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Abstract

The removal of carbon dioxide from flue gas, natural gas and that generated during

steel, cement and ammonia production is predominantly performed by absorption with

aqueous amines. The amine solution, once loaded with carbon dioxide must be regen-

erated before it can be reused - this is typically performed at elevated temperatures

which requires significant thermal energy and causes amine degradation. This research

examines an alternative electrochemical method for regeneration of amines, specifically

the Electrochemically Mediated Amine Regeneration (EMAR) cycle. The EMAR cy-

cle was initially intended for post combustion carbon capture systems, where operating

conditions and gas compositions are considerably different to those in natural gas treat-

ing. EMAR specifically relies on the use of ethylenediamine and aqueous copper(II) to

moderate the aqueous solution capacity for CO2. Since aqueous ethylenediamine is non-

standard in natural gas treating, the absorption reactions between ethylenediamine and

common natural gas contaminants: CO2, COS, CS2, H2S and CH3SH, were evaluated

with quantum chemical methods. Furthermore, the desorption reactions that result

when aqueous copper(II) is introduced were evaluated with similar techniques. The

electrochemical response of the electrolyte was examined experimentally via exposure

to high pressure hydrocarbons and sulfide contaminants. Lastly, a process model was

built to determine the total energy requirement of an EMAR based system to compare

with existing thermal systems. Ethylenediamine will absorb all contaminants listed,

though species that generate aqueous sulfides must be removed or the cyclic capacity

of the EMAR process will be compromised. Quantum chemical results suggest that the

dissociation of sulfur containing ethylenediamine carbamates will occur in the presence

of copper(II), which extends the applicability of the EMAR cycle to handling COS

and CS2. Experimental results demonstrate that high pressure hydrocarbons present

no significant obstacle to the EMAR process, and that the electrolyte system and cell

operating conditions can be modified to improve reaction kinetics and the quality of

the electrodeposited copper formed on the cathode. The results of the detailed EMAR

process model indicate that at low applied overpotentials (0.1 V) and high ethylenedi-

amine concentration (4 molal), the EMAR process becomes competitive with state of

the art thermal amine systems, at 75 kJ/mole CO2 captured.
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Chapter 1

Introduction

Liquefied natural gas (LNG) has long been a reliable source of energy and will

be used in the transition to renewable sources as power stations fuelled by more

polluting traditional fossil fuels are decommissioned. Natural gas generates 33%

less carbon emissions than coal per unit heat supplied and 50% less than coal per

unit electricity generated.1 Under current governmental policies, world natural

gas demand is set to increase to 5,891 billion cubic metres (BCM) by 2040, a 50%

increase on 2018 demand of 3,952 BCM.1 The majority of consumption projected

is in Asian markets, primarily China, which over the 2017-2018 period increased

its gas consumption by 33%.1 Australia’s LNG exports primarily supply the Asian

market with 94% of exports in the 2018-2019 year destined for that region.2 As a

result, Australia is looking to further increase its export capacity, and as of 2019

Australia became the worlds largest exporter of LNG.3 The increase in Australia’s

export capacity of natural gas over the last 6 years is shown in Figure 1-1.

To ensure global carbon emissions are not further increased as production

meets demand, new production facilities are performing sequestration of CO2

captured during LNG production. Additionally, improvements in the efficiency

of each section of the LNG production facility are being investigated. A brief

description of a typical LNG production facility follows.
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Figure 1-1: LNG exports from selected countries between 2013 and 2019 expressed in
billion cubic feet per day (1 cubic foot is 0.028 m3).5*

1.1 LNG production

Specifics of the LNG production process depend on the well gas composition and

operating conditions, though the generic steps presented in the block flow dia-

gram in Figure 1-2 are typically present to remove contaminants and generate

marketable products. Removal of contaminants is necessary for reasons of opera-

tional safety, corrosion management, product specifications, preventing freeze-out

at low temperatures, reducing compression costs, preventing poisoning of cata-

lysts in downstream equipment and meeting various environmental regulations.4

The three phase well fluid, containing a mixture of hydrocarbons, acid gases

(CO2 and H2S), various species (N2 and He), water and additional miscellaneous

components are received at the facility. The Inlet Receival stage ensures rea-

sonable phase separation between gas, water and oil phases. Oils are sent to

Condenstate Stabilisation where lighter components are recovered to the gas pro-

cessing section of the plant and heavier components are marketed as lubricants.

Separated well water is sent to water treatment, while the sour gas leaving Inlet

Receival, that which contains CO2 and H2S, is forwarded to Acid Gas Removal

(AGRU).

Acid gas contaminants, mainly CO2 and H2S (though additionally carbon

disulfide, carbonyl sulide and thiols if sufficient H2S is present) cause a number of

*Figure reproduced from Today in Energy with attribution, no permission required.6
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Figure 1-2: Block flow diagram of the LNG production process

the aforementioned issues if not removed.7 Namely they dissolve to form acidic

solutions (exacerbating corrosion), freeze in the cryogenic fractionation and liq-

uefaction section of the plant (causing erosion and damage to equipment), and

reduce the heating value of the LNG or sales gas product. Depending on the

age and operation of the facility, separated acid gases are vented to atmosphere

or compressed and sequestered into nearby empty wells. The sweet gas, devoid

of acidic components, is dehydrated, mercury is removed, and the treated gas

is sent to fractionation and liquefaction. The majority of facilities operate to

produce LNG and various other marketable products such as propane, butane

and lubricants. Depending on government regulations, LNG facilities may also

be required to supply sales gas for the domestic market.

Within LNG production the acid gas removal unit (AGRU) and liquefaction

stages are the most energy intensive and the subject of extensive investigation.

One cause of the high energy requirement of acid gas capture is the strict outlet

target of 50 ppm CO2 and 0.1 ppm H2S for the treated gas, which is neces-

sary to avoid downstream issues.7 Several techniques are available to remove

acid gases, including solvent absorption (chemical, physical or hybrid), solid ad-

3



sorption, membrane separation, direct conversion and cryogenic fractionation.7

Parrish and Kidnay 7 provide a removal technology selection guide based on the

outlet conditions required, summarised in Figure 1-4.

Due to the stringent CO2 outlet target and variability of well gas, chemical

absorption with aqueous amines is favoured because it is the only technology that

can reduce acid gas concentrations to ppm levels when acid gas partial pressure

in the feed is low.7 Absorption and release of acid gases with an aqueous amine

is achieved by the thermal swing process shown in Figure 1-3. In the absorber,

lean aqueous amine contacts the sour gas (at high pressure 50 - 120 bar absolute,

bara) and the amine leaves rich with CO2 and H2S. This rich stream is flashed

down to a moderate pressure (8 bara) where light hydrocarbons are recovered

to a low pressure (LP) fuel gas system and heavier hydrocarbons, which form

a separate liquid phase, are skimmed off and recovered. The resulting aqueous

solution of rich amine is pre-heated before entering the regeneration column. The

regeneration column operates at elevated temperatures (typically 120 °C) and low

pressures (2 bara), where acid gases are driven off. Condensables leaving the top

of the column are refluxed and the desorbed acid gases are sent to a thermal

oxidiser* and vented to atmosphere or sent to compression for sequestration.

The now lean amine leaving the reboiler pre-heats the rich amine entering the

regenerator column and is then cooled to near the absorber temperature.

The regenerator reboiler accounts for 70-80 % of the AGRU system operating

cost,8 and 80 % of the heat load of the entire LNG plant.9 The regeneration en-

ergy has three components: the heat change of the rich amine solution; the heat of

vaporisation of stripping steam generated; and the heat of absorption of CO2 into

the aqueous amine solution.10 The heat change and amount of stripping steam

generated depends on system operating conditions, while the heat of absorption

is dependent on the size, shape and constituents of the amine molecule.11–13 To

reduce the energy required for regeneration, studies have been performed aimed

at either increasing the loading capacity of amines or reducing the heat of CO2

absorption, both of which reduce the circulation rate and the regenerator reboiler

duty. This has been achieved by varying degrees through modifying the structure

*This will depend on the concentrations of H2S and volatile organic compounds and the
local environmental regulations.
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Figure 1-3: Process flow diagram of a thermal amine system for acid gas capture

of the amine molecule, using sterically hindered amines,14–18 or using blends of

different amines.19–21 Primary and secondary amines, such as Monoethanolamine

(MEA) and Diethanolamine (DEA), are used less now due to their comparatively

high heat of absorption and corrosion rates. Additionally, primary and secondary

amines are more prone to forming heat stable salts, which require further pro-

cessing to sufficiently regenerate.7 N-methyldiethanolamine (MDEA) has become

the amine of choice in natural gas sweetening applications due to its selective re-

moval of H2S in the presence of CO2,7 and low heat of absorption (45-60 kJ/mol

CO2 depending on solution concentration22–24). When blended with a suitable

activator, such as Piperazine (PZ), the absorption rate of CO2 is increased, and

the cyclic capacity and degradation resistance improves.25,26 This MDEA/PZ

blend has become the standard for acid gas removal in LNG production applica-

tions. Absorption into this blend occurs by the two pathways shown in Figure

1-5. MDEA facilitates CO2 absorption by base catalysed hydration and does not

directly react with CO2, while the secondary amines in PZ directly react with

CO2 forming zwitterion intermediates which deprotonate to a nearby base (e.g.

MDEA), leaving carbamate products. At high CO2 loadings, the dicarbamate PZ

product dominates the total PZ concentration.27 Both reactions are driven to the

5
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FIGURE 5.2 Process selection chart for H2S removal with no CO2 present. (Adapted from
Tennyson and Schaaf, 1977.)

101 10210010−1
100

101

102

103

Partial pressure of acid gas in product, psia

Pa
rt

ia
l p

re
ss

ur
e o

f a
ci

d 
ga

s i
n 

fe
ed

, p
sia Physical solvent

Line of equal in
let and outlet pressu

res

Physical solvent or activated hot potassium carbonate

Physical solvent,
hybrid, or hot 

potassium
carbonate 

Hybrid

Amine

Activated hot potassium carbonate
or inhibited concentrated amine

Activated hot potassium carbonate or amine

100 10110−110−2100

101

102

103

Partial pressure of acid gas in product, psia

Pa
rt

ia
l p

re
ss

ur
e o

f a
ci

d 
ga

s i
n 

fe
ed

, p
sia

Line of equal in
let and outlet

pressu
res

Physical solvent or hybrid

 High loading DEA,
hybrid or physical

solvent
Physical solvent

Amine, stretford or hybrid 

ADIP, hybrid or high loading DEA

Stretford

Figure 1-4: Selection guide for liquid absorbent acid gas removal technology based on
inlet and outlet acid gas partial pressures.7*1 psia is 6.895 kPa.

right at high partial pressures of CO2 and low temperatures (absorber column

conditions), and are reversed at the regeneration column.
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H
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O O

N
H

H
N
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Figure 1-5: MDEA reaction with CO2 to form bicarbonate HCO3
– (top) and PZ

absorption of CO2 forming carbamate (bottom).

Due to the large reboiler duty requirement and low pressure operation of the

regenerator (necessitating high pump work for solvent return and high compres-

sor work if CO2 sequestration is required), alternative solvents and processes

*Reprinted from Fundamentals of Natural Gas Processing, 2006, Kidnay, Arthur J. with
permission from Taylor & Francis Group LLC - Books. Copyright license in Appendix A.
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are being investigated. The proprietary solution provided by JGC Corporation

and BASF SE, high pressure acid gas capture technology (HiPACT), has been

demonstrated to require lower regenerator duties (10-20%) and circulation rates

(20-27%) when applied to natural gas treating and Post-Combustion Carbon

Capture (PCCC) facilities.28–30* Additionally, the HiPACT regeneration column

is operated at approximately 5 bara resulting in lower capitol and operating costs

of downstream compressors. Significant work has been performed by the Rochelle

Group� to assess the performance of aqueous and water lean solutions of PZ in

an ‘advanced flash stripper’ configuration.31,32 In pilot scale demonstrations of

this technology applied to PCCC plants,33,34 the regenerator operates at 5-8 bara

corresponding to reboiler temperatures of 134-151°C. The regenerator pressure

is limited by the reboiler temperature, which is set to avoid significant thermal

degradation of the amine solvent - recommended to be no greater than 163 °C for

PZ.35,36

Though improving, current thermal processes suffer from the disadvantages of

operating at elevated temperatures. High reboiler duties, amine degradation and

the low pressure gas release of thermal amine systems have motivated research

into alternative regeneration techniques. Newly developed electrochemical regen-

eration techniques (not present in the selection guide in Figure 1-4) have been

proposed for use in carbon dioxide capture and are described herein.

1.2 Electrochemical separation methods

Electrochemical separations make use of redox active absorbents or blockers to

transport chemical species, of which there are two schemes: Electrochemically-

Mediated Complexation Separation (EMCS) and Electrochemically-Mediated

Competitive Complexation Separation (EMCCS), both of which are represented

in Figure 1-6.37 In the context of CO2 separation, an EMCS cycle activates a

redox species at one electrode, facilitating CO2 absorption, and is deactivated

at the opposing polarity electrode resulting in CO2 release. This cycle has been

demonstrated with quinones,38–40 bipyridines,41 and tholates42,43 as absorbent re-

*Reboiler duty and circulation rate compared against standard MDEA/PZ blend.
�University of Texas at Austin, McKetta Dept. of Chemical Engineering
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dox active species. An EMCCS cycle instead deactivates a blocker species at one

electrode allowing the absorption of CO2, and at the opposing electrode activates

the blocker species which preferentially binds the to absorbent, releasing CO2.

This cycle has been demonstrated with CO2 absorbents more familiar to natu-

ral gas sweetening, primary amines.44–46 The thermodynamics of these schemes

in various system geometries has been examined by Shaw and Hatton 47 , who

showed that by coupling electrochemical and absorption or desorption processes

the work of separation approaches the thermodynamic minimum.

Given the proven ability of amines to achieve the stringent CO2 outlet target

for LNG production applications, the latter EMCCS cycle is the focus moving for-

ward. Electrochemical techniques used to regenerate amine absorbents propose

the following benefits: limited solvent degradation due to moderate temperature

operation, elevated pressure CO2 desorption and lower energy requirements. Elec-

trochemical separations also avoid inefficient generation of utility heat required

for absorbent regeneration. Instead, they may utilise on-site power generation or

renewable energy sources to facilitate CO2 separation.

An EMCCS cycle with Ethylenediamine (EDA) as the absorbent and Cu2+

as the active blocker (entitled Electrochemically Mediated Amine Regeneration

(EMAR)), is under development at The Hatton Group, MIT. Initial investiga-

tions were performed by Stern 37 and Eltayeb 48 with further thermodynamic and

engineering development by Shaw 49 . A lab scale version of the technology has

shown promising performance, operating for 200 hours with an average energy

consumption of 40-80 kJe/mol CO2 of electrical work,*which is comparable to

current thermal systems.50 Of several metal (blocker) and amine (absorbent)

combinations examined, ethylenediamine with copper was deemed the most suit-

able given that the stability of the metal amine complex exceeded that of the in-

dividual amine CO2 complexes (see Eqn. 1.1), the metal complex was more stable

than the hydroxide salt, the reduction potential of the complex limited copper

oxidation, and the combination demonstrated the highest cyclic reversibility.37

Amines commonly employed in acid gas treating (MDEA & PZ) were unsuited

to the process because a limited release of CO2 was observed due to the low

*kJe indicates electrical energy and kJth thermal energy.

8



Figure 1-6: Two architectures of EMCS and EMCCS systems where the dormant species
is in solution (a,c) and when only the active species is in solution (b,d). Figure repro-
duced from Shaw and Hatton 47 with permission.*

stability of the metal-amine complexes formed.

log(β) > nligand logKCO2 (1.1)

In Eqn. 1.1, β is the stability constant of the metal amine complex, nligand is the

number of ligands per metal cation, and KCO2 is the equilibrium constant between

amine and CO2.

*Reprinted from International Journal of Greenhouse Gas Control, Volume 95, April 2020,
102878, Ryan A. Shaw, T. Alan Hatton, Electrochemical CO2 capture thermodynamics, 1-10,
Copyright (2020), with permission from Elsevier. Copyright license in Appendix A.
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Ethylenediamine was rejected for use in thermal amine stripping early on due

to its high heat of absorption (ca. 86 kJ/mol) though has been recently tested at

the pilot plant scale in post-combustion carbon capture applications.51–54 EDA

demonstrates high capacity and fast kinetics with respect to CO2 absorption, via

the same mechanism as PZ, shown in Figure 1-7, through a zwitterion interme-

diate, and subsequently deprotonating to form a carbamate product.

H2N
NH2

H2N
NH2

+ CO2

H2N
NH2

H2N

H
N

H2N
NH3

O

O

H2N

H2
N O

O

Figure 1-7: Absorption mechanism of CO2 with EDA.

An electrochemical cycle using copper(II) ions and EDA for the separation of

CO2 is shown in Figure 1-8. The lean ethylenediamine contacts the sour gas in

the absorber. The rich amine enters the anode where copper(II) ions are released

into the aqueous solution. In forming the metal-amine complex, CO2 is released

and separated from the aqueous stream. The cathode reduces the copper-amine

complex, removing the copper from solution, and returns lean ethylenediamine

to the absorber where the cycle repeats. A process flow diagram of an EMAR

cycle applied to natural gas treating is shown in Figure 1-9.

1.3 Thesis structure

This thesis aims to assess the applicability of an EMAR cycle to natural gas

treating. Firstly the suitability of EDA to absorb the contaminants found in

natural gas is examined computationally and compared to available experimental

data. The degree to which the copper amine complexation reaction will reverse

the formation of amine carbamate is also investigated computationally, using

results from the previous section. The EMAR electrochemistry is evaluated at

conditions under which a natural gas treating facility may operate and finally, a

thermodynamic process model is presented for the scaled operation of the EMAR

cycle. Due to the broad scope of this thesis, an introduction to each topic follows.
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Figure 1-8: EMAR cycle based on copper and ethylenediamine.
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Figure 1-9: EMAR desorber in a natuaral gas treating application.

Computational modelling of EMAR reactions

Molecular modelling of reactions between amines and acid gases is becoming

more prevalent since new methods are increasingly accurate and more compu-

11



tational resources are becoming available. Insight into specific interactions of

amines already in use, those under trial or others of theoretical interest can be

evaluated computationally, providing detail not available from experiment. As-

pects such as the energy of interaction between amines and contaminants, activa-

tion energy barriers to forming intermediates and products, pKa of the amine or

derivatives, and relative energies of reactants and products can all be determined

quantitatively to judge the suitability of certain amines to a gas treating process.

As the above interactions pertain to bond forming and bond breaking processes,

the use of quantum chemical simulation over classical molecular mechanics is

more appropriate, with several examples in literature: investigation of activation

energy barriers, structure of the transition state and relative energy of product

and reactant species between CO2 and amines MEA, DEA, MDEA, PZ, 2-amino-

2-methyl-1-propanol (AMP), EDA;55–69 effect of substituent groups on interac-

tion with CO2;12,70,71 theoretical calculation of pKa of MEA, trishydroxymethyl-

aminomethane (TRIS), EDA, diglycolamine (DGA), 2-amino-1-propanol (AP),

AMP, PZ, piperadine (PD);13,72–75 and surveys of carbamate formation of amino

acids not yet applied in PCCC or natural gas treating.76 Quantum chemistry is

an increasingly useful tool to study the reactions of current amines in natural

gas treating and as a means of screening new absorbents for future use. Chap-

ter 3 uses quantum chemical techniques to determine reaction energetics of EDA

with the common contaminants found in natural gas and the stability of products

formed.

Quantum chemical simulation has also been widely applied to transition metal

systems for catalyst development and mechanistic studies, examining bonding

character and predicting electronic or nuclear spectra.77,78 Coordination com-

plexes of Cu2+ have received a large amount of attention due to the d9 electronic

configuration of this metal, which often results in (Jahn-Teller) distortion of the

complexes it forms.79 A number of studies have used quantum chemical simula-

tion to examine the structure and electronic spectra of copper(II) coordination

compounds,80–82 the redox behaviour,83,84 and surface interactions to understand

and improve catalyst performance (eg. aqueous CO2 reduction).85–87 Accurate

evaluation of reaction pathways and thermodynamics requires a good compu-

tational technique, of which a myriad are available among Density Functional

12



Theory (DFT) and ab initio methods. Chapter 4 evaluates the thermodynamics

of the metal-amine complex formation reaction necessary for the EMAR cycle to

function. A number of methods are trialed to obtain the best description of the

solvent environment around the copper ion, and once arrived at, reaction ther-

modynamics with the carbamates formed in the previous chapters are evaluated.

Electrochemistry of EMAR with gas contaminants

The electrochemistry of the copper-EDA system was previously characterised

by Stern 37 in nitrate and chloride electrolytes. The degradation of nitrate salts

on copper electrodes is evident in the literature88–90 and was proposed by Shaw 49

as a reason for the low efficiency of a prototype EMAR electrochemical cell.

Characterisation of an alternative electrolyte for the EMAR system is performed

in Chapter 5 by analysis of Cyclic Voltammogram (CV) data under inert, CO2

and natural gas atmospheres. Natural gas with H2S present affects the solubility

of the blocker species (copper) in the EMAR cycle by forming solid metallic sul-

fides (though hindered in the presence of strong complexing agents91,92) removing

the blocker from circulation. This is investigated by examining the spectra and

electrochemical behaviour of the electrolyte when a sulfide source is introduced.

To minimise pumping losses in the EMAR cycle, the anode and cathode can

be operated at elevated pressure, closer to the operating pressure of the absorp-

tion column. Limited examples of flow through electrochemical cells operating at

elevated pressure exist due to challenges in mechanical design (with recent excep-

tions applied in high pressure CO2 reduction93,94), though high pressure batch

studies have been performed on transition metal complexes to extract details of

their reduction mechanism.95 The effect of increasing pressure and presence of

contaminants within a representative natural gas on the polarisation behaviour

of the EMAR electrolyte is extracted with CVs in a high pressure cell. Addi-

tionally, the kinetic resistance of a sandwich electrode under elevated pressure

and additives is probed with electrochemical impedance spectroscopy (EIS) and

presented.

Process simulation of EMAR

A number of commercial process simulators are used to model natural gas

treating, with Aspen Hysys, Aspen Plus and ProTreat the most common. The

13



models can be standalone or integrated into a larger model of an entire process

facility to reflect a real plant. Aspen HYSYS is well suited to simulating thermal

amine systems due to extensive data fitting of kinetic and equilibrium parame-

ters for the most common solvents.96–98 Additional validation studies have been

performed to improve the accuracy of process models in LNG service, so as to

reflect real plant performance.99,100 As EDA is not used by the natural gas in-

dustry as a solvent, the kinetic and equilibrium parameters for EDA have not

been included into commercial process simulators. Recently a rigorous speciation

model was developed to evaluate the energy use of an EMAR cycle applied to

PCCC.101 This model, built in MATLAB, is further developed in Chapter 6 to

evaluate the performance of the EMAR applied to a natural gas treating facility.

The sensitivity of an EMAR cycle to a number of process variables is evaluated

and the total energy consumption is ultimately compared with the current state

of the art MDEA/PZ simulated in Aspen Hysys V10.

Before the main content of the thesis is explored, the theoretical foundations of

the quantum chemical simulations used in Chapter 3 and 4 are presented. Though

quantum chemistry is becoming increasingly useful for chemical engineers, it is

not commonly taught and so a brief introduction to the concepts and methods is

presented in the following chapter.
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Chapter 2

Quantum chemistry: an

introduction

An introduction to the theoretical methods used in Chapters 3 and 4, which

determine the thermodynamics of specific reactions in the EMAR cycle, are de-

scribed herein. Quantum mechanical (QM) theories have been used to evaluate

chemical reactivity and properties since their beginning in the early 20th cen-

tury. The development of computers and improvements in methods since that

time have enabled the wide-spread use of quantum chemistry on many chemical

systems. Starting with the Schrödinger equation for a many-electron system, the

foundation of some ab initio and DFT methods are described. The applications

of such methods are generally limited to smaller systems (<1000 atoms) due to

the computational expense of the necessary calculations. This chapter is not in-

tended to be an exhaustive review of the methods available, rather just those that

pertain to the work presented in this thesis, with recommendations for further

reading in text.
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2.1 Schrödinger equation

In 1926, Schrödinger published his wave-equation describing the behaviour of

electrons, with the example of the hydrogen atom.102 For a general system, it can

be written in terms of the Hamiltonian, Ĥ, and the wavefunction, Ψ, in equation

2.1, where ~ is modified Planck’s constant (~ = h/2π).

ĤΨ(~r, t) = i~
∂Ψ(~r, t)

∂t
(2.1)

The Hamiltonian contains the sum of kinetic and potential energy contribu-

tions to the system, where the time-independent Hamiltonian for a many-electron,

many atom system is expressed in Eqn 2.2, and the associated time-independent

Schrödinger equation in Eqn 2.3. This Hamiltonian, includes the kinetic en-

ergy of the electrons and nuclei, the attraction between electrons and nuclei,

the interelectronic repulsion (electron/electron) and internuclear repulsion (nu-

clei/nuclei).* Here, i and j run over all electrons, k and l run over all nuclei, me is

the mass of an electron, mk the mass of the nucleus, e the charge on an electron,

Z the nucleus atomic charge, and ∇2 the Laplacian operator.

Ĥ = −
∑
i

~2

2me

∇2
i −

∑
k

~
2mk

∇2
k −

∑
i

∑
k

e2Zk
rij

+
∑
i<j

e2

rij
+
∑
k<l

e2ZkZl
rkl

(2.2)

ĤΨ(~r) = EΨ(~r) (2.3)

The Hamiltonian can be simplified by invoking the Born-Oppenheimer ap-

proximation,103 which separates the motion of electrons and nuclei, by deter-

mining the wavefunction at fixed nuclei positions. An electronic Hamiltonian,

Ĥel, can then be written as the sum of the first, third and fourth terms of Ĥ in

Eqn 2.2, and a constant, VN , due to the internulclear repulsion at the fixed nu-

clei positions. From this new Hamiltonian, electronic energies are determined for

electron coordinates qi, and a fixed set of nuclei positions qk, as in the eigenvalue,

*Neglecting any external electric or magnetic fields, spin-orbit coupling, or relativistic ef-
fects.
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eigenfunction equation below:

(Ĥel + VN)ψel(qi; qk) = Eelψel (2.4)

The subscript el is omitted in the following sections.

In order to solve the above equation for the energies of an atomic system,

we must define the nature of the wavefunction, used in ab initio theories, or

analogously the density, derived from the wavefunction ρ = |ψel|2, as in DFT,

and the Hamiltonian for the many-electron system, as follows.

2.2 Ab initio theories

Ab initio, ’from the beginning’, methods use various descriptions of the wave-

function and Hamiltonian to solve for the energies of the many-electron system.

In general, these theories aim to solve the secular equation, which arises from

the selection of a trial wavefunction as a solution to Eqn 2.3. For instance, a

trial many-electron wavefunction, φ, may be defined as a linear combination of

atomic orbital basis functions (e.g. the solutions to the one electron Schrödinger

equation), as in Eqn 2.5.*

φ =
N∑
i=1

aiϕi (2.5)

From equation 2.3, the energy of the system can be determined as below,

where φ∗ is the complex conjugate of φ.

E =

∫
φ∗Ĥφdr∫
φ∗φdr

(2.6)

=

∫
(
∑
aiϕi) Ĥ (

∑
aiϕj) dr∫

(
∑
aiϕi) (

∑
aiϕj) dr

(2.7)

=

∑
aiaj

∫
ϕiĤϕjdr∑

aiaj
∫
ϕiϕjdr

(2.8)

=

∑
aiajHij∑
aiajSij

(2.9)

*This is initially over-simplistic, and is refined in Section 2.2.1.
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Here, Hij can be further decomposed into a Coulomb integral and a resonance

integral, αi and βij, respectively*, and Sij the overlap integral, as the atomic basis

functions may not be orthogonal.

Through differentiation of the above, the basis function coefficients ak that

minimise the total energy can be found by solving the set of equations represented

in Eqn 2.10, or as a determinant in Eqn 2.11.

N∑
i=1

ai(Hki − ESki) = 0 (2.10)∣∣∣∣∣∣∣∣∣∣
H11 − ES11 H12 − ES12 · · · H1N − ES1N

H21 − ES21 H22 − ES22 · · · H2N − ES2N

...
...

. . .
...

HN1 − ESN1 HN2 − ESN2 · · · HNN − ESNN

∣∣∣∣∣∣∣∣∣∣
= 0 (2.11)

The latter is defined as the secular equations, the solution of which has N

roots (due to N basis functions employed) of E, which represent the energies

of the molecular orbitals formed as linear combinations of atomic orbital basis

functions. Unfortunately, the many-electron wavefunction cannot be accurately

represented as a linear combination of one or two electron atomic basis functions.

It is more accurately represented as a determinant, as is used in the Hartree-Fock

(HF) approach.

2.2.1 Hartree-Fock approach

In the HF approach, a single electron operator is defined, hi in Eqn 2.12, which

is used to solve a set one electron Schrödinger equations. This one electron

*In bra-ket notation:

αi = 〈ϕi|Ĥ|ϕi〉 =

∫
ϕi(Ĥϕi)dr

βij = 〈ϕi|Ĥ|ϕj〉 =

∫
ϕi(Ĥϕj)dr
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operator includes the electron kinetic energy, the nuclear attraction term and a

potential Vi{j}, which accounts for the electron-electron repulsion, determined

as an average due to all electrons present, in Eqn. 2.13.

hi = −1

2
∇2
i −

M∑
k=1

Zk
rik

+ Vi{j} (2.12)

Vi{j} =
∑
j 6=i

∫
ρj
rij
dr (2.13)

To account for electron spin and the Pauli exclusion principle,* the wavefunc-

tion is approximated as a Slater determinant, represented in Eqn 2.14. Each

element of the matrix is a one-electron spin orbital represented by χ, where elec-

trons are of α or β spin (with angular momentum ±h̄/2). The prefactor in Eqn.

2.14 is the normalisation constant, necessary to ensure that |ΨSD|2 = 1.

ΨSD =
1√
N !

∣∣∣∣∣∣∣∣∣∣
χ1(1) χ2(1) · · · χN(1)

χ1(2) χ2(2) · · · χN(2)
...

...
. . .

...

χ1(N) χ2(N) · · · χN(N)

∣∣∣∣∣∣∣∣∣∣
(2.14)

Hartree 104 defined a self-consistent field (SCF) procedure where the initial

potential Vi{j} was determined from a guess wavefunction, which was subse-

quently improved with each iteration as the density, ρ, and potential, Vi{j}, were

refined until the difference between orbital energies of previous iterations were

within some tolerance, and therefore self-consistent. While Hartree 104 applied

the procedure to atoms, Roothaan 105 extended the procedure to molecules where

molecular orbitals (MOs) are formed from a set of basis functions. In the sim-

plest implementation, each pair of electrons occupy a two electron orbital, and

are paired - this is know as restricted Hartree-Fock (RHF). Here a similar one

electron Hamiltonian is defined in Eqn 2.15. When basis functions are incorpo-

rated (represented by Greek letters), the Fock operator is defined as in Eqn. 2.17.

*The wavefunction is antisymmetric - it must change sign when the coordinates of two
electrons are exchanged.
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This enters into the secular equation in Eqn 2.16 (defined previously in Eqn 2.11),

with the same definition for orbital overlap, Sij. The solution of this equation

yields the energy of basis functions used in representing the wavefunction.

fi = −1

2
∇2
i −

nuclei∑
k

+V RHF
i {j} (2.15)

∣∣∣∣∣∣∣∣∣∣
F11 − ES11 F12 − ES12 · · · F1N − ES1N

F21 − ES21 F22 − ES22 · · · F2N − ES2N

...
...

. . .
...

FN1 − ESN1 FN2 − ESN2 · · · FNN − ESNN

∣∣∣∣∣∣∣∣∣∣
= 0 (2.16)

Fµν =
〈
µ
∣∣∣− 1

2
∇2
∣∣∣ν〉− nuclei∑

k

Zk

〈
µ
∣∣∣ 1

rk

∣∣∣ν〉
+
∑
λσ

Pλσ

[
(µν|λσ)− 1

2
(µλ|νσ)

] (2.17)

Pλσ = 2

occupied∑
i

aλiaσi (2.18)

All terms in equation Eqn 2.17 use the bra-ket compact notation.* The first

two terms are the electron kinetic energy and nuclear repulsion energy. The last

bracketed term captures the Coulomb and exchange (when electrons of the same

spin switch orbitals) energy. The density matrix P , determines the significance

of the basis functions in the many-electron wave function and the coefficients aζi

specify the contribution to the MO. A similar procedure is used when separate

basis functions are defined for individual electron spin orbitals, known as unre-

stricted Hartree-Fock (UHF). In UHF, a separate density matrix, Pλσ, exists for

both α and β electron spins.

*

〈µ|g|ν〉 =

∫
φµ(gφν)dr

(µν|λσ) =

∫∫
φµ(1)φν(1)

1

r12
φλ(2)φσ(2)dr(1)dr(2)
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The maximum computational cost of HF approaches scales with N4 due to

the two electron integrals in the Fock operator. Since HF methods determine the

interelectronic repulsion (Coulomb and exchange) as the sum of single electrons

interacting with an average potential of the remaining N − 1 electrons, Vi{j},
their correlated behaviour is not captured and therefore accurate ground state

energies cannot be obtained. The difference between the HF limit (in an infinite

basis set) and the exact energy, is defined as the correlation energy, represented

in Eqn 2.19.

Ecorr = E − EHF (2.19)

Electron correlation can be captured by including additional configurations (as

Slater determinants) in the description of the wavefunction. The exact energy can

be attained through application of the full configuration interaction (CI) method,

which defines the wavefunction as a linear combination of all possible excitations

of a HF reference wavefunction, as in 2.20.

Ψ = a0ΨHF +
occ.∑
i

vir.∑
r

ariΨ
r
i +

occ.∑
i<j

vir.∑
r<s

arsijΨrs
ij + ... (2.20)

Here, i and j are the indexes of occupied MOs, and r and s indexes of virtual (or

unoccupied) MOs, and a are coefficients that account for the normalisation and

relative weighting of the state.

Full CI is rarely performed for all but the smallest molecules (or with a small

number of basis functions) due to the extreme computational cost. To achieve

reasonable accuracy at a lower computational cost, the above series (or one sim-

ilar) is often truncated after the second or third term, which corresponds to the

inclusion of all single excitations, and all double excitations, respectively. This is

employed in the CCSD(T) method, described next, often called the ‘gold stan-

dard’ in quantum chemistry (at the extrapolated basis set limit).

2.2.2 Coupled cluster theory

The coupled cluster (CC) method, developed by Č́ıžek 106 , defines the wavefunc-

tion as a product of eT , and a reference wavefunction (here ΨHF ), shown in
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Eqn 2.21. Here, T is the excitation operator (Eqn 2.22) that promotes electrons

from occupied to virtual MOs. Terms T1 and T2 are shown in Eqn 2.23 and are

analogous to the prefactors in the second and third terms of Eqn 2.20.

Ψ = eT ΨHF (2.21)

T = T1 + T2 + T3 + ...+ Tn (2.22)

T1 =
occ.∑
i

vir.∑
a

taiΨ
a
i T2 =

occ.∑
i<j

vir.∑
a<b

tabij Ψab
ij (2.23)

The exponential of T is written as a Taylor series expansion, in 2.24, and

expanded into individual operators Tn in 2.25. The product of two excitation op-

erators, T2T1 for example, yields a triple excitation of the reference wavefunction,

and are called ‘disconnected’, where the T3 operator alone results in ‘connected’

triples excitations.

eT = 1 + T +
T 2

2!
+

T 3

3!
+ ... =

∞∑
k=0

T k

k!
(2.24)

eT = 1 + T1 + (T2 +
1

2
T 2

1 ) + (T3 + T2T1 +
1

6
T 3

1 )+

(T4 + T3T1 +
1

2
T 2

2 +
1

2
T2T

2
1 +

1

24
T 4

1 ) + ...
(2.25)

At an appropriate truncation of the series, the individual cluster amplitudes,

tai , t
ab
ij , ... are solved for via an iterative procedure. The series is often truncated to

include partial (or linearlised) triples, where Trucks et al. 107 defined the popular

CCSD(T) method.* This method, often called the ‘gold standard’ in quantum

chemistry, recovers 99.99% of the correlation energy against a CCSDTQ refer-

ence.108 This accuracy comes at cost of increased computational requirements,

with the CCSD method (T ≈ T1 + T2) scaling with N6 and CCSD(T) with N7.

The CCSD(T) method is used in this thesis to determine the relative energy of a

number of molecular species, though the molecular structure that the CCSD(T)

energy is calcuated for is arrived at via DFT, covered next.

*Where the S in the method name indicates single excitation by T1, D, doubles excitation
by T2, T, triples excitation by T3 and so on. T is in parenthesis due to the incomplete treatment
of triples excitation.
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2.3 Density functional theory

The foundation of DFT, put forth by Hohenberg and Kohn 109 and Kohn and

Sham 110 , states that the ground state energy of a system is a unique functional of

the electronic density, and it may be represented by a wavefunction that satisfies

Eqn 2.26, where the electronic density of the system depends on the positions

of all electrons and nuclei and is determined by the product of the wavefunction

with its’ complex conjugate, ρ(r) = |ΨΨ∗|. The first three contributions to the

total energy in Eqn 2.26, are the kinetic energy, nuclear attraction and electronic

repulsion potentials for all electrons, where electronic repulsion is due to the

interaction with the density. The last two terms are then the correction to the

kinetic and electron-electron repulsion energy due to their interaction. Expanded

in 2.27, the non-interacting electron kinetic and potential energy are summed, and

the last two terms of Eqn 2.26 are combined into, Exc, known as the electron-

correlation energy.

