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SUMMARY 

The objective of this study is to demonstrate in proof-of-principle tests a process to remove low 
concentrations of tritium from large volumes of tritium-contaminated water so the water can be reused or 
discharged to the environment. 

In future nuclear fuel reprocessing plants and possibly for nuclear power plants, the cleanup of tritiated 
water will be needed for hundreds of thousands of gallons of water with low activities of tritium.  This 
cleanup concept utilizes graphene oxide laminar membranes (GOx) for the separation of low-
concentration (10-3-10 µCi/g) tritiated water to create water that can be released to the environment and a 
much smaller waste stream with higher tritium concentrations.  Graphene oxide membranes consist of 
hierarchically stacked, overlapping molecular layers and represent a new class of materials.   

In order to demonstrate the feasibility of GOx membrane-based isotopic water separation, Pacific 
Northwest National Laboratory (PNNL) demonstrated under fiscal year 2014 and 2015 work scope the 
relative transport of H2O, D2O, and HTO in different ways.  First, the transport rate was measured using 
the mass loss over time of GOx membrane-covered containers of H2O, D2O, and HTO.  Second, PNNL 
used an existing membrane test system to quantify the relative permeability of H2O and D2O.  Third, a 
distillation system was modified to demonstrate transport of water vapor through the GOx membrane and 
to determine the tritiated water selectivity.  

Three different thicknesses (5, 10, and 17 µm) of each membrane were tested.  Each GOx membrane was 
fitted onto the opening of a 20 mL glass vial into which 10 g of D2O, H2O, and D2O/H2O mixture were 
loaded.  The results showed that H2O permeated faster than D2O for all types of GOx membranes.  GOx 
membranes with nanoflake size (about 100 nm) did not show a membrane thickness effect.  However, a 
membrane thickness dependence on permeation rate was observed for the larger flake size SKU-HCGO-
W.  The average separation factor based on permeation rate of D2O divided by H2O was about 0.93 with a 
low of 0.87.   

The permeation rate test was performed with a 2-µm-thick cast Asbury membrane using mixed gas 
permeability testing with zero air (highly purified atmosphere) and with air humidified with either H2O or 
D2O to a nominal 50% relative humidity.  The membrane permeability for both H2O and D2O was high 
with N2 and O2 at the system measurement limit.  The H2O vapor permeation rate was 5.9 × 102 cc/m2/min 
(1.2 × 10-6 g/min-cm2), which is typical for graphene oxide membranes.    

To demonstrate the feasibility of such isotopic water separation through GOX laminar membranes, an 
experimental setup was constructed to use pressure-driven separation by heating the isotopic water 
mixture at one side of the membrane to create steam while cooling the other side.  Several membranes 
were tested and were prepared using different starting materials and by different pretreatment methods.  
The average separation result was 0.8 for deuterium and 0.6 for tritium.  These results indicate the process 
may need 250 x250 stages to reduce the initial concentration by 99%.  Enhanced separation may be 
obtained using thicker membranes but at the expense of a lower permeation rate.  Higher or lower 
temperatures may also improve separation efficiency but neither has been tested yet. 

A rough estimate of cost compared to current technology was also included as an indication of potential 
viability of the process.  The relative process costs were based on the rough size of facility to 
accommodate the large surface area of the membranes and the energy needed to evaporate the water and 
pass through the membranes as compared to the currently used combined electrolysis and catalytic 
exchange process.  The water treatment costs ranged from $60/L to $180/L that included the combined 
annual energy operating costs and capitalization of the building over 10 years.  The cost for combined 
electrolysis and catalytic exchange process system are estimated to be $2/L to $20/L.  The membrane 
treatment costs could be reduced exponentially with better separation efficiency and compact membrane 
systems with higher surface area.    
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1. INTRODUCTION 
In future nuclear fuel reprocessing plants and possibly for nuclear power plants, the cleanup of tritiated 
water will be needed for hundreds of thousands of gallons of water with low activities of tritium.  This 
cleanup concept utilizes graphene oxide laminar membranes (GOx) for the separation of low 
concentration (10-3-10 µCi/g) tritiated water to create water that can be released to the environment  and a 
much smaller waste stream with higher tritium concentrations.  Graphene oxide membranes consist of 
hierarchically stacked, overlapping molecular layers and represent a new class of materials.  Recent 
research by Nair et al. (2012) and Pacific Northwest National Laboratory (PNNL) has demonstrated that 
GOx membranes are leak-tight to most gases, but readily transport water vapor.  

