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ABSTRACT 
 
This thesis describes a new strategy for carbon dioxide (CO2) separations based on amine 
sorbents, which are electrochemically-mediated to facilitate the desorption and regeneration 
steps of the separation cycle. The absorption of CO2 is accomplished in a similar manner to 
standard thermal scrubbing techniques. The desorption of the CO2 from the loaded amines is 
achieved through the oxidation of a copper metal anode, which generates cupric ions that 
compete for the amine binding sites. For many amines, the complexation with cupric ions is 
more favorable than the complexation with CO2. Reduction of the cupric ions from the amine 
sorbent onto a separate copper metal cathode regenerates the solution’s ability to capture CO2, 
completing the capture and release cycle. 
 The electrochemically-mediated amine regeneration (EMAR) process has several 
advantages over standard thermal scrubbers. EMAR systems do not require reconfiguration of 
internal turbine systems for low-pressure steam extraction; this makes EMAR more attractive for 
the retrofit of existing plants. EMAR systems can also generate CO2 at elevated pressures, 
reducing the need for downstream compression.  
 A thorough evaluation of 13 metals and 14 amines for the EMAR cycle is presented. 
Based on cost, amine binding strength, and cation reduction potentials, copper was determined to 
be the best metal for this process. Polyamines, due to their ability to chelate the cupric ions, were 
identified as the best amines candidates. Ethylenediamine (EDA) and aminoethylethanolamine 
(AEEA) were investigated experimentally for their thermodynamic and kinetic properties. 
 For EDA, experiments demonstrated that a system operated at open-circuit could achieve 
70% efficiency with respect to a perfectly reversible process. Kinetic experiments and transport 
modeling are used to extrapolate the performance to a real system operating at closed circuit 
conditions. A proof-of-concept system was constructed and was capable of separated CO2 at a 
rate of 800 sccm/m2 membrane area with an electrical requirement of 100 kJ/mole CO2. 
 Suggestions and specifications for future designs of next generation bench-scale systems 
are provided. A techno-economic analysis shows the potential of several configurations of 
industrial scale EMAR systems compared with thermal scrubbing technologies.     
 
 
Thesis Supervisor: T. Alan Hatton 
Title: Ralph Landau Professor of Chemical Engineering 
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Chapter 1 

1. Introduction  

Executive Summary 

This thesis introduces and investigates a new strategy for carbon dioxide separations called 

Electrochemically-Mediated Amine Regeneration (EMAR). This technology has the potential to address 

two severe technological gaps in post-combustion carbon separation technologies: retrofits to existing 

power plants and application to non-power generating facilities, such as steel, aluminum, and cement 

plants. 

Because EMAR systems are electrically-driven, it is unnecessary to undergo the costly 

reconfiguration of internal steam turbines when retrofitting an existing power plant. This alleviates a 

serious complication that makes the deployment of more traditional thermal amine scrubbers unattractive 

for retrofits. For non-power generating plants where low-pressure steam is unavailable, thermal scrubbers 

require the additional installation of dedicated natural gas boilers to generate the required steam. These 

systems operate at low efficiency compared with power plant based systems because they do not pass the 

steam through a Rankine cycle. Passing the steam through a Rankine cycle extracts most of the energy as 

electricity before using the low-value heat to operate the thermal scrubber. An EMAR system operates 

through an electrical connection, and therefore, does not require the natural gas boiler and can operate at a 

consistent efficiency regardless of the type of plant. 

 The chemical cycle that defines the EMAR process is developed through modification of an 

Electrochemically-Mediated Complexation Separation (EMCS) cycle. In an EMCS cycle, the target 

molecule is selectively absorbed and released by a single redox active carrier species. In the second 

chapter, a new separations concept, the Electrochemically-Mediated Competitive Complexation 

Separation (EMCCS) cycle, is introduced. In the EMCCS cycle, the redox active species is separate from 
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the carrier molecule that binds the target. The redox active species, named the competitor, complexes 

strongly with the carrier when electrochemically activated. The competitor/carrier complexation releases 

any bound target molecules and prevents future binding by the target until the redox active competitor is 

electrochemically deactivated. 

The EMAR process is a specific embodiment of an EMCCS cycle, where the carrier is an amine 

sorbent and the target molecule is carbon dioxide, CO2. Thirteen different metals are screened for use as 

the redox active competitor. Oxidation of many metals, especially transition metals, yields cations with 

sufficient Lewis acidity to compete with carbon dioxide for the amine binding groups. Based on several 

criteria, including cost, complexation strength with ethylenediamine, and resistance to undesirable 

oxidation by hydrogen evolution, copper is chosen as the best competitor for an EMAR system. Fourteen 

different amines, including ethanolamines, amino acids, and polyamines, are screened for use with copper 

in an EMAR process. After the initial round of screening, which focuses primarily on avoidance of copper 

salt precipitation, four diamines are chosen as possible EMAR sorbents. 

The thermodynamics of the four amines with respect to an EMAR system are investigated in the 

third chapter by means of a combination of experimentation and modeling. Starting with the fundamental 

thermodynamics of the process, the maximum achievable efficiencies at zero-flux conditions are 

determined from combining the pertinent mass action equations with the Nernst equation. Additional 

inefficiencies from incomplete loading in the absorber and losses due to physical solubility in the sorbent 

are included in the models. Experiments measured the ability of cupric salts to facilitate CO2 desorption 

from the loaded amine sorbents and the required potentials to generate or remove cupric ions at operating 

conditions. The enthalpy and entropy of the CO2 binding reaction with EDA is obtained using open-

circuit potential measurements of the copper activity at varying temperatures. This method is a cheap and 

fast technique that had never previously been demonstrated. 

The electrochemical kinetics of copper dissolution and deposition is investigated in the 4th chapter 

using fast galvanostatic pulses. An equivalent circuit model is used to interpret the measured potential 

responses to the current pulses. The results are compared with a similar investigation of copper 
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electrochemistry in sulfuric acid systems. The relatively similar reaction rates in the amine solutions 

compared with sulfuric acid solutions is explained by a new intermediate-stabilized dissociative electron 

transfer theory. This theory, which is derived from combining a consecutive two-electron transfer process 

with dissociative electron transfer theory, successfully predicts the trends observed. The addition of 

chlorides is shown to have a dramatic impact on the electrochemical kinetics. Without chloride ions, the 

kinetics in CO2 solutions are prohibitively slow. 

The performance of real systems, based on the surface electrochemical kinetics and bulk transport 

phenomena, is investigated in the 5th chapter. Two configurations of the EMAR system are considered, 

which include a flat plate electrode system and a porous electrode system. Analytical approaches are 

taken in both cases substantially reduce the complexity of numerical simulations. Such simplification is 

necessary for the future implementation of these models in system-wide optimization routines, which may 

need to run hundreds of iterations to find the optimal design and operating strategy of an EMAR system.  

The flat plate electrode system is simplified using the Karman-Pohlhausen integral solution 

approach. The concentration profile is assumed to be a 3rd order polynomial with a consistent shape 

within the boundary layer. Based on a set of known boundary conditions, the coefficients can be 

calculated if the boundary layer thickness is known. To calculate the boundary layer thickness, a shell 

balance can be performed to relate the current at the surface to the rate of growth of the boundary layer. 

The porous electrode system is first simplified by assuming that the isopotential lines are roughly 

parallel with the direction of flow. This converts the coupled partial differential equations (PDE) to 

coupled ordinary differential equations (ODE). The coupling refers to the interdependence of the 

concentration profiles and electrostatic potential profiles, which must be solved simultaneously. By 

approximating the Butler-Volmer equation as either a single exponential function (valid for large 

potentials) or as a linear function (valid for small potentials), the coupled ODE’s can be converted to a 

pair of non-linear algebraic equations that are easily solved with minimal computation. 

The development and experimental results of a proof-of-concept device are described in the 6th 

chapter. The proof-of-concept system is the fourth electrochemical CO2 capture cell constructed, and 
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lessons learned from the iterative design process are discussed. The proof-of-concept system is tested for 

its stability, repeatability, Faradaic (current) efficiency, and electrical demand per mole of CO2 captured. 

While the system is stable during cyclic or continuous operation for at least 7 hours, reproducibility of the 

device is poor; this results from the challenges with the device assembly and electrode consistency. The 

operating efficiencies and electrical demands are promising, especially when considering the system is 

operated at ambient temperature and pressure, which are far from ideal. There are signs, however, that 

indicate the electrodes may not be stable over long term operation. 

  Designs and recommendations for the next generation bench scale system are provided in the 7th 

chapter. Specifications for the construction of a stacked electrochemical device are provided along with 

suggestions regarding the peripheral equipment and control strategies required for long term automation. 

Based on the information from this thesis, a techno-economic assessment is performed for an EMAR 

systems used to retrofit an existing supercritical coal-fired power plant. The assessment determines the 

electrical and thermal demands of the EMAR system. The cost of electricity for power plants with EMAR 

capture systems is compared to those with thermal scrubbers. The assessment shows that an EMAR 

system can significantly outperform conventional thermal scrubbing systems for retrofit applications. 

The next section of the introductory chapter provides motivation for this research. Evidence of 

climate change due to anthropogenic emissions is presented. Arguments for CO2 abatement at large point 

source emitters and the possible technologies capable of such separations are discussed. The importance 

of technologies for retrofitting existing plants and use at non-power-generating facilities is considered. A 

description of conventional amine scrubbing, which is the most developed post-combustion CO2 

separation technology, is provided. 

The introductory chapter concludes with a technical overview covering amine chemistry, copper 

electrochemistry, and electrochemical systems, which are helpful, though not necessary, for 

understanding the analyses in the following chapters. The interactions of amines with CO2 and copper 

have been studied separately in extensive detail. The electrochemical kinetics of copper electro-deposition 

and electro-dissolution have been studied in the contexts of electroplating and corrosion. Transport 
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The EPA estimates that in 2010, 40% of the CO2 emissions in the United States originated from power 

generation.7 Despite the recent reduction in natural gas prices, coal will remain as an important fuel for 

electricity production and is projected to account for 38% of electricity generation in 2035, while the 

share produced from natural gas will only be 28%.8,9 Leaders in climate science and governmental policy, 

including the Intergovernmental Panel on Climate Change and former the U.S. Secretary of Energy, 

Steven Chu, have identified post-combustion CO2 capture from coal-fired and gas-fired power plants as a 

necessary strategy for reducing anthropogenic emissions.10,11 In addition to the environmental 

motivations, the depletion of natural CO2 sources may necessitate CO2 capture for use in enhanced oil 

recovery over the next few decades.12 

While only about 1% of power generating capacity in the United States comes from coal-fired 

power plants less than 10 years old, approximately 20% of the capacity comes from natural gas plants less 

than 10 years old with an additional 10% from natural gas plants 11 to 20 years old.13 With approximately 

30% of the current power generating fleet in the US not scheduled for retirement for decades, retrofit 

technologies are necessary for comprehensive reduction of CO2 emissions from power plants. 

The coal infrastructure in developing countries is both newer and more prevalent with China and 

India generating 79% and 68% of their electricity from coal, respectively.14 Over a third of the world’s 

currently installed 1600 GW of coal-fired electricity generating capacity is less than 10 years old.15 Over 

the next 20 years, an additional 1,000 GW of coal infrastructure is expected to be constructed, and the 

fraction that will be constructed with carbon capture capabilities is uncertain. The International Energy 

Agency, IEA, predicts that to achieve stabilization of global warming, 114 GW of coal-fired capacity will 

need to be retrofitted with carbon capture technologies.16 This represents 17% of the total coal-fired 

capacity that needs to be retrofit.  

 CO2 emissions by non-power-generating plants, such as cement, steel, and aluminum are also 

significant. In 2004, the cement industry was responsible for 3.4% of global CO2 emissions from fossil 

fuel combustion.17 In 1999, it was reported that the steel industry was responsible for 4.6% of global CO2 

emissions.18 The aluminum industry also contributes approximately 1% of the global CO2 emissions.19  
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the power plant could be increased by as much as 80%.31 The increase results from difficulties with 

matching the steam temperatures at available extraction points with the steam requirements of the capture 

plant. Variants of thermal amine scrubbing using chilled ammonia, rather than MEA, may be able to 

reduce retrofit de-ratings to 25%, especially when ultra-supercritical (USC) steam turbines are used.31 

USC turbines produce the least CO2 per MW of electricity, which reduce the requirements for CO2 

capture. 

 Capture systems that do not require low-pressure steam are being actively investigated as 

alternatives to thermal amine scrubbing. oxy-fuel combustion,32,33 membrane separations,34,35 and vacuum 

swing absorption36 all require electrical energy rather than steam.37 While electricity is a higher value 

form of energy, the energy requirements are smaller and the capital costs are lower due to the lesser level 

of heat integration required. 

Oxy-fuel systems, which feed pure oxygen into the combustion chamber, require the separation 

of oxygen from air. This is performed using a cryogenic separation, which is expected to be expensive. 

For retrofits, the required changes to the plants boiler and steam cycle is minimal, which makes this an 

attractive technology. Application to natural gas systems is unlikely since the ratio of oxygen required to 

CO2 produced is lower, which hinders the process economics. 

The simplicity of membrane systems does keep capital costs low, but the low partial pressure of 

CO2 in the flue gas (10-15 kPa) does make successful application of a membrane system challenging.38 

Significant research into advanced membrane materials, such as room-temperature ionic liquid 

membranes, is ongoing.39,40 Application of membranes for CO2 capture from natural gas plants is unlikely 

due to the even lower partial pressure (~5 kPa) of CO2 in the flue gas. Both oxy-fuel and membrane 

systems may require a final refrigerated flash separation of the gas to achieve the necessary CO2 purities 

to avoid difficulties with compression and transport.41 

Pre-combustion and chemical looping strategies are also under investigation for use in carbon 

capture from power plants. Integrated gasification combined cycle (IGCC) plants, where CO2 can be 

separated from streams with high CO2 partial pressures enable the use of physical solvents that have been 
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proven effective at large scale in natural gas separations.42 They have also been considered for use with 

membranes, which can take advantage of the high CO2 partial pressures.43 Recently, however, the 

estimated capital cost of these plants has been revised sharply upward, discouraging the construction of 

demonstration units. 

Chemical looping, in which the CO2 capture is performed by metal oxides, primarily calcium, in 

the high temperature combustion chamber, is a promising technology attracting significant attention.44,45,31 

The technology uses low cost sorbents and can be retrofitted onto and existing plant in a way that 

increases the net plant output, though still with a reduction in efficiency. The main challenge this strategy 

faces is that it is novel and will take time to develop and mature into an industrial relevant technology. 

Deactivation of the metal oxide due to carbon deposition is also a concern. 

Capture of CO2 from cement46 and steel47,18 plants has been considered, but with significantly less 

detail than capture from power plants. In one analysis for CO2 capture from a steel blast furnace exhaust, 

the entire flue gas would be compressed and then captured using a Selexol process. This has the 

advantage of using only electrical inputs; since in a steel plant, low pressure steam is not widely available. 

Compression of the entire flue gas stream, however, may be an unnecessarily costly strategy. Even though 

steel, cement, and aluminum production account for 9% of global CO2 emissions, there is no clear 

strategy for reducing their carbon emissions. 

Amine Chemistry 

Amines are widely used in a variety of industrial processes and as precursors for the production of many 

chemicals. The nitrogen atom, which is bound to either hydrogen atoms or alkyl groups, is significant 

basic due to its lone pair of electrons. The pKa’s of amines generally range from 8 to 10 with primary 

amines (bound to two hydrogen atoms and one alkyl group) being the most basic. Secondary and tertiary 

amines, which are bound to one and zero protons, respectively, are less basic. 

 The interactions of amines with CO2 have been extensively studied because of their common use 

as acid gas scrubbing sorbents. Unhindered primary and secondary amines will form carbamate salts 
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Stability constants for a variety of amines have been calculated using polarography,76 which measures the 

apparent half potentials, E1/2, as a function of concentration. Using the Nernst equation shown in Eq. 1-2 

with the definition of the stability constant from Eq. 1-1, the variation of the potential can be calculated as 

a function of the copper and ligand concentrations. E0 is the standard state potential; [Red] and [Ox] are 

the concentrations of the reduced and oxidized species, respectively. The activity of copper metal is 

assumed to be unity. 
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In Eq. 1-3, [Cu2+]0 is the total concentration of all cupric ion species. The measured half potential, E1/2, is 

assumed to be equal to the apparent standard state potential, as shown in Eq. 1-4. Note the resemblance of 

Eq. 1-2 with E0 and Eq. 1-4 with E1/2. 
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  (1-4) 

Reliable stability constants for monoamines,77 ethanolamines,78 polyamines,79 and amino acids80 are all 

available from polarographic measurements. Spectrophotometric methods are also used for measuring the 

stability constants of transition metals because the complexation alters the UV-visible absorbance 

spectrum of the metal.81,82 In the case of AEEA, spectrophotometric measurements provide additional 

insight into the underlying mechanism through the analysis of peak shifts.83  

A pH titration curve can also be used to calculate the stability constants for different amines if the 

pKa’s are known.84 Measurement of the standard state enthalpy and entropy of the complex formation can 
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be accomplished by measuring the stability constant at varying temperatures and using the Van’t Hoff 

equation.85  

 The results from literature show that cupric ions generally complex with four sites ligand sites, 

rather than the six available for most first row transition metals. The cause for the discrepancy is the d9 

electronic state of the cupric ion that exhibits the Jahn-Teller effect. The Jahn-Teller effect forces the 

cupric ion complex into an asymmetrical configuration with two elongated bonds, which are generally 

unreactive. The elongation is required to avoid a degenerate symmetrical state. 

 The stability constants of cupric ions with polyamines are very high (1016 – 1020), which indicates 

why these molecules are excellent at stabilizing copper in the EMAR process. Monoamines and 

ethanolamines show distinctly lower values. Ammonia and tertiary amines tend to favor the formation of 

cuprous ions rather than cupric ions. 

Electrochemical Kinetics of Copper 

The electrochemical kinetics of copper systems have been studied significantly in acidic environments, 

but only sparsely in basic amine environments. Studies in CO2-saturated amines have never been 

previously performed. The study of the electrochemical kinetics of copper has been motivated by the 

industrially relevant processes of copper deposition, copper etching, and copper corrosion. 

 Mattsson and Bockris used galvanostatic pulses to examine the electro-dissolution and electro-

deposition of copper in sulfuric acid systems.86 Their results were analyzed by Newman, who showed that 

the measured potentials correspond well with a two-step mechanism, in which the first oxidation is fast 

and the second oxidation is slow.87 

The importance of additives to copper plating baths in order to achieve higher efficiencies has 

been thoroughly investigated.88–90 Electro-deposition from alkaline solutions that use amines to stabilize 

the copper ions is an alternative strategy to deposition from sulfuric acid solutions.69,91,92  

Copper etching using a MEA solutions showed that even in the absence of oxygen, copper would 

still be slowly etched, presumably due to hydrogen evolution.71 Copper corrosion in both alkaline93,94 and 
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acidic95 environments has also been investigated. Significant work has focused on the influence of 

chloride ions in order to assess corrosion in the ocean.96,97 

A variety of electrochemical measurement techniques have been used in these investigations to 

characterize the electrochemical kinetics. The generation of current-potential diagrams and cyclic 

voltammetry are the most common techniques. Long-duration open-circuit and constant potential 

measurements have also been used. 

Predictions of the effects of chemical reactions coupled with electron transfer were rigorously 

derived by Saveant and co-workers.98,99 The derivation was based on the Nobel Prize winning work of 

Marcus, who theoretically described the rate constants of electrochemical reactions.100,101 Marcus 

described the rate of electrochemical reaction in terms of the reorganization energy, λ, which is similar to 

an activation energy from transition state theory. 
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Where: 

ket = The electron transfer rate constant 

k0 = A pre-factor based on collision frequency and electronic coupling 

ΔGo = The total Gibb’s free energy change for the electron transfer at standard state conditions 

kb = The Boltzmann constant 

In most cases, λ >> ΔGo, which leads to the simplified equation shown in Eq. 1-6. Note all of the 

parameters in front of the exponential function have been lumped into a single pre-exponential term, A. 
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Saveant showed that the impact of a coupled chemical reaction on an electron transfer process would be 

an increase in the reorganization energy. The reorganization energy with the chemical reaction, λC, can be 

calculated as a function of the dissociation bond energy of the reaction, DRX, and the reorganization 

energy in the absence of the chemical reaction, λ0. 
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In the 4th chapter, this theory will be combined with Newman’s concerted electron transfer model of 

copper electrochemistry in sulfuric acid solutions to predict the copper electrochemical kinetics in amine 

systems. 

Transport Phenomena in Electrochemical Systems 

The modeling of porous electrodes was investigated thoroughly by many researchers since the 1960’s. 

