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Abstract

Efficient water recycling is imperative for the sustainable presence of humans during long-duration
and deep-space missions, where resupply from Earth is not a viable option. This study proposes a
kombucha-based photobioreactor (Kombucha-PBR) as a novel biological approach for the treatment
of wastewater generated in space habitats. Kombucha, a symbiotic microbial consortium of bacteria
and yeasts, produces bacterial cellulose and demonstrates high stability and resistance to
contamination, making it suitable for closed-loop bioprocessing in microgravity conditions. The
reactor was evaluated using synthetic wastewater formulated by NASA, which was representative
of spacecraft effluents. Treatment performance was assessed through the removal of chemical oxygen
demand (COD) and total nitrogen (TN). Following an initial adaptation phase, the system
demonstrated stable performance, with a decrease in ammonia concentrations from 200 mg-L™ to 44
mg-L! (>80% removal efficiency) and an average COD removal of 81% after 30 days. The fixed-bed
configuration provided an extensive surface area for the growth of biofilm, thereby enabling
simultaneous carbon and nitrogen removal whilst minimising energy requirements and operational
complexity. The findings demonstrate that the Kombucha-PBR offers a compact, low-energy, and
microgravity-compatible solution for regenerative water recovery. Its integration into spacecraft life
support systems has the potential to significantly advance sustainable resource management and
autonomy for future long-term space missions.

Keywords: space life support systems; wastewater treatment; kombucha bioreactor; regenerative
water recovery; closed-loop systems

1. Introduction

As humanity continues to explore space, the importance of sustainable life support systems is
becoming increasingly apparent. The necessity for effective solutions for waste management is
paramount in the context of long-duration space missions, a fact that is exemplified by the treatment
of wastewater [1]. The ingestion of water is of paramount importance for human health and well-
being during protracted space missions. Whilst contemporary spacecraft are powered by the
combustion of Hz and O2, which generates sufficient amounts of drinking water, future long-term
space missions (for example, to Mars) will rely on nuclear energy, thereby eliminating this source of
water. Consequently, the necessity for future long-term space missions to purify and reuse water and
wastewater to the greatest extent possible is paramount. The International Space Station (ISS) is the
most well-known example of extended space missions, with most of its water being recycled through
a combination of physical and chemical purification processes. However, in order to meet its water
requirements, the ISS continues to rely on resupply from Earth. It is imperative to acknowledge that,
in the context of future missions that are projected to travel greater distances from Earth and to
endure protracted durations, the utilisation of self-sustaining systems that can reliably and
consistently provide water without the necessity of Earth-based resupply assumes a pivotal role [2].

Water of varying degrees of purity will be required for different purposes, including crew
consumption, sanitation, laundry, toilet flushing, food preparation, oxygen production, potential
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food cultivation (e.g. plant growth), and various research activities. It is estimated that for space
missions lasting more than 30 days, approximately 2.4 kg of water per crew member per day is
required to meet human consumption needs (i.e. potable water) [3]. A viable solution to address
water needs would involve the recovery and recycling of water from waste streams, such as urine
and hygiene wastewater. For instance, the total wastewater generation rates (kg of water per crew
member per day) for various missions have been estimated at 3.7 on the ISS, 4.1 on a transit vehicle,
11.4 at an early planetary base (EPB), and 29.3 at a mature planetary base [4-6]. It is evident that the
implementation of regenerative water recovery systems has the potential to transform “wastewater”
or “used water” into potable water, thereby addressing the need for water reuse in various
applications. This process not only ensures the sustainable utilisation of water resources but also
facilitates the recovery of valuable by-products (VAPs), which can contribute to enhanced economic
and environmental benefits.

The issue of wastewater treatment during long-term space missions is a matter of particular
concern, given the marked differences between such systems and their terrestrial counterparts. The
treatment process must produce effluent of an extremely high quality, without negatively impacting
the habitability of the spacecraft. A further challenge pertains to the design of the process as a whole,
with the objective of ensuring its functionality within the confines of microgravity conditions.
Conventional aerobic biological wastewater treatment relies on gravity to create buoyant air bubbles
for aeration and on gravity-based clarifiers to separate biomass from treated effluent. Consequently,
conventional wastewater treatment systems employed on Earth frequently prove to be too large,
energy-intensive, or inefficient for the confined and resource-limited environments of spacecraft. In
this context, biological treatment systems offer promising alternatives, utilising natural processes for
the degradation of contaminants while minimising resource consumption [7-9]. The utilisation of
biofilms in the context of wastewater treatment in space is a growing trend. Researchers have
reported that these systems are highly effective, achieving oxidation efficiencies of 60-65%, TOC
removal rates ranging from 35% to as high as 98%, nitrification efficiencies of 60-80%, and
denitrification rates of 35-86%. A comprehensive review of the extant literature pertaining to the
utilisation of biofilm reactors for the treatment of wastewater in space and extraterrestrial
environments, accompanied by an assessment of their efficacy, is provided in the work of Erik J.
Espinosa-Ortiz et al. [10].

