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ABSTRACT OF THE DISSERTATION

Electrochemically Enhanced Amine Regeneration Process for Next Generation Carbon Dioxide

Capture

by
Yen-Wen Tseng
Doctor of Philosophy in Chemical Engineering

University of California, Los Angeles, 2022
Professor Dante Simonetti, Chair

Resulting of fossil fuel usage, CO2 concentration in the atmosphere has increased
drastically throughout the past century. This increase in CO2 concentration has led to global
warming and more frequent extreme weather events that threaten the habitability of the planet.
Therefore, it is essential to decrease the CO2 concentration in the atmosphere to mitigate global
warming. Post-combustion capture using amine absorbent is one of the most widely used methods,
given its feasibility in retrofitting existing fossil fuel-consuming facilities. However, several
challenges, including high energy requirements and low cyclic capacity, limit the
commercialization of the post-combustion capture technology. In this work, an electrochemically

enhanced amine regeneration process is developed to tackle these challenges.

The electrochemically enhanced amine regeneration system utilizes the hydrolysis reaction,
generating proton and hydroxide to complete an acid- and base-swing regeneration cycle. The
electrochemical amine regeneration cell was constructed by stacking multiple ion exchange
membranes, acrylic spacers, and rubber gaskets. Several studies were conducted to test, build and

optimize the electrochemical amine regeneration system.



Amine absorption and desorption baseline were established in different amine-based
absorbents to understand the CO: absorption and desorption profile. Proton-induced CO2
desorption from the absorbent was studied by HCI addition to the COz-loaded amines. This study
validated that complete CO: desorption can be achieved under ambient temperature. The
regeneration of amine by the combination of acid-swing and base-swing was validated by HCI and
NaOH addition. The electrochemical cell was then used to perform the acid swing. Different cell
structures, exchange membranes, and ionic solutions usage were tested. The acid swing of amine
and complete CO2 desorption can be achieved using a four-compartment cell. The base swing of
acidified amine was performed by anion exchange. It is validated that electrochemical acid-swing
and anion exchange base-swing can successfully regenerate amine. The reabsorption capacity of

regenerated amine is the same regardless of the regeneration method used.

The optimization study of the electrochemical amine regeneration system focuses on
improving energy efficiency and reducing process complexity. Proton requirements for complete
CO2 desorption and COz2 loading capacity of various amine absorbents were characterized. It is
found that Piperazine has the lowest proton to CO: ratio, which will result in less energy
requirement for electrochemical amine regeneration. A five-compartment electrochemical cell is
designed to replace the need for anion exchange resin for base swing. It is validated that the five-
compartment cell can complete acid-swing and base-swing to achieve amine regeneration in a
continuous operation mode. This cell design reduces the complexity of the process, increases

energy efficiency, and facilitates the system's scale-up.

In conclusion, an electrochemical amine regeneration system has been developed.

Compared to the state-of-art method, it can achieve >80% cyclic capacity with low energy



consumption. With further optimization studies, the energy consumption can be further reduced,

and this system can potentially serve as the method for the next generation of CO2 capture.
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Chapter 1  Introduction and background

1.1 Motivation

CO2 emission from fossil fuels is a significant contributor to the accumulation of COz in the
atmosphere. With the increasing demand for fossil fuels, annual CO2 emissions increase from
17.05 to 34.81 billion metric tons per year from 1975 to 2020"2. Consequently, atmospheric CO2
levels increased drastically from 331 ppm to 414 ppm during this period of time*. The 2011-2020
decade became the warmest decade on record, with the surface average temperature being +0.82
°C above the 20" century average*. This global warming leads to climate change contributing to
detrimental consequences and economic loss. The rise of sea level threats the long-term
habitability of the pacific island countries like the Republic of Tuvalu®. Extreme weather events
have led to massive losses in agricultural industries®. These consequences show the urgency to

stop global warming.

To limit the temperature increase to below 2 °C compared to the pre-industrial level,
International Energy Agency (IEA) proposes the removal of 10-20 Gt CO2 per year’. In addition
to switching from fossil-based energy sources to CO2-neutral renewable energy sources, IEA urges
carbon capture and storage (CCS) to reduce anthropogenic CO2 during the transition to a low-
carbon energy system®’. With the soaring demands on CCS technologies, studies on novel

methods, sorbents, thermodynamics, and kinetics have been carried out!'* !4,

1.2 Introduction to CO2 Capture Technologies

Conventional Carbon capture and storage technology can be categorized into pre-combustion, post-
combustion, and oxyfuel combustion'”. In pre-combustion capture, fossil fuels (coal or hydrocarbon)
undergo partial oxidation or steam reforming reaction to generate syngas. Syngas then undergoes the water-

gas shift reaction, turning themselves into a mixture of CO, and H, before combustion'*'¢. In oxyfuel

1



combustion capture, pure oxygen rather than air is used to provide oxidant for fossil fuel combustion. As a
result, CO; in the flue gas is ready to be sequestrated without further absorption, as CO, and H,O are the
only species present in the flue gas. In post-combustion capture, fossil fuel is combusted in air, creating
flue gas consisting of N, CO,, H,O, NOy, and SOx. CO; is captured by absorption, adsorption, or membrane
separation'®. Among these CO, capture technologies, post-combustion capture is the most popular with its
potential to capture CO, from the air and its ability to retrofit current fossil fuel-consuming facilities. This
capability of “direct air capture” (DAC) allows for negative emission of CO», making the post-combustion

capture method a potential solution to reduce the CO; concentration in the atmosphere.

1.2.1 Pre-Combustion Capture Technology

1.2.1.1 Process description

The schematic of pre-combustion capture is shown in Figure 1. Pre-combustion capture is
a method that removes the carbon before the hydrocarbon fuel is combusted. As shown in Figure
1, two reactors are required for syngas generation and water-gas shift. Hydrocarbon fuel is
converted into hydrogen and carbon dioxide with these two reactions. The carbon dioxide and

hydrogen are separated at the separation unit, and hydrogen is used as fuel for combustion. H,O will be the

only product after combustion.
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Figure 1. Process diagram of Pre-combustion capture method.
1.2.1.2 Mechanism

Pre-combustion capture technology utilizes syngas production and water-gas shift reaction
to convert hydrocarbon into hydrogen fuel and carbon dioxide'é. Syngas production from
hydrocarbon fuel can be done via the following two reaction paths: steam-reforming and partial

oxidation.

CoHy, + xH,0 & xCO + (x + %) Hy AHgy, = 206k] mol™! (1)
1 y
CeHy +5 05 © %C0 +5 Hy My, = =36k] mol ™ (2)

In a steam-reforming reaction, steam is reacted with hydrocarbon fuel to form carbon monoxide
and hydrogen at 750-900 °C and 20-30 bar. On the other hand, partial oxidation of CH4 occurs at
700°C-900°C with oxygen as reactant!’. Oxygen required for partial oxidation is typically purified
from the air'®. Water gas shift reaction follows the syngas generation and converts CO into CO

by adding steam.



CO + H,0 < CO, + H, AH = —41k] mol™! (3)
CO2 is then isolated from the product stream, and hydrogen can be used as a carbon-neutral fuel.

1.2.1.3 Advantages and disadvantages

There are several advantages of using the pre-combustion capture method over other
capture methods. The relatively higher CO2 concentration at the point of capture makes the capture
less energy intensive compared to post-combustion capture!®!?. The concentration and pressure of
CO: at the inlet stream of the capture unit can be up to 60% and 7MPa'®. The relatively high
concentration and pressure significantly reduce the energy penalty required to separate and
compress CO2. However, some disadvantages prevent its board application for CO2 capture. It is
challenging to fit this capture method to existing hydrocarbon-consuming facilities, like the power
plant, as it requires a significant investment in modifying existing infrastructure. Reactors are
needed for syngas generation and water gas shift reaction. A unique hydrogen-fueled turbine
would need to be used. In addition, the pre-combustion method can only reduce the amount of CO2

emission as it cannot remove CO2 from the atmosphere directly.

1.2.2  Oxyfuel Combustion

1.2.2.1 Process Description

The schematic of the oxyfuel combustion process is shown in Figure 2. First, a gas separation unit
is required to purify Oz from the air. Next, purified Oxygen is used for hydrocarbon fuel
combustion. Then, another gas separation unit separates H20 and CO: after combustion. Typically,
a condenser would be used to separate the CO2 and H20, given the simplicity of the condensing

process compared to other separation methods.
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Figure 2. Process diagram of oxyfuel combustion

1.2.2.2 Mechanism

Pure oxygen rather than air is used to combust hydrocarbon fuels in the oxyfuel combustion
capture method'*?°. Hydrocarbon combustion with pure Oz generates a CO2 and H20 mixture in
the flue gas. CO2 can be separated simply by cooling the combustion exhaust to condense H20.
Equation ( 4 ) shows the reaction of oxyfuel combustion. No other reaction is required to capture

COa.

CxHy+(x+§) 02<—>xC02+%H20 (4)

1.2.2.3 Advantages and disadvantages

Process simplicity and feasibility of easy COz isolation are the main advantages of oxyfuel
combustion®!. Unlike the pre-combustion capture method, oxyfuel combustion does not require
significant infrastructure modifications. Also, the isolation of COz2 requires no additional material
or solvent, making it easier and cheaper’’. Some studies also showed that less NOx and SOx are

generated than in the post-combustion capture method?’. Despite these advantages, oxyfuel



combustion is not economically feasible. The high cost of pure oxygen generation is the main
factor limiting its application". In addition, oxyfuel combustion cannot be used for carbon dioxide

removal from the atmosphere.

1.2.3  Post-combustion capture

1.2.3.1 Process Description

A schematic of post-combustion capture is provided in Figure 3. Hydrocarbon fuel is
combusted without any pretreatment. Flue gas produced by this combustion mainly contains N2,
CO2, H20, and a trace amount of NOx and SOx. Flue gas is purged into the absorption column,
where amine-based absorbent is in contact with the flue gas. The CO:z-loaded absorbent is
transported to a stripping unit where the amine solution is heated to over 120 °C, and CO: is

desorbed. Regenerated amine is then circulated back to the absorption unit for CO2 re-absorption.

Steam
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water Sl Exhaust €5 Sequestration
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N _—
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Figure 3. Process diagram of post-combustion capture

1.2.3.2 Mechanism

Post-combustion capture method captures CO: using amine absorbent after the
hydrocarbon fuel combustion. CO2 containing flue gas is purged through an absorption column in
a conventional amine scrubbing process. Aqueous amine solution (20-50% v/v) is in contact with

flue gas in the absorption column to absorb CO2. Absorption occurs via an exothermic reaction of



CO2 and amine. The zwitterion mechanism is the most commonly accepted mechanism proposed
for CO2 absorption in amine. In the following equations, monoethanolamine (MEA) is used as an

example (R= CH2CH3OH )*,

€O, + RNH, = RNH;CO0~ (5)
RNH;} €00~ + RNH, = RNHCOO™ + RNH} (6)

CO:sz is reacted with monoethanolamine to form a zwitterion as an intermediate. This intermediate
zwitterion then instantly reacts with another monoethanolamine to form a carbamate and
protonated amine®’. Some recent studies suggest that the absorption of CO2 in MEA may involve
several molecules, including carbonate and bicarbonate, at higher CO2 loading?®?. Lv. et al. show
that carbonate and bicarbonate formation is the dominant CO2 absorption mechanism at higher
CO2 loading (>0.4molCO2 molIMEA )%, In addition, CO2 can be hydrolyzed into carbonate or

bicarbonate and reacted with MEA to form carbamate. The proposed mechanism is shown in

Figure 4.
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Figure 4. Mechanism of CO2 absorption in MEA.%¢



The desorption of CO2 from the amine solution is simply the reverse reaction of the
absorption. As the absorption of CO2 in amine is exothermic, CO2 desorption is expected to be
endothermic, and heat input into CO:z loaded amine solution is required. MEA solution needs to
be heated to over 120°C for CO2 desorption®®3°. As a result, a significant amount of heat duty is

required for CO2 desorption and amine regeneration.
1.2.3.3 Maximum COz2 loading in different amines

Maximum COz2 loading in amines is affected by various factors, including amine types,
CO2 concentration, and solution temperature?>=!. For example, tertiary amines typically have
higher loading than primary and secondary amines; however, at a lower reaction rate, due to
different reaction mechanism*?**. In addition, Higher CO2 concentration used for absorption can
also increase the CO: loading in various amine**®. For example, with 30% CO2 concentration,
CO2 loading of MEA solution at 40°C can be around 0.45-0.5 mol CO2 moIMEA"!. On the other
hand, if using air (400 ppm COz) as a CO2 source for absorption, the maximum COz2 loading of
MEA can reach around 0.25-0.3 mol CO2 moIMEA™!. On the other hand, high solution temperature
can decrease the maximum (equilibrium) loading of CO> in amine solutions*~’. For example, at
a COz partial pressure of 300 pa, the maximum CO: loading capacity of 40°C MEA is about 0.5
molCO2 moIMEA™! while maximum loading can only reach 0.35 molCO2 mol MEA™! at a solution

temperature of 80°C™.
1.2.3.4 Cyclic capacity and heat duty requirements for amine regeneration

The cyclic capacity of the amine is defined to be the difference in CO2 loading between
absorption and regeneration in a CO2 capture cycle*®. The cyclic capacity of amine absorbent is

affected by multiple factors, including amine types, regeneration temperatures, and rich loading of



the amine absorbent. It is reported that higher cyclic capacity can be achieved with higher
regeneration temperature and heat duty®’. With a rich loading of 0.5molCO2 moIMEA™! and
reboiler duty of 2000kJ kgCO2!, cyclic capacity is ~0.15 molCO2 molIMEA™!. At the same rich
loading, cyclic capacity can reach 0.28 molCO2 molIMEA™ at a reboiler duty of 10000kJ kgCO>™".
At a rich loading of 0.3 molCO2 moIMEA™!, cyclic capacity is less than 0.1 molCO2 molMEA™!
even at a reboiler duty of > 18000kJ kgCOx"". This result shows that rich loading can significantly

affect the cyclic capacity and reboiler duty required.
1.2.3.5 Advantages and disadvantages

Post-combustion capture can retrofit old hydrocarbon-fueled power plants without changing
existing infrastructure significantly, making post-combustion capture more favorable than other
capture methods. Also, post-combustion capture can apply to direct air capture and capture CO2
from the atmosphere. However, post-combustion capture is not yet a market-driven technology, and
capture cost needs to be reduced to facilitate this technology. In addition, several challenges limit the
application of post-combustion capture. First, the CO, desorption and amine regeneration process is highly
energy intensive because of the massive heat requirement to regenerate the amine®**'*, Additionally, the
cyclic capacity of MEA is smaller than 50% of its maximum capacity even when operating at optimized

condition®.
1.3 Introduction to water electrolysis

Water electrolysis is first demonstrated experimentally by Adriaan Paets van Troostwijk and
Jan Rudolph Deiman more than two hundred years ago*!. A powerful friction-based electrostatic
generator powered the experiment with two gold electrodes immersed in water*!. With material
science, electrochemistry, and membrane technology advancements, water electrolysis has been

applied to different fields, including hydrogen production and acid & base production.