The current and potential distribution in a porous electrode with uniform concentration was solved by 

Euler and Nonnemacher with macroscopic volume averaging of the porous electrode reactions.102 

Newman solved the analogous problem while representing the current with the Tafel approximation; he 

also used regular perturbation to allow for non-uniform concentration profiles.103 Posey expanded the 

models further through incorporation of ion migration in addition to diffusion.104 Consideration of 

structural changes in the porous electrode due to dissolution was added by Alkire.105 

 Porous electrode systems with flow have also received a tremendous amount of attention for a 

variety of applications including deionization,106 the removal of heavy metals,107 batteries,108 and fuel 

cells. Fleishmann described a metal particle fluidized bed system for the removal of copper from dilute 

solutions.109 Most reports focused primarily on the limiting currents of porous electrode systems, which 

reflect more of a study on transport phenomena than the electrochemical kinetics.110–113 Many 

investigators used copper deposition as the experimental chemistry to validate their models.114 Alkire 

provided an excellent theoretical analysis of a packed bed electrochemical flow reactor operating below 

its limiting current.115 

 Tubular and flat plate configurations have also been theoretically and experimentally 

investigated.116,117 The majority of these reports also focus on the limiting current of the systems.118,119 

Because of the very inhomogeneous nature of the electrochemical boundary condition, exact analytical 

models are difficult to achieve. The Tafel approximation, which is used effectively for modeling the 
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porous electrode systems, fails at the boundary if the concentration drops too low. In cases, where the 

reaction rates can be defined by the Eyring equation and the electrochemical reactions are first order, the 

problem can be solved analytically.120 The effects of gas evolution at a flat electrode surface has also been 

theoretically considered.121 

 Recently, the wider availability of significant computer power has enabled researchers to perform 

full numerical simulations of electrochemical systems. Simulations of redox flow batteries, which 

incorporate the porous electrode reactions and transport phenomena with very few simplifying 

assumptions, have been performed using multiphysics finite-element modeling in COMSOL.122–124 Flow 

batteries with flat plate configurations have also been investigated through numerical simulation.125 

Simulations of lead-acid and lithium-ion batteries, which both involve significant surface chemistry, have 

been done from microscopic and macroscopic perspectives.126–129   

 In chapter 5, both theoretical and numerical methods will be applied to the copper/amine system, 

where two amine molecules must react at the surface to form the cupric ion complex. The bimolecular 

reaction adds significant non-linearity into the problem. An integral approach method is used to model the 

flat plate geometry.   

Electrochemical Separation Technologies 

The first electrically induced transport process was demonstrated in 1970 by Ward, who used iron cations 

to facilitate the transport of nitric oxide across a supported liquid membrane.130 Since then, several 

different types of electrical separations have been developed. Capacitive deionization uses the double 

layer capacitance of high surface area porous electrodes to remove ions from the bulk of a solution.131 

Further research of supported membranes with electrically inducible carriers has led to the development 

of both high and low temperature carbonate systems for CO2 transport.132 Electrochemically-Mediated 

Complexation Separations (EMCS) were developed by Noble and coworkers for a variety of different 

separations used redox-active sorbents.133–135 
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 Both electrochemical membranes processes and EMCS cycles have been used for CO2 

separations. Winnick and coworkers developed hydrogen-consuming systems and molten carbonate 

membrane systems for use in space shuttles to prevent CO2 buildup in the enclosed cabin.136,132 In the 

hydrogen system, the hydrogen is oxidized to generate protons that release the CO2 from carbonates. The 

use of hydrogen is undesirable since it is dangerous to work with on a space shuttle. The molten carbonate 

system requires operating temperatures above 500oC, which is also undesirable. 

 Dubois and Scovazzo made significant progress using quinones for CO2 concentration from 

atmospheric concentrations to nearly 1 bar.137,138 Unfortunately, the quinones were found to be oxygen 

sensitive, which made them unattractive for separations of CO2 from air or post-combustion flue gas. 

Appel developed a binuclear copper complex for use in an EMCS process instead of the quinones, but the 

molecule was very large and only slightly soluble in water.139,140 EMCS process were shown to be capable 

of continuous gas separations by Terry, who demonstrated carbon monoxide separation using cuprous 

ions.141 

 Several novel electrochemical technologies have been developed recently including the use of 

bipolar membranes for an electrodialysis type process.142 Because of the large driving forces that can be 

applied with electrochemical systems, Eisaman was able to desorb the CO2 at pressure.143 Pennline 

developed a low temperature carbonate fuel cell, which avoids the high temperature challenges of prior 

molten carbonate designs.144 Both the low temperature carbonate fuel cell and the bipolar membrane 

system showed separation energies of 100’s of kJ/mole CO2, which represent efficiencies below 10%. 

Terry reported efficiencies below 1% for their carbon monoxide separation system. While multiple 

chemistries have been developed for electrochemical separations, developing an efficient separation 

system has thus far been unattainable.    
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Chapter 2 

2. The Electrochemically-Mediated Amine 

Regeneration (EMAR) Cycle 

This chapter describes the concept of an Electrochemically-Mediated Amine Regeneration (EMAR) 

system for carbon dioxide (CO2) capture. The chapter begins with a set of general chemistry requirements 

of a new type of electrochemical scrubbing system based on a capture molecule and a redox active 

competitive binding agent. The best current EMAR chemistry, polyamines and copper, is then justified 

through an examination of 13 metals and 14 different amines with copper. Based on the best chosen 

system, the chemical cycle and a process flow diagram of an EMAR scrubbing system are presented. The 

chapter concludes with discussion of several advantages specific to EMAR, including the ability to desorb 

at pressure, achieve lean CO2 loadings entering the absorber, and “drop-in” integration.  

EMAR Chemistry Requirements 

In the introduction, previously developed electrochemically-mediated complexation separation (EMCS) 

strategies were described where the carrier molecule, which binds with the target molecule, is redox 

active.141,137,145 By undergoing a redox reaction, the carrier transitions between active and inactive states. 

A reaction cycle for a generic EMCS process can be seen in Figure 2-1. 
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The redox active species, known as the competitor in this strategy, modulates the activity of the carrier 

through competition with the target molecules for the reaction site. When the competitor is in its active 

redox state, it binds strongly to the carrier, preventing the target molecule from associating. In its inactive 

redox state, the competitor is inert with respect to the carrier, and the target molecule is free to bind. 

Compared with the cycle in Figure 2-1, the oxidation process in the EMCCS cycle does not 

directly involve the CO2 absorbing carrier. Hence, this second strategy is less direct and involves an 

additional species. EMCCS does, however, possess significant practical benefits for the capture of acidic 

targets. Many transition metals can be easily switched between their inert metallic state and various 

cationic states. These cations behave as Lewis acids with varying strengths, based on the specific metal. 

Lewis acids have been exploited through EMCS to concentrate a variety of ligands, primarily ones with 

some amount of basicity. These cations, however, are ineffective for capturing acidic targets because of 

their own inherent acidity. Using the transition metals as a competitor in an EMCCS process, however, 

allows their redox properties to be exploited for the separation of acidic targets, including acid gases like 

carbon dioxide or sulfur dioxide. To achieve this, a basic carrier molecule with preference towards the 

cationic transition metal over the target is required. Additionally, the carrier/cation complex must be 

electrochemically reversible. 

 The Electrochemically-Mediated Amine Regeneration (EMAR) process is a subset of EMCCS 

processes. In the EMAR cycle, the sorbent is an electrochemically-inert amine and the redox agent is a 

transition metal that can switch between its inert metallic state and its acidic cation form, which competes 

aggressively with CO2 for the amines; the displaced CO2 is released and flashed off as a gas. An example 

of a possible EMAR system based on copper and ethylenediamine can be seen in Figure 2-3. Further 

explanation of the EMAR process will be provided later in this chapter. The next section, however, will 

describe how the best possible EMAR chemistries are determined. 
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to precipitation and slow kinetics, which are problems that also would hinder application of an iron-based 

EMAR system. 

Having concluded that copper is the best available metal for use in an EMAR process; the next 

section will focus on selecting the best amines to work with copper. 

Best Available EMAR Chemistries – Amine 

Fourteen different amines were investigated to identify an optimal set for an EMAR process. Figure 2-8 

shows the chemical structures and abbreviations of each of the amines, which are composed of 

monoamines (which include both ethanolamines and amino acids), diamines, and polyamines. Full 

chemical names and additional information can be found in Table 2-1. The comments reference their 

performance in CO2 capacity measurements, which will be discussed in detail in the Chapter 3.  

Table 2-1. List of investigated amines with full chemical names and comments on solution stability. 

Abbrev. Full Chemical Name Comments 

MEA Monoethanolamine Precipitate observed during CO2 capacity measurement 
DEA Diethanolamine Precipitate observed during CO2 capacity measurement 
MDEA N-Methyldiethanolamine Precipitate observed during CO2 capacity measurement 
Gly Glycine Precipitate observed during CO2 capacity measurement 
Sar Sarcosine CO2 capacity experiments not performed 
Tar Taurine CO2 capacity experiments not performed 
EDA Ethylenediamine No precipitate observed in target concentration range 
dmEDA N,N-Dimethylethylenediamine No precipitate observed in target concentration range 
deEDA N,N-Diethylethylenediamine Precipitate observed during CO2 capacity measurement 
tmEDA Tetramethylethylenediamine Amine was too volatile for CO2 capacity measurement 
AEEA Aminoethylethanolamine No precipitate observed in target concentration range 
DACH Trans-Diaminocyclohexane Precipitates immediately when exposed to cupric ions 
DETA Diethylenetriamine Copper powder formed during CO2 capacity experiments 
TETA Triethylenetetramine No precipitate observed in target concentration range 
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Figure 2-8. Structures and abbreviations of the 14 different amines investigated for use in an EMAR process with 
copper. The amines consist of enthanolamines (green), amino acids (purple), diamines (blue), and polyamines (red). 

Many of the amines precipitated during the experiments, which indicated they were unsuitable for use in 

an EMAR system. Sarcosine and taurine were not tested for CO2 capacity. DACH precipitated 

immediately upon the addition of cupric ions, and was not considered thereafter. 

All 14 amines, with the exception of DACH, were tested in cyclic voltammetry experiments 

under argon and CO2. The voltammogram experiments were run at 0.1 V/s with 2N of the amine (i.e., the 

molarity of amine functional groups was 2M), 0.25M copper sulfate (CuSO4), and 1M sodium nitrate 

(NaNO3). Many of the amines showed cathodic blocking, where the reduction peak was dramatically 

smaller than the diffusion limitation of the dissolved cupric ions. The cathodic blocking can be explained 
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Table 2-2. Total cathodic and anodic charging passed during cyclic voltammogram experiments in mA.  

Argon CO2 

Cathodic Anodic A/C Cathodic Anodic A/C 

MEA 2.04 0.96 0.47 3.48 1.47 0.42 
DEA 1.03 0.45 0.43 3.20 1.52 0.48 
MDEA 1.83 0.26 0.14 2.89 1.55 0.54 
Gly 1.12 0.85 0.76 1.15 0.52 0.45 
Sar 2.56 1.35 0.53 2.27 1.26 0.56 
Tar 1.40 0.54 0.38 2.55 0.97 0.38 
EDA 3.35 1.98 0.59 2.08 1.12 0.54 
dmEDA 0.86 0.66 0.77 1.98 0.68 0.34 
deEDA 0.87 0.59 0.68 2.08 1.02 0.49 
tmEDA 0.61 0.39 0.63 0.58 0.38 0.65 
AEEA 0.86 0.58 0.67 1.68 0.82 0.49 
DETA 2.25 1.09 0.48 2.09 0.87 0.41 
TETA 0.93 0.68 0.73 N/A 

 

Based on the stability of the copper amine complexes, which was ascertained through the cyclic 

voltammetry and CO2 capacity experiments, it was determined that monoamines were not suitable for 

EMAR systems because of their tendency to precipitate. Sarcosine and taurine were not fully investigated, 

but it is unlikely that amino acids would be effective candidates because they tend to only form double-

ligand complexes with copper (as opposed to MEA, DEA, or MDEA, that would form quadruple-ligand 

complexes). Therefore, each molecule of copper oxidized would only release one molecule of CO2, which 

translates to 1 molecule of CO2 per two electrons. In contrast, the ethanolamines, diamines, and 

polyamines would release 2 molecules of CO2 per two electrons. The lower CO2 yield per electron would 

dramatically increase the required current densities and the associated Ohmic potential losses. 

 EDA, AEEA, dmEDA, DETA, and TETA all demonstrated sufficient resistance to precipitation. 

However, due to high volatility, even in aqueous solutions, dmEDA was not considered for further 

experiments. For the remainder of the chapter, the focus will shift to the description of the overall process 

with less emphasis on the specific chemistry employed. 
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Advantages of EMAR 

The EMAR system has several distinct advantages over traditional thermal scrubbing designs. The 

advantages range from easing installation logistics, reduction in capital costs, to improved operational 

efficiency. 

Desorption at Pressure 

EMAR systems possess advantages that reduce the capital costs associated with CO2 capture. Due to the 

significantly higher stability of the Cu2+/amine complexes compared to the CO2/amine complexes, the 

electrochemical cell can be operated at high pressure, which allows for CO2 to be removed at high 

pressure. Assuming the separated CO2 is intended for geological sequestration, which often requires 

compression of the CO2 at the plant to 150 bars, the ability to release at high pressure can dramatically 

reduce the size of the required compressor train. To quantify the compression work required for CO2, and 

the subsequent benefits of high pressure release, we use the Peng-Robinson Equation of State (PR-EOS) 

shown in Eq. 2-4.148 

 
( ) ( )

RT a
P

V b V V b b V b
 

   
  (2-4) 

In Eq. 2-4, a is a function based on temperature and b is a constant.  Because EMAR systems are 

isothermal, we can treat both parameters as constants if we assume a temperature, in this case, 50oC: 
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  (2-5) 

The per mole work required for compression, WC, can be calculated by integration of the volume as a 

function of pressure (i.e., the VdP work). Because the PR-EOS is pressure explicit, integration by parts is 

required to analytically solve the integral as shown in Eq. 2-6.  
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absorbed divided by twice the moles of amine functional groups) affect both the reactivity of the amines 

and the transport properties (viscosity and diffusivity) of the sorbent solution. 

 The chemical reaction rate of the amine sorbent will be proportional to the number of unreacted 

amine sites. Because the reaction is coupled with diffusion in a boundary layer, the square root of the 

pseudo-first-order reaction rate at the inner boundary (far from the gas phase), is roughly proportional to 

the enhancement of the flux. This results from the “thick” nature of the boundary layer. The thick 

boundary layer theory was developed by Smith and Meldon in the 1970’s.149 In a recent paper, Meldon 

shows strong agreement between the numerical solutions of the larger more complicated systems and the 

square root approximation.150 Specifically, it was shown that the enhancement factor, E, which describes 

the multiplicative increase in flux due to the facilitated transport by the reactive amines, can be 

approximated with Eq. 2-7. 

 1 )Facilitated transport flux

Diffusion only flux

(Am

Am

k C

D
E

    (2-7) 

In Eq. 2-7, δ is the thickness of the boundary layer, CAm(δ) is the concentration of amine functional groups 

at the far boundary layer, k1, is the pseudo-first-order reaction rate coefficient, and DAm is the diffusivity 

of the amine species. In an amine scrubber, the fraction of amines still complexed by CO2, xL, is defined 

in terms of the total amine concentration, CT, in Eq. 2-8. 
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Eq. 2-7 can be restated based on the definitions of Eq. 2-8 as shown in Eq. 2-9. 
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From Eq. 2-9, we see that improved flux occurs when CT is large and xL is small. In current thermal 

scrubbing technologies, incoming values of xL of 0.4 to 0.5 are common because of the inability to 

operate at temperatures above 120oC in the desorber. At temperatures any higher, thermal amine 
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degradation would occur rapidly. For an EMAR system, the competitive desorption strategy should be 

able to achieve values for xL at or below 0.1. This will lead to 30% to 40% increase in the enhancement 

factor, which will lead to an equivalent reduction in column height.  

 In addition to the concentration and loading of the inlet solution, the diffusivity of the amine 

species will also affect the absorption rate. Based on thick film theory, the square root of diffusivity 

should be proportional to the rate of absorption. The Stokes-Einstein equation predicts the diffusivity will 

be inversely proportional to the viscosity of the solution, which is heavily dependent on both the type of 

amine, the amine concentration, and the CO2 loading. The viscosity of a 4M EDA solution approximately 

doubles upon complete loading with CO2.  

Operating with lower incoming loadings will lead to lower viscosities, and hence higher 

diffusivities and absorption rates, by lowering the average CO2 loading in the absorber. The use of 

polyamine solutions, which were determined to be the ideal choice for EMAR systems, will also allow for 

high CO2 loading at relatively low amine mass fractions of the sorbent solution. For example, a 4M EDA 

solution, which is approximately 24% amine by mass, possesses the same CO2 capacity of an 8M MEA 

solution, which is 48% amine by mass. Furthermore, since the desorption process in an EMAR system 

recovers a higher fraction of the CO2, the molar flow rate of the amine sorbents can be reduced by an 

additional 30% to 40%. 

Similar to the reduction in compressor duty, the reductions in absorber size and sorbent flow rate 

represent a significant savings in equipment capital for an EMAR system versus a traditional thermal 

scrubber. 

Polyamine Utilization 

Polyamines, which have been previously considered for CO2 thermal scrubbing applications, have not 

been widely adopted, with the exception of piperazine.151 The rigidity of piperazine leads to significantly 

different behavior compared to the more flexible linear molecules studied earlier this chapter. EDA, 

AEEA, DETA, and TETA can chelate cupric ions and, to a lesser extent, CO2. Piperazine, however, 
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In Eq. 2-10, which is based on measurements from 40oC to 100oC, R, is the universal gas constant. 

Analysis of this equation shows the enthalpy of sorption varies from 136 kJ/mole at zero loading to 71 

kJ/mole when fully loaded with CO2. MEA, for comparison, displays a nearly constant enthalpy of 

sorption of 82 kJ/mole at 40oC from loadings of 0 to 0.5 mole CO2 per mole MEA.  Even AEEA does not 

display an appreciable change in sorption enthalpy with loading, presumably because the secondary 

amine group is too weak to appreciably contribute to the stability of the CO2 complex. 

 When considering a thermal stripping system, it is undesirable to use amines with high enthalpies 

of sorption in the stripper because that translates to large reboiler duties. For most amines, the heat of 

sorption increases significant with temperature. MEA, for example, increases from 82 kJ/mole at 40oC to 

over 100 kJ/mole at 120oC. This has been attributed to the change in the enthalpies of acid dissociation, 

which are inherently coupled with carbamate formation. EDA would be an exceptionally poor choice for 

a thermal stripping process because not only does the enthalpy increase due to the increase in 

temperature, but the release of CO2 in the stripper will further raise the enthalpy of sorption. Not 

surprisingly, pilot plant experiments for a thermal scrubbing system using EDA found that the system 

required prohibitively high heat duties. 

These CO2 loading and thermal dependencies, however, are unimportant in an EMAR system, 

which should be operated in nearly isothermal conditions and high CO2 partial pressures in the anode. 

While the CO2 loading fraction does decrease in the anode due to the addition of cupric ions, the amine 

which are not complexed with copper retain a high CO2 loading, thereby retaining the low enthalpy of 

sorption. As a result, the EMAR system should be capable of utilizing EDA, which is a low cost and high 

capacity sorbent with fast kinetics.   

Ease of Implementation 

Due to the electrically-driven, rather than steam-driven, nature of the EMAR system, it does not require 

any internal reconfiguration of the existing plant. For non-power generated plants, such as cement, 

aluminum, or steel plants, EMAR could be easily installed using electricity from the power-grid, whereas 
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as steam-driven system would require the additional installation of a natural gas boiler to produce the 

steam. 

 The current fleet of coal-fired power plants, natural gas combined cycle plants, and cement, 

aluminum, and steel plants, all of which were not designed to incorporate carbon capture technologies, 

create a large demand for capture technologies which do not require upstream plant integration. The 

EMAR capture process offers a “drop-in” solution, which could be installed almost anywhere. Smaller-

scale applications like generation of CO2 for use in bio-fuel or bio-chemical production or removal of 

CO2 from confined spaces is also possible. 

Conclusions from EMAR Chemistry Development 

 The EMCCS cycle enables the combination of transition metals with excellent electrochemical 

properties and amine sorbents with excellent CO2 absorption properties to create the EMAR 

capture strategy. 

 Polyamines with copper is the most effective EMAR chemistry currently available. 

 While MEA did not prevent copper salt precipitation in 2M solutions at 50oC, it still warrants 

further study because of its prevalence in traditional thermal scrubbing applications. Higher 

temperatures may prevent precipitation. 

 EMAR possesses several logistical and operational advantages including drop-in integration and 

desorption at pressure. 
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Chapter 3 

3. Thermodynamics of EMAR 

This chapter describes, both theoretically and experimentally, the thermodynamics limits of efficiency of 

an EMAR system. The theoretical calculations are based on the cycle and process described in the 

previous chapter, which contains some inherent inefficiency. The extent of the inefficiency is heavily 

dependent on several fundamental reaction equilibria and solution properties, all of which are temperature 

dependent. Measurements of these properties are achieved through a series of experiments; the theory and 

results of these experiments are described. Use of the measured property values in the theoretical models 

demonstrates that systems with 70% open-circuit efficiency should be attainable at reasonable operating 

conditions.  

