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Direct air capture technologies extract CO, from air at a concentration of as low as
400ppm. The captured CO, can be used for the production of synthetic methane or liquid
fuels. In the literature survey of this thesis, results related to direct air capture by using
solid sorbents are presented and critically discussed. In the experimental part, a proprietary
amine functionalized resin is characterized for direct air capture. Structural comparison is
also made to a commercial resin of similar type.

Based on the literature survey, the most important parameters in direct air capture process
are low adsorption and desorption temperatures, good cyclic stability in dry and humid
conditions, high CO, outlet purity and a high working capacity. Primary amine
functionalized solid sorbents are found to often have good qualities for direct air capture,
but overall process performance is rarely studied exhaustively.

Based on FTIR spectra, both resin adsorbents are found to be consisted of polystyrene
functionalized with primary amine, and capture CO, by forming carbamate. The
commercial resin is more porous, has a slightly higher particle size and contains fewer
impurities. Important physical parameters are gained of the proprietary resin, such as
internal porosity and median particle size. The resin’s amine group is found to endure
thermal treatment reasonably well. CO, adsorption capacity gained by thermal gravimetry
from 400ppm CO, is highest at 25°C, and is found to be reasonable compared to values
presented in literature. Thus, the resin is stated to exhibit promising qualities for direct air
capture.
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Direct air capture- teknologioilla erotetaan hiilidioksidia suoraan ilmasta jopa vain
400ppm:n konsentraatiosta. Talteen otettua hiilidioksidia voidaan kayttdd synteettisen
metaanin tai nestemaisten polttoaineiden tuotantoon. Diplomityon Kirjallisuuskatsauksessa
esitetadn erilaisilla direct air capture sorbenteilla saatuja keskeisimpia tuloksia, ja
tarkastellaan niitd Kriittisesti. Kokeellisessa osuudessa yksityisomistuksellinen amiinilla
funktionalisoitu hartsi karakterisoidaan direct air capture- prosessia varten. Lisaksi
verrataan tdman hartsin rakennetta samantyyppiseen kaupalliseen hartsiin.

Kirjallisuuskatsaukseen perustuen, direct air capture- prosessin tarkeimmaét parametrit ovat
alhaiset adsorptio- ja desorptiolampdtilat, hyva syklinen stabiliteetti kuivissa ja kosteissa
olosuhteissa, korkea CO,:n ulostulovirran puhtausaste, sekd korkea desorptiokapasiteetti.
Primaariselld amiinilla funktionalisoiduilla sorbenteilla on usein hyvéat ominaisuudet direct
air capture- prosesseja varten, mutta suorituskykyd kokonaisuudessaan tutkitaan harvoin
kattavasti.

FTIR-spektreihin perustuen, kumpikin adsorbentti koostuu primé&ariselld amiinilla
funktionalisoidusta polystyreenistd, ja kaappaavat hiilidioksidia muodostaen karbamaattia.
Kaupallinen hartsi on huokoisempi, sill& on hieman suurempi partikkelikoko, ja se siséltaa
vahemman epépuhtauksia. Tarkeita fysikaalisia parametreja saadaan
yksityisomistuksellisesta hartsista, kuten sisdinen huokoisuus ja mediaanipartikkelikoko.
Hartsin  amiiniryhmdn todetaan  kestdvén l&mpokésittelyd  kohtalaisen  hyvin.
Lampogravimetrisella analyysilla saatu adsorptiokapasiteetti 400ppm:n COy:sta on suurin
25°C:n lampdatilassa, ja arvon havaitaan olevan kohtuullinen verrattuna kirjallisuuden
arvoihin. Kyseisell4d hartsilla todetaan siis olevan lupaavia ominaisuuksia direct air
capture- prosessia varten.
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1 Introduction

The monthly average of the concentration of CO, in the atmosphere has risen from about
316ppm to about 404ppm from March of 1958 until May of 2015 ™. A large portion of
emitted CO, is caused by other than concentrated point sources such as coal-powered
power plants . About third of total emissions is caused by transport, residential and other
sources (Figure 1). These fragmented carbon emission sources are usually hard or nearly
impossible to control, and public awareness of the greenhouse effect has been the “weapon

of choice” against them.

Residential

Transport
1%

Industry
18%

Electricity and
heat 42%

Transport
23%

FIGURE 1 Global CO; emissions by sector in 2012. Other includes areas such as
commercial/public services, agriculture/forestry and energy industries
other than electricity.

One focus of the study in the mitigation of greenhouse effect in recent years has been
Carbon Capture and Storage (CCS). CCS involves technologies that aim at capturing CO,
from different industrial process stages. One possibility is to capture CO, from post-
combustion gases with high concentrations of CO,, which is referred to as Post-
Combustion Capture (PCC). In CCS, the captured CO, is pressurized, transferred to a
storage site and stored there into stable geological formations, for example. Means of CO,
capture include scrubbing of coal power flue gases with aqueous amine solutions, using
ionic liquids as solvents of CO,, calcining CO; into carbonates, using solid adsorbents, or

alternative fuel burning processes such as Oxyfuel, where recycled flue gas is burned with



oxygen stream. Although CCS may be one of the only plausible ways to effectively limit
CO, emissions of the industry, it faces significant difficulties, such as high cost of CO,
transportation and injection into underground storages and leaking of the CO, from them.
B Using PCC technologies in CCS ignore the CO, already emitted into the atmosphere. On
the other hand, CCS could also be argued to be a waste of precious raw material for fuels.
Direct air capture presents a possible solution to these problems, while striving towards

carbon neutrality.

This thesis was conducted as a part of the NeoCarbon Energy project. The project is
focused on designing the foundation for an energy system where only renewable sources
are utilized. One main goal is creating energy storage solutions for excess electricity
generated by wind- and solar power. One solution to energy storage problem is to produce

renewable fuels using excess electricity and DAC as the carbon source.
1.1 Why Direct Air Capture?

Direct air capture (DAC) refers to chemical methods and materials used to specifically
capture CO, from atmospheric air . The capture of CO, from atmospheric air is more
expensive than from concentrated point sources, and can be evaluated with the ideal
minimum work needed in the capture process “®!. The ideal minimum work needed to
capture CO, from atmospheric air is about 20 kJ/mol CO,, which is about 3.4 times more
than from an industrial flue gas containing 10% CO, by volume !, Keith et al.! argued in
2006, that the cost of DAC will be comparable to carbon capture from large fixed sources.
Costs including energy, capital costs and maintenance with a system using NaOH were
evaluated to be between $55-$136/tCO,. Lackner et al.l) estimated in 2009, that even
$30/tCO, would be achievable in the near future and was a reasonable target. However,
Ranjan et al.!® presented much more pessimistic figures in 2010, with only energy costs
reaching as high as $420-$630/tCO,, depending on thermodynamic efficiency. House et al.
(2011)™®! also presented cost figures of more than $1000/tCO5.

It is clear from these cost figures that the cost of CO, capture is not easy to evaluate, but if
the more pessimistic figures are to be believed, the cost needs to come down. However,
these cost evaluations are for CCS, and treat CO, as expenditure, only. These kinds of
evaluations usually have not taken into account the potential of DAC being integrated in

Power-to-Gas (PtG) systems or Power-to-Liquid (PtL) systems. One such example is a



synthetic diesel co-operation pilot plant by Audi and Sunfire, that is located in Dresden ©*-
W (Figure 2).
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CO; needed in the Audi PtL process is intended to be provided by a DAC system by
Climeworks (Figure 2). The purpose of this chapter is to introduce the reader into the PtG

and PtL processes and justify the use and study of DAC.

1.1.1 Power-to-Gas and Power-to-Liquids concepts

The amount of power plants providing renewable energy such as wind turbines and solar
plants will increase significantly in the following century in the Europe ™. The power
generated especially by wind turbines and photovoltaic is very fluctuating due to weather

(131 power demand does not always correspond to power

changes and time of day
generation, and the capacity of the electricity grid may also be limited, leading to excess
energy being generated ™. One option to remedy these fluctuations is to expand the
electricity grid ™. Another is to use the generated excess electricity for the production of

transport fuels 4.



Power-to-Gas (PtG) is a solution for the utilization of excess renewable electricity. PtG
involves the production of hydrogen gas in a water electrolysis plant. Oxygen is generated
as a by-product. The hydrogen produced can be used as a raw material for chemical,
petrochemical or metallurgical industries, or as a fuel. Oxygen can also be used as a raw
material, or be simply released into the atmosphere. Methanation is an optional process
step in PtG. The main product is then synthetic methane, produced from carbon dioxide

and the hydrogen generated from the water electrolysis. 4

The idea of Power-to-Liquids (PtL) is basically the same as in PtG: to convert excess
electricity into chemicals that can be used as fuels or raw materials. The difference is that
whereas in PtG the end-product is gaseous methane, in PtL the products are chemicals in
liquid form at room temperature, such as methanol, petrol, diesel and kerosene. The raw

materials are CO, and H, such as in PtG. **
1.1.2 Water electrolysis & methanation processes

The basic principle of water electrolysis is to introduce voltage and direct current through
electrodes into an electrolyte solution consisting mostly water. Water is dissociated into
hydrogen and oxygen by redox reactions on the surface of the oppositely charged
electrodes. Oxidation and oxygen gas generation takes place on the positively charged
anode, reduction and hydrogen gas generation on the negatively charged cathode. Four
main types of electrolyses are alkaline electrolysis (AEC), polymer electrolyte membrane
electrolysis (PEMEC), solid oxide electrolysis (SOEC) and photovoltaic (PV) electrolysis.

The most common of these is AEC, whereas PEMEC has the highest efficiency. !

In AEC, the electrolyte solution is a potassium- or sodium hydroxide solution. Anodic and
cathodic regions are separated by a microporous diaphragm. OH™ -ions generated in the
cathode reaction travel through the diaphragm from the cathode side to the anode. The
product gas is separated from the electrolyte, which is pumped back into the cell. The
greatest difference between AEC and PEMEC is that in PEM electrolyzers a solid
membrane replaces the electrolyte solution. Hp-ions travel through the membrane from the
anode side to the cathode side. The technologies have their own advantages and
drawbacks. For example, AEC cannot be operated under high pressures causing bulkiness,
has low dynamics caused by the liquid electrolyte, and suffers from lower product purity.

On the other hand, PEMEC is more expensive to implement and has durability issues. "
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As already stated, the hydrogen generated by water electrolysis described above can then
be used in the methanation process. The basic principles and process conditions of
chemical methanation are discussed below. Biological methanation processes also exist 4/,

but are out of the scope of this thesis.

The general chemical formula of methanation using CO, and H; at temperature of 25°C is

presented in the following equation 2.

COy (g) + 4H; (g) © CHy gy + 2H,0(y) AHY = —165.0k] /mol 1)

Methanation is strongly exothermic (Equation 1). To balance high conversion, yield and
selectivity, and on the other hand fast reaction kinetics, the operation temperature must be
kept within certain limits in the process. Methanation reaction temperature of 200°C
provided higher CO, conversion, methane selectivity and yield compared to higher
temperatures in a thermodynamic study of methanation reactions 8. Higher operation
pressure also yielded higher conversion, selectivity and yield. Naturally, the reaction
Kinetics is more unfavourable in lower temperatures. Therefore, to provide both fast
kinetics and high conversion, yield and selectivity, nickel- based catalysts are usually used

in methanation reactions with high temperatures 2.

Some components in the input gases can negatively affect the methanation reaction and the
catalysts. In the thermodynamic study 8, it was found that water vapour did not affect the
results significantly. Oxygen and other hydrocarbons were found to hinder methanation,
however. Sulphur-based contaminants such as H,S %! and SO, Y also act as poisons for
the catalysts. Thus, H, and CO, input gases have their own quality requirements for
methanation process in Table I. However, for example sulphur resistant catalysts for

methanation processes have been developed *2,
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TABLE | Necessary gas quality for methanation 41,
Component Unit Value for methanation Value for CO;
input stream
H» Vol.% 35-80 -
COp Vol.% 0-30 0-100
CcoO Vol.% 0-25 0-100
CHy Vol.% 0-10 0-50
N» Vol.% <3 <15
O Vol.% n.s. n.s.
H,O Vol.% 0-10 0-50
Particles mg/scbm <0.5 <25
Tar mg/schm <0.1 <0.5
Na, K mg/schm <l <5
NH3, HCN mg/scbm <0.8 <4
H)S mg/scbm <0.4 <2
NO, mg/scbm n.s. n.s.
SO, mg/scbm n.s. n.s.
Halogens mg/scbm <0.06 <03

n.s.: not specified, schm: standard cubicmeter (20 °C, 0.1 MPa)

The most common chemical methanation process is fixed-bed methanation 2%, The fixed-
bed methanation process setup consists of several reactors with beds of catalyst in a
cascade-type process 4. In the process, gas cooling, gas recycling and reaction heat
recovery steps alternate. Known power-to-methane plants are for example the Werlte plant
delivered by ETOGAS to Audi and Stuttgart plant by Fraunhofer & IWES %,

One might question the reasonability of methanation, when hydrogen is already a viable
product. Hydrogen itself is an energy storage option, and can be used for example in fuel
cells in cars . Germany, for example, has already invested in hydrogen infrastructure,
such as refuelling stations . However, the use of hydrogen in a large scale needs large
investments in hydrogen infrastructure and in the end-use technologies, especially in
countries with no existing infrastructure %!, Safety also needs special focus when dealing
with hydrogen as an energy source, such as need for safety sensors %!, On the other hand,
the infrastructure and technology for the use of methane already exists, and is increasing
especially in the northern Europe 1. As an energy source, methane can be used in power

28] " or as a transport fuel *°). Like hydrogen,

plants to produce electricity "), for heating
methane is also an important raw material for chemical industry, such as for the production

of methanol 2!,
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1.1.3 Utilization of DAC in Power to Gas systems

Using DAC to fulfil the CO; need for methanation has advantages that CO, capture from
concentrated sources cannot provide. Because DAC uses air as the CO, source, it can be
operated almost anywhere. Climeworks is a company that provides mobile DAC-units that
produce high-purity (>99%) CO, from ambient air . The DAC-units are transported in
containers, and can be scaled up on location to produce CO, continuously. This provides
convenience and a steady supply of CO, for the methanation. Also, because methanation is
highly exothermic (see 1.1.2), the waste heat could be used for the regeneration of the
DAC sorbent material on location. The energy released in methanation (Eg. 1) is up to
70% of the total thermal energy required in the Climeworks CO, capture if calculated from
the minimum thermal energy demand by 1000kg of captured CO,P%. This estimate is
naturally unrealistic by assuming no heat loss by heat transfer for example, but gives an

idea how significantly these two processes can benefit from each other.

As the CO; is produced on location with DAC, the costs of CO; transportation and storage
can be minimized. To use the CO, produced in PCC, transportation is an essential part, and
the most reasonable alternatives are onshore- or offshore pipelines®! or transportation by
shipstY. It has been evaluated™Y, that if for example 2.5 million tonnes of CO; is produced
by annum, the transportation for a distance of 1500 km can cost from about 19.8€/t CO, up
to over 50€/t CO,. If one considers the cost of post-combustion capture of CO, from
concentrated point sources of about 80$(ca. 60€ using exchange rate of 30.12.2010 B2/t
CO; as evaluated by APSE? it can be seen, that the transportation cost can reach almost
the cost of the capture process. The cheapest and most flexible way of transportation is by
ship, in which the cost does not increase strongly by distance Y. However, ship
transportation demands liquefaction of the CO, to lower the expenses, and is not
continuous, needing thus intermediate storages **. The CO, also has to be transported by

onshore pipelines to the location, where the ship is loaded =Y.
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1.2 Scope of the thesis

DAC may be the only way to control CO, levels emitted from scattered sources. The
economic viability at least at this point, however, arises from the integration of DAC into
other processes as a CO, fuel source. For this purpose, DAC even has economic
advantages compared to PCC. To create economically feasible PtG processes with DAC
that are accepted by the public and the decision-makers, the CO, capture process itself

needs scientific focus. This is where this thesis comes into the picture.

This thesis is divided into literature- and experimental parts. In the literature part, DAC
technologies are discussed. Of these, solvent-based technologies are addressed first,
because DAC was first introduced by such technologies. The focus is in solid sorbent-
based processes, however. The basic concepts of a solid sorbent-based separation process
are shortly described, but the main focus is in the performance of the active materials.
Recent DAC studies using solid adsorbents or absorbents are reviewed and analysed to
provide guidelines for the selection of these materials in DAC processes, and further, to
emphasize important parameters for future studies.

In the experimental part, two sorbent materials are studied for DAC purposes. Experiments
that were conducted based on the essential information gained from literature about the
most important parameters of a good solid sorbent material for DAC are described in
detail. The experimental results are discussed, and based on these and results gained from

literature, conclusions are drawn.
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I Literature part

DAC is studied in several research groups, and has inspired some start-up companies.
Climeworks has been founded by Jan Wurzbacher and Christoph Gebald, who have
published reports concerning DAC with a nanofibrillated cellulose sorbent 437 The
Climeworks process is thus probably based on this sorbent material. Other real cases of
commercialized DAC include Carbon Engineering Ltd founded by David Keith and others

[38] (39 Carbon

, and Global Thermostat founded by Peter Eisenberger and others
Engineering has a DAC pilot plant under development in Canada, and their DAC process
is based on an aqueous sodium hydroxide solution %, Global Thermostat has operational
pilot process plants for DAC and PCC purposes, also in Canada. The results by these

groups and many others are presented and discussed in this literature review.

In a DAC technology assessment by American Physical Society ¥ the binding steps of
CO; in direct air capture systems are divided to four stages. Step 1 is the transport of the
CO, containing gas mixture to the boundary of the medium, which contains the binding
material. Step 2 is the transferring of CO, from the gas phase into the medium. Step 3
involves the transportation of the CO, within the medium to the binding site. Step 4 is the
reaction itself at the binding site. The binding steps are followed by three steps needed to
complete the cycle. In step 5, CO; is released from the binding material. Step 6 is the
regeneration of the binding material. Step 7 is the final step, and consists of the purification
and compression of the CO,. The DAC process is shortly in these seven steps. The
following is focused in steps 4-6, because mass-transfer itself is not discussed in detail,

although may be mentioned in some cases.
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2 DAC based on solvents and other non-sorbent technologies

In this chapter, methods of CO, capture based on methods less studied in the recent years
are reviewed shortly. Sodium hydroxide based DAC is first reviewed, because it was the
first DAC method that was considered % and critically analyzed 1 in full process scale.
As an introduction to sodium hydroxide- and generally solvent-based CO, capture, the
chemistry of CO; in water solutions is shortly reviewed. Other solvent options such as
monoethanolamine (MEA), and other process options such as electrodialysis are also

reviewed shortly.
2.1 Sodium hydroxide solutions

Probably the first time that capturing CO; directly from atmospheric air was proposed, was
in 1999 by Lackner et al. Y. In 2004, Lackner and Zeman “” proposed a process for the
removal of CO, from atmospheric air using NaOH. As sodium hydroxide based DAC used

to be the definitive process option for DAC, it is reviewed here shortly.

