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ologies in toilet urine treatment
for toilet urine resource utilization: a review†

Chengzhi Yu,‡a Wenjun Yin,‡a Zhenjiang Yu,a Jiabin Chen,a Rui Huangb

and Xuefei Zhou *ac

Membrane technologies have broad potential in methods for separating, collecting, storing, and utilizing

urine collected from toilets. Recovering urine from toilets for resource utilization instead of treating it in

a sewage treatment plant not only reduces extra energy consumption for the degradation of N and P but

also saves energy in chemical fertilizer production, which will contribute to carbon emission reduction of

12.19–17.82 kg kgN
�1 in terms of N alone. Due to its high efficiency in terms of volume reduction, water

recycling, nutrient recovery, and pollutant removal, membrane technology is a promising technology for

resource utilization from urine collected from toilets. In this review, we divide membrane technologies

for resource utilization from urine collected from toilets into four categories based on the driving force:

external pressure-driven membrane technology, vapor pressure-driven membrane technology, chemical

potential-driven membrane technology, and electric field-driven membrane technology. These

technologies influence factors such as: recovery targets and mechanisms, reaction condition

optimization, and process efficiency, and these are all discussed in this review. Finally, a toilet with

source-separation is suggested. In the future, membrane technology research should focus on the

practical application of source-separation toilets, membrane fouling prevention, and energy

consumption evaluation. This review may provide theoretical support for the resource utilization of urine

collected from toilets that is based on membrane technology.
1. Introduction

For a long time, urine from toilets was collected with other
domestic sewage and then discharged into the wastewater
treatment plant (WWTP). Urine collected from toilets contrib-
utes about 80% of N, 50% of P, 10% of chemical oxygen demand
(COD) to domestic sewage, but is only responsible for 1% of the
total volume of municipal wastewater.1 A large gas : water ratio
is required in the traditional activated sludge process to achieve
satisfactory N and P removal, which brings with it a high energy
requirement. Furthermore, excessive COD degradation was
caused by high aeration, and consequently, an external carbon
source is needed. According to previous studies, the energy
demand for N and P removal in the traditional activated sludge
trol and Resource Reuse, College of

ngji University, Shanghai 200092, China.

21-6598-2693

g Chinese Medical University, Hangzhou

d Ecological Security, Tongji University,

tion (ESI) available. See DOI:

this work and should be considered

the Royal Society of Chemistry
process is 45 MJ kg�1 and 49MJ kg�1, respectively.2 Although an
anammox-based process could reduce oxygen demand by up to
63%,3 low-cost P removal processes have not yet been found.
However, in light of the dire situation of fertilizer depletion, N
and P in human urine should be reclassied as resources.
According to the Food and Agriculture Organization of the
United Nations (FAO),4 the demand of N, P and K were 111.575,
38.372, and 33.149 tonnes, respectively, in 2016, whereas the
demand increased by 1.4–1.5% every year. By 2020, the
requirement of N, P and K may rise to 118.763, 42.133 and
37.042 tonnes, respectively. Currently, the N fertilizers are
mainly synthesized via the Haber–Bosch process,5 and the P, K
fertilizers are mostly produced from the exploitation of phos-
phate rock and potassium minerals.6 However, the energy
consumption of the Haber–Bosch process is 8.9–19.3 kW h
kgN

�1, which accounts for about 1–2% of the world's energy
use.7 On the one hand, phosphate rock and potassiumminerals
are limited in nature; on the other hand, fertilizer processing
introduces heavy metals into the environment.8 Therefore,
sustainable, heavy metal-free sources of fertilizer will be indis-
pensable in the future. Human urine is rich in N, P, and K. In
addition to N, P and K, the secondary nutrients found in human
urine such as sulfur, calcium, magnesium and micronutrients
such as boron, copper, and zinc are all that plants need to
grow.9 The heavy metal content in urine is far below than found
RSC Adv., 2021, 11, 35525–35535 | 35525
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in chemical fertilizers.10 To sum up, there are several benets of
separately collecting human urine from toilets and utilizing it
as a resource: (1) producing fertilizer with a low heavy metal
content, (2) saving energy consumption in sewage treatment
and N fertilizer production, (3) solving the phosphate rock and
potassium mineral deciency problem.

