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ABSTRACT

This study evaluated the stepwise evaporative concentration of acidified human urine, focusing on dehydration
dynamics, crystallization sequence, and the partitioning of major constituents between liquid and solid phases.
Unhydrolyzed urine, stabilized with sulfuric acid, was concentrated by convective evaporation, achieving con-
centration factors (CF) of up to 30 at 20 °C and 43 at 70 °C. Water activity (ay) was a reliable indicator for
monitoring urine dehydration progress, with a critical threshold of 0.3 a,, identified at CF 43, indicating tightly
bound residual moisture which prevented further urine dehydration. No detectable losses of urea, major cations,
or anions were observed throughout the treatment, suggesting that previous findings on nutrient loss were likely
affected by analytical limitations as opposed to chemical degradation. Reconstitution to CF 1, followed by
colorimetric analysis, was effective in determining nutrient content in viscous and solidified urine samples. At
CFs above 30, over 80 % of urea, ammonium, and orthophosphate remained in the liquid phase, whereas sul-
phate, chloride, and potassium preferentially crystallized, forming compounds such as gypsum, syngenite, and
biphosphammite. These findings demonstrate that adjusting dehydration conditions enables the nutrient profile
of urine-derived fertilizers to be tailored to meet specific agricultural or environmental requirements. Overall,
this study shows that stepwise evaporation-crystallization of acidified human urine can effectively produce
multi-nutrient fertilizers with customizable nutrient compositions, thus enhancing targeted nutrient recirculation
in agriculture.
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1. Introduction

Interest in resource recovery from domestic wastewater has risen in
recent decades, currently extending across multiple domains such as the
recovery of nutrients, energy, water, and biosolids (Jain and Raghavan,
2024). Source-separating sanitation systems, which segregate domestic
wastewater into distinct streams based on origin and composition,
provide a fundamental basis for enhancing the efficiency of subsequent
energy and resource recovery processes (Otterpohl et al., 2002). Source-
separating sanitation systems vary based on the types of the wastewater
streams they target. Domestic wastewater is typically divided into two
major flows: black water (originating from the toilet and containing
urine, faeces, toilet paper, and/or flush water) and grey water (derived
from other household sources such as the bathroom and kitchen).
Further separation of black water into nutrient-rich yellow water (urine)
and brown water (faeces, toilet paper, and/or flush water) can be ach-
ieved using urinals or urine-diverting toilets. Urine diversion is espe-
cially efficient in nutrient recoveries because urine accounts for 80 % of
nitrogen (N) and half of phosphorus (P) and potassium (K) in domestic
wastewater but <1 % of the volume (Jonsson et al., 2005).

The concentrations of plant-available nutrients in urine are relatively
low due to its high water content, which makes up 96 % of urine by mass
(Vinneras et al., 2006). This therefore presents logistical challenges for
recycling urine as a liquid fertilizer, particularly for long-distance
transport between urban nutrient recovery sites and agricultural lands
(Trimmer and Guest, 2018). From the 1970s, research has sought to find
alternatives to direct urine application, focusing on methods for
extracting nutrients from urine for agricultural purposes (Harder et al.,
2019). The methods researched throughout the early stage primarily
focused on phosphorus recovery as struvite. However, since the mid-
2000s, advancements in the field have resulted in the development of
technologies that are capable of recovering a broad range of nutrients
from urine (Aliahmad et al.,, 2022). A promising strategy involves
concentrating urine by removing water and producing a solid fertilizer
that captures all the nutrients, thereby simultaneously reducing logis-
tical issues and maximizing nutrient recovery. For a comprehensive
overview of the various urine concentration techniques, refer to the
reviews by Maurer et al. (2006) and Martin et al. (2022).

