorbing. This
corresponded to the case of adsorption performed at 45 °C with the use of MWNT-PAA,

where the first 5 minutes was marked by a significant adsorption of O..

Furthermore, the CO, adsorption using PAA and MWNT-PAA implies adherence to the
Langmuir model, where the adsorption rate typically was very high at the beginning of the
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adsorption process, and dropped significantly as the adsorption time increased. Therefore, the
shortening of the adsorption time will be beneficial when multiplying the cycle adsorption-

desorption operation to increase the CO, adsorption.

4.6. THE BEHAVIOR OF MOIST ADSORBENTS ON ADSORPTION

Sorbents for CO, capture plants (including post-combustion and oxyfuel plants) will
inevitably be exposed to certain levels of moisture, especially where predrying of the gas has
been avoided to save costs + energy. Therefore, an adsorbent with the ability to tolerate water
will be a much sought after, if it has favorable CO, adsorption capacity, kinetics, selectivity
and regenerability. The flue gas exhausted from different combustion plants generally
contains N, O,, H,O and CO,. The moisture (H,O) has an effect on CO, and O, during the
adsorption process, especially in an amine medium. In the presence of CO, and amine, H,O
with amphoteric properties behaves as a base and as an acid respectively. The oxidizing
action of O, becomes more significant in water, which could lead to amine degradation 2!,
When O, and CO, are in the gas mixture, the solubility of O, is minimized; therefore the
amine degradation is less *®°. As the synthesized adsorbents (PAA and MWNT-PAA) were
previously investigated under dry conditions, it is very important to highlight the impact of
added moisture in the gas. When the adsorption runs at low temperatures (below 55 °C) the
moisture is no longer in a vapor state, but at a liquid state. Consequently, the adsorbents will
obviously become wet in the presence of moisture in the flue gas. Thus, the testing of moist
PAA and moist MWNT-PAA via the TGA was an effective approach to evaluate the
influence of water on the adsorbents. The water content in the wet adsorbents was varied at
20 and 40% moisture with the solid adsorbent the remaining in order to predict the efficiency
of the adsorbents as a function of the moisture content.

Firstly, a gas of 100% O, was injected into the TGA, passing through the moist or wet
adsorbents at different temperatures (25 to 55 °C) to investigate the behavior of O, on the
moist PAA and moist MWNT-PAA. The results are recorded in Appendix 4 and the outcome
can be found in Table 4.17. Table 4.17 depicts the adsorption of O, when using moist

adsorbents (40% and 20% wet) compared to O, adsorption when using dry adsorbents.
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Secondly, a flue gas of 100% CO, was injected in the TGA passing through the wet
adsorbents in the same condition as before. These results are reported in Figures 4.54 to 4.61
(depicting the adsorption of CO, using the moist adsorbents (40 and 20% wet) compared to
the CO, adsorption when using dry adsorbents). Finally, a flue gas containing 14% CO, and
air was injected in the TGA as previously. The results are reported in Figures 4.61 to 4.609.
In Figures 4.54 to 4.69 the symbol dry-P, 40% W-P and 20% W-P are to identify dry PAA,
40% moist PAA and 20% moist PAA respectively. Also dry-M, 40% W-M and 20% W-M
identify dry MWNT-PAA, 40% moist MWNT-PAA and 20% moist MWNT-PAA
respectively.

4.6.1. The effect of moist adsorbents on O, adsorption with change of temperature

Operating in temperature range 25 — 55 °C, the adsorbent PAA shows at all temperatures the
increase of O, adsorption with the increase of moisture (Table 4.17). Since O is soluble in
H,0, the reaction was possible to some extent with the amine in the structure. However, the
increase of O, adsorption is a drawback to the selectivity for CO,; it literally shows that the
solubility of O, in water decreases in the presence of CO,, which decreases O, adsorption.
Furthermore, the flue gas from combustion usually contains a low amount of O,. In the same
condition of adsorbent PAA, the O, adsorption decreased with the increase of temperature for
dry PAA; while the moist PAA shows the increase of O, adsorption from 25 °C to 35 °C and

decrease afterwards.

The adsorbent MWNT-PAA shows the increase of O, adsorption at 25 and 55 °C with the
increase of moisture concentration. In temperature range 35 — 45 °C, the O, adsorption
decreased with the increase of moisture concentration (Table 4.17). In the same condition of
adsorbent, the dry MWNT-PAA shows the increase of O, adsorption from 25 °C to 35 °C and
decreased afterwards, while the O, adsorption was almost the same with moist MWNT-PAA
in temperature range 25 — 45 °C when minimizing some fluctuation observed. But a

significant rise of O, adsorption capacity was observed at 55 °C.
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Compared to PAA, the adsorbent MWNT-PAA showed a higher O, adsorption capacity at all
temperatures due to its enhanced geometry/structure (Table 4.17). As the purpose is to
increase the CO, adsorption capacity by using MWNT on PAA, the increase of O, adsorption
is a drawback, especially in terms of selectivity for CO,. Nevertheless, the quantity of O, in
the flue gas from power plant is generally low; moreover, the adsorptivity of O, decreases in
the presence of CO; in cases where amine adsorbents were used. Therefore the investigation
of the effect of water on CO, adsorption using the adsorbents PAA and MWNT-PAA is

important for the evaluation of adsorbents’ efficiency.

Table 4.17: O, adsorption capacity of dry and moist adsorbents at variable

temperatures
O, adsorption capacity
mg-O,/g
Adsorbents 25°C 35°C 45 °C 55-C
% Moisture % Moisture % Moisture % Moisture
dry 20% 40% dry 20% 40% dry 20% 40% dry 20% 40%
PAA 144 184 285 130 378 468 097 171 224 000 0.64 1.62
MWNT- 251 5.02 6.67 1250 7.17 439 855 6.03 545 116 8.03 1251
PAA

4.6.2. The effects of moist adsorbents using variable CO, concentration in gas stream at

variable temperatures

In this Section, 100% CO, at 25, 35, 45, 55 °C is considered for moist PAA and MWNT-
PAA, followed by consideration at 14% CO, at the same temperatures. Moisture addition is
20 and 40%, indicated as W-P and W-M in the figures to identify moist PAA and moist
MWNT-PAA respectively.

4.6.2.1. Gas stream with 100% CO, Content

A. CO; adsorption at 25 °C

With regards to the water tolerance of the adsorbent PAA, Figure 4.54 and Table 4.18 show a
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decrease of CO, adsorption at 25 °C with an increase of moisture in the adsorbent PA. The
presence of moisture in the adsorbent PAA shows broadly a decrease of CO, adsorption
capacity when the adsorption was done at 25 °C. This is due to presence of moisture in the
lattice pores of the PAA, resulting in the possible blockage of CO, from migrating to
available sites. If the temperature is not favorable for carbonate formation, the presence of
water becomes a resistance to the CO, adsorption efficiency. Thus, a flue gas with moisture is
predicted to capture less CO, at 25 °C using PAA and requires pretreatment for moisture

removal.

The use of moisture MWNT-PAA for water tolerance evaluation at 25 °C with 100% CO; as
flowing gas is depicted by the results plotted in Figure 4.55. The decrease of CO, adsorption
with the increase of water concentration is given by the values shown in Table 4.18. The
adsorbent MWNT-PAA showed a decrease of CO, capture at 25 °C when the gas contains
moisture. Despite the cost of any flue gas pretreatment for moisture removal, the use of
adsorbent MWNT-PAA for CO, adsorption at 25 °C is very favorable to ensure a high CO;

uptake when the flue gas is dried.

Table 4.18: CO, adsorption using 100%CO, for moist adsorbents

Adsorbents Cad
mg-CO./g
25°C 35°C 45°C 55°C

Dry PAA 52 52 39 43.7
20% Wet PAA 24.25 46.4 43.5 22
40% Wet PAA 13.67 26.5 47.3 35.7
Dry MWNT-PAA 70 60 56 46.4
20% Wet MWNT-PAA 57.3 57 49.3 46.7
40% Wet MWNT-PAA 43.7 71 70.2 70.9

Considering both MWNT-PAA and PAA under moist conditions, the CO, adsorption
capacity was higher for MWNT-PAA compared to PAA. At 25 °C the adsorbent MWNT-

PAA encounters a decrease of CO, uptake in the presence of moist gas. Nevertheless this
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CO; uptake is higher compared to dry gas onto PAA. In the case of moist flue gas the use of
MWNT-PAA without gas pretreatment is still better than PAA after gas pretreatment. Even if
MWNT-PAA showed significant O, adsorption at 25 °C compared to PAA (Table 4.9),
which can reduce the selectivity for CO,, the O, adsorption resistance will obviously increase
due to the high affinity for CO, with the amine adsorbent. Furthermore, the adsorption of O,
does not affect the selectivity for CO, since the quantity of O, in the flue gas is not so

significant. Also, the preference for CO; prevails over O, by the amine adsorbent.
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Figure 4.54: CO; adsorption from 100% CO, onto moist PAA at 25 °C
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Figure 4.55: CO, adsorption from 100% CO, onto moist MWNT-PAA at 25 °C
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B. CO; adsorption at 35 °C

The adsorbent PAA at 35 °C suffered a of CO, adsorption capacity with an increase of
moisture in the adsorbent (Fig. 4.56). The amount of CO, adsorbed by the adsorbent PAA at
35°C is shown in Table 4.18. The presence of water reduced CO, uptake at 35 °C. The effect
becomes more significant with a larger quantity of water because the decrease of CO,
adsorption capacity was not significant from the dry PAA to the 20% moist PAA. Thus, when
the flue gas contains a large quantity of moisture, a partial moisture removal will be
sufficient, since the difference of CO, uptake at 35 °C for dry PAA and 20% moist PAA was
not significant. Compared to 25 °C, the CO, adsorption has increased at 35 °C for PAA under
the same conditions either dry or wet. This shows the predominance of chemisorption for
CO, adsorption where the increase of temperature was favorable to promote the reaction

between CO, and amine even if soaked in water.

With regards to the adsorbent MWNT-PAA at 35 °C (Figure 4.57), the CO, adsorption
capacity decreased slightly from dry MWNT-PAA to 20% moist MWNT-PAA and
significantly increased from dry MWNT-PAA to 40% moist MWNT-PAA. The difference of
CO; uptake between the dry MWNT-PAA and the 20% moist MWNT-PAA was insignificant
and could be considered to be approximately the same. Thus, the presence of water does not
cause a decrease in CO, adsorption capacity, since the CO, uptake stayed almost constant
from dry MWNT-PAA to 20% moist MWNT-PAA and increase considerably with large
quantity of water in MWNT-PAA. This shows that the carbonate occurrence was possible at
35 oC when using the adsorbent MWNT-PAA with a high moist content. The use of moist
flue gas for CO, capture is not impaired when the adsorption has to be performed at 35 °C
with MWNT-PAA. Compared to 25 °C (Fig. 4.55), the CO, uptake at 35 °C (Fig. 4.57)
decreased for the dry MWNT-PAA, stayed constant for 20% moist MWNT-PAA and
drastically increased for 40% moist MWNT-PAA.
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Figure 4.56: CO, adsorption from 100% CO, onto moist PAA at 35 °C
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Figure 4.57: CO; adsorption from 100% CO; onto moist MWNT-PAA at 35 °C

C. CO; adsorption at 45 °C

The adsorbent PAA showed an increase in CO, adsorption capacity with an increase of
moisture in the adsorbent at 45 °C (Fig. 4.58): the amount of CO, uptake is noted in Table
4.18. The increase of moisture in PAA for CO, adsorption at 45 °C shows the occurrence of
carbonate through the increase of CO, uptake. This could be due to the presence of water;

water, being amphoteric, could possibly react with CO; as a base and with amine as an acid.
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As flue gas usually contains moisture, pretreatment is unnecessary when the adsorption is
done at 45 °C is done with PAA as adsorbent. This results in an increase of CO, uptake and

energy as well.

