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Abstract
The extensive use of fossil fuels and the emission of greenhouse gases have resulted in se-
vere issues such as global warming and climate change. The energy and transport sector
generate the major share of greenhouse gases globally. Though renewable energy can supply
some of the energy demands, fossil fuels are still considered as a primary source to balance
the world energy requirements. CO2 being the major constituent of the greenhouse gases,
carbon capture process (from the source of emission and from air) has been proposed as a
promising technology to alleviate the effects of global warming in the near future. Alongside,
technologies have been developed to produce fuels or other useful chemicals from the cap-
tured CO2. This process is called carbon re-utilization. Zero Emission Fuels (ZEF. B.V) is
a company in the Netherlands that is working towards developing a system that produces
Methanol from CO2 and water captured from ambient air viz. Direct air capture (DAC).

In the ZEF DAC process, polyethylenimine (PEI) and tetraethylenepentamine (TEPA) are
used as CO2 absorbents. These amines capture CO2 and water at ambient conditions (ab-
sorption phase). The CO2 and water is then stripped from the amine at elevated temperature
(desorption pahse) and the gases are used for methanol production. During the process of
absorption and desorption, the amines undergo losses such as evaporation and degradation.
This leads to decrease in the efficiency of the DAC system over time. This thesis is focused
on determining the evaporation and CO2 induced degradation losses that might occur of PEI
and TEPA during the direct air capture process

To determine the losses in PEI and TEPA, it is necessary to understand the behaviour
of amines in a cyclic absorption-desorption. PEI and TEPA were subjected to 30 cycles of
alternative absorption and desorption processes. Regarding evaporation losses, both PEI
and TEPA showed significant loss of mass during the desorption process (80 ∘C, 120 ∘C were
the selected desorption temperatures). Theoretically, the partial pressure of CO2 and wa-
ter absorbed by the amine reduces the evaporation rate of the mixture (amine+water+CO2).
But, during the desorption process, as the CO2 and water are stripped out of the amine,
the evaporation rate of the mixture increases. To, determine the maximum evaporation that
could take place under negligible partial pressure of CO2 and water, pure samples of PEI
and TEPA were heated at 80 ∘C, 100 ∘C, 120 ∘C. Results showed that, in a long term op-
eration, both PEI and TEPA might undergo evaporation losses (relatively, TEPA evaporates
faster than PEI) and replacing the amine frequently would increase the cost of DAC process.
Another important observation was that a significant mass of CO2 remained in the sample
after every desorption cycle. PEI accumulated more CO2 than TEPA. This suggested that
the process of desorption carried out during the experiment was inefficient. A hypothesis
was proposed to explain the accumulation taking place in both the amines. Furthermore,
Fourier Transform Infrared Spectroscopy (FTIR) was carried out on the samples subjected to
cyclic experiments to identify the formation of degradation products. Results showed that
during the cyclic absoprtion-desorption process, TEPA might have degraded when desorbed
at 120∘C. PEI samples did not show any indications of degradation.

Finally, future experiments are proposed to understand the degradation losses which
might help in deciding the suitable amine for the DAC process.
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1
Introduction

1.1. CO2 emissions and Global warming
Global warming is a major issue that has become a subject of public concern. This is
caused due to the presence of greenhouse gases (GHG’s) in the atmosphere, which traps
the heat within the lower atmosphere and at the earth’s surface [1]. The greenhouse gases
includes water vapor, methane, carbon dioxide, nitrous oxide and chloroflurocarbons (CFC’s)
[1]. Global warming changes the earth’s energy balance which leads to climate change [2].
Some of the evidences of climate changes are: rise in global temperatures, extreme changes
in the frequency of weather conditions [3], and rise in sea level due to glacier meltdowns [4].
Thus, climate change is disturbing the balance of the ecosystem [5].

Figure 1.1: Greenhouse gas emission by different sectors [6]

It can be seen from figure 1.1 that the green house gas composition consists largely of
CO2. This level of CO2 concentration in the atmosphere is a result of emissions caused by
extensive use of fossil fuels [1, 7]. The permitted levels of 𝐶𝑂ኼ in the atmosphere is about
300 ppm, but studies carried out in 2010 showed that the CO2 concentrations had crossed
400 ppm [8]. The Intergovernmental Panel on Climate Change (IPCC) suggests that the levels
of 𝐶𝑂ኼ concentrations in the atmosphere must be restricted to 450 ppm by 2100 in order to
mitigate the global temperature rise, greater than 1.5∘C [9]. As shown in Figure 1.1, we can
see that the energy sector is the major contributor to 𝐶𝑂ኼ emissions.

Replacing the fossil fuels with renewable energy could help in reducing the carbon dioxide
concentrations. Currently, the world renewable energy system contributes to 17% of the total
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consumption and the remainder is supplied by petroleum, coal and natural gas [3]. Figure 1.2
shows the dependence on different energy sources in the year 2017. It can be clearly seen
that oil and natural gas provide a major share in the human energy demands. Therefore,
fossil fuels are still the major sources for energy production [2].

Figure 1.2: World primary energy consumption [10]

Considering the dependency on the fossil fuels as sources of energy and the consequences
of their extensive usage, an alternative method to mitigate the carbon dioxide levels in the
atmosphere is by capturing and storing it [11, 12]. This method includes capturing CO2
at the source of emission, generally called as carbon capture and sequestration (CCS), and
direct air capture. This process is explained in Section 1.2. It is important to note that
this thesis is focused on direct air capture process. Thus, only a brief description on CCS
will be given in Section 1.2. Further, the captured CO2 can be used to produce value added
products. This process is called “carbon re-utilization”. A brief explanation on the process
will be explained in Section 1.3.

1.2. Carbon capture
The carbon capture process can be broadly classified into carbon capture and sequestration
and direct air capture. A brief description on both the process is given in Section 1.2.1 and
1.2.2, respectively.

1.2.1. Carbon Capture Sequestration (CCS)
Conventionally, the application of carbon capture technology was mainly focused on limiting
the CO2 emissions from large stationary sources (eg: oil refineries, fossil fuel power plants,
iron industries etc) [13]. Different techniques are employed to capture CO2 from different
emitting sources and this can be seen in figure 1.3.
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Figure 1.3: Carbon capture techniques [14]

The sources of CO2 seen in figure 1.3 are the exhaust gases produced during different
processes. The exhaust gases vary with CO2 concentration, temperature and pressure. The
variation in process parameters can be found in table 1.1.

Table 1.1: Typical pressure, temperature and CO2 concentrations of gas streams found in CCS technology [15]

Source Precombustion
oxy-fuel

combustion Postcombustion

Pressure (atm) >5 >50 1
Temperature ∘C >100 <50 <100

CO2 (vol %) 35 >90 4-14

From table 1.1, we can see that the process condition of the gas stream vary largely from
one source to another. Thus, different procedures and absorbing materials must be used
to effectively capture the CO2 from different sources. The details on the process of carbon
capture sequestration are not included in this report. A review on CCS techniques can be
found in literature of Perez et.al [13], Gao et.al [3], Yu et.al [7], Singh [16] , Ko et.al [17] and
Wanga et.al [18].

The captured CO2 is pressurized and transported either by pipelines or ships. Further,
they are stored in depleted oil reservoir or saline aquifers [19]

Although the CCS technology helps to reduce the CO2 emissions, it is suitable mainly for
large stationary sources. A significant level of emissions are caused by sources such as small
industries, transportation sector, houses etc. As the parameters of the distributed sources
vary from one another, the application of CCS to individual source becomes difficult and is
not economically viable [20].

1.2.2. Direct Air Capture (DAC)
This is a complimentary technique to CCS, which helps to remove CO2 directly from ambient
air [21, 22]. This technique has an advantage over CCS as it can be used to capture CO2
irrespective of the nature and location of the emitting source [12].

One of the key challenges to the DAC process is that the process takes place with dilute
or ultradilute concentrations of 𝐶𝑂ኼ (400 ppm) and under ambient conditions [23]. Thus,
this process is different from flue-gas capture (CCS) and requires different operating condi-
tions and 𝐶𝑂ኼ scrubbing/absorbing material. Materials such as aqueous hydroxides, alkali
carbonates, oxide supported amines are used to capture CO2 in direct air capture process.
Information on different DAC techniques and materials used can be found in literature of
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Pirez et.al [13].

1.3. CO2 re-utilization
The CO2 captured through the techniques mentioned in Section 1.2 are generally stored in
underground reservoirs. But, a better way is to convert CO2 into methanol [3]. The methanol
can be either used as fuel or as a precursor to produce other useful chemicals [24]. Figure
1.4 shows a simple process of converting CO2 and re-utilization.

Figure 1.4: Process for achieving carbon neutral fuel[24]

It can be seen in figure 1.4 that the energy demands of the CO2 conversion process are
supplied by renewable energy. Thus, by integrating renewable energy, carbon capture and
re-utilization the need to use fossil fuel can substantially reduced and consequently the new
CO2 emissions. This is called carbon neutral cycle and fuel produced is called carbon neu-
tral fuel

Zero Emission fuels (ZEF B.V) is one such company which is trying to produce carbon
neutral fuel by integrating solar energy, direct air capture and re-utilization techniques. Brief
details on the company can be found in Section 1.4.

1.4. Zero Emission Fuels
Zero Emission Fuels BV (ZEF BV) [25] is a startup from Delft, the Netherlands, working
towards developing a small scale carbon neutral fuel (methanol) production system. This
production unit consists of the following subsystems [25]:

• Direct air Capture (DAC): This subsystem captures water and carbon dioxide from
ambient air

• Electrolyser: The water captured by DAC subsystem is split into 𝐻ኼ and 𝑂ኼ
• Methanol reactor: 𝐶𝑂ኼ and 𝐻ኼ are converted into methanol at elevated pressures and
temperatures

• Compressor : 𝐶𝑂ኼ and water are compressed to 50 bar pressure as it is the selected
operating condition of the electrolyser and methanol rector

The energy requirements of the whole system are delivered by the solar energy. An overview
of integrated subsystems in the methanol production plant can be seen in figure 1.5.
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Figure 1.5: Overview of the ZEF methanol production plant [26]

As mentioned in Section 1.1, this project and report focuses on the DAC subsystem. Sec-
tion 1.4.1 gives a brief description on the DAC process, materials used for CO2 capture op-
erational conditions.

1.4.1. DAC at ZEF
As explained in Section 1.4, the captured CO2 is re-utilized to produce methanol. Thus,
the DAC at ZEF includes both carbon capture (absorption) and regeneration (desorption)
process. Polyethylenimine (PEI) and tetraethylenepentamine (TEPA) are the two polyamines
considered for the process of carbon capture. The overview of the process followed in DAC at
ZEF is shown in figure 1.6.

Figure 1.6: Overview of ZEF DAC system

As seen in figure 1.4.1, a thin layer of pure amine flows on a plate and is exposed to am-
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bient air. CO2 and moisture are absorbed as the amine flows down. The CO2 loaded amine
is then carried to the desorption chamber where amine is separated from CO2 and moisture
by application of heat. This process is similar to amine scrubbing technique. The process of
CO2 absorption-desorption through amine scrubbing technique is explained in Section 2.2.1.

The selection of amine is a critical part in developing a carbon capture system. Figure 1.7
shows certain important parameters to be considered before selecting an amine absorbent.
These parameters must be studied for PEI and TEPA in-order to decide which amine can
perform efficiently in the ZEF DAC system for a longer duration.

Figure 1.7: Parameters to be considered while selecting an amine absorbent for DC process

The studies on PEI and TEPA have been carried at ZEF. The absorption of CO2 and water
in PEI/TEPA and its influence on the physical properties of the amine was studied by Sinha
[27]. Ovaa studied the behaviour of amine during desorption of CO2 and water [28]. The
important observations are given in section 2.5. In the above mentioned studies, the amine
behaviour was studied with respect to only one absorption or desorption cycle. This thesis
focuses on studying the behaviour of amine when subjected to multi-cycle process and the
losses that might occur during the process.

1.5. Thesis objectives
The thesis objective is to identify the suitable amine (PEI or TEPA) regarding the amine losses
that takes places in DAC process. Figure 1.8 gives an overview of the thesis objective.

Figure 1.8: Overview of thesis objectives
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The above mentioned objectives can be achieved by answering the following questions:

• Understand the behaviour of PEI and TEPA, when used as bulk absorbents, in cyclic
absorption desorption process

• Determine the evaporation rates of PEI and TEPA at different temperatures

• Determine which amine is more resistant to CO2 induced degradation

1.6. Thesis scope
The behaviour of the amine might vary with change in parameters such as pressure, temper-
ature, moisture, concentrations of CO2 and other gases. This change is applicable at both
absorption and desorption stages. The experimental procedures followed were:

• Ambient air was used during absorption phase of the experiment. The variation in
concentrations of CO2, moisture and absorption temperature was not regulated. Thus,
the effects of different concentrations on amine degradation cannot be observed.

• Only concentrations of CO2 and moisture were measured during experiments. Absorp-
tion of any other gases was not studied.

• This thesis focuses only on evaporation and CO2 induced degradation. Other important
loses such as O2 induced degradation were not studied.

• During the desorption process of the cyclic experiments, N2 gas was used to purge the
desorbed gases. The pressure of the outgoing gases was not measured. Thus, the
influence of pressure cannot be determined.
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1.7. Report outline
Figure 1.9 shows an overview of the report structure.

Figure 1.9: Overview of the thesis report

The relevant literature on DAC process can be found in Chapter 2. Chapter 3 explains
the experimental procedures followed to determine the amine losses occurring during the
DAC process. The data obtained during the experiments were analysed and the methods of
analysis are given in Chapter 4. Chapter 5 presents the important results obtained during
the experiments. Further, the implications of the thesis in ZEF DAC system and recommen-
dations for future experiments are given in chapter 6.



2
Background

This literature studied to understand the application of amines in the process of carbon
capture (from both stationary source and from air) are presented in this chapter. Figure 2.1
shows the structure of the chapter. The topics covered in this chapter provides an insight into
the basic principles and the state of the art research on amines in carbon capture process.

Figure 2.1: Overview of chapter 2

2.1. Basics of Amines
Amines are derived from ammonia NH3 where one or more hydrogen atoms are substituted
by an alkyl or aryl groups [29]. The substitutes are called functional groups. Amines can
be classified as primary, secondary and tertiary amines. Descriptions of amine classification
and functinal groups are shown below.

Primary amines: Primary amines are derived by replacing one of the hydrogen in ammo-
nia with a functional group. Methyl amine is a basic primary amine with a functional group
of methane.

Secondary amines: Secondary amines are derived by replacing two hydrogens in ammo-
nia with two functional groups. Dimethylamine is a basic example of secondary amine.

Tertiary amines: Tertiary amines are derived by replacing all hydrogen with functional
groups. Trimethyl amine is a basic example. Molecular representation of primary, secondary
and tertiary amines can be seen in figure 2.2.

9
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Figure 2.2: Molecular representation of primary, secondary and tertiary amines. R1,R2,R3 are functional groups

2.1.1. Reaction of CO2 with primary and secondary amines
The reaction mechanism for amine based absorbents was introduced by Caplow in 1968 [30].
The reaction takes place in two steps which are represented as shown below:

COኼ + RኻRኼNH −−−⇀↽−−− RኻRኼNHዄCOOዅ (2.1)

RኻRኼNHዄCOOዅ + B −−−⇀↽−−− RኻRኼNCOOዅ + BHዄ (2.2)

𝑅ኻ𝑅ኼ𝑁𝐻 is the aqueous amine (secondary amine in this case). 𝑅ኻ and 𝑅ኼ are the sub-
stituted groups. The 𝑅ኻ𝑅ኼ𝑁𝐻ዄ𝐶𝑂𝑂ዅ seen in Equation 2.1 is called zwitterion. In Equation
2.2, 𝑅ኻ𝑅ኼ𝑁𝐶𝑂𝑂ዅ is the carbamate formed by removal of a proton by B. B is a base molecule
which can be water, amine or hydroxyl ion (𝑂𝐻ዅ). Caplow assumed that the amines must
be hydrated or, the presence of water is necessary to form carbamates at faster rate. That
is, the base molecule in Equation 2.2 should be water [30]. The molecular representation of
zwitterion formation given by Caplow is shown in figure 2.3.

