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Rapid advancement in aerospace technology has successfully enabled long-term life and economic ac-
tivities in space, particularly in Low Earth Orbit (LEO), extending up to 2000 km from the mean sea level.
However, the sustainance of the LEO Economy and its Environmental Control and Life Support System
(ECLSS) still relies on a regular cargo supply of essential commodities (e.g., water, food) from Earth, for
which there still is a lack of adequate and sustainable technologies. One key challenge in this context is
developing water treatment technologies and standards that can perform effectively under microgravity
conditions. Solving this technical challenge will be a milestone in providing a scientific basis and the
necessary support mechanisms for establishing permanent bases in outer space and beyond. To identify
clues towards solving this challenge, we looked back at relevant scientific research exploring novel
technologies and standards for deep space exploration, also considering feedback for enhancing these
technologies on land. Synthesizing our findings, we share our outlook for the future of drinking water
treatment in microgravity. We also bring up a new concept for space aquatic chemistry, considering the
closed environment of engineered systems operating in microgravity.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Manned spaceflights have been around for more than 60 years.
From what was once merely science fiction, human activity in space
is now “common”. Several countries are operating ambitious space
programs, and space stations, such as the International Space Sta-
tion (ISS) and the China Space Station, are now well established.
However, microgravity remains an insurmountable challenge in
furthering our operations in space. Microgravitational conditions
make functioning several regular processes difficult, such as food
and water production. Ensuring continuous freshwater availability
is essential to ensure sustained space operations and other capa-
bilities and reduce costs of space exploration, earth monitoring, and
Low Earth Orbit (LEO) Economy functioning. A critical step is to
reduce the reliance on regular supply and instead develop water
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treatment technologies that enable the treatment and reuse of
wastewater under microgravitational conditions. The development
of such water treatment technologies will enormously benefit long-
term space inhabitation. In addition, the unique phenomena
encountered in space (e.g., buoyancy disappearance) [1] may also
promote a better understanding of the mechanisms underlying the
effective design of water treatment technologies and ultimately
benefit the operation of such technologies on Earth.

1. Considerations of design

Two water management systems have been successfully applied
in space station. (1) Independent treatment of water streams, e.g.,
wastewater such as urine and condensate water. It is particularly
practiced in the Russian space station [2]. (2) Simultaneous treat-
ment of wastewater. This method is applied in the US Segment of
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ISS [3]. However, other aspects must be considered in order to
improve the operation of current water treatment methods:

(1) Wastewater generated in space comes from complex sour-
ces. The three main wastewater types in space stations are
identified as condensate water, waste hygiene water, and
urine. The treatment of such water from such diverse sources
would benefit from advancing the development of a circular
water treatment theory for limited environments.

(2) Wastewater generated in space, particularly human urine,
has an altered chemical composition. Urine in space has a
much higher Ca®* concentration than Earth's due to differ-
ences in human metabolism in space [4]. Such urine has a
very high corrosive potential due to the formation of calcium
carbonate deposits on contact surfaces. The risk of such
corrosion needs to be considered in designing appropriate
treatment systems incorporating alleviation strategies
capable of withstanding scaling.

(3) Low water recovery leads to low efficiency in freshwater
recovery. Urine is approximately 95% water. However, cur-
rent water treatment technologies in space recover only a
maximum of 85% of this water [4]. Future water treatment
technologies should aim to improve recovery.

(4) New technologies development needs to tap into energy
resources available in space. Currently, operating water pu-
rification methods are mainly focused on physical (e.g.,
membrane filtration) and chemical (e.g., oxidation) tech-
nologies. Membrane technology has been promising in space
due to its excellent water quality and easy modularization
[5]. However, the operation of such technologies places a
significant burden on earth-to-space supply chains. In this
context, future water purification technologies need to tap
into resources — such as solar energy — abundant in outer
space to remove the dependency on expensive energy sup-
plies from earth to conduct essential processes.