Evaporation is considered the most straightforward method for
removing water and reducing urine volume (Maurer et al., 2006).
Within freshly excreted human urine, approximately 85 % of the ni-
trogen is present as urea (Kirchmann and Pettersson, 1995), which can
be spontaneously hydrolyzed to ammonia, catalyzed by the enzyme
urease (Mobley and Hausinger, 1989). Urease activity, which is wide-
spread among microorganisms in soils and aquatic environments, plays
an essential role in nitrogen metabolism (Mobley and Hausinger, 1989).
A variety of microorganisms, including fungi, yeast, bacteria, and algae,
can produce urease to utilize urea as their nitrogen source (Hasan,
2000), with bacteria being the most abundant ureolytic microorganisms
in the environment (Udert et al., 2003). These bacteria are also
commonly found in urinals, toilet bowls, and piping systems (Oki et al.,
2010). The presence of urease is inevitable in urine collection systems
and thus poses a challenge for water removal from urine by evaporation,
because volatile ammonia produced by urea hydrolysis escapes into the
atmosphere during evaporation (Hellstrom et al., 1999). One approach
to mitigating nitrogen loss during evaporation is to stabilize nitrogen as
non-volatile urea by inhibiting urease activity (Simha et al., 2020).
Urease inhibition has been extensively studied, with various inhibitors
demonstrating effectiveness. Heavy metal ions (Ag™, Hg?", Cu®") inhibit
urease by blocking the sulthydryl groups at its catalytically active site
(Shaw, 1954). Competitive inhibitors such as thiolate, phosphate, ace-
tohydroxamic acids, and phenylphosphorodiamidate act by bridging the
bi-nickel active sites within the urease metallocentre (Todd and Hau-
singer, 1989). Similar to other protein enzymes, the molecular structure
of urease can be modified by adjusting the pH, which influences the
charge state of ionic groups (Hasan, 2000). For human urine, urease
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activity can be reversibly inhibited by alkalization to increase the pH
above 10.5 (Simha et al., 2022) or by acidification to decrease the pH
below 3.0 (Hellstrom et al., 1999).

Previous research (Simha et al., 2023) has demonstrated the feasi-
bility of producing bio-based solid fertilizer from source-separated
human urine through a combination of acidification and evaporation,
with all phosphorus and around 74 % of the nitrogen in urine recovered
in the fertilizer product. However, the causes of nitrogen loss and the
specific point at which nitrogen begins to volatilize during water
removal remain unclear (Simha et al., 2023). In most urine dehydration
systems, the water removal process is discontinued before complete
dryness is achieved, necessitating the storage and transfer of partially
dehydrated urine (Putnam, 1971). Thus, a more nuanced understanding
of the kinetics of water removal from urine is required to optimize urine
treatment processes. Water activity, which represents the unbound or
‘free’ water (Nielsen et al., 2012), could serve as an indicator for
analyzing urine drying kinetics. By monitoring water activity, it may be
possible to track the progress of water removal and determine the
optimal endpoint, regarding minimized nitrogen loss while also
ensuring manageable dehydration levels for storage and transport.

During the evaporation-crystallization process, dissolved organic
and inorganic compounds in urine gradually precipitate as they reach
their solubility limits (Jiang et al., 2017). Evaluating the stepwise
crystallization of different constituents in urine during dehydration
could be beneficial for optimizing the treatment of urine. For instance,
crystal seeding is a critical step in large-scale crystallization processes
because it significantly enhances nucleation and growth of crystals
(Parambil and Heng, 2017). Indeed, knowledge of the crystallization
sequence of salts in urine can inform targeted modifications, such as
selective seed loading for specific crystals, tailored to the desired ap-
plications of urine-based products.

The changes that occur in the physical and chemical properties of
acidified, unhydrolyzed urine during dehydration have yet to be sys-
tematically investigated. Therefore, this study aimed to analyze the
partitioning behavior and crystallization of water, urea, and major
cations and anions during the multistage evaporative concentration of
acidified urine. A series of urine samples, stabilized with sulfuric acid
and evaporated to different concentration factors (CFs), were charac-
terized to evaluate these changes. The specific objectives were to: 1)
determine the achievable maximum CF of acidified urine through
convective evaporation at temperatures below 70 °C; 2) assess changes
in water activity and unbound water content of acidified urine during
evaporation; 3) evaluate the recovery of nitrogen in acidified urine
during evaporation as a function of CF; 4) investigate behavior of urea,
ammonium, orthophosphate, chloride, sulfate, potassium, calcium, and
magnesium in acidified urine during evaporation; 5) analyze the parti-
tioning of these constituents between the liquid and solid phases of urine
relative to CF.