1.3.1 Hydrolysis using ion-exchange membrane

1.3.1.1 Alkaline electrolysis

Alkaline electrolysis is an electrochemical process where hydrolysis occurs in an alkaline
solution (NaOH/KOH) with a diaphragm separating anode and cathode. The schematics and the
reaction on the anode and cathode are provided in Figure 5. Hydroxide ions and hydrogen are
generated at the anode by oxidation of water. Hydrogen is released in the gas phase, and hydroxide
is transported through the porous diaphragm to the cathode. Hydroxide ion is reduced at the
cathode, generating hydrogen. In summary, hydroxide is transported between the cathode anode
to complete the hydrolysis reaction. Material of electrode, electrocatalyst, and separator material
are highlighted research focus to improve the cell efficiency and reduce the cost of alkaline

electrolyzer®.

H-.O

Ld

Diaphragm
Cathode: 2H,0 +2ec - H, +20H
Anode: 20H - H,0+ %0+ 2e
Overall: H20 - H,+ %0,

Figure 5. Schematics of Alkaline electrolysis cell
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1.3.1.2 PEM electrolysis

Proton exchange membrane (PEM) electrolysis is another water electrolysis method;
however, using proton as an ion transporter. A schematic of cell structure and reaction on
electrodes is shown in Figure 6. Water is oxidized at the anode, creating oxygen and proton. Proton
is then transported through PEM and is reduced at the cathode to create hydrogen. PEM water
electrolysis has several advantages over alkaline electrolysis®. It has a higher current density, a
more compact system design, and a quick response to allow more flexibility*. Also, it produces
ultrapure hydrogen without the need for further purification***. However, the requirement of
noble metal for the electrode (Pt/Pd cathode, IrO2/RuO2 anode) increases the overall price for PEM
water electrolysis***®. Therefore, a significant amount of research is done on electrode materials

and membrane electrode assembly to reduce the overall cost of PEM water electrolysis** 3.

" H,0
H
: Y O,
v
PEM
Cathode:  2H"+2er > H,-
Anode: H,O = 2H"+ %0+ 2e
Overall: H20 - H,+ %0,

Figure 6. Schematics of proton exchange membrane water electrolyzer
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1.3.1.3 Bipolar membrane water dissociation

A bipolar membrane is a membrane that consists of an anion-exchange layer (AEL) and a
cation-exchange layer (CEL) on two sides of the membrane. Bipolar junction is used to term the
interface between AEL and CEL. Unlike monopolar membranes, the bipolar membrane does not
allow cation or anion to transport. It dissociates water into proton and hydroxide at the bipolar
junction, without the oxygen and hydrogen evolution®®. Water dissociation occurs at the bipolar
junction when the membrane is under reverse bias. Schematics of the bipolar membrane under
forward bias and reverse bias are shown in Figure 7. The Second Wien effect describes the
phenomenon that weak electrolyte's ion mobility and dissociation constant increase under a high
electric field. It was used to describe the water dissociation in bipolar membrane® %, It is assumed
that AEL and CEL are sharply bound to create a sharp bipolar junction with a thin charge region
where water is dissociated like a weak electrolyte. Another mechanism suggests a protonation-
deprotonation mechanism where H" and OH™ are generated by the proton-transfer reaction between
water and ionic group on the membrane®’. In the case of the weak base, the reaction mechanism is
shown in equation ( 7)) & ( 8 ). In the case of the weak acid, the reaction is shown in equation (9 )
& (10 ). The overall reaction equation is shown in equation ( 11 ), where MX is the electrolyte
used, MOH is the base, and HX is the acid generated. Strathmann et al.®* develop a model to
explain water dissociation in bipolar membrane combining the second Wien effect and
protonation-deprotonation mechanism. Water dissociation and proton and hydroxide formation are
proposed to compensate for the ion transport into the bipolar junction when the limiting current is
exceeded. Water dissociation provides a new way to generate proton and hydroxide

electrochemically without oxygen and hydrogen evolution.
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Figure 7. (a) Bipolar membrane under reverse bias. (b) Bipolar membrane under forward

1.4 Scope and Organization

This thesis focuses on developing a next-generation electrochemical amine regeneration
system for carbon dioxide capture with the following studies: (i) understanding the absorption and
desorption kinetics, capacity, and thermodynamics by breakthrough experiment, discussed in
Chapter 3, (ii) effect of acid- and base- swing on CO2 absorption capacity and kinetics of amine,
discussed in Chapter 3, (iii) develop electrochemical acid-swing cell and anion exchange base-
swing for amine regeneration, discussed in Chapter 4, and (iv) optimizing operating parameters to

improve the amine regeneration kinetics, energy efficiency, process simplicity and CO2 absorption

capacity, discussed in Chapter 5.

bias.>*

B+ H,0 & BH* + OH™
BH* + H,0 & B + H,0*
AH + H,0 & A~ + H,0%
A"+ H,0 & AH + OH~™
MX + H,0 & MOH + HX
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Chapter 2 Experimental Material and Methods
2.1 Amine Absorbent Characterization

2.1.1 Experiment Apparatus for CO2 Absorption and Desorption Characterization

A home-built reactor is constructed to characterize amine absorbent's CO2 absorption and
desorption behavior. The schematic of the reactor is shown in Figure 8. Two Mass flow controllers
(MFC, Model number: GESOA013502RMV020) are used to control carbon dioxide (CO2) and
nitrogen (N2) flow rate from a gas cylinder flowing into a boiling bottle. CO2 and N2 are mixed
before entering the boiling bottle, and the CO2 and N2 flow rate ratio can control the CO2
concentration of the mixed gas. N2 and CO2 mixed gas are introduced into the boiling bottle with
a gas sparger to provide better gas dispersion. A rubber stopper is used to seal one opening of the
boiling bottle and hold the sparger at a certain height so that it does not interfere with the spinning
of the stir bar. A pH probe is held by another rubber stopper that seals the second outlet of the
boiling bottle. This pH probe can provide us with a pH reading of amine during CO2 absorption
and desorption. The third outlet of the boiling bottle is connected with a glass condenser to trap
H20 and amine from evaporating. This glass condenser can minimize H20 and amine evaporation
during COz2 desorption by temperature swing. The gas coming from the condenser is mixed with
extra nitrogen diluent before entering the CO2 sensor (CO2meter.com, Model: CM-0122). The
flow rate of all gas streams can be measured and validated by a soap film flowmeter that is mounted

at the outlet of the COz sensor.
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Figure 8. Experiment apparatus for characterization of CO2 absorption and desorption of
amine absorbents.

2.1.2  COz absorption and CO2 breakthrough experiment

CO2 breakthrough experiments were conducted in the reactor described in the previous
paragraph to test the COz absorption capacity of different amines. First, MFC1 and MFC2 are set
to a constant value to acquire a COz stream used for absorption. Table 1 shows the flow rate setting
of MFC:s for different CO2 concentrations used for absorption. N2 diluent (flow rate set by MFC3)
is supplied to the system if 100% CO: is used for the absorption experiment. After the MFCs
setting is configured, the system is purged with that MFC configuration until saturated. The
saturation can be verified by saturation CO2 reading (xg,¢) on the CO2 sensor. The value of xg ¢ is
determined by the flow rate ratio of N2 and COz supplied to the system. Saturation CO2 reading
(Xeq) 1s maintained for 5 minutes before the start of the absorption experiment. When starting the
experiment, the rubber stopper holding the pH probe is removed from the boiling bottle, and an

amine absorbent to be tested is added. The rubber stopper is placed back on the boiling bottle after
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amine addition. Amine absorbent is purged with CO2 until it is fully saturated. N2 diluent and CO2
supply flow rate were measured by a soap film flowmeter before and after the breakthrough
experiment to verify that the flow rates were kept constant during the whole breakthrough

experiment.

Table 1. MFC Flowrate setting at different CO> concentrations used for absorption
CO2 concentration used MFC 1 (ml MFC 2 (ml MFC 3 (ml Equilibrium CO2

for Absorption (%) min™') min) min') Reading Xsat (%)
100 0 100 400 20
20 400 100 0 20
5 475 25 0 5
1 495 5 0 1

2.1.3  CO2 Desorption from CO2-loaded amine absorbents

CO2 desorption experiments are also conducted in the same home-built reactor described
before. MFC 2 and MFC 3 are set to 0 ml min™!, and MFC 1 is set to 350 ml min™! to purge the
boiling bottle with N2 at room temperature until the bottle is saturated with N2. N2 flow rate can
be validated by a soap-film flowmeter. Purging the boiling bottle with N2 can ensure that all CO2
is depleted before starting the CO2 desorption experiment. N2 saturation can be verified by a zero
CO2 concentration reading on the CO2 sensor. CO2-loaded amine is then placed into the boiling
flask to start the CO2 desorption experiment. CO2 desorption can be driven by heating, acid
addition, or both. When inducing CO:2 desorption by acid addition, HCI is added to the boiling
bottle by a syringe and needle that pokes through the rubber stopper. Adding HCI with a syringe
and needle makes sure the whole experiment apparatus is perfectly sealed during HCI addition.
Using a syringe and needle for HCI addition can ensure all desorbed CO2 will enter the CO2 sensor

for accurate quantification. 25Smmol (5M 5ml) HCl is added to the boiling bottle every 15 minutes
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until all CO2 is desorbed. When performing CO:2 desorption by elevating the temperature, the
boiling bottle is soaked in a heat bath at the target temperature (40, 60, or 80 °C) for at least an
hour. A COz sensor measures desorbed CO2 throughout the desorption process. The total N2 flow
rate was measured again at the end of the experiment to validate the constant N2 supply during the

desorption process.

2.1.4 Infrared Spectroscopy

Infrared Spectroscopy (PerkinElmer, Spectrum Two FT-IR Spectrometer) was used to
characterize amine absorbent reactions (CO2 loading, CO2 desorption, and amine regeneration).
0.1 ml of amine samples were placed on the diamond crystal. Samples were pressurized by the
pressure arm during the measurement. Samples that were highly acidic or basic (pH<1 or pH>13)
were neutralized by HCI or NaOH before putting on the diamond crystal. The highly caustic or
acidic sample may damage the diamond crystal and interfere with the reading of the spectrum.
Background spectrum is taken before sample measurement using deionized water with the same

pressurization.

2.1.5 Gas Chromatography-Mass Spectroscopy

Gas Chromatography-Mass Spectroscopy (Agilent Technology, 7890a) is used to quantify
amines and characterize any by-product that may have formed during the electrochemical process.
Amine samples sample is collected during the electrochemical process, and 0.5 micro liters of

samples are injected into the front inlet port of GC. GC operation parameter is shown in Table 2.
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Table 2. GC-MS operation parameter

Parameter Set-Value
Inlet Ports Temperature 250 °C
Pressure 19.438 psi
Total flow 64.2 ml/min
Septum purge flow 3 ml/ min
Split ratio 50: 1
Columns Column type HP-5, Agilent Technology
He flowrate 5 ml/ min
Pressure 0.2171 psi
Oven Start temperature 150 °C
Ramp rate 10 °C /min
Ramp target temperature 200 °C
Hold at the target temperature 8 min
Detector Detector type FID
Temperature 300 °C
Air flow 400 ml/min
H2 flow 30 ml/min
N2 makeup flow 5 ml/min

2.2 Electrochemical Cell Design and Fabrication

A schematic of a home-built 4-compartment electrochemical cell stack is shown in Figure
9. A cell stack consists of side caps, rubber gaskets, plastic spacers, and membranes. The following
rules are followed during the electrochemical stacking. First, silicone rubber gaskets (McMaster-
Carr, 1460N22) are used to sandwich and secure membranes in the cell stack. Second, at least one
layer of gasket must be present between plastic parts, including the spacer or side cap. Spacers,
gaskets, and membranes can be added or taken away from the electrochemical cell stack depending

on the number of compartments needed for different experiments.

The side cap and plastic spacer are acrylic (McMaster-Carr, 4615T133) or PTFE sheets
(McMaster-Carr, 8545K35). Acrylic and PTFE are stable when in contact with sulfuric acid,
sodium hydroxide, and amines. Therefore, they are suitable materials for fabricating parts used for

an electrochemical cell. Plastic sheets with various thicknesses are constructed into the spacer to
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provide flexibility in changing the volume of each compartment. A laser cutter is used to cut the
acrylic spacer and silicone rubber gasket into the configuration shown in Figure 70. Next,
membranes are cut with scissors into a shape that fits the gasket and spacer configuration. Platinum
or platinum-coated titanium is used as the electrode material to prevent anode degradation during
electrochemical cell operation. Super corrosion-resistant screws (McMaster-Carr, 92186A554)

and nuts (McMaster-Carr, 94804A029) are used, and a wrench tightens nuts to secure the cell stack.

Side Cap Spacer Membrane Rubbergasket Electrode

Stack
Together ©

.
>

Figure 9. Schematics of the electrochemical cell stack structure
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Figure 10. Design of Spacer and Rubber Gasket of Electrochemical cell. Unit: cm

2.3 Quantification of CO2 Absorption and Desorption Capacity of Different Amines

Simplified schematics of the experimental apparatus are provided in Figure 71 with notations
of molar flowrate (J, mol sec™’) and CO2 molar fraction (X, dimensionless) labeled on each stream.

