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Water and nutrient recovery from
stored urine by forward osmosis
with an ammonium bicarbonate
draw solution
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Forward osmosis with an ammonium bicarbonate draw solution was
investigated as a low energy non-sewered sanitation solution, to recover
nutrients and water from source separated urine. Stored urine collected
from Urine Diversion Dry Toilets in the eThekwini Municipality (Durban),
South Africa was used as the feed solution. Water recoveries of up to 45.9%
with water fluxes up to 6.0 L m= h™ were achieved using undiluted stored urine
over an 8-h operating period with a 2.5 M draw solution. Rejections of up to 95%
for phosphates, 85% for nitrogen and chlorides, and 75% for potassium and
sodium were achieved. Low fouling of the membrane was observed after
multiple runs and cleaning the membrane by circulation of deionized water
or by osmotic backwash was sufficient to recover >95% of the original water
flux. Little irreversible fouling was detected, assumed to be caused by carbonate
calcium scaling from SEM-EDX analysis. This study suggests that forward
osmosis with an ammonium bicarbonate solution could be integrated as a
closed loop nutrient recycling technology for source separated urine with the
prospect of clean water and draw solution recovery that could use waste heat
from, for example, fecal sludge combustion.

KEYWORDS

fouling, membrane, non-sewered sanitation, rejections, resource recovery, water
recovery

1 Introduction

The United Nations estimates that 46% of the global population lack safely managed
sanitation (United Nations, 2020), due to the economic unfeasibility of a sewered
wastewater treatment infrastructure in low-income countries where sewerage accounts
for up to 84% of capital costs (Jung et al., 2018). In this circumstance, non-sewered
sanitation alternatives exist, which act as containment for feces, urine and wash water.
Eventually, this waste requires additional costly services such as emptying, transport and
treatment for safe disposal and hence only 22% has been reported to be safely managed in
the urban setting (Blackett et al., 2014). Such waste is rich in nutrients, organics and water,
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which provides direct opportunity for fertilizer, energy or water
recovery, which could thereby present local prospects for an
affordable sanitation chain (Onabanjo et al., 2016; Eshetu Moges
et al., 2018; Larsen et al.,, 2021a).

With a world population estimated to reach 9.8 billion by
2030 (United Nations, 2017), demand for resources will increase
the
macronutrients nitrogen, phosphorus and potassium (N, P, K

proportionally.  Particularly, fertilizers  containing
respectively), will need to increase to ensure food security (Xie
etal., 2016). Urine is a source for these nutrients and provides an
alternative to synthesized nitrogenous fertilizer compounds from
the Haber-Bosch process, potash from rock salt deposits
geographically constrained to the Northern Hemisphere and
phosphates from finite rock deposits of increasingly lower
grade (Skorina and Allanore, 2015; Randall and Naidoo,
2018). Urine contains 80% and 50% of the polluting nutrients,
nitrogen and phosphorus, in domestic wastewater, while
contributing only 1% of volumetric flow (Larsen and Gujer,
1996). By containing urine’s abundant source of nutrients at
10-12 g/L nitrogen, 0.1-0.5 g/L phosphorous and 1.0-2.0 g/L
potassium (Patel et al., 2020) through passive separation from
feces at the toilet interface (source separation), the nutrient
polluting potential of wastewater is reduced and contained in
a smaller volume for potential recovery opportunities. In
addition, solid-liquid separation is achieved which reduces
dewatering requirements in the solids fraction and immediate
fecal separation mitigates pathogenic risk for water recovery in
the liquid fraction. As such, source separated urine has been
identified to contribute to multiple Sustainable Development
Goals (SDGs), including zero hunger (SDG 2), water and
sanitation for all (SDG 6), and nutrient pollution mitigation
(SDG 14) (Larsen et al., 2021a).

The recovery of nutrients from urine has been demonstrated
by a range of physical, chemical, and biological processes (Larsen
et al,, 2021b). Although effective, such processes either possess
are limited selectivity to one or two nutrients (precipitation,
stripping,
microbial fuel cells, microbial electrolysis cells); or are

adsorption, ammonia membrane distillation,
energetically demanding (reverse osmosis, nanofiltration);
require a large footprint (algal growth); are limited by
concentration factor (electrodialysis) or do not provide
prospects for water recovery (ion exchange, heat drying, freeze
drying) (Patel et al.,, 2020; Larsen et al., 2021b).

An alternative technology for concentrating multiple
nutrients in urine is forward osmosis (FO) membrane
filtration, which also provides prospects for water recovery,
using analogous semipermeable reverse osmosis membranes,
applied for potable water reuse from wastewater (Pype et al,
2016; Davey, Thomas and McAdam., 2022). The osmotic
pressure differential between the feed solution (FS) and draw
solution (DS) provides the driving force for separation, thus
reducing energy requirements when compared to reverse

osmosis. This also allows for a more fouling resilient process,
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as water transport occurs by diffusion instead of advection
(Siddiqui et al., 2018).

