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Abstract
Purpose Recycling of nutrients from human excreta may offer an opportunity for smallholder farms to improve crop nutri-
tion and soil fertility. However, when applying human urine as fertilizer, it may load natural and synthetic estrogens into the 
environment. To avoid pollution by endocrine disruptors, treatment methods before field application must be implemented. 
The present study thus aims to evaluate the reduction in estrogenic activity in human urine during the storage period before 
urine is applied to the field.
Methods This study evaluated the estrogenic activity in diluted urine (DU) exposed to simulated sunlight (280–700 nm) 
and under dark conditions for 75 days. Estrogenic activity was analyzed using the recombinant yeast estrogen screen assay. 
Concentrations of total nitrogen (Ntot), ammonium–N  (NH4–N) and dissolved organic carbon were measured, as well as 
electrical conductivity and pH. Correlation of factors to the reduction of the estrogenic activity was also evaluated.
Results Decay of estrogenicity occurred in both treatments, though it was faster in DU exposed to light (k = 0.07 day−1) as 
compared to DU under darkness (k = 0.05 day−1). Exposure of DU to a direct light source enhances decay of estrogenicity, 
however, losses of available N can be significant.
Conclusions While reduction of estrogenic activity in DU stored under dark conditions takes longer, it is easy and does not 
require expensive equipment, energy sources or profound chemical expertise. Therefore, we suggest storage of DU under 
dark conditions as the best option for small-scale farmers and households in rural areas of developing countries.
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Introduction

Use of human urine as a fertilizer is an ancient practice that 
lately has gained more interest, especially in developing and 
transition countries. The reason is that human urine contains 
an important amount of nutrients readily available for plants 
that make it efficient compared to other manures and com-
mercial mineral fertilizers (Karak and Bhattacharyya 2011). 
In addition, recycling of urine reduces fertilizer cost invest-
ment and pollution effects from unsafe excreta disposal plus 
costly wastewater treatments.

Despite the benefits, reutilization of human excreta 
in agriculture has been associated with health and 

environmental risks and socio-cultural issues (WHO 2006). 
Urine is a waste product that comprises the metabolites 
and noxious substances the human body has to dispose of. 
Therefore, a range of pollutants, such as residues of phar-
maceutical compounds and natural and synthetic hormones 
can be found (Lienert et al. 2007). It has been suggested 
that micropollutants could accumulate in soils and might 
be taken up by plants through the use of untreated urine as 
fertilizer and thus enter the food chains (Winker 2009).

Accumulation of natural and synthetic estrogenic com-
pounds in the environment has received considerable atten-
tion as explained by the studies of Desbrow et al. (1998) and 
Routledge et al. (1998) who identified the major estrogenic 
chemicals present in sewage treatment works’ effluents that 
received mainly domestic wastewater and were discharged 
into British rivers. The authors evidenced that those ste-
roidal estrogens in sewage effluents induce the synthesis 
of vitellogenin in male fish placed downstream of effluent 
discharges. Other effects of estrogenic compounds on wild 
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organisms are summarized in Hamid and Eskicioglu (2012). 
In humans, consumption of estrogens above the safe thresh-
old has been associated with increase in the risk of cancer 
and cardiovascular diseases (Wocławek-Potocka et al. 2013; 
Moore et al. 2016).

Although human urine contains many natural estrogens, 
steroidal estrogens estrone (E1), 17β-estradiol (E2) and 
estriol (E3) and their respective conjugates are the most 
abundant. It has been reported that premenopausal women 
can excrete an average rate of 7.3–13.8 µg day−1 of E1, 
2.8–3.6 µg day−1 of E2 and 4.5–13.6 µg day−1 of E3, while 
men can excrete rates up to 4 µg day−1 E1, 1.5 µg day−1 
E2 and 1.5 µg day−1 E3 (Liu et al. 2009). Together with 
the synthetic estrogen 17α-ethinylestradiol (EE2), steroi-
dal estrogens E1, E2 and E3 are most common in waste-
water and apparently the main endocrine disruptors in the 
environment (Khanal et al. 2006). Because of the need for 
finding efficient methods for the removal of estrogens from 
contaminated waters, different strategies have been studied. 
Among other options, biological processes and exposure to 
ultraviolet radiation or the so-called photolysis are the most 
common (Silva et al. 2012).

