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Abstract

Atmospheric CO; levels have increased significantly from 280 PPM (pre-industrial) to over 420PPM
in 2023. Meeting the climate goals of the Paris Agreement will require active removal strategies and
interest in carbon capture and utilization solutions has increased significantly in recent years. The
literature primarily focuses on the maximum carbon capture capacity of materials and other properties
such as the carbon capture rate are often overshadowed. The performance of the materials is also often
evaluated in small scale such as in TGA instruments or in high pressure vessels using very small sample
quantities and high concentrations of CO, which may not necessarily reflect their real-world
performance. In this work we design and construct an adsorption chamber with controllable temperature
and CO; concentration parameters to test conductive “smart materials” for carbon capture in conditions
more analogous to real-world carbon capture scenarios using gram scale samples. We also define a new
figure of merit for carbon capture systems, the power consumption per gram of CO, captured, and
integrated this metric into the adsorption chamber design. The capabilities of the chamber are evaluated
using novel rGO and ground wood pulp composites from RISE prepared using air-drying and freeze-
drying methods which are physically impregnated with PEI MW60000 at different concentrations.



Sammanfattning

Intresset for avskiljning och anvindning av koldioxid har 6kat markant under de senaste &ren och en
mingd olika material undersoks for avskiljning av koldioxid i atmosféren. Litteraturen fokuserar frimst
pa materialens maximala kapacitet for koldioxidavskiljnings och andra egenskaper som
avskiljningshastigheten hamnar ofta i skymundan. Materialens prestanda utvérderas ocksé ofta i liten
skala, tex. i TGA-instrument eller i hogtryckskdrl med mycket smad provméngder och hoga
koncentrationer av CO2, vilket inte nodvandigtvis aterspeglar deras verkliga prestanda. I detta arbete
designar och konstruerar vi en adsorptionskammare med kontrollerbara temperatur- och CO2-
koncentrationsparametrar for att testa ledande “smarta material” for koldioxidinfangning under
forhéallanden som mer liknar verkliga scenarier for koldioxidinfangning med hjilp av prover i gram-
skala. Vi definierade ocksé ett nytt nyckeltal for koldioxidinfAngningssystem, stromférbrukningen per
gram infingad CO2, och integrerade detta métt i adsorptionskammarens design. Kammarens kapacitet
utvirderas med hjélp av nya kompositer av GO och mald trdmassa frén RISE som framstéllts med
lufttorknings- och frystorkningsmetoder och som &r fysiskt impregnerade med PEI MW60000 i olika
koncentrationer.



Acknowledgements

This work was funded by Mistra Terraclean — II and carried out at RISE Research Institutes of Sweden.
I want to thank Dr. Abhilash Sugunan, my supervisor at RISE for his guidance and advice throughout
this work. His expertise was invaluable in navigating the challenges of this project. I am also very
grateful to my examiner Muhammet Toprak for inspiring my interest in nanomaterials through his
incredible lectures which heavily influenced my decision to pursue this field. I also wish to acknowledge
the HMF department at RISE for their support. A very special thanks to Michael Reid, Lisa Johansson
Carne, Asa Blademo and Mikael Sundin for their guidance in the lab and material characterisation. I
would also like to thank my parents for their support and encouragement and finally my partner for
always believing in me and cheering me on.



Abbreviations
ADF = Air-dried Foams

BET = Brunauer-Emmett-Teller

CAD = Computer Aided Design

CC = Constant Current

CNT = Carbon Nanotube

CV = Constant Voltage

DAC = Direct Air Capture

DETA = Diethylenetriamine

EPA = Environmental Protection Agency
ETD = Everhart-Thornley Detector

FDF = Freeze-dried Foams

FTIR = Fourier Transform Infrared Spectrometry
GHG = Global Greenhouse Gas

GO = Graphene Oxide

HMDS = Hexamethyldisilazane

IPCC = International Panel for Climate Change
MW = Molecular Weight

NFC = Nanofibrillated Cellulose Fibre
PAA = Poly(allylamine)

PCC = Post Combustion Capture

PEI = Polyethyleneimine

PPI = Polypropyleneimine

PPM = Parts Per Million

PPN = Porous Polymer Networks

PPy = Polypyrrole

rGO = Reduced Graphene Oxide

RISE = Research Institutes of Sweden
SEM = Scanning Electron Microscope
TEPA = Tetraethylenepentamine

TGA = Thermal Gravimetric Analysis
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1. Introduction

1.1 Background

Emission of carbon dioxide (CO) into the atmosphere and its accumulation has been one of the primary
drivers of climate change around the world. The mean atmospheric concentration of CO; in 2023
reached 420.8ppm measured at Mana Loa observatory, Hawaii [1], a significant increase over pre-
industrial levels of 280ppm [2]. In 2019 global greenhouse gas (GHG) emissions were estimated to be
59 £ 6,6 GtCO»-eq by the International Panel for Climate Change (IPCC) [3], the largest share of which
was from CO, fossil fuel combustion and industrial processes. The trends have made it clear that
reducing emissions are likely to be insufficient in limit global warming to 1,5°C above pre-industrial
levels and active removal strategies will be required.[2] Liquid amine chemical absorption has long
been utilized for post-combustion CO- capture (PCC) due to its large capacity and high specificity for
CO,.[4] An example of this would be a solution of 20-30 wt% monoethanolamine in water. There are,
however, disadvantages which make their long term use unsustainable. These drawbacks include
volatility of the solution which can lead to absorbent losses and/or solvent degradation during
regeneration cycles, high energy requirements to regenerate the solution, and high alkalinity leading to
erosion.[5], [6] To address some of these concerns the use of solid adsorbents has been proposed both
for PCC and even direct air capture (DAC) of CO,. Depending on the material, solid adsorbents can be
regenerated in milder conditions with less energy, produce little or no waste material, and do not risk
damage to other components with corrosive chemicals.[7]

The mechanisms for CO, capture in solid adsorbents largely fall into one of two categories:
physisorption or chemisorption. Physisorption occurs due to weak intermolecular interactions such as
Van der Waals or temporary dipole-dipole interactions between CO, molecules and the adsorbent while
chemisorption occurs when a chemical bond is formed. Each mechanism has its advantages and
disadvantages, for example, the weak interactions of physisorption make it easier to overcome the
binding energy and release the captured CO, during regeneration cycles. The stronger chemical bonds
of chemisorption result in higher energy requirements for regeneration such as heating to higher
temperatures. However, since the chemical bond formation is often specific to CO, and the adsorbing
species, selectivity and uptake can be much higher compared to physisorption.[2] One of the most
widely researched topics relating to DAC is the use of porous materials functionalized with amines.[5]
In these cases a porous support such as porous silica, porous carbon, alumina etc. is functionalized with
amine species via physical impregnation or chemical bonding which then react with and bind CO; in
the air.

Amines can be separated into three categories: primary, secondary and tertiary, which describes how
many alkyl/aromatic groups are attached to the nitrogen core. Two mechanisms are commonly used to
describe the reaction between CO; and amines. Primary and secondary amines can described via the
two-step zwitterion mechanism.[8] First, a zwitterion intermediate is formed between the amine
molecule (AmH) and CO..

CO, + AmH = AmH*C00~ (1)

The zwitterion is then deprotonated by a base to form a carbamate (AmCOO™). The base can often be
another amine molecule (unless a different basic species is present during the reaction).

AMH*C00~ + AmH —> AmCO0~ + AmH; )

The overall reaction resulting in carbamate formation can be represented as the sum of reactions (1)
and (2). From this we can deduce that 1 mol of CO, reacts with 2 mol of primary/secondary amines.