Previous studies have investigated the use of FO for urine
volume reduction, to decrease transport costs and protect
nutrient sensitive environments such as caves during exploration
(Nikiema et al., 2017; Engelhardt et al., 2020), or to recover nutrients
such as ammonium (Engelhardt et al., 2019; Ray et al., 2020), urea
(Engelhardt et al.,, 2019), nitrogen (Zhang et al., 2014; Nikiema et al,,
2017; Volpin et al., 2018; Volpin et al,, 2019a), phosphorus (Zhang
etal, 2014; Volpin et al,, 2018; Volpin et al,, 2019b), and potassium
(Zhang et al., 2014). Despite promising nutrient concentration and
water flux results, previous studies have employed a DS where
permeated water separation from the DS is challenging for clean
water recovery (i.e. sodium chloride, glucose, fertilizer blend or
brine). Instead, researchers have investigated the prospect of FO
integrated with thermally driven MD, whereby the MD process
reconcentrates the DS and generates clean water from low grade
heat (Liu et al, 2016; Volpin et al, 2019a; Ray et al, 2019).
Ammoniacal nitrogen co-transport from urine can however be a
challenge for MD permeate quality as ammonia is highly volatile
(vapour pressure of 7,500 mmHg compared to 24 mmHg of water at
25°C), and therefore at reduced permeate vapour pressures and high
feed temperatures used for thermally driven processes, its transport
is encouraged over water (El-Bourawi et al, 2007). Additional
measures such as feed acidification to convert ammonia to non-
volatile ammonium, thicker membranes and feed dilutions are then
required to mitigate its transport (Volpin et al., 20192; Ray et al.,
2019). Ammonium bicarbonate as a DS could represent an
alternative water recovery method without the need of a
downstream membrane process, as it can be decomposed into
ammonia and carbon dioxide by moderate heating (<60°C).
Hence, a scenario could be depicted where urine is treated for
nutrient and water recovery by FO and the ammonium bicarbonate
DS is subsequently decomposed and recaptured to regenerate the
DS for further urine filtration This is advantageous over
conventional distillation and evaporation/alkaline dehydration
with condensation processes as: 1) the FO membrane provides a
selective barrier for water recovery, able to reject urine
micropollutants and achieve compliance in high strength
wastewaters (e.g., blackwater) (Valladares Linares et al, 2011;
Davey, Thomas and McAdam, 2022) and 2) Heating is targeted
at volatile gas decomposition, rather than water vapour recovery
through evaporation and therefore requires less heat energy than the
latent heat of vaporization. However, FO could also be integrated
with such volume reducing thermal processes as a pre-treatment, to
enhance water quality. Ammonium bicarbonate provides a cheaper
solute than sodium chloride at a similar osmotic pressure (Johnson
et al,, 2018) and has been explored for seawater desalination (Feng
etal, 2018), acid mine drainage treatment (Vital et al.,, 2018), textile
wastewater treatment (Wang et al., 2020), among other possible
applications. However, to the best of the authors’ knowledge the use
of ammonium bicarbonate as a DS has not been reported for urine
treatment.
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TABLE 1 Composition of the stored urine used in this study.

Parameter Units Range Mean
pH 7.8-10 8
Conductivity (mS cm-1) 25-33 29
Total Phosphates (TP) mg L-1 1770-1800 1773
Potassium (K+) mg L-1 1,478-1,500 1,488
Total Nitrogen (TN) mg L-1 4,830-4,980 4,870
Magnesium (Mg2+) mg L-1 24-25 24.5
Calcium (Ca2+) mg L-1 9-11 10
Chloride (Cl-) mg L-1 3,100-3,300 3,200
Sulfate (SO42-) mg L-1 1,500 —
Total Suspended Solids (TSS) mg L-1 318-328 323
Chemical Oxygen Demand (COD) mg L-1 6,000 —

South Africa provides an ideal case study for trialing FO with
an ammonium bicarbonate DS. Firstly, source separation has been
implemented as Urine Diversion Dry Toilets (UDDTs) in the
communities without sewered sanitation access (Durban
municipality). Secondly, during the storage of urine in UDDTs,
urea hydrolysis occurs Eq (1) facilitated by the urease enzyme
(Hellstrom et al., 1999). This results in ammonium being formed
Eq (2) and a pH increase to > pH 8, thus converting ammonium to
volatile free ammonia (pKa = 9.24).

