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H I G H L I G H T S

• Closed-loop air recirculation system for low-temperature urine dehydration
• Regenerable SAP-based desiccants enable cyclic air–vapour moisture absorption.
• Eliminates CO₂-driven acidification and nitrogen loss without excess Ca(OH)₂
• >99 % retention of major endogenous organics confirmed by targeted metabolomics
• Produces a dry fertiliser and clean water suitable for various reuse applications
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A B S T R A C T

We evaluated a novel closed-loop evaporative system designed to concentrate alkalised human urine while 
simultaneously recovering water using regenerable superabsorbent polymers (SAPs). This architecture recircu
lates air and physically isolates urine from atmospheric CO₂, thereby maintaining high alkalinity and preventing 
enzymatic urea hydrolysis. The system was operated at ~30 ◦C using sodium polyacrylate, potassium poly
acrylate, or a 1:1 (w/w) blend of both SAPs across eight absorption–desorption cycles. All treatments exhibited 
high initial water uptake (>1.4 kg m− 2 day− 1) and gravimetric absorption (>0.8 g g− 1), with performance 
declining due to polymer fatigue after repeated use. FT-IR spectra revealed the depolymerisation of the acrylate 
backbone leading to the formation of acrylic acid residues, confirming chemical deterioration during the thermal 
regeneration of the SAPs. Notably, the closed-loop design eliminated the need for supersaturating urine with Ca 
(OH)₂, which is required in open evaporative systems to buffer against CO₂-induced acidification. Colorimetric 
and targeted metabolomic analyses confirmed complete nitrogen retention and > 99 % recovery of the 30 most 
abundant endogenous organic solutes in urine, including urea, creatinine, and hippuric acid. These results 
demonstrate that low-temperature evaporation can preserve the full biochemical complexity of urine, producing 
a dry, sanitised fertiliser as well as water with extremely low organic content.

1. Introduction

Human urine constitutes 1 % of total domestic wastewater by volume 
but contains approximately 80 % of nitrogen, and 50 % of both phos
phorus and potassium [31]. Urine separation at source and subsequent 
recycling presents an opportunity to close nutrient loops, reduce 
dependence on synthetic fertilisers, and enhance food system sustain
ability [1]. Given that fertiliser production accounts for 2–3 % of global 
energy use and 1–2 % of global CO₂ emissions [33], environmental ar
guments in favor of urine recycling are compelling [2]. However, urine’s 

high water content, ~95 % [3], remains a major barrier to its large-scale 
recycling, as it makes storage, transport and fertiliser application inef
ficient. As the field of source-separated sanitation matures, its next 
frontier lies in developing methods for concentrating urine, particularly 
at a larger scale in decentralised and semi-centralised settings [4], where 
urine from multiple toilets is conveyed to a shared treatment unit (e.g., 
in the basement of a multi-storey residential or institutional building) 
[5]. Superabsorbent polymers (SAPs) offer a novel alternative route to 
address this challenge. These crosslinked hydrogels, composed of three- 
dimensional networks of hydrophilic functional groups, absorb several 

* Corresponding author.
E-mail addresses: Prithvi.Simha@slu.se, Prithvi.Simha@mespom.eu (P. Simha). 

Contents lists available at ScienceDirect

Desalination

journal homepage: www.elsevier.com/locate/desal

https://doi.org/10.1016/j.desal.2025.119786
Received 17 October 2025; Received in revised form 11 December 2025; Accepted 16 December 2025  

Desalination 622 (2026) 119786 

Available online 17 December 2025 
0011-9164/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:Prithvi.Simha@slu.se
mailto:Prithvi.Simha@mespom.eu
www.sciencedirect.com/science/journal/00119164
https://www.elsevier.com/locate/desal
https://doi.org/10.1016/j.desal.2025.119786
https://doi.org/10.1016/j.desal.2025.119786
http://creativecommons.org/licenses/by/4.0/


hundreds of times their weight in water without dissolving or losing 
structural integrity [8]. The absorbed water can be released through 
mild heating, allowing SAPs to undergo multiple stages of dehydration 
and rehydration [6]. Regeneration performance varies across SAP 
chemistries, with some SAPs maintaining performance for more than ten 
absorption-desorption cycles [7], whereas SAPs such as sodium poly
acrylate show a reduction in absorption after five cycles [8]. While SAPs 
are widely used in agriculture and hygiene products [34], their potential 
as functional materials in sanitation systems remains largely 
underexplored.