The physical structure of the 2D laminate GOx materials provides extremely long diffusion path lengths 
(~10,000 times the membrane thickness).  The hydrophilic oxygenated nature of GOx provides it with 
extremely high proton conductivity (~0.01 S/cm) (Karim et al. 2013), reflecting an extensive interaction 
of H-bonding in the material.  Ongoing research at PNNL is combining experimental and theoretical tools 
to understand and control the selective transport of water through GOx membranes, but the current 
understanding is that H2O does not transport through the membrane by simple diffusion.  Rather, the 
molecular selectivity derives from H2O molecules proton hopping through the chemical functionality 
between the GOx lamina.  This mechanism should provide isotopic selectivity (Hankel et al. 2012) much 
greater than a mechanism relying only on the mass difference between water and tritiated water.  

Working on the premise that transport through GOx membranes is regulated by the repeated forming and 
breaking the O-H bonds, we can estimate the relative frequency of molecular hopping will be controlled 
by the O-H or O-T bond vibrational frequency.  This means that it will be possible to achieve atomic-like 
isotope selectivity between tritiated water and molecular water (viz. kinetic isotope effect) (Webtheimer 
1960).  Additionally, the long path length and multi-step breaking and reforming of –OH bonds may 
provide an even higher selectivity.  The potential for such attractive selectivity improvement is to be 
determined in the proof-of-principle test. 

In order to demonstrate the feasibility of GOx membrane-based isotopic water separation, PNNL 
demonstrated under fiscal year 2014 and 2015 work scope the relative transport of H2O, D2O, and HTO in 
different ways.  First, the relative transport rate was measured using the mass loss over time of GOx 
membrane-covered containers of H2O, D2O, HTO, and mixtures of the isotope concentrations of the 
remaining liquids.  Second, PNNL used an existing membrane test system to quantify the relative 
permeability of H2O and D2O.  Third, a modified distillation system was used to determine separation 
efficiency for the hydrogen isotopes.  The system was modified to include a membrane for steam to pass 
through at an elevated temperature. 

2. OBJECTIVE 
The objective of this study is to demonstrate in proof-of-principle tests a process to remove low 
concentration tritium from large volumes of tritium-contaminated water in an effort to reuse or discharge 
the water to the environment.  The removed tritium could be concentrated in a much smaller volume (e.g., 
1/100th) that can be further separated to produce relatively pure tritium or stabilized for disposal.  If 
successful, the final embodiment would be a multi-stage membrane separation that would remove tritium 
from large volumes without the huge energy demand needed for electrolyzed water in the catalyzed 
electrochemical exchange process currently in use in other countries. 

3. EXPERIMENTAL TESTING 

3.1 Static Diffusion Tests 
Procedure: GOx membranes were prepared using commercial and custom-made GOx dispersions with 
different flake sizes by a vacuum filtration technique.  A modified Hummer’s method was used to prepare 
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the raw materials and produce small membranes (Kovtyukhgova et al. 1999).  Three different thicknesses 
(5, 10, and 17 µm) of each membrane were tested.  Each GOx membrane was fitted onto the opening of a 
20 mL glass vial into which 10.0 g of D2O, H2O, and D2O/H2O mixture were loaded.  All sample vials 
(Figure 1) were placed inside a fume hood and the weight loss of each vial was measured periodically.  
The blank test (no GOx membrane) was conducted in the same condition (air flow within the hood: 180 
cfm.  Each test was repeated three times. 