Efficiency of Ideal Systems 

The generic EMAR cycle is based on three reactions, shown in Eq. 3-1, that occur in the absorber, the 

anode, and the cathode, respectively. 

 

2 2

2+ -
2 2/m 2

2+ -
2/m

Am(aq) CO (g) Am(CO ) (aq)

2
Am(CO ) (aq) Cu(s) CuAm (aq) 2CO (g)+2e

2
CuAm (aq)+2e Cu(s)+ Am(aq)

m

m

m

m

m



 







  (3-1) 

 ‘Am’ represents a generic amine molecule and m is the number of CO2 molecules captured per sorbent 

molecule, which is equal to the number of amine functional groups in the sorbent molecule divided by 2. 

The formation of bicarbonate is neglected due to the significant preference for carbamate formation by 

the primary and secondary amines. The two thermodynamic parameters that define the three reactions (of 

which only two are linearly independent) are the CO2 binding constant of the first reaction, KCO2, and the 
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stability constant of the amine complexation of the third reaction, β. The parameters KCO2 and β are 

defined in Eqs. 3-2 and 3-3, respectively. 
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  (3-3) 

In these definitions, unit activity coefficients have been assumed. P0 and C0 represent standard state 

pressure and concentration, respectively. 

Calculation of the Open-Circuit Potential 

To determine the effects of amines and CO2 on copper chemistry, we start with the Nernst equation for 

the Cu/Cu2+ redox couple; the formula is shown in Eq. 3-4. 
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  (3-4) 

The open-circuit potential, E, is a function of the standard state potential, E0, and the concentration of 

uncomplexed cupric ions. By combining the Nernst equation for copper oxidation with the definitions for 

KCO2 and β, the open-circuit potentials of the Cu/Cu2+ system with amines and CO2 can be derived and is 

shown in Eq. 3-5. 
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  (3-5) 

Cu0
2+ is the total concentration of cupric ions in all forms and Am0 is the total concentration of amines in 

all forms. The numerator expression in the square brackets of the second natural log represents the 

concentration of non-copper complexed amines. When the denominator is included, it represents the 

fraction of amine complexed by neither copper nor CO2. The sum of the two natural log terms represents 
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the natural log of the uncomplexed copper concentration. It is implicit in this derivation that the 

copper/amine complex is significantly more favorable than the CO2/amine complex.  

 The open-circuit potential difference between anodic conditions with a CO2 partial pressure of PA 

and cathodic conditions with no CO2 present is obtained as the difference between the two corresponding 

potentials given by Eq. 3-5 with the appropriate pressures. If the solutions in the anode and cathode 

chambers have the same total cupric ion and amine concentrations, the difference in open-circuit potential 

can be represented by Eq. 3-6. 
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  (3-6) 

To arrive at Eq. 3-6, it has again been assumed that β  >> (KCO2)
2/m. Since values for the stability constant 

are greater than 1018 for many polyamines, this assumption is valid. Eq. 3-6 demonstrates that the 

potential difference is solely a function of the CO2 partial pressure, PA, and the binding constant, KCO2.  

To convert the potential difference calculated in Eq. 3-6 to the work of separation per mole of 

CO2, the charge required to separate one mole of CO2 must be calculated. Based on the reactions shown 

in Eq. 3-1, one electron is required per molecule of CO2, but, at equilibrium with finite values for KCO2, 

not all amine molecules entering the anode will be complexed with CO2. The inefficiencies, which exist 

even at equilibrium conditions (i.e., are not kinetic), from finite absorption and physical solubility must be 

included to properly calculate the total work of separation. 

Calculation of Equilibrium Inefficiencies 

The CO2 loading fraction of the amines not complexed with copper, xc, can be calculated through 

rearrangement of Eq. 3-2 with inclusion of a mass balance. At the liquid outlet of the absorber, the 

loading fraction, which is function of the flue gas partial pressure of CO2, PF, is shown in Eq. 3-7. 

 2
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CO F

c m m
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K P
x

P K P
   (3-7) 
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An additional inefficiency is caused by the physical solubility of CO2 in the aqueous solution. Since the 

partial pressure of CO2 in the anode may be considerably higher than the partial pressure in the absorber, 

some CO2 will be retained in the solution even after the addition of cupric ions. The fraction of 

chemically bound CO2 that is retained after desorption, xp, calculated is calculated in Eq. 3-8 in terms of 

the Henry’s coefficient, HCO2  and the molar volume of the solution, vm. 

 
2 0Am
A F

p
CO m c

P
x

m H v x

P
   (3-8) 

PA and PF refer to the anode and flue gas partial pressure of CO2, respectively. If an additional flash stage 

were used to recover the CO2 at atmospheric pressure rather than at the anode pressure, then PA could be 

replaced with the ambient pressure in Eq. 3-8. Adding a second flash stage, however, would necessitate 

repressurizing the sorbent before sending it back to the cathode to avoid large pressure differences across 

the membrane. 

Calculation of the Work and Efficiency of CO2 Separation 

By allowing for the inefficiencies caused by the incomplete conversion of amines at equilibrium in the 

absorber and the physical solubility of CO2 in the aqueous solution, we can calculate the open-circuit 

work of separation of the EMAR system by combining Eqs. 3-6 to 3-8 and multiplying by Faraday’s 

constant. The work of separation of CO2, WCO2, in an EMAR system at zero flux conditions is shown in 

Eq. 3-9. 
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For a system with negligible physical solubility and large values of KCO2, Eq. 3-9 becomes independent of 

m. This is not surprising since the number of amine groups per molecule should not limit the efficiency of 

the system. 

 The thermodynamic efficiency of the process, ε, obtained from the thermodynamically reversible 

work for a perfect separation divided by the actual work, is then given by Eq. 3-10. 
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The ideal range for KCO2 is from 100 to 500. Above 500, Figure 3-1 shows that the best achievable 

efficiency drops to 55% or less. Below 100, the loadings achieved in the absorber will be quite low 

leading to large circulation rates of the sorbent. At optimal conditions, efficiencies between 60% and 70% 

can be obtained. Systems with lower flue gas CO2 partial pressures, which would be found in the flue gas 

of a natural gas plant, could achieve open-circuit efficiencies over 70%. 

 Eq. 3-10 is based on the idealized scheme shown in Eq. 3-1. The formalism is convenient for 

demonstrating calculation of the maximum achievable efficiencies of the system in terms of fundamental 

thermodynamic parameters and will be used to model the EDA process. This approach could be applied 

to any scheme, though a closed-form solution may not be possible for more complicated reaction 

sequences.  A derivation of the required work for amines that do not follow Eq. 3-1 based on measureable 

parameters is necessary to effectively compare different amines based on experiments. 

Generalized Work and Efficiency Equations 

Many amines will not follow the scheme in Eq. 3-1. Amines with a mixture of different primary, 

secondary, or tertiary amine groups, such as AEEA, DETA, and TETA, would have a more complex 

reaction scheme including multiple CO2 containing adducts. Some amines, like amino acids salts, possess 

non-amine functional groups that can interact with the cupric ions to form different complexes. The 

scheme also neglects the possibility of bicarbonate formation, which is especially important for hindered 

and tertiary amines. 

 When deriving a more general form, both xc and ΔE are left to be experimentally measured rather 

than expressed in terms of thermodynamic parameters, such as KCO2. For a generalized system, the work 

of CO2 separation and corresponding efficiency can be calculated with Eqs. 3-11 and 3-12, respectively. 
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As will be shown later in this chapter, xc and the average potential difference, ΔE , can be measured 

experimentally to determine the maximum achievable efficiencies for any amine under a given set of 

conditions. For EDA, it will be shown that Eqs. 3-10 and 3-12 are in agreement. With Eq. 3-10, however, 

a wide range of operating conditions can be evaluated with only a small set of data.  Values for xc and 

<ΔE> can be predicted	from any temperature or pressure if the enthalpy and entropy of sorption is known. 

Amine Utilization 

An important advantage of the EMAR system is its high amine utilization, UA, which is the fraction of 

amines that are used in each cycle around the system based on a carbamate mechanism, i.e., one molecule 

of CO2 per two amine functional groups. UA is defined in terms of the molar flow rate of the amine 

sorbent, nCO2, and the volumetric flow rate, Q, is Eq. 3-13. 
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   (3-13) 

Based on previous definitions, the molar flow rate is defined in Eq. 3-14. 

  
2 01 AmCO c pn x x m Q    (3-14) 

Combination of Eqs. 3-13 and 3-14 yields Eq. 3-15. 

  1A c pU x x    (3-15) 

By inclusion of Eqs. 3-7 and 3-8, the amine utilization is calculated using known thermodynamic 

properties and system parameters in Eq. 3-16. 
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The amine utilization depends on the CO2 capacity and the work of separation depends on the CO2 

capacity and average potential difference. These parameters vary with the chosen amine and are strong 

functions of temperature with only a slight dependence on electrolyte composition or pressure. As 

described in the next section, these parameters have been measured experimentally and the maximum 

achievable efficiencies at 50oC are estimated using Eq. 3-12. The efficiency of an EDA system is also 
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that maintained the flask at approximately 0.1 bar above atmospheric pressure. After the regulator, the gas 

traveled to a Varian CP-3800 Gas Chromatogram (GC) to measure its composition. The GC has a gas 

injection port that takes a small amount of gas for analysis. Details of the GC setup are: 

 Method Filename: Mike_noFIDslow_slow 

 Temperature: 40oC 

 Sweep Gas: Helium 

 Sweep Gas Pressure: P(t=0) = 15 psi then P(t>0.01) = 27.2 psi with dP/dt = 100 psi/min 

 Injection at t = 0.05 minutes 

 Detector: TCD (70oC , Filament temp = 120oC , range=0.5 , time constant = fast) 

Sequences of runs were setup using the Galaxie software, which allowed for measurements about every 

80 seconds. For each measurement, the software was used to automatically calculate the peak areas of the 

CO2 and N2 peaks. Those values were then exported to text files, which were later processed through a 

Matlab code. 

 Because CO2 and N2 have different thermal conductivities, the ratio of the peak heights was not 

exactly equal to the ratio of moles in the gas. To convert the CO2 area fraction determined by the 

software, fA, to the actual gas mole fraction, fM, Eq. 9-1 was used. 
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RTCD accounts for the discrepancy in the thermal conductivities of the two gases. Rcut accounts for the 

small fraction of the nitrogen peak that gets cutoff due to the appearance of the CO2 peak. These values 

were obtained through fitting and calibration using a premixed 15% CO2 gas. These values agreed well 

with other mixes prepared by mixing pure CO2 and N2 streams with mass flow controllers. 

 To perform the capacity experiments, 15% CO2 balance N2 gas was flown through an Aalborg 0 

to 50 sccm CO2 mass flow controller. The actual flow rate of the gas mixture could be calculated by 

multiplying the measured value by 1.298. The target measured value was 50 sccm, which led to an actual 
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 Of the four amines tested, EDA shows the highest CO2 capacity. The loading of EDA with CO2 

as a function of copper loading was also determined at 70oC; the value of xc was observed to drop from 

1.02 at 50oC to 0.92 at 70oC showing the expected significant temperature dependence of the CO2 

reactions with this amine (data not shown). The loading results correspond well with previous literature 

reports for EDA54 and AEEA,61 indicating that the slight differences in conditions from a thermal system, 

such as the presence of nitrate salts, are inconsequential for CO2 capacities. 

 The significant deviation of DETA’s CO2 loading from Eq. 3-17 suggests that one or more of the 

assumptions is incorrect for this triamine. Figure 3-7 shows that at low loadings, DETA follows a linear 

trend with a slightly steeper slope than observed with the other amines. Previous studies have shown that 

at low copper loadings, DETA complexes cupric ions with a 2:1 ratio and may interact with up to 6 

sites.155,76 The presence of 2:1 complexes is supported by the breakdown of the linear trend at around η = 

2/3, which corresponds to a 2:1 ratio of DETA to Cu2+ molecules. The slope of the DETA curve at low 

loadings indicates that each cupric ion disrupts the CO2 absorption of approximately 4.5 amine sites. 

At loadings higher than 0.67, the complexes begin converting from the 2:1, where some CO2 affinity 

remains, to 1:1 complexes where the DETA is more tightly bound and no CO2 can be absorbed. At η = 

4/3, all of the DETA is complexed at the 1:1 ratio, which, as can be seen in Figure 3-7, leads to complete 

CO2 desorption. 

UV-Visible Spectroscopy 

The ratio of copper to amine species within the complexes under different copper loadings and in the 

presence and absence of CO2 was investigated by UV-Visible absorbance spectrophotometry. Details of 
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the experimental procedure can be found in the Appendix. Spectra for the four amines are shown in 

   

    

Figure 3-8 under conditions of full copper loading (η = 1), and excess amine conditions (η < 1) with and 

without CO2.  For DETA, an additional spectrum is shown where equimolar amounts of cupric ions and 

DETA are present (η = 4/3). Spectroscopic data are widely available in the literature for amine/copper 

complexes in the absence of CO2, and show that cupric ions usually interact with four amine functional 

groups.156,83 
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Figure 3-8. UV-Visible absorption spectra for EDA, TETA, AEEA, and DETA under different copper loadings and 
in the presence and absence of CO2. Numbers represent the copper loading for each curve. 

For EDA and TETA, the 4:1 amine functional group to copper complex is dominant as long as the copper 

loading is not greater than 1. Upon addition of CO2, no discernible shifts in the spectra occur, confirming 

the assumption that the copper complexation is significantly more favorable than CO2 binding for EDA 

and TETA. 

 For AEEA, the spectrum does vary with copper loading in the absence of CO2. Previous 

investigations show that at high amine to copper ratios, the alcohol group deprotonates to form different 

complexes.83 When saturated with CO2 or when copper loading equals 1, the spectra are nearly identical. 

This indicates that the presence of CO2 causes the formation of the 2:1 AEEA to Cu2+ complexes and 

inhibits deprotonation of the alcohol group, most likely due to the significantly reduced pH that results 

from CO2 saturation. 

For DETA with excess amine (η = 0.4), a significant shoulder is observed between 800 and 900 

nm. The presence of CO2 causes the disappearance of the shoulder and the corresponding spectrum 

instead resembles the curve for η = 1.3. This indicates a significant change in the complex being formed 

and supports the capacity results, which demonstrated the disruption of 4.5 amine sites per cupric ion and 

not 5 or 6, which would be expected based on the types of complexes that form in the absence of CO2.
85 
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The blue line in the AEEA plot of Figure 3-9 is derived from Eq. 3-20 with ω = 2.6. If ω = 2, Eq. 3-20 

would be equivalent to Eq. 3-19. Table 3-1 shows fitting results for open-circuit experiments performed 

at 50oC with 1M NaNO3 for each of the four amines both under argon and CO2. 

Table 3-1. Fitting results from open-circuit potential measurements. 

 
Argon CO2 

KCO2
** 

 (3-19)  (3-20) ω  (3-19)  (3-20) ω 

EDA 1.64E+18 1.47E+18 1.91 1.29E+12 1.11E+12 1.87 1127 
AEEA 1.52E+16 3.20E+16 2.61 3.96E+10 5.05E+10 2.20 620 
DETA* 3.47E+18 1.65E+20 6.01 1.34E+11 6.54E+11 3.65 5092 
TETA 2.93E+19 2.94E+19 2.00 7.93E+13 7.93E+13 2.26 608 

*   DETA fit only from η = 0 to η = 0.67 
** KCO2 calculated from Eq. 3-21 

For EDA, TETA, and AEEA under CO2, the values of ω are close to two, indicating that Eq. 3-19 is an 

effective model. For DETA and AEEA under argon, Eq. 3-19 is not valid. These findings agree with the 

previous spectroscopic and CO2 capacity results and observations from literature. The values for KCO2 in 

Table 3-1 are calculated with Eq. 3-21. This can be quickly derived comparing Eq. 3-5 and Eq. 3-19 with 

the assumption that KCO2 >> 1. The results are only strictly valid for systems that follow Eq. 3-19. 

 
2

2

Ar
CO

CO

K



   (3-22) 

In Eq. 3-21, Ar and CO2 represent the values of  under environments of argon and CO2, respectively. 

AEEA and TETA demonstrate significantly lower binding affinity for CO2 because half their amine 

groups are secondary. The surprisingly high KCO2 value for DETA is most likely caused by the inability of 

Eq. 3-21 to appropriately handle the DETA’s different complexation mechanism. 

 The open-circuit copper potentials of the amine solution in the presence and absence of CO2 are 

shown as a function of copper loading in Figure 3-10.  These blue and red curves represent the anodic 

and cathodic conditions, respectively, of an EMAR process that desorbs at 1 atmosphere. The top x-axis 

shows the state of charge (SOC) of the system, in units of Coulombs, calculated from Eq. 3-22. A larger 

state of charge indicates a more oxidized system. 

 2+
0 0State of Charge 2 Cu AmSOC F mF     (3-23) 
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absorption capacity for CO2 does drop by about 10% at the higher temperature for EDA, the open-circuit 

potential required drops by 20%, making the higher temperature more efficient. The importance of 

operating temperature is highlighted clearly by Table 3-2. To obtain estimates of efficiency for a wider 

range of conditions, we will combine Eq. 3-10 with the temperature dependence of KCO2 for EDA. 

Analysis of EDA Thermodynamics 

With the aid of Eq. 3-4, it is possible to relate the open-circuit potential difference to the CO2 binding 

constant, KCO2, which is sufficient to predict the system-wide efficiency under different absorption and 

desorption partial pressures. This approach, however, can only be applied rigorously to EDA, which 

follows the simple reaction mechanism shown in Eq. 3-1 at flue gas conditions. The equilibrium constant 

can also be used to calculate the free energy of the CO2 absorption reaction via Eq. 3-6, which can be 

rearranged into Eq. 3-24 to solve for KCO2 as a function the standard state free energy of sorption, ΔGCO2
0 

where it is recognized that for EDA, m = 1. 

 2

2

2

0

0exp exp 1CO
CO

CO

G F EP
K

RT P RT

             








  (3-25) 

To predict the performance of an EDA system over a range of temperatures, the standard state enthalpies 

and entropies of reaction must be known. These quantities can be extracted from measurements of the 

open-circuit potential difference over a range of temperatures. Figure 3-13 shows the potential difference 

values for an EDA system from 50oC to 80oC. 
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predict KCO2 allows the calculation of efficiency under any set of flue gas conditions, electrochemical cell 

temperature, and desorption pressure based on simple and inexpensive electrochemical experiments.  

This represents the first time copper activity measurements have been used for calculation of 

amine/CO2 sorption equilibria and the corresponding thermodynamic parameters. These copper activity 

measurements, which are significantly cheaper and easier to run than are alternative methods, provide 

slightly different information than obtained from traditional barium salt titrations. Titrations measure the 

total dissolved CO2, whereas the copper activity indicates the fraction of uncomplexed amines. In many 

cases this information will be analogous; however, there may be some cases where a combination of the 

two methods can lead to an improved understanding of the CO2 complexed species. 

Optimal EMAR Operating Conditions 

With the model developed in Eq. 3-10 and the experimentally determined thermodynamic parameters for 

KCO2, the EDA system efficiency can be calculated for a wide range of temperatures, desorption pressures, 

and flue gas compositions. 

Figure 3-15 shows the efficiency from 50oC to 80oC and from 1 to 18 bar of desorption pressure 

for a 15% CO2 flue gas, which is representative of a coal-fired power plant. Figure 3-16 shows the same 

efficiency calculations for a plant with a 5% CO2 flue gas, which is representative of a natural gas 

combined cycle (NGCC) plant. The efficiencies for the NGCC case are uniformly higher, but the amine 

utilization (shown by the black contour lines) is lower. Lower operating temperatures will also be 

preferable in a natural gas plant. 

While the efficiency will be lowered by kinetic losses and auxiliary equipment power demands, 

initial efficiencies for the coal plant, with an amine utilization of 0.9, of 69% at 8 bars and 76oC and 63% 

at atmospheric pressure and 80oC, are encouraging. A comparable MEA process would have a theoretical 

efficiency of 62% assuming absorption at 60oC and regeneration at 120oC. 
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Conclusions of EMAR Thermodynamics 

 The performance of a decoupled EMAR system is heavily dependent on the strength of CO2 

binding, and not dependent on the stability constant for copper complexation. 

o A system that follows the scheme in Eq. 3-1 has an efficiency defined by Eq. 3-10. 

o A general definition of efficiency, applicable to almost any system is found in Eq. 3-12. 

 Based on Eq. 3-10, systems with efficiencies around 70% with respect to a fully-reversible 

process are achievable. 

 Experimental results show that EDA, AEEA, and TETA, all show a linear dependence between 

CO2 capacity and copper loading, as expected. 

 Experimental results show that the difference in potential from anodic to cathodic conditions is 

relatively constant for EDA, AEEA, and TETA, as expected. 