As there is a risk of spreading estrogenic compounds onto 
the farming fields by human urine application as fertilizer, 
it is important to understand the turnover of estrogens dur-
ing its storage and hopefully reduce its activity. The present 
study thus aims at evaluating the potential decay of naturally 
excreted estrogens in diluted urine (urine + flushed water) 
under simulated light and dark conditions and to elucidate 
the influence of intrinsic parameters of diluted human urine 
(e.g., dissolved organic carbon, ammonium, pH, and electric 
conductivity) on the decline process. We thus hypothesize 
that estrogenicity in human urine can be reduced by irradia-
tion as well as by microbial activity in the dark.

Materials and methods

Source‑separated diluted urine

Diluted urine was collected from a private household, 
where a Gustavsberg Separation Toilet (Berger  Biotechnik® 
GmbH) has been installed. This toilet divides the urine from 
solid waste flush by an ergonomically adapted adjustment of 
the drains in the toilet bowl. As many people use toilet paper 
after urinating, the Gustavsberg Separation Toilet flushes 
both sewers each time. Flushing water volume is 2 L and 
4 L for urine and solid waste, respectively; 10% of each 
flushing is used to empty the urine siphon. This way, the 
sediments of urine scale and blockage of the sewage pipes 
can be avoided. The urine obtained is diluted approximately 
by a factor of 1:8. For this reason, we refer to this fraction 
as diluted urine (DU).

For this study, the donors were a two-member family, a 
male and female couple, with no intake of pharmaceuticals 
or additional estrogens. Further characteristics of the DU 
used in this study are shown in Table 1. For the purpose of 
this experiment, DU was collected after 2 weeks of being 
excreted in a daily basis. DU urine was first thoroughly 
mixed inside the collection tank. Afterwards, 20 L of DU 
was collected in a 25 L container. DU was not spiked with 
any additional estrogens.

Experimental setup

The experiment was set up in an environmental cham-
ber PERCIVAL E-36HO equipped with compact fluo-
rescent lamps (55  W) and CLEO compact PLL lamps 
(36 W) covering the range of UV-B, UV-A and visible 
light (280–700 nm). The environmental chamber was pro-
grammed to run with 10 h of darkness and 14 h of light. 
Relative humidity (RH = 60%) and air temperature (23 °C) 
were kept constant.

The experiment consisted of two treatments, both per-
formed at the same time: (1) DU under dark conditions 
and (2) DU exposed to light. Each treatment had six repeti-
tions. 300 mL of DU was used per repetition and stored in 
300 mL Erlenmeyer soda lime glass flasks that allowed light 
transmittance throughout. To create dark conditions (treat-
ment 1), flasks were completely wrapped with aluminum 
foil. Light-exposed flasks were only covered with crystal 
clear polystyrene lids, which allowed a light transmission 
of 90% of the 320–800 nm spectrum (BASF 2010). Before 
starting the experiment, all the glasswares were thoroughly 
washed, cleaned twice with absolute ethanol and kept in the 
oven at 180 °C for 4 h for surface sterilization. The same 
process was followed for cleaning the glass pipettes after 
sample collection. Samples were collected at day 0, 1, 2, 3, 
5, 7, 9, 12, 15, 20, 40, and 75 at a volume of 10 mL of DU 
two times from each of the six repetitions and transferred 
into glass vials. One of the 10 mL replicate of every rep-
etition was used to measure pH and electrical conductivity 

Table 1  Characteristics of diluted human urine used in the present 
study

a Concentration of estrogenicity as equivalents of 17β-estradiol

Chemical parameters Concentration

Ntot (g L−1) 1.86
NH4–N (g L−1) 1.69
K (g L−1) 4.2
Total P (g L−1) 0.29
EC (mS cm−1) 14.7
pH 9.2
E2  EQsa (µg L−1) 2.41 ± 0.7
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(EC) immediately after sample collection. The other repli-
cates were kept at − 20 °C until analysis. By using separate 
samples, we avoided contamination through pH and EC 
electrodes.

Chemicals

Chlorophenol red-β-d-galactopyranoside (CPRG) and 
17β-estradiol were purchased from Sigma-Aldrich Chemie 
(Germany). Methanol (99.9% purity) HPLC Ultra Gradient 
Grade (UGG)  ROTISOLV®, acetone (99.9% purity) HPLC 
UGG  ROTISOLV® and water HPLC UGG  ROTISOLV® 
were purchased from ROTH (Germany). Ultrapure water 
was obtained from a Millipore  Quantum®Ex purification 
system.

