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Abstract
In this study, radioactive gas phase materials that are extremely expensive to dispose of
using conventional means were converted into easily and inexpensively disposable substances
using electrochemical methods. This research was motivated by the need to develop radioactive
gas disposal methods that are more efficient and less expensive then conventional technologies.
Tritium, and C-14 tagged carbon dioxide, carbon monoxide, and hydrocarbons were the gases
studied. The two main components that were vital to this study were a polymer electrolyte fuel
cell and a carbon dioxide absorption bubbler. The fuel cell directly converted tritium gas to
tritiated water, and carbon monoxide and hydrocarbons to carbon dioxide, hydrogen, and water.
The carbon dioxide bubbler absorbed the gas and converted it into CaCO3 precipitate in water.
Various measures were used to gauge the performance and conversion of the radioactive gas
including measurement of pH, current, and voltage recovery of the fuel cell. The research
confirmed that the tritium gas performed nearly identical to conventional hydrogen in a fuel cell.
The equivalent cost to dispose of the gases converted during this feasibility study would have
been over a quarter of a million dollars through the conventional combustion-based methods.
The overall design goal of this project was successful. A working system that safely and
efficiently converted radioactive gas phase materials into benign liquid and solid forms was
developed and validated on a variety of gases for a fraction of the cost of conventional disposal
techniques.
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Chapter 1 Introduction
1.1 Fuel Cell Background
A fuel cell is a device that converts chemical energy stored in a fuel and oxidizer directly
into useable electric energy and heat. This electrical energy can then be used to power anything,
from small cellular phones to entire cities. A fuel cell consists of two electrodes, which are
separated by an electrolyte. Fuel is supplied to one electrode, the anode. Oxidizer is fed to the
other electrode, known as the cathode. The electrolyte is the separator between the anode and
cathode electrodes and by electrochemical reactions at the surfaces of the electrodes, electric
current is generated.
The electrolyte is the most integral part of a fuel cell. This separator must be an ionic
conductor and an electron insulator. Each type of fuel cell has a unique electrolyte with its own
set of advantages and disadvantages. A fuel cell is typically named after the type of electrolyte it
employs [1].
Most likely, the biggest advantage and appeal to fuel cells is the high potential efficiency.
Fuel cells are not limited by the Carnot cycle, like heat engines. A typical heat engine is about
45% efficient because of the Carnot cycle. However, a fuel cell can be greater than 90%
efficient [1]. If system losses and cogeneration are included in the overall fuel cell system
efficiency, the system can still generate efficiencies of 50-80%, but a heat engine is only 15-45%
efficient [2]. The overall efficiencies of various power plant devices are illustrated in Figure 1.1
[2]. This is the main reason why fuel cells can potentially replace internal combustion engines
and gas turbines in some applications.
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Figure 1.1 – Typical efficiencies of various energy conversion systems as a function of
power output [2].

There are several other advantages to using fuel cells to generate electrical power. One
of these is that fuel cells produce virtually zero emissions when run on pure hydrogen, except
those created to generate the hydrogen. The specific fuel cell used in this research is the polymer
electrolyte fuel cell (PEFC). The electrochemical reactions which occur in the PEFC are the
following:
Anode : 2H 2 → 4H + + 4e−
Cathode : 4H + + 4e− + O2 → 2H 2O
Overall : 2H 2 + O2 → 2H 2O

(1.1)

2
€

The only byproducts of the PEFC are water and heat. No harmful, polluting greenhouse
gasses are emitted if hydrogen is the fuel, unless there are pollutants produced during the fuel
production. Oxygen is usually taken from the air in the atmosphere for the cathode side of the
reaction.
Another benefit to PEFC use is their low temperature and relatively quiet operation. Like
a battery, fuel cells have no moving parts. Only equipment auxiliary to the fuel cell, such as
blowers and pumps, have moving parts and make noise. Conventional engine operation creates
much more unwanted noise than a fuel cell. Fuel cells are also very modular. If an increase in
power output is desired, the number of cells in the stack or the area of cells in the stack can be
increased. As the world is continuing to improve on alternative energy sources, fuel cells may
prove to be an optimal technology for energy conversion in some applications [3].

3

1.2 Polymer Electrolyte Fuel Cell Description
The PEFC electrochemical reactions are given in Eq. 1.1. A schematic of a polymer
electrolyte fuel cell is shown in Figure 1.2 [3].

Figure 1.2 – Schematic of a polymer electrolyte fuel cell [3].