Figure 2.3: Reaction of amine with ፂፎᎴ to form zwitterion, represented by Caplow
[16]

Danckwerts suggested that the carbamate formation can be reduced to a single step pro-
cess by considering the base molecule to be an amine [31]. This study showed improved
kinetics in carbamate formation resulting in considering the zwitterion as a quasi-steady
state. Yoshida et al. and Svendsen da Silva separately carried out quantum mechanical
calculations on zwitterion and suggested that such species are highly unstable or exist in a
transition state [32, 33].

Following Danckwerts, Crooks and Donnellan suggested a single step termolecular mech-
anism for amine reaction [34] represented in Equation 2.3. Figure 2.4 shows the simultane-
ous bonding of amine/𝐶𝑂ኼ and transfer of proton. Here, B is again a base molecule.

COኼ + RኻRኼNH + B −−−⇀↽−−− RኻRኼNCOOዅ + BHዄ (2.3)

Further, the carbamates undergo hydrolysis to form bicarbonates [16]. Equation 2.4
shows the hydrolysis of carbamates to form bicarbonates.

RኻRኼNCOOዅ + HኼO −−−⇀↽−−− RኻRኼNH + HCOዅኽ (2.4)

The rate of formation of bicarbonates by hydrolysis of carbamates depends on several
factors such as temperature, the basicity of amines, amine chain length. The rate limiting
factors of bicarbonate formation is currently beyond the scope of this report. A Brief expla-
nation can be found in the work of Singh [16].
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Figure 2.4: Molecular representation of single step carbamate formation [16]

2.1.2. Reaction of CO2 with tertiary amines
The tertiary amines lack a free proton which hinders the direct reaction of CO2 to form car-
bamates [35]. Nguyen and Donaldsen suggested that the hydration of CO2 is catalyzed by
the tertiary amine resulting in the formation of bicarbonates [36]. The reaction mechanism
is as follows:

COኼ(ዥድ) + HኼO −−−⇀↽−−− HኼCOኽ (2.5)

COኼ(ዥድ) + OHዅ −−−⇀↽−−− HCOኽዅ (2.6)

COኼዄ RኻRኼRኽN + HኼO −−−⇀↽−−− RኻRኼRኽNዄH + HCOኽዅ (2.7)

The reaction of tertiary amines with 𝐶𝑂ኼ is found to be less exothermic when compared to
reactions with primary and secondary amines [37]. Shyu and Lin reported that, in compari-
son to primary and secondary amines, the tertiary amines show less degradation and loss of
capacity when subjected to regeneration cycles [38].

The carbonates are formed by deprotonating the bicarbonates with a basemolecule. Equa-
tion 2.8 shows the carbonate formation in the presence of a base molecule.

HCOኽዅ + B −−−⇀↽−−− COኽዅ + B (2.8)

2.1.3. Side reactions
Apart from the reactions involving the formation of bicarbonates, carbamates, carbonates,
important side reactions such as ionization of water and protonation of amines also take place
in the aqueous media [16]. The following equations represent the side reactions taking place.

𝐼𝑜𝑛𝑖𝑧𝑎𝑡𝑖𝑜𝑛 ∶ HኼO −−−⇀↽−−− OHዅ + HኽOዄ (2.9)

𝑃𝑟𝑜𝑡𝑜𝑛𝑎𝑡𝑖𝑜𝑛 ∶ RኻRኼNH + HኼO −−−⇀↽−−− RኻRኼNHኼዄ + OHዅ (2.10)

The hydroxyl ions formed during side reactions are responsible for bicarbonate formation
in case of tertiary amines shown in Equation 2.6. Figure 2.5 shows an overview of the reaction
mechanisms of 𝐶𝑂ኼ with primary, secondary and tertiary amine.
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Figure 2.5: Reaction mechanism of ፂፎᎴ with (a) primary amine (dry condition), (b) secondary amine (dry condition),
(C) tertiary amine (hydrated) [39]
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2.2. Application of amines in carbon capture process
As explained in Section 2.1.1, the reaction of CO2 with amines forms stable carbamate ions.
These reactions can be reversed and CO2 can be regenerated [40]. This characteristics of
amines makes it suitable for carbon capture and re-utilization process [41]. Amine scrubbing
is one such process where liquid amines are used for CO2 capture process. Details on amine
scrubbing can be found in Section 2.2.1.

2.2.1. Amine scrubbing
The process of amine scrubbing process using monoethanolmine (MEA) was started with the
work of Bottoms which was patented in 1930 [42]. The figure 2.6 shows the process layout
of the amine scrubbing plant.

Figure 2.6: Amine scrubbing process layout by R.R. Bottoms [43]

A typical amine scrubber consists of an absorber column and a stripper column. 𝐶𝑂ኼ gas
and aqueous amines flow counter- currently across a packed bed in the absorber column.
This process takes place as ambient temperature and pressure. Once the 𝐶𝑂ኼ is absorbed by
the amine, the absorbent is transported to the stripper column. The 𝐶𝑂ኼ is separated from
the amine at a temperature range of 100ኺ𝐶 to 120ኺ𝐶. The pure amine is again pumped back
to the absorber column for cyclic use. The DAC process at ZEF mentioned in Section 1.4.1
is conceptually similar to the amine scrubbing technique.

The first commercially available absorbent for amine scrubbing technique was triethanolamine
(TEA) [16]. Amines likemonoethanolamine (MEA), diethanolamine(DEA) andmethyldiethanolamine
(MDEA) were also of commercial interest [42]. These amines showed several limitations which
are represented in figure 2.7.

Figure 2.7: Various factors affecting the amine efficiency in CO2 capture. [16]
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The limitations of the absorbents used in amine scrubbing have been detailed in the works
of Resnik [44] and Haszeldine [45]. To overcome the problems mentioned in figure 2.7, the
amines are used as solid sorbents or adsorbents. Details on adsorbents are given in Section
2.2.2.

It must be noted that in this the report, the word absorbent and absorption is used when
speaking about processes like amine scrubbing. In Section 2.2.2, adsorption technique is
introduced where amines are supported by solid structures. Here the amine along with the
support structure is called adsorbent. The words absorption and adsorption cannot be used
interchangeably.

2.2.2. Use of amines as solid adsorbents
In the state of the art research on carbon capture, amines are used as solid sorbents or ad-
sorbents. In this technique, the amines are supported by porous materials such as silica.
Grafting , physical impregnation or in-situ polymerization methods are used to produce the
solid sorbents [46].

Research has shown that the adsorbents exhibit higher CO2 capture and regeneration
ability, resistance towards degradation and low energy consumption when compared to other
amine scrubbing techniques [47–50]. This report dose not focus on comparing the absorbents
and adsorbents techniques. As mentioned in Section 1.5, the aim of this research is to
study the amine losses that might occur in PEI and TEPA (when used as absorbents) dur-
ing DAC process. Evaporation and CO2 induced degradation are the losses considered in
this study. The recent developments in carbon capture uses PEI/TEPA as adsorbents and
studies on PEI/TEPA absorbents were not found. Thus, amine loss related studies on dif-
ferent absorbents and adsorbents were considered to develop experimental procedures to
test PEI/TEPA absorbents and to analyse the results. Section 2.3 gives an abstract on how
different studies were used to understand the behaviour of the amine at ZEF DAC.

2.3. Amine losses
As mentioned in Section 1.5, this thesis is focused on evaporation and CO2 induced degra-
dation. Section 2.3.1 gives a brief explanation on the principles of evaporation and the the-
oretical methods to determine the evaporation rates. Section 2.4 gives an over view of the
state of art research on amine degradation.

2.3.1. Evaporation
The process by which molecules at the surface of the liquid breaks the liquid phase inter-
molecular force and escapes into gas phase is called evaporation. Evaporation of a substance
is influenced by factors such as given below: A brief description on how the evaporation rate
varies with liquid mixture is included in Section 2.3.1.

Factors influencing evaporation

• Vapour pressure - This parameter indicates the tendency of molecules to escape from
the liquid surface. High evaporation of liquid takes place if its vapour pressure is high.

• Temperature - As temperature increases the kinetic energy of the liquid molecules also
increase. This results in faster evaporation.

• Surface area - Evaporation is a surface phenomena. As the surface area increases,
more molecules tend to escape at the liquid-gas interface.

• Flow rate - Increase in the flow rate of the gases above the liquid surface results in
higher evaporation rate. This is because, the gases flowing above the liquid surface
enhances the mass transfer of liquid vapor into the gas phase.

• Inter-molecular forces - Liquids with strong inter-molecular forces exhibits lower
evaporation
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Determining evaporation rates
The evaporation rates of the liquids can be calculated using the equation shown below [51].

𝐸 = 𝑘፦ ∗
𝑀። ∗ 𝑃፯(𝑇)
𝑅 ∗ 𝑇 (2.11)

Here, E = rate of evaporation (kgmዅ2 sዅ1), 𝑃፯ = vapour pressure at temperature T(Pa), 𝑘፦
= mass transfer coefficient (msዅ1), R = gas constant (8314m3 PaKዅ1 kmolዅ1), 𝑀። = molecular
weight of the liquid (kg kmolዅ1), T = temperature of the liquid (K).

The factor ፌᑚ∗ፏᑧ(ፓ)
ፑ∗ፓ signifies the mass of chemical vapour present in a unit volume above

the liquid surface at a unit time. 𝑘፦ signifies the rate at which the vapour molecules diffuses
into the purge gas. In order to use this simplified equation to verify the experimental data
certain assumptions were made such as:

• The chemical vapours obey ideal gas laws

• There are no temperature gradient within the liquid pool

• The temperature of the gas flowing above the liquid is neglected

• The energy interaction between the vapour and the gas flowing above the liquid is ne-
glected

Further, the mass transfer coefficient 𝑘፦ can be calculated using Sherwood number (Sh).

𝑆ℎ = 𝑘፦ ∗ 𝑑፥
𝐷 (2.12)

Here, 𝑑፥ = surface diameter of the liquid (m), D = diffusion coefficient of vapour in air
(m2 sዅ1).

Diffusion coefficient of chemical vapour can be determined using Graham’s law of molec-
ular diffusivity [52].

𝐷 = 𝐷፰ ∗ √
𝑀፰
𝑀።

(2.13)

𝐷፰ = molecular diffusivity of water (m2 sዅ1), 𝑀፰ = mass of water (kg kmol), 𝑀። = molecular
weight of the liquid (kg kmolዅ1).

Sherwood number (Sh) can also be calculated using Schmidt (Sc) and Reynolds (Re) num-
ber:

𝑆𝑐 = 𝜈
𝐷 (2.14)

𝜈 = kinematic viscosity of air (m2 sዅ1)

𝑅𝑒 = 𝑣 ∗ 𝑑፥
𝜈 (2.15)

v = velocity of air over the liquid (msዅ1).

Sherwood number can be calculated using the following equations presented by Bennett
et.al [53].

For laminar flow 𝑆ℎ = 0.66 ∗ 𝑅𝑒ኺ.኿ ∗ 𝑆𝑐ኺ.ኽኽ (2.16)

For turbulent flow 𝑆ℎ = 0.0365 ∗ 𝑅𝑒ኺ.ዂ ∗ 𝑆𝑐ኺ.኿ (2.17)

By using the above equations, the evaporation rates of a liquid at a particular temperature
can be calculated. As seen in Equation 2.11, the vapour pressure used to determine the
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evaporation rate is a function of temperature. The relation between vapour pressure and
temperature can be determined by Clausius-Clapeyron Equation 2.18.

ln 𝑃ኻ𝑃ኼ
= (𝛿𝐻፯𝑅 ) ∗ ( 1𝑇ኼ

− 1
𝑇ኻ
) (2.18)

𝑃ኻ and 𝑃ኼ are the vapour pressures at temperatures 𝑇ኻ and 𝑇ኼ. 𝐻᎚ is the heat of vaporization
of the liquid (Jmolዅ1).

The above equations can be useful to determine the evaporation rate of a pure liquid. Liq-
uid mixtures exhibits different evaporation behaviour. Section 2.3.1 gives a brief explanation
on evaporation of liquid mixtures.

Evaporation in liquid mixtures

In a liquid mixture, the liquid is considered as a solvent and the impurities added are called
solute. Figure 2.8 and 2.9 shows the liquid molecular arrangement of pure (solvent) and
liquid mixture (solvent and solute) respectively.

Figure 2.8: Pure liquid Figure 2.9: Liquid mixture

Comparing the figures 2.8 and 2.9, we can see that the pure liquid evaporates faster than
liquid mixture. This reduction in evaporation rate can be explained by Raoult’s law of partial
pressures. The relation is shown in Equation 2.19

𝑃፧ = 𝑥፬፨፥፯፞፧፭ ∗ 𝑃ኺ፬፨፥፯፞፧፭ (2.19)

𝑥፬፨፥፯፞፧፭ is the mole fraction of the solvent in the mixture. 𝑃ኺ፬፨፥፯፞፧፭ is the vapour pressure of
the solvent at temperature T. 𝑃፧ is the partial pressure of the solvent at temperature T. The
relation between solute and solvent mole fractions are given in Equation 2.20.

𝑥፬፨፥፯፞፧፭ =
𝑚፬፨፥፯፞፧፭

𝑚፬፨፥፯፞፧፭ +𝑚፬፨፥፮፭፞
(2.20)

The increase in solute molecules will reduce the partial pressure of the solvent. This leads
to reduction in evaporation rates.

2.4. CO2 induceddegradation study
The studies on CO2 induced degradation have been divided into two parts. Section 2.4.1
presents the degradation pathways resulting in CO2 induced degradation in MEA . Further,
Section 2.4.2 and 2.4.3 give a review PEI and TEPA used as adsorbents in state of the art
research. The details include information on absorption, desorption, amine loading and
amine losses (CO2 and O2 induced degradation). Not all the information might be relevant
for the current thesis study but, the information gives an overview of the state of the art.

2.4.1. CO2 induced degradation in MEA
The reaction pathways observed in CO2 induced degradation in MEA is shown in figure 2.10.
CO2 induced degradation occurs during the desorption phase where the partial pressure of
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Figure 2.10: Reaction pathways of CO2 induced degradation in MEA

CO2 and temperature is high. In this section, the possible reaction mechanisms are pre-
sented. The influence of temperature and pressure have not been discussed.

In the absorption phase, MEA reacts with CO2 to form carbamate. This is shown in a of
figure 2.10. The formation of Oxazolidin-2-one from carbamates is a possible pathway [54].
Formation of Oxazolindin-2-one can be seen in b . Figure c shows that Oxazolidin-2-one
can react with MEA to form HEEDA. Further, HEEDA can react with CO2 to form carbamate
which can undergo intermolecular cyclisation to form HEIA. This is shown in d. HEIA is a
stable molecule that can accumulate in the solution. Studies conducted by Launay et al.
observed that HEIA was the major degradation product [55, 56].

e of figure 2.10 shows the pathway of urea formation. Carbamates reacts with MEA to
form urea. But, this degradation product is considered less favourable in comparison to for-
mation of HEIA [54]. Similar degradation pathways are discussed for various amines such
as diethanolamine (DEA), methyldiethanolamine (MDEA) and piperazine (PZ) in the review of
Gouedard et.al [54].