CO2 + 24AmH = AmCO0~ + AmH3 3)



The reaction between CO; and tertiary amines (R3N) is described by a different mechanism. It is
believed that tertiary amines do not react directly with CO, and instead act as base-catalysts in the
hydration of CO», which results in the formation of bicarbonate.[9]

RsN + H,0 + CO, = RyN*H + HCO; (4)

From equation (4) one can deduce two things. First, in a completely dry atmosphere, tertiary amines are
unlikely to react with CO,. Second, 1 mol of CO, reacts with 1 mol of tertiary amine. Initially, this
would suggest that tertiary amines in a humid atmosphere could have a higher capture capacity than
corresponding primary or secondary. This however is not necessarily the case since the reaction
mechanism for primary and secondary amines is known to change in a humid atmosphere. In humid
conditions primary and secondary amines follow a similar reaction mechanism to tertiary amines
resulting in the formation of bicarbonate as opposed to carbamate.

AmH + H,0 + CO, = Am*H + HCO; (5)

Therefore, the capture capacity of both primary and secondary amines potentially increases in humid
conditions due to the 1:1 reaction ration between the amine and CO,. This suggests that to maximise
the capture capacity, a humid atmosphere should be used. Both to promote bicarbonate formation and
to utilise tertiary amines in a mixed amine system. The reliance of tertiary amines on humidity for
carbon capture also presents the opportunity of controlling the adsorption of the system by controlling
humidity. The reaction schemes for primary, secondary and tertiary amines under dry and humid
conditions is summarized in Figure 1.

Dry condition

Primary amine 2(RNH,) + CO, = [R,NH,] [RNHCOO]
- o’ o4, } &
Secondary amine 2(RR.NH) + CO, — [RR;NH.]" [R,R;NCOO]

Humid condition

,si ™ 7 ﬁ;‘ﬁ .‘z"

Primary amine RNH, + CO, + HO — [R,NH] [HCO,]

e i A O o

Secondary amine RRNH + CO, + HO = [RRMNH] [HCO]
o, - oo M

} o -
Tertiary amine RRRN + CO, + HO = [RRRNH] [HCOJ

Figure 1.1 Reaction schemes for amines under dry and humid conditions. [5]

An additional class of amines exists called sterically hindered amines with regeneration costs that are
lower than primary and secondary amines. Generally speaking, an amine is sterically hindered if it is
attached to a large alky/aromatic group. Examples include primary amines attached to a tertiary carbon
atom or secondary amine attached to a secondary or tertiary carbon atom.[10] The large group results
in low stability carbamates forming and less energy required for desorption. Reactions between CO-
and sterically hindered amines (AmgH) can also be described by the zwitterion mechanism. However,



unlike primary and secondary amines, the zwitterion is more likely to react with water than with another
amine resulting in bicarbonate formation.[8]

CO, + AmgH = Amg,H*COO~ (6)
AmgH*C00™ + H,0 — HCOj; + Amg,HF (7)

In some cases a carbamate can be formed, however due to its low stability, it is likely to undergo
hydrolysis to form bicarbonate.

AmyCO0™ + H,0 - CO3 + Amg,Hf (8)

Capture capacity is the primary benchmark for a materials carbon capture performance. However the
rate of adsorption is also an important parameter which can be considered. In order to maximise the
effectiveness of DAC solutions, the rate of adsorption should also be optimized, not just the adsorption
capacity. Adsorption activators such as piperazine can be introduced in catalytic amounts to increase
adsorption rates.[11] The reaction between CO, and amines is essentially a Lewis acid-base reaction,
therefore a high electron density around the nitrogen is required for effective chemisorption. Positioning
nitrogen atoms away from aromatic groups can reduce delocalisation and improve the electron density
around the nitrogen.[12] When designing a chemisorption-based DAC device it is also important to
consider additional reactions that can occur between CO; and amine species. At elevated temperatures
(<135°C), CO; can react with amines to form urea, a reaction which is difficult to reverse and can result
in reduced effectiveness of the device.[13]

1.2 Porous Supports

When deciding on a porous support several factors must be considered. To begin with, the material
should be stable under the conditions at which it is expected to operate. This includes primarily thermal
stability, the material should not decompose at the temperatures required for regeneration cycles, and
chemical inertness, the material should not react with amines being attached to it or with any impurities
that it may come into contact with. A high thermal conductivity is also advantageous when it comes to
heating efficiency. The porous support should have a large surface area to maximise the amount of
amine which can be loaded, and consequently the amount of CO, that can be captured. This results in
more binding sites available for amine grafting. The structure of the pores also plays a significant role
in how much amine can be loaded into the support as well as the ease with which gases can penetrate
the support. It has been suggested that a hierarchical structure could lead to efficient capture.[7] Such a
structure contains large macropores on the surface with pore size gradually decreasing into the
mesopore range and finally into micropores. This potentially allows both chemisorption and
physisorption mechanisms to be utilized for capture. Larger pores allow easier amine loading and gas
transport into the membrane while smaller micropores located deep within the support can contribute
to additional capture capacity via physisorption.
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Figure 1.2 Hierarchical pore structure schematic. [14]

In the absence of a hierarchical structure, a macro/mesoporous structure is preferred as it allows easier
amine loading with less risk of pore blockage, particularly in the case of large amine molecules.[7]
Steric hindrance is also reduced in larger pores allowing higher amine densities.[2] Acidic sites on the
surface have also been shown to be beneficial to adsorption performance [15], interactions between acid
sites and amines can lead to the formation of protonated amines with weaker binding characteristics
allowing for milder regeneration conditions.

A large variety of porous supports are available each with their own benefits and drawbacks. As such
both materials properties and the expected operating environment should be considered when choosing
a porous support. Porous silica such as SBA-15 have ordered hexagonal pores with narrow pore-size
distributions and high thermal stability. Heteroatom doping of SBA-15 with Al, Ti, Zr etc. has been
shown to improve capture capacity and kinetics.[16] Mesocellular fumed silica (MCF) have shown
capture capacities of up to 2,5 mmol/g under humid conditions. Hexamethyldisilazane (HMDS)
treatment of porous silica has also been found to improve amine accessibility and consequently capture
capacity.[17] The treatment converts hydrophilic silanol groups into hydrophobic trimethylsilyl groups
leading to increased repulsive interactions between amines and the hydrophobic surface. This caused
amines which were initially bound to the surface to be available for bonding with CO,. One drawback
of porous silica is their instability in the presence of steam. When exposed to steam, porous silica can
undergo structural collapse, reducing their capture capacity.[18]

Materials such as alumina have attracted attention particularly thanks to their stability in steam flows
which is a result of their crystallinity and lower hydrophilicity compared to porous silica.[19] Steam
regeneration or steam stripping would be a convenient method of regenerating adsorbents in industries
which produce large amounts of waste steam.[20] Organic polymers have also been explored as support
materials due to their high degree of chemical tunability and control over surface area and pore volume.
Particularly porous polymer networks (PPN) such as PPN-6-CH.DETA[21], a PPN functionalized with
diethylenetriamine (DETA) which had a very high selectivity for CO; although slightly lower capture
capacity at 1,04 mmol/g. Although lower compared to previously mentioned solutions, it has been found
that the length of the amine chain influences the capture capacity in PPN’s and use of amines such as
polyethyleneimine (PEI) could result in improved performance.

Carbon-based materials such as activated carbons, mesoporous carbon, carbon nanotubes and graphene-
based materials have also been extensively investigated as supports for carbon capture.[20] Although
activated carbons have found limited use for DAC, they still have value in other settings, particularly
as they can be manufactured from biomass at low cost. Mesoporous carbon impregnated with PEI has
showed promising results when combined with diffusion additives such as Span80 which acted to
separate bulk PEI films from a single entity into dual interpenetrated composite.[22] This allowed CO;
to diffuse deeper into PEI films produced capture capacities of up to 2,25 mmol/g at ambient conditions.