CO(NH,), + 3H,0 — 2NH} + HCO; + OH™ (1)
NH; +OH™ & NHj () + H;0 @)

Although nutrient concentrations are slightly lower in
hydrolyzed urine compared to fresh (Larsen et al., 2021b), the
removal of urea and free ammonia is beneficial for FO rejection
capabilities. Both compounds are low molecular weight
uncharged compounds which bypass the electrostatic
repulsion mechanism of the membrane (Lee and Lueptow,
2001). Thirdly, South Africa persistently experiences low crop
yields (i.e., maize) due to geographic constraints of nutrient
limited soils and water scarcity (Choruma et al., 2021).

This study aims to assess the suitability of ammonium bicarbonate
as an alternative FO DS for the recovery of water and nutrients from
source separated urine from UDDTs in South Africa with the specific
objectives: 1) to identify the optimum DS and FS concentrations for
water flux; 2) to evaluate the rejection of key macronutrients (P, K, N)
and 3) to determine fouling propensity and reversibility.

2 Materials and methods
2.1 Feed and draw solutions

Stored hydrolyzed urine (Table 1) collected from Urine
Diverting Dry Toilet (UDDT) in the eThekwini Municipality
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in Durban, South Africa, was used in this study as the feedstock
(ethical clearance: BREC/00002684/2021). Urine was also diluted
to simulate typical flushing scenarios from urine diversion toilets
where flush volumes range between 0.5 and 2 L (von Miinch and
Winker, 2011). Assuming a urine volume of ~300 ml (Haylen
etal., 1989), dilution factors of 3 and 6 were prepared accordingly
using deionized water.

Ammonium bicarbonate DS were prepared for each test run
using distilled water and analytical grade ammonium bicarbonate.
Draw solution concentrations of 0.6, 1.0, 2.0, 2.2, and 2.5 M
ammonium bicarbonate solution were used in this study.

2.2 Forward osmosis experimental setup

Thin film composite (TFC) membranes (OsMem™ TFC-ES,
Hydration Technology Innovations) comprised of a polyamide
active layer placed on the top of a thick microporous polysulfone
support layer were employed in this study, due to their reported
higher water fluxes and lower reverse solute flux (Kedwell et al.,
2018; Almoalimi and Liu, 2022). The membrane supports a
maximum operating temperature of 71°C and a maximum
transmembrane pressure of 70 kPa. The pH of the solutions
should be in the range of 2-11 and this high pH tolerance
justified use of the TFC membrane for stored urine.
Membrane sheets were immersed in deionized water before
experiments as recommended by the membrane manufacturer.
The membrane was supported in a SEPA crossflow membrane
cell which allowed for tangential flow of both solutions (draw and
feed) across the membrane. The cell was characterized by an
effective filtration area of 140 cm? and a channel width and
depth of 95.25 mm and 1.91 mm, respectively.

The membranes were operated in the AL-FS (Active Layer
facing Feed Solution) orientation as this configuration minimized
reverse solute flux in comparison to AL-DS (Active Layer facing
Draw Solution), according to a baseline test using a 0.36 M
sodium chloride solution FS with a 2M ammonium
bicarbonate DS over a period of 4h. The measurements
indicated a reverse solute flux of 4 + 0.3 and 7.1 £ 0.1 g of
ammonium bicarbonate per L of permeated water across the
membrane in the AL-FS and AL-DS mode, respectively.

Feed and DS (1 L starting volume) were circulated at a cross
flow velocity of 0.05ms™" (Figure 1). The solutions were
maintained at 22°C £ 0.1°C using a Grant TC120 thermostatic
bath and continuously mixed with magnetic stirrers whilst sealed
to ensure no loss of NH,-N as NH; gas. The pH and conductivity
of the FS as well as the pH of the DS were continuously measured
through a probe Hach MM150, whilst the mass of both the feed
and DS were measured on a Kern precision balance connected to
a computer to log the data every two hours. Samples (5 ml) were
taken every two hours during 8 h runs for chemical analysis. All
FO runs were carried out in triplicate with new membranes for
each run to evaluate the reproducibility of the results.
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FIGURE 1
Forward osmosis experimental setup

2.3 Chemical analysis

The following parameters were tracked during the FO runs:
sodium (Na*), calcium (Ca,"), magnesium (Mg,"), potassium
(K*), chloride (Cl"), sulfates (SO4*) total nitrogen (TN) and total
phosphates (TP). Sodium and chloride concentrations allowed
for the initial characterization of the membrane rejections during
the baseline runs. Potassium, total phosphates and total nitrogen
concentrations were monitored due to their significance as
agricultural supplements, while calcium, magnesium and
sulfates gave an indication of precipitation that would have
occurred during hydrolysis of urine. The feed and draw
solutions were analyzed by concentrations and volume over
time to calculate a mass balance and evaluate membrane
rejections. The ions concentration (Ca*, Na*, Mg>*, K*) were
determined using an Agilent 4,200 Microwave-Plasma Atomic
Emission Spectroscopy, whilst the total phosphates total
nitrogen, ammonical nitrogen and sulfates were determined
using a Merck Pharo 300 Spectroquant. Chloride analysis was
carried out using a Sherwood Scientific 926 chloride analyzer.