Considering the adsorbent MWNT-PAA, a broad increase of CO, adsorption capacity was
recorded with 40% moist MWNT-PAA compared to dry MWNT-PAA. Under the same
conditions 20% moist MWNT-PAA showed a decrease of CO; adsorption, as depicted in
Figure 4.59. The amount of CO, uptake for the adsorption performed at 45 °C after 120
minutes is shown in Table 4.18. The increase of CO, adsorption capacity is obviously due to
the formation of carbonate which occurred at 45 °C. It is a contrast to see the increase and
decrease of CO, adsorption capacity with varying moisture contents in MWNT-PAA
compared to the dry MWNT-PAA. It is known that the increase of CO, uptake in the
presence of moisture when using an amine adsorbent is caused by the formation of carbonate,
with a stoichiometry reaction showing 1 mol of CO, for 1 mol of amine (Section 2.5.7).
Carbamate formation requires 2 moles of amine for 1 mol of CO, (Section 2.5.6). Moreover,
the presence of water in the adsorbent can be very important to promote either carbamate or
carbonate formations. When the quantity of water is not enough, it will possibly be
incorporated in the lattice of the pores and the CO, adsorption will have more chance to occur
on the surface of the sorbent particles with amine, resulting to carbamate formation. The
temperature of 45°C was favorable for carbonate formation as a large amount of CO; uptake
was observed with moist MWNT-PAA. Ogino et al (1987), investigating the formation and
transformation mechanism of calcium carbonate in water, found that the polymorphs of
crystalline CaCOs are formed at the intermediate temperatures (40 — 60 °C) 1. At higher
temperatures, i.e., above approximately 40 °C, various basic carbonates are usually formed
[291, 292,293, 2941 '\W/jth more moisture, the CO, will form carbonate at the surface of the pellet
and continue in the lattice pores. The influence of varying quantities of moisture become
more noticeable when the adsorbent has small pores as it is the case of MWNT-PAA

compared to PAA.
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Figure 4.59: CO; adsorption from 100% CO; onto moist MWNT-PAA at 45 °C

D. CO; adsorption at 55 °C

The presence of moisture in the adsorbent PAA really reduced CO, adsorption capacity at 55
°C (Fig. 4.60). In contrast to the adsorption at 45 °C where the CO, adsorption was increasing

with the presence of moisture in PAA, at 55 °C, the CO, uptake decreased significantly in the
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presence of moisture compared to the dry PAA (Table 4.18). This shows that a large quantity
of moisture in PAA could possibly increase the CO, uptake compared to the dry condition of
PAA. Three possible explanations can justify the phenomenon of decrease of CO, adsorption
capacity at 55 °C with the presence of moisture in the PAA: (a) firstly the moisture level was
not enough to resist the desiccation that was possibly higher at 55 °C; (b) the presence of
moisture could possibly prevent the access of CO, to the favorable adsorption sites; and (c)

finally the resistance to carbonate formation at 55 °C.

With regard to the adsorbent MWNT-PAA, the CO, adsorption capacity increased in the
presence of moisture. However, the 20% moisture MWNT-PAA shows the same CO,
adsorption capacity than the dry MWNT-PAA, as depicted in Figure 4.61. The amount of
CO, adsorption is shown in Table 4.18. Thus, high level of moisture in flue gas has the
potential to increase the CO, adsorption when the temperature is favorable to carbonate

formation.
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Figure 4.60: CO, adsorption from 100% CO, onto moist PAA at 55 °C
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Figure 4.61: CO; adsorption from 100% CO, onto moist MWNT-PAA at 55 °C

4.6.2.2. Effluent stream gas with 14% CO, Content

A. CO; adsorption at 25 °C

The presence of water in the adsorbent PAA has reduced CO, adsorption capacity at 25 °C
when using a flue gas with 14% CO, (Fig. 4.62). The amount of CO, adsorbed is reported in
Table 4.19. This shows that the interaction between the amine and CO, was not favorable to
form carbonate at 25 °C; dry PAA previously demonstrated the highest CO, adsorption at
temperatures 25 and 35 °C, with possible carbamate occurrence. Furthermore, the
physisorption intended to take over could be hampered by: 1) poor geometry/structure of
PAA; and 2) the incorporation of moisture in the pores could prevent CO, from diffusion
toward available adsorption sites. For post-combustion where the flue gas contains 14% CO,,
the use of PAA for CO, capture at 25 °C will require flue gas pretreatment for water removal
in order to increase the CO, uptake. This will demand an extra energy and equipment costs
for desiccation. Since the variation in CO, adsorption capacity between dry PAA and 20%
moist PAA is not so significant, partial water removal from flue gas will be beneficial.
Moisture in PAA reduced the selectivity for CO,, as the CO, adsorption capacity decreased
with the increase of water. Under the same conditions the O, adsorption capacity increased
(Table 4.17).
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Table 4.19: Moisture effect on CO, adsorption using a flue gas of 14% CO, at 25 °C

Adsorbents Cad Xcoz
mg/g %
Dry PAA 31 86
20% Wet-PAA 27.6 83.3
40% Wet-PAA 10.3 58.7
Dry MWNT-PAA 45.9 90
20% Wet-MWNT-PAA 44.5 84.2
40% Wet-MWNT-PAA 46.8 815

The adsorbent MWNT-PAA does not show any significant change of CO, adsorption
capacity between the dry and wet conditions, as shown in Figure 4.63. The adsorption
capacity obtained for different conditions of adsorbent was almost the same (Table 4.19).
However, the O, adsorption increased with the increase of moisture in the MWNT-PAA

(Table 4.19), resulting in a decrease of selectivity for CO,.

Compared to PAA, the MWNT-PAA appears to be more successful in terms of CO,
adsorption capacity and selectivity at 25 °C. Thus, the use of MWNT-PAA instead of PAA
could be advantageous not only to circumvent the cost related to the gas pretreatment
process, but also to procure a higher CO, adsorption capacity corresponding to 46.8 mg/g for
a wet-MWNT-PAA compared to 31 mg/g for a dry PAA (Table 4.19).
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Figure 4.62: CO, adsorption from 14% CO, onto moist PAA at 25 °C
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Figure 4.63: CO; adsorption from 14% CO, onto moist MWNT-PAA at 25 C

B. CO, adsorption at 35 °C

The adsorbent PAA continues to show a decrease of CO, adsorption capacity with an
increase of moisture in the adsorbent (Fig. 4.64 and Table 4.20). A significant decrease of
CO, uptake was recorded for 40% moist PAA, while the 20% moist PAA and dry PAA
showed almost the same CO, uptake. Furthermore, the selectivity for CO, decreased with the
increase of moisture in PAA for the adsorption performed at 35 °C using a gas of 14% CO..
Thus, a gas pretreatment will improve the adsorption properties, including adsorption
capacity and selectivity for CO,. Even if the flue gas has to be pretreated, a partial water
removal will be enough to procure the same amount of CO, adsorption compared to dry flue

gas.

At 35 °C, the adsorbent MWNT-PAA shows an increase of CO, adsorption capacity with an
increase of moisture in the adsorbent (Table 4.20); MWNT-PAA at 40% moisture shows a
high CO, adsorption capacity at 35 °C. The increase of CO, adsorption capacity was not so
significant between the dry MWNT-PAA and 20% moist MWNT-PAA as the isothermal
curves in Figure 4.65 almost coincide. The significant increase of CO, uptake with a large

amount of water in the MWNT-PAA is possibly due to the carbonate occurrence at 35 °C
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enhanced by good geometry/structure in the MWNT-PAA. In addition, the selectivity for
CO, increased with the increase of water in the MWNT-PAA. Thus, a flue gas with a
significant amount of moisture content will increase and ensure high CO, adsorption capacity
at 35 °C. The humidification of flue gas in order to increase the water content can be an
approach to increase CO, adsorption capacity when using MWNT-PAA for the adsorption at
35°C.

Table 4.20: Moisture effect on CO, adsorption using a flue gas of 14% CO, at 35 °C

Cad Xcoz
mg/g %
Dry PAA 30 88
20% Wet-PAA 28.5 83.2
40% Wet-PAA 16.7 66
Dry MWNT-PAA 41.5 70
20% Wet-MWNT-PAA 44.4 81.4
40% Wet-MWNT-PAA 65 91.6

Compared to PAA where the flue gas pretreatment is required for good adsorption
performance, the adsorbent MWNT-PAA presents an enormous advantage which includes

high CO, uptake and avoiding further cost of gas pretreatment.
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Figure 4.64: CO, adsorption from 14% CO, onto moist PAA at 35 °C

156



70

60

D
o

,\,N\AM
=¢—dry-M

’ == 40%W-M
20%W-M

B

w
o
7 ga

C,, (mg-C02/g)

N
o

[ERN
o

o
™
-

0 50 100 150

t,; (min)

Figure 4.65: CO; adsorption from 14% CO, onto moist MWNT-PAA at 35 °C

C. CO; adsorption at 45 °C

At the temperature of 45 °C the presence of moist in PAA shows the increase of CO,
adsorption capacity which was higher with 40% moist PAA sample; but slightly lower
selectivity (Fig. 4.66 + Table 4.21). This shows that carbonate occurrence was more
favorable at 45 °C, despite the poor geometry/structure in PAA which could disadvantage the

potential interaction.

Table 4.21: Moisture effect on CO, adsorption using a flue gas of 14% CO, at 45 °C

Adsorbents Cad Xcoz
mg/g %
Dry PAA 25.5 92
20% Wet-PAA 28.2 90.4
40% Wet-PAA 29.4 89.1
Dry MWNT-PAA 40.0 90
20% Wet-MWNT-PAA 454 85
40% Wet-MWNT-PAA 48.1 86.6
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With regard to the adsorbent MWNT-PAA, Figure 4.67 shows that the presence of moisture
increased the CO, adsorption capacity at 45 °C. However, as previously discussed, the
selectivity for CO, was reduced by significant amounts of O, that could be adsorbed under
moist conditions of MWNT-PAA at 45 °C. Nevertheless, a high moisture levels flue gas is
predicted to enhance the selectivity for CO,. The carbonate formation through water and CO,
was dominant at 45 °C. Thus, the humidification of flue gas may be a promising option for
the enhancement of CO, adsorption capacity when the adsorption is intended to operate at 45
°C using the adsorbent MWNT-PAA.
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Figure 4.66: CO, adsorption from 14% CO, onto moist PAA at 45 °C
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Figure 4.67: CO; adsorption from 14% CO, onto moist MWNT-PAA at 45 °C
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D. CO; adsorption at 55 °C

The adsorption conducted at 55 °C with the use of PAA as adsorbent with 14% CO, flue gas
(Figure 4.68) shows a slight increase of CO, adsorption capacity with 40% moist PAA, and a
decrease with 20% moist PAA. The values of CO, adsorbed are reported in Table 4.22. The
big concern to elucidate is the fluctuation in the increase and decrease of CO, adsorption
capacity with large and small amounts of water in PAA, respectively. It is known that the
increase of temperature increases the desiccation of the adsorbent. Thus, a wet adsorbent will
progress to dry adsorbent when a part of water is lost as a result of temperature effects. Yet,
the water is intended to increase the CO, uptake in the presence of the amine adsorbent. The
40% moist PAA presents enough water to increase CO, uptake through carbonate formation.
In addition, the formation of bubbles with the increase of temperature is possible; especially
with small quantity of water in the 20% moist PAA. The resistance to the breakdown of these
bubbles increases with the presence of air in gas stream. Unless the potential interaction of
CO,-water-amine to form HCOs; and NHs' is strong enough to break these bubbles, the
decrease of CO, adsorption is inevitable. Furthermore, the selectivity for CO, was favorable
even though it decreased with the increase of water in the PAA adsorbent. This is
advantageous for CO, capture adsorption technology using PAA at 55 °C with a significant

amount of water content in the gas stream.

Table 4.22: Moisture effect on CO, adsorption using a flue gas of 14%CO, at 55 °C

Adsorbents Cad Xcoz
mg/g %
Dry PAA 24.4 100
20% Wet-PAA 20.6 96.8
40% Wet-PAA 25.7 93.7
Dry MWNT-PAA 34.2 99
20% Wet-MWNT-PAA 31.2 74.3
40% Wet-MWNT-PAA 34.9 64.2
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A similar trend was observed for the MWNT-PAA where a decrease in CO, adsorption
capacity was noted for the 20% moist sample; while a slight increase was noted for the 40%
moist sample (Fig. 4.69 and Table 4.22).
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Figure 4.68: CO, adsorption from 14% CO, onto moist PAA at 55 °C
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Figure 4.69: CO; adsorption from 14% CO, onto moist MWNT-PAA at 55 °C
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4.6.2.3. Discussion of CO, adsorption using moist adsorbents at varying CO;

concentration

For a gas streams with both 100 and 14% CO, contents, the presence of moisture in the
adsorbent PAA reduced CO; adsorption capacity at the temperatures tested (25 and 35 °C).
This shows that the formation of carbonate was not favorable at these temperatures. Moisture
could be incorporated in the lattice of pores, blocking CO;, from migrating to the available
adsorption sites. Likewise, the adsorbent MWNT-PAA showed a decrease of CO, adsorption
capacity with the increase of moisture at 25 °C, but only for the 100% CO-, gas stream (Table
4.23). The CO, adsorption capacity was almost independent of water concentration for the
gas stream of 14% CO,. The presence of air with N, in the flue gas could sweep the water
from the lattice pores in order to allow the migration of CO, into available adsorption sites.
Note that the homogeneity, smoothness, and purity of the surface interacting particles
influence the interparticle forces. Moreover, the presence of very small bubbles of gas on the
surface of particles can significantly impact on the interparticle interaction . Thus, the
microbubbles occurring decrease CO; adsorption capacity. The phenomenon of microbubbles
was important with the PAA at temperatures of 25 and 35 °C due to the poor
geometry/structure of the adsorbent, i.e. its large pore size, small surface area and pore
volume. Conversely, the microbubbles did not develop on the MWNT-PAA surface, due to
the high hydrophobicity of the adsorbent and also the ability to form carbonate. Therefore,
the adsorbent MWNT-PAA did not experience a significant decrease of CO, adsorption
capacity with the presence of water in the adsorbent. Instead, the CO, adsorption capacity

was either almost equal or higher with the increase of moisture in MWNT-PAA.