Carbon nanotubes (CNT) and graphene-based materials provide the advantage of being conductive,
allowing simple and efficient temperature swing desorption mechanism via joule heating. The
efficiency with which adsorbents can be regenerated is an important factor since a carbon capture device
is pointless if the energy it requires to operate produces more CO, than it captures. Various studies have
been conducted on graphene-based materials such as graphene oxide (GO) and reduced graphene oxide
(rGO). It has been noted that the method by which rGO is synthesized influences it’s capture capacity,
specifically, hydrothermally reduced rGO (2,4 mmol/g 0°C 1 bar)[23] seems to perform better
compared to thermally/chemically reduced, unmodified material (1,33 mmol/g)[24], although different
experimental conditions make it difficult to compare directly. Heteroatom doping of rGO has also been
shown to improve capture capacity due to the Lewis acid-base interaction between boron atoms and the
electron rich oxygen atoms of CO,.[24] A 38% improvement was observed compared to unmodified
rGO (1,3mmol/g vs 1,8mmol/g at ambient condition). Finally, rGO/metal oxide composites have also
demonstrated impressive capture capacity and selectivity towards CO,. A nitrogen doped rGO/ZnO
composite (N-rGO-ZnO) developed by Li et al.[25] was capable of capacities of up to 3,55 mmol/g at
ambient conditions, demonstrating the potential of carbon/metal oxide composites for DAC.

Many of the materials mentioned above still have sub-optimal manufacturing processes and higher
costs, there has been a search for readily available alternatives. Wood pulp for example is a widely
available material which is being explored for many industrial applications due to its low cost, simple
processing and functional groups which allow for easy chemical functionalization. Nanofibrillated
cellulose fibre (NFC), which can be produced from wood pulp, has been found to be a potential
candidate due to its abundance and richness in hydroxyl groups. The rich hydroxy environment allows
for easier functionalization with amines and adsorption capacities up to 1,39mmol/g at ambient
conditions.[26] Additionally, structure of cellulose fibres present the opportunity for composites with
materials such as rGO, which would make it possible to retain the surface properties of rGO while using
significantly less material. Although NFC can be produced in abundance from wood pulp, chemical
and/or mechanical processing steps are still required before it can be used. To further simplify the
manufacturing process and reduce the carbon footprint, Research Institutes of Sweden (RISE) has been
investigating the use of wood pulp fibres themselves as supports which can then be functionalized with
materials such as rGO to produce conductive wood-based composites for filtering and electrocatalytic
applications. To expand on this work, conductive rGO/pulp composites were prepared to test whether
such a material would be suitable for carbon capture applications and to test the measurement
capabilities of gas adsorption setup developed as part of this work.

1.3 Amine Chemisorbents

There exist many possible amine species which can be used as chemisorbents for DAC and Section 1.1
briefly described the kinetics and mechanism behind the amine-CO, interaction. From the discussion it
is possible to deduce that under dry conditions, primary and secondary amines are more likely to react
with CO; and form carbamates and so are more effective under such conditions. The overall hierarchy
is often said to be Primary > Secondary > Tertiary, in terms of reactivity with CO,. This is most likely
due to electrons being less localised around the nitrogen atom as more alky/aryl groups replace
hydrogens in the amine structure. Under humid conditions, the hierarchy remains, however the
efficiency of the reaction in all three cases is expected to increase since 1 mol of CO» is expected to
react with 1 mol of amine, unlike under dry conditions where 1 mol CO; reacts with 2 mol amine.[8]
To maximise capture capacity, repeating amine polymers e.g. branched PEI and molecules with multiple
amine groups e.g. tetracthylenepentamine (TEPA) have been tested for DAC. Factors to consider when
choosing an amine chemisorbent include thermal stability and volatility, class of amines (primary,
secondary, tertiary etc.), chain length (polymers) or number of amine groups (single molecules). The
size or chain length of a molecule are one of the factors which influence their thermal stability. Smaller
molecules can more easily penetrate deep into porous membranes, however they are also more are likely
to be more volatile and more easily removed even at mild regeneration temperatures. Large molecules



on the other hand, such as high molecular weight (MW) PEIL, are more stable. However, large molecules
are also more likely to cause pore blockage, particularly in the case of physical impregnation, which
inhibits the ability of CO» to penetrate deep into the porous support and reducing its overall capture
capacity. Therefore, a balance must be found between penetrating ability of small molecules and the
greater stability and capture capacity of large molecules. Typically, MW’s of 400-25000 have been used
for PEI in literature.[2]

Depending on the operating environment, the oxidative resistance of a chemisorbent must also be
considered in order to maintain operating capacity and prolong the lifetime of the material. Studies have
shown that secondary amines are more likely to undergo oxidation at elevated temperatures (100-
140°C) resulting in the formation of products such as ammonia and urea, reactions which are often
irreversible.[27], [28] It has also been suggested that degradation of secondary amines can also lead to
the degradation of primary amines, particularly in ethyleneimine structures such as PEI.[28] To address
this, primary amine-rich polymers such as poly(allylamine) (PAA) have been investigated and shown
to have significantly better resistance to oxidation. PAA impregnated polymer-alumina hybrids prepared
by Bali et al. showed only a 10% decrease in capacity at 21% O; atmosphere and 110°C vs a 70%
decrease for PEI at the same conditions. It should be noted that the PAA samples had a lower initial
capture capacity of 1.07 mmol/g vs the 1.87 mmol/g of PAA. Polypropyleneamine (PPI) has also been
found to be more stable in an oxidising atmosphere compared to PEI, both for branched PPI[29] and
linear PPI[30] variants. The linear PPI/SBA-15 prepared by Pang et al. [31] retained 65-83% of its
capture capacity after oxidation treatment.

Some polymers have shown increased capacity compared to others such as chemically activated
polypyrrole (PPy). PPy can be synthesized in large amounts but its high cost and small surface area
have limited its use in carbon capture previously. When grafted onto rGO, large amounts of PPy are not
required and the increase in surface area results in capture capacities of up 4.3 mmol/g.[32] However,
relatively high activation temperatures of up to 700°C were required to maximise capture capacity.
Alternative methods to increasing capture capacity have also been explored such as introducing
hydrophobic phenyl groups which improved selectivity for CO, while also reducing the energy required
to remove adsorbed water during regeneration.[33]

While many of the above-mentioned amine species have the potential for better adsorption performance,
most require in situ synthesis and are not readily available from chemical manufacturers such as Sigma
Aldrich. This makes them impractical for characterisation and evaluation studies. In spite of oxidation
associated concerns, PEI is an industry standard chemical that has been widely investigated for gas
adsorption [20] . A benefit of PEI is that it allows temperature-swing adsorption/desorption cycles at
relatively mild temperatures, a detail highlighted in previous sections as essential for efficient carbon
capture. Research by Sharma et al. [34] have suggested that temperatures up to 80°C can be used for
CO; adsorption, with performance increasing as temperature increases due to higher rates of diffusion
through the material. On the other hand, Chen et al. [35] have suggested that repeated
adsorption/desorption cycles at 75°C or above can harm the longevity of the material. With this in mind,
temperatures of 55-70°C were chosen for CO» adsorption to take advantage of higher diffusion rates
while protecting the material from deterioration. Desorption took place at temperatures of 100-110°C
similar to that described by Sharma et al. PEI is also available with a variety of MW options available
from chemical providers and for this reason PEI was chosen as the chemisorbent species for this work
due to it’s easy availability and relative low cost.

