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A B S T R A C T   

Recycling urine can reduce the flux of reactive nitrogen in the environment. This paper presents a novel approach 
to recover all N (Ntot) from urine, including ammonia (TAN; about 5% of Ntot), which is usually volatilised when 
alkalised urine is dehydrated. As analytical methods for measuring N have a standard deviation of at least 5%, 
real fresh urine was fortified with ammonia (urineN) or ammonia and phosphate (urineNP) so that TAN comprised 
10% of Ntot. The urine was then added to different magnesium-based alkaline substrates (MgO, Mg(OH)2, MgCl2 
+ Mg(OH)2) and dried at 38 ̊C. Chemical speciation modelling suggested that, irrespective of the substrate, 
>98% of Ntot in urineNP was recovered and 86% of TAN was precipitated as struvite. Experimental results 
showed that < 90% of Ntot was recovered when urineNP was dried in MgO and Mg(OH)2, suggesting that no TAN 
was captured. However, all phosphorus and potassium and 93% (±5%) of Ntot and 30% of TAN were recovered 
when urineNP was dried in MgCl2 + Mg(OH)2, as the [Mg]:[NH4]:[PO4] molar ratio of 1.69:1.14:1.0 in urine 
favoured formation of struvite. Overall, this study demonstrated that all ammonia excreted in real fresh urine 
(unfortified, TAN < 5% Ntot) can be captured if urine is dried in substrates containing 3.7 g MgCl2⋅6H2O L− 1 or 
2.2 g MgSO4 L− 1, but no calcium. Ammonia can also be captured if fresh urine is saturated with MgO or Mg(OH)2 
with high reactivity (<60 s citric acid test). If the drying substrate has pH > 10 throughout the treatment, urease 
enzyme-catalysed degradation of urea to ammonia is prevented, resulting in complete recovery of all nutrients. 
The end-product is a solid fertiliser containing 10–11% nitrogen, 1–2% phosphorus and 2–3% potassium.   

1. Introduction 

The supply of reactive nitrogen (N) is vital for life on earth [1]. In 
nature, the largely unreactive dinitrogen gas (N2) present in the atmo-
sphere is transformed into reactive forms (NH3, NH4, HNO3, NO, NO2, 
N2O etc.) through biological N fixation [2]. However, for every unit of 
biologically fixed reactive N, more than three units of reactive N are 
currently fixed by anthropogenic activities [3]. The Haber-Bosch pro-
cess, where ammonia (NH3) is synthesised from atmospheric N2, is the 
main pathway for artificial reactive N fixation. This process alone ac-
counts for 1–2% of the world’s energy consumption [4] and supplies 
most of the N fertilisers applied in agriculture. The food produced using 
Haber-Bosch N is estimated to support nearly half the world’s 

population [5]. 
The Haber-Bosch process is highly optimised, but subsequent use of 

N in agricultural systems is inefficient. Only 4–14% of the Haber-Bosch 
N applied as fertiliser ends up in the human body as consumed protein 
[6]. This is because N is usually lost due to leaching, surface and sub-
surface runoff, and volatilisation [3127]. When lost, reactive N accu-
mulates and cascades in the environment [2], where it can contribute to 
eutrophication [8], acidification of soils and waters [9] and associated 
loss of biodiversity [10]. The current flux of reactive N from terrestrial to 
aquatic ecosystems greatly exceeds its so-called planetary-level safe 
space [11]. 

The adult human body does not retain consumed N, which is 
excreted mostly via the urine fraction as urea (>85%), ammonia (<5%) 
and other N-containing organic compounds [12,13 14]. In conventional 
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wastewater systems, human urine is mixed with brownwater and grey-
water and collected as a single fraction in sewers that transport it to a 
treatment plant or in septic tanks or pit latrines. Globally, however, it is 
estimated that 80% of the wastewater produced in the world receives no 
treatment [15]. According to estimates made by Simha [16] using data 
from FAO [17] and the method for estimating the nutrient content of 
urine developed by Jönsson and Vinnerås [18], approximately 32 Tg N 
y− 1 and 2.5 Tg phosphorus (P) y− 1 are excreted via urine globally. 
Therefore, when untreated, wastewater can be a major source of reactive 
N in the environment [19 20]. 

Over the past century, wastewater treatment plants have evolved and 
have improved the efficiency of removal of different pollutants [21]. 
However, only treatment plants that apply tertiary treatment, i.e. steps 
for biological removal of N and biological/chemical removal of P, can 
produce effluents with substantially reduced flux of N. At present, such 
treatment plants can remove > 90% of P but only 50–75% of the N load 
[2223]. During biological N removal, about 4% of the N load to a 
treatment plant is also converted to N2O, a potent greenhouse gas [24]. 
Today, tertiary wastewater treatment is carried out only in high-income 
countries [25] and, over the coming decades, a dramatic increase in 
global tertiary treatment capacity is highly unlikely [1520]. According 
to Eurostat [26], only 54% of the population in the European Union (EU) 
was connected to wastewater treatment plants with tertiary treatment in 
2017. 

