


and that the processed material was uniformly heated, the system efficiency based on 
post processed soil mass, could be calculated as shown in Table 1. A more accurate 
approach would be to calculate the total potential releasable water in the soil, and from 
that, the water extraction efficiency however this requires knowing the initial 
(unreacted) soil mass. An estimate was made for the initial soil mass by adding the 
mass of water captured to the post-processed soil mass, Table 2. This estimated initial 
soil mass does not account for water that was released but not captured in the 
condenser, and therefore has a bias error lower than the actual initial mass. Water 
extraction efficiency for the system, defined by dividing the captured water by the total 
potential water in the initial soil, is also listed in the table, and represents a slight 
positive bias from actual efficiency (bias error estimated to be less than 0.5 percent).  

Future work to better calibrate the efficiency of the condensation system would allow 
a more precise calculation of initial mass and therefore overall system water extraction 
efficiency. The average water collection efficiency for the system was slightly better 
than 50 percent, with a range from 45 to 58 percent over the four runs. The water 

Table 3: ICP-AES analysis of extracted water. 

Table 2: Potential water mass and recovery 
efficiency assuming all water was recovered.  

Element 
concentration 

µg/mL Element 
concentration 

µg/mL Element 
concentration 

µg/mL
Al 0.06 Al 0.06 P 0.1
B 3.2 Ca 17.71 S 1.0
Ba 0.044 Na 9.1 Si 6.3
Ca 17.71 Si 6.3 Sr 0.057
Cu 0.03 B 3.2 Ti 0.001
Fe 0.01 K 1.9 Mo 0.04
K 1.9 S 1.0 Cu 0.03
Mg 0.97 Mg 0.97 Fe 0.01
Mn 0.002 P 0.1 Mn 0.002
Mo 0.04 Sr 0.057 Ti 0.001
Na 9.1 Ba 0.044

ICP-AES Analysis of extracted water

Pre-Processed 
mass estimate, g

Potential 
water , g

Estimated 
Efficiency , %

453 15.6 44.9
497 17.1 52.6
453 15.6 57.8
505 17.4 46.1

Ave 477.0 16.4 50.3
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collected was analyzed by two separate methods; inductively coupled plasma atomic 
emission spectroscopy ICP-AES and x-ray photoelectron spectroscopy (XPS), which 
are shown in Table 3 and Table 4 respectively. There was excellent agreement between 
both methods. Calcium, sodium, silicon, potassium and boron were the primary 
elements detected. The absolute quantities differed as each method uses different 
techniques. However, the rankings of the elements were similar. ICP-AES did detect 
small amounts of other elements (Mg, Mn, Sr, S). In this study no filtering of the gas 
stream into the condenser was performed and it is likely microscopic dust particles 
from the GRC-3 is the major source of the elemental contamination. 

 

Conclusions 

A set of experiments tested performance of a conceptual water extraction system for 
use on Mars hydrated regolith. The open reactor concept uses the Mars atmosphere as 
a sweep gas to transport evolved water vapor to a collection system. The tests have 
shown that at an atmospheric pressure of 7 Torr CO2 there is sufficient molecular gas 
density to allow the native Martian atmosphere to be used as an effective sweep gas. 
The water recovery efficiency of the initial breadboard hardware system was 
approximately 50 percent, with greater efficiency possible upon design iteration.  The 
system concept was predicated on sacrificing efficiency for the ruggedness offered by 
eliminating the need for high temperature seals in the dusty, abrasive environment.  

Table 4: XPS analysis of extracted water 
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The next baseline measurement focused on the efficiency of water extraction from 
BDH. The goal would be to reduce the BDH to anhydrous borax (Na2B4O7). However, 
of the ten water molecules, two of the water molecules exist as hydroxyl groups and 
can only be liberated by molecular decomposition at much higher temperatures. 
Therefore, only eight loosely bound water molecules were targeted. BDH can be 
transformed to borax pentahydrate (Na2B4O7.5H2O) starting at temperatures of 59 °C, 
as described by Sahin (2002). BDH experiences a physical transformation as water is 
evolved from the molecule. It puffs up substantially with a noticeable increase in 
volume and decrease in density, figure 6. The change in physical appearance provides 
a good visual indicator if water is indeed being evolved through heating. The tray was 
blocked such that all of the BDH remained stationary on the tray for the duration of the 

test. Once the system was evacuated down to 7 Torr pressure, the heaters and fans 
where turned on. The test was performed with 200 g of lab grade BDH, which consists 
of 75.6 g water available for release. The BDH was heated to the target temperature of 
150 °C and maintained at a minimum of 150 °C for 21.8 min. The borax weighed 180 
g, post run indicating that 20 g of H2O, or 26.5 percent of the available water, had 
evolved. The condenser captured a total of 13.5 g of water. In this case the efficiency 
of the system is 67.5 percent and is in sharp contrast to the 85.3 percent attained with 
liquid water. The reason for the difference in efficiencies is undetermined. 