On Earth, the utilisation of attached-growth microbial systems to extract organic carbon and
nutrients (e.g., nitrogen and phosphorus) from diverse waste streams has a history that spans over a
century [11,12]. These systems are reliant upon the formation of biofilms, wherein microbial cells
responsible for the conversion of organic matter and nutrients proliferate in an attached state to a
surface (substrate) and are embedded in a self-produced matrix of extracellular polymeric substances
(EPS) [13,14]. Biofilm reactors consist of four principal components: the biofilm itself, the surface on
which the biofilm grows (i.e. the substrate or carrier), the bulk liquid (e.g. wastewater), and the gas
phase if required by the system (e.g. air or oxygen) [15]. The materials utilised in biofilm reactors,
designated as “active substrates,” facilitate not only the proliferation of biofilms but also confer
supplementary functionalities. For instance, hollow membranes for gas transfer facilitate the supply
of electron donors (i.e., chemicals that donate electrons to another compound in redox reactions
during microbial growth), while the anode of an electrochemical cell can act as an electron acceptor
(substances that accept electrons transferred to them from other compounds) in biofilm reactors [16].

In order to deliberate on the prospect of implementing biofilm reactors in space, it is imperative
to possess a comprehensive grasp of the processes involved in biofilm formation and development
under space conditions. As demonstrated in a number of studies, the formation of fungal and
bacterial biofilms has been observed on various surfaces and in water systems aboard space shuttles,
the ISS, and the MIR space station [17-21]. Furthermore, a number of biofilm-forming
microorganisms have been isolated from the spaceflight environment, including from water supply
and wastewater systems on the ISS [22-24]. In comparison with conventional suspended growth
systems, biofilm reactors offer a number of advantages, including lower energy requirements,
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simpler operation and maintenance, increased operational stability, and reduced hydraulic retention
time [28,29]. Biofilms provide a large specific surface area, which allows for more efficient utilisation
of substrates (i.e. nutrients and contaminants) from the bulk liquid in a smaller space; this reduces
the volumetric requirements for biofilm reactors [28]. A bioreactor with a fixed bed for wastewater
treatment functions by utilising a solid medium (the “fixed bed”) as a surface for microbial biofilms
to grow. These biofilms consist of microorganisms that perform biological treatment by breaking
down organic matter and pollutants in the wastewater.

Another pivotal factor in the deployment of bioreactors in space pertains to the selection of the
biofilm matrix. Kombucha, a fermented tea produced by a symbiotic culture of bacteria and yeast
(SCOBY), has attracted considerable attention in recent years, not only for its health benefits but also
for its potential in biotechnological applications [25]. The microbial communities present in
kombucha brewing have been shown to possess the capacity to degrade a wide range of organic
compounds, suggesting the potential for their utilisation in a bioreactor-based wastewater treatment
system, even under the challenging conditions of space. The microbial consortium of kombucha has
been subjected to a 18-month testing period on the external panel Kibo on the International Space
Station. This testing has yielded promising results regarding the consortium’s resistance to
microgravity and cosmic radiation [25-27].

The present study explores the feasibility of using a kombucha-based bioreactor for the
biological treatment of synthetic wastewater that mimics the composition of waste generated during
space missions. The primary focus of this study is to evaluate the capacity of the kombucha culture
to degrade organic pollutants and reduce nutrient levels, thereby ensuring the safety of the water for
potential reuse in a closed-loop life support system. The objective of this study is to develop a low-
energy, effective solution for wastewater treatment in extraterrestrial environments by leveraging the
natural metabolic processes of kombucha’s microbial community. The objectives of this research are
twofold: firstly, to assess the efficiency of kombucha bioreactors in treating space-mission-relevant
wastewater, and secondly, to investigate how factors such as microbial composition and operating
conditions impact treatment performance. This research has the potential to inform the development
of sustainable, biologically-based water purification technologies for future space missions.

