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1. ABSTRACT

This research effort is being conducted to evaluate the use of membrane technology for the
separation of tritium (via HTO) from sources containing HTO as a contaminant. Experience
with membrane systems in industry indicates that they are inherently energy efficient. Due to
the large volumes of contaminated water at U.S. Department of Energy sites, such energy
efficiency would be welcome. Aromatic polyphosphazenes were chosen as the polymeric
material for the membranes being investigated because they have been shown to possess
excellent radiological, thermal and chemical stability

We prepared poly(diphenoxy)phosphazene (PNX) and several carboxylated derivatives. Each
polymer was solvent caste from dioxane onto polyethylene terephthalate support material.
These composite membranes were tested with water containing 10 pCi/mL HTO under dead-
end filtration conditions. The PNX provided separation (depletion) of HTO up to 36%
throughout the temperature range of 2°-25°C. The 10% carboxylated PNx-membrane has
shown HTO separation (depletion) up to 74% at 2°-4°C. However, little HTO depletion has
been observed with this membrane at 25°C or 35°C. The membrane containing 5% carboxyl-
groups appeared to present a similar depletion and temperature response. Higher carboxyl
content (20% and 30%) was less efficient.

The results of this study indicate that very low concentrations of HTO can be separated from
water using polyphosphazene membranes. Continuing work will be performed with cross-
flow membrane cells (to mimic reverse-osmosis conditions) and with higher concentrations of
HTO.



2. INTRODUCTION

This paper discusses the use of membrane technology to separate tritium (HTO) from water.
The current and ongoing need for this technology is demonstrated by the continued production
of tritiated water (HTO and self-radiolyzed T2O) in the ppm range in the light water coolant
of nuclear power plants by neutron emission/capture mechanisms from uranium fission.
Furthermore, similar concentration levels are expected in the coolant of fusion reactors. For
example, the International Thermonuclear Experimental Reactor, particularly the current
prototype projected for completion in 2006, can be expected to have the same need for the
separation of HTO from coolant.1 HTO is also produced during nuclear fuel reprocessing by
neutron adsorption, sequentially first by light water to HDO, then to HTO or other species.
A comparison of current separation technologies, available for tritium at >1 Ci/L, has been
reported by Kalyanam and Sood.2 Separation systems, such as catalyzed hydrogen-isotope
exchange, will require enormous power consumption to remove the low concentrations of
HTO currently present at the reprocessing and fuel storage sites. Since tritium in HTO emits
mild beta radiation (5.4 Kev, average), its removal from these point sources and, ultimately,
ground water is necessary to prevent environmental release, as well as to provide protection
for reactor and processing personnel.

Large separation factors can often be obtained by pervaporation through membranes even for
liquids with close boiling points.3 The physical properties of light and heavy water are
sufficiently different to suggest useful separation factors; the properties include diffusion
coefficients, vapor pressures, and surface tensions." Thus, the membrane separation of HTO
from water is based on the mass and vapor pressure differences between water and HTO.

During earlier studies of barrier materials for hydrogen isotopes, it was observed that the
permeability of tritium was lower than deuterium or hydrogen through brominated
acrylonitrile-butadiene copolymer (NBR).5 It was assumed that this difference was a result of
the lower diffusivity by virtue of the larger molecular mass of tritium. However, the ratio of
diffusion coefficients for deuterium and hydrogen differ from purely molecular weight-based
predictions.6 Molecular size difference appears to satisfy the observed deviations from
theory.

Hollow fiber polyimide membranes have been used to separate tritium from moist air in
support of fusion research.7 Cellulose acetate membranes have been used to separate
deuterium oxide (200 ppm enriched) from light water under pervaporation conditions (reduced
pressure at the downstream).8 Pervaporation was more effective (a, 1.08) at lower
temperatures and pressures (20°C and 6 Torr). Transition to an ultrafiltration mechanism was
proposed for higher temperatures and pressures. Similar mechanistic change was shown to
occur with the separation of 50% D2O from H2O with downstream pressures of 260 Torr and
temperatures of 65°C.9 At this higher temperature and pressure, the flow through the
cellulose acetate membrane was slow, since an ultrafiltration mechanism was assumed to
predominate. However, the flow increased near the boiling point of the liquids where
pervaporation predominated.