2.4 Water flux, solute rejection, and
osmotic pressure calculations

Water flux was calculated from the mass change of the FS
over time, considering the density of water and area of the
membrane Eq. (3):

AW
T pAAt

Jw 3
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Where J,, represents the water flux (LLm>h™"), AW is the mass
change in FS (kg), p is the water density (kg-L™"), A is the membrane
area (m?) and At is the time interval between measurements (h).
Overall permeate recovery R to the DS was calculated as a volume
percentage at the end of each run according to Eq (4):

\%
R= V—" x 100% 4)

f

Where V), is the permeate volume (L) and Vj is the initial FS
volume (L). Solute rejections were determined through Eq (5)
based on the chemical analysis of the samples taken every two
hours from the feed and DS.

Cuis
Ra0=b——ﬁﬂ
Cra

Where R(t;) represents solute rejection at the time t; (-), Cy () is

&)

the solute concentration in the FS at t; (mg-L™"), and Cyy is the
solute concentration in the permeate at #; (mg-L™"). The solute
concentration in the permeate was calculated through a mass
balance by Eq (6) (Abousnina and Nghiem, 2014):

_ CasepVasey = Casen)Vstrin)

Csey = Vo (6)

Where Cgs(,) is the solute concentration in the DS at time ¢;
(mgL™), Cas,.,) is the solute concentration in the DS at time #; ;
(mgL™), Vi, is the permeate volume of water to the DS at time
t; (L), Vst is the volume of DS at time #; (L) and V 45, ,) is the
volume of DS at time t;.; (L).

Osmotic pressure of the feed and DS were determined from
the measured concentrations of ionic species using PHREEQC™

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.937456

Pocock et al.

software, which is a program based on the calculation of
equilibrium chemistry of aqueous solutions.

2.5 Membrane cleaning and fouling
evaluation

Comparison of the water flux through the virgin membrane,
fouled membrane (after several FO runs with undiluted stored
urine accumulating to 48 h and a processed flux of 108.6 L m™)
and cleaned membrane can be used to evaluate the fouling and
flux recovery through cleaning. Two cleaning methods were
evaluated to test the fouling reversibility of the membranes
after a run: the circulation of deionized water at higher flow
rates, and the utilization of an osmotic backwash.

The first method involved cleaning the used membrane by
circulation of deionized water on both sides of the FO rig for
30 min. Osmotic backwashing was also conducted on fouled
membranes, whereby ammonium bicarbonate was circulated on
FS side and distilled water on the DS side. This configuration
leads to the inverse of the osmotic pressure gradient across the
membrane, leading to a water flow in opposite direction
compared to the forward osmosis runs. This is expected to
remove the foulant material deposited on the membrane
surface. Osmotic backwashes were conducted with 1 and 2 M
ammonium bicarbonate solutions for 30 and 60 min in each case
(Kim et al., 2012). Prior to osmotic backwashing, all the feed and
DS trapped within the system were drained to minimize the
influence of residual salts on the osmotic pressure differential
across the membrane. Care was taken to not disturb the
membrane prior to the backwashing. On completion of the
osmotic backwashing, the flux recovery was measured, to have
an indication of the flux recovered and to compare with
deionized water operation.

Virgin and cleaned membranes were observed using
scanning electron microscopy (SEM) with a maximum
resolution of 50 nm, to determine the deposition of foulants
on the membrane after cleaning. This analysis was coupled with
energy-dispersive X-ray spectroscopy (EDX) to perform
chemical analyses on selected areas from the virgin and
cleaned used membranes. Prior to the SEM observations, the
membranes were dried at room temperature and then coated
with a thin layer of platinum using a sputter coater (SC7620,
Emitech, United Kingdom).

