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The recovery of nutrients from unconventional water such as domestic sewage is

considered as a sustainable solution to environmental sanitation, personal hygiene,

water, and food safety issues. Source separation of urine and the sequenced

treatment techniques are the promising approaches to recover the resources from

this unconventional water. However, in the storage of urine, urea is hydrolyzed

under the action of urease, resulting in odor, precipitation and the loss of ammonia,

which is a challenge to be overcome in the process of urine recycling. This

review collates research related to urine stabilization, and aims to summarize the

characteristics and applications of existing urine stabilization methods, such as

acidification, alkalization, electrochemistry, inhibitors and etc. Overall, acidification and

alkalization have higher dosage requirements and have an attentional impact on the

environment; electrochemical technology is suitable for decentralized sanitation facilities,

but the inhibition duration is short; inhibitors are the least effective and are usually used to

regulate urease activities in soil environment rather than for urine stabilization. Choosing

the appropriate approaches of urine stabilization should focus on the overall perspective

of urine resource utilization, consider the separation method and recovery form, and

combine it with the concentration technology.

Keywords: urea stabilization, urease inhibition, acidification, alkalization, electrochemistry

INTRODUCTION

Water is a natural resource that living things depend on. It is not only directly related to human
health, but also affects people’s lives in terms of energy and food. However, the current situation
of global water supply and demand is not optimistic. Since the 1980s, due to population growth,
socio-economic development and changes in consumption patterns, global water consumption has
increased by 1% every year. Unfortunately, this situation is expected to continue until at least
2050, when water consumption will increase by 20–30% over the current period. For more than
a month each year, about 4 billion people suffer from severe water scarcity, and 22 countries will
face serious water shortage risks (United Nations World Water Assessment Programme (WWAP),
2017, 2019). As the demand for water continues to increase and the impact of climate change
becomesmore intuitive, they will affect the sustainable use of water resources and increase potential
risk in conflicts between the users.

In contrast to the scarcity of water resources, 56.41% of the annual fresh water
intake flows into the nature in the form of urban wastewater, industrial wastewater and
agricultural drainage (United Nations World Water Assessment Programme (WWAP), 2017).
In low-income and middle-income countries, such as India, South Africa, Nigeria, etc.,
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only a low percentage of wastewater is discharged after treatment
(Akpan et al., 2020; Montwedi et al., 2021; Vij et al., 2021). Less
treated wastewater is used for irrigation and agriculture, andmost
countries currently recycle <10% of the total wastewater flow,
which not only pollutes the environment, but also wastes a lot of
available resources (Mayer et al., 2016). The collection, treatment
and safe use of wastewater are the basis for the formation
of a circular economy, balanced economic development and
sustainable use of resources. After treatment, wastewater will
become a “precious” resource that can meet the growing demand
for clean water and other raw materials.

As the concept of sustainable development has been accepted
by most countries, the idea of recycling resources from
wastewater has been vigorously promoted by governments and
increasingly supported by people. Domestic sewage in wastewater
is a typical unconventional water due to its rich nutrition, it
has become an attractive choice for unconventional water reuse.
Urine is an important part of domestic sewage, which contains
∼50% of the phosphorus and 70–85% of the nitrogen (in the
form of urea) in the toilet wastewater (Sundberg, 1995). As
a nitrogen-containing organic matter, urea plays an important
role in the global nutrient cycle and is a key molecule in the
water-energy-food nexus (Figure 1). In 2020, 132 million people
would suffer from undernourishment due to the impact of the
COVID pandemic (FAO, 2020). The essential way to solve this
problem is to continuously increase the productivity under the
premise of sustainable consumption of natural resources, ensure
the integrity and optimization of all links in the food supply
chain, and increase the purchasing power of the disadvantaged
groups. Recycling urea from urine wastewater is undoubtedly a
sustainable way to turn waste into treasure, effectively reducing
the dependence on the Haber-Bosch method for fertilizer
production, saving costs, and reducing environmental impact,
especially in developing countries (Akpan-Idiok et al., 2012;
Andersson, 2015; Araújo et al., 2019). Compared with mineral
fertilizers, urine fertilizers reduce the need for energy and the
impact on the environment (Medeiros et al., 2020). It may soon
become an important part of ecological wastewater management.