According to the CO2 emission coefficients of electricity and
fossil fuels,11 carbon reduction from recycling N before treat-
ment in the WWTP and using it for N fertilizer production is
about 12.19–17.82 kg kgN

�1.
Source-separation technology provides a new idea to replace

the treatment of human urine in a WWTP and further realize
the resource utilization. Separated urine has a higher resource
value than mixed manure and urine. Urine source-separation,
in other words, urine-diversion, was rst proposed in 1996,12

aer which research on urine-derived fertilizer,13 urine diver-
sion systems installation and operation,14 microbiological and
physical–chemical process for urine treatment,15 user attitudes
towards urine diversion16 commenced. In recent years, source-
separation toilets have developed gradually all over the
world,17 including Sweden, South Africa and so on. However,
source-separated urine was commonly diluted 5–20 times
during source-separation due to water ushing.18 Because of the
large volume, transportation costs would be extremely high, so
in-person use is advised. If transportation is unavoidable,
a volume reduction of 80% is recommended.19

Maurer et al.20 proposed several objectives for source-
separated urine treatment: disinfection, stabilization, volume
reduction, P-recovery, N-recovery, organic compounds' removal
and micropollutant handling. There have been many technol-
ogies for source-separated urine resource utilization, such as
the struvite method,21 an adsorption method,22 ion exchange,23

freezing–thawing,24 drying,25 and bio-electrochemical technol-
ogies.26,27Membrane technologies, in comparison to other urine
Fig. 1 Membrane technologies classified according to the driving force (M
– ultrafiltration, RO – reverse osmosis, FO – forward osmosis, ED – ele

35526 | RSC Adv., 2021, 11, 35525–35535
resource utilization technologies, can address a broader range
of objectives. Membrane technologies, for example, provide
unrivalled benets in urine treatment, particularly in urine
reduction and water recovery. Furthermore, membrane tech-
nologies are crucial in N and P recovery, organic compound
removal and micropollutant treatment. As far as is known,
reviews on urine recycling by membrane technologies are still
limited.

Herein, the properties of urine collected from toilets are
summarized, based on an extensive literature review to provide
a comprehensive understanding of human urine composition,
utilization value and chemical properties, so that the selection
of a membrane process according to different recovery purposes
and the nature of the human urine is clearer. More importantly,
membrane technology treatments for urine collected from
toilets are classied as external pressure-driven membrane
technology, vapor pressure-driven membrane technology,
chemical potential-driven membrane technology, and electric
eld-driven membrane technology, according to the driving
force, as shown in Fig. 1. These membrane technologies'
process applications and inuencing factors, including combi-
nation processes, are described. The research hotspots of
membrane technology are summarized and the directions of
membrane technology development have been explored. These
studies provide preliminary theoretical support for the exible
selection of membrane processes and the establishment of
a source-separation toilet system incorporating membrane
technology.
2. Human urine properties
2.1 Yield and composition

Urine is a sterile, with amber colored uid, excreted by the
kidney ltration process.28 The daily urine output of an adult is
BR–membrane bioreactor, NF – nanofiltration, MFmicrofiltration, UF
ctrodialysis, and MD – membrane distillation).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The composition and properties of human urine

Component Concentration Component Concentration

pH 4.88–9.3 Mg (mg L�1) 11–121
TN (mg L�1) 254–7109 TDS (mg L�1) 12 700–24 380
TP (mg L�1) 210–740 Alkalinity (mg CaCO3 per L) 14 230–16 890
COD (mg L�1) 3600–19 906 NH3 (mg L�1) 254–7100
K (mg L�1) 863–2250 Conductivity (mS cm�1) 13.08–43.7
S (mg L�1) 505–1500 PO4 (mg L�1) 180–740
Na (mg L�1) 508–3730 NO3 (mg L�1) 9.74–10.26
Cl (mg L�1) 3000–5346 NO2 (mg L�1) 44.18–45.22
Ca (mg L�1) (17.7–32) SO4 (mg L�1) 681–1500
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1.2–1.5 L, and the annual discharge is about 400–500 L.29 The
composition of urine is complicated, water makes upmore than
90% of the urine, and the other 10% is composed of urea, dis-
solved ions, creatinine, organic and inorganic compounds and
salts.30,31 Different living conditions, such as age, gender, eating
habits, geographic location, income and local culture, can affect
the specic components and characteristics.32 Table 1 shows
the main composition and properties of human urine.31,33–36
2.2 Hydrolysis of human urine

In fresh urine, urea accounts for approximately 90% of the total
nitrogen (TN), other organic nitrogen accounts for 5%, and
ammonium accounts for the remainder.37 Once exposed to air,
urine will decompose to produce ammonia (NH3), NH4