3 Results and discussion

3.1 Impact of draw and feed solutions on
water flux

Feed and DS concentrations were investigated to identify
conditions which improved water flux, for increased FS volume
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FIGURE 2

Influence of ammonium bicarbonate draw solution
concentration on water flux using stored urine as a feed solution.
Operated for 2 h at 22°C and a 0.05 m s~* crossflow velocity. Error
bars represent the standard deviation of a triplicated
experiment.

reduction and water recovery prospects. Ammonium
bicarbonate DS ranging from 0.6 M to 2.5M resulted in
increasing water fluxes from 1.4 to 47Lm™ h™' (Figure 2),
driven by a greater osmotic gradient between the feed and DS. Tt
would be expected that this relationship increases linearly,
however at 2 M the line gradient decreases from 2 to 0.7. This
suggests that at DS concentration gradients greater than ~2 M,
the onset of internal dilutive concentration polarization (ICP)
occurs, whereby water accumulates within the support layer of an
asymmetric membrane which in turn reduces the draw solute
concentration at the membrane (Johnson et al., 2018). Several
authors have reported this phenomenon in literature
(McCutcheon et al., 2006; Le and Nunes, 2016). Therefore,
2M was considered as the optimum DS concentration to be
taken forward for further assessment. This concentration is also
similar to Liu et al. (2016) who reported a water flux of 5.2 L m™
h™' using 2 M sodium chloride compared to 4.6 L m > h™" with
ammonium bicarbonate in this study.

As the experiments were operated in batch mode using 1 L
draw and FS, water transport into the DS impacted the temporal
water flux, due to the decline in osmotic gradient over time. Over
an 8-h run using 2 M ammonium bicarbonate and stored urine,
the transmembrane osmotic pressure decreased from 51.41 to
9.61 bar, which corresponded to water fluxes of 4.6 to 2.1 L m™
h™' (Figure 3). This decrease in the osmotic pressure gradient
followed a logarithmic pattern, illustrating the declining rate in
driving force and consequent water transport which is to be
expected as the solutions verge towards equilibrium. Increasing
the initial DS volume would prolong the solutions reaching
equilibrium, thereby maintaining a higher osmotic pressure
gradient/water flux and concentrating the FS at a faster rate.
This attenuation of water flux decline by mitigating DS dilution
was demonstrated by Xue et al. (2015), using a 2:1 DS:FS volume
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FIGURE 3

Temporal change in transmembrane osmotic pressure and its
influence on water flux. Operated for 8 h at 22°C and a 0.05 m s™
crossflow velocity. Feed and draw solutions are stored urine and
2 M ammonium bicarbonate respectively. Error bars

represent the standard deviation of a triplicated experiment.

ratio with seawater and wastewater, achieving a 93% water
reduction and a 10 fold concentration factor.

The implications of urine FS dilution with flush water were
assessed in Figure 4. Greater dilution factors (DF) decrease urine
osmolality, leading to an increase in transmembrane osmotic
pressure. This results in a greater water flux where a DF of
6 reached 12.8 Lm > h™' compared to 4.6 L m™ h™' of undiluted
urine, at the start of the run. Temporally, the water flux declines
faster ~with increasing DF factors (linear gradients
of -091, -0.51 and -031 for DF 6, DF 3 and DF
1 respectively, Figure 4). These results suggest that flush water
is advantageous for FO favoring water recovery, however limits
volume reduction and nutrient concentration due to the
increased operational times required (Volpin et al., 2019b). In
addition, a higher amount of energy will be required in the
regeneration step of the draw solution. Indeed, a higher volume
of water on the draw solution side will need more thermal energy
for its heating to the temperatures where the ammonium
into carbon  dioxide and

bicarbonate  decomposes

ammonium (<60°C).

3.2 Rejection of key nutrients

The impact of water flux on key nutrient rejection was
assessed on undiluted urine to understand the potential of
combined water and nutrient recovery (Figure 5). Within an
8-h operating period, the membrane demonstrated high
rejections of total phosphates (TP, 84%-94%), total nitrogen
(TN, 72%-85%) and chloride (Cl°, 70%-85%), followed by
potassium (K", 39%-71%) and sodium (Na*, 32%-68 %). It is
also important to note that the less critical ions Ca** and SO4**
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FIGURE 4

Impact of urine feed dilution on water flux over time. Urine

was either undiluted (DF 1) or diluted by a factor of 3 (DF 3) or 6 (DF
6). Operated for 8 h at 22°C and a 0.05 m s™* crossflow velocity.
Feed and draw solutions are stored urine and 2 M ammonium
bicarbonate respectively. Error bars represent the standard
deviation of a triplicated experiment.

and CO;> were completely rejected during the run. The observed
high rejections for TP and ClI™ could be attributed to their ability
to retard the reverse permeation of the negatively charged
bicarbonate ions from the DS, resulting in electrostatic
repulsion as also reported by Zhang et al. (2014), Liu et al.
(2016), and Volpin et al. (2018). The PO4>" ion was particularly
retained due to its larger size (molecular weight of 95 g mol-1
compared to 35g mol-1 of CI") aiding to steric hindrance
associated to reduced membrane permeability (Zhang et al,
2014).