2.4.2. Studies on polyethylenimine (PEI)
In this section, various studies on PEI performance are discussed. Factors such as CO2
loading and different degradation mechanisms are considered to evaluate the performance.
It must be noted that the PEI is conventionally being used as an adsorbent (impregnated on
porous support). The studies discussed in this chapter use silica or mesoporous carbon as
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a support structure on which PEI of different molecular weights is impregnated or grafted.

CO2 absorption capacity
The absorption capacity is defined as the number of moles of CO2 undergoing carbamate
or bicarbonate reactions per unit mass of PEI. The loading capacity is expressed in terms of
mol kgዅ1 ormmol gዅ1. The absorption capacity depends on factors such as PEI loading (quantity
of PEI impregnated on unit mass of support material), temperature, the concentration of gas
mixtures, material and support structure.

Dependence on PEI loading
The absorption capacity of PEI is strongly influenced by the support structure and the quan-
tity of PEI impregnated on them. This effect was studied by Filburn et al. [57] . Increase in
PEI loading enhanced the CO2 absorption process. A mesoporous carbon support structure
was used in these experiments. The highest absorption of 3.02 mmol gዅ1 was observed with
75 wt% of PEI loading at 75∘C pure CO2 atmosphere.

Filburn et al. [57] also reported that the maximum efficiency was observed with 50 wt%
PEI loading in an equimolar CO2/N2 conditions. Excess PEI loading decreases the accessi-
bility of free amine groups to CO2 molecules and thus reducing the amine efficiency. The
concentration of CO2 in the gas mixture also plays an important role. A 50 wt% PEI loading
showed a reduced absorption capacity of 2.03 mmol gዅ1 when exposed to 15:75 (% volume) of
CO2/N2 gas stream.

Temperature
The CO2 absorption in PEI is an exothermic reaction. Elevated temperatures are not a fa-
vorable conditions for effective absorption. But Filburn et al. observed that the absorption
capacity lowered with decreased in temperature. Belmabkhout et al. explained this phe-
nomenon based on the diffusion mechanism [58]. PEI has a higher diffusion resistance at
low temperatures. Increase in temperature results in lowering the diffusion resistance and
the CO2 absorption will get enhanced. This effect of temperature on amine efficiency was
also studied by Wang et al. [59] and similar observations were concluded.

Effect of moisture in CO2 absorption
Filburn [57] studied the effect of water/moisture concentration in the gas stream on the
absorption capacity for PEI impregnated on mesoporous carbon. A 50 wt% PEI loading was
exposed to an anhydrous gas mixture containing 15% CO2 and 75% N2 (by volume). This
experiment showed an absorption capacity of 2.03 mmol gዅ1. An addition of 10% moisture
to 13% CO2 and N2 (by volume) being the remainder resulted in an increased absorption
capacity of 2.84 mmol gዅ1. Belmabkhout et al. explained this effect in terms of carbamate
and bicarbonate reaction mechanisms [60]. It must be noted that this positive effect was
observed only with moisture concentrations lesser than that of CO2.

Structure and Material
Filburn et al. reported the influence of support materials on PEI absorption capacity [57]. It
was observed that porous silicate material SBA - 15 showed 1.5 times more absorption (3.18
mmol gዅ1) than silicate material MCM - 41. Son confirmed this observation by explaining the
influence of reaction kinetics on pore size and structure [61].

Evaporation and thermal degradation
Smith et al. studied the stability of silica supported PEI (MW- 1800) under nitrogen, air and
CO2 conditions within a temperature range of 25 ∘C to 250 ∘C. [40]. A brief experimental
procedure followed by Smith et al. is presented below.

Experiments were carried out in a Q500 thermogravimetric analyser (TGA) by TA instru-
ments. 10mg of adsorbent was heated upto 100 ∘C in a nitrogen atmosphere. A flow rate of 20
ml/min was maintained during the process and was extended to 30 min in order to remove
adsorbed moisture. The system temperature was then reduced to 25 ∘C. The gas flow was
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then switched to air or CO2 which was maintained for a duration of 2h. The temperature was
increased to 200 ∘C with an increment rate of 0.25 ∘C/min. The change in adsorbent mass
was monitered. Results showed that a mass reduction took place gradually from 95 ∘C to
135 ∘C and became rapid beyond 135 ∘C. This rapid decrease was considered to be occurring
due to volatilisation.

Varga et al. studied the interactions of PEI on silica surface and found out that PEI volatil-
ity was considerably reduced due to anchoring of PEI molecules in silca pores [62]. But, in
air and CO2 atmosphere, volatility still existed at elevated temperatures due to O2 induced
degradation.

Hydari-Gorji and Sayari carried out thermal stability studies on PEI impregnated micro-
porous silica (SBA 15) [50]. PEI with molecular weights 400, 600 and 2500 were tested.
The samples were exposed to dry nitrogen for 30 h. The losses at different temperatures
determined for PEI with different molecular weights are presented in table 2.1.

Table 2.1: Loss of PEI at different temperatures observed during evaporation test conducted for 30h

%wt loss of PEI
Temperature (ኺ𝐶) PEI 400 PEI 600 PEI 2500
75 2.6 0.3 0.0
105 n.d 1.0 n.d
120 22.5 4.0 1.3
150 n.d 10.0 5.0

PEI - 400 showed 22.5% weight loss at 120 ∘C. PEI - 600 showed significantly less evapo-
ration till 120 ∘C, but increased drastically at 150 ∘C. PEI - 2500 showed only 5% loss at 150
∘C. It was concluded that PEI with higher molecular weights are relatively stable at higher
temperatures. The measurements of material loss at different temperatures were carried out
using thermogravimetric analyzer (TGA - Q500 TA Instruments). In both the studies, the
composition of evaporated or thermally degraded products were not determined.

Dubovitskh carried out thermal degradation tests on PEI with molecular weights 3000,
20000 and 40000 [63]. The results showed that PEI - 3000 underwent thermal degradation at
a temperature of 250 ∘C. The degradation products were identified as ammonia, ethylamine,
pyrrhole and C-substituted ethylpyrrholes.

CO2 induced degradation

Sartori and Kim reported that the CO2 induced degradation was significantly observed when
PEI was exposed to temperature higher than 120∘C. The degradation of PEI will reduce the
CO2 loading capacity and increases the viscosity of the absorbent [64]. Equipment such as
Gas chromatograph (GC), High performance liquid chromatograph (HPLC), Fourier transform
infrared spectroscopy (FTIR) can be used to identify the degradation products and possibly
their concentration.

Hyedari-Gorji and Sayari extended the studies on thermal stability of BA-PEI 600 in a
pure CO2 atmosphere. CO2 induced degradation occurs at higher temperatures or during
the desorption phase where concentration of CO2 is high in the adsorbent. In the first case,
the adsorbent was exposed to pure CO2 for 30 min at 75 ∘C. Desorption was carried out at
105 ∘C and 120 ∘C in N2 atmosphere. After 66 cycles of temperature swing adsorption, the
adsorbent showed 40% and 52% uptake loss at 105 ∘C and 120 ∘C respectively.

In case 2, prehumidified gas with 6% relative humidity was used which showed only 2%
and 3.5% uptake loss at 105 ∘C and 120 ∘C respectively. The effect of water in reducing CO2
induced degradation was confirmed by Sayari and Belmabkhout [60]. Studies of Li et al.
[65] showed that it was not possible to completely eliminate the CO2 induced degradation
by adding moisture to the gas stream. Thus, they reported that further studies are required
to understand the influence of water in amine degradation. Hyedari-Gorji Sayari suggested
that CO2 induced degradation occurs via urea formation which was drastically reduced in
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the presence of water

Smith et al. [40] conducted thermogravimetric study on PEI -1800 with silica support.
The sorbent was exposed to CO2 for 16 h at 140 ∘C which resulted in formation of insol-
uble organic compound. This was also identified with change in colour of the liquid from
transparent to yellow after degradation occurred. The cause of degradation was explained as
formation of urea linkages and loss of water as a result of secondary reactions to carbamate
foramtion. The different mechanisms of urea formation has been delineated in the work of
Pierre et al. [66].

Li et al.[67] carried out cyclic adsorption-desorption experiments to study the stability of
PEI at high temperatures. Adsorption of CO2 was carried out at 75∘C and the desorption was
carried out at temperatures ranging from 105∘C to 130∘C with an interval of 1∘C. The samples
of the cyclic experiments were tested using FTIR to identify the urea linkages. The complete
spectra of FTIR at different temperatures can be found in Appendix C. The FTIR of the samples
desorbed at different temperatures were compared to the FTIR of the pure sample. Li et
al. reported that FTIR of the PEI samples did not show any form of degradation or urea
linkages up to 108∘C. But, studies of Sayari et al[68] on amine degradation reported that
urea linkages occurs in amines at lower temperature but the rate at a slow rate of formation.
Further, Li et al. reported that, above 109 the FTIR spectrum showed a new peak at 1685cmዅ1
which was associated with C––O stretching vibration in urea. As the temperature increased
to 111∘C, a peak at 1496cmዅ1 was observed which indicated C–N stretching vibration. Also
at 118∘C, a peak at 1361cmዅ1 was formed which was associated with C–N stretching and
N–H deformation in urea linkages. During the formation of urea, it was reported that the
peaks related to amine groups (1574 and 1627cmዅ1) and carbamates (1304 and 1410cmዅ1)
were weakened.

O2 induced degradation

Amines undergo deactivation in the prescence of O2 due to amine oxidation [69]. This pro-
cess occurs due to the formation of free radicals by O2 reaction at elevated temperatures [70].
The rate of oxidation is dependent on the molecular structure. Studies by Belmabkhout &
Sayari show that linear PEI (consists if primary and secondary amines) is relatively stable
when compared to branched PEI (consists of primary, secondary and tertiary amines) [71].

The effect of O2 degradation on silica supported PEI-600 was studied by Hydari-Gorji
Sayari. The sorbent was exposed to different concentrations of air mixture and different
temperatures. The duration of sorbent exposure was 30 h and the results observed are
shown in table 2.2.

Table 2.2: Uptake loss recorded at different temperatures and various air mixtures [50]
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It can be seen that complete deactivation of sorbent occurred at 120 ∘C when exposed to
CO2 free CF air. Further, the uptake losses decreased with increase in CO2 or decrease in O2
concentrations. This study suggests that deactivation is influenced by O2 partial pressure
along with temperatures. Further, the sorbent was exposed to a gas mixture of 7.5:10.5:82
CO2/O2/N2. This test showed a limited loss of 3% after a duration of 30 h at 100 ∘C.Thus,
Hydari-Gorgi Sayari inferred that carbamate formation kinetics is faster than oxidation pro-
cess. The CO2 concentration in in the amine reduces the oxidation degradation by undergoing
rapid carbamate and bicarbonate formations.

2.4.3. Studies on tetraethylenepentamine (TEPA)
In comparison to TEPA, impregnated PEI is widely considered as an absorbent in the carbon
capture process due to its thermal stability. But, studies show that TEPA has a better carbon
capture capacity when compared to PEI [72]. In this section, the absorption capacity of TEPA,
techniques followed to enhance the thermal stability and resistance to oxidative degradation
are discussed.

CO2 absorption capacity
Chun et al. carried out studies on TEPA impregnated on porous silica material (SBA - 15
and MCM -41) [73]. A 70% loading of TEPA on SBA -15 showed an absorption capacity of
3.93 mmol gዅ1. Further, 60% of TEPA on MCM -41 showed higher absorption capacity of 5.39
mmol gዅ1. Hyun et al. and Kuo et al. demonstrated a good absorption capacity (4.27 mmol gዅ1)
of TEPA impregnated in a Y-type Zeolite. But, TEPA showed a poor thermal stability beyond
80 ∘C [72, 74].

Further, Sun et al. carried out experiments on a mixture of TEPA and diethanolamine
(DEA) impregnated on SBA - 15 silica material. A mixture of 35 wt% TEPA with 15 wt% DEA
resulted in an absorption capacity of 4 mmol gዅ1. The mixture also showed improved cyclic
capacity [75].

CO2 induceddegradation
As mentioned earlier, TEPA has a weak thermal stability over 100 ∘C when compared to PEI.
The presence of primary amines in the TEPA chain is considered to be responsible for the
drawbacks of the sorbent. Conversion of primary amines to secondary amies was proposed
by Zhang to overcome the stability problems [76].

The synthesis of modified TEPA was carried out preparing a mixture of TEPA with acy-
lamide. The procedure followed can be found in the literature of Zhang [76]. The modified
product could be identified by its yellow viscous appearance. This modified TEPA was impreg-
nated on a mesoporous material. A comparison was made between 50 wt% loaded TEPA with
50 wt% loaded modified TEPA. The samples were subjected to 25 ∘C during absorption and
100 ∘C for desorption. It was observed that TEPA had higher absorption capacity (4.4mmol gዅ1)
than modified TEPA (2.9 mmol gዅ1). But, the desorption time of modified TEPA (70 min) was
shorter than TEPA (110 min). It was also observed that by increasing the modified TEPA
loading to 60% resulted in an enhanced adsorption capacity of 3.6 mmol gዅ1. Further in-
crease in modified TEPA loading reduced the absorption capacity to 2.73mg gዅ1. This was
due to aggregation of amine in the pore which increases diffusion resistance. Thus, modified
TEPA shows a balanced performance in the absorption capacity and desorption time which
makes it an improvised amine for carbon capture.

With respect to thermal stability over absorption/desorption cycles, modified TEPA showed
an enhanced stability characteristics. A comparison was made with TEPA over 12 cycles and
the results are represented in figure 2.11.
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Figure 2.11: Uptake losses observed in TEPA and modified TEPA over 12 absorption/desorption cycles [76]

It can be seen that modified TEPA lost approximately 0.02 mmol gዅ1 of absorption capacity
compared to its initial capacity. Whereas TEPA was completely deactivated after 5 cycles and
turned yellow. This improved stability of modified TEPA was attributed to the conversion of
primary to secondary amines.

Chaehoon et al. studied the effects of 1,2 epoxybutane on PEI impregnated silica adsor-
bents. This study showed that PEI adsorbent showed improved thermal stability in anhy-
drous condition as epoxybutane hinders urea foramtion at elevated temperatures [77]. Hyun
Jung et al. extended the study on the effects of epoxybutane on TEPA [72]. A brief discus-
sion on TEPA fictionalization (the process of converting primary amines of TEPA to secondary
amines using different concntrations of epoxybutane) , absorption /desorption capacities and
thermal stability has been made in the coming section.

Three samples were prepared by adding different molar ratios of epoxybutane to TEPA.
The preparation procedure can be found in the literature [72]. The molecular structure of the
three samples were identified using Flash 2000 and the results are presented in figure 2.12.
TEPA and modified TEPA were loaded (70 wt%) onto silica materials and tested for absortion
and thermal stability.

Figure 2.12: Representation of modified TEPA with different EB/TEPA molar ratios (2:1,3:1,4:1) [72]

A TGA was used to analyse the thermal stability and absorption capacity. 15:85 (% vol-
ume) CO2/N2 gas mixture was used in the experiment. The absortion, desorption tempera-
ture was maintained at 30 ∘C and 90 ∘C respectively. The results showed that 0.82 EB-TEPA
performed stably over 10 cycles with a minimum loss of 0.001 mmol gዅ1 in absorption capac-
ity. But, the absorption capacity was in the order TEPA>0.42 EB-TEPA >0.64 EB-TEPA >
0.82EB-TEPA.

This trade off between stability and reduction in absorption capacity was attributed to in-
crease in molecular weight and hydrogen bonding of hydroxyl groups and amine. Thus, it was
concluded that increased functionality improves stability but reduces absorption capacity.
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0.64 EB-TEPA showed a balanced performance.