2.1.1 CO, in water solutions

Carbon dioxide is slightly soluble in water in room temperature, and as with other gases,
the solubility quickly decreases with temperature, but increases with increasing total or
partial pressure “2. In water, CO, produces hydrated CO, species, but also a small amount

of carbonic acid, H,COs.

€0,(g) + 3H,0 & C0,(aq) + 3H,0 & H,CO5 + 2H,0 (2)

H,CO5 + 2H,0 < HCO3~ 4+ H30* 4+ H,0 < C05*~ 4+ 2H;0* (3)

The total reaction pattern of diluted CO, and resulting species can be seen in Equations (2)
and (3). In Equation (2), the CO, is diluted from air into water, resulting in the formation
of carbonic acid. In Equation (3), the carbonic acid is deprotonated to bicarbonate, which

in turn is deprotonated to carbonate. [**!
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2.1.2 Capture mechanism

The capture mechanism of CO, with aqueous NaOH is based on an acid-base reaction

between carbonic acid and NaOH B3, The general reaction is in equation (4).
2NaOH(aq) + C0,(g) -» Na,C05(aq) + H,0 (4)

Sodium hydroxide is a strong base, dissociating practically completely in water. Thus, 1
mole of NaOH creates 1 mole of OH -ions that are able to react with carbon dioxide. An

excess of NaOH results in a strongly basic carbonate solution, whereas the molar ratio of

1:1 for NaOH:CO, results in a mildly basic bicarbonate solution &%

[40]

. The hydroxide ion
has a strong binding energy "™, being therefore suitable for direct air capture. Other

advantages of aqueous NaOH are high load capacity and fast reaction time 1.

2.1.3 The CO, capture process

Treating CO, containing gas mixture with NaOH is an absorption process, where sodium
carbonate is generated “***. NaOH was selected by Lackner and Zeman “% instead of
KOH because KOH was more expensive. Calcium hydroxide has also been proposed as a
solvent, but it suffers from the generation of low-soluble calcium carbonate, which scales

on the surfaces of the gas-liquid contactor (4.

The wet scrubbing process proposed by Lackner and Zeman “® generates sodium
carbonate solution, which is reacted with solid calcium hydroxide. This process is
causticization, and regenerates the NaOH. The resulting calcium carbonate is then
decomposed by thermal regeneration or calcination, releasing solid CaO (lime) and the

gaseous CO..

In a process design study by Baciocchi et al.l*] two process schemes were proposed
based on the process steps proposed by Lackner and Zeman, although the cost of these
processes could not be evaluated. In a study proposing CO, absorption with a spray
column contactor using NaOH, the price estimate was $100/tCO, on average . The
NaOH based DAC process was also thoroughly discussed and evaluated in an APS report
B33 “and dismissed with minimum total costs of $610/tCO,. Other cost estimates for the
same or similar DAC processes were presented above in the introduction, although the
APS report estimate may be closest to realism. All in all, the NaOH DAC probably was not

to be applied in full scale, as the costs, especially the energy costs in the decomposition of
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CaCOg, are very high. Klaus Lackner, the first proposer of a NaOH based CO; capture
process, moved on from NaOH to present a solid sorbent-based DAC process already in
2011 19,

2.2 Other solvent-based options for DAC

Here, other methods for solvent-based CO, capture are shortly reviewed. The methods
include for example amine based solvents, membranes and electrodialysis. The methods

described here may or may not be applicable as DAC processes.

2.2.1 Amine based solvents, ionic liquids and chilled ammonia

Amine based solvents used in CO, capture are alkanolamines such as monoethanolamine
(MEA), diethanolamine (DEA) and N-methyldiethanolamine (MDEA) ¥, The most used
is MEA because of its high reactivity with CO, !, MEA is a weak base and reacts
efficiently with CO, only in a solution with excess of MEA B3I, The capture mechanism of
CO, with MEA is based on the formation of an intermediate zwitterion, which further
reacts with another MEA molecule to produce carbamate anion and an alkyl ammonium
cation B¥. The reaction thus uses 2 moles of MEA per one mole of captured CO,.
However, MEA is only efficient in capture from sources with high concentrations of CO,,

such as from flue gases 3441,

lonic liquids have been proposed as solvents for CO, capture instead of MEA. lonic liquids
are mixtures of salts liquid in room temperature. The advantage to MEA is lower energy
needed in the regeneration step. However, CO; solubility in ionic liquids is lower than in
MEA. lonic liquids are also more selective for SO, and H,S than for CO,, causing possible
problems for capture from sour gases. lonic liquids are also more viscous and more
expensive compared to MEA for example. ¥ No DAC applications of ionic liquids have

been reported.

Using chilled ammonia solutions for CO, capture was proposed by Kozak et al.“%. In this
process, the ammonia reacts with CO; to produce ammonium carbonate that is regenerated
by heating. Lower regeneration energy compared to an amine based process was listed as
an advantage, for example. This process also, however, was designed for post combustion

flue gases with high concentrations of CO..
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2.2.2 Membrane and electrodialysis

Different membrane processes such as gas separation membranes, liquid membranes or
chemically reactive membranes in CO, capture have been studied, but the applications, if
any, are usually in post combustion CO, capture. For example, membranes as contactor
units in solvent-based CO, capture processes have already been implemented. ®® Some
solvent-based membrane processes have potential for DAC, and are discussed here. Solid
sorbent-based lon-exchange membranes are discussed along with ion-exchange resins in
chapter 3.2.4.

One example of a proposed DAC suitable membrane is ionic liqguid membrane proposed in
a study by Cheng et al.®. The membrane in question has a polymeric support that is
covered with a commercial ionic liquid. Capture of CO, from ambient air with ionic liquid
membranes was achieved with high CO,/N, selectivity of 20 calculated by the ratio of
permeances of CO, and N, respectively. The process was thus presented as a plausible
option for DAC.

Membranes have also been proposed to be implemented in electrodialysis ©2°%. The
technology is based on regenerating a CO,-enriched capture solution from a solvent-based
air capture process. Voltage is applied into an alternating stack of bicarbonate permeating
anion-exchange membranes and bipolar membranes, which dissociate water into H" and
OH' ions. The hydroxide ions regenerate the capture solution, and the protons react with
bicarbonate to yield carbonic acid. Pure CO, is extracted from the acidic solution, which is
then recycled to the electrodialysis. This technology was reported to be more energy-

efficient than other solvent-based DAC processes.
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3  Sorbent-based DAC

Using solid sorbents is clearly the most widely considered option for DAC, and therefore,
these solid sorbent-based technologies are reviewed in detail in this chapter. The theory
behind sorption processes is first addressed by reaction mechanisms, adsorption isotherms
and basic principles of a fixed-bed adsorption process. As a preface to the sorbent material
review, important parameters concerning a DAC process are reviewed. Articles on DAC
are then reviewed, keeping focus in the sorbent materials and their characteristics. Finally,
the results gained from the literature are analysed by comparing these results and drawing

relevant conclusions.
3.1 Mechanisms and models

Relevant theory considering adsorption and ion-exchange is presented in this chapter. The
reaction mechanisms are presented at a general level. Also, the most relevant sorption
equilibrium models, such as Langmuir and Freundlich models are presented. The theory in
chapters 3.11-3.13, if not otherwise stated, is based on a textbook of separation processes
by Seader et al. 4,

3.1.1 Mechanisms behind adsorption

Adsorption and ion-exchange are sorption phenomena, where components separated from
fluid phase, the sorbates, are bound by physical or chemical interactions onto a sorbent
material. In gases for the sorption to occur, the forces between the sorbent material and the
sorbate must be higher than the forces between the gas and the sorbate. Adsorption is at
least in most cases °° exothermic, and the amount of heat released is measured by heat

(enthalpy) of adsorption.

Adsorption requires a solid adsorbent material, and the interactions between the adsorbent
and adsorbate can be of physical or chemical nature. The physical interactions are referred
to as physisorption, and the mechanism behind them is based on weak intermolecular
forces, the van der Waals forces. Physisorption is reversible as one-layered (unimolecular)
sorption, but can occur in multiple layers, and can then be irreversible. The chemical
interactions are referred to as chemisorption, and are based on covalent bonds, that can be

irreversible. Chemisorption only occurs as one-layered, i.e. the molecules can form only



20

one molecular layer onto the adsorbent by chemisorption. The highest possible specific
surface area is thus important for a good adsorbent material. The principle of adsorption

can be seen in Figure 3.

Adsorbent
Adsorbed layer / Fluid phase

in pores

/

on surfaces

FIGURE 3 Adsorption on solid particles. %

Adsorption as an exothermic phenomenon releases heat, and thus, the adsorption heats
(enthalpies) are negative. The greater the binding strength, the greater the absolute value of
enthalpy of adsorption. However, the binding of CO, on the sorbent also decreases the

entropy of the system. &%

AG = AH —TAS (5)
Where AG the Gibbs free energy,
AH the enthalpy of adsorption,
T temperature,
A4S the entropy of the system.

In the thermodynamic Equation (5), the Gibbs free energy is composed of the enthalpy and
the entropy terms. For the adsorption to be spontaneous, the Gibbs free energy must be

negative.**!

3.1.2 Adsorption isotherm models

When adsorption is conducted long enough, equilibrium is reached for the concentration of
the adsorbate between the gas and the adsorbent surface. When the amount of adsorbate
adsorbed in the adsorbent, g (for example in unit mmol adsorbate/g sorbent), is plotted
against the concentration or partial pressure of the adsorbate in the gas to be treated, an
adsorption isotherm is gained. Adsorption isotherms have been divided to five different

types by Brunauer et al. ®®, shown in Figure 4 below.
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FIGURE 4 Five adsorEption isotherm types by Brunauer. P /P,= total pressure/vapour
pressure. 4

As described by Brunauer et al. ®°, type I relates to unimolecular adsorption, and type Il to
multi-layered, so called Brunauer-, Emmet-, Teller- (BET) adsorption. Langmuir and BET
isotherms associated with these types of isotherms will be described in this chapter below.
Type 11 isotherm corresponds to multi-layered adsorption, where the heat of adsorption
increases with each layer of molecules adsorbed. In this isotherm, when the partial pressure
of the adsorbate is increased in the gas, the adsorption is delayed until saturation pressure
is reached or near it, leading to very unfavourable adsorption. These three types assume
infinite adsorption layers, and do not take into account capillary condensation, where the
pores of the adsorbent become filled with the adsorbate, leading to condensation of the
adsorbate as liquid. Types IV and V correspond to adsorption of types Il and Ill with
capillary condensation. In such cases hysteresis occurs, which is seen as the adsorption and
desorption curves differing from each other in Figure 4. Regardless of sorbent material,

whether silica B zeolite ™ activated carbon ©° jon-exchange resin 1 or other
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materials *%Y! the adsorption or absorption of CO, on solid sorbents tends to follow the

isotherm of type I.

The isotherm types above are described by different models. The simplest model used is

the linear isotherm.

q =kp (6)
Where q adsorbate loading,
k empirical temperature-dependent constant,
p partial pressure of the adsorbate.

In Equation (6), the loading of the adsorbate in the adsorbent is linearly correlated to the
partial pressure of the adsorbate. This relation is only valid for low amounts of the
adsorbate. This linear region can be seen from Figure 4, when examining the type I
isotherm at low pressure at the beginning of the curve. Thus, other models such as the

Freundlich model or the Langmuir model are usually used for type I adsorption.

q = kp'/" (7)
Where n empirical temperature-dependent constant.

Equation (7) is the Freundlich isotherm, in which the dependence of the loading of the
adsorbate of the partial pressure is nonlinear. In comparison to the linear isotherm (Eq. 3),
another empirical constant n has been added. If n = 1, the Freundlich isotherm is reduced

to the linear isotherm.

_ Kamp (8)
1= 1T+ kp
Where K adsoption-equilibrium constant
Am the maximum amount of adsorbate in the adsorbent.

The nonlinear Langmuir model is in Equation (8). The adsorption-equilibrium constant is
the ratio of the kinetic constants of adsorption and desorption, respectively. The maximum
loading of the adsorbent g,, is the amount of adsorbate on the adsorbent, when all
adsorption positions are full on the surface of the adsorbent. The Langmuir isotherm is

reduced to the linear isotherm at low pressures, i.e. Kp «< 1.
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Although the sorption of CO; on solid sorbents usually follows unimolecular type I
isotherm, the surface area of the sorbents is usually studied by nitrogen adsorption, which

is modelled with the BET equation.

p 1 N c=1p (9)
V(Po—P) UmC  UmC Po
Where p partial pressure of the adsorbate,

v volume adsorbed at 0°C and 760mmHg,

Po vapor pressure of the of the adsorbate at temperature T,

U, maximum volume of the adsorbate as a unimolecular
layer,

c constant related to the heat of adsorption.

The BET equation in Eqg. (9), like already stated, is used to model types Il and Il

adsorption. Constants v,,, and c can be determined, when experimental data is gained for p

p
v(po—p)

small, i.e. po/p < 1, the BET equation is reduced to Langmuir equation.

and v, and

is plotted against pﬁ. When the vapour pressure of the adsorbate is very
0

An isotherm worth to mention is also the Dual-Site Langmuir isotherm [:

_Kadmap  KpdmpD (10)
1+ Kyp 1+ Kgp
Where K, adsorption-equilibrium constant for A sites,
Om.a the maximum amount of adsorbate in the
adsorbent for A sites,
Ky adsorption-equilibrium constant for B sites
Gm,B the maximum amount of adsorbate in the

adsorbent for B sites.

In the Dual-Site Langmuir isotherm in Equation (10), the adsorbate is assumed to adsorb
on two sites A and B. The adsorbate is distributed on these sites based on the constants K,
and Kz. The dual-site model was also used to model a mixture of two gases, and was

recommended for cases in which the saturation capacities of the two gases are similar [°4.
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3.1.3 Basic principles of a Fixed-bed sorption process

Fixed-bed sorption, or packed-bed sorption, is a common process setup for CO, capture
studies #5853 The sorbent material is packed in a column, into which the fluid is
introduced. The fluid passes through the interstices between the particles, while the
sorbates are diffused from the fluid phase into the pores of the sorbent. The sorption then
follows on the surfaces of the pores, and the sorbate-poor fluid comes out of the column as

outlet, or effluent.

In an ideal fixed-bed operation, the flowing fluid and the sorbent bed are assumed to reach
a local equilibrium instantaneously. This zone of equilibrium moves through the bed as so-
called stoichiometric front. The fixed-bed column is divided into two sections, consisting
of the sorbate-saturated equilibrium zone (ES) upstream of the stoichiometric front and the
unused bed (UB) downstream the stoichiometric front. The corresponding lengths and
widths for these sections are called LES, WES, LUB and WUB. The adsorption takes place
in the mass transfer zone (MTZ), which is divided by the sections of equilibrium zone and
the unused bed in Figure 5.

1.0

Unused bed

Equilibrium
zone at

cilep

0
0 L, Ly Ly
Distance through bed, z
FIGURE 5 The concentration wave-fronts and the sections of the equilibrium zone,

the mass-transfer zone and the unused bed in a nonideal fixed-bed
adsorption process. ¢t and cr refer to concentrations of the fluid and the
feed, respectively. L is the point in the column at which the sorbent bed
is almost saturated, and Ly is the point at which the bed is almost clean of
sorbate. Lg is the column outlet. %
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In Figure 5, a nonideal case of fixed-bed sorption is depicted, where the concentration
profiles of the concentration of the fluid c;, the concentration wave fronts, are broadened
by transport-rate resistances. The broadening effect is typical for linear isotherms or type
I11 isotherms (see Figure 4). The broadening occurs when the wave-front at high ¢ moves
slower than the wave-front at low c. On the other hand, “self-sharpening”, which is typical
for type I isotherms, means that the wave-front at high ¢t moves faster than the wave-front
with lower c;. The transport-rate resistances limit self-sharpening, however, and a constant-
pattern front is developed. In constant-pattern behaviour, the MTZ becomes constant. The
transfer of the stoichiometric front and the formation of the breakthrough curve from the

wave front are depicted in Figure 6.

Lodd 4
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o LES L
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T LES <
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1
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@,qu
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O lr!rTi Iﬁ' P‘('.’
t, time for adsorption step
FIGURE 6 In the upper figure, the transfer of mass-transfer zone through the fixed-

bed, and the loading of the sorbent bed from 0 to g are depicted. In the
lower figure, a breaktrough curve related to the fixed-bed behaviour
above is depicted. t, refers to breaktrough time, ts refers to the
stoichiometric time, and t. is the time at which the sorbent bed is fully
loaded. 1°*

In Figure 6, at time ty, the highest point of the stoichiometric wave reaches the end of the
column, and the breakthrough is reached. At this point, the feed into the column is stopped

to prevent the loss of sorbate to the outlet. Time ts is referred to as the stoichiometric time,
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at which point the stoichiometric front reaches the end of the bed. At time te, the sorbent
column becomes fully saturated with the sorbate. At breakthrough time, the sorbent bed, if

not discarded, must be regenerated.

The regeneration of the sorbent bed is conducted by desorption of the sorbate by increasing
temperature, introducing vacuum or increasing humidity level. The regeneration is based
on lowering the bed-capacity towards the sorbate by altering conditions. Temperature-
swing-adsorption (TSA) is based on the difference in sorption- and desorption
temperatures. Sorption is carried out in lower temperature, and temperature is increased for
desorption. Pressure-swing-adsorption (PSA) conducted by lowering the pressure to
initiate desorption. If the pressure is lowered to near vacuum-pressure, the swing is called
vacuum-swing-adsorption (VSA). Inert-purge-swing can be introduced in the same
conditions as the sorption, by purging the sorbent bed with an inert gas, such as pure
nitrogenl’ or argon®?. The desorption step can also be conducted by humidity- or

[46,71]

moisture-swing , in which the sorption is conducted with dry sorbent, and the

desorption is conducted by introducing moisture. These different swings can also be used

)[34,37]

in combination, such as in temperature-vacuum-swing (TVS , or temperature-

concentration swing (TCS)* using heated inert-gas purge.

3.1.4 Critical parameters in CO, adsorption processes

The most relevant parameters related to sorption of CO; on solid materials are introduced
here. The purpose is to make it easier for the reader to understand the experiments and

sL7:8545758.68.71-801 are given to the definitions of

results that are reviewed. Some example
each parameter, but the reader is advised to examine the literature to learn how these
parameters have been described in each case. Although cost of the materials is an
important factor when considering process feasibility, it is rarely available, often because
the studied materials have no marketing name, or are not reported properly. The cost factor

is thus not addressed here.

