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To complement innovations at the front- and back-ends of source-separating
sanitation systems, this study demonstrates a novel approach for stabilising
human urine using sparingly soluble fumaric acid. A reactor was developed to
dose fumaric acid passively into freshly excreted urine andwas operated tomimic
more than 250 typical urination events over 15 days. Fumaric acid at a dose of
5.6 g L-1 effectively maintained urine pH below 4.0, inhibiting enzymatic urea
hydrolysis and preventing the precipitation of alkaline earth metals and
phosphates, thereby protecting downstream infrastructure from blockages.
The stabilised urine retained all its constituents, except for 20% of the
sulphate. Novel UV-Vis monitoring techniques were introduced to track
fumaric acid depletion (ΔAbs221) and solids settling rate (ΔAbs660), and were
demonstrated to be practical surrogates for assessing real-time reactor
performance. With an estimated operating cost of less than US$ 5 per person
per year, this reactor provides a simple, cost-effective, and scalable solution for
stabilising urine in decentralised settings.
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1 Introduction

In source-separating sanitation systems, different fractions of wastewater, such as
human urine, are collected separately at the source so that they can be efficiently
treated and safely recycled (Lehtoranta et al., 2022), for instance as biobased fertilisers
(Perez-Mercado et al., 2024). These systems typically consist of a front-end (a toilet user-
interface that separates urine), an intermediate stage (pipes for urine collection and a
storage tank), and a back-end (technologies for treating collected urine and producing
marketable products) (Larsen et al., 2021a). Urine-separating toilets have been around for
decades and have been manufactured since the early 1990s (Winblad and Simpson-Hebert,
2004). The invention of the ‘urine trap’ in 2017 significantly improved the user-interface
design, enabling efficient urine separation without requiring changes in user behaviour
(Gundlach et al., 2021). Earlier toilet models relied on separate compartments and precise
user positioning, whereas toilets integrated with a urine trap resemble typical mixed toilets

OPEN ACCESS

EDITED BY

Maria Elisa Magri,
Federal University of Santa Catarina, Brazil

REVIEWED BY

Maria Harja,
Gheorghe Asachi Technical University of Iași,
Romania
Kai M. Udert,
Swiss Federal Institute of Aquatic Science and
Technology, Switzerland

*CORRESPONDENCE

Prithvi Simha,
Prithvi.Simha@slu.se,
Prithvi.Simha@mespom.eu

RECEIVED 16 December 2024
ACCEPTED 20 February 2025
PUBLISHED 12 March 2025

CITATION

Simha P, Ahopalo N, Pay O, Jermakka J and
Vasiljev A (2025) On-site reactor for treating
source-separated human urine with sparingly
soluble fumaric acid in building-scale
sanitation systems.
Front. Environ. Sci. 13:1546396.
doi: 10.3389/fenvs.2025.1546396

COPYRIGHT

© 2025 Simha, Ahopalo, Pay, Jermakka and
Vasiljev. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 12 March 2025
DOI 10.3389/fenvs.2025.1546396

https://www.frontiersin.org/articles/10.3389/fenvs.2025.1546396/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1546396/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1546396/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1546396/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1546396/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2025.1546396&domain=pdf&date_stamp=2025-03-12
mailto:Prithvi.Simha@slu.se
mailto:Prithvi.Simha@slu.se
mailto:Prithvi.Simha@mespom.eu
mailto:Prithvi.Simha@mespom.eu
https://doi.org/10.3389/fenvs.2025.1546396
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2025.1546396


that fit seamlessly into modern bathroom aesthetics (MAK, 2019),
while allowing for effective, if not perfect, urine separation (Reuter
et al., 2022).