Treating human urine at a central wastewater treatment plant only 
converts reactive N into unreactive N2 gas [27]. However, if urine is 
collected at source [28], separately from the rest of the wastewater, it 
can be treated to produce a fertiliser [29]. This, if applied in agriculture, 
would help recycle N in the food system [30]. Such recycling would not 
only reduce the flux of reactive N from poorly treated wastewater, but 
could also replace nearly 25% of the Haber-Bosch N produced globally 
[16]. Human urine can be collected using urinals [31] or urine-diverting 
toilets [32] and treated by different methods, many of which have been 
reviewed recently [333435]. One of the most practical and effective 
ways of treating the collected urine is by subjecting it to alkaline 
dehydration [363738]. In this process, fresh human urine is alkalised 
immediately after collection by adding it to an alkaline substrate, which 
prevents urease-catalysed degradation of urea [3940]. The alkalised 
urine is then dehydrated to produce a solid fertiliser with high nutrient 
content (>10% N, 1–2% P, 4–8% potassium (K) on a dry matter basis) 
[4137]. If urine is dehydrated without alkalisation, then majority of the 
N can be lost as ammonia, which is produced due to the hydrolysis of 
urea during the collection of urine [424344]. 

Previous work by our research group showed that > 95% of the N 
present in urine can be recovered during alkaline dehydration [4537]. 
Ammonia, which makes up about 5% of all N excreted in fresh urine 

according to Friedler et al. [12], is usually lost during alkaline dehy-
dration [4647]. However, reducing the indoor and outdoor emissions of 
ammonia from a urine dryer is important to achieve the requirements 
described in the ISO30500 standards for non-sewered sanitation sys-
tems. One approach to capture the ammonia is to precipitate it as 
struvite (magnesium ammonium phosphate, NH4MgPO4⋅6H2O) before 
the urine is dried [46]. For this, the urine would have to be supple-
mented with Mg2+, since a molar ratio of 1:1:1 for [Mg]:[NH4]:[PO4] is 
needed to form struvite [48], and in fresh urine this ratio is usually 
0.1:1:0.98 [13]. This study tested the hypothesis that all N excreted in 
urine can be captured by combining struvite precipitation with alkaline 
dehydration. 

2. Methodology 

2.1. Urine 

Fresh human urine from approximately 20 donors (male and female, 
aged 25–66 years) was collected every day in 0.5 L polyethylene flasks, 
and used in experiments on the same day. The donations were pooled, 
mixed and divided into two batches. To the first batch (urineN), 1.45 g 
NH4Cl L− 1 (27.1 mmol L− 1) was added and to the second batch 
(urineNP), 1.45 g NH4Cl L− 1 (27.1 mmol L− 1) and 3.6 g NaH2PO4⋅H2O 
L− 1 (26.1 mmol L− 1) were added. These additions were made to fortify 
the collected urine with ammonia (urineN) or ammonia and phosphate 
(urineNP). The total N (Ntot) concentration and total ammonia nitrogen 
(TAN) concentration in the collected urine was assumed to be 5 g L− 1 

(0.36 mol L− 1) and 0.25 g L− 1 (17.9 mmol L− 1), respectively. Adding 
NH4Cl increased the TAN concentration to approximately 10% of Ntot in 
both urineN and urineNP. This was necessary because the objective of the 
study was to quantify the recovery of TAN and the analytical methods 
for measuring N had a standard deviation of at least 5%. It was also 
assumed that the total P concentration of the collected urine was 0.3 g 
L− 1 (3.16 mmol L− 1) and that all was in the form of phosphate ions. 

2.2. Drying substrates 

Three different alkaline Mg-based drying substrates were tested, 
magnesium oxide (MgO), magnesium hydroxide (Mg(OH)2) and a 
mixture of Mg(OH)2 and magnesium chloride hexahydrate 
(MgCl2⋅6H2O). The substrates were of reagent grade and used without 
any pre-treatment. 

2.3. Experiment 

2.3.1. Set-up 
The drying experiment was performed in square Petri dishes (Sar-

stedt, Germany; dimensions 100 mm × 100 mm × 20 mm) placed on two 
stainless steel racks inside the cavity (470 mm × 330 mm × 580 mm) of 
a modified benchtop incubator (Electrolux, Sweden). A fan (∅ 12′’, 
2300 rpm, Biltema, Sweden) installed at the bottom of the cavity 
introduced and distributed air inside the incubator. A wireless temper-
ature sensor (TGU-4500, Tinytag) was used to monitor the temperature 
and relative humidity in the cavity. 

2.3.2. Procedure 
At the start of the experiment, 10 g of either MgO or Mg(OH)2 was 

placed inside each Petri dish. For the substrate that contained magne-
sium chloride, 3.2 g MgCl2⋅6H2O was added to 10 g Mg(OH)2 in order to 
increase the concentration of Mg2+ in urine so that the molar ratio of 
[Mg]:[NH4] was approximately 1:1 (or by weight 1.35:1). For each 
drying substrate, there were 14 Petri dishes in total. The Petri dishes 
were divided into two equal batches, so that each batch received either 
urineN or urineNP. 

To start the treatment, 10 mL of either urineN or urineNP were added 
to Petri dishes containing 10 g of the drying substrate. The dishes were 

Nomenclature 

urineN fresh human urine fortified with ammonia 
urineNP fresh human urine fortified with ammonia and 

phosphate 
Ntot total nitrogen 
TAN Total Ammonia Nitrogen 
EC Electrical Conductivity 
ICP-OES Inductively Coupled Plasma-Optical Emission 

Spectroscopy 
TS Total Solids 
VS Volatile Solids 
WB Wet Basis 
mass.cfWB mass concentration factor 
mass.redWB mass reduction factor 
h1/2 half-life  
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then covered with lids and set aside for 30 min at room temperature (20 
± 0.5 ◦C), after which the lids were removed and the Petri dishes were 
transferred to the incubator to treat the urine by alkaline dehydration. 
After a fixed time duration, the Petri dishes were withdrawn from the 
incubator to mark the end of a drying cycle. To dry 10 mL more urine 
and to start a new drying cycle, the entire process was repeated. In total, 
60 drying cycles were performed, so that at the end of the experiment 
the Petri dishes treated 600 mL of urine using 10 g of substrate. For the 
majority of the cycles (n = 46), the drying time in the incubator was <3 
h, whereas for the rest drying was done overnight. 