2. Materials and Methods

Experimental Procedure

The pack-bed biofilm reactor (PBR) was utilised for the wastewater treatment process. A
bioreactor with a pack-bed for wastewater treatment functions by utilising a solid medium (the “fixed
bed”) as a surface for microbial biofilms to grow. These biofilms consist of microorganisms that
perform biological treatment by breaking down organic matter and pollutants in the wastewater.

An innovative modification of this experiment was the use of a solid medium in the bioreactor.
It is evident that plastic rings, sand, gravel, rocks, ceramics, clay and granular carbon are amongst
the most common support materials utilised in PBRs. Nevertheless, alternative materials, including
bamboo, have also been employed in wastewater treatment [30]. The medium of the bioreactor is of
crucial importance in the process of biological water purification, especially under space conditions,
where microgravity, limited space, and the need for resource recycling are fundamental. It is
therefore evident that the present study employed bacterial cellulose from kombucha as the solid
substrate for the bioreactor. It functions as both a biofilm, which provides a growth surface for fungi
and bacteria, and as the solid medium of the bioreactor.

The synthetic wastewater utilised in this study constitutes a modified version of the Early
Planetary Base Wastewater Ersatz, as formulated by NASA (see Table 1). The wastewater was utilised
in dilute forms to facilitate the manipulation of the COD:N ratio. The same concentrations were
utilised by Ruoyu D. Chen et al. in their studies [31]. Wastewater formulations, known as “Ersatz”
(German for substitute), have been developed to mimic the composition of different waste streams
in space [31]. Ersatz formulations consist of varying proportions of the primary stream sources and
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are designed to simulate the characteristics of used water generated during a transit mission, on an
EPB, as well as EPB wastewater that has undergone various physicochemical and biological
treatments [32].

Table 1. Components of the modified NASA early planetary base wastewater ersatz [32].

Component Component Quantity (per L)
Shampoo (suave for kids) 300 mg
Ammonium bicarbonate 23¢g
Ammonium hydroxide 300 mg
Ammonium citrate 370 mg
Ammonium formate 45 mg
Ammonium oxalate monohydrate 20 mg
Sodium chloride 690 mg
Potassium chloride 200 mg
Sodium bicarbonate 200 mg
Potassium phosphate monobasic 166 mg
Potassium sulfate 690 mg
Urea 160 mg
Lactic acid 80 mg
Creatinine 160 mg
Histidine 29 mg
Taurine 17 mg
Glutamic acid 51 mg
Glucose 78 mg
Acetic acid 34 mL
Benzoic acid 1mg
Benzyl alcohol 5uL
Ethanol 6.5 mL
Acetone 0.5 uL
Caprolactam 4 mg
Phenol 0.6 mg
N,N-dimethylformamide 0.7 pL
Ethylene glycol 3.3 uL
4-Ethyl morpholine 1.5 uL
Formaldehyde 3 uL
Formic acid 4.4 uL
Methanol 7.6 uL
1,2-Propanediol 2 uL
Propanol 2.4 uL
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Propionic acid 15 ulL

Principle of Operation

The prepared kombucha was then introduced into the reactor. The wastewater was introduced
into the bioreactor on a continuous basis. The growth of bacterial cellulose, a biofilm responsible for
the degradation of organic matter and contaminants in the wastewater, persisted for a period of two
months. The wastewater was subjected to treatment in an up-flow mode configuration. The reactor
was operated under aerobic conditions, with air supplied as gas bubbles. Two experiments, each with
a duration of 64 days, were conducted within the bioreactor that had been prepared in this manner
(see Figure 1). During this period, the process of degradation was observed as wastewater passed
through the bioreactor. The presence of microorganisms within the biofilm was found to be
instrumental in the metabolism of the organic pollutants, resulting in the conversion of these
pollutants into harmless byproducts such as water, carbon dioxide (COz2), and biomass. The technical
parameters of the experiment are presented in Table 2. The treated water was collected from the
reactor and subsequently analysed.

Table 2. Technical parameters of the experiment in Kombucha-PBR.

Reactor System configuration

and operational conditions

Pack-Bed reactor (PBR) | System configuration

Wastewater:
modified EPB Ersatz (DOC 239-272 mg-L-1, 4:1 COD to N ratio, COD
800 mg-L-, TN 700 mg-L1).

Packed-bed (Up-flow) Reactor: acrylic cylinder; dimensions: ID =X cm, L
=Y cm; TV = V m? Packing material: bacterial cellulose Z m2. Gas
supplied: air (1.5 L-min™);

System operation

Flow rate to the Kombucha-PBR was adjusted to maintain 1.2 L in the
reactor.

Different conditions were tested:

Experiment 1. Full-strength EPB Ersatz; HRT: 24 h; operation time: 64
d;

no biosolids removal.