O2 induced degradation

The oxidation degradation of TEPA impregnated on mesostructured cellular silica foam (MF)
was investigated by Yamanda et al. [78]. FT-IR spectroscopy and gas chromatography was
used to analyse the sorbent behaviour under various amine loading, temperature and gas
mixture conditions.

Effects of TEPA loading

Activated carbon support structure loaded with 10,30, 50, 60 and 70 wt% TEPA were tested
for CO2 capture capacities after long term exposure to O2 environment at 100 ∘C. Conven-
tionally TEPA-n is used to represent TEPA with different loading where n is the wt%. TEPA-10
showed higher stability than rest of the loading conditions. After 5h exposure to O2 TEPA-
10 retained 95% of its initial capacity. Other loading conditions showed a reduction upto
33%. After 42h of O2 exposure, TEPA-10 retained 65% of its capacity and the remainders
showed only 8%.

Effects of temperature

To understand the effect of temperature, TEPA with different loadings as mentioned before
were subjected to 18 hours of pure O2 exposure (40 cm3/min) at temperature range from 60 ∘C
to 100 ∘C. No significant loss in adsorption capacity was observed at 60 ∘C. At 80 ∘C TEPA-10
lost 13% of it’s initail capacity wherein other samples lost up to 62%. At 100 ∘C TEPA-10
retained 65% of its initial capacity while other samples lost more than 88%.

Effects of O2 concentration

The concentration of O2 was varied and the absorption capacities were measured. Air and
5:95 O2/N2 mixture was used in this experiment. After 18h of exposure to air, all TEPA
samples showed 3 times less degradation effects. In 5% O2 conditions TEPA-10 retained
91% of its initial adsorption capacity and other samples also showed higher retention values.

Effects of support structure

The effective performance of TEPA-10 under oxidative conditions was attributed due to for-
mation of hydrogen bond between silica support and hydroxyl group. This provides better
resistance to oxidation when compared to other samples which resulted in amine bulk forma-
tions. This effect was confirmed other studies in which polyethylglycol was added to TEPA.
The results are discussed below.

A study on TEPA impregnated SiO2 adsorbent investigated by Tanthana Chuang reported
that the 𝑂ኼ induced degradation correlates to the accumulation of carbamic and carboxylate
species. The addition of polyethylene glycol (PEG) was proposed to suppress the carboxylate
formation [79].

The FT-IR spectroscopic studies carried out by Srikanth Chuang and group reported the
formation of imide species as a result of oxidative degradation [80]. The addition of PEG in
order to slow down the oxidative degradation was also tested. This effect of PEGwas explained
with respect to the formation of hydrogen bonds between amines and hydroxyl species. The
hydrogen bond formation reduces the accessibility of O2 to TEPA and induces resistance to
oxygen degradation.

2.5. Other relevant literature
The absorption and desorption charaterisitcs of PEI-600 and TEPA were studied by Sinha
and B.Ovaa at ZEF. A brief review on the results are presented in this Section 2.5.1 and
2.5.2. Studies carried out by Jhon et al. [81] on PEI adsorbents showed anomalies during
absorption-desorption process. The observations and the hypothesis to explain the anoma-
lies are presented in Section 2.5.3.
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2.5.1. Absorption characteristics of PEI and TEPA
Viscosity study of PEI and TEPA

Viscosity is an important parameter that influences the absorption and desoprtion charac-
teristics of both PEI and TEPA. Sinha [27] studied the variation of viscosity as a function
of temperature, concentration of water and CO2 absorbed. The findings of the reseach are
summarised below:

• Viscosity of both PEI and TEPA reduces with increase in temperature.

• At 20 ∘C both PEI and TEPA show an increase in viscosity with increase in concentration
of water in the amine upto 20 % by weight. Further, viscosity of PEI reduces with
increase in concentration but the viscosity of TEPA reduces with concentration of water
above 30% by weight.

During the absorption process, the amines absorb both water and CO2. The effect of the
CO2 and water mixture on the viscosity of the amines are shown in figures 2.13 and 2.14.

Figure 2.13: Change in viscosity of PEI in the presence of
water and CO2 [27]

Figure 2.14: Change in viscosity of TEPA in the presence of
water and CO2 [27]

Influence of viscosity on absorption

The absorption of CO2 and water in the amines takes place primarily on the surface. Over
time, due to concentration gradient between the top surface and the pure amine, the CO2
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molecules starts to diffuse into the bulk. The studies carried out by M.Sinha shows that
the absorption of water and CO2 increases the viscosity of the amine. When the amines
are exposed to air, the absorption at the top surface creates a viscous region which creates
ressitance to the diffusion of molecules into the bulk. Thus it slows down the absorption
process.

2.5.2. Studies on desorption
B.Ovaa [28] studied the desorption of water and CO2 from the amines at different tempera-
tures and pressures. The amine samples were loaded with 4.3 wt% of CO2 and 30 wt% H2O.
The temperature range selected for the desorption test was 70, 80, 90, 100, 110, and 120ኺ𝐶.
The operating pressure was 50, 100 and 200 bar. Important results are presented below.

Desorption of water
It was observed that at the end of each experiment, 96% of water was removed from the
amine sample. The results were verified by subjecting the tested sample to Karl-Fischer
titration which showed 1-2% of water remained in the sample. This difference was attributed
to experimental errors and a conclusion was drawn stating that all water was desorbed from
the amine.

Desorption of CO2

Table 2.3 and 2.4 show the trends observed during CO2 desorption.

Table 2.3: Desorption of CO2 from PEI at different temperatures and pressure [28]
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Table 2.4: Desorption of CO2 from TEPA at different temperatures and pressure [28]

The last column of the figures 2.3 and 2.4 show the amount of CO2 left behind in the
sample after the desorption at a particular temperature and pressure. It was concluded that
for a given pressure and temperature of desorption not all CO2 can be removed.

2.5.3. Studies on PEI MCM-41 adsorbent
Jhon et al. [81] studied the characteristics of PEI supported by MCM-41. The experiment
was carried out by exposing different loading of PEI to pure CO2. The flow rate of CO2 was
maintained at 100mL/min. The absorption and desorption was carried out at the same tem-
peratures for a duration of 150 min. During desorption, the gas flow was switched from CO2
to pure N2.
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Figure 2.15 shows the adsorption capacity measured with different loadings.

Figure 2.15: Adsorption capacity of MCM-41 with different PEI loading [81]

Jhon et al.[81] observed that the adsorption capacity lowered with the increase in PEI
loading. This was associated with slow diffusion kinetcs of CO2 molecules

Table 2.5 shows the absorption and desorption capacity of different PEI loading at different
temperature observed by Jhon et al..

Table 2.5: Absorption and desorption capacity of MCM-41 with different loading and temperatures [81]

It was observed that maximum adsorption and desoprtion was exhibited by MCM-41 with
75 wt% PEI loading. Pure PEI showed only 56% of desorption at 75ኺ𝐶. Further, comparing
the desorption of MCM-41 with 50 wt% PEI loading at 75 and 100ኺ𝐶, desorption at 100ኺ𝐶
was lower than that of 75ኺ𝐶. CO2 absorption is an exothermic process. High temperatures
must favour desorption process. The results observed in this study showed that desorption
capacity was lowered with increase in temperature. Jhon et al. [81] proposed an hypothesis
to explain this anomaly which is presented in figure 2.16.
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Figure 2.16 shows the hypothetical structure of amines at low and high temperatures.

Figure 2.16: Hypothesis to explain the anomaly observed during desorption of PEI- MCM41 [81]
A. Amine structure at low temperatures
B. Amine structure at high temperatures
• Active amine sites, ∘ inactive amine sites

The hypothesis of Jhon et al. is as follows: Figure 2.16 A shows the amine structure at
low temperatures. In this condition only a few amine sites are active and are present on the
perimeter of the amine structure which can absorb CO2. In order to reach the inactive sites,
the CO2 has to diffuse into the structure and this process is very slow. When temperature
increases, the structure of the amine chain changes as shown in Figure 2.16 B, where more
active sites are formed. In this case the CO2 can reach the amine site in a short duration.
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Experimental Procedures

3.1. Evaporation
As explained in section 2.3.1, evaporation of liquids is accelerated when exposed to high
temperature. In DAC process, the desorption of CO2 is carried out at elevated temperatures.
Determining the evaporation rates of amines will help in choosing the amines that evapo-
rates slower during the process or introduce mechanisms that reduces evaporation loss. The
evaporation of amines were tested using a muffle furnace. The details are given in section
3.1.1. Confirmatory tests were done on evaporation rates using TGA and the procedures are
given in section 3.1.2.

3.1.1. Muffle furnace Experiments
A simple layout of a muffle furnace is shown in figure 3.1. A muffle furnace is an oven
that is capable of reaching very high temperatures such as 3000ኺ𝐶. The temperature sensor
placed inside the heating chamber helps to maintain a required isothermal temperature by
regulating the heater. The required gaseous atmosphere inside the heating chamber can be
achieved by continuously passing the feed gas. The excess gas in the heating chamber moves
out through an exhaust.

Figure 3.1: Basic Layout of a muffle furnace [82]

The operation method of the muffle furnace is shown in figure 3.2. The inputs to the muffle
furnace are required isothermal temperature (𝑇፦ፚ፱), flushing (𝐹፭), ramping (𝑅፭)and isothermal
(𝐼፭)duration. Initially the required gas is fed into the heating chamber. The volumetric flow
rate is controlled with a rotameter. No heating takes place during flushing period. This is to
make sure that the unwanted gases in the heating chamber is completely removed. During

the ramping period, the temperature inside the heating chamber starts to rise at a rate of
𝑇፦ፚ፱
𝑅፭

ኺ𝐶𝑠ዅኻ. On reaching 𝑇፦ፚ፱, this temperature is further maintained throughout the isothermal
period.

The amine evaporation experiments were carried out in the muffle furnace as explained
below:

29
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Figure 3.2: Operation of Muffle furnace

• The following masses were measured using a milligram scale - mass of the petridish,
mass of pure amine samples, mass of amine sample with petridish

• The amine samples on a petridish were placed in the muffle furnace and it was flushed
with nitrogen with a volumetric flow rate of 80 L/min

• The flushing duration was set as 4h so as to completely remove CO2 and O2 from the
heating atmosphere

• The above step was carried out to overcome the possible degradation that could occur
due to the presence of CO2 and O2 at high temperatures and its effect on the change in
amine mass

• The flushing of nitrogen is continued throughout the experiment so that the amine
vapours are flushed out continuously, this step is to mimic the vacuum conditions
maintained in the ZEF desorption process

• The ramping time was set to 1h (The selection of ramping duration is random. Effects
of rapid heating or slow heating is not considered in this study)

• 𝑇፦ፚ፱ values considered for the study was 80 ∘C,100ኺ𝐶 and 120ኺ𝐶, the isothermal duration
was set as 25h

• After the isothermal duration was completed, the furnace was allowed to cool down

• The heat carried away by the exhaust gases were the only means of cooling. Thus, this
process took upto 6h to 8h to reach room temperature

• Once the furnace temperature reaches a value lower than 25ኺ𝐶 the samples were re-
moved and the change in amine masses were measured.

• Furthermore, the amine samples subjected to high temperatures were tested on FTIR
(Fourier Transform Infrared Spectroscope) to identify changes in themolecular structure
of the amine

3.1.2. Thermogravimetric Analysis (TGA)
When a substance is subjected to increased temperatures, mass change occurs due to transi-
tion in phase or reaction taking place in the system. Thermogravimetric analysis is a method
of determining the change in mass of a sample as a function of temperature and time [83].
The TGA is used to understand the physical and chemical phenomena of the samples un-
der controlled temperatures and different gas environment[84]. The basic layout of a TGA is
shown in figure 5.5.

The TGA consists of a furnace in which the thermal experiments are carried out. The sam-
ple to be tested is taken in a alumina crucible and is placed on a balance which is coupled
to a temperature sensor. The balance has a sensitivity of 0.1 𝜇g and a precision of ±0.01%.
The temperature sensors have an accuracy of ±1ኺ𝐶 [86]. The required gas environment in-
side the furnace can be maintained by flowing the purge gases. The purge gas also helps
to flush out the gaseous products formed during the experiments. There is also a reference
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Figure 3.3: Layout of thermogravimetic analyser [85]

cup which has the exact dimension and mass of the sample cup. Every change in the mass
of the sample is determined with respect to the reference cup. This negates the influence of
any disturbances on sample weight measurement.

One experiment on TEPA evaporation was carried out in the TGA. The data obtained
from the TGA was used to confirm the results of muffle furnace experiments. TGA from
ThermoFischer Scintific (SDT Q600 V20.9 Build 20) was used for the experiments and the
procedure followed is explained below:

• The ceramic crucible (surface diameter 0.0055m) was loaded with 13.64 mg of pure
TEPA and was placed on the balance

• The furnace was flushed with nitrogen for 10 min at the rate of 50ml/min before heating
up the furnace, flushing of the nitrogen continued throughout the experiment

• The maximum temperature of 120∘C was selected for the confirmatory test, the ramping
rate was set at 10∘C/min

• The isothermal period was set as 240 min

3.2. CO2 induced degradation
As seen in section 2.2 and 3.2, CO2 , moisture and temperature influences the amine degra-
dation. Generally, degradation of amine occurs at higher temperatures and results in forma-
tion of irreversible products. These products accounts for loss of amine as they cannot take
part in CO2 absorption or desorption.

3.2.1. Cyclic absorption-desorption setup
The CO2 induced degradation testing setup is as shown in figure 3.4. The functions of the
components and the experimental procedure followed are explained below.

Nitrogen gas tank - Nitrogen gas was used as a purge gas during desorption phase of
the experiment. N2 5.0 from Linde gas (99.9% pure) was used for this purpose.

Air inlet fan - ambient air was used during absorption phase. The concentration of CO2
was assumed to be approximately 400 ppm. Minor variations in concentration levels
are neglected. A pump was used to force the ambient air into the reaction chamber.
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Figure 3.4: Setup to study CO2 induced degradation via cyclic exposure

Relative humidity Sensor - An arduino compatible Si7021 relative humidity sensor
was used to measure the moisture content of the gas stream. The sensor has an accurcy
of ±3% RH and a response time of 17s [87]. It also has an inbuilt temperature sensor.
Two such sensors were used, one to measure the RH in the inlet air stream and the
other to measure the moisture in the gases coming out of the reaction flask.

Massflow Controller/Meter - The volumetric flow rate of the inlet and the outlet gas
stream was measured using Bronkhorst mass flow controller/meter. The inlet gas
stream was regulated using massflow controller and the volumetric flow rate was set
to 300 l/h. The volumetric flow rate at the oulet was measured using a flow meter.

Gas heater - During desorption phase, the amine is heated to higher temperature and
the absorbed CO2 and moisture are released. In order to reduce the partial pressure of
CO2 in the gas phase, the reaction chamber is flushed with nitrogen gas. Due to tem-
perature difference between the nitrogen and the desorbed gases, the moisture would
condense and remain inside the reaction flask without being flushed out. This leads
to error in moisture balance during desorption phase. To overcome this situation, the
inlet nitrogen gas is preheated to the required desorption temperature using a simple
coiled heater. As mentioned before, during the desoprtion process the reaction flask is
continuously purged with heated nitrogen with a flow rate of 300l hዅ1.

Heater plate/oil bath - The heating of the reaction flask during desorption phase is
achieved by immersing the flask in an oil bath. The heating process is carried out
using a heater plate. In order to maintain an isothermal state for a fixed duration after
reaching the desorption temperature, the flask is constantly taken out and immersed
back into the oil bath. This process is carried out by rising and lowering the oilbath
using a simple lab jack. The arrangement can be clearly seen in figure 3.4.

reaction flask - A borosilicate conical flask of 250 ml capacity was used as a reaction
flask.