E[ρ(r)] = Tni[ρ(r)] + Vne[ρ(r)] + Vee[ρ(r)] + ∆T [ρ(r)] + ∆Vee[ρ(r)] (2.26)

E[ρ(r)] =
N∑
i

(〈
χi

∣∣∣∣∣− 1

2
∇2
i

∣∣∣∣∣χi
〉
−
〈
χi

∣∣∣∣∣
nuclei∑
k

Zk
|ri − rk|

∣∣∣∣∣χi
〉)

+
N∑
i

〈
χi

∣∣∣∣∣12
∫

ρ(r′)

|r − r′|dr
′

∣∣∣∣∣χi
〉

+ Exc[ρ(r)]

(2.27)

In Eqn 2.27, χi are electron orbitals which satisfy hKSi χi = εiχi, where hKSi is the

one electron Kohn-Sham (KS) Hamiltonian defined in 2.28, and εi is the energy

(eigenvalue) of the electron orbital.

hKSi = −1

2
∇2
i −

nuclei∑
k

Zk
|ri − rk|

+

∫
ρ(r′)

|ri − r′|dr
′ + Vxc (2.28)

Vxc =
δExc
δρ

(2.29)

If, as in the RHF formalism, electrons occupy orbitals which are a linear

combination of basis functions (again denoted by Greek letters, which form KS
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Chemical Accuracy

Hartree-Fock Approach: No Correlation

Local Spin-Density Approximation (LSDA)

Generalised Gradient Approximation (GGA)

meta-GGA

Hybrid GGA/meta-GGA

Double Hybrid

Figure 2-1: Jacob’s ladder of functional accuracy,111 where ascension progresses to
chemical accuracy.

orbitals), then the KS operator (analogous to the Fock operator in Eqn 2.17) can

be written as:

HKS
µν =

〈
µ
∣∣∣− 1

2
∇2 −

nuclei∑
k

Zk
|r − rk|

+

∫
ρ(r′)

|r − r′|dr
′ + Vxc

∣∣∣ν〉 (2.30)

The issue, however, lies in the definition of the exchange-correlation energy

(or potential), for which no exact functional form exists in general. A significant

number of xc functionals have been developed since KS introduced the formal-

ism, the development of which has loosely followed the ‘Jacobs’s ladder’ towards

chemical accuracy, outlined by Perdew and Schmidt 111 , shown in Figure 2-1.

The lowest rung on the ladder is the situation described by HF methods,

where no correlation is accounted for. Each rung up the ladder includes con-

tributions to the xc functional that should theoretically improve its’ accuracy,

up to within 1 kcal/mol of experimental values, or ‘chemical accuracy’. In rung

one, the xc energy depends only on the local electron spin density (the local spin

density approximation (LSDA)), derived from a uniform electron gas. This does

not account for any inhomogeneities in the density and is often improved by con-
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sidering the local gradient of the density, ∇ρ(r), which constitutes the second

rung - generalised gradient approximation (GGA). In rung three, meta-GGAs

(mGGAs) go further and include terms that depend on the Laplacian of the

density, ∇2ρ(r), and/or the kinetic energy density, τ =
∑

i |∇χi|2. Functionals

can be further improved by considering non-local effects by including a propor-

tion of the HF exchange energy in their makeup, and are thus denoted ‘Hybrid’

functionals. The last rung on the ladder ‘Double Hybrid’ includes contributions

of perturbation theory corrections to the Kohn-Sham energy. Mardirossian and

Head-Gordon 112 provides a substantive review of functional development over the

last 30 years, and Goerigk et al. 113 and Chan et al. 114 assess the performance of

various functionals on the ladder.

One of the most ubiquitous functionals in the literature is the B3LYP xc

functional, that is, the Becke three parameter Lee-Yang-Parr functional.115–118

B3LYP, a Hybrid-GGA, appears on the fourth rung of the ladder; its’ individual

contributions are represented in Eqn 2.31.

EB3LY P
xc = (1− a)ELSDA

x + aEHF
x + b∆EB

x + (1− c)ELSDA
c + cELY P

c (2.31)

Where a = 0.20, b = 0.72, and c = 0.81, EHF
x is the exchange (fourth) term

in the Fock operator (in Eqn. 2.17). The inclusion of EHF
x arises from the

adiabatic connection method, which states the exact solution for Exc of a non-

interacting KS system is EHF
x , and the difference between the non-interacting

and fully interacting system is given by EDFT
xc , represented in Eqn 2.32. For

the B3LYP functional, the exchange and correlation parts of EDFT
xc have been

separated.

Exc = (1− a)EDFT
xc + aEHF

x (2.32)

Though B3LYP has been popular, it is not appropriate in all scenarios and,

like most GGA and mGGAs, fails to account for long-range dynamical correlation

(dispersion). This can, in part, be corrected for by including the dispersion

contributions put forward by Grimme and co-workers,119–122 which take the form
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of Eqn 2.33, and are added to the KS energy.

EDFT−D#
disp = −

∑
A<B

∑
n=6,8,..

sn
CAB
n

Rn
AB

fdamp,n(RAB) (2.33)

The dispersion correction is a sum across all atoms, where the index n and damp-

ing function fdamp,n depend on the specific DFT-D# method, and coefficients sn

depend on the functional used. The coefficients, CAB
n , are determined from the

van der Waals radii of the atoms present.

DFT methods formally scale with N3, though successive inclusion of the con-

tributions within the rungs of ‘Jacobs ladder’, and non-local effects increase the

computational cost. They are still, however, less costly than the ‘chemically ac-

curate’ ab initio methods, such as CCSD(T). Therefore this thesis employs DFT

methods to determine the geometry and energy of species under investigation,

with more accurate methods used to re-evaluate the energy.

2.4 Basis sets

As mentioned above, MOs or KS orbitals (φi) are formed from a linear combina-

tion of basis functions, Φµ, as below (Eqn 2.34):

φi =
∑
µ

cµΦµ (2.34)

These basis functions are (often) atom-centred and similar in nature to those

obtained from the solution to the one-electron Schrödinger equation, that is, the

hydrogenic atomic orbitals (HAOs). Slater-type orbitals (STOs), introduced by

Slater 123 and Zener 124 , were simpler than HAOs though retained the same char-

acteristic radial decay, e−r, and were intended for use in multi-electron atoms.

The absence of an analytical solution to the four index integrals in the Fock opera-

tor (Eqn 2.17), however, presented an issue. Gaussian-type orbitals (GTOs) were

introduced by Boys 125 to overcome this problem, by using Gaussian functions to

describe the radial dependence of the atomic orbital i.e. e−αr
2
. A linear series of

GTOs (known as contracted Gaussians), with various weightings and exponential
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coefficients, is necessary to achieve the radial decay of STOs. Though this in-

creases the number of integrals, it reduces the complexity and permits analytical

evaluation. A number of families of GTOs are available in literature, the most

widely used are those of Pople and Dunning, both of which are used in this thesis.

To improve the flexibility and chemical accuracy of the constructed MOs, basis

sets will often define multiple ’shells’ for the valence orbitals. This is referred

to as ’split valence’, where for instance the Pople type double zeta split valence

basis set, 6-31G, employs six (6) Gaussians for core orbitals, three (3) Gaussians

for the inner valence orbital ’shell’ and one (1) Gaussian for the outer valence or-

bital ’shell’. This is then extended in triple and quadruple zeta (and so on) split

valence basis sets to include three and four, respectively, shells in the valence or-

bitals. Additionally, polarisation (of higher angular momentum than the valence

orbitals) and diffuse (low α values) functions provide additional flexibility and

are often necessary to yield accurate ground state geometries.126 To reduce the

number of basis functions necessary at higher atomic numbers and account for

core electron relativistic effects, effective core potentials (ECPs) are used which

replace core electrons with a potential that represents the combined interaction

between the nuclear-electronic core and the remaining electrons. In this work, the

Los Alamos National Lab ECPs,127–129 are used for the core electrons of copper,

to reduce the computational cost.

Though increasing the number of basis functions improves the description of

the MOs or KS orbitals, it can significantly increase the computational cost. In

this work, a balance of cost and accuracy is achieved using polarised and diffuse

double and triple zeta split valence basis sets of Pople130–133, and Dunning134.

2.5 Solvation models

Accurate determination of the free energy of solvation for a species is necessary to

determine aqueous phase reaction energies and resulting equilibrium constants.

The free energy of solvation, the change in free energy of a species A leaving the

gas phase and entering a liquid or fluid phase, can be approximated computa-

tionally. The solvent can either be represented in the simulation explicitly (and

treated with the same electronic structure method or a simpler classical method)
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or it can be represented as a dielectric continuum. The former method requires

consideration of the number of solvent molecules to include, in what configuration

and whether they should be treated classically or otherwise. The latter (treat-

ment by a continuum) is more attractive as there is no need to explicitly define

the solvent molecules, and therefore no sampling of the configuration space is nec-

essary. The continuum approach considers the solvent as a uniform polarisable

medium with a constant dielectric constant, ε. Here, the free energy of solvation

∆Gsolv, is equal to the sum of the free energy required to form the cavity for the

solute, ∆Gcavity, the dispersion forces between the solute and solvent, ∆Gdisp, and

an electrostatic component, ∆Gelec. Cavitation and dispersion contributions are

often (though depending on the specific continuum model) taken as proportional

to the solvent accessible surface (SAS), inside which the cavity for the solute is

formed. The SAS is usually formed from the overlapping van der Waals radii of

the solute atoms (or a proportion thereof), and smoothed to avoid cusps and re-

gions where the solvent cannot approach (again depending on the specifics of the

continuum model). The electrostatic component of the free energy is determined

as:

∆Gelec =
1

2

∫
ρ(r)φ(r)reacdr (2.35)

Where ρ(r) is the charge density inside the solute cavity (determined from ab

initio or DFT methods) and φ(r)reac is the reaction field, that is the difference

between the electric field when the solute is present in the solvent or in vacuum,

φreac = φsolvent − φvacuum.

As the solute polarises the solvent and vice-versa, a self-consistent procedure is

used to determine the solute density and the reaction electric field. An additional

term, φσ, is added to the Hamiltonian operator (of the electronic structure method

used) which represents the surface charges at the solute cavity, and are determined

from the Poisson-Boltzmann equation. This is called a self-consistent reaction

field (SCRF) method, because the density of the solute is consistent with the

electric field developed by the surrounding solvent. The solvation models used

in this thesis are COSMO,135 and SMD,136 both of which employ the SCRF

method to determine the electrostatic component of the free energy of solvation.

The SMD model was trained against a large dataset to reproduce experimental

28



solvation free energies,136 while COSMO uses empirical relations to determine

the non-electrostatic components of the solvation free energy.135
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Chapter 3

Ethylenediamine with Natural

Gas Contaminants

The compounds CO2, H2S, CH3SH, COS, CS2 found in natural gas are often

removed by contact and reaction with aqueous solutions of amines. The primary

amine under investigation, EDA, is the most chemically suited to the electro-

chemical regeneration process which was first examined by Stern 37 . This chapter

examines the mechanism of reactive absorption of the aforementioned acid gas

contaminants found in natural gas to ethylenediamine. The binding in gas phase

is first estimated with extension to the aqueous phase by solvation calculations.

The binding in the aqueous phase is examined in more depth and the transition

states involved in the reactive absorption process identified. The activation en-

ergy barrier is determined for each of the contaminants, as well as the relative

energies of products relative to the isolated reactants. The pKa of a number

reaction products is estimated to characterise their acidity and potential for fur-

ther interaction with aqueous species present. Limited interactions of reaction

products are examined and lastly the effect of explicitly including the solvent in

estimating acid gas absorption is considered.
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3.1 Methods

Initial conformers of isolated and interacting species were generated with the

MMFF94 forcefield implemented in Avogadro.137 NWChem was used for all quan-

tum chemical calculations.138 Gas phase interactions presented in Section 3.2.1

are generated via DFT with the reasonably accurate hybrid functional, B3LYP

(Becke three parameter Lee Yang Parr) functional,113,115–118 DFT-D3 dispersion

corrections,121 the aug-cc-pVDZ basis set,134 and the SMD solvent model136 for

single point solvation calculations. The B3LYP-D3/aug-cc-pvdz combination has

been shown to generate equilibrium structures of van der Waals complexes with

small least root-mean-square displacements compared to the CCSD(T)/CBS ref-

erence method.139

Barrier heights, relative energies of reactants, transition states and products

were estimated in aqueous solution with geometries generated in the presence of

the SMD SCRF solvation model at the B3LYP-D3/aug-cc-pvdz level of theory.

Further electronic energies were calculated by the coupled cluster method with

single, double and perturbative triple excitations,107 at the same geometry and

with the same basis set, i.e. CCSD(T)/aug-cc-pvdz, as B3LYP has been demon-

strated to underestimate barrier heights,140,141 and overestimate the relative en-

ergy of reaction intermediates.142 Where multiple transition states were found,

the lowest energy structure was used to estimate the barrier height. Ground state

and transition state (TS) geometries were confirmed to be a local minimum or

saddle point, respectively, on the potential energy surface (PES) by examining

the Hessian eigenvalues, where all are positive or one is negative, again respec-

tively. Thermal enthalpy corrections, entropic contributions and single point sol-

vation calculations at optimised SMD/B3LYP-D3/aug-cc-pvdz geometries (where

“SMD/” indicates the structure was optimised in the presence of the SMD SCRF

solvent model) were combined with CCSD(T) electronic energies to determine

the species or complex enthalpy (Eqn 3.1) and free energy (Eqn 3.2). Basis set

superposition error was also corrected for with the counterpoise method at the

relevant computational level.

Gas phase reaction enthalpy is given by Eqn 3.3, and aqueous phase free

energy by Eqn 3.4. Calculation of the aqueous reaction free energy requires each
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species to be at 1 mol/L, the same as the solvation free energy calculations, with

the following correction ∆G◦→∗, from 1 mol of an ideal gas at 1 atm (V0) to 1 M

(V ∗) in solution (Eqn 3.5).143

H = E
CCSD(T )
0 + E

CCSD(T )
BSSE + EZPE + ETherm (3.1)

G = E
CCSD(T )
0 + E

CCSD(T )
BSSE + EZPE + ETherm + ∆G∗solv − T × Svib,rot,trans (3.2)

∆Hreaction = ΣHproducts − ΣHreactants (3.3)

∆Greaction = ΣGproducts − ΣGreactants (3.4)

∆G◦→∗ = −T∆S◦→∗ = RTln(V0/V
∗) = RTln(24.26) = 1.89 kcal/mol (3.5)

Unless otherwise stated, the reaction free energy and activation barrier is

calculated with the free energy of the isolated species at the optimised conformer

closest to that in the complex. Further interactions in Section 3.2.3 were obtained

at the SMD/B3LYP/X, where X is either 6-31+G* or 6-31G*, where the former

is used when anionic species are present. The explicit water structures in Section

3.2.4 were determined at the B3LYP/6-31G* level of theory with single point

SMD solvation calculations and application of the thermodynamic cycle below

(Figure 3-1) to determine the aqueous reaction free energy.

A(H2O)m(g) + B(H2O)n(g)

∆G◦gas- AB(H2O)m+n(g)

A(H2O)m(aq)

∆G◦→∗ ∆G∗solv

?

+B(H2O)n(aq)

∆G◦→∗ ∆G∗solv

?
∆G∗aq- AB(H2O)m+n(aq)

∆G◦→∗ ∆G∗solv

?

Figure 3-1: Thermodynamic cycle to determine the aqueous free energy of reaction
between solvated species A and B, with m and n explicit water molecules, respectively,
to form solvated complex AB with (m+ n) water molecules.

∆G∗aq is calculated in Eqn 3.8, where G◦,igas is the standard gas phase free

energy of species i (Eqn. 3.8, vi is the stoichiometric coefficient, and ∆G∗,isolv is

the solvation free energy of that species at the gas phase geometry.
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Figure 3-2: Ethylenediamine conformer notation. X and Y represent amino groups
terminating the alkane chain. In the neutral form of EDA g, g’ and t represent the pos-
sible positions of the lone pair of electrons on each nitrogen atom. Trans (T) structure
on the left, gauche (G) on the right.

G◦,igas = E0 + EBSSE + EZPE + ETherm − T × Svib,rot,trans (3.6)

G∗,iaq = G◦,igas −∆G◦→∗ + ∆G∗,isolv (3.7)

∆G∗aq =
∑
i

viG
∗,i
aq (3.8)

The notation for conformers of EDA and derivatives follows that of Radom

et al. 144 presented in Figure 3-2 where the g, t and g’ label refers to the position

of the lone pair of electrons on the nitrogen atom at positions X and Y.

Species pKa was estimated with the direct method Eqn. 3.9, where the free

energy of H+
(aq) is taken as -6.28 kcal/mol,145 and its solvation free energy as -

265.9 kcal/mol,146 where the pKa is given by Eqn. 3.10; and the proton exchange

(PEX) method with methylamine as a reference acid, Eqn. 3.11, and pKa given by

Eqn. 3.12. Methylamine was chosen for its simplicity and chemical similarity to

EDA. All pKa calculations were performed with CCSD(T)/aug-cc-pvdz energies
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at SMD/B3LYP-D3/aug-cc-pvdz geometries.

AH+
(aq)
−−⇀↽−− A(aq) + H+

(aq) (3.9)

pKa =
∆G∗aq

RTln(10)
(3.10)

AH+
(aq) + CH3NH2(aq) −−⇀↽−− A(aq) + CH3NH3

+
(aq) (3.11)

pKa =
∆G∗aq

RTln(10)
+ pKa(CH3NH3

+) (3.12)

All images of molecular conformers were generated with Chemcraft,147 using the

Gaussview colour scheme: hydrogen - light grey; carbon - dark grey; nitrogen -

blue; oxygen - red; sulfur - yellow.

3.2 Results and Discussion

3.2.1 Preliminary gas phase results

Interaction between EDA and acid gas contaminants was first examined with gas

phase DFT. The lowest energy conformers of each interaction pair are shown in

Figure 3-3 with reaction energies summarised in Table 3.1. In each complex, EDA

prefers the gauche form, tGg’ with H2S and CH3SH and gGg with COS, CO2 and

CS2. In isolation EDA will preferentially form an intramolecular hydrogen bond

(as tGg’ or gGg’) which is disrupted by the presence of the absorbate resulting

in thermodynamically unfavourable complexes144,148–150. The increasing trend in

gas phase reaction free energy, H2S < CO2 < CH3SH < COS < CS2, follows that

of weakening dipole moment and shielding of the partial positive charge on the

carbon centre. In moving from H2S to CH3SH, the loss in dipole by substitution of

a methyl group reduces the interaction energy and increases the distance between

amino and SH groups from 2.041 Å to 2.399 Å.

Although the Mulliken partial charge on the central carbon increases moving

through CO2, COS, to CS2 from +0.17, +0.44 to +1.60, it is shielded from the

amine by the attached sulfur increasing the interaction distance from 2.857 Å to

3.124 Å to 3.429 Å, respectively, reducing the binding energy. Negligible differ-

ence in the binding energy is observed for COS when oxygen and sulfur exchange
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(a) (b)
(c)

(d) (e) (f)

Figure 3-3: Structures of EDA with (a) H2S (b) CH3SH and (c) COS (d) CO2 (e) CS2

(f) CS2 bound as a stable zwitterion. Distances show in Angstroms (Å). See Section
3.1 for colour scheme.

positions as the majority of the binding energy is due to electrostatic interaction

between the central carbon and the amino group lone pair. Additionally, initial

geometries of gas phase zwitterions of CO2, COS and CS2 were optimised, where

only that of CS2 was stable, see 3-3(f), as the positive quaternary amine is sta-

bilised by through bond charge transfer of sulfur electron density. Those of CO2

and COS dissociated into similar complexes to those presented previously.

The reaction free energy of the complex formation displays a similar trend

when solvation contributions are included, though formation of the CS2 zwitterion

is heavily stabilised by the solvent, only 1.3 kcal above the complex. Though

interaction is generally unfavourable in gas phase (or at gas phase geometries

with solvent contributions), the shapes of the potential energy surfaces shift upon

solvation, stabilising reaction intermediates and permiting additional hydrolysis

reactions that promote acid gas absorption, which are covered next.
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Table 3.1: Reaction enthalpy and free energy of acid gas interaction with EDA
(kcal/mol)

Absorbate ∆Hgas ∆Ggas ∆Gaq

H2S -4.0 2.9 2.3
CH3SH -3.8 5.4 6.8
CS2 -1.4 5.8 5.4
COS -2.3 5.5 5.3
CO2 -3.6 3.6 3.7

CS2 bound 7.9 18.9 6.7

3.2.2 Aqueous phase results

Absorption in aqueous solution occurs either by hydrolysis or direct interaction

with EDA. H2S and CH3SH are absorbed via proton transfer to EDA or water

(Eqn. 3.15, 3.16) while the electrophilic species (X) CO2, COS and CS2 will react

directly with the amine to form a zwitterion (Eqn. 3.13) which is subsequently

deprotonated to a nearby base (B) (Eqn 3.14),151,152 or hydrolyse with water to

produce CO2 and H2S (Eqn. 3.17, 3.18), carbonic acid, bicarbonate or carbonates

depending on solution pH.

X(aq) + RNH2(aq)

k2 (k−1)−−−−⇀↽−−−− RNH2
+X−(aq) (3.13)

RNH2
+X−(aq) + B(aq)

kBase (k−Base)−−−−−−−−⇀↽−−−−−−−− BH+
(aq) + RNHX−(aq) (3.14)

RSH(aq) + RNH2(aq) −−⇀↽−− RNH3
+

(aq) + RS−(aq) (3.15)

RSH(aq) + OH−(aq)
−−⇀↽−− H2O(aq) + RS−(aq) (3.16)

COS(aq) + H2O(aq) −−⇀↽−− H2S(aq) + CO2(aq) (3.17)

CS2(aq) + 2 H2O(aq) −−⇀↽−− 2 H2S(aq) + CO2(aq) (3.18)

CO2(aq) + H2O(aq) −−⇀↽−− H2CO3(aq) −−⇀↽−− HCO-
3(aq) + H+

(aq) (3.19)

Using the steady state approximation, the zwitterion (RNH2
+X– ) concentration

can be approximated by Eqn 3.20 and the depletion of species X expressed by

Eqn 3.21 and simplified in Eqn 3.22, where hydrolysis of X is not considered as
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it does not significantly impact the reaction rate.

[zwitterion] =
k2[X][RNH2]

k−1

+
∑

kBase[B] (3.20)

−rX = k2[X][RNH2]− k−1[zwitterion] (3.21)

−rX =
[X][RNH2]

1/k3[B] + 1/k2

where k3 =
k2kBase
k−1

(3.22)

The rate constants for zwitterion formation of EDA with CO2 and COS, and

their deprotonation to amine or water have been experimentally determined by

a conductimetric stopped flow technique.153,154 The activation energy for k2, in

the Arrhenius relation Eqn 3.23, was estimated at Ea = 12.08 kcal/mol for the

EDA-CO2 system,153 though is not available for sulfur-containing species COS

and CS2. For both COS and CO2, formation of the zwitterion intermediate was

found to be rate limiting, i.e. k2 � k3[B].

k2 = Ae−Ea/RT (3.23)

Here the activation free energies in forming zwitterions of CO2, COS and CS2 are

calculated and compared to assess the reactivity trend when oxygen is replaced

by sulfur. The Eying Equation, Eqn 3.24,155 is fitted against experimental data,

where available, to directly compare against the computational result.

k = κ
kBT

h
e−∆G‡/RT (3.24)

Additionally, since experimental evidence exists for EDA dicarbamate, which can

make up between 20 and 37 % of carbamate present and is necessary to include

to obtain accurate CO2 absorption rate constants,153,156–158 its reaction energetics

have been estimated. Lastly, for comparison the barriers to protonation of EDA

by H2S and CH3SH are estimated.
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3.2.2.1 Zwitterion formation energetics

Initial conformers of EDA for reaction with an electrophile were chosen on the

basis of the active site and most stable conformers in aqueous solution. Previous

gas electron diffraction studies show the gauche conformer to be predominant in

gas phase,149 and Radom et al. 144 calculate the most stable conformers to be tGg’

and gGg’, being within 0.26 kcal/mol of each other, where all trans conformers

are at least 1 kcal/mol higher in energy. For CCSD(T)/aug-cc-pvdz energies at

SMD/B3LYP-D3/aug-cc-pvdz geometries, the lowest two conformers found were

gTt and g’Gt, where the trans conformer sits 0.21 kcal/mol below the gauche one.

In the strong dielectric environment of water, the trans conformer is predicted

to be more stable. Additionally, as the concentration of EDA increases, molec-

ular dynamics studies suggest it further adopts a trans orientation.159 In each

gauche and trans conformer the N-lone pair is oriented away from the rest of the

molecule, ideal for the addition of an electrophilic species (avoiding the crowding

of the g’ N lone pair in g’Gt EDA for example). The barrier to reaction can be an

additional 3 kcal/mol higher where rotation of the amine to the reaction coordi-

nate is necessary, as is the case between MEA and CO2.62 The activation energy

barriers between CO2 and neutral g’Gt and gTt EDA are presented in Figures

3-4 and 3-5, respectively. Additionally, the barriers to forming the dicarbamate

from the gauche and trans forms of the EDA carbamate are present in the same

figures.

Formation of the dicarbamate may occur through a similar zwitterion mech-

anism into the monocarbamate anion (Eqn. 3.25 to 3.28),158 where alternative

reactants include carbamic acid, which is unlikely to be present due to its low

pKa, and a protonated (quaternary) amine, for which electrophilic addition is

unfeasible.

CO2(aq) + H2N(CH2)2NH2(aq) −−⇀↽−− H2N(CH2)2NH2
+COO−

(aq) (3.25)

H2N(CH2)2NH2
+COO−

(aq) + B(aq) −−⇀↽−− H2N(CH2)2NHCOO−
(aq) + BH+

(aq) (3.26)

CO2(aq) + H2N(CH2)2NHCOO−
(aq)

−−⇀↽−− −OOCH2N+(CH2)2NHCOO−
(aq) (3.27)

−OOCH2N+(CH2)2NHCOO−
(aq) + B(aq) −−⇀↽−− −OOCHN(CH2)2NHCOO−

(aq) + BH+
(aq)

(3.28)
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Figure 3-4: Structures of g’Gt EDA reactant, TS and product (a) reaction profile of
EDA and EDACOO- with CO2 (b) and structures of EDACOO– reactant, TS and
product (c)

The transition state for CO2 addition to the gauche conformer of EDA is

3 kcal/mol lower than its trans counterpart, though this is reversed on addi-

tion of a second CO2 where formation of the dicarbamate zwitterion is more

favourable in the trans conformer of EDACOO– by 2 kcal/mol. Two transition

states were found into neutral gauche EDA (the lowest is shown) with frequen-

cies of -160.57 cm−1 and -248.7 cm−1, where the latter is 2.9 kcal/mol higher in

energy, representing a total barrier of 11.7 kcal/mol. The energy difference lies

in the distance between the free g’ nitrogen and the nearest H on the reacting

amine. In the lower energy transition state the distance is reduced from its nom-

inal value of 2.687 Å in isolated g’Gt EDA, to 2.685 Å in the lower transition

state versus 2.765 Å in the higher TS, and down to 2.492 Å in the zwitterion

product. The trans conformer by comparison has negligible internal structure

change, experiencing predominately solvent stabilisation of the transition state

and zwitterion without significant intramolecular (or through space) charge trans-

fer. The barrier for addition to the trans form agrees well with that calculated

by Davran-Candan 61 . The temperature-rate data from Li et al. 153 for k2 was

fitted against the Eyring Equation (κ = 1), Eqn 3.24 via non-linear regression,160
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Figure 3-5: Structures of g’Tt EDA reactant, TS and product (a) reaction profile of
EDA and EDACOO– with CO2 (b) and structures of EDACOO– reactant, TS and
product (c)

yielding ∆G‡ = 11.9 kcal/mol at 298 K in excellent agreement with the activa-

tion barrier for reaction with the trans conformer. The partitioning of gauche and

trans conformers in aqueous solution has been estimated by molecular dynamics

simulations,159 where the trans form accounted for >66% of EDA at low solute

concentrations, in qualitative agreement with the energy difference between g’Gt

and gTt conformers calculated here, 0.21 kcal/mol, leading to a trans:gauche

ratio of 58:42. The average activation energy barrier can be approximated as

the weighted contribution of each conformer, yielding 10.5 kcal/mol, which is

lower than that derived from experiment because fitting the reaction data lumps

contributions from conformations and neglects solvent perturbations and barrier

re-crossings (i.e. κ = 1).161 The formation of the dicarbamate, with a similar driv-

ing force to monocarbamate formation in both gauche and trans forms, suffers

from a higher barrier than the gauche form due to repulsion between the negative

carbamate and partial negative charge on the oxygens in CO2, which is clear when

in the trans conformer the barrier is reduced by 2 kcal/mol. The gauche form sits

0.92 kcal/mol below trans, and is likely the dominant conformer in solution with

a ratio of gauche:trans at 83:17. This is in qualitative agreement with the low
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amounts of dicarbamate in solution, as the ratio of theoretical maximum reaction

rate for dicarbamate to carbamate formation is 0.012 (from Eqn. 3.24), with a

rate law that is expected to be first order in both EDACOO– and CO2. The

formation of dicarbamate is anticipated to be more favourable than direct CO2

hydrolysis, which has an activation free energy of ∆G‡ = 21.8 kcal/mol.162

The reaction energetics for formation of zwitterions of COS and CS2 are shown

in Figure 3-6. Given the similar structure of the transition state, the activation

barriers for COS and CS2 zwitterions are significantly higher than that of CO2, at

16.4 and 17.6 kcal/mol, respectively. The separation distance between the react-

ing nitrogen and carbon centre follows the trend of the Mulliken partial charges

(in parenthesis) on carbon i.e. 2.10 Å, 2.07 Å and 1.87 Å for CO2 (+0.17) < COS

(+0.43) < CS2 (+1.60) while the activation energy follows the reverse trend, as

the partial charges on oxygen and sulfur become increasingly negative: CO2 -0.08,

COS -0.15 and -0.28, CS2 -0.8. The CS2 zwitterion is the only thermodynami-

cally favourable product, where optimisation in SMD SCRF provides additional

stabilisation over that experienced by the gas phase product. Similar to the EDA

CO2 zwitterion, intramolecular charge transfer to the g’ amino N lone pair is

present in COS and CS2 zwitterions where the N· · ·H distance is reduced from

2.687 Å in neutral g’Gt EDA to 2.413 Å and 2.375 Å in COS and CS2 zwitterions,

respectively. Alper and Bouhamra 154 collected a single rate constant for EDA

COS zwitterion formation at 298 K, which if fitted against the Eyring Eqn. (3.24)

yields a free energy of activation of 15.5 kcal/mol, in reasonable agreement with

that calculated here. Unfortunately reaction rate data for the EDA CS2 zwitte-

rion is unavailable, though Sharma 163 suggests the approximate relationship for

the ratio of CO2 and CS2 zwitterion formation rates:

log kAm−CO2 u log kAm−CS2 − 5 (3.29)

If the reduction in rate is entirely subsumed into the free energy of activation,

that for CS2 zwitterion formation would be 6.8 kcal/mol above CO2, whereas

the calculated result is 8.8 kcal/mol higher than that of the estimate for CO2.

The barrier for sulfur containing zwitterions is overestimated here, and without

accounting for deviations from the Eyring Eqn. (κ 6= 1) - the likely cause of which
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Figure 3-6: Structures of EDA-COS TS and product (a) reaction profile of EDA and
with COS (b) and structures of EDA· · ·CS2 TS and product (c)

is the poor treatment of sulfur species by the solvent model, SMD.136 In each case,

the reaction between EDA and COS and CS2 is predicted to be more favourable

than direct hydrolysis reactions Eqn. 3.17 and 3.18 at ca. 25 - 28 kcal/mol.164,165

The zwitterion formation energetics of CO2, COS and CS2 for conformer g’Gt

have been summarised in Table 3.2, where it is noted the energies from B3LYP-

D3 provide the correct trend in activation free energy, though it overestimates

and incorrectly identifies the trend in the relative energies of zwitterion prod-

ucts. These zwitterionic intermediates are generally short-lived, deprotonating

to a nearby base (often a free amine) where the deprotonation rate does not

limit zwitterion formation in the case of primary amines, determined experimen-

tally,153,154 and examined computationally.61 The availability of free amine will

be reduced, however, if simultaneous absorption of mercapatans, H2S or CH3SH,

occurs - as covered in the next section.

3.2.2.2 Mercaptan absorption energetics

It is usually quoted that the protonation of primary amines by mercaptans is

instantaneous,166 and as such if significant quantities are present the formation
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Table 3.2: Summary of activation free energy (∆G‡) and relative zwitterion free energy
(∆GZwit) for CO2, COS and CS2 absorption with EDA, calculated at the B3LYP-D3
and CCSD(T) level of theory (kcal/mol).

Electrophile (X) ∆G‡B3LY P−D3 ∆G‡CCSD(T ) ∆GZwit
B3LY P−D3 ∆GZwit

CCSD(T )

CO2 5.8 8.8 0.8 0.3
COS 11.5 16.4 6.0 2.8
CS2 13.6 17.6 5.2 −1.1

of primary amine carbamates is blocked, and the working capacity of the solution

for CO2 reduced. The activation barrier for protonation of g’Gt EDA by H2S and

CH3SH with reactant, TS and product structures is presented in Figure 3-7.

From totally isolated EDA and mercaptan reactants to their respective TS

there is a clear barrier to proton transfer. The formation of the EDA· · ·H2S com-

plex in the tGg’ conformer is the most significant contributor to the activation

energy barrier (7.6 kcal/mol), where the transition state is only 0.9 kcal/mol above

that. Not so for CH3SH, where complex formation accounts for 8.6 kcal/mol and

a further increase of 4.7 kcal/mol to the transition state, where the substitution

of an alkyl group for a proton (as in H2S) reduces the mercaptan acidity.167 There

is no explicit data on the activation energy for protonation of EDA or protona-

tion of primary amines by mercaptans as absorption rates are often limited by

mass transfer. Parrish and Kidnay 7 state there is little difference in the rate

of absorption of CO2 and H2S, which is seen explicitly for EDA based on the

barriers estimated here. The energetics of mercaptan deprotonation by EDA are

summarised in Table 3.3. It is again noted that B3LYP-D3 consistently underes-

timates the activation free energy and relative free energies of the products, and

in the case of H2S suggests barrierless protonation. Although the geometry of

the TS for deprotonation of CH3SH was confirmed on the B3LYP PES, energies

calculated at CCSD(T) with SMD single point corrections yield a barrier less

than the relative energy of the products.

Although the formation of CO2, COS, and CS2 zwitterions with EDA is more

thermodynamically favourable than the formation of a EDAH+-SH– pair, the

barriers are higher. It is then possible CO2 will interact with products of proto-

nated EDA (by H2S) and in turn H2S with the products and derivatives of CO2
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Figure 3-7: Structures of the g’Gt EDA-H2S complex, TS and product (a) reaction
profile of EDA with H2S and CH3SH (b) and structures of EDA· · ·CH3SH complex,
TS and product (c)

Table 3.3: Summary of mercaptan absorption energetics (kcal/mol)

Mercaptan ∆G‡B3LY P−D3 ∆G‡CCSD(T ) ∆GProd
B3LY P−D3 ∆GProd

CCSD(T )

H2S 3.9 8.5 0.2 5.8
CH3SH 7.9 13.3 8.1 13.4

∆GComplex→TS
B3LY P−D3 ∆GComplex→TS

CCSD(T ) ∆GComplex→Prod
B3LY P−D3 ∆GComplex→Prod

CCSD(T )

H2S −0.7 0.9 −4.4 −1.8
CH3SH 5.8 4.7 −2.8 4.8
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absorption onto EDA - this is further explored in Section 3.2.3.

3.2.2.3 pKa estimation

The pKa of the zwitterionic species of CO2, COS and CS2 and carbamate deriva-

tives are estimated and presented in Table 3.4. All species are labeled with the

acid site in red. The conformers used in pKa estimates are included in the same

table, with similar notation to that previously. No orientation symbol is given

to fully protonated quaternary amines, but in the zwitterions formed with CO2,

COS and CS2 the position of addition is labeled in blue. The pKa of solution

species indicates the propensity to absorb H2S, where recent experimental studies

specifically correlate increases in amine pKa with H2S capacity.168

There are several factors that influence the estimation of pKa by quantum

chemical methods, covered in a recent case study by Haworth et al. 170 . Here the

lowest energy conformers found in the SCRF are used, and where possible with-

out an intramolecular hydrogen bond (iHB) as that may over-stabilise the acid or

its conjugate base yielding inaccurate pKas.
170 The estimation of pKa1 for EDA

by the direct method is remarkably accurate though it does not extend to the

second dissociation constant for EDAH2
2+, where the solvent model is unable to

account for strong solute-solvent interactions.171 In the case of EDAH2
2+ where

both reactant and product are the lowest energy conformers found (T→ g’G) the

pKa is underestimated by over 3 units. In contrast, when the reactant is the low-

est energy conformer and the product is the closest low energy conformer to the

reactant as in T→ gT, the estimate is not as poor c.a. 1.9 units, where the differ-

ence for the T→ g’G path is due to the internal rotation and overstabilisation of

the gauche conformer. The same effect is seen in the estimate for EDAH+COO–

where if the conformer which contains strong intramolecular bonding, gG, is used

the pKa is 3 units higher than with the trans gT conformer, where the relative

energy of the gG (0) and gT (4.2) conformers accounts for the difference in pKa.

Given the relative energy difference, the gauche form of EDAH+COO– is more

likely to be found in solution (at ∼1000:1) and as such closely resembles the ex-

perimental value of 10.11.157 Intramolecular hydrogen bonds do not always cause

large deviations in pKa estimates, as with EDAH+COOH, where the relative dif-
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Table 3.4: pKa of EDA and carbamate derivatives. Direct and PEX refer to the
pKa’s calculated via the direct and proton exchange methods, respectively, which are
described in Section 3.1.

Species Direct PEX Exp.

EDAH+

g’G → g’Gg 9.98 11.78 9.92169

EDAH2
2+

T → g’G 3.47 5.26
6.86169

T → gT 4.96 6.76

EDA+CO2
–

g’Gt → tGt 2.75 4.54
N/A

gTt → tTg’ 2.28 4.07

EDA+COS–

g’Gt → g’Gg 2.10 3.90 N/A

EDA+CS2
–

g’Gt → g’Gg 1.65 3.44 N/A

EDAH+COO–

gG → tGt 9.22 11.01
10.11157

gT → tTg’ 6.25 8.05

EDACOOH

tGt → tGt 5.41 7.20
N/A

gTt → tTg’ 5.16 6.96

EDAH+COOH

g’G → tGt 7.46 9.26
N/A

tT → tTg’ 7.48 9.27

g’G → tGt 3.65 5.45
N/A

tT → tTg’ 6.38 8.18
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ference between the conformer with (0) and without one (1.2) does not cause a

significant difference. Generally zwitterionic species stabilised by an iHB make a

poor choice of conformer for pKa estimates though it is not universal and depends

on the relative energy of the stabilised conformer to that without.

