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Abstract

This study presents a dual membrane distillation (MD) in-series process to recover ammonia from
source-separated hydrolyzed urine. The first MD stage separates and recovers ammonia from the
hydrolyzed urine using an acid solution, while the second MD stage helps dewater the acid solution
with captured ammonia and maintain its solution pH. The feed temperature and pH were optimized
for operational conditions. The specific ammonia transfer (SAT) value was evaluated to obtain
comparative results. While the water fluxes of both the single and dual-MD in-series set up systems
were similar, the dual-MD in-series module showed higher SAT values and ammonia fluxes. At pH =6,
the ammonia flux values were minimal, but at pH = 13.2, they significantly increased to over 180 g/m?h
for the dual-MD in-series setup, which was approximately twice as much as the single MD setup (about
100 g/m?h). In addition, the ammonium concentration in dual-MD in-series setup rose to over 200
mg/L at pH around 9, which is twice higher than that of a single MD setup. The results demonstrated
that during the experiment, the dual-MD in-series configuration could help maintain the acid collector
pH around 3 while for a single setup it continuously increased and reached to over 8 after 4 h. This
innovative design not only preserves the desired pH range but also minimizes the amount of acid

consumed, making it a promising approach in advancing nutrient recovery from human urine.
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1. Introduction

The release of nutrients and other urine-based micropollutants is highly detrimental to the
environment. Nutrient overabundance in water ignites the eutrophication process, which causes the
growth and spread of algae. Wastewater treatment plants (WWTPs) are specially designed to remove
nutrients, which exposes a significant cost to the treatment process [1, 2]. Human urine is the primary
source of nutrients and pharmaceuticals in wastewater treatment plants [3], which comprises about
one percent of domestic wastewater by volume while contributing over 50% of the nitrogen and 60%

phosphorous in the sewerage system.

The nutrients in wastewater are harmful to the environment. However, they are also a precious source
for plants' growth and are the main components of agricultural fertilizers [1, 4, 5] in the form of
nitrogen (N) and phosphorous (P) [3, 6]. Nutrient recovery from source-separated human urine is a
contemporary circular economy technique for separately collecting human urine via dry toilets and
treating it for concentrated nutrient recovery and direct fertilizer production [7-9]. Human urine is a
diluted solution containing urea, creatinine and organic salt and is an enriched source of nitrogen,
phosphorous and potassium. Many studies revealed that by maximizing nutrient recovery from
human urine, there is a potential to reproduce about 13% of agriculture fertilizer demand with over

$14 billion annual potential revenue [6, 10, 11].

Recent studies have focused on different methods like distillation, forward osmosis (FO), reverse
osmosis (RO), freeze-thaw, membrane distillation (MD), membrane-based technology, etc., for
dewatering of urine for fertilizer production [12-14]. MD is a membrane-based method that uses a
low-grade waste energy and a microporous hydrophobic membrane to separate volatile compounds
from non-volatile components driven by vapor pressure difference, which makes it a promising
technology for nutrient treatment and recovery from human urine by separating nitrogen-based
compounds from other parts and producing N, P, and K-based fertilizers separately [15-17]. In the MD
system, the gaseous ammonia passes through the microporous MD membrane and is then harvested
on the permeate side of the membrane [18]. The harvesting process can be carried out using an acid
collector system composed of an acid solution that quickly reacts with ammonia forming nitrogenous-
enriched compounds, which in most of cases can be directly used as liquid fertilizer. Although the MD
process attracted attention as an efficient method for nutrient recovery, it still suffers from some
challenges [18-20]. In the MD process, the permeate is affected by a simultaneous transfer of water

and ammonia, which dilutes the permeate and the pH [21, 22].