The reaction occurs when hydrogen fuel is supplied to the anode and oxygen oxidizer to
the cathode of the PEFC. The difference in electrical potential between the anode and cathode
creates a voltage difference. When the incoming hydrogen is absorbed on the platinum catalyst
layer, electrons can be stripped from the hydrogen atoms under a voltage potential gradient. The
polymer electrolyte is electron insulating, therefore the electrons are forced through an external
4

circuit path, creating DC current which is drawn from the fuel cell. The residual hydrogen ions
(H+) are passed through the ion-conducting polymer membrane and recombine with oxygen on
the cathode electrode of the fuel cell. Water is created at the cathode from the hydrogen and
oxygen and exhausted out of the cell.
The polymer membrane serves several crucial roles in the function of the PEFC. The
membrane allows hydrogen ions to pass from the anode to the cathode, and prevent electrons
from traveling through the membrane. The other, often overlooked, role of the membrane is to
physically separate the fuel and oxidizer [3]. The most commonly used membrane in a PEFC is
a polymer perfluorosulfonic acid-polytetrafluoroethylene (PTFE) copolymer in acid. A common
type of this membrane is DuPont’s Nafion®, typically ranging from 18-175 µm in thickness.
On both sides of the membrane are the electrodes of the fuel cell, or catalyst layers. The
main roles of the catalyst layers are to serve as the reaction sites and provide conductivity for
electrons and protons. This requires the catalyst layers to have a unique structure which consists
of a fine powder of ~5 µm carbon particles coated in smaller ~2 nm platinum particles. The
carbon serves as an electronic conductor while the platinum acts to lower the activation energy
of the electrochemical reactions. The powder normally gives the resulting catalyst layer a 3060% porosity, and gives the reactant gases a greater surface area of platinum, allowing for the
highest fuel and oxidizer utilization [1]. A thin layer of ionomer in the catalyst layer enables
proton conductivity.
The gas diffusion layers are positioned between the catalyst layers and the flow channels.
These layers serve five purposes: transporting reactant gases to the catalyst layer, removing the
produced water from the catalyst layer, providing electron transport from the catalyst, providing
proper thermal management, and providing structural support for the other layers of the cell.
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The gas diffusion layer is usually a carbon cloth or paper which is much more robust than the
membrane electrode assembly, normally ranging from 200-420 µm in thickness. The porosity of
the diffusion media is also higher than the catalyst layer, around 70-90%. The pore sizes are
approximately 10-30 µm. Additionally, a thin micro-porous layer may be added to the catalyst
layer side of the diffusion media to promote water management. This highly hydrophobic layer
is typically 30-50 µm thick with pore sizes approximately 100-500 nm. The micro-porous layer
acts to remove water from the MEA when the reaction site becomes over-saturated and also
contain water within the MEA when it is under-saturated. A common diffusion media and
micro-porous layer combination used in PEFCs is a carbon fiber paper made by Sigracet®, such
as SGL10BB [4].
The flow channels of the fuel cell are normally machined or stamped into the bipolar
plates and are directly adjacent to the diffusion media. These channels supply reactant gas into
the PEFC while the bipolar plates conduct electrons from the cell to the external load. The
bipolar plates also serve the very important role of giving the cell physical strength because the
other layers are delicate. The plates must be corrosion resistant due to the oxidizing and
reducing atmospheres in which they are subjected.

Most bipolar plates also have cooling

channels to provide the proper thermal management required to run the PEFC. These plates
must, therefore, be electronically and thermally conductive, such as graphite and its alloys [4].
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1.3 Radioactive Waste Disposal
In the United States, to the author’s best knowledge, only NSSI, based in Houston,
specializes in radioactive gas disposal for commercial purposes. They are providing oxidation
services for high tritium content organics using a prototype 1” oxidizer capable of oxidizing 1
liter per 8 hour day. As of December 1999, a 3” system was being fabricated, capable of
oxidizing 40 liters per 8 hour day with unattended operation [5]. Tritium is a radioactive isotope
of hydrogen.

The nucleus has one proton and two neutrons, hence tritium’s other name,

hydrogen-3. Pure hydrogen has only one proton in the nucleus and no neutrons. The half-life of
tritium is 12.32 years and it decays into helium-3. Tritium can be easily ingested by drinking or
in water containing food. Tritium is not a strong beta emitter and is not dangerous externally.
However, tritium is a radiation hazard when inhaled, ingested via food and water, or absorbed
through the skin. The following is a description of the disposal system according to NSSI: [5]
“The technology for the oxidation of high tritium organics has been developed by various
governmental laboratories and pharmaceutical research facilities to convert the residues from
multiCurie tritium labeling activities to water and carbon dioxide. The technology has been
further refined by Ontario Hydro. The process involves pumping the organic to be oxidized into
a heated column which contains an oxygen rich zone and a catalyst zone. The organic is injected
into the oxygen rich oxidation zone at a controlled rate. Primary oxidation occurs within the
oxygen rich zone and the catalyst zone functions to complete the oxidation of any difficult
compounds. The effluent is cooled as it exits the column in a refrigerated condenser and
collected. Multiple scrubbers neutralize any acid gases and capture carbon dioxide.”
This technology is currently limited by economic concerns because the volume of
tritiated water generated is equal to the volume of the oxidized organic. Disposal is a major
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concern because tritium will easily permeate the ground water. High activity tritium users must
be conscientious of this. The cost per Curie for disposal of this waste is $900. Currently, NSSI
is the only company that deals exclusively with radioactive gas disposal.
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1.4 Problem Overview
Many institutions have gas phase radioactive waste that is difficult to ship to a disposal
site and expensive to process. Universities and other companies cannot normally afford to send
their radioactive gases to a company such as NSSI once they are done with them. These gases
include but are not limited to tritium and C-14 tagged carbon dioxide, carbon monoxide, and
higher hydrocarbons. In addition, current methods are not 100% efficient and must release some
form of harmful emissions.
A new method for conversion of radioactive gases to solids or liquids was desired. The
system must be efficient, safe, and cost effective.
The overriding purpose of this study was to design and demonstrate an electrochemical
conversion device for gas-phase radioactive species. If a system utilizing a fuel cell could be
designed, it would provide an inexpensive conversion of gas to solid or liquid material. The
Pennsylvania State University’s Office of Environmental Health and Safety was able to supply
the raw material for this work.