An extension of this research used polytetrafluoroethylene (PTFE) membranes for both H/D
and 16O/18O separations within water.10 The separation of the oxygen-isotopes was greater
than those for the hydrogen-isotopes, which suggest different mechanisms for the
pervaporation processes. For similar temperatures and pressures, the hydrophobic membrane
gave enhanced separation compared to a cellulose acetate membrane. Preliminary engineering
calculations have been reported for the separation of D2O from H2O using the PTFE
membranes in counter-current cascades.11

Polyphosphazenes were chosen as the polymeric material for the membranes in the current
investigation because they have been shown to possess excellent isothermal stability to
320°C12 and selected types, especially poly[bis(phenoxy)phosphazene], were permeable to
alcohols.13 Furthermore, these polymers are chemically resistant to various solvents and are
film-forming thermoplastics.14 Polyphosphazenes, which possess aliphatic C-H bonds in the
side-group structure, are susceptible to cross-linking induced by i-radiation.15 However,
polyphosphazenes with aryloxy side groups provided very low scission or cross-linking yields
when exposed to x-radiation,16 especially if no halogen or alkyl-groups were substituted on
the aryl-group. Furthermore, anilino side groups, such as 4-ethylanilino, were found to be
extremely radiation insensitive to t-radiation, even at temperatures well above the Tg.

17 It
should be noted that the radical species caused by ionizing radiation with poly[bis
(p-tolylamino)phosphazene] had been previously examined.18

In the present investigation, our choice of polymers was based upon experience with
poly[bis(4-carboxylatophenoxy)phosphazene]. This polymer, containing 100% carboxylated
phenoxy-groups, is soluble in dilute aqueous base.19 In contrast, poly[bis(phenoxy)
phosphazene] is stable (not soluble) in the presence of water from pH 1-12.20 However, the
bisphenoxy polymer can be forced to permeate water if subjected to 343.5 kPa (50 psi).21

The solubility of polyphosphazenes containing various amounts of carboxyl functionality
cannot be directly derived from these previously prepared polymers. For example,
bis(phenoxy)phosphazenes containing 35% carboxyl are not soluble in aqueous base (to pH
12), boiling dioxane, ethanol, or tetrahydrofuran.22 Other functional groups attached to the
phenoxy group, which may prove useful to this work, are methoxy, hydroxyl, and quaternary
ammonium. Both poly[bis(4-methoxyphenoxy) phosphazene] and poly[bis(4-
hydroxyphenoxy)phosphazene] have been prepared.23 The 4-hydroxyphenoxy functionality
was prepared by reacting (deblocking) the 4-methoxyphenoxy groups with BBr3. The 100%
phenolic polymer is soluble in dilute base. It was noted that the hydrophilic character of the
polymer increased with higher degrees of methoxy deblocking.

3. EXPERIMENTAL

Reagents

Poly[bis(dichloro)phosphazene] was obtained as a 12% solution in a proprietary solvent from
the Ethyl Corporation. Since this polymer is quite moisture sensitive, all manipulations
involving it were performed under dry nitrogen in a glovebox or within Schlenk glassware.
Anhydrous solvents (ethanol, tetrahydrofuran, dioxane, and heptane) were obtained from
Aldrich Chemical Corp. and cannulated from the Sure-SealR containers under nitrogen.



Sodium hydride was obtained as a 60% suspension in mineral oil. Ethyl 4-hydroxybenzoate
was recrystallized from dichloromethane and hexane. Water containing 10,800 pCi/L was
obtained from well 6-S19-E13 at the Hanford Site, Richland, Washington. The pH of this
water was 8.0. Since the HTO level was below the 20,000 pCi/L required as the U.S.
Environmental Protection Agency drinking water standard, no radiation protective measures
were required for this work.

Poly[bis(diphenoxy)phosphazene]

The diphenoxypolyphosphazene was prepared using a modification of Singler's procedure,24

which has been described previously.13'21 To the sodium hydride (NaH) suspension (3.7 g,
0.15 mole) was added 50 mL of pentane to remove the mineral oil. The washed NaH was
resuspended in 250 mL of dry dioxane and 150 mL of dioxane containing 14.6 g, 0.155 mole
of phenol and 0.2 g of tetrabutylammonium bromide was added. Upon completion of the
reaction (evolution of hydrogen), a light brown solution remained. Added dropwise to this
solution was 9.0 g, 0.078 mole of poly[(dichloro)phosphazene] in 150 mL of tetrahydrofuran
(thf). The solution was stirred for 1 hr at 23°C, then refluxed for an additional 48 hrs. After
cooling, the volume of the solution was reduced by half, in vacuo, and poured into 500 mL of
water. The precipitated polymer was removed from solvent and redissolved in 300 mL of thf
by stirring at 25 °C for 3 hrs. The solution was rotary evaporated to again remove half the
solvent. This solution was poured into 400 mL of petroleum ether. The polymer was
removed and dried in vacuo. The dried polymer (14.3 g) represents an 80% yield of the
polymer.