The membrane exhibited lower rejections of Na* and K,
compared to Cl~, TN, and TP. A possible explanation for the low
rejections of Na* and K* might be the fact that the membrane
might have assumed a more negative charge as the pH of the
urine feed stock increased during the FO process. The increase in
pH (pH 7.5-8.4) could be attributed to the back diffusion of the
ammonium bicarbonate draw solutes. The baseline tests (0.36 M
NaCl FS and 2 M NH,HCO; DS) indicated an average reverse
solute flux of 4 + 0.3 g of ammonium bicarbonate per litre of
permeated water. The assumed negative charge would have
attracted more positive ions towards the membrane (higher
partitioning) resulting in higher permeation rates towards the
DS as also observed by Zhang et al. (2014). Potassium also has a
high permeability due to a smaller hydrated radius than PO,*",
which has prevented high rejection in literature (Zhang et al.,
2014; Ray et al.,, 2020). For the same reason, the small solute size
of sodium has proven to be problematic as a NaCl DS, resulting
in large reverse solute fluxes (Johnson et al., 2018).

Total nitrogen exists predominantly as ammonium ions
in the stored hydrolyzed urine as the mean pH of the
hydrolysed urine was pH 8 (Table 1), leading to only
4.39% ammonia because of a pKa of 9.34 at 22°C
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solutions respectively. Operated for 8 h at 22°C and a 0.05 m s
crossflow velocity. Error bars represent the standard

deviation of a triplicated experiment

(Emerson et al., 1975). Therefore, following the explanations
for the observed high rejections for negative ions and low
rejections for positive ions, coupled with being the smallest
ion (molecular weight = 18 g mol ™), we could expect the TN
rejections to be low. However, the rejections are higher than
that of K* and Na*. This could be attributed to the reduced
mass transfer gradient that exists between the feed and DS
with respect to the ammonium. The DS (ammonium
bicarbonate) contains more ammonium ions than the
stored urine, resulting in a reduced mass transfer force for
ammonium diffusion from the feed to the DS, hence the
observed higher rejections compared to the other positively
charged ions. This phenomenon explains why Na+, Cl” and
K" rejections are higher in other studies using NaCl and
KH2POa4 as respective DS (Ray et al., 2020). Back diffusion
could also be contributing to the enhanced TN FS
concentrations (4 * 0.3 g of ammonium bicarbonate per
litre of permeated water). Therefore, the use of ammonium
bicarbonate as a DS is particularly advantageous as a method
for enhanced TN nutrient recovery, where TN is usually
problematic to retain (Patel et al., 2020).

Generally, the rejections of nutrients declined with the
water flux which decreased over time. This can be accounted
for by the classical solution-diffusion theory, whereby the
solute concentration gradient governs mass transfer. In the
case of AL-FS FO, an increased co-transport of water dilutes
the concentration of nutrients at the membrane interface
(active layer and porous support) which results in a higher
nutrient rejection (Zhang et al, 2014). The Na® and K*
rejections decline the fastest with decreasing the water flux,
which could be linked to the effect of their positive charge
enhancing solute permeability compared to the negatively
charged solutes.
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deionized water and 2 M ammonium bicarbonate respectively.

3.3 Membrane fouling characterization
and mitigation

Two in situ cleaning methods were evaluated for cleaning
membranes to restore water flux after the same membrane
sample was exposed to several forward osmosis runs with
undiluted stored urine accumulating to 48 h and a processed
flux of 108.6 L m™: deionized water circulation (Figure 6) and
osmotic backwashing (Figure 7). The fluxes were determined
over 2 h with deionized water and 2 M ammonium bicarbonate
as the FS and DS respectively. After circulating deionized water
for 30 min, a fouled membrane with a flux reduced to ~83%
could be recovered to ~95% of the flux using a virgin membrane
(Figure 6).

For the osmotic backwash cleaning method which is particularly
effective in controlling particulate and organic fouling (Kim et al,,
2012), the duration and DS concentration were evaluated. The flux
recovery improved by increasing the osmotic gradient between the
feed and DS (ie, by increasing ammonium bicarbonate
concentration), and by increasing the duration of the osmotic
backwash (only at 1M DS concentration). An increase in the
osmotic gradient results in a greater reverse water flux that
removes foulants from the membrane which achieved ~98% flux
recovery at 2 M for 30 min. However, an unexpected decline in flux
recovery during the fourth osmotic backwash after increasing the
backwashing time to 60min and ammonium bicarbonate
concentration to 2M was observed. This limit was also
documented by Daly and Semiao (2020), who reported adhesive
forces acting between the fouling layer and DS at high
concentrations.