9

1.5 Objectives
The overall objective of this study was to design, develop, and validate a method to
convert certain radioactive gas phase materials into a safer liquid or solid form which can be
more safely and inexpensively disposed. Specifically, a methodology must be developed to
convert the following species into more easily disposed of substances: 1) tritium 2) C-14 tagged
CO2 3) C-14 tagged CO 4) C-14 tagged hydrocarbon gasses such as ethylene. Various gases in
different types of storage containers available at Penn State were utilized. Additionally, each of
these containers has a unique outlet tube, some from the 1950’s, so that properly interfacing the
storage vessels without leakage is another unique challenge of this work. Methods must also be
designed to extract the gas from the containers in a safe manner, with no leakage.
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Chapter 2 Method of Approach
2.1 Tritium
Tritium is a radioactive isotope of hydrogen. The nucleus has one proton and two
neutrons, hence tritium’s other name, hydrogen-3. Non-radioactive hydrogen has only one
proton in the nucleus and no neutrons. The half-life of tritium is 12.32 years and it decays into
helium-3.

2.1.1 Setup
A single, 50 cm2, serpentine channel cell was used for the duration of the study. This cell
was chosen because the gas conversion was desired to be as efficient and rapid as possible while
manageable in overall size. For a desired 100% gas conversion rate, it is impossible to have an
open system where the anode exhaust is open to the atmosphere. Additionally, there is no safe
option to release tritium gas to the atmosphere. Several ideas were proposed until the process of
recirculation was developed. Recirculating the flow on the anode side is the easiest and safest
way to consume gas that cannot be exhausted. A pump was chosen that is designed for use with
radioactive materials and was tested to be free of leaks. Figure 2.1 is the schematic of the system
for converting tritium. The tritium and pressure tank icon are labeled “if needed” because only
one component was used at a time. If a pressurized bottle of tritium was used, then the pressure
tank was not included in the conversion system. Similarly, if a glass vessel of tritium was placed
in the pressure tank, the tritium bottle was not present.
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Figure 2.1 – Schematic of system for converting tritium.

The system is simple yet effective and has been proven with many different types of
tritium containers. On the anode side, a throttling valve reduces the flow rate downstream of the
pump. Incoming tritium is supplied at a low flow rate (~1 slpm) as well to minimize the internal
pressure of the system. If the pressure is greater than 10 psi, the flow could puncture the
membrane of the fuel cell. A simple gravity fed water drop out is downstream of the fuel cell,
which allows excess water generated by reaction to be removed from the main flow. Similarly, a
desiccant is positioned in the recirculating anode flow but is only used at the end of an
experiment when the tritiated water is to be removed from the plumbing.
The design of the cathode side is also simple and effective. Air flows through the cell
and produced water is removed via a water drop out, identical to that on the anode. A desiccant
is also on the cathode of the system and it removes nearly all of the excess water that passes the
water drop. The exit of the cathode side desiccant is exhausted to the atmosphere, as it is simply
dry air.
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Figure 2.2 is a photograph of the tritium converting system. The key components in the
photograph are the PEFC and recirculation pump.

Figure 2.2 – Photograph of tritium converting system.

The interfacing of the reactant container was a problem in itself for several of the vessels.
Only one tritium sample was in a pressure vessel that was fitted with a regulator. All of the other
containers were glass vessels and only some of them had an outlet port with a glass valve.
Figure 2.3 is a photograph of one of the vessels with a glass valve and outlet port. Since many of
the vessels tested were from the 1950’s, there was no standard fitting that could be easily used to
interface the system in Figure 2.2 to the reactant vessel.
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Figure 2.3 – Photograph of tritium vessel with glass valve and port.