2. Methodology
2.1. Urine collection and acidification

Fresh human urine was anonymously donated by approximately 20
volunteers, comprised of both male and female donors aged between 25
and 65 years. Donations were provided individually in 500 mL sterile
high-density polyethylene flasks at various times throughout the day.
The collected urine was pooled, immediately dosed with 1.8 g sulfuric
acid (>95 %, VWR Chemicals) per liter of fresh urine to decrease the pH
to below 3.0, and then thoroughly mixed. Over the course of one week, a
total volume of 25 L was collected.

2.2. Concentrating acidified urine by evaporation

The concentration factor (CF) in this study was defined as the ratio of
the initial mass of unconcentrated urine before evaporation to the final
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mass of concentrated urine after evaporation (Eq. 1).

Mass of unconcentrated urine before evaporation (g)
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in Table S1 of the SI.

Concentration factor (CF) =

Acidified urine was concentrated by evaporation to achieve CFs of 5,
10, 15, 20, 30, 40, along with a maximum CF corresponding to the
constant final mass under the specified evaporation conditions of the
study. The CFs of 5, 10, 15, 20, and 30 were achieved by evaporating the
urine at room temperature (20 + 2 °C) with forced convective evapo-
ration. The CF of 40 was reached by evaporating the urine at 50 °C,
while the maximum CF was determined by evaporating the urine at
70 °C.

2.3. Sampling and analysis

Water activity of concentrated urine and unconcentrated urine (i.e.,
urine at CF 1) was measured using a water activity meter (AQUALAB
TDL, METER Group, United States) with +0.005 a,, accuracy at
25 °C. Prior to the measurement, concentrated urine samples were
thoroughly mixed to ensure homogeneity, and 1 g of urine from each CF
was evenly spread across the bottom of an AQUALAB disposable sample
cup (40106, METER Group, United States). The sample cup was then
immediately loaded into the water activity meter and measurements
were taken at 25 °C. The water activity values were recorded once the
difference between three consecutive readings was <0.0005 ay,.

The total solids (TS) content of the acidified urine was considered
equivalent to the final mass of the concentrated urine at the maximum
CF, of which the constant weight was achieved at 70 °C. The remaining
evaporable fraction, consisting of unbound water and volatiles, was
calculated based on the TS content of the acidified urine.

The concentrated urine was centrifuged at 15,000 rpm at 20 °C for 5
min (Eppendorf, centrifuge 5424 R), to separate the liquid and solid
phases. The mass of the separated liquid phase and the total mass of the
concentrated urine were measured to determine the mass fraction of the
liquid phase. Centrifugation and weighing were completed in duplicate
for urine at each CF, and the average values of the mass fraction of the
liquid phase were used for subsequent analysis.

The concentrations of urea, ammonia nitrogen (NH3-N), orthophos-
phate phosphorus (PO?{-P), potassium (KM, chloride (Cl7), sulfate
(S037), calcium (Ca?"), and magnesium (Mg?") were analyzed using
colorimetric methods with a Thermo Scientific™ Gallery™ discrete
analyser. The concentrations of ammonia nitrogen (NH3-N) were con-
verted and reported as ammonium (NHJ) using its relative molecular
mass. Similarly, orthophosphate phosphorus (PO3 -P) concentrations
were calculated and expressed as orthophosphate (PO3") for consistency
in reporting nutrient concentrations under the acidic conditions used in
this study. The analytical methods used for urea and each cation and
anion are provided in Table S1 of the Supplementary Information (SI).
Prior to these analyses, the liquid phase and the entire concentrated
urine of each CF were reconstituted to CF 1 with Milli-Q water and
filtered using a 0.45 pm syringe filter (Filtropur S, Sarstedt, Germany).
To determine the total nitrogen concentration, concentrated urine was
digested using a Spectroquant® Crack-Set 20 test kit (1.14963.0001),
followed by an analysis for concentration of nitrate nitrogen. To deter-
mine the total phosphorus concentration, concentrated urine was
digested using a Spectroquant® Crack-Set 10 test kit (1.14687.0001)
and analyzed for concentration of orthophosphate. The concentrations
of nitrate and orthophosphate were measured using the Thermo Scien-
tific™ Gallery™ discrete analyser and the specific methods are outlined

