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Abstract

A long-term human presence in space will require self-sustaining systems capable of producing oxygen and
potable water from extraterrestrial sources. Oxygen can be extracted from lunar regolith, and water
contaminated with hydrochloric and hydrofluoric acids is produced as an intermediate in this process. We
investigated the ability of Nafion proton exchange membranes to remove hydrochloric and hydrofluoric acids
from water. The effect of membrane thickness, product stream flow rate, and acid solution temperature and
concentration on water flux, acid rejection, and water and acid activity were studied. The conditions that
maximized water transport and acid rejection while minimizing resource usage were determined by calculating
a figure of merit. Water permeation is highest at high solution temperature and product stream flow rate across
thin membranes, while chloride and fluoride permeation are lowest at low acid solution temperature and
concentration across thin membranes. The figure of merit varies depending on the starting acid concentration; at
low concentration, the figure of merit is highest across a thin membrane, while at high concentration, the figure
of merit is highest at low solution temperature. In all cases, the figure of merit increases with increasing
product stream flow rate.
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1. Introduction

A long-term human presence in space will require systems that do not rely on continuous replenishment of
supplies and materials from Earth. The field of /n Situ Resource Utilization (ISRU) is focused on developing
technologies and processes to support self-sustaining systems. The goal of ISRU systems is to use
extraterrestrial resources to support activities such as human life-support, material fabrication and repair, and
radiation shielding. ISRU resources can potentially be derived from lunar and Martian regolith, and the Martian
atmosphere [1].

Permanently-shaded regions of polar craters on the moon are potential sites for exploration and eventual
settlement, and lunar regolith is a potential source of oxygen for rocket propellant and life support systems, and
raw metal for construction materials [2]. The elemental composition of lunar regolith is very similar to that of
terrestrial soil and rock, consisting primarily of oxides of silicon, aluminum, iron, calcium, magnesium,
titanium, chromium and manganese [3]. The hydrogen-rich regolith in the polar craters can be exploited by
high-temperature reduction of the metal oxides to generate water, which can then be electrolyzed to produce
oxygen [4-6].

Water, generated as an intermediate product in the production of oxygen from lunar regolith, contains a number
of undesirable contaminants, including hydrochloric and hydrofluoric acids. These acid contaminants are
derived from trace amounts of fluoride and chloride present in lunar regolith and are expected to be present in
relatively high concentrations in the water thus generated [3]. On Earth, halide contaminants are typically
removed from water using consumable adsorbents or processes that require regular replacement or regeneration
with large amounts of water or basic solutions [7-20]. These methods are not practical in the lunar environment
where resources are extremely limited.

We report the results of our investigation of the feasibility of using a proton exchange membrane as an ISRU
alternative for purification of water derived from lunar regolith. Nafion, a commercially-available sulfonated
tetrafluoroethylene polymer, is commonly used as a fuel cell proton exchange membrane, and its water
permeation properties have been well-studied [21-24]. Due to its high proton and low anion conductivities
Nafion is well-suited as a filtration membrane for chloride and fluoride removal [25, 26]. Water diffuses
through Nafion via sulfonic acid-lined channels, and anions are rejected via charge exclusion, enabling
continuous use of Nafion without the need for regeneration.

In an effort to determine the operating conditions that maximize water transport and acid rejection while
minimizing resource usage, the effect of several variables on water flux, acid rejection, and water and acid
activity were studied. These results were used to calculate a figure of merit that takes into account the most
important parameters needed for developing an in sifu contaminant removal system for lunar regolith-derived
water.




2. Experimental
2.1 Experimental Apparatus

All experiments were performed using the apparatus shown schematically in Fig. 1. The membrane holder was
made from two poly(tetrafluoroethylene) (PTFE) plates between which Nafion membranes were secured. The
0.4 cm deep plate cavities were 7.1 cm in diameter yielding a contact area of 39.6 cm”. The acid solution vessel,
acid pump, and all tubing that contacted acid solutions were made from PTFE to prevent corrosion and
contamination of the acid solution. A heated water bath circulated through the acid solution vessel to heat it to
the desired temperature.