Estimation of pKa by the PEX method with methylamine as a reference acid

shifted each value according to the aqueous free energy of protonation and the

experimental pKa. Though chemically similar to at least EDA, the PEX method

overestimated the pKa for the first dissociation constant by nearly as much as the

correction it applies. The potential issue, as with the direct calculation of pKa2

of EDA, is the treatment of strong solute-solvent interactions which can not be

accounted for with the SMD solvation model alone.

The zwitterions following CO2, COS and CS2 absorption are highly acidic

and increase in strength as sulfur replaces oxygen. The pKa of free amine sites

are consistently higher (or less acidic) than carbamic acid sites and are the likely

interaction sites for zwitterion or mercaptan deprotonation. pKa estimates by

the direct method of H2S and CH3SH yield 13.1 and 18.3, respectively, which

although correctly identifies the trend in acidity, significant overestimates the dif-

ference, where experimental values are 7 and 10.4, respectively.172,173 The large

deviation from experiment is due to the the poor treatment of sulfur by the sol-

vation model, SMD.136 The pKa of species in Table 3.4 relative to mercaptans

(H2S and CH3SH) suggest that neutral EDA may participate in proton exchange,

though the energetics presented in Figure 3-7 suggests it is thermodynamically

unfavourable. The main method for mercaptan absorption is more likely to be

direct hydrolysis as in Eqn. 3.16, given the pKa of water is 14.0.169 The inter-

action of H2S, SH– and CO2 with EDA and its derivatives may still however be

favourable, such that total solution capacity is not dictated by water hydrolysis

or carbamate formation only. This is explored in the following section.

3.2.3 Interaction of product derivatives

As the expected quantity of H2S and other mercaptans in well gas is generally

low (ca. 2-3%),7,174 the combinatorial interactions of COS, CS2 and CH3SH with

possible derivatives have not been considered, limiting the scope to the major
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contaminants: CO2 and H2S, and products generated due to absorption thereof;

EDAH+, EDAH2
2+, EDACOO– and SH– . According to the pKas determined,

EDAH+ may form by protonation by H2S or CO2, COS or CS2 zwitterions while

EDAH2
2+ may only be generated by zwitterions deprotonation.

3.2.3.1 EDA and derivatives with CO2

When the ratio of H2S to CO2 is high, the proportion of protonated amines

increases which is anticipated to reduce not just direct carbamate formation by

blocking active sites but by additionally acidifying the solution. The structure and

free energy of complex formation of EDA, EDAH+ and EDAH2
2+ with neutral

CO2 is presented in Table 3.5 to assess blocking of the carbamate pathway. (Note:

With each protonation of the amine group, the conformer notation drops the

character that identifies the position of the nitrogen lone pair.)

The complexes formed between neutral EDA and CO2 were largely aligned

with the reaction coordinate for nucleophilic addition into the nitrogen lone pair,

where the distance between nitrogen and carbon ranges from 2.9 to 3 Å. The

energetics of complex formation are not significantly affected by method and

basis set, where at the CCSD(T)/aug-cc-pvdz//SMD/B3LYP-D3/aug-cc-pvdz

level complex formation of the g’Tt conformer (see Figure 3-5(c)) is comparable

at 5.1 kcal/mol. Complexes of EDAH+ and CO2 were investigated to check for

favourable electrostatic interaction of the CO2 quadrupole with the quaternary

amine, and the formation of complexes along the reaction coordinate of the free

amine. Though CO2 will orient towards the quaternary amine in gG and tG

conformers, there is no thermodynamically favourable interaction. The formation

of complexes along the reaction coordinate with the free amine is unlikely because

in its lowest energy conformer, g’G, the N lone pair is engaged in an iHB, blocking

reaction with CO2. As with neutral EDA, the N lone pair in EDAH+ was oriented

so as to facilitate CO2 reaction in the tG conformer. Since the binding free energy

is corrected for the initial conformer, and isolated tG EDAH+ is 1.6 kcal/mol

above g’G, the complex formation represents 7.5 kcal/mol, nearly double that

seen for neutral EDA in the tGg’ case.

The reaction profile of CO2 addition to tG EDAH+ was examined at the
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Table 3.5: Structures (distances in Angstroms) and free energies (in kcal/mol) of com-
plex formation between protonated EDA derivatives and CO2.

Species CO2

EDA

5.2
gGg

5.6
gGg’

3.9
tGg’

EDAH+

5.5
gG

7.4
tG

5.2
g’G

5.9
tG

EDAH2
2+

-1.9
G
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Figure 3-8: Structures of g’Gt EDAH+-CO2 complex, TS and product (a) reaction
profile of EDAH+ with CO2 (b).

previous level of theory and presented in Figure 3-8(a). Though the activation

barrier is not significantly different to that of the neutral gauche EDA, 11.8

vs 8.8 kcal/mol, and actually the same as in neutral trans EDA, the relative

energy of the zwitterion intermediate is much higher (>6 kcal/mol) owing to

faster reverse reactions and fewer carbamates forming via this pathway. The only

favourable interaction with CO2 is for doubly protonated EDAH2
2+, where car-

bamate formation is blocked and electrostatics dominate, however EDAH2
2+ is

likely to be strongly solvated, and CO2 displaced by water around the hydrogen

bonding quaternary amine donors (See Section 3.2.4). Protonation of EDA re-

duces absorption of CO2, as the path to carbamate formation is blocked, while

the second protonation blocks carbamate formation entirely, where only minor

electrostatic interactions are present. Given the pKa of carbonic acid and bicar-

bonate (5.36 and 10.33 respectively),169 the interactions of EDA, EDAH+ and

EDAH2
2+ with CO3

2– HCO3
– and H2CO3 were not considered as the majority

of dissolved carbon exists as carbamate.157 Additionally, the formation of bicar-

bonate is anticipated to be slower than the direct formation of EDA carbamate

(unless EDA is at capacity).
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3.2.3.2 EDA and derivatives with H2S

As the solution becomes more acidic, through CO2 or H2S absorption, the capac-

ity for H2S is expected to reduce as the active sites for absorption are occupied.

The interactions of EDA, EDAH+ and EDAH2
2+ with H2S and SH– are presented

in Table 3.6. Interactions with the bare S2– anion were not considered as it is

not expected to exist in aqueous solution.172

The majority of interactions between protonated variants of EDA and H2S and

SH– are unfavourable with the exception of between EDAH2
2+ and SH– , similar

to that previously with CO2 where electrostatic interactions dominate due to the

charge difference and favourable complexes may arise. This interaction is predi-

cated on the second protonation of EDA, which may only occur through reaction

with a zwitterion intermediate, and is unable to be generated by mercaptans

alone. In this way, the capacity for H2S is increased if CO2 is present. It is noted

that the formation of the H2S and EDA complex at each amine site is effectively

equivalent, being marginally higher in the tGg’ case as the iHB is disturbed. As

complex formation is similar, it’s expected that the barrier for proton transfer to

EDA by H2S to either amine site is equivalent.

Where simultaneous absorption of CO2 and H2S occurs, both H2S and SH–

may interact with carbamate derivatives and the pKa of the free amine will be

sufficient to strip a proton from H2S. The interactions of a gauche monocarba-

mate, the primary carbamate product, with H2S and SH– are presented in Table

3.7.

As per the pKa estimation, H2S and EDACOO– forms a protonated car-

bamate with weak residual binding of products; more-so than between SH–

and EDAH+ where the iHB due to the carbamate is weaker than that in g’G

EDAH+. The converged structure of EDACOO– with SH– settled at > 20 Å

separation due to significant electrostatic repulsion, where carbamate is not sta-

bilised by intramolecular charge transfer and cannot accommodate additional

anion interaction. EDAHCOO– with SH– forms effectively the same conformer

as EDACOO– H2S with slight changes in energetics while EDAHCOO with H2S

forms with similar energetics to EDAH+ with H2S where there is no favourable

interaction. These results are consistent with experiments where the capacity for
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Table 3.6: Structures and free energies of complex formation between protonated EDA
derivatives and H2S (kcal/mol). Distances in Angstroms.

Species H2S SH–

EDA

1.810

5.0
tGg’

1.776

4.7
tGg’

2.672 2.663

3.9
gGg

2.591

3.8
gGg

EDAH+

3.417

9.6
g’G

2.937

7.9
g’G

2.556

3.4
g’G

2.172

2.0
g’G

3.424

8.6
g’G

3.205

8.1
g’G

EDAH2
2+

3.508 3.169

8.9
gG

2.581

7.4
G

2.068

-2.1
G

2.151 2.172

-6.0
G

2.775

8.4
G
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Table 3.7: Free energy changes for H2S derivatives interacting with EDA derivatives
(kcal/mol). Distances in Angstroms.

Species H2S SH–

EDACOO–

1.784
2.176

-0.02
gG

EDAHCOO–

2.675
1.718

8.9
gG

1.781
2.177

-0.8
gG
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H2S in EDA decreases as the aqueous carbon dioxide concentration is increased.175

The weakly bound bisulfide is easily displaced from EDA and its derivatives, and

protonated by newly forming CO2 zwitterions (pKa ∼2.5) or carbonic acid (pKa

∼5.35).

3.2.4 Effect of explicit solvent on CO2 zwitterion energet-

ics

Given the implicit treatment of the solvent by SMD, the effect of explicit mi-

crosolvation was applied to neutral gauche conformers to examine differences in

conformer energy, formation of the CO2 EDA pair and relative energy of the

CO2 zwitterion. Including explicit water molecules has been shown to reduce

activation energy barriers for primary amines,176 and shift the interaction energy

between CO2 and amines towards being more negative.12 The addition of explicit

water increases computational cost and the configuration space, where ideally

only a single water would be necessary to provide an adequate description of

solute-solvent interactions to reduce complexity, though it is often insufficient.177

Unfortunately, the number of explicit molecules necessary to achieve an accu-

rate representation of the solvent is beyond quantum chemical methods alone,

though with just five explicit waters good estimates of solvation free energies can

be obtained (within 2 kcal/mol).75,178 Structures of neutral EDA in gauche gGg

and g’Gt conformers were optimised with three and five explicit waters at the

B3LYP/6-31G* level of theory in gas phase and solvent model SCRF to examine

the difference in absolute free energy. Water molecules were initially placed where

strong solute-solvent interactions are anticipated, at hydrogen bonding acceptor

and donor locations around amine sites. The differences between gas phase and

SCRF structures and their relative free energies are presented in Figure 3-9, where

the column GP or SMD indicates the optimisation environment and Gaq is the

free energy in solvent. In the GP column ∆G∗solv is added for comparison to the

SCRF optimised value.

Structures optimised in the presence of the solvent SCRF model demonstrate

larger interatomic distances where the an amine acts as a hydrogen bond donor

and shorter when it is a donor, when compared to structures generated in the gas
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Figure 3-9: Relative free energies of neutral EDA with water clusters with respect to
original gas phase conformer (kcal/mol). Distances in Angstroms.

EDA
3 H2O 5 H2O

GP SMD GP SMD

gGg

Gsolv -21.8 -17.8 -25.1 -22.6

g’Gt

Gsolv -15.1 -17.3 -21.7 -23.8
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phase. The hydrogen bonding donor ability of EDA is observed to be less signif-

icant than its acceptor behaviour, reflected in the average h-bond distances for

each, ∼2.20 Å and ∼1.75 Å for donor and acceptor, respectively, consistent with

molecular dynamics simulations.159 As the surrounding water is free to respond

to the dielectric constant of the solvent, rather than the solute in isolation, the

stronger solute-solvent effects dominate. The changes in structure cause shifts

of a few kcal/mol between single point solvation of gas phase structures and full

optimised structures in the solvent SCRF. With three and five explicit waters,

the gas phase structures with solvent corrections do not agree with the relative

difference between gGg and g’Gt conformers determined at the CCSD(T)/aug-

cc-pvdz//SMD/B3LYP-D3/aug-cc-pvdz level (∼1 kcal/mol); in fact the reverse

is seen for both. With 3 H2O the SCRF optimised structure yields the same

trend though overestimates the difference in stability, since in the g’Gt 3 H2O

structure only one amine is solvated with a hydrogen bonding donor. With 5

H2O in the SCRF, the same relative energy difference is found as determined

with the implicit solvent, where both amines are solvated and both conformers

show similar water chains circling the hydrophilic region of EDA. Given the ex-

pense of optimising in the solvent SCRF, the energetics of CO2 addition into

neutral EDA was determined with the following thermodynamic cycle (Figure

3-10), where gas phase optimisation and single point solvation calculations were

used to approximate solution phase energies as calculated in Eqn 3.8.

EDA(H2O)m(g) +CO2(H2O)n(g)

∆G◦gas- EDA+COO−(H2O)m+n(g)

EDA(H2O)m(aq)

∆G◦→∗ ∆G∗solv

?

+CO2(H2O)n(aq)

∆G◦→∗ ∆G∗solv

?
∆G∗aq- EDA+COO−(H2O)m+n(aq)

∆G◦→∗ ∆G∗solv

?

Figure 3-10: Thermodynamic cycle to determine the aqueous free energy of
EDA+COO– zwitterion formation.

The results obtained are summarised in Table 3.8. Firstly, it is noted that

the zwitterion intermediate is stable in the gas phase and when under microsol-

vation conditions, as also reported by Hall and Smith 179 . There is no clear trend

57



Table 3.8: Relative free energies of EDA· · ·CO2 solvent-separated structures and zwit-
terions (kcal/mol). Number of explicit water molecules in the reactant geometries
represented by m and n for EDA and CO2, respectively, corresponding to the thermo-
dynamic cycle shown in Figure 3-10.

EDA(H2O)m CO2(H2O)n
Solvent Sep. Zwitterion

Conf. ∆Ggas ∆Gaq Conf. ∆Ggas ∆Gaq

3 tGg’ 1 gGt 3.9 3.0 g’Gt 8.1 3.8
3 g’Gt 2 g’Gt 6.4 17.2 g’Gt 7.0 0.9
5 gGg 1 gGg 5.1 8.5 g’Gt 18.1 13.2
5 g’Gt 2 g’Gt -2.9 -6.9 g’Gt 9.5 2.0

in the aqueous free energy of the solvent separated states or of the zwitterion

intermediate as the number of explicit waters is increased. This is largely due to

the preferential interaction of EDA with explicit water and ejection of CO2 such

that no consistent local minimum is retained as explicit water is increased. In

an attempt to achieve some consistency, initial geometries for optimisation were

set such that CO2 was aligned with the reaction coordinate for addition, where

more often than not the resulting structure was the zwitterion intermediate - the

example of the five water solvent-separated states and zwitterions are shown in

Figure 3-11.

The structure in Figure 3-11(a) resembles the transition state for formation

of EDAH+ and HCO3
– by the base-catalysed hydration mechanism, though this

has been previously estimated to be an unlikely reaction pathway for EDA.61 The

more energetically favourable pathway is by the zwitterion intermediate, in the

same Figure (b). The barrier formation of the g’Gt zwitterion (addition at g’ site)

was not evaluated previously though is anticipated to sit closer to addition to g’Gt

than g’Tt, given the propensity for gauche EDA derivatives to form intramolecular

bonds thereby stabilising the transition state. The anomalously high free energy

of the 6 H2O zwitterion is explained by the sporadic water clustering and minimal

solvation around the carbamate moiety, especially in comparison to the 7 H2O

zwitterion structure - both present in Figure 3-12.

The isolated clusters in Figure 3-12(a) raise the energy of the structure by a

few kcal/mol. In addition, the COO– carbamate site and quaternary amine are
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Figure 3-11: Structures and relative free energies of (a) solvent-separated and (b) zwit-
terionic EDA· · ·CO2 with 5 H2O. Gas phase free energies of product with aqueous
relative free energies in parenthesis. Distances in Angstroms, energies in kcal/mol.

6.4 (17.2) 8.1 (3.8)
(a) (b)

Figure 3-12: Structures and relative free energies of (a) 6 H2O and (b) 7 H2O zwit-
terionic EDA· · ·CO2. Gas phase free energies of products with aqueous relative free
energies in parenthesis. Distances in Angstroms(Å), energy in kcal/mol.

18.1 (13.2) 9.5 (2.0)
(a) (b)
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minimally solvated explicity and therefore rely on the solvent model to approxi-

mate strong short range contributions to the free energy. The hydrated zwitterion

in Figure 3-12(b) represents a lower energy structure because the water cluster

is in a more favourable arrangement,143 since the more significant solute-solvent

interactions are treated explicitly. The hydrogen bonding character of zwitterions

is sufficiently different to the solvent separated structures, where their behaviour

is similar to neutral EDA. Due to the high acidity of the zwitterion amine, es-

timated previously, the hydrogen bond distance decreases to 1.79 Å across all

hydrated structures and to just 1.72 Å in that of Figure 3-12(b). The nega-

tive carboxylate group does not interact as strongly with explicit solvent, where

its averaged hydrogen bonding acceptor distance across hydrated zwitterions is

1.90 Å.

Unfortunately, increasing the number of explicitly defined solvent molecules

does not lead to any systematic improvement of the relative energy of the zwit-

terion. The free energy of the zwitterion and solvent-separated states are very

sensitive to water number, position, orientation and clustering. A similar exam-

ination of the interaction between H2S and EDA proved difficult for the same

reasons. More rigorous sampling methods would be necessary to obtain reason-

able estimates, such as Monte Carlo or QM/MM.180

3.3 Summary

Computational results determined herein and surveyed literature support the ab-

sorption of CO2, COS and CS2 in aqueous EDA by a zwitterion intermediate

mechanism where reactivity follows the same order. Estimates of the formation

rate of the CO2 zwitterion agree well with experimental observations, where min-

imal experimental rate data exists for COS and CS2 zwitterion formation, though

the results here fit the trend in expected reactivity. Mercaptan absorption onto

EDA is found to be less thermodynamically favourable than zwitterion forma-

tion of electrophiles, where H2S uptake may initially be faster than CO2 but its

capacity is lower in competitive absorption, which agrees well with experimental

observations. The pKa of EDA and derivatives thereof were estimated, and, where

available, compare reasonably with experimental values. These estimates suggest
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where potential secondary interaction between EDA derivatives and natural gas

contaminants could take place. By examining the products of absorption and

acid gases, it was found that there is no significant interaction between absorp-

tion products except where significant differences in species charge are present.

Lastly, the effect of explicit water on the energetics of CO2 zwitterion formation

was examined, where no convergence of the energetics was observed due to a lack

of conformational sampling of the solvation environment.
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Chapter 4

Solvation and complexation of

copper(II)

The second step in the EMAR cycle is the complexation of EDA with aqueous

copper, where reducing EDA concentration also reduces the CO2 solubility. The

complexation energetics of copper and EDA are thus investigated with a number

of density functionals. The drawback common to all functionals used is the

solvation environment, and so explicit definition of at least the first solvation

shell around copper is included in the majority of simulations. Given the pKa

of aqueous metal cations, variation in the first solvation shell on complexation

energetics is examined.
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4.1 Methods

Initial conformers of copper(II) complexes were generated with the MMFF94

forcefield implemented in Avogadro as octahedral complexes (six-fold coordina-

tion) around the metal centre.137 Given the difficulty of including charge transfer

effects and the ability to predict the Jahn-Teller distortion of copper(II) com-

plexes (discussed herein), quantum mechanical methods were used to examine

the structure and energetics of ligand substitution. All quantum chemical cal-

culations were performed in NWChem.138 A number of density functionals were

used in the optimisation of water and ethylenediamine copper(II) complexes,

with initial conformers optimised in gas phase, with subsequent solvent correc-

tions by the COSMO and SMD solvent models135,136. To reduce computational

cost, structures were first optimised with a double-zeta quality mixed basis set, 6-

31+G*/LANL2DZ, employing the Los Alamos basis set for copper and 6-31+G*

on remaining atoms (herein denoted as BS1).127–129 Further optimisation was

peformed with triple-zeta mixed basis sets, with LANL2TZ+ on copper and

6-311++G** on remaining atoms (herein denoted as BS2),181 where it is rec-

ommended diffuse functions are necessary to yield accurate energies of solvated

copper(II) complexes.182

All structures were confirmed to be a minimum on the PES by examining hes-

sian eigenvalues in the relevant environment i.e. gas phase or solvent SCRF. In

some cases, optimisation with the BS2 basis set yielded negative hessian eigenval-

ues, in which case single point energies at the previously BS1 optimised geometry

were performed with the larger BS2 basis set, where zero-point energy corrections

were included at the BS1 level (noted in text where applicable). Basis set super-

position error was corrected for with the counterpoise method using the relevant

basis set and density functional.

Species gas and aqueous phase free energies are calculated according to the

equations described in the previous chapter; 3.6 and 3.7, respectively. The sol-

vation free energy of a bare Cu2+ and the [Cu(EDA)]2+ complex is examined

through the generic thermodynamic cycle for the solvation of ions in Figure 4-1,

referred to in text as the cluster cycle.
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A±(g) + (H2O)n(g)

∆G◦gas- A±(H2O)n(g)

A±(aq)

∆G◦→∗ ∆G∗solv

?

+ (H2O)n(aq)

∆G◦→∗ ∆G∗solv

?
∆G∗aq- A±(H2O)n(aq)

∆G◦→∗ ∆G∗solv

?

Figure 4-1: Thermodynamic cycle for the calculation of ∆G∗solv(A
±)

Here the solvation free energy is then given by:

∆G∗solv(A
±) = ∆G◦gas + ∆G∗solv(A

±(H2O)n)−∆G∗solv((H2O)n)

−∆G◦→∗ −RTln([H2O]/n) (4.1)

Application of the above cycle requires the gas phase free energy and solvation

free energy of water clusters. The optimal number of water molecules used in these

clusters was determined by Bryantsev et al. 143 , and subsequently employed here.

They are treated with the same BS1 and BS2 basis sets and functional as copper

complexes for consistency.

The aqueous complexation free energy of ethylenediamine to aqueous Cu(II)

was then estimated with the thermodynamic cycle in Figure 4-2.

[Cu(OH2)n]2+
(g) + EDA(g)

∆G◦gas- [Cu(EDA)(OH2)n−2]2+
(g) + 2H2O(g)

[Cu(OH2)n]2+
(aq)

∆G◦→∗ ∆G∗solv

?

+ EDA(aq)

∆G◦→∗ ∆G∗solv

? ∆G∗aq- [Cu(EDA)(OH2)n−2]2+
(aq)

∆G◦→∗ ∆G∗solv

?

+ 2H2O(aq)

∆G◦→∗ ∆G∗solv

?

Figure 4-2: Thermodynamic cycle for calculation of the complexation free energy of
Cu(II) with EDA in water

The aqueous free energy of complexation is then:

∆G∗aq = ∆G◦gas + ∆∆G∗solv + ∆G◦→∗ + 2∆Gl→∗ (4.2)
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As this cycle treats each water molecule as an individual reactant (in contrast

to the cluster cycle) and since water is also the solvent, a correction term for

the concentration change from bulk liquid to the standard state in solution, 1

M, is necessary i.e. ∆Gl→∗ = RTln([H2O]). Where neither of the two above

thermodynamic cycles is employed, the reaction free energy is calculated simply as

the difference between total product and reactant free energies (defined previously

in Eqn. 3.4). Analysis of the electronic structure of some solvated copper(II)

complexes was performed with the Natural Bonding Orbital183 package, where

the natural charge on the metal centre and surrounding ligands was tallied to

assess charge transfer to the second solvation shell, if present.

The notation used to describe stereoisomers of metal chelate complexes fol-

lows that of Jensen 184 . The helical system that results from polydentate ligand

complexation is simplified and illustrated in Figure 4-4. A projection of those

skew lines, AA and BB, are shown in Figure 4-3, where circles A identify the lig-

ating atoms (which lie on the skew line AA), and B their neighbours (on skew line

BB).* This notation is used for all mono, bis and tris-ethylenediaminecopper(II)

complexes.

A A

B

B

M

(a) δ - delta

A A

B

B

M

(b) λ - lambda

Figure 4-3: Projection of skew lines, AA and BB, from Figure 4-3. Circles A signify
ligating atoms, B the neighbouring atom and M the metal centre. Projection of right-
handed helix (a) and left-handed helix (b). Notation used for mono, bis and tris
metal-ligand complexes.

All images of molecular conformers were generated with Chemcraft,147 using

the Gaussview colour scheme: hydrogen - light grey; carbon - dark grey; nitrogen

- blue; oxygen - red; copper - orange.

*In the case of ethylenediamine, A would represent a nitrogen atom,and B a carbon atom.
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2 Nomenclature of Absolute Configurations Based on the Octahedron Inorganic Chemistry

A A

Figure 2.—Two skew lines AA and BB which are not orthog-
onal define a helical system. In the figure AA is taken as the
axis of a cylinder whose radius is determined by the common
normal NN of the two skew lines. The line BB is a tangent to the
above cylinder at its crossing point with NN and defines a helix
upon this cylinder by being the tangent to it at this crossing point,
(a) and (b) illustrate a right- and a left-handed helix.

B B

A—a a---— a

B

(a)   or   (b) A or a

Figure 3.—The figure shows pairs of non orthogonal skew lines
in projection upon a plane parallel to both lines. The fully drawn
line BB is above the plane of the paper, the dotted line AA below
this plane, (a) corresponds to (a) of Figure 2 and defines a right-
handed helix, (b) corresponds to (b) of Figure 2 and defines a
left-handed helix.

of no importance. However, the singularities at in-
finite steepness, where the skew lines become parallel
lines, and at vanishing steepness, where the lines be-
come orthogonal, should be noted. Here an infinitely
small rotation of one line relative to the other about their
common normal will change the helicity from right-
handedness to left-handedness or vice versa. It is
obvious that as the representation of our physical
situation approaches these singularities the helicity
becomes undefined (see Figure 13).

3. Application to Configuration
3.1. Representation to Chelate Rings.—A chelate

ring of a six-coordinated complex, whose ligators form
an approximate octahedron, is represented by the edge
determined by its two ligators. If two such edges are

skew the pair can, without any further conventions,
be associated4 with either (a) or (b) of Figure 3. This
is the basis of the present proposal for nomenclature of
absolute configurations for ds-bis-bidentate and tris-
bidentate systems.

Two heavy line edges which are neither neighboring
edges having a common vertex, nor opposite edges, will
in an octahedron form a pair of skew lines. This pair
always has the same relative position as that of a cis-
bis-bidentate complex.

In Figure 4 is seen the representation of the ds-bis-
bidentate complex of Figure 1 (b) redrawn so as to
conform to Figure 3, and for the particular absolute
configuration to Figure 3 (a). To the corresponding
tris complex [Figure 1 (a) ] is attributed the same desig-
nation because its three heavy line edges are equivalent
and therefore also the three possible pairs of heavy line
edges. This is illustrated in Figure 5.

Figure 4.—The bis-bidentate complex of Figure 1 (b) redrawn
so as to become associated with Figure 3 (a) and thus to become
designated by  .

(b)   (c)   (d)   (e)  

Figure 5.—(a) and (b) show the tris-bidentate system of Figure
1 (a) redrawn in two different ways. Since each of the bidentate
ligands has lost its individuality by being represented only by the
edge which it spans, the threefold axis of symmetry of the octa-
hedron applies also to the present system, (a) shows the system
in projection on a plane orthogonal to its threefold axis, (c), (d),
and (e) each illustrates one of the three possible pairs of bidentate
ligands oriented so as to refer to (b). (c) is associated with
Figure 3 (a), and thus is designated by  . The same must hold
true also for (d) and (e) because the threefold axis makes the
three pairs of representations of bidentate ligands equivalent.

3.2. Some Examples of Polydentate Systems.—It
is straightforward to extend the application of the
above rules to more complex situations involving poly-
dentate ligands. It is by analogy with the tris-bidentate
case (Figure 5) only a matter of studying the inter-
relations between all the chelate rings whose corre-

sponding edges form a pair of skew lines, i.e., all the
ring pairs whose relative position is the same as in a

m-bis-bidentate complex. Now one might count up
all such contributions and designate the complex
situation by   if the number of   contributions from
the individual pairs exceeds the number of A contribu-

(4) In connection with the singularities mentioned above it should be
noted that by moving the ligators away from the ideal octahedral positions
a gradual transition from the situation of Figure 3 (a) to that of Figure 3
(b) is possible without a change of absolute configuration. However, for
this to occur the distortions must be so great that one would no longer think
of calling the complex octahedral. Further such cases are unknown.

Figure 4-4: The two skew lines AA and BB (non-orthogonal) form a helical system.
Line AA is taken as the axis of a cylinder, whose radius is formed by the common
normal NN of the two skew lines. The line BB defines the helix upon this cylinder,
tangent at the crossing point NN, forming a right-handed helix (left) and left-handed
helix (right), denoted δ and λ, respectively.*

4.2 Results and Discussion

4.2.1 The copper(II) ethylenediamine complex in EMAR

The competing reactions of ethylenediamine with CO2 and aqueous copper(II)

are the means by which the EMAR process is able to moderate aqueous CO2

content. When aqueous copper(II) is introduced into solution via the anode, the

equilibrium is shifted to the right for Eqns. 4.3 and 4.4 and to the left for Eqn.

4.5.� While the previous chapter examined the energetics of reaction 4.5, this

chapter focuses on the energetics of reactions 4.3 and 4.4.

*Reprinted (adapted) with permission from Inorganic Chemistry, Volume 9, Issue 1, 1
January 1970, Kai Arne Jensen, Tentative proposals for nomenclature of absolute configurations
concerned with six-coordinated complexes based on the octahedron, 1-5. Copyright (2020)
American Chemical Society. Copyright license in Appendix A.

�Where the ratio of Cu:EDA >> 3, the trisethylenediamine copper(II) complex may form,
though this it is not significantly observed in EMAR operation.
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Cu2+
(aq) + EDA(aq) −−⇀↽−− [Cu(EDA)]2+

(aq) (4.3)

[Cu(EDA)]2+
(aq) + EDA(aq) −−⇀↽−− [Cu(EDA)2]2+

(aq) (4.4)

H2N(CH2)2NH2(aq) + CO2(aq) −−⇀↽−− H2N(CH2)2NHCOO−(aq) + H+
(aq) (4.5)

The complexation energetics for these reactions have been extensively studied

experimentally, where the values from Barbucci et al. 185 are used in the derivation

of EMAR thermodynamics by Stern et al. 44 (and in the process model presented

in Chapter 6), and further summarised in a review by Paoletti 186 . Few studies

have examined these reactions computationally due to challenges in treating the

solvation environment and the distortion in copper(II) complexes due to the Jahn-

Teller effect, discussed herein.

4.2.2 Modelling copper(II) EDA complexation

4.2.2.1 Gas phase structures and solvent corrections

Initial investigations were performed in gas phase, at the B3LYP/BS2 level with

single point solvation corrections applied with the COSMO model. The same

initial MMFF94 structures were optimised in the COSMO SCRF to observe any

structural changes. The free energy of complexation is calculated with the ther-

modynamic cycle shown below in Figure 4-5.*

Cu2+
(g) + EDA(g)

∆G◦gas- [Cu(EDA)]2+
(g)

Cu2+
(aq)

∆G◦→∗ ∆G∗solv

?

+ EDA(aq)

∆G◦→∗ ∆G∗solv

? ∆G∗aq- [Cu(EDA)]2+
(aq)

∆G◦→∗ ∆G∗solv

?

Figure 4-5: Thermodynamic cycle for calculation of the complexation free energy of
Cu(II) with EDA

*The entropy of a gas phase copper(II) ion was estimated with the Sackur-Tetrode equation
as there are no rotational or vibrational contributions to the partition function.187 Enthalpy
calculated with only electronic energy.
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Where, ∆G∗aq is given by:

∆G∗aq = ∆G◦gas + ∆G∗solv([Cu(EDA)]2+)−∆G∗solv(EDA)

−∆G∗solv(Cu
2+)−∆G◦→∗ (4.6)

[Cu(EDA)]2+

1.998

1.985

1.985

89.51°

δ
Grel 2 (16) 0 (0)
∆G∗comp -236 (-139) -238 (-155)

[Cu(EDA)2]2+

83.53° 83.53°

2.067 2.067

2.0672.067

δδ δλ λλ
Grel 0 (0.04) 0 (0) 0 (0.04)
∆G∗comp -139 (-103) -139 (-103) -139 (-103)

Figure 4-6: Gas phase optimised structures of complexes of copper(II) with EDA and
relative energy of conformers (kcal/mol). Relative gas phase free energies quoted below
structures and relative aqueous free energies in parenthesis. Distances in Angstroms,
angles in degrees.

The structures, relative energies of each conformer and free energies of com-

plexation are presented in Figure 4-6. The difference in free energy between

conformers of [Cu(EDA)]2+ in the gas phase accounts for the change in geome-

try of ethylenediamine (similar to differences in conformer energies Chapter 3),

though when solvation contributions are included there is a reasonable change,

where the 16 kcal/mol difference indicates stabilisation of the δ complex due to

the chelate effect. The differences in stereoisomers of [Cu(EDA)2]2+ are negligi-

ble in both gas phase and with COSMO solvent contributions. When solvation

corrections are applied to the free energy of complexation, gas phase values are

shifted by 86-97 kcal/mol more positive for the first complexation and 36 kcal/mol
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for the second. The massive shift in energetics reveals the significant role of the

solvent, though its effects cannot be adequately captured with implicit solvation

models alone.* For quick comparison, the experimental value for complexation of

a single EDA molecule with copper(II) is -14.44 kcal/mol�.185 The complexation

of a single amino moiety with the copper(II) centre will be approximately half

this value, ca. -7 kcal/mol, which is true for methylamine, CH3NH2, where the

free energy of complexation determined experimentally is -5.61 kcal/mol,188 and

estimated with a good accuracy by a mixed implicit-explicit solvation method to

be -5.58 kcal/mol.189

In calculating ∆G∗solv, the solvent model must account for the regions of high

charge around the divalent metal cation before and after complexation. The sol-

vation free energies of bare Cu(II) determined with the COSMO and SMD models

with B3LYP/LANL2TZ+, are -299 and -353 kcal/mol, respectively, where the ex-

perimental value is -507 kcal/mol.189,190 The SMD� model generally outperforms

COSMO as more contributions of the solvation free energy are included, such as

the solvent structural effects. The solvation free energy is generally expressed as

the sum of ∆GENP +GCDS, where GENP encompasses electronic, nuclear and po-

larisation changes to the free energy and GCDS includes contributions of solvent

cavitation, dispersion and local structural changes.136 The COSMO model does

not account for local changes in the solvent structure while SMD does, which is

reflected in the ∼50 kcal/mol difference in estimates.§ The accuracy of the total

solvation free energy estimate can be improved by explicitly defining at least the

first solvation shell around the solute. Metal ions in aqueous media form well-

defined first solvation shells, which have long residence times around the central

cation.191 Polarised by the metal ion, water molecules in the first solvation shell

form strong hydrogen bonds with those in the second shell, which can potentially

*Structures optimised in the COSMO solvent model are not significantly different in ge-
ometry to the gas phase geometries shown, where the average equatorial distances in COSMO
structures decrease by ∼0.03 Å. Additionally, the effect of including dispersion corrections was
examined in [Cu(EDA)2]2+ complexes by optimising with B3LYP-D3. Here equatorial ligand
distances were not significantly impacted, being reduced on average by approximately 0.001 Å.

�Extrapolated to -15 kcal/mol at zero ionic strength.
�∆G∗

solv via SMD is quite sensitive to numerical grid integration density, with 0.025 Ha
(15.7 kcal/mol) difference between fine and xfine presets in NWChem.

§Additionally, COSMO and SMD models use different scaling of atomic Bondi radii in
defining the solute cavity. Discussed briefly in Section 2.5
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be captured in the GCDS term, though generally the accuracy of a solvation free

energy estimate improves as more water molecules are defined explicitly. The

complication is that the second solvation shell is less well defined and as such

only incremental improvements in the result may be observed at greater compu-

tational cost.

4.2.2.2 First solvation shell of Cu2+ and δ-[Cu(EDA)]2+

A number of computational studies have examined the solvation behaviour of

copper (II) with various methods.143,182,192–199 The most successful in reproduc-

ing experimentally observed structures and solvation dynamics are those that

use quantum mechanics to describe at least the first solvation shell around the

metal cation. This permits an accurate representation of the Jahn-Teller effect

of solvated complexes and charge transfer from ligands to the metal centre.* Due

to the d9 electron configuration of copper(II), the partially filled degenerate e∗g
orbitals split, reducing the symmetry (from Oh to Dh) and the total energy. This

manifests as elongation or compression of the octahedral structure, increasing and

decreasing the axial bond lengths, respectively, splitting the e∗g and t2g frontier

orbitals according to Figure 4-7. Beyond the first or second solvation shell, the

remaining solvation environment can be treated with cheaper methods, either by

classical mechanics or an implicit solvation model (e.g COSMO, SMD etc.).

Given the large number of explicitly defined water molecules, a low cost,

reasonably accurate density functional or wavefunction method is necessary. Re-

cent reviews have suggested a number of density functionals recommended for

general transition metal thermochemistry,77,207 where the majority of studies on

copper(II) are performed with B3LYP. The following functionals were used to op-

timise copper(II) with the first explicit solvation shell and its first complexation

with EDA: MPWB1K and MPW1B95,208 B3LYP,115–118 PW6B95,209 PBE0,210

SOGGA11-X,211 M06-L212. The tested functionals are mainly of the hybrid GGA

or hybrid mGGA type, with the exception of M06-L which is a local mGGA.�

*The Jahn-Teller distortion of aqueous copper(II) and copper(II) chelate complexes has
been extensively studied computationally,193,199–206 and is not the focus here.

�GGA - generalised gradient approximation. mGGA - Meta GGA. See Section 2.3 for more
detail.