Here, we propose to use SAPs as passive, regenerable desiccants 
within a sealed urine dehydration system that recirculates air in a closed 
loop. In this architecture, humid air generated during urine evaporation 
passes over SAPs, which absorb the moisture. The resulting dry air is 
then recirculated back over the urine, sustaining a humidity gradient 
while physically excluding the ingress of ambient CO2. This “closed-air- 
loop” configuration enables phase-separated dehydration, wherein nu
trients are retained in the urine concentrate, while evaporated moisture 
is captured within the SAP matrix. Upon SAP regeneration, the absorbed 
moisture can be recovered for reuse.

A key design principle of our proposed system is to preserve the 
nutrient content of urine throughout the drying process. Urea, which 
accounts for the majority of nitrogen in freshly excreted urine, is ther
modynamically unstable and hydrolysed to ammonia by the enzyme 
urease [9]. Urease is produced by bacteria commonly present in human 
microbiota, urine collection pipes, storage tanks and the ambient envi
ronment, and its presence significantly increases the risk for nitrogen 
loss through ammonia volatilisation [10]. To prevent urea degradation, 
fresh urine can be stabilised by adding sparingly soluble alkaline earth 
hydroxides, such as calcium and magnesium hydroxide, which raise the 
pH above 10. At such pH, urease is reversibly deactivated [11], and 
pathogenic organisms are also inactivated [12]. Dehydrating alkalised 
urine at temperatures below 40 ◦C results in complete retention of plant- 
essential macronutrients in the concentrated solid fertiliser produced by 
the process [13]. However, exposure of alkaline urine to air during 
drying introduces CO2 in urine, forming carbonic acid and lowering pH 
[13]. This acidification reactivates urease and increases the risk of 
ammonia volatilisation [10], a vulnerability clearly observed in field- 
scale alkaline urine dehydrators. In a pilot trial in Finland, nitrogen 
recovery fell to ~30 % when open-air forced convection caused air 
temperatures to exceed 60 ◦C, leading to base-catalysed thermal urea 
degradation [14]. Similarly, long-term field tests with ambient-air dry
ing achieved only ~10 % nitrogen recovery because sustained CO2 
dissolution reduced urine pH from 12.5 to 8, thereby enabling biological 
urea hydrolysis [15]. Our proposed system addresses these vulnerabil
ities by physically isolating urine from ambient air, thus maintaining 
alkalinity throughout the dehydration process, and thus, preserving 
nutrient alongwith other urine nutrients.

In this study, we evaluate the performance of the proposed closed- 
air-loop urine evaporator, focusing explicitly on its chemical, physical 
and functional aspects. We do not assess the fate of macronutrients as 
our prior studies have already demonstrated complete retention of ni
trogen and other plant-essential nutrients in urine during alkaline drying 
below 40 ◦C [13,16]. Here, we specifically test the closed-loop archi
tecture’s ability to maintain a stable urine pH (>10) throughout the 
drying process, including during repeated polymer reuse cycles. We 
characterise the moisture absorption and water recovery efficiencies of 
two superabsorbent polymers, potassium and sodium polyacrylate, 
across multiple absorption-desoprtion cycles. Finally, we examine the 
recovered water by quantifying the fate of >200 endogenous organics 
present in urine, both before and after treatment with activated carbon 
filtration. Our findings provide new insights into the feasibility of inte
grated nutrient and water recovery from human urine using a regener
able, low-energy evaporation system tailored for decentralised 
sanitation contexts.

2. Methods

2.1. Materials

Fresh human urine was collected from anonymous adult donors, both 
male and female, aged between 18 and 65, using 500 mL polypropylene 
flasks. All samples were pooled, homogenized, and stabilised by adding 
calcium hydroxide at 10 g L− 1, a dosage previously shown to effectively 
prevent enzymatic urea hydrolysis [17]. The mixture was stirred for 30 
min at 300 rpm using an overhead stirrer (OHS 60, Velp Scientifica, 
Italy) and left to settle overnight to remove suspended solids and un
dissolved Ca(OH)2 by sedimentation.

