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Abstract
This is a final report for the MENG 472 senior project class. In this
project, I have designed, built and tested an Electrochemically Mediated
Amine Regeneration (EMAR) reactor, which will be a part of a proof
of concept space station life support subsystem for CO2 scrubbing. The
final deliverable for this project is a functional EMAR reactor, which is
able to continuously and efficiently release CO2 from loaded amines. This
report describes the problem statement, design process and testing of the
reactor.
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Introduction

MENG 472 is a one semester special project class required for all seniors majoring in the Mechanical Engineering ABET curriculum. In this class, I could
select any project that combines research and design and utilizes skills learned
through the ABET curriculum. I have decided to design and build a system for
removing CO2 from air for space station life support purposes.

1.1

Novelty

A CO2 scrubbing system is proven and operates on the International Space Station (ISS). However, its operation can be improved by implementing amine electrospraying and electrochemical regeneration technologies. This novel approach
promises higher efficiency than the current system. Based on a literature search,
a complete closed loop electrospray absorber-regenerator system has never been
tested yet. My task was specifically to develop the regeneration device.

1.2

Design constraints and objectives

Challenges associated with novelty discussed above lead to design constraints
and objectives. The only non-negotiable constraint is the safety of the regeneration device, which has to be leak-proof. The initial objectives were the following:
Ability to interface with the electrospray absorber. Efficiency higher than the
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current system. Amine utilization higher than in the existing system. Ability
to operate at a pressure of 600 psi. Average operation should remove at least 1
kg CO2 per day, which corresponds to production by an average human. Successful operation in microgravity would be desirable but is out of the scope of
this project. As the project developed, I had to give up on some objectives in
the interest of time in order to focus on the most important ones.
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Background

Extracting carbon dioxide from air has multiple applications, ranging from reduction of greenhouse gases from the atmosphere [1] [2] to regeneration of life
support systems on space stations, spaceships or submarines. In such life support systems, CO2 is first absorbed by a solution or a solid in an absorber facing
the controlled environment, and then released in a regenerator for disposal or
reprocessing. Such technology exists, is currently in use on the ISS and uses
a thermal vacuum cycle. However, its design has space for improvement of
efficiency.
Because resources are scarce in space and getting even an additional kilogram
of weight to space is very costly, there is an interest in new technologies that
could reduce the size and power demand of the life support system. Extraction
of CO2 using electrosprayed amine capture and electrochemical regeneration is a
new concept that appears promising. The regeneration has been demonstrated
by M.C. Stern et al. [3], but combining it with electrospray absorption has not
been proven yet. There is an opportunity to take this method and design a
device that would use it to increase the efficiency of CO2 scrubbing.
The EMAR cycle stands on the affinity of amines for transition metals such
as copper. Based on previous research by M.C. Stern [4], ethylenediamine
(EDA) is the optimal amine for this application. There are three underlying
reactions. First, in the absorber, CO2 gets captured by EDA. Then, the carbonated amine enters the anode, where a cupric ion takes place of the CO2 at
the EDA binding site, which leads to gas release. Finally, after separating the
gas, the metal complex enters the cathode, where the copper is plated out and
the amine is ready for another cycle. The reactions are described as follows:
Absorber:
EDA + CO2 −−−−−−→ EDA(CO2 )
Anode:
2EDA(CO2 ) + Cu −−−−−−→ EDA2 (Cu2+ ) + 2CO2(g) + 2e−
Cathode:
EDA2 (Cu2+ ) + 2e− −−−−−−→ 2EDA + Cu
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Figure 1: CO2 gas is released from the flask with carbonated EDA when current
passes through the electrodes.