Extraction of DU samples for analysis of estrogens

Estrogens in DU were extracted by means of solid phase 
extraction (SPE) using Phenomenex Strata-X® poly-
meric sorbent reversed phase column 200  mg/6  mL 
(8B-S100FCH), connected to a Tall Boy™ 10 position 
Vacuum manifold (Phenomenex). Glassware was previ-
ously washed with distilled water, rinsed twice with abso-
lute ethanol and sterilized in the oven at 180 °C overnight. 
SPE columns were activated with 7 mL of methanol 100% 
and then washed with 7 mL of methanol 5%. Thereafter, 
8 mL DU was loaded onto the SPE column and drained 
with a flow rate of 5.5–6 mL min−1. Before the column ran 
dry, 7 mL of methanol 50% was loaded followed by 7 mL 
of acetone:water 1:2. SPE columns were dried under nitro-
gen gas (99.9%) for at least 30 min. Estrogens in DU were 
eluted from the dried columns by 7 mL of methanol 100% 
into sterilized glass vials and kept at − 20 °C until analysis.

Analytical methods

Yeast estrogen screen (YES) assay

Estrogenic activity was determined by the YES assay as 
described in detail by Routledge and Sumpter (1996). A 
recombinant yeast strain (Saccharomyces cerevisiae) con-
taining the human estrogen receptor gene (hER) was obtained 
from Dr. Sumpter of Brunel University (Middlesex, UK). 
The strain also contains the expression plasmids carrying the 
reporter gene Lac-Z, encoding the enzyme β-galactosidase. 
When the cells are incubated in the presence of estrogenic 
compounds, the reporter gene Lac-Z produces β-galactosidase 
into the medium and causes the chromogenic substrate, chlo-
rophenol red-β-d-galactopyranoside (CPRG) to turn red. This 
color change can be quantified by measuring the absorbance. 
In the present study, 100 μL of an antibiotic mixture (1 mg 

penicillin and 1 mg streptomycin in 20 mL sterilized ultrapure 
water) was added to 50 mL of assay medium to avoid bacterial 
contamination on the assay plates. The medium was seeded 
with 2 mL yeast from a 24 h culture which had reached an 
absorbance of 0.9–1.0 at 630 nm. A row of blanks (100% UGG 
methanol) and a row of standards of 17β-estradiol (from 2 
to 2700 ng L−1) were used in each plate. Aliquots of 10 µL 
of blanks, each standard concentration and extracted samples 
were transferred to four wells of a sterilized 96-well opti-
cal flat bottom microtitre plate (Nunc, Germany). Methanol 
was allowed to evaporate to dryness and 200 µL of the assay 
medium with CPRG (0.5 mL of substrate solution in 50 mL 
of growth medium) was added using an 8-channel pipette. The 
chromogenic CPRG stock substrate solution was prepared by 
dissolving 10 mg CPRG in 1 mL UGG water and sterilized by 
filtering through a 0.2 µm pore size filter into a sterilized glass 
vial. Plates were incubated at 32 °C during 3 days. Every day, 
plates were shaken for 3 min. After incubation, absorbance 
was read on a BIOTEK ELx 800™ microplate reader with the 
analysis software Gen5™. The color development was meas-
ured at 540 nm and the turbidity of yeast cell biomass was read 
at 630 nm. The measurement was corrected with the turbidity 
values according to Eq. 1:

The calibration of the 17β-estradiol standard curve was per-
formed with the four-parameter logistic model (4PL) (Findlay 
and Dillard 2007). Estrogenic activity is presented as a concen-
tration of 17β-estradiol equivalents (µg L−1 E2 EQs).

The limit of detection (LOD) was calculated based on the 
volume of the sample used for extraction (8 mL), the volume 
of the eluted sample (7 mL) and the lowest concentration that 
can be detected in the assay plate (20 ng L−1 E2 EQs). In our 
case, the LOD for DU samples amounted to 0.02 µg L−1 E2 
EQs.

Further chemical analyses

The concentrations of total nitrogen  (Ntot), ammonium–N 
 (NH4–N) and dissolved organic carbon (DOC) were meas-
ured by a continuous flow analyzer (AutoAnalyzer3 
BRAN + LUEBBE Germany). Electrical conductivity (EC) 
and pH were determined by a pH SenTix41 WTW electrode 
and the  TetraCon® 325 EC electrode run with a Multi 340i 
WTW set.