The use of urine and feces as natural fertilizers can be traced
back to ancient times, but there are environmental and health
risks (Angelakis and Rose, 2014). If a large amount of nutrient-
rich urine is discharged without any treatment, it easily leads to
the eutrophication of water and soil, and the microorganisms
in the excrement may also cause disease transmission. The
Sustainable Target 6.2 proposed by the United Nations is: by
2030, achieve access to adequate and equitable sanitation and
hygiene for all and end open defecation, paying special attention
to the needs of women and girls and those in vulnerable
situations. However, only 2.9 billion people (39%) worldwide
had access to safely managed sanitation services by 2015 (WHO,
2018). The “World Water Development Report 2019” released
by the United Nations emphasized the need to implement the
“2030 Agenda for Sustainable Development” and recognize the
human rights of safe drinking water and sanitation, both of which
are essential for eradicating poverty and building a prosperous
society (Andersson, 2015; Araújo et al., 2019; United Nations
World Water Assessment Programme (WWAP), 2019).

Since the last century, people have begun to scientifically
evaluate the methods and effects of urine resource utilization.
Nowadays, most countries adopt traditional toilet drainage
mode. A large amount of clean water is used to dilute human
feces, urine and other excrement, mixed and transported to the
sewage treatment plant for centralized treatment through the
municipal pipe network. This treatmentmode not only consumes
a lot of water resources, but also completely blocks the ecological
path of nutrients in feces and urine returning to the land. With
the increasing municipal development and human population,
sewage discharge, and pollution load exceed the self-purification
and bearing capacity of natural water bodies. In order to
meet the sanitation requirements and environmental protection
requirements, it is necessary to carry out the reconstruction
and expansion of the sewage treatment system, the discharge
system and the continuous improvement of the sewage treatment
level, which is accompanied by a large increase in investment
as well as operation and maintenance costs. On the other hand,
in many countries and regions, due to economic and technical
reasons, this traditional drainage system cannot be constructed
and operated.

To solve this problem, Sweden first proposed the urine source
separation system as a sustainable alternative to centralized
wastewater treatment systems in 1980. Source separation
system means that urine is collected separately from feces
and other domestic water through the transformation of
sanitation facilities, and treated separately according to their
characteristics. Since 1997, a series of source separation drainage
practices have been promulgated, led by European countries.
In 1997, the Swiss Federal Institute of Water Science and
Technology (EAWAG) introduced NoMix toilets in several small
pilot projects in the NOVAQUATIS project (Hellström and
Johansson, 1999; Lienert and Larsen, 2006). In the same year,
the Danish government invested 42 million US dollars in the
implementation of the “Ecological Activity Plan.” The German
government launched an eco-sanitation system plan in 2001,
with the main goal of establishing an eco-sanitation system
demonstration project in densely populated cities. Around the
world, major international organizations such as Stockholm
Environmental Research Institute (SEI), German Technical
Cooperation Corporation (GIZ), Swiss Federal Institute of
Water Quality (EAWAG), International Water Association
Eco-Sanitation Technical Expert Committee, UNICEF, World
Health Organization (WHO), Bill & Melinda Gates Foundation
(BMGF), etc. have all actively promoted source separation
drainage technology (Gajurel et al., 2003; Wang and Bao, 2007;
Beal et al., 2008; Bodík and Ridderstolpe, 2008).

The source-separated urine system is used to achieve
sanitation goals, which is beneficial to the effective recovery
of nutrients, simple control of micro-pollutants, and reduction
of health hazards from fecal pathogens (Larsen and Gujer,
1996; Ganesapillai et al., 2016). However, there are still many
problems during the storage, transport and usage of source-
separated urine. The excreted urine generally has an initial pH
of 4.8–7.5, and about 75–90% of nitrogen exists in the form
of urea, which only produces a slightly peculiar smell, but
through storage, part of the urea is rapidly hydrolyzed, raising
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FIGURE 1 | The urea cycle in nature.