However, these reactions would not occur alone, because they would produce
net charge. For that reason, a background electrolyte is usually added to the
solution. The electrodes are separated by a porous membrane, which allows the
background electrolyte to travel between the two environments and balance the
charge. In line with experiments conducted by Stern [4], I used NaNO3 as background electrolyte, because of its relative inertness to the electrode processes.
There are also possible parasitic reactions, which could take place instead of
the aforementioned reactions and decrease the CO2 yield. The most significant is
electrolysis of water, which activates at 1.23 V and is characterized by oxygen gas
release from the anode and hydrogen release from the cathode. It is important
to keep the voltage under this limit, to ensure that the anodic gas is indeed
carbon dioxide. It is also possible, that H+ ions present in the solution due
to natural dissociation of water react at the cathode to produce H2 . However,
because the solution will be very basic due to EDA, which is a strong base, this
parasitic reaction is not expected to be significant, as H+ concentrations are at
the order of 10−10 M.
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Chemical validation

The primary goal of this project is to develop a device that can continuously
release CO2 from carbonated amines. The secondary objective is to increase the
efficiency of the process. I have spent several weeks familiarizing myself with
the underlying chemistry, lab safety and reactor design considerations [5]. It is
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Figure 2: When Cu2+ ions enter the solution, they replace CO2 in the EDA
binding site, producing gas.

important to be aware of the chemical principles before building a device that
runs the reaction in bulk.
I have run several experiments on the EMAR chemistry. First, I have carbonated a solution of EDA with pure CO2 to saturation. Then, I used two
copper electrodes in a sealed flask to free the CO2 from the amine, using the
copper as a complexation target. I measured the gas produced in an inverted
cylinder. The setup can be seen in Figure 1. I have confirmed the ability to
release CO2 , but the yield was surprisingly low, which lead to the next experiment, where I injected a copper salt solution (Cu(NO3 )2 ) into the carbonated
EDA and observed the gas release. The design is shown in Figure 2, and the
results in Figure 3. The graph shows release of CO2 proportional to added Cu2+
up till the stoichiometric limit of 1 mol of Cu2+ per 2 moles of CO2 , at which
point all CO2 has been released.
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Reactor design

With the chemistry verified, I have designed the EMAR reactor, portrayed in
Figure 5. The design is based on Stern’s EMAR4 [4]. I have chosen a flat
design with a number of layers for ease of manufacturing, assembly and disassembly. The reactor has a plug-flow design, which means that it can process
solute continuously, rather than in batches. The layers are the following, from
the outside: aluminum chassis, silicone insulator, copper electrode, silicone flow
channel, cheesecloth, ion exchange membrane and again, in reverse order. An
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Figure 3: Titration curve for reaction of EDA with copper nitrate at steady
state addition of Cu(NO3)2

exploded view can be seen in Figure 6. The aluminum chassis provides structural integrity and holds the barbed fittings that the tubing connects to. The
aluminum is separated from the copper by a silicone insulator, which prevents
oxidation of the metals and confines charged surfaces to the inside of the reactor. The copper electrodes serve as a source and depositing surface for copper.
Current is provided directly to the electrodes through alligator clips, connected
to the corners of the electrode, which stick out of the reactor, because the edges
of all other layers have been chamfered off, and insulated with electrical tape.
The detail of the electrode attachment can be seen in Figure 4. The cheesecloth
sits in the flow channel and prevents the membrane from touching the electrode
surfaces, which would cause copper growth through the membrane.
With the reactor positioned vertically, there are four combinations of tubing
connections to the reactor terminals. In order to facilitate gas removal from
the anode, the anodic fluid flows from the bottom up. A short test confirmed
that in this configuration, gas is indeed released in a more continuous fashion.
In microgravity, the orientation would not matter but for the purpose of this
prototype, faster gas removal was preferable. For the cathodic flow, the choice
was between a co-flow or counter-flow design. A co-flow design would create
large concentration gradients of all present ions across the membrane, because
liquid from top of the anode would be entering the bottom of the cathode.
The gradient would be favorable on the bottom but adverse on the top of the
device, which would result in uneven use the electrode surface. In a counterflow design, EDA metal complex and nitrate concentrations would increase with
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Figure 4: Layer stack detail and electrode attachment