Representation of each notation and its properties can be found in Table 3.
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Figure 11. Simplified schematics of experiment apparatus with notations on molar flowrate
and CO?2 fraction
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Table 3. Notations used in CO2 absorption capacity calculation

Notation  Representation Property

Jn Molar flowrate of N2 source Constant, Set by MFC 1

Jc Molar flowrate of CO2 source Constant, Set by MFC 2

Ji Molar flowrate of mixed gases entering boiling bottle Constant, Sum of Jy and Jc

J2 Molar flowrate of gases exiting boiling bottle Variable, Function of time

Jp Molar flowrate of Diluent N2 Constant, Set by MFC 3

Jr Molar flowrate of gases entering CO2 sensor Variable, Function of time

XN Molar fraction of CO2 in N2 source Constant, Equal to 0

Xc Molar fraction of COz in CO2 source Constant, Equal to 1

Xi Molar fraction of CO2 in mixed gases entering boiling Constant, Determine by
bottle ratio of Jn and Jc

X2 Molar fraction of CO2 in gases exiting boiling bottle ~ Variable, Determine by

Xp Molar fraction of COz in Diluent N2 Constant, Equal to 0

Xr Molar fraction of COz in gases entering CO2 sensor ~ Variable, Function of time,

Measured by a COz sensor

The following equation can describe the amount of COz absorbed or desorbed in a specific

time ¢.

t
¢
Nco,-Absorbed = Nco,—in — Ncoy—out = f J1 X, dt — f]zdet
0
0

(12)

Nco,—in 0 Mo, _oye 18 the mole of CO2 going in and out of the boiling bottle. Therefore, the

subtraction of these two numbers will give us the amount of CO2 absorbed in time ¢. CO2

desorption from the boiling bottle will result in a negative value in equation ( /2 ) J;, X;, J, and

X, cannot be directly measured by COz sensor or soap-film flowmeter. Therefore, they need to be

substituted with other measurable variables.

To relate J, and X,with measurable variables, the following equations are needed.

22



J2 Xy = Jp Xp +Jp Xp = Jr Xr (13)
Equation ( 13 ) shows the CO2 mole balance in the outlet streams. The CO2 flow rate from the
boiling bottle equals the CO2 flow rate that flows into the CO2 sensor. However, Jr cannot be
measured in a real time manner, the substitution of /p with other measurable variables is needed

in equation ( 14 ).

Jr (L=Xp) = Jp+]n (14)
Equation ( 14 ) depicts the N2 mole balance of the whole system. Assuming that N2 and CO: are
the only two types of molecules in the systems, the molar fraction of N2 in any stream can be
expressed by (1 — X) . With this assumption, Jr (1 — Xz) would be the molar flowrate of N
flowing into the COz sensor. This value is equal to the total supply rate of N2 into the system, J, +
Jn,and it is a constant as N2 would not be involved in COz absorption or desorption reaction. When

we apply equation ( 14 ) to equation ( 13 ) and substitute /r, we get the following equation

X
J2 X, =Jr Xp = (b +]N)1—FXF (15)

In this equation, Jp and Jy are set by MFC and can be measured in a real-time manner. This

equation perfectly relates J, X, with measurable variables. With equation ( 15 ) applied to

Nco,—out = fot J2X, dt, we can acquire the following equation.

Xr
1 _XF

t
Nco,—out = f (Jp +Jn) dt (16)
0

This equation allows us to quantify the amount of CO2 coming out of the boiling bottle by

recording CO2 readings on the CO2 sensor in a real-time manner.

On the other hand, n¢p,_;, need to be calculated to determine the amount of CO: supplied.

To relate J; and X; with measurable variables, the following equations are used.
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Ji=Jc+In (17)
L1 X1 = JcXc+In Xy =Jc Xc =Jc (18)

Equation ( /7 ) shows the mole balance of gases in all the inlet streams, and it is used to relate J;
with other measurable variables. /- and J; and are molar flowrate of the CO2 and N2 from a gas
cylinder, and its flow rate can be set by MFC and validated by a soap film flowmeter. Equation
( 18 ) shows the mole balance of CO2 molecules in the same inlet streams. It can be further

simplified given that X is equal to 0 and X is equal to 1. With these two equations applied to

t . : .
Ncoy—in = ) o J1X1 dt, we can acquire the following equation.

t
Nco,—in = f Jedt (19)
0

We can also acquire n¢g,—in by concentration reading of CO2 sensor before start of absorption

experiment. As described in Chapter 2, we need to purge N2 and CO2 mix gas before the start of
the absorption experiment, with no amine added to the boiling bottle at that point. Therefore,
Nco,—inWould equals to n¢g, gy during the purging stage. The following equation can describe

the amount of CO2 supplied to the system.

Nco,-in f (Jp ‘|‘]1v)1 Xs tdt (20)

Xsq¢ 18 the saturation COz sensor reading. If we substitute equation ( 12 ) with equation ( 20 ) and

(16 ), we get the following equation.

t
Nco,—in = Nco,—out = Up +]N)(f 1= Xs tdt_j dt) (21)
a

1— XF

This equation quantifies the amount of CO2 absorption and desorption and is derived with several

assumptions. First, the nitrogen supply in the system is constant. Second, CO2 and N2 are dominant
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species in the gas phase of the system. Therefore, extra care must be taken during the experiments
to ensure these two assumptions hold. A Python script based on equation ( 2/ ) used for the CO2

quantification is provided in Appendix A4.
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Chapter 3  Amine-based Absorbent CO; Capture Studies

This chapter mainly focuses on understanding the absorption and desorption profile of various
amine absorbents. The reaction kinetics and capacity of absorption and desorption are measured.
CO2 absorption capacity is measured on different types of amines and CO2 concentration. 3.6M
MEA, 0.9M MEA, and 0.9M piperazine are tested for their CO2 loading under various CO2
concentrations. The type of amine and CO2 concentration used can significantly impact the loading
capacity of the COz. For example, the maximum loading of 0.9M piperazine with 5% CO2 is 1.01
molCO2 molPiperazine™!. CO2-loading of 0.9M MEA with the same CO2 concentration is 0.55
molCO2 molIMEA™!. The maximum loading of 3.6M MEA is 0.66 molCO2 moIMEA™! with 100%
COz. Desorption methods, including temperature swing, acid swing, and a combination of both
swings, are tested. COz is desorbed from 3.6M MEA by increasing the solution temperature to
80°C or by hydrochloric acid addition. COz2 can be desorbed with hydrochloric acid addition. The
amount of COz desorbed is positively correlated to the amount of added acid. ASPEN is used to
simulate the absorption and desorption process using an equilibrium-based model. The simulation
result is consistent with the experiment data. The study in this chapter is used to establish a baseline
of absorption and desorption. We can use the baseline as a reference for comparison with future
experiments. The design of the electrochemical amine regeneration system and its operation
parameter would be based on the understanding of amine absorption capacity and the proton-

driven COz2 desorption.
3.1 CO:2 Absorption studies in amine absorbents

The absorption capacity of amine solution of different concentrations was tested under
different CO2 concentrations using the method described in Chapter 2. 50ml of 0.9M MEA or

0.9M piperazine was placed in the boiling bottle and purged with 5% CO2 with a flowrate of 421
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ml/min until amine is fully loaded with COz. Figure 12 (a) shows the breakthrough curve of both
amines. The absorption capacity of MEA and piperazine are 0.55 molCO2 molIMEA™! and 1
molCO:2 molPiperazine™'. The breakthrough time for piperazine is significantly higher than MEA.
This result is consistent with the fact that piperazine exhibit higher CO:z loading capacity. The rate
of COz absorption was also quantified during the breakthrough experiment. A similar rate of
reaction is found at the start of the absorption. The rate of CO2 determines the initial CO2
absorption rate supplied as the rate of CO2 transport between the gas-liquid interface and amine-
COz reaction rate is not yet a limiting factor. The rate of COz absorption decreases significantly
when the CO2 loading of MEA reaches ~0.4molCO2 moIMEA™!. This rate decrease results from
the change of the primary absorption mechanism from carbamate formation to
carbonate/bicarbonate formation®®. The CO2 absorption rate of piperazine exhibits a similar trend.

The absorption rate starts to decrease when CO2 loading reaches 0.85 molCO2 molPiperazine™.
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Figure 12. (a) The breakthrough curve of 50ml of 0.9M MEA and 0.9M Piperazine with 5%
COz (flow rate: 421ml/min). (b) Cumulative CO2 loading in 0.9M MEA and Piperazine.
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3.6M Diethanolamine (DEA), triethanolamine (TEA), monoethanolamine (MEA), 2-
ethylaminoethanol, 2-dimethylaminoethanol (2-DMAE) were purged with 5% CO:z at a flow rate
of 360 ml/min. Their loading capacity and absorption rate were measured and quantified as
described in Chapter 2. 2-Ethylaminoethanol has the highest absorption capacity among the amine

tested. The loading capacity of each amine tested is shown in Table 4.

Table 4. CO2 loading of amines (3.6M, load with 5% CO2)

Amine CO2 Loading (mol CO2 mol Absorbent ')
Monoethanolamine 0.51
Diethanolamine 0.48
Triethanolamine 0.098
2-ethylaminoethanol 0.61
2-dimethylaminoethanol 0.45

MEA, DEA, and 2-ehylaminoethanol have similar initial CO2 absorption rates; however,
they decrease at different rates as the loading of CO:2 goes higher. 2-DMAE and TEA have
significantly lower absorption rates compared to other amine tested. This result is consistent with
the literature that tertiary amine and sterically hindered amines have a slower absorption rate than

primary or secondary amines'>32,
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Figure 13. (a) The breakthrough curve of various amines (50ml 3.6M) with 5% COz flowrate
of 360ml/min. (b) Cumulative CO2 loading in various amines (50 ml 3.6M)

Breakthrough experiments were performed on diamines and triamines, including
diethylenetriamine (DETA), ethylenediamine (EDA), and piperazine (Pz) (50ml 1.8M), to
quantify absorption capacity and absorption rate using 5% CO2 with a flowrate of 366 ml/min.
These amines have more than one nitrogen nucleophile in a molecule and exhibit higher loading
capacity. For example, the loading capacity of DETA, EDA, and Pz is 1.3 mol CO2 molDETA™,

0.93 mol CO2 molEDA™! and 0.85 mol CO2 molPz ! respectively.
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Figure 14. (a) The breakthrough curve of EDA, DETA, and Pz (1.8M) with 5% COz of 360ml
(b) Cumulative CO2 loading of EDA, DETA, and Pz.

3.2 COz desorption studies by temperature and acid swing

CO2 desorption from amine absorbent can be induced by temperature swing or acid swing
of the solution. The following studies were performed to understand the desorption profile and set
up a desorption baseline to be the reference for future experiments. First, a 100ml 3.6M MEA
solution was loaded with CO: until the CO2 loading reached 0.485molCO2 molMEA™". Next, the
COz-loaded MEA solution was split into two 50 ml aliquots. One aliquot was immersed in a water

bath of 40, 60, and 80 “C for 1 hour. The other aliquot of loaded MEA was mixed with 50mmol

HCI and then immersed in a water bath in the same manner. The amount of CO2 desorption was
quantified using the method described in Chapter 2. Figure 15 shows the CO2 desorption profile
of COz under the acid swing and temperature swing (N2 flow rate: 444ml/min). Figure 16 shows
the cumulative extent of desorption of the desorption process. Cumulative CO2 desorption (%) is

calculated by the ratio of the amount of CO: desorbed and CO2 loading of loaded amine.
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Figure 15. (a) Desorption profile of 50ml 3.6M MEA (50ml, 3.6M, loading: 0.485 molCO:
molMEA™!) under temperature swing (40, 60 and 80 °C) (b) Desorption profile of MEA (50ml,
3.6M, loading: 485 molCO2 molMEA™") under acid swing (50 mmol HCIl) and subsequent
temperature swing (40, 60 and 80 °C).
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Figure 15 (a) shows a higher peak CO2 concentration when the loaded amine solution is
immersed in a water bath of higher temperature. The peak concentration is ~ 2% when the amine
is immersed in 80 °C, while the peak CO2 concentration is 0.6% when immersed in a 40 °C water
bath. This result validates that the rate of CO2 desorption induced by temperature swings increases
with the increase of water bath temperature. On the other hand, the rate of CO2 desorption induced
by acid addition is significantly higher than that of CO2 desorption induced by temperature swing.
Instant COz desorption can be observed after adding 50mmol HCl into the loaded amine, as shown
in Figure 15 (b). The peak CO2 concentration is ~25% with acid addition, while less than ~2%
when desorption is induced by a temperature swing at 80°C. The desorption rate is more than ten
times higher when induced by acid than that induced by temperature swing. In addition, HCI
addition can induce COz desorption from MEA. It can also facilitate CO2 desorption for subsequent

temperature swings, especially at low temperatures.

Table 5 shows the CO2 desorption % of each desorption step. Without acid swing, only
4.65% of loaded CO2 can be desorbed from MEA solution at 40 °C. However, 21.69% of loaded
CO2 can be desorbed from MEA solution at 40 °C if 50 mmol HCl is added before the temperature
swing. A similar desorption profile is observed when more HCl is used for desorption (75 mmol).
These results show that acid addition to the loaded MEA solution can induce not only CO2
desorption but also catalyze temperature-induced CO: desorption. Therefore, the heat requirement
for CO2 desorption can be reduced with acid addition into amine absorbent. This result is consistent

with recent studies where organic acids are used® %,
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Table 5. Percentage of CO2 desorption from loaded MEA solution

Desorption Method 0 mol HCI 50 mmol HCI 75 mmol HCI
HCI Addition @ 20 °C 0% 16.75 % 325%
40 °C/ 1hr 4.65 % 21.69 % 17.7 %
60 °C/ 1hr 10.4 % 16.57 % 15.9%
80 °C/ lhr 15.2 % 18.97 % 17.5 %

To understand if 100% of CO2 desorption can be achievable without temperature swing,
excessive HCl was added to the loaded MEA solution. 5Sml of 5M HCI was added to 50ml 3.6M
MEA (Loading: (1) 0.25 molCO2 moIMEA™! (2) 0.5 molCO2 moIMEA™) solution every 10-15
min in the boiling bottle and CO2 desorption is measured as described in Chapter 2. Cumulative
CO2 desorption amounts from 3.6M MEA solution at various loading are shown in Figure 17 (a).
This data proves that 100% of CO:2 desorption can be achieved with acid addition only under
ambient temperature. Proton to MEA ratio of 1: 1 is required for complete CO2 desorption
regardless of the initial loading of MEA solution. Although the proton requirement for complete
COz desorption is similar among amines with different loading, the CO2 desorption profiles differ.
CO2 does not desorb at a low loading at a low proton to MEA ratio. Only 0.43 % of CO2 was
desorbed from MEA (loading: 0.25 molCO2 moIMEA™) at a proton to MEA ratio of 0.14.
Similarly, 8.78 % of COz is desorbed from MEA (loading: 0.5 molCO2 moIMEA™) at the same
proton to MEA ratio. If the CO2 desorbed is compared on a molCO2 moIMEA™ basis, the
difference between the amount of CO:z desorbed is even more apparent. 0.9M piperazine solution

is tested similarly, and similar results are acquired (Appendix B).