The pH value in the permeate acid collector is one of the main parameters to control the rate of

ammonia capture. Ammonium sulphate is a commercial fertilizer that can be used directly in
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agriculture. At pH around 3, sulphuric acid molecules have the ability to capture two molecules of
ammonia, while at the lower pH range, a part of the reaction is directed towards the formation of
NH4HSO4, which has lower fertilizer property and takes just one ammonium per sulphate molecule,
and decreases the process efficiency [23]. Therefore, the persistence of the permeate pH at stable pH
of around 3 is highly desirable. Additionally, higher pH represents a lower concentration of sulphuric
acid that can contribute to a drop in capturing agents and, consequently, in ammonia capture.
Therefore, designing a setup that could retain the pH at a constant level for a prolonged period is

highly essential.

The production of ammonia in the urine solution increases the pH of the solution. Therefore, with the
progress of the hydrolysis process and decomposition of urea, more ammonia is produced, which
causes an increase in the pH of urea from 4 (fresh urine) to over 9 (hydrolyzed urine). Transferring
produced ammonia into the permeate solution consumes available hydrogen ions in the acid collector
and increases its pH. This process causes a decrease in the efficiency of fertilizer production and a drop

in the rate of ammonia capture and fertilizer production [20].

The utilization of MD for harvesting ammonia from urine samples faces a significant challenge in
controlling the permeate pH. Several studies have attempted to address this obstacle by renewing the
permeate solution with fresh acid, thereby maintaining the desired pH range, dramatically increasing
the acid consumption [24]. Additionally, some experiments have been limited to shorter durations to
prevent the pH from increasing over time and halting the process [25]. The control of permeate pH
has emerged as a key bottleneck in MD for nutrient recovery from urine. By addressing this challenge,

the MD process can take a significant step forward in direct nutrient recovery from human urine.

In this study, a novel dual in-series MD setup was designed and used for preserving the acid collector
pH in an optimum value to increase the fertilizer production rate in a competitive in-series reaction,
simultaneously enhancing the ammonia-capturing efficiency. This innovative design not only
preserves the desired pH range but also minimizes the amount of acid consumed, making it a
promising approach for direct nutrient recovery from human urine. The performance of the system in
different feed pH and feed temperature was evaluated and compared with a single MD module as a
benchmark process. In this study, the waste heat from the feed bath was used to warm up the acid
collector to lower the consumed energy. Furthermore, higher feed temperatures were studied to
evaluate the effect of feed temperature on the ammonia flux and obtain the optimum operational
condition. This research represents a significant step forward in advancing MD-based nutrient

recovery technologies for sustainable resource utilization.
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2. Experimental

2.1. Materials

A commercial flat sheet polyvinylidene fluoride (PVDF) membrane (0.22 um pore size, 100 um
thickness), was supplied by Millipore (USA). Sodium hydroxide (NaOH), sulphuric acid (H,SO4), and
hydrochloric acid (HCl) solutions were sourced from Sigma Aldrich Australia. The hydrolyzed urine was
used as feed solution for undertaking the experiments. Hydrolyzed urine was collected from the
University of Technology Sydney (UTS) Building 11 basement. In this 15-storey building, the nutrient
recovery pilot facility in the basement collects all male human urine from each storey using waterless

male urinals. The urine is reserved in tanks to complete the hydrolysis process.

2.2. Membrane distillation tests

The schematic diagrams of both single and dual in-series DCMD setups are shown in Figure 1. The
experimental procedure for both setups was identical. The regular single MD setup was named Single
MD, and the designed dual-MD module was named dual In-series MD. A commercial PVDF membrane
was used for the tests with an effective surface area of 26 cm?. The hydrolyzed urine as feed is heated
up to the desired temperature and fed from a feed tank placed inside a water bath (WiseCircu, Digital
Circulated Water Bath) into the DCMD module using a gear pump (Cole-Parmer Instrument, USA). The
effect of feed temperature (Tf) on the system performance was studied by setting feed temperatures
at 40, 50, 60, and 70 °C. The permeate of the 1°* MD module was collected in an acid collector filled
with 1 ml/L sulphuric acid solution. The acid collector is heated using a heat exchanger utilizing the
waste heat from the feed tank. The permeate of the 2" MD module was collected in a deionized (DI)
water tank. The electric cooler was used to cool the permeate tank. The acid collector temperature
was set at 40 °C, and the DI permeate water was set at 20 °C. In the single MD setup, the feed
temperature was set at 40, 50, 60, and 70 °C and the permeate acid collector temperature was set at

40 °C.