2.4. Sampling and analysis 

Fresh urine used in the experiments was monitored for pH using a pH 
meter (Fisher Scientific accumet AE150, United States) attached to an 
electrode (Fisher Scientific accumet, 13–620-AE6, United States). Elec-
trical conductivity (EC) was measured using a handheld EC meter (Cond 
340i, WTW, Germany) connected to a probe (TetraCon 325, WTW, 
Germany). To characterise the urine, representative samples of urineN 
and urineNP were taken before every drying cycle, acidified to pH < 2 
using 1 M HCl and refrigerated at 4 ̊C. For these samples, Ntot and TAN 
were analysed colorimetrically using Spectroquant® test kits (Merck 
KGaA, Darmstadt, Germany) and a photometer (NOVA 60 A, Merck 
KgaA, Germany). For Ntot analysis, the urine was diluted 1000-fold, 
digested using the Spectroquant® Crack-Set 20 test kit (114963) and 
analysed for nitrate concentration in the range 1–25 mg L− 1 using the 
Spectroquant® nitrate test kit (109713). For TAN analysis, the fresh 
urine was diluted 10-fold and analysed using the Spectroquant® 
ammonium test kit (100683) in the concentration range 2–150 mg L− 1. 
To measure the concentration of P, (K), calcium (Ca) and Mg in urine, 
inductively coupled plasma-optical emission spectroscopy (ICP-OES) 
was performed using an Optima Avio 200 (PerkinElmer, USA) optical 
emission spectrometer. 

The Petri dishes were sampled destructively as singlets at the end of 
the 12th, 24th, 36th and 48th drying cycles, and as triplicates at the end 
of the 60th drying cycle (Supplementary Information, Fig. S1). The 
weight of the dishes at the end of the drying cycles was measured using a 
weighing balance (Kern KB 2000–2NM, Germany; 0.01 g precision). The 
substrate and dried urine collected in the dishes were then thoroughly 
mixed and analysed for total solids (TS), volatile solids (VS), pH1:10, 
EC1:10 and elemental composition. To determine TS content, the samples 
were dried at 105 ̊C for 12 h. They were then combusted (LH30/12, 
Nabertherm GmBH, Germany) at 550 ̊C for 6 h to determine VS. To 
account for loss of urea due to heat degradation during the measure-
ments, the TS content of urine was adjusted as described in Simha et al. 
[37]. The pH and EC were measured in 1:10 (w/v) suspensions of the 
substrate in deionised water. To prepare the suspensions, 2 g of thor-
oughly mixed solids collected from the Petri dishes were diluted with 20 
mL deionised water, mixed and allowed to rest in closed tubes for 48 h 
prior to measurements. Total N (Ntot) and total C (Ctot) content were 
measured by the Dumas combustion method, using an elemental ana-
lyser (LECO TruMac® CN, USA). The P and K content were measured by 
optical emission spectrometry (Optima Avio 200, PerkinElmer, United 
States). 

2.5. Citric acid reactivity test 

To determine the reactivity of the MgO and Mg(OH)2 used in the 
experiments, a standard test used in the lime industry was performed 
[49]. In brief, 2 g of MgO or Mg(OH)2 were added to 100 mL of 0.4 N 
citric acid and shaken with phenolphthalein until the colour of the so-
lution changed from white to pink. The time required to neutralise the 
acid was recorded and the substrates were classified as having high 
reactivity (<60 s), medium reactivity (60–300 s) or low reactivity 
(>300 s). 

2.6. Calculations 

To analyse the effectiveness of the treatment in concentrating the 
volume of urine volume on a wet basis (WB), mass concentration factor 
(mass.cfWB; Eq. 1) and percentage mass reduction (mass.redWB; Eq. 2) 
were calculated [46]: 

mass.cfWB =

(
msubstrate + murine

mend− product

)

(1)

mass.redWB =

(
msubstrate + murine − mend− product

msubstrate + murine

)

× 100(2)

where msubstrate, murine and mend-product is weight of the drying sub-
strate at the start of the experiment, the total urine added in the 
experiment and the end-product, respectively. 

To calculate the recovery of N from urine in the experiments, mass 
balances were calculated. To estimate the theoretical recovery of N as 
urea, the half-life (h1/2) of urea was first estimated, as suggested in 
Simha et al. [41]. Based on the average temperature of the incubator 
(37.6 ̊C), the half-life of urea in the pH range 2–12 was calculated to be 
369 days. Using this, the recovery of urea in each drying cycle was 
estimated as [37]: 

urea.reci = (urea.addi + urea.reci− 1) ×

(

1 −
t

2 × h1
2

)

(3)

where urea.reci is the amount of urea recovered in drying cycle i, 
urea.addi is the amount of urea added during that cycle, urea.reci-1 is the 
urea recovered in the previous cycle and t is the time difference between 
the cycles. 

