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ABSTRACT
Urine odor is a major challenge in the development of resource-oriented sanitation (ROS). One
common solution to overcome odor issues is to use energy-consuming ventilation practices.
However, historically ancient Koreans practiced separation of urine and feces, followed by the
collection and utilization of gathered sanitary matters. Furthermore, ancient Persians developed
solutions to urine odor issues. This study investigates the role of NH3 concentration on odor
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production in stored urine using the standard threshold odor number (TON) measurement. Trends in
pH and NH3 production, as well as their interactions with TON, were investigated by simulating
ancient Korean practices that stored urine under anaerobic conditions at different temperatures. The
results show a direct relationship between the concentrations of NH3 and TON. Storing urine under
anaerobic conditions leads to the production of NH3, which intensiﬁes as temperature increases. The
effect of pH and NH3 concentrations on the TON of stored urine explains the ancient Persian
approach, given that additives, such as acetic acid and sodium bicarbonate, are effective for
removing urine odor. Such approaches can be successfully applied to ROS systems.
Key words

| ancient practices, resource-oriented sanitation, sustainable sanitation, threshold odor
number (TON), urine odor

INTRODUCTION
Resource-oriented sanitation (ROS) has been increasingly con-

yogang and ojum-janggun. Although there is no evidence of

sidered as a substitute for current wastewater treatment

any particular practice for odor prevention, these jars could

systems in developing countries because it helps fulﬁll the

act as sealed anaerobic storages, used for storing source-separ-

sixth Sustainable Development Goal (SDG-6) (Han et al.

ated urine (Han & Kim ; Han & Hashemi ). Ancient

; Han & Hashemi ). Source-separated urine that can

Persians used vinegar and baking soda as a means to remove

be used as fertilizer forms the basis of these systems (Hashemi

odors from materials contaminated with urine (Menocal et al.

& Han a). However, the production of urine odor at the

). A Persian chemist named Zaryab transferred this

collection and storage stages tends to make these systems

knowledge to the Europeans during his stay in Andalusia in

unpopular and hinders their widespread acceptance (SANItar-

the ninth century (Holod ). A scientiﬁc investigation of

yRecycling ESCHborn ; Hashemi & Han b).

the application of the mentioned ancient practices may be

The separation of urine at its source has a long history,

helpful for improving the acceptability of ROS systems.

especially in Asia. Korea practiced urine separation and utiliz-

Foods and drugs have a substantial impact on the smell

ation as fertilizer from the Silla dynasty to the Joseon dynasty

of fresh urine (Hashemi & Han b). In stale urine, odor

(57 BC–1897 AD), using special closed urine jars called

can be caused by a number of odorous compounds, such

doi: 10.2166/washdev.2017.098
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as ammonia, trimethylamine, and various types of volatile

Both of these practices that target NH3 were used for

fatty acids (Zhang et al. ; Hashemi et al. ). To con-

deodorizing urine in ancient Persia. The former practice

trol odor, managing ammonia is important because of its

changes NH3 into an ionic form and the latter precipitates

notably higher concentration compared to other odorous

it as sediment.

compounds (Wolrath et al. ).

Several medical and urological studies have focused on

Following excretion, urea (CH4N2O) is the predominant

urine odor (Pelchat et al. ); however, there is not enough

component of fresh urine after water (Udert et al. ). As

research on the causes of urine odor and how to overcome it

soon as urine is excreted from the human body, urea is con-

in the context of ROS practices. Although the storage of

verted to ammonia (NH3) by the enzyme urease via the

source-separated urine does not necessarily require forced

reaction presented in Equation (1). This process usually

ventilation and energy, most current studies still suggest ven-

lasts 15–20 days until the urine stabilizes, meaning that no

tilation or remote storage as solutions to remove urine odor.

more NH3 is produced (Hashemi et al. ):

These methods are energy- and resource-intensive, and they
make urine storage less desirable (Zhang et al. ). Accord-

CH4 N2 OþH2 O ! 2NH3 þCO2

(1)

ingly, developing in situ methods to overcome urine odor
and increase public acceptance of ROS systems is essential.

Then, NH3 reacts with water and increases the pH of the
urine, as demonstrated in Equation (2) (Bates & Pinching
):

The objectives of this study are as follows:
1. Investigating the ability of NH3 to produce urine odor
using the standard method of threshold odor number
(TON).