The other containers were flame sealed and the only way to access the tritium was to
break the container. To simplify the system, one method was developed to extract the gas from
the glass vessels. A pressure vessel with a door and threaded ports was acquired and added to
the system, upstream of the recirculation loop. A glass container was placed into the pressure
vessel and sealed. The user then picked up the pressure vessel followed by a vigorous shake
until the glass broke. This method proved to be easy and repeatable for all of the glass vessels.
Non-radioactive hydrogen was used to flush the system after the tritium was removed. This
flush was completed by closing the on/off valve downstream of the vessel and then filling the
vessel to approximately 20 psi with non-radioactive hydrogen. Then the on/off valve was
opened and gas was supplied to the system at 1 slpm until the pressure vessel was empty. This
pump/purge cycle was repeated and is described further in the procedure below.
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2.1.2 Procedure
Viewing Figure 2.1 will aid in the completion of the procedure. The main valve on the
air cylinder was opened and the regulator opened slowly until the flow could be physically felt at
the exhaust of the desiccant on the cathode. The anode recirculation pump was turned on and the
metering valve was opened until the low pressure gauge read approximately 3 psi. This pressure
ensures an adequate flow rate through the fuel cell without causing damage. When using a
compressed cylinder of tritium, the main valve on the bottle was opened and the regulator was
opened to approximately 10 psi. The flow meter was opened slowly until the low pressure gauge
read approximately 5 psi. This was approximately 1 liter/minute through the flow meter. The
multimeter read approximately 0.9 Volts. The resistor was then connected to the system and the
voltage dropped and current was drawn, consuming the tritium and converting it into tritiated
water. The system was then run at steady state until the tritium gas in the bottle was consumed.
Once the bottle was empty, the system was closed with the quarter turn on/off valve as shown in
Figure 2.1 and the pump was turned off.

A backfill procedure was executed using non-

radioactive hydrogen gas to fill the cylinder. This back flush gas was then passed through the
fuel cell system to remove residual tritium gas flushed from the container.

This was

accomplished by first opening the main valve on the hydrogen bottle. The regulator was slowly
opened until the pressure of the empty tritium bottle increased to approximately 20 psi. The
hydrogen regulator and main valve on the tank were closed. Then the on/off valve was opened
and gas was supplied from the tritium bottle to the system at approximately 1 slpm, controlled by
the flow meter.

The backfill was repeated until the activity of the remaining gas was

approximately 0.01 µCi. This was calculated using Eq. 2.1

Af =

Ai
mf

(2.1)
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where Af was the final activity, 0.01 µCi (this level of radioactivity is considered safe to
humans), Ai was the initial activity, m was the multiplying factor (ex: start at 2 psi, pressurize to
10 psi: m=5), and f was the number of flushes required. This equation was derived to calculate
the number of flushes required for all backfilling procedures. Eq. 2.1 was derived using a simple
example, such as the following. Start with the tank at 1 psi and pressurize it to 4 psi (the total
volume has increased by 4 times). Then drain the tank to 1 psi and there is 1/4 of the original
gas. If the tank was then pressurized to 4 psi and drained to 1 psi again, there would be 1/4 of
the original 1/4 of original gas, which is 1/16 of the original gas. Therefore, m which is 4 in this
example is elevated to the 2 power, equal to 16. If the Af is 0.01 µCi, and mf is equal to 16, then
Ai is equal to 0.16 µCi. However, this equation is much more useful in finding the appropriate
number of flushes required to reduce the activity to Af, which is usually 0.01 µCi. For example,
if Ai is 1 µCi and m is 4, then using Eq. 2.1 and basic algebra, f equals 3.32 flushes, or 4 flushes
total because fractional flushes are not possible or practical.
A slightly different procedure was required when using the glass vessels that are to be
placed into the pressure tank. The exiting on/off valve was closed to start and then the glass was
broken. Then the tank was pressurized with non-radioactive hydrogen to approximately 20 psi
as previously mentioned and the exiting on/off valve was opened to the remainder of the system.
The flow meter was opened as described above. Once the gas was consumed, the pump and
purge procedure was repeated until a sufficient reduction of radioactive gas was achieved using
Eq. 2.1.
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2.2 Carbon Dioxide
The radioactive isotope of carbon used is carbon-14, making the carbon dioxide gas
C14O2. C-14 is used for carbon dating in the archeological and geological fields. Researchers
can use C-14 to find the age of a carbonaceous substance that is up to 60,000 years old. This is
likely the reason why a surplus of C-14 was being stored at Penn State. C-14 can also be used as
a radioactive tracer in the medicine industry. Similar to tritium, radioactive carbon emits a beta
particle that can be hazardous if inhaled, ingested, or absorbed by the skin. C-14 is a stronger
beta emitter than tritium so caution must be used at all times when using C-14 tagged gases.

2.2.1 Setup
The systems for radioactive carbon dioxide and tritium conversion have several
similarities. The concept of recirculation is maintained in the CO2 system. The fuel cell and
water drop out are replaced with a bubbler system. The bubbler vessel is a pressure vessel
identical to the vessel used to hold the glass containers of tritium. The inlet pipe travels the
height of the bubbler and exits at the bottom of the tank. The outlet is at the top of the bubbler.
Figure 2.4 is a schematic of the system for converting carbon dioxide.
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Figure 2.4 – Schematic of system for converting carbon dioxide.