 At 50oC and ambient pressure, EDA, AEEA, and TETA, can operate at 40% efficiency at open-

circuit. At 70oC and ambient pressure, EDA can operate above 50% efficiency.  

 Based on the calculated thermodynamic parameters for EDA, the open-circuit efficiency at any 

set of conditions can be calculated. Efficiencies near 70% are achievable at realistic operating 

conditions. 

 The standard state enthalpy and entropy of CO2 sorption for EDA was obtained using copper 

activity experiments, demonstrating a measurement technique never previously attempted for any 

amine. 

 

A significant fraction of the figures and analysis in this chapter is adapted with the permission of the 

Royal Society of Chemistry.152  
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Chapter 4 

4. Electrochemical Kinetics of EMAR 

This chapter describes the characterization of the required electrode overpotentials as a function of current 

density for different sorbent compositions and operating conditions. This does not account for 

concentration overpotentials due to transport limitations or overpotentials due to the Ohmic resistance of 

the solution or membrane. As was discussed in the introduction, only limited work has been done to 

characterize the kinetics of copper in amine solutions, and the effects of CO2 saturation has never been 

previously considered.71,69 

The chapter begins with a discussion on different analytical strategies for measuring kinetics. 

Following previous studies in literature on copper kinetics in acidic systems, fast galvanostatic pulses 

were chosen. A detailed description of how the dynamics of the pulses are analyzed is then provided. 

 Before showing the experimental results, a thorough theoretical analysis of copper 

electrochemistry in amine systems is presented to provide context for the results. The analysis is based 

heavily on Butler-Volmer kinetics and dissociative electron transfer theory. The analysis argues that 

despite the significantly increased activation energy due to strong ligand complexation, the dramatically 

stabilized transition state should lead to relatively similar kinetics in acid and amine based systems. 

The results begin with a comparison of kinetics of copper dissolution and deposition in amine 

solutions and in previously studied sulfuric acid solutions. The kinetics in CO2 saturated solutions are 

shown to be significantly slower in solutions with non-complexing salts. In solutions with chloride salts, 

however, CO2 saturation does not make a large difference to the kinetics. The presence of chlorides also 

improves the kinetics in AEEA and TETA solutions, but is unimportant in EDA systems. Under argon, 

EDA shows the lowest overpotentials. In the CO2-saturated solutions, AEEA outperforms EDA. 
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Measurement Strategies 

There exist many methods for measuring the kinetics of electrochemical processes including dynamic and 

static potential techniques. Cyclic voltammetry, and more generally linear-sweep voltammetry, are 

commonly used dynamic potential methods for the measurement the kinetics of electrochemical systems. 

Cyclic voltammograms were used in the 2nd Chapter during the assessment of amines for EMAR systems. 

While qualitative arguments can be easily obtained, quantitative results are often difficult to obtain from 

these methods due to the complexity of the dynamic boundary condition on the electrode surface. Some 

exact solution strategies do exist for simple reaction schemes.157–159 Numerical modeling of these systems, 

while possible, is challenging and simulation results are often not unique representations of the data. For 

example, Nicholson showed the similarity in curves of processes with slow kinetics and with 

uncompensated resistances; decoupling these effects is difficult.160 

 Another powerful dynamic potential method is Electrochemical Impedance Spectroscopy 

(EIS).161 EIS measures the complex impedance of a system at different frequencies and potentials. Many 

system parameters, which are especially important in complete electrochemical systems including fuel 

cells and batteries, can be quickly measured using EIS.162 These include solution resistance, double-layer 

capacitances, and electron transfer resistances.163 This technique, however, is more suited for the analysis 

of prototype systems rather than analytical kinetic measurements. EIS results are shown for the bench-

scale system in Chapter 6. 

 Various forms of static potential measurements, where the voltage is kept constant for the 

duration of the experiments, are used for kinetic measurements. Convective methods, such as rotating 

disk electrodes164 and channel electrodes,165 use systems with well-defined geometries such that the fluid 

dynamics problem can be solved precisely. This allows for the Sherwood number to be calculated for any 

combination of flow conditions and surface currents. For example, in a rotating disk setup, for any given 

rotational velocity and current, the concentration profile can be precisely calculated. Most importantly, 

the concentration of the electrochemically active species at the surface is known. 
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Use of the rotating disk electrode for measuring the electrochemical kinetics of copper in amine 

solutions was unsuccessful because it required the plating of copper onto the glassy carbon surface before 

each measurement. The copper, however, often fell off the electrode due to shear stress or simply 

dissolved during the course of the experiment. Getting uniform plating on the surface was also 

challenging. In the future, these experiments may be more successful with a solid copper rotating disk 

electrode, which would alleviate the need for plating. 

 Pulse experiments, which can last anywhere from milliseconds to seconds, have the advantage of 

being fast, but are unable to measure slow-dynamic processes.166 For example, if an electrode surface 

changes over the course of seconds or minutes of operation, pulse experiments would be an ineffective 

strategy for investigating that phenomenon since experiments last only a few seconds at most. The 

advantage of this approach, however, is that the electrode surface remains unchanged during a set of 

experiments because so little charge is passed due to the short pulse lengths. 

 Previous investigations into the electrochemical kinetics of copper in sulfuric acid systems used 

galvanostatic pulse voltammetry, where constant current pulses are applied.86 The method was simple and 

effective. Therefore, it was chosen to investigate the electrochemical kinetics of copper in amine solutions 

with and without CO2 saturation. 

Methodology for Galvanostatic Pulse Experiments 

The electrochemical experiments were performed using a three electrode setup controlled by a 

potentiostat. A Princeton Applied Science VersaStat 3 potentiostat was used for all pulse experiments and 

a VersaStat 4 potentiostat was used for impedance spectroscopy experiments. The working electrode was 

a 3.1 mm diameter rod of copper alloy 101 (99.99% copper). The length of the copper rod was sheathed 

by heat-shrink FEP insulation, which was then wrapped with a copper mesh that acted as the reference 

electrode. Another layer of insulation was placed around the reference electrode, which was covered by 

another layer of copper mesh that acted as the counter electrode. This construction was chosen to 

minimize uncompensated resistances between the reference and the working electrode by minimizing the 
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and the electroplating steps. For experiments under CO2, the solutions were saturated for 15 minutes prior 

to plating and the CO2 was bubbled in for the duration of the plating and pulse experiments. All 

experiments used 10 mL of solution and were gently stirred. Temperature was controlled through 

submerging the electrochemical cell in a temperature regulated oil bath. For each pulse, 1000 data points 

were taken. 

Due to the large number of different parameters varied, it was not possible to take enough 

measurements of each set of conditions to obtain individual confidence intervals. One condition, 1M EDA 

with 0.25M Cu(NO3)2 with 1M NaNO3 under argon at 55oC, was repeated eight times. The standard 

deviation of a single experiment was approximately 20% of the average. Since most experiments were 

performed two or three times at least, this leads to a standard deviation of the reported averages of about 

15% of the average. This level of error can be considered consistent through all of the reported data. 

It was challenging to keep results from drifting from week to week while running the kinetics 

experiments. It appeared that the results were extremely sensitive to the polishing process and if a new 

piece of polishing paper was used. Other methods of polishing, such as using abrasive slurries instead of 

polishing paper, may yield more consistent results. It was also observed that repeated experiments with 

acid solutions would lower the measured exchange current density of the electrode by around 25 percent. 

Once several experiments were again performed in amine solutions, the measured exchange current 

density would increase again. 

Dynamic Analysis of Pulse Experiment Data 

An example of the data obtained for a single constant current cathodic pulse is shown in Figure 4-3. 

During the first millisecond of the experiment, the change in potential is significant due to the solution 

resistance and double-layer capacitance. 
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Intuitively, C2 can be thought of as the consumption or creation of either an intermediate species or an 

oxidized surface layer, which then leads to a change in the resistance (from R1 to R1 + R2) with a time 

constant of τ2 = R2C2. 

If we assume that R1CDL << R2C2, then we can safely decouple the two parallel RC elements 

resulting in the bottom circuit of Figure 4-4. The voltage response for a constant current pulse of this 

circuit is shown in Eq. 4-1. 

 1 2
1 2 2

( ) 1 exp 1 expu
DL

t

R C R

t
V t i R R

C
R

       
                        

  (4-1) 

Based on previous work and confirmed in this study, the double layer capacitances are typically around 

10-4 F/cm2 with resistances on the order of 10 Ω.  With an electrode of 0.08 cm2, the middle term in Eq. 4-

1 has an RC time constant of approximately 0.1 milliseconds. Therefore, at short times (below 0.05 

millisecond), the uncompensated resistance and capacitive effects are dominant and the first and middle 

terms can be linearized to yield a linear dependence of voltage on time. 

  50 s u
DL

t
V t i R

C


 
   

 
  (4-2) 

Using Eq. 4-2, the uncompensated resistance and capacitance values for each set of pulses are estimated 

from the short time data for the pulses with current densities over 250 A/m2. Figure 4-5 shows the short 

time linear resistances for a typical set of high current density pulses for a 1N H2SO4 solution with 0.25 M 

CuSO4 at 55oC. Uncompensated resistance values obtained through this method were confirmed using 

impedance spectroscopy. 

The linear fits in Figure 4-5 show excellent precision in measuring the uncompensated resistance 

(the y-intercept) for both anodic and cathodic pulses. The precision of the capacitance measurements is 

less robust, but still sufficient. The accuracy of the capacitance measurements is also less important, since 

the effects of the double layer charging are only relevant during the first millisecond of operation.  



 

Figure 4-5
represent f

For each p

and CDL. F

for a 1N 

subtracted

B

second pu

millisecon

Figure 4-6
resistance 

The pseud

calculated

5. Dynamic re
fit using Eq. 4-2

pulse, the val

Figure 4-6 sh

H2SO4 solut

d out. 

Both anodic an

ulses. The c

nds. Limitatio

6. Dynamic res
already remov

do steady-sta

d by extrapola

esistances of a
2. 

lues of R1, R2

hows the time

ion with 0.25

nd cathodic p

capacitive eff

ons due to dif

sistances of an
ed. Only 2% o

ate overpotent

ation of Eq. 4

anodic (left) an

2, and C2 wer

e dependent r

5 M CuSO4

pulses show 

fects make a

ffusional trans

nodic (left) and
f data points sh

tials for each

-1 at infinite 

- 82 - 

       

nd cathodic (r

re then fit usin

resistances fo

at 55oC with

sufficient app

a dramatic im

sport are not o

  

d cathodic (righ
hown. Lines re

h pulse, which

time after sub

right) galvanos

ng Eq. 4-1, u

or a typical se

h the uncomp

proach towar

mpact only 

observed even

ht) galvanostat
epresent fit usin

h will be use

btraction of th

static pulses a

using the resu

et of high cur

pensated resis

rds steady sta

during the i

n at 1250 A/m

atic pulses with
ng Eq. 4-1. 

ed for all of t

he uncompen

at short times. 

ults obtained f

rrent density p

stance, Ru, al

ate during the

initial one or

m2. 

h the uncompe

the I/V result

sated resistan

 

Lines 

for Ru 

pulses 

lready 

e 0.01 

r two 

 

ensated 

ts, are 

nce, 



- 83 - 
 

  1 2( )t RV i R      (4-3) 

where R1 and R2 are obtained through the curve fitting procedure described above. 

To ensure operation within a non-transport limited regime, the limiting current density as a 

function of time can be calculated based on the well-known similarity solution for semi-infinite 

diffusion.167 Eq. 4-4 shows the limiting current, iLimit, which equals the limiting Cu2+ flux multiplied by 

2F. 
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  (4-4) 

Integration of Eq. 4-4 over time, yields the total transported charge, QLimit, of a diffusion limited system as 

a function of the pulse length as shown in Eq. 4-5. 
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  (4-5) 

The copper ion complex diffusivity can be estimated by literature reports of copper sulfate diffusivity is 

water.168 Based on an estimated cupric ion complex diffusivity of 10-9 m2/s and a copper concentration of 

0.25M, the maximum ratio of charge transferred during a pulse to diffusion limited charge is 0.07 for the 

1250 A/m2 pulse. Experiments at low temperatures, which could have slower diffusivities, and 

experiments with different copper concentrations could have higher ratios; in general, it was assumed that 

transport limitations were not significant under these conditions. 

 Before the results of the galvanostatic pulse experiments are discussed, an examination of 

electrochemical kinetic theory for systems with intermediate reactions and sequential electron transfers 

will be presented. 
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For low overpotentials, a linear approximation of the exponentials in Eq. 4-6 leads to a simple linear 

current potential relationship. 

   0

2
2

FRTi iF RT
    (4-9) 

Dissociative Electron Transfer Theory 

The effects of the amine complexation of the copper ions on the electrochemical kinetics can be 

accounted for through use of Dissociative Electron Transfer (DET) theory.98  DET theory, developed by 

Saveant and coworkers is based heavily on the Marcus-Hush electron transfer theory. For an 

electrochemical reaction coupled with a complex formation, DET theory predicts an increase in the 

reorganization energy λ, of one fourth of the bond dissociation energy, DRX. We will assume that the bond 

dissociation energy is equal to the negative of the reaction enthalpy, ΔH0. 

 0

1

4DET RXD     (4-10) 

Here, λDET represents the reorganization energy for a dissociative electron transfer and λ0 is the 

reorganization energy in the absence of the complexation. The reorganization energy can be assumed 

analogous to a standard kinetic activation energy for the exchange current density, i0. 

 0
0 expxp xpe e
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RT RT RT

   


 


     
  

  (4-11) 

Eq. 4-11 shows that systems with strong complexation should display significantly hindered kinetics. 

Based on the approximately 100 kJ/mole reaction enthalpy of the copper/EDA complex,146 the kinetics 

would be expected to diminish by 4 orders of magnitude compared to the acid system. This significantly 

overestimates the difference based on the data shown later. The discrepancy results from the implicit 

assumption that the electron transfers are simultaneous. 

Sequential Electron Transfers 

The Butler-Volmer equation in Eq. 4-6, when applied to a two-electron transfer process, does not account 

for intermediates between the electron transfers, but rather assumes a simultaneous process. Newman has 
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showed, through referencing data taken by Mattsson and Bockris, that copper electrochemistry in sulfuric 

acid systems can be interpreted as sequential transfers with a cuprous ion intermediate.87,86 Furthermore, 

Newman assumes the reaction between copper metal and the cuprous intermediate is fast, and therefore, 

at equilibrium. For the acid system, Newman defined the rate equations as: 
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          (4-13) 

The analogous equations for an EDA system are quite similar. If we assume a cuprous ion intermediate of 

the form, Cu(EDA)+,  the rate equations are:  
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          (4-15) 

For the acid system, Newman derived the solution for the current as a function of the overpotential, 
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  (4-16) 

Eqs. 4-6 and 4-16 are analogous if α = α3/2. If the electrochemical reaction described in Eq. 4-13 is 

elementary (α3 = 0.5), then it would be expected that the using the simple Butler-Volmer model in Eq. 4-6 

would yield an overall electron transfer coefficients, α, near 0.25. This has been shown previously to be 

accurate for the acid systems and agrees with our results for amine systems. The experimental observation 

of faster anodic kinetics, compared to the cathodic process, results from the intermediate mechanism of 

the sequential electron transfers. 

The analogous solution for the EDA case follows closely the solution for the acid system: 
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It is important to note that the rate constants, kij, are not the same for the acid and EDA systems. It is, 

however, possible to compare the ratios of ka2/kc2 if we follow Newman’s assumption that the kinetics of 

the first electrochemical reaction is fast enough to be in equilibrium. For the acid system the equilibrium 

assumption yields, 
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Cu FV RTa

c ACID

k
e

k
 

    
 

  (4-18) 

For the EDA case, we find a similar solution. 
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The ratio of the results from Eqs. 4-18 and 4-19 define the mass action equation for the complexation of 

the intermediate cuprous ion by EDA with a free energy of ΔG1
0. 
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  (4-20) 

We can also take the ratio of the remaining rate constants and relate those using DET theory using the 

enthalpy of reaction for the second EDA molecule to the singly complexed cupric ion, ΔH2
0. 
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The ratio of the exchange current densities for the EDA and acid systems can be approximated through 

use of Eqs. 4-16, 4-17, 4-20, and 4-21.  
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   (4-22) 

The exponential term in Eq. 4-22 shows that the relative reaction rates of the EDA system compared with 

the acid system are based heavily on the relative values of ΔH1
0 and ΔH2

0. If ΔH1
0 ≈ ΔH2

0, then the 
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exchange current densities would be approximately equal for the EDA and acid systems since the value of 

the electron transfer coefficient, α3, should be approximately equal to one half. Based on the results of 

Cotton and Harris, the difference in enthalpies, ΔH2
0 – ΔH1

0 = 3 kJ/mole. Therefore, the exponent of the 

first exponential function will be positive. As temperature increases, Eq. 4-22 predicts the ratio of EDA to 

acid exchange current densities will decrease.  

It should be noted that this derivation makes several significant simplifying assumptions. It 

assumes that the change in reorganization energy due to solvation is equivalent in both systems. It also 

assumes that the complexation of the cuprous ion is fast enough to maintain the equilibrium assumption 

of the first redox couple; our results suggest this assumption may not be valid at high current densities in 

some cases. 

The important concept developed in this model is that the electrochemical kinetics for a two-

electron dissociative electron transfer process with a stabilized intermediate are influenced by the added 

reorganization energy of the bond formation and the increased stability of the intermediate species. 

Consideration of both phenomena, which are competitive by nature, is necessary to reasonably estimate 

kinetics of copper in aqueous amine solutions. 

Based on this theoretical framework, it is possible to explain the behavior of EDA, AEEA, and 

TETA systems with different copper loadings and temperatures as well as the effects of carbon dioxide 

saturation and chloride addition. 

Galvanostatic Pulse Results 

Comparison of Kinetics in H2SO4 and EDA Solutions 

Figure 4-8 shows the current as a function of overpotential at 25oC for 0.25 M Cu2+ in a 1 N sulfuric acid 

solution and a 1 M EDA solution with 1 M NaNO3 as the inert electrolyte. The Butler-Volmer (BV) 

equation, Eq. 4-6, and its linearized form, Eq. 4-9, are used to model both systems.  
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Table 4-3. Exchange current densities and electron transfer coefficients of a 1M EDA system with 
0.25M Cu(NO3)2 and 1M NaNO3 at 55oC with different CO2 loadings. 

CO2 Loading 0% 50% 100% 100%/0% 

 i0 (4-6)* 104.5 0.56 0.15 0.0014 
α (4-6) 0.35 0.28 0.31 0.88 

  i0 (4-9)** 50.3 4.02 1.66 0.033 
* Calculated with Eq. 4-6. In units of A/m2. 
** Calculated with Eq. 4-9. In units of A/m2. 

To apply the derivation resulting in Eq. 4-22, adjustments must be made to account for the presence of 

CO2. Because the vast majority of EDA molecules are complexed with CO2, we must include the relevant 

mass action equation describing CO2 absorption: 
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 where ΔG0
CO2 is the free energy of CO2 absorption, PCO2 is the partial pressure of carbon dioxide, and P0 

is the standard state pressure. Through inclusion of Eq. 4-25 in Eq. 4-22, the effects of CO2 saturation can 

be observed. 
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where [EDA]0 is the concentration of all non-copper complexed EDA species. Comparing the exchange 

current density of an EDA system with and without CO2, we find: 
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Based on our previous work that calculated the standard state enthalpy and entropy of CO2 absorption by 

EDA to be -86.4 kJ/mole and -210 J/mole/K, respectively, the free energy of CO2 absorption can be 

calculated at any temperature. At 55oC, the free energy would be -17.3 kJ/mole; this leads to a ratio of 

exchange current densities for unsaturated systems over CO2-saturated systems of 0.04 (assuming α3 = 

0.5).  
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Comparison of the exchange current densities, through fitting the BV equation, Eq. 4-6, over the 

entire range of current densities, yields a value thirty times lower than expected. However, comparison of 

the exchange current densities as measured by the slope at low overpotentials as described by Eq. 4-9, 

gives a ratio of 0.03, which is in good agreement with the theory. This suggests that the kinetics of 

EDA/CO2 complex formation or breaking may become limiting at high reaction rates. If the kinetics of 

the CO2 complexation with EDA is not fast, then the equilibrium expression in Eq. 4-25 does not 

accurately represent the concentration of free EDA species during the pulses with high current densities. 

The significantly hindered kinetics at 50% loading is not surprising; at 50% loading, each EDA 

molecule is still complexed with either a proton or a carbamate group, which would need to be released 

before the molecule could complex the cupric ion. 