CO2 desorption was verified by IR spectrum of the amine solutions at various pH, and the
IR spectrum of loaded-MEA and acidified MEA is shown in Figure 77 (b). The carbamate peaks
(1486 cm™, 1568 cm!, and 1320 cm™! %%) gradually disappear with decreasing pH. Furthermore, at

low pH (pH = 1.86), a peak at 1517 cm’! indicates the presence of protonated amine molecules.
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The IR spectrum remains unchanged as pH decreases further (i.e., from 6.0 to 1.8), indicating near
complete carbamate decomposition/CO2 desorption. This observation is consistent with the data
shown in Figure 17 (a), where>80% desorption is achieved at pH = 6 for a COz-rich amine

solution with initial 0.5 mol COz per mol MEA loadings.
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Figure 17. (a) Desorption profile of proton-induced COz2 desorption from loaded MEA of
various CO2 loading (unit: mol CO2 moIMEA™). (b) IR-spectrum of loaded MEA and
acidified MEA.

3.3 ASPEN Simulation on CO2 absorption and desorption

A simple ASPEN model simulates absorption and desorption by temperature and acid swing.
The schematics of the simulation module used are shown in Figure 18. The simulation was
performed using two adiabatic flash tanks under a vapor-liquid equilibrium-based model. In this
simulation, the flow rate of COz is set to be 1kmol CO2/hour in FLUGAS stream, and the flow rate
of the MEA stream is set to 3kmol MEA/hour. Under this setup, 90% of COs: is stripped from

FLUGAS, and the CO:2 flow rate in STRIPFLU is 0.1kmolCOz/hour. Absorbed CO: is in
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carbamate from in LOADMEA stream with a flow rate of 0.9kmolIMEACOO/hour. CO2
desorption using a temperature and acid swing combination is simulated by the parameter set

described in Table 6.

B2

REGENMEA

Figure 18. Schematics of ASPEN simulation modules.
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Table 6. Parameter of ASPEN simulation on CO2 with temperature swing

Unit Equilibrium Parameter Setting
Flash tank 1 Temperature 20 °C
Pressure 1 atm
Duty 0 kJ/hour
Flash tank 2 Temperature 40-140 °C
Pressure latm
Duty 0 kJ/hour
Stream Composition Flowrate
MEA 30 % MEA 3kmol MEA /hour
FLUGAS 15 % CO2 lkmol CO2/hour
HCL 5% HCl 0-3kmolHCl/hour

Figure 19 shows the simulation result of the flow rate and the composition of
REGENMEA and FLASH stream at the outlet of flash tank 2. Figure 19 (a) shows the composition
and flow rate change in REGENMEA stream at an HCI to MEA ratio of 0 to 1 (without HCI
addition). At a temperature below 100 °C, no CO2 can be found in FLASH stream. COz start to
desorb when the temperature reaches 110 °C, as shown by the increase of CO: flow rate in FLASH
stream and decrease of MEACOO™ flow rate in REGENMEA stream. The amount of MEA
increase indicates the amine is regenerated when temperature increases. A minimal amount of
bicarbonate and protonated MEA are found. However, when the temperature is higher than 120
°C, loss of MEA occurs. MEA started to evaporate and leave the tank as a gas phase component
(FLASH stream). At 140 °C, 1.32 kmol/hour of MEA is lost from FLASH stream. This solvent
loss is not desired as it would increase the operation cost for the CO2 capture process. In addition,
only 0.69 kmol/hour of COz exits Flash tank 2 from FLASH stream at 140 °C, while the amount
of carbamate input from LOADMEA stream is 0.9 kmol/hour. This result indicates that COz2 is not

fully desorbed even when loss of absorbent occurs.
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Figure 79 (b) shows the composition and flow rate of REGENMEA stream with an HCI
to MEA ratio of 0.33 to 1. With HCI addition, the molar flow rate of protonated MEA increases to
1.9kmol/hour at 40 °C. Carbamate flow rate does not change as no COz is desorbed at 40 °C under
this HCI to MEA ratio. With the temperature increase, COz starts to desorb when the temperature
reaches 90 °C, which is 20 °C lower than the amine without acid addition. This result indicates
that HCI addition facilitates CO2 desorption at a lower temperature. At an even higher HCl to MEA

ratio, COz can desorb without heating, as shown in Figures (c) and (d).

Furthermore, it is shown in Figure 79 (d) that all loaded COz is desorbed at 40 °C with
HCl to MEA ratio of 1: 1. Temperature swing is not needed for CO2 desorption at this HCl to MEA
ratio. Although HCI addition can facilitate CO2 desorption or allow for complete CO2 desorption
without any heating, it has a drawback concerning MEA regeneration. HCI addition to the CO2
absorbent, facilitates the formation of protonated amine, which cannot absorb the COz. Therefore,
bases need to be added to protonated amine to neutralize the proton added and convert protonated

amine into a non-protonated form.
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Figure 19. Composition and flow rate of REGENMEA and FLASH stream at different HCI to
MEA ratio. (a) 0:1 (b) 0.33: 1 (¢) 0.66: 1 (d) 1:1

38



Chapter 4  Development of Electrochemical Amine Regeneration System

4.1  Studies on the feasibility of acid-base swing amine regeneration

To understand the feasibility of acid- and base-swing as an amine regeneration method,
several experiments need to be done to understand the amine property after acid-base swing
regeneration. First, absorption capacity and rate were measured to validate that no decrease in
these two parameters occurred after the acid-base swing. Then, fresh MEA, acid-added MEA, and
acid and base-added MEA were purged with 5% CO2 until saturation. The acid-added MEA is
prepared by adding 15mmol HCI (5M 3ml) to 50 ml 0.9M MEA solution. Subsequently, 15 mmol
of NaOH is added to the acid-added MEA to prepare acid-base-added MEA. The loading capacity
and rate of absorption of these amine samples are shown in Figure 20. It is shown that HCI
addition to MEA can reduce the loading capacity to 0.375 molCO2 moIMEA™!. This result from
HCI converting MEA into protonated form, and protonated MEA cannot absorb CO2. However,
this loss of capacity is not permanent, and the capacity can be restored by NaOH addition. The
acid-base-added MEA solution has a similar capacity to that of fresh MEA (~0.54molCO2
molMEA™). In addition, the rate of CO2 absorption is not changed after acid and base addition. In
summary, the absorption capacity and absorption rate are not changed after acid and base addition.
This result shows that acid-base swing can serve as an amine regeneration method without the

concern of loss of capacity and rate of absorption.
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Figure 20. CO: absorption of 50ml 0.9M MEA solution with different acid-base treatment
under 5% COz (384 ml min™).

A similar validation process was also performed on CO2-loaded MEA. COz-rich MEA
solutions (0.5 mol CO2 per mol MEA) were acidified with 5 M HCI to different pH values (pH =
6, 7, and 8) to achieve different extents of desorption. Subsequently, stoichiometric amounts of
NaOH (to neutralize the added protons) were added to the acidified MEA, and the capacity of these
solutions was quantified via the method described in Chapter 2. Figure 21 (a) shows that the extent
of CO2 reabsorption (compared to the maximum CO2 loading) increases as the extent of the pH
swing increases, indicating that NaOH addition can facilitate the conversion of protonated MEA
to non-protonated MEA, thereby restoring absorption capacity. The absorption of CO:2 by
hydroxides at corresponding pH is negligible as quantified by CO2 absorption experiments in
aqueous solutions of NaOH (See Appendix B Figure 49). This data validates that the reabsorption
capacity results from mainly regenerated MEA, not from the alkalinity of the hydroxides. IR
analysis of the solutions is shown in Figure 21 (b). It shows that the intensity of the peak at 1517

cm! decreased while the peak at 955 cm™ increased, indicating the disappearance of protonated
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MEA and the formation of MEA. These results demonstrate the required pH swing necessary to

desorb >80% of COz from a rich amine solution for subsequent absorption cycles.
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Figure 21. (a) Reabsorption extents of MEA solutions for various pH swing cycles (b) IR
spectrum of Acidified MEA and regenerated MEA.

4.2 Development of electrochemical acid swing cell

4.2.1 Two-compartment acid swing cells

Water electrolysis reaction is used to generate proton used for amine acid swing. Two-
compartment-based cell design is shown in Figure 22 (a). One cation exchange membrane
separates the cell into two compartments in this design. Pt is used as the cathode, and 316 stainless
steel is used as the cathode. The proton will be generated at the anode and decrease the pH of the
solution at the anodic compartment. Therefore, the MEA solution must be placed in the anodic
compartment to perform an electrochemical acid swing. However, this design is not optimal for

several reasons.
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Figure 22. Schematics of a two-compartment electrochemical cell for the acid swing of MEA
solution (a) MEA placed in the anodic compartment. (b) MEA was placed in the cathodic
compartment. (b) MEA placed in the cathodic compartment with copper (II) ion added

First, MEA can be oxidized at the anode®. In Figure 23, it is shown that an oxidative wave
appears at -0.3 to 0.1 V during the positive scan, resulting from the formation of polyalcohols and
ketoses®®. Water oxidation occurs at V > 0.6 and is associated with a peak around 0.6V. This result
demonstrates that MEA oxidation can occur at a voltage lower than that required for oxygen
evolution. As a result, MEA oxidation reaction would be prioritized over oxygen evolution
reaction if MEA solution is placed in an anodic compartment. Therefore, the electrochemical cell
design in Figure 22 (a) is not optimal as it leads to severe MEA degradation. The cell configuration

needs to be modified to prevent MEA oxidation.

Figure 22 (b) shows the modified cell configuration that segregates MEA from the anode
to prevent oxidation of MEA. In this configuration, 1M H2SOu41s placed in the anodic compartment,
and MEA solution is placed in the cathodic compartment. The dominant reaction at the anode
would be water oxidation without the presence of MEA. This design ensures the generation of
protons and prevents MEA oxidation. Proton generated at the anode can migrate through the cation

exchange membrane and reaches the cathodic compartment to acidify the MEA solution. However,
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the reaction that occurred at the cathode limits the acid swing of the MEA solution. The dominant
reaction at the cathode is either proton consumption or water reduction, depending on the pH of
the cathodic solution. Protons that migrate through the cathode compartment can be consumed or
neutralized by the hydroxide generated at the cathode. Therefore, the modified configuration

cannot be used for MEA acid swing.
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Figure 23. Voltametric response of monoethanolamine as a function of concentration at the
Au RDE in Oz-free 0.1 M NaOH. Rotation speed: 500 rev min™'. Scan rate: 5.0 V min-'. Conc.
(mM): (a) 0.00, (b) 0.10, (c) 0.20, (d) 0.40. 3

The two-compartment cell is modified to tackle the undesired proton consuming and
hydroxide generating reactions. First, copper nitrate is added to the cathodic compartment's MEA
solution, as shown in Figure 22 (c). The presence of copper (II) ions in the cathodic compartment
change the dominant cathode reaction. Table 7 lists the potential reactions that can occur at the

cathode after adding copper ion to the cathode compartment.
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Table 7. Cathodic Reactions

Cu®*t + 2e~ - Cu V=+0.337
2H* + 2e~ - H, VvV =0.00
2H,0 + 2e~ - H, + 20H~ V =-0.8277

It is shown that copper reduction exhibits higher reduction potential, indicating that copper
plating on the cathode would be the preferred reaction in a solution containing copper ion, water,
and proton. Therefore, adding copper ions to the MEA solution at the cathode compartment could
reduce proton consumption or hydroxide generation, as shown in Figure 22 (c). This fact allows
for the accumulation of proton at the cathode compartment, and acid swing of MEA solution can
potentially be done. An electrochemical amine regeneration system for CO2 capture is designed

based on this cell configuration, and the system is shown in Figure 24.

Copper rich, CO, Lean, Regenerated MEA i i
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Base Swing - + o Acid Swing g -El
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cathode

Copper lean, CO; lean, protonated MEA

Figure 24. Electrochemical amine regeneration system for CO:2 capture with two-compartment
electrochemical cell

COs2 is loaded to MEA at a COz2 loading unit, and COz-rich MEA is transported to an acid
swing cell for CO2 desorption. In the acid swing cell, proton generated by anode migrates through
CEM, and copper ion is reduced and plate on the cathode of the acid swing cell. Protonated MEA
is formed in the acid swing cell, along with the desorption of CO2 and reduction of copper ions.
The copper lean, CO: lean protonated MEA solution is transported into the base swing cell for

amine regeneration. In the base swing cell, hydroxide is generated from cathode transport through
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the AEM while the copper anode is oxidized, releasing copper (II) ion into the base swing cell.
The protonated amine will be regenerated into a non-protonated form by the hydroxide generated.
The copper (II) ion rich, CO2 lean regenerated MEA is then transported into the CO2 absorption
unit for CO2 capture and starts the following CO2 capture & amine regeneration cycle. This design
expected that a non-negligible amount of copper ion would be present in regenerated amine.
Therefore, we must examine whether copper ions do not change the COz absorption properties of

MEA.

To measure the CO2 absorption characteristic of MEA in the presence of copper (II) ion, 5
mmol or 25 mmol of copper nitrate was added to MEA (50ml, 3.6M), and 40ml of 100% CO2 was
used to purge the MEA for absorption. CO2 absorption capacity and rate of absorption were
measured. Figure 25 shows that the CO2 absorption capacity drops significantly with copper
addition. This capacity loss is a result of the fact that MEA and cupper can form a complex and
decrease the absorption capacity of MEA and facilitate CO2 desorption from MEA®’. This result
indicates that the proton and copper ion exhibit the same functions as they can decrease absorption
capacity and facilitate CO2 desorption. This property is not desired for the amine regeneration
system as copper presented in regenerated amine decreases the absorption capacity. In addition,
the CO2 desorption triggered by the acid swing cell will not be effective as the acid swing cell
exchange the copper in MEA solution with the proton. Therefore, there would be no change in the
amount of CO: desorption stimulant (H" and Cu?*), and acid swing cells will not effectively desorb

COa.
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Figure 25. Cumulative COz absorption in MEA solution (3.6M 50mol) with copper nitrate
addition (100% COz2, 40ml/min)

There are several pathways to tackle this issue. First, substitute copper (II) ion with other
metal ions that do not complex with MEA to avoid capacity loss of MEA. Alternatively, an amine
absorbent that does not complex with copper (II) ion can be used. Third, simply segregate MEA
from copper ion using another ion exchange membrane. One of these three methods can tackle the

MEA capacity loss resulting from copper (II) ion addition.