NH3 þ H2 O ⇌ 2NHþ
4 þOH ; pKa ¼ 9:24 at 25 C
W

(2)

2. Examining the trends in NH3 (and smell) production
during storage under anaerobic conditions, simulating

W

In Equation (2), at a constant temperature of 25 C and
pH > 9.24, NH3, the major compound in the system, dissolves in water by forming hydrogen bonds with water

ancient Korean practices.
3. Introducing solutions to control urine odor by simulating
ancient Persian approaches.

molecules. Because of evaporation and the higher electronegativity of oxygen compared to nitrogen, hydrogen bonds
between NH3 and water molecules break easily, and NH3
is released as a gas (Hashemi et al. ).

MATERIALS AND METHODS

As in ancient Persian practices and as demonstrated by
Equation (3), adding acetic acid (CH3COOH) reduces the
pH and converts NH3 into ammonium ions

(NHþ
4)

(Equation (3)) (Hashemi ):

NH3 þCH3 COOH ! NHþ
4 þCH3 COO

Urine sample preparation
Fresh urine samples were collected from public waterless
urinals installed in Building 35 at the Seoul National Univer-

(3)

sity using three 10-L plastic containers (total volume of 30 L).
The urine came from men between the ages of 25 and 35. The
pH and total ammonia concentration of these samples were

Adding sodium bicarbonate (NaHCO3) induces a

measured immediately after sampling. Total NH3 was

chemical reaction with NH3 and produces ammonium car-

measured according to the USEPA standards (USEPA )

bonate salt ((NH4)2CO3) (Equation (4)). This reaction

using a UV/Visible spectrometer (model HS-3300, Humas

increases the pH of the solution and creates favorable con-

Co., Daejeon, Republic of Korea). The initial pH was

ditions for the precipitation of ammonium carbonate salt

measured using an Aquaprobe (model AP-2000, Aquaread,

as a solid fertilizer (Hashemi ):

Broadstairs, UK). The urine sample in one of the plastic containers (10 L) was labeled ‘Fresh Urine’ and immediately used

2NH3 þ2NaHCO3 ! ðNH4 Þ2 CO3 þNa2 CO3
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The two remaining urine containers (20 L) with sealed

The TON was measured according to the USEPA-

lids were stored in a digital incubator (model GY-03616-

approved Standard Method 2150 B (APHA/AWWA/WEF

45, Cole-Parmer, Vernon Hills, IL, USA). The temperature

). Twenty people participated in the experiments as

W

was set to 15 C, following World Health Organization

smell testers to execute the TON measurement for samples.

(WHO) guidelines (Schönning ; WHO ). The pH

The testers included an equal number (four) of individuals

and total NH3 concentrations of this sample were measured

from Africa, the Americas, Asia, Europe, and Oceania.

for 20 days. No signiﬁcant changes in measured character-

Each set of testers included two males and two females,

istics were detected after the 17th day, indicating that the

aged 25–32, who were healthy and had no nasal problems

sample had stabilized. These samples were labeled ‘Stale

or difﬁculties with respect to their sense of smell. All study

Urine’ and used in the ‘TON comparison among urine and

participants provided informed consent, and an appropriate

ammonia solution’ and ‘effect of pH and ammonia concen-

ethics review board approved the study design.

tration on TON of urine’ experiments. Table 1 presents the
characteristics of the fresh and stale urine samples.

Urine under anaerobic conditions; experimental setup

TON comparison among urine and ammonia solutions;

This experiment was conducted to simulate the ancient

experimental setup

Korean practice of urine collection and storage. Three sets
of six samples of 300 mL fresh urine (18 samples in total)

Seven 500-mL beakers were ﬁlled with standard NH3 sol-

were prepared using 500-mL glass bottles. The lids of the

utions with concentrations of 5, 100, 500, 1,000, 2,000,

bottles were sealed. The temperatures of the six samples

3,000, and 5,000 mg/L provided by Daejung Chemical &

were set to 5, 10, 15, 20, 25, and 30 C using the Standard

Metals Co. (Siheung-Si, Gyeonggi-Do, Republic of Korea).

Benchtop Chilling/Heating Block equipment. This appar-

The pH of each sample was measured to be 12. Similarly,

atus was placed inside an Anaerobic System Machine

seven 500-mL beakers were ﬁlled with stale urine collected

model VS-5600A by Vision Scientiﬁc Co. (Bucheon-Si,

using the method described in the previous subsection. NH3

Gyeonggi-Do, Republic of Korea).