1.4 Immobilisation Techniques

The method by which amines are immobilised on porous supports are often separated into three classes,
each with their benefits and drawbacks. Class 1 sorbents utilise physical impregnation of the support
with the amine species with no chemical bond formation. This technique allows a wide range of amines
to be affixed to the support and creates amine rich environments with potentially high capture capacity.



However, since physical interactions are relied on for attachment, sorbent losses can occur during
regeneration cycles, particularly at elevated temperatures or with low MW amines. At high amine
loadings pore blockage also becomes a risk, leading to reduced gas transport through the support. Using
more mild regeneration conditions and surfactants such as Span80[22] can potentially help to reduce
these drawbacks. Class 2 sorbents rely on chemical bond formation between the amine and the support
e.g. via silane-silanol bonds or using coupling agents such as methyl chloride[36]. Chemical bond
formation leads to higher stability sorbents, greatly reducing the potential for losses during regeneration
however, class 2 sorbents generally have lower amine loadings and capture capacities compared to class
1. Class 3 sorbents involve the in situ polymerisation of amines within the support and this technique
aims to combine the high capture capacity of class 1 materials with the stability of class 2. Polymerised
sorbents result in large amine loading while also being covalently tethered to the porous support.
However, the polymerisation approach does increase the complexity of the synthesis and sample
preparation process. Frequently investigated amines such as PEI can be polymerized in situ via acid
catalysed ring opening of aziridine.[37]

1.5 Objectives

When developing and testing DAC materials it is common practice to utilise TGA instruments and low
volume chambers to monitor the performance of these materials. While this is useful in the pre-liminary
stages of performance evaluation, it does not necessarily reflect the real-world performance due to small
amounts of DAC material and the volumes of the vessels. In the previous paragraphs we have also
demonstrated that capture capacity (and financial cost) is usually considered the primary benchmark of
a materials carbon capture performance. This however is not sufficient when selecting materials for
real-world carbon capture scenarios where the power required to operate a carbon capture device and
the rate at which CO is captured must also be considered. A particular material could potentially capture
large amounts of CO; but if it requires several years to do so and high temperatures to capture or release
then it is simply not efficient. On the other hand a material with a lower capture capacity but high
capture rate could undergo more adsorption/desorption cycles, potentially resulting in more carbon
removal overall. If such a material also operated at, or slightly above room temperature, it would also
be more energetically efficient. In this work we aimed to design and construct a gas adsorption chamber
with controllable temperature and CO; concentration parameters to test smart materials for indoor DAC
under more realistic conditions and to introduce new parameters based on which these materials could
be evaluated.

In the US environmental protection agency (EPA) estimates that 1kWh is equivalent to 417g of CO,[38],
in the EU, this value is slightly lower at 258g of CO, per kWh[39]. One of the new parameters we
wished to introduce in this work was the power consumption of the carbon capture system, which we
define as kWh of energy spent per gram of CO, captured (kWh/gco2), a figure of merit which is not
commonly given in literature. It is important to identify this consumption because, depending on the
location of a carbon capture device, any energy used to run the device could be resulting in more CO;
being generated at a local power station. Another of our objectives was to highlight the capture rate
(mg/h) as another important property which is often overshadowed in literature by maximum capture
capacity. Our final objective was to evaluate the performance of the chamber, by investigating the
carbon capture abilities of foams consisting of rGO supported on ground wood pulp fibres and
functionalised with PEI at several concentrations. The rGO component of the composite was
responsible both for the surface area and conductive properties of the samples. We also demonstrate the
effect of different pore-size and density on the samples by testing air-dried foams (ADF) with relatively
low porosity due to capillary forces collapsing pores during the drying process, and freeze-dried foams
(FDF) in which meso- and micropores are preserved through freezing with liquid N; and drying in a
vacuum oven. In summary, the aim was to construct an adaptable instrument to test DAC materials
using new figures of merit under atmospheric pressure conditions and to evaluate this instrument using
newly developed and low cost rGO/pulp composites prepared by RISE.






2. Methods

2.1 Materials

Samples of rGO/pulp composites were prepared according to procedures specified by RISE. The
samples were loaded with PEI-60000 (Acros Organics and Sigma-Aldrich) using the physical
impregnation method by immersing in PEI and de-ionised water solution with gentle stirring overnight.
Samples were prepared with 20%, 40% and 60% w/w concentrations. These samples are referred to as
ADF/FDF-X where X is the PEI concentration. Table 2.1 below summarises the samples tested. ADF
foams were bench dried over three days while FDF foams were first frozen using liquid N> and dried in
a vacuum oven (LabConco FreeZone 4,5L) over two days.

Table 2.1 Summary of Samples

Sample Name | Calculated PEI Conc. (%w/w) | Sample Name | Calculated PEI Conc. (%w/w)
ADF-20 20 FDF-20 20
ADF-40 40 FDF-40 40
ADF-60 60 FDF-60 60

2.2 Measurement Setup

Figure 2.1 Gas adsdfption chamber final setup overview.

As explained in section 1.5, the objective behind the design of the setup was to evaluate conductive
materials for indoor DAC applications under realistic “open-air” conditions and highlight important
material properties other than maximum adsorption capacity. The following parameters were identified
as being critical to successful operation of the setup:

1. CO;, Concentration
2. Electrical Contact
3. Temperature Control

Naturally, for CO, adsorption testing the first point has clear importance. There was both a need for
accurate and reproducible control of the CO- concentration as well precise measurement inside. Because
the setup was initially designed for testing conductive “smart materials”, good electrical contact was
also important to facilitate efficient joule-heating of the samples. By utilising joule-heating as the
heating mechanism and constantly monitoring input current the power consumption of the system could
also be estimated. Finally, accurate temperature measurement was critical, both because the



adsorption/desorption kinetics of the sample were temperature controlled as well as protecting the
samples from being damaged at high temperatures either due to pyrolysis or the irreversible formation
of urea[ 13]. The steps taken to fulfil the above parameters and arrive at the final setup shown in Figure
1.3 are described in section 3.1.

Figure 2.2 Y-junction used in gas inlet.

The gas adsorption chamber was constructed using a 20L round bottom reaction flask (Figure 1.3). N»
and CO; gas bottles were connected to the flask through a y-junction (Figure 2.1). A voltage-controlled
fan was placed inside the chamber for sample cooling and to keep gas mixtures homogenous (Figure
2.2).

Figure 2.3 Fan and fan holder inside adsorption chamber.

A fan stand and sample holder were designed in AUTODESK Inventor and printed using an Ultimaker
2+ 3D printer. The fan stand incorporated a slot for a polycarbonate tube to act as a wind-tunnel to direct
air towards the sample holder (Figure 2.3). The sample holder consisted of two 3D printed
polycarbonate pieces with perforated metal plates acting as electrodes for Joule-heating of the samples.
Cables for the fan, sample holder and thermocouples were passed into the chamber through a multi-
neck lid. A CO; sensor probe was inserted into the chamber through the multi-neck lid and CO»
concentrations were monitored on a nearby laptop via Vaisala Insight software. Temperature readings
from thermal probes were also monitored on the same laptop via PicoLog software. Silicon vacuum
sealing grease was used on the lid to prevent gas leakage from the chamber. A 20V 2.5A power supply
was used for Joule heating and fan speed control.



Figure 2.4 Polycarbonate tube on fan holder.