71



eg

t2g

a1g

b1g

eg

b2g

a1g

b1g

eg

b2g

OctahedralCompressed Elongated
D4h Oh D4h

*

*
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Figure 4-7: Splitting of 3d orbitals of a d9 configuration due to the Jahn-Teller effect

M06-L has been reported to be reasonably accurate for transitional metal chem-

istry and at low computational cost due to the lack of exact exchange.212 The

bond distances of optimised structures with each functional, obtained with the

BS2 basis set, are presented in Table 4.1. Exchange-correlation functionals are

sorted in order of ascending Hartree-Fock exchange in each functional category

i.e. the local M06-L, B3LYP, PBE0, SOGGA11-X (global hybrids), and PW6B95,

MPWB1K, MPW1B95 (meta global hybrids). The notation for bond lengths is

shown in Figure 4-8(a) with the structures of the first coordination sphere around

copper with 6 water ligands (b) and 4 water ligands with one ethylenediamine

ligand (c).

All functionals used generate optimum geometries of a 4 + 2 coordination

nature (equatorial + axial), where the axial ligand bond lengths are compressed

or elongated compared to equatorial ones. Of the functionals tested, three display

compressed geometries, M06-L, SOGGA11-X and MPWB1K, with 0, 40.15 and

44 % exact exchange, where excessively high proportions of exact exchange are not

recommended for transition metal systems.78* Though the compressed forms may

appear as a dynamic Jahn-Teller distortion, they are not observed to be stable

in solution. Functionals that generate structures with an elongated distortion

*Additionally, between 10 and 30% exact exchange is recommended for obtaining accurate
metal-oxygen bond dissociation energies.214
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Mn+
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(a)

Cu2+

H2O
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H2O H2O
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(b)

Cu2+

H2N

H2N

H2O

H2O

H2O

H2O

(c)

Figure 4-8: Notation for ligand bond locations in copper(II) complexes for the first
solvation shell. Equatorial (eq) and axial (ax) ligands denoted around the metal cen-
tre (Mn+) (a), water occupying all ligand sites in [Cu(OH2)6]2+ (b) and ethylenedi-
amine occupying two equatorial ligand sites with water occupying remaining sites in
[Cu(EDA)(OH2)4]2+.

(a)
(b)

Figure 4-9: Structure of [Cu(OH2)6]2+ (a) and δ-[Cu(EDA)(OH2)4]2+ (b) optimised
with B3LYP/LANL2TZ+/6-311++G**

provide reasonable geometries for [Cu(OH2)6]2+*, though when two equatorial

water ligands are replaced by EDA in the delta configuration, the axial water

ligands are displaced further than is experimentally observed. Additionally, the

[Cu(EDA)(OH2)4]2+ structure deviates from the regular tetragonally elongated

octahedron, where axial water ligands are shifted off the principal axis, shown in

Figure 4-9, as more electron density is donated to the metal orbitals via EDA.

The structures generated with B3LYP were further optimised with the disper-

*Where the majority of experiments find elongated octahedral geometries, depending on
the ionic environment of the solution.200,215,216
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Table 4.1: Ligand bond distances (Å) at optimum geometries for the functionals exam-
ined.

Functional Cu-Oeq Cu-Oax

[Cu(OH2)6]2+

Local mGGA M06-L 2.146 ×2, 2.154 ×2 1.984 ×2

Hybrid GGA

B3LYP 2.027 ×2, 2.032 ×2 2.281 ×2
B3LYPa 2.017 ×2, 2.037 ×2 2.278 ×2
B3LYP-D3b 2.016 ×2, 2.034 ×2 2.243 ×2
PBE0c 2.015 ×2, 2.018 ×2 2.259 ×2
SOGGA11-X 2.167 ×2, 2.152 ×2 2.079 ×2

Hybrid mGGA
PW6B95 2.018 ×4 2.252 ×2
MPWB1K 2.143 ×2, 2.156 ×2 2.075 ×2
MPW1B95 2.019 ×2, 2.008 ×2 2.243×2

Experiment213 1.97(1) ×4 2.26(2)×2

Cu-Oeq Cu-Neq Cu-Oax

[Cu(EDA)(OH2)4]2+

Local mGGA M06-L 2.051, 2.070 2.034 ×2 2.371, 2.382

Hybrid GGA
B3LYP 2.058, 2.082 2.039, 2.048 2.417, 2.460
B3LYPa 2.065, 2.057 2.033, 2.035 2.421, 2.355
B3LYP-D3b 2.058, 2.082 2.041, 2.051 2.356, 2.347
PBE0c 2.046, 2.069 2.022, 2.032 2.400, 2.382
SOGGA11-X 2.043, 2.075 2.024, 2.033 2.372, 2.364

Hybrid mGGA
PW6B95 2.053, 2.075 2.032, 2.024 2.395, 2.377
MPWB1K 2.038, 2.060 2.016, 2.025 2.343, 2.341
MPW1B95 2.046, 2.067 2.017, 2.025 2.382, 2.366

Experiment213 1.98(3)×2 2.00(3) ×2 2.31(2) ×2

aOptimised in COSMO SCRF.
bOptimised with B3LYP-D3/6-311(+,+)G(df,pd)/LANL2TZ+ with QChem 5.2
cOptimised with PBE0/LANL2TZ+/6-311(+,+)G(df,pd) in QChem 5.2.

sion corrections of Grimme et al. 121 , and separately within the COSMO SCRF,
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with results shown in Table 4.1. The bond distances are not significantly af-

fected by optimising in the COSMO SCRF, though adding dispersion corrections

contracts the equatorial and axial ligand distances slightly.

The energetics of the first complex formation were calculated with Eqn. 4.2,

where both SMD and COSMO solvent models were used to determine ∆G∗solv,

with results presented in Table 4.2.

Table 4.2: Free energies of complexation with EDA (kcal/mol) to form δ-
[Cu(EDA)(OH2)4]2+ with various XC functionals, and with the first solvation shell
defined explicitly.

Functional ∆G◦gas ∆G∗ COSMO
aq ∆G∗ SMD

aq

M06-L -40.6 -32.3 -29.3
B3LYP -40.4 -32.7 -29.9
B3LYP-D3a -40.8 -33.5 -32.1
PBE0b -38.3 -31.1 -29.9
SOGGA11-X -54.9 -49.1 -46.3
PW6B95 -38.7 -31.2 -28.3
MPWB1K -55.0 -49.5 -46.7
MPW1B95 -51.7 -44.4 -31.0

Exp. -14.4185

aOptimised with B3LYP-D3/LANL2TZ+/6-311(+,+)G(df,pd) in QChem 5.2.
bOptimised with PBE0/LANL2TZ+/6-311(+,+)G(df,pd) in QChem 5.2.

The bond lengths in Table 4.1 suggest M06-L yields the compressed conformer

of [Cu(OH2)6]2+, though the calculated complexation free energy is similar to that

determined with functionals that yield the elongated form of the same complex;

B3LYP, PBE0 and PW6B95. Although SOGGA11-X and MPWB1K functionals

display similar geometries to M06-L, they yield complexation energies 15 kcal

more negative than M06-L and other functionals with half as much exact ex-

change. Excluding SOGGA11-X and MPWB1K, by defining the first solvation

shell the free energy of complexation is closer to the experimental value by >100

kcal/mol due to an improvement in the description of the solvent. The difference

due to the solvent model, often 3-4 kcal/mol, can be attributed to the DFT nu-

merical grid sensitivity, a lack of short-range structural effects considered in the

COSMO model, and extensive parameter fitting of the SMD model to reproduce
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experimental data.

Given the still large discrepancy in the thermodynamics of EDA complexation

to Cu(II) between the present calculated value and experiment, further solvation

of each complex is necessary. Moving forward this will be performed with a

single functional given the expense of explicitly defining greater than 25 atoms.

B3LYP optimised structures show reasonable agreement with experimental data

and have been used previously in the hydration of metal cations including cop-

per(II),143,182,192,195,197,217 and evaluation of complexation thermochemistry.189,218

Bryantsev et al. 189 demonstrated that as the number of explicitly defined

solvent molecules is increased, the free energy of solvation for copper(II) and

complexation between copper(II) and methylamine can be accurately estimated.

Where they define only the first solvation shell, their results for the complexation

of methylamine were approximately ∼2.5 times more negative than the experi-

mental value, which is also observed here.189 Similarly, the thermodynamic cycle

presented in Figure 4-2 was used to determined the free energy of complexation

of copper(II) with ethylenediamine. The solvated structures of copper(II) neces-

sary to calculate the complexation free energy were also used in the cluster cycle

(Figure 4-1) to indicate how well the ion is solvated.

4.2.2.3 Beyond the first solvation shell

Bryantsev et al. 143 identified that specific numbers of explicit water molecules

form low energy clusters, i.e. (H2O)n where n = 6, 10, 14, 18. These same water

clusters were optimised at the level of theory identified above, with structures

presented in Figure 4-10.

Solvated structures of copper(II) were then generated with the same number

of water molecules as above, in gas phase and within the COSMO SCRF. While

Bryantsev et al. 143 used COSMO optimised structures to estimate the free en-

ergy of solvation of copper(II), it is not uncommon in the literature to optimise

in the gas phase and use single point solvation corrections. This is cheaper com-

putationally but can yield erroneous results as optimisation in the gas phase can

generate unfavourable water clustering, as seen in Chapter 3. For this reason,

both gas phase and COSMO structures were optimised independently and their
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(a) (b) (c) (d)

Figure 4-10: Low energy water clusters used in estimation of solvation free energy
of copper(II) and its’ complexes; (H2O)6 (a), (H2O)10 (b), (H2O)14 (c), (H2O)18 (d).
Optimisation was performed in the gas phase with B3LYP/BS2.

structures and relative energies in gas phase and solvent are compared. Struc-

tural parameters for each are summarised and compared in Table 4.3, with gas

phase and COSMO structures presented in Figure 4-11 and 4-12, respectively.

Table 4.3: Structural parameters in solvated Cu(II), [Cu(OH2)n ]2+]. Comparison of
average ligand distances between gas phase and COSMO optimised structures (Å)

Gas phase COSMO SCRF

(H2O)n Cu-Oeq Cu-Oax Cu-Oeq Cu-Oax

6 2.030 2.281 2.027 2.278
10 2.011 2.364 2.015a 2.414a

14 2.026 2.319 2.068 2.355
18 2.025 2.374 2.045a 2.309a

Avg. 2.023 2.335 2.045 2.359

Exp.213 Cu-Oeq 1.97(1) Cu-Oax 2.26(2)

aOptimised with B3LYP/BS1 with single point energy at B3LYP/BS2.

There is no clear trend in the equatorial and axial bond lengths as the number

of explicit water molecules is increased for gas phase or COSMO SCRF optimised

structures. Every structure obtained with B3LYP yields ligand bonds longer than

the EXAFS� experimental data for an aqueous copper(II) nitrate solution.213

Persson et al. 200 showed that the variation of hydrated copper(II) bond lengths

in the presence of various anions is minimal (0.005 - 0.01 Å), although Schwenk

and Rode 192 state a “confidence area” exists for the available EXAFS data in the

�X-ray absorption fine structure
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0 (3.1)
(a) 0 (14.2)

(b) 0 (10.6)
(c)

Figure 4-11: Gas phase structures of solvated Cu2+. [Cu(OH2)10]2+ (a), [Cu(OH2)14]2+

(b), [Cu(OH2)18]2+ (c). Relative gas phase free energy underneath structures (zero as
they are the reference), relative aqueous free energy in parenthesis (w.r.t. COSMO
optimised structures in Figure 4-12) (kcal/mol). Hydrogen bonds are represented by
dashed lines.

literature for aqueous copper(II) of 1.88-2.02 Å for Cu-Oeq and 2.11-2.43 Å for

Cu-Oax.

As more water is added to the system, however, the gas phase and COSMO

SCRF structures deviate more in the second solvation shell. In general, the

average hydrogen bonded distance between water in the first and second shell

decreases as more water is included; from 1.951 Å with 10 H2O, 1.868 Å with

14 H2O to 1.806 Å in the gas phase, and 1.874 Å to 1.816 Å with 10 and 14

H2O, respectively, in the COSMO SCRF. The COSMO SCRF optimised struc-

tures form tighter hydrogen bonded networks between solvation shells, facilitating

more significant through-space charge transfer. When COSMO solvent contribu-

tions are applied to gas phase structures, the resulting aqueous free energies are

consistently higher than those directly optimised in the COSMO SCRF. With the

above structures, the energetics of copper(II) solvation were determined by the

cluster cycle (in Figure 4-1) with both gas phase and COSMO SCRF structures

- results are presented in Table 4.4.

All methods used to determine the solvation free energy, whether with gas

phase or COSMO SCRF optimised structures, trend (approximately) exponen-

tially toward a bulk limit. Gas phase structures with solvation corrections con-

verge around -501 kcal/mol, approximately 1% off the estimated experimen-
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15.0 (0)
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5.2 (0)
(b) -25.6 (0)

(c)

Figure 4-12: COSMO optimised structures of solvated Cu2+. [Cu(OH2)10]2+ (a),
[Cu(OH2)14]2+ (b), [Cu(OH2)18]2+ (c). Relative gas phase free energy underneath
structures (w.r.t. GP optimised structures in Figure 4-11) and relative aqueous free
energy in parentheses (zero as they are the reference) (kcal/mol). Hydrogen bonds are
represented by dashed lines.

tal value -507±4 kcal/mol.146,190 Estimation of the solvation free energy from

COSMO SCRF structures does not converge by n = 18, though is closer to the

accepted experimental value than was determined from the gas phase structures,

at n = 18. If fit to an exponential decay*, the projected solvation free energy of

copper(II) determined with COSMO/B3LYP, ∆G∗solv(n→∞), is -520.8 kcal/mol.

This data is represented graphically in Figure 4-15 (left).

In order to estimate the first complexation energy, an accurate estimate of

the solvation free energy of the [Cu(EDA)]2+ complex is necessary. The two

stereoisomers of solvated [Cu(EDA)]2+ are δ and λ, as depicted in Figure 4-3.

With a full first solvation shell i.e. [Cu(EDA)(OH2)4]2+ the δ and λ conformers

differ by 0.7 kcal/mol at the COSMO-B3LYP/BS2 level in favour of the δ con-

former. The cluster thermodynamic cycle was then applied to determine ∆G∗solv
for δ-[Cu(EDA)]2+, with structures optimised in the gas phase and in the COSMO

SCRF, which are presented in Figure 4-13 and 4-14, respectively, and relevant

structural parameters are summarised in Table 4.5. As with solvated copper(II)

structures, the relative energy in gas phase and COSMO SCRF is positioned

below the structure.

Given water is a stronger hydrogen bond donor than ethylenediamine, the

*∆G∗
solv(n) = ∆G∗

solv(n→∞) + aebn, where a = −70.73 kcal/mol and b = −0.1013.
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Table 4.4: Solvation free energy of Cu2+ ion calculated with the cluster cycle (kcal/mol)

Gas phase optimisation

∆G∗solv(Cu(H2O)n)2+ ∆G∗solv(Cu2+)

(H2O)n ∆G◦gas bind SMD COSMO SMD COSMO

0 -352.7 -299.3
6 -306.3 -195.5 -189.3 -483.9 -481.3
10 -352.3 -168.0 -161.4 -495.0 -493.2
14 -373.4 -157.3 -150.8 -501.1 -500.6
18 -383.3 -150.9 -143.3 -501.4 -500.9

COSMO SCRF optimisation

(H2O)n ∆G◦gas bind ∆G∗solv(Cu(H2O)n)2+ ∆G∗solv(Cu2+)

6 -290.5 -205.7 -482.6
10 -334.2 -180.2 -493.7
14 -342.3 -187.1 -505.7
18a -357.7 -176.2 -508.2

n→∞ -520.8

Exp. -507.0±4189

aOptimised with B3LYP/BS1, SP energy at B3LYP/BS2.

majority of water molecules within the second solvation shell form hydrogen

bonds with those in the first. Only with 18 water molecules is the metal suf-

ficiently solvated that water in the second solvation shell begins to form weak

hydrogen bonds with ethylenediamine amino groups. Differences in the hydrogen

bonding between solvation shells in gas phase and COSMO SCRF structures of

[Cu(EDA)(OH2)n ]2+ are not as significant as those in solvated copper(II). The

average hydrogen bonding distance in gas phase structures increases as the num-

ber of water molecules is increased, from 1.738 Å, to 1.837 Å to 1.859 Å in moving

from 6, to 10, to 14 H2O, while there is no trend for COSMO SCRF structures,

from 1.825 Å to 1.806 Å to 1.830 Å in 6, to 10, to 14 H2O. The average hydrogen

bonding distance correlates well with the natural charge on the metal centre and

four equatorial ligands, where it reduces more slowly than for copper(II) alone

as charge transfer is blocked through the hydrophobic backbone of ethylenedi-
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0 (-3.1)
(a)

0 (15.3)
(b)

0 (0.7)
(c)

Figure 4-13: Gas phase structures of solvated [Cu(EDA)]2+. δ-[Cu(EDA)(OH2)6]2+

(a), δ-[Cu(EDA)(OH2)10]2+ (b), δ-[Cu(EDA)(OH2)14]2+ (c). Relative gas phase free
energy underneath structures (zero as they are the reference), with relative aqueous free
energy in parenthesis (w.r.t. COSMO optimised structures in Figure 4-14) (kcal/mol).
Hydrogen bonds are represented by dashed lines.

amine.* As EDA is a stronger σ donor than H2O, there is an increase in the axial

water ligand distance, though it is more significant in the structures observed

here than from experiment.

The solvation free energy of δ-[Cu(EDA)]2+ determined with the cluster cy-

cle, calculated for both gas phase and COSMO SCRF structures, is presented

in Table 4.6, and displayed in Figure 4-15 (right). Convergence in the solvation

free energy requires fewer explicit water molecules here compared to bare cop-

per(II) as the complexing ethylenediamine ligand donates reasonable charge to

copper(II), i.e. the natural charge on copper in [Cu(OH2)6]2+ is 1.55 versus 1.35

in [Cu(EDA)(OH2)4]2+.� The total charge on copper and coordinated equatorial

ligands in the [Cu(EDA)(OH2)n ]2+ complex compared to that of [Cu(OH2)n ]2+

is presented in Figure 4-16.

Evaluating solvation free energies with COSMO SCRF conformers tends to

yield smoother and faster convergence behaviour, such that evaluation with 18

water molecules was not deemed necessary. The difference between gas phase

*Although the charge on the metal centre and equatorial ligands of [Cu(OH2)18] is greater
than [Cu(OH2)14], slightly more charge has been donated to the metal centre as the natural
charge on Cu shifts from 1.47 to 1.46 moving from 14 to 18 explicit water molecules.

�Natural atomic charges determined with NBO 6.0.
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(a)

6.3 (0)
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23.5 (0)
(c)

Figure 4-14: COSMO optimised structures of solvated δ-[Cu(EDA)]2+. δ-
[Cu(EDA)(OH2)6]2+ (a), δ-[Cu(EDA)(OH2)10]2+ (b) δ-[Cu(EDA)(OH2)14]2+ (c). Rel-
ative gas phase free energy underneath structures (w.r.t. GP optimised structures in
Figure 4-13), with relative aqueous free energy in parenthesis (zero as they are the
reference) (kcal/mol). Hydrogen bonds are represented by dashed lines.

and COSMO SCRF evaluation of ∆G∗solv for copper(II) is less significant than

for [Cu(EDA)]2+ as the first solvation shell is more well defined for the bare ion.

The inconsistent solvation behaviour of gas phase [Cu(EDA)]2+ on increasing ex-

plicit water, is in part due the asymmetric distribution of water molecules around

the copper complex, which avoids interaction with the hydrophobic backbone of

ethylenediamine. Shifts of >15 kcal in ∆G∗solv, from n = 6 to 10, and from n = 10

to 14 (see Table 4.6 and Figure 4-15) would be carried through to estimates of

complexation energies, preventing an accurate extrapolation to a bulk limit. In

some cases, solvated structures with the BS2 basis set did not fully converge,

marked in Table 4.5. Their energy was evaluated at the BS2 level for BS1 op-

timised structures. To check the difference in energy, the δ-[Cu(EDA)(OH2)6]2+

optimised with COSMO at the BS1 level, with single point energy evaluated at

the BS2 basis set is approximately 1.4 kcal/mol higher in free energy than the

COSMO structure fully optimised at the BS2 level. This limits the accuracy of the

solvation free energy prediction at a specific number of water molecules, and will

shift estimates of an extrapolated value. Extrapolating the solvation free energy

with the COSMO SCRF structures (assuming exponential decay with increasing
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Table 4.5: Structural parameters in solvated δ-[Cu(EDA)]2+. Comparison of average
ligand distances between gas phase and COSMO optimised structures (Å)

Gas phase COSMO SCRF

(H2O)n Cu-Neq Cu-Oeq Cu-Oax Cu-C Cu-Neq Cu-Oeq Cu-Oax Cu-C

6 2.044 2.070 2.439 2.895 2.034a 2.061a 2.388a 2.862a

10 2.042 2.037 2.523 2.894 2.038 2.057 2.429 2.876
14 2.046 2.052 2.444 2.888 2.047a 2.054a 2.487a 2.887a

Exp. 2.00(3) 1.98(3) 2.31(2) 2.88(1)

aOptimised at the COSMO/B3LYP/BS1 level of theory with single point energies at
COSMO/B3LYP/BS2.

6 10 14 18

−470

−480

−490

−500

−510

Number of water molecules, n

∆
G

∗ so
lv

(k
ca

l/
m

ol
)

6 10 14 18
−310

−300

−290

−280

−270

Number of water molecules, n

SMD COSMO COSMO OPT Exp.

Figure 4-15: Trend in solvation free energy of Cu2+ (left) and Cu(EDA)2+ (right) as
the number of explicit water molecules is increased.

water molecules as before) yields a best estimate of -306.2 kcal/mol.*

4.2.2.4 Complexation energetics

Given the solvation behaviour of both reactant and product can be reasonably

well captured by the methods employed above, the first complexation free en-

ergy can be estimated in the bulk limit and compared to experimental results.

The aqueous complexation free energy was determined for the λ conformer of

Cu(EDA) with the thermodynamic cycle in Figure 4-2 and Eqn. 4.2. Structures

*∆G∗
solv(n) = ∆G∗

solv(n→∞) + aebn, where a = −95.97 kcal/mol and b = −0.3116.
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Table 4.6: Solvation free energy of δ-[Cu(EDA)]2+ complex calculated with the cluster
cycle using gas phase optimised structures (kcal/mol)

Gas phase optimisation

∆G∗solv([Cu(EDA)(H2O)n ]2+) ∆G∗solv([Cu(EDA)]2+)

(H2O)n ∆G◦gas bind SMD COSMO SMD COSMO

0 -235.9 -217.5
6 -145.8 -168.0 -164.0 -296.7 -296.3
10 -158.9 -152.7 -148.2 -286.3 -286.5
14 -183.4 -147.7 -142.9 -301.5 -302.7

COSMO SCRF optimisation

(H2O)n ∆G◦gas bind ∆G∗solv([Cu(EDA)(H2O)n ]2+) ∆G∗solv([Cu(EDA)]2+)

6 -290.0 -69.3 -293.2
10 -298.8 -71.4 -301.8
14 -300.7 -71.9 -303.4

n→∞ -306.2

of λ-[Cu(EDA)(OH2)n –2]2+], where n = 6, 10, 14, 18, were generated to determine

the energetics, while the same structures used in the determination of ∆G∗solv for

copper(II) we used. Given the solvation free energy of δ-[Cu(EDA)]2+ was effec-

tively converged with 14 explicit water molecules, estimates beyond n − 2 = 14

were not considered necessary.

As mentioned above, if gas phase structures are used in the estimate of the

complexation free energy, the errors in estimating the free energy of solvation are

carried through, resulting in no clear convergence behaviour of the estimate as

the number of water molecules is increased. In contrast, when COSMO SCRF

structures are used there is apparent convergent behaviour, where if the same

decaying exponential behaviour is assumed in the complexation free energy, the

bulk limit is -22.75 kcal/mol.* This extrapolated value is remarkably similar to

that determined with gas phase structures where 6 or 10 water molecules are

explicitly defined with solvation corrections by the SMD solvent model, the cause

of which is likely a fortuitous cancellation in errors in solvation free energies. Al-

*∆G∗
aq(n) = ∆G∗

aq(n→∞) + aebn, where a = −47.45 kcal/mol and b = −0.2642.
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Figure 4-16: Natural charge on Cu(II) and four equatorial water ligands in
[Cu(OH2)n ]2+ (left), and natural charge on Cu(II) and two equatorial water ligands
and equatorial chelated EDA in [Cu(EDA)(OH2)n ]2+ (right).

though the complexation free energy estimate is significantly lowered by explicitly

defining at least the first solvation shell, it still more than 10 kcal lower than the

accepted experimental value of -14.4 kcal/mol. This could suggest that the en-

vironment around aqueous copper(II) is not simply water but contains counter

ions within the first or second solvation shell that are replaced or displaced on

complexation with ethylenediamine. The majority of experiments determining

the complexation energetics of Cu2+ with ethylenediamine (summarised by Pao-

letti 186) use a supporting electrolyte to facilitate potentiometric methods, typi-

cally a nitrate salt. Investigation of the solution structure of copper(II) nitrate

suggests inner sphere ion pairing between Cu2+ and NO3
– , with separation dis-

tances of rCu2+−N of 3.03 Å at 1.5 M Cu(NO3)2, placing nitrate ions in the second

solvation shell.219 The displacement of such an anion could explain some of the

discrepancy observed here, though the density functional is most likely to blame.

The inclusion of dispersion corrections improves complexation free energy esti-

mates relative to CCSD(T)/CBS methods,220 which if used to calculate the pKa

of copper(II) complexes, are accurate to within one pKa unit.196 The deficiency

of the computational method and neglect of counter ions in the second solvation

shell result in the difference between the best estimate here of -22.75 and the

experimental value of -14 kcal/mol for the first complexation free energy.
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Table 4.7: Free energies of EDA complexation with [Cu(OH2)n ]2+, forming λ-
[Cu(EDA)]2+ (kcal/mol). Complexation free energy, ∆G∗(aq), is sum of gas phase bind-
ing free energy, ∆G◦gas bind, differential solvation free energy, ∆∆G∗solv, and concentra-

tion correction terms, ∆G◦→∗ and ∆G∗→l.

Gas phase optimisation

∆∆G∗solv ∆G∗aq

(H2O)n ∆G◦gas bind SMD COSMO SMD COSMO

0 -222.0 121.7 82.5 -102.2 -141.4
6 -41.3 12.1 1.0 -22.6 -33.7
10 -28.2 -0.6 -2.7 -22.1 -24.3
14 -40.2 0.5 -1.1 -33.0 -34.6
18 -31.0 -3.5 -5.4 -27.8 -29.7

COSMO SCRF optimisation

(H2O)n ∆G◦gas bind ∆∆G∗solv ∆G∗aq

6 -42.1 3.1 -32.4
10 -28.1 -5.1 -26.5
14 -13.3 -16.9 -23.6

n→∞ -22.75

Exp. -14.4185

4.2.2.5 Effect of hydroxo ligands

Given the pKa of aqueous copper(II) is 7.95,221 and the majority of experiments

are performed with excess ethylenediamine (pKa 7 and 10), experimental values

for the complexation free energy may conflate with contributions from [Cu(OH)]+

and hydroxo-bridged copper(II) complexes.185 Given computational restrictions

and the efficacy of defining only the first solvation shell in previous thermo-

chemical estimates, the effect of substituting a hydroxo ligand for a single water

ligand on the complexation free energy, was examined with only the first solva-

tion shell defined, and using gas phase optimised structures with SMD solvent

corrections. Ideally, the convergence behaviour as the number of water molecules

is increased would be examined. The structures obtained, of [Cu(OH2)4(OH)]+

and [Cu(EDA)(OH2)2(OH)]+, are presented in Figure 4-17.

The five-fold coordination structure of [Cu(OH)(OH2)5]+ agrees well with
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Figure 4-17: Gas phase structures showing complexation of EDA with
[Cu(OH)]+. [Cu(OH)(OH2)5]+ (a), 4c δ-[Cu(OH)(EDA)(OH2)3]+ (b), 5c λ-
[Cu(OH)(EDA)(OH2)3]+ (c). Relative gas phase free energy underneath structures,
with relative aqueous free energy with SMD contribution in parenthesis (kcal/mol).
Hydrogen bonds are represented by dashed lines.

Table 4.8: Complexation energetics of ethylenediamine with [Cu(OH)(OH2)5]+

(kcal/mol).

Gas phase optimisation

Conformer ∆G◦gas bind ∆∆G∗solv ∆G∗complex

4c δ-[Cu(EDA)(OH)(OH2)3]+ -27.2 -3.8 -24.3
5c δ-[Cu(EDA)(OH)(OH2)3]+ -30.0 -3.5 -26.9

previous computational studies into the hydrolysis behaviour of aqueous cop-

per(II).189 The difference between four- and five-fold coordination geometries of

[Cu(OH)(EDA)(OH2)3]+ in the gas phase and with SMD corrections applied is

less than RT, and given the labile nature of axial ligands on copper(II) both forms

are likely to coexist in solution. As the free energy of ethylenediamine complexa-

tion into [Cu(OH)(OH2)5]+ is more negative, and therefore more favourable than

that calculated with only solvated copper, the deviation from experimental com-

plexation energies cannot be attributed to hydroxo ligand substitution.

The free energy of hydrolysis, ∆G∗hydr,aq, or successive deprotonation free en-

ergy of [Cu(OH2)6]2+ can be determined via the direct method outlined in Chap-

ter 3 and Eqn. 3.10. With just the first solvation shell explicitly defined, and

structures optimised in the COSMO SCRF, the first free energy of hydrolysis of

[Cu(OH2)6]2+ is 1.7 kcal/mol, and the experimental value, 10.85±0.28 kcal/mol.221
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The poor estimate for the hydrolysis free energy translates to a low pKa for

the complex, 1.25, whereas the experimental value is 7.95.221 This suggests an

over-stabilisation of hydroxo complexes by B3LYP. In fact, Bryantsev et al. 189

demonstrated that even with 18 explicitly defined water molecules, accurate es-

timates of the successive free energies of Cu(II) hydrolysis cannot be determined

with B3LYP. In contrast, with COSMO/CCSD(T)/aug-cc-pVDZ with 6 water

molecules, Jackson et al. 196 determined the pKa of [Cu(OH2)6]2+ to within 1

unit.

4.2.2.6 Bisethylenediaminecopper(II) isomers

Given the ratio of EDA to Cu(II) in EMAR operation, the bisethylenediamine

copper(II) complex, [Cu(EDA)2]2+, will be a significant species in solution. The

relative stability of its’ isomers have been determined and presented in Table 4.9.

Additionally, the four most stable isomers found are displayed in Figure 4-18.

(a) (b) (c) (d)

Figure 4-18: Lowest energy conformers of [Cu(EDA)2(OH2)2]2+. Optimised in gas
phase 5c-λδ (a), 6c-λδ (b) and in COSMO SCRF 5c-λδ (c), 6c-λδ (d). Hydrogen bonds
are represented by dashed lines.

Five-fold coordinated structures are more favoured in the gas phase, while

COSMO optimised structures show no preference. As two more water ligands

are replaced by ethylenediamine, a stronger σ donating ligand, further elongation

of remaining axial water ligands is observed. Though the quoted experimental

reference suggests axial separation of 2.36Å,213 additional studies find axial elon-

gations as large as 2.92Å,222 where the [Cu(EDA)2]2+ complex can effectively be

considered to be square planar, as seen in the structure represented in Figure

4-18(b). The effect of replacing a water ligand with a hydroxo ligand was also
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Table 4.9: Relative free energy of bisethylenediamine copper(II) complexes (kcal/mol)
with average ligand distances (Å). Here, #c indicates the number of coordinated ligands
around the central Cu(II) ion, and δ and λ labels indicate EDA conformation (see Figure
4-3).

Conformer Cu-Neq Cu-Oax Rel. Free Energy

Gas phase
6c δδ 2.068 2.702 2.58
6c λδ 2.067 2.779 2.08
6c λλ 2.068 2.702 2.55
5c δδ 2.081 2.332 0.64
5c λδ 2.080 2.337 0
5c λλ 2.079 2.335 0.11

Conformer Cu-Neq Cu-Oax Cu-Nax Rel. Free Energy

COSMO SCRF
6c δδ 2.057 2.683 - 3.9
6c λδ 2.054 2.586 - 0.4
6c λλ 2.057 2.602 - 4.6
5c δδ 2.056 2.368 - 0.2
5c λδ 2.059 2.357 - 0
6c λλa 2.174 2.407 2.023 10.5

Experiment213 2.02(1) 2.36(2)

aConformer 6c-cis-λλ-[Cu(EDA)2(OH2)2]2+ has EDA in cis position. In all other conform-
ers, EDA are trans to each other.

examined, though not with the same exhaustive isomer search. The structures

and relative energies of two low energy [Cu(EDA)(OH)(OH2)3]+ conformers are

shown in Figure 4-19.

The combined complexation energetics of EDA into δ-[Cu(EDA)(OH2)4]2+

and λ-[Cu(EDA)(OH)(OH2)3] complexes are summarised in Table 4.10. The

second complexation is significantly more favourable to copper complexes with

hydroxo ligands present, though the difference in free energy between the first

and second complexation of EDA to only water and EDA surrounded metal cen-

tres raises the validity of the relative comparison. Experimental results suggest

the first complexation of EDA into copper(II) is 2 kcal more favourable than the

subsequent complexation reaction, though results generated with just the first
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0 (0)
(a)

2.2 (3.4)
(b)

Figure 4-19: Lowest energy conformers of [Cu(EDA)2(OH)(OH2)]2+. Optimised in
gas phase with SMD solvent corrections added. Relative gas phase free energy below
structure and relative aqueous free energy in parenthesis. 5c (a), 4c (b). Hydrogen
bonds are represented by dashed lines.

Table 4.10: Complexation energetics of ethylenediamine into δ-[Cu(EDA)(OH2)4]2+

and λ-[Cu(EDA)(OH)(OH2)3] (kcal/mol).

Gas phase optimisation

Conformer ∆G◦gas bind ∆∆G∗solv ∆G∗complex

[Cu(EDA)2(OH2)2]2+

6c-δλ -35.2 -0.1 -27.6

[Cu(EDA)2(OH)(OH2)]+

4c -12.4 -4.6 -10.3
5c -10.2 -4.1 -7.6

solvation shell here see a reversal in that trend, with the second complexation

more favourable than the first by 6 kcal/mol. Imbalances in estimates of the

solvation free energy of reactant and product complexes can cause such discrep-

ancies. Irregular coordination geometries and hydrophobic ligands prevent charge

transfer beyond the first solvation shell, reducing the accuracy of the solvation

free energy estimate.

4.2.3 Ethylenediamine carbamate dissociation

To bring the focus back to the EMAR process, the reaction free energy between

the carbamates of ethylenediamine, formed by absorbing natural gas contami-

90



nants (CO2, COS and CS2), and aqueous copper(II), were evaluated with the the

cluster-continuum cycle. In forming the ethylenediamine carbamates, one of the

amino group loses a proton (the pKa of which was estimated in Section 3.2.2.3).

To account for this in an overall reaction free energy estimate, the copper(II)

ethylenediamine complex formed will be deprotonated also. The overall reac-

tion is represented by the thermodynamic cycle shown in Figure 4-20, where X

represents one of CO2, COS or CS2.

[Cu(OH2)6]2+
(g) + EDAX−

(g)

∆G◦gas- [Cu(OH2)3(EDA)(OH)]+(g) + 2 H2O(g) + X(g)

[Cu(OH2)6]2+
(aq)

∆G◦→∗ ∆G∗solv

?

+ EDAX−
(aq)

∆G◦→∗ ∆G∗solv

?
∆G∗aq- [Cu(OH2)3(EDA)(OH)]+(aq)

∆G◦→∗ ∆G∗solv

?

+ 2 H2O(aq)

∆G◦→∗ ∆G∗solv

?
+ X(aq)

∆G◦→∗ ∆G∗solv

?

Figure 4-20: Thermodynamic cycle for calculation of the complexation free energy of
Cu(II) with EDAX− in water.

The aqueous complexation free energy is then calculated as per Eqn. 4.7

below.

∆G∗aq = ∆G◦gas + ∆∆G∗solv + 2∆G◦→∗ + 2∆Gl→∗ (4.7)

The carbamate structures presented in Chapter 3 were optimised with

B3LYP-D3/aug-cc-pvdz, and therefore for consistency the copper(II) reactant,

[Cu(OH2)6]2+, and product, [Cu(OH)(OH2)3(EDA)]+, were optimised at the same

level of theory, and with the LANL2DZ basis set on copper.* The resulting free

energy of reaction for species X, determined with B3LYP-D3 structures and en-

ergies and CCSD(T) energies, is presented in Table 4.11.

Table 4.11 also includes the first free energy of complexation between neutral

EDA and copper(II) at the same level of theory for reference (where the experi-

mental value is -14.4 kcal/mol).185 As there is a proton transfer in reaction 4-20,

the neutral complexation between [Cu(OH2)6]2+ and EDA cannot be used as a

reference for the carbamates of species X in the Table, though it does indicate the

*Initial structures taken from Sections 4.2.2.2 and 4.2.2.5.
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Table 4.11: Formation free energy of [Cu(OH2)3(OH)(EDA)]+ with EDAX−

(kcal/mol).

X - CO2 COS CS2

B3LYP-D3

∆G∗aq -31.70a -31.66 -35.33 -33.51
∆G∗aq,rel - 0 -3.67 -1.85

CCSD(T)b

∆G∗aq -27.79 -26.37 -29.39 -26.24
∆G∗aq,rel - 0 -3.02 0.13

aStructures used for results shown in Table 4.2 were further optimised at B3LYP-D3/aug-
cc-pvdz/LANL2DZ for direct comparison.

bStructures optimised with SMD/B3LYP-D3/LANL2DZ/aug-cc-pvdz. SP energy at
CCSD(T)/LANL2DZ/aug-cc-pvdz with UHF reference wavefunction and frozen core electrons.

hindrance of the carbamate in the dissociation and ligand exchange reaction. As

was shown in Section 4.2.2.3 and 4.2.2.4, definition of just the first solvation shell

is insufficient for determining an accurate solvation free energy or complexation

free energy, respectively. For this reason, the ∆G∗aq,rel is calculated with reference

to ∆G∗aq where X=CO2, which is observed experimentally.37

Results obtained with B3LYP-D3 overestimate the formation of

[Cu(OH2)4(EDA)]2+ and the dissociation of all EDAX– species when com-

pared to CCSD(T) results. As seen in Chapter 3, B3LYP-D3 underestimated

the stability of EDA+X– zwitterion intermediates, which translated to an over-

estimation of their acidity. The pKa estimate for [Cu(OH2)6]2+ by B3LYP-D3 is

worse, with a calculated value of 1.25 vs the experimental value 7.95221 (Section

4.2.2.5). This combination results in more negative results for the aqueous free

energy for EDAX– dissociation.