the pH to 9.0–9.3, accompanied by precipitation and ammonia
gas with pungent odor (Diem, 1970; Stenström et al., 2000).
The calcium and magnesium ions in the urine spontaneously
precipitate as calcium phosphate, struvite, and calcite due to the
increase in pH, especially in undiluted urine. It is easy to scale
and clog the toilet pipe, which is common in engineering cases
of source separation, causing great difficulties to the operation
and maintenance of the system. This undesirable conversion
will lose a large amount of nitrogen and reduce the recovery
efficiency, and hinders the implementation and promotion of
urine source separation technology (Udert et al., 2003b, 2006).
Therefore, it should be avoided through appropriate measures
in the project, that is, urine needs to be stabilized first in
pretreatment before recovery. Based on this problem, a method
to artificially promote the complete hydrolysis of urea and then
recovering struvite precipitation is adopted to reuse the nutrients
in the urine (Udert et al., 2003a; Fumasoli et al., 2015; Olofsson,
2016). However, compared with the capture of urea, this method
is cumbersome and would adversely affect the environment
(Xu, 2008). According to the life cycle analysis of using urine
as fertilizer, controlling ammonia volatilization is the key to
reducing acidification and eutrophication impacts (Medeiros
et al., 2020).

UREA HYDROLYSIS AND URINE
STABLIZATION

In 1824, Wöhler synthesized ammonium cyanate by mixing
cyanic acid with ammonia and then evaporating the solution,

FIGURE 2 | Wohler‘s synthesis.

but accidentally obtained urea in the product (Figure 2), which
strongly proved that organic matter can be synthesized from
inorganic matter, overturned the vitalistic theory that hindered
the development of chemistry at that time. In 1895, Walker
and Hambley first noticed the reverse reaction of Wöhler’s urea
synthesis (Walker and Hambly, 1895). Subsequently, the urea
decomposition reaction in the presence of acid and base was
discussed (Fawsitt, 1902; Werner, 1918; Warner, 1942). When
heated in an acid or alkali-containing aqueous solution, the
decomposition ability of urea generally depends on its ability to
decompose into ammonia and cyanic acid, and the hydrolysis
of cyanic acid and basic cyanate ester is a representative step of
urea hydrolysis.

Urea is a stable compound with a half-life of 3.6 years when
it is chemically hydrolyzed without enzymes at 38◦C, while
urine contaminated with feces usually shows positive hydrolysis
properties, of which the hydrolysis rate even reaches 104 times
that of chemical hydrolysis (Andrews et al., 1984; Amtul et al.,
2002). Hotta and Funamizu found the growth, decline and
inhibition process of ammonification potential during the storage
process of urine with fecal contamination (Hotta and Funamizu,
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FIGURE 3 | Structure of Urease (Mazzei et al., 2019).

2008b). The reason for this phenomenon is that the stool contains
a variety of urease-containing bacteria, which hydrolyzes urea
when mixed with urine (Suzuki et al., 1979). In a source
separation system, this reaction usually happens because of the
cross-contamination of residue feces in the toilet bowl and sewer
pipe, or biofilm formed on the pipe surface. Airborne bacteria
can also be an alternative source of infection. Urease, a nickel-
containing oligomerase, which is widely present in bacteria,
fungi, plants, algae and invertebrates in nature, is dominating the
hydrolysis of urea (Karine et al., 2018). Its structure is shown in
Figure 3. Since urease has bi-nickel active sites, when interacting
with urea, one binds and activates the substrate urea, and the
other binds and activates water molecules (Ciurli et al., 1999;
Amtul et al., 2002). It is generally believed that the reaction
of urea hydrolysis by urease is composed of four steps. The
overall reaction equation (1) and stepwise equations (2)–(5) are
as follows (Mobley and Hausinger, 1989).

NH2 (CO)NH2+3H2O → 2NH4
+
+HCO3

−
+OH− (1)

NH2 (CO)NH2+H2O →NH3+NH2COOH (2)

NH2COOH+H2O →NH3+H2CO3 (3)

H2CO3→H+
+HCO3

− (4)

NH3+H2O →NH4
+
+OH− (5)

Urease converts urea and water into ammonia and carbamate,
which then spontaneously hydroxylates to ammonia and
carbonic acid. In the state-of-art source separation system,
urine is completely hydrolyzed into a mixture of inorganic
salts, subsequently followed by recovering phosphorus through
magnesium ammonium phosphate precipitation, and nitrogen
sequestration through either ion exchange, electrochemical
technology, biological treatment, or stripping (Udert et al., 2003a;
Xu, 2008; Olofsson, 2016; Tun et al., 2016; Simha et al., 2018;
Ray et al., 2019; Xu et al., 2019). However, the hydrolysis of
urine means that it may cause the aforementioned problems

FIGURE 4 | Correlation of pH value (�), conductivity (N•�), and

corresponding NH+

4 -N concentration during urine hydrolysis process.