2.3 Experimental Procedure

Samples were first placed in an oven at 100°C overnight to desorb any previously captured CO». A
multimeter was connected to the cables on the sample holder and a sample was clamped inside. The
screws on the holder were tightened until the multimeter measured a resistance of <500Q. The holder
was then attached to the cables inside the adsorption chamber and two thermocouples were put in
contact with the sample. One thermocouple was inserted into the centre of the sample through the
perforations of the metal plate, the second thermocouple was inserted from the side into the outer edge
of the sample. The sample holder was then placed on the polycarbonate wind-tunnel inside the
adsorption chamber and the chamber was sealed with the lid. One small stopper was loosened from the
multi-neck lid to allow N; to flow through the chamber until the CO, reading reached 0 ppm. The
stopper was then tightened again. The sample was then heated to desorption temperature (100-110°C
peak temperature) by incrementally increasing the current output of the power supply. Once the
desorption temperature was reached the chamber was filled with the desired amount of CO,. This was
done by flowing CO- for a specific amount of time through a flowmeter (Sho-rate Brooks) at its
maximum flow rate of 1,25ml/s.

Once the CO; has flow has been shut off N> was flowed through the tubing for 5-10 seconds to purge
any remaining CO,. The fan was then turned on by setting the power supply output to 5V and gradually
increasing the current until it just started spinning. Once the gas reading reached equilibrium the current
to the sample was reduced until it reached adsorption temperature of 55-70°C. The sample was then
allowed to adsorb overnight. CO; was desorbed again by increasing the current until the sample reached
100-110°C.



2.4 Characterisation Techniques

2.4.1 Scanning Electron Microscopy (SEM)

The structural properties of clean (no PEI impregnation) ADF and FDF samples were characterised by
SEM analysis (FEI Instruments Quanta 250 FEG ESEM). Images were taken in high vacuum mode at
2kV with an Everhart-Thornley detector (ETD).

2.4.2 Brunauer-Emmett-Teller (BET)

BET analysis was undertaken to compare the surface area of samples prepared using air-drying and
freeze-drying methods. Prior to measurement, samples were dried for X days in a vacuum oven. After
drying, samples were inserted into long-neck round bottom flasks and attached to the instrument
(Micrometrics Asap 2020).

2.4.3 Thermogravimetric analysis (TGA)

TGA analysis (Mettler Toledo TGA2) of ADF-clean and ADF-40 samples were conducted to observe
the temperature stability of the rGO/pulp support and physically adsorbed PEI. The instrument was
configured to measure between 25-600°C at a ramp rate of 20°C/min with a N flow of 50ml/min.

2.4.5 Fourier-transform Infrared Spectroscopy (FTIR)

FTIR (Perkin Elmer Spectrum One with ATR accessory) analysis was used to confirm the successful
impregnation of the rGO/pulp samples. ADF-clean and ADF-40 samples were used to compare the
spectra of impregnated samples and clean rGO/pulp samples.



3. Results and Discussion

The adsorption chamber was constructed with the objective of testing conductive rGO/pulp composites
to demonstrate their performance in a “real-world” scenario where the samples were exposed to approx.
1000ppm CO; concentrations and gentle airflow with joule-heating controlling the
adsorption/desorption kinetics. These are the conditions which might be found in a carbon capture
device deployed in the field. The observed rate of capture and amount of CO, captured over 12h. The
samples’ physical, structural and chemical properties were then characterized by SEM, BET, TGA, and
FTIR.

3.1 Adsorption Chamber Evaluation

3.1.1 CO; Concentration

The adsorption chamber setup shown in Figure 1.3 underwent several iterations before it was found to
be acceptable for experimental purposes. A large 20L round bottom flask was chosen as the reaction
vessel for adsorption/desorption tests. The large vessel allowed a more accurate analogue of indoor
adsorption conditions as well as testing of gram scale samples, which has rarely been demonstrated in
literature. The setup was first evaluated for its ability to accurately deliver and retain specific
concentrations of COx. Initially, gas flows from N, and CO; gas bottles were mixed via a y-junction and
injected into the chamber where the CO- concentration was measured. The concentration of CO, was
controlled using Sho-Rate Brookes flow meters attached to the N, (R-2-10-AA steel ball bearing) and
CO; (R-2-10-AAA sapphire ball bearing) gas bottle outlets. CO, concentration was measured using a
Vaisala CARBOCAP GMP252 and reported in units of ppmv, where 1 ppmv corresponds to 1pl of CO»
in 1L of carrier gas (in this case N»). The probe had a measurement range of 0-10000 ppm with varying
accuracy depending on the operation range. For the operation range of this work (<3000 ppm), the
accuracy was +=40ppm. A requirement for the setup was to be able to simulate CO, concentrations as
low as 400ppm, therefore it was decided to fix the CO, flow at the minimum accurately measurable
flow rate of 15mm. The N, flow rate was then varied in increments of 10mm to achieve different CO,
concentrations. The calibration curve shown in Figure 3.1 of CO; concentration vs N, flow rate was
obtained. Using this method a minimum CO, concentration of only 1551 ppm was achievable, which
did not fulfil the requirements of the setup.
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Figure 3.1 Graph of CO, concentration vs N2 flow meter setting.



As the in-flow mixing of CO; and N> was not viable the alternative route of purging the chamber with
N> and filling in the desired amount of CO, was attempted. In this setting the adsorption chamber was
first purged with N until the measured concentration reached 0 ppm. Since N, was used only for purging
the use of a flow-meter was no longer necessary and so removed. The N, flow was then turned off and
CO, was flowed for a specific amount of time to reach the desired concentration. N, was then flowed
again for a short time to purge any remaining CO; in the tubing. Based on the volume of the Based on
the volume of the chamber (20L), the volume of the tubing leading to the chamber (approx. length
60cm, inner diameter 3mm) and the maximum flow rate of the flow meter (1,25 ml s™), relationships
between the volume of CO; required for a particular concentration and the flow time to reach that
concentration were determined. First, a graph of CO; concentration in ppm vs the volume of CO- inside
the chamber was derived, this relationship is shown in Figure 3.2. From this graph equation 9 was
obtained which gives the volume of CO; inside the 20L chamber required to reach a specific ppm
concentration.

v PPM — 2.5124
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Figure 3.2 Graph of ppm concentration vs volume of CO; in a 20L chamber.

With Eq. 9 giving the volume of CO, for a particular concentration in, it was a simple matter to calculate
how long CO, should be flowed at 1,25 ml s! to reach the desired concentration. Figure 3.3 shows the
relationship between CO; flow time and ppm concentration. Because the CO, inside the tubing was
being purged into the chamber, a correction had to be made for this additional CO,. The approximate
60cm of tubing with a 3mm diameter corresponds to a volume of 4,38ml and this was accounted for in
the derivation of Figure 3.3. Based on this relationship, a CO, concentration of 1000ppm for example,
required 12,46 seconds of flow time.
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Figure 3.3 Graph of CO- flow time vs CO; concentration in a 20L chamber. (Estimate)

The accuracy of the estimates shown in Figure 3.3 were tested by filling the chamber for different
lengths of time for up to 30 seconds. The results can be seen in Figure 3.4. The results show that the
new procedure allowed accurate (=50ppm) and reproducible filling of the chamber with the desired
concentration. It must be noted that the accuracy of the results is highly dependent on the setup operator
opening and closing the CO, flow valve on time and mistakes in this area might require purging and
refilling of the chamber to achieve the correct concentration. The system could be made more reliable
through automation. Replacing the manual valves with electronic ones and combining with a mass flow
meter to monitor CO, flow would make it possible to automate the system possibly using LabView to
control the setup in a more efficient and user-friendly way.
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Figure 3.4 Graph of CO; flow time vs CO; concentration in a 20L chamber. (Experimental)



3.1.2 Electrical Contact

Figure 3.5 Change in sample resistance after slight compression in sample holder v2.