CCSD(T) results suggest that the dissociation of EDACO2
– and EDACS2

–

by copper(II) are marginally more favourable than the formation of the mo-

noethylenediamine copper(II) complex. This is surprising given the difference

between the pKa of EDA, 6.86 and 9.92, and of EDA+CO2
– , EDA+COS– and

EDA+CS2
– are 2.75, 2.10 and 1.65, respectively. The comparable aqueous free

energy estimate is likely due to an inaccurate differential solvation free energy
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(∆∆G∗solv) due to the changing charge on the copper(II) complex. Regardless,

the results suggest that the dissociation of sulfur substituted ethylenediamine car-

bamates is comparable to that of EDACOO– , which is observed experimentally.

Additionally, they reinforce the finding that more of the solvation environment

must be captured explicitly to determine accurate thermochemistry, given the

more negative estimate of [Cu(OH2)4(EDA)]2+ by CCSD(T) compared to the

experimental value.

4.3 Summary

The energetics of complexation between ethylenediamine and aqueous copper(II)

were determined with the B3LYP functional, where reactants and products were

optimised in the gas phase and subsequent solvation contributions added in an

implicit manner. This method produced poor results when compared with exper-

imental values. The effect of the DFT functional on the structural parameters of

hydrated complexes and the reaction free energy was examined, with the first sol-

vation shell defined explicitly. On the basis of the structures generated and com-

parison of the calculated and experimental complexation free energy, the B3LYP

functional was applied with more of the solvation environment defined explic-

itly. Through increasing the number of explicitly defined solvent molecules, the

solvation free energies of copper(II) and the δ-[Cu(EDA)]2+ complex were extrap-

olated to the bulk limit, approaching the experimental value. A comparison of

gas phase and COSMO SCRF optimised structures was presented for copper(II)

and δ-[Cu(EDA)]2+. COSMO SCRF stuctures form tighter hydrogen bonded net-

works around copper(II) than their gas phase counterparts, facilitating additional

charge transfer which hastens convergence on the bulk limit for the solvation free

energy. This effect was not observed for the δ-[Cu(EDA)]2+ complexes, where no

trend in the hydrogen bonding distance was seen between gas phase and COSMO

SCRF optimised structures. The free energy of complexation was estimated using

solvated structures of reactant and products to arrive at the best estimate for the

first complexation of EDA with copper(II) at -22.7 kcal/mol. Given the discrep-

ancy with the experimental value of -14.4 kcal/mol, it was suggested counterions

in the vicinity of solvated copper(II) ions impact the free energy of complexation.
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As gas phase optimised structures with only the first solvation shell present repro-

duce the bulk limit for the free energy of complexation, the same technique was

used to examine the effect of hydroxo ligands on complexation energetics when

present in the first solvation shell. Results suggest that hydroxo ligands improve

the stability of the first complexation product, though hinder the second. The

results are called into question, however, as the relative difference between the

first and second complexation calculated here does not match that observed ex-

perimentally. The relative free energy of bisethylenediaminecopper(II) complexes

with the first solvation shell defined were examined in the gas phase based on

the COSMO optimised structures, where isomers exhibit five and six-fold co-

ordinate geometries with strong elongation of axial water ligands. Lastly, the

overall reaction free energy for the dissociation of ethylenediamine carbamates

by copper(II) was estimated with the B3LYP-D3 and CCSD(T) methods, where

B3LYP-D3 yields a more negative dissociation free energy due to a poor esti-

mation of reactant and product pKas. CCSD(T) results suggest that the sulfur

substituted carbamates of ethylenediamine are similarly dissociated on reaction

with copper(II).
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Chapter 5

Electrochemistry of EMAR with

natural gas

The electrochemical behaviour of the original isolated system is presented, where

the nature of the electrolyte impacts the kinetic behaviour and efficiency of the

system. The addition of hydrogen sulfide to the electrochemical system consumes

the active blocking species, copper(II), where the effects are quantified and means

of mitigation proposed. The system is then examined at high pressures, to sim-

ulate the effect of operating at the conditions most favourable to natural gas

treating. A representative mixture of natural gas is tested on the system, where

results show little deviation from regular behaviour at atmospheric conditions.

The reliability of EMAR depends on the reversible plating and dissolution of

copper, and so factors effecting the deposits are investigated.
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5.1 Electrochemistry of EMAR

The electrochemical description of EMAR, initially formulated by Stern 37 and re-

fined by Shaw49, is predicated on the electrochemical behaviour of the bisethylene-

diamine copper(II) complex. EMAR is classed as an Electrochemically Mediated

Competitive Complexation Separation process, where the copper(II) species acts

as a solid inactive blocker. Once electrochemically activated it competes with

CO2 for complexation with ethylenediamine, the active absorbent, and in so do-

ing moderates the aqueous CO2 concentration. The cell potential for such a

system can be described in terms of a few key variables, namely the aqueous con-

centration of copper(II) and amine, the partial pressure of CO2 and the operating

conditions of the system. The equilibrium relationships and key variables are col-

lected in Eqn 5.1, where the Nernst equation describes the half-cell potential and

equilibrium expressions are presented for the absorption of CO2 into EDA and

the complexation of EDA with Cu(II).

Cu2+
(aq) + 2 e− −−⇀↽−− Cu(s)

E = E◦ − RT

2F
ln

(
C0

CCu2+

)
EDA(aq) + CO2(g) −−⇀↽−− EDACO2(aq)

KCO2 =
CEDACO2

CEDA

P0

PCO2

2 EDA(aq) + Cu2+
(aq)
−−⇀↽−− [Cu(EDA)2]2+

(aq)

β =
C[Cu(EDA)2]2+C

2
0

C2
EDACCu

(5.1)

The total cell potential, as a function of the above equilibrium constants and

process variables may be written as:

E = E◦ +
RT

2F

[
ln(xCu) + ln

(
CEDA0

2

)
− ln

(
1 + β

[
CEDA0(1− xCu)

1 +KCO2PCO2

]2
)]

(5.2)

Where xCu is defined as the copper loading:

xCu =
2C[Cu(EDA)2]2+

CEDA0

' 2CCu0
CEDA0

(5.3)
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for an initial amine and copper(II) concentration (CEDA0 and CCu0) respectively.

A thermodynamic analysis of the electrochemical system describing key process

variables, and the path traversed on the relevant thermodynamic cycle is covered

by Shaw49, which will be further addressed in Chapter 6. The focus here is how

the chemical system behaviour is different when exposed to the contaminants

present in natural gas. The largest contaminant besides CO2 required to be

removed from natural gas is H2S, though before presenting the effect of sulfides

on the EMAR electrochemistry, a review of the behaviour in absence of H2S will

be presented. CVs were used herein to present the kinetics of the electrochemical

system. The response of the system under N2 (effectively inert) and CO2 provided

the baseline for comparison when the behaviour with a simulated natural gas is

tested.

5.2 Methods

Cyclic Voltammograms. CVs of the EMAR electrolyte were performed in

a three electrode cell where glassy carbon was the working electrode and plat-

inum wire was the counter electrode. Glassy carbon electrodes were rinsed with

deionised water and polished with 0.05µm alumina powder, and the platinum

counter was rinsed with HNO3 and deionised water to remove any copper de-

posits. The reference electrode employed depended on total pressure and com-

position of the headspace. The standard Ag/AgCl reference electrode was used

with nitrogen across all pressures, and with CO2 and natural gas (NG) up to a

total pressure of 1 bar.* At very high partial pressures of CO2, dissolution and

speciation of CO2 shifts the pH and reference potential of the Ag/AgCl refer-

ence due to the formation of Ag2CO3(s).
224 Additionally, CO2 dissolution from

high pressures generated CO2 bubbles within the reference electrode and the frit,

altering the potential measured or applied to the cell. For these reasons, when

charging with CO2 containing gas above 1 bar total pressure, the non-aqueous

AgNO3 reference electrode� was used. Although the solubility of CO2 in acetoni-

*Standard Ag/AgCl reference from BASi modified to allow equlibration of electrolyte and
common headspace. 0.205 V vs SHE.223

�0.01M AgNO3, 0.1 M TBAPF6 in CH3CN. 0.503 V vs SHE.225
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trile is high, as it is aprotic, dissolved CO2 will not speciate and excessively shift

the reference potential. Furthermore, the AgNO3 reference couple in acetonitrile

is not significantly affected by water, though to prevent excessive reference drift,

the internal solution was refreshed after 2-3 uses.225 Reference electrodes were

also cleared of [Cu(EDA)2]2+ present in the glass frit with the relevant acid (HCl

or HNO3) and re-equilibrated with the appropriate electrolyte solution.

Solution preparation. The concentration the copper(II) in aqueous media

was varied throughout the investigation to discern the behaviour in the pres-

ence of excess supporting electrolyte and at the conditions of the engineering

implementation of EMAR, the EMAR stack. Solutions that were tested under

a specific atmosphere had the relevant gas (N2, CO2 or simulated NG) bubbled

into the solution for 24 hours prior, and then during the CVs the gas flow was

ceased. The solutions that were examined at elevated pressure with CVs were

further bubbled for one additional hour at the target pressure prior to scanning.

Bulk electrolysis solutions saturated in the same manner, though gas flow was

maintained during the experiments to provide solution agitation as no other form

was available.

Bulk electrolysis. A two electrode cell (sandwich) was constructed with

1/16” copper sheet, separated by 1/8” EPDM rubber, also used in the EMAR

stack. The surface area of the electrode differs throughout, with specific geometry

and size in-text. Stainless steel wire was soldered on the back of each copper

electrode, and EPDM rubber was glued on top (with superglue) to insulate the

reverse of the electrode. The space in-between electrodes resembled a flow channel

as in the EMAR stack, though oriented vertically to prevent bubble trapping. A

schematic representation and photo of experimental setup is shown in Figure 5-

18. All electrodeposition tests were performed at ambient temperature (23±2 °C).

EIS was performed before and after each electrodeposition experiment at the open

circuit voltage, with 10 mV applied voltage perturbation over the frequency range

1Hz to 200kHz.
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5.3 Results and Discussion

5.3.1 Electrolyte effect

As Eqn 5.2 shows, the potential of an EMAR half-cell depends on the temper-

ature (T), copper loading (xCu), amine concentration (CEDA), relative stability

of the copper-amine complex (β) and the amine-CO2 complex (KCO2) and lastly

the partial pressure of CO2 (PCO2). In analysing the system, Stern 37 performed

CVs at the limits of the partial pressure CO2, zero and the total operating pres-

sure, 1 bar. The voltammograms were performed with CuSO4, ethylenediamine

and a NaNO3 supporting electrolyte. Stern 37 also investigated the difference in

kinetic response of the system under N2 and CO2 with both nitrate and chloride

electrolytes. Although chloride salts improved the kinetics, powder formation in

the system was observed, via the suggested pathway below:

Cu(s) + xCl−(aq) −−⇀↽−− CuClx
1−x
(aq) + e− (5.4)

2 CuClx
1−x
(aq) + 2EDA(aq) −−⇀↽−− Cu(EDA)2

2+
(aq) + 2 Cl−(aq) + Cu(s) (5.5)

Here the particle formation is due to the disproportionation of copper complexes,

facilitated by a stabilised intermediate.* Though chlorides are used industrially to

improve the quality of electrodeposited material,� chloride doping is typically in

ppm concentrations and not significant enough to impact polarisation response.226

Shaw 49 employed a NaNO3 electrolyte for EMAR stack operation on recommen-

dation from previous work by Eltayeb 48 . NaNO3 is generally favourable as an

electrolyte due to its low cost, high solubility, good conductivity and relatively

stable behaviour across the electrochemical window of interest, though it was

suspected to be electrochemically active and reducing the efficiency of the stack.

This was confirmed, in part by examining the CVs of the background electrolyte,

where Figure 5-1 (middle) shows a large cathodic current at approximately -1V vs

Ag/AgCl for NaNO3. The curve crossing below -0.9 V vs Ag/AgCl is indicative

of a catalytic reduction at the electrode surface.

The cathodic current is due to nitrate reduction (shown in Eqn 5.6) and

*Copper powder was observed during EMAR stack and bulk electrolysis experiments.
�Stern 37 did note brighter electrodes in chloride salts.

99



−1 −0.5 0 0.5

−5

0

C
u
rr

en
t

(µ
A

)

−1 −0.5 0 0.5

−40

−20

0

Potential (V vs Ag/AgCl)

Na2SO4

NaNO3

−1 −0.5 0 0.5

0

500

Figure 5-1: CVs of electrolyte at 1 molal Na (left), electrolyte with 1 molal EDA
(middle), with copper(II) at 50 mM as analyte (right). All CVs performed with a
glassy carbon working electrode, platinum counter, at 1 molal Na electrolyte solution,
25mVs−1 scan rate under N2.

though CVs were performed on glassy carbon electrodes, nitrate reduction is

more significant on copper (and greater than other coinage metals).89,227 Adsorp-

tion and blocking of the electrode surface by nitrates occurs below -0.6 V vs

Ag/AgCl and reduction below -0.9 V vs Ag/AgCl.228 The effect on the EMAR

stack performance is addressed in Section 5.3.2. The reactions occuring at the

cathode are then:

NO3
−

(aq) + H2O(l) + 2 e− −−⇀↽−− NO2
−

(aq) + 2 OH−(aq) (5.6)

Cu2+
(aq) + 2 OH−(aq) −−⇀↽−− Cu(OH)2(s) −−⇀↽−− CuO(s) + H2O(l) (5.7)

Given that reasonable currents for reduction of the bisethylenediamine cop-

per(II) complex are not observed until potentials more negative than -0.5 V vs

Ag/AgCl, nitrate salts block the electrode surface and consume current causing

an imbalance in the cell performance for copper modulation. For this reason, sul-

fate electrolytes were used moving forward, though the trade off is slower kinetics

in cathodic and anodic polarisation,* and its limited solubility.�

The right most panel of Figure 5-1 shows one reduction peak and two oxi-

dation peaks. At 25 mVs−1 the individual reduction peaks of Cu(I) and Cu(II)

cannot be resolved. The anodic scan displays the first and second oxidation of

*Wang 229 thesis unpublished
�Salts with higher solubility such as NaBF4 were also tested for comparison, though elec-

trode kinetics were similar at high salt loadings (up to 4M).
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Cu(s) into excess ethylenediamine, where larger currents are observed for the sec-

ond oxidation due to the rapid formation of the bisethylenediamine copper(II)

complex, compared with the mono or bisethylenediamine copper(I) complex230.

By reducing the scan rate, the two reduction peaks are seen in Figure 5-2, rep-

resenting reduction from copper(II) to copper(I) and the subsequent slow com-

plexation with EDA. The kinetics of formation of copper(I) chelate complexes

with EDA are slower and weaker than for copper(II), as demonstrated by the

difference in stability constants β, 1019.6 and 1011.2 for copper(II) and copper(I),

respectively.230 The diffusion coefficient of copper(II) was estimated with the peak

anodic currents plotted against the square root of the scan rate, shown in Figure

5-2. The slope of this line follows the Randles-Sevick equation for a reversible

electron transfer process, see Eqn 5.8, where iP is the peak current (A), v is the

scan rate (V/s), F is Faraday’s constant, 96485 C/mol, n is the number of moles

of electrons transferred, A the electrode surface area (m2), Cb the bulk concentra-

tion (mol/m3) and D the diffusion coefficient of the electroactive species (m2/s).

iP
v1/2

= 0.4463

(
F 3

RT

)1/2

n1/2ACbD
1/2 (5.8)

The regression line in right of Figure 5-2 yields a diffusion coefficient of 8.39 ×
10−10m2/s @ 295K for copper (II), in reasonable agreement with the literature.231

The discrepancy is caused by the irreversible nature of the copper(II) ethylenedi-

amine system. In a totally reversible electrochemical reaction, plots of normalised

current i/(Av1/2) against applied potential at different scan rates superimpose,

whereas those of the copper ethylenediamine system deviate significantly (see Fig-

ure 5-3). As the scan rate is increased, anodic currents at ∼330 mV vs Ag/AgCl

reduce as freshly oxidised copper is reduced on the reverse scan prior to complex-

ation with ethylenediamine.

Shaw 49 suggested that optimal EMAR stack performance would moderate the

copper(II) concentration between 0.1 and 0.4M in a solution of 1M EDA - this

represents a ratio of copper:EDA of 2:5 at the cathode and copper:EDA of 1:10

at the anode. The electrochemical response at these ratios was examined with

CVs under N2 and CO2 to ensure there is no change in behaviour at different

Cu:EDA ratios. Low analyte concentration and excess supporting electrolyte was
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Figure 5-2: EMAR sulfate electrolyte at varying scan rates (left) with legend in Figure
5-3 and plot of peak anodic current against v1/2 (right). Performed with glassy carbon
working electrolyte, platinum counter, with Ag/AgCl reference electrode. All under N2

headspace.
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Figure 5-3: Normalised current density by v1/2 at increasing scan rates with 5 mM
CuSO4, 25 mM EDA, 0.5 M Na2SO4 under N2 headspace. Performed with glassy
carbon working electrolyte, platinum counter and Ag/AgCl reference electrode.

used to capture a clean electrochemical response, shown in Figure 5-4. Under N2

and high ratios of EDA:Cu two oxidation peaks are observed corresponding to

the formation of Cu(EDA)2
+ and Cu(EDA)2

2+. At lower concentrations of EDA

(and pH as a result) the single Cu(I) cation complex is not stable enough to be
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observed.230 There is a clear shift in the polarisation behaviour of the electrolyte

system in CO2 saturated conditions, captured by the last term in Eqn. 5.2.

This is due to the dissociation of EDA carbamates as the free EDA is consumed

in complexation reactions with copper(II).* Furthermore, cathodic currents are

much lower than anodic, due to asymmetry in activation barrier for reduction

and oxidation, where the system follows Butler-Volmer kinetics with a transfer

coefficient of α = 0.25.37
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Figure 5-4: CVs of EMAR electrolyte with 5mM Cu(SO4) at cathodic conditions where
Cu:EDA=1:10 (left) and anodic conditions with Cu:EDA=2:5 (right). Glassy car-
bon working electrode, platinum counter, Ag/AgCl reference electrode. Scan rate 25
mVs−1.

The effect of CO2 loading at low analyte concentrations is clear, though this

is not representative of the performance of electrodes in a real EMAR system

because the ratio of analyte to salt is increased and pH effects are more sig-

nificant due to the higher concentrations of amine present. The middle ground

concentration of 0.25 M CuSO4 with 1 M EDA and 0.5 M Na2SO4 was used to

approximate the polarisation behaviour of EMAR, with N2 and CO2 headspaces,

presented in Figure 5-5. At larger amine concentration, the pH under saturated

nitrogen and CO2 conditions differ by 5 units, 7.1 under CO2 and 12.1 under N2.

As in Figure 5-4, Figure 5-5 demonstrates the impact of CO2 loading on the shift

in cell potential and current response. Both anodic and cathodic currents are

*The kinetics of carbamate cleavage are covered in Ewing et al. 232 and Caplow 151 , where
Stern 37 observed significantly hindered kinetics under CO2.
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lower when the concentration of copper is increased to the average stack value.

Additionally the current response is less consistent under CO2 where successive

scans show a reduction in anodic and cathodic currents - not seen under N2.
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Figure 5-5: CVs of EMAR electrolyte at 0.25M CuSO4, 1 M EDA, 0.5 M Na2SO4 with
N2 headspace (left) and CO2 headspace (right). Examined at 25 mVs−1 with a glassy
carbon working electrode, platinum counter, and Ag/AgCl reference electrode.

The engineering implementation of this electrochemistry was developed by

Stern 37 as a single flow cell, and expanded on by Eltayeb 48 and Shaw 49 in a

stacked configuration to achieve the desired copper loading shift, covered next.

A simplified process level diagram and thermodynamic cycle of the EMAR

process are shown in Figure 5-6. The CO2 loaded amine is represented by point 1

at a CO2 partial pressure of 0.15 bar (corresponding to flue gas output) where it

enters the anode. The anode increases the copper loading of the solution, where

the first curved section of the blue line represents the process where the physical

solubility of the solution for CO2 has not yet been exceeded, thus the aqueous

CO2 loading remains the same while the partial pressure increases. At a critical

copper loading, where the partial pressure of CO2 matches the desorber pressure,

CO2 leaves the solution as gas up to point 2, where the separation vessel separates

gaseous CO2 and the copper rich liquid phase. Starting at point 2, the cathode

reduces the copper loading, where the aqueous CO2 loading remains the same as

the partial pressure of CO2 reduces. The solution leaving the cathode, at point

3, returns to the absorber where the partial pressure is increased up to that of

the entering gas composition.
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Figure 5-6: Simplified EMAR process diargram (left) and thermodynamic cycle
(right) expressed as copper loading and open circuit potential. Reproduced from
Shaw 49

5.3.2 The EMAR stack

There have been several designs of the cell used to implement the EMAR process:

moving from a single flow cell, to a stacked design (neatly summarised in Shaw’s

thesis49). The series version of the EMAR stack is presented in Figure 5-7, where

each mid-plate has anodic and cathodic reactions occurring on each side, and the

red line tracks the voltage profile through the stack. The potential is periodically

switched to prevent total dissolution of the anode copper plate and buildup of

deposited copper on the cathode.

(a) (b)

Figure 5-7: EMAR series configuration. Reproduced from Shaw’s thesis.49 (a). EMAR
V8 series plate showing cathodic side after operation*(b)
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To assess the applicability of the V8 EMAR stack to a natural gas treating

application, first the performance with an absorber feed of 100% CO2 was exam-

ined. Across a number of experiments the efficiency of the apparatus for CO2

separation was low (< 10%).* This prompted a number of diagnostic experiments

to evaluate the key reasons for its low efficiency. The major findings and means

to mitigate some issues observed are below:�

� Temperature control across the system was lacking. Due to the exothermic

nature of CO2 absorption into ethylenediamine (∆HCO2 = −86.4kJ/mol37),

the equilibrium constant KCO2 is highly temperature dependent. The only

source of heating (apart from Joule heating in the electrochemical cell) is

the heating element at the absorber - a three neck flask. The multiple

thermocouples indicated that the temperature only 7 cm downstream from

the absorber had reached ambient conditions, and as such the cell was not

operating at the assumed 50 °C but rather 23 °C. This prevented accurate

estimation of the efficiency of the cell. Tubing in subsequent versions was

made from stainless steel and insulated to prevent heat loss to the envi-

ronment, and additional heating elements were located around the cell to

maintain iso-thermal operation.

� The NaNO3 supporting electrolyte. It was discussed in Section 5.3.1 that

the reduction of nitrate on copper may reduce the efficiency of the system.

This manifested as an upwards trend in the copper concentration as the cell

continued to run, as the set of cathodes were either blocked by or reducing

nitrate rather than decreasing the aqueous copper concentration. The left

panel in Figure 5-8 shows the increase in aqueous copper concentration as

the stack operates.� As a result, the solution capacity for CO2 reduces

with no means to cycle the capacity. Over the course of the latter 50

*EMAR series V8 plates and baffles were made from polycarbonate which was prone to
cracks and leaks once assembled. Future plates were constructed from softer polypropylene
while baffles were cut from EPDM rubber.

*Where efficiency here is defined as number of moles of CO2 recovered at the flash tank for
the charge delivered to the cell, assuming every mole of Cu(II) ions produced releases 2 moles
of CO2 from a presaturated solution.

�All of which have been implemented in version 9 of the EMAR system, and demonstrated
by Wang et al. 50 .

�3V was applied to 5 series unit cells
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Figure 5-8: Aqueous [Cu(EDA)2]2+ concentration over EMAR V8 operation at 3V
(left) and current delivered at 3V across 5 unit cells in series (right).

minute run, 23.5 mL of CO2 was released at the flash tank and ∼615C

of charge was delivered to the stack (integrated current response in right

panel of Figure 5-8), which due to the series configuration is multiplied by

the number of unit cells (5) to determine efficiency. Assuming the below

equation is driven completely to the right, 93C are necessary to evolve the

captured CO2, yielding an efficiency of just 3%.*

2 EDA-CO2(aq) + Cu(s) −−⇀↽−− [Cu(EDA)2]2+
(aq) + 2 e− + 2 CO2(aq) (5.9)

The poor efficiency was caused in part by nitrate reduction which was later

confirmed via bulk electrolysis experiments, see Figure 5-9 for the 1st gen-

eration apparatus. The quantitative efficiency of copper dissolution, sub-

sequent CO2 release and copper plating was examined in more detail by

Miao Wang, with results presented in Wang et al. 233 and Wang et al. 50 .

Of the electrolytes examined, Na2SO4 yielded efficiencies of near 100% for

both plating and dissolution purposes.50,233

� Ineffective cell membrane. As represented by the black shaded region in

Figure 5-7, the cell membrane prevents bulk mixing of anodic and cathodic

flows but allows migration of ions to balance charge. Filter paper was the

membrane of choice for V8, due to its low cost and availability. By run-

*Solutions were pre-saturated with 100% CO2.

107



Figure 5-9: First generation bulk electrolysis experimental apparatus. The concentra-
tion of each half cell can be monitored individually, where a KNO3 salt-bridge completes
the circuit.

ning solutions of different copper loadings and CO2 saturation on either

side of the cell, it was discovered that significant cross-talk or exchange

of copper and aqueous carbon (as carbonate or carbamate) was occurring.

Internal mixing reduces the overall efficiency of the system because regener-

ated amine at the cathode may absorb CO2 gas that has formed and wetted

the membrane in the adjacent anode. An EMAR stack using hydrophilic

membranes from Celgard (Celgard 3501) to reduce undesired ion migration

and minimise CO2 wetting, was then implemented.

� Bubble trapping in cell baffles. At the anode, where copper is dissolved,

CO2 bubbles form once the solubility of the solution is exceeded. Nucleated

bubbles ideally pass through the cell to the flash tank for phase disengage-

ment. The bright patches on the top bottom edges of the baffle shown in

Figure 5-7(b) suggest a degree of bubble trapping. CO2 bubbles are then re-

absorbed into freshly regenerated amine on polarisation reversal. A number

of different baffle designs were trialed which balance membrane scaffolding,

minimising bubble trapping and maximising electrode surface area. Fu-

ture stacked versions used a dot like baffle configuration as a compromise

between these competing factors.
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Figure 5-10: EMAR Stack V8 P&ID (a) and experimental apparatus (b)

Given the issues in attaining consistent high efficiency performance of the

EMAR stack, investigation into the feasibility of the process for natural gas

sweetening was established with more fundamental electrochemical techniques.

Additionally, the experiments of Stern 37 , Eltayeb 48 and Shaw 49 demonstrate the

applicability of the process to separate CO2 from flue gas*, though do not consider

the additional components in natural gas. As discussed in Section 1.1, natural

gas contains additional components; namely sulfur containing compounds and

hydrocarbons which may impact EMAR performance. This is covered next.

5.3.3 Application to natural gas treating

CO2 is common to both flue gas and natural gas, though the degree of removal

depends on the application. The typical target for CO2 removal from flue gas is

90% capture, while targets vary in natural gas treating from an outlet concen-

tration from the absorber of 2 mole % to 50 ppmv, for domestic gas supply and

LNG production respectively.234 Primary amines are capable of removing CO2 to

ppmv levels, often with faster reaction rates, though are generally more corrosive.

The majority of remaining compounds in natural gas are saturated hydrocarbons,

*Assumed as a 15/85 mix of CO2/N2 where any SOx and NOx has been removed in earlier
units, operating at 1 bar total pressure.
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which have low solubility in aqueous media and do not exhibit an electrochemical

response in the window for EMAR.* Hydrocarbon solubility becomes more rele-

vant at high pressure operation, and can necessitate additional unit operations

to remove coabsorbed hydrocarbons. The main species of concern is hydrogen

sulfide. H2S does exhibit electrochemical behaviour, bisulfide from dissolved H2S

due to the multiple oxidation states of sulfur. Although, CS2 and COS may be

present depending on the gas well, given their hydrolysis reactions (see Section

3.2.2), COS and CS2 are not largely present and collapse via hydrolysis reactions

to form H2S and CO2. The typical makeup (of a fairly lean gas) from a well in

Western Australia is shown in Table 5.1.

Table 5.1: Composition of Natural Gas used in experiments probing behaviour of
EMAR electrolyte.

Component Mole Fraction

Methane 0.8871
Ethane 0.0350
Propane 0.0100
i-Butane 0.0040
n-Butane 0.0040
i-Pentane 0.0015
n-Pentane 0.0015
neoPentane 0.0010
n-Hexane 0.0005
n-Heptane 0.0002
CO2 0.0300
H2S 200 ppm
N2 0.0250

5.3.3.1 Effect of hydrogen sulfide

The most pressing concern when applying the EMAR process to natural gas

treating is the presence of H2S. H2S hydrolyses to form bisulfide, SH– and a

proton where the spontaneous and near complete formation of metal sulfides

occurs, represented by Eqn. 5.10. The solubility product for transition metal

*Redox behaviour of aliphatic hydrocarbons in aqueous media occurs at higher potentials,
above approximately 0.4 V vs DHE,235 beyond those anticipated in EMAR operation.
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sulfides is very low, typically < 10−20, and as such little free copper remains.

CuS(s) + H+
(aq)
−−⇀↽−− SH−(aq) + Cu2+

(aq) Ksp = 1.4758× 10−23 (5.10)

Na2S(s) + H2O(l) −−⇀↽−− 2 Na+
(aq) + SH−(aq) + OH−(aq) (5.11)

To avoid the risk of handling H2S, the addition of sulfide to the EMAR elec-

trolyte was simulated with Na2S as an aqueous source of sulfide. The addition

of H2S is worse as the solution continues to acidify, reducing the effectiveness of

amine to absorb CO2, as seen in Chapter 3.

The formation of copper sulfide in acidic solutions,236 and in the presence

of complexing agents such as ethylenediaminetetraacetic acid (EDTA),91,92,237,238

and EDA,239–241 have been well studied. The effect of the complexing agent is

two fold: the thermodynamic stability of the complex dictates the free copper

ions in solution, while the nature of the complexing agent determines the sites

available for bisulfide attack on the copper (II) complex. As computational re-

sults from Chapter 4 show, aqueous copper(II) adopts a distorted octahedron

coordination geometry, while the bisethylenediamine copper(II) complex causes

further distortion of the ligands in the axial direction. Although all equatorial

sites are occupied by nitrogen from two ethylenediamine ligands, the axial sites

are still open to water exchange and reaction with SH– . This is the suspected

point of attack in forming covellite, CuS. The stability of the bisethylenediamine

copper(II) complex is not sufficient to prevent the formation of CuS, and increas-

ing the aqueous sulfide concentration effectively produces a linear trend in the

free copper(II) concentration, shown in Figure 5-11. Only with excess EDA is

there residual copper as bisethylenedianemine copper(II) present at equimolar

Cu2+ and S2−, though on further addition neither free copper nor the copper

complex are detected.

The ratio of copper salt, complexing agent, and aqueous sulfide concentra-

tions, and operating conditions affect the morphology and ratio of copper to

sulfur in the solid formed. Here, the ratio appears to be 1:1 except at very high

EDA loadings, though it is common to find ratios of 1.4:1 to 2:1 for Cu:S formed

in aqueous ethylenediamine solutions.240 As the cell potential (Eqn 5.2) is a func-

tion of operating conditions and the activity of Cu2+, the behaviour of the EMAR
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Figure 5-11: Free copper concentration following addition of Na2S simulating H2S
absorption (left) and pH of final solutions (right). Total solution volume was 5 mL
with 50 mM CuSO4. Stock Na2S solutions were bubbled with N2 for >24 hours to
remove dissolved oxygen and precipitation was performed under N2.

electrolyte following Na2S addition was examined. Cyclic voltammograms of the

EMAR electrolyte at increasing sulfide concentration (from Na2S) are shown in

Figure 5-12

Though some metallic sulfides (depending on the morphology) display semi-

conductor properties, the electrochemical behaviour of interest for the operation

of EMAR is effectively nullified as sulfides are introduced, such that the CV at

greater than equimolar sulfide reduces to effectively a scan of the background

electrolyte. Though H2S concentrations in natural gas are relatively low, in the

case where dissolved sulfides exceed the aqueous copper concentration and cell

operation is maintained, mixed oxide and sulfide films will develop on the surface

of each electrode blocking the effect of copper(II) in solution.242,243 In addition,

the hydrolysis of H2S acidifies the solution, reducing the working capacity for

CO2 over time.

Given the negative consequence of dissolved H2S on the electrochemistry and

therefore the larger process, it must be removed prior to the EMAR unit. Shaw 49

suggested the following calcination and dissolution steps to recover the copper lost
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Figure 5-12: CVs of EMAR electrolyte at 0.05 M CuSO4, 0.5 M Na2SO4 and 0.1 M
EDA where total Na2S concentration is increased. Glassy carbon working electrode,
platinum counter, Ag/AgCl reference electrode.

to CuS solid formation.

CuS(s) +
3

2
O2(g) −−⇀↽−− CuO(s) + SO2(g) (5.12)

CuO(s) + 2 EDAH+
(aq)
−−⇀↽−− Cu2+

(aq) + 2 EDA(aq) + H2O(l) (5.13)

For process simplicity, the formation of particles, which necessitates additional

equipment for their removal and intermittent process shutdowns can be avoided

with adsorbent beds. These units, immediately upstream of the absorber, capture

H2S either irreversibly, by forming a solid metal sulfide (for example via an iron

oxide sponge, reaction in Eqn 5.14), or reversibly via sorption into aluminosilicate

zeolites.244

2 Fe2O3(s) + 6 H2S(g)→ 2 Fe2S3(s) + 6 H2O(l) (5.14)

Iron sponge processes are cheap to operate though adsorption beds need replacing

every 3-5 years, whereas zeolite adsorption beds can be regenerated through tem-

perature swing utilising gas turbine exhaust on-site. Either solution is industrially

available, and suitable for removal of the low to moderate levels of H2S found in

Australian well gas.174,245 In contrast, calcination requires temperatures of over
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800 °C to ensure complete conversion of copper sulfide to oxide* and reintroduces

solids to the flow system.246

On the assumption H2S is removed by one of the above methods, the operation

of an EMAR system with lean natural gas is examined.

5.3.3.2 Effect of hydrocarbons

To check the difference the presence of hydrocarbons makes to the behaviour of

the EMAR system, the electrolyte was examined by CV once the the solution had

been saturated with either N2, 3 % CO2 in N2 and finally 3% CO2 in the natural

gas mixture presented in Table 5.1. The response of the electrolyte is shown for

each case in Figure 5-13.
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Figure 5-13: CV of EMAR electrolyte under various atmospheres. Glassy carbon
working electrode, platinum counter electrode, Ag/AgCl reference electrode. All CVs
performed with 0.05M CuSO4, 0.1 M EDA, 0.5M Na2SO4

There is no qualitative difference between scans under different headspaces,

especially at only 1 bar total pressure where hydrocarbon solubility is particularly

low. The solubility of methane into an aqueous 1 molal solution of ethylenedi-

amine is plotted in Figure 5-14 for reference.� At 1 bar methane, the solubility

is just 0.0016 mol CH4/kg water, which in a 15 mL CV vial will be swamped by

the copper redox signal. As the EMAR cell may operate at elevated pressures

*Unavailable from the exhaust of gas turbines used for local power generation.
�Generated in Aspen HYSYS V8 with eNRTL/Peng-Robinson EoS.
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hydrocarbons will be present in larger concentrations. The next section exam-

ines the electrochemical behaviour at high pressure and the effect of dissolved

hydrocarbons on the response.
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Figure 5-14: Methane solubility in 1 molal ethylenediamine at 25 °C and 50 °C.

5.3.4 Effect of cell pressure

In examining the performance of the EMAR stack, a number of improvements to

the design for operation at 1 bar total pressure were identified. Even with many

modifications implemented the stack (and ancillary equipment) was not suited

to high pressure operation. Additionally, the behaviour of electrolyte had not

been examined at elevated pressure. The same CV analysis was performed on

the EMAR electrolyte, though at the elevated pressure to ensure the behaviour

was consistent for pressurised operation.

An ideal thermodynamic equilibrium will exhibit weak pressure dependence

as related to the standard volume of reaction ∆V ◦. This can be expressed in

terms of the change in the standard cell potential, E◦ with pressure, shown in
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Eqn. 5.17.95

(∂lnK◦/∂P )T = −∆V ◦/RT (5.15)

lnK◦ = nF∆E◦/RT (5.16)

∆V ◦ = −nF (∂∆E◦/∂P )T (5.17)

The standard volume change for aqueous copper deposition is -20.7 cm3/mol,247,248

which translates to (∂∆E◦/∂P ) = 1.07 × 10−5V/bar. This does not represent a

significant change in potential over the 20 bar working range of the EMAR cell.

The response of the electrolyte under high pressure was still examined to ensure

it will perform with high pressure natural gas as it does at 1 bar total pressure.

CVs were performed on the same solutions as used in operation of the EMAR

stack, 0.25 M CuSO4, 1 M EDA and 0.5 M Na2SO4. A scan rate of 100mVs−1 pro-

duced reasonable repeatability for the experimental duration where at lower scan

rates polarisation was less consistent as both cathodic and anodic currents con-

sistently decreased. After approximately 10 cycles at 100 mVs−1, the electrolyte

system approached a pseudo steady state behaviour. To simulate a natural gas

treating scenario, the solution was saturated with the natural gas (Table 5.1)

first at 1 bar total pressure, then at 50 bar total pressure for one hour.* The

total pressure was reduced (via the back pressure regulator) to 10 and 20 bar,

where the same electrochemical technique was used to examine the system. The

P&ID and picture of the experimental apparatus is shown in Figure 5-15. Open

circuit voltage (OCV) and EIS measurements were performed before and after

CVs. Peak anodic and cathodic potentials and currents are plotted and presented

in Figure 5-16 and Table 5.2. As there is no peak cathodic current under CO2,

the cathodic current shown in Figure 5-16 is reported at -1.2 V vs the AgNO3

reference (0.697 V vs SHE), and shown in Table 5.2.