The binding energy of a sorbent is usually discussed by determining enthalpy of sorption
[57.68.72-74] “nhresented in the unit kJ /mol. The isosteric heat of adsorption is the negative of
the difference in the total enthalpy of a closed system 4. The binding strength of a
sorbent is one of the most important parameters in CO, sorption: Low concentration of

CO; in the atmospheric air means that the binding strength of the sorbent material has to be
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higher than when capturing CO, from flue gases 821 On the other hand, a very strongly

bonding material usually needs high temperature or pressure swings for desorption, raising

the energy cost ["3%81. A comparison of heats of sorption and the regeneration temperatures

of different sorbent materials by Wang et al. (2013) ™! can be seen in Figure 7.

FIGURE 7
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A thermodynamic comparison of different materials for air capture by
Wang et al. (2013) ["®!. IEM stands for ion-exchange membranes.

Capacity for CO, capture is probably the most critical characteristic of a sorbent material.

A high capacity is important for acquiring the most out of the least amount of sorbent

material. However, the ability of the sorbent material to lose its capacity under certain

circumstances is as important as a high capacity. The difference in sorption capacities at

different temperatures for a certain sorbent!*”! can be seen from Figure 8.
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FIGURE 8 Adsorption isotherms of CO, on a silica gel sorbent B4,

CO, capture capacity is usually reported as mmol CO,/g sorbent or mg CO,/ g sorbent. The
equilibrium capacity is most often reported®® |n the case of regeneration cycle
experiments, lower CO, sorption capacities are gained, because the cycles are shorter than

what needed for reaching equilibrium. The reason for this can be seen from Figure 9.
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FIGURE 9 The kinetics of CO, adsorption at 25°C and 1bar from pure CO; gas on

different mesoporous silicas 2.

In Figure 9, the adsorption of CO, is very fast at first, but is followed by a long gently
sloping curve. Thus, lower sorption capacities are more reasonable to be settled for in

regeneration cycles. Also, sorption and desorption capacities may be reported separately,
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such as in the case of Wurzbacher et al. (2011)**. Sorption capacity may also be referred
to as swing size, such as in the studies of He %1 Similar concept is the working
capacity!™, which is shortly the adsorption capacity at initial conditions subtracted by the

adsorption capacity at the regeneration conditions.

Selectivity of the sorbent towards CO, in DAC is important due to the minor concentration
of CO; in atmospheric air compared to nitrogen, oxygen and water vapour. Selectivity is
often determined from gas mixtures of CO, and N,, by comparing the uptake of these
gases, i.e. the sorption capacities. Selectivity of adsorption is traditionally defined by the
following equation B4, and was used for selectivity calculations for example in the study
by McDonald et al.[":

q:/4; (11)
ai,j =
Pi/Pj
Where a; the selectivity of component i over j,
qi the loading of component i in the sorbent,
q; the loading of component j in the sorbent,
12 the partial pressure of component i,
D; the partial pressure of component j.

In Equation (11), component i is CO,, and component j is usually N,. Selectivity has also
been reported as simply the ratio of CO, and N, uptake on the sorbent 8. Ideal adsorption
solution theory (IAST) is used to predict adsorption behaviour of gas mixtures, and gives
more precise results for selectivity compared to ones calculated using Equation (11) "8,
For example, Shekhah et al.l"¥ used IAST and determined selectivity by the following

equation:
S = (Uptake CO,/Uptake CO, and N,)/(Uptake N, /Uptake CO, and N,) (12)
CN—OZZ - Composition CO,/Composition N,

Purity of CO, in the outlet gas is closely related to selectivity, and can be a more
describing parameter when comparing sorbents, such as in the case of a study by Lul™. As
stated above (Ch. 1.1.2), the purity of the CO, stream is important for its utilization in the

methanation process. The purity of the CO, can be calculated using the following equation
[74].
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Purity = feo, . 100% (13)
dco, T 92
Where dco, the loading of CO, in the sorbent,
q the loading of component 2 in the sorbent.

Sorption kinetics can be evaluated in several ways. In a sorption process driven in a fixed-
bed manner, the breakthrough time is reached, when the concentration of the sorbate in the
effluent, which is in this case the treated gas, starts to increase (see 3.1.3). Adsorption half
time is a term used in adsorption experiments, and means the time when half of the
pseudo-equilibrium adsorption capacity is reached ®%. The pseudo-equilibrium adsorption
capacity is reached at the point, at which no significant weight gain of the sorbent from
adsorption of CO, in TGA is observed % Kinetics in the sorption/desorption cycle
experiments can be evaluated by determining sorption/desorption rates from the
corresponding capacities and times *"%7"). Adsorption- or desorption rate is gained by
dividing the sorption capacity by the time taken to reach it. The unit of sorption/desorption

rate is thus mmol CO, /(minxg sorbent).

The stability of the sorbent material is related to stability towards conditions such as
temperature, pressure and moisture or oxidation. The stability of the sorbent relates to the
ability to retain its sorption characteristics, most importantly the capacity to capture CO,.
The sorbent materials discussed in the following are usually chemically functionalized, and
thus the instability of the sorbent is usually related to the decomposition of these functional

groups.

Regenerability of the sorbent material is closely related to the stability. To create a cost-
effective CO, adsorption process, the sorbent material must be regenerable, i.e. retain its
sorption performance through recurring adsorption/desorption cycles. The sorbent material
may undergo critical structural changes during these cycles, and regenerability is thus often
studied in detail. Although usually unacceptable for solid sorbents, the mechanism behind
CO, capture can be based on an irreversible reaction, which renders the material

unregenerable.

Porosity is closely related to the capacity, as larger the specific surface area, the more
surface for the sorption to take place. Pores in sorbent materials can be classified as
micropores which are larger than 2nm, mesopores which are in the range of 2-50nm and

macropores which are larger than 50nm. In the case of functionalized materials, larger
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specific surface area means more theoretical loading of the material with functional
groups. Amine efficiency is the ratio of the moles of CO, captured versus the moles of

nitrogen of the amines in the sorbent material /.

3.2 Sorbent materials

The sorbent materials and the corresponding results in CO, capture from air discussed here
have been divided into subchapters based on the type of the support material (matrix). The
material properties and the mechanisms of the CO, capture are presented. Articles are
reviewed from the perspective of the most important characteristics, such as CO,

adsorption capacity, regenerability of the sorbent and kinetics of the sorption.

3.2.1 Zeolites

Zeolites are porous aluminosilicates consisting of a crystalline structure composed of
negatively charged tetrahedrons of SiO, or AlO, ®*®%. The sorption of CO, by zeolites is
based mainly on physisorption, but a small portion of the CO, is chemisorbed as carbonate
or carboxylate *¢l. Zeolites have certain sized apertures in their crystalline structure, acting
thus as molecular sieves for different sized molecules, while separating similar sized
molecules according to their charges P*. Zeolites have been reported to have reasonable
CO, adsorption capacities in room temperature at least from flue gases %, Zeolites have
also good regeneration properties at high temperatures (over 600K) and high adsorption
kinetics at least in high concentrations of CO, %, Zeolites have also been functionalized

with amine groups for CO, capture 7,

Although the studies and possible applications of zeolites in CO, capture usually relate to
capture from flue gases or other sources with high concentration of CO, 7828 co,
capture from low concentration sources with zeolites is not completely unheard of %, |n
a study by Stuckert et al. ®® different zeolites were compared with mesoporous silica
SBA-15 for the capture of CO, from atmospheric 395ppm air. Na-zeolites were ion-
exchanged with hydroxides of Li, K and Ca to gain corresponding ion-exchanged zeolites.
Li-LSX zeolite powder had the highest adsorption capacity of 1.34 mmol CO,/g adsorbent.
Selectivity ratio of CO,/N, calculated from the adsorption capacities was circa 1.6 for the
zeolite in question, whereas the corresponding value for K-LSX zeolite was circa 3.0.

Breakthrough curves were determined for the two zeolites in pellet form in a fixed-bed
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setup, and saturation was achieved in less than 2 hours. The curves were also much sharper
for the zeolites than for amine-grafted samples used in comparison. At a relative humidity
of 80%, however, most of the adsorption capacity was lost for the zeolites. With only
temperature swing adsorption, the CO, purity of the desorption gas was highest for Li-LSX
zeolite with about 60% purity. With a combined vacuum swing adsorption and temperature
swing adsorption, over 90% purity was achieved for zeolites Li-LSX and K-LSX and for
the amine-grafted silica SBA-15.

In a study of Cho et al. ®, ground zeolites mixed with LiOH were studied for the capture
of CO, from 1000-7000ppm gas streams simulating indoor CO, concentration. The
samples showed high adsorption capacities for CO, (3-5 mmol/g adsorbent), although, due
to higher concentrations of CO,, the results are not fully comparable to the results of
Stuckert et al. 8, for example. In contrast to the zeolites in the study by Stuckert et al. !,
relative humidity enhanced the adsorption capacities of LiOH loaded zeolites. This could
be explained by the formation of a reactive lithium hydroxide monohydrate (LiOH-H,0),
which reacts with CO; to produce Li,CO3. However, this reaction is irreversible, and thus,
the LiOH loaded zeolites could not be regenerated, but were only divided into smaller
particles to provide more reactive surface. In the same study, it was also found that the

zeolites ground into particles smaller than 250um did not adsorb any CO,.

3.2.2 Silica- based materials

Silica materials used in CO, capture are ordered SiO, frameworks with specifically
customized pore sizes, shapes and other properties . Mesoporous silicas often act as
support materials, and are functionalized with different amines. The resulting aminosilicas
are divided into three classes, which are presented in Figure 10. The CO, capture on these

materials is based on chemisorption, i.e. different reactions with the amines.



33

a)

‘{/\"’r Class 1

In Toluene

™ Class 2

= b .
N
Porous W ,\ J (w /“‘)

N N (
>
Silica NN
c) Ko Kb Moy
Yot Vo
In Toluene \ "\ L
Dw L)Wl \
Class 3 L B e
WO -\o oM \Y) o
\ | |0

FIGURE 10 Three different classes of porous silica grafted with amines. Class 1 silica
sorbents are impregnated with monomeric or polymeric amines by
physisorption. Class 2 silica sorbents have covalently bound amine
groups. Class 3 silica sorbents are prepared by polymerization of amines
with the solid support by amine-containing monomers. [*®!

Such as in the case of MEA solutions described above, primary and secondary amines
react with CO, in a zwitterion reaction to produce carbamate (Fig. 11). The reaction

between CO, and tertiary amines, however, is different (Fig. 12).

H H
\N -0
0=C=0 + ~_NH; — ‘v@“‘(':g
o

FIGURE 11 The reaction of CO, with primary, secondary or hindered amines. Amine
reacts first with the carbon atom of CO,, and a zwitterion is formed. The
zwitterion then reacts with a free base to form carbamate. The free base
can be another amine, H,O or OH". (&
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0=C=0 + OH

FIGURE 12 The reaction of CO, with tertiary amines. The tertiary amine reacts with a
water molecule to produce a cationic quaternary amine and a hydroxide
ion. Hydroxide ion then reacts with the carbon of CO; to produce a
bicarbonate anion. In the last step, the bicarbonate and the quaternary
amine ions react with each other. [*°!

For primary and secondary amines, the maximum amine efficiency of an amine
functionalized sorbent in dry conditions is 0.5 mmol CO,/mmol N, because another amine
group acts as a free base needed for the zwitterion to deprotonate to carbamate. In humid
conditions, the corresponding value can be 1 mmol CO,/mmol N, because the free base can
be produced by H,O. Also, it has been presented that in humid conditions, primary and
secondary amines react similarly as tertiary amines, producing first carbamate, and then

bicarbonate and carbonate. !

The doubling of the amine efficiency and the formation of bicarbonate or carbonate species
in humid conditions was questioned by Bacsik et al.%. However, Didas et al. (2014)!*"
proved the formation of bicarbonate species in CO, capture under humid conditions on
silica with a low loading of amine, in which case the CO, reacts with the amine with a
molar ratio of 1:1. Apparently, with high loading, the “free base” is provided by the

adjacent amine group, leading to lower amine efficiency.

The most commonly used amine for the functionalization of porous silicas is
polyethyleneimine (PEI), which can be branched or linear . The branched structure of
PEI contains a mixture of primary, secondary and tertiary amines, whereas linear PEI has

only primary and secondary amine groups %, PEI-functionalized silica adsorbents belong
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to class 1 aminosilica sorbents (see Figure 10) 801 pE|-functionalized sorbents have been

reported to suffer from low stability in repeated adsorption/desorption cycles ©°.

PEI-functionalized silica were stabilized with silane- and titanium-based additives in a
study by Choi et al. (2011a)®% to provide class-1 aminosilicas with for example enhanced
thermal stability. The additive-treated silicas were thermally more stable, as the
decomposition temperatures of PEI were 185°C, 225°C and 235°C for the untreated
sorbent, the silane treated sorbent and for the titanium treated sorbent, respectively. The
CO, adsorption experiments were conducted with simulated air consisting of argon and
400 ppm CO,. The amine loadings and adsorption capacities were in the ranges of 10.5-
10.7 mmol N/g sorbent and 2.19-2.36 mmol CO,/g sorbent, respectively. The treated
aminosilicas had adsorption half times around 200 minutes, while the untreated aminosilica
had an adsorption half time of over 300 minutes. In TSA cycles, adsorption was conducted
at 25°C, desorption at 110°C. In 4 temperature swing cycles in dry conditions, the capacity
decrease of the untreated aminosilica was 2.36-1.65 mmol COy/g sorbent, while the
corresponding values for silane-treated and titanium-treated aminosilicas were 2.26-2.05
mmol CO,/g sorbent and 2.19-2.16 mmol CO,/g sorbent, respectively.

Kuwahara et al. (2012)"®Y incorporated zirconium into a PEI-funcionalized mesoporous
silica (SBA-15). Under gas with argon and 400 ppm CO,, the resulting sorbents had higher
CO, adsorption capacities, stability and regenerability compared to PEI-silica without Zr
atoms. The silica-PEI sorbent with no Zr had an adsorption capacity of 0.19 mmol CO,/g
sorbent. A sorbent with the molar ratio of Zr/Si of 0.070 had the highest adsorption
capacity, which was 0.85 mmol CO,/g sorbent with amine loading of 8.33 mmol N/g
sorbent. The decomposition temperatures of PEI were 30°C higher for the Zr-incorporated
silicas. Bare Zr-silica sorbent had a negligible adsorption capacity towards CO,. In 4 TSA
cycles with regeneration under Ar flow and temperature swing from 25°C to 110°C, a PEI-
silica with Zr atoms suffered a 2% drop in adsorption capacity. In similar cycles, the

adsorption capacity of the PEI-silica with no Zr atoms was decreased 34%.

Potential materials for DAC are also class 3 aminosilicas (Fig. 4), so called hyperbranched
aminosilicas (HAS). They are prepared by reacting aziridine with the porous silica surface
(%] Choi et al. (2011b)!*¥ investigated the CO, adsorption capacities, kinetics and
regenerability of class 3 silica sorbents under humid air with 400 ppm CO,. Choi et al.

(2011b) argued that the reduction in adsorption capacities, when lowering the
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concentration of inlet CO, from 10% to 400ppm, for class 3 sorbents was less significant
than for class 2 aminosilicas. For the class 3 sorbents studied, the reductions in adsorption
capacities were in the range of circa 1.1-2.0mmol CO,/g sorbent, while the amine loading
of the materials was in the range of circa 2.3-10.0 mmol N/g sorbent. The amine loading
and thus adsorbent capacity, which was in the range of 0.15-1.72 mmol CO,/g sorbent, was
increased with the cost of adsorption half time from about 90 minutes to 167 minutes. For
a certain tested HAS type sorbent, in four temperature swing cycles, no significant loss of

adsorption capacity was noticed.

Different propyl-silane group functionalized, class 2 aminosilicas, were examined in a
study by Didas et al. (2012)""! to compare the efficiency of primary, secondary and tertiary
amines in CO; capture from gas with helium and different concentrations of CO,. At
temperatures 25°C, 45°C and 65°C, silica materials functionalized with primary amines had
significantly higher adsorption capacities for CO, than silica materials functionalized with
secondary or tertiary amines. For example, at 25°C with amine loadings of 3.75 mmol N/g
adsorbent and 2.41 mmol N/g adsorbent, the adsorption capacities in 400 ppm CO; were
circa 1.1 mmol CO,/g adsorbent and 0.2 CO,/g adsorbent for silicas with primary and
secondary amines, respectively. The adsorption of CO, for tertiary amines was negligible.
Circa 47% higher heats of adsorption were gained for primary amines than for secondary
amines, indicating to stronger bonding, and probably explaining the results. It was also
found, that primary amine functionalized silica adsorbed more water than other samples,

and further, that higher loading of amine resulted in increased water uptake.

Heats of adsorption of CO, on amine grafted silica materials were also studied by
Alkhabbaz et al. (2014)2. Heats of adsorption were found to increase with higher
loadings of 3-aminopropylsilyl groups, with loadings varying from 0.87 to 1.87 mmol N/g
sorbent. The material with the lowest loading of amine gave heats of adsorption of similar
scale to that of bare silica. The values of these heats of adsorption were about 50% of value
of the heats of adsorption for the material with the highest amine loading. The effect of the
amine structure on the heats of adsorption was also studied, and amines containing
syclohexyl- or a benzyl group gave especially low heats of adsorption. The heats of
adsorption of the 3-aminopropylsilyl functionalized silica and of secondary amine
functionalized silicas were of similar magnitude, but the primary amine still had

significantly higher CO, uptakes from concentrations of CO, similar to ambient air. The
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higher uptake of the primary amine compared to the secondary amines could therefore not
be contributed to higher heat of adsorption, i.e. enthalpic factor. The difference in CO,

uptakes was explained by entropic factors related to methyl chain bound to the amine.

Polyallylamine (PAA) instead of PElI was proposed for the preparation of class 1
adsorbents in a patent by Khunsupat et al.”*!. The PAA-functionalized silica sorbents were
found to have almost as high or slightly higher adsorption capacities, but were more stable
than the PEI-functionalized silicas. The PAA-functionalized materials had greater
resistance to oxidative degradation, as these materials lost no more than 12% of the CO,
adsorption capacity, while the capacity loss for the PEI-materials was in the range of 7.5-
70.1%. Other proposed possibilities for support materials than mesoporous silica foam

were mesoporous alumina-based materials.

Wagner et al.® used amine-grafted mesoporous silica to adsorb CO, from atmospheric air
in outdoor conditions. To compare the results, experiments in pure CO, and synthetic air
conditions were also conducted. Although the results were not fully comparable due to for
example different temperatures, it is remarkable how poorly the sorbent material was
found to perform in outdoor conditions: the adsorption capacities were reduced to almost
zero after just 3 temperature swing cycles. The adsorptions were conducted overnight, with
air temperature varying from -2°C to +5°C, and in relative humidity of 60-100%. The
desorption was conducted at 75-100°C. This was evidently caused by degradation of the
amines at the cost of the formation of urea groups. Such degradation had been shown to

occur in amine adsorbents in dry conditions before .

Mesoporous silica materials such as SBA-15 have often been chosen as the silica support
(576480911 However, other silica materials, such as silica gel®, fumed silica®°" and

macroporous silica® have also been proposed for direct air capture.