All flow rates were adjusted to 400 ml/min using a gear pump and measured by a rotameter. The inlet
temperatures to the module for both feed and permeates were recorded using a digital thermometer
(Vernier Go Temp USB Temperature Thermometer Probe). The permeate is weighed using an
electronic balance (ADAM PGL 8001) to evaluate the membrane flux. In addition, each bottle was
sampled in regular intervals to assess the ammonia concentration. The pH and conductivity of feed,
and 1t and 2" stage permeates were continuously monitored and recorded using pH meter (Tris-

Compatible Flat pH Sensor) and conductivity meter probes (HQ40d Portable Conductivity Meter).
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In the single MD configuration (Fig. 1B), hydrolyzed urine as the feed solution is circulated over a
commercial PVDF membrane at desired conditions, with the permeate solution (either as DI water or
sulphuric acid) collected on the opposite side of the membrane. In the Dual In-series MD setup (Fig.
1A), the hydrolyzed urine is first fed through the first MD module, while the permeate is made of an
acid solution. This acid solution then flows through as the feed solution for the second MD module

where dewatering happens with DI water as the permeate solution.

MD Module Flow Meter

1* MD Module Flow Meter ( B) Flnweter

(A) - O

Acid Collector

Circulation
Pump

Circulation
Pump

2" MD Module

Cooling Heating

3 W

Figure 1. Schematic of (A) a dual, in-series MD module and (B) single MD module for ammonia from
hydrolyzed human urine.

Permeate Tank
x
Feed Tank
Permeate Tank
Feed Tank

The effect of feed pH on the performance of the setups has been studied. For this purpose, the feed
pH has been controlled by adding 10 M NaOH solution or 11.3 M HCl solution in the pH range of 6 to
over 13, whereas the acid collector and permeate tank pH was initially 3 and 7, respectively. In the
last part, the effect of feed flow rate on the membranes was studied. In this step, the circulating feed
flow rate was adjusted from 100 to 400 mL/min, and the behaviour of the dual in-series MD module

was investigated. The operating condition of the process is shown in Table 1.



152 Table 1. Experimental parameters and conditions for both single and dual in-series MDD setups in the

153 present study.
154
Dual in-series MD Single MD
Feed temp Permeate 1 Permeate 2 Feed temp Permeate
(°C) temp (°C) temp (°C) (°C) temp (°C)
Effect of 40 40 20 40 40
temperature 50 40 20 50 40
60 40 20 60 40
70 40 20 70 40
Feed pH Permeate 1 Permeate 2 Feed pH Permeate pH
pH pH
Effect of pH 6 3 7 6 3
8 3 7 8 3
9.5 3 7 9.5 3
10.5 3 7 10.5 3
12 3 7 12 3
13.2 3 7 13.2 3
Feed flow Permeate 1 Permeate 1
rate (ml/min) flow rate flow rate
(ml/min) (ml/min)
Effect of flow 100 400 400
rate 200 400 400
300 400 400
400 400 400
155
156
157 2.3. Characterisation and measurements

158  Samples were regularly taken from the first permeate tank every 15-minute interval through a
159  sampling valve to measure the change in ammonia concentration. The concentration of ammonia was
160  measured using a spectrophotometer (Spectroquant NOVA 60; Merck KGaA, Darmstadt, Germany). In
161 this method, the samples were diluted using Milli-Q water (20-100 times), and then standardized parts
162  were added to prepare the solution. The additives change the colour of the solution. The prepared
163  sample is placed in the spectrophotometer to compare its colour and transparency with another
164  standard solution to evaluate the ammonia concentration. Human urine is subject to hydrolysis and
165  conversion of its complex compounds to smaller parts. In the hydrolysis process, urea, as the primary
166  nitrogen source, is converted to ammonium and other ions in the following reaction. Excreted urea in
167  urine is decomposed with time to ammonium via enzymatic hydrolysis process as follows [22, 26].