Temperature control of samples was facilitated via joule heating using a 20V 2.5A power supply. As a
result good electrical contact with the sample was required to minimise contact resistance and maximise
heating efficiency. The sample holder was designed to clamp conductive “smart materials” samples
between metal electrodes with attached wires leading out of the adsorption chamber and to the power
supply. For non-conductive samples, the metal electrodes could be replaced with commercially
available heating elements. A great deal of ongoing research is being done to develop electrically
responsive “smart materials” and materials which can use Joule-heating during temperature-swing
operations with better heating efficiency than external heating. Due to this research interest, the setup
was designed to evaluate these “smart materials”.

The sample holder parts were designed in Autodesk Inventor CAD software and printed using an
Ultimaker 2+ 3D printer. As with the adsorption chamber, the sample holder went through several
iterations before it could be applied to the full spectrum of samples being tested. The changes primarily
related to the sample clamping mechanism. Figure 3.6 shows sample holder v1 with a relatively open
mesh and a clamping system which relied on evenly spaced notches to hold the sample holder closed
and apply pressure. While uncompressed, the rGO/pulp samples had relatively high resistance with
FDF-60% samples exceeding 10kQ due to limited contact between rGO flakes inside the sample and
high contact resistances. High PEI loading also increased the resistance of the samples by inhibiting
contact between rGO flakes. To reduce the resistance, samples were compressed between the sample
holder electrodes. The Joule heating formula is given by equation 10. According to the equation one
can see that maximising current results in larger heat dissipation. For consistency between samples, the
samples were clamped until the resistance measurement reached 500€2.

P =1I?R (10)




Figure 3.6 Sample holder v1 with copper wire mesh.

Sample holder vl relied on a system of evenly spaced notches to control the sample compression.
Screws in the bottom half of the sample could be slid along a rail in the top half of the sample holder,
and once the required resistance was measured, the sample holder could be twisted to lock the screws
into one of the evenly spaced notches. This design was later iterated upon by adding two fine copper
meshes to each side to improve electrical contact with the samples. A second design (sample holder v2)
was later produced to further improve the electrical contact and compression capabilities. The new
design, shown in Figure 3.7, replaced the open wire mesh and copper mesh with a perforated metal
plate. Additionally, the “twist-lock” clamping mechanism was replaced with a “screw-clamp”
mechanism which compressed the sample by tightening screws on both sides of the holder.

Figure 3.7 Sample holder v2 with perforated metal plate and screw-clamp mechanism.



Sample holder v1 was adequate for clean samples without PEI functionalisation and with 20% w/w
loading. However for samples with 40% w/w loading or more, the clamping force was insufficient to
reduce the resistance to allow enough current to be passed through the samples. The addition of the fine
copper wire mesh was placed on either side of the sample improved the resistance for 40% w/w samples
but was still insufficient for 60% w/w samples. It was also observed that as the sample was clamped
tighter, the wire mesh being used began to deform and dome outwards, potentially negatively impacting
the electrical contact. These problems were addressed in sample holder v2. The significantly higher
rigidity of the metal plate resulted in better contact with the sample than the open mesh and copper
mesh combination and also allowed stronger compression. This was particularly important for the
ADF/FDF — 60 samples which required very strong compression to reach the 500Q2 limit.

3.1.3 Temperature Control

The adsorption/desorption kinetics of the sample were controlled by increasing or decreasing the current
through the sample which in turn affected the temperature. Accurate temperature measurement was
important for reproducing results and future power consumption calculations. Tests conducted using a
single thermocouple showed that the temperature throughout the sample was not uniform with the centre
of the sample being generally hotter than the outer edges, this difference could be as large as 40°C.
Additionally, the temperature response of the sample to changes in current were more rapid in the centre.
Because of the uneven temperature distribution, two thermocouples were inserted into the sample
during adsorption tests to estimate an average temperature throughout the sample. This is demonstrated
in Figure 3.8. One thermocouple was inserted from the top into the centre of the sample (yellow) while
another was inserted from the side (green).

Figure 3.8 Sample with two thermocouples inserted.
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Figure 3.9 Change of constant current (CC) mode to constant-voltage (CV) mode and corresponding
change in temperature.

Consistent temperature control posed a challenge for the setup. Temperature generally increased with
increasing current, however this relationship was not as predictable as expected. The power supply
could be operated in CC mode where a maximum voltage was set, and current was manually increased
to the voltage limit or CV mode where a maximum current was set and voltage increased up to the
current limit. The voltage on the power supply was fixed at 20V and current was increased manually to
control temperature. Current was increased incrementally while allowing some time for equilibration.
At low currents, temperature increased in a step like manner with each increment as shown in Figure
3.10. When a particular current threshold was crossed, a spike in temperature was observed and current
could no longer be controlled with the settings on the power supply as the output appeared to become
voltage limited (power supply changing from CC to CV mode). If the sample was allowed to sit at this
setting for long enough, the power supply would revert back to CC mode and temperature would drop
several degrees. If the current setting was increased manually again even a little bit, the power supply
would again enter CV mode again for several minutes before reverting back. This behaviour can be
seen in the temperature spikes shown in Figure 3.10. Interestingly, if some time was allowed to pass at
this “borderline” current before attempting to increase it, then the next incremental increase followed
the step-like behaviour seen previously. This can be observed at approximately 0,28 hrs in Figure 3.10.
This behaviour seemed to suggest that the resistance of the sample changed over time while current was
passed through it. When a multimeter was connected to the circuit it was indeed observed that instead
of the initial 500€2, the sample resistance had decreased to approximately 300€2. It is not entirely clear
why this occurs. A possible explanation may be that the internal structure of the sample was still settling
into a different configuration after being compressed. This settling could influence the path electricity
takes through the sample. Future iterations of the sample holder could utilise copper plates to further
reduce resistance. A higher voltage power supply (e.g. 50V) could also allow testing of higher resistance
samples
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Figure 3.10 Temperature log of FDF-60% showing change in current/temperature relationship during
desorption cycle heating (power supply at 20V, varying current in steps of ~0.05A).

Once the desired temperature was reached it can be maintained for several hours, however for
experiments running for longer periods such as overnight, maintaining a constant temperature was
difficult with the available equipment. As the sample was heated inside the chamber, some heat was lost
to its surroundings causing the temperature of the air of inside the chamber to increase. According to
Newtons law of cooling, “the rate of heat loss of a body is directly proportional to the temperature
difference between the body and it’s environment”. As the temperature inside the vessel increased, less
heat was lost by a sample to its environment and the temperature of the sample increased even if the
current being passed through it remained the same. Figure 3.11 shows an example of this temperature
drift, it is particularly evident in the “Centre” graph where temperature increases from 70°C to 80°C
over the course of approximately 25 hours.
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Figure 3.11 Temperature log of FDF-60% showing gradual increase in temperature during adsorption
cycle (power supply at 20V 0.22A).

Several possibilities exist to mitigate this. The first involves actively cooling the adsorption chamber to
maintain a constant internal temperature. The outside of the chamber could be surrounded with a sleeve
or tubing with water flowing through to carry away any excess heat. This has would also have the
benefit of keeping the heat exchange between the sample and the environment the same as well as the



added benefit of keeping the adsorption kinetics inside the chamber more consistent for long
experiments since the temperature of the gases could influence the rate at which they are adsorbed.
Actively cooling such a large vessel does however present logistical challenges as it could significantly
increase the size of the setup. Additionally, glass is not a particularly effective heat conductor, and the
overall effectiveness of this solution could be limited. Another solution would involve changing the
heating system from a static one to a dynamic one. Currently the current is set manually and is increased
or decreased based on the change in temperature observed by the operator of the setup and once the
desired temperature is reached the current is kept constant. A more sophisticated system could be made
by programming a microcontroller with a feedback loop to simultaneously monitor the sample
temperature and adjust the current to maintain a constant temperature. If a drift in the temperature is
detected, the current could be automatically adjusted to compensate and bring the temperature of the
sample within acceptable limits. Creating closed-loop system like this could be done in-house or using
temperature control elements which are available commercially.