Two commercially available superabsorbent polymers with different 
counter-ion affinities, sodium polyacrylate and potassium polyacrylate 
(Alquera Ciencia SL, Spain), were used as regenerable desiccants in the 
study. Potassium polyacrylate typically exhibits higher swelling capac
ity and absorption in ion-rich media such as urine due to the weaker 
interaction of K+ with carboxylate groups, whereas sodium polyacrylate 
forms stronger ionic bridges that can supress swelling [18]. No pre- 
treatment or additives were applied to modify their properties. The 
dehydration system consisted of three airtight glass containers con
nected by silicone tubing (Ø 12 mm) forming a closed-loop airflow 
circuit. Container 1 (cylindrical, Ø 12.5 cm, 1.75 L volume) served as the 
urine evaporation chamber, while containers 2 and 3 (rectangular, 21 ×
15 × 7 cm, 1 L volume) housed the SAPs for dehumidifying the moist air. 
A total of 100 g SAP was used per cycle, distributed equally between the 
two absorption chambers. To ensure airtightness, petroleum jelly was 
applied to all the rubber seals, and each lid was fitted with air inlet and 
outlet ports using O-ring sealed connectors. A 200 W aquarium pump 
(nominal air flow rate 6.6 m3 h− 1) was used in both configurations. In 
the closed-loop configuration, the pump recirculated air through all the 
containers in series, with air leaving the SAP chambers (containers 2 and 
3) routed back to the pump inlet and then to the urine evaporation 
chamber (container 1), forming a fully sealed loop that prevented con
tact with ambient air. An air pressure drop test was done to confirm the 
airtightness of the sealed setup. In the linear (open) configuration, the 
outlet of container 3 was vented to the room, and the pump inlet drew in 
fresh ambient air. The same pump therefore provided a comparable 
volumetric airflow, but in a once-through mode, allowing continuous 
ingress of atmospheric CO₂.

2.2. Experimental procedure

Three SAP treatments were tested across trials: sodium polyacrylate, 
potassium polyacrylate, and a 1:1 (w/w) mixture of the two. In all cases, 
the polymers were evenly distributed between the two moisture ab
sorption chambers.

Two sets of experiments were conducted. The first aimed to compare 
the performance of the circular, closed-air-loop configuration versus a 
linear, open-air configuration to maintain alkaline pH during progres
sive urine dehydration. In both systems, urine was dried at ~30 ◦C to 
mass concentration factors (CFs) of 1.25, 2, 2.5 and 5, corresponding to 
reductions to 75 %, 50 %, 40 % and 20 % of the original mass, respec
tively. At each CF, the pH of the urine in container 1 was measured.

The second experiment aimed to evaluate the moisture absorption 
and water recovery performance of the SAPs. In each trial, 50 g of 
alkaline urine was loaded into container 1 and dehydrated until a con
stant weight was achieved, typically corresponding to the removal of 
~46 g (± 2 %) of the originial urine mass. A total of 100 g of SAP was 
used per cycle (50 g per absorption chamber). After each drying cycle, 
the water-laden SAPs were removed and desorbed using a rotary evap
orator (Büchi R-150, Germany) and the mass of recovered water was 
recorded. The recovered water was then divided into two aliquots. One 
aliquot was analysed directly, while the other was treated with activated 
carbon (0.1 g L− 1, Merck KGaA, Germany) for 30 min (by mixing over a 
magnetic stirrer), followed by filtration through a 0.45 μm syringe filter 

A. Deka et al.                                                                                                                                                                                                                                    Desalination 622 (2026) 119786 

2 



(Filtropur S, Sarstedt, Germany). Both aliquots were stored at 4 ◦C for 
further analysis of endogenous organic content.

To assess the reusability of the SAPs, each polymer batch was sub
jected to eight full absorption–desorption cycles. After each cycle, the 
SAPs were thermally regenerated in a hot air oven (Electrolux, Sweden) 
at 60 ◦C for 6 h. Changes in absorption capacity and water recovery 
efficiency were tracked across cycles. All experiments were performed in 
duplicate or triplicate.