168 CO(NH,), + 3H,0 —» 2NH} + HCO3 + OH~ (1)
169  The produced ammonium (NHs*) is in equilibrium with dissolved ammonia:
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The progress of this reaction directly depends on the temperature and pH. The dissolved ammonia is

in equilibrium with gaseous ammonia:
NH;3(aq) < NHs(g) (3)

This equation demonstrates the equilibrium between ammonium ions and free ammonia gas, in which
the rate of ammonia gas (free ammonia) production directly depends on pH and temperature, as
shown in the following equation, where higher free ammonia gas is produced by increasing pH and

temperature [27].

10PH
FA = [TAN] X —g;m—— (4)

e273+T+10PH

In this equation, TAN is Total Ammonia Nitrogen measured by the spectroscopic method, and FA is

Free Ammonia gas.

In the MD process, water and ammonia could transfer through the membrane pores, whereas the
operational condition determines the passing competition. In this study, water and ammonia flux is
calculated to demonstrate the influence of operating conditions on the performance of the process.

The flux of membranes is calculated using the following equation:

_ Am
T AxAt

J

where J is membrane flux (L/m?h or LMH), Am is accumulated weight in the permeate (kg), A is
membrane surface area (m?), and At is time (h). The accumulated weight of water is measured using
a digital balance and is normalized to take into account the accumulated weight of absorbed ammonia,

which is measured after analyzing the permeate samples.

Ammonia flux is an important factor in the nutrient recovery process, as it shows nitrogen transport
between wastewater and permeate. Understanding ammonia flux is essential for optimizing the
efficiency of nutrient recovery systems and minimizing the environmental impact of waste streams
from domestic, agricultural, and industrial processes. The ammonia transmembrane flux is the rate of
ammonia transferred through the membrane pores during nutrient recovery via the MD process,
which shows the process efficiency. Ammonia flux (Ja, g/m2h) can be determined by dividing the
ammonia capture ratio (CR) over the membrane surface area (A). CR (g/h) is the slope of the linear

line fitted on the amount of ammonia captured in the acid collector versus time [27].

Ja= 5 (5)
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Moreover, the ammonia concentration profile in the acid collector was used to measure the Specific

Ammonia Transfer (SAT), which shows the competition of water and ammonia in the MD process:

Transferred Ammonia (g)

SAT = (6)

Transferred Water (g)

In this equation, transferred ammonia is the amount of ammoniacal nitrogen transferred through the
membrane pores, and transferred water is the weight of accumulated water in the permeate that
passes through the pores. The SAT value is a precise ratio to measure the competency of the process
for nutrient recovery. Higher SAT is favourable in the MD process, which shows selective

transportation of ammonia in the process.

The availability of sulphuric acid in the permeate is a crucial parameter determining the driving force
for capturing the ammonia and evaluating the ammonia transfer rate. The ammonia transfer in the

presence of sulphuric acid in the permeate causes the following reaction:
NH; + H,S0, & NH,HSO, [/ (NH,),S0, (7)

In pH<1, mostly NH,HSO, is produced, and with pH rise, the ratio of (NH,),S0, to NH,HSO,
increases. pH around 3 is the optimum point to produce a higher percentage of ammonium sulphate
(NH4),50, as suitable fertilizer [25].Therefore, the reaction of ammonia and sulphuric acid directly

depends on the permeate pH [23].

The mass transfer coefficient was utilized to objectively evaluate and compare the impact of different
operational conditions on the efficiency of ammonia removal. The overall mass transfer coefficient
(Kov) was determined by analyzing the time-dependent variation in ammonia concentration,

employing the following calculation.

Kov = 72In () (8)

In the equation, Co represents the initial total ammonia concentration, At signifies the time, V,

represents the total volume of ammonia solution, and A represents the area per volume, respectively.