Water, chloride and fluoride permeation were measured for Nafion NR-212, N115 and N1110 membranes (Ion
Power) having thicknesses of S1um, 127 um and 254 um respectively, using solutions of 100, 1000 and 10000
parts per million (ppm) by mass of hydrochloric (Fisher) and hydrofluoric (Sigma-Aldrich) acids in deionized
water. The acid solutions were pumped at a constant flow rate of approximately 500 mL/min and a temperature
varying from 30 to 70 °C through one side of the membrane holder. Dry nitrogen gas was regulated to 50 psig
and passed through the other side of the membrane holder at a flow rate that was varied between 1 and 5 L/min
by a mass flow controller (MKS). The gas stream was then passed through a bath containing glycol at 0 °C to
condense as much of the permeated acid solution as possible. Collection times ranged from 10 min per run at 70
°C to 40 min per run at 30 °C, with a minimum of 500 pL of acid solution collected for each run.
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Fig 1. Schematic representation of apparatus to test water flux and acid rejection capabilities of Nafion
membranes. Inset (top right): concentration profile of acid solution across membrane cross-section.



2.2 Water Permeation

The molar water flux (N,,) was calculated to reflect the mass of water collected (m), and the theoretical amount
of water vapor that was not condensed, based on the vapor pressure (p) of water at the temperatures measured at
the membrane (7)) and the condenser outlet (7) as described by Equation 1, where 4 is the wetted membrane
cross-sectional area, and 7 is the collection time:

_ m/18gy,0 - gmoly,o _ p(Tw)
v A-t p(Tw) — p(T)

(Eq. 1)

The activity of water on the gas side of the membrane (x,,“) was also calculated as a function of the water flux
and nitrogen flow rate (Q) using Equation 2:

Nw
3.15x1073gy, -mL™?
289y, -gmol,\,z_1

X =

Noz +

(Eq.2)
2.3 Chloride and Fluoride Permeation

The concentration of chloride and fluoride ions in the collected acid solutions (C;%) were measured using the
Dionex LC20 Ion Chromatograph, and compared to the starting concentration (C ") to determine the rejection
fractions (R;) of chloride and fluoride using Equation 3:

(Eq. 3)



The activity of chloride and fluoride on the liquid side (xi*) gas side (x.¥) of the membrane were calculated
using Equations 4 and 5, M, is the molecular weight of chloride or fluoride (35 or 19 g gmol™, respectively):

C_il“. 18gu,0 'ngleo-1
Mi 0'998gH20 = mL—l

L .-
X =

(Eq. 4)

CiG 'xgr ) 18gu,0 '9771011120_1
M; 0.99894,0 -mL™1

%’ =

(Eq. 5)
2.4 Figure of Merit

The molar flux of water, chloride or fluoride (V;) across the membrane can be expressed in terms of a
permeation coefficient (k;) and the activity of water, chloride or fluoride on the liquid (x") and gas (x,-G) sides of
the membrane, as shown in Equation 6:

N; = k;(xF — xf)

(Eq. 6)

In order to determine the conditions that maximize the efficiency of water permeation while minimizing the
efficiency of chloride and fluoride permeation, a figure of merit (Z) was defined according to Equation 7. For
each sample collected, the permeation coefficients for water (), chloride (k¢;) and fluoride (kr) were used to
calculate the figure of merit:

Z =
kCl'kF

|
%
(Eq.7)




3. Results

3.1 Water Permeation

The effect of membrane thickness, liquid-side solution temperature and gas-side nitrogen flow rate on water
flux and gas-side water activity are reported in this section. No correlation between acid solution concentration
and water flux was observed, so the data collected at different acid solution concentrations were averaged for
each solution temperature and gas flow rate.

Water flux across Nafion membranes as a function of solution temperature and gas-side nitrogen flow rate is
reported in Fig. 2 for all three membranes tested. The data show that water flux increases with increasing
nitrogen flow rate as a logarithmic function as shown in Equation 8, with coefficients a and b shown in Table 1.
The water flux increased twofold as the solution temperature increased from 30 to 50 °C, and threefold from 50
to 70 °C. Water flux across the 51 um membrane was approximately 30% higher than across the 127 pm
membrane, and approximately 60% higher than across the 254 um membrane.