2.7. Statistical analysis 

All statistical analyses were performed using RStudio version 
1.2.5042 and R version 4.0.0 [50]. One-way analysis of variance 
(ANOVA) was performed to test whether the three drying substrates 
differed significantly in terms of N recovery, elemental composition and 
physicochemical properties. If differences were found, Tukey’s honest 
significant difference (HSD) post-hoc test was applied. Prior to these 
analyses, the Shapiro-Wilk test for normality was run and homogeneity 
of variance was checked using the Brown-Forsythe-Levene test. 

2.8. Thermodynamic modelling of chemical speciation 

The chemical speciation in urine was modelled using an OLI Stream 
Analyzer [51] and the Mixed Solvent Electrolyte (MSE) model option in 
the software. The features of interest were the solubility of the different 
Mg compounds in urineN and urineNP, the pH of the alkalised urine, the 
distribution of different elements between the liquid and the solid phase, 
and the concentration of the different solids formed at equilibrium. 
These results were used to describe the theoretical recovery of TAN as 
struvite. To explain the change in pH during alkaline dehydration, the 
influence of increasing absorption of CO2 concentration in urine dosed 
with the Mg compounds was also modelled. The urine composition 
shown in Table 1 was used as the model input. 

3. Results 

3.1. Nutrient recovery 

The mass balance calculations revealed that between 79% and 99% 
of the N in urine was recovered after the dehydration treatment 
(Table 2). According to the estimated half-life of urea (369 days), only 
1% of Ntot would have degraded into ammonia because of chemical 
hydrolysis of urea. The N recovery varied over the course of the drying 
cycles, but there was no obvious trend (Table 2). In the uninterrupted 
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urine treatment involving 60 drying cycles, the average N recovery was 
between 85% and 93%. 

Values are mean ± standard deviation (n = 3) at 60 L kg− 1. 
Different letters (a,b) indicate significant difference (α = 0.05) in N 

recovery. 
Nitrogen recovery was found to depend on both the type of the 

alkaline substrate used and the type of fresh urine (urineN and urineNP) 
added to the substrate. When urineN was dried, the N recovery was 
similar in all three substrates (p = 0.93). However, the N recovery was 
significantly different (p < 0.1) between the substrates when urineNP 
was dried. The recovery of N was highest when urineNP was dried using 
MgCl2 + Mg(OH)2 and was significantly different from Mg(OH)2, but 
similar to MgO. For the substrate containing a mixture of MgCl2 and Mg 
(OH)2, the N recovery was higher (p < 0.1) when urineNP was dried (93 
± 5%) than when urineN was dried (85 ± 4%). According to the mass 
balance (Supplementary Information, Fig. S2), there was complete re-
covery of K in all three substrates. There was complete recovery of P 
when urine was dried in Mg(OH)2 + MgCl2, but the P recovery was only 
67–78% in MgO and 71–76% in Mg(OH)2. This was probably due to 
inefficient extraction of P from the dried products during the analytical 
measurements, as P cannot have been lost during the drying treatment 

since it does not volatilise. 

3.2. Elemental composition of products 

The elemental composition of the products obtained at the end of the 
treatment was calculated as a percentage of their TS content (Table 3). 
On a wet weight basis, the fresh urine used in the experiments contained 
0.6% N, 0.05–0.1% P and 0.1% K, while the drying substrates initially 
contained none of these elements. The N content of the substrates pro-
gressively increased as more urine was dried in the same Petri dish 
(Fig. 1). At the end of the treatment (60 L urine treated kg− 1 substrate), 
the N content of urineNP dried in Mg(OH)2 was 11.6%, which was 
significantly higher than for the other two substrates (p < 0.05). For the 
N content of the products to exceed 10% of their TS content, the mini-
mum volume of urine that needed to be dried was 65 L kg− 1 MgO, 48 L 
kg− 1 Mg(OH)2 and 54 L kg− 1 MgCl2 + Mg(OH)2. There was no signifi-
cant difference in the P content of the products when the same type of 
urine was dried in different substrates. However, for the same substrate, 
drying urineNP resulted in products with higher P content than drying 
urineN. The average K content of the products was 2.2% and was similar 
for all products. 

Table 1 
Composition of fresh urine fortified with ammonia (urineN) or ammonia and 
phosphate (urineNP) and other inputs used for modelling the chemical 
speciation.  

Analysis Units UrineN UrineNP 

Total N mg L− 1 6540 6353 
Urea mg L− 1 12,736 12,417 
NH4

+ mg L− 1 772 723 
PO4

3− mg L− 1 1211 3276 
Ca2+ mg L− 1 104 104.0 
K+ mg L− 1 1050 1061 
Na+ mg L− 1 1596 2134 
Mg mg L− 1 77 89 
SO4

2− mg L− 1 1014 978 
Cl− simulated mg L− 1 3864 3827 
pH [-] 6.52 6.11 
EC (mS/cm) mS cm− 1 15.87 17.14 
Temperature ◦C 25 25  

Table 2 
Recovery of nitrogen (N, %) in the different magnesium-based drying substrates 
at different treatment loads (L urine kg− 1 substrate) of fresh urine fortified with 
ammonia (urineN) or ammonia and phosphate (urineNP).  

Substrate Urine 12 L 
kg− 1 

24 L 
kg− 1 

36 L 
kg− 1 

48 L 
kg− 1 

60 L 
kg− 1 

MgO UrineN 79 84 82 82 86 ± 3 
UrineNP 79 88 88 84 89 ±

2ab 

Mg(OH)2 UrineN 83 83 86 85 86 ± 6 
UrineNP 85 85 84 86 85 ± 2b 

MgCl2 + Mg 
(OH)2 

UrineN 78 93 85 87 85 ± 4 
UrineNP 85 99 88 82 93 ±

5a,*  

Table 3 
Elemental composition (% of total solids, TS) of the products obtained after drying 60 L fresh urine fortified with ammonia (urineN) and fresh urine fortified with 
ammonia and phosphate (urineNP) per kg of the different magnesium-based drying substrates. The elemental composition of fresh untreated urine on a wet weight basis 
is also presented.  