height sodium ion concentration would decrease with height at both electrodes.
Therefore, a counter-flow design was chosen for this device.
All layers of the stack have the same footprint and arrangement of holes for
the bolts that hold it together. An engineering drawing of the gasket with flow
channel is shown in Figure 8. The electrode area exposed by the gasket was
0.01m. The chassis was made of 0.5 in thick 6061 multipurpose aluminum. The
copper electrodes were made of 1/16 in thick 110 multipurpose copper. The
gaskets and insulators were made of 1/32 in thick extreme temperature silicone
rubber. All raw materials were purchased from McMaster-Carr. Celgard 3501
membrane was used to separate the two electrodes.
In order to prevent short circuit between the two electrodes, the aluminum
and copper were separated by an insulating layer. Moreover, to prevent shorting
by the shaft of the bolt, I have chosen to use nylon bolts. Because pressure inside
the reactor was atmospheric, nylon bolts were strong enough to keep the reactor
safely sealed.
I have also identified the necessary peripherals and measurement devices
necessary to operate the reactor and record data. The entire laboratory setup
is shown in Figure 7. The CO2 tank served as source of gas and was connected
through a flow meter and regulator to a bubbler, which carbonated the amines
in the absorber flask. A double head Masterflex peristaltic pump was used
to run the solution through both sides of the reactor. A double head pump
was selected rather than two separate pumps, because it is important for the
gas volume measurement that volume of the solution in both flasks does not
change. The flash tank was a flask used for gas and liquid phase separation.
Both flasks were sealed airtight with a three-hole stopper - one hole for fluid
intake, one for fluid exit and one for gas inlet/exit. Moreover, the absorber flask
stopper had an additional hole that lead excess CO2 into the lab vent. The gas,
separated in the flash tank would go through a flow meter, which indicated the
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Figure 5: Reactor stack

Figure 6: Exploded view of one side of the reactor stack
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Figure 7: EMAR reactor setup

CO2 production at the anode. A current supply with integrated voltmeter and
ammeter was connected to the copper electrodes. The reactor was connected
to the flasks with LS14 Masterflex tubing of 0.06 in ID. A quick test revealed
that platinum-cured silicone tubing is a good choice of material because of its
ability to withstand EDA for longer periods of time.
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Experimental

First part of the project was to confirm the chemical principles. Second part was
to design and build the EMAR reactor. The third part was to run experiments
on it, evaluate its efficiency and improve the design based on the tests. I selected
the electrode current efficiency to describe the efficiency of the reactor. It is
defined by Faraday’s law [6][7], which can be rearranged to include volumetric
flow rate of produced gas:
Φ=

F V̇
VM I

(1)

Where Φ is the current efficiency, F is the Faraday constant, V̇ is the volumetric flow rate of CO2 , VM is the molar volume constant and I is the current.
The stoichiometric coefficient is one, because based on the chemical equations
stated previously, one electron accounts for release of one CO2 molecule.
Transport equations describing the boundary layer and electrical double
layer at the electrode can be found in the book Analysis of Transport Phenomena by W.M. Deen [8]. However, these equations are out of the scope of my
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Figure 8: Engineering drawing of the flow channel

knowledge and this one semester project.

5.1

Water leakage test

Once the reactor was assembled, I tested its operation with deionized water.
The rationale was to identify potential leaks before using the toxic EDA. The
test also served to confirm, that the pump is able to fill the reactor, initially
filled with gas, with a liquid as well as to check that the pump is drawing equal
amounts of liquid from both flasks. The test showed no leaks, and even though
the reactor, because of its counterflow design and vertical orientation, did not
fill from both flasks equally, the system reached a steady state where the volume
of liquid in each flask was constant.