It was observed that the copper working electrode showed signs of oxide formation after running 

pulse experiments in CO2 saturated solutions. The formation of passivating films may also explain the 

slower than expected kinetics at high current densities. With CO2 equilibrium binding constants of 106 at 

room temperature and an EDA/Copper stability constant of 1019, the effective stability constant, given by 

Eq. 3-21, would be 107. This would lead to an uncomplexed copper activity of about 10-7. The formation 

of cupric hydroxide, Cu(OH)2, shown in Eq. 4-26, has a solubility product, KSP, of 5.6 x 10-20.169 
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              (4-28) 

For CO2-saturated solution, which will have a pH of around 7, the reaction quotient for the precipitation 

of copper hydroxide will be just under the solubility product. This suggests that during fast anodic pulses, 

where the copper concentration may increase rapidly at the surface, precipitation may occur. Cupric 

hydroxide, once formed, will eventually convert to the more stable cupric oxide, CuO. 

The Effect of Chloride Salts 

Chloride salts are known to complex with copper salts, specifically cuprous ions. Since the intermediate 

complex is hypothesized to be a cuprous species, adding chlorides is expected to have a significant effect 
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With NaCl as the electrolyte, however, the order of the exchange current density switches to 

AEEA > EDA > TETA. While EDA shows no significant increase in its exchange current density with 

NaCl rather than NaNO3, AEEA and TETA show approximately a four-fold increase with the chloride 

based electrolyte. Furthermore, the shape of the current/potential curves changes drastically with NaCl. 

As shown in Table 4-5, the electron transfer coefficients, α, increase from 0.37 and 0.35 to 0.56 and 0.53 

for AEEA and TETA, respectively. This indicates that, unlike EDA, the chloride mechanism shown in 

Eq. 4-29 may be dominant in AEEA and TETA solutions even when under argon. 

Table 4-5. Exchange current densities and electron transfer coefficients for different amines with 0.25M Cu(NO3)2 
and either 1M NaNO3 or 1M NaCl under argon at 55oC. 

Amine EDA AEEA TETA 

Anion NO3
- Cl- NO3

-/ Cl- NO3
- Cl- NO3

-/ Cl- NO3
- Cl- NO3

-/ Cl- 

  i0 (4-6)* 104.5 105.5 0.99 34.6 132.5 0.26 9.6 49.6 0.19 
α (4-6) 0.35 0.37 0.96 0.37 0.56 0.66 0.35 0.53 0.66 

   i0 (4-9)** 50.3 32.5 1.55 35.8 47.4 0.76 16.7 15.3 1.09 
* Calculated with Eq. 4-6. In units of A/m2. 
** Calculated with Eq. 4-9. In units of A/m2. 

AEEA respond similarly to EDA when saturated with CO2. In the absence of NaCl, its exchange current 

density drops dramatically. In the presence of NaCl, the exchange current density returns to its non-

saturated value. Figure 4-16 shows the CO2 saturated performance of EDA and AEEA with NaNO3 and 

EDA, AEEA, and TETA with NaCl. The kinetics of CO2-saturated TETA was not measured with NaNO3. 

In the presence of CO2, AEEA displays the fastest electrochemical kinetics. The improvement of 

AEEA, with respect to EDA, under CO2 is not surprising, and is predicted by Eq. 4-27. Since AEEA, has 

a lower free energy of CO2 sorption, its kinetics will be hindered less than EDA. 
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uncompensated resistances. Capacitance values typically ranged from 50 to 100 μF/cm2 for most systems. 

Acid systems, systems with chloride salts, and CO2 saturated systems tended to have lower capacitances.  

 Because of the lower capacitance in acidic systems, the shape of the pulses differs significantly 

from the shape in amine systems. Figure 4-19 shows pulses from acid, EDA, AEEA, and TETA systems. 

AEEA shows distinctly less capacitance (a steeper initial slope) than the other amines systems. 

Interactions between the surface and the hydroxyl groups in AEEA could be reducing the ability of ions 

to populate the double-layer. 

Conclusions from Copper/EDA/CO2 Kinetics 

 While there exist many possible strategies for measuring the electrochemical kinetics of amine 

systems, galvanostatic pulse experiments were chosen for this study due to its prior success 

investigating copper kinetics in sulfuric acid systems. 

 An equivalent circuit model was developed for analyzing the dynamic pulse experiments. 

 Through application of Dissociative Electron Transfer (DET) theory to a sequential electron 

transfer mechanism with a stabilized intermediate, the similar kinetics between acid and amine 

systems was successful explained. 

 The effects of temperature, electrolyte, CO2 saturation, and reaction concentrations were 

investigated for three different amines. AEEA showed the best performance in CO2-saturated 

systems, while EDA performed the best in systems under argon. 

 Further investigation is required to determine if the addition of chloride salts, which significantly 

improves kinetics in CO2-saturated systems, leads to unacceptable copper power formation in the 

solution. Without chlorides, the kinetics of CO2-saturated systems are prohibitively slow and 

would require unacceptable overpotentials. 
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Chapter 5 

5. Transport Modeling of EMAR 

This chapter describes the development of analytical and numerical models for EMAR systems that 

specifically focus on mass transport phenomena. Flat plate electrode systems and systems with porous 

electrodes are both considered. In the flat plate electrode system, boundary layer development causes a 

significant decrease in transport if the solution is not remixed sufficiently. In the porous electrode system, 

careful consideration of the variation of the electrostatic potential through the electrode is required to 

accurately assess the current distribution. The models show that the porous electrode system is superior in 

terms of requiring lower overpotentials. Based on the most recent kinetic data, flat plate electrode systems 

will most likely operate at electrode overpotentials of near 100 mV per electrode, whereas porous systems 

could operate at near 50 mV per electrode for membrane current densities of 500 A/m2. 

 The benchmark chemistry for these analyses will be based on the results for ethylenediamine with 

sodium chloride electrolyte from the previous two chapters. Table 5-1 shows the pertinent data for the 

temperature dependent kinetics and thermodynamics. The same kinetics will be assumed for unsaturated 

and CO2-saturated solutions. Thermodynamic and kinetic parameter values are given at 55oC but can be 

converted to different temperatures using the Arrhenius equation and the given reaction enthalpy or 

activation energy, respectively. A representative diffusion coefficient is also given, which is assumed 

valid for the cupric ions and amine molecules. A total amine concentration of 2M EDA was chosen 

because it would require a similar sorbent flow rate as a 7M MEA thermal scrubber. 
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Table 5-1. Thermodynamic, kinetic, and system parameters used in transport analysis based on results from 
Chapters 3 and 4. Values given at 55oC. 

Name Symbol Value Unit 

CO2 Sorption Equilibrium Coefficient KCO2 600
Enthalpy of CO2 Sorption ΔH -85 kJ/mole 
Exchange Current Density i0 100 A/m2 

Electron Transfer Coefficient α 0.35
Activation Energy Ea 50 kJ/mole 

Diffusion Coefficient D 10-9 m2/s 
Total Amine Concentration Am0 2 mol/dm3 

Analytical Modeling of a Flat Plate System 

Flat Plate Electrodes 

Preliminary investigation into the overall performance of an EMAR system with flat plate electrodes has 

been done using an integral solution method to solve the partial differential equation resulting from the 

diffusion equation. In the solution, the fluid flow is assumed to be a fully-developed parabolic flow 

between two infinitely wide flat plates. The mass transport boundary layer is assumed to develop from the 

initial point (x = 0) over the course of the entire length of the plates (x = L). The length, L, can be 

imagined as the length before a turn in a serpentine channel design. The thickness of the channel, H, and 

the width of the channel, W, can be related to the length by: L >> W >> H.  Figure 5-1 shows schematic 

diagrams of a serpentine design of an EMAR flow channel.  

The boundary condition at the electrode surface describes the Cu(EDA)2
2+ complexes being 

generated or consumed (and EDA is either being consumed or generated). The surface flux is calculated 

using the previously introduced Butler-Volmer equation. The reaction at the surface causes the formation 

of a diffusion boundary layer, δ(x). To solve this problem, the Karman-Pohlhausen integral approach is 

used.167,170 This method assumes the shape of the concentration profile within the boundary layer remains 

consistent through the whole boundary layer. The advantages of the integral approach are that the non-

linear boundary conditions and profiles can be included without simplification. Most other analytical 

techniques require the application of the Leveque approximation, which linearizes the velocity profile and 

limits applicability to very small boundary layers.167   
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Where 

     0
0 00 0

0

, , ,
2

, ,
3j

j

i H

H nFDC

C y x i UH
Pe

C H Pe i D
            (5-3) 

To simplify the problem we will assume that the diffusivities are all approximately equal. With equal 

diffusivities, C0 can be defined such that the concentration of all states of EDA is 3C0 everywhere. 

Therefore, 

 2+ 0
2EDA] 2 Cu(EDA) 3 For all x y[ ,C      (5-4) 

We can then define the precise form of the Butler-Volmer equation as a function of Θ. Eq. 5-5 is derived 

by starting with Eq. 4-6, and then accounting for the difference in the actual surface concentrations from 

the standard state concentrations. Finally, the equation is made non-dimensional by application of the 

definitions in Eq. 5-3.  
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Where 

CCu = Concentration the Cu(EDA)2
2+ complex. 

CEDA = Concentration EDA. 

Θ = Dimensionless concentration of the Cu(EDA)2
2+ complex. 

ϕ = The dimensionless potential. 

E0 = The standard state potential, where   0 0ln 2 l 2
2

3nbulk bulkC C
RT

E C
F

        

Now with the problem sufficiently defined, we can apply the integral approach to solve for the required 

potential based on the input parameters. We will use a fourth-order polynomial expression to describe the 
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Figure 5-2. Dimensionless surface concentration (left) and dimensionless surface flux (right) as calculated through 
the integral solution strategy as a function of applied dimensionless potential for different boundary layer 
thicknesses. 

Calculation of δ as a function of the axial position, ξ, can be achieved through consideration of a 

relationship between boundary layer growth, horizontal convective flux, and surface flux (current). 

We start by vertically integrating the convective flux, Π, (the velocity multiplied by the concentration) 

over the entire boundary layer in Eq. 5-8. 

      
1

2
2

2 2

0 0

2
22 2 2 bulkd ds ds s



                   (5-8) 

We can then take the derivative of the total convective flux with respect to the boundary layer thickness: 
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    (5-9) 

A simple shell balance on the growth of the boundary layer yields: 
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    (5-10) 

By multiplying both sides of Eq. 5-10 with dξ/dδ, we find: 
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Rearrangement yields: 
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The term on the right hand side of Eq. 5-12 can be solved for analytically. 
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  (5-13) 

Calculation of the propagation of the boundary layer through integration is simple once the expression in 

Eq. 5-13 is obtained. It is, however, easier to solve for ξ(δ) based on the form of Eq. 5-13. 
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The integral in Eq. 5-15 is computed numerically because no closed-form analytical solution could be 

found. The integration is fast in comparison to a full finite element or finite difference solution to the 

problem posed in Eq. 5-2. When the profile for the boundary layer is solved, and hence the function δ(ξ), 

or its inverse, is known, the flux at every lateral position can be solved using Eq. 5-7. The averaged 

surface flux over the total remix length, L, is given by, 
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To determine the energy consumption of the system, we will use the following values: 
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Based on these values, the propagation of the boundary layer and the flux can be calculated. Assuming a 

desired current density of 500 A/m2, the desired value of Ψ can be calculated knowing Ψ0 and i0. 
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      (5-16) 

To determine the required potential, ϕ, to obtain the desired flux, the results can be calculated for a range 

of potential values. The left plot of Figure 5-3 shows the propagation of the boundary layer in the anode 

for a range of dimensionless potentials. While higher potentials, which produce higher fluxes at the 

surface, do generate slightly thicker boundary layers, the differences in the boundary layer propagation 
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In the previous derivation for flat plates, calculation of the concentration gradients was the 

primary challenge; in the porous electrode systems we will initially assume the concentration gradients 

are negligible and focus on the gradient of the electrostatic potential laterally through the electrode. 

Where in the flat plate electrode problem we defined the voltage and calculated the current, for the porous 

electrode system, we will define the current density and calculate the required potential. 

We start by considering only one side of the total electrochemical cell, either the anode or the 

cathode. At the membrane at some length down the device, x, there will be some predefined ionic current, 

jM. We will define ionic currents with j and electronic currents with i. If we assume that the iso-potential 

lines are nearly parallel with the direction of fluid flow, then it follows that the ionic flux through the 

membrane will equal the integral of electronic fluxes in the perpendicular cross-section. 

 
0

( ) ( , )
H

Mj x S i x y dy    (5-17) 

Where S is the specific surface area of the porous electrode in units of inverse length. More generally, the 

ionic flux at any lateral position, y, can be calculated as, 
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The variation in the electrostatic potential, Φ, can be obtained through the differential form of Ohm’s law. 
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  (5-19) 

Where κ represents the solution conductivity and is assumed constant through the system. Eqs. 5-18 and 

5-19 can then be further related by describing the current, i, as a function of the electrostatic potential. 
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   (5-20) 

In Eq. 5-20, both i0 and E0 will be functions of the reactant concentration. Combining Eqs. 5-18 to 5-20, 

we obtain a second order differential equation describing the system. 
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            (5-21) 

Where it has been implicitly assumed that the variation in φ in the x direction happens only due to the 

different concentrations. In the y direction we have assumed constant concentration. The boundary 

conditions for this problem are the ionic fluxes at the current collector wall (η = 0) and at the membrane 

(η = 1). 
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To numerically solve this second order non-linear ODE, boundary value solving techniques like the 

shooting method or finite difference would be required due to the dual Neumann boundary conditions. 

Analytically, we can continue through definition of a new function, Γ = dφ/dη. 
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Application of these definitions to Eq. 5-21 and the definition of φ(η = 0) = φ0 yields, 
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If we extend this out over the entire range, defining Γ(η = 1) = ΓM, we obtain: 
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  (5-25) 

We can combine this with the definition from Eq. 5-23 and the result in Eq. 5-24, 
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    (5-26) 

With Eqs. 5-25 and 5-26, we have two equations and two unknowns, φM and φ0. Solving the coupled 

ODE’s allows for calculation of the flux and potential at every lateral location. Unfortunately, due to the 

complexity of the problem, a numerical approach is required. 
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The Tafel Solution (High Overpotentials) 

If we assume large potentials (the Tafel approximation), such that only one of the exponential terms in 

Eq. 5-20 is significant, the analytical derivation can proceed further. Rewriting Eq. 5-26 based on this 

assumption with limits from 0 to η, we obtain: 
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   (5-27) 

Note that we have assumed φM > φ0 > 1, which is true for the anode. This integral equation can be solved 

through differentiation of both sides with respect to η. 
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  (5-28) 

Solving for φ(η), we obtain, 
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  (5-29) 

Due to the sensitivity of the tangent function, it is clear that the term in the square brackets cannot equal 

more than π/2, or else the solution will fail. This would indicate that the result is only valid if    

4Fi0SH2(1-α) < π2RTκ. To obtain a second equation, we use the same Tafel assumption on Eq. 5-25, and 

solve for φ(η),  
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   (5-30) 

Taking both Eqs. 5-29 and 5-30 to their limits of η = 1 yields two non-linear algebraic equations with two 

unknowns. Rearranging both equations and solving for φ0 yields a single self-consistent equation. 
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This solution to this can be found easily as the sum of hyperbolic functions. Application of the boundary 

conditions yields, 
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    (5-34) 

The most important parameter to determine is the potential at the membrane, since that is equal to the 

applied potential in the cell. This is because the potential at the membrane surface experiences no Ohmic 

potential loss due to ion transport in the solution. 
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It is important to note that the system is linear with respect to the membrane current density, jM. This 

means that doubling the desired flux doubles the required potential. The required potential can be 

calculated based on a set of realistic operating parameters. 
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Based on these above values we find that the membrane potential equals, 

 0.0072M Mj    (5-36) 

Considering the limits stated in Eq. 5-32, the linear solution is only valid for jM < 140 A/m2 under these 

conditions. More generally, the limit of jM for a valid solution can be defined as: 
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We can compare the results of the Tafel solution (Eqs. 5-30 and 5-31) with the results of the linear 

approximation shown in Eq. 5-35 using the parameter values stated above. Figure 5-7 shows a 

comparison of total predicted overpotentials (the sum of anodic and cathodic) as function of the 

membrane current density. 
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  (5-38) 

By taking the limit of infinitesimal elements, we find, 
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In the previous derivations for the porous electrodes, we have assumed the diffusive term is negligible. To 

assess the importance of the terms, we switch to the non-dimensional form. 
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To examine the formation of the concentration gradient, we must consider the gradient in the current 

density across the system. To do this, we differentiate both sides of the equation by η. For simplicity we 

will use the linear approximation of the current term from Eq. 5-32. 
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Through substitution of the derivative of the potential with the value at the membrane described by Eq. 5-

33, we obtain, 
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The coefficient of the generation term, Λ, is thus: 
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A value of Λ > 1 indicates that the current density gradient is forming a concentration gradient faster than 

diffusion can dissipate that gradient. In a porous electrode system, we must consider that the effective 

dispersion in the porous medium will be about an order of magnitude higher than the molecular 

diffusivity. Thus, using a value of D=10-8, we find Λ=0.001 jM. Therefore, for membrane current densities 

below 1000 A/m2, we find the concentration gradients should be mild, validating the above derivations. 

This result, however, is very sensitive to the electrode thickness, H. For channels thicker than a few 

millimeters, significant concentration gradients will form.  

Full-System Modeling 

To extend the results for the flat plate or porous electrode systems, the solutions must be applied to an 

entire system accounting for the change in concentrations and loadings along the x-direction. The primary 

effect of the varying concentration is change in i0, but some secondary parameters, such as the diffusivity 

and conductivity, can also be affected. In full-system modeling, additional inefficiencies such as those 

mentioned in the thermodynamics chapter can be included. Ohmic potential drops due to membrane 

resistance should also be included. Finally, electrical power requirements of auxiliary pumps and 

compressors can also be added for a truly detailed analysis as will be shown in Chapter 7. 

 Full-system modeling is necessary to determine the range of copper loading desired in the system. 

As was shown in the kinetics chapter, high copper loadings lead to poor kinetics (i.e., small exchange 

current densities). Under these conditions the required potentials will rapidly increase, lowering overall 

efficiency. Eq. 5-44 shows the dependences of the exchange current density, i0, on the free amine 

concentration, [EDA], and the cupric ion concentration, [Cu], reported in the kinetics chapter.  

 1/ 2 1/ 2
0 ( )( )1EDA Cu Cu Cui xxCC     (5-44) 

We can plot the required potential according to the porous electrode model as a function of copper 

loading, xCu. From 0 to 5% loading and from 90 to 100% loading, the required potentials rise quickly. 

Figure 5-8 shows the required dimensionless potential to maintain a constant 500 A/m2 membrane 

current density for both the flat plate and porous electrode geometries. 
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Chapter 6 

6. Bench-Scale Demonstration of EMAR 

Based on the thermodynamic, kinetic, and transport analyses of the previous three chapters, the EMAR 

system should be capable of CO2 separation, and under the right conditions, efficient separation. In this 

chapter, the results from a proof-of-concept device will be presented and discussed. The small prototype 

system was designed to capture up to 10 mL/min of CO2, but does possess several shortcomings. The 

system only operates at ambient pressure and temperature, which are rather far from the ideal operating 

conditions of approximately 70oC and at least 5 bar. Even with the non-optimized design, the system did 

successful demonstrate the ability of an EMAR device to capture CO2. 

 The primary performance metrics were Faradaic efficiency and the work of separation. Faradaic 

efficiencies reached an impressive 80% in some experiments, and could increase further with an 

optimized system. The work of separation ranged from 20 kJ/mole at low fluxes to about 100 kJ/mole at 

fluxes relevant for real-world application. 

 Important design issues, including the use of porous electrodes and chloride salts, were 

investigated with the bench-scale system. The performance of porous electrode systems started quite high, 

but decayed over time due to bubble entrapment in the electrodes. Chloride-based salts did reduce the 

required operating potentials, but also lowered the Faradaic efficiency, caused noticeable copper powder 

generation in the anode, and corroded the aluminum chassis. The below unity Faradaic efficiency 

indicates undesirable crossover of certain species across the membrane with either salt. 

 The lessons learned in the device construction were invaluable for the development of future 

systems. In the next chapter, the development next-generation experimental setups and industrial-scale 

system will be considered. The geometry, materials, and peripherals of future experimental and industrial 

EMAR designs are based on heavily on the successes and failures of the proof-of-concept system.  
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system because the gas and liquid flow rates were ill-defined. The packed column lacked the versatility to 

operate effectively under a wide range of conditions. 

The stirred flask system was composed of a 250 mL three-neck flask with 24-40 ground glass 

joints and a Teflon stir bar. The flask was placed on top of a small VWR magnetic stirrer. The stirrer was 

always set high enough to generate a vortex in the flask. Typically, the flask was operated with about 200 

mL of fluid. Higher liquid volumes in the flask were preferable because it leads to higher residence times, 

and hence, better absorber performance. This system was superior to the packed column because it could 

operate effectively for a wide range of gas and liquid flow conditions. 