Poly[(carboethoxylatophenoxy)00S(phenoxy)095phosphazene]

The following procedure is similar to that described above, however, the carboxyl group is
obtained with the addition of another phenolate nucleophile, that is, ethyl 4-hydroxybenzoate.
Thus, this polymer, containing 5% carboxyl groups was prepared in the following manner and
used mixed thf and dioxane solvents. To an NaH suspension (3.7 g, 0.15 mole), 50 mL of
pentane was added to remove the mineral oil. The washed NaH was resuspended in 100 mL
of dry dioxane. To this suspension, 150 mL of dioxane containing 13.9 g, 0.15 mole of
phenol, 1.3 g 0.01 mole of ethyl 4-hydroxybenzoate and 0.2 g of tetrabutylammonium
bromide was added. Upon completion of the reaction (evolution of hydrogen), a light brown
solution remained. To this solution, 200 mL of a tetrahydrofuran (thf) solution of
poly(dichloro)phosphazene, 9 g, 0.078 mole was added dropwise. The dichloropolymer
required 1.5 h for dissolution in thf. The solution was stirred for 1 hr at 23°C, then refluxed
(67°C) for an additional 48 hrs. After cooling, the volume of the solution reduced by half, in
vacuo, and poured into 500 mL of water. The precipitated polymer was removed from
solvent and redissolved in 300 mL of thf by stirring at 25°C for 1.5 hrs. The solution was
rotary evaporated to again remove half the solvent. This solution was poured into 400 mL of
petroleum ether. The polymer was removed and dried in vacuo. The dried polymer (14.4g)
represents a 79% yield of the polymer containing ester functionality.



Poly[(carboxylatophenoxy)0 05(phenoxy)0 95phosphazene]

The polymer containing 5% ester (5.0 g, 0.02 mole) was dissolved in 200 mL of thf
containing 5 mL of water. To this was added 4.0 g of potassium t-butoxide in thf. The
solution was stirred for 48 hrs at 23°C. After this period, the solution was poured into
600 mL of water and acidified to pH 1 with HC1. The polymer appeared partially soluble in
the water (pH 8) prior to acidification. The precipitated polymer was washed with water then
dried, 4.9 g for an overall yield of 88%.

Poly [(carboethoxylatophenoxy)0,.„ 3(phenoxy)0 74) 9phosphazene]

The remaining carboxylated polyphosphazenes were prepared in a manner similar to that of
the 5% carboxylated polymer. The yield information is presented in Table 1.

Table 1. Yields for Polyphosphazenes Containing Carboxyl- and Ester-Groups

Membrane
Group (%}

5% Carboethoxyl
10% Carboethoxyl
20% Carboethoxyl
30% Carboethoxyl
5% Carboxyl
10% Carboxyl
20% Carboxyl
30% Carboxyl

Yieh
(%)

79.1
74.1
76.0
53.4
88.1
85.0
75.4
94.6

Poly [(methoxyphenoxy)0 ,(phenoxy)0 9phosphazene]

To the NaH suspension (3.7 g, 0.15 mole), 50 mL of pentane was added to remove the
mineral oil. The washed NaH was resuspended in 250 mL of dry tetrahydofuran (thf). To
this suspension, 150 mL of thf containing 13.1 g, 0.14 mole of phenol, 1.9 g, 0.01 mole of
4-methoxyphenol and 0.2 g of tetrabutylammonium bromide was added. Upon completion of
the reaction (evolution of hydrogen), a light brown solution remained. To this solution, the
thf solution containing 9 g of poly(dichloro)phosphazene was added dropwise. The solution
was stirred for 1 hr at 23°C, then refluxed (67°C) for an additional 48 hrs, 9 g, 0.08 mole.
After cooling, the volume of the solution was reduced by half, in vacuo, and poured into 500
mL of water. The precipitated polymer was removed from solvent and redissolved in 300 mL
of thf by stirring at 25°C for 1.5 h. The solution was rotary evaporated to again remove half
the solvent. This solution was poured into 400 mL of petroleum ether. The polymer was



removed and dried in vacuo. The dried polymer (12.9g) represents a 75% yield of the
polymer containing methoxy functionality.