2. Quality considerations for drinking water in space

Necessarily, the quality standards for drinking water in space
stations are much more stringent than those on Earth. For instance,
the acceptable microbes limit is 50 colony forming units (CFU)
mL~! in-flight [6], while that is twice as much at 100 CFUmL~! on
Earth (e.g., China, GB 5749—2022). In the efforts of the National
Aeronautics and Space Administration (NASA) to gradually
streamline the water standards on the ISS, microbes remain the
focus because of the potentially huge health and safety threats
[6—8]. Due to the altered conditions in space, microorganisms may
further enhance their “toxic” effects [7,8]. Thus, more attention
should be paid to the potentially increased risks and control
methods to establish suitable microbiological standards. One
possible strategy is to develop novel sensors coupled with online
daily monitoring methods. For example, it has been confirmed that
identifying bacterial populations using 16S rDNA nanopore
sequencing could be conducted entirely in flight [9], illustrating the
potential application of this technology in routine online moni-
toring conducted on ISS. In addition to microbial quality, water
smells caused by disinfection by-products can negatively impact
astronauts’ mental and physical health. Therefore, the water quality
standards should consider factors beyond microbiological safety in
designing and improving space water technologies.

3. Simulation experiments applying microgravity

Simulation experiments are limited due to the few options
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available and the difficulty of creating long-term (e.g., hours)
microgravity conditions in terrestrial systems. Short-term systems
such as drop towers (~5 s), parabolic flight (<30 s), and even
sounding rockets (~13 min) have been developed to overcome this
challenge [7]. However, not only are the operation costs of such
systems very high, but the experimental conditions are also rather
strict [1]. To further optimize the processes and their potential, the
rotating wall vessel (RWV) and the random positioning machine
(RPM), respectively, were successfully designed for simulating
microgravity [7]. A previous study has demonstrated a linear rela-
tionship between the extent of certain phenomena (e.g., oxygen
bubble size during water electrolysis) and the degree of gravity.
Therefore, some mechanisms of interfacial phenomena under
microgravity can also be inferred through investigating behaviors
under high gravity outer conditions [1], which is easily achieved by
rotation systems on Earth.

4. Lessons from space to earth on water research

Terrestrial and space water treatment technologies are closely
interconnected, and even many experiments conducted in space
are controlled on Earth to understand better the mechanisms
involved [7]. Theories and technologies established on Earth pro-
vide the bases for those utilized in space. In addition, space is
considered the “final frontier” as it provides a unique scientific
platform to test and optimize the technology. To date, science and
the economy have significantly benefited from space research on
agriculture and biology towards increasing production and treating
diseases better on Earth [10]. Similarly, the discovery of related
phenomena in microgravity may further enhance the development
of water treatment theories and methods on Earth. In space, surface
tension and capillary force determine fluid flow; due to the lack of
buoyancy, the output of related experiments may further improve
the fundamental understanding of water treatment mechanisms
(e.g., coagulation) and pollutants removal relationships under
different process conditions (e.g., varied gravity) on Earth. Figure 1
shows the relationships regarding water treatment process be-
tween the terrestrial and space boundary conditions.
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Fig. 1. Potential relationships between terrestrial and space boundary conditions that
are relevant for drinking water treatment.
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5. Foundations and future of aquatic chemistry for space

The research on space water treatment has just begun, and there
are yet many unknowns to be explored and explained. For water
treatment in space, the aquatic chemistry theory proposed by W.
Stumm in 1970 lays a solid scientific and conceptual foundation
[11]. The key processes are as follows: acid-base equilibrium, redox
equilibrium, coagulation-flocculation equilibrium, adsorption-
desorption equilibrium, and dissolution-precipitation equilibrium.
Owing to the unique phenomena in space, these equilibria can be
somewhat influenced. The extent of changes is expected to be more
significant for equilibria involving two phases (i.e., a solid and a
liquid for coagulation, flocculation or precipitation) instead of those
involving one aqueous phase, such as an acid-base equilibrium.

Further, different water treatment characteristics may be easily
observed in space compared to the terrestrial processes. For
instance, in a space station, potable water supply is tightly coupled
with wastewater treatment in a limited space within the closed
system. In addition, much attention should be paid to the permeate
re-mineralization after membrane filtration because of the long-
term cycle [12]. Therefore, recognizing the current limitations, a
new concept for space aquatic chemistry should be proposed,
aiming to further develop the water treatment theory as a basis for
efficient and sustainable technologies ensuring astronauts’ health
and the establishment of stable space economies.
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