The final baseline measurement was to determine the amount of water that might be 
evolved from the GRC-3 itself. Being a high surface area material it is possible water 
molecules may be attached to GRC-3 particulates.  Because the GRC-3 material was 
not being stored in a dry box or other controlled environment, it had the potential to 
adsorb water molecules. GRC-3 is known to hold about 0.4 percent water by mass at 
standard room conditions.  To duplicate the conditions that were used with the water 
extraction runs, 2200 g of GRC-3 was loaded into the source soil bin. The system was 
brought to the starting pressure of 7 Torr and 400 g of GRC-3 was processed at a tilt 
tray temperature of at least 150 °C. The condenser had almost no moisture in the 

Figure 7: Changes to borax provide physical evidence of water extraction. 
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collection tube and was estimated to be 8 drops. Therefore, any water contribution from 
the GRC-3 was considered negligible.  

Experimental Runs 

For each run, BDH was added to GRC-3 soil and thoroughly mixed to achieve a 
uniform distribution with a 4.2 percent water content by mass. All of the runs used 
2000 g of GRC-s and 200 g of BDH. The simulant mixture was placed into the source 
soil bin and the system sealed and evacuated to 7 Torr. In order to replicate the Martian 
atmosphere CO2 was introduced into the �F�K�D�P�E�H�U�� �D�W�� �D�� �I�O�R�Z�� �U�D�W�H�� �R�I�� �������� �V�F�F�P�¶�V��
beginning at atmospheric pressure and continuing until the set point pressure of 7 Torr 
is achieved.  Once steady state conditions were achieved (7 Torr pressure, tilt tray 
��������° ) the CO2 flow and vacuum valves were closed. The bucket rotation was turned 
on with a rotation speed of 5 rpm, which at room conditions achieved a good 
distribution of soil on the heated tray to allow sufficient soil residence time to achieve 
desired heating. However, soil transport down the tilt tray was significantly faster under 
vacuum conditions so the soil temperature failed to reach the target temperature by at 
least 50 °C. A small amount �����������F�F�¶�V����of water was liberated but volume was too small 
to measure accurately.   

 In the remaining runs the bucket wheel rotation was operated in a stop and go motion 
to regulate the amount of soil on the tilt tray and maintain a tray temperature of 150 °C 
or greater. Although the source soil bin is capable of holding more than 2 kg of material 
�W�K�H�� �E�X�F�N�H�W�� �Z�K�H�H�O�¶�V�� �H�I�I�L�F�L�H�Q�F�\�� �G�U�R�Sped off markedly as the soil was depleted, and 
therefore the remaining runs were terminated when approximately one-fourth of the 
loaded simulant was processed. 

Results 

Four runs were conducted with an average post-processed soil mass of 469 g of soil 
processed and an average of 8.3 cc of water captured. An accurate determination of the 
efficiency of the system was complicated by the difficulty in measuring the exact 
amount of soil and BDH processed, coupled with widely different results from baseline 
measurements. Assuming that the BDH was uniformly distributed within the GRC-3 

Processed 
mass, g

Potential 
water, g

Water 
collected, g

Estimated 
Efficiency , %

446 15.3 7 45.6
488 16.8 9 53.6
444 15.3 9 58.9
497 17.1 8 46.8

Avg 468.8 16.1 8.3 51.2

Table 1: Potential water mass and recovery efficiency 
calculated from post processed mass only. 



and that the processed material was uniformly heated, the system efficiency based on 
post processed soil mass, could be calculated as shown in Table 1. A more accurate 
approach would be to calculate the total potential releasable water in the soil, and from 
that, the water extraction efficiency however this requires knowing the initial 
(unreacted) soil mass. An estimate was made for the initial soil mass by adding the 
mass of water captured to the post-processed soil mass, Table 2. This estimated initial 
soil mass does not account for water that was released but not captured in the 
condenser, and therefore has a bias error lower than the actual initial mass. Water 
extraction efficiency for the system, defined by dividing the captured water by the total 
potential water in the initial soil, is also listed in the table, and represents a slight 
positive bias from actual efficiency (bias error estimated to be less than 0.5 percent).  

Future work to better calibrate the efficiency of the condensation system would allow 
a more precise calculation of initial mass and therefore overall system water extraction 
efficiency. The average water collection efficiency for the system was slightly better 
than 50 percent, with a range from 45 to 58 percent over the four runs. The water 

Table 3: ICP-AES analysis of extracted water. 

Table 2: Potential water mass and recovery 
efficiency assuming all water was recovered.  

Pre-Processed 
mass estimate, g

Potential 
water , g

Estimated 
Efficiency , %

453 15.6 44.9
497 17.1 52.6
453 15.6 57.8
505 17.4 46.1

Ave 477.0 16.4 50.3

Element 
concentration 

µg/mL Element 
concentration 

µg/mL Element 
concentration 

µg/mL
Al 0.06 Al 0.06 P 0.1
B 3.2 Ca 17.71 S 1.0
Ba 0.044 Na 9.1 Si 6.3
Ca 17.71 Si 6.3 Sr 0.057
Cu 0.03 B 3.2 Ti 0.001
Fe 0.01 K 1.9 Mo 0.04
K 1.9 S 1.0 Cu 0.03
Mg 0.97 Mg 0.97 Fe 0.01
Mn 0.002 P 0.1 Mn 0.002
Mo 0.04 Sr 0.057 Ti 0.001
Na 9.1 Ba 0.044
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