2.3. Characterization

Urine pH was determined using an iUnitrode (6.0278.300, Metrohm 
Switzerland) connected to a 914 pH/Conductometer (2.914.0020, 
Metrohm, Switzerland). The concentration of COD was measured using 
Spectroquant® COD cell tests (500–10,000 mg L− 1 range). Urea analysis 
was performed using a Thermo Scientific™ Gallery™ discrete analyser 
with the manufacturer’s urease-GLDH method, where urea is first 
hydrolysed by urease and the resulting ammonium is quantified via the 
glutamate dehydrogenase (GLDH) reaction; the decrease in absorbance 
at 340 nm is stoichiometric with urea concentration. The urea concen
tration was calculated as total ammonia after urease hydrolysis minus 
free ammonia, which was quantified separately using the Gallery™ 
ammonia method. To assess chemical changes in the SAPS over multiple 
reuse cycles, Fourier-transform infrared (FT-IR) spectroscopy was per
formed. Spectra were recorded in absorbance mode on a Nicolet FT-IR 
Impact 410 spectrometer (Madison, USA) over the range of 
400–4000cm− 1 at a resolution of 8cm− 1. The SAPs were first milled and 
pressed into KBr pellets using a laboratory-grade hydraulic press.

A targeted metabolomics approach was used to quantify endogenous 
organic compounds in urine, recovered water, and recovered water post- 
treatment with activated carbon. A custom assay combining direct- 
injection mass spectrometry with reverse-phase LC-MS/MS was used 
to screen and quantify 255 metabolites, including amino acids, phos
pholipids, biogenic amines, organic acids, acylcarnitines, sphingomye
lins, and nucleotides/ nucleosides. The assay was performed on an 
ABSciex 5500 QTrap® mass spectrometer coupled to an Agilent 1290 
series UHPLC system (Agilent Technologies, Palo Alto, USA).

Sample preparation followed the protocol provided with the custom 
96-well plate assay. It involved derivatization and extraction of analytes 
with selective mass-spectrometric detection using multiple reaction 
monitoring pairs. For all analytes except organic acids, thawed samples 
were vortexed, centrifuged (13,000 ×g), and applied to the centre of a 
filter plate. Filters were dried under nitrogen, derivatised with phenyl- 
isothiocyanate, and following incubation, dried again, and extracted 
with 300 μL of solvent. Extracts were transferred to a 96-deep well plate 
via centrifugation and diluted with LC-MS running solvent. For analysis 
of organic acids, 10 μL aliquots were derivatised with 3-nitrophenylhy
drazine and internal standards, incubated for 2 h, and stabilised with 
BHT and water before LC-MS injection. Data analysis was performed 
using Analyst 1.6.3 (Sciex, USA).

2.4. Calculations

The performance of the dehydration system was evaluated using the 
following metrics, calculated as follows: 

Drying rate

The urine evaporation/drying rate normalised to the surface area 
was calculated using: 

Drying rate =
Wu

T • Au
(1) 

where Wu is the mass of urine dehydrated (kg), T is the drying time 
(days), and Ac is the surface area of urine exposed to air (m2). 

Moisture absorption rate

The rate of moisture uptake by the SAPs, normalised to SAP surface 
area, was computed as: 

Moisture absorption rate =
Wm

T • Ap
(2) 

where Wm is the mass of moisture absorbed (kg) and Ap is the polymer 
surface area exposed to moist air (m2). 

Moisture absorption efficiency

To quantify how effectively SAPs absorbed moisture from urine 
vapour, the following equation was used: 

Moisture absorption (%) =
Wm

Wu
×100 (3) 

where Wm is the mass of moisture absorbed (g). 

Water extraction efficiency

The proportion of absorbed water that could be recovered from SAPs 
via desorption was calculated using: 

Water recovery (%) =
Ww

Wm
×100 (4) 

where Ww is the mass of water extracted (g). 

Partitioning of endogenous organic compounds

To determine the extent to which endogenous organic compounds 
present in urine partitioned into the vapour phase and were captured in 
the recovered water, the following metric was calculated: 

Partitioning (%) =

∑
Cw

∑
Cu

×100 (5) 

where ΣCu is the total concentration of quantified endogenous organic 
compounds in fresh urine, and ΣCw is the total concentration of the those 
same compounds detected in the recovered water (with or without 
activated carbon filtration). 

Mass concentration factor of concentrated urine

The concentration factor (CF) was calculated as the ratio of the initial 
mass of unconcentrated urine before evaporation to the final mass of 
urine after evaporation, following the approach described by Gao et al. 
[32].  