Numerous technologies have been developed to treat urine at the
back-end, many of which have undergone extensive research and are
nearing industrialization (Harder et al., 2019; Larsen et al., 2021b).
These technologies typically target two types of urine—hydrolysed
and unhydrolysed—with the type processed at the back-end
influenced by collection infrastructure and treatment. Freshly
excreted urine undergoes an enzyme-catalysed reaction that
converts urea, its main nitrogen compound, to ammonia, unless
treatment inhibits enzyme activity (Udert et al., 2003a; McMillan,
2015; Chipako and Randall, 2020). The enzyme urease is pervasive
in nature (Krajewska, 2009) and produced by microbial activity in
traps, pipes, and storage tanks that receive source-separated urine
(Udert et al., 2003a). Since urine is over 95% water (Friedler et al.,
2013), technologies aiming to concentrate nutrients and produce
liquid or solid fertilizers, with nitrogen predominantly in the form of
urea, require treatment that inhibit urease activity (Simha et al.,
2020). A simple approach to inhibit urease is to regulate the urine
pH to levels where enzymatic urea hydrolysis is inhibited: pH < 4
(Ray et al., 2018; Simha et al., 2023) or pH > 10 (Randall et al., 2016;
Simha et al., 2022). While much work has focused on alkalizing fresh
urine, acidification has recently gained research interest. Acidifying
urine prevents precipitation of most minerals, such as
hydroxyapatite, struvite, and calcite, in collection pipes, where
the alkaline pH of hydrolysed urine triggers their formation,
leading to blockages that require regular cleaning (Udert et al.,
2003b; Yan et al., 2021).While the use of organic and inorganic acids
that are readily soluble in urine has been explored (Hellström et al.,
1999; Andreev et al., 2017; Courtney and Randall, 2022; Simha et al.,
2023; Crane et al., 2024), the potential of sparingly soluble acids
remains largely unexamined. In building-scale systems, acids with
high solubility in urine require active dosing (Crane et al., 2024),
whereas in household or single toilet-scale systems with batchwise
treatment, these acids can be added as a single dose at the start of the
treatment. The latter approach maintains a consistently low
pH throughout the urine load, as treated urine is removed only
after the entire load has been processed. For this to be effective, the
treatment system must be placed close to or integrated with the user
interface, as higher degrees of urea hydrolysis during collection
require higher acid doses to reduce urine pH below 4.0 (Hellström
et al., 1999). In building-scale systems, stabilizing urine at source is
necessary to connect multiple toilets to a single back-end treatment
unit, typically located outside the building or in the basement.
Passive dosing of sparingly soluble acids in a reactor, similar to
the approach used for alkaline agents like calcium hydroxide
(Randall et al., 2016) and magnesium hydroxide (Simha et al.,
2022), could offer an alternative and effective approach to
stabilise urine closer to the user-interface.

Fumaric acid is an organic acid produced by various species of
the filamentous fungus Rhizopus (Roa Engel et al., 2008). It is
commonly used as a safe additive in the food and beverage
industry, liquid pharmaceutical formulations, and in
manufacturing of unsaturated polyester resin, with a reported
global production volume of 300,000 tonnes (ChemAnalyst,
2024a) and bulk price of US$ 1.24 kg-1 in 2024 (ChemAnalyst,
2024b). With a solubility of 6 g L-1 in water at 25°C (Goldberg and

Rokem, 2009), fumaric acid is considered poorly soluble in aqueous
solutions, such as human urine. Like other organic acids, fumaric
acid (pKa = 3.03 at 25°C, according to O’Neil (2006)) exhibits strong
antimicrobial activity at low pH. When protonated, it becomes
lipophilic and can diffuse across cell membranes (Skřivanová and
Marounek, 2007). Inside the microbial cell, it dissociates at
cytoplasmic pH, causing metabolic uncoupling (Kashket, 1987).
Moreover, fumaric acid has a high buffering capacity, which
supports it to maintain a stable pH and inhibit urease activity in
urine. It has a long shelf life under typical storage conditions,
existing as a solid with a high melting point of 287°C (Lide and
Milne, 1964). Given these properties, this study evaluated the
feasibility of using fumaric acid to stabilize urine in an on-site
reactor for building-scale sanitation systems. The specific objectives
included evaluating the effectiveness of passively dosed fumaric acid
in regulating urine pH, monitoring fumaric acid consumption using
UV-Vis spectrophotometry, evaluating solids settling behaviour in
the reactor, analysing the fate of major constituents and
physicochemical properties of urine, and assessing the
operational and practical implications of implementing such a
system. By addressing these objectives, this study contributes to
the development of effective technologies that complement
innovations at both the front and back ends of source-separating
sanitation systems.