The adsorbent PAA was more efficient for the adsorption performed at 45 °C where the
increase of moisture concentration in an adsorbent resulted in an increase of CO, adsorption.
The adsorbent MWNT-PAA operated efficiently at all temperatures, with minimal reduced
CO; adsorption recorded. A high CO, adsorption capacity for both gas streams with 100%
CO; and 14% CO, contents were encountered at 35 °C when using the adsorbent MWNT-
PAA. In addition, the adsorbent MWNT-PAA showed that a significant quantity of moisture
in the flue gas resulted in high CO, adsorption capacity. This explains a continuous formation

of carbonate through the interaction between H,O, CO, and —NH; which resulted in HCO3
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and —NH3" formation. When the quantity of water is small, the rise of temperature can limit
the carbonate formation resulting in a decrease of the CO, adsorption capacity. The highest
CO; adsorption capacity at 35 °C with the use of MWNT-PAA was 71 and 65 mg-CO./g for
both flue gas with 100 and 14% CO, contents, respectively. This proved that the impact of O,
is less when the CO, and O, are competing in the adsorption process. The increase of water
enhanced the selectivity for CO, during the adsorption at 35 °C with the adsorbent MWNT-
PAA, and for the adsorption in the temperature range 45 - 55 °C with the adsorbent PAA
(Table 4.24). The O, adsorption drops significantly in the competition with CO, due to the

latter’s higher affinity for the amine adsorbent compared to O».

Note that the CO, adsorption capacity is expected to increase when the reactor with MWNT -
PAA adsorbent is permanently fed with flue gas containing moisture, because the carbonate
formation will be limited not by the saturation of water but by the saturation of the adsorbent.
In this work the adsorbent was wetted before the adsorption process, which shows that the
quantity of water could limit the carbonate formation while the adsorbent is still providing
available sites for adsorption. The saturation of water before adsorbent saturation will
obviously lead to carbamate formation instead of carbonate formation. This, according to
stoichiometry of the reactions, ensures double the amount of CO, adsorption capacity
compared to carbamate formation. In addition, the permanent flowing of flue gas with water
content will never be subjected to the desiccation, therefore the CO, adsorption capacity and

the selectivity for CO, can be higher.

Table 4:23: Moisture effects on CO, adsorption capacity from 100% CO; in gas stream

Cad
(mg-CO,/g)
Adsorbents 25°C 35°C 45 °C 55°C
%Mosture %Moisture %Moisture %Moisture
dry 20% 40% | dry 20% 40% |dry 20% 40% |dry 20% 40%
PAA 52 24.3 135 52 464 265 |39 434 47 43.7 22 35.7

MWNT- 70 57 437 60 57 71 |56 493 702|466 46.7 71
PAA
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Table 4.24: Moisture effects on CO, adsorption capacity from gas stream of 14% CO,

25°C 35°C 45°C 55°C

Adsorbents Cud Xco2 Cad Xco2 Cad Xco2 Cad Xco?

mg/g % mg/g % mg/g % mg/g %
Dry PAA 31 86 30 88 25.5 92 24.4 100
20% Wet 27.6 88.3 28.5 83.2 28.2 90.4 20.6 96.8
PAA
40% Wet 10.3 58.7 16.7 66 29.4 89.1 25.7 93.7
PAA
Dry 45.9 90 41.5 70 40.0 90 34.2 99
MWNT-
PAA
20% Wet 44.5 84.2 44.4 81.4 454 85 31.2 74.3
MWNT-
PAA
40% Wet 46.8 815 65 91.6 48.1 86.6 34.9 64.2
MWNT-
PAA

4.7. ADSORPTION-DESORPTION CYCLES

The regeneration efficiency of adsorbents is an important factor that needs to be investigated
to determine the competiveness of the adsorbent. Regarding the economic feasibility and
environment concerns, an adsorbent must not be discarded after being used only once. For the
regeneration efficiency, the adsorbent must release the maximum gas adsorbed again in the
desorption process. A high frequency of reuse with consistent gas recovery at acceptable
temperature and pressure is required for the adsorbent to be competitive. Testing of the
regeneration of the adsorbents was rendered possible through the adsorption-desorption
process using a temperature swing adsorption (TSA) systems. The gas recovery evaluation
was achieved by considering the difference between the maximum and minimum adsorption

isotherm curve as the maximum amount of gas adsorbed; the difference was considered to be
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the amount of gas recovered. Thus, the ratio of the amount of gas recovery and the maximum

amount of gas adsorbed results in percentage gas recovery.

As discussed in Section 3.3.3, the assessment of adsorbents’ regeneration was undertaken
with 10 cycles of CO, adsorption-desorption runs at 25 °C for the adsorption process and 90-
100 °C for desorption process at constant pressure in 100% CO, for the adsorption using
MWNT, PSI, PAA and MWNT-PAA using the TGA. This is important to be lightened for
the regeneration temperature for adsorbents when the physisorption is predominant (PSl,
MWNT) and when the chemisorption is predominant (PAA, MWNT-PAA).

4.7.1. Adsorption at 25 °C with desorption at 90 °C for 10 Cycles

The adsorbent PSI showed a high regeneration efficiency (Fig. 4.70), where some cycles of
adsorbed gas recovery were a little bit beyond 100% (104% as the highest, as shown) in
Table 4.25. Since the temperature stability was up to 400 °C (Section 4.2.1.1), non-
deformation of adsorbent was expected when running the adsorption below 400 °C, unless a
breakable bond occurs in the adsorbent structure besides the reversible adsorption bond
expected between adsorbate and adsorbent. When the recovery goes beyond 100%, two
explanations can be mooted to justify the cause. The first explanation is a possible destruction
of the adsorbent and that the desorption phase includes the total desorbed gas corresponding
to 100% and the extra beyond 100% corresponding to the adsorbent decomposition by
temperature effects. The second explanation is that the desorbed temperature was able to
remove all the adsorbed gas corresponding to 100% plus other gases previously inserted in
the lattice of adsorbent. Since the recovery for all cycles was almost 100%, the adsorbent PSI

showed stable regeneration at temperature of 90 °C.

With regard to the adsorbent MWNT, the regeneration after 10 cycles of adsorption-
desorption displayed the behavior shown in Figure 4.71 and it was very efficient. The

recovery (Table 4.25) shows an average recovery of 96%. Thus, the regeneration of the
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adsorbent MWNT was successful at 90 °C; however, it has demonstrated a low adsorption

capacity.

Table 4.25: Capacity of CO, desorption at 90 °C after adsorption at 25 °C

% CO;, recovery in desorption process after 10 cycles of ads-desorption

Adsorbents 1 2 3 4 5 6 7 8 9 10 Average

MWNT 97 99 93 97 93 99 95 93 95 98 96

PS| 104 101 102 100 99 101 100 98 100 97 100

PAA 86 92 89 87 83 8 83 8 84 80 85

MWNT- 92 8 83 8 80 778 78 78 78 77 81
PAA

The evaluation of CO, desorption using the adsorbent PAA (Table 4.25) shows an average
recovery of 85%. The outcome from the integration of 10 cycles of adsorption-desorption
peaks (Figure 4.72) shows highest and lowest recovery of 92 and 80% respectively. The
regeneration for PAA at 90 °C was not adequate and could be improved by changing other

factors including pressure, temperature and purging gas.

Considering the adsorbent MWNT-PAA, the average of recovery was 81%, with 92 and 77%
as the highest and the lowest recoveries after 10 cycles of adsorption and desorption. The

regeneration for MWNT-PAA was unsatisfactory, therefore improvement is necessary.

The higher CO, desorption (Table 4.25) observed for PSI and MWNT shows the prevalence
of physisorption during the adsorption process. Whilst PSI and MWNT have low CO,
adsorption capacity, their regeneration at 90 °C was effective. Conversely, PAA and MWNT-
PAA presented low CO, desorption at 90 °C. This shows that the use of an amine to modify

the chemical surface has chemisorption through the formation of carbamate. Generally, in
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TSA systems, chemisorption requires higher temperatures to complete adequate desorption,
compared to physisorption where the van der Waals bonds break at low temperature. For
instance, increasing the temperature was necessary for the evaluation of regeneration
performance of PAA and MWNT-PAA as adsorbents where chemisorption was predominant

during CO; adsorption process.
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Figure 4.70: Adsorption (25 °C)-desorption (90 °C) Cycle for PSI
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Figure 4.71: Adsorption (25 °C)-desorption (90 °C) Cycle for MWNT
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Figure 4.73: Adsorption (25 °C)-desorption (90 °C) Cycle for MWNT-PAA

4.7.2. Adsorption at 25 °C with Desorption at 100 °C for 10 Cycles

Overall, the increase of desorption temperature to 100 °C shows an increase of percentage

CO; desorption. After integration of peaks in Figures 4.76 - 4.77, the percentage of CO,
recovery was calculated as shown in Table 4.26. It is shown that the increase of desorption

temperature to 100 °C has increased the average recovery from PSI to 123%. Thus, the
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recovery using PSI as adsorbent has increased by 23% compared to the desorption performed
at 90 °C. This increase of recovery above 100% must be avoided in order to prevent the
adsorbent from gradual destruction. It is noticeable that the lifetime of the adsorbent relevant
to the frequency of their replacement, is a factor of equal importance to CO, adsorption
capacity, selectivity, and kinetics, with a direct impact on the economics of any commercial
scale operation ?°!. Nevertheless, the adsorbent can get more available adsorption sites, if,
instead of adsorbent destruction, the desorption temperature is beneficial to remove the
undesirable gas deeply located in the lattice of the adsorbent PSI. This can result in high
adsorption capacity with efficient regeneration after a large number of adsorption cycles
where the gas impurity will negatively affect the CO, concentration during the first
adsorption-desorption cycles. Since desorption of PSI was more efficient at 90 °C, the
increase of temperature to 100 °C will result in additional costs without associated increased

efficiency or benefits.

Table 4.26: Capacity of CO, desorption at 100 °C after adsorption at 25 °C

% CO, recovery in desorption process after 10 cycles of ads-desorption

Adsorbents 1 2 3 4 5 6 7 8 9 10 Awverage

MWNT 104 109 107 105 103 101 108 108 109 102 106

PSI 123 121 124 123 123 123 123 121 123 125 123

PAA 100 102 100 99 97 97 97 9% 9 95 98

MWNT-
PAA

105 103 102 97 99 96 93 98 97 97 99

The same discussion applied to MWNT, where the adsorbent showed an average recovery of
106% at 100 °C (Table 4.26). This is above 100% whilst the average recovery was 96% at 90
°C. It is known that MWNT has high thermal stability up to 600 °C. This implies that no
material destruction is expected, but that deep removal of unwanted gas previously located in

the lattice of adsorbent is possible. Since the regeneration energy increased with the increase
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of temperature, a temperature of 90 °C, resulting in average recovery of 96%, was an efficient

temperature for desorption.

The average recovery over 10 cycles was 98 and 99% for PAA and MWNT-PAA,
respectively. However, in the first three cycles the recovery for the adsorbent MWNT-PAA
was just slightly above 100% (Table 4.26) and could be approximated to 100%. Thus, a
suitable desorption temperature for PAA and MWNT-PAA is 100 °C. The carbamate
formation through chemisorption by the amine of the CO; has been confirmed as reversible at

a temperature of 100 °C.
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Figure 4.75: Adsorption (25 °C)-desorption (100 °C) Cycle for MWNT
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4.8. THERMODYNAMIC EVALUATION OF THERMAL SWING ADSORPTION

Adsorption involves mechanical work, because adsorption is accompanied by the evolution
of heat, and temperature changes affect the adsorption equilibrium and, in some cases,
adsorption rate. If E is the energy of adsorption, then E = Q + H. The factor Q as the heat flux
depends on bed geometry, flow rate, thermal diffusivity, temperature, fluid density, adsorbent
surface area and heat capacity. H is the enthalpy of the reaction and heat is release for
exothermic reactions and absorbed for endothermic reactions. When the system adsorbate-
adsorbent releases the heat, the corresponding heat flow is negative. An exothermic reaction
increases the temperature; therefore a temperature controller is needed in order to stabilize
the temperature by switching off the energy from the source °”). Consequently, there is gain
in energy when the heat is released. In the case of an endothermic reaction, the temperature
decreases 1 and the energy is needed from some source to maintain the temperature of
work. This results in energy consumption. The important definitions of heat of adsorption are
differential heat of adsorption and isosteric heat of adsorption. However, the enthalpy and
internal energy depend on the initial and the final states. Different thermodynamics paths are
necessary for the evaluation of heat flow in the adsorption process. A cycle of adsorption heat
flow implies: (a) heat flow in the sweeping process; (b) heat flow in the adsorption process;
and (c) heat flow in the desorption process.