+ and
HCO3

� (eqn (1)), a process catalyzed by urease, and an increase
of the urine pH occurs. Enzymatic urea hydrolysis can cause
a number of problems, for example, deposition of the products
formed. According to the composition, these scaling substances
are classied as struvite (magnesium ammonium phosphate,
MgNH4PO4$6H2O),4 hydroxyapatite (HAP, Ca10(PO4)6(OH)2),38

and potassium struvite (struvite-(K), KMgPO4$6H2O).39 In
particular, the reaction between Mg2+, PO4

3�, NH4
+ and H2O

produces struvite (eqn (2)), the reaction between PO4
3�, Ca2+

and OH� produces HAP (eqn (3)), and the reaction between K+,
Mg2+, PO4

3� and H2O produces potassium struvite (eqn (4)).
Struvite deposition oen occurs spontaneously at a pH of 7–8,
and then HAP sediment occurs at a higher pH.38,40 This may be
related to the difference between supersaturation,41 because the
saturation of struvite is 4.33 � 10�14, whereas the saturation of
HAP is 2.91 � 10�58. These precipitates are found attached to
urinal traps, drain lines and storage tanks during the excretion,
collection and storage of urine, causing a signicant inconve-
nience during urine transportation. Another disadvantage of
urea hydrolysis is the unpleasant odor. There is an equilibrium
between NH4

+ and NH3, and an equilibrium between NH3

solution and NH3 gas, whose main driving force is pH.4 When
the pH is between 4 and 7, ammonia nitrogen transforms
between NH4

+ and NH3 (eqn (5)). When the pH is higher than 7,
the NH3 dissolved in the liquid will convert to NH3 gas and
escape into the air (eqn (6)), which continuously causes an
unpleasant smell. The urine decay process is another name for
these processes. The smell of urine grows stronger as the
© 2021 The Author(s). Published by the Royal Society of Chemistry
process progresses, and more scaling is produced. Aer that,
fresh urine is hydrolyzed.

NH2ðCOÞNH2 þ 2Η2O ��!urease
NH3 þNH4

þ þHCO3
� (1)

Mg2+ + PO4
3� + NH4

+ + H2O / MgNH4PO4$6H2O (2)

3PO4
3� + 5Ca2+ + OH� / Ca5(OH)(PO4)3 (3)

K+ + Mg2+ + PO4
3� + H2O / KMgPO4$6H2O (4)

NH3 (aq) + H+ # NH4
+ (4 < pH < 7) (5)

NH3 (aq) # NH3 (g) (7 < pH < 9.5) (6)

In urine collection and storage, stabilizing the urine is the
most important process. The optimum pH for urease is 6.8–
8.7.42 As a result, inactivating urease by pH regulation is a viable
strategy. To prevent urine hydrolysis, solid Ca(OH)2 can be
placed in the urine tank to increase the pH to above 12.5.43 In
addition, adding enzyme inhibitors and using electrochemical
treatment can help to stabilize the urine.44 Another solution is
to accelerate urine hydrolysis on-site. Installation of a urea
hydrolysis reactor in the toilet can speed up urea hydrolysis, and
allows for the controlled collection of phosphate and NH3.45
3. Membrane technologies for urine
resource utilization

Fig. 2 shows the evolution of membrane technologies in the
utilization of human urine resources aer 2016, and membrane
research has increased every year since then. Forward osmosis
(FO), membrane distillation (MD), electrodialysis (ED) have
always been research hotspots, and FO has received the most
attention. There has been less research on reverse osmosis (RO)
and nanoltration (NF). The membrane bioreactor (MBR) has
only been used in combined processes in recent years.
Furthermore, hybrid processes combining various membrane
technologies are gradually gaining traction, with the FO-MD
process gaining the most attention. The specic process will
be discussed in greater depth later, and combined processes in
the form of the main process and the auxiliary process will be
introduced.
RSC Adv., 2021, 11, 35525–35535 | 35527
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Fig. 2 A timeline of the development of membrane processes (specific references to the literature are shown in the text of S1, ESI†).
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3.1 External pressure-driven membrane technology

External pressure-driven membrane related technology
includes microltration (MF), ultraltration (UF), NF, RO and
MBR. The MF and UF are low-pressure processes, which can
retain bacteria and large particles, but N, P and soluble organic
matter can pass through the membrane.46 High-pressure
membranes, such as NF and RO, have better interception
effects but require a lot of energy. Activated sludge degrades
organic matter and converts ammonia nitrogen into nitroge-
nous nitrogen in the MBR process, while a membrane is used
Table 2 The application of external pressure-driven membrane techno

Process RC Target

RO HU Urea and ammonia
retention

RO FU

RO FU and HU pH 9 P recovery

RO Mixed water Water recovery
NF HU, pH 11.5

NF FU, pH 5 Urea retention

RO-MBR FU N removal and P reco

a Note: FU – fresh urine, HU – hydrolyzed urine, RC – reaction conditions

35528 | RSC Adv., 2021, 11, 35525–35535
for solid–liquid separation. Only a combined process of MF, UF
and MBR can recycle urine. Table 2 shows recent research on
external pressure-driven technologies for urine resource
utilization.