Element Fresh Urine MgO Mg(OH)2 MgCl2 + Mg(OH)2 

UrineN UrineNP UrineN UrineNP UrineN UrineNP UrineN UrineNP 

N  0.64  0.64 9.9 (0.1)bc 9.78 (0.4)c 11.6 (0.6)a 10.1 (0.2)ab 10.5 (0.4)abc 10.5 (0.5)abc 

P  0.05  0.11 0.5 (0.1)c 1.9 (1.3)ab 0.7 (0.1)c 1.8 (0.2)a 0.9 (0.3)bc 1.9 (0.4)a 

K  0.1  0.1 1.9 (0.1)a 2.6 (0.8)a 2.1 (0.2)a 2.1 (0.2)a 2.5 (0.3)a 2.1 (0.2)a 

Values are mean (standard deviation) for n = 3. 
Within rows, values marked with different letters (a,b,c) are significantly different (α = 0.05). 

Fig. 1. Nitrogen (N) content (% of total solids, TS) of the products obtained by 
drying fresh human urine using three different alkaline substrates, MgO ( ), Mg 
(OH)2 ( ) and MgCl2 + Mg(OH)2 ( ). Solid lines represent fresh urine fortified 
with ammonia (urineN), dashed lines represent fresh urine fortified with 
ammonia and phosphate (urineNP). The N content of fresh untreated urine on a 
wet weight basis is also shown (×). 
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3.3. Changes in physicochemical properties 

The drying treatment was efficient in evaporating water and in 
reducing the volume of urine. Overall, the mass reduction was at least 
90%, irrespective of the drying substrate used (Table 4). The calculated 
mass concentration factor varied between 16 and 25. The urine was 
most concentrated when it was dried using pure Mg(OH)2, whereas it 
was least concentrated when it was dried using pure MgO. The mass 
concentration was always lower for urineNP than for urineN. The total 
drying time for treating 600 mL of fresh urine at the average tempera-
ture achieved by the incubator (37.6 ̊C) was 11.5 d, which meant that an 
average drying rate of 5.3 kg urine m− 2 d− 1 was obtained. The drying 
rate did not differ significantly between the substrates (p > 0.05). 

The pH and EC value was 6.5 ± 0.3 and 15 ± 2.0 mS cm− 1, respec-
tively, in urineN and 6.1 ± 0.2 and 17.1 ± 2 mS cm− 1, respectively, in 
urineNP. When urineN was added to MgO and Mg(OH)2, a saturated 
solution with pH > 10 was formed at the start of the treatment (Fig. 2). 
However, when urineNP was added to these substrates, the initial pH was 
9.8. When urineN or urineNP was added to MgCl2 + Mg(OH)2, the initial 
pH was only 9.6. During the course of the treatment, the pH of urine 
decreased in all three substrates. For MgO and Mg(OH)2, the pH at the 
end of the treatment was significantly lower when treating urineNP (p <
0.05) than when treating urineN. Even at this low pH, no enzymatic urea 
hydrolysis was observed, probably because no ureolytic bacteria entered 
the Petri dishes during the trials. In contrast to the pH, EC increased 
during the treatment, reflecting accumulation of urinary salts in the 
substrates. The substrate containing a mixture of MgCl2 and Mg(OH)2 
was the most easily soluble in fresh urine and had the highest EC. The EC 
of the products after treating 60 L urine kg− 1 substrate decreased in the 
order: MgCl2 + Mg(OH)2 > Mg(OH)2 > MgO. 

The citric acid reactivity test showed that the time required for MgO 
to neutralise the acid was 46 ± 5 s, indicating that it was highly reactive 
(<60 s), whereas the time required for Mg(OH)2 was 448 ± 33 s, indi-
cating that it had medium reactivity. 

4. Discussion 

4.1. Nutrient recovery 

To recover all the nitrogen (Ntot) present in fresh urine, urea, TAN 
and nitrogen-containing organic compounds (other than urea) must be 
recovered. The boiling point of almost all the organic compounds (e.g. 
creatinine, uric acid, hippuric acid) excreted in urine is above 100 ◦C 
and they are more stable than urea [52]. Therefore, it can be assumed 
that they are not degraded during alkaline dehydration. In our previous 
studies on N recovery from urine [45413747], we focused primarily on 
recovering urea, since it accounts for > 80% of Ntot in fresh urine 
[1252]. We demonstrated that, to recover urea, it is necessary to inhibit 
enzymatic hydrolysis by alkalising fresh urine [4045] and to minimise 
chemical hydrolysis by optimising the urine dehydration rate [37]. A 
combination of these two processes results in > 90% recovery of Ntot 

[37], but TAN is usually lost when alkalised fresh human urine is 
dehydrated [46] because the vapour pressure of ammonia is higher than 
that of water. Therefore, the present study investigated the possibility of 
recovering all N excreted in alkalised urine (pH ≥ 10), including TAN. 