Based on the pore size dimension, the movement of ammonia gas through the porous membrane
follows the Dusty gas model, which comprises Knudsen and viscous diffusions in a sequential network.
The passage of ammonia across the membrane can be described as a resistances-in-series model. The
comprehensive mass transfer coefficient, Koy, can be represented as the summation of mass transfer
coefficients on the aqueous feed side, membrane, and receiving solution side. Furthermore, ammonia
is assumed to be in thermodynamic equilibrium with its vapor at the liquid-membrane interfaces and

the reaction between ammonia and sulphuric acid is regarded as instantaneous. Consequently,



229
230
231
232

233

234

235

236
237
238
239
240
241
242
243
244

245
246
247
248
249
250
251

252
253
254
255
256
257
258
259

Henry's law can be applied at these interfaces, and laminar conditions are considered for the flat sheet
membrane module. Equation (8) was derived from mass balances of the permeate and the feed
solutions, assuming that the acid collector tank is sufficiently large to capture all the ammonia [28-

30].

3. Results and discussion

3.1. DCMD performance

Permeate pH is one of the influential parameters affecting the performance of the gas stripping
process [25]. The acid solution's effect on ammonia capture has been studied in this work. In the first
step, a single MD module was used to treat the hydrolyzed urine, and DI water or sulphuric acid
solution was used on the permeate side. The trend of pH change in the permeate is shown in Figure
2, and results show that the pH rises rapidly and reaches above 9 in the case of DI water as the
permeate. Consumption of hydrogen ions during ammonia harvesting increases the pH over time.
However, the rate of the pH increase around pH = 7 is higher, mostly due to the logarithmic effect of
hydrogen concentration on pH values. This result complies with the relationship between hydrogen

ions concentration and pH [31].

On the other hand, the rate of increase in pH for the acid collector is dramatically lower than DI water
in the first hours. The permeate pH in the acid collector reached from 3 to 4 during the first 2 hours,
while for the DI water, it rose from 6.5 to over 9. This signifies that the presence of hydrogen ions and
cations that absorb ammonia gas decreases the pH rise rate. In addition, the results show that the
conductivity of the DI water increases with time and reaches over 1500 uS/cm, which reveals the
ammonia transfer from the feed to the permeate. Opposite to normal MD system, wherein a

conductivity increase with time is a sign of wetting, in urine recovery, it is a sign of ammonia transfer.

In the acid collector system, the conductivity trend is different, and the acid solution showed high
conductivity. By transferring ammonia, the acid-ammonia reaction takes place, and NH,SO, is formed
which has lower conductivity than the reactants [25]. Therefore, with the progress of the process,
more ammonia was transferred, and the conductivity continuously dropped from 6200 uS/cm of initial
conductivity to around 1700 uS/cm. However, the trends depict that after a while, the conductivity
gradually rose with time and reached to around 2700 uS/cm. The turning of the trend is mainly
attributed to the dilution of the acid solution in which some transferred ammonia is absorbed by water

without any reaction in the permeate. Therefore, there is a competition between the reacted
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ammonia (which decreases the conductivity) and absorbed ammonia (which increases the

conductivity), and the first part is more dominant in the first hours of the process.

Several studies [20, 25, 30, 32] have investigated nutrient recovery using an acid collector system, and
the results consistently demonstrate that ammonia transfer to the permeate leads to an increase in
pH and a decrease in conductivity of the acid solution. The rate of change in pH and conductivity is
directly influenced by the rate of ammonia transfer and the reaction between ammonia and the acid
solution, with specific conditions observed for each type of acid. The composition of the acid solution
and its reaction after ammonia transfer play a crucial role in determining the quality of the produced
fertilizer. Notably, sulphuric acid, known for its strong acidity characteristics, exhibits a higher

ammonia capture capacity and yields a desirable final product for fertilizer production [20, 25, 30, 32].
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Figure 2. Changes in the pH (a), and conductivity (b) of the permeate with time for a single MD setup using either DI water
only or with sulphuric acid in the permeate (Feed temperature = 60 °C, Permeate temperature = 40 °C, feed pH = 12, acid
collector pH = 3 and DI water collector pH = 7, Feed and permeate flow rate = 400 mi/hr).