Diaminosilane-functionalized silica gel sorbent in the form of beads of a few millimetres in
diameter were used in TCS and TVS for DAC in a study by Wurzbacher et al. (2011)3%.
Adsorption was conducted at 25°C from gas with argon and 400-440ppm CO,. The
desorption, or the regeneration, was performed under vacuum and by heating in the TVS
process, and in the TCS process by argon purge and heating. The amount of amine in the
sorbent material was 2.48 mmol N/g adsorbent. The desorption temperature strongly
affected the capacity of CO,, which was 0.30 mmol CO,/g adsorbent at 90°C and 0.16
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mmol CO,/g adsorbent at 74°C in the TVS in dry air. The TCS process gave higher
capacities of 0.40 mmol CO,/g adsorbent and 0.32 mmol CO,/g adsorbent correspondingly
in dry air. In humid air, the corresponding values were 0.44 and 0.38 mmol CO,/g
adsorbent in TCS. Also, in the TVS cycles, higher desorption pressures gave lower
desorption capacities of CO,. In 40 TVS cycles, desorption capacity was in the range of

0.17-0.19 mmol CO,/g, with no observable decrease in capacity.

Fumed silica has been proposed °®°! as an easily prepared support material for DAC
purposes. Goeppert et al. (2014)°"! compared different PEI-functionalized fumed silicas
for the capture of CO, from air with 400-420 ppm CO,. The effect of particle size on
adsorption was first studied, and it was found, that using middle-sized particles (0.5-1.7
mm) resulted in the fastest saturation of the sorbent bed. However, desorption was faster
for even smaller particles, and on the other hand, adsorption capacity from air increased
slightly with increasing particle size. Further experiments were thus conducted with
particles with the size of 0.25-0.50 mm. At 25°C, PEI-loading of 50 w-% was found to give
the highest adsorption capacity of 73.7 mg (1.67 mmol) CO,/g sorbent, but also resulted in
the highest sorbent bed saturation time. For the PEIl-loading of 50 w-%, maximum
adsorption capacity was gained at 35°C, probably due to increasing diffusion in the
sorbent. For a sorbent with 33 w-% of PEI, the corresponding maximum capacity was
gained at 25°C. For both sorbents, the desorption temperature of 85°C was enough to
decrease sorption capacity in the bed near to zero. Increasing air flow rate from 335 to 945
ml/min decreased the equilibrium capacity by 6% for sorbent with 33 w-% PEI, and by
about 17% for the sorbent with 50 w-% PEI. Desorption in the cycling experiments was
conducted by nitrogen purge and elevated temperature. Purities were 10% and 4% in
desorption temperatures of 100°C and 85°C, and the desorption took 20 and 40 minutes,

correspondingly. Over 4 cycles, no decrease in adsorption capacity was observed.

Macroporous silica (pore size >50 nm) was used as the solid support for CO, capture in a
study by Liu et al. (2014)®. The macroporous silicas were functionalized with 3-
aminopropyltrimethoxysilane (APTMS). When a gas with argon and 400 ppm CO, was
used for adsorption, a capacity of 2.65 mmol CO,/g sorbent was gained with amine loading
of 10.98 N/g sorbent at 50°C. Although TSA cycling experiments were conducted with
10% CO; containing gas, it is notable, that the capacity decreased only 2% in 120 cycles.



39

3.2.3 Mesoporous carbon and -alumina

In addition to mesoporous silica, mesoporous carbon has been proposed for DAC, such as
in a fairly recent study by Wang et al. (2015)°%. The used gas in the study was a mixture
of CO, and N, and was humid or dry gas, with 400 ppm and 5000 ppm of CO,. The
mesoporous carbon was functionalized by impregnation with PEI, and the samples with 55
weight-% of PEI were used in the adsorption experiments. Interestingly, the maximum
CO, adsorption capacity of the sorbent was increased in all experiments, when temperature
was increased from 25°C to 75°C, and only in higher temperatures started to decrease
quickly. For example, for a certain mesoporous carbon sample under 400 ppm CO,, the
adsorption capacity was about 1.5 mmol CO,/g adsorbent at 25°C, and about 2.0 mmol
CO,/g adsorbent at 75°C. For samples treated with a CO; diffusion enhancing additive, the
corresponding values were 2.25 mmol CO,/g adsorbent and circa 2.4 mmol CO,/g
adsorbent. Adding humidity to the CO, containing gas improved adsorption capacity
slightly. TSA cycling was performed, after saturation of the sorbent with 400 ppm CO,, by
conducting desorption for 45 minutes, reaching 110°C. After 10 cycles, the adsorption

capacity was decreased by 2-3%.

PEI-functionalized mesoporous alumina was used for CO, adsorption from simulated air in
a study by Chaikittisilp et al.®*. From 400 ppm air, the adsorption capacity for the bare
alumina was 0.17 mmol CO,/g adsorbent. With amine loadings of 8.66 and 11.20 mmol
N/g sorbent, the corresponding sorption capacities were 1.73 and 1.95 mmol CO,/g
sorbent. Over three argon-purge cycles, the adsorbent didn’t lose its capacity. For another
PEI-functionalized mesoporous alumina !, a capacity of 1.7 mmol CO,/g adsorbent was
gained from simulated air with N, and 400 ppm CO,. The previous material’s durability
under steam stripping was also tested, because using industrial waste steam was proposed
as a viable regeneration method. The material retained its capacity for 12 hours, but then

dropped to 0.66 mmol CO,/g adsorbent after 24 hours of steam exposure.

3.2.4 Porous polymer networks and colloidal crystals

Lu et al.l”® studied amine functionalized porous polymer networks (PPN) for DAC. The
used amines were ethylenediamine (EDA) and diethylenetriamine (DETA). In synthetic
air, DETA-functionalized PPN performed much better than the EDA-PPN, and was found
to have a CO; loading of about 1.04 mmol CO,/g adsorbent, and a high selectivity for CO,
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over N2 and O,. The resulting CO, output gas reached a purity of over 99.99% with the
DETA-PPN. The working capacity reached zero at 98°C, and almost 1.0 mmol CO,/g
adsorbent at 170°C.

He has been involved in many studies!”"®"" concerning various different polymer-based
materials for DAC. Humidity swing is the used regeneration method in these studies, and
the cycle times are shorter compared to the temperature swing cycles with aminosilicas, for
example. The focus in these studies was not in the maximum CO, sorption capacities for

these materials, but rather in the sorption kinetics.

Colloidal crystals, materials consisting of crystalline lattices formed of uniformly sized
spheres, were studied for DAC by He et al. (2013a)l"®. The swing sizes, i.e. the working
capacities, for these materials were in the range of 0.19-0.57 mmol CO,/g sorbent. In the
humidity swing cycling for a 20% crosslinked colloidal crystal material, the cycles lasted
about 100 minutes, and the maximum load of CO; in a cycle was about 0.25 mmol CO,/g

sorbent, on average. In 15 cycles, there was no observed decrease in performance.

Another material class studied by He are polyHIPEs U™ in which the polymerization of
monomers has been carried out in the continuous phase of a high internal phase emulsion
(HIPE). The resulting polymer structure is highly porous and interconnected. The
polyHIPEs in the study were functionalized with quaternary ammonium hydroxide groups.
The swing sizes ranged from 0.16 mmol CO,/g sorbent to 0.72 mmol CO,/g sorbent.
Humidity swing cycles were performed for the polyHIPEs with the lowest and highest
swing size. The material with the lowest swing size was only run for one 35 minute lasting
cycle, in which the maximum CO; load was ca 0.16 mmol CO,/g sorbent. The material
with the highest swing size had cycle times of about 60 minutes on average, with
maximum CO, load decreasing from ca 0.7 mmol CO,/g sorbent to ca 0.6 mmol CO,/g
sorbent after 5 cycles. The performance of the polyHIPE with the highest swing size was
evidently caused by larger pore size, enhancing CO, diffusivity, and also by higher density
of OH" groups.

The results described above in the studies of Hel®’" were compared to Excellion
membrane or -resin, which were significantly outperformed by the colloidal crystals and
polyHIPEs. These materials, and carbon black functionalized by introducing quaternary

ammonium groups, were compared with each other in another study by He et al.
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(2013b)"™. The HIPE based materials had the highest maximum CO, load of about 0.5
mmol CO,/g sorbent, and the shortest cycle of about 35 minutes. The colloidal crystal
material had a maximum CO, load of about 0.37 mmol CO,/g sorbent in a 65 minute
lasting cycle. The maximum CO, loads of the Excellion membrane and the carbon black
based material were both only about 0.1 mmol CO,/g sorbent, with the cycles lasting over

120 minutes.

3.2.5 Nanofibrillated cellulose

Nanofibrillated cellulose (NFC) was proposed for CO, capture from pressurized air with
CO, concentration of 506ppm by Gebald et al. (2011)*. The NFC was grafted with
aminosilanes, resulting in amine content of 4.9 mmol N/g adsorbent. Desorption was
performed by argon purge. In a 12-hour adsorption experiment in 40% humidity, the CO,
loading was found to be 1.39 mmol CO,/g sorbent, and the adsorption half time was under
100 minutes. After 20 2-hour adsorption- and 1-hour desorption cycles (TSA), no
significant decrease in CO, adsorption capacity was noticed. The average CO, adsorption

capacity in the 3-hour cycles was 0.695 mmol CO,/g sorbent.

Waurzbacher et al. (2012)P° proposed a TVS cycling process for another amine-
functionalized NFC material. Air used for the adsorption was dried and compressed
ambient air with CO, concentration of 400-510 ppm. The amine content of the material
was 3.86 mmol N/g adsorbent. 5-hour adsorptions were conducted in different adsorption
temperatures of 10-30 °C and relative humidities of 20-80%. The capacities were in the
range of 0.32-0.65 mmol CO,/g sorbent, depending on the conditions. The adsorption
capacity was found to increase with increasing humidity level, but decrease with increasing
temperature. Cycling was performed in 20°C and 40% relative humidity, and after 10
cycles, no significant reduction in the adsorption/desorption of CO, (0.415/0.421 mmol
CO.,/g sorbent on average) was noticed. Heat requirements for the regeneration in different
conditions were also measured, and the lowest and highest requirements were 205 kJ/mol
CO, and 434 kJ/mol CO, for 10°C (or 20 °C) cycle with relative humidity of 20% (or 20%)
and for 20 °C cycle with relative humidity of 80%.

The stability of the NFC material in the TVS cycling for the CO, capture from air was later
further studied B7. In the cycles, adsorption was carried out for 150 minutes at 30°C in

relative humidity of 60%, and desorption was carried out for 45 minutes at 90°C and 30
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mbar pressure. The CO, adsorption capacity was around 0.90 mmol CO,/g sorbent, and the
equilibrium capacity of 1.28 mmol CO,/g sorbent was lowered only about 5% after a
hundred TVS cycles. The slight performance decrease was caused by O, during desorption,
leading to loss of amine groups and formation of amide/imide species. A stronger
degradation of over 30% in capacity occurred, when the sorbent was exposed for 15 hours

to humid gas containing only nitrogen and 20% O, but no CO,.

In a more recent study ®, PEI-containing NFC sorbent was studied for DAC under moist
air with 400 ppm CO.. Increasing relative humidity from 20% to 80% was found to affect
increasingly on the CO, adsorption. The CO, adsorption capacity was 2.2 mmol CO,/g
sorbent at its highest, and was found to decrease after PEI content was increased above
44% of the total weight of the sorbent. The adsorption half times of the PEI-NFC sorbents
were compared and found to be lower than with previously reported half times of
aminosilane-NFC or PEl-silica sorbents. For example, the NFC sorbent with 44 w-% PEI
had adsorption half times around 10-15 min. Cycling experiments were conducted by
increasing the adsorption temperature of 25°C to 85°C at 5°C/min. After five cycles, the
CO, adsorption capacity was not significantly lowered for the NFC samples with amine
content 44% or below, but the samples with more amine content were clearly more

unstable.

3.2.6 Metal-organic frameworks

Metal-organic frameworks (MOF) are crystalline solids, which are formed of ligands of
organic groups that are coordinated to metal-ions, creating a network that can be either
rigid or flexible. In rigid MOFs, the selectivity of adsorption is based on molecular sieving
and/or adsorbate-surface interactions. Flexible MOFs respond to external conditions such
as temperature, pressure or molecules entering the network, allowing condition-dependent
molecular sieving along with the mechanisms of rigid MOFs. The pore sizes of MOFs are
most often in the range of 3-20A. ¥ Probably the most important disadvantage in MOFs is
the hydrolysis of metal-ligand bonds by water 8. An example of a MOF structure is

presented in Figure 13.
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FIGURE 13 SIFSIX-3-Cu/Zn, an example of a metal organic framework material.
SIFSIX-3-Cu/Zn consists of CuSiFs or ZnSiFg and pyrazine rings. The
metal-ions are depicted as purple polygons, Si as blue spheres, F as green
spheres and the pyrazine as blue polygons.

Mcdonald et al.l’¥ studied the adsorption of CO, from dry air on N,N’-
dimethylethylenediamine (mmen) functionalized MOFs. From air containing 390 ppm of
CO, at 25°C, the adsorption capacity was about 2.0 mmol CO,/g sorbent. In adsorption
experiments from synthetic gases containing only 400 ppm CO, and N, or O, the
estimated purities of desorption gas were 96% and 98%, respectively. In cycling
experiments, adsorption was performed under simulated air with 390 ppm CO at 25°C for
60 min, and the desorption was carried out by a N, flow at 150°C for 30 min. A capacity of

1.05 mmol CO,/g was achieved, and no decrease was observed after 10 cycles.

Higher adsorption capacity was gained with a diethylenediamine functionalized MOF in a
study by Lee et al.l™®. The effect of moisture in cycling experiments was also studied.
Adsorption onto the MOF under air with 390 ppm of CO, at 25°C resulted in a capacity of
2.83 mmol CO,/g sorbent. TSA cycling was performed by first saturating the sorbent for
15 hours under simulated moist ambient air with a CO, concentration of 390 ppm, and then
desorbing the CO, by N, purge at 150°C for 2 hours. After 5 of these cycles, capacity

decreased 6%.
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The above MOF examples are based on amine functionalization, but Shekhah et al.[’”!

proposed a MOF for DAC with no amine- or other post-synthesis functionalization, but a
small average pore size of 3.5A. From synthetic air composed of N, and 400 ppm CO,, the
studied MOF adsorbed 1.24 mmol CO,/g sorbent at 25°C. The MOF in question could be
fully regenerated by vacuum at as low temperature as 50°C. The material was also reported

to be stable after at least 4 such cycles under dry or humid air.

3.2.7 lon-exchange resins and -membranes

With ion-exchange resins, the CO; is absorbed within the resin, and reacts with the anion-
groups attached to the polymer structure. Resins containing quaternary-ammonium ions,
and also resins functionalized with primary amines or PEI are discussed here. The most
defining common factor for the sorbent materials in this chapter is, that the matrix is
crosslinked polystyrene. In Figure 14, the principle of the CO, capture mechanism a

certain resin containing quaternary-ammonium groups is presented.
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FIGURE 14 The principle of CO, capture mechanism of an anion-exchange resin

proposed by Wang et al. (2011) “®!. The alkaline OH™ groups react with
CO, in the dry state to produce bicarbonate (HCO3). COs> groups need
water from the resin or from air to produce bicarbonate. When the resin
is wetted, the reaction equilibriums are shifted so that CO is released.

An anion-exchange resin in the form of flat sheets, i.e. an anion-exchange membrane,
containing polypropylene (PP) as the matrix and a resin powder with quaternary
ammonium groups, was proposed for DAC by Wang et al. in 2011 ®!. The original sorbent

material contained Cl-ions for the ion-exchange, but was washed in dilute NaOH and
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NaCOjs to introduce OH™ and CO5* ions into the resin instead. The resin was saturated up
to 99% of the CO, from a gas with 400 ppm CO, and 0.5% moisture. At around 23°C, the
resin was desorbed to 55% saturation level of the CO,, when humidity level was increased
to 18 parts per thousand (volume H,O/volume air). Either humidity swing or water swing
were proposed, with both having their own advantages and disadvantages. For example,
water swing would probably provide higher kinetics, but would require purified water. At
25 °C, the resin absorbed 0.86 mmol CO,/g sorbent from dry air with 440 ppm of CO, ["®!.
Evidently, this was the same resin that was outperformed by colloidal crystal materials and
polyHIPEs (see 3.2.4). Although the sorption capacity of this resin for CO, was
comparable to other materials such as colloidal crystals, it suffered from much lower
absorption and desorption rates when humidity swing was used Y. For example, the

adsorption rate of the colloidal crystal sorbent was 5 times faster than of the resin.

A primary amine functionalized resin was used for CO, capture in a study by Alesi and
Kitchin !, The As the sorption experiments were conducted under 10% CO, stream at
50°C, the sorption capacities gained in the study are not comparable to results obtained
from CO, capture under near ambient conditions. However, it is worth mentioning, that the
resin retained its adsorption capacity after 18 TSA cycles, with temperature swing from
50°C to 120°C. Also, the resin was claimed to adsorb circa 1 mmol CO,/g sorbent when

exposed to air at ambient conditions.

PEI-impregnated resins have also been proposed for capture of CO, from CO,/N; gas, with
400 ppm CO, % Loading of 50% of PEI on the resins, and adsorption temperature of
25°C was found to give the highest CO, adsorption capacities. Cycling experiments were
conducted by adsorption for 12 hours and desorption for 3 hours by heating at 100°C under
N, flow. In the first cycle, the adsorption capacity was 99.3 mg (2.26 mmol) CO,/g
sorbent, and 97.8 mg (2.22 mmol) CO,/g sorbent after the fifth cycle.
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3.3 Discussion

What is needed to describe the suitability of a CO, sorbent material is not necessarily
evident or universal. As could be seen from literature, the quality of reported information
about the CO, sorbents varies. Naturally, scientists often report parameters best suited for
their own experiments or conclusions. It is evident, that not every aspect of the suitability
of a CO; sorbent can be reported by universally valid and fully comparable parameters.
The great differences of the sorbent materials and the experimental procedures contribute
to this variability of different parameters. In this chapter, the results of the literature are
discussed. The perspective here is focused on the most significant factors contributing to
the suitability of the materials. The discussion involves both material characteristics and
external conditions affecting the performance of the sorbents. Most important results have

been summarized in Appendix |.

3.3.1 Amine functionalization

The majority of the sorbent-based CO, capture processes are based on chemisorption of
CO, on an amine group on the sorbent material. One example of a promising material™™®
based on physisorption for DAC was a MOF structure with a very small average pore size.
However, the binding energy in physisorbents is usually not enough for DAC, because the
capacities were found to be low or negligible. In the case of ion-exchange resins, the CO,
capture mechanism is not based on ion-exchange, but on the formation of bicarbonate with
resins containing quaternary ammonium groups. In resin materials the mechanism of CO,
capture is also different such that the CO, is also soluble in the resin structure, and is not
perhaps limited to chemisorption **. Using materials that capture CO, by unregenerable
chemisorption®® is hardly practical or cost-effective for DAC purposes. Amine

functionalized sorbents seem to lead the technological development of solid CO, sorbents.