Poly [(hydroxyphenoxy)0 ,(phenoxy)0 9phosphazene]

The procedure of Medici, Fantin, Pedrini, Gleria, and Minto25 was used for the deblocking of
the methoxy group. A solution of 1.8 g (0.018 mole) boron tribromide in 30 mL of
anhydrous dichloromethane was treated dropwise with 2.1 g (0.007 mole) of
poly[bis(methoxyphenoxy)phosphazene] in 50 mL of dichloromethane. The reaction mixture
was stirred at room temperature for 3 hrs and then slowly poured into 50 mL of water. The
precipitated polymer was dissolved in thf and reprecipitated with water. The yield was 1.6 g
or 84%.

Membrane Casting Techniques

The coating blocks and doctor blades were obtained from Eastman Kodak and had the
capability to provide gate thicknesses of 2 to 20 uM. The polyphosphazenes were prepared as
15% to 20% solutions in p-dioxane. This solvent was chosen in preference to thf and others
since it evaporated rapidly yet left a homogeneous membrane. Blade casting techniques
usually allow slow evaporation of the solvent and provide a more open polymer structure
compared to the quite dense films obtained from spin casting. The rate of solvent evaporation
and the casting technique can provide membranes with different microstructures.25

The polyphosphazene was cast as 20 |iM-thick solution, using a coating knife upon a
polyethylene terephthalate backing with a microporous structure. Solvent evaporation allowed
excellent film integrity and a strong composite. The polymer solution tended to strike
through the porous backing and provide an integral composite.

HTO Separation Technique and Equipment

The test cell was constructed from cast aluminum and prepared to host either reverse osmosis
or pervaporation procedures. Thus, it contained two inlet valves and two outlets, one each
below the enclosed membrane unit and one each above that unit. The bottom inlet valve was
sealed during the water separation tests. An insert of sintered glass supported the composite
membrane. The composite membrane was prepared as a 3.5-in.-diameter disc and placed over
the glass support. However, there is only a diameter of 2.25 in. (5.17 cm) exposed to the
water flow. Thus, the surface area of this membrane was 25.6 cm2. The test cell was sealed
and placed in a refrigerator to chill the apparatus to 2°C. Temperature could be held to the
2°C to 8°C range for 30 min upon removal from the refrigerator. To the inlet line, 50 mL of
HTO/H2O was added, which had been chilled to 2°C. Pressure to 48 psi was applied to this
line and could be controlled by manipulation of the top exit valve. The permeate water was
collected as approximately 2 to 3 mL samples.

The Amicon stirred cell used in this work had 200 mL capacity for the HTO solution. The
exit port was below the membrane with a gas pressurization inlet above the membrane. A
magnetic stirrer immediately above the membrane surface minimizes concentration



polarization. The effective diameter of the membrane in this test cell is 2.5 in. (6.35 cm).
Thus, the surface area of this membrane is 31.7 cm2. Nitrogen from a gas cylinder was used
to increase the pressure within the cell. The maximum pressure in this type of cell is 70 psi.

The tritium content of the samples was measured using a Beckmann LS800 scintillation
counter with Ultima-gold cocktail.

4. RESULTS AND DISCUSSION

Preparation of the polyphosphazene membranes in this study used a precursor
polydichlorophosphazene obtained from Ethyl Corporation. Although this material was
exceptionally useful, it is not essential for the membrane preparation. The precursor polymer
can be obtained by the thermal ring opening of hexachlorocyclotriphosphazene.26

Kajiwara27 has eliminated the sealed glass container in the thermal step by performing the
ring-opening step in o-dichlorobenzene at 190°C. Other routes for the preparation of the
dichlorophosphazene polymer have been reported.28

The polarity of the substituent group on the polyphosphazene (PNX) backbone has been shown
to have a significant effect upon the membrane's permeability properties.20 Thus, the
carboxylated polyphosphazene [PNX(CO2H)] appeared to be likely candidates for separation
membranes. Although poly[(carboxylatophenoxy)0 ,(phenoxy)09phosphazene] or
PNx(10%C)2H) was initially investigated as a membrane for HTO/H2O separation, several
other PNX(CO2H) polymers were prepared and similarly examined. These polymers included
5%, 20%, and 30% carboxylated polyphosphazene and their ethyl ester precursors. The
analyses by 31P-nmr will not be discussed in this paper. Thus, reference to percentage
throughout this report will be based on the stoichiometric amount used in the reaction. Thus,
10% will refer to 10 mole% of 4-hydroxybenzoic acid mixed with 90 mole% phenol in the
reaction with poly(dichlorophosphazene).