The CO2 bubbler tank is then filled with calcium hydroxide dissolved in de-ionized
water. Calcium hydroxide is a common substance used for carbon dioxide absorption. It is used
in soils research to detect carbon dioxide in soil [6]. Calcium hydroxide has been proposed as a
solution to absorb excess CO2 emissions [7]. Lime water is a common name for calcium
hydroxide dissolved in DI water. When carbon dioxide is passed through the mixture, it turns a
milky color due to the precipitation of calcium carbonate, or chalk. The chemical reaction is as
follows:

Ca(OH ) 2 + CO2 → CaCO3 + H 2O

(2.2)

In this system then, the C14O2 is directly converted to CaC14O3 in the bubbler in this non-

€

electrochemical based conversion system.

2.2.2 Procedure
Eventually, the calcium hydroxide in water will become fully absorbed with carbon
dioxide and fully converted to calcium carbonate. At this point, the water must be exchanged for
18

a fresh mixture of calcium hydroxide in water. Care must be taken to monitor the amount of
carbon dioxide absorbed in the water by analyzing the pH.
The experiment began by opening the main valve and the regulator on the CO2 bottle.
The recirculation pump was turned on and the two metering valves, as shown in Figure 2.4, were
adjusted so the low pressure gauge read approximately 3 psi. The flow meter was slowly turned
until the flow is 0.6 liters/minute. This flow was experimentally found to be the optimal flow
rate to sufficiently drive the system but not allow the carbon dioxide to be absorbed too fast that
the operator loses control of the system.

DI water with calcium hydroxide had a pH of

approximately 12, and as carbon dioxide was absorbed, the pH decreased to 7.

In the

experiment, the pH should not be allowed to drop below 8 because if the pH was too low, once
the water was exchanged and the system was opened to the atmosphere there could have been a
leakage of radioactive CO2. The pH was checked after the following minutes of operation: 2, 4,
4:30, 5, 5:15, 5:30. The system was pressurized with an inert (to the calcium hydroxide and
water mixture) gas such as hydrogen or nitrogen, as shown by the N2 bottle in Figure 2.4, to test
the pH using the nozzle with a needle valve. Once the liquid had a pH of 8, the tank was
detached from the rest of the system and the water mixture was exchanged. The process was
repeated until the tank was empty. A backfill procedure identical to the tritium procedure using
Eq. 2.1 followed. In this experiment, however, the backfill gas was non-radioactive carbon
dioxide.
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2.3 Carbon Monoxide and Hydrocarbons
The radioactive carbon monoxide and higher hydrocarbons are also tagged with carbon14. Similar to the previous gases used, these gases perform, in the system used, in an identical
manner to non-radioactive gas.

2.3.1 Setup
The setup of this system is, in essence, a hybrid of the two previous systems.

It

incorporates the fuel cell from the tritium experiment and the bubbler tank from the carbon
dioxide system. Figure 2.5 is the schematic of the system for converting carbon monoxide and
hydrocarbons. The system was designed to be modular, which is a benefit when using different
gases at different times. The cathode side of this setup is identical to the tritium setup: air flows
through the cell and water droplets are collected at the water drop out or in the desiccant. On the
anode side, the bubbler replaces the water drop out. The bubbler serves two purposes in this
case. It absorbs the carbon dioxide that is produced by the fuel cell and it is a water drop out if
there is excess moisture in the lines.
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Figure 2.5 – Schematic of system for converting carbon monoxide and hydrocarbons.

Carbon monoxide is a poison to the PEFC.

It is a poison in the sense that the

performance suffers when carbon monoxide is present in the fuel stream, even in the part per
million levels [3]. Hydrocarbons are a PEFC poison as well since the reaction at the anode
normally results in CO production. Performance is not a concern in the case here, so the fuel cell
can still be used to convert these gases into water, even with low fuel cell efficiency. When the
CO contacts the platinum catalyst the molecules readily absorb, restricting access of the
hydrogen and therefore suffering a performance loss. As the polarization on the anode increases,
the CO will be oxidized and removed from the catalyst. In this process, an oxygen atom is
stripped off of a water molecule and the gas becomes CO2 and passes through the fuel cell and is
absorbed by the bubbler tank. The platinum catalyst is not as tolerant to CO poisoning as a
platinum ruthenium catalyst. Therefore, the Pt/Ru type of catalyst was used to enhance the
described process. The fuel cell temperature and voltage potential are also factors that can be
used to control the CO oxidation rate on the anode.
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2.3.2 Procedure
The procedure was similar to the previous systems. All main valves on the bottles were
opened and the pump turned on. The throttling valve was opened and flow meter turned slowly
(1 liter/minute) until the low pressure gauge read approximately 3 psi. The system was initially
run for a few minutes with non-radioactive hydrogen and air to hydrate the membrane. Once the
voltage increased after drawing the load, CO or hydrocarbon was added until the voltage read
approximately 0.08 Volts. This voltage was experimentally found to be optimal where there is
sufficient gas in the system but not so much as to fully clog the system and slow the recovery.
Once the voltage has recovered, repeat the process until all the gas has been converted. It was
not necessary to check the pH of the bubbler fluid often because only small amounts of gas were
being converted at a time. The pH was checked every five to ten cycles. The water mixture was
exchanged for a fresh mixture when the pH is approximately 8, similar to the pure carbon
dioxide system. Once the bottle was empty, a backfill procedure was completed using pure
hydrogen following Eq. 2.1. During the backfill step, the pH was not checked because CO2 is
not being generated by the fuel cell.
A unique interfacing problem presented itself while converting carbon monoxide and
hydrocarbons. There were two large glass vessels, similar to the tritium vessels, except these
containers were too big to fit in the pressure tank and there was not a reasonably priced pressure
tank available with an opening big enough to accommodate these two glass vessels. The vessels
contained carbon dioxide and hydrocarbon gas. The best solution for the application was to
slightly pressurize the glass tank and then pull a small vacuum on the tank. This procedure was
repeated until a sufficient reduction in radioactive gas was obtained following Eq. 2.1. The
interface with the glass tank was completed by pushing tygon tubing over the outlet of the vessel
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and then tightening a hose clamp around the tubing at the outlet.