Mass of concentrated urine after evaporation (g)

@

The concentration of an analyzed substance (urea or the above-
mentioned ions) (S) in the liquid fraction of the concentrated urine
(Cs 1 [mg/g]) was calculated using Eq. 2.

_ Mass of S in the liquid fraction [mg]

Csu [mg/8] = Mass of the liquid fraction [g] 2

The concentration of S in the entire concentrated urine
(Cs gnsire [mg/g]) can be expressed as Eq. 3.

Mass of S in the entire concentrated urine [mg|
Mass of the entire concentrated urine [g]

Cs pntire [Mg/g] = 3)

The partitioning of S in the liquid phase of the concentrated urine,
defined as the ratio of the mass of S in the liquid fraction to that in the
entire concentrated urine, can be expressed as Eq. 4.

Cs1. Mass of liquid fraction [g]
Mass of the entire concentrated urine [g]

4

Partitioning of S =

CS,Entire

3. Results
3.1. Concentrated urine and mass fraction of the liquid phase

The physical state of urine progressively changed during the evap-
orative concentration treatment (Fig. 1). The maximum concentration
factor (CF) achieved was 43, corresponding to 97.7 % of reduction in
urine mass, obtained by evaporation at 70 °C. Solid precipitation was
observed in all the concentrated urine compared to the unconcentrated
CF 1 urine. Clear separation between the liquid and solid phases was
evident in urine at CFs of 5, 10, 15, 20, and 30 (Fig. S1 In the SI). At a CF
>40, the concentrated urine exhibited a viscous texture with minimal
residual moisture because >97 % of urine mass had been reduced.

The mass fraction of the liquid phase decreased as the urine was
concentrated to higher CFs (Fig. 2). For concentrated urine at CFs below
30, the mass fraction of the liquid phase had a linear relationship with
the urine CF. However, at CF 40, the liquid phase had a much lower mass
fraction (0.24) which deviated from the linear regression model at lower
CFs.

3.2. Water activity and remaining evaporable fraction

The TS content of urine was 23 g TS kg™, wherein 1.8 g TS kg ! was
attributed to the addition of sulfuric acid. The remaining evaporable
fraction in the concentrated urine decreased linearly with increasing
urine CF, which corresponded with the decrease in water activity
(Fig. 3a). At the maximum CF of 43, all evaporable fraction of the
acidified urine at 70 °C was assumed to be completely evaporated,
resulting in a 98 % reduction in urine (Fig. 3b) and a decrease in water
activity to the lowest observed value of 0.3 (Fig. 3a).

3.3. Fate of urea, cations and anions during evaporative concentration

There were no detected losses of urea or any cations or anions in the
concentrated urine across all CFs. The relative concentrations of urea
and the analyzed cations and anions in the reconstituted urine were
consistent with those in the unconcentrated urine (Fig. 4). The slopes of
the linear fits, which represents the relationship between the relative
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Fig. 1. Unconcentrated and concentrated urine at various concentration factors (CFs) of 5, 10, 15, 20, 30, 40, and 43, treated by sulfuric acid stabilization and

stepwise evaporative concentration.
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Fig. 2. The mass fraction of the liquid phase of urine at different concentration
factors (CFs) of 1, 5, 10, 15, 20, 30, and 40. Urine was stabilized by sulfuric acid
and concentrated by evaporation at 20 °C (CF <30) and 50 °C (CF 40),
respectively. The values were averaged by two independent measurements. The
linear regression was modeled excluding the data of the concentrated urine at
CF 40.

concentration of the various constituents and the CF before reconstitu-
tion, were effectively zero, indicating minimal changes in the concen-
tration of these constituents during evaporation (equations provided in
Table S2 of the SI).