N,=a-InQ+b (Eq. 8)

Table 1: Coefficients of molar water flux versus gas-side nitrogen flow rate equation for varying membrane

thickness and liquid-side solution temperature

Membrane Te:;[l)(ﬁl:::ure ax 1(2)5 b x 1(2]5
Thickness (um) °C) (gmol/cm” min) | (gmol/cm” min)
30 5 4
51 50 10 8
70 30 30
30 3 5
127 50 7 10
70 20 30
30 3 &
254 50 8 8
70 20 20




Water activity on the gas side of the membranes as a function of solution temperature and gas-side nitrogen
flow rate is reported in Fig. 3 for all three membranes tested. The data show that while water flux increased with
increasing nitrogen flow rate, the mole fraction of water on the gas side decreased as an exponential function as
shown in Equation 9, with coefficients ¢ and d shown in Table 2. The gas-side water activity increased threefold
as the solution temperature increased from 30 to 50 °C, and threefold from 50 to 70 °C. Gas-side water activity
was roughly the same across all membranes at 30 and 50 °C, and decreased slightly with increasing membrane

thickness at 70 °C.

x¢=c-InQ+d

(Eq.9)

Table 2: Coefficients of molar water activity versus gas-side nitrogen flow rate equation for varying membrane

thickness and liquid-side solution temperature

Membrane Liquid g
i — Tem?’eé';lture ¢ (min/L) d
30 -0.107 .008
51 50 -0.102 .028
70 -0.143 .091
30 -0.156 .009
127 50 -0.208 .039
70 -0.207 .092
30 -0.160 .008
254 50 -0.169 .029
70 -0.178 .068
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Fig. 2. Water flux across Nafion membranes as a
function of nitrogen flow rate and acid solution
temperature, with membranes of thickness 51 mm
(a), 127 mm (b), and 254 mm (c¢).

(a) 0.1
_ 030°C
m50°C
_ 0.08 A70°C
(.'); L
]
z % T
2
& o004
8
3 002 |
; ey
0 1 2 3 4 5
Nitrogen Flow Rate (Q) [L/min]
b) 0.1
(b) 030°C
m50°C
_ 0.08 A70°C
Ox; L
2 0.06 ™
2
& 004 |
8
2 002 }
8 .

0 1 2 3 4 5
Nitrogen Flow Rate (Q) [L/min]

(c) 0.1
©30°C
m50°C
o008 } A70°C
(Dx; !
> 006 f
2
& 004 t
8
2 o002 | '\*\-\.\_
" ¢ —+—+—

0 1 2 3 4 5
Nitrogen Flow Rate (Q) [L/min]

Fig. 3. Water activity on gas side of Nafion
membranes as a function of nitrogen flow rate and
acid solution temperature, with membranes of
thickness 51 mm (a), 127 mm (b), and 254 mm (c¢).



3.2 Chloride Permeation

The effect of membrane thickness, liquid-side solution temperature and acid concentration on chloride rejection
and gas-side chloride activity are reported in this section. No correlation between gas-side nitrogen flow rate
and chloride rejection or activity was observed, so the data collected at different flow rates were averaged for
each acid solution concentration and temperature.

Chloride rejection as a function of acid solution concentration and temperature is reported in Fig. 4 for all
membranes. At acid solution concentrations of 1000 or 10000 ppm, chloride rejection was very high for all
membranes tested, at least 96% but most often ranging between 99.0 and 99.9%. At an acid solution
concentration of 100 ppm, chloride rejection decreased with increasing membrane thickness. No correlation
between chloride rejection and acid solution temperature was observed.