3.2 Characterisation
In Figure 3.12 the differences between air-drying and freeze-drying of the rGO/pulp foams can be seen.
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Figure 3.12 SEM images of ADF (a,b) and FDF (c,d) samples without EI impregnation.

The rougher structure of the FDF sample indicates a higher surface area and porosity compared to that
of the ADF samples. This is to be expected since capillary forces are more likely to flatten the GO
flakes as water evaporates in ambient air. Freezing via liquid N, and vacuum drying of the FDF samples
has allowed the rGO flakes to retain more of their 3D structure and higher porosity which is backed up
by the BET results presented in Table 3.1. The rGO flakes of ADF samples retained some wrinkling
(although significantly less than FDF samples), which could be attributed to imprints from the cellulose
fibre surface. Differences between FDF-Clean samples and FDF-40% samples can be clearly observed
in the 4pum images. The rGO flake surface in the FDF-Clean sample has an almost transparent
appearance while that of the FDF-40% is opaquer. We also observed difference in contrast on the FDF-
40% flakes due to the charging effects of PEI as well as a more “wrinkled” surface. This gave the first
indications that the amine polymer was successfully loaded.



Table 3.1 BET Surface Area Analysis Results

Sample BET Surface Area (m%/g)
ADF-Clean 2,453

ADF-40 1,454

FDF-Clean 18,096

FDF-40 8,271

The BET surface area of the sample is not as high as previously reported rGO aerogels[40] with surface
areas greater than 200m?/g, this however is to be expected given that the samples are rGO/pulp
composites as opposed to pure rGO and each sample is only being approximately 10% rGO by mass.
Taking this into account, the surface area of the FDF samples is consistent with the literature. It is also
evident that loading with high MW PEI has a significant effect on the surface area of the samples. A
40% w/w loading of PEI reduced the surface area of ADF samples by 59,3% and FDF samples by
45,7%. Further work could be done to investigate the effects of MW on the surface area of the sample
and the corresponding effects on the capture capacity, capture rate and power consumption.

Figure 3.13 below highlights the decomposition steps of the sample. For the ADF-Clean sample,
between 25-100°C we observe an 8% loss of mass corresponding to the loss of moisture. Following this
there is a more significant loss between approximately 260-400°C with can be attributed to the thermal
decomposition of the cellulose fibres in the wood pulp. For the ADF-40 we see a similar loss due to
moisture up to 100°C. A larger decomposition step is observed between 240-400°C. This step begins
slightly earlier than that of the ADF-Clean sample. The difference between the two samples is more
subtle than one might expect given the 40% w/w PEI loading of ADF-40. One might expect an
intermediate decomposition step corresponding to the loss of PEI before the decomposition of cellulose.
However, previous studies have shown that PEI 60000 can remain thermally stable up to 250-
300°C[34], [41], therefore it is likely that the decomposition of PEI and cellulose are occurring at
approximately the same temperature and the TGA curve is a convolution of the degradations of PEI and
cellulose. The larger final mass of the ADF-40 compared to ADF-Clean is most likely due to the
pyrolysed remains of the PEL
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Figure 3.13 TGA of ADF-Clean and ADF-40 samples. Temperature range 25-600°C, 20°C/min ramp
rate, N, flow 50ml/min.



In Figure 3.14 below the FTIR spectra of ADF-Clean (a) and ADF-40 (b) show subtle differences
between the two samples indicating the successful loading of PEI. The ADF-40 sample shows a
significant increase in the peak 1651cm™ corresponding to the formation of amide bonds between PEI
and rGO, we also observe the disappearance of the 1724cm™ peak which relates to the C=0 stretching
vibration in COOH. This indicates the conversion of carbonyl groups to amide groups and the successful
impregnation of PEI onto the rGO/pulp samples.
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Figure 3.14 FTIR spectra of ADF-Clean (a) and ADF-40 (b).



3.3 CO; Adsorption
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Figure 3.15 CO; Adsorption monitoring of ADF and FDF samples.

Ultimately, the experimental setup was designed to evaluate materials for indoor DAC applications. As
mentioned in section 3.1.1, a Vaisala CARBOCAP GMP252 CO; probe was used to measure CO>
concentration inside the adsorption chamber in real time. The probe was inserted directly into the
chamber using a multi-neck flask lid and insulated using O-rings. Figure 3.15 compares the CO,
adsorption performance of ADF and FDF samples with 20-60 w/w PEI loading. The ADF samples
showed measurable albeit very low CO; adsorption. Chemisorption also appears does not appear to take
place until the PEI loading inside the sample reaches a particular limit. Samples with 20% and 40% PEI
loading (both ADF and FDF series) display a linear adsorption behaviour which is characteristic of
physisorption. Chemisorption begins to appear in ADF-60 and becomes quite noticeable in FDF-60.
Here the amount of CO; captured over time shows a more logarithmic trend with a sharp initial increase
followed by a more gradual tapering off. The current setup was not designed for accurate estimates of
capture capacity (mg/g) since there already are dedicated instruments available on the market for this
purpose. Instead, the setup is more suitable to observe the real-world capture/release rate and power
consumption per geoz captured and so these properties will be emphasised in this work. The cycling
rate of the material (how quickly an adsorption/desorption cycle can be performed) could also be
monitored, however this parameter was not addressed in this work. The amount of CO, captured over
the course of 12h is also reported, although this may not necessarily reflect the maximum capture



capacity of the material. In order to make a fair comparison between physisorption dominated samples
and chemisorption, the peak capture rate will be used to evaluate the samples. For samples where
physisorption dominates, the adsorption rate was simply the slope of the linear trend. For samples
showing chemisorption behaviour, the initial sharp increase was taken as the adsorption rate as this
corresponds to the chemical interaction between CO; and amine. When the amines available for bonding
are saturated, physisorption begins to dominate again as shown by the flattening of the logarithmic
curve.

Table 3.2 summarises the capture rate and 12h captured mass of both the ADF and FDF series of
samples. In the physisorption dominated samples, capture rate is similar between all the samples and
does not significantly increase with PEI loading. The more noticeable changes take place when PEI
loading reaches 60%. In ADF-60 the adsorption rate is almost 10 time faster compared to ADF-20 and
40%. For FDF-60% the change is even greater, more than 100 times faster compared to the other FDF
samples. Previous studies have also shown that the change in adsorption performance is modest until a
particular threshold of PEI loading is passed.[35] Up to this point amine groups are likely being utilised
to form physical bonds with the support material with very few excess ones being available for CO,
capture. Once the surface of the support material has been saturated with PEI, significantly more amine
groups become available for bonding with CO;. We also observed that FDF-60% performed
significantly better compared to ADF-60. This can be attributed to the higher surface area of FDF-60%
allowing for more PEI loading and more binding sites for CO,. A curious result however is that there
does not appear to be a significant difference between the 20% and 40% loaded samples, even though
the FDF series has a larger surface area.

Table 3.2 Carbon Capture rate of ADF and FDF Samples.