3.4. Partitioning of urea, cations and anions in concentrated urine

In urine concentrated to CF 30 (corresponding to a 96.7 % reduction
in mass), >80 % of urea, ammonium, and orthophosphate remained in
the liquid phase, whereas >95 % of sulfate, 34 % of chloride, and 72 %
of potassium partitioned into the solid phase (Fig. 5). Urea (Fig. 5a),

ammonium (Fig. 5b), and orthophosphate (Fig. 5¢) began partitioning
into the solid phase at CFs exceeding 20. Even at CF 40, 30 % of the urea
and ammonium and 14 % of orthophosphate remained in the liquid
phase. Potassium (Fig. 5d) and chloride (Fig. 5e) partitioned into the
solid phase at CFs above 20, with only 7 % of the potassium and 16 % of
the chloride remaining in the liquid phase at CF 40. Sulfate (Fig. 5f)
began partitioning into the solid phase at CF 10, and by CF 40, <1 % of
sulfate was retained in the liquid phase. Calcium (Fig. 5g) predomi-
nantly partitioned into the solid phase at CF 10. Magnesium (Fig. 5h)
started to partition into the solid phase at CF 20, with 40 % retained in
the liquid phase at CF 40.

4. Discussion
4.1. Water activity as an indicator of urine dehydration progress

Water exists in human urine in different forms, including ‘free’ or
unbound water, as well as physically, chemically or biologically bound
water. Water activity is defined as the ratio of the vapor pressure of
water in an aqueous mixture to that of pure water at the same temper-
ature (Blandamer et al., 2005). Pure water has a water activity of 1,
while lower water activity values indicate a reduced content of unbound
water. Measuring water activity of concentrated urine at different CFs
provides insights into water behavior in the urine matrix during dehy-
dration. When urine was concentrated to a CF below 20, corresponding
to <95 % reduction in urine mass, the water activity remained above
0.75 (Fig. 3). This is consistent with the visual observations (Fig. 1),
which showed minimal solid formation and >80 % of the mass in liquid
form (Fig. 2). This suggests that at CFs below 20, most of the water re-
mains unbound and can be readily removed through continued
convective evaporation at 20 °C. Water activity dropped considerably to
0.6 (Fig. 3a) when urine was concentrated to CF 30, coinciding with
significant precipitation of solids (Fig. 1). At this stage, only 30 % of the
water remained unbound, while the rest likely became bound to organic
metabolites and/or crystallized minerals within the solids through
hydrogen bonds (Fig. 3a). Notably, CF 30 was the maximum level of
urine dehydration achievable at 20 °C. In the hydrogen-bonded water
structures, hydrogen bonds break and reform dynamically but the
amount of bound water remains constant at a distinct temperature
(Nielsen et al., 2012). This implies that an equilibrium among solids,
unbound water, and bound water was established through the breaking
and formation of hydrogen bonds in the concentrated urine matrix of CF
30 at 20 °C. However, increasing the evaporation temperature disrupted
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Fig. 3. Water activity and the remaining evaporable fraction of the concentrated urine versus urine concentration factor (CF) (a). Water activity versus mass
reduction percentage of the concentrated urine (b). Urine was stabilized by sulfuric acid and concentrated by evaporation at 20 °C (CF < 30), 50 °C (CF 40) and 70 °C

(CF 43), respectively.
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Fig. 4. Relative concentrations of urea (a), ammonium (b), orthophosphate (c), potassium (d), chloride(e), sulfate (f), calcium (g), and magnesium (h) in the
reconstituted urine compared to the unconcentrated urine versus urine concentration factor (CF) before the reconstitution. Urine was stabilized by sulfuric acid and
concentrated by evaporation at 20 °C (CF <30) and 50 °C (CF 40). Concentrated urine was reconstituted to CF 1 for urea and ion analyses. Ccp;: the concentration of
urea/ion in the unconcentrated CF 1 urine; Ccpx: the concentration of urea/ion in the reconstituted (to CF 1) urine, of which the original CF is X. See Table S3 of the SI

for mass balance calculations.

this equilibrium, allowing for further dehydration and enabling urine to
reach higher CFs. The additional heat input facilitated the breakdown of
hydrogen bonds, thereby promoting the evaporation of remaining un-
bound water.