4.8.1. Evaluation of heat flow in the sweeping process

The sweeping process was operated in three stages as follow: (a) the heating process from 21
°C (as ambient temperature) in the case of first cycle, or from adsorption temperature for all
following cycles to 110 °C as the sweeping temperature; (b) 30 minutes of sweeping at 110
°C to complete the sweeping operation; and (c) the cooling process where the temperature

changes from 110 °C to the adsorption temperature.

The values in Table 4.27 indicate that the heating of the reactor from the adsorption
temperature to the sweeping temperature (110 °C) was marked by an increase of heat flow
when the adsorption temperature increased. This observation is opposite to the formula AH =
mC,AT where the heat flow (AH) is intended to increase with the increase of temperature
change (AT). AT can increase only when the gap between the adsorption temperature and the

sweeping temperature (110 °C) increases; resulting in decrease of adsorption temperature.
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The explanation of this controversy is possible when considering Figures 4.78 and 4.79 for
adsorbents PAA and MWNT-PAA, respectively. These figures depict three stages of the path
as follows: (a) the heat flow relevant to the path ABCDEF as the sweeping stage; (b) the heat
flow relevant to the path FGH as the adsorption stage; and (c) the heat flow relevant to the
path HIJKLMN as the desorption stage. As both Figures 4.78 (b) and 4.79 (b) describe closed
loops corresponding to hysteresis curves for a complete cycle where the point N as the end of

a previous cycle coincide with the point A as the beginning of the next cycle.

Table 4.27: Heat relevant to the sweeping process

Temp Heating Heat Isothermal Heat Cooling Heat Total Heat
°C to 110 °C at 110 °C from 110°C to T°,.  in Sweeping process
(kJ/kg) (kJ/kg) (kJ/kg) (kJ/kg)
PAA MWNT- PAA MWNT- PAA MWNT-  PAA MWNT-
PAA PAA PAA PAA
25 26.324  -173.361 8.767836 41.64702 -239.227 -157.802 -204.13 -289.5160
35 98.501  0.90349 8.767836 41.64702 -134.355 -71.5573 -27.086 -29.00679
45 144908 51.31895 8.767836 41.64702 -74.443 -24.0513 79.2328 68.91467
55 174.375 81.69762 8.767836 41.64702 -24.3230 -0.37691 158.820 122.9677

In the sweeping process described by the path ABCDEF the section ABC shows the heat
flow relevant to the heating step to reach 110 °C. The long the section ABC shows a release
of heat from the system adsorbate-adsorbent in segment AB and an absorbance of heat in
segment BC. Using the adsorbents PAA and MWNT-PAA, it is shown in the sweeping
process from starting point A that the release of heat goes up to 61 and 72 °C at point B
whatever the adsorption temperature, and afterwards the heat is absorbed to reach 110 °C at
point C. This shows that the heat flow for absorbance stayed steady as long as the variable
adsorption temperature is below 61 °C for PAA (Fig. 4.78(b)) and 72 °C for MWNT-PAA
(Fig. 4.79(b)). Consequently, the heat flow relevant to the heating step to reach the sweeping
temperature at point C will drop with the lowest adsorption temperature, because it is the
resultant balance between the heat released and the absorbed heat. This means that a higher

adsorption temperature will have a shorter heat release, because the temperature change from

> T.q: adsorption temperature
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adsorption temperature to 61 or 72 °C for PAA or MWNT-PAA will be reduced. As the heat
absorbance is steady from 61 or 72 to 110 °C for PAA or MWNT-PAA, the heat flow as a
result of the balance of heat released and heat absorbed is intended to be higher. Moreover,
under the same temperature conditions, MWNT-PAA shows low heat flow in the heating
phase represented by path ABC compared to PAA (Table 4.27). This is because the heat
released goes from the adsorption temperature up to 72 °C for the adsorbent MWNT-PAA
(Fig. 4.79 (b)); whilst it goes up to 61 °C for the adsorbent PAA (Fig. 4.78 (b)). Consequently
the section ABC has generally resulted in absorbance of heat while the segment AB is
marked by the release of heat. The release of heat in the segment AB is larger in MWNT-
PAA than in PAA due to large specific surface area and small pore size in MWNT-PAA.
Since the segment BC is steady, the resultant heat flow in the section ABC depends on the
behavior in the AB section. The higher the heat release is in AB, the lower the heat
absorbance is in ABC, with possibility to be converted to released heat if the heat flow in the
segment AB surpasses it, as is the case for MWNT-PAA at 25 °C (Table 4.27). Also, a small
change of temperature has a large effect on the change of heat flow relevant to the heating for
both adsorbents PAA and MWNT-PAA, as showed in Table 4.27. Thus, the increase of

temperature results in an increase of heat flow in the absorbance direction.

With regards to the isothermal heat for the sweeping process at 110 °C, the heat flow as
shown in segment CD (Fig. 4.62 - 4.63) was steady and marked by heat absorbance with
values of 8.77 kJ/kg and 41.65 kJ/kg for PAA and MWNT-PAA, respectively.

The cooling phase in path DEF, as showed in Figures 4.78 and 4.79, was marked by the
release of heat as tabulated in Table 4.27. Under the same conditions, the release of heat was
higher for PAA compared to MWNT-PAA. As it is the cooling phase, the larger pore size
favored the heat flow for rapid cooling, in contrast to the heating phase, where the smaller
pore size favors the heat flow. In addition, the lower the adsorption temperature is, the higher
the heat flow is relevant to the release of heat for the reactor to cool from 110 °C to the

adsorption temperature.

Finally, the resulting heat flow for the sweeping process along the path ABCDEF (Fig. 4.78
and 4.79) was marked by large heat release at 25 °C, which has decreased at 35 °C and

shifted to absorbance heat at 45 °C and had become even more significant at 55 °C, as shown
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by the values in Table 4.27. Moreover, under the same temperature conditions the adsorbent

MWNT-PAA has the advantage of higher heat release and lower absorbance heat compared
to PAA, as shown in Table 4.27. Note that the higher heat release and the lower heat

absorbance lower the energy consumption in the sweeping process. Thus, the use MWNT-

PAA is more energy efficiency in the sweeping process than PAA.
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Figure 4.78: Heat Flow from DSC-TGA for a cycle of adsorption-desorption using PAA

a) Heat Flow versus time; b) Heat Flow versus temperature
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Figure 4.79: Heat Flow from DSC-TGA for a cycle adsorption-desorption using
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a) Heat Flow versus time; b) Heat Flow versus temperature
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4.8.2. Evaluation of heat flow in the adsorption process

The adsorption process relevant to the path FGH shown in Figures 4.78 and 4.79 was
operated with variable adsorption temperatures, where the heat flow was marked by the
release of heat. It is shown by the values in Table 4.28 that there is a large change of heat
flow for a small change of adsorption time, and that the heat flow increases when the
adsorption time increases. A long adsorption run will result in gain of energy due to higher
heat release, regardless of other factors such as adsorption rate, adsorption kinetics which can
be a disadvantage. Under the same condition of temperature, the heat flow for the adsorbent
MWNT-PAA was always very higher than for the adsorbent PAA. This gives the adsorbent
MWNT-PAA an advantage regarding the energy efficiency in an adsorption process. Thus, a
good geometry/structure increases the exothermic heat in adsorption process compared to a
poor geometry/ structure.

Table 4.28: Heat relevant to the adsorption process

Isotherm  Adsorption Heatat ~ Adsorption Heatat ~ Adsorption Heatat ~ Adsorption Heat at

Time 25 °C 35°C 45°C 55 °C
(min) (kJ/kg) (kJ/kg) (kJ/kg) (kJ/kg)
PAA MWNT- PAA  MWNT- PAA  MWNT- PAA  MWNT-
PAA PAA PAA PAA

10 -61.0000 -151.698 -138.041 -202.210 -199.648 -291.359 -294.014 -340.564
20 -131.891 -341.501 -323.262 -459.178 -430.993 -683.154 -649.663 -723.650
30 -210.258 -717.096 -501.359 -694.97 -670.095 -1039.56 -1217.23 -1177.79
40 -286.756 -901.560 -666.300 -924.307 -968.375 -1410.60 -1431.16 -1686.12
50 -361.930 -1084.05 -821.474 -1140.05 -1186.09 -1784.68 -1680.58 -1898.16
60 -442.265 -1264.15 -957.220 -1344.76 -1331.90 -2000.02 -1952.45 -2205.68
70 -514.286 -1441.81 -1072.43 -1545.12 -1518.30 -2310.88 -2306.40 -2580.99
80 -585.229 -1619.91 -1207.47 -1776.75 -1699.02 -2605.57 -2621.04 -2958.69
90 -646.598 -1792.66 -1351.62 -2033.40 -1930.53 -2934.99 -2976.17 -3334.91
100 -714.613 -1965.47 -1490.33 -2257.87 -2138.31 -3272.15 -3265.83 -3708.03
110 -179.477 -2138.13 -1625.98 -2477.10 -2342.66 -3604.10 -3587.38 -4086.58
120 -842.125 -2316.20 -1751.39 -2693.90 -2550.51 -3991.50 -3911.57 -4466.59
130 -904.459 -2491.20 -1895.01 -2908.49 -2758.15 -4272.78 -4228.85 -4843.81
140 -965.265 -2660.20 -2032.81 -3122.34 -2964.12 -4615.49 -4558.88 -5219.18
150 -1026.00 -2826.74 -2171.27 -3336.27 -3176.03 -4961.11 -4894.70 -5599.76
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4.8.3. Evaluation of heat flow in the desorption process

The heat flow in desorption process is indicated in Figures 4.78 and 4.79 by the path
HIJKLMN, which can be divided into three parts as follows: (a) heat flow relevant to the
heating phase from adsorption temperature to desorption temperature (100 °C), shown by
section HIJ; (b) heat flow relevant to the isothermal heating at 100 °C as shown in the
segment JK; and (c) heat flow relevant to the cooling phase from 100 °C back to the
adsorption temperature represented by the path KLMN. The point N back to the adsorption

temperature coincides with the point F.

The heat flow relevant to the heating process as shown in the section HIJ was marked by the
release of heat, which decreases with an increase of temperature. Except at 25 °C, the heat
flow in the section HIJ was a little bit higher for the adsorbent PAA than for the adsorbent
MWNT-PAA (shown by the values in Table 4.29). This can be explained only by the
investigation of the link PAA-CO, and (MWNT-PAA)-CO,, which can sometime cause a

fluctuation when the physisorption occurs over the monolayer formed through chemisorption.

The isothermal heat to complete the desorption process at 100 °C in the segment JK was

marked by the absorbance of heat, which was steady with heat flow of 176.99 kJ/kg and
401.68 kJ/kg for the adsorbents PAA and MWNT-PAA, respectively.

The cooling was performed in section KLMN, where the point N coincides with F as starting
point for the next cycle. Thus, the heat flow as shown by the values in Table 4.29 was marked
by heat absorbance which decreases with the increase of temperature. Except at 55 °C, the

absorbent PAA showed a higher heat flow for the cooling process than MWNT-PAA.

176



Table 4.29: Heat relevant to desorption process

Temp Heating Heat Isothermal Heat Cooling Heat from Total Heat
°C to 100 °C at 100 °C 100 °C to Tag in desorption process
(kJ/kg) (kJ/kg) (kJ/kg) (kJ/kg)
PAA MWNT- PAA MWNT- PAA MWNT- PAA MWNT-
PAA PAA PAA PAA
25  -173.857 -239.936 176.9879 401.675 506.1669 417.9046 509.2978 579.6436
35 -100.065 -94.2775 176.9879 401.675 211.1939 168.4397 288.1168 475.8372
45  -66.8148 -60.5192 176.9879 401.675 134.5117 129.9369 244.6848 471.0927
55  -42.4447 -27.8276 176.9879 401.675 89.80651 105.4464 224.3497 479.2938

Finally, the resultant heat flow in desorption process was characterized by an endothermic
process for both adsorbents PAA and MWNT-PAA where a higher heat flow was absorbed
for the adsorption temperature set a 25 °C. However, afterward with the increase of
temperature the heat flow decreased slightly for PAA and stayed almost constant for MWNT -
PAA (see tabulated values in Table 4.29).