The ratio of gas-side to liquid-side chloride activity as a function of acid solution concentration and temperature
is reported in Fig. 5 for all membranes. The chloride activity ratio typically increased by one to two orders of
magnitude as the acid solution temperature increased from 30 to 70 °C. For all membrane thicknesses, the
chloride activity ratio typically decreased as the acid solution concentration increased from 100 to 10000 ppm.
These trends were most pronounced across the 254 um thick membrane, where at 30 °C the chloride activity
ratio decreased by roughly an order of magnitude as the acid solution concentration increased from 100 to 1000
ppm, and decreased by another order of magnitude as the concentration increased to 10000 ppm. The chloride
activity ratio also increased by an order of magnitude as the temperature increased from 30 to 70 °C at acid
solution concentrations of 100 and 1000 ppm, and increased by over two orders of magnitude at 10000 ppm.
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3.3 Fluoride Permeation

The effect of membrane thickness, liquid-side solution temperature and acid concentration on fluoride rejection
and gas-side fluoride activity are reported in this section. No correlation between gas-side nitrogen flow rate
and fluoride rejection or activity was observed, so the data collected at different flow rates were averaged for
each acid solution concentration and temperature.

Fluoride rejection as a function of acid solution concentration and temperature is reported in Fig. 6 for all
membranes. Fluoride rejection was at least 90% across all membrane thicknesses at a starting solution
concentration of 10000 ppm, and was approximately 80% across all membrane thicknesses at 1000 ppm. At an
acid solution concentration of 100 ppm, fluoride rejection decreased from approximately 80% across the 51 pm
thick membrane to 60% or less across the 127 and 254 pm thick membranes. No correlation between fluoride
rejection and acid solution temperature was observed.

The ratio of gas-side to liquid-side fluoride activity as a function of solution concentration and temperature is
reported in Fig. 7 for all membranes. In all cases, the fluoride activity ratio increased exponentially with
increasing acid solution temperature, increasing by approximately an order of magnitude from 30 to 70 °C. For
all membrane thicknesses, the fluoride activity ratio decreased with increasing acid solution concentration. The
largest decreases occurred across the 127 and 254 um thick membranes, where the fluoride activity ratio
decreased by approximately an order of magnitude as the acid solution concentration increased from 100 to
10000 ppm at all temperatures.
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3.4 Figure of Merit

The figure of merit as a function of solution concentration and temperature, and gas-side nitrogen flow rate is
reported at acid solution concentrations of 100 ppm (Fig. 8), 1000 ppm (Fig. 9), and 10000 ppm (Fig. 10). For
each sample collected, the calculated figure of merit was normalized to the maximum value for that acid
solution concentration.

At an acid solution concentration of 100 ppm, the figure of merit increased with increasing gas flow rate and
decreased with increasing membrane thickness. No relationship between acid solution temperature and the
figure of merit was observed. At an acid solution concentration of 1000 ppm, the figure of merit increased with
increasing gas flow rate, and decreased with increasing membrane thickness and acid solution temperature. At
an acid solution concentration of 10000 ppm, the figure of merit increased with increasing gas flow rate and
decreased with increasing acid solution temperature. No relationship between membrane thickness and the
figure of merit was observed.
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4. Discussion
4.1 Water Permeation

Water flux (N,,) across Nafion membranes and gas-side water activity (x,,7) are highly dependent on water
temperature and gas flow rate, while membrane thickness has a much smaller effect. This is consistent with
previous studies [22]. While water flux increased significantly with increasing gas flow rate, the gas-side water
activity also decreased significantly. It is possible that higher gas flow rates cool the gas side of the membrane,
decreasing the water permeation efficiency. The water permeation coefficient (k,,) takes into account both
trends.

4.2 Chloride and Fluoride Permeation

The high rejection and low gas-side activity of chloride and fluoride can be attributed to charge exclusion.
Briefly, the water channels in Nafion membranes in acid form are lined with sulfonic acid end groups, and when
the membrane is soaked in water, protons tend to diffuse out, leaving a negative potential in the water channels
[26, 27]. As a strong acid (pK, ~ 7), HCI fully dissociates in water, and the negative potential of the membrane
channels inhibits diffusion of chloride across the membrane. Since HF is a weak acid (pK, = 3.17) [28], fluoride
rejection is expected to be lower than chloride rejection, as permeation of undissociated HF is not as inhibited
by the negative potential of the water channels as dissociated anions.

The tendency for chloride and fluoride rejection to increase with increasing temperature may be due to an
increase in proton diffusion out of the water channels as the water channels swell with increasing temperature,
thereby increasing the negative potential of the water channels and further inhibiting anion diffusion. Similarly,
the tendency for anion rejection to decrease with increasing membrane thickness may be due to less efficient
proton diffusion out of the water channels of thicker membranes, which would decrease the negative potential
of the water channels and promote anion diffusion.