 

Figure 1.  Gas diffusion test vials 

The results showed that H2O permeated faster than D2O for all types of GOx membranes.  GOx 
membranes with nanoflake size (about 100 nm) did not show a membrane thickness effect.  A membrane 
thickness dependence on selectivity was observed, however, for the larger flake size SKU-HCGO-W.  
This is explained by the longer traveling time of D2O molecules through the thicker membrane with larger 
flake size resulting in slower permeation than H2O as shown in Table 1 and Figure 2. 

Table 1.  Permeation for NANO and SKU samples. 

GOx 
membrane 

Flake size 
(µm) 

Thickness 
(µm) H2O

(a) D2O
(a) 

H2O+D2O
(a) 

mixture 

D2O/H2O 

ratio 

Mix/H2O 

ratio 

NANO-
GO-S 

0.09±0.01 10 -62 -55 -58 0.89 0.93 

NANO-
GO-S 

0.09±0.01 17 -63 -57 -59 0.91 0.93 

SKU-
HCGO-W 

0.5-5 5 -61.0±2.0 -54.7±1.3 -57.0±1.0 0.90 0.93 

SKU-
HCGO-W 

0.5-5 10 -60.7±5.7 -51.7±1.7 -52.0±2.0 0.85 0.85 

SKU-
HCGO-W 

0.5-5 17 -52.7±3.7 -46.0±6.0 -47.7±4.3 0.87 0.90 

(a) Average number of three measurements [-g/hr 10,000] 
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Figure 2.  Test data for thin (top) and thick (bottom) GOx membranes made from commercial SKU 
graphene 
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The BC-GOx, custom-made membrane showed a similar result: H2O permeates faster than D2O, and 
permeation slopes (H2O vs. D2O) showed a bigger difference in the thicker membrane (17 µm) than in the 
thinner (5 µm) membrane (see Table 2 and Figure 3 and Figure 4).  

Table 2.  Solvent permeation for BC-GOx samples  

GOx 
membrane 

Flake size 
(µm) 

Thickness 
(µm) H2O* D2O* 

H2O+D2O* 
mixture 

D2O/H2O 

ratio 

Mix/H2O 

ratio 

BC-GOx  5-15 5 -61.6±2.7 -56.0±3.0 -56.0±1.0 0.910 0.909 

BC-GOx  5-15 10 -55.7±1.3 -50.7±1.7 -55.3±2.3 0.910 0.993 

BC-GOx  5-15 17 -60.0±2.0 -50.7±2.7 -54.7±2.7 0.846 0.912 

 

Throughout all our experiments, we realized differences of intrinsic properties of the solvents were 
dominant (density, boiling point, viscosity, and heat of vaporization of H2O and D2O) in the permeation 
experiment.  Comparison of GOx membranes with large flake size (0.1 µm vs. 500 µm) or with different 
thickness (1 to 2 µm vs. 100 µm) is required to have realistic effect (to overcome the intrinsic effect of 
solvents).  We attempted to provide a reference point for these intrinsic effects by measuring both 
evaporation from an open container (no membrane) and through different commercial filtration 
membranes (polycarbonate, PTFE, PVDG and polypropylene).  The open container test show no 
measureable difference between H2O and D2O, though the evaporation rate was very high and non-linear, 
indicating that airflow was likely a major factor.  With the filter membranes, there was some selectivity 
also observed, with a D2O/H2O ratio around 0.9 independent of material or thickness. 

 

Figure 3.  Test date for thin GOx membranes made from in-house processed graphite 
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Figure 4.  Test date for thick GOx membranes made from in-house processed graphite 

3.2 Permeation Rate Tests  
A 2-um-thick cast Asbury membrane was evaluated using mixed gas permeability testing with zero air 
(highly purified atmosphere) and with air humidified with either H2O or D2O to a nominal 50% relative 
humidity.  The measurement system is shown schematically in Figure 5.  The source gas flows past one 
side of the membrane and permeate is collected with a sweep gas (He) that is carried to a residual gas 
analyzer (RGA).  Gases on both sides of the test cell vent to atmosphere so the ΔP across the membrane is 
near zero and the only driving force is the relative partial pressure of the gases.  The membrane under test 
is held against a porous metal frit to provide physical support and sealed with silicone O-rings. 
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Figure 5.  Schematic diagram of membrane test fixture 