2 Methods

2.1 Materials

Fresh urine was anonymously collected in polypropylene flasks
(0.5 L and 1 L) from approximately 20 adults (male and female, aged
20–66 years). Urine was collected over the first half of a working day
and used in the experiments during the second half. Unless stated
otherwise, the collected urine was pooled and mixed before use.
Fumaric acid (>99%) was purchased from Sigma-Aldrich.

2.2 Experimental procedure

The treatment of fresh urine with fumaric acid was studied in
duplicate polypropylene reactors. The reactors had a truncated cone
design with a maximum capacity of 5 L, marked with 0.5 L
graduations. At the start of the experiment, 250 g of fumaric acid
was loaded into each reactor, followed by fresh urine added at a rate
of 10–20 mL s−1 using a specially designed funnel that mimicked the
urination rate of an average individual. Urine was added in batches
ranging from 200 to 800 mL to reflect daily variations in urine
volume typically excreted by an average person, as reported by Rose
et al. (2015), and based on preliminary data collected within our
research group. Immediately after each urine addition, the mixture
was stirred using a propeller (R 1345, IKA, Germany) attached to a
digital overhead stirrer (Ministar 20 control, IKA, Germany).
Initially, the urine was stirred at 350 rpm for 5 min, but this was
later reduced to 250 rpm for 2 min, which was deemed sufficient for
stabilizing urine. Urine addition was randomized throughout the
day until each reactor accumulated a total of 4 L of treated urine,
typically simulating 6-8 urination events per day. After treatment,
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the urine was left undisturbed, either overnight or over the weekend.
Once settling was complete, 3 L of treated and settled urine was
removed using a peristaltic pump (Schenchen LabS3/UD15, China).
This procedure was repeated daily with the addition of 3 L of fresh
urine to each reactor, continuing the treatment cycle for 15 days.
Throughout the experiment, each reactor simulated 263 urination
events and treated 46 L of fresh urine. Samples of untreated fresh
urine and treated urine collected after solids settling were taken for
further analysis.

2.3 Determining settling velocity of solids

Initially, the study aimed to determine the settling velocity of
solids in the reactor using a visual space-time registration approach,
as described by Shaddel et al. (2019). This method involved
thoroughly mixing 4 L of treated urine in the reactor with an
overhead stirrer at 250 rpm for 2 min, followed by monitoring
the time required for solids to reach various marked levels within the
reactor and form a distinct separation front, using a digital
stopwatch. However, this approach proved ineffective due to the
difficulty in discerning distinct solid-liquid interfaces, as the solids
were loosely aggregated, leading to irregular settling and
resuspension in the liquid. Consequently, an alternative method
was adopted. On days 1, 5, 10, and 15 of the experiment, the urine in
the reactor was stirred at 250 rpm for 2 min using the overhead
stirrer. Subsequently, 15 mL urine samples were withdrawn at 15-
min intervals for the first hour, and then after 2 h, from a depth
corresponding to the 1-L graduation level of the reactor. These
samples were vigorously mixed, immediately transferred into
cuvettes, and the light transmittance was measured at 660 nm
using a PerkinElmer LAMBDA 365 UV/Vis spectrophotometer
(Gómez et al., 2007).