Urine hydrolysis and the pH value will affect the nutrient
recovery efficiency due to the existence of acidic functional
groups in the membrane. On the one hand, hydrolysis of urine
produces NH4

+, the anion was rst rejected by the membrane,
and then NH4

+ was more easily retained due to the electro-
neutrality principles.47 On the other hand, a high pH not only
logiesa

Performance Reference

64% unionized ammonia,
93% TOC retention

48

57% urea retention, $92%
TOC retention, 86%
conductivity decrease

48

2.58 kg and 1.24 kg of
precipitates from 1 m3 HU
and FU, precipitated solids
contain 8.1–19.0% P, 10.3–
15.2% Ca, 3.7–5.0% Mg, and
0.1–3.5% ammonium
nitrogen

49

87 � 5% water recovery 51
90% unionized ammonia
recovery, 98% TOC retention

48

56% urea retention, $92%
TOC retention, 96–97%
conductivity decrease

48

very 90% phosphorus recovery,
45% nitrogen removal

50

, TOC – total organic carbon.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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converted NH4
+ into NH3 but also lead to electrostatic repulsion

of these acidic functional groups, resulting in pore expan-
sion.48,49 Ray et al.47 investigated urea and NH3 rejection in
hydrolyzed and fresh urine by RO and NF. For hydrolyzed urine,
64% of unionized NH3 was recovered by RO, and 90% of
unionized NH3 was recovered by NF. At a pH of 11.5, the NF
membrane would achieve 90% unionized NH3 recovery, 86%
conductivity reduction and 98% TOC rejection. For fresh urine,
NF rejected 42–56% of urea and the base addition would
decrease the rejection. The RO could reject 57% of urea and was
not affected by the pH because the RO membranes have tighter
pores.

In addition to the RO membrane, RO brine can be used to
recover P from source-separated urine. One of the main sources
of RO brine is cooling water from thermal power plants.50 When
the RO brine-to-urine ratio was 1 : 1 and the pH was 9.0, more
than 90% of the phosphorus could be removed from both fresh
urine and hydrolysis urine. From 1 m3 of fresh urine, approxi-
mately 1.24 kg of precipitates could be obtained, whereas 2.58
kg of precipitates could be obtained from the same volume of
hydrolyzed urine. The precipitates contained 0.1–3.5% of
ammonium nitrogen, 3.7–5.0% of Mg, 10.3–15.2% of Ca, and
8.1–19.0% of P. Furthermore, using RO brine to ush urine-
diverting toilets can achieve on-site phosphorus recovery from
human urine.51 Nitrogen can be removed in an MBR process
aer phosphorus precipitation via a short-cut nitrication–
denitrication. When the pH was greater than 9, 90% of the
phosphorus in the precipitation process was recovered, with
recovered precipitates containing 10–15% of phosphorus.
Without using an external carbon source, the MBR process
removed 45% of the TN. The COD and nitrogen removal was
90% when 3 g L�1 of methanol was added.

In the eld of manned space ight, external pressure-driven
membrane technologies play an important role. In long-term
human space missions,52 electrodialysis is integrated with
crystallization, COD-removal, ammonication, and nitrication
in long-term human space missions to treat human urine (1.2 L
d�1) before it was mixed with shower water. Electrodialysis was
used specically to recover NO3�, and RO was the nal step to
recover clean water from the mixture of shower water and
treated urine.
Table 3 The application of vapor pressure-driven membrane technolog

Process RC Target

DCMD FU Volume reduction and nutrient
concentration

DCMD Specic ammonia transfer inhibitio
MD HU, pH 10, water vapor

gradient 30 �C
Water recovery

IMD-
AC

HU Ammonia recovery

FO-MD FU Water recovery
FO-MD FU and HU Water recovery
MD-
MBR

HU Non-odorous high-concentration liq
fertilizer production

a Note: RC – reaction conditions, FU – fresh urine, HU – hydrolyzed urine

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2 Vapor pressure-driven membrane technology

The MD is a non-isothermal separation membrane technology
driven by a vapor-pressure gradient,53,54 which is widely used in
various elds and has four congurations: (1) air gap
membrane distillation (AGMD), (2) direct contact membrane
distillation (DCMD), (3) sweep gas membrane distillation
(SGMD), (4) vacuum membrane distillation (VMD).55–57 The MD
can completely reject non-volatile matter, and the salt concen-
tration in the feed solution has little inuence on its effi-
ciency.58,59 The research on MD for urine resource utilization in
recent years are shown in Table 3.