The RGA (and SRS RGA100) is a quadrapole mass spectrometer with a 0.1 AMU resolution up to 100 
AMU and measures the partial pressure for each mass.  Figure 6 shows the data for four different high-
resolution scans, including a background scan with dry gas, a scan with H2O humidified gas, and two 
different scans with D2O gas.  In each scan, the system was allowed to run with dry air for 8 to 12 hours 
to minimize the free water in the system and then the supply gas was switched to run through the bubbler 
to be humidified.  Typically, the system reached steady state in 3 to 4 hours, and then the high-resolution 
scan was taken.  For this series, the same membrane was left mounted in the test cell for the entire set of 
scans. 
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Figure 6.  RGA partial pressure traces for three different high resolution scans.  Humidified air (H2O), 
humidified air (D2O), and a second D2O humidified air scan.  The background for dry air has been 
subtracted, eliminating the N2 (28) and O2 (32) peaks that would normally be observed. 

The membrane exhibited high selectivity for both H2O and D2O with N2, and O2 at the system 
measurement limit.  The H2O vapor permeation rate was 5.9 × 102 cc/m2/min, which is typical for 
graphene oxide membranes using this test setup. The membrane water permeation rate was compared to a 
Nafion® membrane and the GOx permeation was approximately twice as high at room temperature.   The 
D2O permeation was two to five times lower, but varied some between the two measurements, between 
1.1 × 102 and 2.4 × 102 cc/m2/min.  In order to accurately quantify the permeation, the relative sensitivity 
of the RGA system was tested using H2O and D2O humidified air with no membrane, and while the data 
has large variations, it did show that the RGA was at least as sensitive to the D2O as the H2O.  Additional 
work will be needed to further quantify the background and sensitivity of the RGA to D2O to eliminate 
equipment variability as the source of the high observed selectivity.  Additionally, the increased 
permeation of the D2O over time (between the first and second scans) indicates that there may be a 
saturation effect.   
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3.3 Distillation Tests  

To demonstrate the feasibility of such isotopic water 
separation through GOX laminar membranes, we 
constructed an experimental setup using pressure-
driven separation by heating the isotopic water 
mixture at one side of the membrane while cooling at 
other side.  The water isotope mixture (reservoir) was 
heated at elevated temperatures to generate water 
vapor, which was allowed to transport through the 
membrane and then cooled in a cold trap.  The 
schematics and the experimental setup are shown in 
Figure 7.   

For this study, the GOx membranes were prepared via 
modified Hummer’s method (Kovtyukhgova et al. 
1999).  The first set of experiments was performed by 
using the GOx membrane where the graphene oxide 
was purchased from Aldrich and named “GOx-A.” 
The second set of experiments was performed by 
using the PNNL-improved method, named “GOx-BC-
improved.”  

For water permeation tests, the reservoir was filled 
with a D2O-H2O mixture and heated at 88 to 100 C 
while the transfer line containing the membrane was 
heated about 5 to 10 C above the reservoir 
temperature.  The complete system was evacuated 
during startup to avoid any gases in the line that 
would not readily permeate the membrane.  The 
system was allowed to heat slowly and the condenser 
was cooled to about 2 to 5 C using a cold chiller 
solution.  

The first set of experiments was done without inserting any membrane and demonstrated the expected 
quick transportation rate of water vapor from the reservoir/evaporator to the condenser.  Then the 
membrane was introduced under the conditions described above and water samples were collected after 
the condenser.  The samples were subjected to 2H-NMR studies to see the concentrations of isotopes in 
the mixture and comparing them to the samples in the evaporator which were treated as standard 
solutions.  The results are presented in Table 3.  RKM-1 is considered as a reference material and was 
prepared by mixing 10% D2O in water.  RKM-3 and RKM-5 are the main samples collected in the 
condenser with the membranes GOx-A and GOx-improved fabrication methods.  RKM-3 and -5 showed 
a decrease in the concentration of deuterium.  The decrease is ~18% in both the samples, which reflects 
the active engagement of GOx membranes for removing/trapping deuterium from the mixture.  From the 
results, it is interesting to note that both GOx membranes showed similar performance and separated 
deuterium from the water mixture. 