2.4 Determining fumaric acid depletion
through UV-Vis absorbance

To determine the depletion of fumaric acid in the reactor, the
UV absorbance of urine samples before and after treatment were
measured on a spectrophotometer (LAMBDA 365, PerkinElmer,
USA) in the wavelength range of 200–400 nm. Urine samples were
diluted 100-fold and filtered (0.45 µm; Filtropur S, Sarstedt,
Germany) before analysis. Untreated urine was used as a blank,
and its spectrum was subtracted from treated urine spectra to isolate
the contribution of fumaric acid. Fumaric acid exhibits maximum
absorbance at ~221 nm (Avendaño and Briceño, 2009), and can be
detected spectrophotometrically in complex biological solutions at
low concentrations (Sokullu et al., 2010). Thus, the change in
absorbance at this wavelength (ΔAbs221) was used as a surrogate
parameter to monitor fumaric acid depletion in the reactor, rather
than as a method for absolute quantification.

2.5 Determining solubility of fumaric acid

A batch study was conducted using three different urine
compositions to determine the apparent solubility of fumaric acid

in real urine. These included first-morning urine and two urine
samples collected during a working day. For each test, fumaric acid
was incrementally added in 0.1 g doses to 100 mL of urine, mixed
over a magnetic stirrer for 5 min, and then left undisturbed for 24 h
before measuring pH and conductivity. We defined supersaturation
as the point at which further additions of fumaric acid resulted in
less than a 1% change in pH.

2.6 Physicochemical analyses

The pH was measured using a glass electrode (Metrohm
iUnitrode with Pt1000, Switzerland) connected to a Metrohm
914 pH/Conductometer. The electrical conductivity was recorded
using a 4-wire conductivity measuring cell with integrated
Pt1000 temperature sensor (6.0917.080, Metrohm, Switzerland)
connected to a measuring instrument (Metrohm 914 pH/
Conductometer, 2.914.0020, Switzerland).

The concentration of urea, total ammonia, phosphate, sulphate,
calcium, magnesium and potassium were measured daily using a
Thermo Scientific™ Gallery™ discrete analyser. Further details on
specific analytical methods are found in Supplementary Table S1 of
the Supplementary Information (SI). Composite samples of
untreated urine and treated urine were also analysed by
inductively coupled plasma-optical emission spectrometry (ICP-
OES, Optima Avio 200, PerkinElmer, United States) for
concentrations of calcium, potassium, magnesium, sodium,
phosphorus and sulphur. Before ICP-OES, samples were digested
in 65% HNO3 and diluted with Milli-Q water.

Total solids in urine were determined by drying samples at 40°C
for 72 h in a CO2-free drier (DC4600HPWR, Electrolux, Sweden).
Volatile solids were determined by incinerating the dried urine
samples at 550°C for 6 h.

FIGURE 1
The pH (−) of three different urine compositions (Urine-A, Urine-
B, Urine-C) at various fumaric acid doses (g L-1) during batch
experiments. Urine-A was first-morning urine, whereas Urine-B and
Urine-C were collected during a working day. Horizontal dotted
lines indicate the fumaric dose required for urine pH to reach 3.0 and
pH 4.0. See Supplementary Figure S1 in SI for further information.
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3 Results and discussion

3.1 Urine stabilisation

In batch experiments, between 2 and 11 g L-1 of fumaric acid was
needed to acidify urine to pH 3.0, depending on urine composition

(Figure 1). The solubility of fumaric acid in urine ranged from
6–11 g L-1 at 20°C (Supplementary Figure S1 in SI), which is higher
than its reported solubility in water (6 g L-1 at 25°C, Goldberg and
Rokem (2009)). In long-term reactor experiments, fumaric acid
dosing lowered urine pH from 6.4 (±0.4) to 3.0 (±0.5) (Figure 2A).
The fumaric acid dose required to maintain urine pH below 3.0 was

FIGURE 2
The (A) pH and (B) electrical conductivity (EC) of human urine, before and after treatment with fumaric acid, in a stirred reactor. The reactor initially
contained 250 g of fumaric acid. Unhydrolysed urine was cumulatively added to reactor in batches of 200–800 mL at 10–20 mL s-1, simulating typical
urination events. Following each event, the reactor was stirred at 250 rpm for 2 min. Once the volume of treated urine reached 4 L, the reactor was
drained to remove 3 L after overnight settling, before more untreated urine was added. The crossmark ( × ) in panel (A) represents the final pH of 8.4,
which was measured after fumaric acid was fully consumed and urea hydrolysis had proceeded over the weekend. Error bars show standard deviation
(n = 2).