Overall, 93% (±5%) of Ntot was recovered when fresh urine was 
dried in a mixture of magnesium chloride and hydroxide (MgCl2 + Mg 
(OH)2). In this substrate, after drying 24 L urine kg− 1 substrate up to 
99% of Ntot was recovered. All urine added in the drying experiments 
had around 10% of initial Ntot in the form of TAN, because it was for-
tified with ammonia. About 1% of the Ntot in urine was calculated to 
have transformed into TAN due to chemical hydrolysis of urea during 
the dehydration treatment (half-life of urea was 369 d, as drying tem-
perature was 38 ◦C and total drying time was 11.5 d). Therefore, if there 
had been no TAN recovery during the treatment, <89% of Ntot would 
have been recovered. In other words, when the Ntot recovery was above 
> 89%, TAN was also captured (Table 2). 

In struvite, the [Mg]:[NH4]:[PO4] molar ratio is 1:1:1 (or 1.35:1:5.26 
by weight) [48]. In human urine, the formation of struvite is limited by 
Mg2+ since it is excreted in low concentrations [53]. The urine used in 
the present study contained<50 mg Mg L− 1. In urineN, the average 
molar ratio of [Mg]:[NH4]:[PO4] was 0.08:1:0.3, whereas in urineNP the 
ratio was 0.08:1:0.8. This suggests that a maximum of 8% of TAN or <
1% of Ntot would eventually self-precipitate as struvite without external 
addition of Mg2+. However, according to our chemical speciation 
modelling (Supplementary Information, Fig. S3), if the urine was satu-
rated with MgO/Mg(OH)2, about 26% of the TAN in urineN and 83% of 
the TAN in urineNP would precipitate as struvite. Mass balance calcu-
lations revealed that only 30% of TAN and 93% of Ntot was recovered 
from urineNP, and only when treating it using a mixture of MgCl2 and Mg 
(OH)2. No TAN was recovered from urineN, as the maximum Ntot re-
covery from this urine was 86%. 

In urineN, the initial phosphate concentration was relatively low and 
30% of the P precipitated as hydroxylapatite (Ca5(PO4)3(OH)). In 
urineNP, which was fortified with phosphate, only 11% of the P was 
removed as hydroxylapatite (Supplementary Information, Fig. S3). Ac-
cording to thermodynamic modelling, the solubility of MgO in urineN 
and urineNP at 25 ◦C was 0.95 g L− 1 and 1.5 g L− 1, respectively, whereas 
the corresponding Mg(OH)2 solubility was 1.2 g L− 1 and 1.9 g L− 1, 
respectively. Therefore, if urineN were saturated with these compounds, 
its molar ratio of [NH4]:[Mg] would vary between 1.8 (MgO) and 2.1 
(Mg(OH)2), and struvite formation would be limited by Mg2+. In 
urineNP, the molar ratio would vary between 1.1 (MgO) and 1.2 (Mg 
(OH)2). In a recent follow-up experiment, we observed that 10–60 min 
of continuous mixing may be required to saturate fresh urine with MgO 
or Mg(OH)2 [54]. In the present study, fresh urine was added, but not 
mixed, with the two substrates and left undisturbed for 30 min before it 
was dried. In combination, these findings suggest that MgO and Mg 
(OH)2 alone could not capture all the TAN present in urineN and urineNP. 
In contrast, MgCl2⋅6H2O readily and completely dissolves when added 
to urine [55]. The molar ratio of [Mg]:[NH4]:[PO4] in urineN after being 
added to Mg(OH)2 + MgCl2 was 3.5:3.3:1.0, whereas the molar ratio in 

Table 4 
Mass reduction (mass.redWB; %) and mass concentration factor (mass.cfWB) obtained by drying fresh urine fortified with ammonia (urineN) and fresh urine fortified 
with ammonia and phosphate (urineNP) in the different magnesium-based substrates at different treatment loads (L urine kg− 1 substrate).  

Parameter Urine treated MgO  Mg(OH)2  MgCl2 + Mg(OH)2   

[L kg− 1 substrate] UrineN UrineNP UrineN UrineNP UrineN UrineNP 

mass.redWB 12  87.2  86.8  90.4  90.2  87.9  87.8  
24  92.1  91.8  93.8  93.6  92.6  92.4  
36  94.0  93.6  95.1  94.9  94.4  94.1  
48  94.8  94.2  95.7  94.8  94.8  94.7  
60  95.0  93.9  96.0  95.5  95.5  95.1 

mass.cfWB 12  7.8  7.6  10.5  10.2  8.3  8.2  
24  12.6  12.1  16.2  15.6  13.6  13.1  
36  16.6  15.7  20.6  19.7  18.0  17.0  
48  19.3  17.3  23.3  19.1  20.8  19.0  
60  19.8  16.3  25.1  22.2  22.2  20.3  
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urineNP was 1.69:1.14:1.0. Therefore, the only instance where capture of 
TAN and formation of struvite was largely unhindered was when urineNP 
was dried in the substrate containing MgCl2 (Table 5). 

Completely recovering the TAN present in fresh urine during alkaline 
dehydration is not straightforward, largely because of the speciation of 
ammonia in urine. In fresh urine (pH < 7), all the ammonia is in dis-
solved form, as TAN (NH+

4 + NH3(aq)) (Fig. 3). Alkalising the urine with 
KOH or Ca(OH)2 shifts the ammonia equilibrium from NH+

4 towards NH3 

(g). For instance, at 25 ◦C, if urine is alkalised with KOH (pH > 12) or 
saturated with Ca(OH)2, 80% of the initial TAN is converted to NH3(g), 
which can be lost when the urine is dehydrated. In contrast, when urine 
is saturated with MgO/Mg(OH)2 at 25 ◦C, the ammonia equilibrium 
irreversibly shifts away from NH3(g) as 83% of the initial TAN is 
precipitated in the form of struvite (Fig. 3). Increasing the temperature 
of urine saturated with MgO/Mg(OH)2 has little effect on the speciation 
of ammonia or on the amount of struvite formed (or TAN captured). 
However, increasing the temperature reduces the solubility of MgO/Mg 
(OH)2, which in turn reduces the pH of saturated urine from > 10 at 
20 ◦C to 9.1 at 50 ◦C (Fig. 4). 