However, the first two methods are not realistic solutions. First, almost all metal ions can
be complex with amine species®®. These metal ions will include but are not limited to cobalt (I11)*°,
Nickel (I1)", and silver(I)’!. Therefore, it is nearly impossible to have a metal ion that meets the
requirement described in the first solution. The second solution is also a challenging method to go
for, as most amines can coordinate with copper and form a complex. Studies have shown that
various amines commonly used for CO:z capture can coordinate with copper (II) ions. These amines
will include but are not limited to MEAS’, DEA7?, TEA?, piperazine’, and ethylenediamine
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(EDA)’*. Adding an extra ion exchange membrane to segregate copper ions and MEA would be
the most feasible solution. Therefore, a three-compartment electrochemical cell is designed and

built.
4.2.2 Three-compartment acid swing cell

The three-compartment cell is made by adding one more cation exchange membrane to the
two-compartment cell shown in Figure 22 (¢), separating the cathodic compartment into a bridge
and cathodic compartment. The schematic of the three-compartment cell is shown in Figure 26.
The three compartments are the anode compartment, bridge compartment, and cathode
compartment. In this design, the MEA solution is placed in the bridge compartment. A cation
exchange membrane separates MEA from the anode to prevent anodic oxidation. Acid swing is
expected to be done in the bridge compartment with this three-compartment cell design. The acid

swing capability of this three-compartment cell design (Figure 26) is tested with the following

experiments.
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Figure 26. Schematic of a three-compartment electrochemical cell with two CEMs. Buffers in
each compartment can be changed as required for different experiments.

First, the hypothesis was tested that copper ions in the cathode compartment can decrease

proton consumption and hydroxide generation. 0.1M Na2SO4 solution was placed in the anode
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compartment, and 0.1M NaCl was placed in the bridge compartment. Next, two different cathodic
solutions were tested in the cathodic compartment. 0.1M NaCl and 0.1M Cu(NO3)2 solutions were
placed in the cathode compartment in two trials. A platinum wire was used as the anode, and a 316
stainless steel mesh was used as the cathode. A DC power supply is used to start the
electrochemical reaction at a constant voltage of 6V. pH values of each compartment were

measured periodically.

In both tests, the pH value of the anode compartment dropped drastically as the dominant
reaction at both tests was proton generation. In contrast, the reaction at the cathode is entirely
different as different cathodic buffers were used. Hydroxide generation is the dominant reaction
with NaCl in the cathodic compartment. It can be validated by the increase of pH from 7.44 to
11.85 in the cathodic compartment shown in Figure 27 (a). However, the pH value of the cathodic

compartment with 0.1M Cu(NO3)2 solution does not change drastically, as shown in Figure 27

(b).

Furthermore, there was no bubble observed at the cathode during the experiment, and a
layer of copper can be seen on the stainless steel mesh cathode after the experiment. This result
further validates that no hydrogen evolution reaction occurred (hydroxide generating), and copper
plating was dominant at the cathode, explaining why no drastic pH change is observed. If the pH
value of the bridge compartment between the two different tests is compared, it could be found
that acid swing is more efficient with the use of Cu(NO3)2 solution in the cathodic compartment,
as shown in Figure 27. This data demonstrates that using Cu(NO3)2 solution at the cathode

compartment can facilitate the acid swing of the bridge compartment.
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Figure 27. Electrochemical acid swing of 0.1M NaCl solution in the bridge compartment of
three-compartment cell using different cathodic buffer (a) 0.1M NaCl (b) 0.1MCu(NOs3)2. The
buffers placed in each compartment are shown in each figure's legend. Two cation exchange

membranes were used on this cell to create three compartments. Platinum wire was used as the
anode, and 316 stainless steel mesh was used. Cell potential = 6V.

After successfully demonstrating the acid swing capability of the three-compartment
electrochemical cell using NaxSO4/NaCl/Cu(NOs)2 solutions in the anode/bridge/cathode
compartment, the NaCl solution was replaced with a 3.6M MEA solution for further validation.
Other than replacing 0.1M NaCl solution with 3.6M MEA solution, all cell configurations
remained the same. The green line in Figure 28 shows the pH change of MEA solution in the
three-compartment electrochemical cell. It is shown that the pH only dropped from 12.2 to 11.86
in 5.5 hours. Even though a three-compartment cell can change the pH of NaCl solution
significantly (from pH 7.14 to pH 3.5 in 2 hours), it does not decrease pH as much when the
solution in the bridge compartment is substituted with 3.6M MEA. The rate and the extent of acid

swing in MEA solution are both significantly lower compared to that in NaCl solution.
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There are several potential explanations for this phenomenon. First, the limited pH swing
in the MEA solution could result from the lack of ions in the MEA solution to maintain its
electroneutrality during the acid swing process. To remain electroneutrality, the amount of cation
input from the anodic compartment must be equal to the cations output to the cathode compartment.
As no cations were initially present in the MEA solution, protons entering the bridge compartment
cannot be balanced by other cations exiting the compartment. Therefore, the acid swing process
cannot proceed without ions in the bridge solution. To test the validity of this explanation, NaCl
is added to the MEA solution until a final concentration of 0.5M. Then, MEA solution with NaCl
is placed in the bridge compartment of the three-compartment electrochemical cell for acid swing.
The red line in Figure 28 shows the acid swing of MEA solution after NaCl addition. The pH can
drop from 12.2 to 11.35 in 5.5 hours. This acid swing extent and rate are slightly larger than the
acid swing on MEA solution without NaCl addition. However, this acid swing extent is still
significantly lower than that of acid swing on NaCl solution (pH drop from 7.14 to 3.5 in 2 hours).
This result indicates that electroneutrality plays a role in the acid swing of MEA solution; however,

it may not be the main or the only reason that led to a stall of pH drop in MEA solution.

Another potential reason that led to the stall of pH drop in MEA solution may be the larger
buffering capacity of amines than NaCl. The amine can absorb the proton transported through the
cation exchange membrane and form a protonated amine. In contrast, sodium chloride cannot
absorb any proton, and all protons transferred from the anodic compartment would change proton
concentration ([H']) and, thus, change the pH instantly. Therefore, the difference in pH drop
profile between these two solutions might not result from the different amount of proton entering
the bridge compartment but from the enormous buffering capacity of the MEA solution. With the

same amount of proton transferred into MEA and NaCl solution, the pH value of MEA solution
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would be less sensitive to proton addition. Running the cell at a higher current for a longer time
may tackle this issue. This practice could allow more protons to be generated and transferred to

MEA solution, resulting in more pH change.
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Figure 28. Acid swing of 3.6M MEA solution using three-compartment electrochemical cell.
Two cation exchange membranes were used on this cell to create three compartments.
Platinum wire was used as the anode, and 316 stainless steel mesh was used.

The other reason that leads to a stall of pH drop in MEA solution can be a result of the
wrong ion exchange membrane used. In the cell design shown in Figure 26, two CEMs are used
to create three compartments in the electrochemical cell. Proton generated from the anode can pass
through CEM to enter the bridge compartment to decrease the pH of the bridge compartment. The
proton inside the bridge compartment can also cross the CEM and enters the cathodic compartment.
If the rate of proton transfer into and out of the bridge compartment is equal, the pH value in the
bridge compartment will reach an equilibrium. Therefore, a modification is made to the
electrochemical cell by replacing the CEM on the cathode side with an AEM. The schematic of
this cell design is shown in Figure 29. The proton generated at the anode can migrate through the
CME and enter the bridge compartment. However, it will be blocked by the AEM and, therefore,
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would not enter the cathode compartment, securing the proton accumulation in the bridge
compartment. In addition, electroneutrality can be maintained by migrating nitrate ions from the
cathodic compartment. The positive charge carried by the proton can be balanced by the negative
charge carried by the nitrate ion, and no NaCl needs to be added to the MEA solution. As a result,
the extent of the acid swing of the bridge compartment would be dominated by the amount of
nitrate ion supplied. Further experiments need to be done to validate if this new electrochemical

cell design can result in a better acid swing of MEA solution.
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Figure 29. Schematic of a three-compartment electrochemical cell with a CEM and an AEM.
Buffers in each compartment can be changed as required for different experiments.

To test if replacing the CEM with the AEM can result in a better acid swing result, the
same solutions are used in each compartment with a different membrane usage. In this experiment,
IM of Na2SO4 and 1M of Cu(NOs)2 were used in the anodic and cathodic compartments. 3.6 M
COz2 loaded MEA (pH = 10) is used in bridge compartment. The CO2-loaded MEA usage mimics
that acid swing is performed on a COz2-loaded MEA solution. The anode and cathode used were
the same as in previous experiments (anode: platinum wire, cathode: 316 stainless steel mesh).

The cell is operated for a longer period to ensure sufficient proton enters the bridge compartment.
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This practice ensures that the proton amount entered would be significantly larger than the

buffering capacity of the amine so that a larger pH change can be observed.

Figure 30 shows the pH swing of COz-loaded MEA solution in the three-compartment
electrochemical cell. With the use of two CEMs in the electrochemical cell, the pH drops from 10
to 9.7 in the first 12 hours of cell operation (red line). No significant pH change is after 12 hours
of cell operation. The pH value of the CO2-loaded MEA solution is 9.67 after 24 hours of operation.
This data implies that the proton concentration is in equilibrium during the 12-to-24-hour time
point, and no further pH decrease is expected. When the CEM is swapped with AEM, the pH value
of the COz2-loaded MEA solution changes significantly. The pH value dropped from 10 to 8.34 in
24 hours and dropped to 7.59 after 44 hours (blue line). This result indicates that the three-
compartment cell built with a CEM and an AEM can better facilitate the acid swing of CO2-loaded
MEA solution comparting to the cell built with two CEMs. When a cell built with CEM/AEM was
used, bubble formation could be observed in the bridge compartment (COz-loaded MEA solution)
during the acid swing. It is expected to be COz that is released from CO2-loaded MEA with the pH
dropping. Another experiment using a cell with CEM/AEM configuration is performed for an even
more extended time (shown in the green line in Figure 30). In this experiment, the cathodic
compartment was replenished with fresh 1M Cu(NO3)2 at every pH measurement (t = 24 hr and t
= 48 hr), and the cell was operated on for 72 hours. With the Cu(NO3)2 solution replenished
periodically, it provides the cell with sufficient nitrate ions, and therefore an even larger acid swing
can be achieved. As shown in Figure 30, pH drops from 10 to 0.5 after 72 hours of cell operation
with CEM/AEM cell configuration. This extent of pH swing is sufficient for the complete CO2

desorption from the MEA solution.
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Figure 30. pH value of COz-loaded MEA solution (3.6M, pH=10) in bridge compartment with
different membrane configurations of the three-compartment electrochemical cell. 1M Na2SO4
was used at the cathode. 1M Cu(NOs):2 solution was used at the cathode. Pt wire anode and
316 stainless steel cathode were used. Legends show the membrane used for the three-
compartment electrochemical cell. Error bars indicate the standard deviation of duplicate
experiments.

COz-loaded MEA solution acidified in the three-compartment electrochemical cell with
CEM/AEM configuration was analyzed with IR-spectroscopy to validate the CO2 desorption,
protonated amine formation, and counter ion (NOj3’) migration into the bridge compartment.
Acidified COz-loaded MEA of pH = 8.3, 7.7, and 0.5 were collected and analyzed. In addition,

fresh MEA and loaded MEA were also analyzed as standard.

Table 8. Peak assignment for COz-loaded MEA solution®

Wavenumber (cm™!) Assignment
1517 NH;* (protonated MEA)
1486 COO (carbamate)
955 C-NH: (MEA)
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Figure 31 shows the IR spectrum of these samples. Table 8 shows the peak assignments
of the IR spectrum. It is shown that the intensity of protonated MEA peak at 1517 cm! increases
with the decrease of the pH value of the MEA solution. This result indicates that the protonated
MEA forms during the electrochemical acid swing, consistent with the reported mechanism”. A
similar profile is also found in Figure 77 (b), where the MEA solution is acidified. In addition, the
carbamate peak at 1486 cm™! decreases with a greater extent of acid swing. This result shows that
CO2 desorbs during the electrochemical acid swing process. Nitrate peak at 1320 cm™ can also
validate the migration of NO3" from the cathode to the bridge compartment. With a lower pH value,
a higher intensity of NO3" the peak is observed, indicating that more NO3" entered the bridge

compartment to balance the proton entered from the anodic compartment.
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Figure 31. IR-spectrum of CO2-loaded MEA solution acidified by three-compartment
electrochemical cell with CEM/AEM configuration.
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The amount of CO: desorbed during acid-swing, either by HCI addition or by
electrochemical cell, is measured to validate the feasibility of CO: desorption using an
electrochemical cell. 200 ml of 3.6M MEA was loaded with COz until pH = 10. Four 50ml of
aliquots were treated with different desorption methods (acid swing and subsequent temperature
swing), and COz desorption was measured during each treatment. The first 50ml aliquot of CO2-
loaded MEA is placed in an 80 °C water bath for 1 hour without any acid swing ahead. This aliquot
serves as the no acid swing control for the experiment (shown in the yellow bar in Figure 32).
Next, HC] was added to another 50 ml aliquot of COz-loaded MEA until the pH of the solution
reached 7.5. The HCl-added MEA solution was placed in an 80 °C water bath for 1 hour. CO2
desorption was measured during both processes (shown in the cyan bar in Figure 32). The rest
two aliquots were placed in a three-compartment electrochemical cell, and the pH was decreased
to 7.3 and 0.5, respectively. There were both then placed into an 80 °C water bath for 1 hour. CO2

desorption was measured too.

Figure 32 shows the extent of CO2 desorption of MEA using different CO2 desorption
methods. If the pH of the CO2-loaded MEA solution is decreased to 0.5, all CO2 can be desorbed
during the acid swing. Subsequent temperature swings on this MEA solution cannot desorb any
CO2 as all CO2 has been desorbed during the acid swing using a three-compartment
electrochemical cell. This result indicates that complete CO2 desorption can be done using an
electrochemical acid swing. Also, the extent of CO2 desorption is similar when pH is decreased to
a similar range regardless of the method of acid swing. It is shown that 26.46% of COz is desorbed
with HCI addition to pH=7.5, and 28.91% of CO: is desorbed with an electrochemical acid swing
to pH=7.3. The subsequent temperature swing at 80 °C further desorbs COz2 to 88.62% and 98.65%,

respectively. The slight difference between the CO2 desorption amount resulted from the slightly

56



lower pH of electrochemically acidified MEA. The CO:z desorption profile is similar to the trend

shown in Figure 76.