The tygon tubing was

connected to Swagelok teflon tubing using fittings, and the teflon tubing was connected to one of
four inlets on the pressure tank, as shown in Figure 2.5. Another inlet on the tank was fitted to a
vacuum pump. The third inlet was connected to non-radioactive hydrogen and the last was
connected to the remainder of the fuel cell/bubbler system.
The procedure began by pulling a vacuum on the tank, then filling it with hydrogen and
running the system on non-radioactive hydrogen to humidify the PEFC. After several minutes,
the system was shut down, the pressure tank was closed off from the remainder of the system
with the on/off valve, and a vacuum was pulled on the pressure tank to approximately 10 psi.
The glass valve on the vessel was opened and the needle valve connecting the pressure tank and
glass vessel was opened slowly. After equilibrium between the two vessels was achieved the
needle valve was closed.

The pressure tank was then pressurized with pure hydrogen to

approximately 20 psi and then the gas was consumed by the system. This process was repeated
four times. This number of cycles ensures that the quantity of radioactive gas that was in the
pressure tank has been evacuated following Eq. 2.1.

Then approximately 2 psi of non-

radioactive hydrogen is added to the tank, and the glass vessel and pressure tank are equalized
while isolated from the remainder of the system (closed using the on/off valve). The entire
process was repeated. A vacuum was pulled on the tank, equalized with the glass vessel, the
tank was pressurized and purged four times, and then the glass vessel was brought back to
atmospheric pressure. This process was repeated until a sufficient reduction in radioactive gas in
the glass vessel was achieved following Eq. 2.1.
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Chapter 3 Results and Discussion
3.1 Tritium
Before tritium was converted by the system, data were recorded to plot a polarization
curve (e.g. a voltage versus current plot). The system was fed with non-radioactive hydrogen
and air and a variable resistor was used to draw different currents. Table 3.1 contains the
experimental data for the polarization curve.

The cell was initially at room temperature.

Initially, it was unclear if the extra molecular weight of the radioactive gas would alter the
performance.

Table 3.1 – Experimental data obtained for polarization curve at 25°C.

Sample 1

Sample 2

I (A)
0
0.1
0.3
0.3
0.3
0.5
0.8
1.2
1.4
2.2
4.1
0.2
0.2
0.3
0.4
0.5
0.8
1
1.4
2.9
3.1

V (V)
0.889
0.849
0.84
0.83
0.819
0.803
0.788
0.764
0.755
0.724
0.672
0.862
0.851
0.844
0.829
0.82
0.805
0.791
0.77
0.719
0.715

24

A plot was generated using the above data and is shown below in Figure 3.1. The
increase in performance from Sample 1 to Sample 2 is because the membrane was further
humidified from water produced during the initial test run. The performance of this cell was low
compared to optimized fuel cells at higher temperatures, but adequate for the conversion process
described.

Figure 3.1 – Polarization curve of PEFC at 25°C.

The system was very effective at converting tritium gas into tritiated water.

The

conversion was safe and efficient. The largest sample of tritium was a small lecture bottle with
approximately 600 psi. The bottle took approximately one hour to consume, then a backfill
procedure was performed. Table 3.2 contains the data collected throughout the conversion
experiment.
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Table 3.2 – Voltage and current data points collected during conversion of tritium bottle.
Time
(minutes)
0
6
13
24
37
52

V (V)
0.32
0.334
0.356
0.37
0.38
0.39

I (A)
6.3
30.8
32.5
33.9
34.4
35.5

Figure 3.2 is the resultant plot of Table 3.2. The voltage and current steadily increased
throughout the duration of the experiment. The reason for this is that the cell was not fully
humidified at the beginning of the test. Once the membrane was humidified from product water,
performance increased. The large spike in current at the start of the experiment is a result of not
allowing the cell to stabilize after the load was drawn. The current ramped up once a constant
current was drawn then increased linearly, similar to the voltage. The radioactive gases tested
did not perform significantly different from non-radioactive gases in the electrochemical system.
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Figure 3.2 – Voltage and current growth with time during tritium bottle conversion.