A water activity of 0.3 was identified as a critical threshold for water
removal from acidified urine by convective evaporation at 70 °C, indi-
cating that most of the remaining water was tightly bound. Similar
findings have been reported by Hostmark and Teigland (2009), who
observed that the dewatering rate of low-viscosity peptone solutions

through evaporation reduced by >90 % at a water activity of 0.3. The
total solids (TS) content is typically determined by oven drying samples
at 105 °C until constant weight. However, for samples with high con-
tents of volatile organic compounds or certain inorganic salts, particu-
larly those containing bicarbonates, a drying temperature at 70 °C is
recommended to avoid losses of these compounds (Chowdhury et al.,
2014; Peces et al., 2014). In the present study, concentrated urine at CF
43 was excluded from partitioning analysis because no liquid could be
extracted after centrifugation at 15,000 rpm for 5 min (Fig. S2 of the SI).
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Fig. 5. Mass partitioning of urea (a), ammonium (b), orthophosphate (c), potassium (d), chloride(e), sulfate (f), calcium (g), and magnesium (h) in the liquid phase
over the entire concentrated urine at different concentration factors (CFs). Urine was stabilized by sulfuric acid and concentrated by evaporation at 20 °C (CF <30)
and 50 °C (CF 40). Concentrated urine was reconstituted to CF 1 for urea and ion analyses. My: the mass of urea/ion partitioned in the liquid phase of the
concentrated urine. My, : the total mass of urea/ion present in the concentrated urine.

This supports the assumption that the mass of urine concentrated to CF
43, which was dehydrated at 70 °C until constant weight, represents the
TS content of acidified urine. Similar results have been noted by Geta-
hun et al. (2020), who reported that a water activity of 0.3 corresponded
to a moisture content of <10 % during the drying of fecal sludge. The
remaining water in the sludge is proportionally higher in bound form,
requiring significantly more energy input to remove the residual mois-
ture (Getahun et al., 2020).

4.2. No loss of nutrients in acidified urine during evaporative
concentration

No loss of urea was observed in the concentrated urine across all CFs
(Fig. 4a), meaning it is unlikely that the nitrogen loss reported in a
previous study (Simha et al., 2023) was a result of urea hydrolysis or the
decomposition of cyanate derived from urea. Further, the total ammonia
(Fig. 4b) and total nitrogen content (Fig. S3a in Supplementary Infor-
mation) in concentrated urine remained consistent across all CFs, sug-
gesting that the nitrogen loss noted in the previous study (Simha et al.,
2023) may have resulted from analytical errors. The previous study used
the Dumas dry combustion method for total nitrogen analysis of dehy-
drated urine. This method, although reliable, may be inappropriate
when applied to fully dehydrated, acidified urine matrices, wherein
incomplete combustion of organic nitrogen compounds or interference
from residual acids could cause an underestimation of the nitrogen
content. The consistent nitrogen content observed in this study, using an
alternative analytical method, supports the conclusion that all nitrogen
was retained in the urine treated by acidification and evaporative con-
centration. In this study, urea and ions were analyzed after recon-
stituting the concentrated urine. The consistency in the relative
concentrations of urea, cation and anion across all urine CFs (Fig. 4)
implies that no losses occurred during reconstitution. This implies that a
straightforward compositional analysis can be conducted by recon-
stituting samples of concentrated acidified urine, thereby avoiding the
challenges associated with analyzing viscous or solidified samples.