 

 

Figure 7.  The schematic (top) and the 
experimental setup (bottom) of water isotope 
separation. 
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Table 3.  2H-NMR studies on the D2O-H2O transport rates and separation 

 Temp Membrane % D2O 
moles/min 

cm2 g/min-cm2 
Outlet/Inlet 

concen. 

RKM-1(a)  BC-GOx    1.00 

RKM-3 88-95°C BC-GOx A 10 2.90E-06 5.22E-05 0.82 

Bruce 1 90-95°C BC-GOx A 10 3.25E-04 5.85E-03 0.92 

RKM-5 88-95°C BC-GOx 
improved 

10 2.54E-06 4.57E-05 0.82 

RKM-7 88-95°C BC-GOx 10 3.38E-06 6.09E-05 0.81 

RKM-9 88-95°C BC-GOx 3 3.67E-06 6.61E-05 0.51 

RKM-11 110-
115°C 

Asbury 2 2.17E-05 3.90E-04 0.91 

RKM-12 110-
115°C 

Asbury 2 2.44E-05 4.39E-04 0.98 

Trit-1   10 mCi/l   0.38 

Trit-2   10 mCi/l   0.64 

Permeation  
using RGA 23°C  0 2.64E-06 4.75E-05 NA 

(a) Original solution 

T – Tests with tritium solution with initial concentration of 10 mCi/L 

 

The transport rates in this study were slow, partially because of the small size of the filter used.  The 
separation took a few days in most cases.  The slow rate may be compensated by using larger pressure 
differentials or different operating temperatures; however, this was not demonstrated.  Increasing the 
temperature at the evaporator side will improve the kinetics, but large surface areas will still be needed for 
production units.  The initial setup consisted mostly of glassware, so the evaporator temperature could not 
be manipulated above 100 C due to concerns about internal pressure limits.  Subsequently, an improved, 
second stainless steel setup was constructed with a reservoir connected to the condenser through the 
membrane.  With the new setup, temperatures of 110 C were achieved without any problems.  Initially, 
both sides of the membrane were connected to a pressure gauge to observe the pressure, but these lines 
caused condensation during heating.  So finally they were removed and a 2 psi pressure relief valve close 
to the condenser side was inserted for safety.  The experimental setup is shown in Figure 8.  The new 
setup was used for tests RKM 7, 9, 11, and 12. 

 

Figure 8.  Improved stainless steel experimental setup 
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A evaporative test with deuterium-enriched water was also conducted in a separate piece of equipment 
with similar features as an acceptance test for performing tests with tritium.  The system operated under 
similar conditions but with a different GOx membrane.  The results for test “Bruce 1” showed a 92% 
reduction in the deuterium content and the condensate was collected at a higher rate than the previous 
tests.  No obvious tears in the membrane were observed, but the high transport rate indicates the 
membrane may have developed a flaw.  The other tests with tritium were completed with new 
membranes.  It is difficult to observe visual flaws in the membrane and some membranes may have been 
damaged during assembly.  For the membranes to be used routinely, their durability must be increased.  
The initial tritium test failed because of a crack in the glassware and the system required modification to 
prevent leaks of tritium from the test system.  The results of two subsequent tritium tests are provided in 
Table 3 and show an increase in the separation efficiency over deuterium, as expected.  The condensate to 
starting solution ratio was 0.4 for the first test and 0.64 for the second test with the same membrane 
indicating a good separation efficiencies, but there may be some saturation effects.  The increase may also 
occurred because of the increase in the evaporator solution.  The original evaporator solution was not 
recoverable to verify an increase in the remaining evaporator water.  The second test was performed to 
ensure that any holdup of clean water in the initial membrane did affect the results, although the water 
content of the membranes is very small.  

3.4 Testing Summary  
Separation efficiency indicated using the static test and evaporative test system shows comparable rates of 
approximately 80% for H/D separation.  This is similar to the square root of the H/D molecular weight 
ratio.  The separation for the T/D was about 60%, which is also similar to the square root of H/T 
molecular weight ratio.  The permeation rate of water vapor is in the range of 5e-5 moles/min-cm2.   