The options of amine functionalization seem to be almost limitless, but are often different
aminosilanes or alcohol-amines. Evidently, the production of primary amine groups is
most desirable, because primary amines provided the highest CO, adsorption capacities in
the study by Didas et al. (2012). Although Didas et al. (2012) found higher heats of
adsorption for primary amines, in the study of Alkhabbaz et al. (2014) the heats of
adsorption were similar for primary and secondary amines. The entropic factor related to

steric limitations can therefore be as important as a strong binding strength. Therefore, heat



47

of adsorption alone is not adequate in predicting whether a sorbent is a strong CO; sorbent.
Primary amines have a higher binding strength and also less crowded conformation

compared to secondary and especially tertiary amines.

Amine loading is one of the most important design parameters in amine functionalized
CO, sorbents. Materials with higher amine loadings usually had higher adsorption
capacities also. The effect of amine loading on the equilibrium CO; adsorption capacity
can be seen in Figure 15.

Effect of amine loading on adsorption capacity
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FIGURE 15 The effect of amine loading on the adsorption capacities of different
amine functionalized CO, sorbents gained from literature in variable
conditions. The concentration of the inlet gas was in the range of 390-
510ppm. Adsorption temperatures were 20-50°C.

From Figure 15 it can be seen, that the adsorption capacity is dependent on the amine
loading, and a linear correlation is found. Linear correlation was tested by regression
analysis t-test (see App. Il). Significant deviations can be seen from linearity, however.
The deviations are naturally caused by the type of amine and different physical conditions,
but also significantly by the amine loading. Indeed, the maximum loading was not the

optimum. Here, amine efficiency became the most important parameter.

The amine loading was found to often give the highest amine efficiency at about 50 w-% at

least in the case of PEI (see App. 1).This optimum amine loading was explained by better
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diffusion of CO, 4979192 However, the reaction mechanism of CO, adsorption was also
argued to be dependent on the amine loading in addition to the effect of moisture ©°.
Moisture and lower amine loading would provide higher amine efficiency. Because the
theoretical amine efficiency may be either 0.5 or 1.0 depending on these conditions, it is
important to attempt to identify the mechanism behind the CO; capture. Even though it is
not clear to what extent the amine efficiency can and is reasonable to be enhanced by
decreasing the amine loading, it is a matter worth investigating. Whether the reaction
mechanism or diffusive factors are dominating in amine efficiency, the optimization of the
amine loading is clearly an important parameter when designing new CO; sorbents in any

case.

3.3.2 Equilibrium capacity

The adsorption capacity of a CO, sorbent is clearly the most compared parameter, and is
usually at the centre of focus in the literature. However, as was stated in chapter 3.1.4, the
sorbent material needs to lose its capacity in reasonable conditions. The equilibrium
capacity alone is not a descriptive parameter about the material’s feasibility for a CO;
capture process. For example, the approach of Hel™ 57" was more process oriented and
less about reaching maximum equilibrium capacity. Equilibrium CO; capacity is however
a good parameter in comparing the effect of different conditions and parameters to the
performance of the sorbent material. The capacities referred here to as equilibrium
capacities are the maximum capacities reported in each case, but are not necessarily equal
to the maximum capacity. Mostly physical factors affecting the equilibrium capacities are
discussed below.

Different mesoporous and microporous materials were well represented in the literature.
The reported equilibrium capacities of sorbent materials gained from 390-510ppm CO,

were plotted against the corresponding surface areas of these materials in Figure 16.
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FIGURE 16 The effect of surface area on the adsorption capacities of different CO,
sorbents gained from literature in variable conditions. The concentration
of the inlet gas was in the range of 390-510ppm. Adsorption
temperatures were 20-30°C. *Adsorption temperature was 50°C.

For the sorbents reviewed, no direct correlation is established between equilibrium
capacity and surface area (see Figure 16). A MOF adsorbent with high surface area had
also high capacity, but NFC materials with low surface areas still have reasonable capacity.
Amine functionalized mesoporous silica have high surface area but relatively low

adsorption capacity.

While larger surface area provides more space for functionalization, it does not equate to
high adsorption capacity, and cannot be considered as an important DAC parameter. As
argued by Liu et al., high surface area from very small pore size can cause crowding and
deteriorate diffusion of CO, in the matrix. He et al. found that larger pore sizes, leading to

higher surface area, enhanced the diffusion of CO,.

The equilibrium capacity is also a good parameter for studying how a sorbent functions in
different conditions. It was known, that the CO, concentration of the inlet gas affects the
sorption capacity. For example, in the case of Liu et al. with a macroporous silica sorbent,
the equilibrium capacity from 400ppm versus 10% CO, was approximately 31% lower.

This kind of a change is significant, but not necessarily in the sense of process feasibility.
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Air flow rate and the size of sorbent particles are examples of parameters that must also be
taken into account. These parameters were not studied usually, except in the case of
Goeppert et al., and were found to affect the kinetics and equilibrium capacities. However,
these parameters could be classified as secondary parameters, because they are easily
modified, although important in sorbent material design.

The positive effect of humidity was found in many of the results, excluding MOFs. The
effect of humidity was probably due to the advantageous reaction mechanism for amines
(see 3.3.1). The best adsorption temperature was usually 25°C, although for some sorbents,
50°C provided the highest capacities. The operation conditions are discussed from a

process point of view in 3.3.4.

3.3.3 Kinetics

The kinetics of adsorption has been reported in many different ways, such as adsorption
half time or sorption rates. It must be taken into account, that for example the kinetics in a
TGA experiment is usually not comparable with fixed-bed adsorption due to different
experimental setups. Also, the amount of different options in TGA experiments such as
crucible type or the way in which the gas flows on the sample may have crucial effect on
the kinetics of the experiment. For example, Sehaqui et al. compared the adsorption half
times from experiments determined in a fixed-bed experiment to adsorption half times
determined by TGA by Choi et al. (2011). Without accurate knowledge of the setup in the
TGA in question, it is hard to evaluate to which extent the shorter half times by Sehaqui et
al. were simply due to a well optimized fixed-bed adsorption setup. In a Netzsch STAM
for example, the gas flows past the sample in TGA, whereas in a fixed-bed the gas flows
through the sample. In general, it may be hard to compare the Kkinetics, if the experimental

setups are not exactly the same.

As stated, especially TGA experiment setups can differ significantly, but kinetics in similar
conditions can be descriptive. In TGA experiments, the adsorption half times were in the
range of 90-300 min, while the time to reach pseudo-equilibrium took up to 24 hours. This
strengthens the claim, that it may not be reasonable to reach the full equilibrium capacity
because of deceleration of the increase in adsorption capacity (see 3.1.4). Here, adsorption
half time as a parameter describes the kinetics well. It is an useful parameter also in

comparing the effect of different conditions or even different materials in the same
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experimental setup. For example, it was found that lower amine loading as well as the use

of some additives decreased adsorption half-times.

Adsorption rate can also be a descriptive parameter, and could be used for comparison.
However, it is questionable whether using equilibrium capacities and times as long as 24
hours really impart about the process feasibility of a material. Breakthrough time also
describes kinetics, but from a different angle. Although one can observe how fast the
sorbent bed is saturated, it does not tell how much CO, has been adsorbed and released for
use. To evaluate kinetics better, the whole adsorption-desorption cycle should be studied in

several cycles, with the CO, capacity reported, such as in Figure 17.
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FIGURE 17 Adsorption and desorption profiles of a porous polymer CO, sorbent
containing quaternary ammonium groups. The adsorption was conducted

from 400ppm CO,.l""]

From Figure 17, it can clearly be seen how the cycle times are different with each run. It
can be seen that the adsorption step is significantly shorter than the desorption step. The
overall rate, reported by Hel™, consisting of adsorption and desorption rates is probably
one of the best ways to report kinetics of a CO; sorption process. It is especially important
in a process in which the desorption step is significantly slow compared to the adsorption
step. However, overall rates were not reported as frequently as needed to make

comprehensive comparison.
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3.3.4 Regeneration and stability

Optimal DAC process conditions are governed by the sorbent material type. The
regeneration conditions in the case of different sorbent types are discussed here. Thermal

and cyclic stability are also discussed.

To find a balance between high CO, uptake and a low regeneration cost, different process
options have been proposed. It was found that TSA was the most common regeneration
process used. Vacuum swing was often used along with temperature swing to bring down
the required temperature for desorption. An inert gas purge was also often used with TSA.
Due to the different reaction mechanism (see 3.2.7), humidity swing was used for resins,
colloidal crystals and polyHIPEs containing quaternary ammonium groups. The humidity
swing was conducted by wetting the resin with liquid water in the case of Wang et al."®!,
and by changing the humidity of the experimental atmosphere in the case of He et al.[".

However, the way in which He et al. performed the humidity swing was not reported.

Working capacity (see 3.1.4) is one of the most concrete parameters describing a CO,
sorbent in process conditions, because it is dependent on the regeneration conditions. The
actual released CO; in reasonable conditions may be much lower than the equilibrium
capacity. Such as in the case of Lu et al., the working capacity was still negative under
98°C, which means that the sorbent doesn’t release any CO, under this temperature. If a
reasonable working capacity is not gained in lower temperatures, the energy cost may
increase too high. The working temperatures, i.e. the differences of adsorption and
desorption temperatures, of sorbent groups based on TSA or TVA are presented in Figure
18.
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FIGURE 18 Working temperatures of different CO, sorbents by group.

The differences between adsorption and desorption temperatures were highest for zeolites,
MOFs and PPN materials. The lowest corresponding temperatures were for different NFC
materials and the MOF based on physisorption. For the macroporous silicas and —carbons,
the best results were gained at adsorption temperature of 50°C. For such materials, and
ones that require especially high desorption temperatures such as zeolites, DAC is
probably not the best process application. Even though these materials were tested in DAC

conditions, they would probably be more suited for flue gas conditions.

The regeneration energy cost is also affected by other factors than the desorption
temperature. It must be taken into account, that vacuum was often used to decrease the
desorption temperature (see App. 1). Also, humidity was found to strongly increase the
regeneration heats (see 3.2.5). The heating of water during desorption is part of the so

called parasitic heat losses 1%,

The stability of the sorbent materials was rarely tested comprehensively. Thermal stability
by thermal degradation tests is not as relevant in DAC conditions as in PCC conditions.
However, especially for sorbent materials requiring high desorption temperatures, the
decomposition of the amines is a risk. The thermal stability of PEI-functionalized silicas
was enhanced by Ti and Zr additives, but overall, other amines were preferred, evidently

because of the stability issue. The degrading effect of water vapour apparently is the
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biggest problem for promising physisorbent materialsi*®, of which amine-loaded MOFs
were also found to suffer. This MOF stability issue was clearly under examinationt®"*,

but not yet solved.

Cyclic stability is a very descriptive parameter for evaluating process feasibility. However,
often the amount of cycles conducted, if any, was less than 5, and most often less than 10.
A sorbent surviving less than 10 cycles is not acceptable. Extensive cycling with 100 or
more cycles was conducted to NFC and macroporous silica sorbents, and the adsorption
capacities were retained by 95-98%. Both were functionalized with similar types of silanes,
imparting of this material’s superiority against PEIl in terms of stability. The amine
degradation products were imides or amides in the NFC case, which was conducted in
humid conditions. Therefore, the humidity affects the degradation species, because in dry
conditions, the result of oxidative degradation of similar type of amines was urea (see
3.2.2). Whether the degradation species has any effect on possible reuse of a spent sorbent
material was not discussed in literature. Repeated functionalization of spent sorbents was
not discussed either. Functionalization of a spent sorbent is not probably seen as a viable

option, and therefore extended cyclic stability is of outmost importance.

3.3.5 Selectivity and purity

The selectivity of the sorbent material towards CO, was rarely reported. Comparison is
also difficult because of different ways to report selectivity (see 3.1.4). Selectivity was
only reported for zeolites, PPNs and MOFs. The reason to this lies in high confidence in
the selectivity of the amine-CO; reaction mechanism. N, and O, are not necessarily seen as
a problem, if the outlet gas is not intended for utilization. Also, in DAC purposes, the air
used as the inlet can be assumed to be free of for example catalyst poisons. However, it is
important for the outlet gas to be as pure CO, as possible because of the quality limitations

in @ methanation process (see Table I) and the CO, transportation costs (see 1.1.3).

The selectivity of CO, vs N, gained by Shekhah et al. with a physisorbent MOF was 5-7
times lower than the corresponding values gained by Mcdonald et al. and Lee et al. with
amine functionalized MOFs. The amine functionalized material was therefore more

selective.

Purity of the desorption gas was more often reported than selectivity, and is also a more

descriptive parameter. It must be taken into account, however, that the way in which the
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desorption is performed and other process conditions can affect the purity. Sorbents with
low purities reported are not necessarily hopeless cases, but the processes may require
development. The purity of the outlet CO, gained was plotted against the reported
equilibrium capacities in Figure 19.
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FIGURE 19 The purities of outlet CO, and the adsorption capacities for different CO,
sorbents gained from literature in variable conditions. The concentration
of the inlet gas was in the range of 390-510ppm. Adsorption
temperatures were 20-50°C.

Among the sorbents compared in Figure 19, MOFs have the highest sorption capacity and
purity. An especially high purity was also reported for a PPN material along with a
reasonable CO, capacity. NFCs and silica gels also had high purities, although sorption
capacities were low compared to many other materials. Mesoporous carbons and fumed

silica had high sorption capacities but low purities.

3.3.6 Material comparison

Although many sorbents showed potential and innovative solutions were presented, few
showed feasibility for full-scale application. The advantages and disadvantages of different

materials discussed above are summarized here. Comparisons are also made.

Zeolites had reasonable sorption capacities, but had either very high regeneration

temperatures, or were completely unregenerable. Many mesoporous sorbents performed
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well, but a higher porosity itself was not an advantage. In silica sorbents, certain
macroporous silica had superior overall performance, but the purity of outlet CO, was not

reported.

An exceptionally important quality for a DAC sorbent is adaptability to different humidity
conditions. The equilibrium capacities of a mesoporous carbon sorbent were almost as high
in both dry and humid conditions. Mesoporous carbons also had high sorption capacities,
but as with fumed silica, reported CO, purity was low. The application of industrial waste
steam for regeneration of a mesoporous alumina sorbent was proposed to lower energy

costs, but the material wasn’t able to retain its capacity in excessive steam exposure.

Humidity swing sorbents were also promising especially from kinetic and energetic points
of view. The overall process feasibility was yet hard to evaluate, because for example the
purity of the outlet CO,, and process procedures were not reported. Also, they may not be

the best choice for use in humid conditions 1%,

PPNs had reasonable sorption capacities and high CO, purity, but stability was not
reported. Amine functionalized MOFs are promising especially because of the high
selectivity towards CO; and high CO; adsorption capacity, but their stability under humid
conditions has not been ascertained as of current knowledge. Also, for both amine
functionalized MOFs and PPNs, desorption temperatures were higher than for mesoporous

materials.

When examining all of the parameters discussed in the literature and comparing the
sorbent materials, it seems that the most promising overall performance was gained with
NFC material functionalized with aminosilane by Gebald et al. (2013). It had a good
stability, reasonable CO, adsorption capacity, reasonable desorption temperature and it
performed well in humid conditions. For a similar material reported by Wurzbacher in
2012, CO; purities were also high. Although the material is not superior compared to
others, it was characterized and tested by the most important parameters in DAC, and was

found to perform well.



57

Il Experimental part

The determination of the process feasibility of a CO, sorbent is a task requiring
comprehensive examination of the material from many different angles, as was seen in the
literature part. The first task when testing a sorbent for CO, sorption process should be
conducting characterization experiments that provide fundamental knowledge of the
sorbent character, parameters for comparison purposes, as well as parameters to benefit

further experiments. This was the purpose of the experiments presented in this thesis.

The experimental part has been divided into chapters 4 and 5. In chapter 4, the objectives
of the experiments are discussed in more detail, and the experimental equipment and
procedures are explained. In chapter 5, the results of the experiments are presented. Most
of the experiments described below were conducted in the Chemtech laboratories of

Lappeenranta University of Technology.

4 Experimental

Extensive tests were conducted to study the properties of CO, adsorbing amine
functionalized resins. The goals of these experiments are first presented here to explain,
why these experiments were conducted. The equipment, materials and the experimental

procedures needed to conduct the experiments are then discussed.
4.1 Experimental aims

In short, the purpose of these experiments was to provide important information about two
CO, adsorbing resins, one proprietary and another commercially available. The first goal
was to characterize a resin sample known to be used for CO, adsorption purposes, and to
provide important physical and chemical parameters for modelling of larger scale CO,
adsorption. The second goal was to compare the characteristics of this resin to another one,
and attempt to find out whether the two resins were similar. The third important goal was
to compare the properties evaluated to those of other materials reported in literature, and to
find out, at least to a preliminary level, whether these resins are reasonable sorbents to be
used in CO, adsorption from thin air. The aims in each experimental procedure are

provided in more detail below, divided into physical and chemical characterization tests.
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4.1.1 Physical characterization aims

The purpose in the physical characterization tests was to determine the density, and size
and shape properties of outer and inner structure of the resin beads. In addition to general
observations, the aim was to determine parameters for modelling and comparative

purposes.

To provide general insight about the surface properties and the quality of porosity of the
resins, scanning electron microscopy was used. Size of the resins could best be described
by determining particle size distributions using laser diffraction. As an important
modelling parameter, the bulk density of the resins was determined by a simple
measurement. The internal porosity of the resin beads is also an important modelling
parameter, and thus, the skeletal density was determined by a pycnometric measurement.
The cumulative pore volumes needed for the determination of the internal porosity were
also to be determined. A combined BET and BJH analysis was used to gain surface areas,

cumulative pore volumes and average pore sizes.

4.1.1 Chemical characterization aims

The purposes of the chemical characterization tests were to examine the resin’s chemical
structure and the CO, adsorption properties. The chemical structure and the species
participating in the adsorption process were studied by FTIR experiments. Chemical
structure was also studied by conducting elemental analyses. One of the most important
goals of this study was to examine CO, adsorption capacity of resin samples in different

conditions.

The aims of the FTIR experiments were to first of all provide information about the
structure of the resin. The matrix material and the CO,-capturing group were to be
identified. Secondly, the species of the product of CO, sorption was to be identified,
whether it was carbamate, carbamic acid or bicarbonate, such as in the study of Bacsik et
al.®l Thirdly, the two different resins were compared to each other in respect of the
matrix, the CO, capturing group and the species of captured CO,. Finally, an attempt was
made to examine peaks quantitatively to determine the effect of different conditions to the
amine groups and the species of captured CO,.
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The elemental analyses were conducted by x-ray methods. These analyses were conducted
to bring qualitative insight into the elemental structure, and not to try to predict the
quantity of different species. Energy-dispersive x-ray spectroscopy (EDS) was used to
study and compare different areas revealed in the SEM images. X-ray fluorescence (XRF)
was then used as a supportive method for the determination of the elemental composition.