4.8.4. Heat flow depending on adsorption time

The heat flow for the complete cycle shows at all temperature high heat absorbance when the
cycle is tailored to run at an adsorption time of 10 minutes (Table 4.30). However, the shorter
adsorption time results in a larger CO; adsorption per day. A large amount of energy is
required for a complete cycle, because the heat release increases with the increase of the
adsorption time, which indicates a gain of energy as showed in Table 4.30. The heat flow for
the complete cycle tailored to operate at adsorption times in the range of 10 to 70 minutes
showed changes, especially for the adsorbent MWNT-PAA where the heat release decreased
from 25 to 35 °C and increased afterwards, as shown by the values in Table 4.30. Regardless
of some fluctuations, the use of the adsorbent MWNT-PAA for a complete cycle of
adsorption-desorption results in higher heat release than in the case of the adsorbent PAA.
Therefore, MWNT-PAA is predicted to be more beneficial regarding energy consumption

compared to PAA for a complete cycle of adsorption-desorption.

Regarding the heat flow of the three phases (the sweeping process, the adsorption process and

the desorption process) a higher heat absorbance was recorded in the desorption process
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which confirms the endothermic nature of desorption process (Table 4.29). Therefore, more
attention has to be given to the desorption process when the thermal swing adsorption (TSA)
systems has to be optimized for efficient energy usage. The heat absorbance in the desorption
process was significantly more with the adsorbent MWNT-PAA than for PAA. However, this
was balanced by its higher heat release in the adsorption process, which resulted in a
significant heat release for the whole cycle. A higher heat release was recorded in adsorption
process which confirms the exothermic nature of the adsorption process (Table 4.28). As the
heat flow relevant to a complete cycle was generally marked by heat release (Table 4.30), the

adsorption process showed the largest effect on the overall energy efficiency.

With regard to the energy efficiency, a cycle of adsorption-desorption is effective when the
TSA system is designed to operate continuously with a long adsorption time (Table 4.30).
The disadvantage is that the adsorption rate decreases significantly during a long adsorption
time, causing a very low CO, uptake in the last 70% of adsorption time, thus lowering the
quantity of CO, adsorption per day. Therefore the optimization of a TSA system also requires
attention to some other important factors such as sweeping, adsorption and desorption
temperatures, time required for the sweeping, adsorption and desorption processes, CO,
adsorption per day, numbers of beds for a continuous TSA system and energy consumption.
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Table 4.30: Heat flow for a cycle with variable adsorption times

Time 25°C 35°C 45 °C 55°C
(min) Heat flow Heat flow Heat flow Heat flow
ki/kg kJ/kg ki/kg kJ/kg
PAA MWNT- PAA MWNT- PAA MWNT- PAA MWNT-
PAA PAA PAA PAA

10 2441678 138.4296 122.9898 244.6204 124.2696 248.6484 89.15570 260.65870
20 173.2768 -51.3734 -62.2312 -12.3476 -107.075 -143.147 -266.496 -122.4273
30 94.90980 -426.908 -240.328 -248.140 -346.177 -499.553 -834.060 -576.5673
40 18.41180 -611.432 -405.269 -477.477 -644.457 -870.593 -1047.29 -1084.897
50 -56.7622 -790.922 -560.443 -693.220 -862.172 -1244.67 -1297.41 -1296.937
60 -137.097 -974.022 -693.189 -897.930 -1007.98 -1460.01 -1569.28 -1604.457
70 -209.118 -1151.68 -811.399 -1098.29 -1194.38 -1770.87 -1923.23 -1979.467
80 -280.061 -1329.78 -946.439 -1329.92 -1375.10 -2065.56 -2237.87 -2357.467
90 -341.430 -1502.53 -1090.59 -1586.57 -1606.61 -2394.98 -2593.00 -2733.687
100 -409.445 -1675.34 -1229.30 -1811.04 -1814.39 -2732.14 -2882.66 -3106.807
110 -474.309 -1848.00 -1364.94 -2030.27 -2018.74 -3064.09 -3204.21 -3485.357
120 -536.957 -2026.07 -1490.35 -2247.07 -2226.59 -3451.49 -3528.40 -3865.367
130 -599.291 -2201.07 -1633.98 -2461.66 -2434.23 -3732.77 -3845.68 -4242.587
140 -660.097 -2370.07 -1771.88 -2675.51 -2640.20 -4075.48 -4175.71 -4617.957
150 -720.932 -2536.61 -1910.24 -2889.44 -2852.11 -4421.10 -4511.53 -4998.537

4.9. EVALUATION OF THE NUMBER OF BEDS FOR TSA SYSTEMS

The thermal swing adsorption (TSA) system includes three main stages: (a) sweeping of the

adsorbent; (b) the adsorption process; and (c) the desorption process. Thus, knowledge of

heating, isothermal and cooling times is required in order to evaluate the number of beds

suitable for efficient continuous TSA systems. The investigation done for the TSA system

evaluation was based on the dry flue gas without considering the moisture effect, which was

beneficial for the adsorbent MWNT-PAA for CO, adsorption as shown previously.

The sweeping process was beneficial for the cleaning of the adsorbent in order to provide

more available adsorption sites by stripping out the gas and water previously incorporated in

the pores of adsorbent. Using N as purge gas, the sweeping process was done at 110 °C from
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ambient or adsorption temperature with an isothermal time of 30 minutes. Likewise, the
process of desorption was done at 100 °C at different times, before the reactor was cooled
down to the same adsorption temperatures (25, 35, 45 to 55 °C). An extensive length of
cooling time was reported in Table 4.31 from the sweeping process at 110 °C or the
desorption process at 100 °C to the adsorption process at 25 °C. This is a drawback for a
continuous TSA system which is expected to complete a number of cycles at a fixed time.
However, the heating time was not as challenging, as shown by the data in Tables 4.31 and
4.32. The higher the adsorption temperature, the shorter the length of cooling time is, as
indicated by the data in Tables 4.31 and 4.32. Thus, it is an advantage for a TSA system to
operate with an adsorption temperature close to the sweeping and desorption temperatures,
unless a specific heat exchanger is used to enhance the cooling phase. However, this will
increase the cost relevant to the implementation and the energy consumption. The change of
heat flow was not so significant in the desorption process when the adsorption temperature
increased (Table 4.29).

Table 4.31: The length of heating and cooling times in a sweeping process®

To Ts Tad Heating time  Sweeping time  Cooling time Total time
(°C) (°C) (°C) (min) (min) (min) (min)

21 110 25 20 30 110 160

21 110 35 20 30 46 96

21 110 45 20 30 31 81

21 110 55 10 30 23 63

Table 4.32: The length of heating and cooling times with 30 minutes of desorption’

Tad T des Heating time Cooling time
(°C) (°C) (min) (min)

25 100 16 117

35 100 14 44

45 100 12 28

55 100 10 19

® To: ambient temperature; Ts: sweeping temperature; Taq: adsorption temperature
" Tqes: desorption temperature
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It is obvious that the beginning of adsorption was always marked by a higher adsorption rate
due to rapid adsorption Kkinetics, resulting in higher CO; adsorption per day for TSA systems.
The implementation of TSA systems with the shortest adsorption time were beneficial
regarding the daily CO, adsorption, as depicted by the data in Tables 4.30 - 4.33. The
challenge is that the length of cooling time does not correlate with the short adsorption time
for the TSA systems. Consequently, a large number of beds relevant to the temperature time
cycle are required for the temperature time cycle to synchronize TSA systems in continuous
operation mode. The shorter the adsorption time, the larger is the numbers of beds required
for the synchronization of the TSA systems. This can produce a higher CO, adsorption per
day. A large number of beds for the TSA systems become complex when taking into account
additional factors such as space, bed equipment, adsorbent costs and energy cost. Large
numbers of beds require a big space, together with expensive bed equipment, adsorbent costs
and high energy costs. Furthermore, the heat flow for a cycle decreased with a shorter
adsorption isothermal time. Is it because of disadvantage lies in the short adsorption time for
the TSA systems that the approach of long adsorption time becomes beneficial? The TSA
systems with longer adsorption times require fewer reactor beds, but the CO, adsorption per
day is then significantly lower. In addition, almost 70% of the adsorption process with a long
adsorption time had a very low adsorption rate with slow adsorption kinetics. Despite this, the
heat release from such a process can be very high, as shown by the results in Table 4.30.
Therefore, the optimization of all the relevant process parameters is necessary for the

implementation of efficient TSA systems.

The results presented in Tables 4.31 and 4.32, show that the length of cooling time from 110
and 100 °C as sweeping and desorption temperatures respectively, to 25 °C as adsorption
temperature, is quite extensive. Consequently, this will require a large numbers of beds, as is
confirmed by the data in Table 4.33, especially compared to other adsorption temperatures
shown in Tables 4.34, 4.35 and 4.36. A high adsorption temperature close to the sweeping
and desorption temperatures will yield a small number of beds for the TSA systems in
continuous operation mode. However, the adsorption capacity can be a weakness that needs
to be kept in mind.

If the number of beds for a given TSA system is N at an adsorption time t, with a daily CO,
adsorption of g, a multiple number of beds nxN result in a daily CO; adsorption of nxq. If an

adsorption time of t” results in a number of beds N’ = nN, the daily CO; adsorption will be q’
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> nq if the length of bed temperature cycle for an adsorption time t’< t. As an example,
consider the values in Table 4.33 with the adsorbent MWNT-PAA, where the gas stream is
100% CO,, an adsorption time for the relevant temperature time cycle is 393 minutes. This
will require 4 beds for the TSA system, and yield a daily CO, adsorption of 966 g-CO./kg. If
4 identical TSA system units with 4 beds each operate in parallel, the number of beds will be
4x4 = 16 and the daily CO, adsorption will be 4x966 = 3864 g-CO,/kg, while the adsorption
time will stay 100 minutes. However, by using only one TSA system with 16 beds the
adsorption isothermal time will drop to 20 minutes, as shown in Table 4.33, while the CO,
adsorption per day will increase to 4014 g-CO./kg. Thus, for a fixed temperature it is
advantageous for the same numbers of beds to be set in series rather than to be split in

multiple series of numbers of beds operating in parallel.

When the same numbers of beds are suitable for different adsorption times in TSA systems at
a fixed temperature, the shortest adsorption time should be the most important consideration.
This is due to the short length for temperature time cycle, high adsorption rate, rapid
adsorption kinetics and large daily CO, adsorption that can then be achieved. Since the TSA
systems have three stages, i.e. sweeping, adsorption and desorption, the use of four beds
proved to be sufficient when space limitations exist. The first bed will cover the sweeping
process, while the second bed will accommodate adsorption and the third bed will be the
desorbing stage. The fourth bed will operate as guardian bed facilitating the synchronization
of the TSA system in order to avoid probable delays which could interrupt the continuity.
Considering 4 beds as a suitable number of beds for the TSA systems for the same adsorption
temperature, and the shortest adsorption time will certainly result in high CO, adsorption per
day. Regardless of the energy evaluation, when the choice of adsorption temperature has to
be made for a TSA systems with 4 beds, the highest adsorption temperature close to the
desorption temperature is beneficial due to a higher adsorption rate, rapid adsorption Kinetics,
short length for temperature time cycle and high CO, adsorption per day. However,
increasing the temperature will increase the energy consumption. Energy consumption must
be balanced with the short length of adsorption time, heating and cooling times. Typically a
complete adsorption-desorption cycle shows a large heat release with the increase of
temperature, as is depicted in Table 4.30. A large heat release is beneficial for energy
consumption. Thus, the adsorption temperature of 55 °C gives a high adsorption per day
whatever the CO; concentration in the gas stream, with short adsorption time and a short

temperature time cycle, when using 4 beds to maintain the TSA system.
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Table 4.33: Integration of number of beds for a TSA system at 25 °C

Adsorption Cycle Beds No CO; adsorption (g-CO./kg) per day
Time Time  for cont. 14% CO, 40% CO, 100% CO,
(min) (min) operation PAA MWNT- PAA MWNT- PAA MWNT-
PAA PAA PAA
10 303 31 2294 4176 2470 5184 3420 6984
20 313 16 1391 2407 1528 2968 2144 4014
30 323 11 1020 1710 1130 2102 1618 2860
40 333 9 810 1335 902 1626 1317 2230
50 343 7 673 1098 752 1324 1118 1831
60 353 6 577 934 645 1115 976 1553
70 363 6 500 812 558 962 869 1348
80 373 5 452 788 502 846 784 1191
90 383 5 409 650 452 754 715 1067
100 393 4 380 646 411 680 658 966
110 403 4 346 545 373 618 609 882
120 413 4 316 504 345 567 568 812
130 423 4 293 469 320 523 532 752
140 423 3 276 438 299 485 500 700
150 443 3 259 447 280 451 472 655
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Table 4.34: Integration of number of beds for a TSA system at 35 °C