The variations in the measured peak currents and potentials shown in Figure

5-16 are largely due to a lack of temperature control of the pressure cell (where

the temperature dependence of the cell voltage is captured in Eqn. 5.2).� Under

*The operating pressure of the amine absorbed depends on many factors - often between
50 and 120 bar. The operating pressure here was limited by that available from the gas tank.

�Though the ambient temperature was maintained at 23±2 °C.
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Figure 5-15: High pressure cell process and instrumentation diagram (a) and experi-
mental apparatus (b). PI - Pressure Indicator. DPI - Differential Pressure Indicator.
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Figure 5-16: EMAR Electrolyte response at high pressure. Nitrogen headspace (left)
and CO2 headspace (right).

CO2 the anodic currents are consistently higher than under N2, though less of a

difference is observed at the cathode. Given the fluctuations, little can be said

about the response at elevated pressure, other than that there is no significant

deviation from operation at one bar total pressure. OCVs before and after CVs
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under N2 are less consistent - the high pH of these solutions (∼ 13) improves the

stability of CuO which may be retained on the electrode surface.230 This is not

the case under CO2 saturated conditions where the OCV before and after CVs

are far more consistent.

The response at pressure then serves to provide bounds for the response of

the electrolyte under natural gas. Natural gas absorption at 50 bar total pressure

represents 15 bar partial pressure of CO2
*, which once flashed to 10 or 20 bar

produces liquid phases which are saturated or partially saturated with CO2. The

CV scans under natural gas are less stable than under N2 or CO2 in that the

scans do not achieve a pseudo steady state condition - data from the 1st and

20th scans are presented in Table 5.2. For visual comparison, the CV scans of a

CO2 saturated solution at 10 and 20 bar are shown in Figure 5-17 with CVs from

electrolyte saturated with natural gas at 50 bar and flashed down to the same

pressure adjacent.

Table 5.2: Electrochemical response of EMAR electrolyte under pressure. Peak anodic
and cathodic potentials, EP,anode and EP,cathode, respectively, and OCVs in V vs SHE.
Peak anodic and cathodic currents, IP,anode and IP,cathode, respectively, in mA.

Pressure Headspace EP,anode IP,anode EP,cathode IP,cathode OCV

1
N2 -0.0773 2.674 - - -
CO2 0.2441 4.462 -0.6970 -2.455 -0.0837 / -0.1026

5
N2 -0.04466 4.045 -0.64887 -1.984 0.1305 / -0.2983
CO2 0.2316 4.865 -0.6970 -1.762 -0.0425 / -0.0638

10
N2 -0.03239 4.808 -0.6740 -2.076 0.1379 / -0.2685
CO2 0.2527 5.082 -0.6970 -1.786 -0.0181 / -0.0346

15
N2 -0.0738 3.503 -0.6691 -2.006 -0.0206 / -0.2873
CO2 0.2920 5.547 -0.6970 -1.711 -0.0107 / -0.0097

20
N2 -0.0655 3.967 -0.6372 -2.179 -0.0901 / -0.2811
CO2 0.2638 5.663 -0.6970 -1.831 -0.0120 / -0.0325

25
N2 -0.0324 3.848 -0.6311 -2.343 -0.1038 / -0.2397
CO2 0.2966 5.643 -0.6790 -1.766 0.0313 / 0.0117

10 3% CO2 in NGa 0.3159 4.104 -0.7080 -2.496
0.0751 / -0.0729

0.3337 4.464 -0.7170 -2.863

20 3% CO2 in NGa 0.2463 3.696 -0.7300 -2.222
0.0253 / 0.0291

0.2576 3.860 -0.7210 -2.325

a1st and 20th scan results shown for comparison.

*Assuming ideal gas behaviour.
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Figure 5-17: CVs of (top) 10 bar. (bottom) 20 bar. (left) CO2 headspace. (right) NG
headspace (3% CO2)

The onset of reduction in the saturated natural gas solutions is more negative

than under CO2 alone, likely due to the pH difference of an undersaturated solu-

tion.* Additionally, the shoulder of the anodic scans indicate aqueous copper is

released in a solution of unbound ethylenediamine (with respect to CO2). Lastly,

the NG saturated solutions achieve a peak cathodic current at approximately -

1.22 V vs AgNO3 (-0.72 V vs SHE) indicating a diffusion limitation that was not

present under N2 or CO2. This may be caused by a reduction in the diffusion co-

efficient of copper due to dissolved hydrocarbons. These above effects necessitate

additional polarisation of an EMAR cell to achieve the same current response as

under pure CO2. Though the total energy requirement will be greater due to

dissolved hydrocarbons, there is no suggestion the system will not perform.

5.3.4.1 High pressure electrodeposition

The deposition of copper is integral to the operation of the EMAR cell, therefore

factors that effect the nature of the deposit have been examined. Industrial cop-

per electrodeposition is performed in acidic sulfate, cyanide, or pyrophosphate

*pH of fully CO2 saturated solution at 10 and 20 bar is 6.56 and 6.29 respectively, while the
pH of a 3% CO2 saturated NG solution at 50 bar is 7.44. Determined from speciation model
in Chapter 6
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solutions, with few operating in the presence of complexing agents.226 Electrode-

position of copper(II) with ethylenediamine onto other metals (iron and zinc) was

performed in the 1930s,249 though at a higher pH because of excess free ethylene-

diamine. The EMAR cathode is saturated with CO2 where the ethylenediamine

present is complexed with either copper(II) or CO2 as carbamate, bringing the

pH to approximately 6.5. As stable operation of the EMAR system depends

on reversible plating and dissolution of copper electrodes, bulk electrolysis ex-

periments under CO2 saturated conditions were performed. A major benefit of

the EMAR system is its pressurised operation, therefore electrodeposition was

studied also at elevated pressures. The pressure vessel available could not be

modified to include a stirrer. In order to provide solution mixing, CO2 was bub-

bled through the solution at the desired operating pressure via the PEEK tube

shown in Figure 5-18(b).

1/8" 1/8" 1/8"

1/32" 1/32"

1"

1/8" 1/8"1/4"

(a) (b)

Figure 5-18: Depiction of bulk electrolysis setup. Side view (left) and front view
(middle) of electrode sandwich (units in inches). Dark grey - EPDM rubber, pale
orange - solid copper electrode, white - empty space/flow channel. Photo of apparatus
with fresh electrodes (right).

Cyclic voltammograms of the sulfate system under CO2 (Figure 5-5) demon-

strate maximum cathodic and anodic currents at approximately 2 and 4 mA,
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respectively, which for the 3 mm diameter working electrode translate to cur-

rent densities of 28 and 56 mA/cm2. Qualities, such as adhesion, appearance,

mechanical properties etc., of electrodeposited material strongly depend on the

applied potential and resulting current density, where for copper sulfate systems

compact deposits are formed below 10 mA/cm2 and those of powdery character

are formed above this value.250 To avoid low quality deposits, electrodeposition

was performed at a moderate 4 mA/cm2 in CO2 saturated solutions with the

standard EMAR electrolyte. Separate deposition was performed at 1, 5, 10 and

15 bar total pressure CO2, with at least 1 hour of equilibration at the total pres-

sure prior to applying a potential. The resulting deposits on the cathode were

imaged with an optical microscope at ∼20× and SEM at 150× shown with the

applied voltage over the 2 hour experiment duration in Figure 5-19.
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Figure 5-19: Photos of cathodes with optical microscope at 20× magnification (top),
SEM at 150× magnification (middle) and graph of applied potential (V) over 2 hours
experimental duration (bottom). Results from desposition under 100% CO2 at 1 bar
(a, e), 5 bar (b, f, i), 10 bar (c, g, j) and 15 bar (d, h, k) total pressure.

The dark and dull copper deposits are consistent with the observations of

�Data unavailable. ∼1 V over duration.
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Brockman and Mote 249 , and darken further with increased pressure, though the

applied potential over the experiment duration is not consistent. Mass transfer

limitations due to poor agitation by variable bubble propagation through the

electrode sandwich prevented current being achieved by deposition and dissolu-

tion of copper(II) alone. Mass transfer limitations manifest as poor distribution

of electrodeposited material shown in Figure 5-19(a), where only the left side of

the electrode appears to have developed copper deposits. Above applied poten-

tials of 1.23 V oxidation and reduction of water is expected to contribute to the

current. Hydrogen evolution, due to the reduction of water, is proposed as the

reason for the distributed ball-like structures seen on the cathode in Figure 5-

19(f), (g) and (h).251 The gas, which reduces in volume as the pressure increases,

causing the same trend in the size of the ball-like structures, alters the hydro-

dynamic conditions near the electrode surface.251 Pitting due to the formation

of larger gas bubbles can be seen on the cathode surface in Figure 5-19(c) and

(d). Anodes are not pictured as they are effectively featureless, even beyond 1-

2K× magnification. Fluctuation and reduction in the applied voltage over the

course of experimental runs is due in part to the poor mass transfer, where once

nearby electroactive species are consumed and not replenished, the potential rises

to achieve the desired current density.

To prevent the breakdown of water, lower potentials were applied in a simi-

lar configuration in subsequent experiments. Rather than operating at constant

currents, a constant potential was applied which is more in accordance with op-

eration of the EMAR stack (0.5 - 1.0 V per unit cell). 0.6 V was applied across

the cell, which achieves reasonable currents and is such that the Joule heating

compensates for the enthalpy of desorption of the EDA-CO2 complex.49 The elec-

trodeposits formed on the cathode under 1 and 5 bar CO2 are shown in Figure

5-20.

The deposits formed at lower potentials are more uniformly spread than under

chrono-potentiometric operation. Though the sulfate deposits in Figure 5-20

are more uniform and brighter, the flaky character indicates poor adhesion to

electrode underneath, such that the deposited material has curled on itself. A

more extreme case is under 5 bar deposition, shown in Figure 5-20(d), where the

deposit has almost detached from the electrode such that the fresh electrode may
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Figure 5-20: Bulk electrolysis experiments at constant applied potential 0.6V. Photo
of cathode post deposition at 20× magnification (top) and current response over the
course of two hour electrodeposition (bottom). sulfate solution at 1 bar CO2 (a),
sulfate solution deposition at 1 bar CO2 with Cl- doping at 0.1 mg/L (b), Sodium
tetrafluoroborate deposition (2M NaBF4) under 1 bar CO2 (c), sulfate solution depo-
sition under 5 bar CO2 (d).

be seen underneath. Poor deposit adhesion is a problem for EMAR operation as

flaky deposits can be dislodged and short the cell or accumulate and block flow

channels. Electrolyte solutions and common additives used in industrial copper

electroplating were investigated for use in the EMAR electrolyte.

Chloride is a common additive in acid sulfate copper electroplating, used to

improve mechanical properties and the throwing power of the electrolye solution -

which is the ability to plate a uniform cathode surface.226 The necessary chloride

concentrations are in the order of 40-150 mg/L, enough to significantly alter the

mechanical properties and appearance of the plate. 4mg of NaCl was added to the

standard sulfate solution (160 mg Cl– /L), with the resulting cathode shown in

Figure 5-20(b) and current response below. Compared to the experiments without

chloride, the colour of the plate is much darker but the same flaky deposits are

formed. However, there is a doubling of the average current density over the

experiment from 1 to 2 mA/cm2.

Apart from sulfate electrolytes, acidic fluoroborate solutions are used indus-

trially for copper electroplating.226 The deposit from a 2M NaBF4, with 0.25M

Cu(BF4)2 and 1 M EDA saturated with CO2 is shown in Figure 5-20(c) with
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current response below. This deposit demonstrates similar adhesion to sulfate

solutions though at much lower polarisation, averaging only 0.3 mA/cm2 over

the experiment. The majority of copper electrodeposition is performed at low

pH (2-3), where soluble copper hydroxide and solid copper oxide are not stable.

Unfortunately, the operating pH is limited by the presence of excess ethylenedi-

amine, where fluoroborate deposition produces dark, dull and brittle deposits if

the solution pH is above 1.7.226 Industrial plating in acid sulfate or fluoroborate

solutions operates between 1 and 5 mA/cm2, where deposition quality has been

optimised with the use of additives over a century.226

Curiously the current response of the electrolyte under 5 bar CO2 was sig-

nificantly better, at nearly 3 times the current density (2.75 vs 1 mA/cm2). To

investigate the difference in polarisation response of each electrolyte solution, EIS

was performed before and after each deposition experiment. A Nyquist plot of the

EIS response and the equivalent circuit used to fit the data are presented in Fig-

ure 5-21. As there is no diffusion-like resistance present in the Nyquist plot over

the frequency range studied, a Randles circuit without the Warburg (diffusional)

impedance, with a constant phase element (CPE) in place of the ideal capacitor

was used to fit the results. The CPE can account for inhomogeneity in the double

layer and electrode surface - its impedance is given by ZCPE = 1/C(jω)n, where

C is traditional capacitance and n indicates deviation from ideal behaviour, where

n = 1 is an ideal capacitor and n = 0 an ideal resistor. The parameters used

in the model to fit the data, parameter error and total sum of squares error are

presented in Table 5.3.

The addition of chloride is seen to significantly reduce the polarisation re-

sistance, by nearly 7 times. Chloride ions form an ordered anion layer at each

electrode, which at the cathode provides a lower energy path for deposition via

inner sphere electron transfer and at the anode improves dissolution through

a copper chloride intermediate.226,252,253 The change in the anion adlayer is re-

flected in the decrease of the capacitance value of C in the CPE. The fluoroborate

electrolyte demonstrates a similar polarisation resistance to the sulfate system,*

though the decrease in capacitance causes an increase in the total impedance of

*Grambow and Vielstich 254 found exchange current densities for the copper system in BF4

85% of that in SO4 electrolytes
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Figure 5-21: Nyquist plot of impedance for each electrolyte system (a) and the equiv-
alent circuit use to analyse the response (b)

Table 5.3: Parameters extracted from impedance measurement fit to equivalent circuit.
Resistance in Ω, capacitance in Farads. Percentage error quoted as beyond which
change to the parameter reduces the goodness of fit.

Electrolyte

Parameter SO4
2– %ε SO4

2– /Cl– %ε BF4
– %ε SO4

2– a %ε

Rs(Ω) 2.869 9.34 3.829 5.92 3.952 4.90 3.875 11.08
Rp(Ω) 8858 11.90 1269 21.41 7938 13.99 1094 21.00

CPE, C (F) 7.25×10−6 1.53 7.16×10−6 15.61 2.28×10−6 6.38 7.25×10−6 25.52
CPE, n (-) 0.79295 61.35 0.82956 1.84 0.84044 0.77179 0.79472 3.13

Σe2 0.265 0.215 0.066 0.606

aUnder 5 bar CO2

the system in the parallel circuit, demonstrated by a large but not fully formed

semicircle on the Nyquist plot. The total pressure of the system is seen to have

the largest impact on the polarisation resistance, where in moving to 5 bar, Rp

reduced by over 8 times, resulting in the near tripling of the current response in

Figure 5-20. The improved polarisation response under moderate pressure, adds

to the many benefits of operating the EMAR system above ambient pressure.

To examine the effect of polarity switching on the electrodes, a voltage of 0.6

V was applied and reversed each 15 minutes (900 seconds). One of the resulting

electrodes and the current response is shown in Figure 5-22. The dull yellow
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sections of the electrode are due to the predominately anodic reaction,* where

darker flakes are indicative of electrodeposited copper. After approximately 45

minutes, the third polarity reversal, a section of the flaky electrodeposit bridged

the gap and shorted the cell, allowing large currents to flow through the circuit

(>1A). Prior to the short, each polarity reversal saw an increase in the average

current density, from 0.41 to 0.83 to 1.23 mA/cm2 due to an increases surface

roughness.
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Figure 5-22: Photo of the electrode, post polarity switch (a) and potential and current
response (b).

To avoid inconsistent agitation provided by CO2 bubble propagation, elec-

trodeposition was performed in a stirred solution with smaller electrodes. The

cathodes resulting from electrodeposition at 0.5 mA over a 1/4 inch square cop-

per electrode are shown in Figure 5-23. It is clear from the applied potential

shown in Figure 5-23(c) that the current in previous deposition experiments is

mass transfer limited because the 1.24 mA/cm2 applied here requires just 0.25 V

on average compared to the 0.6 V applied previously. Deposits from the sulfate

solution at lower overpotentials are more compact, though are confined to less

than half the electrode surface area. Although the addition of chloride (at just

0.1 mg/L) affects the applied potential� and adhesion of the electrodeposit, the

coverage is more uniform. Regions of the electrode in Figure 5-23(b) display an

even flat distribution among sections of curled deposits. EIS measurements of

*Where the yellow colour may indicate the formation of a urea derivative or imine.
�Experiments were performed simultaneously with separate stirrers where the stirring speed

could not be set explicitly.
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Figure 5-23: Photo of cathode post electrodeposition of standard sulfate solution (a)
sulfate solution with 0.1 mg/L HCl (b) applied potential to maintain 0.5 mA (1.24
mA/cm2) over three (3) hour duration(c).

each electrode indicate that chloride again reduces the polarisation resistance,

see Figure 5-24, and so the higher potentials in the chloride system are due to

mass transfer limitations. The polarisation resistance (extracted when fit with

the equivalent circuit) reduces from 7170 Ω to 1708 Ω with the addition of only

0.1mg/L Cl– . Given the large impact that the addition of chloride ions have on

deposit quality and throwing power, further investigation into the ideal concen-

tration is warranted.*

The majority of copper deposits examined were poorly adhered and flaky bar

those obtained at low current densities and low overpotentials. Ambient temper-

ature runs may have contributed to the poor deposits as Brockman and Mote 249

noted brighter and adherent deposits can be obtained at above 50 °C. Their elec-

trolyte did not contain carbonate (due to CO2 saturation), which if present in ex-

cess yield grainy deposits in alkaline plating baths.226 Additionally, the products

of sulfate reduction have a grain coarsening effect which can be mitigated by heat-

ing the electrolyte solution.226 Higher temperature operation and pre-treatment

of the cathode via acid etch present good options for future improvement, before

examining the many additives that have been used in industrial electroplating

*Eltayeb 48 noted bromide ions were co-deposited with copper, consuming the salt. This
is likely due to its greater specific adsorption onto metal surfaces.252 Adsorption energies for
chloride is lower and so less will occur, though co-deposition of chloride can be beneficial to
mechanical properties if the concentration is maintained.226
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Figure 5-24: Nyquist plot comparing the impedance of the standard sulfate electrolyte
and that with 0.1 mg/L HCl. Both solutions saturated with CO2.

of copper. In order for EMAR to be competitive to traditional amine systems,

high current densities (tied to the amine regeneration rate) and stability of the

process are necessary. The addition of minimal chloride salts and operation at

elevated pressure have the potential to significantly improve the current density

and reliability of the system.

5.4 Summary

The ideal thermodynamic description of the EMAR process is presented and

the effect of the electrolyte was examined. The previously employed nitrate elec-

trolyte was investigated with CVs and displayed high cathodic currents - implying

blocking and reaction at the cathode. sulfate electrolytes demonstrate more sta-

ble behaviour and were used in subsequent investigations. Cyclic voltammograms

of a dilute EMAR electrolyte under CO2 and N2 are presented, where pH effects

and the kinetics of carbamate dissociation shift the peak potentials and current

response. Implementation of the electrochemistry in a stacked cell configuration

suffered from low efficiency due to: poor temperature control, degradation of the

nitrate electrolyte, mixing due to ineffective cell membranes and bubble trapping

in the baffle system. All of these were addressed and improved in future stack

versions though not sufficiently to perform experiments with natural gas. The

effects of the contaminants in natural gas were then investigated. H2S was found

to suppress the electrochemical response of the EMAR electrolyte in 1:1 (H2S:Cu)
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ratio forming solid CuS in the process. CuS solids can be removed, treated by

calcination and reintroduced as solid copper oxide to dissolve in the electrolyte

returning to the EMAR circuit, or a simpler adsorbent bed may be employed up-

stream of the EMAR absorber unit to avoid solids handling. EMAR electrolyte

behaviour was then examined at elevated pressure which served as a baseline

comparison for when natural gas was applied to the system. The effect of natural

gas on the electrochemical response was minimal, where dissolved hydrocarbons

appear to adversely affect copper(II) diffusion. The effects of pressure and elec-

trolyte on the quality of electrodeposited copper were investigated. Increasing the

pressure to 5 bar and introducing minimal chloride ions to the electrolyte were

found to significantly decrease the polarisation resistance of the electrode sand-

wich examined. Weak adhesion of electrodeposited copper was observed across

all electrolyte systems, though chloride additives demonstrated superior leveling

of the copper plate. Elevated temperature deposition and pretreatment of fresh

copper electrodes are suggested to improve plate adhesion while operation with

chloride additives at elevated pressure is recommended to reduce energy require-

ments and generate level copper deposits.
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Chapter 6

Process model

As EMAR has been proven viable for natural gas treating by a combination

of quantum chemical modelling and electrochemical experiments, the energy for

CO2 capture by an EMAR system is now compared against that for current state

of the art thermal systems. An example natural gas, similar to that used in the

experiments of Chapter 5, is simulated in an EMAR process model to determine

the energetics of CO2 capture. A number of case studies are presented, where

key process variables such as the operating concentration of amine, absorption

pressure and EMAR cell pressure are varied with results presented. A thermal

amine system was modelled in Aspen Hysys V10 and the EMAR model used is

an extension of the work published in Wang et al. 101 . The solubility of natural

gas components and application of the Peng-Robinson equation of state to the

gas phase have been added to address hydrocarbon losses in the system and the

non-ideality of natural gas mixtures at high pressure.
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Figure 6-1: Simple process diagrams of the electrochemical (a) and thermal (b) regen-
eration cycles for aqueous amine solvents.

6.1 EMAR process model

Having examined specific EMAR reactions with quantum chemistry and con-

firmed the behaviour of a real EMAR electrolyte under a natural gas atmosphere

and at elevated pressure, an overall thermodynamic model was built to under-

stand the total energy requirements of the whole system for CO2 capture. Results

from the EMAR process model are benchmarked against those from a model of

the current state of the art thermal regeneration systems. A simplified process

scheme for electrochemical and thermal amine regeneration are shown in Figure

6-1 (a) and (b), respectively.

6.1.1 Model development

The EMAR model was built on the work of Wang et al. 101 where components and

relations specifically relevant to natural gas sweetening were added. The aqueous

phase is treated similarly but the gas phase was modelled with the Peng-Robinson

Equation of State (EoS), which is more applicable to the simulation of natural

gas.255,256 This combination mirrors that used in commercial packages such as As-

pen HYSYS V10, where the recommended property package for acid gas treating

(Acid Gas - Chemical Solvents) simulations is a combination of Peng-Robinson

EoS and symmetric eNRTL.257,258 In that specific combination of packages, ki-
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netic and equilibrium relations are included for some reactive amines such as

MEA, MDEA and DEA though does not include EDA because it has not been

considered viable for thermal amine stripping.51 Since commercial packages can-

not simulate the EMAR process, all model equations were written and solved in

MATLAB. Equations that dictate the behaviour of the liquid and vapour phases,

and the governing equations of each unit operation are described herein.

6.1.2 Liquid and vapour phase treatment

Liquid phase calculations are performed with the B-dot activity coefficient model

according to standard procedures outlined in the geochemical speciation package

EQ3/6 v8.0 manual.259 Temperature dependent equilibrium constants were ex-

tracted from the extensive database available in EQ3/6, where specific relations

for copper(II) with EDA were obtained from Paoletti 186 and EDA with CO2 from

Stern 37 . The speciation equations considered in this model are presented in Table

6.1.

The activity of species i is given by:

ai = γici (6.14)

The activity coefficients of ionic species (e.g. carbonate and sulfate ions) were

determined with equation 6.15, and converted to the National Bureau of Stan-

dards (NBS) scale using the B-dot activity coefficient of Cl– and the relations

6.17 and 6.18 below.

logγi = − Aγ,10z
2
i

√
I

1 + aiBγ

√
I

+ ḂI (6.15)

I =
1

2

∑
i

ciz
2
i (6.16)

logγi|NBS = logγi|B−dot +
zi
zCl−

(logγCl−|NBS − logγCl−|B−dot) (6.17)

logγCl−|NBS = − Aγ,10

√
I

1 + 1.5
√
I

(6.18)

The constants Aγ,10, Bγ are temperature dependent Debye-Hückel parameters, z
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Table 6.1: Speciation equations considered in the EMAR process model.

CO2(g) −−⇀↽−− CO2(aq) K1 =
aCO2

fCO2

(6.1)

CO2(aq) + OH−(aq)
−−⇀↽−− HCO-

3(aq) K2 =
aHCO−3

aCO2aOH−
(6.2)

CO2
3-(aq) + H+

(aq)
−−⇀↽−− HCO-

3(aq) K3 =
aHCO3−

aCO2−
3

aH+

(6.3)

OH−(aq) + H+
(aq)
−−⇀↽−− H2O(l) K4 =

aH2O

aOH−aH+
(6.4)

CuO(s) + 2 H+
(aq)
−−⇀↽−− Cu2+

(aq) + 2 H2O(l) K5 =
aCu2+aH2O

aCuOaH+
2 (6.5)

CuOH(aq)
+ + H+

(aq)
−−⇀↽−− Cu2+

(aq) + H2O(l) K6 =
aCu2+aH2O

aCuOH+aH+
(6.6)

NaHCO3(aq) −−⇀↽−− HCO3
−

(aq) + Na+
(aq) K7 =

aHCO3−aNa+

aNaHCO3

(6.7)

NaCO3
−

(aq) + H+
(aq)
−−⇀↽−− HCO3

−
(aq) + Na+

(aq) K8 =
aHCO−3 aNa+

aNaCO−3 aH+
(6.8)

NaSO4
−

(aq) −−⇀↽−− Na+
(aq) + SO4

2−
(aq) K9 =

aNa+aSO2−
4

aNaSO−4 aH+
(6.9)

EDA(aq) + H+
(aq)
−−⇀↽−− EDAH+

(aq) K10 =
aEDAH+

aEDAaH+
(6.10)

EDAH+
(aq) + H+

(aq)
−−⇀↽−− EDAH2

2+
(aq) K11 =

aEDAH2+
2

aEDAH+aH+
(6.11)

2 EDA(aq) + Cu2+
(aq)
−−⇀↽−− [Cu(EDA)2]2+

(aq) K12 =
a[Cu(EDA)2]2+

a 2
EDAaCu2+

(6.12)

EDA(aq) + CO2(aq) −−⇀↽−− EDACO2(aq) K13 =
aEDACO2

aEDAaCO2
(6.13)
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the charge of the ion, a the hard sphere radius of the ion, Ḃ the B-dot parameter

and I the ionic strength given by Eqn 6.16. The activity coefficients for all neutral

polar species are set to unity, except H2O and CO2(aq). The activity coefficient

for CO2(aq) is calculated as per Eqn. 6.19, where T is the absolute temperature

and the constants are defined as C = −1.0312, F = 0.0012806, G = 255.9,

E = 0.4445 and H = −0.001606. The activity of H2O is calculated in Eqn 6.20,

where Ω is the concentration of water and σ and x are given by Eqn 6.21 and

6.22, respectively. The activity coefficient of dissolved neutral non-polar solutes is

given by Eqn 6.23, where the coefficients a, b and c are a temperature dependent

fit to 3rd order polynomials.260

logγCO2(aq) =

(
C + FT +

G

T

)
I − (E +HT )

I

1 + I
(6.19)

logaH2O =
1

Ω

(
−
∑

i ci
2.303

+
2

3
Aγ,10I

1.5
σ − ḂI2

)
(6.20)

σ =
3

x3

(
1 + x− 1

1− x − 2ln(1 + x)

)
(6.21)

x = 4Bγ

√
I (6.22)

logγNNP = aI + bI
2

+ cI
3

(6.23)

Molar balances around each species yields Eqns. 6.24 through 6.28, which in

concert with the charge balance (Eqn 6.29) and equilibrium relations in Eqns. 6.1

through 6.13 are solved to determine the aqueous concentration of each species.

cNa = cNa+ + cNaHCO3(aq)
+ cNaCO−3 + cNaSO−4 (6.24)

cSO4 = cSO2−
4

+ cNaSO−4 (6.25)

cCu = cCu2+ + cCuOH+ + cCuO(aq)
+ c[Cu(EDA)2]2+ (6.26)

cEDA = cEDA(aq)
+ cEDAH+ + cEDAH2+

2
+ cEDACO2(aq)

+ 2c[Cu(EDA)2]2+ (6.27)

cC = cCO2(aq)
+ cHCO−3 + cCO2−

3
+ cNaHCO3(aq)

+ cNaCO−3 + cEDACO2(aq)
(6.28)∑

i

cizi = 0 (6.29)

The aqueous concentration of individual dissolved hydrocarbons (methane, ethane
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and propane denoted as C1, C2 and C3, respectively) was approximated via sol-

ubility studies performed in HYSYS V10.255 Hydrocarbon solubility was deter-

mined in the flow sheet shown in Figure 6-2(a), in which the concentration of

EDA in the liquid stream, temperature and total pressure were varied to extract

a solubility relationship for each component, i.e. Eqn. 6.30.*

aC1−C3 = f(P, T, cEDA) (6.30)

The resulting relationship was fitted to a polynomial and included in the MAT-

LAB model. The solubility of each component at 25 °C and 1 molal EDA is

presented in Figure 6-2(b). At increased EDA concentration and low tempera-

ture the solubility of hydrocarbons is greater, and for CH4 and C2H6 reaches a

saturation limit, seen by the plateau in Figure 6-2(b). Propane exhibits erroneous

behaviour with this combination of property packages, where aqueous solubility

increases linearly up to a saturation limit where a separate liquid phase is formed.

A detailed investigation into the appropriate treatment of hydrocarbon solubility

is beyond the scope of this work. Since the propane content in natural gas is

low (circa 1%), the exhibited partial pressure is also low, approx 0.5 - 1 bar and

the differential solubility is not significant. As the treatment of a separate liquid

phase in HYSYS V10 with the Acid Gas - Chemical Solvents package is not rec-

ommended, similarly the treatment of a hydrocarbon phase and partitioning of

species between phases has not been considered here.

In the gas phase, the vapour pressure of water (Pv,H2O) and EDA (Pv,EDA)

are determined from equations 6.31 and 6.32 respectively.261,262 Where for Pv,H2O:

Tc = 647.096 K, Pc = 22.064 MPa and σ =
(

1− T
Tc

)
and the a coefficients

are a1 = −7.85951783, a2 = 1.84408259, a3 = −11.7866497, a4 = 22.6807411,

a5 = −15.9618719, a6 = 1.801220502. With those for Pv,EDA: A = 4.22368,

*The acitivity coefficient of hydrocarbons in the water-EDA mixture was assumed to be
unity, and when transfered to the present model, the activity coefficient is determined by Eqn
6.23.
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Figure 6-2: Flowsheet used to determined hydrocarbon solubility of C1 - C3 hydro-
carbons in EDA-H2O mixture (a), example hydrocarbon solubility in 1 molal EDA at
25 °C (b).

B = 1302.256 and C = −81.788.

ln
Pv,H2O

Pc
=
Tc
T

(
a1σ + a2σ

1.5 + a3σ
3 + a4σ

3.5 + a5σ
4 + a6σ

7.5
)

(6.31)

lnPv,EDA = A− B

T + C
(6.32)

The gas phase fugacity coefficients of each species are initially assumed to be

unity and iteratively solved through application of the Peng-Robinson EoS.257

Fugacities of volatile components H2O, EDA, CO2 and hydrocarbons (C1 - C3)

are determined with Raoult’s law, Eqns 6.33 and 6.34.

fi = yiφiP (6.33)

yi =
aiP

sat
i

φiP
(6.34)

The P sat
i term for H2O and EDA which corresponds to their respective vapour

pressures, Pv, for CO2, is determined from Eqn. 6.1 and for hydrocarbons (C1 -

C3) is determined by Eqn. 6.30. The Peng-Robinson binary mixing parameters

(ki,j) were extracted from the Aspen HYSYS V10 database where available.* Ta-

*If unavailable the relevant ki,j was set to zero.
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Table 6.2: Dimensionless binary interaction parameters (ki,j) extracted from Aspen
HYSYS V10 used in Peng-Robinson Equation of State.

Species CO2 N2 H2O H2S EDA CH4 C2H6 C3H8

CO2 0 -0.02 kCO2,H2O 0.1 0 0.1 0.12980 0.13500
N2 -0.02 0 kN2,H2O 0.1676 0 0.036 0.05 0.08

H2O kH2O,CO2 kH2O,N2 0 kH2O,H2S 0 0.5 0.5 0.48
H2S 0.1 0.1676 kH2O,H2S 0 0 0.085 0.084 0.075
EDA 0 0 0 0 0 0 0 0
CH4 0.1 0.036 0.5 0.085 0 0 0.00224 0.00683
C2H6 0.12980 0.05 0.5 0.084 0 0.00224 0 0.00126
C3H8 0.13500 0.08 0.48 0.075 0 0.00683 0.00126 0

ble 6.2 presents the binary interaction parameters used in this model. Though

the original binary interaction parameters in the Peng-Robinson (PR) EoS model

are independent of concentration, temperature and pressure, temperature depen-

dence was included in Aspen HYSYS V10, and extracted to work within the model

presented herein.255 The parameters that are acknowledged to be temperature de-

pendent are kH2O,N2 , kH2O,CO2 , kH2O,H2S and H2O with any hydrocarbon, though

over the temperature range examined (25 °C - 100 °C), only kH2O,N2 , kH2O,CO2 and

kH2O,H2S expressed temperature dependence in a linear fashion. Variables describ-

ing the temperature dependence are in place of the constants in Table 6.2 below,

with the dependence described in equations 6.35 to 6.37.*

kH2O,N2 = 3.547281× 10−3(T − 273.15)− 7.414581× 10−1 (6.35)

kH2O,CO2 = 1.021859× 10−3(T − 273.15)− 1.346382× 10−1 (6.36)

kH2O,H2S = 7.966677× 10−4(T − 273.15)− 4.341113× 10−2 (6.37)

The Peng-Robinson cubic equation of state, in the cubic form in Eqn. 6.45 may

*Note that ki,j = kj,i.
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then be solved for the compressibility factor, Z, of each phase formed.

P =
RT

Vm − b
− aα

V 2
m + 2bVm − b2

(6.38)

Tr =
T

Tc
Pr =

P

Pc
(6.39)

α =
(

1 + κ
(

1− T
1
2
r

))2

(6.40)

κ ≈ 0.37464 + 1.54226ω − 0.26992ω2 (6.41)

a ≈ 0.45724α
R2T 2

c

Pc
b ≈ 0.07780

RTc
Pc

(6.42)

ai,j = (1− ki,j)
√
aiaj aeff =

∑
i

yiai,jyj beff =
∑
i

biyi (6.43)

A =
aP

R2T 2
B =

bP

RT
Z =

PV

RT
(6.44)

Z3 − (1−B)Z2 + (A− 2B − 3B2)Z − (AB −B2 −B3) = 0 (6.45)

In Eqns 6.38 through 6.45, P is the absolute pressure, T the absolute temperature

and Pr and Tr their reduced variants (that is divided by the critical pressure

and temperature of the pure component, respectively), Vm is the specific molar

volume and a and b are constants depending on the temperature, pressure and

composition of the gas mixture. ω is defined as follows ω = −log10(psatr ) −
1 at Tr = 0.7. When the equation is applied to pure components the coefficients

to the cubic EoS (in Eqn. 6.45) are formed from a and b determined in Eqn 6.42.

When the properties of a mixture are requested the coefficients to the cubic EoS

are formed from the effective a and b that arise from a mixture of components

and employ the binary interaction parameters in Eqn. 6.43.

The fugacity coefficient is then calculated by the following Eqn. 6.46.

lnφi =
bi
bmix

(Zv − 1)− ln(Zv −Bmix)−
(

Amix

2
√

2Bmix

)
(

2
∑

j yjai,j

amix
− bi
bmix

)
ln

(
Zv +Bmix(1 +

√
2)

Zv +Bmix(1−
√

2)

)
(6.46)

The lack of binary interaction parameters for EDA is not a significant issue due
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Figure 6-3: Composition of trial gas to determine fugacity coefficients (left) and fu-
gacity coefficient (φi) of each component (by PR EoS) as total pressure is increased
(right). Plotted with unity fugacity coefficient for comparison.

to its low vapour pressure and therefore concentration in the vapour phase. The

change in the fugacity coefficient of a sample gas mixture as the pressure is

increased is shown in Figure 6-3. There is significant deviation in all components

(bar methane) at a common absorber operating pressure of 50 bar. At these

conditions, were the ideal gas equation used, the equilibrium concentration of

dissolved CO2 would be over-represented leading to unrealistic values in the total

amine circulation rate required.