The aim in studying the CO, adsorption capacity was first to provide concrete evidence
about the capability of the resin for the adsorption process. Secondly, the effect of pre-
treatment of the resin and different adsorption temperatures were to be examined. Thirdly,

the adsorption capacity is an important modelling parameter.
4.2 Equipment and materials

In this chapter, the materials and devices used for the experiments are described. Also, the
experimental procedures are described in some cases. The experiments have been divided

to physical and chemical characterization here, for the sake of clarity.

4.2.1 Physical characterization

Two resins of different origin were studied. Below, the resins are referred to as “resin 1”
and “resin 2”. The resins were studied “as received” with no pre-treatment, and after pre-
treatment. In the experimental section below, pre-treatment refers to drying the resin
sample in a vacuum oven, at 90°C or at 120°C for 2 hours. Vacuum was applied in a
vacuum-swing manner so that the pressure was lowered to approximately 60mbar, after
which it was increased to approximately 100mbar, and this was repeated several times
during the treatment. This swing-type process was applied to remove evolving moisture in
the oven. The samples were transferred using petri dishes covered with watch glasses, and

stored in a desiccator.

Scanning electron microscope (SEM) images were taken from the resins using SU3500
SEM (Hitachi). As received samples, and samples that were dried at 90°C in the vacuum
oven were imaged. Images were also gained from a gold-sputtered as received resin 1
sample. The voltage used was 10kV, and 15kV in the case of the images gained from the

gold-sputtered sample.
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Particle size distributions were determined with Malvern Mastersizer 3000 Aero laser
diffractometer. A sample was taken from each resin and pre-treated in the vacuum oven at
120°C. A few millilitres of the sample were dosed into the device, and two repeats were

conducted for each sample.

Bulk densities were measured by simply weighing the sample on a graduated cylinder
upon an analysis scale. Bulk density was determined for resin 1 pre-treated at 90°C and
120°C, and for resin 2 pre-treated at 90°C. The skeletal density for resin 1 was measured by

Geological Survey of Finland (GTK) by a pycnometric method.

BET and BJH analyses were conducted using Micromeritics Gemini V surface area and
pore size analyser. FlowPrep 060 sample degas system was used for the degasification of
the samples. The analysis was conducted for 4 different samples: for both resins dried in
the vacuum oven at 120°C or 90°C for 2 hours. The samples were degasified by first
introducing N, into the sample tube in a cool bath for approximately 10 minutes, then
moving the sample to a heated bath for a certain time, and again putting the sample into the
cool bath for 10 minutes. The resin 2 samples were deliberately longer in the degasification
step, because the water content was known to be higher than with resin 1. The samples
were weighed before and after the degasification, of which the latter was used to calculate
the results. The pre-treatment and degasification conditions and the masses are provided in

the Appendix Il11.

4.2.2 Chemical characterization

To study the chemical composition of the resins and the reaction species of CO; and the
amine, Perkinelmer Frontier FTIR device was used with Attenuated Total Reflectance
(ATR) sampling. No pre-treatment was needed to analyse the samples. A sample plate
suitable for solids was used, and a small amount of sample was poured on the notch in the
plate. The sample was then pressed against the ATR diamond with the pressure arm using
similar force each time. Isopropanol was used to clean the diamond after each sample
analysis. The device was set to conduct 4 scans to provide each spectrum. Absorbance was

used as the unit instead of transmittance.

FTIR analysis was performed after many different treatments and experiments to the
resins. In addition to pre-treatments described above, in the thermal stability group the

resin samples were subjected to 150 °C, 180 °C and 200 °C for 1 hour. Also, a sample that
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was subjected to hot nitrogen purge in STA is included in this group. The experiment was
begun by introducing 25 °C N,, and increasing the temperature by 5 °C/min up to 250 °C.

The used SEM was coupled with EDS. Because the EDS elemental analysis only covers
very small sections of one bead, the sample heterogeneity is dismissed. Therefore, to gain a
more reliable qualitative analysis of the elemental composition on the resin, Xx-ray
fluorescence was used. The device in question was a portable Niton XL3t 900s -XRF-

analyser by Thermo Scientific.

Netzsch STA 449 C Jupiter simultaneous thermal analyser was used to gain CO,
adsorption capacities for resin 1. Sample crucibles were of Al,Os, into which 10-20mg of
sample was placed. To prevent the samples from being blown away, the crucibles were
closed with lids that had a small gap in the middle for the gas to contact the sample. In the
sample furnace, one crucible was always as a reference, and the other contained the
sample. The gases used were grade 5.0 N, grade 4.0 gas mixture consisting of 1% CO,
balanced with N, and grade 4.6 He. Helium was used as a protective gas for the scale and
was used at all times at 50ml/min. He was not in direct contact with the sample. The
samples were pre-treated by drying them in a vacuum oven for 2 hours at 60-100mbar at
120°C or 90°C. An experiment was also conducted with an “as received” sample.
Environics series 2000 computerized multi-component gas mixer was used to produce the
400ppm CO, from 1% CO, and N,. The outlet from the gas mixer was connected to the
STA. The total flow rate of N, and the CO, mixture to the sample was 50ml/min at all

times.

The first step in each adsorption experiment was a drying step to remove excess water and
to desorb any pre-adsorbed CO, from the sample. In this step the sample was heated from
room temperature to 120°C or 90°C in 50ml/min flowing N, and then keeping the hot N,
flow steady for 2 hours. In the cooling step, cool N, flow was introduced to cool the
sample down to the wanted adsorption temperature in the range of 25-50°C at 5°C/min.
Except in the case of the sample dried at 120°C, the cool N, flow was continued for 1 hour
after the cooling step to bring down the temperature of the sample, because the cooling
step wasn’t enough to completely cool down the sample. The adsorption was then started
by introducing the 400ppm CO; into the sample furnace. Because of the shorter cooling
step, for the sample dried at 120°C, the adsorption started approximately 48 minutes

earlier. The adsorption times were 20 or 24 hours.
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An experiment with adsorption from 1% CO, was also conducted. A sample with pre-
treatment in vacuum oven at 90°C at 60-100mbar was used. Here the crucible was left open
without a lid. The drying step in the STA was also at 90°C, and similarly to other
experiments, the sample was cooled down to 25°C before the adsorption step. The
adsorption was continued for 2 hours, after which desorption step was initiated. In the
desorption step, the temperature of the sample was increased to 80°C and kept at this

temperature for 2 hours with hot No.

A control experiment was conducted using the same steps as in the CO, adsorption
experiments, but with only N, flowing on the sample. The sample was resin 1 as received.
The run consisted of the same steps as in the adsorption experiments, the heating, the
cooling and the 20-hour adsorption. An experiment with no sample was also run in a

similar way as the control experiment.
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5 Results and discussion

In this chapter, all relevant experimental results are presented and discussed. Physical
characterization results consist of all the determined physical parameters. For the sake of
clarity, chemical characterization has been divided into FTIR results, the elemental

analyses and the adsorption capacity results.
5.1 Physical characterization

All the relevant physical or physicochemical results are presented and discussed here. They
have been divided into subchapters based on the experimental device used or the
parameters determined. They include, in order, SEM, size distributions, bulk and skeletal

density and porosity.

5.1.1 SEM

As described in section 4.2.1, both as received resins and pre-treated samples were imaged.
No significant differences were noticed, however, and thus only images from the as
received resins are presented here. Only the most relevant images have been selected.
General views on the resin beads can be seen in Figure 20.

LUT 10.0kV X200 BSE-3D 50Pa 200pm LUT 10.0kV X200 BSE-3D 40Pa T S00um

FIGURE 20 SEM images from two different resins as received. The image on the left
is from resin 1, the image on the right from resin 2. A backscatter
electron detector was used in this case. Voltage was 10kV, and pressures
were 50Pa and 40Pa for resin 1 and resin 2 samples, respectively.

Almost whole beads can be seen in Figure 20 for both resins. Small white spots can be

seen on the surface of both resins. Resin 1 has more of these white spots and they are
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larger. Different sized macropores can be seen on the surface of both of these resins. The

pores can be seen more accurately from Figure 21
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FIGURE 21 SEM images from two different resins as received. The image on the left
is from resin 1, the image on the right from resin 2. A backscatter
electron detector was used in this case. Voltage was 10kV, and pressures
were 50Pa and 40Pa for resin 1 and resin 2 samples, respectively.

From Figure 21 the surface of the resin beads can be seen more closely. The white spots
mentioned above are distinguished better. The white spots seem to be more small crystal-
like shapes for resin 2, while on resin 1 the spots are relatively large, over 10um in
diameter. The high level of macroporosity can be observed for both resins, with the largest

pores being circa 20um wide. Mesoporosity could be studied from Figure 22.
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FIGURE 22 SEM images from as received resin sample on the left, and one with gold
sputtering on the right. A backscatter electron detector was used in this
case. Voltage was 10-15kV.

Figure 22 represents close-ups of an as received resin sample, and the same sample with
gold sputtering. It can be clearly seen, that the resolution is higher for the gold-sputtered
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sample, even with 10 times larger magnification. However, the gold-sputtering naturally
covers any details on the surface. Mesoporosity can however be identified on the surface of

the resin sample, with gaps smaller than 50nm.

5.1.2 Particle size distributions

The particle size distribution is described by three values, D10, D50 and D90. Each of
these values represents the particle size below which 10%, 50% or 90% of the distribution

lies, respectively.
TABLE Il Particle size distributions of two CO, adsorbing resins determined
with laser diffraction. The results are averages from two runs. The
samples were dried in vacuum oven for 2 hours at 120°C at 60-

100mbar.
Sample D10/um D50/um D90/um
Resin 1 434 584 790
Resin 2 504 626 781

In Table 11, the particle sizes of the resins are somewhat similar. The water content of resin
2 was higher, and could to some extent explain their larger particle sizes. The D90 value is
however slightly bigger for resin 1. However, the most describing value is probably the

median value D50, which is bigger for resin 2.

5.1.3 Bulk- and skeletal densities

Bulk densities for different samples are found in Table I11.

TABLE IlI Bulk densities of two CO, adsorbing resins. The uppermost result
is a mean value from two measurements. The samples were dried in

vacuum oven for 2 hours at 120°C or 90°C at 60-100mbar.

Resin Pre-treatment T/°C | p/(g/cm?)
Resin1 [120 0.4544
Resin1 (90 0.4625
Resin2 |90 0.4088
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The skeletal density, i.e. the density of the solid material, was determined for resin 1.
Specific gravity gained from pycnometer was multiplied with the density of water at 20°C

to gain the skeletal density (see App. IV) of approximately 1.225g/cm®.

5.1.4 BET-BJH analysis

The results of BET and BJH analysis from nitrogen isotherms are presented in Table IV.
The pre-treatment and degasification conditions for each sample can be found in the

Appendix I11.

TABLE IV BET and BJH desorption results of two different resins with different
pre-treatment conditions. Surface areas with errors, cumulative pore
volumes and average pore diameters are reported. * refers to results from
BET adsorption. ** refers to results from BJH adsorption.

Sample | Sa/(m?/g) * A/(m’/g) |Vo/(cm’/g) |dy/A
1 32.03 + 0.39 0.0896 145.1
2 40.65 + 048 *0.2144 *256.4
3 26.17 + 0.85 *%0,1001 | **287.3
4 40.08 + 046 0.2736 389.9

In Table IV, some results have been taken from the adsorption and not from the desorption
results. The reason was that BJH desorption was unsuccessful for sample 2, and both
desorption curves were unsuccessful for sample 3. The reason for the difficulties to
produce reasonable desorption curves is not evident, but imparts about the limitations in
the experimental procedure for the samples in question. The nature of the sample itself
may explain some difficulties, for example that the beads are prone to static electricity, and
thus tend to stick for example on the surfaces of the sample tube. Examples of the N, BET

isotherms and BJH pore volume plots can be found in Appendix IlI.

In Table IV, the surface areas differ somewhat between resins, but are still comparable.
The surface areas, along with the cumulative pore volumes and average pore volumes are
larger for resin 2. The surface areas between samples 1 and 4 differ only about 20%,
whereas the cumulative pore volume is 3 times larger for sample 4. This refers to resin 2

having a significantly higher porosity.

The porosity of these materials is naturally much lower than with MOFs. If one compares

the average pore sizes of these resins and the one reported for a physisorbent MOF (see
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3.2.6), they could even be classified as nonporous sorbents in the group of solid DAC
sorbent materials. The surface areas are generally on an average level when compared to
other amine functionalized sorbents reported in the literature (see 3.3.2). The surface areas
were higher than with other resin materials reported, and even comparable to some

mesoporous materials.

The cumulative pore volume was then used to determine the internal porosity of the resin

material. Porosity of resin 1 was determined by the following equation.

&p = Vp " Ps (14)
Where & internal porosity,
Vo cumulative pore volume,
Ps skeletal density.

The result was circa 0.110, which is fairly low compared to other porous adsorbents, of
which porosities have been listed by Seader et al.’. However, it has to be taken into
account, that the BJH desorption cumulative pore volume included only pores with
diameter smaller than approximately 200nm, or 0.2um. A significant amount of

macroporosity is thus dismissed in this figure, and it is therefore only directional.
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5.2 FTIR results

Due to the large amount of data obtained from the FTIR analyses, only the most relevant
results are presented here. Comparable spectra were gathered under different groups that
were plotted using Matlab and then analysed. All of the resin spectra presented here have
been ATR-, and baseline corrected using the software package of the FTIR device. Also,
the spectra were normalized using Matlab, by setting the spectrum baseline to zero, and a

known polystyrene peak to 1 at 2920 cm™.

Different peaks were analysed using wavenumbers found in literature!®®8%92106-1081 Thge
peaks may sometimes refer to different species, and rarely have exact positions, but rather
wavenumber range where they can be found. Thus, in some cases, only suggestions can be
presented of the origin of the peaks. The peak wavenumber assignments and the sources
can be found in Appendix IV. Only the most matching wavenumber annotations were
added to the spectra below. Thus, the reader is advised to examine the table in the
Appendix 1V. In the following figures, carbamate is referred to as three different terms.
“Ionic carbamate” and “bound carbamate” are terms used by Danon et al.l'%! and refer to
an alkylammonium carbamate stabilized by nearby amines, and to a carbamate bound to
the surface of the sorbent material, correspondingly. Peaks of “carbamate” may refer to

any of these two species or other forms of carbamate.

In sections 5.2.1-5.2.3, the resins were compared with each other by comparing the spectra
of the as received resins and resins that were pre-treated at 90°C. The spectra in these
chapters were gained from 3 repeats for each different sample, by calculating the mean
spectra. Three different sections of the spectra were analysed, which are discussed in the
following. In section 5.2.4, the effect of high temperature thermal treatment on resin 1 is

presented. The thermal treatments are described in section 4.2.2.

5.2.1 Identification of the amine group

The amine group accountable for the CO, adsorption could be characterized by examining

the wavenumber range of 3700-2800cm™. This region can be seen in Figure 23.
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FIGURE 23 Normalized mean spectra from two different resins. “OB” means a resin
with no thermal treatment. Resin samples “90°C” underwent a thermal
treatment in a vacuum oven at this temperature at 60-100mbar vacuum
for 2 hours. Normalization was performed by setting the baseline at a
wavenumber of 3900 cm™ to zero, and a known strong polystyrene peak
at 2920 cm™ to 1.

Similar peaks referring to polystyrene and amines can be found for each spectrum in
Figure 23. The difference in peak amplitudes is significant, however. Thermal treatment at
90°C lowered the amplitudes in the spectrum of resin 2 to similar level as in the spectra of
resin 1. A faint increase in the spectra can be seen in the range of 3440-3450cm™ referring
to carbamate. Two broad peaks between circa 3400-3250 cm™ are clearly seen, referring to
amines. Especially the presence of two peaks in this section refers strongly to a primary

amine %! Both resins are thus functionalized with primary amine groups.

5.2.2 ldentification of the adsorption reaction species

The focus in this section is in identifying the CO, chemisorption species formed on the
resins. The adsorption mechanism in amine functionalized solid sorbents can be found in
section 3.2.2. In Figure 24 is a wavenumber section in which significant carbamate activity
can be found due to the strongly IR-absorptive species consisting carbon, oxygen and

nitrogen.
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FIGURE 24 Normalized mean spectra from two different resins. “OB” means a resin

with no thermal treatment. Resins with “90 °C” underwent a thermal
treatment in a vacuum oven at this temperature at 60-100mbar vacuum
for 2 hours. Normalization was performed by setting the baseline at a
wavenumber of 3900 cm™ to zero, and a known strong polystyrene peak
at 2920 cm™ to 1.

In this region peaks at 1482cm™ and 1320cm™ are assigned to NCOO™ skeletal vibration,
peaks at 1381cm™ and 1565cm™ are assigned to COO" stretching, and peak at 1510cm™ is
assigned to CHN-group. All of these peaks refer to carbamates. In Figure 24, peaks at
1565cm™, 1510cm™, 1381cm™ and 1320cm™ are clearly found in each spectrum. A peak
shoulder is also found at 1482 cm™, which occurs clearly for all samples except dried resin
2. Also, a faint shoulder is found at 1469 cm™ for both samples in resin 1, which could
refer to bicarbonate. For resin 2, no such peak can be found. For the dried resin 2, a broad
shoulderlike peak can be found in the wavenumber range of 1700-1680™*, which should
refer to carbamic acid. In other spectra this peak is not found. A very broad peak maximum
for the as received resin 2 is found in the range of 1643-1633 cm™, which could refer to
amines. Also, a strong peak shoulder exists for resin 1 in this section. However, the same
region is quite flat for the same resin that was dried at 90°C, except for a small peak at
circa 1652 cm™, which can be found in each spectrum. It is unlikely, that the thermal
treatment caused the amine to disappear, but that the amplitude is caused by excess water.
Another peak at 1453cm™ is closest to an amine found at 1450cm™ in the literaturel*®®.
Based on these findings, it can be concluded that in both resins the CO, capture mechanism

Is based on a similar reaction, where carbamates are the main reaction product.
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5.2.3 Comparing the polystyrene region of the resins

The wavenumber region of 500-1200cm™ was a known fingerprint region for polystyrene

peaks. This region is depicted in Figure 25.
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FIGURE 25 Normalized mean spectra from two different resins. “OB” means a resin
with no thermal treatment. Resins with “90 °C” underwent a thermal
treatment in a vacuum oven at this temperature at 60-100mbar vacuum
for 2 hours. Normalization was performed by setting the baseline at a
wavenumber of 3900 cm™ to zero, and a known strong polystyrene peak
at 2920 cm™ to 1.