4.3. Implications for urine-derived fertilizer design

The partitioning behaviors of urea (Fig. 5a), ammonium (Fig. 5b),
and orthophosphate (Fig. 5¢) in concentrated urine were similar across
different CFs, indicating that selective recovery for nitrogen or phos-
phorus alone in a stepwise dehydration-crystallization process would be
challenging. Nevertheless, because nitrogen and phosphorus are both
essential nutrients for plant growth, their simultaneous recovery in a
multi-nutrient fertilizer is beneficial (Harder et al., 2019).

The extensive use of mineral fertilizer is a significant anthropogenic
factor contributing to soil salinization (Litalien and Zeeb, 2020). It has
been suggested that the salt content in urine-derived fertilizers could
pose certain challenges in arid and semi-arid regions, particularly during
dry seasons when limited water availability restricts the ability to fully
wash out salts from soils (Medeiros et al., 2020). Higher evapotranspi-
ration rates in these regions can lead to salt accumulation even during
rainy seasons (Guizani et al., 2016). Considering this, the distinct par-
titioning behaviors of ions in urine offer opportunities for designing
smart fertilizer formulations. For example, dehydrating urine to a CF
around 30 and separating the solids before further dehydration could
remove 95 % of sulfate and 34 % of chloride, while retaining all nitrogen
and phosphorus. This would reduce the salt load during fertilizer
application, making urine-based fertilizers more suitable for sensitive
environments. In most cases, however, no significant soil salinization
issues related to urine-based fertilizer application have been reported,
except in arid or semi-arid areas (Martin et al., 2022).

4.4. Crystallization sequence during urine evaporation

Evaporation of complex aqueous matrices typically results in the
sequential crystallization of simple salts, double salts, salt hydrates, and
other more complex crystalline products (Voigt, 2001). During evapo-
ration, the concentrations of ions in urine increased as water was
removed. When the concentration of salt consisting of these ions exceeds
the salt solubility limit, salt precipitation occurs along with evaporation
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(Shokri-Kuehni et al., 2017). Thermodynamic modeling from a previous
study (Simha et al., 2023) predicted that when >99 % of the water in
acidified urine was removed (corresponding to the CF around 30), urea
(CO(NH3)2), salammoniac (NH4Cl), biphosphammite (KH3PO4), sylvite
(KD, syngenite (K2S04-CaS04-H,0), and gorgeyite
(K2S04-5CaS04-H20) would crystallize.

In this study, when acidified urine was dehydrated to a CF between
10 and 20, almost all of the calcium (Fig. 5g) and about 30 % of the
sulfate (Fig. 5f) partitioned into the solid phase, suggesting the initial
formation of calcium sulfate. Calcium sulfate occurs naturally in three
different forms, which are each distinguished by their degree of hy-
dration: gypsum (CaSO4-2H30), hemihydrate (CaSO4-0.5H20), and
anhydrite (CaSOg4). The solubility of these forms is strongly influenced
by solution temperature (Freyer and Voigt, 2003). At 25 °C, hemihy-
drate remains relatively soluble, and anhydrite does not crystalize in
water at a measurable rate below 70 °C, with the transition temperature
between gypsum and anhydrite around 55 °C (Freyer and Voigt, 2003).
Hence, in concentrated urine at CF 10, calcium sulfate present in the
solid phase is likely dominated by gypsum.

As urine was further dehydrated to a CF between 20 and 30, calcium
concentration in the liquid phase became negligible (Fig. 5g), and po-
tassium began to partition to the solid phase (Fig. 5d). Concurrently,
there was a significant drop in sulfate concentration, which neared zero
in the liquid phase (Fig. 5f). Assuming that gypsum forms between CF 10
and 20, the continuous removal of sulfate from the liquid phase at CFs
above 20 suggests that the remaining sulfate, along with potassium in
the liquid, and calcium sulfate in the solids, likely crystallized as syn-
genite (K2SO4-CaSO4-H0) and gorgeyite (K2SO4-5CaSO4-H20). This
hypothesis aligns with a phase diagram of the CaSO4 - K2SO4 - KNO3 - Ca
(NO3)3 - Ho0 system developed by Jurisova et al. (2014), which showed
that adding an excess of calcium cations to a K3SO4 solution favored the
formation of gypsum while reducing syngenite and gorgeyite content in
the solid phase. Syngenite, which contains more bound water than
gorgeyite, undergoes a crystalline transition to gorgeyite, arcanite, and
water at 227 °C (Kloprogge et al., 2004). Thus, there is a greater like-
lihood that syngenite was the predominant crystalline form produced in
this study since the urine temperature remained below 70 °C.