NTC - An NTC thermistor is a temperature sensor . The temperature sensor was paced
inside the reaction flask as shown in figure 3.4.

CO2 Analyser - Binos 100-2M CO2 analyser was used in measuring the concentration
of CO2 in the gas streams. The analyser incorporates the principles of infrared radia-
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tion absorption by CO2 gas molecules. The magnitude of IR absorbed corresponds to
the concentration of CO2 in the gas stream [88].The analyser data is produced in terms
of corresponding voltage signals. The Binos 100M model consists of ppm (parts per
million,range -0 to 1000) and %CO2 (range - 0 to 2) measurements. During experimen-
tation, the ppm measurements showed large fluctuations. Thus, %CO2 measurements
were recorded. The analyser requires a recommended inflow of 1l/min for accurate
measurements. To achieve this an external pump was used and the arrangement is as
shown in figure 3.4. The %CO2 measurement has a resolution of 0.01 %. Any concen-
trations falling within the resolution values creates disturbances in the voltage signals.
.

Condenser - During the desorption phase, moisture and amine vapours are released
along with CO2. The presence of condensable gases in the analyser inflow will cause
error in the measurements and can also cause damage to the system. Therefore it is
necessary to remove such gases from the analyser inlet flow. A condenser unit is used
for this purpose.

Calibration of CO2 analyser

The %CO2 with a range of 0 to 2% was used to measure the CO2 content in the gas flow.
Before the start of the experiments, the analyser was flushed with nitrogen gas for a duration
of 2 to 3 min and the 0 value was calibrated. To calibrate the higher value on the scale, 1.62%
(80% of the full range) CO2 gas mixture was passed through the analyser. The analyser was
turned off and disconnected from the setup multiple times. The process of calibration was
carried out before the experiments were resumed. A drift in the measuring scale was often
observed during the experiments. The reasons for the drift are unknown. The analyser was
re-calibration during such situations.

Experimental procedure - Absorption Phase

• Generally in cyclic experiments or degradation studies, the experiment is carried out
until the sample degrades. But in this thesis, due to lack of time the number of cy-
cles and the duration of cycle were predetermined based on certain observations made
during the experiments. The duration of the absorption phase was set as 20 min. The
details on the selection of the duration is given in section 4.2.1.

• The amine sample was taken in the reaction flask and the mass was measured

• The flask was placed in the experimental setup as shown in figure 3.4

• Before the start of the experiment, the inlet to the analyser fan (16 of figure 3.4) was
disconnected and the fan was turned on to flush the analyser with ambient air

• The previous step is to check if the analyser reads 0.04%

• If drifting is observed, then the scale was re-calibrated with respect to 0 using pure
nitrogen

• The fan to draw in ambient air (2 in figure 3.4) was turned on and the flow rate was set
to 300l hዅ1 using a mass flow controller

• The flow rate of 300l hዅ1 was the minimum flow required to overcome the pressure drop
created by the analyser pump in the gas line connecting the mass flow meter and the
exhaust

• A flow rate <300 l hዅ1creates a pressure drop in the line which leads to drawing in air
from the exhaust which disturbs the CO2 measurements whereas, a flow >300l hዅ1 would
further dilute the CO2 levels during desorption phase which would again influence the
measurements

• The CO2 and relative humidity data were recorded continuously
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Desorption Phase

• During the desorption phase, the gas flow channels are shifted from air to nitrogen

• The flow of nitrogen was started and the analyser pump was turned on, in case of no
drifting the analyser reads 0.00%, else the analyser is re-calibrated to 0 value

• once the analyser reads 0, the reaction flask was immersed in a hot oil bath which was
maintained at 150∘C

• The desorption temperature chosen in the experiments were 80∘C and 120∘C

• The temperature of the flask was measured using an NTC, the gas heater is also turned
on and the outlet temperature is also measured using an NTC

• On reaching the required desorption temperature, the reaction flask was removed from
the oil bath and the heater was turned off when the heater gas outlet NTC reads >100∘C

• When the temperature of the flask or the heated nitrogen reads by 2∘C below the required
temperature, the heater is turned on and the flask was again immersed in the oil

• The duration of the desorption phase was considered to be 20-25 min. The details on
the selection of the duration are given in section 4.4

• Completing the desorption phase, the reaction flask was taken out from the oil bath, the
heater was turned off and the system was allowed to cool down until the flask tempera-
ture reached the room temperature. The duration of the cooling phase was observed to
be 30-40min depending on desorption temperature (experiments with desorption tem-
perature 120∘C took longer to cool down when compared to 80∘C.

• The total duration for 1 cycle (absorption+desorption+cooling) was approximately 85 -
100min. As mentioned before, due to lack of time the number of cycles for all cyclic
experiments were limited to 30 which.

3.3. Confirmatory tests conducted
Confirmatory tests were carried out on amine samples subjected to evaporation and CO2
induced degradation experiments to verify the results. Brief details on the tests are given in
the upcoming sections.

3.3.1. Karl-Fischer and Phosphoric acid test
Karl-Fischer test is performed to determine the water content in the sample. Similarly, Phos-
phoric acid test helps to determine the CO2 concentration. The details on the experimental
set-up is given in Appendix A. A simple procedure to conduct the above tests are given below:

• A small aliquot of X g is taken from the main sample Y and mixed with methanol Z (Z
≈10*X g)

• Tests are conducted on the new amine-methanol sample.

• Methanol is just an extraction solvent that helps to release water and CO2 faster in
insoluble organic liquids. It dose not undergo any side reactions that affects the mea-
surement.

• The results obtained from the test will be CO2 or water in X g of amine.

• We can then calculate the gCO2/g amine or gH2O/g amine.

• From the ratio obtained the total concentration of CO2 or water in main sample Y can
be determined.

It is important to note that samples tested using the above mentioned procedures
must be a homogeneousmixture. Asmentioned in section 2.5.1, the CO2/water absorption-
desorption takes place on the surface of the amine. To measure the mass of CO2 or water
accurately, the amine sample have to be thoroughly mixed. In-case of no mixing, multiple
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tests have to be conducted by taking small samples (as shown in figure 3.5) such that an
approximate value can be determined.

Figure 3.5: Multiple small samples collected from main sample to conduct
Karl-Fischer and

Phosphoric acid tests

During the CO2 induced degradation study, the amine sample collected after the experi-
ment could not be mixed. Thus, two aliquots (Sample I and II) were taken as shown in figure
3.5 so as to determine an average value of CO2 and water in the sample after 30 cycles.

3.3.2. Fourier transform infrared spectroscopy (FTIR)
The basic application of the FTIR is to identify the different molecular species that are present
in the sample. The chemical bonds between different elements absorbs different frequencies
of IR. Thus, each frequency is a fingerprint of a specific bond between specific elements.

FTIR was conducted on the amine samples to check if any new species of molecules are
formed during the process of absorption-desorption or evaporation.





4
Analysis of Experiments

4.1. Data conversion - % CO2 to grams of CO2
The procedure to analyse CO2 induced degradation was explained in section 3.2. It was seen
that the data set obtained during the experiments were volumetric flow rate, %CO2. To anal-
yse the data quantitatively, the obtained data set must be converted into mass of CO2. The
details on the conversion are presented in this chapter.

The volumetric flow rate (l/h) and the CO2 concentration (%CO2) if gas stream are the
data set obtained during experiments.The equations used to convert these data into grams
of CO2 in the gas stream are shown below. For conventions, volumetric flow rate of gas is
considered as 𝐹፠ፚ፬ and concentration of CO2 as 𝐶%.

Total flow of CO2 in the gas stream

𝐹ፂፎᎴ =
𝐶% ∗ 𝐹፠ፚ፬
100 ( 𝑙ℎ ) (4.1)

Total flow of CO2 in terms of 𝑚ኽ/ℎ

𝐹ፂፎᎴ ,፦Ꮅ =
𝐶% ∗ 𝐹፠ፚ፬
100 ∗ 1000 (𝑚

ኽ

ℎ ) (4.2)

The density of CO2 (𝜌ፂፎᎴ ) at experimental conditions (25ኺ𝐶 and 1 bar pressure) is approx-
imately 1.98 𝐾𝑔/𝑚ኽ. Therefore, the volume to mass conversion is as shown below:

𝑀ፂፎᎴ ,ፊ፠ =
𝐶% ∗ 𝐹፠ፚ፬ ∗ 𝜌ፂፎᎴ
100 ∗ 1000 (𝐾𝑔ℎ ) (4.3)

In the equation 4.4, the mass of CO2 has been converted from Kg/h to g/s

𝑀ፂፎᎴ ,፠ =
𝐶% ∗ 𝐹፠ፚ፬ ∗ 𝜌ፂፎᎴ ∗ 1000
100 ∗ 1000 ∗ 3600 (𝑔𝑠 ) (4.4)

Solving the constant values in equation 4.4, we arrive at a value of 5.5∗10ዅዀ. This value is
multiplied with the raw volumetric flow and %CO2 data to obtain the mass of CO2 measured
in each second. Finally, the data set is integrated as shown in equation 4.5 to obtain the
total CO2 measured during the experiment. The integration procedure was carried out in
MATLAB 2019 version using 𝑡𝑟𝑎𝑝𝑧 function.

𝑀ፂፎᎴ ,፠,፭፨፭ፚ፥ = ∫
፭

ኺ
𝐶% ∗ 𝐹፠ፚ፬ ∗ 5.5 ∗ 10ዅዀ𝑑𝑡 (𝑔) (4.5)

4.2. Analysis of plots
4.2.1. CO2 analyser - absorption
The graphical representation of an example data set obtained from the CO2 analyser during
absorption phase is shown in figure 4.1. Four important regions are marked on the plot and
their significance is explained below.

As explained in section 3.2, the analyser was first flushed with ambient air to check if
there are any shifts in the measuring scale. In case of no shift, the analyser reads 0.04%. It
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Figure 4.1: Example plot of % CO2 measurements during absorption using PEI

can be seen in the 1st region of the figure 4.1, that the initial readings of the analyser before
the start of the experiment was approximately 0.053%. During the course of the experiment,
it was made sure that no additional CO2 was added externally by any means. Thus, the
region 1 indicates that there was a shift in the scale. This behaviour was observed frequently
during the experiments and reasons were not investigated.

It was frequently observed that, when the analyser fan was turned off or when there was a
delay in the gas flow reaching the analyser, a disturbance was created in the output voltage
signal. This resulted in a measurement error which showed an increased CO2%. This can be
seen in region 2 of the plot where the measured values shits higher than the initial reading .

As the ambient air passes over the amine in the reaction flask, CO2 and moisture is ab-
sorbed. Initially, the CO2 is absorbed in the top surface of the amine which can be seen in
region 3. Further, the CO2 molecules diffuse through the liquid amine creating free absorp-
tion sites on the top layer of the amine. As the diffusion process is slow, a large number of
CO2 molecules do not get absorbed and flow out with the remainder gas. This results in a
sharp increase in CO2 concentration which can be observed in region 4. Since the mass of
amine taken in the reaction flask during the experiments was much higher than the surface
area exposed to air, a small quantity of CO2 molecules continues to get absorbed slowly due
to diffusion. Therefore, the region 4 does not reach the initial levels of CO2% until all the
absorption sites in the bulk amine are taken up by CO2 molecules.

As seen in figure 4.1, after 200s the absorption curve dose not show any change. That is
the absorption of CO2 becomes slower as mentioned above. As mentioned in section 3.2.1,
due to limited time, the duration of absorption was set as 20min.

Plot offsetting

As seen in figure 4.1, the initial measurements of CO2 concentrations were higher than
0.04%. This error was observed in multiple absorption cycles. In order to maintain a stan-
dard initial condition, an offset value was added or subtracted form all the data points of the
cycle such that the region 1 was shifted to approximately 0.04%. This can be seen in figure
4.2. This helps in easy calculations of mass of CO2.

The increased values (>0.04%) measured during the start of the absorption experiment
could also be due to increased CO2 concentration in the ambient air. But, when the analyser
was flushed with pure nitrogen after the absorption cycle (or before the desorption cycle), the
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analyser did not read 0.0%. Thus, an assumption was made that the initial concentration
during the experiments was 0.04%.

Figure 4.2: Example plot of % CO2 measurements during absorption - with and without offsetting

Conversion

After offsetting the CO2 analyser data plots, the conversion of %CO2 to mass of CO2 was
carried out using the equations explained in section 4.1. The graphical representation of the
converted data points are shown in figure 4.3.

Figure 4.3: Example plot to determine the mass of CO2 during absorption

The shaded region of figure 4.3 represents the total mass of CO2 absorbed during the
absorption cycle by the bulk amine. The area of the shaded region was determined using
”trapz” function in MATLAB 2019. All the data obtained during the absorption phase was
subjected to similar analysis to determine the mass of CO2 absorbed.
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4.2.2. CO2 analyser - Desorption
The graphical representation of the CO2 analyser data set during desorption cycle is as shown
in figure 4.4. The red , black and blue plots represents the raw data, corrected values and the
temperature respectively. The issue of scale shifting (explained in section 3.2) was observed
in the desorption phase as well. The process of evaluating the errors, corrections made and
determination of the total CO2 mass are explained below.

Figure 4.4: Example plot of %CO2 measurement during desorption cycle - before and after offsetting v/s temperature

During the desorption phase, the reaction flask was purged with N2 gas to continuously
remove the desorbed products. At low temperatures, the absorbed CO2 in the bulk amine
will not be released into the N2 atmosphere. Thus, the %CO2 during the initial stage (before
applying heat to the reaction flask) must be 0.00%. Comparing the CO2 concentration (red
plot) with the temperature (blue) in figure 4.4, the initial CO2 measurement shows 0.008%
when the temperature is below 35ኺ𝐶. Similar behaviour is seen towards the end of the ex-
periment where the temperature falls below 50ኺ𝐶 whereas the CO2 analyser reads an average
value of 0.08%. This indicates that the error due to shifting in the scale exists. Thus, an
offset value was introduced (added or subtracted) to the data set such that the initial values
are maintained at 0.0%. This can be seen in the black plot of figure 4.4.

It can be seen in figure 4.2.2 that the desorption activity slows down or becomes 0 after
500s. With respect to the temperature of the amine, the desorption process stops even before
the rection flask (or amine) reaches the required desorption temperature. This behaviour
was observed in all the experiments. As mentioned in section 3.2.1, due to lack of time, the
desorption duration was set as approximately 20-25min. This time includes ramping time
and 10 min of isothermal state.

The conversion procedure explained in section 4.1 was followed after correcting the data
set. The figure 4.5 shows the corrected graph and the shaded region represents the total
mass of CO2 desorbed. The area of the shaded region was determined using ”trapz” function
in MATLAB.

4.3. Analysis of Moisture Data
The sensitivity of the RH sensor used was tested by exposing it to pure nitrogen. The results
are shown in figure 4.7.

It can be seen from figure 4.7 that the sensor requires 3-4 min to read 0% relative hu-
midity when exposed to pure nitrogen. Almost same duration is required to read the relative
humidity of air when the gas flow is switched. This shows that the response time of the
sensor is high and time constant 𝜏 was calculated to be 1.3min. Further, the response time
increases when the sensor reads below 20% RH. This behaviour is usually attributed to ag-
ing of the sensor or deposition of particles on sensing units [87]. Thus, the data obtained
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Figure 4.5: Example plot of CO2 mass measurement during desorption cycle

Figure 4.6: Behaviour of RH sensor when exposed to air and pure nitrogen

from the sensor cannot be used for quantifying the results as it might show high degree of
inaccuracies.

The relative humidity data obtained form the sensor during the cyclic experiments were
analysed and the observations are shown in section 4.3.1 and 4.3.2.