Adsorption Cycle Beds No CO; adsorption (g-CO./kg) per day
Time Time  for cont. 14% CO, 40% CO, 100% CO,
(min) (min) operation PAA MWNT- PAA MWNT- PAA MWNT-
PAA PAA PAA
10 164 17 2623 4769 2989 4952 4998 6863
20 174 9 1565 2588 1796 2859 2428 3792
30 184 7 1129 1737 1302 2010 2091 2641
40 194 5 883 1283 1025 1536 1640 2030
50 204 5 726 1012 846 1232 1353 1650
60 214 4 618 832 720 1023 1151 1389
70 224 4 541 702 627 869 1001 1198
80 234 3 481 607 553 754 882 1050
90 244 3 431 533 494 657 792 936
100 254 3 394 474 448 581 719 845
110 264 3 361 426 408 599 658 771
120 274 3 334 387 375 471 606 709
130 284 3 311 354 347 429 563 657
140 294 3 290 326 323 393 525 612
150 304 3 272 301 302 363 492 572
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Table 4.35: Integration of number of beds for a TSA system at 45 °C

Adsorption  Cycle Beds No CO; adsorption (g-CO./kg) per day
Time Time  for cont. 14% CO, 40% CO, 100% CO,
(min) (min) operation PAA MWNT- PAA MWNT- PAA MWNT-
PAA PAA PAA
10 131 14 2253 4033 2404 3992 4256 6920
20 141 1347 2301 1514 2506 2397 3712

30 151
40 161
50 171

8

6 973 1597 1132 1813 1689 2551

5 759 1230 906 1418 1315 1950

4 622 1007 758 1174 1070 1584
60 181 4 529 851 652 1001 900 1321
70 191 3 461 736 574 874 777 1137
80 201 3 408 647 511 775 684 997
90 211 3 367 576 460 697 613 889
100 221 3 335 519 421 633 555 803
110 231 3 308 471 386 580 508 732
120 241 3 285 431 358 535 467 671
130 251 2 265 397 331 497 431 620
140 261 2 248 368 307 463 401 576
150 271 2 233 341 286 434 374 537
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Table 4.36: Integration of number of beds for a TSA system at 55 °C

Adsorption Cycle Beds No CO; adsorption (g-CO./kg) per day
Time Time  for cont. 14% CO, 40% CO, 100% CO,
(min) (min) operation PAA MWNT- PAA MWNT- PAA MWNT-
PAA PAA PAA
10 102 11 2997 4549 2997 4375 5549 5980
20 112 6 1625 2380 1625 2515 1978 3163
30 122 5 1107 1607 1107 1790 2077 2182
40 132 4 834 1210 834 1394 1562 1664
50 142 3 670 967 670 1156 1255 1332
60 152 3 562 807 562 983 1049 1113
70 162 3 486 693 486 850 899 954
80 172 3 429 609 429 750 787 835
90 182 3 383 542 383 670 699 742
100 192 2 347 489 347 605 629 668
110 202 2 316 445 316 554 572 607
120 212 2 293 408 293 508 524 556
130 222 2 270 376 270 469 484 514
140 232 2 252 349 252 436 450 477
150 242 2 235 325 235 407 420 445

4.10. COMPARISON OF DESIGNED ADSORBENTS TO THE EXISTING
ADSORBENTS FOR CO, CAPTURE

The CO, adsorption performance of the adsorbents PAA and MWNT-PAA were compared to
the existing adsorbents which include activated carbon, zeolite, silica gel and MOFs under

the condition of pressure at 1.1 bar for CO;, capture.

Zhang et al. (2013), investigating the CO, adsorption capacity for activated carbon at the
temperature of 25 °C, found 37 mg-CO,/g with a pressure of 1.1 bar. This CO, adsorption
capacity increased to704 mg-CO,/g with the increase of pressure at 36 bars. When grafting
the activated carbon with amine, at the same temperature as previously, the CO, adsorption
capacity was 55 mg-CO,/g for 1.1 bar and 836mg-CO,/g for 36 bars ***. However, all the
adsorption capacity was lost when testing with the moisture.
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Stuckert et al. (2011) B!, found that the zeolite of types Li-LSX, K-LSX and NaX exhibited
the CO, adsorption capacity of 75, 48 and 40 mg-CQO,/g respectively at 25 °C and 1.1 bar.
However, the grafting with amine was a drawback to the CO, adsorption capacity.
Furthermore, the moisture effect with relative humidity (RH) of 80% resulted in 96% loss of
CO, adsorption capacity %2 3! Also, the adsorbent regeneration required high temperature
in the range 180 — 240 °C for the efficiency .

Zhang et al. (2012) B% using TGA at 1.1 bar, found the CO, adsorption capacity of silica
gel (SG) was 5.1 mg-CO,/g at 75 °C; when loading with PEI to compose SG-PEI, in dry
conditions the CO, adsorption capacity increased significantly to 131.1 mg-CO,/g. This CO,
adsorption capacity kept increasing until 185 mg-CO,/g when the SG-PEI was tested with

moisture. However, the PEI was found non-biodegradable and toxic !,

Sumida et al. (2011) B% investigating the CO, adsorption capacity of different types of
MOFs which include Cu-BTTri, Mg,(dobdc), Be-BTB, Co(BDP), MOF-177, Caron JX101
and Zeolite 13X, found that Mg,(dobdc) exhibited a higher CO, adsorption of 88 mg-CO,/g
at 35 °C and 5 bars. In addition, all types of MOFs showed a CO, adsorption capacity lower
than 25 mg-CO,/g at 35 °C and 1.1 bar.

The adsorbent PAA made with EDA exhibited a CO, adsorption capacity of 52mg-CO,/g at
25 and 35 °C and 1.1 bar. In the presence of moisture, the highest CO, adsorption capacity
was 47mg-CO,/g, obtained at 45 °C. The adsorbent MWNT-PAA made with the purpose of
enhancing the CO; adsorption capacity through the improvement of geometry/structure
showed the CO, adsorption capacity of 70 mg-CO,/g at 25 °C and 1.1 bar. This CO;
adsorption capacity increased a bit to 71 mg-CO./g in the presence of moisture at 35, 45 and
55 °C and 1.1 bar. Thus, the adsorbents PAA and MWNT-PAA have demonstrated to be
competitive in CO, capture when looking at the advantage relevant to the biodegradability,
CO, adsorption capacity, CO, adsorption kinetics, water tolerance, and regeneration
temperature and heat flow for TSA systems.
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

5.1. SUMMARY

In order to reduce CO; emissions, much work has been done in the area of CCS to mitigate
potential global climate change for the sustainability of the application of fossil fuels, which

generate 85% of world electricity.

The current research was undertaken to investigate a new adsorbent synthesized from carbon
nanotubes with polyaspartamide surfactant in order to provide a new material for application
in adsorption technology for CO, capture. The polyaspartamide (PAA) was produced by
grafting an amine to a synthesized long chain polymer, polysuccinimide (PSI), which
operates as the hydrophobic and nontoxic backbone. The FTIR analysis confirmed the
biodegradability of materials through the identification of the imide bond, a biofissionable
bond. The PSI was grafted with three types of amines, namely 1,3 propanediamine (PDA),
ethylenediamine (EDA), and monoethanoalamine (MEA), in order to produce three types of
PAA, named PSI-PDA, PSI-EDA and PSI-MEA. All three PAAs have been successful
regarding amine incorporation which was 92, 100 and 98.6% in the polymer for PDA, EDA
and MEA respectively, as determined by 'H NMR analysis. Their biodegradability was
proven by the presence of an amide group as a biofissionable bond, evaluated through FTIR
analysis. In addition, using FTIR, the PSI-PDA and PSI-EDA adsorbents showed the
presence of amine group (NHy) to provide the potential CO, anchoring sites during CO;
adsorption. However, the geometry/structure and thermal stability of the three PAAs
evaluated through BET and TGA have shown drawbacks compared to the crude PSI tested
alone. The thermal stability decreased from 400 °C for the crude PSI to 200 °C for the three
PAAs.

The design of adsorbent through the grafting of amine to PSI using PDA, MEA and EDA for
PAA synthesis significantly decreased the CO, adsorption capacity for PAA equivalent to
PSI-PDA and PSI-MEA. The CO; adsorption capacity was 13.5 mgCQO,/g and 9 mgCO./g for

PSI-PDA and PSI-MEA exposed to 100% CO, at 25 °C and 1.1 bars, compared to 25 mg-
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COy/g for crude PSI respectively. This demonstrated a drawback regarding the process of
surface chemical improvement from PSI to PAA for CO, adsorption enhancement. Under the
same conditions the CO, adsorption capacity was 52 mg-CO,/g for PSI-EDA. This
significant increase of CO, adsorption capacity from PSI to PSI-EDA (PAA) has confirmed
the design of the adsorbent for chemical surface improvement using EDA grafted on PSI for
PAA synthesis.

The investigation of the influence of temperature on CO; adsorption capacity for PSI-EDA,
henceforth named PAA, at temperature ranging 25 — 55 °C showed a high CO, adsorption
capacity of 52 mg-CO,/g at 25 and 35 °C for CO; adsorption tests with a gas composition of
100% CO,. The CO; adsorption capacity remained the same at 25 + 35 °C, and increased
from 45 to 55 °C to confirm the chemisorption predominance occurrence (Table 5.1). This is
contrary to physisorption, where the CO, adsorption capacity is intended to decrease with the
increase of temperature. In addition, the CO, adsorption rate increased with the increase of
temperature to confirm the Arrhenius principle. Considering the change of CO, concentration
at 100, 40 and 14% CO; in air, the CO, adsorption performed at temperatures ranging 25 — 55
°C was consistently marked by higher CO, adsorption capacity at 25 and 35 °C, as shown in
Table 5.1. Since the adsorbent PAA showed a decrease of N, and O, adsorption capacities
with the increase of temperature, the selectivity for CO, increased with the increase of
temperature. The adsorbent PAA showed the ability to increase CO, concentrate to 100%
after the adsorption process at 55 °C from the flue gas with very low concentration of CO,
(Table 5.1).

Table 5.1: CO, adsorption capacity and CO; purity (%) in adsorbed gas for PAA

Gas 25°C 35°C 45 °C 55°C
Stream
Cad Xcoz Cad Xcoz Cad Xcoz Cad Xcoz
mgCO,/g % |mgCO./g % mgCO,/g % mgCO,/g %
14%CO, 26.8 86 27 88 24 92 24.5 100
40%CO, 30.2 87 31 92 29.8 94 294 100
100%CO, 52 100 51.7 100 39 100 43.7 100
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It is obvious that the CO, adsorption capacity of PAA was improved from PSI through the
grafting of EDA, however the geometry/structure was poor. Therefore, the necessity of
improving the geometry/structure was an attempt to enhance the CO, adsorption capacity.
The process of geometry/structure enrichment was rendered possible through the use of non-
covalent functionalization of MWNT by the polymer. Using the polymers PSI and PAA for
the non-covalent functionalization of MWNT, the adsorbents MWNT-PSI and MWNT-PAA
were produced. The analysis done through BET confirmed the improvement of
geometry/structure for both MWNT-PSI and MWNT-PAA compared to PSI and PAA, as
depicted in Table 4.1.

FTIR analysis showed that all functionalities, including biodegradable bonds and amine
bonds (NH;) were reproduced. TEM analysis confirmed the nanotube structure for both
absorbents MWNT-PSI and MWNT-PAA. The thermal stability investigated using the TGA
showed a drawback for both MWNT-PSI and MWNT-PAA, with thermal stability only up to
200 °C, in comparison to the pristine MWNT, where the thermal stability was 600 °C.

The MWNT-PSI as the synthesized adsorbent produced with the objective to improve the
adsorptivity properties, showed a disadvantage for CO, adsorption. The CO, adsorption
capacity at 25 and 35 °C was 22 and 19.5 mg-CO,/g for the MWNT-PSI; while for the crude
PSI the CO, adsorption capacity was 25 and 20 mgCO./g respectively. The inconvenience of
low CO, adsorption capacity on MWNT-PSI was due to the inadequate position of PSI on
MWNT, where the PSI as long chain with structure of closed ring in each monomer could
tightly twist around the MWNT, blocking the available adsorption sites. Thus, the absorbent
MWNT-PSI was not found beneficial for CO, capture.

The highest CO, adsorption capacity using the MWNT-PAA with 100% CO, was 70 mg-
CO,/g. However, the CO, adsorption capacity decreased with the increase of temperature, as
showed in Table 6.2. In a gas of 14 and 40% CO,, the performance of MWNT-PAA
decreased with the decrease of CO, concentration (Table 5.2). The highest CO, adsorption
capacity for MWNT-PAA exposed to flowing gas of 14 and 40% CO, was 47 and 62.4 mg-
CO,/g obtained at 25 °C.