Reprinted with permission from Zhang et al. (2013a). Copyright ©2013 Taylor

& Francis.

such as pipe blockage, odor caused by ammonia volatilization,
air pollution, and waste of resources. Considering this situation,
inhibiting urea hydrolysis, that is, urine stabilization, not only
avoid these problems, but also provide necessary conditions for
the direct recovery of urea in urine.

The formation of ammonia in the hydrolysis of urea
causes an increase in pH. There is a direct connection
between the increased ammonia concentration and the electrical
conductivity, indicating that the hydrolysis of urea in the storage
container can be tracked by the changes in urea concentration,
ammonia concentration, conductivity and pH over time, as
shown in Figures 4, 5 (Hellström et al., 1999; Zhang et al., 2013a;
Ray et al., 2018). Source separation of pathogens in urine and
feces may cause up to 22–37% of cross-infection, leading to the
spread of pathogenic microorganisms and endangering human
health (Schönning et al., 2002; Bischel et al., 2015). A model
based on a source separation system that can predict changes in
ammonia concentration over time using urine output, remaining
urine volume from previous urination events, and experimental
time was established since urea hydrolysis has been demonstrated
to follow a first-order response (Saetta et al., 2019). Hotta and
Funamizu used the initial ammoniation rate (IAR) to describe
the hydrolysis of urea contaminated by feces, and studied the
influence of three factors: pH, free ammonia nitrogen (FAN)
and salinity on the inhibitory effect of urea hydrolysis. At 30◦C,
urea hydrolysis is most active when the pH is 5–8, while FAN
and salinity have a significant negative effect on urea hydrolysis
(Hotta and Funamizu, 2008a).

The enzymatic hydrolysis of urea is a necessary process during
fertilization recommendation. As the most common organic
nitrogen fertilizer, urea is hydrolyzed into ammonium carbonate
or ammonium bicarbonate by the action of urease in the soil,
which can be absorbed and utilized by crops. In order to make
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FIGURE 5 | Variations of pH during storage of urine with different

concentrations of feces. Reprinted with permission from Hellström et al.

(1999). Copyright ©1999 Elsevier Science B.V. All rights reserved.

the absorption sufficient, urea is usually applied 4–8 days before
the fertilizer demand period of the crops, and the early hydrolysis
will volatilize the ammonia and cause the waste of nitrogen.
Therefore, it is necessary to grasp the timing of urea hydrolysis to
avoid hydrolysis as much as possible before it becomes fertilizer
to ensure the high efficiency of nitrogen cycle.

Currently, acidification, alkalization, electrochemical
treatment, adding inhibitors, etc. are all feasible methods to
decelerated the enzymatic activity of urease. Different methods
have different mechanisms for inhibiting urease activity. The
pH, temperature, salinity, free ammonia concentration and some
other factors can be controlled to affect the stability of urine.
Stabilization of urine also aims to inactivate pathogens. The
effect of various stabilization methods on pathogen inactivation
should be evaluated. The following will classify and sort the
previous studies according to different methods, which will help
researchers to intuitively understand the current status of urine
stabilization, and put forward their own views on its advantages
and disadvantages and future development directions. The
representative studies of different methods of urine stabilization
are listed in Table 1.

Acidification
One of the methods to inhibit the hydrolysis of urea is to
add acid to maintain the pH at a low level. In 1999, Daniel
Hellström studied the inhibitory effect of acidification on urea
decomposition during urine storage. The results show that, at
the initial stage of storage, a one-time dose of 60 meq of sulfuric
acid or acetic acid per liter of undiluted urine can inhibit the
decomposition of urea in multiple doses of urine tanks for more
than 100 days (Hellström et al., 1999). In 2012, in order to
eliminate excess sulfate ions in pretreated urine, Dean Muirhead
replaced the sulfuric acid (H2SO4) in the urine stabilizer solution
with three different mineral acids (phosphoric acid, hydrochloric
acid, and nitric acid), and control the dose to stabilize the
urine and minimize the risk of mineral precipitation during the
distillation process, obtained the results that phosphoric acid is

the safest alternative acid of the three tested to replace sulfuric
acid (Muirhead and Carrier, 2012).