During the synthesis of the 5 to 30% ethyl esters of the carboxylated polyphosphazenes, large
amounts of "gelled" polymer were observed upon dissolution attempts when the esters of the
polymers were allowed to stand for more than 1 hr in precipitated state. Usually, dissolution
could be achieved in either tetrahydrofuran (thf) or dioxane. However, in some cases, it
could not be obtained unless a small amount of water was added to the preferred solvent, thf.
Upon de-esterification with base, both polymers were fully soluble in dioxane. We assume
that some type of ion complexation occurred in a manner similar to that reported by Allcock
and Kwon.19 Furthermore, we noted that heating the respective polymers in thf increased the
gellation with the respective dissolution cycles. Thus, the precipitation and solubilization
procedures were all conducted at room temperature in an attempt to avoid possible cross-
linking.

The flow of water (HTO/H2O) through the polyethylene terephthalate backing (2.25 in.
effective diameter) was approximately 1 mL/4.5 min at atmospheric pressure. In comparison,
PNx(10%CO2H) was coated on this backing, air-dried for 24 hrs, and 50 mL of water was
placed over it. There was no water flow after 22 hrs at atmospheric pressure with water
above the composite membrane. The application of 48 psi to the water produced a flow of



2.4 mL/min with water at 4°C. However, if the water was held at 22°C, the flow increased to
12 mL/min with a pressure of 48 psi.

The membrane discs (effective diameter of 2.25 in. or 8.16 cm) were were placed in the
pressure test cell and the HTO/H2O was placed over the membrane composite. A pressure of
48 psi was applied to this water and aqueous samples were collected on the downstream side
of the test cell. The temperature of the apparatus and the water was held in the range of 2°C
to 4°C during the test. A typical experiment is presented in Table 2.

Table 2. Separation of HTO with PNx(10%CO2H) Membrane in the
Pressure Test Cell at 4°C and 48 psi

Composite

102A

Sample #

Standard
1
2
3
4
5
6
7
8
9

10
11

pCi/mL

11.1*
2.9
6.1
9.0

10.1
9.0

10.6
11.1
10.5
10.7
10.2
7.5

* The error for this series was 0.3 pCi/mL.
Single samples were run.

The results shown in Table 2 are very encouraging for HTO separation using poly-
phosphazene membranes. Sample 1 shows a 74% reduction in HTO. The following five
samples exhibited a decreasing HTO reduction (45%, 19%, 9%, 19%, 4.5%) through a total
volume of 27.8 mL of permeate. Since this experiment used dead-end filtration, depletion of
HTO will be limited. However, the variability from sample to sample suggests concentration
polarization.

The results from the other membranes are presented in Table 3. This data is presented to
show the best results obtained from three experiments of each polymer. Thus, three
membranes were prepared from the same polymer and examined for HTO depletion. Data
presented here represents the maximum depletion obtained with each membrane (three sample
series).



The membrane thicknesses were not completely monitored in this work and coating variations
certainly can modify results. Preliminary profilometer measurements indicated that solution
coatings performed with a 20-micron gate opening tended to provide polymer thicknesses of
10 to 20 microns. Thus, the variability of the results might be improved when better
(commercial) coating equipment is used.

Table 3. Separation of HTO with PNX Membranes in the Two Test Cells
at Various Temperatures and Pressures

Membrane
GrouD(%^

5% Carboxyl
10% Carboxyl
10% Carboxyl
10% Carboxyl
10% Carboxyl
10% Carboxyl
20% Carboxyl
30% Carboxyl
H (no substitution)
H
H
H
H
H
5% Carboethoxy
10% Carboethoxy
20% Carboethoxy
30% Carboethoxy
10% Methoxyl
10% Hydroxyl

Temperature
(°C)

4
2
4

22
22
35
4
6
4
5
7
12
23
23
4
7
4
4
4
4

Pressure
(psi)

20
20
48
48
20
20
20
20
48
20
20
20
20
10
60
20
20
20
48
50

HTO Depletion
(%)

30
21
74
0
0

0
8
5

36
13
27
24
18
34
15
10
8
3
12
7

"Pressure at 48 psi was used with the cast aluminum cell, while pressures of 10, 20, 50, and
60 psi were obtained with the stirred cell.