The tritiated water generated was analyzed using a liquid scintillation counter (LSC) and
high levels of tritium were found in the water. The laboratory area was tested using smear paper
and then tested in the LSC. There were no detectable levels of tritium on the exterior of the
system and other equipment. This is further proof that the system was not only efficient, but also
safe. Tritium can leak easily because of the small molecule size, however the system was free of
leaks.
The objective of this experiment was to design and develop an operational system that
converted tritium gas into liquid form.
successfully.

The overall objective was met and demonstrated

Converting the tritium gas was accomplished much easier, faster, and more

economical than conventional methods.
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3.2 Carbon Dioxide
The system for converting C-14 tagged carbon dioxide (C14O2) to solid form was also
demonstrated to be highly effective and safe. One of the samples was a pressurized bottle of
carbon dioxide, which took three exchanges of calcium hydroxide in water mixtures as described
in Chapter 2. The pH level was measured with time for each water sample, which is displayed in
Table 3.3.

Table 3.3 – pH values with time for three calcium hydroxide/water solution samples.

Sample 1

Sample 2

Sample 3

Time (min)
0
2
3
4
5.1
5.5
0
1
3.5
4.1
5
5.25
0
3.2
3.9
4.9
5.3

pH
12
12
11
11
9
7
12
12
11
11
9
8
12
11
11
9
8

A non-linear and decreasing trend in pH with time was found. Figure 3.3 is a plot of the
data in Table 3.3. The data were very repeatable and consistent.
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Figure 3.3 – pH of absorption water with time for three samples.

This non-linear trend is expected, based on principles of pH and acid-base titrations. This
is a classic example of a pH titration curve [8]. The pH decreases slowly at first and then more
rapidly in the vicinity of the equivalence point. The equivalence point is defined as the point at
which stoichiometrically equivalent quantities of acid and base have been brought together.
After the equivalence point the pH will balance again. In this experiment, the pH was not
permitted to balance at 7 (the final pH) because there could be excess CO2 in the plumbing that
then would not be converted. The lowest value the pH can reach in this system is 7. The base is
neutralized, however, the mixture cannot become acidic. Therefore, there could be a large
quantity of C14O2 in the plumbing and the pH would remain at 7. The experimentalist would not
be aware of this hazard. Therefore, the system was shut down at a pH of 8 to ensure that there
was no excess radioactive carbon dioxide.
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The objective of this section was to develop a system for converting C-14 tagged carbon
dioxide into a solid, specifically CaCO3. This solid was a suspension in de-ionized water. This
method proved to be safe and efficient. The system was demonstrated and successful, and
superior to conventional combustion methods.
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3.3 Carbon Monoxide and Hydrocarbons
This section of the research was, essentially, identical to research done on CO poisoning
of the cell combined with CO2 absorption. Carbon monoxide or hydrocarbon was used as fuel
for the PEFC for a short time (less than five seconds), and then non-radioactive hydrogen fueled
the cell until the performance recovered as the absorbed CO oxidized from the catalyst. Table
3.4 is the collected data of three instances where CO was used to poison the cell. The voltage
and current instantly drop and then slowly recover with time.
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Table 3.4 – Voltage and current response with time for three cases when CO fueled the
PEFC.
Date
10/16/2008
A

10/21/2008
A

10/21/2008
B

Time (min) Voltage (V) Current (A)
0
6
18
24
34
43
55
63
75
87
98
103
120
129

0.03
0.03
0.035
0.039
0.045
0.05
0.063
0.078
0.109
0.15
0.191
0.203
0.224
0.227

2.1
2.2
2.5
2.8
3.4
3.7
4.6
5.8
8.2
11.3
14.2
15
16.4
16.5

0
7
20
30
37
42
49
55
60
68

0.037
0.033
0.051
0.092
0.141
0.188
0.223
0.242
0.251
0.258

2.6
2.3
3.6
6.6
10.1
13.5
15.8
17.2
17.6
18.2

0
10
19
28
37
45
50
56
61
69
75

0.019
0.027
0.039
0.06
0.107
0.177
0.215
0.234
0.245
0.254
0.257

1.3
1.8
2.7
4.2
7.8
12.6
14.8
16.4
16.9
17.4
17.6
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During the first sample, more CO was fed into the cell, hence a slower performance
recovery. The three recoveries are shown in Figure 3.4 and 3.5 where the trends are a third order
function. The recovery is slow to start, then ramps up consistently and linearly, and tapers off
when the performance is almost at its peak.

Figure 3.4 – Voltage recovery during CO poisoning with time.
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Figure 3.4 – Current recovery during CO poisoning with time.