In the next step, the dual in-series MD module was used to study the effect of various parameters on
the performance of the designed module. The result of the pH change in the acid collector for both
setups is shown in Figure 3. The result shows that the pH in the dual in-series MD setup is constant
during the test, while the single MD setup showed an increase in pH after the first hour of testing and
quickly reached over pH 8 after 5 h of test. The ability of the MD process to remove volatile
compounds, dewater the permeate and preserve other parts leads to an increase in the concentration
of the sulphuric acid solution, thereby maintaining the pH and compensating a part of the pH increase
by ammonia transfer. The single setup MD dealt with pH increase, sourced from ammonia transfer
and ion consumption, while the in-series MD showed constant pH in early time and a slight pH

decrease with time. The captured ammonia (NHs) in the acid collector reacts with the hydrogen ions

10
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(H*) converting into stable ammonium due to low pH. Therefore, only water is transferred to the
permeate side in the second module and collected in the tank. The water transfer causes an increase
in the concentration of H* ions and helps to preserve the first permeate pH as well as increase the

concentration of the potentially produced fertilizer.

In addition, membrane fouling is one of the main issues in treating hydrolyzed urine. In the dual in-
series setup, the first membrane deals with hydrolyzed urine containing fouling agents, while the
second membrane does not involve fouling agent. Therefore, the net permeate flux that entered the
first collector decreased with time, while the output flux was almost constant. This negative net flux
causes an increase in the H* ion concentration in the acid collector and, consequently, drops the pH

or helps in maintaining almost constant pH values in the acid collector.
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Figure 3. Change in permeate pH (acid collector) with time for both single and dual in-series MD modules (Single MD: Feed
temperature = 60 °C, Permeate temperature = 40 °C, Acid collector initial pH = 3, feed pH = 12, feed and permeate flow rate

=400 ml/hr. Dual in-series MD: Feed temperature = 60 °C, Permeate temperature = 40 °C, feed pH = 12, acid collector initial
pH = 3, Feed and permeate flow rate = 400 mi/hr, DI water collector pH = 7, DI water collector temperature = 20 °C).

Figure 4 shows the net accumulated water flux of the membranes in a single and in-series MD setups
(for 1 MD module as shown in Fig. 1). The results show that the net water flux for both membranes
is approximately similar during the test, however, fouling caused a slight decrease in flux over time,

and dropped from about 5 LMH to 4.5 LMH

11
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Figure 4. Water flux for both single and dual in-series MD systems (flux of 1t MD Module as shown in Fig. 1) (Single MD:
Feed temperature = 60 °C, Permeate temperature = 40 °C, feed pH = 12, acid collector initial pH = 3, feed and permeate flow
rate = 400 mi/hr. Dual in-series MD: feed temperature = 60 °C, permeate temperature = 40 °C, DI water collector

temperature = 20 °C, feed pH = 12, acid collector initial pH = 3, DI water collector pH = 7, Feed and permeate flow rate = 400
ml/hr).

The change of captured ammonia with time in different pH was used to obtain the captured ratio (see
Figure 5a). The values of CR in different pH and relevant ammonia flux are measured to calculate the
ammonia flux. The results show that the ammonia capture ratio and ammonia flux increased with pH,
which complies with the free ammonia correlation (equation 4). A comparison of single and dual in-
series MD results shows that the dual in-series MD setup has a higher regression line slope, which
derives greater ammonia flux. Moreover, the results show that by increasing the pH over 9.5, the
capture ratio significantly increased and reached about 150 mg/h at pH = 10.5 and 480 mg/h at pH>13.
The present results demonstrated that the CR of the dual in-series MD setup is over twice the single

one used in other studies (40-90 mg/h) [33].