Three-compartment electrochemical cells can be used as an acid swing method for CO2-
loaded MEA. It can decrease the pH of COz-loaded MEA from 10 to 0.5 with proper membrane
configuration and buffer usage. The CO2 desorption during the electrochemical acid swing process
can be confirmed by the loss of carbamate peak in the IR spectrum of CO2-loaded MEA samples.
The amount of CO2 desorption was also quantified, and it was found that the CO2 desorption
amount from electrochemical acid swing and HCl addition was similar. These data suggested that
electrochemical acid swing using a three-compartment electrochemical cell can substitute HCI

addition as an acid swing method for CO2 desorption of CO2-loaded MEA solution.
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Figure 32. Extent COz2 desorption of CO2-loaded MEA solution (pH = 10) using a
combination of acid swing and temperature swing. Acid swing was performed by HCI addition
or three-compartment electrochemical cell to the pH value shown in the legend. Temperature
swing was performed by putting MEA solution into an 80 °C water bath for 1 hour. CO2
desorption amount was measured.
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4.3 Base Swing of Acidified Amines and Four-compartment electrochemical cell

4.3.1 Electrochemical Base Swing

A three-compartment cell shown in Figure 33 is designed to attempt an electrochemical base
swing. First, the base swing cell is built by reversing the electric field's polarity and changing the
electrode usage. A copper plate is used as an anode, and Pt is used as a cathode. Next, the base
swing is performed. The cathode would generate hydroxide, and the hydroxide would pass through

AEM to enter the bridge compartment.

On the other hand, copper oxidation into copper (II) ion is the dominant anodic reaction,
with copper being used as the anode. This practice prevents proton generation in the anode.
However, the copper (II) ion would pass through the CEM and enter the bridge compartment as
the counter ion for hydroxide generated at the cathode. Therefore, a base swing attempt is made
by putting 0.1 M Cu(NO3)2 in the anode compartment and 0.IM NaOH in the cathode
compartment, with the DC power supply providing 6V to the cell. The copper migration into the
bridge compartment can be visualized by the color of the bridge solution. The solution turns blue,
indicating the formation of the copper-MEA complex. This result is not ideal as this operation
would result in copper being in contact with the MEA solution during the base swing and would

result in capacity loss of MEA, as discussed in 4.2.1.
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Figure 33. Electrochemical Base Swing Cell design. A CEM and AEM are used to separate
the cell into three compartments. Copper is used as an anode, and 316 stainless steel is used as
a cathode. Hydroxide generated at the cathode migrates through AEM and enters the bridge
compartment for base swing. Copper is oxide at the anode and generates copper (II) ions that
migrate through CEM to the bridge compartment as a counter ion.

The base swing cell is modified by replacing the CEM with an AEM to prevent copper
from entering the bridge compartment. The design is shown in Figure 34. In this design, Pt anode
replaces copper anode, and therefore the dominant reaction at anode would be oxygen evolution.
Proton generated at the anode would be blocked by AEM. Hydroxide generated at the cathode can
migrate through the AEM and enters the bridge compartment. The nitrate ions introduced by acid
swing cell would migrate through AEM, enter the anode compartment, and balance the anion in

the cathode compartment. This helps the bridge compartment to remain electrically neutral.
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Figure 34. Modified three-compartment electrochemical base swing cell. The base swing cell
has two AEM that separates the cell into three compartments. Pt is used as a cathode and
anode.

A base swing experiment is done using the cell design shown in Figure 34. Platinum sheets
were used as an anode and cathode. 0.1M NaOH and 0.1M Na2SO4 were placed in the cathodic
and anodic compartments. An acidified MEA (by adding HNO3 CO2 loaded MEA solution) with
pH=0.5 was placed in the bridge compartment for the base swing. The pH of acidified MEA
solution is measured at 24, 48, 72, and 120 hours after the electrochemical base swing. Samples

were also collected at 24- and 48-hour time points and were analyzed by IR spectrometry.

Figure 35 (a) shows the pH value of acidified amine under the base swing cell for 120 hours.
The pH value of acidified MEA solution increases from 0.5 to 9.01 in 24 hours and further
increases to 9.8 at 48- hours. However, the pH value does not further increase after 48 hours. This
result indicates that the rate of hydroxide entering the bridge compartment is equal to or less than
the rate of the hydroxide exiting the bridge cell, as hydroxide can pass through AEM and enters
the anode compartment. This data indicates that the base swing cell can increase the pH of acidified

MEA to some extent; however, a complete regeneration cannot be achieved. The IR spectrum of
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acidified MEA solution during the base swing is shown in Figure 35. The peak intensity of
protonated amine at 1517 cm™ decreases with the increase of pH from 0.5 to 9.8. Also, the NO3-
peak at 1320 cm™! decreases with the pH increase. These data show that the base swing cell can
successfully decrease the amount of protonated MEA while removing NOj3™ at the same time.

However, the nitrate is not entirely removed within the given timeframe.
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Figure 35. (a) pH value of acidified MEA solution under electrochemical base swing using
three-compartment electrochemical base swing cell (AEM/AEM configuration). (b) IR
spectrum of Acidified MEA under the electrochemical base swing.

4.4 Electrochemical acid-swing based amine regeneration system

4.4.1 Electrochemical acid swing using four-compartment acid swing cell

There are several drawbacks to the three-compartment electrochemical acid swing cell, and
an improvement is needed. First, the use of copper ions in the cell must be removed. A three-
compartment electrochemical cell for acid swing with copper in the cathode will result in a
significant copper deposit. The copper deposit on the cathode cannot be utilized in the following
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base swing process. This result implies that the acid swing process would require copper nitrate as
input and have a significant amount of copper metal as output. If the copper needs to be reused, a
reverse potential will be applied to oxidize copper into ions. This practice would require extra
energy input, and therefore this process is not preferred. Although copper can be oxidized with the
base swing process shown in Figure 33, it is not preferred as copper would contact MEA solution.
In addition, a cheaper electrolyte other than copper nitrate would be preferred as it can reduce the
cost of the overall acid swing process. Ideally, NaCl would be the best electrolyte to use, given its
abundance in the ocean. Therefore, a four-compartment electrochemical cell is designed to replace

the three-compartment cell for an acid swing for the reasons described.

A schematic of a four-compartment electrochemical cell is shown in Figure 36.
CEM/AEM/CEM separates a cell into four compartments. The anode compartment is filled with
IM H2SOs solution, generating the proton. The acid swing compartment is filled with CO2-loaded
MEA, which is where the acid swing is done. The salt compartment is filled with 3.6M NaCl
solutions and provides counter ions to the cathode and acid swing compartments. The cathodic
compartment is filled with 1M NaOH, and the cathode generates hydroxide. The CEM between
the anode and acid swing compartment allows protons to migrate through, and the pH of the acid
swing cell can be decreased. The hydroxide generated at the cathode would be blocked by the
cation exchange membrane and stays in the cathode. NaCl in the salt compartment is essential for
the extent of acid swing. Sufficient NaCl needs to be provided to achieve a greater acid swing

extent.
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Figure 36. Schematics of four-compartment electrochemical acid swing cell.

The four-compartment electrochemical cell was used to validate if acid swing by
electrochemical method serves as a substitute for HCI addition to facilitating CO2 desorption.
3.6M MEA solution was loaded to pH= 9 (CO2 loading: ~0.5 molCO2 moIMEA™) and placed in
the acid swing compartment of the four-compartment electrochemical cell. All other solutions used
are as indicated in Figure 36. The acid swing of CO2-loaded MEA is successful, and samples of
acidified amine are collected at pH = 8, 7, 6, and 1.8. The IR spectrum of these samples is shown
in Figure 37 (a). It is found that the carbamate peaks decreased during the acid swing process,
and the intensity of protonated amine peaks increased. This IR spectrum is the same as the COz-
loaded MEA with hydrochloric acid addition, shown in Figure 37 (b). This result indicates that
the four-compartment electrochemical cells can successfully decrease the pH of CO2-loaded MEA
and fully desorb COz. Therefore, the four-compartment electrochemical acid swing cell can serve
as a substitute for the acid swing using HCI or a three-compartment acid swing cell while using no

copper-based solution.
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Figure 37. IR spectrum of CO2-loaded MEA solution during an acid swing by (a) four-
compartment electrochemical acid swing cell (b) HCI addition

To validate if electrochemically acidified MEA solution by the four-compartment cell can
also be regenerated by a base swing, a stoichiometric amount of NaOH is added to
electrochemically acidified MEA solution for MEA regeneration. After NaOH dissolves and MEA
solution cools, regenerated MEA solution is placed in three neck boiling bottles for reabsorption
using the method described in Chapter 2.

Figure 38 shows the extent of CO: reabsorption under different regenerated conditions. It is
shown that the CO:2 reabsorption amount is 87.55 + 4.81% of maximum capacity for MEA
regenerated from electrochemically acidified MEA of pH=6. This amount is similar to the
reabsorption amount of regenerated MEA acidified by the HCI addition shown in Figure 21 (a).
This result indicates that electrochemical acid swing can be a substitute acid swing method for

MEA regeneration without losing the CO2 absorption capacity of regenerated MEA.
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Figure 38. The extent of CO2 reabsorption of regenerated MEA after electrochemical acid
swing and NaOH base swing.

4.4.2 Base Swing and amine regeneration cycle via anion exchange

A base swing cell was designed based on the four-compartment electrochemical cell by
reversing the electrode's polarity and swapping AEMs with CEMs. The base swing mechanism
would be the opposite of that shown in Figure 36. In summary, hydroxide generated at the cathode
would migrate through AEM and enter the base swing cell. The salt compartment would provide
necessary counter ions for the base swing cell and the anode compartment. Therefore, a complete
amine regeneration cycle can be done with this base swing cell. However, this amine regeneration
cycle would result in NaCl accumulation in the MEA solution. Chloride enters MEA solution as a
counter ion during the acid swing process, and sodium enters MEA during the base swing process.
If amine absorbent is reused and no extra process is applied to remove NaCl, NaCl will accumulate
a significant amount of NaCl in the MEA solution. Once the NaCl concentration exceeds its

solubility, the acid-base swing cycle cannot proceed further. Therefore, a method that can remove
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ions needs to be applied to the amine regeneration cycle or during acid or base swing to maintain

further regeneration cycle.

Base swing of amine solution using anion exchange resin was proposed to substitute the
electrochemical base swing or NaOH addition, given its ability to substitute chloride ions with
hydroxide ions. Anion exchange resins are tertiary or quaternary amine functionalized styrene-
divinylbenzene polymers, which can bind hydroxide and chloride ions. When the resin is charged
with hydroxide ions, it can release hydroxide into a chloride-rich solution while adsorbing the
chloride. This function fits our need for a method to remove ions while performing acid or base

swing. IRN78-OH resin is used for the base swing of acidified MEA.

To examine if base swing NaOH addition can be replaced by anion exchange treatment, 50ml
loaded MEA acidified by the electrochemical cell to various pH was prepared (pH=8, pH=7, and
pH=6). Acidified MEA was mixed with IRN78-OH resin for 5 min before the resin was filtered,
and the pH of MEA was tested. The pH value of MEA (acidified to pH=6) increased to pH=11.24
after mixing with 200ml of IRN78-OH (0.24 eq). To further examine if these MEA regenerated
by IRN78-OH resin can reabsorb CO2, MEA solutions are placed in the three-neck boiling bottle

for CO2 absorption using the method described in the experiment method section.

Figure 39 shows the CO2 reabsorption amount of MEA regenerated by IRN78 OH. It is
shown that the COz2 reabsorption amount is 82.23+ 1.42% of maximum capacity for regenerated
MEA that is acidified to pH=6 and treated with 200ml IRN78-OH resin. This result shows that the
combination of electrochemical acid swing and anion exchange base-swing can serve as a

substitute method for MEA regeneration at ambient temperature without capacity loss.
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IR spectrum is used to analyze the regenerated amine after different base swings. A
combination of regeneration methods of HCl addition, Electrochemical acid swing, NaOH addition,
and anion exchange base-swing is tested. Figure 39 (b) shows that the protonated MEA peak at
1517 cm-1 disappeared after the regeneration regardless of the acid swing and base swing method
used. In addition, the appearance of the weak peak at 955 cm™! shows the appearance of MEA
molecules. This data indicates that the MEAs are regenerated after acid and base swing. The MEA
peak (955 cm!) intensity of amine regenerated by anion exchange resin is weaker than that of
amine regenerated by NaOH addition. This data does not result from loss of MEA but the
inevitable dilution of the sample during AER regeneration. The amine regenerated by AER was
collected by vacuum filtration. The rinsing of DI water is required to collect all residue MEAs on
the resin for CO2 quantification. GC-MS were used to quantify the amount of amine absorbent,

and no significant loss of amine was found.

In summary, an electrochemical acid swing-based amine regeneration method has been
developed. The electrochemical acid swing can successfully desorb CO: from MEA. Anion
exchange resin can be used as a base swing method to regenerate MEA after an electrochemical
acid swing. In addition, the amount of CO: that regenerated MEA can absorb is similar regardless
of the method of regeneration. This result indicates that the combination of electrochemical acid

swing and anion exchange base-swing can serve as a substitute method for amine regeneration.
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Figure 39. (a) The extent of CO2 reabsorption of regenerated amine by electrochemical acid
swing and anion exchange base swing. (b) IR spectrum of regenerated MEA by different acid

swing and base swing method
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Chapter S Optimization Studies on Electrochemical Amine Regeneration System

Several different cell configurations and operating parameters can be studied to improve the
energy efficiency of the electrochemical cell system. These parameters include but are not limited
to amine absorbent usage, cell geometry selection, ion exchange membrane and resin usage,
continuous process configuration, and operation parameter configurations. For example, an amine
absorbent with higher maximum CO: loading and lower proton requirements for complete CO2
desorption would be preferred. Amine with lower proton requirements for complete CO2
desorption would result in less electrical energy required to generate proton and, therefore, less
energy required to desorb CO2. An amine with higher COz loading would be preferred to increase
the cyclic capacity and decrease the proton needed for CO2 desorption per unit of COz2. Focus on
cell geometry optimization studies would decrease cell thickness and reduce cell size while
maintaining CO2 desorption capacities. A thinner cell would generally result in less resistance and
a cell with higher efficiency. Focus on membrane studies would be mainly on increasing the ion
conductivity while having selectivity and endurance of the membrane remain the same. Increasing
ion conductivity would increase the reaction rate and achieve better cell efficiency. A continuous
process flow configuration needs to be developed to allow a faster and more efficient operation.
In addition, the operation parameter needs to be optimized. This work will be parallel with the cell
geometry and continuous process configuration work. An optimized operation parameter is

expected to provide better cell efficiency.
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5.1  Energy Consumption

In the state-of-art MEA regeneration method, CO2-loaded MEA solution is heated up to over
120 °C by a reboiler. However, even with optimal reboiler temperature, the working capacity of
amine absorbent is lower than 50%. Studies show that only 0.2 mol CO2 per mol MEA can be

released during regeneration under reboiler temperature 120 ‘C with an initial loading of 0.5 mol

CO2 per mol MEA®. Therefore, only 40% of the maximum loading capacity is used in each
absorption-regeneration cycle. Low working capacity results in a high absorbent amount needed
for each absorption cycle given the same total CO2 absorption amount. Also, larger units, including
absorption and desorption towers, would be needed in a CO2 absorption plant to increase the
interaction volumes between the absorbent and CO:z source. As a result, lower working capacity
increases the cost of plant infrastructure and operating expenses due to the more significant

absorbent amount needed.