Experiment 2. three phases: phase 1: 21 d; COD 0 mg/L; NH3 200 mg
N/L; phase 2: 18 d, COD 220 mg/L, NH3 170 mg N/L; phase 3: 28 d,
COD 480 mg/L, NH3 180 mg N/L;

In instances where wastewater exhibits low levels of organic carbon, the electron donors that
facilitate microbial processes may prove inadequate for denitrification, necessitating the
incorporation of an external electron donor [33,34]. It was hypothesised that an inorganic growth
medium would be effective in enriching for nitrifying bacteria (i.e., an inoculum). The medium was
formulated with ammonium sulfate, sodium bicarbonate, sodium phosphate, potassium phosphate,
magnesium chloride and calcium chloride [31,35].
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Figure 1. Experimental setup for testing kombucha-PBR system. Two bioreactors were filled with waterwaste

with microbial kombucha consortium.

Analytical Methods

The determination of Chemical Oxygen Demand (COD) was conducted through the utilisation
of Accu-Test vials in the low range, with potassium hydrogen phthalate serving as the standard.
Ammonia was measured using the Nessler method, with ammonium chloride used as the standard.
The total Kjeldahl nitrogen (TKN) was measured using a Digesdahl digestion apparatus, followed by
the Nessler method. The determination of nitrites and nitrates was achieved through the utilisation
of a compact ion chromatography system, with sodium nitrite and sodium nitrate serving as
standards.

3. Results and Discussion

3.1. First Kombucha-PBR Experiment

The first Kombucha-PBR was fed the full-strength NASA wastewater ersatz for 64 days at a
hydraulic residence time (HRT) of 24 hours (see Figure 2). The experiment was designed to simulate
the most elementary start-up procedure for the Kombucha-PBR. The effluent COD concentration
demonstrated a steady decline during the initial 30 days of operation, after which the Kombucha-
PBR performance exhibited reasonable consistency, with a mean COD removal efficiency of 81%.
Conversely, no ammonia oxidation was observed during the course of the experiment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Effluent concentrations of COD (orange circles) and ammonia (blue circles) during the first experiment.

The dotted and dashed lines represent the influent concentrations of COD and ammonia, respectively.

3.2. Second Kombucha-PBR Experiment

Following the initial Kombucha-PBR experiment’s failure to achieve nitrification, the subsequent
experiment incorporated a more intricate start-up procedure to enhance performance. In this
experiment, an attempt was made to create a nitrifying environment prior to the introduction of the
wastewater into the reactor. The second experiment thus consisted of four distinct operational
phases, during which the composition of the feed solution was modified, while maintaining an HRT
of 24 hours. Initially, the bioreactor was supplied with a solution containing only ammonia in order
to establish a nitrifying bacterial community [31]. In the subsequent phase, a diluted version of the
wastewater was introduced into the bioreactor with the aim of establishing a heterotrophic bacterial
community. Following the observation of elevated removal rates of both COD and NHs, the feed
solution was modified to a more concentrated version of the wastewater during the third phase, with
a COD ratio that would facilitate simultaneous nitrification/denitrification in the bioreactor. In the
concluding phase of the second experiment, the full-strength wastewater from NASA was introduced
into the bioreactor.

During Phase 1, ammonia removal efficiency was initially low but eventually stabilized above
80%. The concentration decreased from an initial value of 200 mg-L-1 to an average of 44 mg-L-1.
(Figure 3a). In this phase, a clear stoichiometric conversion of ammonia to nitrates was observed. In
Phase 2, COD removal remained consistent at the same level (Figure 3b), while ammonia removal
efficiency was sustained (Figure 3a). The nitrate concentration in the Kombucha-PBR effluent
decreased by approximately 30% during Phase 2 in comparison with Phase 1 (see Figure 3a),
indicating that denitrification was occurring to a minor extent. During Phase 3, both COD and NHs
removal remained consistent, but a significant reduction in nitrate levels in the effluent was observed
(Figure 3a), corresponding to the removal of over 80% of both COD and total nitrogen species. In
Phase 4, a substantial increase in ammonia concentration was observed in the wastewater (Figure 3a),
while COD removal remained constant (Figure 3b). As illustrated in Table 3, a comprehensive
overview of the experimental outcomes and technical specifications of the Kombucha-PBR is
provided.
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Figure 3. a (up) An effluent concentration of ammonia (dark gray circles) and nitrate (light gray circles) during
the second experiment. The solid line represents the influent ammonia concentration. b (down) Effluent COD

concentrations during the second experiment. The solid line represents the influent COD concentration.