FIGURE 3
(A) Change in UV absorbance of urine in the 200–260 nmwavelength range after treatment with fumaric acid in an on-site reactor. The spectra for
the last treatment day are not shown since treated urine hydrolysed following the consumption of fumaric acid and reactivation of urease. (B) Change in
UV absorbance at 221 nm (ΔAbs221) in urine cumulatively added and treatedwith fumaric acid. Dashed vertical lines indicate the volume of urine that could
be treated by 250 g of fumaric acid based on its solubility in batch experiments with three different urine compositions (See Supplementary Figure S1
in SI for further details). The solid vertical line shows solubility determined from the long-term reactor study. Error bars represent standard deviation
(n = 2).
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7.93 g L-1, while 5.67 g L-1 was sufficient to maintain pH below 4.0.
Acidification of urine to pH of less than 4.0 is sufficient to inhibit
urease-catalysed hydrolysis of urea in human urine (Ray et al., 2018).
Previous work with readily soluble organic acids showed that dosing
with 2.53 g L−1 oxalic acid dihydrate and 5.9 g citric acid effectively
maintains pH below 3.0 (Simha et al., 2023).

The pH and EC profiles of untreated urine displayed significant
fluctuations, reflecting the natural variability in urine composition
(Figures 2A, B). The pH of treated urine remained relatively stable
until ~40 L of urine had been treated, after which a significant
increase was observed, likely due to depletion of fumaric acid in the
reactor (Supplementary Figure S2A in SI). In contrast, the relative
change in conductivity showed no clear pattern, with significant
fluctuations throughout the treatment (Supplementary Figure S2B
in SI). On the last day of treatment, the concentration of total
ammonia in the treated urine increased 15-fold compared to
untreated urine, with a simultaneous decrease in phosphate and
sulphate concentrations, as well as the removal of all calcium and
magnesium from the solution (Supplementary Table S2 in SI),
indicative of urea hydrolysis (Udert et al., 2003c; Ray et al.,
2018). The inactivation of urease by acidification is reversible, as
urease activity resumes when pH rises above 4.0 (Yang et al., 2021).
At the end of day 15, the pH of treated urine was 4.8, but after leaving
the urine undisturbed in the reactor over the weekend, the
pH increased to above 8.4 (Figure 2A). These findings indicate
that pH monitoring is more effective than conductivity for detecting
the onset of urea hydrolysis in urine stabilized with organic
acids (Figure 2B).

The dissolution of fumaric acid in urine could be monitored
using UV-Vis spectrophotometry, as there was a positive difference
in light absorbance spectra between untreated and treated urine in

the 200–230 nm wavelength range (Figure 3A). Fumaric acid has
peak absorbance at 221 nm (Avendaño and Briceño, 2009) and can
be detected spectrophotometrically at concentrations as low as
0.005 g/L in biological solutions such as fermentation broths
(Sokullu et al., 2010). Given the concentration of fumaric acid in
treated urine is significantly higher than that of other UV-absorbing
organics, UV-spectral overlap is expected to be minimal. We
observed only minor variations (±0.1) in ΔAbs221 until
approximately 30 L of urine had been treated, after which
ΔAbs221 rapidly decreased, reaching zero by the final day of the
study (Figure 3B). This suggests that the first 30 L of urine treated in
the reactor were supersaturated with fumaric acid, while subsequent
treatments were undersaturated. The 250 g of fumaric acid in the
reactor were fully depleted (ΔAbs221 = 0) after 46 L of urine had been
treated. Notably, ΔAbs221 provided an earlier and more sensitive
indication of fumaric acid depletion and the onset of urine instability
than pH (Figure 2A). Thus, ΔAbs221 is an effective surrogate for
predicting fumaric acid saturation in urine and monitoring its
depletion in on-site reactors.