4.3.1. Absorption
The relative humidity measurements obtained during the absorption phase is as shown in
figure 4.7.

Comparing the flow (black) and the RH (red) plot, we can see that the relative humidity
starts to decrease sharply when air is made to flow over the amine. This indicates surface
absorption of moisture in amines. Further, the value of RH increases but do not reach the
initial value during the course of the experiment due to diffusion process taking place within
the liquid. This trend is similar to the CO2 absorption seen in section 4.2.1. Similar obser-
vations made during desorption phase is given in section 4.3.2.
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Figure 4.7: Example plot of RH measurement

4.3.2. Desorption
The RH measurements (red) obtained during the desorption process is shown in figure 4.8.
The corresponding flask temperature (black) is used to validate the response of the RH sensor.

Figure 4.8: Example plot %RH measurement and temperature variance during desorption

During the desorption process, the reaction flask is purged with N2 gas. It can be seen in
region I, the relative humidity starts to decrease at the beginning of the experiment. Ideally,
if no water is present in the gas stream then the sensor must read 0% RH. But, the sensor
dose not reach 0. This could be due to the following reasons:

• The slow response from the sensor which was explained in section 4.3.

• The air from the absorption cycle being slowly purged by N2 at the beginning of the
desorption cycle.

• During the desorption cycle, the reaction flask is purged with pure nitrogen. This re-
duces the partial pressure of moisture is the gas stream. This might causes the equi-
librium of moisture between amine and the gas stream to shift resulting in desorption
of water even before the amine is heated.
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Considering the possibilities mentioned above, no conclusions can be drawn to explain
the behaviour in region I.

At II, the temperature of the flask increases and a slight increase of moisture in the gas
stream was sensed. This shows that a significant moisture content was sensed and could be
due to desorption of water from the amine. Beyond region II, the plot gradually tends to 0.
Thus, it is not possible to argue about the end point of moisture desorption.

It is clear that the relative humidity data cannot be used for quantitative analysis. But, the
observation in the region II can help to analyse the process qualitatively. The end samples of
the cyclic experiments were subjected to Karl-Fischer experiment explained in section 3.3.1
to determine the water concentration. The results are discussed in chapter 5.

4.4. Calculation of theoretical evaporation rates
The theoretcial evaporation rates of TEPA were calculated using the equations mentioned
in section section 2.3.1( page 15). The important parameters and constant values used to
determine the evaporation rate of TEPA are listed in table 4.1

Table 4.1: Parameters and constant values used to determine the theoretical evaporation rate of TEPA

Parameter Constant value
Heat of vaporization 𝐻፯ፚ፩ 71300Jmolዅ1

Vapour pressure
less than 1.3Pa at 20∘C

1.06𝑒ዅኾPa at 20∘C
1.3Pa at 20∘C

The heat of vaporization value was taken from NIST webbook [89] and the vapor pressures
were taken from the archive of U.S national library [90].

It can be seen in table 4.1 that the vapour pressure vary from one source to another
within a range of 10ዅ4Pa. The reason for the discrepancies between the vapour pressure
values obtained from sources are not studied in this thesis. The theoretical evaporation rate
of TEAP at 120 ∘C was calculated using the vapor pressure value as 1.3Pa and 1.06𝑒ዅኾPa.
The calculated evaporation rates were compared with the evaporation rate obtained for TEPA
at 120∘C via TGA to verify as to which numerical value of the vapor pressure presented in
table 4.1 is acceptable . The result of the TGA experiment is given in section 5.1.2 and
the evaporation rate was found to be 16.9mgmዅ2 sዅ1. The procedures followed to calculate
the theoretical evaporation rate at 120∘C and the comparison between the TGA experimental
value are explained below:

• Using the numerical values given in table 4.1 and the Clausius-Clapeyron equation
shown in equation 2.18 (page 16), we can calculate the vapour pressure of TEPA at
120∘C.

• With the new vapour pressure at 120∘C, we can calculate the evaporation rate of the
amine using equation 2.11 shown in page 15.

• In equation 2.11, we can see that the mass transfer coefficient 𝑘፦ depends on the factors
such as velocity of gas flowing over the amine, the kinematic viscosity of nitrogen and
the molecular diffusivity of the amine vapor.

• The numerical values of the above mentioned factors must be similar to that of the
TGA experimental conditions in order to make a comparison between experimental and
theoretical evaporation rates. The numerical values considered are given in tabel 4.2.

The comparison between theoretical evaporation rate calculated using vapor pressure
1.3Pa , 1.06𝑒ዅኾPa and the evaporation rate obtained from TGA are shown in figure 4.9

It can be seen in figure 4.9 that the experimental evaporation rate shows a large deviation
form both the theoretical evaporation rates. This suggests that the vapor pressure of TEPA
at 20∘C might not be exactly 1.3Pa or 1.06𝑒ዅ4Pa but within the range 1.06𝑒ዅኾPa<𝑃፯ፚ፩<1.3Pa
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Table 4.2: Parameters considered during the TGA experiment to determine the evaporation of TEPA at 120∘C

Parameter Constant value
Diameter of the alumina crucible 5.5 mm

Diameter of TGA heating chamber 20mm
Velocity of nitrogen flow 0.0027 msዅ1

Volumetric flow of nitrogen 50ml/min
Kinematic viscosity of nitrogen at 120 ∘C 2.5eዅ኿m2 sዅ1

Molecular diffusivity of water vapour at 100∘C 3.9eዅ኿msዅ1

Figure 4.9: Comparison of theoretical evaporation rates of TEPA at 120∘C

at 20∘C. Further, using the evaporation rate obtained from TGA (16.9mgmዅ2 sዅ1), the vapour
pressure of TEPA at 20∘C was calculated and the result was found to be 0.1213Pa.

The calculated vapour pressure was used to determine the theoretical evaporation rate of
TEPA under muffle furnace conditions. A comparison was made between theoretical and ex-
perimental evaporation rates under muffle furnace conditions. The results are presented in
section. A discussion on the calculated vapor pressure of TEPA can also be found in section
5.1.2.

The important information such as vapor pressure and heat of vaporization could not be
found for PEI - 600. Depending on the application, PEI is modified into various chain lengths
and molecular masses. Thus, the simplest form of PEI is aziridine which has a molecular
formula of CH2NHCH2. In general, all the physical properties of PEI with different molar
masses were associated with aziridine. The properties of Aziridine are given in tabel 4.3.

It can be seen in table 4.3 that the vapor pressure of aziridine is very much higher when
compared to that of TEPA shown in table 4.1. This suggests that aziridine evaporates faster
than TEPA. But, this cannot be true as the results of the evaporation experiments given in
section 5.1.2 shows that PEI-600 evaporates slower than TEPA. Therefore, the physical prop-
erties of aziridine cannot be used to calculate theoretical evaporation rate of PEI-600.
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Table 4.3: Physical properties of aziridine

Property Constant value
Molecular mass 43.07 gmolዅ1

Vapour pressure 21.3kPa at 20∘C
Heat of Vaporization 7.75𝑒኿ J kgዅ1

4.5. Assumptions
The assumptions made during the analysis of the results are given below:

4.5.1. Moisture in methanol
The procedure of Karl-Fleischer and phosphoric acid testing includes the addition of methanol.
Sinha[27] carried out three tests on methanol and the water concentrations were found to
be 0.067, 0.063 and 0.058%wt. The water concentration found in amine samples through
Karl-Fischer must be corrected with water in methanol to determine the accurate value. In
this thesis the average of the three values mentioned, that 0.062%wt of water in methanol,
is considered. This value was used to correct the water concentrations determined during
this research.

4.5.2. Duration considered for calculating evaporation rates in cyclic experi-
ments

The time duration considered for evaporation rates for cyclic experiments are shown in figure
4.10.

Figure 4.10: Temperature curves for ዂኺᎲፂ and ኻኼኺᎲፂ cyclic experiments
Duration considered for evaporation

For both PEI and TEPA cyclic experiments at desorption temperatures 80ኺ𝐶 and 120ኺ𝐶,
the duration of desorption is considered to be approximately 40 minutes. For 30 desorption
cycles, the total duration is 20 hours.

4.5.3. Surface area of amine samples during cyclic experiments
The surface area of amine samples taken in the reaction flask was not measured during
each experiment. The base diameter of the flask was 8cm and had a curved bottom of 4cm
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diameter as shown in figure 4.11. Thus, the amine would have occupied between 2-4cm from
the walls of the flask. The actual conical flask used during the experiments is also shown in
figure 4.12.

Figure 4.11: Assumption of amine surface area during cyclic experiments

Figure 4.12: A conical flask used during cyclic absorption-desorption test

The surface area of the amine during cyclic experiments was assumed to be between
22.03cm2 (minimum) and 37.7cm2 (maximum). Evaporation rate of the amine during the cyclic
experiment was calculated using both the minimum and the maximum surface area that the
amine would have possibly covered. A vernier caliper used to measure the dimensions of
the flask has an error of 0.05mm. Thus, the calculated surface area might have an error
of ±0.8cm2. It must be noted that the surface area of amine sample during the experiment
could be lower
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4.5.4. Direction of nitrogen flow in muffle furnace experiment
The mass transfer coefficient used in equation 2.11 is a function of the velocity of the gas
flowing over the liquid. In a muffle furnace, the nitrogen enters a cuboidal heating chamber
from a 6mm tube. The dimensions of the muffle furnace is shown in figure 4.13. As the
inlet of the nitrogen is very much smaller than the heating chamber, determining the actual
velocity of the nitrogen over the petridish becomes a complex procedure. But, an approximate
velocity can be calculated by assuming that the nitrogen flows either in direction D1 or D2
as shown in figure 4.13. In this thesis, theoretical evaporation rate for TEPA was calculated
considering both direction D1 and D2. The results were also compared with the experimental
data which is presented in section

Figure 4.13: Layout of muffle furnace and the nitrogen flow directions





5
Results and Discussion

5.1. Evaporation
The evaporation studies were carried out during the absorption and desorption processes.
The results are presented in section 5.1.1 and 5.1.2.

5.1.1. Evaporation during absorption
Figure 5.1 shows the change in mass of PEI when exposed to atmospheric air for a duration
of 6 days.

Figure 5.1: Change in mass of PEI during long term exposure to atmospheric air
and

Change in water concentration during the experiment

It can be seen in figure 5.2 that the mass of PEI (blue) increases by approximately 0.004g
after exposing it to air for six days. When exposed to air, PEI absorbs water and CO2. It
can be seen that the variation of PEI mass is influenced by the concentration of water in the
ambient air. The increase in mass seen after the experiment could be due to absorption of
water and CO2. Similar trends were seen during the experiments of TEPA. The results are
shown in figure 5.2

49
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Figure 5.2: Change in mass of TEPA during long term exposure to atmospheric air
and

Change in water concentration during the experiment

It can be seen that the mass of TEPA also increased by 0.02g at the end of the experi-
ment which could be due to water and CO2 absorption. The mass of CO2 and water were not
measured at the end of the experiment. Therefore the actual loss of mass occurring in the
amines could not be calculated. As mentioned in section 4.4, the theoretical evaporation rate
of TEPA was calculated considering the ambient temperature of 20∘C, air flow of 0.02msዅ1

and a liquid surface diameter of 5.5cm exposed to air. Here, the kinematic viscosity of air
was considered to be 1.51𝑒ዅ኿ m2 sዅ1 (at 20∘C) and the molecular diffusivity of water vapor at
20∘C was taken as 2.4𝑒ዅ኿m2 sዅ1.

The theoretical evaporation rate of TEPA at the ambient condition was found to be 9.06𝑒ዅዀg.
Considering the duration of the experiment to be 1800h, the loss in mass of TEPA was cal-
culated to be 0.14g. But, the theoretical calculation of evaporation rate neglects the effect of
partial pressure of CO2 and water. As explained in section 2.3.1, the molecules of water and
CO2 absorbed reduces the vapour pressure of the amine. This further reduces the evapora-
tion rate.

Also mentioned in section 4.4, the physical properties of PEI were not available to calculate
the theoretical evaporation rate of PEI. But, based on the results of the evaporation rates
determined at high temperatures (given in section 5.1.2), it can be assumed that the vapor
pressure of PEI is lower than TEPA and thus, the evaporation rate will also be lower than
that of TEPA at all temperatures.

5.1.2. Evaporation of amines during desorption
As explained in section 2.3.1, evaporation rates accelerates with increase in temperature.
The evaporation rates of the amines were determined by muffle furnace experiments and a
confirmatory test was done using TGA. The results are presented in section 5.1.2 and 5.1.2.
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Results of muffle furncae experiments

Table 5.1 shows the evaporation rates observed during the muffle furnace experiments. The
mass measurements during the experiments are given in table B.1 of Appendix B.

Table 5.1: Evaporation rates determined from Muffle furnace experiments

Temperature ∘C
Loss of PEI
mgmዅ2 sዅ1

Loss of TEPA
mgmዅ2 sዅ1

120 0.985 12.988
100 0.545 7.28
80 0.169 1.07

An observation made after treating TEPA at 120 ∘C is that the remaining sample had formed
a dry layer. Figure 5.3 and 5.4 shows the condition of TEPA before and after the experiment
respectively. The formation of the dry layer was not found in any other experiment. Thus,
to verify the evaporation rate of TEPA at 120∘C and to investigate the formation of dry layer,
TGA was carried out on pure TEPA.

Figure 5.3: Before ኻኼኺᎲፂ experiment

Figure 5.4: After ኻኼኺᎲፂ experiment
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TGA analysis of TEPA at 120∘C

Figure 5.5: Change in mass of TEPA at 120 ∘C

Figure 5.5 shows the decrease in mass of TEPA over time. To determine the evaporation
rates, the slope of the plot and the surface area of the amine sample has to be considered. The
diameter of the TGA crucible was measured to be 5.5mm. Considering the points marked
on the plot, the slope was calculated to determine the approximate evaporation rate of TEPA
at 120 ∘C . The value was found to be 16.9mgmዅ2 sዅ1.

The results of the TGA show that the evaporation rate of TEPA at 120ኺ𝐶 is higher than that
of the muffle furnace experiments. This suggests that the TEPA sample size in the muffle
furnace experiment was small and all the TEPA would have been evaporated during the time
of the experiment leaving behind a dry layer.

As explained in section 4.4, the vapor pressure of TEPA was determined to be 0.121Pa.
This vapor pressure was used to theoretically calculate the evaporation rate of TEPA in muffle
furnace conditions. The procedure followed to determine the evaporation rate was explained
in section 4.13. The results were compared with the experimental values and are shown in
figure 5.6.

The analysis of the results shown in figure 5.6 is given below:

• Evaporation rates at 100∘C - The experimental value is higher than the theoretical val-
ues. This is because, during the experiment, the muffle furnace takes 1h to ramp up to
100∘C from room temperature. Similarly it takes upto 5h-6h to cool down. The experi-
mental evaporation rate calculated will be inclusive of evaporation taking place during
ramping up and cooling down. This factor is not considered during the theoretical cal-
culation as it is assumed that temperature remains constant throughout. This leads to
higher error between theoretical and experimental calculation

• Evaporation rates at 120∘C - It is important to note that the experimental value presented
here is determined via TGA experiment. The procedure to determine the evaporation
rate via TGA was explained in section 5.1.2. The error between the theoretical and
experimental values are lower when compared to that of 100∘C because the experimental
results of the TGA was calculated by excluding the evaporation during ramping and
cooling process.