5.2

EDA test

With the reactor safety verified, I decided to run a test with a solution of 1M
EDA and 1M NaNO3 . A photo of the setup is shown in Figure 9. I started
with 100mL of the solution in both flasks, carbonated the absorber solution
with excess CO2 and then filled the reactor. Once all air was removed from the
reactor, I enabled the current. After a relatively long lead up time (1 hour), the
reactor indeed settled in a steady state of 6mL/min of CO2 gas at the anode,
with a rate 8 mL/min expected based on the current reading. The lag was
attributed to short carbonation time and initial lack of metal complex to react
at the cathode. By the time of gas production, the violet EDA copper complex
filled both flasks. This lead to a conclusion that at steady state, a fraction of
EDA has to be permanently bound to copper and therefore cannot participate
in CO2 transport. While harming the reactor amine utilization efficiency, this
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Figure 9: Photo of the reactor setup. Violet EDA-copper complex fills both
flasks when the reactor reaches steady state.

finding also meant that the solution exiting the reactor would have a higher
conductivity than expected, which was a concern for the eventual electrospray
absorber.
Quantity

Value

Pump flow rate
Voltage
Current
CO2 gas production

10 mL/min
0.79 V
0.619 A
6 sccm

Table 1: Data collected in the first EDA reactor test.
Results of this test prompted further tests, focusing on decreasing the transitional period, decreasing the outlet fluid ion concentration and increasing the
efficiency.
One of the secondary objectives of the project was to study the long term
operation of the reactor. After one hour of operation, I have disassembled
the reactor and observed the changes. The electrodes showed minor signs of
degradation, as seen in Figure 10, which could cause problems in long term
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Figure 10: Degradation of electrode areas exposed to the amine. Anode is
on the top (copper removal) and cathode is displayed on the bottom (copper
deposition).

operation in a single direction, mainly with copper growth on the cathode.

5.3

Asymmetric flask solution test

In order to minimize the lead up time and reduce the copper carryover from
the cathode, I designed an experiment similar to the previous one with two
changes. First, I let the absorber solution carbonate longer, putting double the
stoechiometric amount of CO2 needed to saturate the EDA. Second, I added
cupric ions to the flash tank by adding 1.6 mmol of Cu(NO3 )2 to the 100 mL of
solution from last experiment. The ions reacted with EDA to create the violet
EDA copper complex. Theoretically, this change should enable both sides of the
reaction to start immediately after turning on the current, however in reality,
gas started emerging from the anode only after the metal complex contaminated
the absorber, after which the setup behaved like in the previous test. Moreover,
gas emissions were also observed on the cathode side, suggesting conversion of
H+ to H2 .

5.4

Reduced electrolyte concentration test

As stated in the introduction, an important design objective of the EMAR
reactor is its ability to work in a loop with an electrospray absorber. The liquid
2+
coming out of the reactor is concentrated in Na+ , NO−
) ions,
3 and EDA2 (Cu
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Figure 11: Voltage, current and CO2 production at reduced electrolyte concentration.

and spraying a liquid with high conductivity poses problems. Therefore, the next
step was to reduce the molarity of the solution. Reducing the concentration of
EDA would directly impact the ability to carry CO2 , so the next test was to
reduce the concentration of the background electrolyte from 1M to 0.01M and
study how this change impacts the voltage, current and CO2 release rate.
I collected data at three different pump flow rates and plotted it on Figure 11.
Voltage was arbitrarily limited by 1.1 V, because at 1.23 V, parasitic reaction
of water electrolysis begins to take place. From the graph, it is clear that CO2
still gets transported, although at lower rates than with 1M concentration of
background electrolyte. The current also did not reach the desired 0.6 A or 60
A/m2 . However, this test showed that the reactor still works at a drastically
reduced electrolyte concentration. The rise in gas production rate with flow rate
could be due to the background electrolyte, which is not concentrated enough at
low mass flow rates to cross the membrane at the same rate as copper is being
depleted from the anode.