Concentration Factor (CF) =
Mass of concentrated urine befor evaporation (g)
Mass of concentrated urine after evaporation (g)

(6) 
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2.5. Statistical analyses

Experiments were performed in duplicate or triplicate, and results 
are presented as mean values with associated standard deviations. Dif
ferences in physicochemical parameters (e.g. pH, drying rate, absorption 
capacity, and water recovery) were assessed using one-way analysis of 
variance (ANOVA) followed by Tukey’s Honest Significance Difference 
(HSD) post-hoc test to identify pairwise differences. All statistical ana
lyses were performed in R version 4.0.0 [19] using RStudio (version 
1.2.5042), with the packages car [20] and agricolae [21].

3. Results

3.1. Evaporation and moisture absorption dynamics

In the closed-loop drying system, overall performance is governed by 
two interdependent processes: the evaporation of urine in the source 
chamber and the subsequent absorption of water vapour by 

superabsorbent polymers (SAPs) in the downstream air path. In contrast, 
the linear system does not include a recirculating air loop as humid air is 
vented out and continuously replaced by ambient air. To evaluate sys
tem performance, both SAP vapour absorption and urine evaporation 
were quantified as area-normalised rates. Urine evaporation rates 
ranged from 6 kg d− 1 m− 2 in the closed-loop system to 9 kg d− 1 m− 2 in 
the linear setup (Table S1 in the SI). Moisture absorption by SAPs 
declined over successive reuse cycles, with the rate decreasing from 1.44 
to 1.02 kg d− 1 m− 2 across eight cycles (Fig. 1 (a)).

Both SAPs initially demonstrated high water uptake per gram, 
exceeding 0.8 g of moisture per gram of polymer across all treatments. 
Potassium polyacrylate achieved >0.84 g g− 1 in the first four cycles, 
with sodium polyacrylate performing comparably for the first three. All 
treatments showed reduced performance over time. By cycle eight, 
moisture absorption dropped to 0.64 g g− 1 for both SAPs, and to 0.60 g 
g− 1 for the 1:1 mixture (Table S2 in the SI). The mixture maintained 
>0.80 g g− 1 absorption for five cycles, indicating favourable short-term 
performance but a steeper decline thereafter. When expressed as a 
percentage of the moisture absorbed, potassium polyacrylate retained 
the highest efficiency during early reuse, whereas sodium polyacrylate 

Fig. 1. (a) Moisture absorption rate (kg m− 2 d− 1) and (b) moisture absorption efficiency (%) of potassium polyacrylate (KPAc) and sodium polyacrylate (NaPAc) and 
their 1:1 (w/w) mixture during repeated urine dehydration cycles in a closed-loop setup. Values are mean ± SD (n = 3) for each drying cycle.

Fig. 2. Water extraction efficiency (%) from potassium oolyacrylate (KPAc), sodium polyacrylate (NaPAc), and their 1:1 mixture over eight dehydration–regen
eration cycles of urine treatment. Values are the percentage of absorbed moisture recovered as water using a rotary evaporator (mean ± SD, n = 3).
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showed marginally better performance in the later cycles (Fig. 1(b)). The 
crossover between the two occurred around cycle 5.

3.2. Water recovery efficiency

The water recovery from moisture-laden SAPs was consistently high 
across all treatments during the early cycles, with values exceeding 96 % 
from cycles 1 to 4 (Fig. 2). Potassium polyacrylate exhibited the most 
stable performance throughout the eight-cycle experiment, maintaining 
efficiencies above 97 % even in the final cycle. In contrast, sodium 
polyacrylate had a noticeable decline in water recovery after cycle 5, 
falling to below 90 % for the last two cycles. The 1:1 SAP mixture 
showed a similar trend, pointing to sodium polyacrylate as the limiting 
component in the blend.