The cost to set up a system with multiple stages appears to be more than the cost of the current baseline 
technology without significant improvements in separation efficiency and permeation rate. 

Membrane improvements include an outer hydrophilic coating to allow direct contact with water and to 
provide additional strength. 

4. HIGH LEVEL ECONOMIC COMPARISONS  
This section provides an overview of the analyses performed in economic comparison report prepared by 
Kurion (Frost 2015).  The comparison used a nominal separation rate of 67% for a single stage and a 
permeation rate of 5 x 10-5 g/min-cm2.  For a more detailed comparison, see Attachment A.  

The graphene oxide membranes tested have the potential in terms of reduced energy for the purification 
of low concentrated tritiated waters compared to more conventional technologies.  The current footprint 
and system size requirements for purification are such that improvements are still required to advance the 
technology.  Areas of improvements should include the separation factor and additional improvements in 
methods for pleating the membranes such that an increased surface area of membrane per unit of 
volumetric space can be achieved.  If a pleating factor of 20 can be achieved, then this technology could 
be much more space efficient and the initial building costs (i.e., space requirements) for the system could 
become much more reasonable.  Reduced initial facility costs when combined with current energy 
requirements lead to a potential technology application that could have a sufficient business case in the 
future. 

The separation unit would be a multi-stage system driven in the steam phase and the sizing for each unit 
in the stage would be controlled by the treatment rate and the mass fraction that must be treated in each 
unit (the majority of the mass would be treated along the diagonal of a square system arrangement).  An 
initial boiler will be needed to convert the contaminated water into steam.  Once converted to steam, it 
will flow through the system.  However, as with any steam system, the steam will condense at startup as it 
comes in contact with the cold pipes and equipment.  To preserve the membranes and ensure that the 
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contaminated water is treated, it may be necessary to start up the system with clean water until it is heated 
to its process temperature.  Since this energy will be small over the course of a year, it will be neglected 
in this analysis.  Additional heat will be necessary to overcome heat losses in a system of any significant 
size.  For the purposes here, the process steam is assumed to be reheated by 10 °C for each stage. 

Table 4 presents estimate energy usage and costs based on the degree of decontamination obtained by the 
facility.  The 90 x 90 stage reduces the concentration of the initial concentration by 90% whereas the 250 
x 250 reduces the initial concentration by 99%.  A comparative for energy consumption was made to 
systems based on combined electrolysis and catalytic exchange (CECE) where the water undergoes 
electrolysis followed by a liquid catalytic exchange process.  The graphene approach uses between 2.3 
and 4.5 kW∙hr/L of water treated.  Typical estimates for CECE are between 7.2 kW∙hr per liter of water 
treated (DOE 2009) and 8.45 kW∙hr/L of water treated (Boniface 2014).  This represents a saving of about 
one-half to one-third of the annual energy operating costs. 

Table 4.  Estimated energy costs and membrane surface area 

Facility Size Stages 

Required 
Membrane Surface 

Area 

(m2) 

Annual Energy 
Required(a) 

(kW·hr) 

Estimated Energy 
Cost per Liter(b) 

($/L) 

1,000,000 L/yr 4 x 4 37,000 1.1 million 0.08 

1,000,000 L/yr 90 x 90 0.94 million 2.3 million 0.16 

1,000,000 L/yr 250 x 250 2.6 million 4.5 million 0.32 

(a) The annual energy is based on an 80% overall facility efficiency (a 20% downtime is assumed to 
determine the process rate and membrane surface area).  The water is assumed to begin at 15 °C and be 
heated to steam at 300 °C at atmospheric pressure 

(b) Energy costs are assumed to be $0.07/kW·hr 

 

The other major cost element besides energy is initial facility design and fabrication.  Facility design for 
this process is complex, and it consists of individual units in each stage that will be of varying sizes. To 
design such a facility, it is assumed that modular subunits will be designed and used to assemble each 
unit. 