In Figure 25, not all of the peaks in this region can be identified as polystyrene peaks used
for calibration in various standards™®”. However, this wavenumber region is important in
the identification of the resin matrix, because the IR-fingerprints representing different
substitutions of the aromatic ring can be found here™®!. Wavenumber regions 770-730cm™
and 710-690 cm™ refer to monosubstitution in the aromatic ring, and strong peaks can be
found in these regions for all samples. However, the first of these may also refer to o-
disubstituted aromatic ring. Wavenumber regions 810-750 cm™ and 900-860 cm™ refer to
m-disubstituted aromatic ring, and peaks can be found also in these regions. However, a
peak between 810-780 cm™ is only a shoulder for other samples than the as received resin
2, and the other in the region of 810-750 cm™ is the same as the one referring to
monosubstitution. In the region of 860-800 cm™, which refers to p-disubstitution, occurs 2
peaks for resin 1, but only one peak for resin 2. Also, at approximately 650 cm™ a peak can

be found for the samples of resin 1, but not for the samples of resin 2. However, it cannot
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be confirmed whether these smaller peaks refer to different substitution in the polystyrene
structure, or some other compound. Undeniably the matrix of each resin is consisted of

polystyrene.

5.2.4 Thermal stability

For each sample in this group, 3 repeats were conducted in the FTIR, and mean spectra
were calculated to minimize the effect of sample heterogeneity. The effect of thermal

treatment on amine peaks can be seen from Figure 26.
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FIGURE 26 Normalized mean spectra from samples with different thermal

treatments. “OB” means a resin with no thermal treatment. Samples
“150”, “180” and “200” were heated at these temperatures in °C for 1
hour. “250” was heated from 25 °C to 250 °C 5 °C/min in N, purge in
STA. Normalization was performed by setting the baseline at a
wavenumber of 3900 cm™ to zero, and a known strong polystyrene peak
at 2920 cm™ to 1.

From Figure 26, the reduction of amplitude in sections referring to amines can be seen
after thermal treatments. However, one would expect that a clear pattern could be found,
such that the amplitude decreases with increasing thermal treatment. By examining the
amine region peaks, it could be found that the peak amplitudes first decrease with higher
temperature, but then increase again with samples treated at 200°C and 250°C. Therefore,
quantitative analysis would not have provided relevant information. However, it is evident,

that the amine groups were not completely decomposed even after treatment at 250°C.
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Differences were sought from the region 1800-1300 cm™ in Figure 27 to see, if thermal

treatment affected the amplitudes of known carbamate peaks.
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FIGURE 27 Normalized mean spectra from samples with different thermal

treatments. “OB” means a resin with no thermal treatment. Samples
“150”, “180” and “200” were heated at these temperatures in °C for 1
hour. “250” was heated from 25°C to 250°C 5°C/min in N purge in STA.
Normalization was performed by setting the baseline at a wavenumber of
3900 cm™ to zero, and a known strong polystyrene peak at 2920 cm™ to
1.

In Figure 27, quantitative analysis was not relevant. However, a new peak appeared at
180°C at about 1715 cm™, which could refer to bound carbamate. The peak also grows

stronger for samples “200” and “250”.

When the resin was heated in STA, one significant mass decrease of circa 2.8 m-% was
detected in the range of 45-150°C, which probably was at least partly caused by drying (see
App. V). From 150°C to approximately 225°C, a small mass increase of circa 0.2 m-% was
detected, after which the mass started decreasing slowly. This mass increase supports the
finding of a new species in the FTIR spectrum in the high temperature range. This finding
could refer to sintering, perhaps from the deactivation of the amine group forming
unregenerable carbamate species. However, apart from the one between 45°C and 150°C,
no significant mass decreases were detected in the range of 25-250°C. The matrix structure

was thus still mostly intact after this treatment, although the colour was found to have
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changed from the normal light brown to darker brown. Because the primary amine peaks
didn’t disappear, the amine was not at least completely decomposed. The results are in line
with literature®®, where decomposition temperatures for amines in solid sorbents were
determined to be as high as 250-300°C. Because the CO, adsorption capacity was not
tested after these higher temperature treatments, the degradation of the amine species could
not be satisfactorily confirmed. In-situ FTIR would be required to quantitatively detect the

decomposition.

Quantitative analysis was also attempted so that samples that underwent thermal treatments
at 90°C and 120°C under vacuum were analysed in FTIR after different time intervals in
open laboratory air. No clear pattern was found for the amplitude of carbamate peak
sections versus time under laboratory air. This was confirmed by both PCA (Principal
Component Analysis) and by observing the peaks. This and the experiments described
above impart that quantitative analysis is not reasonable in such experimental setup.
Whether this is due to sample heterogeneity or the time between analyses enough to cause
changes, it seems that proper quantitative analysis would require in-situ FTIR.

5.3 Elemental analyses

The elemental analyses were conducted as supportive methods for the characterization of
the chemical structure of the resin. The results of SEM-EDS and XRF elemental analyses
are presented here.

5.3.1 EDS

The white spots in the SEM images originate from heavier elements. Thus, energy
dispersive X-ray spectroscopy was also conducted on resin 1 as received sample to gain an
elemental analysis. The results are in Table V, and the images of the areas of which the

EDS was taken can be found in the Appendix VI.
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TABLE V EDS elemental analysis of a CO, adsorbing resin from two
different locations. Area 1 was a section with white spots in SEM
images, whereas area 2 was taken from the darker background.

The first measurement | The second measurement
area #1 area #2 area #1 area #2
Element | Wt.% Wt.% Wt.% Wt.%
C 62.8 75.6 51.2 74.8
N 3.4 8.9 2.4 8.3
(0] 22.6 11.6 345 13.2
Na 3.7 4 2.6 3.8
Mg 14 - 6.4 -
Al 0.9 - - -
Si 1.5 - 0.3 -
Ca 3.8 - 2.6 -

In Table V, the amount of metals is significant in the areas with white spots. The
occurrence of sodium, magnesium and calcium could simply be explained by common
water hardness, which in turn could come from the manufacturing process, for example.
The origin of silica and aluminium, however, is not evident, but could be the result of dust
in factory conditions, for example. The nitrogen content could be used as a comparison
value for determining amine loading by titration for example, but is not dependable enough
to be used as an absolute value.

5.3.2 XRF

Here, all results that were not below limit of detection (LOD), or over 100 ppm are
presented. Elements below Mg in atomic number were not detected due to instrumental
limitations. Mg also contained large amount of uncertainty, because although the amount

of Mg was below LOD, the amount of error was in the scale of 2500-3500ppm.

TABLE VI XRF elemental analysis of CO, adsorbing resins.
Sample |Balance/m-% | Cl/m-% Ca/m-% P/m-% S/m-%
Resin1 ]99.318 0.179+0.004 |0.161 +£0.004 |0.145 +0.006 |0.173 + 0.006
Resin2 ]99.817 0.024 +0.002 | 0.025 +0.002 |0.110+0.005 |0.017 £ 0.004

XRF detected significant quantities of elements not detected in the EDS analysis in Table
VI. On the other hand, no aluminium was found by the XRF as was by the EDS. Major
differences between the resins are in the amounts of Cl, Ca and S. The results confirm that

resin 1 contains more impurities, as was observed from the SEM-images (see 5.1.1).
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Chlorine could be the result of water chlorine content, originating from the manufacturing
process, for example. The occurrence of phosphorus and sulphur are harder to explain. One
explanation is that the precursor PS of the amine functionalized resin contains these
elements to provide wanted properties such as higher thermal stability*}**'!]. The PS resin
used to manufacture the amine-containing resin could also be in the form of polystyrene
sulfonate such as an ion-exchange resin by Dow Chemical 2. One explanation to these
impurities could also be, that the resins have affinity towards them, and capture them easily

from air or by being in contact with different surfaces.
5.4 The adsorption capacity

In the STA results it was found, that the mass did not stabilize in 20 hours, and that the
mass increased during the hot N, flow in some experiments. A control experiment was thus
conducted as described above (see 4.2.2). In the control experiment, the mass-% against
time curve was found to be similar to the other experiments, although the mass change of
the sample after the 20-hour adsorption was significantly smaller (see App. VII). An
anomaly in the otherwise constantly increasing mass curve was found at approximately
between 8-11 hours after the start of the experiment. This was assumed to be some
occasional instrumental error, and was thus first removed from the curve, and replaced
with interpolated values (see App. VII). The mass-% changes were then subtracted from
the other results. Thus, the effect of other factors such as nitrogen on the mass increase
could be minimized. In the experiment with an empty crucible, the mass-% curve followed
similar pattern as in the other experiments, with mass increasing after the start of
adsorption step. This mainly confirmed that the mass increases due to instrumental
limitations. The mass-% results from the STA experiments were used to calculate

adsorption capacities (see App. VII), and the results are in Figure 28.
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FIGURE 28 The adsorption capacities of a CO, adsorbing resin gained from simultaneous thermal analysis data. The mass-%
changes of a sample in a control experiment with only N, flow were subtracted from the results. The samples were
pre-treated in vacuum oven at the same temperatures as they were dried in STA at 60-100mbar, except for the as
received sample.
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In Figure 28, 20 hours was not enough in most experiments to reach equilibrium, i.e. to
saturate the sorbent material and to cease the increase of mass. The mass seemed to
stabilize best for the sample that was dried at 120°C and for the samples with adsorptions
at 35°C and 50°C. The final adsorption capacities as well as the experimental conditions
can be found from the Appendix VII.

When comparing the adsorptions at different temperatures, it can clearly be seen that
adsorption at 25°C gave the highest adsorption capacity. The adsorption capacity at 35°C is
only about half of that of the best result gained at 25°C. However, at the beginning of the
adsorption less than 3 hours from the start, the capacity is higher for the higher temperature
adsorption. This could be explained by higher thermal kinetics. At 50°C, the adsorption
capacity is already very low. Interestingly for this experiment, it seems that the capacity is

at its highest after 5-6 hours from the start of the adsorption, and then starts to decrease.

The sample with pre-treatment and drying at 120°C gave the lowest adsorption capacity of
the three experiments conducted at 25°C and with 400ppm CO,. The kinetics are also
slower for this sample, but this, as well as the lower adsorption capacity, could be
explained with around 50% larger amount of sample, and thus with limited diffusion of

CO, to the whole sample material.

Using 1% CO, for 2 hours resulted in a significantly higher adsorption capacity compared
to the 400ppm CO, adsorptions. After 2 hours, the adsorption capacity was approximately
18% higher than the highest result in 400 ppm CO, adsorption after 20 hours. Also, the
sample was not yet saturated after 2 hours, so the adsorption capacity after 20 hours is
probably even higher. It must be taken into account, however, that the sample crucible was

open in this case, probably contributing partly to faster kinetics.

The equilibrium adsorption capacities gained from the 400ppm adsorption are reasonable,
when compared to those in literature (see 3.3.2). Similar values were gained with

mesoporous silicas, an ion-exchange resint™ and a PPN, for example.
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6  Conclusions

Solid amine-functionalized sorbent materials are the most proposed solution for DAC.
Solid sorbents are more energy-efficient than solvent-based solutions in DAC. Primary
amine functionalization provides high binding strength and selectivity towards CO,
contributing to higher purity of the outlet CO,. The optimization of amine loading is more

important than a high surface area in amine-based CO; adsorbents.

The matrix type of the sorbent material greatly affects the performance towards DAC.
Many potential solid sorbent materials exist, but few have been studied exhaustively to
prove their process feasibility. Studies differ significantly in perspective and in the studied
parameters. For DAC purposes, the most important parameters are low adsorption and
desorption temperatures, good regenerability and stability in both humid and dry
conditions, high outlet CO; purity and a reasonable working capacity. Regenerability over
multiple cycles is an exceptionally important parameter in addition to working capacity in
process scale, but was rarely studied satisfactorily. NFC materials by Gebald and
Wurzbacher were found to have good performance overall, although they were not
necessarily superior compared to other sorbent materials. Full characterization and study of

process feasibility is thus extremely important for process utilization of a DAC sorbent.

An amine functionalized resin CO; sorbent material sample gained from industry was
studied experimentally to determine its physical and chemical characteristics and evaluate
its suitability for CO, capture in DAC conditions at a preliminary level. For modelling of a
fixed-bed adsorption process using the same sorbent, important parameters were gained.
Particle size distribution, of which most importantly the median size, was determined.
Sphericity could be determined from SEM-images to be approximately 1. Porosity was
evaluated by BET- and BJH analyses, and internal porosity could be calculated. The
adsorption capacity was studied by STA experiments in different conditions. When using
400ppm dry CO,, the resin was found to yield the highest capacity at 25°C. These
parameters can be used for modelling of a fixed-bed adsorption as well as starting values

for fixed-bed experiments.

The resin gained from industry, resin 1, was also compared to another amine-

functionalized resin CO, sorbent, resin 2, in this thesis. By physicochemical
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characterization experiments, it was found that their structure was very similar. SEM-
images revealed the existence of macro- and mesopores, but also impurities that were
confirmed by EDS and XRF elemental analyses. The particle size distributions and the
densities of the two resins were comparable. Porosity determined by BET- and BJH
analyses showed comparable surface areas, but porosity was significantly higher for resin
2. Resin 2 also had a larger pore size. By using FTIR, the amine species were identified as
primary amines for both resins. Also, the main species of captured CO, was identified as
carbamate. The matrix of both sorbents was identified as polystyrene. The spectra were
mostly similar in sections representing PS, but small differences were detected, probably
referring to different substitutions in the aromatic ring. Thus, the resin materials are both
based on a crosslinked polystyrene structure that has been functionalized with a primary
amine for CO, capture applications. The differences in the physical and chemical

properties impart that the resins are manufactured by different processes.

When comparing the experimental results to literature, the resins were found to have
surface areas comparable to many mesoporous sorbents, but higher than with other resins
reported. The CO, adsorption capacities from 400ppm CO; for resin 1 were reasonable if
compared to literature values. The optimal adsorption temperature of 25°C was the same as
for most of the sorbents. Also, it was found that the amines endured thermal treatment
reasonably well. These results give confidence in the sorbent material being suitable for
DAC conditions. Data about the process performance of this resin in DAC is needed,

however.

The porosity determined in this thesis mostly omits the macroporosity. Therefore, a
mercury porosimetry should be conducted to fully determine the porosity for modelling
purposes. To further study the material structure, in-situ FTIR would be required. Thus, the
effect of for example operation temperature and humidity on the CO, species could be
monitored, and the reaction mechanism would be better revealed. This would be important
in finding the optimal conditions, where the amine efficiency of the material is highest.
Also, this would allow for better determination of a decomposition temperature of the

amines, and other stability examination.

An important modelling parameter that couldn’t be determined reliably was specific heat
capacity. This should be determined by well calibrated and reliable differential scanning

calorimetry (DSC). Regeneration energy was also not determined reliably, and can be
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estimated with the same device. Reliable determination of regeneration energy may require

multiple adsorption/desorption cycles.

Cyclic performance of the CO, sorbent, as stated, is extremely important to be determined
for evaluation of process feasibility. The working capacity, stability and Kinetics can be
determined from cyclic fixed-bed adsorption experiments. This would require
comprehensive examination, with each experiment consisting of at least 20 cycles, but
preferably closer to a 100 cycles. The consistency of the inlet gas should be varied from
only dry CO; and humid CO, to synthetic air consisting also oxygen, to study the effect of
these conditions on the cyclic capacity as well as stability. FTIR could also be used here as
a supportive tool. Finally, if DAC and PCC conditions are compared, different
concentrations of CO, and higher temperatures should be used. Also, the effect of different

impurities in the inlet gas should be studied.
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Appendix | - Summary of literature results

TABLE A-l Material characteristics of different CO, sorbent materials by matrix type.
Equilibrium sorption capacities were the highest reported, not maximum
capacities.

Index Source | Matrix Functionalization | Surface ceoa (ppM) (MMolcosh ) Amine loading | Amine efficiency
Nr. /functional group | area (m2g) | o2 (PP Ge coz/Bsorbent) | (mmoly/Geornent) | (MMOICO/mmOIN)
1 11 | Zeolite ’ : 395 134 ; :
2 11 | zeolite ’ ; 395 134 - :
3 11 | zeolite ] : 395 0.67 - :
4 1 | zeolite ) : 395 0.67 - :
. 75% LiOH-H,0
5 2] | zeolite 13 1000 1.50 - -
. 75% LiOH-H,0
6 2] | zeolite 17 1000 1.10 - -
PEI
Mesoporous
7 [2] silica - 400 2.36 10.50 0.225
PEI_+_siIane
Mesoporous | additive
8 [3] silica - 400 2.26 10.70 0.211
PEI+Ti-additive
Mesoporous
9 [3] silica - 400 2.19 10.50 0.209
Mesoporous PEI+ 0.070 Zr/Si
10 [4] silica 647 400 0.85 8.33 0.102

Aminoethylamino

Mesoporous | propyltrimethoxy-

11 [5] silica silane - 400 - - N
Mesoporous | Aziridine

12 [5] |silica 234 400 1.00 5.30 0.189
Mesoporous Aziridine

13 [5] |silica 45 400 1.72 9.90 0.174
Mesoporous | 3-aminopropyl-

14 [6] | silica trimethoxysilane 237 400 1.10 2.70 0.407
Mesoporous | 3-aminopropyl-

15 [6] |silica trimethoxysilane 230 400 0.55 3.75 0.147

(N-

methylaminoprop
Mesoporous | yl)-

16 [6] | silica trimethoxysilane 344 400 0.20 2.41 0.083
(N,N-
dimethylaminopro
Mesoporous | pyl) -

17 [6] |[silica trimethoxysilane 317 400 0.00 2.20 0.000
[N-(2-
aminoethyl)-3-
aminopropyl]
18 [7] Silica gel trimethoxysilane 216 400-440 0.30 2.48 0.121
[N-(2-
aminoethyl)-3-
aminopropyl]
19 [7] Silica gel trimethoxysilane 216 400-440 0.40 2.48 0.161
[N-(2-
aminoethyl)-3-
aminopropyl]
20 [7]1 | Silica gel trimethoxysilane 216 400-440 0.44 2.48 0.177
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Functionalization