5.5

Flow channel iteration

Further increase in the flow rate was capped by the RPM limit of the pump.
However, in terms of scaling arguments, what matters is not the pumping rate
but rather the Reynolds number inside the reactor. Reynolds number is defined
as follows:
uD
(2)
ν
Where Re is the Reynolds number, u is the average fluid velocity inside the
Re =
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Figure 12: Second iteration of the flow channel

reactor, D is a characteristic length, in this case the thickness of the flow channel
(1/32 in) and ν is the kinematic viscosity of the solution. Since water was a
major component of the solution (93 % by volume), kinematic viscosity of water
is used for this calculation.
This reasoning lead to redesign of the flow channel, shown in Figure 12.
By reducing the width of the flow path, the velocity of the fluid in the reactor
increases at the same pump flow rate. The length of the channel was motivated
by an effort to keep the flow area more or less constant. However, this design
was not successful, because despite tight sealing of the the bolts around the
reactor perimeter, evidence suggests that the channel ”fingers” were slightly
displaced by the fluid and partially blocked the flow path.
In light of the deformation problems of the second flow channel, I designed a
third one, shown in Figure 13, featuring also a reduced width but straight flow
path. The gasket was made of Teflon (PTFE) of the same thickness 1/32 in,
because silicone rubber was not available.
Results of the last test are shown in Figure 14. It is clear from the graph
that initially, the efficiency increases with Reynolds number, but then reaches a
maximum and declines, most probably because the fluid does not have enough
residence time in the reactor to unload all the CO2 . It appears that maximum
efficiency can be achieved around Re = 8. Because of the lower pump flow rate,
it also took longer than in the previous tests to fully remove all air present in
the reactor since assembly. It is also interesting to notice that even at the same
Reynolds number, the narrow path reached higher efficiencies, probably due to
flow nonuniformities and channeling around the cheesecloth.
A parameter that was not taken into account when calculating the Reynolds
number is the thickness and pore size of the cheesecloth, which sits in the flow
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Figure 13: Third iteration of the flow channel, 40% width of the first channel

Figure 14: Narrow flow channel test data
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Figure 15: Cheesecloth comparison

channel. In order to evaluate the influence of this spacer on the efficiency, I
designed another test, running the reactor with all parameters unchanged except
using a cheesecloth with a pore size of 2 mm instead of 1 mm. The results can
be seen in Figure 15. It appears that the cheesecloth plays an important role
beyond separating the membrane from the electrode. Since smaller pore spacer
performed better, it can be reasoned that the denser cheesecloth helps with flow
mixing better than the coarser one.
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Future work

If given more time, I would proceed in trying to improve the efficiency by placing
the flasks in heated baths and increasing the pressure in the system. I would
try decreasing the molarity of the solution even further to make the circulating
liquid more friendly to the future electrospray absorber. Since amines are known
to be toxic to humans, volatility of EDA is an issue. Even though carbonated
EDA has low volatility [9], free EDA is known to be volatile. For that reason,
I suggest attaching a gas spectrometer to the flue CO2 line to measure the
concentration of EDA or using a solvent trap. Next, it would be of interest to
observe the degradation of the electrodes in the long run. Last, but not least, the
reactor design would have to be adapted to microgravity environment. Through
a short test, I have shown that the orientation of the flow with respect to gravity
matters, because buoyancy of CO2 bubbles helps them exit the reactor, which
would not be the case in microgravity. Moreover, the flash tank would have to be
replaced with a microgravity liquid/gas separator. Simulating microgravity in a
1g environment is not possible with the current reactor design at any orientation.
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7

Conclusion

The main deliverable of this project was to design and build a device that
would be able to extract CO2 and operate safely. That objective has been met.
Despite the lack of information on the current system, I have spent considerable
effort on making the reactor more efficient compared to the initial prototype.
Operating at 0.23 W, the final prototype can extract 2.16 L of CO2 a day,
which is about 10% of human production. While this value does not satisfy the
scale objective, it could be achieved by increasing the wetted area and power
or running multiple devices in parallel. Due to time constraints, I was not
able to complete most of the secondary objectives concerning scale, pressure
endurance and amine utilization. The educational objective of this project was
to give me an insight into the human spaceflight specialization of aerospace
engineering, which I am considering for graduate studies. Through this project,
I have learned the basics of chemical engineering and how to combine them with
my knowledge of mechanical engineering to produce a complex device. This
project also increased my skills in laboratory work, machining, troubleshooting,
documentation and self-motivation.
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