Statistical analysis

Changes in estrogenic activity in diluted urine under light 
and dark conditions were calculated based on the assump-
tion that natural estrogens E1, E2 and E3 follow first-order 

(1)
Corrected value = Test absorbance540nm

−
(

Test absorbance630nm− Blank absorbance630nm
)
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kinetics (Chowdhury et al. 2011). The pseudo-first-order 
degradation rate constant was calculated from the slope of 
the logarithmic plot of estrogenic concentration as a function 
of time using, Eq. 2, and the half-life of estrogenicity was 
calculated by Eq. 3

where C0E2EQs and CE2EQs are the concentrations of estrogens 
at time zero and thereafter, k is the reaction rate  (day−1) and 
t1/2 or half-life refers to the time in days needed to degrade 
50% of the initial concentration.

Decay of estrogenic activity was calculated until day 
20. Data corresponding to day 40 and 75 are not used in 
statistical analysis. Datasets were tested for homogeneity 
of variance (Levene median test) and normal distribution 
(Shapiro–Wilk test). Additionally, Pearson’s moment cor-
relation coefficient was obtained to understand the depend-
ence between the variables evaluated. Statistical analysis 
was performed using SigmaPlot 11.0.

Results and discussion

Estrogenic activity in DU under light and dark 
conditions

In this study, a reduction in estrogenic activity after 20 days 
in both treatments, DU stored under light and dark condi-
tions, was found. The average concentration of estrogenic 
activity in DU at day 0 was determined as 2.41 ± 0.7 µg L−1 
E2 EQs. The plot of ln(CE2EQs/C0E2EQs) versus time (Fig. 1) 
shows that the decay reaction rate (k) of estrogenic activity 
until day 20 was faster in DU under light (0.07 day−1) than 
in dark (0.05 day−1). Additionally, the half-life (t1/2) was 
calculated as 10.05 and 12.60 days for DU under light and 
dark, respectively. After 20 days, 76% and 54% of initial 
estrogenic activity was reduced in DU under light and under 
dark, respectively.

According to data from DU under light corresponding to 
days 40 and 75, estrogenic activity was at zero level. How-
ever, concentration values of repetition samples at day 40 
varied considerably resulting in very high standard devia-
tion values. Likewise, values from day 75 were found to be 
much lower than the detection limit. Therefore, these data 
were not used in the statistical analysis to avoid erroneous 
conclusions. In the case of DU stored in dark conditions, 
data suggested an increase of 3.53 ± 0.2 µg L−1 E2 EQs in 
the estrogenic activity at day 40, which was higher compared 
to the concentration found at day 0 (2.41 ± 0.7 µg L−1 E2 
EQs). Though such an increase can occur, for the purpose 

(2)ln
(

CE2EQs∕C0E2EQs

)

= −kt

(3)t1∕2 = ln 2∕k

of statistical comparison of estrogenic activity between the 
two treatments only data until day 20 were used.

Increase in estrogenicity is most likely due to hydroly-
sis of conjugated estrogens. In both male and female urine, 
the majority of the excreted estrogens are conjugated and 
biologically less active, mostly through esterification by 
glucuronide and/or sulfate groups. The esterification is a 
biological mechanism used to detoxify free estrogens and 
render them more soluble and readily excreted (Khanal et al. 
2006). As conjugated estrogens reach the sewer system, they 
can be split into free estrogens by microorganisms produc-
ing β-glucuronidases (e.g., E. coli) and/or arylsulfatases 
(Ternes et al. 1999; Khanal et al. 2006; Gomes et al. 2009). 
Therefore, as conjugated estrogens do not exhibit estrogenic-
ity, hydrolysis of conjugated estrogens into free estrogens 
might result in an increase in total estrogenic activity. In a 
scenario of higher rates of estrogen excretion (e.g., excre-
tion from pregnant women, women under hormonal contra-
ception treatment) and higher amounts of urine collection, 
hydrolysis of estrogens may take longer, probably leading to 
a longer period for reduction of estrogenic activity. However, 
urine collected from a bigger group of individuals may lead 
to higher density and diversity of microorganisms which 
may also increase decay efficiency.