Additional thermodynamic values, such as the enthalpy and entropy of the

gas phase, are determined with the departure functions in Eqn 6.47 and Eqn 6.48,

respectively. These combined with the ideal gas relations for a mixture (see Eqns

6.51 - 6.56) are used to determine the total gas enthalpy and entropy. Polynomial

correlations for individual component specific heat capacity were obtained from

Yaws 263 . Departure functions and total enthalpy and entropy were validated
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against Aspen HYSYS V10.255

hdepmix = RT (Zv − 1) +
T
(
damix

dT

)
− amix

2
√

2bmix
ln

(
Zv +Bmix(1 +

√
2)

Zv +Bmix(1−
√

2)

)
(6.47)

sdepmix = Rln(Zv −Bmix) +

(
damix

dT

)
2
√

2bmix
ln

(
Zv +Bmix(1 +

√
2)

Zv +Bmix(1−
√

2)

)
(6.48)

(
damix
dT

)
=

1

2

N∑
i=1

N∑
j=1

yiyj(1− ki,j)
(√

aj
ai

(
dai
dT

)
+

√
ai
aj

(
daj
dT

))
(6.49)

dai
dT

=
−κiai√
αiTTci

(6.50)

hIGi =

∫ T

Tref

CIG
P,idT (6.51)

hIGmix =
∑

yih
IG
i (6.52)

hmix = hIGmix + hdepmix (6.53)

sIGi =

∫ T

Tref

CIG
P,i

T
dT −Rln

P

P0

(6.54)

sIGmix =
∑

yis
IG
i −R

∑
yilnyi (6.55)

smix = sIGmix + sdepmix (6.56)

6.1.3 Process unit operations

The EMAR process model flow sheet is presented in Figure 6-4 where unit op-

erations and streams have been labelled in capitals. The high pressure sour gas

contacts the lean EDA (with respect to CO2) in the absorption column (AB-

SORBER). The rich amine solution leaving the absorber bottoms is sent to a

hydrocarbon flash tank (HC FLASH TANK), typically operated in thermal sys-

tems at around 8 bar to flash off dissolved hydrocarbons.* The liquid stream

then enters the anode of the EMAR cell (EMAR DESORBER) where CO2 is

released. The two phase flow is separated (EMAR SEP. TANK) with the gas

vented to atmosphere or compressed for utilisation or sequestration. The liquid

*The performance of this unit in the EMAR process and implications is explored in Section
6.3.3.
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stream from the separation vessel is sent to the cathode and recycled back to the

absorption column.

The wet gas streams leaving the ABSORBER, HC FLASH TANK and EMAR

SEP. TANK all pass through partial condensers in which all water and amine are

condensed and returned via a liquid stream. The sweet gas outlet of PC1 (sat-

urated with water and amine vapour) is forwarded to the dehydration section

of the facility, and is not considered here. The outlet of PC2 is sent to a low

pressure fuel gas system, which forms part of the fuel gas utility within a LNG

facility. The outlet of PC3 is sent to multistage compression to achieve seques-

tration pressures. There are three sections of the flow sheet that are assumed to

operate isothermally, they are: 1. Absorber and PC1, 2. HC Flash Tank and

PC2, 3. EMAR desorber, EMAR SEP TANK and PC3. In case studies where

sections of the flowsheet are operated at different temperatures, the three utility

heaters or coolers, UTIL 1 - 3, are used to adjust the process stream temperature.
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PUMP 3

RICH AMINE

LP FUEL GAS

LEAN AMINE

+ ‐
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EMAR DESORBER

Figure 6-4: Flowsheet of the EMAR process modelled.
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The governing equations, and any simplifying assumptions, for each class of

unit operation follow.

6.1.3.1 Absorption column

A simple process diagram of the absorption column is shown in Figure 6-5. The

following assumptions were made for the operation of the absorber:

A1 Only CO2, N2, CH4, C2H6 and C3H8 enter the absorption column.

A2 N2 is an inert component that is not soluble in the liquid stream.

A3 Perfect vapour-liquid equilibrium is present throughout the absorber and

there are enough stages that the liquid leaving the bottom is in equilibrium

with the inlet sour gas.

A4 The absorber operates isothermally and all streams entering and leaving

operate at this specified temperature.

Gout

Lout

Gin

Lin

Figure 6-5: Diagram of absorption column. Flow rate of gaseous (G) and liquid streams
(L). Stream Lin includes the makeup water and amine contribution accounting for
evaporation.

The overall mass balance around the absorber:

Gin + Lin = Gout + Lout (6.57)

The component molar balance for the inert, insoluble species N2 is shown in
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Eqn 6.58. For soluble and speciated CO2 in Eqn 6.59, where cC represents the

total aqueous concentration of dissolved CO2 as HCO3
–

(aq), CO3
2–

(aq), CO2(aq)

and EDA–CO2(aq). The component balance for the soluble hydrocarbon species

is shown in Eqn 6.60, where i represents one of CH4, C2H6 or C3H8.

Gm,inyN2,in = Gm,outyN2,out (6.58)

Gm,inyCO2,in + Linxmw,incC,in = Gm,outyCO2,out + Loutxmw,outcC,out (6.59)

Gm,inyi,in + Linxmw,inci,in = Gm,outyi,out + Loutxmw,outci,out (6.60)

Gm refers to the molar flow rate of the gas stream according to Equation 6.61,

where M is the molar mass of each gaseous species.

Gm = G/
∑
i

yiMi (6.61)

The mass balances for the non-volatile components i ∈ [Na, SO4,Cu] is given

by:

Linxmw,inci,in = Loutxmw,outci,out (6.62)

Given a required (dry) outlet concentration of CO2 downstream of acid gas

removal, yCO2 is set to yCO2,target
* and the mole fraction constraint given by:

yCO2,out + yN2,out + yCH4,out + yC2H6,out + yC3H8,out + yH2O,out + yEDA,out = 1 (6.63)

where yH2O,out and yEDA,out are determined from the vapour-liquid equilibrium

condition at the top of the absorber. Given Gin, yin, cin and yCO2,target are

supplied, the above equations are used to calculate the remaining unknowns.

The total energy balance around the isothermal absorber is:

∆Habs = −∆HEDA−CO2(Gm,inyCO2,in −Gm,outyCO2,out) + λH2O(Gm,outyH2O,out

−Gm,inyH2O,in) + λEDA(Gm,outyEDA,out −Gm,inyEDA,in) (6.64)

*Case studies herein examine system energy requirements at 50 ppm CO2 and 2 mol % CO2
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Where the heat of reaction, ∆HEDA−CO2 = 86kJth/molCO2 ,
37 and the heat of

vaporisation for H2O and EDA are λH2O = 42.91kJth/molH2O, and λEDA =

43.9kJth/molH2O, respectively.262* The enthalpy of reaction, ∆HEDA−CO2 , typi-

cally dominates the energy balance around the absorber and requires cooling to

operate isothermally. The flow rate of cooling water required, the electrical equiv-

alent energy required to regenerate the utility and the pump work are calculated

for this absorber utility as described in Section 6.1.3.6.

6.1.3.2 Flash/Separation tank

Figure 6-6 shows the process diagram of the multicomponent flash tank. The

following assumptions are made for the operation of the flash tank:

A5 Gas and liquid streams leaving the flash tank are in equilibrium with each

other.

A6 Flash tank operates at isothermal conditions and all streams entering and

leaving operate at the specified temperature.

A7 Complete separation of vapour and liquid phases is achieved i.e. no liquid

entrainment in vapour phase.

F

L

V

Figure 6-6: Diagram of the multicomponent flash tank. Mass flow rate of gaseous (V)
and liquid streams (L) marked.

The overall mass balance of the flash tank is given by Eqn 6.65 and the com-

ponent balances of volatile components (i ∈ [H2O,EDA,CO2,CH4,C2H6,C3H8])

*λH2O quoted at 50 °C where correlation from Linstrom and Mallard 262 was used to deter-
mine λEDA at a given temperature.
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and non-volatile components (i ∈ [Na, SO4,Cu]) are given by Eqn 6.66 and 6.67,

respectively.

F = V + L (6.65)

Fmxmx,inci = Vmyi,out + Lxmw,outci,out (6.66)

Fxmw,inci,in = Lxmw,outci,out (6.67)

The ratio of the vapour molar flow to feed molar flow (Vm/Fm) leaving the mul-

ticomponent flash tank is determined via an iterative method employing individ-

ual component K-values (Ki, see Eqn 6.68), the error function (ε, Eqn 6.69), its

derivative (Eqn 6.70) and the Newton-Raphson method applied to the vapour

feed split ratio (Eqn 6.71).264

Ki =
yi
xi

=
γiP

sat
i

φiP
(6.68)

ε =
∑
i

zi(Ki − 1)

1 + (Vm/Fm)(Ki − 1)
(6.69)

dε

d(Vm/Fm)
= −

∑
i

zi(Ki − 1)2

[1 + (Vm/Fm)(Ki − 1)]2
(6.70)

ε+
dε

d(Vm/Fm)
∆(Vm/Fm) = 0 (6.71)

xi =
zi

1 + (Vm/Fm)(Ki − 1)
(6.72)

Where zi is the mole fraction of volatile component i in the feed. Given the

temperature, pressure and composition entering the flash tank, all unknowns

above may be solved for. Additionally, the bubble point (Pbub) and dew point

pressure (Pdew) are estimated for the mixture to ensure the flash tank is operating

in a two phase region, as per the condition Pdew < PFLASH TANK < Pbub. If the

flash tank pressure is greater than the bubble point pressure, no vapour will leave

the separation vessel and liquid composition leaving the flash tank is equal to

that which entered. The flash tank code will not run (and will return an error) if

its pressure is set to that below the dew point pressure calculated for the mixture.
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The isothermal energy balance around the flash tank is then:

∆HFT = ∆HEDA−CO2VmyCO2,out + λH2OVmyH2O,out + λEDAVmyEDA,out (6.73)

There are two flash tanks in the flowsheet shown in Figure 6-4. The first

flash vessel, HC Flash Tank, is operated nominally at 8-9 bar where it serves two

main purposes: some acid gases are released due to the drop in partial pressure,

and co-absorbed hydrocarbons are released and recovered in a low pressure fuel

gas system. In thermal amine systems this reduces the load on the regenerator

reboiler by removing some acid gases, and also reduces the amount of hydrocar-

bons lost to the environment at the regenerator gas outlet. The second flash tank,

EMAR Sep Tank, serves to separate the gaseous stream generated in the anode

and the liquid stream that is returned to the cathode. Depending on the oper-

ating conditions of this vessel additional hydrocarbons may be passed to staged

compression for sequestration. Rigorous simulation of this unit was therefore

necessary to assess its performance and utility in the EMAR process.

6.1.3.3 Electrochemical cell - anode and cathode

Governing equations. The mass and energy balances for the anodic chamber

of the electrochemical cell are presented below. The balances around the cathodic

chamber are simpler (requiring fewer terms) and have not been presented, rather

the differences from the anodic chamber described. Figure 6-7 shows a schematic

of the anodic chamber. Here the Cu2+ lean and CO2 rich aqueous stream enters

with mass flow rate Lin. A constant voltage is applied to the cell which results

in the Faradaic reaction Cu(s) → Cu2+
(aq) + 2e− (with mass flow of copper(II) ions

ṁel) in the anode, reversed in the cathode, at the same total current, I. In the

anode, aqueous copper(II) ions competitively bind with EDA, displacing CO2.

Once sufficient copper(II) has been dissolved to increase the fugacity of CO2 to

the total cell pressure, gas is released with mass flow rate Gout. The remaining

liquid leaves the cell chamber with mass flow Lout. The following assumptions

have been made regarding the operation of the electrochemical cell:

A8 If a gas phase is developed in the cell, perfect vapour-liquid equilibrium

exists between phases.
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A9 Lateral gradients in concentration (between the electrode surface and mem-

brane) are non-existent.

A10 The ionic migration current through the membrane is only permitted by one

or more of the following charged species: bicarbonate, carbonate, hydroxide,

sulfate, protons or sodium.

A11 The anodic and cathodic chambers operate isothermally and streams enter-

ing and leaving each compartment do so at this temperature.

A12 Anodic and cathodic flows through the EMAR cell are co-current in nature,

where the copper lean solution in the anode runs parallel to the copper rich

stream in the cathode (as in Wang et al. 101).

Lin

LoutGout

 

migm
elm

Figure 6-7: Diagram of the anode portion of the electrochemical cell. The grey region
represents the solid copper electrode and the dashed line the membrane that connects
that anode and cathodic chambers. ṁel is the mass flow of copper due to the Faradaic
reaction and ṁmig the mass flow of ions that complete the electrical circuit.

The overall mass balance for the anodic compartment is given by Eqn 6.74.

The molar balance for CO2 around the chamber is given by Eqn 6.75, while those

of other volatiles i ∈ [EDA,H2O,CH4,C2H6,C2H8] are given by Eqn 6.76 and

the balances of background electrolytes Na+ and SO4
2– are given by Eqn 6.77
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and Eqn 6.78 respectively.

Lin + ṁel + ṁmig = Gout + Lout (6.74)

Linxmw,incC,in + ṅHCO3
−,mig + ṅCO3

2−,mig = Gm,outyCO2,out + Loutxmw,outcC,out

(6.75)

Linxmw,inci,in = Gm,outyi,out + Loutxmw,outci,out (6.76)

Linxmw,incNa,in + ṅNa,mig = Loutxmw,outcNa,out (6.77)

Linxmw,incSO4,in + ṅSO4,mig = Loutxmw,outcSO4,out (6.78)

Where ṅ = ṁ/M . The balances for proton and hydroxide ions are not ex-

plicitly written because their concentrations are a result of solving the water

dissociation reaction (Eqn 6.4) and charge balance (Eqn 6.29). Charge balance,

on a molar flow basis, dictates that:

2ṅCu2+,el + ṅNa+,mig + ṅH+,mig = ṅHCO3
−,mig + 2ṅCO3

2−,mig + 2ṅSO4
2−,mig + ṅOH−,mig

(6.79)

The molar flow rate of copper, ṅCu2+,el is based on the current through the

electrochemical cell, I, and the Faradaic efficiency of the cell, ηCu, by the following

equation:

I =
2ṅCu2+, elF

ηCu
(6.80)

where F is Faraday’s constant. The migration of each ionic species depends on

transport kinetics and concentration and electric field gradients. In this process

model the migration of select species is specified as an input condition. The

above equations can be used to solve for all of unknowns related to the anodic

chamber. Similar relations are formed for the cathodic chamber with the following

differences:

1. The direction of the migrating species is opposite to that in the anodic

chamber.

2. The Faradaic reaction in the cathode is the deposition of copper ions, Cu2++

2e− → Cu.

3. No gaseous stream is present.

The energy balance over both chambers of the electrochemical cell can be
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written as:

∆Hcell = ∆HEDA−CO2GmyCO2,out + λH2OGmyH2O,out+

λEDAGmyEDA,out −WEMAR (6.81)

where WEMAR is the electrical work supplied to the EMAR cell - defined in the

next section. The temperature of the EMAR SEP. VESSEL is set to that of the

desorber, and as such to maintain isothermal operation, cooling or heating may

be required based on the balance of ∆Hcell and ∆HEMAR SEP VESSEL. As with the

Absorber, the heating or cooling utility requirements for the cell are provided by

the CELL UTILITY, the specifics of which are determined by the relations in

Section 6.1.3.6.

Thermodynamic cycle.

As shown in Section 5.1 of the previous chapter, an EMAR thermodynamic

cycle can be described by key process variables, namely temperature, pressure,

and the concentration of copper, amine and CO2. The aqueous copper(II) con-

centration is expressed as copper loading per two moles of amine i.e. xCu, where

two indicates the stoichiometry of the copper ethylenediamine complex formed.

Similarly, the total dissolved carbon concentration, which is the sum of HCO3
– ,

CO3
2– , CO2(aq) and EDA–CO2 (not including any hydrocarbons), can be ex-

pressed as a loading with respect again to the amine concentration, xC . These

loading variables are summarised in Eqn 6.82.

xCu =
2cCu

cEDA

, xC =
cC
cEDA

(6.82)

E = E0 +
RT

nF
lnaCu2+ (6.83)

The equilibrium potential of the half cell, with respect to aqueous copper(II),

is given by 6.83. The half cell potential is a function of the above loading variables

and operating conditions (shown previously in Eqn 5.2), and has been plotted at

various copper loadings for increasing CO2 fugacity and liquid phase concentra-

tion in 6-8(a). The red dotted lines are isolines of constant CO2 fugacity (fCO2)

and the dashed blue lines represent constant concentration of dissolved carbon
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(xC). A thermodynamic cycle for the EMAR process can be drawn by connecting

isolines at constant CO2 fugacity or liquid concentrations as in Figure 6-8(b). At

the absorber inlet (Point 1) the concentration of dissolved carbon and partial

pressure of CO2 is low, as is the concentration of aqueous copper(II). The rich

amine (Point 2), leaves the absorber (represented by the dashed green line) sat-

urated with CO2 at the fugacity of CO2 in the absorber, here 1.67 bar.*The rich

amine then enters the anodic chamber of the electrochemical cell where the aque-

ous copper(II) concentration is increased. Here an isoline of constant aqueous

carbon loading (xC = 0.84) is followed until sufficient Cu is dissolved such that

the physical solubility for CO2 has been reached (Point 3). Beyond this point, the

anode further increases the aqueous copper(II) concentration and directly results

in CO2 gas release at the desorber pressure (20 bar) up to the end point xCu of

the anode (Point 4). The gas liquid mixture is separated and the copper rich,

carbon lean liquid is returned to the cathode. In the cathode, the copper(II)

concentration is decreased while following the isoline of constant liquid carbon

concentration, where it re-enters the absorber at point 1.

0 0.2 0.4 0.6 0.8 1

Copper loading [-]

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

Po
te

nt
ia

l v
s 

SH
E

 [
V

]

0.001 bar
0.01 bar

0.1 bar

1 bar

10 bar

100 bar

0.100.200.30 0.400.50
0.60

0.7
0

0.800.901.00

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Copper loading [-]

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

Po
te

nt
ia

l v
s S

H
E 

[V
]

1.666 bar

20 bar

0.84

0.28
1

2

3
4

(b)

Figure 6-8: Half cell potential at increasing copper loading with isolines of CO2 fugacity,
fCO2 (red dotted) and dissolved carbon, xC (blue dashed)(a). Thermodynamic cycle of
EMAR process applied to natural gas scenario (b). Black, red and blue lines are the half
cell potential, maximum half cell potential and applied electrode potential respectively,
where anodic lines are solid and cathodic are dashed. The dashed green line represents
the absorption process, where the aqueous carbon loading (xC) is increased.

*Simulation input conditions listed in Table 6.4, namely 4m EDA, 3% CO2 in sour gas feed
at 59.5 bar absorber pressure. 60% copper shift in electrochemical cell.
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The current developed by the anodic and cathodic reactions is shown in Eqn

6.84, where the Q is the mass flow rate of liquid through the electrode section.

The minimum work required by the electrochemical cell to perform the specific

separation is given by Eqn 6.85, and is proportional to the area contained between

the anodic and cathodic paths in Figure 6-8(b). In reality, the applied potential

is provided by a single metallic electrode operating at a constant potential, and as

a consequence develops a concentration overpotential as the copper and carbon

concentrations change. The potential of a single metallic electrode is set at the

maximum value for the anodic and cathodic paths, shown by the solid and dashed

red lines in Figure 6-8(b) respectively. To achieve a desired current density, an

additional surface and transport overpotential is applied above the maximum

anode and cathode thermodynamic potential. This is indicated by the solid and

dashed blue lines in Figure 6-8(b) for the anode and cathode respectively. Here

a 100 mV overpotential is applied, which is assumed to be equally distributed

between anode and cathode.* The total electrical work required by the cell is

then a product of the potential difference applied and the current developed,

shown in Eqn 6.86

dI =
zF

ηCu

(
Qxmw

xCucEDA

2

)
(6.84)

Wmin =

∫
xCu

EoxdI −
∫
xCu

EreddI (6.85)

WEMAR = ∆V

∫
xCu

dI (6.86)

Methods to reduce the EMAR cell work requirement have been investigated

and presented by Wang et al. 101 who proposed the use of multiple electrode seg-

ments, each operating at different potentials to reduce the required overpotential.

Additionally Shaw and Hatton 47 proposed a simultaneous absorption and reduc-

tion process to reduce the area encapsulated between anodic and cathodic paths,

thus reducing Wmin. Neither of these modifications are considered in this process

*Overpotential partioning depends on the transfer coefficient (α) of the system, which was
determined by Stern 37 to be 0.25. This does not affect the work required at a specific applied
overpotential.
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model.

6.1.3.4 Partial condensers

The partial condensers are fictitious units, used to simplify the overall flow sheet

mass and individual component mass balances - a schematic of the unit is shown

in Figure 6-9. They serve to condense all water and EDA entering the unit

and return the liquid stream to an appropriate location, while the dry gaseous

components (CO2, N2, CH4, C2H6, C3H8) leave the flow sheet from the location

of the partial condenser. This avoids an explicit make-up water and amine stream

because the flow sheet is closed with respect to these components. The following

assumptions are made for the operation of the partial condensers:

A13 Partial condensers condense all water and EDA entering.

A14 The liquid condensate does not contain any dissolved CO2 or hydrocarbons.

A15 The mass of condensate water that speciates is negligible.

The overall mass balance for the partial condenser is given by:

Gin = Gout + Lout (6.87)

The component balances over a partial condenser for non-condensable com-

ponents is given by Eqn 6.88, and for condensable components (H2O and EDA)

is given by Eqn 6.89

Gm,inyi,in = Gm,outyi,out (6.88)

Gm,inyi,in = Loutxmwci,out (6.89)

Depending on the configuration of a real facility, partial condensers may not

be present where indicated in the EMAR flow sheet in Figure 6-4. In domestic

gas and LNG production facilities, PC1 is simply a knockout drum prior to the

dehydration section of the plant. Similarly, PC2 is replaced by a knockout drum

and flashed gas is sent to the low pressure fuel gas system, and the real nature

of PC3 depends on whether the facility performs CO2 sequestration. Often acid

gases leaving the desorber are vented directly to atmosphere and no additional

units are required. Where carbon sequestration is desired a series of coolers,

153



Gin

Gout

PC

Lout

Figure 6-9: Diagram of simple (fictitious) partial condenser used in EMAR Process
Model.

knockout drums and compressors are used to increase the pressure up to that

required for sequestration (see Section 6.1.3.7).

6.1.3.5 Pumps

The work associated with pumping a fluid with mass flow rate Q, through a

pressure change of ∆P is equal to:

Wpump =
1

ηpump

(
∆PQ

ρ

)
(6.90)

The pump efficiency has been assumed at 65% (ηpump = 0.65),31 and the fluid

density 1000 kg/m3 throughout (ρ = 1000kg/m3).

6.1.3.6 Heating and cooling utilities

Heating or cooling utilities are employed to maintain isothermal operation of

individual unit operations or sections of the flow sheet and if units or sections

are set to operate at different temperatures (handled by UTIL 1 through 3). The

heating or cooling utility flow rate is then determined based on the following

equations:

∆Hutil = LutilCp∆Tutil (6.91)

∆Hutil = Lunitop.Cp∆Tunitop. (6.92)
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Where Hutil is the heating or cooling enthalpy required, Lutil is the mass flow

rate of the utility stream required (kg/s), Lunitop. is the mass flow rate of the

liquid stream between unit operations (kg/s), ∆Tutil is the allowable temperature

change in the utility stream (K), ∆Tunitop. is the difference between unit operating

temperatures (K), and Cp is assumed to be that of water at 25 °C for all liquid

streams (Cp = 4.184 kJ/(kgK)). The pump work associated with each utility

may then be determined with Eqn. 6.90 and the equivalent electrical work for

heating or cooling can be determined by the Carnot cycle as:

Wutil = ηturbine

(
1− TC

TH

)
∆Hutil (6.93)

Where TH and TC are the hot and cold sink temperatures for the Carnot cycle,

ηturbine = 0.9 is the turbine efficiency,31 and ∆Hutil is the utility thermal energy

required (kJth). Where units are operated isothermally, the hot sink temperature

is taken to be the operating temperature and the cold sink temperature is that of

ambient air, 30 °C. Typically at LNG facilities cooling near ambient temperatures

is often provided with fin-fan air coolers. Here cooling water at 30 °C has been

used to approximate the utility heating and pumping requirements to avoid the

complexity of sizing air coolers. For any utilities that do not operate isothermally,

for instance interstage coolers in Figure 6-10 (similarly utility cooler UTIL 1 in

Figure 6-11), the hot sink temperature is the log mean temperature the process

stream experiences - more representative than the average temperature of the

process stream in heat transfer applications.265 For example, the hot sink tem-

peratures for an interstage cooler reducing the process temperature from 150 °C

to 35 °C is determined by:

TH =
TH,out/TH,in

ln(TH,out/TH,in)
(6.94)

6.1.3.7 Compression

Figure 6-10 shows one stage of a multistage compression system used to deliver

desorbed gases at the desired 300 bar pressure for sequestration.266 For simplicity,

gas leaving the EMAR desorber is assumed to be dry with respect to water
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and amine, as per the operation of PC 3, which negates the use of knockout

drums and any further dehydration. The dry gas entering each compression

stage is cooled to within 5 K of the cooling utility at 35 °C, and experiences a

pressure drop of 50 kPa. As previously mentioned, though it is common to use

air coolers in LNG facilities, and the interstage cooling in Figure 6-10 shown

provided by an air cooler - for simplicity it has been estimated as cooling water

at the same temperature as per Section 6.1.3.6. The cooled gas entering the

compression stage is compressed such that the exhaust temperature does not

exceed that recommended by API618 267 , 150 °C for reciprocating compressors

in natural gas service to prevent evaporation or carbonisation of lubricating oils

and auto-ignition of gaseous mixtures. To approximate the operation of real

compressors an isentropic efficiency of ηs = 0.85 was used to determine the real

gas enthalpy leaving the compressor. The process for a single stage is as follows:

first the enthalpy of a gas leaving a reversible compression stage is determined

assuming the following holds true ∆s = sin− sout = 0, the enthalpy of the outlet

gas from a real compressions stage is then calculated (with ηs) as per Eqn 6.95,

and the outlet pressure is determined with Eqn 6.96, for a maximum exhaust gas

temperature.

ηs =
hrealout − hin
hidealout − hin

(6.95)

Pout = f(hrealout , Tmax) (6.96)

Where hin is the specific enthalpy of the gas entering the compressor, hidealout is

the enthalpy of the outlet gas following ideal isentropic compression, hrealout is the

enthalpy of the gas leaving a non-ideal compressor and Tmax is the maximum

allowable outlet temperature.

The work of compression is then the sum of the enthalpy differences required

in each compression stage. Additionally, the work required for inter-stage cooling

is estimated based on the necessary enthalpy change and Carnot cycle with ap-

propriate hot and cold sink temperatures as per Section 6.1.3.6. As the number

of compression stages varies depending on the desorber pressure, utility labels 6

and above are reserved for interstage cooling.
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Figure 6-10: Diagram of a single stage of the a series multistage compression system
with inter-stage air cooling.

6.2 Thermal amine model

Aspen Hysys V10 was used to develop and solve for key process variables and

the total work of capture of a thermal amine flow sheet for comparison to various

EMAR cases. The Acid Gas - Chemical Solvents property package* was used in

the flow sheet shown in Figure 6-11.

A mixture of MDEA and PZ were used as the active absorbents in the cir-

culating liquid. ‘OASE purple’, a BASF product specifically targeted at bulk

removal of acid gases for LNG production,268 is a mixture of 75 wt% MDEA

and 17 wt% PZ and balance water.269 Dr. McElroy270 suggested an approximate

dilution of the stock ‘OASE purple’ product by a factor of two to achieve the

composition of lean amine used in industry - this is consistent with the composi-

tions reported in Petroleum Technology Quarterly271. Analysis of the ideal ratio

of these components is beyond the scope here, and so a composition of 38 wt%

MDEA and 7 wt% PZ, balance water has been used in the following thermal

amine flow sheet. The process is similar to that presented in Figure 6-4, where

in place of the electrochemical cell, a distillation column performs the separation

between acid gases and the aqueous solution, thereby regenerating the amine.

Here the regenerator reboiler (REBOILER) provides the heat duty of the en-

thalpy of desorption of CO2 from the amine mixture, the enthalpy to raise the

*As recommended by the property selection wizard and validated for various amine-CO2

systems.99
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Figure 6-11: Flow sheet of thermal amine stripping system using MDEA/PZ blend.
Modelled in Aspen Hysys V10.

incoming stream temperature to the column temperature and the enthalpy of

generating steam within the column. This is the single largest energy require-

ment in the thermal amine sub-system. To reduce the reboiler duty, the lean

amine leaving the reboiler is contacted with the rich amine from the absorber

in the LEAN/RICH EXCHANGER. To account for the water and amine lost

in the overheads of the ABSORBER, HC FLASH TANK and SEP. TANK, the

MAKEUP WATER/AMINE stream is set to the sum total of these streams. For

specific description of the governing equations of each process unit the reader is

referred to the Aspen Technology Unit Operation Reference Guide.255 Acid gas

compression, not shown in the above flowsheet (Figure 6-11), is performed by

four stages of the compression sub-flowsheet shown in Figure 6-10 subject to the

same constraints.

The total work of the thermal amine system is then the sum of the pump

work (as calculated in Eqn 6.90), and the enthalpy changes required around the

flow sheet once converted to an electrical power equivalent (as in 6.93). The total

work of the thermal amine system is very sensitive to the lean amine loading, and
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as such moderate process optimisation was performed for the sour gas conditions

(Table 6.3 in the following section).

6.2.1 Process optimisation

The solvent circulation rate and reboiler duty of thermal amine systems is espe-

cially sensitive to the lean amine loading achieved at the reboiler of the regen-

eration column. When the lean amine loading is low (approx xCO2 = 0.01) the

circulation rate is also low as the cyclic capacity with respect to CO2 is high. At

these conditions, the reboiler duty necessary to achieve such a low xC loading

dominates the system work and negates the benefits of a lower circulation rate.

At higher lean amine loadings, the reboiler duty is much lower, though the equi-

librium partial pressure of CO2 with the aqueous amine may exceed that required

in the sweet gas leaving the absorber. At this condition, no increase in the amine

circulation rate will reduce the sweet gas concentration to the target value. The

optimal operating condition is then a compromise between the reboiler duty and

circulation rate set by the lean amine loading. Full process optimisation is not

within the scope of this study, though the effect of altering the lean amine loading

on the performance of the absorption and regeneration column has been captured

in Figure 6-12. The sour gas and solvent properties used in these simulations are

presented in Table 6.3 and 6.4 respectively.*

Figure 6-12(a) demonstrates that as the dissolved CO2 loading of the lean

amine solution entering the absorber is increased the lean amine circulation rate

(ṁSoln.) must be increased to achieve the 50 ppm CO2 target up to a point. Above

a lean loading of approximately xC = 0.07, the rate-based (non-equilibrium)

model predicts the absorption column can no longer achieve the desired CO2

outlet target.99 Here the lean loading is calculated as the moles of dissolved

carbon over the total moles of amine i.e. PZ and MDEA, xC = cC/(cPZ+cMDEA).

The resulting rich amine flow rate and loading was forwarded to the regenerator

column where the duty requirement of the reboiler and condenser and necessary

pump work are shown in Figure 6-12(b). The condenser and reboiler duties are

*For the 150 kg/s flow of natural gas through the absorber, approximately 10.9 kg/s of CO2

(or 250 mol CO2/s) are captured.
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Figure 6-12: Resulting concentration of CO2 in sweet gas leaving the absorber as the
lean aqueous carbon loading (xC mol C/mol amine) and lean amine flowrate (ṁSoln.

t/day) is increased. Dashed black horizontal line indicates target CO2 concentration of
50 ppm (a). Reboiler and Condenser duties and associated pump work required in the
regenerator column to achieve specific lean aqueous carbon loadings (xC mol C/mol
amine) (b). Inlet temperature to regenerator column is fixed at 105 °C. Reboiler
and condenser duty on left axis (thermal energy), pump work on right axis (electrical
energy).

strongly dependent on the lean amine loading, reducing from 1160 and 1040

kJth/mol CO2 at xC = 0.01 down to 70 and 160 kJth/mol CO2 at xC = 0.07,

respectively. The increase in pump work is not as sensitive to the lean loading

and so the higher the loading, the lower the work of regeneration becomes. A

moderate loading of xC = 0.04 was selected which balances the heating and

cooling requirements in the regeneration column and pumping work required

while still achieving the 50 ppm CO2 outlet target in the sweet gas. The total

equivalent electrical work of capture for this base case system is 18.57 MWe or

74.8 kJe/mol CO2.

6.3 EMAR: Sensitivity to process variables

A number of case studies were performed on key process variables in the EMAR

flow sheet with comparisons made to the state of the art thermal system. Sensi-

tivities to the following process variables were examined:

� Amine concentration
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� Copper loading shift

� Desorption pressure

� Desorption temperature

� Surface and transport overpotential

� Absorber pressure and inlet CO2 concentration

� Outlet CO2 concentration target

The conditions of each the EMAR and thermal amine flow sheets are summarised

in Table 6.4.

6.3.1 EDA concentration

The result of increasing the amine concentration on the total system work is

presented in Figure 6-13. A moderate copper shift of 60% was selected for this

case study, and the desorber was operated at the same pressure as in the thermal

system, 2.1 bar. The total work is seen to steadily decrease from 90 kJe/mol CO2

at 1 molal EDA down to 80.8 at 4 molal EDA. The reduction in overall work is

mainly due to the reduced circulation rate of aqueous amine required, from 467

kg/s down to 145 kg/s, lower than the 245 kg/s circulation of the MDEA/PZ

mixture required in the thermal system.

The cyclic capacity of the MDEA/PZ mixture in the thermal amine system

shifts from 0.04 mol CO2 per mol amine, or 0.291 mol CO2/kgw, to 0.325 mol

CO2/mol amine or 2.37 mol CO2/kgw. At 4 molal EDA (with a 60% copper shift)

Table 6.3: Natural gas conditions, common to both EMAR and thermal amine flow-
sheets. Gas composition given as mole fraction.

Flue gas properties
Flow rate, Gin,abs 150 kgs−1

CH4 0.887
C2H6 0.035
C3H8 0.01
CO2 0.03
N2 0.038
Temperature, TG,in,abs 50 °C
Pressure, PG,in,abs 50 bar
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Table 6.4: Simulation conditions for EMAR simulation in MATLAB (left) and for
thermal amine stripping simulation (right).

Solvent properties
EDA 1 - 4 mol kg−1

Na2SO4 0.5 mol kg−1

Absorption Column
CO2 inlet conc., yCO2

0.01 - 0.3
Temperature, Tabs 50 °C
Pressure, Pabs 1 - 120 bar

Intermediate Flash Tank
Temperature, TIFT 50 °C
Pressure, PIFT 8.5 bar

Electrochemical Cell
Temperature, Tcell 40 °C - 100 °C
Pressure, Pcell 1 - 50 bar
Copper loading shift 2 - 98 %
Overpotential

0 - 0.4 V
ηop = ηanode + ηcathode

Ion migration SO4
2–

Miscellaneous
Pressure drop in

1 bar
liquid piping, ∆P

Minimum approach
5 °C

temperature, Tminapproach
Heat capacity of

4.18 kJ/kg−1K−1

aqueous streams, Cp,L

Solvent properties
MDEA 37 wt %
PZ 8 wt %
H2O Balance

Absorption Column
No. of stages, Nabs,s 20
Temperature 50 °C
Pressure 50 bar
Regenerator Column
No. of stages, Nreg,s 12
Feed stage 3
Condenser Temperature, Tcond 35 °C
CO2 loading in Reboiler outlet 0.04

Miscellaneous
Minimum approach temperature 5 °C

Table 6.5: Summary of miscellaneous process conditions common to EMAR and ther-
mal amine flowsheets.

Utilities
Cooling water inlet temperature, Tcw,in 35 °C
Cooling water outlet temperature, Tcw,out 40 °C

Compresors
Max outlet temperature, Tmax,comp 150 °C
Isentropic efficiency, ηComp. 0.85
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Figure 6-13: Total work as EDA concentration is increased. ∆xCu = 60%, Pcell = 2.1
bar, PIFT = 8.5 bar.

the capacity is modulated between 0.91 - 3.34 mol CO2/kgw, a cyclic capacity

increase of 17% over the thermal amine system. Additionally the work of desorp-

tion at high pressure significantly favours high EDA concentrations because less

of a relative shift in the copper loading is necessary to exceed solution CO2 ca-

pacity. As the amine concentration is increased, higher copper concentrations are

necessary to achieve the same copper loading which raises potential salt solubility

concerns, discussed in Section 6.3.3.

6.3.2 Copper loading shift

For an average copper loading in the system of xCu = 0.5, the copper loading shift

defines the upper and lower operating points in the EMAR thermodynamic cycle,

where the maximum copper loading is xCu,max = xCu,avg + ∆xCu, and similarly

the minimum copper loading xCu,min = xCu,avg + ∆xCu. A 50% copper loading

shift would then represents modulating the copper loading between 0.25 and

0.75; similarly a copper loading shift of 0.6 represents copper loading end points

of 0.2 and 0.8. As shown previously in Figure 6-8(a), the half cell potential

and therefore the work of separation depends on the copper loading, aqueous

carbon concentration and fugacity of CO2. As LNG production includes the

imposed constraint of no greater than 50 ppm CO2 leaving in the sweet gas,

there is a limit on the maximum aqueous carbon loading in the lean amine -

that which is leaving the cathode and entering the absorber. The maximum
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Figure 6-14: Equilibrium plots of CO2 partial pressure vs aqueous carbon loading at
increasing copper loading. Solution specification 1m Na2SO4, 50 bar and 50 °C, 1m
EDA (solid) 4m EDA (dashed). 0.0025 bar at 50 bar total pressure corresponds to 50
ppm represented by a horizontal dashed black line.

allowable aqueous carbon loading is that which would be in equilibrium with the

fugacity of CO2 in the sweet gas leaving the absorber. The same data in Figure

6-8(a) can be represented in an equilibrium plot of fCO2 vs xC at varying copper

loadings (xCu) and amine concentrations (cA), shown in Figure 6-14. As the

amine concentration is increased, the equilibrium lines shift to the right as higher

molalities of aqueous carbon are achieved, though the loading of CO2 per mole of

amine does not significantly increase. Though there is not a significant difference

in solution capacity at 2.5 mbar CO2 at xCu = 0 and 0.4, the aqueous carbon

loading effectively scales with the amine concentration i.e. four times greater at

4 molal EDA over 1 molal EDA. To attain the necessary CO2 outlet target it

is necessary that the copper shift in the anode is sufficiently high to reduce the

aqueous carbon concentration to at most the value corresponding to the dashed

line shown in the Figure 6-14

Figure 6-15 shows the variation in total work required as the copper loading

shift is increased. At lower amine concentrations pump work dominates at low to

moderate copper shifts, and the minimum copper shift necessary to achieve the

CO2 outlet target is 38%, corresponding to a total work of 94.5 kJe/mol CO2,
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Figure 6-15: Total work as copper shift is increased. EDA concentration 1 molal (a) 4
molal (b). Desorber pressure 2.1 bar. Vertical dashed line represents minimum copper
shift to achieve solution in equilibrium with 50 ppm CO2 in sweet gas.

while the minimum total work is obtained at a copper shift of 62% and 89.9

kJe/mol CO2. As the amine concentration is increased, the minimum copper

shift required reduces to 30% with 78.7 kJe/mol CO2, near that which attains

the minimum system work of 78.5 kJe/mol CO2 at 34% copper shift.