The rise in capture ratio as pH increases, leading to greater ammonia flux, is ascribed to the conversion
of more ammonium to ammonia gases. Equation 2 reveals that as pH rises, the concentration of OH"
also increases, which facilitates the consumption of NH," and the production of more NHs. The higher
levels of accessible ammonia on the membrane surface enhance the potential for ammonia transfer
and consequently improve the ammonia flux of the membrane. Nevertheless, the elevation of pH
results in greater consumption of alkali, and the addition of alkali is anticipated to be the primary cost

factor for ammonia recovery [24]. Therefore, there is a need to strike a balance between achieving

12
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high ammonia flux and minimizing the cost of alkali consumption for ammonia recovery. This can be
achieved through optimization of operating conditions such as pH and concentration of ammonia in

the feed solution.

The ammonia flux also increased from 2.34 g/m?h (pH = 6) to over 29 g/m?h (pH = 10) and 112 g/mh
(pH>13) (see Figure 5b). Similar ammonia flux range was achieved in a study by McCartney, however,
their initial pH was lower than in our present study [34]. The results show that the ammonia capture
in a dual in-series MD setup is about 50% higher than that in a single MD setup. This difference can be
attributed as a result of the constant H* ion concentrations maintained in the acid-collector due to the
nature of the in-series MD setup, where, the excess water is continuously removed from the acid
collector, and the concentration of ions in the acid collector is constantly maintained high. A higher
concentration of available ions increases the reaction rate of transferred ammonia with ions and
enhances the ammonia capture rate. Moreover, the ammonia flux could be kept constant during the
process and prevent the drop of ammonia flux with time [27, 35]. When comparing the ammonia flux
in this study to those of previous studies, it was found that the ammonia flux is strongly influenced by
various factors, including the initial concentration of ammonia in the feed, membrane thickness and
pore sizes, and the characteristics of the permeate [29, 35]. What sets this study apart from others is
that it modifies the process by utilizing a series of MD modules, thus increasing the acid collector's
potential to harvest a higher percentage of ammonia. As a result of this modification, there was an
improvement in the ammonia flux observed.
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Figure 5. Linear regression of ammonia in the permeate vs time for measurement of ammonia capture ratio for the (a) dual
in-series-designed MD setup and (b) ammonia flux for both single and in-series MD setups (Single MD: Feed temperature =
60 °C, Permeate temperature = 40 °C, acid collector initial pH = 3, feed and permeate flow rate = 400 mi/hr. Dual in-series
MD: feed temperature = 60 °C, permeate temperature = 40 °C, DI water collector temperature = 20 °C, acid collector initial
pH = 3, DI water collector pH = 7, Feed and permeate flow rate = 400 mi/hr).
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3.2. Effect of feed temperature

The effect of feed temperature on the system's performance has been studied, and the results are
shown in Figure 6. The trend indicates that the dual in-series MD obtained higher ammonia
concentration and kept its difference over time. Additionally, with an increase in feed temperature, a
higher value of ammonia concentration is achieved in a shorter period of time. In other words, higher
feed temperatures result in a higher ammonia transfer rate. The increase in the feed temperature
obtained higher water and ammonia flux in all setups, which are attributed to the increased driving
force of the process. In this study, the permeate temperature was kept constant, while only the feed
temperature was varied. Temperature serves as the primary driving force in MD systems, and to
ensure a reliable interpretation of the impact of feed temperature on system performance, it is crucial
to maintain a constant permeate temperature while varying only the feed temperature. Higher feed
temperature and constant permeate temperature (T,) caused the enhancement in driving force and a
greater amount of transfer for both water and ammonia. Other research studies have also investigated
the impact of temperature on water flux and ammonia capture, and their findings have consistently
shown that capturing ammonia can triple when the temperature rises from 50°C to 75°C [35].
Furthermore, the equilibrium of urea conversion to ammonium ions directly depends on the
temperature, in which higher ammonia concentration is available in the feed solution at elevated
temperature. A comparison of the single and dual in-series MD setups shows that the water flux and
ammonia concentration ratio rise are almost identical, while the direction of SAT is different in
elevated temperatures. Although ammonia transfer is higher in elevated temperatures, the water flux
is more affected by temperature and causes greater rate of water transfer than ammonia transfer.
Therefore, the ratio of transferred ammonia to water dropped with temperature [11, 36]. Other
scientific studies have corroborated the decrease in saturation (SAT) value with increasing
temperature. For example, Yu et al's research findings revealed that the SAT value dropped to more
than one fourth of its initial value when the temperature was raised from 40°C to 70°C [37].
Furthermore, other research studies have also calculated saturation (SAT) values for a basic DCMD
setup, which fell within the range of the SAT values obtained in the current study for a single MD
setup. However, notably, the SAT value for the dual in-series setup in the current study was found to
be significantly higher at 0.05, compared to the values reported in other studies for basic DCMD which
was 0.02 [36]. Moreover, the dual in-series MD setup showed a higher drop in SAT with temperature
compared to the single setup. This trend is attributed to the decline of ion concentration in the acid