The foulants which could not be removed from DI water
circulation and osmotic backwashing cleaning methods were
examined using SEM and EDX analysis (Figure 8). The virgin
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Flux recoveries observed after osmotic backwashing for
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solution and deionized water as the draw solution. Operated for
2 hat 22°C and a 0.05 m s crossflow velocity. Error bars
represent the standard deviation of a triplicated experiment.

membrane (Figures 8A,B) exhibited peaks of carbon, sulphur,
and oxygen, which are the constituent elements of the
membrane. Carbon has the highest content as it forms the
backbone of the membrane structure. The membrane is
composed of a TFC polyamide on polysulfone with an
embedded polyester screen, which explains the O and S peaks.
Through SEM observations, it was noted that some particulates
remained linked to the membrane surface after cleaning
(Figure 8C). Achilli et al. (2010), emphasized that the
probability of mineral scale occurring on the membrane
surface is enhanced when the FS is concentrated above the
solubility limits of various water-soluble minerals. The FS for
this work contained scale precursors such as magnesium,
calcium, sulfate and bicarbonate ions. EDX analysis of the
fouled membrane (Figure 8D) exhibited prevalent peaks of
calcium, suggesting irreversible fouling by the deposition of
bicarbonate on the membrane. In addition, sulfate fouling
could occur, as this compound was completely rejected by the
membrane and therefore prone to exceeding the solubility limits,
causing scaling. However, the impact of irreversible foulants on
the membrane was negligible for flux reduction during this study
(3%-5% irreversible decline in flux), illustrating the low fouling
propensity of the FO membranes and the ease of in situ
membrane cleaning, which can significantly reduce the
operating costs of the process.

4 Qutlook—Prospects of draw
solution regeneration and water
recovery

The decomposition of ammonium bicarbonate solution
upon moderate heating (<60°C) to yield ammonia and carbon
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dioxide gases and a water product can be summarized by the
following equation:

NH,HCO; (aq) = NH} (aq) + HCO; (aq) = NH;(g)
+CO, (g) + H,O(l). 7

The use of a distillation column to initiate volatile
compound separation and the diluted DS to reabsorb the
gases downstream is a simple and proven method for the
removal and recovery of volatile DS for seawater
desalination applications' (Kim et al., 2015). Pilot scale
results from a desalination plant that utilized ammonium
bicarbonate as a DS indicated that 265-300 kWh of thermal
energy was needed to produce 1000 L of water (McGinnis et al.,
2013; Kim et al., 2015). In the case of urine treatment, a low-
grade heat source will be therefore enough to provide the
ammonium

thermal energy

bicarbonate in the draw solution. Different low-cost energy

required to decompose
source options could provide the energy for the draw solution
regeneration. One alternative could be using the faecal sludge
from UDDTs (solid fraction) as biofuel.

Based on an individual’s average daily defecation and
urination (Rose et al, 2015), the faecal sludge and urine
production rates in a UDDT would be 128 g wet solid user™
day ' (or 32 g dry solid user' day™' considering the average
moisture content of faeces of 75% and 1.4L user' day’,
respectively (Rose et al, 2015). Assuming that the UDDT
serves one individual, the annual faecal sludge and urine
production will be around 12kg dry solid and 500L,
respectively. Considering that the urine will be treated by a
forward osmosis process with a water recovery of 50% (as
observed after an 8-h run with the 25M ammonium
bicarbonate draw solution), an energy amount of 240-270 MJ
would be required to regenerate the draw solution (based on the
estimated thermal energy required to produce 1,000 L of water).
Considering a calorific value of around 15 MJ kg™ dry solids
(Getahun, et al., 2020), combusting the UDDT sludge generated
will liberate 175 M]J, which could cover part of the energy
required for the regeneration of the draw solution.

Therefore, the solid fraction from source-separated toilets
can be utilized as a fuel to decompose ammonium bicarbonate
and ensure a closed loop in the recycling of the DS, which allows
for an economically feasible process. However, additional energy
may be required to fully regenerate the ammonium bicarbonate,
which could be brought by adding other types of biomass or
organic wastes to the sludge or by solar thermal energy. For
example, co-incinerating the faecal sludge with 4 kg of food waste
with a calorific value of approximately 23 MJ/kg (Ouadi et al,
2019), or adding a 0.1 m” solar water heater (typically yielding
450 kWh/m? of thermal energy (Zukowski et al., 2021)), to the
system could suffice to provide the energy to decompose the
ammonium carbonate in the draw solution and generate 250 L of
reuse water per year and per person in the studied scenario.
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FIGURE 8

SEM observation and EDX analysis of the (A,B) virgin membrane and (C,D) fouled membrane after cleaning.