Fluoride rejection increases with increasing acid solution concentration. A similar but less pronounced trend is
observed with chloride. If fluoride rejection was governed solely by dissociation equilibrium, however, fluoride
rejection would be expected to increase with decreasing acid solution concentration, as the calculated mole
fraction of dissociated fluoride increases from 0.036 to 0.110 to 0.306 as HF solution concentration decreases
from 10000 ppm to 1000 ppm to 100 ppm. Previous studies have shown that fluoride permeation across Nafion
membranes increases significantly with decreasing pH [26]. Solutions of 100 ppm, 1000 ppm and 10000 ppm
HF have pH values of 1.74, 2.26 and 2.81, respectively, while solutions of 100 ppm, 1000 ppm and 10000 ppm
HCI/HF have pH values of 0.53, 1.48 and 2.37, respectively. The reduced pH due to the presence of chloride in
the acid solution, which is particularly significant at lower concentrations, may account for this observation.

While anion flux (N¢y, Nr), which is inversely proportional to chloride rejection, decreases with increasing
temperature, the gas-side anion activity (xc,°, x;”), essentially the mole fraction of chloride or fluoride in the
gas stream, increases. This is likely due to the increased water activity at higher temperatures. The anion
permeation coefficients (kc;, kr) account for both trends.



4.3 Figure of Merit

In all cases, the figure of merit increased with increasing gas flow rate, because the water permeation coefficient
increased with increasing gas flow rate while the anion permeation coefficients were not affected by gas flow
rate.

At the two lowest acid solution concentration (Fig. 8, Fig. 9), the figure of merit is highest across the thinnest
membrane. The effect of membrane thickness on the figure of merit is due to the significant decrease in both
chloride and fluoride rejection with increasing membrane thickness at lower acid solution concentrations,
coupled with the decrease in water flux with increasing membrane thickness across all acid solution
concentrations.

The figure of merit at the highest acid solution concentration (Fig. 10) shows that membrane thickness does not
affect the figure of merit. Chloride and fluoride activity decrease with increasing membrane thickness at the
highest acid solution concentration, negating the similar decrease in water flux.

The figure of merit is highest at the lowest acid solution temperature, particularly for thinner membranes and at
higher acid solution concentrations. The figure of merit tends to increase with decreasing temperature because
the product of the anion permeation coefficients (particularly that of chloride) decreases at a greater rate than
the water permeation coefficient.



5. Conclusions

The permeation of water, fluoride and chloride for solutions of hydrochloric and hydrofluoric acids across
Nafion membranes have been determined as a function of membrane thickness, gas flow rate, and acid solution
temperature and concentration. Water permeation is maximized across thinner membranes at higher
temperatures and gas flow rates. Chloride and fluoride permeation are minimized across thinner membranes at
lower acid solution temperatures and concentrations.

A figure of merit was developed to determine the conditions under which water permeation is maximized while
chloride and fluoride permeation are minimized. At all acid solution concentrations, the figure of merit
increased with increasing gas flow rate. At low acid solution concentrations (on the order of 100 ppm HCI/HF),
membrane thickness had the greatest effect on the figure of merit, which increased with decreasing thickness.
At high acid solution concentrations (on the order of 10000 ppm), acid solution temperature had the greatest
effect on the figure of merit, which increased with decreasing temperature. The figure of merit is a useful tool
for optimizing the operating conditions of an ISRU water purification system.
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Nomenclature

A membrane contact area [cmz]

Cf  gas-side concentration of i in water [ppm)]

C!  liquid-side concentration of i in water [ppm]

m mass of acid solution collected [g]

N; molar flux of i [gmol/cm? min]

p(T;) vapor pressure of water at temperature 7; [torr]
0 gas flow rate [L/min]

R; membrane rejection fraction of i

t sample collection time [min]

T; temperature measurement at location i [°C]
x,»G gas-side activity of i

xi liquid-side activity of i

% figure of merit

Zmax ~ maximum figure of merit at specific acid solution concentration
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