Gas/Liquid Separator 

The gas/liquid separator used was a 250 mL three-neck flask with 24/40 glass ground joints. The flask 

was not stirred during operation. The flash was simply designed to operate as a flash tank. The liquid 

would exit through one outlet, and the gas through another. It was assumed that the majority of gas had 

already evolved from the sorbent solution by the time the bubbly mixture entered the gas/liquid separator. 

Hence the liquid level was kept low, since increasing the residence time was not expected to be helpful. 

Keeping the liquid level low was desirable from a safety perspective because it lowered the possibility of 

an overflow in the system. The flask typically operated with about 25 to 50 mL of solution. 

 One constant challenge when operating both flasks was to keep the liquid level constant. 

Inconsistencies in the loading of the tubing into the peristaltic pump and differences in pressure drop 

across the two sides of the EMAR 4 cell caused small imbalances in the liquid flow rates into the two 

flasks. The addition of a level meter into the next generation systems will greatly increase their accuracy, 

safety, and long-time operating stability. 

Other Peripherals 

The CO2 injection into the absorption flask was controlled by a Labview interface. The program controls 

two 10-1000 sccm Aalborg mass flow controllers (MFC’s). One MFC is connected to a nitrogen gas 
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cylinder, and the other is connected to a CO2 gas cylinder. The composition and flow rate of the gas 

entering into the absorber can be easily manipulated using this setup.  

 The liquid flow was controlled by a Masterflex L/S digital drive capable of simultaneously 

pumping two channels. The dual-channel pumping was achieved through the use of a two-channel pump 

head for low flow rates (0-20 mL/min) and also through connecting two single-channel pump heads in 

series for higher flow rates. The former setup allowed for smaller tubing, which reduced flow pulsation, 

but was also more prone to imbalanced flow between the two channels. Masterflex C-Flex peristaltic 

tubing was used and found to be chemically stable with respect to the aqueous amine solution. 

 The current, or in a few rare cases, voltage of the system was controlled by a BK Precision 9110 

power supply. Either a target current or voltage could be consistently applied to the system using the 

power supply. When a constant current was specified, the voltage was measured through connecting the 

positive and negative terminals of the power supply to a National Instruments USB-6008 data acquisition 

module. The potentials were then recorded using National Instrument’s Signal Express software. 

Upgrading from a variable power supply to a potentiostat will significantly increase range of techniques 

for analyzing the electrochemical cell performance.    

 The CO2 flow rate from the system was measured in a variety of ways over the course of the 

experiments. Originally, the outlet of the gas/liquid separator was combined with a nitrogen stream, 

precisely controlled by a MFC, and sent to a Gas Chromatogram (GC). Based on the composition 

obtained from the GC analysis and the known nitrogen flow rate, the CO2 flow rate was calculated. The 

disadvantage of this system was the relatively slow measurement rate of once per every two minutes. 

 A 0-10 sccm Cole-Parmer volumetric flow meter (VFM) was purchased to replace the GC 

measurements. This was effective measurement strategy with fast measurement rates and 0.01 sccm 

precision. The VFM operates by measuring the pressure drop of the gas through the meter. One 

disadvantage of this strategy is that it necessitates a larger pressure drop across the meter compared to a 

mass flow meter. The data was recorded by connecting the 0-5 Vdc output to the USB-6008 data 

acquisition module. Unfortunately, after a month, the VFM failed spontaneously. A second VFM had also 
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been purchased to measure the outlet CO2 rate from the absorber, it also failed after a few months. It is 

unclear if the failures are related to the corrosion from aqueous amine vapors or poor design. 

 After the failure of the VFM’s, an Omega mass flow meter (MFM) was purchased. The MFM has 

by far the fastest measurement times and the greatest accuracy. MFM’s operate by measuring the thermal 

capacity of the gas flowing through the meter. The data for the MFM was recorded through the included 

software. After a month of operation, the MFM was still operating effectively. Future systems, especially 

those operating at elevated temperatures, should consider the inclusion of solvent traps to prevent any 

corrosive amines from condensing in the gas flow meters. 

Proof-of-Concept Experiments 

Operating Conditions 

As mentioned previously, all experiments were operated at ambient temperature and pressure conditions. 

Experiments were only run with ethylenediamine (EDA). The solutions always contained 1M EDA, 1M 

NaNO3 and either 0.25M Cu(NO3)2 or 0.25M CuCl2. Approximately 300 mL of solution would be 

recirculated through the system during an experiment. After charging the system with a fresh solution, 

CO2 was bubbled into the system overnight at 10 sccm to saturate the amine solution completely. 

Solutions would be used for approximately two weeks before replacement with a fresh solution. No 

deterioration in performance was ever noticed due to the age of a solution. Upon addition of CO2, a color 

change would gradually occur in amine solution, regardless of whether copper was also present. 

Liquid flow rates of 5 to 60 ml/min were tested. The superficial velocity of the solution, U, can be 

calculated from the volumetric flow rate, Qflow, and the width and height of the channel. 

 
flowQ

U
W H

   (6-1) 

For the 1/32” gasket used for the flat plate experiments, the flow rate in cm/s as a function of volumetric 

flow rate (in ml/min) is given by Eq. 6-2. 
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 2.48 flowU Q   (6-2) 

Before the start of an experiment, both the absorber and gas/liquid separator flasks would be purged with 

CO2. During operation of the system, the absorber was constantly saturated using a 100 sccm stream of 

CO2. Lower concentration streams were not used because of the significant losses in output due to 

physical solubility. These losses would not be expected during operation at higher temperature or in larger 

devices, but are significant at the small proof-of-concept scale. 

The expected loss in CO2 output from the gas/liquid separator, QP, due to physical solubility can 

be calculated as a function of the liquid flow rate, the partial pressure of CO2 entering the absorber, PF, 

and the partial pressure of CO2 in the anode, PA.  

 
2

1flow A

m F
p

CO

Q P
Q

RT H v P

 
  

 
  (6-3) 

HCO2 is the Henry’s Law coefficient, assumed to be near that for pure water, and vm is the molar volume of 

the solution, which can also be estimated with the pure water value. Eq. 6-3 shows that if the partial 

pressures in the absorber and anode are equal, there is no loss of CO2 flow from the gas/liquid separator.  

If, however, a 15% CO2 stream were used with a liquid flow rate of 20 mL/min, the expected loss 

would be 12.5 sccm. That value is greater than the highest output generated with the proof-of-concept 

device! Therefore, operating with low percentage CO2 inlets would entirely overshadow the performance 

of the EMAR system. As was shown in Chapter 3, an EMAR system operated at higher temperature and a 

much wider range of copper loadings would have extremely minimal losses from physical solubility.  

Because all experiments were performed with a pure CO2 stream into the absorber (PF = 1 atm), the losses 

due to physical solubility will be omitted for the rest of the chapter.  

The expected rate of generation of CO2, QE, can be calculated as a function of the current, I, 

assuming each electron releases one molecule of CO2 from its chemical bond with EDA.  

 A
E

P I
Q

RT F
   (6-4) 
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The Faradaic efficiency, εF, which defines the efficiency in which electrons release molecules of CO2, is 

calculated by dividing the observed rate of CO2 generation, QCO2, by the expected value. 

 2 2CO CO
F

E A

Q Q FRT

Q I P
     (6-5) 

The work of capture, WCO2, which is calculated in units of kJ/mole, is calculated by dividing electrical 

power requirement of the system, IV, by the observed rate of CO2 generation. 

 
2

2

CO
CO A

IV RT
W

Q P
   (6-6) 

The RT/PA is required to convert the volumetric measurement of CO2 generation to a molar flow rate. 

Note that V represents the applied voltage, not a volume. The efficiency cannot be calculated for the work 

of capture since the inlet gas stream into the absorber and the outlet from the gas/liquid separator are both 

pure CO2. Therefore, no actual thermodynamic work is being performed, and hence, the efficiency, with 

respect to work, of the system would be zero in every experiment. 

 In the following sections, the performance in terms of the Faradaic efficiency and the work of 

capture will be presented for a variety of different configurations of the proof-of-concept device. Both 

porous electrode and flat-plate electrode systems were tested. Systems with nitrate salts and chloride 

based salts were both tested with the flat-plate electrode system. Different flow rates and current densities 

were also investigated. Some qualitative observations about copper powder generation and electrode 

stability will also be provided.  

Flat Plate Electrode – Stability and Reproducibility 

The first experiment performed with the EMAR system using flat plate electrodes was electrochemical 

impedance spectroscopy (EIS). The results are shown in the form of Nyquist and Bode plots in Figure 

6-12. The measurements were taken with no gas or liquid flow through the system. The amplitude of the 

applied sinusoidal voltage waves was 25 mV and the waves were centered on the open-circuit potential. 

The frequency was varied from 10 kHz to 1 Hz. At high frequencies, the impedance approaches 0.6 Ohms 
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 The system was operated with porous electrodes, but stable cycling could not be achieved due to 

bubble entrapment. Faradaic efficiencies near unity were achieved before performance the 

deteriorated. 

 The system was operated with flat plate electrodes and a 1/32” flow channel. Stable on/off and 

polarity cycling was achieved. Experiments with durations of 7 hours were also successful. 

 Experiments showed that if CO2 super-saturations above 15% were generated in the anode, 

Faradaic efficiencies in flat plate systems could reach 80%. 

 Under ideal operating conditions, 800 sccm per m2 of membrane area could be separated for 100 

kJ/mole CO2 of electricity.  

 Chloride systems were tested, but showed poor results. The high required voltages, however, 

were most likely a function of aluminum oxidation problems, not a failure of the chloride 

chemistry. Further study with a more corrosion resistant system is warranted. 

 After 30 hours of intermittent operation with constant-polarity, significant copper buildup was 

observed throughout the system, but especially in the cathode.  
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Chapter 7 

7. Design of Future EMAR Systems 

Based heavily on experience gained from the proof-of-concept system and the theory regarding 

thermodynamics, kinetics, and transport developed in Chapters 3-5, designs for the next generation 

system and future industrial systems are proposed. A successful design will require consideration of 

operational requirements, such as sufficient membrane surface area, and engineering requirements, such 

as the correct choice of materials. The systems will need to be able to operate under elevated pressure and 

temperature conditions, but also need to be modular to allow for the cleaning and replacement of 

electrodes and membranes. Implementation of significant automation and control strategies will be 

necessary to allow for long continuous runs without the need for user intervention. 

 This chapter will start with a focus on designing the next bench-scale system. A specific design 

for the electrochemical stack and suggestions for peripherals is provided. A series of addition concerns 

are addressed, which range from material selection to different operating strategies. At the end of the 

chapter, a techno-economic assessment of three different industrial EMAR designs is performed to 

demonstrate the expected performance of the EMAR systems with different configurations. The flat plate 

electrode design appears the most promising due to its reasonable efficiencies and simple design. 

Electrochemical Stack Design 

The design of future electrochemical stacks should closely resemble a cross between a fuel cell and a 

redox flow battery. Many similarities with electrodialysis systems will also exist. In the electrochemical 

stack design of all these systems, the majority of the fluid flow is internal to the stack. This is necessary 

for reducing the requirements for piping and supporting structures. The stacks will be composed of three 

main elements: electrodes, flow channels, and membranes. The order of the construction will be: 
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Electrode || Flow Channel || Membrane || Flow Channel || Electrode 

Each electrode will be bipolar; acting as an anode on one side and a cathode on the other. Hence, the 

electrode will be simultaneously being dissolved on one side and extended, through deposition, on the 

other. The electrodes will be composed of thin sheets of copper, most probably alloy 101 with >99.99% 

copper. Sheets of 1 to 3 mm should be sufficient depending on operating times between reversals. The 

required thickness of the copper, δCu, as a function of the operating parameters can be calculated by Eq. 7-

1. 

 
2
max W

Cu S switch

i M
F t

F



   (7-1) 

Where: 

FS = Safety factor 

imax = Maximum current density 

MW = Molecular weight of copper ( 63.55 g/mol ) 

ρ = Density of copper ( 8960 kg/m3 ) 

tswitch = Time between anode/cathode switches 

If each cycle causes the loss of some fraction of the electrode, Eq. 7-1 could be multiplied by a plating 

efficiency, εP, to the nth power, where n is the number of cycles the copper plate is expected to last. The 

enhanced equation is shown in Eq. 7-2. 

  
2

nmax W switch
Cu S P

i M t
F

F



   (7-2) 

Careful design will be required to ensure that erosion of the copper structure over time does not occur. As 

was mentioned in the transport modeling section, the deposition and dissolution rates will not be uniform, 

and may not perfectly match between the cathode and the anode sides. This will lead to the slow copper 

dissolution in some places and buildup in others. Using copper sheets that are quite thick (>5 mm) 

provides more material for erosion and buildup, and may lead to more difficulties with blockages of the 

flow channel. 
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Using a composite electrode structure, where two thin sheets of copper sandwich a conductive but 

inert barrier, could be a way to minimize copper erosion problems. A thin sheet of stainless steel foil or 

graphite placed between the two pieces of copper would prevent the solution from leaking into the 

chamber on the opposite side even if all the copper on one side dissolves. When the polarity is eventually 

reversed, copper could re-deposit on the inert material, reversing much of the erosion. 

 The membranes, which are required to allow ion migration while inhibiting diffusion, could be 

either a porous polyolefin or an ion-selective ionomer. The former has the advantage of robust physical 

properties and very low cost. Through surfactant coating of the polyolefin, good wetting can be achieved. 

Celgard 3401 and 3501 membranes have both been used effectively in the bench-scale system. 

 Ionomers, by virtue of being non-porous, are superior diffusion barriers while maintaining 

excellent ionic conductivities. Either cation-exchange or anion-exchange membranes would be useable, 

but anion-exchange would be more desirable since they would prevent the migration of charged cupric 

species. Membranes used in electrodialysis processes would be a cheaper alternative to the expensive 

fluorinated ionomers like Nafion.  

The flow channels will most likely employ some type of serpentine design in order to increase the 

residence time of the fluid flowing over each plate. The required path length, Lp, for an EMAR system 

can be calculated by, 

 
2

p Cu

F
CL U H

i
   (7-3) 

Where: 

U = Average flow velocity 

ΔCCu = The change in copper concentration across the entire system 

H = The channel height 

< i > = Average current density of the system 

The flow channel material must be constructed of an electrically-insulating, chemically-inert, and rigid 

gasket-type material that can handle significant compressive stress. Silicone and PTFE have both been 

used successfully in the bench scale system. Other common rubbers and plastics including polyurethane 
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The setup includes the electrochemical stack, a CO2 absorption vessel, a catholyte tank that also acts as a 

gas/liquid separator, pumps, condensers, and gas flow and composition measurement devices. All of the 

equipment shown would be controlled through a computer with access to temperature, pressure, flow, and 

level measurements at specific points in the system. The computer would also control a potentiostat, 

which would vary the current or potential across the electrochemical cell. The system would have the 

capability of automated polarity reversals, which include switching the liquid flows and currents across 

the system. This section will provide specific advice for implementation of these peripheral pieces of 

equipment.  

Absorption Flask (After Cathode) 

During experiments with the initial bench scale system, it was apparent that the design of the absorber 

significantly affected the overall performance. If the absorber is incapable of absorbing CO2 at the same 

rate of desorption, than the CO2 concentration of the solution will slowly decline until the driving force of 

absorption increases and the system reaches a steady state. We can model the rate of absorption, Nabs, in 

the flask by use of a simple overall mass transfer coefficient (from the gas to liquid phase), kabs based on 

the gas phase and liquid phase concentrations of CO2. 

  
2 2

gas liq
abs abs CO CON Ck C    (7-4) 

Under the conditions of the original bench scale system (room temperature and small changes in copper 

loading), the absorption of CO2 is mostly physical. For a larger system operated at higher temperatures, 

the main mechanism of absorption will switch from physical to chemical, and the mass transfer 

coefficient will increase sharply. Increasing the volume, and hence residence time, of the absorption flask 

is also an effective way to increase the CO2 concentration in the sorbent headed to the anode. 

 In a heated system, the absorption tank is an excellent location to heat the solution, since heating 

the electrochemical cell would be difficult. Two strategies could be employed for keeping the absorber 

supplied with CO2 while quantifying the rate of absorption. The first would be to constantly flow CO2 
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into the system at a greater rate than the system can absorb it while measuring the inlet and outlet flow 

rates. The rate of absorption would equal the difference in the flow rates.  

The second strategy would be to constantly monitor the pressure in the absorber, and only add 

CO2 to maintain the pressure in the vessel. The rate of absorption in this setup is equal to the rate of CO2 

being added to the vessel. This strategy has the distinct advantage of having no outlet. At high 

temperatures, significant evaporative losses could occur from the absorber, necessitating a condenser on 

any outlet. By eliminating the outlet, the complexity of the system is greatly reduced. While the first 

strategy would of require two mass flow controllers and a condenser setup, the second strategy only 

requires one mass flow controller. If, however, it is desirable to add a mixture of nitrogen and CO2 to 

simulate flue gas, the first option would be the only feasible strategy. 

Including ports for pH probes, other ion-selective probes, or UV-Visible fiber optic probes in the 

absorption flask will allow for constant monitoring of the solution condition. A port for removing small 

samples for external analysis may also be helpful. The absorption flask is the logical choice for these 

ports, since the catholyte tank will be under significant pressure, and less amenable to such attachments.  

Catholyte Tank (After Anode) 

The catholyte tank, or gas/liquid separator, is where the two-phase mixture of copper loaded sorbent 

solution and gaseous CO2 flow to after the anode. This vessel will need to be able to hold pressure, and 

hence, will most likely be a stainless steel bomb. This vessel will need to be heated in order to operate the 

system at elevated temperatures. Because of the added complexity (and cost) of the pressurized vessel, the 

number of ports on the catholyte tank should be kept to a minimum. A mass flow controller connected to 

the gas outlet of the catholyte tank will have the dual responsibility of measuring the CO2 generation rate 

and maintaining the pressure in the anode side of the stack. 

 An alternative to using a flash tank design to separate the CO2 from the sorbent liquid is to use 

inverted bucket steam traps. This would simplify the catholyte tank by removing the need for a gas outlet. 

Without the gas outlet, there is no need for a vessel. The heating of the liquid solution could be achieved 
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by flowing the liquid through coiled stainless steel tubing submerged in an oil bath. The efficacy of these 

steam traps for separating the gas/liquid mixture must be tested, however, before this strategy can be 

employed. 

Potentiostat and Control Systems 

The specific potentiostat chosen to manipulate and measure the current and potential through the system 

will be a critical decision. Gamry offers potentiostats with the ability to measure the potentials of multiple 

electrodes simultaneously in stacked systems like the one shown in Figure 7-1. The ability to run 

impedance spectroscopy will also be important for characterizing the resistances in the system as a 

function of many operating parameters, such as the flow rate. Gamry potentiostats can also be controlled 

through National Instruments’ LabView software, which is the logical software choice for the rest of the 

control and measurement systems. 

 National Instruments offers modular data acquisition hardware that can take a variety of inputs 

and produce many different outputs. Temperatures will likely be measured through RTD’s or 

thermocouples; pressure transducers generally provide 0-5 volt outputs. Mass flow controllers will often 

provide 0-5V or 0-10V outputs and accept the same input. Three way flow values, which will be 

important for automated polarity reversals, can be easily controlled through solid-state relays. All of this 

can be controlled from a single LabView visual interface, which will be responsible for controlling and 

recording all of the process parameters during an experiment. The exception to this will be the heated 

baths for the absorber vessel and catholyte tank; the temperature of these baths will most likely be 

controlled by a simple temperature controller, rather than the LabView program. 

Liquid and Gas Control Strategies 

Maintaining the flow rates, pressures, and liquid levels throughout the system will require implementation 

of several measurement and control strategies. For simplicity, two single input single output control loops 

should be employed rather than a single multi-input multi-output control strategy. A diagram of the gas 

and liquid control scheme can be seen in Figure 7-3. 
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In addition to the two closed loop control schemes, a timing routine will be setup to automatically change 

the flows during polarity reversals. This can be achieved through three-way solenoid valves connected to 

solid-state relays. When the polarity is to be reversed, four three-way valves will switch configurations 

such that the anode inlet and outlet becomes the cathode inlet and outlet, and vice versa. It is important to 

put the valves after the pumps such that the absorber level control scheme is not affected. The activation 

of the three-way valves combined with switching the direction of the current applied by the potentiostat 

will constitute a full polarity reversal. 

 With the control schemes and the timing routine, the system should be capable of operating 

continuously for extended periods of time with no need for operator manipulation. Alarms could also be 

added if unsafe pressures are detected. 

Additional Concerns 

Materials of Construction 

When designing an EMAR system, the inherent corrosiveness of the amine working solution must be 

considered. Chloride salts, which have been shown to enhance kinetics and appear to reduce the 

formation of passivating oxide layers, significantly increase the potential for corrosion. Aluminum, which 

is stable in most amine solutions, becomes susceptible to galvanic corrosion in the presence of chloride 

ions. For this reason, it is advisable to limit the contact of the supporting metallic structure (which will 

presumably be either steel or aluminum) with both the copper and the working solution. Different grades 

of stainless steel should be tested for their resistance to corrosion for use in fittings. Marine grade 

stainless steel, SAE 316, has shown good performance, type 18 has not, SAE 304 is untested. 