One such construct assumes that a modular subunit would be able to hold a membrane approximately 30 
cm in diameter (see Table 5).  Such a subunit would consist of 0.07 m2 of membrane area and take up 
approximately 0.03 m3.  It would treat 42 mL of steam per minute (about 6 millionths of the total quantity 
of 1,000,000 L of water per year).  This excludes the supporting equipment (steam vents, steam traps, 
pressure regulators, facility ventilation, heat trace, etc.), which is estimated as an additional 1 m3 per unit. 

Table 5.  Estimated subunit size and membrane cost 

Subunit Treatment Size 
Membrane Surface 

Area Subunit Volume Estimated Cost 

42 mL/min 0.07 m2 0.03 m3 $0.42 for membrane 

 

The land area required for this type of system is significant and is approximated to be between 100 and 
300 acres for 90 to 250 stages in the system.  The space requirements for the graphene membrane 
approach are significantly larger than CECE processes.  As an example, the Detritiation Facility for the 
ITER reactor was designed at 20  by 80 m with a height of 34 m to house a system that was capable of 
processing 20 kg/hr (Laesser 2008). 
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The building costs, including membrane production costs, are estimated to be between $600 million and 
$1.8 billion for 90 to 250 stages.  When combined with annual energy operating costs and capitalization 
of the building over 10 years, the water treatment costs range from $60/L to $180/L.  It should be noted 
that the lower bound only treats the water to 10% of initial concentration, while the larger value treats the 
water to 1% of the original concentration.  Although the costs of the membranes are included in the 
facility costs, the costs are much smaller than the estimated building costs, such that the membrane costs 
become inconsequential. 

Table 6.  Estimated facility size and cost 

Stages 
Number 
of Units 

Number of 
Subunits 

Facility 
Footprint(a) 

(m2) 

Estimated 
Facility 
Costs(b) 

Estimated 
Membrane 

Cost Facility Costs 

4 16 520,000 5,200 $25M $200,000 $25M 

90 8100 13 million 130,000 $600M $5.6M $600M 

250 62,500 37 million 370,000 $1.7B $15.6M $1.7B 

(a) Footprint estimated based on assuming a 3-m-tall facility. 

(b) Assumed construction and land costs of $428/ft2 including necessary monitoring and analytical 
equipment.  Based on Virginia Building Construction Costs Database queried 03/07/14 using average of 
wet and research laboratory values. 

 

Reports of comparable CECE systems typically have capital plant costs in the range of $350 million for a 
system that can treat 100,000 m3 annually.  Therefore, the typical capital costs (i.e., non-operating costs) 
are $50 to $75 million depending on the capital amortization period (Boniface 2014).  This translates into 
building costs of 0.50 to 0.75 dollars per liter.  Total operating costs of CECE systems range from $2/L to 
highs of $20/L for systems with high removal capacities. 

5. CONCLUSIONS 
Based on the testing performed and the economic analyses, the following conclusions can be made.   

 The graphene oxide membranes tested have the potential in terms of reduced energy for the 
purification of low concentrated tritiated waters compared to more conventional technologies   

 The large flake GOx membranes have a higher separation efficiency than the small flake material. 

 The separation efficiency for tritiated water was approximately 60%.  However very large membrane 
areas are still needed for the separation of large volumes of water to obtain a high separation 
efficiency process.  

 Transport mechanisms did not appear to be based on tritium/protium atomic weight ratios (but closer 
to square root of atomic weight ratios). 

 The current footprint and system size requirements for purification are such that improvements are 
still required to advance the technology.  Areas of improvements include better separation factor and 
additional improvements in methods for increasing the membrane strength so pleating the membranes 
or forming tubes would increase the surface area per unit of volume, thus reducing the facility size 
and cost.  

 Facility costs are most significant factor for this technology and estimated costs are higher than CECE 
technology without improvements to surface area per unit volume or increased processing rates.  
Better separation efficiency exponentially would reduce the separation stages needed and 
consequently the facility size.    
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ATTACHMENT 1 
 

DESIGN ANALYSIS OF TRITIUM GRAPHENE  
OXIDE MEMBRANE SYSTEM 
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