• Evaporation rate at 80∘C - The experimental result was determined through muffle fur-
nace experiment. Unlike 100∘C experiment, this result is lower than the theoretical
evaporation rate. This could be due to errors in measuring mass of the sample be-
fore and after the experiment. Or, the amine sample must have been exposed to air
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Figure 5.6: Comparison of theoretical and experimental evaporation rate of TEPA at different temperatures

for a longer duration after the experiment. This results in absorption of moisture which
increases the mass of amine during weight measurement. Thus, the experimental evap-
oration rate is found to be lower than the theoretical value with high error.

Although the equation 2.11 includes various assumptions, the comparison between the
theoretical and the experimental evaporation rates of TEPA suggests that the vapor pressure
of 0.1212Pa at 20∘C can be used to determine an approximate evaporation rate of TEPA at
different temperatures.

Evaporation rates during desortion process
As discussed in section 2.3.1, the evaporation rate is lowered when CO2 and water is present
in the amine. This behaviour was studied through cyclic experiments. The amine samples
showed decrease in mass after 30 cycles of desorption. This measurement was used to
calculate the evaporation rates.In Section 5.2.1, it can be seen that after 30 cycles, the amine
sample had accumulated CO2. Also, it is assumed that after each desorption cycle, all the
water was taken out of the amine. Thus only the mass of CO2 was subtracted from the
final mass measured to determine the change in amine mass. Further, the surface area and
duration considered for the calculations were explained in section 4.5.



54 5. Results and Discussion

Figure 5.7 shows a comparison of evaporation rates between cyclic experiments (CO2
loaded) and muffle furnace (pure amines) samples.

Figure 5.7: Comparison of evaporation rates between CO2 loaded sample and pure amine samples

It can be seen in figure 5.7 that PEI - 120, TEPA - 80 and PEI - 80 experiments did not
show lowered evaporation rates when compared to that of pure amines. This suggests that
the partial pressure of CO2 and water was very low during the desorption phase of the cyclic
experiments resulting in the evaporation rates shown in the figure. Further, TEPA - 120
experiment shows 61% reduction in the evaporation rate when compared to that of pure
amine. This indicates that the partial pressure of CO2 & water was high during the TEPA
-120 experiments when compared to the other experiments. This cannot be true as TEPA
desorbed at 120∘C should show better desorption characteristics which should result in low
partial pressure of CO2 and water when compared to desorption of both PEI or TEPA at 80∘C
[28]. It could be possible that the TEPA -120 sample, after the cyclic experiment must have
been exposed to air for a longer duration due to which CO2 and water absorption could have
taken place resulting mass measurement error. It must also be noted that the weighing scale
used to measure the mass has an error of ±0.005g.
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5.2. Cyclic absorption and desorption test
5.2.1. Analysis of CO2 absoption and desorption
As explained in section 4.1, each data set obtained from the CO2 analyser was converted into
mass of CO2 absorbed and desorbed. Figure 5.8 shows the absorption and desorption trends
of PEI 120 ∘C experiments.

Figure 5.8: Absorption and desorption trends observed during cyclic experiments of PEI
(desorption temperature - 120Ꮂፂ)

As explained in section 3.2, the data set consists of noise which makes it difficult to quan-
titatively analyse the behaviour. But, we can observe that the difference between absorption
and desorption trend line (shaded area) shows that CO2 was accumulated during the exper-
iment.

Similar trends were observed in other cyclic experiments. Figure 5.9 shows the trend of
PEI 80 ∘C experiments and figure 5.10 and 5.11 shows the results of TEPA 120 ∘C and 80C
experiments respectively.

Figure 5.9: Absorption and desorption trends observed during cyclic experiments of PEI
(desorption temperature - 80Ꮂፂ)
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Figure 5.10: Absorption and desorption trends observed during cyclic experiments of TEPA
(desorption temperature - 120 ∘C)

Figure 5.11: Absorption and desorption trends observed during cyclic experiments of TEPA
(desorption temperature - 80C)
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Figure 5.12 shows the accumulation of CO2 in PEI over 30 cycles. The accumulation
value is represented as 𝑔𝐶𝑂ኼ/𝑔𝐴𝑚𝑖𝑛𝑒. After each desorption cycle, some amine was lost
due to evaporation. The evaporation loss was corrected during the calculation of the CO2
accumulation. The correction procedure is given below:

• The overall mass of amine evaporated was calculated by subtracting the mass of CO2
accumulated. This gives the mass of pure amine that was evaporated during the des-
orption process. It must be noted that for this purpose, the accumulated mass of CO2
was determined from the experimental data obtained from the CO2 analyser.

• The mass of amine evaporated was divided by 30 as 30 desorption cycles were carried
out during the experiment. This gives an approximate mass of amine evaporated during
each cycle.

• Consider the mass of amine evaporated during each cycle is X, then after the 1፬፭ cycle
X was subtracted from the initial amine mass. After the 2፧፝ cycle, 2X was subtracted
from the initial mass and so on.

Further, a sensitivity analysis was carried out by assuming no evaporation. The trends
show that PEI accumulates more CO2 when desorbed at 80 ∘C. This is because higher tem-
perature increases the desorption kinetics [28] of the amine. It can also be seen that the
trends of both PEI - 80 and PEI - 120∘C tends to converge after 25 cycles. This indicates
that the PEI - 80 sample could have reached the accumulation capacity and on conducting
more absorption-desorption cycles might show a constant accumulation of approximately
0.045gCO2/gAmine.

Figure 5.12: Mass of CO2 accumulated in PEI over 30 cycles

Similar accumulation trends are shown for TEPA in Figure 5.13. It can be seen that TEPA
accumulated more CO2 when desorbed at 120 ∘C. As mentioned earlier, high temperatures
induces better desorption kinetics. Thus, this result is an anomaly or an experimental error.



58 5. Results and Discussion

During the desorption of TEPA at 120 ∘C, thick fumes were observed at the outlet of the
system. Considering the results of TEPA evaporation at 120∘C given in section 5.1.2, the
fumes can be associated with TEPA vapors. As the gas stream entering the CO2 analyser
had TEPA vapours, the measurement of CO2 could have been disturbed resulting in errors.

Figure 5.13: Mass of CO2 accumulated in TEPA over 30 cycles

To verify the results of the experiments, the mass of CO2 present in the amine samples
after 30 cycles was determined via phosphoric acid testing. The sample preparation was
explained in Section 3.3.1. The results are given in the table 5.2.

Table 5.2: Phosphoric acid test results of PEI/TEPA samples subjected to 30 cycles of absorption and desorption

Amine
Desorption
temperature

Sample I
(gCO2/g of Amine)

Sample II
(gCO2/g of Amine)

Different in
measurement (%)

PEI 120 ∘C 0.03454 0.03390 1.85
PEI 80 ∘C 0.04059 0.04134 1.81

TEPA 120 ∘C 0.01468 0.014426 1.77
TEPA 80 ∘C 0.03511 0.03588 2.14

From the table 5.2 we can see that there was a significant amount of CO2 present in the
amine sample after 30 cycles. Also, the difference in measurements between the two sam-
ples is close to 2%. It is to be noted that to achieve repeatable results in phosphoric acid
testing, the sample mixture must be homogeneously mixed. But, no external mixing was
done after the cyclic experiment. Thus, the result indicates that there could be mixing of
bulk amine and CO2 taking place during the desorption process. The mass measurements
of the phosporic acid tests are given in table B.3 of Appendix B.

Studies of Ovaa [28] showed that during the CO2 desorption process, some CO2 remained
in the sample. The concentration of CO2 in the sample varied when desorption temperature
and the pressure were changed. The results are given in section 2.5.2. Ovaa inferred that
for a given temperature and pressure, there could be a desorption limit beyond which CO2
could not be desorbed. The results of Ovaa are given in table 5.3.

Although the desorption pressure was not measured during the experiments of this the-
sis, a comparison can be made between the results presented in table 5.3 and 5.2. It can
be seen that the accumulation observed after 30 cycles of absorption and desorption is still
lower than the accumulation observed by Ovaa.

According to the inferences of Ovaa, the CO2 desorption should not occur if the concentra-
tion of CO2 is below the limit mentioned in table 5.3. In this study, it was observed that the
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Table 5.3: Accumulation of CO2 observed by Ovaa during desorption of PEI and TEPA at 200mbar [28]

Amine
Desorption temperature

Desorption
Accumulation observed gCO2/g of amine

PEI - 120∘C 0.036
PEI - 80∘C 0.054

TEPA - 120∘C 0.026
TEPA - 80∘C 0.052

concentration of CO2 in amine after 30 cycles was still lower than the threshold suggested
by Ovaa. However, in contrast, CO2 was desorbed in all the desorption cycles. A possible
explanation for this behaviour is given in section 5.3.

5.2.2. Moisture data - Results of Karl-Fischer experiments
Table 5.4 shows the concentration of water in amine samples after the cyclic experiments.
The methanol sample preparation and calculations are given in table B.2 of Appendix B.

Table 5.4: Karl-Fischer experiment results

Amine
Desorption

temperature (C)
Sample I

%wt H2O in amine
Sample II

%wt H2O in amine

% Difference
between
Sample I

II
measurements

PEI 120 ∘C 3.0 6.2 51.6
PEI 80 ∘C 4.7 10.3 54.3

TEPA 120 ∘C 4.9 3.0 38.7
TEPA 80 ∘C 3.3 4.0 17.5

The absorption of water in the amine takes place by hydrogen bonding [30] or by forming
bicarbonates [36]. Sinha [27] reported that, carbamates are dominant species formed during
the absorption process. Thus, during the absorption process, it can be assumed that the
water molecules are absorbed by forming hydrogen bonds with the amine molecules. During
the desorption process, water molecules are desorbed faster than CO2. Ovaa [28] studied
the desorption process of water in PEI/TEPA and inferred that during the process, complete
desorption of water takes place and it is faster than that of CO2. However, as per the results
displayed in table 5.4, a significant amount of water can be observed to be remained in the
sample after the desorption process. A possible explanation for this accumulation of water
could be as follows:

• If water had accumulated in the amine sample after each desorption cycle then, like
CO2 accumulation and mixing explained in section 5.2.1, the water molecules should
have also undergone mixing. This should have resulted in equal concentrations of water
in Sample I and Sample II.

• But, between the 2 sample tested, the results of Karl-Fischer experiment shows that the
measured concentration of water vary up to 50%. This suggests that the absorption of
water could have been taken place after the desorption process. This could be a reason
why no mixing of water was observed.

• Ovaa [28] reported that the desorbed samples showed 1-2% water in the amine after his
desorption experiment. The results observed in this thesis (table 5.4 are much higher
than that of Ovaa.

• As explained in section 3.3.1, two aliquots were taken from the main amine sample
to conduct the Karl-Fischer test. There could be a possibility that the moisture was
absorbed after the cyclic experiment (mostly on the top surface of the amine) and the
aliquots collected for the tests were also from the top surface. In this case, the Karl-
Fischer would indicate high concentration of water.
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Based on this discussions, it can be assumed that all the water was desorbed during the
desorption process.

5.3. Hypothesis to explain the CO2 accumulation and mixing of
amine during desorption process

Based on the previous studies of absorption, desorption characteristics of amine (Section
2.5.2 and 2.5.3) and the results obtained through cyclic experiments, an attempt was made
to explain the behaviour of CO2 accumulation that was observed during cyclic experiments.
Figure 5.14 shows individual absorption and desorption process that illustrates the hypoth-
esis.

Figure 5.14: Process of absorption and desorption explained

Absorption cycle

When pure amine (PEI/TEPA) is exposed to air, initially surface absoprtion takes place (figure
5.14 b). Later, the top surface which is now a mixture of amine, water and CO2 becomes
more viscous. This adds resistance to the process of CO2 and moisture diffusion. Thus,
after a certain duration of time (t), the molecules slowly diffuse into fresh amine layer due to
concentration gradient of CO2 and moisture (figure 5.14 c)

Desorption cycle

During desorption phase, the bulk amine can be distinguished into different layers based on
the viscosity. The bottom most layer is the one with fresh amine (without CO2 and water).
Whereas, the topmost layer is highly viscous containing CO2 and water (figure 5.14d). As
temperature rises, the viscosity of the bottom layer reduces. This allows more CO2 to easily
diffuse from high viscous region into the bulk (figure 5.14e). Additionally, some CO2 in top
layer escapes into the gas phase. The diffused molecules might accumulate until certain
limit is reached and will be constantly mixed within the bulk due to temperature and con-
centration gradients.

The process of desorption explained in figure 5.14 can be observed in experimental data
obtained during the desorption cycle. Figure 5.15 shows an individual desorption cycle of
TEPA. The experiment was performed at desorption temperature of 80∘C. The scale of the
CO2 analyser data has been set to RH data to analyse the desorption trend.

It can be seen in figure 5.15 that, during the maximum desorption of CO2 a significant
amount of moisture reading was recorded from the gas stream by the sensor. After 10 min-
utes the CO2 concentration in the gas stream dropped to the initial value. This might suggest
that some of the CO2 and all the water molecules from the surface was desorbed and the re-
mainder CO2 was released in very low concentrations such that the CO2 analyser failed to
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Figure 5.15: Desoprtion cycle of TEPA at ዂኺᎲፂ

measure. Similar trends were observed during PEI 80, 120 and TEPA-120∘C experiments
and the relevant plots are given in Appendix C.

5.4. FTIR results
The samples subjected to evaporation and cyclic experiments were analysed using FTIR to
determine if any new molecular groups were formed during the experimental process. The
spectra between 900cmዅ1 to 1800cmዅ1 has been presented in this section as it contains the
important observations. The full spectra of all the results are given in Appendix C. During the
analysis, the results are compared with that of pure amine (PEI/TEPA) to identify changes.
The FTIR results of pure samples and their characterization can also be found in Appendix C.

5.4.1. Analysis of samples from muffle furnace experiments
Figure 5.16 shows the FTIR analysis of PEI subjected to evaporation testing via muffle fur-
nace. When compared to the FTIR spectra of pure amine 3 important changes can be ob-
served (shaded region).

Figure 5.16: FTIR results of PEI subjected to evaporation test and comparison with pure amine

At 1653.13cmዅ1 PEI treated at 120∘C and 100∘C shows a distinct peak when compared to
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that of pure PEI. PEI treated at 80∘C shows transformation in those region. Similar changes
can be observed at 1589.57cmዅ1 and 1278.27cmዅ1. According to Li et al. [67], the formation
of urea linkages in amines results in peaks at 1685, 1562, 1496, 1258, 1276cmዅ1. The most
important identification of urea linkage is the C––O stretching as the formation of urea takes
place in the presence of CO2. According to the spectral characterization chart [91] given
in Appendix C ,the peak at 1653.13cmዅ1 observed in figure 5.16 also belongs to the band
that signifies C––O stretching. It must be noted that the samples subjected to evaporation
testing in the muffle furnace was pure, i.e the amine must be free of CO2 molecules or in
small quantities. But, the C––O stretching indicates that CO2 might have been present in the
amine sample that could have induced degradation. Before discussing further, it is important
to analyse the FTIR results of TEPA samples subjected to evaporation testing as both TEPA
and PEI reacts in similar pathways when exposed to CO2. The FTIR results of TEPA samples
are shown in figure 5.17.

Figure 5.17: FTIR results of PEI subjected to evaporation test and comparison with pure amine

It can be seen that TEPA samples heated at 100∘C also shows a peak at 1659.18cmዅ1
and 1587.90cmዅ1 which is similar to that of PEI seen in figure 5.16. A discussion on the
degradation indicating peaks observed in both PEI and TEPA are given belwo:

• Although pure amine is assumed to have no CO2, some CO2 could have been absorbed
during the sample preparation for the muffle furnace experiment.

• Studies of Ovaa [28] showed that the removal of CO2 becomes difficult as the concen-
tration of CO2 in the amine reduces. Thus, a small quantity of CO2 absorbed before the
start of the experiment will remain the sample during evaporation test.