W

concentrations in the seven samples of stale urine were set

Samples were analyzed for pH and total NH3 concen-

to 5, 100, 500, 1,000, 2,000, 3,000, and 5,000 mg/L using

trations for 30 days following USEPA standards (USEPA

deionized water (14 samples in total) to compare the TON

). The measurements were conducted every 2 hours

of NH3 solutions and stale urine samples.

until the pH stabilized. After stabilization, measurements

Furthermore, the pH and temperature of both sets of

were conducted every 3 days. Three sets of samples were

sample were set to constant values. The pH of all stale

prepared to obtain triplicate measurements. The arithmetic

urine samples was adjusted to 12, using 1 mol/L solution

means of the measured values were used as the ﬁnal dataset.

sodium hydroxide (NaOH) provided by Daejung Chemical
& Metals Co. (Siheung-Si, Gyeonggi-Do, Republic of
W

Korea). The temperature was set to 15 C using the Standard

Effect of pH and NH3 concentrations on the TON
of urine; experimental setup

Benchtop Chilling/Heating Block equipment from ColeThis experiment was conducted to simulate the ancient Per-

Parmer (Vernon Hills, IL, USA).

sian practice of removing urine odor and to investigate the
effect of pH and NH3 concentrations on the TON of
Table 1

|

urine. For this experiment, two sets of samples (20 samples

Initial characteristics of urine samples

in total) were prepared using 500 mL beakers ﬁlled with
Samples

pH

Ammonia concentration (mg/L)

Fresh urine

6.4 ± 0.2

Not detected (<0.001 mg/L)

Stale urine
(after 20 days)

9.8 ± 0.2

6,152

Downloaded from http://iwaponline.com/washdev/article-pdf/7/3/507/159379/washdev0070507.pdf
by guest

stale urine. Set 1 (six samples) had different pH values
while Set 2 (14 samples) had varied NH3 concentrations.
NH3 and pH were not controlled in the samples of Set 1
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maintained at 15 C using the Standard Benchtop Chilling/

same temperature and pH conditions. The experiment was

Heating Block equipment in accordance with the WHO

conducted ﬁve times with the same setup but under different

guidelines.

temperature and pH conditions, and the same trend was

Set 1 contained six samples, and the pH was set to 3, 5,

observed in each repetition.

7, 9, 11, and 13 using citric acid and sodium hydroxide sol-

For all NH3 concentrations, the TON values for stan-

utions, both provided by Daejung Chemical & Metals Co.

dard NH3 solutions and stale urine were very close. This

(Siheung-Si, Gyeonggi-Do, Republic of Korea). Set 2 was

implies the signiﬁcant ability of NH3 to cause the odor in

prepared using 14 samples with NH3 concentrations ran-

stale urine. Since our ultimate goal is to reduce urine odor

ging from 500 to 5,500 mg/L, increasing at 500-mg/L

during the storage stage of ROS practices, we should control

intervals. The NH3 concentration adjustments were carried

NH3 concentrations in the system.

out using deionized water. First, NH3 and pH were
measured for each sample in Sets 1 and 2, respectively.

Urine stored under anaerobic conditions

Then, all of the samples in both sets were analyzed for TON.
Figure 2 presents a contour diagram for changes in the pH of
urine samples kept under anaerobic conditions at different

RESULTS AND DISCUSSION

times and temperatures.
In general, the results showed rapid pH increases in less

Quantifying and comparing odor of NH3 solutions and

than 12 h. At low temperatures, pH rose at a slower rate,

stale urine using TON

while at higher temperatures, it increased at a much faster

Figure 1 presents the changes in TON for different NH3 con-

For instance, at 5 and 30 C, pKa was 9.90 and 9.09, respect-

centrations of standard NH3 solutions and stale urine at the

ively

rate. The pKa in Equation (2) is strongly related to temperature.

Figure 1

|

W

(Bates

&

Pinching

Changes in threshold odor number (TON) and ammonia concentration for stale urine vs. pure ammonia solution.
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Contour diagram of changes in pH with time and temperature in urine samples kept in anaerobic conditions.

W

temperature can increase the pKa value, there is a higher

temperatures (5 C) there is less stabilized NH3 (about

potential for NH3 to be converted to the gas-phase at a

2,100 mg/L) with a longer stabilizing time (about 21 days).

higher temperature, which is not favorable for odor reduction.