N2 and O, adsorption tests performed over the temperature range on the MWNT-PAA
showed the ability to adsorb significant amounts of O, at 35 and 45 °C where the O,
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adsorption capacity was 12.5 mg-O,/g and 8.33 mg-O,/g respectively. Therefore, the
selectivity for CO, was reduced for the adsorption using a gas of 14 and 40% CO, in air.
Thus, the concentration of CO, in the adsorbed gas was inadequated at 35 and 45 °C at 14
and 40% CO, (Table 5.2). Conversely, the potential of improving the selectivity for CO, to
more than 90% CO, concentration in the adsorbed gas was possible at 35 °C by shortening
the adsorption time to a maximum time of 30 minutes when exposing MWNT-PAA to
flowing gas of 14 and 40% CO,. This was because the kinetics of N, and O, adsorption at 35
°C was found to be very slow the first 30 minutes. However, at 25 °C the adsorbent MWNT-
PAA showed high selectivity for CO, with 92 and 94% CO, concentration in adsorbed gas
for the gas of 14 and 40% CO,. This selectivity for CO, was much better at 55 °C with 99%
CO; concentration in adsorbed gas for the adsorbent MWNT-PAA exposed to flowing of gas
of 14 and 40% CO,. Consequently, the adsorbent MWNT-PAA is declared to be efficient for
dry flue gas from power plants when the adsorption is set to operate at 25 and 55 °C. At the
temperature of 35 °C the adsorbent MWNT-PAA can enhance the selectivity for CO; if the
adsorption process is reduced to a maximum time of 30 minutes for the dry flue gas from

power plants.

Table 5.2: CO, adsorption capacity and CO, purity in adsorbed gas for MWNT-PAA

Gas Stream 25°C 35°C 45 °C 55°C
Cad Xco2 Cad Xco2 Cad Xco2 Cad Xco2
mgCO./g % | mgCO./)g % | mgCO./g % mgCO,/g %

14%CO, 43.2 92 31.5 70 28 77 39.3 99
40%CO, 58.7 94 37.8 73.5 40.7 81.4 49.1 99
100%CO; 70 100 60 100 56 100 44.6 100

The selectivity for CO; is predicted to be far higher for both PAA and MWNT-PAA. This is
because the amount of O, is very low in the flue gas from post-combustion plants compared
to the amount of O, in this work as the flue gas was composed of air and CO,. In addition,
CO; controls the adsorption due to its high affinity with amine. However, the CO, adsorption
capacity decreased with the decrease of CO, concentration in the flue gas under the same
conditions of temperature and pressure. Furthermore, the adsorbents PAA and MWNT-PAA

showed high adsorption rate with the potential to cover almost 70% of their adsorption
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capacity in the first 30 minutes; while to complete the total adsorption capacity required
significantly longer time period.

The adsorbent water tolerance test showed an increase of CO, adsorption capacity with the
increase of moisture for the adsorbent PAA exposed to gas where the CO, concentration was
100 and 14% at 45 °C. Thus, the adsorption performed at 45 °C for 20 and 40% moist PAA
exposed to 100% CO, resulted in CO, adsorption capacity of 43.4 and 47 mgCO,/g
respectively (Table 4.18, Fig. 4.58). The use of flue gas of 14% CO, to flow through 20 and
40% moist PAA resulted in CO, adsorption capacity of 28.2 and 29.4 mg-CO,/g at 45 °C
(Table 4.21, Fig. 4.66), with minimum CO, concentration of 90.4 and 89.1% (Table 4.24).
This is because the O, adsorption was not as significant at 45 °C when 20 and 40% moist
PAA were exposed to 100% O, (Table 4.17).

The CO; adsorption capacity increased generally with the increase of moisture in the
adsorbent MWNT-PAA. When using a gas stream with 100% CO, content, the higher CO,
adsorption capacity of 71 mg-CO,/g was obtained at temperatures range of 35 to 55 °C, with
MWNT-PAA incorporated in 40% moisture. While using a gas of 14% CO,, the higher
adsorption capacity was 65 mg-CO,/g with 92% CO, concentration at 35 °C where significant
amount of O, was demonstrated to be adsorbed in 40% moist MWNT-PAA exposed to
100% O,.

Regarding the regeneration, the adsorbents PAA and MWNT-PAA were demonstrated to be
regenerable at 100 °C with the potential recovery of 98% and 99% of adsorbed gas

respectively.

The thermodynamic studies showed very high heat release for the MWNT-PAA as resultant
heat flow which includes sweeping, adsorption and desorption processes, compared to PAA,
except at 55 °C where the heat release for both PAA and MWNT-PAA was almost similar.
The heat release increased with the adsorption time and temperature for both PAA and
MWNT-PAA. Although a high heat release has advantages for energy efficiency, a short
adsorption time was demonstrated to be beneficial to operate with a higher adsorption rate in

order to multiply the adsorption cycle resulting in a large CO, uptake per day.
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The correlation of time for the synchronization of sweeping, adsorption and desorption
processes has shown a big challenge to implement continuous TSA systems. The problem is
due to the gap between the adsorption time and the cooling time where the temperature has to
be taken from sweeping or desorption temperature to the adsorption temperature in order to
complete a cycle and start a new cycle. It was found that the CO, adsorption rate of
adsorbents PAA and MWNT-PAA decreased with the increase of adsorption time.
Consequently, the shorter the adsorption time the higher is the adsorption rate resulting in
larger total CO, adsorption per day. Thus, the integration of numbers of beds is recommended
in order to synchronize the sweeping, adsorption and desorption processes for continuous
TSA systems. However, the short adsorption time required large numbers of beds to correlate
with the cooling time for the implementation of continuous TSA systems. When the
adsorption temperature increases, the gap with the sweeping or desorption temperature is
reduced, resulting in short cooling time and the numbers of beds are reduced as well. It was
found that both PAA and MWNT-PAA operating in TSA systems release significant amount
of heat, which becomes more emphasized with the increase of temperature. Therefore, the
integration of 4 beds operating with 40 minutes of adsorption time at 55 °C was found
beneficial for continuous TSA systems when using both PAA and MWNT-PAA with dry gas.
Regarding the moist flue gas, the temperature of 55 °C is not beneficial because the moist
MWNT-PAA showed large O, adsorption with reduced selectivity for CO,, resulting in 64%
CO;, concentration. Since the maximum of 4 beds was favorable to circumvent the challenge
relevant to the space cluttering and equipment cost, the implementation of TSA systems for
MWNT-PAA designed to operate at 35 °C was demonstrated to be efficient with the flue gas

of water content from post-combustion.

5.2. CONCLUSIONS

Fossil fuel utilization has increased due to the growth of world population which resulted in
high energy demand; causing high CO, emissions into the atmosphere. CCS is the sole
alternative of reducing CO, emissions with the sustainability of fossil fuel utilization, which
otherwise must be suppressed for the environment safety. However, CO; diluted in flue gas
must be separated from other gases to achieve plus 95% purity for the transport and storage
efficiencies. Such requirement needs an advanced capture technology which justifies the
reason of this work. The objective of this work is to improve the CO, capture technology

through the design of adequate hydrophobic and biodegradable adsorbent. Thus, the key
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question relevant to the development of efficient and cost-effective means for CO, capture

was answered through the performance of adsorbents as stated below:

Both adsorbents PAA and MWNT-PAA exhibit a biodegradable bond through FTIR.
The grafting of EDA on PSI to produce PAA with NH; as available CO, anchoring
site was beneficial to increase significantly the CO, adsorption capacity at all
temperatures. However, the geometry/structure of PAA was poor. The use of MWNT
to produce MWNT-PAA resulted in enhancement of geometry/structure with higher
CO; adsorption capacity compared to PAA.

Both adsorbents PAA and MWNT-PAA showed the possibility of increasing the CO;
adsorption capacity in the presence of moisture.

Both adsorbents PAA and MWNT-PAA showed a very higher affinity to CO,
compared to O, and N,. Therefore, the potential to capture CO, exhibited a higher
selectivity for CO, with the purity in range 92 - 100% CO, concentration.

The adsorption process was marked by higher CO, adsorption rate for both adsorbents
PAA and MWNT-PAA in the way that almost 85% of the whole CO, adsorption
capacity was achieved the first 30 minutes.

An efficient regeneration for both PAA and MWNT-PAA was found at 100 °C with
98 and 99% CO, recovery respectively.

The investigation of heat flow showed for both adsorbents a very higher heat release
in adsorption process recognized exothermic. While a very low heat was absorbed in
desorption and sweeping processes recognized endothermic. This is beneficial for
energy efficiency gains, because the system can operate with the heat release

minimizing the external source of energy.

Thus, both PAA and MWNT-PAA showed to be competitive for advanced CO,
capture plant using adsorption technology compared to other adsorbents including the

existing adsorbents such as activated carbon, silica gel, zeolites and MOFs.

Regarding the performance of the adsorbent MWNT-PAA, a higher CO, adsorption capacity

of 70 mg-CO,/g was recorded under dry conditions at 25 °C when using 100% CO, at 1.1 bar.

This CO, adsorption capacity was enhanced to 71 mg-CO,/g at 35, 45 and 55 °C when using
the moist MWNT-PAA. Using 14% CO, with air (79N,/210;), the higher CO, adsorption
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capacity was 46 mgCO,/g under dry conditions obtained at 25 °C, which increased to 65 mg-
CO3/g at 35 °C when using moist MWNT-PAA. Concerning the energy efficiency, MWNT-
PAA reached its maximum heat release of 5600 kJ/kg at adsorption temperature of 55 °C;
while in sweeping and desorption processes operated at 110 and 100 °C the maximum heat
absorbance was 123 and 500 kJ/kg respectively. Thus, the TSA systems resulted in high heat
release of 5000 kJ/kg.

Thus, the implementation of efficient MWNT-PAA for CO; capture requires:

e The polymer used as backbone must be water insoluble, nontoxic and biodegradable.

e The incorporation of amine in polymer backbone on one hand must provide available
CO; anchoring sites, but on the other hand must avoid being in excess.

e During the synthesis of polysuccinimide (PSI) the condition of operation must be
respected and the expansion must be observed.

e In case of diamine incorporation on PSI to make PAA, the condition of operation as
described in Section 3.3 must be carefully respected in order to avoid crosslinking.

e The carbon nanotubes used to make MWNT-PAA must have high purity and high
quality in geometry/structure including surface area, pore volume and pore size.

e Before the mixing of carbon nanotubes with the polymer, the sonication of carbon
nanotubes in the solvent is required for adequate dispersion. The sonication time
beyond 20 minutes must be avoided in order to prevent the carbon nanotubes from
being brittle.

e The ratio carbon nanotube with polymer must be respected as 1:30.

e Non-covalent functionalization at room temperature is favorable for the mixing of
carbon nanotubes with polymer in order preserve the functionality of polymer.

e The adsorbents PAA and MWNT-PAA must be conserved in a cool place.

e The adsorbents PAA and MWNT-PAA must not be used beyond 180 °C for adsorption

or desorption process.

5.3. RECOMMENDATIONS

The adsorption process was rendered possible through the use of TGA. However, the mass
transfer is not efficient, because of the horizontal position of the gas pipeline which is

separated from the crucible from right to left at the distance of 8 cm and from top to bottom a

195



the distance of 1 cm. Therefore, the contact between the adsorbent and the gas coming from
the pipeline is poor. Consequently, the adsorption time was extended in order to complete the
total adsorption capacity. The design of efficient equipment with specific size geometry of
the bed operating at adequate conditions of temperature and pressure with the ability to
provide moisture at different humidity rate in gas stream will obviously show a higher
efficiency of both adsorbents PAA and MWNT-PAA. Moreover, the designed equipment
must be able to assure adsorption-desorption cycles in order to predict the frequency of

adsorbent replacement. A system has been designed and the adsorbents will be tested shortly.

Furthermore, the investigation of these adsorbents in pressure swing adsorption (PSA) and
vacuum swing adsorption (VSA) systems is recommended for large application of the

adsorbents.

With regard to capture plants, the adsorbents PAA and MWNT-PAA were predicted to
perform better than have been with the use of TGA. As the efficiency of PAA in the presence
of water was found at 45 °C, it is recommendable to prepare the flue gas with moisture
content accordingly in order to provide high CO, uptake. Otherwise the removal of water is
required for CO, uptake enhancement when the adsorbent PAA is intended to be used at

other temperatures beside 45 °C.

The adsorbent MWNT-PAA offers a large domain of application concerning the temperature
in the range 25 - 55 °C. Nevertheless, large adsorption capacity was obtained at 35 °C when
using the flue gas with 14% CO, content under moist conditions. A flue gas with large
quantity of moisture content is not concerning since the increase of water in MWNT-PAA
showed the increase of CO, uptake. However, since the presence of O, could be a drawback,
it is recommended to use the adsorbent MWNT-PAA at any temperature in the range 25 - 55

°C for post-combustion capture.