In 2017, Saetta et al. added 2.5ml of 2,500 meq/L acetic acid
to an anhydrous urinal after each urination to reduce the pH to
inhibit the hydrolysis of urea in artificial urine and real urine
(Saetta and Boyer, 2017). Hannah Ray designed an experiment
to study the inhibitory effect of three types of urease inhibitors,
metal, fluoride and acid on urea hydrolysis. The results were
citric acid> acetic acid> vinegar> sulfuric acid> ionic silver>
ionic zinc> sodium fluoride. Acetic acid, citric acid and vinegar
can effectively inhibit urea hydrolysis when the concentration is
between 3.2 × 101 and 1.6 × 102 meq L−1 (Ray et al., 2018). It
is worth noting that the order of addition of urease and acid will
affect the hydrolysis of urea. The pre-adjusted acidic environment
can more inhibit the activity of urease. Since the addition of
acid is a reversible pH-dependent inhibition strategy, adding acid
before going to the toilet for the first time in the morning and
feeding regularly to maintain a low pH is an effective way to
stabilize urine. Batch chemical addition experiments also proved
this method.

In addition, acidification has a positive effect on hygiene.
In the case of low pH, the number of microorganisms and
bacteria in the urine is greatly reduced, and it is difficult for
pathogens to survive, which to a certain extent curbs the spread
of diseases. Therefore, acidification is a good choice for under-
developed areas.

Alkalization
Urease is inhibited when the pH is higher than 10 or the
temperature is higher than 80◦C (Hotta and Funamizu, 2008a;
Geinzer, 2017). This inhibition may be due to the inactivation
of urease-producing microorganisms in urine at high pH. In
the condition of pH higher than 12, although it can inhibit the
enzymatic hydrolysis of urea, it promotes the non-enzymatic
hydrolysis of urea, that is, the elimination reaction catalyzed by
OH− for degradation. However, this uncatalyzed hydrolysis is
1,010 times slower than enzyme-catalyzed hydrolysis (Senecal
and Vinnerås, 2017). Therefore, the addition of strong alkali
to fresh urine combines the prevention of hydrolysis and
increases the availability of plant nutrients, is an effective way to
stabilize urea.

The combination of alkali stabilization (calcium hydroxide)
and volume reduction (reverse osmosis) is regarded as the most
promising treatment method to achieve maximum resource
recovery, as shown in Figure 6 (Chipako and Randall, 2020).
Randall used calcium hydroxide to increase the pH to stabilize
fresh urine, evaluated the influence of temperature and pH on
inhibiting hydrolysis, gave a recommended working temperature
range of 14◦-40◦C and the upper limit of enzymatic urea
hydrolysis pH is 11, in which condition urine can be stored
for one month without urea hydrolysis (Randall et al., 2016).
Compared with the traditional phosphorus precipitation agent
MgCl2, calcium hydroxide is cost-effective, and the additional
cost is only 0.8 cents/L urine (specifically 10 g Ca(OH)2/L urine).
In 2017, Jenna Senecal alkalized fresh human urine before
concentrating, added wood ash or biochar at 35◦ and 65◦C to
inhibit urease, and finally obtained a fertilizer containing 7.8%
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TABLE 1 | Examples of research literature on urine stabilization.