3.3. Structural changes in SAPs over multiple reuse cycles

FT-IR spectroscopy was used to evaluate chemical changes in the 
structure of sodium and potassium polyacrylate after eight cycles of 
moisture absorption and thermal regeneration. Spectra were compared 
between fresh polymers and samples regenerated at 60 ◦C (Fig. 3). Fresh 
SAPs displayed all the characteristic polyacrylate peaks: a broad peak 
around 3350 cm− 1 and sharp –CH₃ stretching around 2800 cm− 1, strong 
C––O stretching at ~1700 cm− 1, and C–O and –CH₃/–CH₂ bending vi
brations between 1450 and 1050 cm− 1 [22]. Thermal stress due to 
repeated regeneration induced several spectral shifts indicative of par
tial degradation of the polymers. In the regenerated samples [NaPAc(R) 
and KPAc(R)], the C––O stretching around 1700 cm− 1 intensified and 
shifted to 1750 cm− 1, indicating the formation of acrylic acid, a known 
degradation product of polyacrylates. Altered intensity and position of 
the –CH3 bond stretching (near 3000 cm− 1) further suggest changes in 
the polymer backbone, whereas changes in the –CH₃/–CH₂ bending re
gion (~1400 cm− 1) imply modifications to alkyl side chains (Fig. 3). 
Overall, FT-IR results confirm that thermal regeneration led to partial 

chemical transformation of the SAPs, with sodium polyacrylate 
appearing more susceptible to degradation than potassium polyacrylate.

3.4. Partitioning of endogenous organic compounds

Targeted metabolomics provided insights into the fate of urine- 
derived organics during dehydration and subsequent water recovery 
from SAPs (Table S3 in SI). Out of 255 screened compounds, ~210 were 
quantifiable in the unconcentrated alkaline urine, with a total organic 
solute concentration of 2.15 g L− 1. Of these, ~90 were detected in the 
recovered water, however, most were present at very low concentra
tions, with a total quantified organic load of less than 23 mg L− 1. In both 
sodium and potassium polyacrylate treatments, nearly half of the 
detected compounds in water were either at or marginally above the 
detection threshold, and only a small subset appeared in clearly quan
tifiable amounts. Differences between the SAP chemistries were mini
mal. Although condensates from sodium polyacrylate yielded slightly 
more metabolite detections than those from potassium polyacrylate, 
total concentrations were nearly identical (22.5 vs. 21.9 mg L− 1).

Urea concentration in urine remained stable throughout the process, 
with no detectable nitrogen loss observed across concentration factors 
(Fig. S1 in SI). The 30 most abundant organics aside from urea, including 
glucose, hippuric acid, lactic acid and creatinine, which together 
contributed over 90 % of the total organic load, were retained with >99 
% efficiency in concentrated urine (Table S3 in the SI). These findings 
were supported by COD measurements, which decreased from 6120 mg 
L− 1 in urine to 75 ± 1.4 mg L− 1 in the recovered water, and further to 25 
± 0.7 mg L− 1 following activated carbon treatment.

The few compounds that did partition into the recovered water, such 
as creatinine (~7.2 mg L− 1), lactic acid (~0.36 mg L− 1), and creatine 
(~1.1 mg L− 1), were small, polar, and highly water-soluble. Their 
presence likely reflects co-evaporation or entrainment during vacuum 
desorption of the SAPs, rather than volatilisation. Subsequent treatment 
of the recovered water with activated carbon reduced the total organic 

Fig. 3. FT-IR spectra of fresh and regenerated potassium polyacrylate (KPAc) and sodium polyacrylate (NaPAc) before and after eight absorption–desorption cycles 
(NaPAc(R) and KPAc(R)).
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content to ~11 mg L− 1 in both treatments. These findings confirm that 
dehydration at temperatures below 40 ◦C preserves nearly all endoge
nous organic solutes in the fertiliser product, while generating water 
with extremely low organic content.

3.5. pH stability during alkaline urine dehydration in closed-loop versus 
linear airflow setups

The initial pH of alkalized urine (CF 1) was ~12.0, and maintaining 
this high pH is essential to prevent enzymatic urea degradation to 
ammonia. During dehydration to CF 5, the closed-loop system preserved 
high alkalinity in urine, with final pH values of 11.64 (potassium pol
yacrylate) and 11.68 (sodium polyacrylate). In contrast, there was sig
nificant pH drop in the linear setup to ~9.7 at CF 5. Differences between 
closed-loop and linear setups were statistically significant at every CF (p 
< 0.001), confirming the critical role of CO₂ exclusion provided by the 
closed-loop airflow configuration. No significant difference was 
observed between the two SAP types within each airflow configuration, 
suggesting that SAP chemistry had little influence on pH stability 
(Fig. 4).