Meanwhile, at higher temperatures (20 C), the stabilizing

These trends are somewhat similar to the results of Cook

time reduces (about 15 days), but more NH3 is produced

et al. (). However, the sampling method and the temp-

W

(about 5,500 mg/L).

erature values used in that study are not realistic for

These results demonstrate that the enzyme urease pro-

application in ROS practices. Furthermore, Cook et al.

cess, as explained in Equation (1), is faster and more

() did not speciﬁcally discuss the relationship between

efﬁcient at higher temperatures. According to the results

pH and NH3 (odor) production because the objectives of

presented in Figure 2, urine pH is also higher under anaero-

the study were medical in nature.

bic conditions, which means that NH3 is more likely to be in

Figure 3 presents a contour diagram for the production
of NH3 with time in urine samples kept under anaerobic

the molecular form; therefore, higher odor production is
observed.

conditions at different temperatures.
In order to reduce odor production, the concentration of

Effect of pH and NH3 concentrations on urine TON

molecular NH3 must be reduced. The general trend of the
results shows that the NH3 concentration ﬁrst increases

Figure 4 presents the urine TON as a contour diagram,

and

which describes the correlation between pH and NH3

then

becomes

constant.

However,
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Contour diagram of the changes in NH3 with time and temperature in urine samples kept under anaerobic conditions.

concentrations. As presented in this diagram, TON is higher

ammonium carbonate, which reduces odor production

at higher pH and NH3 concentrations.

as well.

The results show that the stale urine is in a large TON
zone. In order to lower the odor production, there are two

Practical applications

possible solutions:
NH3 is the main reason for urine odor during storage,
1. Reducing pH (Arrow 1): At a lower pH, NH3 transforms
into its ionic form,

NHþ
4,

and it limits the social acceptability of ROS systems.

resulting in less odor pro-

The odor can be managed by considering the conditions,

duction, which explains how using acetic acid, as in the

objectives, and requirements of the system via in situ

ancient Persian practice, can be effective in removing

methods.
The control of the concentration of molecular NH3 can

urine odor.
2. Reducing NH3 concentration (Arrow 2): Another way

be achieved by actions such as reducing the storage tempera-

to limit the evaporation of NH3 is to reduce its

ture to 15 C or lower (as recommended by WHO), adjusting

concentration by making it settle out as sediment. As

the pH to be less than the pKa of the storage temperature,

in the ancient Persian practice, sodium bicarbonate

and using additives. In practice, the amount of additives is

can

strongly related to the pH and NH3 concentration of

precipitate

molecular

NH3

by

producing
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standard TON measurement. The results showed that
higher molecular NH3 concentrations resulted in more
NH3 evaporation, causing stronger odors.
This study tested an approach derived from an ancient
Korean practice of storing urine under anaerobic conditions.
The results show that increasing the pH and NH3 production is heavily related to the storage temperature.
Given that higher temperatures result in higher pH and
NH3 production, more efﬁcient odor management is
required, especially in warmer climates and areas where
the limited access to energy makes the installation of ventilation systems impossible.
The effect of pH and NH3 concentrations of stale urine
on TON at a constant temperature showed that using suitable additives to reduce pH and NH3 concentrations could
result in the efﬁcient management of stale urine odor. This
explains the efﬁciency of the widespread use of ancient Persian practices. Similar methods can be applied to ROS
systems to prevent odor production without using energyconsuming ventilation systems.

Figure 4

|

ACKNOWLEDGEMENTS
Correlation of pH and ammonia concentrations with urine TON. Deodorization
strategies could be based on reduction of pH (Arrow 1) and ammonia
concentration (Arrow 2).

This research was supported by ‘Development of NanoMicro Bubble Dual System for Restoration of Self-

stored urine. Accordingly, smart systems using Information
Technology (IT) could be utilized to measure the pH and
NH3 concentration and subsequently estimate the sufﬁcient
amount of effective and harmless additives with respect to
the related chemical stoichiometry.
This study reports laboratory-based results supporting
ancient practices as efﬁcient methods of controlling the
odor of stored urine. Further ﬁeld studies and economic ana-

puriﬁcation and Sustainable Management in Lake’ project
and ‘Waste to Energy – Recycling Human Resource
Development’ project, both funded by the Republic of
Korea

Ministry

of

Environment.

Furthermore,

this

research was supported by the Institute of Construction
and

Environmental

Engineering

at

Seoul

National

University. The authors wish to express their gratitude for
the support.

lyses are required for the selection of additives, which
should be decided on a case-by-case basis accounting for
economic aspects such as costs and beneﬁts.