In our electrochemical amine regeneration system, the working capacity for each absorption
cycle can be increased by a greater extent of acid swing. For example, in Figure 38, it is shown
that 80% of the maximum loading capacity is free for CO2 reabsorption after electrochemical acid
swing to pH=6 and then base swing with ion exchange resin. This data shows that the working
capacity in each absorption cycle can reach 80% of maximum capacity by using the
electrochemical regeneration method, which is at least two times higher than using the state-of-art
heating regeneration method. This is to say, with an electrochemical amine regeneration system,
less absorbent is needed, and therefore initial infrastructure investment and operation costs can be

reduced.
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To compare the energy consumption of the electrochemical and state-of-art MEA
regeneration process, we estimate the energy consumption using numbers reported by previous
studies and our electrochemical amine regeneration system. These energy consumption numbers

are compared under operation conditions where 80% of the working capacity is achieved.

It is reported that at least 10000 kJ kgCO2! (2.52 MWh tonCOx") reboiler duty is required
for CO2 desorption from CO2 loading of 0.5 to 0.22 molCO2 moIMEA ! ., If the desorption process
is started with lower initial CO2 loading (0.3 molCO2 moIMEA™), it will take more than 20000 kJ
kgCO2! (5.04 MWh tonCO>") to desorb COz to loading of 0.2 molCO2 moIMEA™!. Another study
reported that 4.6 MJ kgCO2"! (1.16 MWh tonCOx™) is required for CO2 desorption from 0.488 to
0.347 molCO2moIMEA™! *°. Even though these energy consumption numbers are measured under
56%, 20%, and 28% of working capacity, they still provide useful information on energy
consumption estimation. It is expected that energy requirements that allow higher working
capacity would increase drastically as the CO2 desorption is thermodynamically unfavored at low
CO2 loading. Li et al. reported that > 80% cyclic capacity would require unrealistically high energy
to achieves’®. Therefore, an energy consumption much higher than 5.04MWh tonCO>"! is expected

if MEA regeneration is performed under conditions with a working capacity greater than 80%.

The energy consumption of the electrochemical CO2 desorption process can be estimated
by the thermodynamics of the water-splitting reaction. Theoretically, the minimum energy
required to dissociate a mole of water is the Gibbs Free Energy of the following equation. In
contrast, the practical minimum is the enthalpy of formation to supply the absorbed heat of the

entropy change.
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1
Hy0 —2e” +2H* +50, V = 1229V (22)

2H,0 + 2e~ — +20H" + H, V = —0.829V (23)

However, unlike traditional electrolyzers, our four-compartment electrochemical cell
undergoes a proton generation at the anode, and hydroxide is generated at the cathode, as shown
in equations ( 22 ) and ( 23 ). Under pH = 0 at the anode and pH = 14 at the cathode, the minimum

reaction enthalpy would be 397.49 kJ mol Hx™.

To compare the energy required to desorb and regenerate amines with state-of-art thermal
methods, the relationship between proton generation and CO2 desorption must be established. The
titration previously discussed in Figure 17 (a) shows that ~1 mol of H" are required per mol of
MEA to desorb >90% of the absorbed COz. Therefore, the H' to COz ratio would be nearly 2 to 1
or 4 to 1, depending on whether the MEA loading was 0.5 molCO: or 0.25 molCO2 moIMEA™!,
respectively. Assuming faradaic efficiencies of 80% at the electrodes, comparable to a state-of-
the-art electrolyzer, the total electrochemical pH swing energy requirement is estimated to be 10.84

GJtCO2" (3.0l MWh tCO2 ") or 21.67 GJ tCO2! (6.02 MWh tCO2!), depending on the application.

However, clean hydrogen is co-produced during water electrolysis and is energy dense, with
a high heating value of 285.85 kJ mol!. Recycling the hydrogen to power the electrochemical cell
reduces the required external energy supply, effectively reducing the cell’s energy demand.
Assuming a modest 60% conversion efficiency of the recovered hydrogen, in line with existing
fuel cell technology and projected hydrogen turbines, the total cell energy drops to 7.09 GJ tCO2

1(1.97 MWh tCO2") and 14.18 GJ tCO2! (3.94 MWh tCO2"), respectively.
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5.2  Amine characterization and selection

To characterize the desorption profile and characteristics of amine solution, a variety of
amines are loaded with 5% CO: until it is fully saturated. The amine tested includes
monoethanolamine (MEA), diethanolamine (DEA), triethanolamine (TEA), 2-ethylaminoethanol
(EMEA), 2-dimethylaminoethanol (2-DMAE), diethylenetriamine (DETA), ethylenediamine
(EDA), piperazine (Pz). After full saturation, HCI was added to the CO2 saturated amines until all
CO2 was desorbed. Finally, the amount of CO2 desorbed and HC] added was recorded. The amine
with higher CO2 desorption and low proton requirement is preferred as it would result in lower

energy consumption per unit CO2 desorbed.

The amount of CO2 desorption from each tested amine is shown in Table 9. EMEA, DETA,
EDA, and Piperazine all have higher CO2 desorption. Among these absorbents tested, DETA has
the highest CO2 desorption (1.61 molCO2 moIDETA™). This amount is more than three times
more desorbed than the desorption amount of MEA. It is expected as DETA has three nitrogen
nucleophile atoms that can absorb CO2. DEA and piperazine also have two nitrogen nucleophiles,

resulting in significantly more CO2 absorption than MEA.

Figure 40 visualizes the desorption performance of each absorbent by plotting the CO2
desorption amount at the x-axis and proton requirement at the y-axis. The unit of the slopes would
be in molH" molCO>™!. This unit is proportional to the energy consumption in the electrochemical
cell required per unit of CO2 desorbed. That is to say, the amine that results in a smaller slope in
Figure 40 would be preferred. Despite the higher CO2 desorption, EDA and DETA require more
proton addition into the solution to achieve full CO2 desorption. The proton requirement for
complete CO2 desorption in EDA and DETA is about 2 molH" molAbsorbent™!. As a result, the

proton to CO: ratio would be 2.139 molH* molEDA™! and 1.235 molH" molDETA"!. Piperazine
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exhibits the least proton requirement for full CO2 desorption. It only requires 1.02 molH"
molAbsorbent!, which is 45.4 % less requirement than that of MEA (1.8691 molH" moIMEA™).
This result indicates that piperazine is a better absorbent for the electrochemical acid swing-based

amine regeneration system.
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Figure 40. Proton requirement for complete CO2 desorption with various amines. The amine
was saturated with 5% CO2, and an absorbent of 3.6M was used. In addition, SM HCI was
added to amine solutions until all CO2 was desorbed. Finally, the amount of CO2 desorption
and HCI added was recorded.

Table 9. CO2 desorption and proton requirement of amines

Amine Desorption Amount Proton Requirement
(molCO2 molAbsorbent!)  (molH' molAbsorbent™!)

MEA 0.535 1
DEA 0.483 1
TEA 0.098 1
EMEA 0.607 1
2-DMAE 0.379 1
DETA 1.619 2
EDA 0.935 2
Piperazine 0.98 1
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An interesting fact is observed on the proton requirement for DETA, Pz. It is found that
the required amount of proton is less than the amount of nitrogen nucleophile for complete CO2
desorption in DETA and Pz. EDTA and Pz require w molH" molEDTA"! and 1 molH* molPz™! for
complete COz2 desorption, while they have 3 and 2 nitrogen nucleophiles per molecule. In contrast,
the proton requirement for complete COz desorption is equivalent to nitrogen nucleophiles. EDA
would require 2 molH" molEDA™! for complete CO> desorption. This may result from amine's

structure or pKa values in protonated form.

Figure 41 shows the structure of Pz, DETA, and EDA. Both Pz and DETA have at least
one amine connected to the other amine groups via two alkyl chains. However, EDA and other
amine tested do not have a structure like this. This structural difference may have led to the
difference in the amount of proton requirement for full CO2 desorption; however, a future

mechanistic study is required to explain this phenomenon.
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Figure 41. Structure of (a) Piperazine (b) Diethylenetriamine (c) ethylenediamine
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5.3  Continuous electrochemical amine regeneration

The process flow diagram for the CO: absorption-desorption cycle using a four-
compartment  electrochemical cell and anion exchange resin is shown in
Figure 42. First, CO2 containing gas and MEA is pumped into the absorption tower. Next, CO:z-
loaded amine is transported into the acid swing compartment of the four-compartment
electrochemical cell for amine acidification and CO2 desorption. Acidified amine is then pumped
into an anion exchange resin-loaded column with the resin in the hydroxide form. Base swing of
acidified MEA occurs in this column, and the regenerated MEA is pumped back into the absorption
column for the next CO2 absorption cycle. After the resin is in contact with acidified MEA, the
resin will be in chloride form and need to be recharged with hydroxide form before the next base
swing cycle. Therefore, at least two columns with anion exchange resin are needed. One is flushed
with the acidified amine to regenerate the amine in the two anion exchange columns, and the other
is flushed with hydroxide generated by the cathode. The amine regeneration process can utilize
hydroxide generated at the cathode with this process. Anion exchange resin can serve as the

hydroxide carrier that transfers the hydroxide from the cathode to acidified amine.
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Figure 42. Process flow diagram of the electrochemical acid swing-based amine regeneration
system

Even though this system design can allow the usage of proton and hydroxide generated
from anode and cathode for acid-base swing amine regeneration, there are several disadvantages.
First, the anion exchange base-swing can only be operated in a semi-batch manner. A continuous
operation is not feasible due to the exchange mechanism of the ion exchange process. This is not
desired as a continuous process would allow for a better operation rate and efficiency over batch
or semi-batch process. Second, the main driving force of the ion exchange process is the
concentration gradient of the ions. This implies that the ion exchange between hydroxide and
chloride would not be in a 1-to-1 ratio. For instance, if 1 mole of chloride ions in an aqueous

solution needs to be exchanged, more than 1 eq of ion in hydroxide form would be needed (1 eq,
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1 equivalent, unit of exchange capacity, 1 eq = 1 mole of ion, exchange capacity). This limitation
also applies to where the resin needs to be recharged with hydroxide. More than 1 mole of the
hydroxide must recharge 1 eq of anion exchange resin in chloride form. This limit indicates that
hydroxide generates by the cathode alone is not enough to support the regeneration cycle. Excess

hydroxide would be required.

A five-compartment electrochemical cell is designed to substitute anion exchange resin as
a base swing method. The schematic of the five-compartment electrochemical cell is shown in
Figure 43. With this cell design, acid swing and base swing can be done in the same cell without
using an anion exchange resin. In the 5-chamber electrochemical flow cell, COz-loaded amine is
pumped into the acid swing chamber and acidified by protons generated at the anode and migrated
through CEM. After the acidification of amine and desorption of COz from the acid swing chamber,
the acidified amine is pumped into the base swing chamber. Hydroxide ions generated at the
cathode migrate through an AEM and enter the base swing chamber to restore alkalinity to the
acidified amine for subsequent CO2 absorption. The desalination chamber provides the counter
ions for acid swing and base swing in the middle of the whole electrochemical cell, where
regenerated amine with NaCl solution is in. As a counter ion, sodium ions migrate into the base
swing chamber and chloride ions migrate into the acid swing chamber. These ions are transported
by the pump and the amines and travel back to the desalination chamber to complete the counter
ion cycle in the electrochemical cell. The working mechanism of the five-compartment cell is

summarized in Table 10.
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Figure 43. Schematic of the five-compartment electrochemical cell
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Table 10. The working mechanism of the five-compartment electrochemical cell

Compartment Anode Acid Swing Desalination Base Swing Cathode
Entering H20 Amine-COz Regenerated AmineH"CI" H20
Component Amine + NaCl
Reaction 2 H.0(1) — AmineCO2 + HCl—> | N/A AmineHCI'+ NaOH — | 4 H2O(1) +4e” — 2
O2(g) +4 H'(aq) | AmineH CI'+CO: Amine + H20 + NacCl Ha(g) + 40H (aq)
+4e”
Ion Migration H" to Acid H" from Anode Na+ to Base OH- from Cathode OH' to Base Swing
Swing CI from Desalination | Swing Na+ from Desal
Cl- to Acid Swing
Product H2SO04 AmineH CI" + CO2 Regenerated Regenerated amine + NaOH
amine NaCl
Exiting 02 (vent) CO:z2 (vent) Regenerated Regenerated amine + H2 (vent)
Component AmineH CI" (Base amine NaCl
Swing)

Table 11. Starting solutions for continuous electrochemical amine regeneration process in the five-compartment electrochemical

cell

Compartment Anode Acid Swing Desalination Base Swing Cathode

Main Component IM H2S04 | 0.9M Piperazine 0.9M Piperazine 0.9M Piperazine IM NaOH

Additional Supplement | N/A HCI addition until pH = 6 | NaCl addition to IM | HCl & NaOH Addition N/A
(H+:OH-:amine=1:1:1)

pH value 0 6.0 12.0 12.0 14
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CO2 desorption and amine regeneration of the 5-compartment electrochemical cell are
demonstrated by 0.9M piperazine. Table 11 shows the solutions placed in each compartment at
the start of the electrochemical cell operation. The starting solution in each compartment is
intentionally determined, considering the target steady state conditions achieved during continuous
operation. To regenerate piperazine continuously, 0.9M COz-loaded piperazine was pumped (by
pump 1 in Figure 43) into the electrochemical cell at a flow rate of 0.691 ml min™! A-!. This flow
rate configuration would allow a 1-to-1 proton to piperazine ratio. The same flow rates were used
for the rest of the pumps (pumps 2, 3, 4) to maintain a constant volume in each compartment. To
keep the pH value of each compartment at its respective target value (Acid swing compartment:
pH = ~6, Base Swing compartment: pH = ~12), feedback control is required. The feedback control
was performed manually by measuring the pH of each cell and periodically adjusting the flow rate
accordingly. The flow rate was increased if the pH of the acid swing chamber was lower than the
set point and vice-versa. Samples were taken at each pH measurement and analyzed by infrared

spectroscopy.