In terms of volume reduction and nutrient reconcentration,
use of urine collected from toilets for DCMD performs admi-
rably.18 More than 97% of P and K rejection was achieved when
hydrolyzed urine was concentrated 17.8 times. Nevertheless, the
NH3 concentration was increased to 11.0 gN L�1, so the water
generation quality was affected. An NH3 concentration in urine
is frequently high in the process of recovering water from urine,
and nutrients' concentration, and this resulted in free NH3

transfer through the MD membrane to the permeate.
Two important factors in MD are temperature and pH.

Except for pretreatment, pH control, temperature regulation
and utilization of new membrane materials are also solutions.
The water ux was more affected by temperature than the NH3

ux, and NH3 transfer can be effectively inhibited by a low pH.
Taking DCMD as an example, increasing the feed solution
temperature from 40 �C to 70 �C, the specic ammonia transfer
(SAT) value would decrease from 8� 10�3 to 1.62� 10�3 g-N per
g-H2O. By reducing the pH from 9 to 5, the SAT value decreased
from 2.05 � 10�3 to 6.91 � 10�5 g-N per g-H2O.60 In addition,
water permeate ux and NH3 transfer were also determined by
the membrane material.61,62 In particular, a thin structure and
high porosity help to improve the water ux. Khumalo et al.63

applied microporous hydrophobic composite membranes in
membrane distillation. The membrane was made of poly(-
vinylidene uoride)/poly(tetrauoroethylene) (PVDF/PTFE),
which were modied with methyl functionalized silica nano-
particles (MfSNPs). Under the conditions of a pH of 10.5 and
a water vapor gradient of 30 �C, 80% of water was recovered
iesa

Performance Reference

Urine concentrated 17.8 times, 97% P and K
rejection

18

n SAT was reduced to 6.91 � 10�5 g-N per g-H2O 59
80% water recovery, 98% of TOC, 98% of Na+, and
89% of K+ rejected

62

60% ammonia recovery, 95% energy saving 63

98% TOC, TN, and NH4
+ removal 34

Water ux of 31.5 (FU) to 28.7 (HU) L m�2 h�1 64
uid Total dissolved solid concentration of 280 g L�1 65

.

RSC Adv., 2021, 11, 35525–35535 | 35529
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Fig. 3 The IMD-AC process.
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from hydrolyzed human urine, and 95% of the NH3, 98% of the
TOC, 98% of the Na+, 89% of the K+ were rejected.

A temperature difference cannot be maintained without
heating, which has a great energy demand. Another way of
thinking, inhibiting the transfer of water and collecting NH3

provides an energy saving solution, as shown in Fig. 3. A novel
isothermal membrane distillation with an acidic collector (IMD-
AC) was devised to improve selectivity for NH3 transport.64

Water vapor permeation was suppressed 68 times by keeping
the feed and collector temperature equal, and NH3 (g) was
collected by acidic solutions to enhance the NH3 vapor.
Compared with conventional MD, the IMD-AC showed an
increase of 46.5% NH3 vapor, reaching 60% NH3 recovery.
Furthermore, when compared to the traditional nitrogen xa-
tion process, approximately 95% of the energy consumed was
saved, with the nal energy requirement being 2.2 kW h kgN

�1.
In other words, compared to traditional MD, IMD can selectively
capture volatile matter other than water and the process
requires less energy.
Table 4 The application of chemical potential-driven membrane techn

Process RC Target

FO HU Volume reduction

FO FU Ammonia recovery
DS pH < 6.5
FS pH > 11

FO FS N, P recovery

FO FS Urine concentration

FO HU Water recovery

FO Cave exploration Urine volume reductio

FO FU, HU Chlorella vulgaris cultu
dewatering

FO-MD FU Urea recovery

a Note: FU – fresh urine, HU – hydrolyzed urine, RC – reaction conditions

35530 | RSC Adv., 2021, 11, 35525–35535
In addition, a combined process can also achieve nitrogen
retention. For example, the FO process, which has received
extensive attention, can achieve effective interception of NH3. In
a forward osmosis-MD (FO-MD) for real human urine treat-
ment, more than 98% of the TOC, TN, and NH4