 Plastic parts can be safely constructed with polypropylene, PTFE (Teflon), or acetal (Delrin). 

Parts constructed with polycarbonate will fail after a few weeks of contact and should not be considered 

for pressurized systems. Tygon tubing has shown lasting resistance and Masterflex C-Flex (a mixture of 

Tygon and silicone) has been effective in peristaltic pumping applications. One concern with silicone 
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tubing would be the high CO2 permeability. For pressure applications, SAE 316 stainless is probably the 

best option for fittings and tubing. 

Thermal Considerations 

Understanding the absorption and release of heat throughout the system will be important for designing 

large systems, which without proper construction, could experience a significantly non-isothermal 

temperature distribution. The temperature of the absorber, without intercooling, will rise do to the 

exothermic absorption of CO2. For EDA, the heat of reaction is approximately -85 kJ/mole. In the 

electrochemical cell, where the CO2 is being desorbed, the release of CO2 will cause an equal and 

opposite cooling effect. This will be offset, to some extent, by the electrical heat being dissipated into the 

electrochemical cell. The change in temperature for the absorber and electrochemical cells can be 

approximated roughly by the following: 
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For the electrochemical cell to operate isothermally, a cell potential of nearly a volt would need to be 

applied. For a system requiring 0.5 volts, the swing in cupric ion concentrations would have to be kept 

below 0.5M, to keep temperatures drops below 10oC. This limits the maximum useful amine 

concentrations below 2M. 

Using the incoming hot flue gas to heat the electrochemical cell could offset some of the 

temperature swing. As was shown in the thermodynamic chapter, the electrochemical cell requires less 

energy at higher temperatures. Therefore, using any available waste heat for heating the electrochemical 

cell will yield efficiency gains. 
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Solution Composition 

As can be seen from the thermal considerations, the concentration of the amine in the working solution 

has many secondary effects, including the size of the temperature swings. Additionally, low amine 

loadings lead to lower viscosities, which can improve conductivities and absorption rates significantly. 

Therefore, using lower concentrations of amines may be advisable, despite the need to increase 

circulation rate. 

 In the kinetics section, the significant impact of chloride salts was described. It is likely that some 

intermediate complexing species can be added to greatly enhance the kinetics, with little downside. 

Chloride salts, due to their aforementioned enhancement of corrosion, may not be the best choice. 

Investigation into other halides and small organics (ammonia, acetate, citrate, ascorbate) may lead to a 

better additive. 

 Higher concentrations of electrolytes will improve conductivity but increase viscosity. Only a 

detailed model, which can account for both effects, can determine the correct balance. Reasonably high 

conductivities can be achieved with 1M solutions of electrolyte without significant viscosity implications. 

Copper Loadings 

The operational copper loadings will significantly impact the process efficiency. High copper loadings 

exiting the anode and low loading exiting the cathode will lead to increased overpotentials near the 

respective exits. As was shown in the electrochemical kinetics results, overpotentials are most sensitive to 

high copper loadings. For this reason, copper loadings at the exit of the anode should not exceed 0.9. 

Loadings of 0.1 or below exiting the cathode should be achievable with low energy penalties provided 

there is sufficient mass transport in the electrochemical cells to prevent excessive concentration 

polarization. 

 Another operational strategy, which would avoid high copper loadings and reduce the open-

circuit cell potentials, would be to target a maximum copper loading of 0.5. With this strategy, the 

reaction in the cathode would switch from: 
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2+
2 2Cu(EDA) Cu 2EDAe     (7-7) 

to 

  2+ + -
2 2 2Cu(EDA) EDA-CO Cu 2EDAH +2EDACO2 2e      (7-8) 

At loading of 0.5, only half of the CO2 is released; the remaining half participates in the cathode as shown 

above. Since CO2 is present on both sides of the electrochemical cell, the activity of the amines is more 

similar, which will promote a smaller open-circuit potential. The kinetics chapter, however, demonstrated 

that operating the cathode with CO2 will increase overpotentials. Additionally, only desorbing half the 

CO2 will decrease absorption kinetics. 

Degradation of amines or copper 

Instability of the sorbent or the copper electrodes requires significantly more research. Oxygen will be 

present in the system, via the flue gas, and will react with both the amines (oxidative degradation) and the 

metallic copper electrodes (corrosion). It is unclear if either oxidative degradation or corrosion is 

preferable over the other. It has been previously reported that cupric ions can catalyze oxidative 

degradation, but the effect of such high concentrations is unknown. The extent of copper ion catalysis for 

such strongly chelating polyamines is also unclear since it is similar amines, such as 

ethylendiaminetetracetic acid (EDTA), are added as corrosion inhibitors for ethanolamine scrubbers. 

Degradation of the amine is the most likely concern since significant contact with the flue gas occurs in 

the scrubber. The copper electrodes are exposed only to the oxygen that dissolves into the solution, which 

will only be on the order of 10μM. 

 With normal operation, the system should be able to reach outlet cupric ion concentrations of 

10mM. Beyond this, an additional porous electrode setup for reducing the cupric ion concentration below 

0.1mM could be added. Furthermore, if 10mM of EDTA is added to the system, this may inactivate the 

low concentration of cupric ions in the absorber.  

Ion chromatography is an effective technique for measuring amine degradation. Most small 

amines will eventually degrade to form small organic ions, such as acetate, which can be readily 
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measured over time. Some form of HPLC analysis may also work. Gas chromatography would be 

difficult due to the high fraction of non-volatile salts in the working sorbent. 

Zero-Bubble Operation 

Bubbles are one of the primary reasons that porous electrodes, which would perform much better from a 

kinetics and transport perspective, are difficult to employ in a realistic system that must operate robustly 

for long periods of time. If the system was operated at a high pressure, the water in the anode would 

absorb the electrochemically released CO2 physically rather than allow bubbles to form. The CO2 could 

then be flashed off in a subsequent tank at lower pressure. The downsides of such an operating strategy 

would be the added cost of pumping and the increased open-circuit potential required due to the increased 

pressure of CO2 in the anode. Operation at lower temperatures, where the thermodynamics, kinetics, and 

transport are less favorable, may be necessary to increase the physical solubility. 

 As was shown by the derivations from the thermodynamics chapter, the difference in open-circuit 

ΔVOpen(P1,P2) potential as a function of pressure can calculated by, 
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At 50oC, this would be approximately 44 mV, which is not excessive when compared to the expected 

reductions in overpotentials. The difficulty that must be overcome for this strategy is the relatively low 

physical capacity of CO2 in water. At 50oC with a pressure swing from 60 bar to 10 bar, a 0.7M CO2 

swing can be achieved.153 This means that for a 2M EDA solution, two to three release stages would be 

necessary to prevent any bubble formation. 

Another significant drawback could be the permeance of CO2 across the membrane. Effective 

membranes that prevent CO2 diffusion would be necessary. Porous polyolefin membranes would most 

likely be insufficient at preventing CO2 diffusion. Nafion membranes have also been shown to have 

relatively high permeability to CO2, which is not surprising since fluorinated polymers like Teflon, the 
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backbone of Nafion, are relatively permeable to CO2. Ionomers not based on Teflon, may meet this 

requirement. 

Preliminary Techno-Economic Assessments 

Three techno-economic assessments will be presented in this section: one for a flat plate system, one for a 

porous electrode system with bubble formation, and one for a porous electrode system operating under 

zero-bubble conditions. Based on the thermodynamic, kinetic, and transport experiments and modeling, 

reasonably accurate predictions can be made for the electricity demands for the system under normal 

operating conditions. 

 Long-term operating concerns, including electrode stability and the amine stability are difficult to 

predict. Capital costs of designing an EMAR system are also poorly-defined. The working sorbent is 2M 

EDA with 2M NaCl supporting electrolyte. Table 7-1 shows estimates of all the input parameters 

necessary for the techno-economic assessment. While an optimization or sensitivity analysis would be an 

ideal way to examine the relative importance of all the parameters, the large number of inputs and 

complex models make that type assessment difficult at this point. For this analysis, the parameters were 

chosen based on engineering approximations of reasonable operating conditions. Sensitivity analyses will 

be necessary in the future to accurately assess the potential of an EMAR system.  

 Estimates for the molecular diffusivity and conductivity of the solution are obtained using the 

Stokes-Einstein equation shown in Eq. 7-10, 
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Where k is the Boltzmann’s constant and rH is the hydrodynamic radius of the molecule. 

Calculation of the diffusivity with Eq. 7-10 is challenging without accurate estimates of the 

hydrodynamic radius. It is, however, easy to calculate the diffusivity, D, at a given temperature, T, with a 

known viscosity, μ, if the viscosity and diffusivity are known at a reference temperature, T0.  
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The conductivity can be calculated in an identical fashion. Standard state diffusivities and conductivities 

of copper sulfate systems are readily available in literature.171,168,172  The viscosity of aqueous EDA 

solutions at a range of temperatures is also available.59,173 The viscosity, μ, of an aqueous amine solution 

with copper salt is estimated by multiplying the viscosity of water, μW, by the specific viscosities (actual 

viscosity over the viscosity of water) of EDA, μEDA, and copper salt systems, μCu,. Values for μW, μEDA, and 

μCu can be found in literature. 

 CuEDA
W

W W

 
 

  
  
  

   (7-12) 

The first four parameters of Table 7-1 are based on the plant specifications. The next 19 parameters are 

specifications of the capture plant. The final 16 parameters are chemical properties of the EDA sorbent 

under the operating conditions. 

The plant specifications represent typical values for a 500 MWe supercritical coal-fired power 

plant.28 Both new power plants designed with carbon capture systems or existing power plants worth 

retrofitting would likely be supercritical. This analysis, however, will emphasize the economics of 

retrofitting existing plants, which is the most attractive aspect of the EMAR technology. 

To assess the total impact on the cost of electricity (COE), some estimates must be made with 

regard to capital costs. Two cases will be considered: 

Case 1: The capital cost of installing an EMAR system is equivalent to the cost retrofitting an 

existing plant with a thermal amine carbon capture system. 

Case 2: The capital cost of installing an EMAR system is equivalent to the additional cost of 

including a thermal amine carbon capture system in a built for purpose plant. 

Because of the simplicity of the EMAR system and low level of required integration, Case 2 may be the 

more accurate representation. 
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Table 7-1. Inputs of parameters for the techno-economic assessment of three different EMAR configurations. Plant 
specifications based on a sub-critical coal-fired power plant. 

Parameter Abbrev.
Flat Plates Porous Zero-Bubble 

Value Unit Value Unit Value Unit 

CO2 Mass Flow Rate FCO2 466 Mg/hr 420 Mg/hr 420 Mg/hr 

Flue Gas CO2 Partial Pressure PF 0.11 bar 0.11 bar 0.11 bar 

CO2 Capture Fraction xCO2 0.9 0.9 0.9 

Incoming Flue Gas Temperature TF 55 oC 55 oC 55 oC 

Membrane Current Density jM 500 A/m2 500 A/m2 500 A/m2 

Absorber Pressure Pabs 1 bar 1 bar 1 bar 

Anode Pressure PA 10 bar 10 bar 60 bar 

Desorption Pressure Pout 8 bar 8 bar 8 bar 

EDA Concentration [EDA]0 2 mol/L 2 mol/L 2 mol/L 

Flow Channel Thickness H 1 mm 2 mm 2 mm 

Superficial Flow Rate U 0.1 m/s 0.1 m/s 0.1 m/s 

Flat Plate Electrode Remix Length LR 0.1 m 

Porous Electrode Surface Area S  1000 m2/m3 1000 m2/m3 

Electrode Porosity εpore 1.0 0.9 0.9 

Darcy's Law Permeability kD  5 x 10-9 m2 5 x 10-9 m2 

Lean Copper Loading xlow 0.1 0.1 0.1 

Heavy Copper Loading xhigh 0.9 0.9 0.9 

Faradaic Efficiency ηF 0.9 0.9 0.9 

Compressor efficiency ηC 0.7 0.7 0.7 

Pump Efficiency ηP 0.7 0.7 0.7 

Effective Operating Temperature Tsys 70 oC 70 oC 60 oC 

Maximum Gas Fraction in Anode ymax 0.5 0.5 0 

Effective Membrane Thickness dmem 0.25 mm 0.25 mm 0.25 mm 

CO2 Binding Constant KCO2 145 145 360 

SS Anode Exchange Current Density i0
A 56 A/m2 56 A/m2 33 A/m2 

SS Cathode Exchange Current Density i0
C 152 A/m2 152 A/m2 89 A/m2 

Anode Electron Transfer Coefficient αA 0.35 0.35 0.35 

Cathode Electron Transfer Coefficient αC 0.35 0.35 0.35 

Henry's Law Constant HCO2 3800 bar 3800 bar 3300 bar 

Molar Volume vm 0.02 L/mol 0.02 L/mol 0.02 L/mol 

Lean Solution Viscosity μL 0.65 mPa*s 0.65 mPa*s 0.75 mPa*s 

CO2 Loaded Solution Viscosity μCO2 1.3 mPa*s 1.3 mPa*s 1.5 mPa*s 

Cu2+  Loaded Solution Viscosity μCu 1.3 mPa*s 1.3 mPa*s 1.5 mPa*s 

Lean Solution Diffusivity DL 1.2 x 10-9   m2/s 1.2 x 10-9    m2/s 1.0  x 10-9   m2/s 

CO2 Loaded Solution Diffusivity DCO2 0.6  x 10-9  m2/s 0.6  x 10-9   m2/s 0.5  x 10-9   m2/s 

Cu2+ Loaded Solution Diffusivity DCu 0.6  x 10-9  m2/s 0.6  x 10-9   m2/s 0.5  x 10-9   m2/s 

Lean Solution Conductivity κL 22 S/m 22 S/m 19 S/m 

CO2 Loaded Solution Conductivity κCO2 11 S/m 11 S/m 9 S/m 

Cu2+ Loaded Solution Conductivity κCu 22 S/m 22 S/m 19 S/m 
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Based on these input parameters, the dimensions of the necessary EMAR cell can be readily calculated. 

The required membrane area is a function of the membrane current density, the Faradaic efficiency, and 

the rate of CO2 capture. 
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The path length of the EMAR cell can be calculated using Eq. 7-3 with the low and high copper loadings 

in lieu of the ΔCCu term as shown in Eq. 7-14. 
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The EMAR cell width, W, which is the total width of all the parallel channels required, is calculated by 

dividing the total membrane area by the path length. The volume of all the flow channels is calculated by 

multiplying the membrane area by the channel thickness and the porosity. 
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The diffusivity and conductivity in the anode are calculated by the average of the CO2 and copper loaded 

values. The diffusivity and conductivity in the cathode are calculated by the average of the copper loaded 

and lean values. The dispersion, or effective diffusivity, in the porous electrode systems is estimated to be 

one order of magnitude higher than the molecular diffusivity because agitation caused by flowing through 

a porous matrix. The dispersion in the flat plate system is predicted to be twice the molecular diffusivity 

because flow profile through the channels will not have time to fully develop.  

 The open-circuit potential is calculated by a modified form of Eq. 3-6 shown in Eq. 7-16. The 

higher values of PA and KCO2 in the zero-bubble case lead to an increased open-circuit potential. 
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The anodic and cathodic overpotentials are based on the Butler-Volmer equation presented in Eq. 4-6. 

The values for the exchange current densities are only the standard state values (i.e. [EDA]0 = 1M and 
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migration through the membrane. The resulting overpotential can be calculated using Eq. 7-18, which 

closely resembles Eq. 7-17. 
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   (7-18) 

To account for the below unity porosity and tortuosity of the membrane, and effective length of 10 times 

the standard membrane thickness of 25 μm is used. An average of the anode and cathode conductivities is 

used for calculating the membrane overpotential. 

 The total potential per cell, ΔEnet, can be calculated as the sum of the open-circuit potential, the 

kinetics potentials, the transport potentials, the solution potentials, and the membrane potential; all of 

these values are reported in Table 7-2. The flat plate and zero-bubble systems require similar potentials of 

0.35 and 0.37 volts respectively. The range of copper loadings, however, is wider for the zero-bubble 

porous electrode case, which increases the required potential. The standard porous electrode system 

shows significantly better performance at 0.29 volts. 

 The required volumetric sorbent flow rate can be calculated from the dimensions of the EMAR 

system and the superficial velocity. Using Eq. 7-13 through Eq. 7-15, the volumetric flow rate can also be 

calculated in terms of the process parameters. 
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The pressure drops across the system are calculated either Poiseuille equations for laminar flow between 

parallel plates or using the Darcy’s law permeability coefficient, kD. For a flat plate system, the pressure 

drop, ΔP is calculated with Eq. 7-20. For the porous electrode system, the pressure drop is calculated with 

Eq. 7-21. 
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The results, which are shown in Table 7-2, demonstrate the dramatically lower pressure drops of a flat 

plate system compared to a porous electrode system. Lowering the velocity in the porous electrode 

systems by 50% would reduce the pressure drop by a factor of 4. This should be strongly considering in 

any sensitivity analysis or design optimization of porous electrode systems. 

Table 7-2. Calculated system properties for the three configurations examined in the techno-economic analysis. 

Parameter Abbrev.
Flat Plate Porous Zero-Bubble 

Value Unit Value Unit Value Unit 

EMAR Membrane Area Amem 0.51 km2 0.51 km2 0.51 km2 

EMAR Cell Path Length Lp 24.7 m 55.6 m 55.6 m 

EMAR Cell Width W 20.5 km 9.1 km 9.1 km 

EMAR Flow Cell Volume Vcell 404 m3 1011 m3 1011 m3 

Electrode Area/Membrane Area S*H 1 2 2 

Anode Dispersion DA 1.2 x 10-9 m2/s 0.6 x 10-8 m2/s 0.5 x 10-8 m2/s 

Cathode Dispersion DC 1.8 x 10-9 m2/s 0.9 x 10-8 m2/s 0.8 x 10-8 m2/s 

Anode Conductivity κA 17 S/m 17 S/m 14 S/m 

Cathode Conductivity κC 22 S/m 22 S/m 19 S/m 

Open-Circuit Potential ΔEOC 0.215 Volts 0.215 Volts 0.287 Volts 

Anode Kinetic Overpotential Ek
A 0.034 Volts 0.022 Volts 0.030 Volts 

Cathode Kinetic Overpotential Ek
C 0.026 Volts 0.013 Volts 0.021 Volts 

Anode Transport Overpotential ET
A 0.026 Volts 0.015 Volts 0.017 Volts 

Cathode Transport Overpotential ET
C 0.039 Volts 0.012 Volts 0.015 Volts 

Membrane Overpotential EM 0.007 Volts 0.007 Volts 0.008 Volts 

Solution Overpotential ES 0.000 Volts 0 Volts 0 Volts 

Total Cell Voltage ΔEnet 0.347 Volts 0.284 Volts 0.377 Volts 

Sorbent Flow Rate FS 1.64 m3/s 1.64 m3/s 1.64 m3/s 

Pressure Drop Across Cell ΔP 0.53 bar 11.4 bar 13.1 bar 

Number of CO2 Release Steps NR 5 5 2 

Pressure Drop for Release ΔPR 1 bar 1 bar 25 bar 

 

The number of CO2 release steps is another important design factor. This determines how many times the 

solution may have to be removed from the electrochemical stack, which requires significant piping and 

instrumentation. When the solution is pumped back into the stack, the pressurization requirement is 

estimated by ΔPR. Because of the high anode pressure in the zero-bubble case, it is costly to repressurize 

the sorbent. It is assumed that 50% of the pressure can be recovered through turbines.  
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To calculate the number of release steps, we first calculate the volume of CO2 captured, VCO2, per 

volume of solution, VS, per cycle through the system. 

   2

0EDACO sys
high low

S A

V RT
xx

V P
    (7-22) 

This ratio divided by twice the maximum gas ratio, ymax, yields the number or release stages, NR. 

   0ED
1

2
A sys

R high low
max A

RT
N x x

y P
    (7-23) 

For the zero-bubble system, where the maximum gas fraction is zero, we must consider the physical 

solubility. Therefore, we the divide the moles of CO2 captured per liter of solution by the difference in 

moles per liter of CO2 physical solubility from the anode pressure to the desorption pressure. The 

difference in solubility is difficult to theoretically represent as a function of temperature and pressure, but 

can found in tables and charts from literature. Based on the conditions described in Table 7-1, the 

difference in physical solubilities is approximately 0.7 moles/L, which necessitates 2 release steps. Each 

step is costly due to the significant amount of lost pump work during the depressurization. 

 Table 7-3 shows the different parasitic electrical demands required to operate the EMAR 

scrubber. Additionally, the cooling duty required by the absorber and the heat duty required by the EMAR 

cell to maintain isothermal operation are reported. The electric demand of the flue gas blower, WB, is 

calculated by an empirical equation. 

 
2

1.45

100,000

 MW

kg CO per our hBW    (7-24) 

The pump demand is calculated assuming 70% efficiency. The compressor work is calculated assuming 

70% isentropic efficiency using the Peng-Robinson equation of state described in Chapter 2. 