Another process that could explain the increase in estro-
genic activity is the interconversion of E1 into E2, as has 
been demonstrated by Järvenpää et al. (1980). By an in vitro 
experiment, the authors found that the intestinal microor-
ganisms Alcaligenes faecalis, Pseudomonas aeruginosa 
and Staphylococcus aureus were able to convert E2 into 
E1 and vice versa, while Mycobacterium smegmatis could 
only reduce E1 to E2. Since E2 has the highest estrogenic 

Dark: y = 0.87-0.055x***
Light: y = 0.69-0.069x***
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Fig. 1  Decay rate of estrogenic activity in DU under dark and light 
conditions over time. N = 4. ***p < 0.0001. Filled circle represents 
urine under dark; open circle represents urine exposed to light. Dark 
R2 = 0.77; Light R2 = 0.81. Error bars represent the standard deviation 
of the mean
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potency compared to E1 (E2 = 1 E2 EQs; E1 = 0.1–0.2 E2 
EQs) (Khanal et al. 2006), the accumulation of E2 over time 
would result in an increase of estrogenic activity.

In this study, the YES assay was used to detect the total 
estrogenic potency in DU during the experimental period, 
independent of the type of compounds in the sample (par-
ent or intermediate degradation products). As we could not 
assess whether the aforementioned microorganisms were 
present in DU nor follow individual reactions, specific 
analytical methods have to be applied to follow the fate of 
individual estrogenic compounds under our experimental 
conditions.

Degradation of estrogens under light and dark 
conditions

Other studies have investigated the degradation of natural 
and synthetic estrogens under simulated and natural sunlight 
(see Table 2). However, to our knowledge, there is no study 
addressing the degradation of estrogens in diluted urine. 
Results shown in Table 2 suggest a more efficient photo-
degradation of estrogens in a water matrix as compared to 
the results in the present study. Yet our results may suggest 
that a longer storage period of DU under light would result 
in a total decay of estrogenic activity.

In this study, the decay of estrogenic activity in DU under 
dark was only moderately lower than in DU under light. 
Therefore, we suggest that the decay of estrogenic com-
pounds under dark most likely originated by microorgan-
isms. Biotic degradation has been suggested as one of the 
most effective ways for removal of estrogenic compounds 
in freshwater systems (Jürgens et al. 2002) and wastewater 
treatment plants (Yoshimoto et al. 2004). Although urine 
is sterile in the bladder, many different microorganisms 
may grow in the DU after excretion, and cross-contamina-
tion with fecal bacteria can occur (Schönning et al. 2002; 
Wohlsager et al. 2010), especially in the toilet system used 
to collect the urine for this study, with spillover from the 
feces flushing.

Efficiency and rate of degradation of estrogenic com-
pounds may depend on the diversity and density of micro-
organisms. In the present experiment with DU, the load of 
microorganisms was most probably lower as compared to 
a wastewater treatment plant, and thus the reactions may 
have slowed down. Furthermore, the densities of microbial 
populations could have also been affected by DU conditions 
(such as increased pH and ammonium concentrations) as 
reported by Schönning et al. (2002) and Wohlsager et al. 
(2010). Nevertheless, some enteric and opportunistic patho-
gens as E. coli can have a longer survival time in DU at a 
ratio of 1:9 than in undiluted urine (Höglund 2001), which 
is close to the dilution ration used in this study (1:8).

Dissolved organic carbon (DOC)

The average content of DOC in DU at day 0 was found to 
be as high as 986 mg L−1. Along the experimental period, 
DOC decayed exponentially following the first-order kinet-
ics model (Fig. 2). The reaction rate (k) indicated that DOC 
decay was higher in DU under dark (0.03 day−1) than in DU 
exposed to light (0.02 day−1). In both treatments, around 
60% of the DOC decayed before day 20. However, in DU 
under light, the degradation process slowed down between 
day 20 and day 75, while it seemed to continue in DU under 
dark conditions. Thus, DOC losses were 85% under dark and 
72% under light conditions. Within 20 days of incubation, 
estrogenic activity was significantly positively correlated to 
DOC in DU in dark (r = 0.721; p < 0.001; N = 32) and light 
(r = 0.689; p < 0.001; N = 32).