When comparing forward osmosis with an ammonium
bicarbonate DS to other urine volume reducing processes,
the energy consumption of the forward osmosis is lower
than direct urine evaporation. For example, the evaporation
of 250 L of water from urine will require a theoretical energy
consumption of 565 M]J, which is distinctly higher than the
energy required to recover the same amount of water from the
forward osmosis process. FO also provides an additional passive
selective barrier process for enhanced water quality. Reverse
osmosis has a notably lower specific energy consumption for
seawater desalination (2.5-4.0 kWh per 1000 L of produced
water (Kim et al., 2019)) than forward osmosis. Nonetheless,
reverse osmosis consumes energy in the form of electricity,
requiring grid connection or a renewable power source
(photovoltaic cells, wind turbines). In contrast, most of the
energy consumption in the case of a forward osmosis setup
would be in the form of heat, with a minimal need for electricity
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to run low-pressure pumps. The thermal energy requirements
in a forward osmosis process could be easily supplied by the
incineration of waste, allowing for the integration of a waste
management component to urine treatment, and by solar
thermal collectors, which are simpler to implement and
lower cost than photovoltaic systems. Another advantage of
forward osmosis is its robustness to fouling, as it would not
necessitate urine pre-treatment and can handle higher salinity
levels. Therefore, forward osmosis could be more suitable than
reverse osmosis (particularly in South African where electricity
interruptions are frequent), which is currently the desalination
gold standard process.

With regards to water quality for recovered water (Table 2),
the permeate already meets compliance to key chemical

parameters (TP, TN and pH) stated in the ISO
30500 standard for non-sewered sanitation systems
(International Organization for Standardization, 2018).
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TABLE 2 Permeate water quality.

Parameter Units Mean + SD
Na+ mg L™ 2035

Cl- mg L™ 226 + 12

TP mg L 60 + 22

TP % reduction

TN mg L' 346 + 13

™™ % reduction

K+ mg L™ 203 + 17
Conductivity mS cm™! 83+6

pH 83 +0.1

Although not measured in this study, it can also be assumed
that organics and faecal coliforms (also included in the
standard), would be sufficiently rejected by FO due to the
proven rejection of urine organics in literature (>97%
rejection of total organic carbon, Liu et al., 2016), and dense
membrane providing an absolute barrier to pathogens in a
naturally sterile liquid.

5 Conclusion

This study evaluated the use of a novel volatile DS
(ammonium bicarbonate) for the sustainable treatment of
source separated urine with prospects of nutrient, water and
DS regeneration. Ammonium bicarbonate as a DS for FO
evidenced comparable water fluxes to literature using
conventional NaCl (Liu et al., 2016). Up to 6 L m™ h™' was
achieved with a FS of stored urine and a DS of 2.5 M ammonium
bicarbonate, representing water recoveries of up to 46% by
volume after 8h. This allows for a significant volume
reduction in the treated urine and the potential for recovery
of reuse water through further processing of the DS. The water
flux increased with urine DF or increased DS concentrations, due
to greater osmotic pressure gradients. Internal concentration
>2 M,
therefore operation using 2 M is advised to maximize water

polarization was observed at DS concentrations
recovery efficiency.

Rejections of up to 95% of total phosphates, 85% of total
nitrogen and chloride, and 70% of potassium and sodium were
achieved. This would allow generating a concentrated FS rich in
nutrients that could be used as fertilizer. The rejections were
influenced by temporally reducing water fluxes. However, this
could be controlled through increasing the DS volume in batch
mode, thereby prolonging the osmotic gradient from reaching
equilibrium. Ammonium in the DS also acted to retard the mass
transfer of ammonium in the urine feed by reversing the
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Range ISO 30500 (2018) criteria
84-94 <80 % reduction
72-85 <70 % reduction

concentration gradient, thereby enhancing rejection of the
typically problematic nitrogenous compounds.

Forward osmosis exhibited a low fouling propensity with a water
flux decrease of approximately 20% after a few uses. In situ
membrane cleaning through circulation of deionized water on
both the feed and draw sides could restore up to 95 % of the
water flux for a fouled membrane, whilst osmotic backwashing of
the membrane could achieve up to 98% flux recovery, with calcium,
bicarbonate and sulfate detected as the causes of irreversible fouling.

This study has evidenced that an ammonium bicarbonate DS
provides similar results to other well researched DS, for the
treatment of stored urine using FO. However, its use provides
additional benefits such as enhanced TN rejection and the
prospect of closed loop nutrient recovery, water recovery and
DS regeneration using low grade heat from fecal sludge
combustion. Further research is required to develop a closed
loop system which assesses recovered water quality against ISO
30500 (International Organization for Standardization, 2018)
and integrates fecal combustion for DS regeneration. Long
term trials are also warranted to assess the impacts of the
organic and inorganic fractions of urine.
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