 The absorber cooling duty is calculated by subtracting the heat that can be removed by the 

increase in temperature of the flue gas from the heat released by the absorption of CO2. A gas heat 

capacity, cP, of 1 kJ/kg/oC and an enthalpy of sorprtion, ΔHrxn, of 85 kJ/mole CO2 are assumed. 
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       2
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EDA CO
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F
Q xF Hx c

P
TT       (7-25) 

The heat requirement for the electrochemical cell can be calculated by a similar equation. It is assumed all 

of the energy from the electrochemical and pump inputs eventually heats the fluid in the electrochemical 

cell. 

     0
EDAH S high low rxn EC Px HQ F x W W     (7-26) 

Table 7-3. Parasitic energy requirements for the three EMAR configurations in the techno-economic analysis. 

Parameter Abbrev. 
Flat Plate Porous Zero-Bubble 

Value Unit Value Unit Value Unit 

Electrochemical Electricity Demand WEC 87.7 MW 71.7 MW 95.4 MW 

Pump Electricity Demand WP 1.2 MW 3.7 MW 8.9 MW 

Compressor Electricity Demand WC 23.2 MW 23.2 MW 21.7 MW 

Flue Gas Blower Electricity Demand WB 6.0 MW 6.0 MW 6.0 MW 

Total Electricity Demand Wnet 118 MW 105 MW 132 MW 

Power Plant De-rating  23.6 % 20.9 % 26.4 % 

Absorber Cooling Duty QC 207 MW 207 MW 217 MW 

EMAR Cell Heating Duty QH 134 MW 147 MW 118 MW 

  

The heating and cooling demands for the absorber and electrochemical cell are large, which substantially 

erodes the advantage of an electrochemical system. However, if non-isothermal operation is considered, 

where temperatures are allowed to vary approximately 10oC within both units, the required heat and 

cooling duties become manageable. The necessary temperature swing for adiabatic operation, ΔTad, of one 

of the units can be calculated by Eq. 7-27. A heat capacity for the sorbent of 4 kJ/kg/oC is reasonable. 

More dilute working solutions and amines with lower heats of reaction would also reduce the heating and 

cooling duties. 

 ad
S P

Q

c
T

F
    (7-27) 

All three configurations tested in the techno-economic analysis yield power-plant de-ratings between 

20.9% and 26.4%, which is a relatively narrow range considering the high levels of uncertainty about 

many of the important chemical and design parameters. The zero-bubble system performs the worst due 
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to the high pump work required to re-pressurize the solution after the intermediate release step. The zero-

bubble system also suffers from operating at a lower temperature, which is necessary to keep the release 

steps to just one intermediate step and the release step at the end of the anode. 

 The difference in kinetic and transport overpotentials between the flat plate system and the porous 

electrode system becomes somewhat minor compared to the final electrical demand. The flat plate 

systems also benefit significantly from the much reduced pressure drop across the system. If a spacer 

material is required for structural support, however, that could add to the pressure drop of the system. 

 When compared with the estimated 36% de-rating of supercritical retrofits using conventional 

scrubbing technologies and an estimated 31% de-rating for the installation of an oxy-fuel system, the 

EMAR scrubber shows tremendous potential.28 For a purpose built system, however, there is no 

significant efficiency advantage for using an EMAR scrubber over the other technologies. 

 The calculated de-ratings can be used to calculate a levelized cost of electricity (COE) based on 

several previous techno-economic analyses done by EPRI and Alstom, which were normalized in the MIT 

Future of Coal report.28,174,175 The COE is based on 2005 dollars. Operation and maintenance costs were 

assumed linearly correlated to total capital costs between the power plant and the capture plant. 

 Two cases were considered to predict the capital cost of an EMAR system. Case 1 assumes the 

cost of the EMAR capture plant is equal to the cost of a retrofit thermal amine scrubbing plant. Case 2 

assumes the cost of the EMAR capture plant is equal to the cost of including a thermal amine scrubbing 

plant in a built-for-purpose capture plant. Based on the MIT report, the capital cost in Case 1 is $17/MWh 

of gross electrical capacity (i.e., before considering the parasitic losses due to the capture plant). For Case 

2, the cost is $8.2/MWh. Figure 7-6 shows the COE for the base case supercritical plant with no capture, 

for new and retrofit thermal scrubbers, and for a flat plate EMAR system under both cases. Because of the 

drop-in nature of the EMAR system, the capital cost of the capture plant is not expected to be 

significantly different for retrofits or new built-for-purpose plants. 
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scrubber shows tremendous potential. For a purpose built system, however, there is no clear efficiency 

advantage for using an EMAR scrubber over the other technologies. It is implicitly assumed in this 

analysis that a stable and robust EMAR system can be designed to last decades without significantly more 

maintenance than the other competing technologies. This will require further development and 

experimentation beyond what has been currently demonstrated.  

 In addition to the high efficiencies of the EMAR system, the “drop-in” format of the technology 

may allow for significantly reduced capital costs compared to conventional thermal scrubbers in retrofit 

applications. Additionally, EMAR systems are more versatile and can be applied to other industries, such 

as cement, steel, and aluminum. EMAR systems may also be effective for smaller-scale applications such 

as producing CO2 for bio-refineries or even removal of CO2 from enclosed areas in spacecrafts or 

submarines. 
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Chapter 8 

8. Conclusions and Recommendations 

Summary 

This thesis has made a compelling argument for further research into electrochemically-mediated amine 

regeneration scrubbers for post-combustion carbon dioxide separations. In the introduction, the need for 

an electric “drop-in” technology capable of less invasive retrofits of existing power plants was 

highlighted. Furthermore, a capture technology of this form would be effective for carbon capture from 

other large point-source emitters such as cement, steel, and aluminum plants. 

 The specific chemistry chosen for the EMAR process was developed and optimized in the second 

chapter through screening of 13 different metals and 14 different amines. Operational benefits of the 

process, which included high pressure desorption, reduced absorber size, and the ability to use 

polyamines that are poorly suited for thermal systems, were also discussed. 

 The thermodynamics and kinetics that govern the performance of an EMAR capture system were 

explored through experimentation and modeling in Chapters 3 and 4. The thermodynamic limit of the 

system efficiency was determined to be 70% at open-circuit conditions. Analysis of the electrochemical 

reaction kinetics demonstrated a significantly more facile process than would have been predicted by 

conventional theories on dissociative electron transfer. Derivation of a new theory based on a consecutive 

two-electron transfer process, where the intermediate is stabilized by the complexing agent justifies the 

enhanced kinetics. 

 Using the experimentally determined thermodynamics and kinetics, the performance of real 

systems was predicted using transport models for flat plate electrode and porous electrode systems. In 

both cases, the partial differential equations (PDE) governing the transport phenomena are simplified 

through a detailed analysis based on reasonable approximations. For the flat plate system, the employed 
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integral solution strategy converts the PDE to an ordinary differential equation (ODE). For the porous 

electrode system, the coupled PDE based on the Nernst-Planck equation can be solved entirely by a set of 

two non-linear algebraic equations. 

 A proof-of-concept device was constructed to demonstrate the ability for an EMAR scrubber to 

successfully capture CO2 at the bench scale. The system achieved up to 80% Faradaic (current) efficiency 

despite limited optimization of the system design. Stable cyclic operation was achieved and experiments 

up to 7 hours showed no deterioration of performance over time. Experiments with nitrate salts systems 

achieved CO2 capture at a rate of 800 sccm/m2 with an electricity demand of 100 kJ/mole CO2. This was 

achieved despite the limitation of the operating conditions to ambient temperature and pressure. 

Experiments with chloride salt systems were inconsistent due to significant corrosion problems with the 

aluminum frame of the device. Copper powder formation in the solution occurred along with loose copper 

film formation on the electrode surface; the long-term implications of these phenomena are not known. 

   Recommendations for the next generation bench-scale system were provided in Chapter 7 based 

on experience from operating the proof-of-concept system. A specific design for future electrochemical 

cell stacks and suggestions for peripheral equipment and control strategies were provided. Additional 

concerns including material stability, electrochemical stack heating, and sorbent solution composition 

were also discussed. 

Based on the best available thermodynamic, kinetic, transport, and operational experience, a 

thorough techno-economic analysis (TEA) is provided. The TEA shows that several different EMAR 

configurations could achieve below 30% de-ratings on a sub-critical coal-fired power plant. This 

performance is a significant improvement over traditional thermal scrubbing system, which would cause a 

42% de-rating. The 20% to 30% de-ratings for an EMAR system, however, are not a significant 

improvement over other technologies when considering a built-for-purpose power plant with CO2 capture. 
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Directions for Future Research 

While this thesis has shown that an EMAR system has the potential to drastically reduce the cost of 

retrofitting an existing plant, many significant technical challenges must be considered before the process 

could be ready for application in industry. 

At the forefront of these concerns is operational stability. It must be proven that an EMAR system 

could operate continuously for weeks or months without failure of the electrodes. The mode of failure 

could be oxidation due to dissolved oxygen, poor cyclic plating, or passivation. The rate of degradation of 

the amine sorbent must also be considered. Cupric ions have been shown to increase the rate of oxidative 

degradation in amines; the concentration of cupric ions in the EMAR system, however, is far greater than 

has been tested previously. The extent of the catalysis at these higher concentrations requires 

investigation. The effects of flue gas impurities, primarily sulfur dioxide (SO2), are also a significant 

concern. If the EMAR system can successfully regenerate amines complexed with SO2, it will represent a 

tremendous advantage of the EMAR strategy over traditional thermal scrubbing.   

More advanced tools for optimization and sensitivity analysis of EMAR systems must be 

developed. To accomplish this, all of the calculations described in the TEA need to combine in a 

comprehensive computer code. This will greatly improve the ability to perform techno-economic analyses 

that consider the optimum design of these systems. The ability to quickly optimize a design will also be 

necessary to effectively model the capital cost of a system. Since the capital expense will be extremely 

sensitive to the size of the system, it is impossible to effectively assess the capital costs without 

integration with a detailed capture plant performance model. 

Further research is warranted on the performance of aminoethylethanolamine, which shows 

promising kinetics and reasonable thermodynamics. The kinetic effects of different additives, including 

halides and small organics, should be explored. Investigation of chloride salts demonstrated a 

combination of impressive catalysis of the electrochemical reactions with undesirable tendencies towards 

reduced Faradaic efficiencies and copper powder formation. 
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Confirmation of the transport results from Chapter 5 is also necessary. While the thermodynamic 

and kinetic models were confirmed with experimental results, the developed transport models were not 

experimentally validated. Construction of small analytical test cells followed by experiments with varying 

currents, potentials, and flow rates is the most straightforward approach. To minimize the complexity of 

these systems, the CO2 generation rate, which is more challenging to measure than the current or 

potential, should not be measured. The diffusive flux of different species through the membrane materials 

should also be investigated. 

The development of this technology for other applications beyond post-combustion CO2 capture 

should also be explored. In the Appendix, several examples of pH-modulation using EMAR-like systems 

are described. Separations of other gases or CO2 from non-combustion sources could be a useful 

application. Separations of CO2 and hydrogen sulfide from natural gas are becoming more important with 

the recent boon in natural gas production. Liquid-phase separations may also be possible but will likely be 

more complicated. Electrochemical separations of various organic pollutants have been shown previously, 

but have never been industrially relevant. The competitive complexation strategy that was introduced in 

this thesis and proven effective in EMAR, may allow for the development of more successful 

electrochemical separation processes in the future. 
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9. Appendix 

A) Experimental Techniques 

Chemicals 

Stock solutions were prepared with distilled and deionized 18 MΩ water using a Milli-Q system. Almost 

all chemicals used were purchased from Sigma-Aldrich with a few purchased from VWR and a few from 

Alfa-Aesar. Background electrolytes used were sodium nitrate (NaNO3, purity >99%), potassium nitrate 

(KNO3, purity > 99%) and sodium chloride (NaCl, purity > 99%). Cupric ions were added to solutions 

through the addition of copper nitrate semi(pentahydrate) (Cu(NO3)2, purity>98%), copper sulphate 

(CuSO4, purity>99%), or copper chloride (CuCl2, purity>97%) . All amines used were of at least 99% 

purity. For TETA, which was purchased as a solid hydrate, the supplier-provided Karl-Fischer titration 

data were used to determine the true molecular weight of the hydrated complex. Sulfuric acid solutions 

were prepared from a 2.5 M solution purchased from Sigma-Aldrich. Ag/AgCl reference electrodes were 

purchased through BASi (West Lafayette, IN). Copper 101 alloy (purity > 99.99%) was used for the 

copper plate electrodes and the copper wire. 

Solution Preparation 

Stock solutions were prepared using volumetric flasks ranging from 10 mL to 500 mL. First, the desired 

weights of amines, copper salts, and electrolytes would be added to the volumetric flask. Then water 

would be added until the solution reaches the target volume. Typical stock solutions included: 

 4N amine solutions (i.e., 2M EDA, 2M AEEA, 1M TETA, 1.33M DETA) 

 Copper salts: 2M Cu(NO3)2 , 1M CuSO4 , 4M CuCl2 

 Electrolytes: 5M NaNO3 , 4M NaCl, 3M KNO3 

Experiments were often run at 2 N amine, hence the choice for a 4 N stock solution. The concentrations 

of the copper salts were generally as high as possible without forming precipitate. It was difficult to store 
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can then be sent to a new vessel to undergo some acid-catalyzed process. Once that process is complete, 

the solution can be sent to the cathode of the electrochemical cell, where the copper oxide is being 

continuously reduced to copper metal and thereby absorbing protons from the solution. If the system is 

operated correctly, the outlet solution should leave at approximately the same pH as the inlet entered. This 

avoids the need to add either salt or electrolyze water to achieve pH swings. 

 Avoiding the electrolysis of water has many practical advantages. Electrolysis requires large 

overpotentials or expensive catalysts, which are cost prohibitive. There are also applications where acidic 

environments in the absence of water are desired. The production of biodiesels through transesterfications 

is one such example of a process, which organic solvents rather water. The transesterfication process is 

acid catalyzed, but homogenous catalysis is difficult due to the need to neutralize the acid after the 

reaction is complete. Electrochemical modulation of the pH could allow for the acidification of the 

solution followed by neutralization without adding any chemicals. One example of how this could be 

achieved would be the reversible oxidation and then reduction of hydroquinone to release protons then 

reabsorb them. 

 Actuation of mechanical switches through the control of pH-dependent polymers is another 

possible application of electrochemically-modulated pH environments. Technologies based on water 

splitting have previously been considered for hydroponic applications where the constant addition of 

acids and bases to the plant environment leads to the detrimental buildup of salt concentrations. 

Microbiological bioreactors could be another system where pH control without salt accumulation is 

desirable. 

 Several experiments, based on lead, quinone, and copper chemistry, were performed as part of a 

patent application filed in August, 2012 (still pending as of September, 2013). The experiments used the 

2nd generation electrochemical cell seen in Figure 9-2. 
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energies (IE) and electron affinities (EA) can be performed effectively, significant doubt has been placed 

on the ability to correctly address their solvation energies correctly. 

Polarized continuum models (PCM) have been used to predict their solvation energies, but make 

many assumptions about the solvation cavity that limit their applicability to systems with strong 

electronegative or electropositive areas.  Inclusion of explicit solvent molecules has been used to improve 

the incorporation of specific solvent interactions.  Hybrid quantum mechanical and molecular mechanics 

may offer the best chance for an accurate and computationally tractable representation of the solvents.  

Methods: 

All simulations were performed using Gaussian 03 on a 56 core Linux cluster.  Reaction energies and 

redox transition energies were calculated by separately evaluating the gas phase and solvent contribution 

as has been done previously.  All geometries were optimized and frequency calculations were done using 

mpw1pw91 6-31+G(d,p) formalism.  Gas phase energies were calculated using mpw1pw91 6-

311++G(3df,3pd).  Solvation energies were calculated using CPCM reaction field with HF/6-31+G(d,p) 

basis sets using the UAHF solvent radii. The DFT approach towards calculating the gas phase energies 

was used instead of MP methods because of their ability to effectively model the radical species. Using 

the MP2 method, the spin-contamination, <S2>, greatly exceeded the desired value of 0.75, which 

highlights the method’s ineffectiveness.  

Simulations were performed to ascertain the redox potentials for transition (with respect to the 

absolute standard hydrogen electrode thought to be approximately 4.36 volts) and the reaction free 

energies of the quinone species with CO2.  Because the interactions between the quinone in the radical 

state and CO2 are non-covalent, the mpw1pw91 DFT methodology was chosen in lieu of the more 

common B3LYP do to its asymptotically correct predictions of longer range dispersion interactions.  All 

reported energies assume a standard state concentration of 1 mole/dm3 and a temperature of 298.15 

Kelvin. Gas phase basis set superposition errors were corrected using the counterpoise method. These 
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 2 2 2 2
2 2] ][ [PQ CO Q Q CO PQ           (9-1) 

Here PQ represents phenanthraquinone, whose complexation reactions with CO2 have been reported in 

literature, and Q represents any other quinone.  When comparing the experimentally determined value for 

phenathraquinone (oAQ) to the predicted value from the quantum simulations, we find a disagreement of 

-8.7 kcal/mole.  By adding this difference to all of the simulated values, we arrive at an adjusted free 

energy value that reduces the systematic error of the simulation procedure. 

Table 9-2: Binding free energies and their associated equilibrium constants 

First CO2 Binding Second CO2 Binding 
Quinone ∆Ggas ∆Gsolv K1 K1

adj ∆Ggas ∆Gsolv K2 K1
adj

BQ -33.79 20.55 1.0E+10 2.5E+16 -18.93 15.36 8.3E+02 2.1E+09
NQ -26.50 17.50 7.9E+06 2.0E+13 -12.62 10.97 3.2E+01 8.0E+07

oNQ -23.73 17.21 1.2E+05 3.0E+11 -7.12 8.46 2.1E-01 5.2E+05
oAQ -17.73 10.73 2.7E+05 6.7E+11 -4.74 8.55 3.2E-03 8.0E+03
AQ -19.50 10.31 1.1E+07 2.7E+13 -5.04 8.44 6.4E-03 1.6E+04

BQCl4 -14.56 9.60 8.7E+03 2.2E+10 -0.97 7.49 3.3E-05 8.3E+01
dtBBQ -27.69 14.04 2.0E+10 5.0E+16 N/A N/A N/A N/A 

 

By combining the results of Tables 9-1 and 9-2, the effect of adding CO2 to the solution on the redox 

potentials can be determined.  Assuming a saturated solution at 1 bar of CO2 pressure, the equilibrium 

potentials of the solutions can be calculated. Benzoquinone shows significantly higher binding affinity for 

CO2 than the larger aromatic naphtha- and anthra- quinones. Additionally, para-quinones appear to have 

significantly higher equilibrium coefficients than ortho-quinones. Electron withdrawing side groups, such 

as chlorine atoms, reduce CO2 affinity by pulling electronegativity away from the oxygen anions. Alkyl 

side groups, such as methyl or tert-butyl groups, increase CO2 affinity by donating electronegativity to the 

oxygen anions. Binding of the second CO2 is significantly weaker since the first CO2 molecule stabilizes 

the dianion by drastically increasing the resonance possibilities for the pi electrons. Values for the second 

binding of CO2 for (2,6)-di-tertbutyl-benzoquinone (dtBBQ) is not shown since the structure is 

significantly hindered. These results agree with experimentally reported trends, but it is impossible to 

make more quantitative claims due to the difficulty of measuring these equilibrium values. 
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 The reactivity of several other flue gas components with the dianion quinones were also 

investigated and the results are shown in Table 9-3. Reactions were classified based on the behavior of 

the molecules. Strong acid gases such as CO2, SO2, and SO3 formed covalent bonds. Highly oxidized 

species including oxygen and NO2 oxidized the dianion species to form superoxides and nitrite, 

respectively. Neither CO nor NO appeared to have any significant interaction. From these results, it is 

believed that CO2, SO2, SO3, and H2S could be scrubbed effectively by quinodal dianions. 

Table 9-3: Rough approximations of equilibrium binding constants of various gases with dianion quinones.  

Gas Reaction Mechanism Strength (Krxn) Comment 

CO2 Q2- + CO2  (Q-CO2)
2- 1020 Covalent 

SO2 Q2- + CO2  (Q-CO2)
2- 1030 Covalent 

SO2 Q2- + SO2  Q- + SO2
- 1010 Oxidation 

SO3 Q2- + SO3  (Q-SO3)
2- 1050 Covalent 

H2O Q2- + H2O  (Q-H2O)2- 105 Hydrogen 
H2S Q2- + H2S  QH- + HS- 1010 Protonation 
O2 Q2- + O2  Q- + O2

- 105 Oxidation 
NO2 Q2- + NO2  Q- + NO2

- 1020 Oxidation 
CO Q2- + CO  (Q-CO)2- Negligible Dipole 
NO Q2- + NO  (Q-NO)2- Negligible Dipole 
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