The fraction of dissolved organic matter (DOC) has been 
suggested to enhance the photodegradation of different pol-
lutants in a water matrix (e.g., Canonica et al. 1995) as well 
as of steroidal estrogens, acting as a photosensitizer (Leech 
et al. 2009; Chowdhury et al. 2011).Yet, a high concentra-
tion of DOC can also hinder the degradation. Leech et al. 
(2009) found that a content of DOC higher than 15 mg L−1 
saturates the solution and reduces the photodegradation of 
E2, by blocking the light transmittance, and thus the chance 
of photons to interact with the organic compounds. In this 
study, DOC was found to be in high concentrations (close to 

Table 2  Results obtained in this study and previous studies evaluating photodegradation of natural and synthetic estrogens

Estrogen Initial conc. Matrix Light spectrum t1/2 References

Natural estrogens 2.41 µg L−1 Diluted urine 280–700 nm 10.05 day This study
E1 100 µM Water

Water + fulvic acid
290–700 nm 7.9 h

5.3-7 h
Caupos et al. (2011)

E2 5 µg  L−1 Water 290–700 nm 10.63 h Chowdhury et al. (2011)
E1
E2
E3
EE2

100 mg L−1 Water Direct solar radiation 55 days
60 days
40 days
75 days

Fonseca et al. (2011)

E2 270 µg L−1 Water 290–720 nm 13.6 h Leech et al. (2009)
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1 g L−1) at the beginning of the experiment. This suggests 
that during the first few days of our experimental period, 
direct photolysis of estrogenic compounds was limited due to 
the elevated DOC content in DU. Over time, DOC degraded 
exponentially in both treatments and a correlation between 
the decline of both estrogenic potency and DOC was found. 
The reduction of DOC can be a result of light incidence of 
microorganism activity to obtain carbon as an energy source 
and loss of  CO2. In several studies on natural water, natural 
light has been proven to break down dissolved organic mat-
ter into smaller molecules (e.g., Wetzel et al. 1995). In this 
study, it was observed that DU became clearer after day 
15, due to precipitation of organic matter, phosphates from 
urine and metal ions from both urine and flushing water 
(Höglund et al. 2000). The reduction of turbidity facilitated 

the transmittance of light in DU and thus the interaction 
of photons and estrogen molecules. Therefore, estrogens in 
DU exposed to light could undergo direct photolysis when 
DOC was depleted. Since reliable values of estrogenic activ-
ity could not be obtained after day 20, future experiments 
should focus on longer-term degradation processes.

Total nitrogen (Ntot) and ammonium–N  (NH4–N)

Changes in Ntot and  NH4–N concentrations during the exper-
imental phase are shown in Fig. 3. Initial Ntot concentration 
was 1.86 g L−1, while  NH4–N was 1.69 g L−1. This suggests 
that already at day 0, almost 90% of the total nitrogen of 
DU was found as ammonium. Depletion of Ntot and  NH4–N 
occurred in both treatments. After 75 days, 71% and 82% 
of the Ntot initial concentration were lost in dark and light, 
respectively.  NH4–N decreased by 65% and 81% in dark and 
light, respectively.

Estrogenic activity showed a significant positive correla-
tion to both Ntot (r = 0.399; p < 0.05; N = 32) and  NH4–N 
(r = 0.357; p < 0.05; N = 32) in DU under dark. The same 
trend was found in DU under light for both Ntot (r = 0.523; 
p < 0.05; N = 32) and  NH4–N (r = 0.418; p < 0.05; N = 32). 
However, this result might be an external influence rather 
than an interaction of both parameters. Urea hydrolysis 
 [NH2 (CO)  NH2 + 2H2O → NH3 + NH4

+ + HCO3
−] results 

in ammonia and bicarbonate accompanied by an increase in 
pH. Due to the high pH, up to one-third of the total ammonia 
consists of volatile ammonia (Udert 2002). Most likely, the 
ammonium/ammonia levels were lost over time (~ 65%), due 
to dissipation through the clear polystyrene lids which could 
not be tight to avoid dissipation. Wohlsager et al. (2010) 
explained that DU stored open resulted in a 90% N loss 
while in closed storage, 93% of N was retained.