Figure 44 shows the pH value of each compartment during continuous operation. It is
shown that the pH value of the base swing compartment fluctuates more at the early stage (0-6
hours) of the experiment. This result is believed to be inadequate feedback control. The flow rate
adjustment was not frequent enough (once every 3 hours), and therefore the pH value deviated
from the set point. With an improved control mechanism, the pH value of the base swing cell can
achieve steady performance at its set point value (pH =12) with minimal fluctuation. This pH

fluctuation can also be verified by the IR spectrum shown in Figure 45.

Successful CO2 desorption, piperazine acidification, and regeneration are shown in Figures

45 (a) and (b). In Figure 45 (b), piperazine acidification can be verified by distinct and
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characteristic peaks at 1615 cm™. Across all the sampled times in the acid swing chamber, the IR
spectra confirm high degrees of desorption of the CO2 and no presence of COz-loaded Piperazine
(characteristic peaks at 1290, 1240, and 1540 cm™). This data validates CO2 was desorbed in an
acid swing chamber during the continuous electrochemical regeneration process. Figure 45 (a)
shows that protonated form of piperazine (1615 cm™) appears in the base swing cell at 3-hour and
7-hour-20-min time points. However, this peak disappears at 10 hours 20 min, making its spectrum
identical to that of fresh Piperazine. This data validates that acidified amine can be successfully
regenerated with proper pH feedback control in a continuous 5-chamber electrochemical
regeneration operation. In summary, this 5-chamber electrochemical flow cell design allows us to
perform electrochemical amine regeneration continuously without the need for an anion exchange

resin column.
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Figure 44. pH value of amines in five-compartment electrochemical cell during continuous
electrochemical amine regeneration process
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Figure 45. IR-spectrum of piperazine sample in (a) Base swing cell (b) Acid swing cell
during continuous electrochemical amine regeneration process in the five-compartment
electrochemical cell

Further cell design improvements can be implemented to reduce process complexity and
enhanced energy efficiency. For example, a PVDF membrane replaces the whole desalination
compartment in the five-compartment cell to reduce the number of membranes and compartments
used.

Figure 46 depicts the improved four-compartment cell design. In this design, counter ions
for proton and hydroxide migrating into the acid swing and base swing compartment are not
provided by the desalination compartment. Instead, the acid swing and base swing compartment
provide necessary counter ions to each other to maintain their electroneutrality. The working
mechanism of this cell is similar to that of the five-compartment cell and is shown in Table 12.
This cell design can decrease the membrane amount needed and decrease the cost of the cell. In
addition, cell efficiency is expected to improve with decreased electrode distance. However, the

PVDF membrane is non-selective and would allow all molecules to migrate under a concentration
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gradient or electric field. Further studies would need to be done to validate or optimize the

operation parameter to minimize proton and hydroxide migration through the PVDF membrane.
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Figure 46. Schematic of a four-compartment electrochemical cell with the use of PVDF
membrane
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Table 12. The expected working mechanism of a four-compartment electrochemical cell with the use of PVDF membrane

Compartment Anode Acid Swing Base Swing Cathode

Entering H20 NaCl + Amine-CO2 AmineH"CI" H20

Component

Reaction 2 H20(1) — O2(g) +4 | AmineCO: + HCl— AmineH"CI' + NaOH — 4 H20(l) +4e — 2
Hf(aq) +4e” AmineH'CI+CO2 Amine + H20 + NacCl Ha(g) + 40H (aq)

Ton Migration H' to Acid Swing H" from Anode OH- from Cathode OH' to Base Swing

CI" from Base Swing. Na+ from Acid Swing

Product H2SO04 AmineH CI" + CO2 Regenerated amine + NaCl NaOH

Exiting O2 (vent) COz2 (vent) Regenerated amine + NaCl H2 (vent)

Component AmineH"CI" (Base

Swing)
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Besides optimizing membrane configuration in the cell, the cell stacking strategy also
needs to be studied to facilitate the scale-up of the regeneration system. Figure 47 shows a
schematic of a possible cell stacking strategy. The five-compartment-cell stack is connected in
series using a bipolar membrane. A bipolar membrane can generate proton and hydroxide under
reverse bias and substitute cathode and anode. Instead of duplicating the whole five-compartment
cell for scale-up, connecting the cell in series can reduce the expensive Pt-coated electrodes
required. The Schematic shown in Figure 47 is a “two” five-compartment-cell-stack connect in
series. More five-five-compartment-cell-stack can be connected in series to minimize electrode
number and create a more straightforward scale-up. In addition, the generation of proton and
hydroxide using a bipolar membrane is less energy intensive than oxygen and hydrogen evolution
reactions. This fact could decrease the energy required for the electrochemical amine regeneration
system. Further studies will be required to understand the best cell stacking strategy and operation

parameters.

86



)

ok o+ ot ko o+ o+ o+

[

Figure 47. Schematics of an example of cell stacking strategy. Five-compartment-cell-stack is
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Chapter 6  Summary

This work focuses on (i) studies on acid- & base-swing based amine regeneration for CO2
capture, (ii) development of electrochemical acid- & base-sing based amine regeneration system,
and (iii) optimization of the configuration and operation parameters of the electrochemical amine
regeneration system. It was found that absorption capacity and absorption rate remained the same
after acid & base swing. In addition, hydrochloric acid addition to COz-loaded amine absorbent
can desorb CO: from amine absorbent and facilitate temperature-driven CO2 desorption. This
result validates the feasibility of the acid & base swing amine regeneration method. Various
electrochemical structures were designed to enable electrochemical acid and base swing for amine
regeneration. It was found that the electrochemical acid swing can be done using a three-
compartment electrochemical cell using a copper (II) ion at the cathode. However, copper usage
in an electrochemical cell is not preferred, given that copper can be complex with amines.
Therefore, the four-compartment electrochemical cell was developed to eliminate the use of the
copper-based solution. It is shown that amine absorbent acidified by a four-compartment
electrochemical cell exhibits a similar IR-spectrum with the absorbent acidified by HCI addition.
This demonstrates the feasibility of acid swing using a four-compartment electrochemical cell.
Base swing of acidified amine solution was done by anion exchange resin, Amberlite IRN-78 OH.
It was shown that the absorption capacity of amine regenerated by HCI-NaOH and by
electrochemical cell-AER are similar. IR-spectrum also validates that IRN-78 OH resin can

provide hydroxide to the amine absorbent solution are regenerate protonated amine.

Optimization works were performed on amine selection, cell configuration, and operation
parameters to increase energy efficiency and reduce process complexity. Piperazine has the lowest

proton to CO: ratio among amine tested, indicating a minor proton requirement per unit CO2
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desorbed. Five-compartment cells were developed to eliminate the use of anion exchange resin as
the base swing method, given its process complexity and lower hydroxide usage efficiency. It is
shown that the five-compartment electrochemical cell can finish the acid- and base-swing
regeneration cycle continuously without anion exchange resin usage. Several research focuses can
be done to develop the electrochemical amine regeneration cell. First, mechanistic studies on
proton-driven CO:2 desorption of amine absorbents can discover amine absorbents with fewer
proton requirements per unit of CO2 desorption. Studies on cell configuration can develop a more
straightforward process and increase cell efficiency. The studies on cell configuration can include
but are not limited to integrating bipolar membrane to the cell to connect the cell in series or
integration of PVDF membrane into the to simplify the amine regeneration process and increase
energy efficiency. With the potential future improvements, this electrochemical acid & base

swing-based amine regeneration system can be the following generation method for CO2 capture.
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Appendices

Appendix A Python Scripts used for CO2 quantification

Function definition: Import csv file recording CO2 concentration CO2 sensor and make it into
dataframe format. Change the time format into month/day/year hh:mm:ss.sss format.

CO2meter_import(start, end, filename=

+ filename+
pd.read_csv(path

data.pop(

data.pop(
data.columns = [
data = data.iloc[1:]

ptime = x: datetime.strptime(x
dataf[ ] = data[ 1.apply(ptime)

starttime = datetime.strptime(start

endtime = datetime.strptime(end

duration = endtime-starttime

datal[ ] = data[ ]-starttime
dcount X: X.days

data[ ] = data[ ].apply(dcount)
scount X: X.seconds

data[ ] = data[ ].apply(scount)

data = data[data[ ] == 0]

data[ | = (data[ 17/
data[ ] pd.to_numeric(datal
data[ ] data[ 1/

rundata = data[datal[ ] < duration.seconds + 1]




rundata = rundata.drop([

rundata, data, duration, starttime, endtime
Function Defined: Calculate the saturation CO2 concentration (equCO2 in script, Xsat in
calculation work in method section)

CO2equ(rundata):

expdata = rundata[rundata[ 1 > 9]

startC02 (expdata[ ]1.iloc[©:20]) /
endC02 (expdata[ ].iloc[-20:]) /
equC02 (startC02,endC02)

expdata, startC02, endC02, equC02
Function Defined: calculate amount of CO2 desorbed or absorbed in the following units. Gram
CO2, mole CO2, molCO2 molAmine™!, kgCO2 kgAmine™'.

result(rundata, equC02, IN2, Soln_Molarity

Soln_vol, Molar_weight):

MEA usage = Soln_Molarity*Soln vol/ *Molar_ weight




rundatal rundatal ] - rundatal

] = (rundatal ] + rundata[
)) /
rundatal pd.to_numeric(rundatal 1

rundatal ] = pd.to_numeric(rundata[

rundatal = rundata[ * rundata[
* pundata[ 1))
rundatal = rundata[
rundatal = rundata[ I * equC02 /\
(1 - * equC02)
rundatal = rundata[ ] - rundatal ]
rundatal = rundata[ 1.cumsum() / * JN2 *
MEA usage / &
rundatal = rundata[ ].cumsum() / * JN2 * / \
MEA usage

outIntegral = rundata[ ].sum()

inpIntegral ¢ * equC02 / (1 - * equC02)) * rundata[

.sum()

(inpIntegral - outIntegral) / * JN2




absCap_kgC02_per_kgMEA = gAbs / MEA_usage
absCap_molCO2_per_molMEA = absCap_kgC02_per_kgMEA / * Molar_weight

absCap kgC02 per kgMEA, absCap molCO02 per molMEA, mAbs, gAbs, rundata
Function defined: Create Series that reports results and running parameters of the experiment.

create_series(filename, start, end, QN2, JN2, MEA Soln vol, mAbs, gAbs
absCap kgC02_per_kgMEA, absCap_molCO2_ per molMEA,num_of spike):

QN2 (QN2, 4)

IN2 (IN2, 4)

mAbs (mAbs )

gAbs = (gAbs )

absCap_kgC02_per_kgMEA = (absCap_kgC02_per_kgMEA, 4)

absCap_molCO2_per_molMEA = (absCap_molC02_per_molMEA, 4)

report = pd.Series(
[filename, start, end, QN2, IN2, MEA Soln vol, mAbs, gAbs
absCap_kgC02_per_kgMEA, absCap_molCO2_ per_molMEA] =num_of_spike

=

Function defined: Create a dataframe that reports result and running parameters of the experiment.

create_dataframe(filename, start, end, QN2, JIN2, MEA_Soln_vol, mAbs, gAbs
absCap_kgC02_per_kgMEA, absCap_molCO2_per molMEA,num_of_ spike):

QN2 (QN2, 4)

IN2 (IN2, 4)

mAbs = (mAbs )

gAbs = (gAbs )

absCap_kgC02_per_kgMEA = (absCap_kgC02_per_kgMEA, 4)

absCap _molCO2 per molMEA = (absCap _molC02 per molMEA, 4)

data = { num_of _spike: [filename, start, end, QN2, IN2, MEA Soln vol, mAbs, gAbs
absCap_kgC02_per_kgMEA, absCap_molCO02_ per_molMEA]}
pd.DataFrame(data =

Absorption Experiment




Code.Functions
pandas pd

filename
Addition

N2diluenttime =
Soln_Molarity=
Soln_vol=

Molar weight=

Roomtemp =
QN2 /N2diluenttime*60/
JN2 = QN2*1/ / (Roomtemp+

MEA_usage = Soln_Molarity*Soln _vol/ *Molar_weight
log = X: ( (datetime.now())+x)

rundata, data, duration, starttime, endtime = CO2meter_import(start, end, filename)

expdata, startC02, endC02, equC02 = CO2equ(rundata)

plot = rundata.plot(x=

plt.legend(loc= )

plt.ylabel( )

plt.savefig( +filename+' '+Addition)

plt.show()

absCap_kgC02_per_kgMEA, absCap_molCO2_per_molMEA, mAbs, gAbs, rundata =
result(rundata, equC02, JN2, Soln_Molarity,Soln_vol, Molar_weight)




report = create series(filename, start, end, QN2, IN2, Soln vol, mAbs, gAbs
absCap_kgC02_per_kgMEA, absCap_molCO2_per_molMEA )
report.to_csv( +
filename+' '+Addition+ )

Accu_data= pd.concat([rundata[ ]

rundatal

rundatal

rundatal

Accu_data.to_csv(
filename+ +Addition+

Desorption Experiment

Code.Functions
pandas pd

title_of_report=
filename =
Addition

start=

end=
N2diluenttime =
Soln Molarity=
Soln_vol=
Molar_weight=

Roomtemp =
QN2 /N2diluenttime*60/
JN2 = QN2*1/ / (Roomtemp+

MEA_usage = Soln_Molarity*Soln_vol/ *Molar_weight
log = X: ( (datetime.now())+x)

rundata, data, duration, starttime, endtime = CO2meter_import(start, end, filename)

expdata, startC02, endC02, equC02 = CO2equ(rundata)

plot = rundata.plot(x=

plt.legend( = )

plt.savefig( +filename+" "+Addition)
plt.show()




absCap_kgC02_per_ kgMEA, absCap_molCO2 per molMEA, mAbs, gAbs, rundata = \
result(rundata, equCO02, JN2, MEA Soln vol, MEA Soln_conc, MEA density)
final_result = create_dataframe(filename, start, end, QN2, JN2, MEA Soln_vol, mAbs
gAbs,absCap_kgC02_per_kgMEA
absCap_molCO02_per_molMEA )

report = create_series(filename, start, end, QN2, IN2, Soln_vol, mAbs, gAbs
absCap_kgC02_per_kgMEA, absCap_molCO2_per_molMEA )
report.to_csv( +
filename+' '+Addition+ )
Accu_data= pd.concat([rundata[ ]
rundatal
rundatal
rundata[
Accu_data.to _csv(
filename+' '+Addition+
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Appendix B Supplementary Figures
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Figure 48. Desorption profile of Piperazine at different CO2 loading (molCO2 molPz™!)
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