+ were rejected
by the FO process.34 Volpin et al.65 combined FO and MD for
extracting distilled water from fresh urine and stored urine. To
prevent membrane wetting and improve the overall nitrogen
rejection, FO was chosen as a pretreatment for MD. The
combination of the FO and MD processes provided a new
treatment idea for water regeneration in the space station and
resource recovery in urban applications. The MBR process can
convert NH3 into nitrate, which cannot pass through the MD
membrane in the form of steam, but at the same time also
degrades a large amount of TOC. An MBR-DCMD process has
been investigated, which produces an odorless and high-
concentration liquid fertilizer.66 At rst, the MBR removed
95% of the TOC and converted 50% of the NH4

+–N to NO3
�–N.

Then the DCMD recovered 80% of the water and the nal total
dissolved solids concentration reached 280 g L�1. These results
showed that DCMD could concentrate the urine 20-fold.
3.3 Chemical potential-driven membrane technology

The FO is a low-pressure or non-pressure membrane technology
in which water is transferred from a high-concentration solu-
tion to a low-concentration solution until a thermodynamic
equilibrium is achieved, with the chemical potential as the
driving force.67,68 The advantages of FO include: (1) it is a low-
pressure operation, which derives other advantages such as
a lower propensity for fouling, lower energy demand, lower
ologiesa

Performance Reference

The urine volumes were
reduced to 1/2–1/5

19

86% recovery of ammonia 74

40% N recovery, 50% P
recovery

75

50% N recovery, 93% P
recovery, economic benets
are 5.3 times the running
cost

76

89% TN rejection with 75%
water recovery using 5 M
NaCl as the DS, 97% TN
rejection with 50% water
recovery using 5 M glucose
as the DS

77

n 86% TN rejection with 75%
water recovery

78

re Algal concentration was
increased four-fold

79

45–68% urea concentration
with 90% TOC rejection

81

.
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Fig. 4 The FDFO process.
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membrane strength requirement, and fouling reversibility,69 (2)
a high rejection of pollutants,70,71 and (3) exible use. Depend-
ing on the application, the draw solution (DS) composition can
be manipulated to obtain different recovery targets.72 The FO
process has been widely used in food processing, nuclear
wastewater treatment, desalination, and drinking water and
landll leachate treatment because of these advantages.71,73,74 In
resource utilization of urine, FO has also been widely studied, as
shown in Table 4.

The volumes of both real human urine and synthetic human
urine were reduced by 1/2–1/5 using a cellulose triacetate
membrane in FO, but NH3 and inorganic carbon passed
through the membrane easily, about 35–40% and 30%,
respectively. As a result, measures to improve nutrient reduc-
tion should be taken.19

The original potential difference between the two sides of the
membrane can be changed by manipulating the DS composi-
tion to prevent water or NH3 transmission. Adding electrolyte
solutions or changing the pH of DS are two examples of specic
regulatory methods. By adjusting the feed solution so that it has
a high pH and the DS so it has a low pH,75 NH3 is transformed
into NH4

+ upon crossing over the FOmembrane. By keeping the
DS at pH < 6.5 and the feed solution pH > 11, the NH3 recovery
rate achieved was up to 86%. Magnesium salts are an ideal
electrolyte additive because Mg2+ is one of the plant nutrients,
and it can precipitate with P to produce struvite. In terms of
agricultural utilization, Volpin et al.76 employed fertilizer driven
FO to recover N and P from human urine, as shown in Fig. 4.
The MgSO4 and Mg(NO3)2 were chosen as the DSs for dew-
atering synthetic non-hydrolyzed urine, and Mg2+ reverse salt
Table 5 The application of electric field-driven membrane technologie

Process RC Target P

ED Nitrogen recovery 9
EDMBR HU Phosphate and sulfate recovery 6
MBR-ED FU Urine treatment 8
RED FU and HU Energy recovery A
MD-RED Water and energy recovery 4

a Note: FU – fresh urine, HU – hydrolyzed urine, RC – reaction conditions

© 2021 The Author(s). Published by the Royal Society of Chemistry
ux was selected to precipitate the P as struvite. At the same
time, urea was concentrated in the DS because the FO
membrane had a poor interception effect on it. The fertilizer-
drawn forward osmosis (FDFO) process recovered 40% of N
and 50% of P while reducing the volume of urine by more than
60%. Following a preliminary investigation, use of a commer-
cial fertilizer as a FO draw solution was developed.77 With 50%
concentrated urine, 93% of the P was recovered as struvite, and
50% of the N was recovered in the diluted DS. When the
downstream nutrient load is reduced, the economic benets
would be 5.3 times the operating cost.