In addition to potassium, both ammonium (Fig. 5b) and chloride
(Fig. 5e) showed a tendency to partition into the solid phase at urine CFs
>20. It is probable that ammonium and potassium cations crystallized
with chloride anions to form either salammoniac or sylvite. Indeed, Yu
et al. (2012) observed that in a KCl - NH4Cl - HyO system at 25 °C, the
crystallization fields of the two solid solutions [(K, NH4)Cl] and [(NHg,
K)CI] occupied almost the entire phase region. This indicates that po-
tassium and ammonium readily form a solid solution with chloride an-
ions rather than crystallizing as single salts. This provides an
explanation for the similar partitioning behavior of ammonium and
potassium that was observed in this study and suggests that separating
these ions by a stepwise dehydration-crystallization process would be
difficult.

The drop in orthophosphate content in the liquid phase at urine CFs
above 30 (Fig. 5c) is likely due to its crystallization with potassium to
form biphosphammite. According to Jiang et al. (2017), biphos-
phammite (NH4H,PO4) is one of the major crystals that form in acidified
urine after evaporation, noting that its saturation solubility at 25 °C is
the lowest among all the crystals they observed. In their study, urine was
hydrolyzed, resulting in a relatively high ammonium concentration that
led to the formation of biphosphammite as a combination of phosphate
and ammonia (NH4H5PO4). Contrastingly, in this study the acidified and
unhydrolyzed urine had a potassium concentration ten times higher
than that of ammonium. Consequently, the biphosphammite that
formed was likely a combination of potassium and orthophosphate
(KH2PO4). Nonetheless, because the ionic radii of potassium and
ammonium are similar, their crystal structures with phosphate are
identical (Frost et al., 2011). Therefore, the solubility of biphos-
phammite in the form of KHyPO4 is deduced to be similarly low as that of
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NH4HoPO4 at 25 °C. The biphosphammite (KH2PO4) formed in this study
is considered a major component of the crystalline solids.

5. Conclusion

This study demonstrates that stepwise evaporation-crystallization of
acidified human urine is an effective method for producing multi-
nutrient fertilizers with different nutrient profiles. By controlling
dehydration conditions, it is possible to achieve high concentration
factors (CF 30 at 20 °C and CF 43 at 70 °C) without nutrient losses,
thereby disproving concerns regarding nitrogen loss during urine pro-
cessing via acidification and dehydration. Monitoring water activity in
urine proved to be a reliable approach for managing the drying process.
Notably, a critical water activity threshold of 0.3 at CF 43 was identified,
beyond which further dehydration was constrained by tightly bound
water, and thus, could be targeted in practical drying applications.
Moreover, this study identified the crystallization sequence of urine
constituents under varying evaporation conditions. Initially, calcium
sulfate crystallizes as gypsum when urine is concentrated to CF between
10 and 20. As dehydration progresses to CF 30, potassium and sulfate
crystallize with previously formed gypsum as syngenite, while potas-
sium/ammonium chloride and biphosphammite crystallize at higher
CFs. Notably, over 80 % of urea, ammonium, and orthophosphate
remained in the liquid phase up to CF 30, while sulfate and potassium
predominantly partitioned into the solid phase. This selective crystalli-
zation behavior provides a strategy for tailoring urine-derived fertilizers
to specific environmental needs, such as minimizing salt content for
sensitive or arid soils, thereby mitigating risks such as soil salinization.
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