It is not recommended to operate the EMAR desorber at a copper shift that

just yields the maximum allowable aqueous carbon loading in the lean amine.

The reaction kinetics of CO2 absorption begin to play a role, and as such the

EMAR desorber should be operated at a higher copper shift to ensure the outlet

CO2 target is met. At 4 molal EDA there is a shallow minimum in the total

system work up to a copper shift of approximately 45 %, where the total work

is 79 kJe/mol CO2. In further simulations, a moderate copper shift of 40% has

been used, where the aqueous carbon concentration leaving the cathode (1.33 mol

CO2/kgw) is 23 % below that of the maximum allowable lean concentration (1.72

mol CO2/kgw).

Across all amine concentrations, as the copper shift is increased beyond 80%

the finite electrode overpotential dominates. This is further discussed in the next

section and for a discussion on how this may be reduced see Wang et al. 101 and

Shaw and Hatton 47 .
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6.3.3 Desorption pressure

One potential benefit of an EMAR system is the ability to desorb CO2 at elevated

pressures. The maximum desorption pressure is limited by the physical solubility

of CO2 and the copper salt. Figure 6-16 displays the result of increasing the des-

orber pressure on the total work with the intermediate flash tank at its’ standard

value (8.5 bar) in (a) and without the flash tank in (b). The vertical red dashed

line indicates where the 40% copper shift is no longer sufficient to reduce the

aqueous carbon loading to below the equilibrium value of that required for the

absorber outlet. Both sides of Figure 6-16 demonstrate a reduction in the total

compression work required as the desorption pressure is increased. There is also

a reduction in the number of compression stages required to increase the pressure

from the desorber outlet to the sequestration target of 300 bar.* The number

of compression stages is marked by the number above the total work area plot,

where the transition from 4 to 3 and 3 to 2 stages occurs at a total desorption

pressure of 6 and 21 bar, respectively. The reduction in compression work due

to elevated desorption pressure does not reduce the overall work of capture as

it is exceeded by the increase in the finite electrode overpotential. The change

in finite electrode overpotential can be more clearly seen in the thermodynamic

cycles for each process desorbing at 3 and 50 bar, shown in Figure 6-17 (a) and

(b) respectively. At higher desorption pressures, higher copper shifts are nec-

essary to reach the total desorber pressure, as shown in Figure 6-17(b) by the

solid black operating line of the anode, where an isoline of xC is followed. The

consequence is a skewed area representing the minimum work required by the

EMAR process, which increases the half cell potential at the anode end point

(point 4). This increases the minimum EMAR work, from 23.2 to 31.4, and the

finite electrode overpotential, 14.6 to 19.3 kJe/mol CO2 in moving from 3 to 50

bar respectively.� Additionally, at elevated desorption pressures, increased cop-

per shifts are necessary to reduce the aqueous copper loading to below a value

*The non-smooth nature of the compression and subsequent cooling areas is due to the
staged nature of the compression calculations and shift in gas outlet composition as the pressure
is increased.

�The applied overpotential is unaffected - its’ area is constant at
∫
ηopdI, and is reflected

by the area in Figure 6-16.
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Figure 6-16: Total work as desorption pressure (Pcell) is increased. cA = 4 molal EDA,
xCu = 40%, ηop = 0.1V , PIFT = 8.5 bar (a), no intermediate flash tank (b).

that would be in equilibrium with the sweet gas leaving the absorber. Where

previously a copper shift of 40 % at 2 bar desorption ensured the aqueous carbon

concentration leaving the cathode was 20 % below the equilibrium value required

at the absorber outlet, at 50 bar desorption 42 % copper shift is necessary just

to meet the maximum allowable carbon loading. Increasing the copper shift to

ensure a suitable buffer between the maximum allowable carbon loading and that

leaving the absorber increases the total system work as demonstrated in Figure

6-15(b).

Since the intermediate flash tank is positioned between the absorber and the

anode, the stream pressure must be increased following the flash vessel up to the

desorber pressure. This results in the pump work in Figure 6-16(a) remaining

consistent as the desorber pressure is increased. In the absence of this unit, the

pump work reduces as desorber pressure is increased and the difference in total

work between desorbing at 2 bar and 50 bar is 8.6 kJe/mol CO2. The purpose

of the intermediate flash vessel is to remove light hydrocarbon components from

the system to avoid issues such as foaming back at the absorption column.174 At

the lower pressure in the intermediate flash tank (8-9 bar) it is possible liquid

hydrocarbons may form a separate phase which are often skimmed off and re-

covered.174 As the gas composition specified in this case study does not include

heavier hydrocarbons, no liquid phase is predicted to exist at the conditions of

the intermediate flash tank. Without the intermediate flash tank all dissolved

167



0.2 0.3 0.4 0.5 0.6 0.7 0.8
Copper loading [-]

-0.35

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

Po
te

nt
ia

l v
s S

H
E 

[V
] 1.5 bar

0.0025 bar

3 bar0.73

0.34

1

2

3
4

(a)

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Copper loading [-]

-0.3

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

Po
te

nt
ia

l v
s S

H
E 

[V
]

1.5 bar

0.0025 bar

50 bar

0.7
4

0.44
1

2

3

4

(b)

Figure 6-17: Thermodynamic cycle for EMAR process at desorption pressure 10 bar
(a) and 50 bar (b). Black, red and blue lines are the half cell potential, maximum half
cell potential and applied electrode potential, respectively, where anodic lines are solid
and cathodic are dashed.

hydrocarbons will circulate to the anode where, depending on the operating pres-

sure, may be released in the EMAR separation vessel. Figure 6-18 shows where

hydrocarbons are leaving the flow sheet as a ratio of their molar flow into the

absorber. The results with the intermediate flash tank are shown in (a) and the

flowsheet without this unit in (b), both as the desorption pressure is increased.

In removing the intermediate flash tank from the flow sheet, the lighter

methane and ethane that would otherwise be recovered to a LP fuel gas sys-

tem is lost to the desorber outlet intended for sequestration.* In each case the

ratio of hydrocarbons leaving the flowsheet increases as the total desorption pres-

sure is raised. This is initially counter intuitive but can be reconciled when the

ionic strength of the aqueous phase around the flow sheet is examined. The ionic

strength is a function of the concentration and charge of the ionic species present

(see Eqn. 6.16). In the anode the ionic strength is increased by three factors:

the dissolution of copper(II) from the electrode surface, the migration of sulfate

ions through the membrane (to maintain electroneutrality) and the equilibrium

formation of carbonate and bicarbonate species as the desorber pressure (and

partial pressure of CO2) is increased. These factors serve to increase the ionic

strength and decrease the solubility of neutral non-polar hydrocarbon solutes by

*Which only accounts for approximately 0.2% of the molar flow of hydrocarbons entering
the absorber.
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Figure 6-18: Molar flow rate of hydrocarbons leaving the EMAR flow sheet as des-
orption pressure increases, with an intermediate flash tank at 8.5 bar (a) without the
intermediate flash tank (b). The cross-hatched section in (a) is that lost due to the
intermediate flash tank, while the area without a pattern is lost from the EMAR sep-
aration vessel.

a salting out effect. The ionic strength of the aqueous phase in the intermediate

flash tank and EMAR separation vessel for the flow sheet cases with and without

the intermediate flash tank are shown in Figure 6-19(a) and the activity coef-

ficient of neutral non-polar species and CO2 as a function of ionic strength are

plotted in Figure 6-19(b).

The solid blue and black lines in Figure 6-19(a), representing the ionic strength

of the aqueous phase in the EMAR Separation Vessel (ESV) with and without the

intermediate flash vessel, effectively overlap. The presence of the Intermediate

Flash Tank (IFT) prior to the anodic chamber does not significantly reduce the

CO2 content or the ionic strength entering the anode.* The log of the activity

coefficient for neutral non-polar (NNP) solutes has a cubic dependency on ionic

strength, while that of CO2 is much weaker (near linear dependence) shown again

*The mass flow rate of the vapour stream leaving the intermediate flash tank is approxi-
mately 0.01% of the incoming liquid stream.
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Figure 6-19: Ionic strength of aqueous phase in the intermediate flash tank and EMAR
separation vessel as the desorber pressure is increased. Blues lines are of the flowsheet
with the IFT and black without (a). Activity coefficient (γ) of neutral non-polar solutes
and CO2 as a function of ionic strength in the B-dot model, with constant γ of 1 as
dashed black line (b).

in Eqn. 6.23 and 6.19 below:

logγCO2(aq) =

(
C + FT +

G

T

)
I − (E +HT )

I

1 + I
(6.19)

logγNNP = aI + bI
2

+ cI
3

(6.23)

Due to the presence of the Na2SO4 electrolyte in the EMAR circuit, the concen-

tration of hydrocarbons leaving the absorber is lower than in a thermal amine

system. In the thermal amine model, the loadings of hydrocarbons leaving in

the rich amine are 0.071, 0.0054 and 0.0014 mol/kgw for methane, ethane and

propane, respectively.* In the EMAR flowsheet, the hydrocarbon loading leav-

ing the absorber is 0.0092, 0.00042 and 0.0023 mol/kgw for methane, ethane and

propane, respectively. The loading of methane and ethane is approximately 10

times lower in an equivalent EMAR circuit because of the electrolyte present.

The loading of aqueous propane is greater in an EMAR circuit, though this ap-

pears to be due to the anomalously high solubility extracted from the PR/eNRTL

package shown in Figure 6-2. As a result, the loss of propane is over-represented

*Absorber operating at 50 bar and rich amine temperature 72.30 °C.
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Table 6.6: Proportion of hydrocarbons lost from the intermediate flash tank and sep-
aration vessel at the regeneration unit. A value of 1 would indicate all hydrocarbons
entering the flowsheet leaves at that specific location. Results compared for the distil-
lation column in the thermal system and electrochemical cell in EMAR system. Where
only a single number is quoted, no IFT is present in the flow sheet and hydrocarbons
are lost only at the regeneration stage.

Ratio of HC lost in unit (IFT + ESV).
Thermal MDEA/PZ EMARa EMARb EMARc

Methane 1.038e-3 + 1.898e-4 1.618e-4 + 3.055e-5 1.869e-4 2.290e-4
Ethane 1.713e-3 + 5.081e-4 1.805e-4 + 4.001e-5 2.145e-4 2.627e-4
Propane 1.563e-3 + 4.430e-4 7.241e-4 + 3.399e-3 4.098e-3 4.969e-3

aWith IFT at 8.5 bar. Desorber at 2 bar.
bNo IFT present. Desorber at 2 bar.
cNo IFT present. Desorber at 30 bar.

in Figure 6-18. Table 6.6 compares the loss of hydrocarbon from the base thermal

amine case and various EMAR cases.

Due the decreased solubility of hydrocarbons in the EMAR electrolyte the

molar flow rates of hydrocarbons leaving the IFT are much lower, again by ap-

proximately 10 times. When the IFT is removed from the flow sheet the losses

in the EMAR desorber, even at elevated pressure, are on par with those seen

at the thermal amine regeneration stage. Thus there is no considerable loss of

hydrocarbon product in operating without the intermediate flash tank. Since

the EMAR electrochemistry was not significantly affected under a natural gas

headspace (demonstrated in Chapter 5), removing the intermediate flash tank

from the EMAR flow sheet will not impair performance of the system. There

may still be, however, concerns over the foaming behaviour of the amine in the

absorption column given dissolved hydrocarbons being present. The hydrocarbon

loading (mol/kgw) returning to the absorber from the base thermal amine flow

sheet and of the same EMAR cases presented in Table 6.6 are shown in Table

6.7.

As the thermal amine regenerator operates at low pressure (2.1 bar) and ele-

vated temperatures,� the hydrocarbon loading is reduced to zero, while the EMAR

�Regenerator reboiler temperature is 125.7 °C.
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Table 6.7: Aqueous hydrocarbon concentration (mol/kgw) returning to the absorber
for thermal and EMAR flow sheet cases.

Hydrocarbon loading entering Absorber.
Thermal MDEA/PZ EMARa EMARb EMARc

Methane 0 6.94e-8 4.22e-7 5.39e-6
Ethane 0 4.23e-9 2.25e-8 4.17e-4
Propane 0 2.21e-6 2.65e-6 2.66e-5

system retains a relatively low loading re-entering the absorber. The low loading

of HCs in the absorber is not expected to exacerbate foaming within the absorber,

though the presence of heavier hydrocarbons and the formation of a liquid phase

has not been considered. Thus it is essential that the operating temperature of

the absorber is maintained above the hydrocarbon dew point, consistent with

the operation of thermal systems. As the HC solubility is heavily reduced by

the increased ionic strength in the anode, and inclusion of the intermediate flash

tank results in an increase in the pump work, further simulations are performed

without the unit.

At a 40% copper shift the copper concentration at the anode inlet and outlet

are 0.6 molal and 1.4 molal, respectively. Estimates for the solubility of CuSO4

in aqueous solution at 35 °C are ca. 1.64 molal,272 which would correspond to a

maximum copper loading of 0.82, or 32% shift from the midpoint and 64% total

copper shift. Assuming a 60% total copper shift, a similar case to that shown in

Figure 6-16 was performed to determine the maximum desorber pressure achiev-

able while still meeting the CO2 outlet target. Though this significantly reduces

the compressor energy requirement, there is an increase in the pump work to

raise the pressure of rich amine to the EMAR desorber pressure, bringing the to-

tal system work to 93.5 kJe/mol CO2. Additionally, operating an electrochemical

cell at such pressures presents significant engineering challenges* thus for prac-

tical reasons and to reduce the system energy requirement, the EMAR desorber

should be operated at low pressures and has been done so in further simulations.

*Though increasingly applied to CO2 reduction.93
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Figure 6-20: Total system work as desorber temperature is increased (a) and enthalpy
required around the flowsheet to maintain isothermal operation or alter process tem-
peratures (b). Negative enthalpy values indicate cooling is required, and positive values
require cooling.

6.3.4 Desorber temperature

Increasing the temperature of the EMAR cell has been demonstrated by Stern 37

to improve the kinetics of both anodic and cathodic processes. The kinetics

of the electrode processes are not captured in this process model, rather the

applied overpotential is included in an ad hoc manner to assess its impact on the

total system energy requirement (see Section 6.3.5). The desorber temperature

additionally impacts CO2 solubility, anodic and cathodic half-cell potentials and

enthalpy requirements around the system. The effect of increasing the desorption

temperature on the total system work and the enthalpy required around the flow

sheet is captured in Figure 6-20(a) and (b) respectively.

Starting at the minimum temperature (40 °C within 5K of the cooling utility

available) the total system work decreases down to a minimum at 50 °C, where

the desorption temperature is equal to the absorber temperature. Above this

point the minimum EMAR work and associated finite electrode and surface and

transport overpotentials reduce as the half-cell potentials for the anode and cath-

ode approach each other. Additionally, above 58 °C the anode stream is now

saturated with respect to CO2 and the fugacity of CO2 reaches the total pressure

of the cell. Beyond 50 °C the heating and cooling enthalpy required to raise the

stream temperature entering the anode and to cooling the stream leaving the
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cathode to the absorber temperature begin to dominate the total system work.

As the desorber temperature is increased, the flow sheet approaches that of the

thermal amine system, where reboiler and condenser duties dominate the energy

requirement. The utility requirement in red in Figure 6-20(b) represents the

cooling necessary to maintain isothermal operation. If all the enthalpy of CO2

absorption is assumed to result in a temperature increase of the rich amine, it

would leave the absorber at approx 70 °C.* At the low overpotential specified (0.1

V) the Joule heating within the electrochemical cell is not sufficient to balance

the enthalpy lost due to the desorption of CO2 and as such the ’Cell Util’ heating

utility is necessary to maintain isothermal operation. As the desorber temper-

ature is increased and the EMAR work reduces (and associated Joule heating)

the Absorber utilities and Cell utilities become equal at 96 °C. This suggests

the total system work can be reduced with staged energy balances around units

rather than lumped isothermal operation.

The Cell utility is strongly dependent on the applied overpotential - as applied

overpotential is increased, the enthalpy balance in the cell will shift to generating

heat where cooling (either by contact with rich amine or utilities) is necessary

to promote future absorption. Operation of the desorber at elevated tempera-

ture further reduces the hydrocarbon solubility, alleviating foaming concerns. As

the minimum total system work is attained at 50 °C, further simulations were

performed at this value.

6.3.5 Surface and transport overpotential

To drive a specific current density, a surface and transport overpotential is ap-

plied to the cell, above the cell potential determined by thermodynamics. The

necessary overpotential depends on the electrolyte system and operating condi-

tions of the cell. Results from Chapter 5 demonstrate that with small additions

of chloride, or by operating at elevated pressure, the current density for the same

applied voltage may be doubled. This effect is not quantitatively captured in

this process model as further experimentation is necessary to capture the trend

in system response under chloride doping or increasing pressure. The published

*Comparable to the outlet of the thermal amine system at 72.3 °C.
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Figure 6-21: Total work as over-potential is increased (a) Tafel plot of the kinetics of
the electrochemical reaction at 50 °C. 1 molal EDA + 0.5 molal Na2SO4 (red) and 4
molal EDA + 2 molal NaCl (blue). Positive overpotential refers to ηanode and negative
to ηcathode. Reproduced from Wang et al. 101 with permission.*

results of Wang et al. 101 for the Cu-EDA system at atmospheric pressure with

sulfate and chloride electrolytes will serve as bounds for what is expected of a

system applied to natural gas treating. Figure 6-21(b) shows a Tafel plot with the

current response of sulfate and chloride EMAR electrolytes. The sulfate system

displays severely hindered kinetics in comparison to the chloride system, though

the degree to which the chloride current can be attributed to the faradaic reac-

tion of copper dissolution or plating is unknown.� The response of the sulfate

electrolyte then serves as a lower bound given it can be increased as mentioned

above. Figure 6-21(a) then shows the change in total system work required as

the applied overpotential is increased.

To operate EMAR at the same energy consumption as the thermal amine

system, the maximum overpotential must be limited to approx 0.07 V, at which

the minimum current density (with a sulfate electrolyte) is 0.1 mA/cm−2. Under

these conditions, the required electrode surface area is 4.7× 106 m2 for the nec-

�As addressed in Chapter 5 disproportionation in a chloride electrolyte reduces the efficiency
of the EMAR process.

*Reprinted from International Journal of Greenhouse Gas Control, Volume 82, March 2019,
Miao Wang, Subrahmaniam Hariharan, Ryan A. Shaw, T. Alan Hatton, Energetics of electro-
chemically mediated amine regeneration process for flue gas CO2 capture, 48-58, Copyright
(2018), with permission from Elsevier. Copyright license in Appendix A
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essary current at 100% Faradaic efficiency. This is an impractically large area,

though it can be reduced by dropping the total current required or increasing the

current density. Figure 6-22(a) demonstrates how the total current required by

the cell is affected by its operating temperature and pressure. The total current

decreases moderately with increasing temperature and strongly increases at el-

evated pressures. As demonstrated in Chapter 5, the overpotential required to

achieve the same current density can be reduced with the addition of chloride

salts or increasing the pressure, though the effect may not be significant enough

to counter the significant increase in current required.

As the overpotential is increased, heating of the electrochemical cell is no

longer required because Joule heating outweighs the enthalpy lost through CO2

desorption in the anode (WEMAR in Eqn. 6.81). The utility requirements around

the flow sheet as the overpotential is increased is shown in Figure 6-22(b). Though

the heating utility requirement of the cell decreases to zero, and switches sign at

0.4 V applied overpotential (where cooling is now necessary to maintain isother-

mal operations), the energy cost of increasing overpotential is greater than the

electrical equivalent saved due to the disappearing heating utility.

6.3.6 Absorber pressure and inlet CO2 concentration

Given the variability in well gas operating conditions, the effect of total gas pres-

sure and CO2 inlet concentration on an EMAR flow sheet has been estimated.

Onshore facilities typically operate at low to moderate pressures (ca. 60 bar)

though bulk CO2 removal can be performed nearer the well head at offshore facil-

ities where the gas pressure may be up to 120 bar.174 Gas wells around Western

Australia are typically lean with respect to CO2 though a range of compositions

are seen i.e. from 3% at the Karratha Gas Plant to 15% at the Gorgon Gas

Plant.270,273 The result of increasing the inlet CO2 inlet concentration and the

absorber pressure on the total system work are shown in Figure 6-23(a) and (b)

respectively.

In examining the effect of CO2 concentration on the total system work, the

ratio of hydrocarbon components was maintained as the CO2 concentration was

increased up to 30% of the feed. Increasing the absorber pressure at the same
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Figure 6-22: Total cell current at 40 % copper shift at increasing desorber temperature
and pressure(a). Desorber temperature increased with desorber pressure set to 2 bar,
total system work for this case shown in Figure 6-20(a). Desorber pressure increased
with desorber temperature at 50 °C, total system work in Figure 6-16(b). Flow sheet
utility requirement as EMAR cell overpotential is increased (b). Negative enthalpy
indicates cooling is required to maintain isothermal operation and vice verse. Pcell =
2.1 bar, Tcell = 50 °C.
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Figure 6-23: Total work as inlet CO2 concentration is increased (a) and outlet target is
increased (b). Desorber pressure 2.1 bar, copper shift 40%, ηop = 0.1V , cA = 4 molal.
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CO2 concentration and increasing the concentration of CO2 at the same pressure

has the same effect on the CO2 fugacity, though the response in total system

work is not consistent. As the CO2 concentration is increased the EMAR system

is able to achieve a higher shift in solution CO2 capacity as at 1% CO2 in the

inlet an aqueous carbon loading of 2.85 mol/kgw is reached and at 30%, a loading

of 3.28 mol/kgw is obtained, while the loading entering the absorber is consistent

at 1.33 mol/kgw. As the desorber in this set of simulations is 2.1 bar, when the

CO2 partial pressure exceeds 5% in the absorber rich amine solution is saturated

at the conditions of the anode and flashing occurs at the anode inlet (as also

with an increase in desorber temperature). Though increasing the pressure of

the absorber results in a similar increase in the cyclic capacity of the amine, the

system work is outweighed by the substantial pump work required to return the

solvent to the absorber from the low pressure desorber. Though the pump work

may be mitigated by increasing the desorber pressure, as shown in Section 6.3.3

an increase in the finite electrode overpotential results in a higher total system

work.

6.3.7 Outlet CO2 target concentration

The application of EMAR specifically to LNG production requires the strict outlet

CO2 target of 50 ppmv though many gas plants operate to provide domestic gas

which is not subject to the same target since it is not liquefied and exported.

Domestic gas must contain no more than 2 mol % CO2 and is also subject to

additional heating value specifications not addressed here. A summary of the

total work of the MDEA/PZ themal amine system and the EMAR system is

shown in Figure 6-24 at both CO2 outlet targets. Additionally, the work of

capture for an EMAR system where the desorber operates at elevated pressure,

20 bar, is also presented for comparison.

The total energy requirement of EMAR systems are on par with current ther-

mal amine systems when both are applied to LNG production, ca. 79 vs 74

kJe/mol CO2, respectively. At a lower outlet target, the normalised work of cap-

ture for the thermal system drops significantly to 47.9 kJe/mol CO2 while the

work of the EMAR system remains approximately constant - where there is a
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Figure 6-24: Summary of total system energy requirement for thermal and EMAR cases
at various CO2 outlet targets and operating conditions. All cases export compressed
CO2 at 300 bar. The concentration of the aqueous amine(s) and regeneration pressure
are labeled on each case - in addition to the applied overpotential for the EMAR cases.

reduction in the heating and cooling required as it is linked to the amount of

CO2 absorbed and desorbed. Though the operating cost may be currently be

greater than for the thermal amine system, the EMAR system presents a means

to reduce the total capital cost. Though the effect of heavier hydrocarbons (C3+)

on the system needs to be considered, removing the intermediate flash tank from

the flowsheet due to the decreased solubility of neutral non-polar species presents

an operational advantage. Additionally, operating the desorber at elevated pres-

sure reduces the investment in compressors where CO2 sequestration is required.

In reality, process units will not operate isothermally and the heating due to

exothermic absorption of CO2 will serve to reduce the work in the desorber and

eliminate the utility requirement (depending on the balance of absorber and des-

orber enthalpies). This has the potential to reduce the work requirement to below

that of current state of the art thermal amine systems.
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6.4 Powering EMAR

At the nominal 3% inlet operation the EMAR cell consumes 47 kJe/mol CO2 (of

the 78 kJe/mol CO2 total) - at a 50 ppm CO2 outlet target and 150 kg/s of sour

gas processed (capture of ca. 250 mol CO2/s) the total electrical energy required

by the cell is 11.7 MWe. Though the work of capture decreases as the CO2 inlet

concentration increases, the electrical power requirement of an EMAR cell at the

Gorgon Gas Plant with 15% CO2 in the feed gas and the same CO2 outlet target

is far greater at 82 MWe because the CO2 capture rates is approx. 1750 mol

CO2/s per train.* Such electrical power requirements are non-trivial given the

total power supplied to the plant is of the order of 585 MW.9 Onshore and offshore

facilities are typically equipped with gas turbines to provide power for the site

or if power is available locally may still use gas turbines to run the compressors

in the liquefaction circuit.7,273 Waste heat from gas turbine exhausts is used to

generate the heating utilities for the plant, of which the largest consumer are the

regenerator reboilers for amine regeneration at 80% of the heating medium.9,273

If EMAR is used in place of a thermal amine system, the waste heat from the gas

turbines may be used for additional electricity generation via an Organic Rankine

Cycle (ORC) to provide the additional power required by the cell. The ORC

generates electricity via compression and expansion of the cyclopentane working

fluid, where the total power delivery depends on the specific gas turbines used

and associated exhaust conditions.274 At the Gorgon Gas Plant, for example, five

Frame 9 turbines are used for power generation across the plant and two Frame 7

gas turbines are used in each liquefaction train to drive compression of the mixed

refrigerant.9 With commercially available ORegen� applied to the Frame 7 gas

turbines used in compression, an additional 31 MWe can be extracted, yielding 62

MWe per train.275 To obtain the full 82 MWe, the additional 20 MWe per train

may be extracted with a similar ORC from remaining gas turbines used for power

generation.� Without the utilisation of waste heat recovery, powering an EMAR

cell would require the addition of dedicated gas turbine generators or extensive

*Back calculated from 15.6 MTPA LNG production across 3 trains with 95:5
methane:ethane LNG ratio assuming no other components in the feed.

�Figures for the power generated from an ORC applied to Frame 9 gas turbines is unavail-
able.
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solar panel arrays, increasing the capital cost and providing a disincentive for

application of the process.

6.5 Summary

The process model of Wang et al. 101 , built in MATLAB, was modified and ex-

panded to examine the energy requirements of an EMAR system applied to nat-

ural gas treating. The Peng-Robinson equation of state was added to the model

to ensure accurate treatment of gas phase thermodynamics, similar to what is

used in commercial process simulation packages such as Aspen Hysys. Binary

interaction parameters for the Peng-Robinson model and solubility data gener-

ated in Aspen Hysys were extracted and transferred to the EMAR process model.

A thermal amine model, using an industrially recommended MDEA/PZ compo-

sition, was built in Aspen Hysys to provide an appropriate comparison for the

EMAR system. The total work requirement of the EMAR system was studied

across a number of process variables, they were: amine concentration, copper

loading shift, desorption pressure, desorption temperature, applied overpotential,

absorber pressure, inlet CO2 concentration and outlet CO2 target concentration.

The work of an EMAR system can be reduced by operating at high EDA con-

centrations and moderate copper shifts. Copper shifts above 40% are seen to be

sufficient to ensure the CO2 outlet target in the sweet gas is met at moderate total

system work. Though one of the proposed benefits of an EMAR system is the

capability to regenerate the amine solution and release acid gases at pressure, as

the desorption pressure is increased the system work is also increased due to the

contribution of the finite electrode overpotential. Means to reduce this portion

of the total work are present in the literature, which may aid EMAR in becom-

ing an alternative to present thermal systems. The overpotential strongly affects

the total work of capture and to obtain the same total system work as current

thermal amine systems it should be limited to no more than 0.07 V. The Tafel

plot of a sulfate electrolyte provides a lower bound on the current density in an

EMAR cell, which was previously shown to increase as desorber pressure is in-

creased and electrolyte composition altered, though these traits are not explicitly

considered in the process model presented. An increasing absorber pressure sees
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the total system work rise due to the increasing difference in pressure between

the absorber and desorber unit. Increasing the desorption pressure reduces this

differential though still results in an increase in total system work as the finite

electrode overpotential increases. Unlike thermal amine systems, the EMAR sys-

tem is relatively insensitive to a decrease in the CO2 outlet target - as at 2 mol %

and 50 ppm the system work is similar. EMAR may then be more suited to LNG

applications (over providing domestic gas) where the availability of waste heat

from onsite gas turbines can be used to generate the necessary electrical power

for the EMAR cell.
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Chapter 7

Conclusions and

Recommendations

7.1 Summary

This thesis examined the application of Electrochemically Mediated Amine Re-

generation to natural gas treating. The introduction outlines the deficiencies

of thermal swing methods currently used for acid gas capture, and though im-

provements are being made, the fundamental mechanism of separation prevents

moderate temperature and high pressure operation of the desorber unit. New

electrochemical separation techniques pose a number of advantages, though the

effect of the contaminants found in natural gas on these systems was previously

untested. The EMAR cycle (an EMCCS variant), aimed at Post-Combustion

Carbon Capture, is among the most developed electrochemical separation meth-

ods available and uses amine solvents familiar to natural gas treating. It was

therefore posited for the removal of acid gases, required for natural gas produc-

tion. The EMAR cycle has three main stages: the absorption of acid gases into

aqueous ethylenediamine, the dissolution of copper and subsequent release of acid

gases, and the plating of copper(II) from the copper ethylenediamine complex.

The chapters of this thesis present the reactions involved at each stage, the in-

fluence of natural gas contaminants on the cycle and lastly the overall process

energetics.
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Following a brief introduction to relevant methods in quantum chemistry used

in this thesis, Chapter 3 examined the details of reactions between the active ab-

sorbent, ethylenediamine, and acid gas contaminants found in natural gas (CO2,

COS, CS2, H2S and CH3SH), which constitutes the first stage of the EMAR cy-

cle. Computational results suggest that CO2, COS and CS2 will be absorbed into

aqueous ethylenediamine by a zwitterion intermediate, as opposed to a direct hy-

drolysis mechanism. The theoretical activation free energy of CO2 reaction with

ethylenediamine determined is in excellent agreement with the experimental lit-

erature. The reactions of COS or CS2 with ethylenediamine require much larger

activation energies (8 kcal/mol or more), and follow the empirical observations

in literature, where limited reaction rate data is available. Theoretical calcu-

lations of acid dissociation constants find that as oxygen is replaced by sulfur

in ethylenediamine zwitterions, they become more acidic, resulting in more sta-

ble deprotonated products. The remaining contaminants, H2S and CH3SH, are

absorbed by proton transfer to ethylenediamine and water, respectively, where

only H2S is sufficiently basic enough to protonate neutral ethylenediamine. No

favourable interaction between the products of H2S or CO2 reaction with ethylene-

diamine are observed, consistent with experimental observations of a decrease in

H2S capacity as the aqueous CO2 concentration is increased.

The next stage in the EMAR cycle is the dissolution of copper(II) and re-

action with ethylenediamine to displace CO2. In Chapter 4, the complexation

of ethylenediamine was examined with quantum chemical methods. Of the vari-

ous DFT functionals trialed, B3LYP most accurately reproduced the geometries

of copper(II) complexes (with the first solvation shell present), and the exper-

imental free energy of complexation with ethylenediamine, though significantly

different from the accepted value (107% off). The discrepancy between the ex-

perimental and theoretical result was reduced through the addition of up to 18

water molecules around the central copper(II) ion. In the extrapolated limit (of

infinite surrounding water), the free energy of complexation between copper(II)

and ethylenediamine with B3LYP is still 58% off from the experimental value of

14.4 kcal/mol. The effect of hydroxo ligands around copper(II) on the free energy

of complexation was examined, though this did not materially impact the results.

This suggests that the discrepancy is primarily due to the computational method
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employed. The overall reaction free energy between solvated copper(II) and the

products of ethylenediamine absorption of CO2, COS, CS2 were estimated. Com-

putational results suggest that all ethylenediamine products will be dissociated

when exposed to aqueous copper(II), and in so doing release CO2, COS, or CS2.

This suggests that the EMAR process is not limited to capture and release of

CO2 alone, but can also be extended to COS and CS2.

The behaviour of real EMAR electrolyte systems was investigated in Chapter

5, which covers stages 2 and 3 of the EMAR cycle. Nitrate electrolytes were

found to be a poor choice for the system, as blocking and reduction of nitrate

species at the cathode reduced the Faradaic current, and the overall efficiency. A

sulfate electrolyte, though limited in solubility, demonstrated greater efficiency

and was used in further experiments comparing the response under N2, CO2, and

later, natural gas atmospheres. The irrreversibility of the Faradaic process was

highlighted and the diffusion coefficient of Cu(II) was calculated according to the

Randles-Sevick equation, which was in reasonable agreement with literature. The

performance of the engineering implementation of the EMAR cycle, the EMAR

stack, was examined and subsequently improved by using a sulfate electrolyte,

control of the temperature throughout the process and by improving the cell

membrane and baffles. Though improved, the EMAR stack was not suitable for

direct trials with natural gas, therefore, the effect of natural gas contaminants on

the electrolyte were examined at a more fundamental level. H2S in natural gas

severely impacted the EMAR electrochemistry by consuming the active blocker

species, copper(II), in forming insoluble copper sulfide. The effect of a natural gas

headspace (without H2S) on the electrochemical system was minimal, and only

required slightly higher polarisation (voltages) to achieve the same current density

as in their absence. Moderate pressure (5-10 bar) operation, and the addition of

ppm levels of aqueous chloride, were seen to decrease the charge transfer resistance

by 3-4 times in a sandwich electrode setup - a promising outcome for operation

of the desorber at higher pressure. Lastly, the quality of electrodeposited copper

was examined under moderate pressure CO2 and with various additives. Aqueous

chloride was again of benefit to the system by improving the leveling and quality

of the deposited copper - ultimately necessary for long term operational stability

of an EMAR cycle.
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In Chapter 6, a process model was built to determine the energetics of the

entire EMAR cycle applied to a hypothetical natural gas treating facility. An

existing EMAR thermodynamic model was expanded on and modified with the

Peng-Robinson Equation of State to accommodate natural gas components. This

model was used to examine the sensitivity of the EMAR cycle to the following pro-

cess variables: amine concentration, copper loading shift, desorption pressure and

temperature, applied overpotential, absorber pressure, and inlet and outlet CO2

concentration. The total system work can be reduced by using a high amine con-

centrations (4M) and moderate copper shift (> 40%), both of which improve the

cyclic capacity and reduce pump work, while still achieving the required 50 ppm

outlet CO2 target. Though an EMAR system can desorb CO2 at high pressure,

it was found to be energetically unfavourable, due to the high associated finite

electrode and surface and transport overpotentials. These overpotentials can be

minimised by intensification of the absorption and electrochemical processes, in-

creasing the cell operating pressure or by adding chloride to the electrolyte. If

total overpotentials are limited to 0.07 V, an EMAR system can operate at the

same equivalent energy consumption of current state of the art thermal systems

(74 kJe/mol CO2), confirmed through simulation of a thermal MDEA/PZ system

in Aspen Hysys. The EMAR system is more suited to LNG production facili-

ties over those that only supply domestic gas because the total system work is

not sensitive to the required CO2 outlet target. The electrical power required

by the currently modeled EMAR system operating at an LNG facility can easily

be supplied though application of Organic Rankine Cycles to onsite gas turbine

generators. With further process intensification and modification, EMAR is a

potential competitor to current thermal amine systems.

7.2 Directions for future research

This thesis has shown that an EMAR cycle, with suitable modifications, is ap-

plicable to natural gas treating, however, aspects of the system should be further

explored before the process is ready for industrial implementation.

The long term stable operation of an EMAR system is essential, which dictates

that copper plating and dissolution is reversible and that the solvent experiences
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minimal degradation. The electrodeposited copper shown in Chapter 5 was, in

areas, uneven and weakly adhered to the substrate. Over many polarisation

switching cycles (which prevent complete dissolution of the anode), copper den-

drites may form, bridging the electrodes, and negate the operation of the cell.

Further investigation into the effect of temperature, pressure and additives on

the quality and reversibility of the deposit should be performed based on the

recommendations outlined in this thesis. Additives that may benefit electrode-

position could negatively impact the solvent stability and longevity. The long

term stability of EDA at elevated temperature and at various CO2 loadings has

not been extensively studied. Additionally, it has also been reported that cupric

ions catalyse the oxidative degradation of ethylenediamine, which has yet to be

examined under the conditions in an EMAR cycle.

The construction and operation of a moderate to high pressure flow system

will be integral to the evaluation of EMAR for an industrial implementation. In

addition to providing experimental data to validate the thermodynamic analysis

presented in Chapter 6, a high pressure flow system will be able to investigate the

following: the effect of gas composition on electrode polarisation (concerning the

coabsorption of heavy hydrocarbons into the aqueous amine solvent), the foaming

behaviour of the electrolyte solution, the corrosion of, or plating of copper(II) onto

common materials of construction (e.g. carbon steel), and mechanical design

considerations of the high pressure electrochemical cell. The results from such

investigation, coupled with computational results gathered in Chapter 3, can be

used to develop a rate-based (kinetic) process model for the sizing and design of

equipment in an EMAR flowsheet.

Alternative EMCCS schemes that replace copper (the solid blocker species)

with a soluble alternative may be favourable. Such methods would avoid the

issues associated with plating and dissolution of copper, as an active blocker

would remain in solution. Additionally, the required overpotential for such a

scheme would likely be lower, as no phase change of the blocker is required,

resulting in faster reaction kinetics.
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