Urine hydrolysis has a signicant impact on the FO process,
which is inuenced by pH and the enzyme urease. Engelhardt
et al.78 used hollow ber, aquaporin-based membranes for NH3

rejection and water recovery to improve the nitrogenous
compound rejection, and pH control was also used. The results
showed that the best pH for urea hydrolysis was 7.4, and by
using urease-processing and pH adjustment, the TN rejection
could reach 89% (with 75% water recovery) to 98% (with 25%
water recovery), using 5 M NaCl as the DS. When using 5 M
glucose as the DS, the NH3 recovery ranged from 97% (with 50%
water recovery) to 99% (with 25% water recovery). Following
that, the performance of an Aquaporin Inside hollow ber FO
module (Sterlitech) used for urine volume reduction without DS
for long-duration cave expeditions was tested, and a portable FO
prototype was introduced, which was able to reduce the urine
volume by approximately 75% and reject approximately 86% of
the TN.79

In addition to the nutrient and water recovery, the urine-FO
combination can be used in other elds, such as microalgae
culture.80 The concentration of algae increased by four times
with a water ux of 14.2 Lm�2 h�1 using hydrolyzed urine as the
DS. The diluted urine could be used as a nutrition source and
pharmaceuticals could be removed via biodegradation and
photolysis.81

A combined process to improve FO performance did not
appear to be required because the single FO process has
a satisfactory effect on urine treatment. The FO process, on the
other hand, is occasionally used as a pretreatment for the MD
process. To recover urea from fresh human urine, for example,
an FO-MD method has been developed.82 Urea separation was
accomplished with FO, and urea concentration reduction was
accomplished with MD. Aer ve pretreatment methods used
for urine stabilization, the FO process recovered 11–21% of the
urea in the DS, then the draw solutions were concentrated 1.9–
sa

erformance Reference

5.6% nitrogen recovery 86
5% phosphate recovery, 54.9% sulfate recovery 87
0% ion collection 85
maximum ENet of 0.053–0.039 kW h m�3 of real urine 89 {90}
7% Gibbs free energy recovery 90

.
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3.3 times via the MD process. The product solution contained
45–68% of the urea concentration of fresh urine and 90% of the
TOC was rejected.
3.4 Electric eld-driven membrane technology

The ED is an electrochemical membrane separation technology
driven by an applied electric eld,83 which consists of a anion
exchange membrane (AEM), a cation exchange membrane
(CEM) and a direct current electric eld. Due to its ability to
generate high-quality nutrient products successfully,84 ED has
been extensively used, especially in the demineralization of
industrial processes and desalination of brackish water, with
a treatment capacity of more than 20 000 m3 d�1.85 In urine
treatment (Table 5), the purposes of ED include: (1) water or
nutrient recovery, (2) urine desalination, and (3) micropollutant
removal.86

Tarpeh et al.87 used an electrochemical stripping setup that
included ED and membrane stripping to recover nitrogen from
source-separated urine. In batch experiments, 93% of the
nitrogen was recovered selectively. In continuous-ow experi-
ments, when the inuent concentration was 7490 mgN L�1, the
nitrogen concentration was 2960 mgN L�1 in the anode
chamber, 1950 mgN L�1 in the cathode chamber, 2250 mgN L�1

in the trapped chamber aer 3–5 hydraulic residence times
(HRT), and the energy demand was 30.6 MJ kgN

�1. In addition,
in the ammonium sulfate fertilizer product, there were no trace
organics or elements detected.

However, because it is difficult to consider both pollutant
removal and nutrient recovery in a single ED process, combined
processes or a pretreatment for the ED are required. The
combination of NH3 stripping, ED and MBR works well for
source-separated urine treatment.88 Ammonia stripping was
performed as a pretreatment to decrease the NH3 concentration
from 1292.2 � 47.5 mg L�1 to 235.1 � 5.7 mg L�1, which was
about an 81.8% removal rate. Then phosphate and sulfate were
recovered whereas the NH3 and COD were removed in situ in the
EDMBR, with a power density of 23.5 W m�3. Finally, 94.5% of
the SO4

2�, 76.7% of the PO4
3�, and 97.4% of the NH4

+ was
removed, whereas the phosphate and sulfate were recovered as
Fig. 5 The MD-RED process.