Purpose Method Urine Urease Inhibitor Conditions References

Hydrolysis Inhibition Acidification Collected urine Feces H2SO4, acetic acid Temperature, kind of acid,

amount of acid, dosage mode,

dilution times

(Hanæus et al., 1996, 1997;

Hellström et al., 1999)

Collected urine Without extra loading HNO3, HCl, H3PO4 Kind of acid, concentration of

acid

(Muirhead and Carrier, 2012)

Collected urine Without extra loading Citric, malonic, maleic acid Dosage amount

Synthetic urine &

real urine

Jack bean urease Acetic acid, sulfuric acid, citric

acid, vinegar, zinc nitrate, silver

nitrate, sodium fluoride

Amount (Ray et al., 2018)

Synthetic urine &

real urine

Jack bean urease Acetic acid, citric acid Amount and phosphate recovery (Saetta and Boyer, 2017)

Alkalization Collected urine 116493 urease (Merck, jack

bean diluted by 50%

glycerol, 1,000 U/ml)

Ca(OH)2 Amount, initial pH (Randall et al., 2016)

Collected urine Without extra loading Ash from wood pellets, ash from

birch trees, biochar from

chopped willow trees

Temperature, dehydration

medium, loading method,

loading rate

(Senecal, 2017)

Others Collected urine Feces Ozone & H2O2 Dosage amount, Contamination,

duration time

(Zhang et al., 2013b)

Collected urine or

urine diluent by

NaCl

Jack bean urease Chlorine generated over PtIr

Electrode

Dosage mount, ORP (Ikematsu et al., 2007)

Pharmacy Collected urine Without extra loading Food grade preservatives w/o maleic acid, dosage

amount, Br- concentration,

(Adams et al., 2012)

Influence factor Collected urine

after filtered

Free urease, urine sludge

from stored urine,

suspended bacteria, solid

from NoMix pipe

n.a. Origin of urease (Udert et al., 2003b)

Collected urine Feces n.a. Contaminated level, pH, free

ammonium concentration,

salinity

(Hotta and Funamizu, 2008a)

Synthetic urine Jack bean urease Temperature, pH, dilution times, (Adams et al., 2012)

Pathogens inactivition Collected urine Enterococcus faecalis, MS2

phage and Φx174 phage

n.a. Temperature, pH, dilution time,

free ammonium concentration

(Vinnerås et al., 2008)

Collected urine Ascaris suum worms,

Enterococcus spp., E.

faecalis, S. typhimurium E.

coli O157:H7, MS2, 8x

174, 28B

n.a. Temperature, temperature

fluctuation, ammonia

concentration

(Nordin et al., 2013)

N.a, Not Applicable.
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FIGURE 6 | The process of stabilizing urine with alkalization. The size of the arrows represents a mass flow of dissolved species in urine and water. Reprinted with

permission from Chipako and Randall (2020). Copyright ©2019 Elsevier Ltd.

nitrogen, 2.5% phosphorus and 10.9% potassium (Senecal, 2017).
During this process, microorganisms (Enterococcus faecalis,
MS2 phage and Φx174 phage) and pathogens (Ascaris suis and
Salmonella enteritidis) in the urine were effectively removed. This
method is applied to Blue Diversion Autarky Toilet (BDAT) in
Switzerland (Sutherland et al., 2021).

The literature indicates that adding alkali to urine can
effectively inhibit the hydrolysis of urea and inactivate pathogens,
but the precipitation of calcium and magnesium ions under
alkaline conditions should be considered and effective measures
should be taken to avoid clogging the pipeline. In addition, the

pH should be maintained at 8–11 to prevent chemical hydrolysis
of urea.

Electrochemistry
The essence of the electrolysis method mentioned so far is that
the product after electrolysis stabilizes the urine. Electrolysis was
originally used for the sterilization and disinfection of source
separated urine, which was attributed to the strong oxidizing
nature of the chlorine species produced. Sanyo’s research found
that the production of active chlorine at high potentials can
inhibit urease activity, which is believed to be the inactivation
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of urease caused by the unfolding of urease. Through the
PtIr/Pt/PtIr electrode system, they can produce chlorine in situ
to avoid urea hydrolysis at a potential above 240mV. The treated
urine can also be used as toilet flushing water, and the electricity
cost is lower than the daily water cost (Ikematsu et al., 2007).