The base polymer, poly(diphenoxy)phosphazene, which is listed as H (none) in Table 3,
provided HTO depletion up to 36% at 4°C in the aluminum cell at 48 psi, but the depletions
were lower when reduced pressure was used. The pressure effect has not been studied in
detail relative to the several polymer compositions. However, it is difficult to separate a
pressure effect from thickness variations under the current conditions. The temperature effect



is quite apparent with PNx(10%CO2H) from 4°C to 22°C. The HTO depletion is eliminated at
the higher temperature region; an increase of temperature to 35°C gave no improvement.

At this time, the better results have been obtained with PNx(10%CO2H) and
poly(bisphenoxy)phosphazene. However, the results from the PNX(5%CO2H) membrane
appear to be similar to those of the 10% carboxylated polymer and help extend the range of
these novel membranes. The 20% and 30% carboxylated membrane have diminished
separatory ability. The diminished ability for HTO depletion was also noted with the ethyl
esters of the respective carboxylated polymers. A 50% depletion in HTO was noted with the
PNx(COOEt), the ethyl ester, in one recent experiment, though this has not yet been
confirmed.

The results from the 10% methoxylated polyphosphazene membrane at 4°C indicated only a
12% reduction of HTO, while only 7% HTO depletion was obtained with the 10%
hydroxylated polymer. This suggests that the usefulness of both polymers may be limited.

Current work is under way to examine the membranes, PNx(10%CO2H) and poly
(bisphenoxy)phosphazene under cross-flow conditions using three-staged test cells. Results
from these experiments hopefully will confirm the depletion results noted with dead-end
filtration. Further work is planned to examine water containing up to 106 pCi/L of HTO to
help define the utility of such a procedure.

The separations shown in Table 3 do not appear to be pervaporation since no phase change is
evident, especially at 4°C. Pressure-driven mechanisms usually describe hyperfiltration and
nanofiltration (reverse osmosis) processes, which separate ions from water. These
mechanisms are dependent upon micropores in the membrane and have specific size-exclusion
parameters. At this time, evidence for micropores has not been reported in polyphosphazene
membranes.

Temperature variations have a strong influence on the strength and number of hydrogen bonds
in water systems. The intermolecular hydrogen bonding results in the formation of clusters of
solvent (H2O) and solute (HTO) or in coupling of solute and solvent. The
formation of clusters in solution may increase the effective size of the permeant, thereby
decreasing transport and increasing rejection due to steric effects. At lower temperatures, the
number of molecules in the clusters of deuterium oxide is slightly larger than those within
light water clusters.29 Furthermore, the number of molecules within the average cluster at
equilibrium is not only a function of temperature, as the presence of functional groups may
enhance or disrupt intermolecular hydrogen bonding. Sites such as hydroxyl and carboxyl in
the membrane material have the ability to form hydrogen bonds or strong polar interactions
with water, resulting in a decrease in the average cluster size.30 When polymer-water
interactions are possible, the water may form a bound layer on the membrane. In such a case,
the water-membrane interaction decreases the available energy of hydration per water
molecule in the bound layer. Thus, the capacity of the water to dissolve solute may be
reduced and rejection increased.



In the polyphosphazene membrane, it is difficult to invoke support for increased water cluster
size resulting from HTO since its concentration is in the parts per quadrillion range.
However, the temperature effect noted with the carboxylated polymer tends to follow the
reported water cluster size dependency on temperature. The lack of temperature effect with
the poly[bis(phenoxy)phosphazene], i.e., continuous depletion of HTO through the temperature
range, might suggest that the transport corridors for this membrane could be very sterically
defined or that polar contribution of the phosphorus-nitrogen backbone may be larger than
anticipated.

These research results represent the basis for a new procedure for the separation of HTO from
light water. The membrane system is similar to that of reverse osmosis and requires pressure
from 10 to 48 psi. The polyphosphazene membranes within the system have provided up to
74% depletion of HTO after a single pass through the system. The separation through some
membranes was temperature dependent with HTO depletion at 4°C and HTO enrichment at
23°C. Further research is underway to confirm and extend the usefulness of such a separation
procedure.
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