4.2. Alkaline urine stabilisation 

Another finding in this study was that none of the Mg-based drying 
compounds could maintain their initially high pH of 10, which is crucial 
for inhibiting enzyme-catalysed hydrolysis of urea. The pH drop was due 
to absorption of CO2(g) by urine during the drying treatment and 
carbonation of Mg(OH)2, which resulted in formation of MgCO3. The Ca 
present in fresh urine also precipitated as CaCO3. However, there was 
poor agreement between the model-predicted drop in pH (Supplemen-
tary Information, Fig. S4) due to increasing CO2 concentration in urine 
and the pH drop recorded in the experiments. When water removal was 
integrated into the model (to simulate the drying process) at a fixed CO2 

(aq) dosage of 400 mg L-1 urine, the pH drop was more in line with 
experimental observations (Supplementary Information, Fig. S5). 

However, further research is needed to determine the dynamic change in 
pH during alkaline dehydration and how the drying conditions (e.g. 
airflow rate, temperature, humidity, substrate type) affect the absorp-
tion of CO2. Preventing absorption of CO2 by the urine/substrate is 
difficult, as this is a natural recarbonation reaction, and a drop in pH 
during alkaline dehydration must be anticipated. 

It was observed that MgO and Mg(OH)2 displayed differences in 
alkalinity, even though MgO hydrates to Mg(OH)2 on dissolution in 
urine. Results of the citric acid reactivity test showed that MgO was 
highly reactive (<60 s), whereas Mg(OH)2 showed medium reactivity. 
This suggests that the compounds were probably calcined at different 
temperatures. Calcination affects the reactivity and solubility of Mg 
compounds [49], and consequently also the pH of urine when it is 
saturated. Therefore when alkalising urine to prevent enzymatic urea 
hydrolysis, only high reactivity MgO or Mg(OH)2 should be used. To 
measure reactivity, a simple test using citric acid can be performed, as 
described by van der Merwe and Strydom [56]. We did not perform the 
reactivity test for the substrate MgCl2 + Mg(OH)2, since MgCl2⋅6H2O is a 
neutral salt and the citric acid test measures the acid neutralising ca-
pacity of a substrate. 

The substrate containing a mixture of Mg(OH)2 and MgCl2 per-
formed best in terms of N recovery, but experienced the largest drop in 
pH. Thus, if MgCl2 or MgSO4 is used as part of the drying substrate for 
recovering TAN, it should be mixed with highly reactive MgO or some 
other Ca-free alkalising agent. Lastly, it must be noted that the pH of 
urine saturated with MgO/Mg(OH)2 decreases with temperature (Fig. 4) 
and drops to < 10 above 30 ◦C. While this does not affect the recovery of 
TAN, it can increase the risk of microbial ureolysis, since the inactivation 
of urease by Mg(OH)2 is reversible [57]. Therefore, a urine drying sys-
tem that uses Mg(OH)2 for alkalisation must operate between 20 and 
30 ◦C to reduce the risk of ureolysis and capture all Ntot. 

4.3. Implications for technology implementation 

The results obtained in this study have many implications for the 
future implementation of alkaline urine dehydration technology. First, it 
was demonstrated that by doping an alkaline substrate with available 
Mg2+, N could be completely recovered during the dehydration treat-
ment. The fresh urine used in the experiments originally had < 3% Ntot 
as TAN and [Mg]:[NH4]:[PO4] ratio of 0.17:1:0.7. The TAN and phos-
phate concentration were artificially increased by preparing urineN and 
urineNP, because the analytical procedures for measuring N have a 
standard deviation of at least 5% and quantifying TAN recovery would 
otherwise be difficult [58]. In real (non-fortified) fresh human urine, 

Fig. 2. (a) pH1:10 and (b) EC1:10 of the products obtained when fresh urine fortified with ammonia (urineN, solid lines) and fresh urine fortified with ammonia and 
phosphate (urineNP, dashed lines) was dried using MgO ( ), Mg(OH)2 ( ) and MgCl2 + Mg(OH)2 ( ). 

Table 5 
Molar ratio of [Mg]:[NH4]:[PO4] in drying fresh urine fortified with ammonia 
(urineN) and fresh urine fortified with ammonia and phosphate (urineNP) when 
saturated with different magnesium compounds.  