CONCLUSIONS
In this study, we found a direct relationship between the
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Downloaded from http://iwaponline.com/washdev/article-pdf/7/3/507/159379/washdev0070507.pdf
by guest

REFERENCES
APHA/AWWA/WEF  Standard Methods for the Examination
of Water and Wastewater. 22nd edn, American Public Health
Association/American Water Works Association/Water
Environment Federation, Washington, DC, USA.
Bates, R. G. & Pinching, G. D.  Acidic dissociation constant of
ammonium ion at 0 C to 50 C, and the base strength of
ammonia. J. Res. Natl Bur. Stand. 42, 419–430.
W

W

514

S. Hashemi & M. Han

|

Methods for controlling stored urine odor in ROS

Cook, J. D., Strauss, K. A., Caplan, Y. H., LoDico, C. P. & Bush,
D. M.  Urine pH: the effects of time and temperature
after collection. J. Anal. Toxicol. 31 (8), 486–496.
Han, M. & Hashemi, S.  Sanitation revolution: from waste to
resource. Desal. Water Treat. In press. DOI: 10.5004/dwt.
2017.20605.
Han, M. Y. & Kim, M. K.  Revising the technical and social
aspects to wastewater management in ancient Korea.
In: Evolution of Sanitation and Wastewater Technologies
Through the Centuries (A. N. Angelakis & J. B. Rose, eds).
IWA Publishing, London, pp. 301–311.
Han, M., Hashemi, S., Joo, S. H. & Kim, T.  Novel integrated
systems for controlling and prevention of mosquito-borne
diseases caused by poor sanitation and improper water
management. J. Environ. Chem. Eng. 4 (4), 3718–3723.
Hashemi, S.  Fate of Nitrogen in Urine Separated Toilet System.
MSc Dissertation, Department of Civil and Environmental
Engineering, Seoul National University, Seoul, Republic of
Korea.
Hashemi, S. & Han, M. a Harvesting nutrients from sourceseparated urine using powdered rice straw. Environ. Technol.
In press. DOI: 10.1080/09593330.2017.1321690.
Hashemi, S. & Han, M. b Control of urine odor in different
sanitation practices and its implication on water saving.
J. Water Sanit. Hyg. Dev. 7 (1), 156–162.
Hashemi, S., Han, M. & Kim, T.  Optimization of fertilization
characteristics of urine by addition of Nitrosomonas
europaea bio-seed. J. Sci. Food Agric. 96 (13), 4416–4422.
Holod, R.  Luxury arts of the Caliphal period. In: Al-Andalus:
The Art of Islamic Spain (J. D. Dodds, ed.). Metropolitan
Museum of Art, New York, USA, pp. 41–47.

Journal of Water, Sanitation and Hygiene for Development

07.3

|

2017

Menocal, M. R., Scheindlin, R. P. & Sells, M.  The Literature
of al-Andalus. Cambridge University Press, Cambridge, UK.
Pelchat, M. L., Bykowski, C., Duke, F. F. & Reed, D. R. 
Excretion and perception of a characteristic odor in urine
after asparagus ingestion: a psychophysical and genetic study.
Chem. Sense. 36 (1), 9–17.
SANItaryRecycling ESCHborn  Summary of the presentations
held at the meeting of the SANIRESCH project partners.
Available from: http://www.saniresch.de/images/stories/
downloads/Summary-20120605-en.pdf (accessed 17 May 2017).
Schönning, C.  Urine Diversion – Hygienic Risks and Microbial
Guidelines for Reuse. Swedish Institute for Infectious
Disease Control, Karolinska Institutet, Solna, Sweden.
Udert, K. M., Larsen, T. A. & Gujer, W.  Fate of major
compounds in source-separated urine. Water Sci. Technol.
54 (11–12), 413–420.
USEPA  Methods for Chemical Analysis of Water and Wastes.
2nd edn, United States Environmental Protection Agency,
Washington, DC, USA.
Wolrath, H., Stahlbom, B., Hallen, A. & Forsum, U. 
Trimethylamine and trimethylamine oxide levels in normal
women and women with bacterial vaginosis reﬂect a local
metabolism in vaginal secretion as compared to urine.
APMIS 113 (7–8), 513–516.
World Health Organization  Quantitative Microbial Risk
Assessment: Application for Water Safety Management.
World Health Organization, Geneva, Switzerland.
Zhang, J., Giannis, A., Chang, V. W., Ng, B. J. & Wang, J. Y. 
Adaptation of urine source separation in tropical cities:
process optimization and odor mitigation. J. Air Waste
Manage. Assoc. 63 (4), 472–481.

First received 3 July 2016; accepted in revised form 23 May 2017. Available online 14 July 2017

Downloaded from http://iwaponline.com/washdev/article-pdf/7/3/507/159379/washdev0070507.pdf
by guest

|