3.2 Reactor performance and impact on
urine composition

Treatment with fumaric acid increased the concentration of total
solids in urine by 5.2 ± 0.1 g L-1. To evaluate the settling behavior of
solids in the reactor, the normalized change in light absorbance of

FIGURE 4
Change in normalized absorbance at 660 nm (ΔAbs660,t/
ΔAbs660,t=0) as a function of settling time for urine treatedwith fumaric
acid in an on-site reactor. Measurements were taken at a depth
corresponding to the 1-L graduation level of the reactor at
specified time intervals after 4 L (Day 1), 16 L (Day 5), 31 L (Day 10), and
46 L (Day 15) of urine were treated. The dashed line indicates settling
time required for >90% of the solids. Error bars show standard
deviation (n = 2).

FIGURE 5
Concentration ratios (Ct/C0) of various constituents in urine,
before and after treatment, with fumaric acid. The horizontal dashed
line at Ct/C0 = 1 indicates the baseline concentration. Values above or
below this line represent increases or decreases in concentration
post-treatment. For all ionic constituents except total sulphur,
sodium, total solids, and volatile solids, data represent the daily
average over the 14-day reactor operation period (n = 28). The
remaining parameters were measured from composite samples of
untreated and treated urine collected at the end of the experiment
(n = 6). Error bars represent standard deviation.
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urine was recorded at 660 nm at different time intervals and on
various treatment days (Figure 4). During the first 10 days, a rapid
initial decrease in normalized absorbance within 15 min indicated
efficient initial settling of solids. The time for 90% of the solids to
settle increased from 45 min on Day 1, to 60 min on Day 5, and to
over 120 min on Day 10. By Day 15, the settling rate was poor, likely
due to the consumption of fumaric acid in the reactor (Figure 3). An
increase in light absorbance after the initial drop on this day suggests
that fine solid particles were resuspended. Given that fumaric acid is
poorly soluble in aqueous solutions (Goldberg and Rokem, 2009),
and the initial 30 L of urine added to the reactor were supersaturated
with fumaric acid (Figure 3B), undissolved fumaric acid was likely
the dominant solid that settled in the reactor.

Treatment with fumaric acid did not affect the concentration of
urea or major cations and anions in urine, except for sulphate
(Figure 5). The mechanism underlying this apparent sulphate
removal is not fully understood and may involve complexation
or co-precipitation with metabolites in urine, such as carboxylate-
containing compounds, rather than precipitation with inorganic
cations. For example, hippuric acid is known to precipitate at low
pH (Kohlstaedt and Helmer, 1936). Recent work by Courtney and
Randall (2022) has also shown that uric acid dihydrate crystals can
form in unhydrolysed urine acidified with citric acid.

These results suggest that the change in normalized absorbance
at 660 nm is an effective surrogate parameter for monitoring solid
settling rates in on-site urine treatment reactors. Real-time turbidity
monitoring is widely used in various applications, including
decentralized water purification, centralized wastewater treatment,
and urban stormwater management (Metadier and Bertrand-
Krajewski, 2012; Leow et al., 2017). Installing turbidity sensors
near the reactor outlet, where treated and settled urine is
drained, could provide continuous data on settling efficiency and
reactor performance (Supplementary Figure S4 in SI). This
monitoring would be particularly valuable in settings handling
large urine loads (e.g., public building toilets) where timely
reactor drainage is essential to prevent overflow and ensure
efficient acidification. In settings with stable, low urine loads,
such as households, reactors could be programmed to drain
settled urine twice daily based on average settling time. Since
urination events typically peak in the morning and late evening,
draining treated urine in the late mid-day and after midnight could
be an effective approach. Using Wi-Fi activity as a surrogate for
building occupancy (Aden and Boyer, 2022) could further optimize
toilet usage estimates, urine load to the reactor, and consequently,
reactor drainage schedules.