Substrate UrineN UrineNP 

MgO 1.8 : 3.3 : 1.0 1.05 : 1.14 : 1.0 
Mg(OH)2 1.5 : 3.3 : 1.0 0.94 : 1.14 : 1.0 
MgCl2 + Mg(OH)2 3.5 : 3.3 : 1.0 1.69 : 1.14 : 1.0  
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phosphate ions would not limit the capture of TAN as struvite, which 
was the case for urineN. Assuming that real fresh urine contains 5% Ntot 
as TAN, then adding either 3.7 g MgCl2⋅6H2O L− 1 or 2.2 g MgSO4 L− 1 

urine would provide enough Mg2+ to precipitate all the phosphate and 
TAN in urine as struvite, leading to complete Ntot recovery when the 
urine is dried. In contrast, TAN capture by MgO and Mg(OH)2 depends 
on their solubility in urine, which can vary considerably depending on 
the composition of urine [54]. Although both compounds can capture all 
the TAN in saturated urine, the technological design of the dryer (e.g. 
mixing required to achieve saturation) needed to promote struvite for-
mation is unclear. Overall, the results suggest that to capture all the TAN 
excreted in urine (200 g cap− 1 y− 1 assuming TAN is 5% of Ntot and 4000 
g Ntot cap− 1 y− 1 is excreted via urine [14]), about 0.38 kg MgO, 1.95 kg 
MgCl2⋅6H2O or 1.15 kg MgSO4 cap− 1 y− 1 is required. The results also 
suggest that the recovery of TAN can be significantly affected by the 
treatment conditions, such as the alkaline substrate used (Fig. 3) and the 
drying conditions (e.g. temperature; Fig. 4). Formation of struvite in 
alkalised urine (pH ≤ 10) can be promoted by supplementing the urine 
with Mg2+ at temperatures < 30 ◦C without any ventilation. In practice, 
the proposed approach can be integrated into the design of a urine dryer 
by using a sensor-based process controller that regulates the airflow, 
temperature, and drying rate, and by using a drying substrate that 
contains MgO, MgCl2⋅6H2O or MgSO4. After every urination event, the 
controller can switch the dryer off for a fixed time duration to encourage 
the formation of struvite. However, not all TAN in urine can be captured 
in a urine dryer containing an alkaline Mg-based substrate if the urine is 
immediately subjected to drying. 

Fig. 3. Distribution of ammonia nitrogen between aqueous (green), solid (yellow) and gaseous (red) phases at 25 ◦C when fresh urine fortified with ammonia 
(urineN) is saturated with (a) MgO/Mg(OH)2, (b) Ca(OH)2 and (c) KOH and when fresh urine fortified with ammonia and phosphate (urineNP) is saturated with (d) 
MgO/Mg(OH)2, (e) Ca(OH)2 and (f) KOH. The pH of urine saturated with Mg(OH)2, Ca(OH)2 and KOH is approximately 10, 12.5 and 14, respectively, at 25 ◦C. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Distribution of ammonia nitrogen (mg L-1) between aqueous (green), 
solid (yellow) and gaseous (red) phases at different temperatures when fresh 
urine fortified with ammonia and phosphate (urineNP) is saturated with MgO/ 
Mg(OH)2. The solubility of Mg(OH)2 (blue) at the different temperatures and 
pH values is also shown. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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5. Conclusion 

Our study demonstrated that up to 99% of the Ntot present in urine is 
recovered when fresh urine is dehydrated in Mg-doped alkaline sub-
strates. This was accomplished by combining three techniques (inhibi-
tion of enzymatic urea hydrolysis, minimisation of chemical urea 
hydrolysis and capture of free ammonia as struvite) as follows:  

• First, the urease enzyme-catalysed degradation of urea (>80% of Ntot 
in urine) to ammonia was prevented by adding urine to MgO/Mg 
(OH)2, which shifted the pH of fresh urine from < 7 to > 10. Since 
MgO/Mg(OH)2 displays inverse solubility and because the inactiva-
tion of urease by alkalisation is reversible, it is recommended that 
urine is dried at temperatures < 30 ◦C.  

• Second, the degradation of urea due to chemical hydrolysis during 
alkaline dehydration was kept below 1% by operating at pH 10 and 
drying temperature of < 40 ◦C, as the half-life of urea at these con-
ditions was 369 d and the total drying time was 11.5 d.  

• Third, free ammonia or TAN (usually < 5% of Ntot in fresh urine) was 
recovered, but only when urine was dehydrated in MgCl2 + Mg 
(OH)2. This substrate provided easily available Mg2+, shifted the 
molar ratio of [Mg]:[NH4]:[PO4] in urine from 0.17:1:0.7 to 
1.69:1.14:1.0, and encouraged the formation of struvite 
(NH4MgPO4⋅6H2O). All the TAN excreted in urine (200 g cap− 1 y− 1 

assuming TAN is 5% of Ntot and 4000 g Ntot cap− 1 y− 1 is excreted via 
urine [14]) can be captured as struvite if alkalised urine is dehy-
drated in a substrate doped with 0.38 kg MgO, 1.95 kg MgCl2⋅6H2O 
or 1.15 kg MgSO4 cap− 1 y− 1. However, further research is required to 
identify how this study’s results can be integrated into the design and 
operation of a urine dehydrator. 

The current golden standard in sanitation is to collect all urban 
wastewater in mixed sewage systems and to treat it at centralised 
wastewater treatment plants. Even if these treatment plants were to be 
equipped with state-of-the-art processes like annamox, only 70–90% of 
the N, 95% of the P and < 6% of the K present in wastewater can be 
removed [59,60]. In contrast, if urine is collected and treated locally by 
alkaline dehydration, then 99% of the N and 100% of the P and K can be 
recovered. The product of the treatment is is a dry solid containing 
10–11% N, 1–2% P and 2–3% K, which can be sold as fertiliser to recover 
the cost of the treatment. If all the urine produced in the world were to 
be treated using our approach, about 32 Tg N y− 1 and 2.5 Tg P y− 1 can 
be recycled as fertiliser. This would also lower the transgression of the 
planetary boundary for N and P by 35% and 25%, respectively. 
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