35532 | RSC Adv., 2021, 11, 35525–35535
a concentrated solution, with recovery rates of 65% and 54.9%,
respectively. To avoid precipitation and remove organics,
researchers86 combined precipitation, MBR and ED in a pilot
installation for the treatment of human urine. The process was
continuously run for seven months with a treatment capacity of
1.2 L d�1 (one person equivalent). More than 95% of the urea
was converted into nitrate under salinities of 10–20 mS cm�1,
and 70% of the ions were collected in 15% of the initial volume
using a 20% urine solution (1.2 L of urine and 4.6 L of demin-
eralized water), and 80% of the ions were collected in 20% of the
initial volume using a 40% urine solution (1.3 L of urine and
2.2 L of demineralized water).

Using electric energy, traditional ED can be used to recover
nutrients. The introduction of reverse electrodialysis (RED) in
recent years has made it possible to convert potential energy
into electrical energy.89 According to Volpin et al.,90 there is
a large salinity gradient between urine and ushing water that
could be used as a source of potential energy. When homoge-
nous redox couples were used as an electrolyte solution, the
RED device could achieve a maximum ENet of 0.053–0.039 kW h
m�3 of real urine, with 13%, 6%, 4.4% removal of TOC, NH3 and
urea, respectively. Nutrient and energy recovery cannot be
realized at the same time by RED, and combined processes are
still needed. The MD was an ideal pre-process for RED to
generate electrical power and clean water from waste heat and
human urine, as shown in Fig. 5.91 Using waste heat, MD was
used to produce high-quality water from urine, and the
concentrated urine with a high nutrient concentration was used
as the retentate in RED. The RED, on the other hand, was used
to generate electrical power. In that process, 47% of the avail-
able Gibbs free energy was recovered, and low power uidic
devices with 100% water recovery in MD can be used.
4. Conclusions and future prospects

Membrane technology has good prospects for the utilization of
resources in urine collected from toilets. The energy
consumption of low external pressure membrane technologies
is low, but the interception effect is poor. A high external
pressure membrane has a good interception effect, but its
energy consumption is high, so it is not suitable for urine
resource treatment alone. Vapor pressure-driven membrane
technology has a high rejection rate for non-volatile substances,
but volatile substances easily pass through the membrane and
pollute the product. When using urine for water recovery,
precautions should be taken to prevent NH3 volatilization.
Ammonia can also be recovered under isothermal conditions.
The advantages of chemical potential gradient driven
membrane technology include low energy consumption and
ease of use. Chemical potential gradient driven membrane
technology can be used in a variety of situations because the
composition of the draw solution can be adjusted exibly to
accommodate different components of urine or different
recovery goals. It can also be combined with other technologies
to improve nutrient recovery and pollutant removal. There is
little research on electric eld-driven membrane technology,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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but reverse electrodialysis technology is the only one that can
recover energy, making it very promising technology.

The membrane process used should be chosen based on the
specic situation and for the particular construction of the
source-separation toilet itself. For example, in water-stressed
areas, the MD process is an excellent way to recover clean
water. The IMD, FO, and RED processes can all have more
effective roles in energy conservation. A combination process,
on the other hand, may be the best option for achieving more
comprehensive nutrient recovery. At the same time, MBR is still
the most effective way to deal with the remaining waste aer
resource utilization. From current process development, the
FO-MBR combined process shows a good recovery effect, low
energy consumption, and the good removal of pollutants.
Therefore, the FO-MBR combined process is recommended as
a preliminary system for resource utilization and as a harmless
treatment for urine.

At present, the application of membrane technologies in the
utilization of resources from urine collected from toilets is
mostly done at the laboratory scale. For existing technologies,
larger-scale trials need to be conducted in the future to achieve
the purpose of their nal application with the help of engi-
neering. At the same time, operational parameters should be
optimized constantly to enhance pollution interception effi-
ciency and nutrient recovery productivity, as well as to reduce
membrane fouling and energy consumption. Additionally, the
disposal of the nal waste aer urine recycling needs to be
taken into consideration, which was not reported in previous
research. For future research, the combination of FO and
commercial fertilizer shows great potential. Facing the problem
of energy shortages, the application of RED for energy recovery
would be a good choice. In addition, integrated technologies
bring many opportunities. For example, the application of solar
energy technology on MD, and the combination of a high
concentration of microalgae and FO. There are more unknown
processes waiting to be exploited. Finally, a set of evaluation
systems based on membrane pollution and economic benets
should be established as these membrane technologies and
processes mature.
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