Surface

Amine loading

Amine efficiency

Index Nr. | Source | Matrix /functional group | area (m?g) | S°°2 (Ppm) | e (MmOlcoz/Gsorbent) (mmoln/Gsorben) | (MMOICO,/mmolN)
[N-(2-aminoethyl)-
3-aminopropyl]
21 [7]1 | Silica gel trimethoxysilane 216 400-440 - 2.48 -
50 w-% PEI
22 [8] | Fumed silica 27 400-420 1.67 - -
Macroporous | 3-aminopropyl-
23 [9] silica trimethoxysilane 56 400 2.65 10.98 0.241
Macroporous | 3-aminopropyl-
24 [9] |silica trimethoxysilane 56 100000 3.86 10.98 0.352
Mesoporous | 55 w-% PEI
25 [10] | carbon 153 400 1.50 - -
Mesoporous | 55 W-% PEI+5 w-%
26 [10] | carbon Span 80 109 400 2.25 - -
Mesoporous | 55 w-% PEI
27 [10] | carbon 153 400 2.00 - -
Mesoporous 55 w-% PEI+5 w-%
28 [10] | carbon Span 80 109 400 2.40 - -
Mesoporous | 37.2 w-% PEI
29 [11] | alumina 66 400 1.73 8.66 0.200
Mesoporous 48.1 w-% PEI
30 [11] | alumina 29 400 1.95 11.20 0.174
Mesoporous | PEI
31 [12] | alumina 97 400 1.71 8.40 0.204
Mesoporous | PEI
32 [12] | alumina 97 400 1.71 8.40 0.204
EDA
33 [13] | PPN - 400 0.15 - -
EDA
34 [13] | PPN - 400 0.15 - -
DETA
35 [13] | PPN - 400 1.04 - -
DETA
36 [13] | PPN - 400 1.04 - -
Quaternary
Colloidal | @mmonium
37 [14] | crystal hydroxide groups } 400 057 2.30 0.248
Quaternary
ammonium
hydroxide groups+2
w-% silica+20 w-%
38 [15] |PolyHIPE | Span 80 - 400 0.72 - -
N-(2-aminoethyl)-3-
aminopropylmethyl-
39 [16] | NFC dimethoxysilane 7 506 139 4.90 0.284
3-
aminopropylmethyl-
40 [17] | NFC diethoxysilane 12 400-510 0.39 3.86 0.101
3-
aminopropylmethyl-
41 [17] | NFC diethoxysilane 12 400-510 0.65 3.86 0.168
3-
aminopropylmethyl-
42 [17] | NFC diethoxysilane 12 400-510 - 3.86 -
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Functionalization

Surface

Amine loading

Amine efficiency

Index Nr. | Source | Matrix | ;1 tignal group area (m¥g) | °c02 (ppm) Ge (Mmolcoz/Gsorvenr) (MmMOln/Gsorbent) | (MMOICO/mmoIN)
N-(2-aminoethyl)-3-
aminopropylmethyl-
43 [18] | NFc | dimethoxysilane 8 444-463 1.8 5.90 0.217
N-(2-aminoethyl)-3-
aminopropylmethyl-
44 8] | nrc | dimethoxysilane 8 417-491 - 5.90 :
N-(2-aminoethyl)-3-
aminopropylmethyl-
45 18] | Nec | dimethoxysilane 8 417-491 - 5.90 -
44 W-% PEI
46 [19] NFC 8 400.00 2.20 10.00 0.220
N,N’-
dimethylethylene-
47 [20] | moF | diamine (mmen) 70 390 2.05 . :
N,N’-
dimethylethylene-
48 [20] MOF diamine (mmen) 70 390 2.05 - -
Ethylenediamine
49 [21] | MOF (en) 1253 390 2.83 - -
50 [22] MOF 300 400 1.24 - -
Quaternary
ammonium
hydroxide/carbonate
51 [23,24] | IER groups 2 440 0.86 - -
Primary amine
(phtalamide)
53 [25] Resin 26 100000 1.55 7.50 0.207
50 w-% PEI
54 [26] Resin 22 400 2.26 - -
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TABLE A-ll Process conditions and cyclic performance of different CO, sorbent
materials by matrix type. Sorption capacities before and after cycling
experiments were either equilibrium capacities or working capacities.
*Equations in section 3.1.4.

Swin T, i T Selectivit - .
Index Nr. typeg ad(s(;')(r:p)non de(s(;')(r:p)tlon o (mmOICOZ/gsorbent) Cend (mm0|C02/gsorbent) Ncycles calculatior\ll* SE|eCt|V|tY Pur|ty (%) Other

1 TSA 25 280 - - - quz/qu 1.6 60.0

2 TVA 25 240 - - - quz/qu 1.6 90.0

3 TSA 25 220 - - - quz/qu 3.0 55.0

4 TVS 25 220 - - - quz/qu 3.0 95.0

5 - 25

6 - 25
Desorption
capacity

7 TSA 25 110 2.36 1.65 4 - - - reported
Desorption
capacity

8 TSA 25 110 2.26 2.05 4 - - - reported
Desorption
capacity

9 TSA 25 110 2.19 2.16 4 - - - reported

TSA+Ar

10 flow 25 110 0.75 0.74 4

11 TSA 25 110 0.28 0.28 4

12 TSA 25 110 0.35 0.32 4

13 - 25

14 - 25

15 - 25

16 - 25

17 - 25
Dry air,
desorption
capacities

18 TVS 25 90 - - - - - 95.8 reported
Dry air,
desorption
capacities

19 TCS 25 90 - - - 95.8 reported

20 TCS 25 90 - - - - - 97.6 Humid air
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Swing Tadsorption Tdesorption Jo Qend Selectivity L. Purity
Index Nr. N . Selectivit Other
type (°c) (°c) (MMOlcoa/gsorbent) | (MMOlco2/Esorbent) | | calculation* Y1 (%)
Humid air.
Average
cycling
21 TVS 25 90 0.18 0.18 40 - - - capacity.
TSA+N; -
22 flow 25 85 1.42 1.42 4 - - 4.0
23 - 50 - - - - - - - )
TSA+Ar R
24 flow 50 110 3.86 3.78 120 - - -
25 - 25 - - - - - - 11.0 )
TSA+N; -
26 flow 25 110 2.25 2.2 10 - - 11.0
27 - 50 - - - - - - 11.0 )
28 - 50 - - - - - - 11.0 )
TSA+Ar .
29 flow 25 110 1.3 1.3 3 - - -
30 - 25 - - - - - - - )
31 Steam 30 110 1.71 1.73 18 - - - )
Cycling
time 24
32 Steam 30 110 1.71 0.66 - - - - hours.
33 TSA 22 - - - - IAST(N,) 5078 67.0 -
34 - 22 - - - - IAST(N,&O,) 5086 67.0 -
Desorption
T for
working
capacity of
35 - 22 170 - - - IAST(N,) 3.8x10" | 99.9 |~1mmol/g
Desorption
T for
working
capacity of
36 - 22 170 - - - | IAST(N,&O0,) | 3.6x10" | 99.9 |~1mmol/g
37 HS - - 0.25 0.24 15 - - -
38 - - - 0.7 0.6 5 - - -
TSA+Ar 40%
39 flow 25 90 0.695 0.695 20 - - - humidity
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Index SWing Tadsor tion Tdesor tion o Qend Se|ECtiVitV P Purity
Nr. type (°Cp) (°Cp) (Mmolcoa/Borbert) | (MMOlcos/Brorvend) | % | calculation® | S | (o) Other
20% humidity,
desorption
capacities
40 TVS 20 - - - - - - 95.6 | reported
80% humidity,
desorption
capacities
41 TVS 20 - - - - - - 95.6 | reported
40% humidity,
desorption
capacities
42 TVS 20 95 0.421 0.421 10 - - 95.6 | reported
43 - 30 - - - - - - - -
60% RH.
Equilibrium
capacities
before & after
a4 TVS 30 90 1.28 1.22 100 - - - cycling.
60% RH. Cycling
45 TVS 30 90 0.87 0.87 100 - - - capacity.
TSA+N;
46 flow 25 85 2.2 2.15 5 - - - )
Dry air.
Selectivity from
TSA+N, gas with 20%
47 flow 25 150 1.05 1.05 10 Eq. (11) (N,) 49000.0 96.0 | O, 80% N,.
TSA+N;
48 flow 25 150 1.05 1.05 10 Eq. (11) (O,) 27000.0 98.0 )
TSA+N;
49 flow 25 150 2.83 2.66 5 Eq. (11) N, 70000.0 97.0 )
50 TVS 25 50 - - 4 Eq. (12) N, 10500.0 - -
51 HS 25 23 - - - - - -
TSA+N;
53 flow 50 120 1.18 1.18 18 - - - Drying for 2h.
TSA+N;
54 flow 25 100 2.26 2.22 5 - - - )
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Appendix I1- Testing of linear correlation

Linear correlation of equilibrium capacity and amine loading (see App. I) of solid sorbents was

tested in around 400ppm CO,.

Y = BO + le (A'3)
Where Y equilibrium capacity,
B, intercept,
B; slope,
X amine loading.

Equation (A-1) is the equation of linear curve tested. Significance level of 0.05 is selected.
Hypotheses: Hy:B; =0
Hy: By # 0

Linear regression analysis was conducted by MS Excel data analysis. The results are in Table I1I.

TABLE A-llI Linear regression data gained from MS Excel data analysis conducted to test
the linear correlation between equilibrium sorption capacity and amine
loading of solid direct air capture sorbents.

Standard
Bl error t-value |P(t<11.45)
0.21458 0.018739 |11.4506 |9.73E-11

Because the P-value is smaller than 0.05, the null hypothesis is rejected. A significant linear
correlation therefore exists between the two variables.
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Appendix I11- BET-BJH analysis

The sample conditions

TABLE A-1V Pre-treatment conditions and masses of samples used in BET-BJH analysis.
Sample | Resin Pretreatment Degasification | Moefore degas/d | Mafter degas/d
1|Resin1 |Drying at 120°C |60°C, 19h 0.2397 0.2321
2|Resin 2 | Drying at 120°C |60°C, 43h 0.1988 0.1938
3|Resin1 |Dryingat90°Cc |90°C, 6h 0.0751 0.0717
4|Resin2 |Dryingat 90°C |90°C, 17h 0.0896 0.0852
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Examples of BET isotherms and BJH cumulative pore volume plots

Isotherm Linear Plot
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FIGURE A-1  The BET isotherm from the adsorption and desorption of N, at 77K on resin 2
dried at 90°C. The crosses correspond to data points in the adsorption phase, the
circles correspond to data points in the desorption phase.
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Isotherm Linear Plot
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FIGURE A-2  The BET isotherm from the adsorption and desorption of N, at 77K on resin 2
dried at 120°C. The crosses correspond to data points in the adsorption phase, the
circles correspond to data points in the desorption phase.

In Figure A-1 both adsorption and desorption curves follow similar BET isotherm pattern. In Figure
A-2, adsorption curve follows BET isotherm but the desorption data points are near to zero values.

The desorption for resin sample 2 does not follow BET isotherm and is thus unsuccessful.
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BJH Desorption Cumulative Pore Volume
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FIGURE A-3  The BJH cumulative pore volume from the desorption of N, at 77K on resin 2
dried at 90°C.
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BJH Desorption Cumulative Pore Volume
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The BJH cumulative pore volume from the desorption of N, at 77K on resin 2
dried at 120°C.

In Figure A-3 the BJH desorption cumulative pore volume consists of multiple points and a

reasonable plot was obtained. In Figure A-4 the corresponding plot has only 3 data points, which

indicates that the experiment for sample 2 was not successful.
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Appendix V- The porosity evaluation

Specific gravity was determined to calculate the skeletal density of resin 1, which in turn could be

used to determine porosity.

S.G.= s (A-2)
(W +S—-5SwW)
Where S.G specific gravity,
S dry sample weighed to pycnometer,
w weight of water in pycnometer,
Sw weight of sample and water in pycnometer.

Specific gravity was determined by Equation (2) from resin 1 in 3 separate measurements using a

Gay-Lussac pycnometer. The results from the pycnometer measurements are in Table V.

TABLE A-V Masses of dry samples, water and dry samples plus water in pycnometer,
and the gained specific gravities. The sample was resin 1, and water

temperature was 20°C.

Measurement | S (Q) W (g) SW (g) S.G.

1 7.456 145.200 146.562 1.224
2 10.513 150.160 152.120 1.229
3 13.149 145.180 147.620 1.228

The mean of the specific gravities in Table V is 1.227. The density of water at 20°C is
approximately 0.9982 g/cm®. When these are multiplied, the skeletal density is

ps = 1224.8 g/cm3
Cumulative pore volume of resin 1 corresponding to sample 1: V, = 0.0896 cm?/g
The internal porosity of resin 1 thus:

g, =V, ps = 0.0896 cm*®/g - 1224.8 g/cm® = 0.110
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Appendix IV- FTIR peaks

TABLE A-VI List of peaks and wavenumber ranges used to analyse FTIR spectra. PS
refers to polystyrene. RS corresponds to start of a wavenumber range and
RE corresponds to the end of the range.

1/Mcm™ | Assigment Species Source | Other
540 - PS [27]
698 - PS [27]
842 - PS [27]
906 - PS [27]
1028 - PS [27]
1069 - PS [27]
1154 - PS [27]
1181 - PS [27]
1320 | NCOO " skeletal vibration carbamate [25]
1332 | NCOO' skeletal vibration carbamate [28]
1335 | symmetric NCOO™ bands ionic carbamate [29] |[RS
1430 | symmetric NCOO™ bands ionic carbamate [29] |RE
1381 | symmetric stretching NCOO ionic carbamate [30]
1385 | symmetric stretching NCOO carbamate [28]
1412 | o CH,..H amines [29]
1439 | symmetric stretching NCOO carbamate [28]
1431 | NCOO' skeletal vibration carbamate [25]
1450 | ¢ CH, amines [29]
1469 - bicarbonate [25]
1480 | NH deformation ionic carbamate [30]
1482 | NCOO  skeletal vibration carbamate [25]
1484 | NH3" symmetric deformation NH;* [30]
1485 | NH3" symmetric deformation jonic carbamate [29] |RS
1550 | symmetric NH;" deformation ionic carbamate [29] |RE
1493 - PS [27]
1500 | symmetric NH* deformation ammonium ion [28]
1510| CHN group bound carbamate [29]
1517 | carbonyl stretch carbamate & bicarbonate [25]
1549 | - bicarbonate [25]
1550 | asymmetric stretching NCOO" carbamate [28]
1565 | NCOO stretching carbamate [25]
1564 | symmetric NCOO™ bands ionic carbamate [29]
1580 | asymmetric NH;" deformation | NH;" [30]
1583 - PS [27]
1597 | Bending NH amines [29]
1601 - PS [27]
1626 | asymmetric NH;" deformation | ammonium ion [28]
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1625 | NH;" deformation ionic carbamate [29]
1633 | asymmetric NH;" deformation | NH;" [30]
1643 | Bending NH (no H bonding) amines [29]
1680 | C=0 stretch carbamic acid [30] |[RS
1700 | C=0 stretch carbamic acid [30] |[RE
1688 | C=0 stretch carbamic acid [28]
1714 | C=0 stretch bound carbamate [29]
1802 - PS [27]
1871 - PS [27]
1944 - PS [27]
NH;" asymmetric deformation
2160 | and twisting NH," [30]
NH;" asymmetric deformation
2338 | and twisting NH;" [30]
2365 | CO, asymmetric stretch physisorbed linear CO, [30]
2500 | NH;" symmetric stretch jonic carbamate [29]
2850 - PS [27]
2870 | CH Stretch amines [29]
2924 - PS [27]
2935 | CH Stretch amines [29]
2958 | CH Stretch amines [29]
3001 - PS [27]
3026 - PS [27]
3060 - PS [27]
3082 - PS [27]
3104 - PS [27]
3300 | NH, symmetric stretch amines [30]
1800 | NH stretch, hydrogen-bonded | amines [30] |RS
3300 | NH stretch, hydrogen-bonded | amines [30] |RE
3330 | NH stretch amines [29] |RS
3400 | NH stretch amines [29] |RE
3375 | NH, symmetric stretch amines [30]
3380 | loss band NH stretch ionic carbamate [29]
3440 | NH stretch ionic carbamate [29,30] | RS
3450 | NH stretch ionic carbamate [29,30] | RE
3650 | Hydrogen-bonded hydroxyls amines [29] |RS
3740 | Hydrogen-bonded hydroxyls amines [29] |RE
3748 | isolated hydroxyls amines [29]
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Appendix V-Thermal degradation using STA

m-%

The effect of thermal treatment on resin

103
102
101
100

(e}
(Vo)
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FIGURE A-1

The mass-% profile of resin 1 in N, flowing at 50 ml/min with
temperature.

increasing
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Appendix VI-SEM-EDS analysis areas

FIGURE A-2  The areas of resin 1 on which SEM-EDS was conducted. The upper figure
corresponds to the first measurement area, and the lower to the second
measurement area.



Appendix VII-STA adsorptions

Smoothening the N, adsorption mass profile
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FIGURE A-3  The original mass-% profile gained with STA using only nitrogen at 50 ml/min on
resin 1 in the upper figure. By interpolating the section in the range of 480-700
minutes, mass-% profile in the lower figure was gained.
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Calculation of the adsorption capacity

The calculation procedures used to gain the adsorption capacity profiles are presented here. Sample

tested at 25°C and 400ppm CO, with drying at 90°C is taken as an example. The final adsorption
capacity after 20 hours of adsorption is calculated.

Msampie = 10.1mg

Interpolated nitrogen adsorption data (see Figure A-3) was first used to correct the STA mass-%
profiles (Figure A-4), and so the mass-% change profiles were gained.

Mass profile correction
T T

st 110
© 100 | Original profilg Ho s
) — — — - Control experiment mass-% profile °
= : N, corrected profile =
|
|
|
|
95t | S B
| ””,,,”
1 U
\ -7 -
0 200 400 600 800 1000 1200 1400
Time/min
FIGURE A-4

Correction of STA mass-% profile with control experiment data. The corrected

mass-% profile was gained by subtracting the control experiment data from the
original data. The original mass-% profile was gained by using 400 ppm CO, at
50 ml/min on resin 1. Drying temperature was 90°C, and adsorption temperature
was 25°C. The control experiment was conducted in similar conditions but with

only Na.

In Figure A-4, the point at which the data variation caused by CO, introduction is levelled is at

t =215 min: Am(%) = 7.27242%

In Figure A-4, the point at which adsorption is stopped is at



A-20

t = 1405.6 min: Am(%) = 11.269%
Thus, the mass change caused by CO,:

Am(%) o, = 11.269% — 7.27242% = 3.99658%

3.99658%
Amcoz = Am(%)coz "Msample = TOO/O : 101mg = 040365mg
The adsorption capacity is then:
Amco, 0.40365mg 10.01 0.00040365g 001010 ~ 0.000908 mol
g=——"-":m =————F———:10.0lmg = ——F: 0. g = 0. —_—
MCOZ sample 4401,9 4401L g
mol mol

q = 0.908mmol/g
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The conditions and maximum adsorption capacities in STA experiments

TABLE A-VII Summary of the pre-treatment of resin samples, conditions in the
simultaneous thermal analysis, and the adsorption capacities calculated from
the gained data. The mass-% changes of a sample in a control experiment
with only N, flow were subtracted from the results. The pre-treatment, if
any, was conducted in vacuum oven under 60-100mbar.

Ccoz tadsorption/h Tpretreatmentloc Tdryinq/OC Tadsorption/OC q/(mmOICOZ/gsorbent)
400ppm 24 120 120 25 0.753
400ppm 24 - 90 25 0.824
400ppm 20 90 90 25 0.908
400ppm 20 90 90 35 0.492
400ppm 20 90 90 50 0.046

1% 2 90 90 25 1.073
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