These third order trends are consistent with literature concerning carbon monoxide
poisoning in PEFCs [9]. Plots in previous studies show the exact trend in Figure 3.3 and 3.4,
except they are in reverse because CO was added to the system. In the tests, a current and
voltage response was measured when various quantities of CO were injected into the fuel stream.
It is also consistent that higher quantities of CO (as in 10/16/08 A) will affect performance the
fastest when added to the fuel stream, and will be the slowest to recover.
The molecular process of CO poisoning and recovery entails several steps that lead to the
overall carbon monoxide conversion. CO is fed into the system and chemisorbs on platinum
sites of the PEFC, inhibiting hydrogen absorption. CO is more strongly bonded to Pt than
hydrogen, and has a greater voltage potential required for oxidation than hydrogen. Even in
small quantities, CO will absorb on greater than 90% of the active catalyst sites, which prevents
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the reaction of hydrogen at the anode [10]. Once hydrogen is introduced into the system, and the
CO parts per million in the gas stream decrease, the CO oxidation process clears off the platinum
catalyst and performance recovery begins. Rapid oxidation of hydrogen occurs at remaining
sites or holes in the compact mono-layer of absorbed CO. When the CO breaks off of the
catalyst layer, it bonds with an oxygen atom, becoming CO2. This oxygen comes from water on
the anode or water crossover from the cathode. Either way, this process dries the layers of the
cell, negatively impacting performance. The carbon dioxide passes through the cell and is
absorbed by the bubbler tank with calcium hydroxide and water mixture.
Lee et al. performed electrocatalysis of CO poisoning on Pt/C, PtSn/C, and PtRu/C
electrodes in PEFCs [11]. The best catalyst to mitigate CO poisoning was discovered to be a
Pt/Ru combination. This is confirmed by many other studies [12, 13]. For this reason, the Pt/C
electrode was swapped in favor of a PtRu/C electrode midway through the study. After the
exchange, it was noticed that the performance recovered significantly faster and more CO could
be supplied at once.
Because of the high polarization, the cell produced an excess of waste heat during this
process. The system would have to be periodically shut down to allow cooling because this heat
would further dehydrate the cell and the performance recovery was dramatically slowed. The
CO causes large overpotential losses at the anode, which generates waste heat. This heat causes
a significant temperature rise, therefore evaporating more water and drying the membrane.
Because of the dryout, high ohmic losses occur, generating more heat. This cascading effect is
detrimental to the performance, hence the periodic shut down.
The objective of this section was to develop a working model of a system that converted
C-14 tagged CO and hydrocarbon gas into a solid form.

This was safely and efficiently

35

achieved, and similar to the previous system, was superior to other conversion methods.
Electrochemical knowledge of CO poisoning was coupled with CO2 absorption theory from the
previous section to create a single system for converting the gas.
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Chapter 4 Conclusions and Future Work
4.1 Conclusions
The motivation of this study was to design and demonstrate an electrochemical
conversion device for certain gas-phase radioactive species. If a system utilizing a fuel cell were
designed, it would provide an option to inexpensively dispose of radioactive gas phase materials.
Specifically, a methodology was successfully developed to convert the following species into
more easily disposed of substances: 1) tritium 2) C-14 tagged CO2 3) C-14 tagged CO 4) C-14
tagged hydrocarbon gases.
The electrochemical system that was designed and demonstrated was effective, efficient,
and safe when converting radioactive gases to liquids and solids. These three aspects were
paramount when designing the system, and were achieved. Principles of recirculation were vital
to the success of the system. Recirculation enabled the system to be closed to the atmosphere
and there was no leakage of radioactive gas.
Although initially it was unclear if the extra molecular weight of the radioactive gas
would alter the performance, the radioactive gases tested did not perform significantly different
from non-radioactive gases in electrochemical and non-electrochemical systems.
Reducing the pH of a base is a nonlinear function, which is consistent with titration
curves. After the addition of the base neutralizer, the pH slowly decreased, then more rapidly
until the system was shut down at a pH of 8. The system was shut down to avoid any excess
radioactive carbon dioxide in the plumbing of the system. The carbon dioxide portion of the
research was performed several times, and a nonlinear and repeatable trend was the result for
each test.
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CO poisoning has similar trends whether CO is added to the system and performance
decreases, or CO is in the system and performance recovers. This third order trend is consistent
and repeatable. Likewise, the test performed is also consistent with current CO poisoning
literature. The time for recovery is directly proportional to the amount of CO injected into the
system.
Further verification was provided that a PtRu/C electrode is more resistant to CO
poisoning, which was expected from previous research. The recovery time was shortened when
a PtRu/C electrode was used compared to a standard Pt/C electrode, which greatly accelerated
testing.
The three systems for radioactive gas conversion were successful and many new
techniques and trends were either discovered or further verified. The overall design goal of this
project was successful. A working system that safely and efficiently converted radioactive gas
phase materials into benign liquid and solid forms was developed and validated on a variety of
gases for a fraction of the cost of conventional disposal techniques.
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4.2 Future Work
There are many possibilities for future work in this topic, both short and long term. Some
short-term future goals of this project would be to utilize a heating and cooling system for the
cell. This would be done with a water pump that controls the temperature. This would ensure
consistent operating conditions and also cool the cell during the CO portion of the experiment.
The cell could be heated during the tritium section to increase performance and, therefore,
efficiency.
A project that might take longer would be to conduct further work on the CO and
hydrocarbon conversion processes. The researcher would attempt to increase the speed of the
recovery of the cell using either humidification or temperature control. At this point, using the
PtRu/C electrode seems like the only option available for the materials research of this portion of
the experiment.
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