Depape et al. used the electrochemical induced precipitation
method to circulate urine between the sedimentation tank and
the cathode chamber of the electrochemical cell, as shown
in Figure 7 (De Paepe et al., 2020). The concept developed
by Clauwaert et al. for softening water provides inspiration
(Clauwaert et al., 2020). The hydroxide ions produced by
the cathodic hydrogen evolution reaction during electrolysis
are used as an alternative source of hydroxide ions in the
alkalization method to inhibit urine hydrolysis, which represents
less environmental pollution and a more sustainable operation
mode. In the recent work of Depape et al. electrochemically
stabilized urine is fed to a nitrification reactor, and the pH is
controlled by adjusting the current to promote the complete
nitrification reaction. This provides a solution for stabilizing
urine in situ and extracting and concentrating nutrients.

Electrochemical method can inhibit the hydrolysis of urea in a
short period of time. It is a promising and stable technology that
can be used in decentralized sanitation facilities. With the large-
scale application of renewable electricity, the cost of electricity
will gradually decrease, which makes the electrochemical method
both safe and sustainable. While the electrochemical method is
applied to urine stabilization, the device should be installed in the
toilet or as close as possible, and the batch feed mode should be
adopted to increase the pH and then send it to the storage tank for
centralized processing to minimize the time before stabilization.
Similar to the principle of alkalization, the optimal pH value for
electrochemical stability and precipitation should be around 11.

Chemical Inhibitor and Oxidizer
Inhibitors are usually used to inhibit the hydrolysis of urea in the
soil rather than the stabilization of urine, but their research has
always been an important part of the molecular field. The existing
urease inhibitors can be roughly divided into several categories:
hydroxamic acid and its derivatives, substituted bisphosphoric
acid amides, heterocyclic compounds, thiolic compounds, nickel
ligands and chelating agents, such as metal ions, etc.

The inhibitory effect of heavy metal ions on urease is usually
attributed to the reaction of ions with thiolase, which leads
to the formation of thiols (Rezaei Behbehani et al., 2011).
Among metal ions, silver and mercury have better inhibitory
properties, followed by copper, nickel, cadmium, zinc, and cobalt
plasma. Metals inhibit hydrolysis by binding to functional groups
necessary for enzyme catalytic function. The fluoride is directly
combined with active nickel centers (Ray et al., 2018). These
metals have stronger affinities for various sulfhydryl compounds,
and are more active than urea. They can bind to the necessary
sulfhydryl group in the center of the enzyme and inhibit the
activity of urease.

Some urease inhibitors are found in natural plants, and
some require artificial synthesis. Zofia Olech determined that
garlic (garlic, onion, leeks) and brassica (cabbage, cabbage)
plant juices have an inhibitory effect on kidney bean urease
activity, which is due to the thiosulfite contained therein
(Olech et al., 2014). Wang et al. explored the effects of urease
inhibitors hydroquinone (HQ), phenyl diphosphate diamide
(PPDA) and N-(n-butyl) thiophosphoric triamide (NBPT) in
delaying urea hydrolysis, mineral nitrogen formation and passing
volume, NBPT is the most effective urease inhibitor under
aerobic conditions. PPDA has a better inhibitory effect under
waterlogged conditions, Hydroquinone has lower inhibitory

FIGURE 7 | Electrochemically induced precipitation stabilizes fresh urine and promotes source separation. Reprinted with permission from De Paepe et al. (2020).

Copyright ©2020 American Chemical Society.
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properties but has the advantage of low cost and easy
synthesis (Zhengping et al., 1991).

In 2015, Mnaza Noreen used the indoxyl method to determine
its inhibitory effect on the urease activity. The results showed
that N-((5-(4-chlorophenyl)thiophen-2-yl)sulfonyl) acetamide
at a concentration of 15µg/mL, IC50 17.1µg/mL has a
good inhibitory effect on urease, and the inhibition rate is
∼46.23 ± 0.11% (Mnaza et al., 2015). Disulfiram and other
compounds containing thiol reactive groups can be used to
redesign better andmore specific urease inhibitors (Díaz-Sánchez
et al., 2016). In 2018, Liu et al. found that biochar has an
inhibitory effect on urease activity, which may be the result
of the oxidation reaction of biochar surface with free radicals
or the oxidation reaction with free radical-promoted active
oxygen (Liu et al., 2018).

These urease inhibitors have certain biological toxicity
and should be used with caution. Some inhibitors such as
glutaraldehyde can be used as disinfectants and deodorants.
However, people can reuse new pollutants such as chemicals in
the environment and their metabolites to achieve environmental
friendliness. Although this characteristic represents a risk to the
soil system, it can be further studied for application in the field of
urea stabilization.