Sample Name Adsorption Regime Capture Rate (mg/h) 12h Captured
Mass (mg)
ADF-20 Physisorption 0,15+1,47 1,82
ADF-40 Physisorption 0,12+1,47 1,54
ADF-60 Chemisorption 1,79+1.,47 2,01
FDF-20 Physisorption 0,13+1,47 1,68
FDF-40 Physisorption 0,14+1.47 1,67
FDF-60 Chemisorption 16,92+1,47* 9,83

* This value is present in the initial period (Figure 3.15) which is only sustained for ~2hrs. The total mass captured by
sample FDF-60 over 12h is accurate.

Sample FDF-60 had the best adsorption performance both in terms of capture rate and amount of CO,
captured after 12h. However, compared to the state-of-the-art materials described in the introduction
the amount of CO» captured is relatively small. If the results are converted to the frequently used mmol
units, the 12h captured mass of CO, would be approximately 0,223mmol. The FDF-60 sample mass
was 2,128g, therefore the 12h capture capacity of the sample was approximately 0,104mmol/g. It should
be noted that the maximum capture capacity of the material is certainly being underestimated. Figure
3.15 clearly shows that the materials has not yet been saturated by CO,, as indicated by the slope of the
physisorption (linear) portion of the graph which is still quite steep. The focus for this work, however,
was the capture kinetics and overall energy balance as opposed to capture capacity.



The amine functionalised NFC described by Gebald et al. [26] had a capture capacity of 1,38mmol/g
while having a similar BET surface area of 7,1 m*/g. Borane modified rGO prepared by Oh et al.[24]
also had a significantly larger capture capacity at ambient conditions of 1,8mmol/g and BET surface
area of 514m?/g. It is possible that the smaller N-(2-aminoethyl)-3-aminopropylmethyldimethoxysilane
molecules used in the NFC paper allowed for better gas diffusion through the sample material while the
higher surface area of the borane modified rGO certainly contributed to better performance. It would
be interesting to test state-of-the-art materials such as these in the chamber to estimate their power
consumption and capture/release rates since this information is often omitted from literature. Further
development of the rGO/pulp composite could involve optimising the amount of rGO to increase the
specific surface area while still using less rGO than in pure samples. Different PEI molecular weights
could also be tested to find smaller molecules to allow better gas diffusion while retaining high thermal
stability.

Using FDF-60, one can also estimate the power consumption during the adsorption/desorption cycles.
The power delivered to the system can be represented by Eq. 11 below. The voltage of the power supply
was fixed at 25V, for the adsorption cycle the current required to heat the sample to 55 - 70°C was
0,22A, the power delivered was therefore 5,5W. The total power required to adsorb 9,83mg of CO, was
therefore 0,066 kWh. It is then possible to define the power consumption as 6,71 kWh/gco or 6,71x10°
TWh/Gtcoz. It is readily apparent that the material in its current form is not the most efficient for carbon
capture given that the global energy generation for 2023 was approximately 29925 TWh.[42] In order
to reduce the 37,4 Gt of CO, emissions generated in 2023[43] by 45% as stipulated in the Paris
Agreement, yearly global emissions must be reduced to approximately 20.57 Gt (45% reduction). If all
the energy in the world were expended on DAC, the power consumption of the facilities would need to
be, at most, 1454,8 TWh/Gtcos. If this were reduced to a more reasonable energy demand, for example
10% of the global energy consumption, DAC facilities would need to operate at a power consumption
of approximately 145.5TWh/Gtcos. Currently operating pilot DAC facilities such as those run by
Climeworks consume approximately 14.5 GJ per tonne of CO, captured which translates to
approximately 4028 TWh/Gtco2.[44] Therefore, significant optimisation both of processes and
materials is still required for DAC to become economically viable and the power consumption required
for adsorption desorption cycles must be considered when developing new carbon capture materials.

W=VxA (11)

It is important to emphasize that that making an ideal carbon capture material was not the aim of this
work. Indeed, identifying materials which are not optimal for carbon capture was much closer to the
core objectives. Based on the statistics outlined above, it’s clear that energy consumption of adsorption
and desorption is an important parameter to consider when developing materials for DAC. In the future
renewable energy may become the primary source of energy in the world, however, today this is not the
case and any energy spent on carbon capture will result in additional emission of CO, (as mentioned in
section 1.5 this could be as much as 417g of CO, per kWh[38]) which is why it is important to consider
power consumption when testing materials for carbon capture. Additionally, materials could display
very promising adsorption capacity in laboratory conditions, but when tested in the real world they’re
performance could be very different. For this reason we have created an adaptable setup capable of
monitoring the performance of smart materials at a variety of temperatures and CO; concentrations
using joule-heating. Using this setup it will be possible to test future materials for their real-world
carbon capture capabilities and determine whether there are energetically efficient enough to be used
for DAC.



4. Conclusions

In this work we explain the principles of chemisorption-based carbon capture and the types of materials
being developed for this application. We identified that the methods of evaluating carbon capture
performance in many publications relied on setups which do not appropriately represent the type of
conditions DAC usually takes place in. Namely, the experiments are conducted using small samples, at
high CO, concentrations and pressures. We also highlighted the excessive attention given to maximum
adsorption capacity as a figure of merit and the need to consider other properties such as power
consumption and capture capacity when evaluating the overall performance of a material. To address
this we designed an adaptable setup to test the performance of smart materials for carbon capture which
can utilise Joule heating to drive the adsorption/desorption kinetics. This setup was then evaluated using
novel rGO/pulp composite foams developed by RISE. The important parameters for the setup were CO»
concentration control and monitoring, electrical contact with the sample, as well as accurate temperature
control and monitoring. Accurate concentration monitoring was facilitated using a Vaisala CARBOCAP
GMP252 CO; probe which had an accuracy of +40 ppm in the operating range of the experiments.
Using a Sho-Rate Brooks flow meter with a maximum flow rate of 1,25 ml/s it was possible to
accurately fill the chamber with known concentrations of CO, with accuracy of £50 ppm. From the
materials available in the lab, perforated steel plates were found to be the most effective as electrodes
since they allowed sufficient heating of even 60% w/w PEI loaded samples. Future iterations could
improve on this by using copper perforated plates instead of steel. Temperature control presented a
challenge for the setup and is an area where further work could be done to increase its reliability. Heat
losses from the sample to its surroundings increased the ambient temperature of the chamber which
resulted in the sample temperature increasing by up to 5°C during overnight experiments. Active
cooling of the chamber or automated current control could be explored to maintain a constant sample
temperature. The rGO/pulp samples were tested in air-dried (ADF) and freeze-dried (FDF) varieties
with PEI loadings 20-60% w/w to compare the effects of surface area and PEI content. The samples
were characterised using SEM, BET, TGA and FTIR. SEM and BET results highlighted the effect
freeze-drying has on retaining the high surface area of rGO when supported on ground wood pulp. The
surface area of air-dried samples was significantly lower than freeze-dried due to capillary forces
causing pores to collapse during the drying process. The benefits of higher surface area samples for
carbon capture are reflected in the CO; adsorption results. FDF-60% performed 10 times better than
ADF-60 and 100 times better than 20% and 40% PEI loaded samples in terms of adsorption rate. The
adsorption results also revealed a transition between physisorption and chemisorption kinetics as PEI
loading increased from 40% to 60%. Although the chamber was not optimal for measuring capture
capacity, the amount of CO, captured over 12h was also measured with FDF-60% performing the best
with a 12h capture capacity of approximately 0,104mmol/g. Despite this the rGO/pulp composite does
not perform as well other cellulose based materials reported in literature[26] as shown by the very low
amount of CO; captured over 12h and the comparatively large amount of power required to capture it.
Further work could involve increasing the amount of rGO in the composite, doing so would also
increase the surface area allowing for higher capture rate and capacity as well as higher conductivity
which would enable easier heating.
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