Finally, to complete a high daily CO, uptake when using PAA or MWNT-PAA, it advisable
to shorten the adsorption isothermal time and improve the cooling system with efficient heat
exchanger in order to correlate the time for adsorption-desorption cycle in TSA systems with

minimum numbers of beds possible.
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CHAPTER SIX

CONTRIBUTION OF THE WORK TO SCIENTIFIC ADVANCEMENT AND
ACHIEVEMENTS

Within the framework of CCS research in the School of Chemical Engineering, at Wits, in
collaboration with the Norwegian University of Science and Technology (NTNU), the
present research presents a contribution to the scientific community with regards to novel
CO; adsorbent development. It is noticeable that much work has been done in this area, but
until now, very few if any have been successful in meeting the requirements for being the
environmentally friendly, and meeting appropriate conditions of implementation and
operation.  Absorption technology, especially with the use of alkanolamines
(Monoethanolamine, Diethanolamine and Triethanolamine) has gained the attention of many
researchers in capture technology; however, its implementation is still at pilot scale stage due
to certain inconveniences which include absorbent degradation, material corrosion and high
energy requirement for regeneration, all requiring improvement. Adsorption technology is
more attractive in its ability to procure high purity CO; and to separate diluted compounds in
the flue gas mixtures. However, refinements in the field of CO, capture due to the large scale
of the plants that it has to face. In addition, flue gas especially from fossil fuel plants, include
moisture, variable temperatures and pressures, which affect efficient performance of

adsorption technology.

Existing adsorbents, such as activated carbon, silica gel, zeolite, MOFs and others, have been
ineffective where the flue gas contains moisture. Also they require difficult conditions of
operation which include high temperature and pressure in order to adsorb and desorb CO
efficiently. These challenges restrict utilization, and have pushed researchers to develop
approaches through the design of specific adsorbents for a large application of adsorption
technology. Thus, through this research (“A CO, capture technology using carbon nanotubes
with polyaspartamide surfactant.”) a hydrophobic and biodegradable adsorbent with water
tolerance characteristics, and the ability to operate efficiently for CO, adsorption and
desorption under moderate conditions, which include low temperature and pressure, has been

developed. Further work is required to test these adsorbents on a pilot scale.
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6.1. ACHIEVEMENT OF ADSORBENTS DESIGN

The design of new adsorbent, termed MWNT-PAA, was rendered possible through the non-
covalent functionalization of multi-walled carbon nanotubes (MWNT) by polyaspartamide
(PAA) obtained from the polysuccinimide (PSI) grafted with ethylenediamine (EDA). The
use of PSI made from the polycondensation of aspartic acid was intended to provide a
polymer with biofissionable bonds for the biodegradability (the environmentally friendly
aspect). The imide (CON) bond in PSI and amide (CONH) bond in PAA are biofissionable
bonds able to be broken under enzymatic activity. The EDA was used to provide PAA with
an NH, group as CO; anchoring site. The PAA was then intended to present two necessary
bonds (NH, and CONH), which should operate as CO, anchoring and biofissionable bonds
respectively. Thus, the design of PAA was successfully achieved as revealed by the
characterization analysis done with the use of FTIR, which confirmed the presence of NH;
and CONH. This shows that the adsorbent PAA has the potential of capturing CO, through
NH,. However, the regeneration behavior of the adsorbents has been demonstrated, the
biodegradability aspect is much more important for the environment safety, because the
adsorbent has always to be discarded after a frequency of being used. Furthermore,
characterization of using "H NMR of the PAA shows the absence of free amine which could
cause the corrosion of materials. Regarding the environment challenge where the polymer
polyethylenimine (PEIl), the polymer most extensively used in CO, capture, is non-
biodegradable, the polymer PAA showed the potential of being biodegradable. Thus, the
achievement of the design of PAA, a hydrophobic and biodegradable polymer amine
adsorbent, revealed to be a contribution to the CCS research. The factors which include
biodegradability, water tolerance and moderate conditions of operation for adsorption and

desorption processes provide to PAA a large application in CO, capture technology.

The CO, adsorption capacity of PAA almost doubled compared to PSI; however the
geometry/structure of PAA was a drawback. The design of MWNT-PAA was aimed at the
improvement of the geometry/structure of the adsorbent with the goal of increasing CO,
adsorption capacity. The non-covalent functionalization of MWNTS, a highly hydrophobic
material with very good geometry/structure, was deliberately applied by PAA in order to
preserve the previous functionality obtained on PAA and to enhance the hydrophobicity of
the adsorbent as a factor recognized beneficial for the water tolerance property. The
achievement of the designed MWNT-PAA was successful after showing the expected
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information obtained through different characterizations. Since the MWNT-PAA showed the
presence of NH, and CONH through FTIR characterization, the CO, anchoring site and the
biodegradability were consistently kept after using a non-covalent functionalization process.
Moreover, the geometry/structure of MWNT-PAA was highly enriched from PAA, resulting
in approximately triple CO; adsorption capacity from the crude polymer PSI. In addition, the
adsorbent MWNT-PAA appears to have a high water tolerance, with a significant increase of
CO, adsorption capacity under moist adsorbent conditions. The adsorption and desorption
processes was efficient at moderate conditions of operation including low temperature and
pressure. One more important thing was achieved and must be highlighted is that the non-
covalent functionalization of MWNT-PSI was a drawback for CO, adsorption capacity
compared to PSI; however, the geometry/structure of MWNT-PSI was significantly
improved. This is due to the presence of closed rings in the chemical structure of PSI
compared to PAA, where the rings were open through the use of EDA. The closed rings have
the ability to twist tightly the MWNT, resulting in the blockage of CO, from passing to the
available adsorption sites. Thus, the technology of designing the adsorbent through the non-
covalent functionalization of MWNT by polymer requires a specific chemical structure of
polymer with open rings in order to enhance the CO, adsorption capacity. This approach is
very important to the scientific community regarding the choice of polymer when the
geometry/structure is intended to be improved for CO, adsorption capacity enhancement by

the use of MWNT through non-covalent functionalization process.

The art of designing an adsorbent from PSI to MWNT-PAA via PAA resulted in
improvements of the chemical surface on one hand, and enrichment of geometry/structure on
the other hand, after preserving all necessary functionalities. This is a subtle creativity for an
advanced technology which is beneficial for the scientific community to be enriched with
novelty. However, as MWNTs are commercially expensive, the discoveries of simplified
methods must present the perspective of lowering the price in future. There is research
demonstrating the possibility of synthesizing MWNTs from coal using catalytic chemical
vapor deposition (CCVD) process. Moreover, a very small quantity of MWNT (1:30 as ratio
MWNT and PAA) was enough to design the adsorbent MWNT-PAA and to bring

improvement from PAA.
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6.2. ACHIEVEMENT OF ADSORPTION AND DESORPTION PROCESS

Operating in TSA systems, many factors were investigated in order to come out with
consistent approaches which are necessary for a capture plant to operate in the TSA systems

with efficient conditions.

Different isothermal adsorptions with variable temperatures were achieved in order to
evaluate the CO, adsorption capacity and the adsorption kinetics of the adsorbent with
changes of temperature. The investigations conducted show that the adsorption has
corresponded to Langmuir model, where the adsorption rate was very high at the beginning
of the adsorption process and decreased while the adsorption process was in progress.
Therefore, it was discussed that the completion of the total adsorption capacity in TSA
systems presented a drawback regarding the time and the quantity of CO, that supposed to be
captured. The TSA systems where the adsorption time was reduced for high adsorption rate
resulted in multiple adsorption cycle with increase of global quantity of CO, adsorbed.
However, the reduced of adsorption time resulted in significant daily amount of CO,
adsorption, the challenge of cooling time from the sweeping or desorption temperatures to the
fixed adsorption temperature revealed to be an obstacle for the TSA systems. Thus, more
beds are required for the reduced adsorption isothermal time to correlate with the cooling
time from sweeping and/or desorption temperatures in order to implement the TSA systems.
The more the adsorption isothermal time was reduced, the larger was the number of beds
required for the synchronization of TSA systems. The large number of beds disadvantages the
TSA systems due to the requirements of large space and cost of materials. Instead, the
implementation of specific heat exchanger equipment could accelerate the cooling time
resulting in mitigation of number of beds. Furthermore, it was demonstrated for the TSA
systems connected to one source of flue gas, that the use of the beds placed in series is
beneficial than the beds placed in parallel. Thus, the achievement of the discussion on TSA
systems has provided the optimum conditions of implementation of adsorption technology for
CO, capture. This is a contribution to the scientific community regarding the progress of CCS

research in adsorption technology.
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6.3. ACHIEMENT OF THERMODYNAMICS STUDIES

The investigation has shown that the exothermicity and endothermicity of the adsorption and
desorption processes relevant to the heat release and heat absorbance increased from PAA to
MWNT-PAA respectively. Thus, a high potential interaction provided by enhanced
geometry/structure emphasized the heat flow either in release or in absorbance. Also, the heat
release was significant and increased with the increase of temperature in such a way that the
TSA systems could opt for the change of isothermal temperature using the heat release
without external energy. Furthermore, the resultant heat flow for the TSA systems including
sweeping, adsorption and desorption resulted in more heat release than heat absorbance. This
is beneficial for the TSA systems to operate with less energy which in most cases is a

determining factor for the viability of a technology.

6.4. PAPERS AND CONFERENCES PRESENTATIONS PRODUCED TO DATE

6.4.1. Papers

Paper 1: Ngoy, J.M.; Wagner, N.; Riboldi, L.; Bolland, O. (2014). “A CO2 capture
technology using multi-walled carbon nanotubes with polyaspartamide surfactant.” Energy
Procedia, Volume 63, 2014, Pages 2230-2248. doi:10.1016/j.egypro.2014.11.242.

Paper 2: Ngoy, J.M.; Wagner, N..; Bolland, O.: Potgieter, H. “Influence of Moisture on CO;
adsorption using Multi-walled Carbon Nanotube with Polyaspartamide.” Paper submitted to

the Journal of Adsorption.

Paper 3: Ngoy, J.M.; Wagner, N..; Bolland, O.: Potgieter, H. “Temperature effect on the
selectivity for CO, using MWNT-PAA exposed to 14% CO; in gas mixture.” Paper in

process.

Paper 4: Ngoy, J.M.; Wagner, N..; Bolland, O.: Potgieter, H. “The Thermodynamics Study of
MWNT-PAA for CO; capture.” Paper in process
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http://www.sciencedirect.com/science/journal/18766102/63/supp/C
http://dx.doi.org/10.1016/j.egypro.2014.11.242

Paper 5: Ngoy, J.M.; Wagner, N..; Bolland, O.: Potgieter, H. “The impact of CO; adsorption

kinetics on continuous TSA systems using MWNT-PAA for CO; capture.” Paper in process

6.4.2.

1)

2)

3)

4)

5)

6)

7)

8)

9)

Conference presentations

4™ Carbon Capture and Storage Conference “Capacitating South Africa for CCS”
20-21 October 2015, The Capital 20 West Hotel, Morningside, Johannesburg.

8th Trondheim Conference on CO2 Capture, Transport and Storage (TCCS-8),
Trondheim, Norway June 16-18, 2015.

Fossil Fuel Conference held at the University of Cape Town from 27 to 28 November
2014.

GHGT-12 (Greenhouse gas Technology) held at Austin (USA) from 05 to 09 October
2014.

Carbon Capture Workshop: Carbon Capture & Clean Environment. University of
the Western Cape, Cape Town 24-26 March 2014 (South Africa).

Third CCS Conference of South African Centre for Carbon Capture and Storage
(SACCCS). The 3™ and 4™ of October 2013 in Cedar Park Hotel/ Woodmead/
Johannesburg (South Africa).

7th Trondheim Conference on CO2 Capture, Transport and Storage (TCCS-7),
Trondheim, Norway June 4-6, 2013.

7" Framework Programme Conference Agenda CCS-EU/RSA Partnership. A
focus on Carbon Capture by OCTAVIUS. The 13" and 14" of February 2013 at
ESKOM academy of learning/ Dale Road/ Johannesburg (South Africa)

Indaba 2012, 13 & 14 November in the 17" Southern African Conference (Fossil
Fuel Foundation) Bytes Conference Center, Midrand/ Johannesburg (South Africa).

10) The 11" of July 2012 SACCCS (South African Centre for Carbon Capture and

Storage meeting participation on discussion of the recently launched European
Commission FP7 Project — OCTAVIUS (South Africa).

11) Northwest University (NWU) Research proposal Students Colloquium at June 2012,

North-West University in South Africa.
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APPENDIX 2

TGA GRAPHS OF N, ADSORPTION FOR DRY ADSORBENTS WITH 100% N
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APPENDIX 3

TGA GRAPHS OF O, ADSORPTION FOR DRY ADSORBENTS WITH 100% O,
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APPENDIX 4

TGA GRAPHS OF O, ADSORPTION FOR MOIST ADSORBENT WITH 100% O,
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