• The CO2 could have reacted with the amine at higher temperatures (>100∘C) resulting
in urea formation [67].

• As TEPA is less stable than PEI [76], more urea linkages might have formed in TEPA.
This could be the reason for a large peak in the C––O stretching band of TEPA seen in
figure 5.17.

• As reported by Sayari [68], degradation of amines can also take place below 100∘C but
cannot be observed via FTIR as the formation rate is very slow. In such cases the peaks
indicating the urea linkages will be masked by the amine and carbamate groups.

5.4.2. Analysis of samples from cyclic experiments
Figure 5.18 shows the FTIR of PEI samples subjected to cyclic absorption and desorption.
The results are compared with the FTIR of pure PEI to identify the degradation products. It
can be seen that both PEI samples (desorption temperature 120∘C and 80∘C) shows a peak at
1296.33cmዅ1. Barthe [92] reported that this peak signifies carbamates and carbonates (i.e,
the CO2 absobeded by the amines will form carbamtes or carbonates). It was also mentioned
in section 5.2.1 that the amine samples subjected to cyclic experiments showed accumulation
of CO2 after 30 cycles. This accumulation of CO2 in the form of carbamates can be seen in
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figure 5.18 at 1296.33cmዅ1. Other than the peak at 1296.33cmዅ1, there is no significant
change in other parts of the spectra when compared with pure amine. This indicates that no
degradation was observed during the 30 cycles of absorption and desorption (at desorption
temperatures 120∘C and 80∘C)

Figure 5.18: FTIR results of PEI subjected to cyclic absorption-desorption

Figure 5.19 shows the FTIR of TEPA samples subjected to cyclic absorption-desorption
test. As seen in figure 5.18 and reported by Barthe[92], the peak at 1301.83cmዅ1 signi-
fies carbamates. But it can be seen in figure 5.19 that pure TEPA also shows a peak at
1301.83cmዅ1 which indicates that the TEPA samples had absorbed CO2 before the start of
the experiments. Further, comparing the peaks of TEPA samples, TEPA desorbed at 80∘C
shows higher peak than TEPA desorbed at 120∘C. This indicates that more carbamates were
present in the sample that was desorbed at 80∘C after 30 cycles. This result was confirmed
by phosphoric acid testing and was presented in section 5.2.1.

Figure 5.19: FTIR results of TEPA subjected to cyclic absorption-desorption

An important observation in figure 5.19 is that the TEPA sample desorbed at 120∘C shows
a peak at 1659.56cmዅ1. As discussed in section 5.4.1, this peak indicates C––O stretching
which is associated with urea linkages. It can be seen that no other significant peaks re-
ported by Li [67] can be observed other than the peak at 1659.56cmዅ1. The total duration of
desorption during the 30 cycle experiment was approximately 20h. Considering the intensity
of the peak at 1659.56cmዅ1 in figure 5.17 (TEPA sample subjected to evaporation at 120∘C
for 25h) , the TEPA sample subjected to cyclic test at 120∘C for 20h shows a peak of low
intensity. This could be due to the moisture absorbed during absorption. phase [50].





6
Conclusions and Recommendations

This thesis was focused on studying the evaporation and CO2 induced degradation occurring
in PEI and TEPA during the DAC process. The procedures of the experiments carried out were
explained in Chapter 3. From the analysis made on the experimental data, few results and
their implications in ZEF DAC system are discussed in Section 6.1. Further, few observations
were made which could not be explained in this report as it lacks substantial experimental
or theoretical evidence. Recommendations on such cases are presented in Section 6.2.

6.1. Conclusions
• Evaporation during absorption: The evaporation tests conducted on PEI and TEPA
showed increase in mass. This could be due to absorption of CO2 and moisture. As
explained in section 2.3.1, the evaporation of amine reduces as the partial pressure of
CO2 and water increases with absorption. Thus, it can be concluded both PEI and TEPA
do not experience evaporation losses during absorption phase.

• Vapor pressure of TEPA : The vapor pressure of TEPA was calculated from the evapora-
tion results of TGA experiments. The value was found to be 0.1231Pa at 20∘C. This value
was used to theoretically estimate the evaporation losses under muffle furnace condi-
tions. The results were compared with the experimental evaporation rates obtained
from the muffle furnace experiments. The results were comparable and therefore, the
calculated vapor pressure, 0.1231Pa at 20∘C can be used to calculate approximate evap-
oration rates of TEPA at different temperatures.

• Evaporation of pure amine samples : The results of muffle furnace and TGA experiments
showed that both PEI and TEPA experience significant evaporation losses (80, 100 and
120∘C were selected temperatures for testing). As mentioned, the samples were pure or
had very less concentration of CO2 and water during the start of the experiment. The
amines are subjected to high temperatures, i.e, >80∘C during the desorption process.
During the desorption process, the amines will contain significant concentration of CO2
and water. But, as desorption progresses, the partial pressure of CO2 and water reduces
which will increase the evaporation rates of the amines. Thus, the results of this study
can be considered as the maximum evaporation rates that the amines (PEI/TEPA) might
experience during the desorption process.

• Evaporation during cyclic experiments: PEI and TEPA subjected to cyclic absorption
and desorption showed that the evaporation during cyclic operation were comparable
to that of the pure amine evaporation (i.e, the losses were significant). As mentioned
earlier, the presence of CO2 and water must reduce the evaporation of amines. But,
based on the results of this study, it can be inferred that the during the desorption
process, the amines might have been subjected to heat when the concentration of CO2
and water was less. This condition might also take place during the actual DAC process.
Thus, during long term operation, both PEI and TEPA will experience evaporation losses.
This might increase the operation cost of DAC as new amine has to be frequently added.
Adding a condenser block to collect the evaporated amine would be beneficial.

• CO2 accumulation: The cyclic experiments showed accumulation of CO2 in both PEI
and TEPA after 30 cycles. The results were confirmed via phosphoric acid testing. The
results also suggests that the CO2 was constantly mixed within the amine bulk. As the
presence of CO2 increases the viscosity of the amine, the accumulation would cause
flow related problems in the DAC system.

65



66 6. Conclusions and Recommendations

• CO2 induced degradation: The amine samples (both PEI and TEPA) form the evapo-
ration tests (muffle furnace experiment) showed new peaks which when compared to
literature suggests that the amines might have undergone CO2 induced degradation
and degradation product could be urea. The new peaks were significant in TEPA when
compared to PEI indicating that TEPA was less resistant to CO2 induced degradation.

Furthermore, for cyclic experiments after 30 cycles, the FTIR of PEI samples did not
show any changes in the spectra when compared to that of pure PEI for both 80∘C and
120∘C. But, for TEPA desorbed at 120∘C a new peak was observed (when compared to
spectra of pure TEPA). The intensity of the peak was low and no other peak which are
associated with urea was observed. This suggests that TEPA might have undergone
degradation when desorbed at 120∘C producing very low concentrations of urea.

6.2. Recommendations
• The concentration of moisture and CO2 influence amine degradation. In this research,
ambient air was used during absorption phase. As the concentrations of CO2 and mois-
ture in air varied due to various reasons, the effects of moisture and CO2 concentrations
with respect to degradation could not be observed. Thus, a regulated flow of CO2 and
moisture might help to analyse the behaviour better. This can be achieved by using gas
bottles of required gas concentrations. The required humidity can also be achieved by
adding water to the gas stream externally.

• During the cyclic experiments (CO2 induced degradation study), the concentration of
CO2 absorbed and desorbed was within the range 0% to 0.02%. Measuring these low
concentration resulted in errors. To obtain accurate and consistent data, the concen-
tration of CO2 absorption and desorption should be at least over 20% of the full scale
(i.e, 0.4% CO2 in the gas stream).

• In this research, the experimental set up constructed to carry out the cyclic absorption
and desorption process was completely manual. The operation must be automated so
that higher number of cyclic experiments can be conducted and human errors can be
avoided.

• studies on absorption of O2 in amines has to be carried out. This can be done by con-
ducting vapor liquid equilibrium (VLE) experiment. A known mass of amine (PEI/TEPA)
sample must be exposed to a known quantity of air in a closed system. The absorption
of O2 can be studied by observing the change in partial pressure of O2. Furthermore,
the O2 induced degradation tests must be carried out.

• Influence of water in amine degradation must be studied. An accelerated degradation
study can be carried by loading a known mass of amine sample with a know mass of
CO2. Different aliquots from the main sample should be prepared by adding different
masses of water. The aliquots must be sealed in high pressure tubes andmust be heated
to required temperature and an extended duration of time. After the heat treatment,
the samples must be removed FTIR should be conducted to identify the degradation.
The degraded products can be quantified by carrying out potentiometric titration. The
experiment can be conducted changing the water, CO2 concentration and the heating
temperature. This helps to understand the influence of water, CO2 and temperature.

• The effect of amine thickness on desorption capacity should be studied. This can be
done by loading a large sample of PEI/TEPA with a know mass of CO2 and water. The
sample must be well mixed to ensure homogeneous mixture is formed. The sample must
be distributed into petridishes ( same surface area) such that each aliquot has a different
thickness. All aliqouts must be subjected to desorption at same temperature and same
duration. After the experiment, the mass of CO2 in the sample must be measured. This
helps us to understand if desorption capacity depends on the thickness of the amine
bulk.
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• Pure TEPA and PEI were tested for impurities via Inductively coupled plasma atomic
emission spectroscopy (ICPAE). The results are given in table 6.1. The effects of these
impurities on the absorption, desorption and degradation of characteristics of amines
have to be studied.

Table 6.1: Impurities (in ppm) found in PEI and TEPA via ICPAE

Amine B Ca Mg Zn Cl SO4

PEI 0.1 0.0 0.0 0.0 4164.0 25.2
TEPA 0.3 1.2 0.1 0.0 0.0 26.0

• As seen in figure 5.11 and 5.10, the absorption capacity of TEPA appears to be increasing
with the increase in number of cycles. This phenomena was observed in both 80∘C
and 120∘C. Although this could be a measurement error, this is in contrast to the PEI
experiments (where absorption trend decreases). This anomaly must be studied further.
This can be carried out by exposing the amine to a set duration of time and measuring
the mass of CO2 and water absorbed. The loaded sample should be desorbed at a set
temperature and duration. After the desorption process, the CO2 and water in the lean
mixture must be measured. The absorption process must be carried out again on the
lean amine sample and the newly absorbed CO2 and water must be measured. In case
of expressing the mass of CO2 and water per gram of amine, then the mass of amine
sample taken to measure the CO2 and water and the evaporated amine mass must be
corrected during the final calculation of amine mass
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A
CO2 and water measuring devices

A.1. Karl-Fischer titration
During this thesis, the concentration of water in the amine samples were determined using
a coulometric Karl-Fischer device. The basic design of the equipment is shown in figure A.1.

Figure A.1: Coulometric Karl-Fischer titration equipment [93]

The Karl-Fischer titrator consists of an iodine generator and a detector electrode. when
a sample containing water is added to the solution, the iodine reacts with water in 1:1 ratio
that results in depletion of iodine in the solution. The depleted iodine is replenished by the
generator. This process continues until all the water is reacted with iodine. As per Faraday’s
law, the moles of iodine and the electrical charge produced are proportional. Thus, the device
is calibrated such that the 1𝜇H2O = 10.712mC [27]. This relation helps to determine the
concentration of water in the amine sample. A test sample with low pH results in faster and
accurate results. This condition is maintained by diluting the test sample with methanol.
The water detection limit is between 0.1𝜇g to 10𝜇g [93].
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76 A. CO2 and water measuring devices

A.2. Phosporic acid testing
The layout of the phosphoric acid test set-up used during the thesis is shown in the figure
A.2.

Figure A.2: Coulometric Karl-Fischer titration equipment [94]

The setup consists of a round bottom flask filled with phosphoric acid. During the ex-
periment the flask is maintained at around 150∘C [27]. when the amine loaded with cO2
is added to the acid, the CO2 and water is stripped out of the amine due to esterification
between amine and hot acid. The gases are then passed through a condenser where water
vapour is condensed. The gas stream with only CO2 is passed through a CO2 analyses where
concentration of CO2 is determined [94].



B
Experimental data and Calculations

B.1. Evaporation testing - Muffle furnace and cyclic experiments
Table B.1: Mass measurements of amine samples during muffle furnace experiments

Amine-
Desorption
temperature

(Celsius)

Surface
Diameter

of petridish
(cm)

Initial mass
of sample

(g)

Final mass
of sample

(g)

Evaporation loss
(mgmዅ2 s)

PEI-120 6.5 5.1168 4.8162 0.985
TEPA-120 6.5 3.9626 0.1231 12.988
PEI-100 6.5 4.3395 4.1732 0.545

TEPA-100 6.5 2.5181 0.2969 7.28
PEI-80 5.5 3.9457 3.9088 0.0169

TEPA-80 5.5 5.7767 5.5428 0.1074

The evaporation results of cyclic experiments can be found in table B.3 page 78.

B.2. Methanol sample preparation
Table B.2: Mass of amine and methanol used for preparing samples for Karl-Fischer and Phosphoric acid testing

( A - mass of Amine sample, M - mass of methanol)

Amine-
Desorption temperature (Celsius)

Sample Number

A
(g)

M
(g)

A + M
(g)

A in M
(g)

PEI - 80 - I 0.065 10.2252 10.2902 0.006317
PEI - 80 - II 0.0255 7.578 7.6035 0.003354
PEI - 120 - I 0.0803 11.2658 11.3461 0.007077
PEI - 120 - II 0.0646 10.71069 10.77529 0.005995
TEPA - 80 - I 0.1296 9.9601 10.0897 0.012845
TEPA - 80 - II 0.0852 10.2186 10.3038 0.008269
TEPA - 120 - I 0.1153 13.3461 13.4614 0.008565
TEPA - 120 - II 0.086 7.8296 7.9156 0.010865
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B.3. Karl- Fischer Experiment result
The results of Karl-Fischer experiment can be found in table B.4 page 80 and table B.5 page
81

Figure B.1: Difference in results obtained during karl - Fischer experiments
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82 B. Experimental data and Calculations

B.4. Phosphoric acid test results
Table B.6: Experimental values and results of phosphoric acid test

Amine-
Desorb temperature

(Celsius)
Sample Number

Sample
added to

test
(g)

Mass of
CO2 in
sample

(g)

Amine in
Methanol
sample

(g)

Amine in
Sample

added to
test
(g)

gram CO2
in

gram Amine

TEPA - 120 - I 3.784 0.000476 0.008565 0.03241 0.014687
TEPA- 120- II 3.415 0.0005353 0.010865 0.037104 0.014426

PEI-80-I 3.9 0.001 0.006317 0.024632 0.040597
PEI-80-II 2.8 0.0003883 0.003354 0.009391 0.041347
TEPA-80-I 3.326 0.0015 0.012845 0.042722 0.03511
TEPA-80-II 3.708 0.0011 0.008269 0.030658 0.03588
PEI-120-I 3.775 0.0009236 0.007077 0.026717 0.034569
PEI-120-II 3.839 0.0007802 0.005995 0.023015 0.0339



C
Relevent plots and FTIR spectral chart

Figure C.1: Desoprtion cycle of TEPA at ኻኼኺᎲፂ
black - Temperature

blue - Relative humidity (%)
red - Concentration of CO2 (%)

Figure C.2: Desoprtion cycle of PEI at ዂኺᎲፂ
black - Temperature

blue - Relative humidity (%)
red - Concentration of CO2 (%)
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84 C. Relevent plots and FTIR spectral chart

Figure C.3: Desoprtion cycle of PEI at ዂኺᎲፂ
black - Temperature

blue - Relative humidity (%)
red - Concentration of CO2 (%)
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Figure C.11: FTIR analysis of PEI - Degradation study carried out by Li et al. [67]
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