3.3 Practical implications

Acidifying urine as close as possible to the front-end inhibits
urease-catalysed hydrolysis (Hellström et al., 1999), which is
essential for retaining nitrogen when urine requires back-end
treatment to reduce water content and facilitate transportation
(Simha et al., 2020). In building-scale systems, citric acid is
commonly used for cleaning urine-separating toilets and
removing phosphate precipitates that block urine collection pipes
(Lienert and Larsen, 2007). Adding fumaric acid lowers urine
pH (Figures 1, 2), inhibiting the precipitation of alkaline earth

metal phosphates (Figure 5), which may help prevent pipe
blockages (Crane et al., 2024). Unlike readily water-soluble acids
such as citric or acetic acid, fumaric acid can be added to on-site
reactors in amounts exceeding the saturation point, allowing for
passive dosing at the source. This passive dosing, combined with
automated reactor drainage, can protect pipes and reduce the need
for manual interventions, enhancing the acceptance of such
sanitation systems.

Dosing urine with 6 g L-1 of fumaric acid, considering that an
average person excretes 1.5 L of urine per day (Vinnerås et al., 2006),
and given the global bulk price of fumaric acid at US$ 1.24 kg-1

(ChemAnalyst, 2024b), results in an annual per capita cost of
approximately US$ 4. Assuming an average European electricity
mix and a price of US$ 0.26 kWh-1, the energy demand for mixing
urine with fumaric acid (~3.69 kWh cap−1 y-1) would result in
additional operating cost of US$ 0.96 cap−1 y-1. Thus, the overall
operating cost for stabilising urine is calculated to be less than US$
5 cap−1 y-1. This is significantly below the Bill and Melinda Gates
Foundation’s Reinvent the Toilet Challenge target of US$
18.25 cap−1 y-1 (US$ 0.05 cap−1 d-1), leaving room for additional
processing, such as converting stabilised urine into concentrated
fertilisers (Perez-Mercado et al., 2024). At a dose of 6 g L-1, a
household-scale reactor treating urine from four regular occupants
would require replenishing fumaric acid once every week, assuming
the same reactor dimensions as used in our study. If the reactor is
integrated with urine-separating toilets having a urine trap, where
only 70%–80% of the urine is collected (Reuter et al., 2022) and
diluted with flush water at a 1:1 ratio (Gundlach et al., 2021), the acid
replenishment rate would need to be increased, as the solubility of
fumaric acid in urine and water is similar. While the reactor size
could be increased, especially in settings where space is not a
constraint, a 5 L reactor is compact enough to be integrated with
the front-end interface, such as by utilising unused space below wall-
hung toilets or water cisterns.

4 Conclusion

• Passively added fumaric acid effectively maintained urine
pH below 3.0 at a dose of 7.93 g L-1 and below 4.0 at a
dose of 5.67 g L-1. This pH regulation resulted in reversible
inactivation of urease and inhibition of phosphate
precipitation, both of which are critical for protecting
downstream pipes and reducing the need for manual
interventions to address pipe blockages. Fumaric acid is
therefore a viable alternative to alkaline chemicals like
Ca(OH)2 for stabilising freshly excreted urine.

• The difference in UV absorbance at 221 nm (ΔAbs221) was
demonstrated to be an effective surrogate for predicting the
degree of fumaric acid saturation in urine and its consumption
in the reactor.

• Analysing the change in normalized absorbance of urine at
660 nm (ΔAbs660,t/ΔAbs660,t=0) near the reactor outlet was
shown to be suitable for monitoring solid settling rates.
Incorporating turbidity monitoring at this wavelength could
provide real-time data on settling efficiency and reactor
performance, facilitating better management and servicing
of urine separating toilets in building-scale sanitation systems.
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• Fumaric acid-treated urine retained nitrogen and all major
cations and anions, except for 20% of the sulphate, a finding
that warrants further investigation.

• The estimated operating cost of an on-site reactor dosing urine
with fumaric acid was less than US$ 5 cap−1 y-1, making it a
feasible option for implementation in a wide range of
global settings.
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