Fig. 2  Decay rate of DOC in DU under dark and light conditions. 
N = 4. ***p < 0.0001. Filled circle represents urine under dark; open 
circle represents urine exposed to light. Error bars represent the 
standard deviation of the mean

Fig. 3  Decay of Ntot (left) and  NH4–N (right) in DU under dark and light conditions over time. N = 4. ***p < 0.0001. Filled circle represents 
urine under dark; open circle represents urine exposed to light. Error bars represent the standard deviation of the mean
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pH and electrical conductivity (EC)

The measured initial value of pH in DU was 9.2, which 
is characteristic of DU that has undergone urea hydroly-
sis into ammonia, hydrogen carbonate and formation of 
 OH− ions. Previous studies suggested that pH values of 7–8 
can enhance the direct photolysis of E2 (Chowdhury et al. 
2011) and the synthetic estrogen EE2 (Liu et al. 2003). In 
this study, the pH remained relatively constant during the 
experimental period in both treatments, reaching values of 
9.7 and 9.5 in DU under dark and light conditions, respec-
tively. No correlation to the decay of estrogenic activity in 
any of the treatments was found (data not shown).

Regarding EC, the initial value measured in DU was at 
14.7 mS cm−1 and decreased during the time to 8.8 mS cm−1 
in DU under dark and 8.1 mS cm−1 in DU exposed to light. 
This results from formation of particles and sedimentation. 
Höglund et al. (2000) found a higher concentration of phos-
phate, calcium and magnesium in the bottom sediments of 
urine storage tanks, in form of metal phosphates and metal 
hydroxides.

Future trend and prospective of direct use of human 
urine as a fertilizer

This study is part of an investigation addressing the potential 
risks of loading hormones and pharmaceutical micropollut-
ants to field crops through the direct application of human 
urine as a source of nutrients. Human urine is a resource 
with high potential especially in low-income developing 
countries where smallholders face poor yields due to low 
levels of soil fertility and limited access to commercial 
mineral fertilizers. Therefore, local administrations should 
improve regulations regarding reuse of animal and human 
manures and encourage the safe use of these resources 
especially of human urine. The concerns regarding poten-
tial uptake of pharmaceuticals by plant crops and transfer 
to humans and animals should not pose a barrier for the 
use of human urine. On the contrary, this should encourage 
future studies. Nevertheless, use of human urine to fertilize 
smallholders’ crops is harmless, because it is easier to know 
what is consumed by the (family) group and therefore what 
is excreted in the urine. Fertilization of fruit trees is also 
safe, because the chance of accumulation of micropollutants 
in the edible part (fruit or nut) is very low. A clever alterna-
tive to use human urine is the fertilization of crops that are 
not for human or animal consumption (e.g., energy plants, 
ornamental plants), and public gardens.

Another significant aspect to address for the better use of 
human excreta as fertilizer is the social perception. People 
need to transform the misconception of excreta as waste and 
dirt to view it as a resource. Therefore, more efforts should 
be made for institutions and community capacity building 

regarding ecological sanitation and reuse of excreta. This 
would encourage the implementation of projects, and the 
involvement and strong participation of communities for the 
sustainability of the projects.

Conclusions

This study showed that degradation of estrogenic com-
pounds in DU occurs under both dark and light conditions. 
Estrogens decayed slightly faster in DU by exposure to sun-
light. Yet, open storage where sunlight could hit directly the 
surface of the DU is not recommended due to the high loss 
of ammonium. Although stored DU in dark may require a 
longer period for the elimination of estrogenic activity, it 
is an easy, efficient and inexpensive method for safer urine 
reuse as fertilizer, suitable for smallholders and family gar-
dens in developing and in-transition countries mainly for 
self-sufficient production. After application of DU onto 
the field, degradation of natural estrogens will occur due to 
direct sunlight exposure and higher diversity and density of 
microorganisms in the soil environment. Therefore, appli-
cation of diluted human urine should not pose a problem. 
However, higher rates of application could result in slower 
capacity of degradation.

In practice, with continuous load of urine into the tanks, 
hydrolysis of conjugated estrogens is occurring constantly. 
Therefore, estrogenic activity may not be reduced until urine 
collection is stopped. Considering the t1/2 times of estrogens, 
the storage time of ~ 6 months proposed by previous stud-
ies (e.g., Höglund 2001) may be sufficient not only for the 
reduction of pathogens but for estrogenic activity as well. 
Future studies should be directed to understanding the equi-
librium rate of hydrolysis of conjugated estrogens versus 
degradation of estrogens. Also, it would be important to 
complement the YES assay with a specific analysis of free 
and conjugated estrogenic compounds to get a full assess-
ment of their fate during storage and after application onto 
the field. Only following the free estrogens might lead to 
misinterpretations as long as not both conjugated and free 
estrogenic activities are only assessed.
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