Table 3. Summary of the experimental results and technical parameters of the Kombucha-PBR.

Reactor System configuration Application and removal
and operational conditions efficiency

Pack-Bed reactor (PBR) System configuration COD & N removal: 80%
Wastewater: Experiment 1: COD removal

modified EPB Ersatz (DOC | efficiency 81%; NH3 removal
239-272 mg-L, 4:1 COD to N | efficiency neglectable.
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ratio, COD 800 mg-L-, TN 700
mg-L1).

Packed-bed (Up-flow) Reactor:
acrylic cylinder; dimensions:

ID=Xcm,L=Ycm; TV=Vm3.

Experiment 2:Phase 1: NH3
removal efficiency 80%. Phase
2: COD removal efficiency
80%. Phase 3: 80% removal
efficiency COD and TN. Phase
4: COD80% removal efficiency.

d0i:10.20944/preprints202510.1378.v1

Packing material: bacterial
cellulose Z m? Gas supplied:
air (1.5 L-min™);

System operation

Flow rate to the Kombucha-
PBR was adjusted to maintain
1.2 L in the reactor.

Different conditions were
tested:

Experiment 1. Full-strength EPB
Ersatz; HRT: 24 h; operation
time: 64 d;

no biosolids removal.
Experiment 2. three phases:
phase 1: 14 d; COD 0 mg/L;
NH3 200 mg N/L; phase 2: 18
d, COD 220 mg/L, NH3 170
mg/L; phase 3: 20 d, COD 480
mg/L, NH3 180 mg N/L; Phase
4: 12 d, COD 780 mg/L, NH3
700 mg/L;

4. Conclusion

The findings of this study demonstrate that the kombucha-based packed-bed biofilm reactor
(Kombucha-PBR) presents a promising biological treatment approach for synthetic space mission
wastewater. The integration of bacterial cellulose, produced by the kombucha microbial consortium,
as both a biofilm matrix and packing medium enabled efficient microbial colonization and stable
organic matter degradation under aerobic conditions. During continuous operation using a NASA-
modified early planetary base (EPB) ersatz wastewater, the Kombucha-PBR achieved a mean
chemical oxygen demand (COD) removal efficiency of approximately 80%, comparable to other
attached-growth systems reported for space applications [7,9,10].

While nitrification was not evident in the initial reactor configuration, the modified start-up
strategy adopted in the second experiment successfully enriched nitrifying bacteria, facilitating the
oxidation of ammonia and partial denitrification. This outcome is consistent with previous studies
highlighting the importance of inoculum acclimation and controlled nitrogen loading in establishing
stable microbial communities for combined carbon and nitrogen removal [31,33-35]. The dual

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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functionality of kombucha-derived bacterial cellulose—as a structural support and active microbial
substrate—proved particularly beneficial under conditions simulating space resource limitations,
aligning with previous work that identified bamboo and polymeric materials as effective low-mass
biocarriers [30].

Overall, the Kombucha-PBR achieved sustained organic load reduction and partial nitrogen
removal, confirming its potential as a low-energy, biologically driven wastewater treatment system
suitable for integration into regenerative life support architectures. Future work should aim to (i)
optimize oxygen transfer and hydraulic retention time for enhanced nitrification—denitrification
coupling, (ii) assess long-term microbial dynamics and system resilience under microgravity, and (iii)
evaluate coupling with physicochemical polishing units. These results contribute to the growing
evidence supporting biologically based, self-sustaining water recovery technologies for future long-
duration space missions [2,10,31].

In summary, the Kombucha-PBR demonstrates the capacity for simultaneous removal of carbon
and nitrogen pollutants using components fully compatible with microgravity conditions. For long-
term space missions, the Kombucha-PBR is particularly attractive as a bioreactor design because, as
a fixed-bed reactor, it offers a large surface area for biofilm growth. This enables more efficient
pollutant removal. Compared to conventional systems, these bioreactors require less energy for
operation and are simpler to maintain due to fewer moving parts. Additionally, they occupy less
space —making them ideal for environments with limited room —since the large biofilm surface area
in a smaller reactor allows for compact and efficient wastewater treatment. These systems can be
tailored to the specific conditions of space, such as microgravity and limited resource availability. In
conclusion, fixed-bed bioreactors offer a promising solution for efficient wastewater treatment in
space, contributing to water recycling and enhancing the self-sufficiency of space missions. However,
further research is necessary to identify the best approach for treating NASA wastewater, which
presents a unique challenge due to its low COD:N ratio.
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