4. Discussion

4.1. Performance trade-offs in closed-loop vs. linear dehydration systems

The closed-loop dehydration system successfully maintained urine 
alkalinity (pH >11.5 at CF = 5) by preventing atmospheric CO₂ ingress, 
a known cause of urine acidification and nitrogen loss during dehydra
tion [11]. This chemical stability also ensured complete retention of 
urea, with no detectable nitrogen loss observed across concentration 
factors. By contrast, the linear system exhibited significant acidification 
(pH ~9.7 at CF = 5), since humid air is continuously replaced by 
ambient air in this configuration. However, preserving alkalinity in the 
closed-loop system involved inherent performance trade-offs, notably in 
the evaporation kinetics. In the linear system, continuous exchange of 
humid air with drier ambient air maintains a high vapour pressure 
gradient at the urine-air interface, whereas in the closed-loop system, 

dehumidification depends on the vapour absorption efficiency of the 
SAPs, which exhibited lower uptake rates for water vapour (< 0.8 g g− 1) 
compared to their liquid-phase absorption capacities (>300 g g− 1) [23]. 
The absorption efficiency of the SAPs also decreased from ~1.4 to ~1.0 
kg d− 1 m− 2 over successive reuse cycles. FT-IR analysis corroborated 
this, showing spectral changes in the polymer consistent with its 
degradation and partial depolymerisation to acrylic acid residues.

4.2. Sodium polyacrylate vs. potassium polyacrylate as regenerable 
dessicants

The closed-loop drying system evaluated here relies critically on the 
performance of SAPs as regenerable desiccants. Between the two tested 
polymers, potassium polyacrylate demonstrated higher absorption ca
pacity and faster vapour uptake compared to sodium polyacrylate, 
particularly in early reuse cycles. This advantage can partially be 
explained by particle size differences: the potassium polyacrylate used 
in this study had a dry granule size of ~2–3 mm, whereas sodium pol
yacrylate particles were significantly finer (150–850 μm). The coarser 
morphology of potassium polyacrylate likely facilitates looser swelling 
and a more open hydrogel structure (Fig. S2 in the SI), aiding internal 
vapour diffusion and deeper absorption before surface saturation [24]. 
By contrast, the finer particles of sodium polyacrylate gel more densely 
and rapidly upon hydration, limiting air–polymer interaction and 
reducing the surface area available for dehumidification. Potassium 
polyacrylate also exhibits better moisture adsorption as compared to 
sodium polyacrylate, and is more stable when exposed to ion-rich media, 
such as urine, because K+ binds more weakly to –COO- groups [18]. The 
performance differences observed in our study therefore reflect both the 
as-supplied particle size distribution and the counter-ion chemistry of 
the two materials.

Both SAPs exhibited declining moisture absorption with repeated 
reuse, decreasing from 1.44 to 1.02 kg m− 2 d− 1 in surface area- 
normalised moisture uptake, and from >0.8 to ~0.64 g g− 1 in gravi
metric absorption. This reduction reflects cumulative polymer fatigue 
resulting from repeated wetting-drying and thermal stress. Although the 
operational drying temperature was moderate (< 30 ◦C), each cycle 
concluded with thermal regeneration of the SAPs at 60 ◦C for 6 h to 
desorb moisture. Repeated thermal cycling is known to accelerate 
degradation in polyacrylates [25]. Thermal stress can induce chain 
scission, dehydration and rearrangement in polymer backbone struc
ture, leading to reduced swelling capacity and internal diffusivity [26]. 
The FT-IR spectra of the polymers showed new absorption bands near 
1750 cm− 1 and 1400 cm− 1, indicative of carbonyl-containing degrada
tion products and formation of acrylic acid [27], while shifts near 3000 
cm− 1 reflected altered –CH stretching consistent with alkyl chain 
breakdown [28]. These spectral signatures point to the partial collapse 
of the crosslinked network, contributing to the observed loss in water 
absorption efficiency.

4.3. Fate of endogenous organic compounds

This study provides the first comprehensive account of how endog
enous organic compounds behave during alkaline urine dehydration in a 
closed-loop system. Although trace amounts of organics were detected 
in water recovered from urine, the total load was less than 1 % of that 
originally present in urine. This confirms that alkaline drying not only 
conserves urea and inorganic solutes in the concentrated urine, as pre
viously demonstrated [14,29], but also preserves the full spectrum of 
organic constituents in urine. The retention of macronutrients, micro
nutrients, and endogenous metabolites supports the development of 
complete fertilisers derived from source-separated urine. The few com
pounds that were detected in the recovered water, such as creatinine and 
lactic acid, likely partitioned due to physical entrainment during vac
uum distillation. The recovered water, with or without polishing with 
activated carbon filtration, may be suitable for secondary uses such as 