Heat Solar and Others
According to Pahore’s research, a high concentration of salt, urea
and creatinine mixture (up to 227–334 g L−1) can effectively
control the hydrolysis of urea in urine contaminated by feces
(Pahore et al., 2012). The addition of NaCl at a concentration of
150 g/L can reduce the initial ammoniation rate of stored urine
contaminated with feces by 50% (Hotta and Funamizu, 2008a).
For urine with a low level of fecal pollution, this is a feasible
stabilization method, but it has the disadvantages of high raw
material consumption and low efficiency.

Directly adding an oxidant to inhibit hydrolysis of urea is
also an effective method. In water treatment, peroxides play an
important role because of their oxidizing properties. Hydrogen
peroxide can directly combine or coordinate peroxy (—O—
O—) and hydroperoxy (H—O—O—) to reactant molecules
to form peroxyacids and peroxy complexes. Various hydrogen
peroxide derivatives are also formed through molecular addition.
Hydrogen peroxide and its inorganic derivatives show great
chemical activity in many reactions, and have the ability to
decompose into functional groups. These properties enable
hydrogen peroxide to be used in sewage treatment and have
a detoxification effect on cyanide-containing wastewater and
nitrite-containing wastewater. Sodium peroxide can be used as a
material for softening drinking water and wastewater treatment,
which can demineralize the water and prevent the formation
of algae and aquatic plants. It can disinfect sewage with the
participation of catalyst. It can also be used as a deodorizer to
remove the odor of human waste or wastewater. In terms of
urine stabilization, the oxidizing property of hydrogen peroxide
has the ability to inactivate cells, so it can inactivate bacteria
and oxidize urease. Compared with ozone, hydrogen peroxide
has a more significant inhibitory effect on the hydrolysis of
urea, which is also effective in urine contaminated by feces.

Studies shows that adding 0.03 mol/L of hydrogen peroxide
can inhibit the hydrolysis of urea in fresh urine (Zhang et al.,
2013b). Furthermore, in urine contaminated by feces, the
amount of hydrogen peroxide required increases with the degree
of pollution.

Due to the strong toxicity of oxidants and strong acids, Niklas
Adam et al. explored less toxic stable technologies, such as food-
grade and commercial health preservatives (Adams et al., 2012).
The inactivation of urease caused by high temperature is also
one of the ideas to inhibit urea hydrolysis. Compared with room
temperature storage, urea hydrolysis is inhibited under 60◦ and
70◦C storage conditions (Hagenkamp-Korth et al., 2015; Zhou
et al., 2017). Therefore, human urine can be stored at 70◦C for 7
days to meet the purpose of hygiene and stability.

SUMMARY AND CONCLUSION

Urine stabilization is not an isolated method, but in the cycle
of source separation and recycling of urine. Taking into account
the dynamic relationship between the separation, stabilization,
concentration and recycling of urine, the selection of a suitable
stabilization method is related to the urine collection method,
application, and expected recovery form. In addition, economic
costs and environmental impact also occupy an important
position. This article collates the previous work in the field of
urine stabilization and evaluates the advantages, disadvantages
and applicability of various stabilization methods.

Among the various urine stabilization methods, acidification,
and alkalization have the advantages of simple operation, but
there are potential safety hazards and need to be carefully
applied in public health facilities. The use of large amounts of
acid and alkali may also cause a burden on the environment.
Electrochemical method is a promising and stable technology
that can be used in decentralized sanitation facilities to inhibit
urea hydrolysis in a short period of time. It is foreseeable that if
the cost can be reduced, it will be widely used. Urease inhibitors
are rarely used in industry because of their low efficiency, but
their research is constantly advancing. Amolecular inhibitor with
excellent performancemay appear in the future and be treated for
urine stabilization.

Current research usually evaluates the influence of factors
such as agents and temperature on the experiment revolves
around one method only, without comparing various
stabilization techniques. In the future, the inhibitory effect,
economic cost and environmental impact of different urine
stabilization technologies can be evaluated through life cycle
assessment and other tools to provide a basis for the selection of
stabilization technologies.
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