Fig. 4. Change in pH of alkalized urine dehydrated in circular (closed-loop, 
CO2-excluded) versus linear (open-air, CO₂-accessible) setups using potassium 
(KPAc) and sodium polyacrylate (NaPAc). Urine initially alkalised to a pH of 
~12.0 was dried to various concentration factors (CF = 1.25, 2, 2.5, and 5). 
Error bars show standard deviation (n = 3). The closed-loop setup maintained 
significantly high pH compared to the linear setup at all tested CFs (p < 0.001).
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toilet flushing, handwashing, or irrigation of crops.

4.4. Design implications of a closed-loop architecture

Although the volume of recoverable water per person is modest, 
about 1.4 L d− 1, even small quantities can be meaningful in arid and 
water-scarce settings. As an illustrative comparison, hydroponic systems 
require about 0.5 L m− 2 day− 1 for leafy greens like lettuce [30], so urine- 
derived water from one person could theoretically support the irrigation 
demand of 3 m2 of hydroponic crops.

Beyond the recovery of clean water, the broader significance of this 
system lies in its closed-loop air recirculation architecture. By physically 
isolating urine from ambient air and atmospheric CO₂, the system pre
serves high alkalinity throughout the drying process, preventing acidi
fication and enzymatic urea hydrolysis. This addresses a key barrier in 
alkaline urine dehydration, pH instability, which has contributed to 
nitrogen losses and system failure in past field trials of the technology 
[14,15]. Unlike open-airflow configurations that expose the urine to 
fluctuating environmental conditions, a recirculating air loop ensures 
both chemical and operational stability. It also eliminates the need for 
excessive Ca(OH)₂ dosing, which is commonly used in open systems to 
buffer against acidification [14,17]. In our system, urine was only 
saturated, not oversaturated with Ca(OH)₂, and undissolved Ca(OH)₂ 
was removed before drying. This reduced the chemical demand, which 
may enhance the nutrient density of the final fertiliser product while 
lowering operational costs. An important next step would be to evaluate 
how these mechanistic advantages translate into practical design 
choices. A detailed techno-economic analysis would help assess the 
implementation potential and scalability of the system and identify the 
most suitable deployment contexts.

The system may also offer thermodynamic advantages that could be 
explored in future studies. As humid air passes over the SAPs, water 
vapour condenses into the polymer, releasing latent heat. While we did 
not quantify this effect, future prototypes could be designed to harness 
this energy exchange, potentially improving the system’s overall 
efficiency.

5. Conclusion

This study introduced a closed-loop air recirculation architecture for 
dehydrating alkalised human urine using regenerable superabsorbent 
polymers (SAPs). This design addresses key limitations of open-air urine 
drying systems, particularly pH drift and nitrogen loss due to CO₂-driven 
acidification. By integrating urine evaporation with SAP-based absorp
tion–desorption cycling, the system physically excluded atmospheric 
CO₂, maintained high urine alkalinity (pH > 11.5), and prevented 
enzymatic urea hydrolysis. Notably, this stability was achieved without 
oversaturating urine with Ca(OH)₂, thereby reducing chemical demand 
and potentially increasing the nutrient density and agronomic value of 
the final fertiliser.

Metabolomic and colorimetric analyses confirmed that >99 % of the 
30 most abundant endogenous organic compounds, including urea, 
creatinine, and hippuric acid, were retained in the concentrated urine, 
while the recovered water contained <23 mg L− 1 of organic solutes and 
< 75 mg L− 1 COD. These results show that the full biochemical 
complexity of human urine can be stabilised and preserved in a dry, 
sanitised fertiliser product.

Both sodium and potassium polyacrylate SAPs were effective over 
multiple regeneration cycles, though performance declined due to 
polymer fatigue and thermal degradation. FT-IR spectra showed char
acteristic signatures of backbone depolymerisation, highlighting the 
need for materials research to improve SAP longevity under repeated 
thermal cycling. Future iterations of this system could also explore 
harnessing latent heat released during vapour absorption, opening 

opportunities for passive urine drying in decentralised settings.
Supplementary data to this article can be found online at https://doi. 

org/10.1016/j.desal.2025.119786.
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