collector due to a higher water input and the decrease in the SAT value.

At higher feed temperatures, the feed ammonia concentration decreased more rapidly. This positive

effect of increasing feed temperatures on Ko, is demonstrated in Figure 7c. As the temperature
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increases, the rate of ammonia dissociation in urine generally increases. This leads to a higher
concentration of ammonium ions in the urine solution. The increase in dissociated ions affects the
chemical equilibrium between ammonia and ammonium ions. The mass transfer coefficient, on the
other hand, is a measure of how efficiently ammonia molecules are transported across a membrane
or interface. It is influenced by various factors, including temperature. Generally, an increase in
temperature can increase the concentration of ammonia on the feed side, which enhances the driving
force forammonia transfer across the membrane. On the other hand, temperature enhances the mass
transfer coefficient due to the increased kinetic energy of the molecules, resulting in more rapid

diffusion or movement of ammonia through the urine solution or across a membrane [8, 38].

Comparing single and dual in-series systems shows that dual in-series systems kept its distance from
the single module in all temperatures. The increased NH; diffusion in both the bulk solution and
membrane pores, attributed to the higher feed temperature, resulted in a higher mass transfer
coefficient. Additionally, the feed solution contained more volatile ammonia due to the endothermic
nature of ammonium ion dissociation. As a result, the higher mass transfer coefficient facilitated faster
ammonia removal from the feed solution, leading to improved separation efficiency in the membrane
process. On the other hand, in dual in-series systems, the acid collector with constant pH preserved
its capacity for capturing more ammonia and derived higher mass transfer. Specifically, Koy increased
from 1.79 to 8.24 x 10 m/s as the feed temperature rose from 40 to 70 °C [39-41]. The mass transfer
coefficient for a single MD module obtained in this study is within the range of values reported in
previous studies [28-30]. However, the coefficient is greatly influenced by the membrane's
characteristics, as well as the specifications of the feed and permeate. The notable aspect of this study
is that it enhances the coefficient by modifying the acid collector's characteristics and extending the
duration of ammonia capturing in the permeate. This results in a higher value of the mass transfer

coefficient.
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Figure 6. (a) Accumulated water and ammonia measurements in the acid collector for both single and in-series MD setups
and, (b) the variation of SAT for both single and in-series setups in different feed temperatures (Ty), (c) the mass transfer
coefficient change in different temperatures (Single MD. Permeate temperature = 40 °C, feed pH = 12, acid collector initial
pH = 3, feed and permeate flow rate = 400 mi/hr. Dual in-series MID: permeate temperature = 40 °C, DI water collector
temperature = 20 °C, feed pH = 12, acid collector initial pH = 3, DI water collector pH = 7, Feed and permeate flow rate = 400
mi/h).

3.3. Effect of pH

The conversion rate of ammonium to ammonia in hydrolyzed urine directly depends on the
temperature and pH [27]. Therefore, the change in pH causes a difference in the availability of free
ammonium for transferring to the permeate side [42]. Figure 7 shows the ammonium concentration
in the acid collector in both single and dual in-series MD setups. The results demonstrated that pH
greatly influences the rate of ammonia capturing. In pH equivalent to acidic or neutral conditions, the
ammonium concentration in the acid collector is negligible, and the system's efficiency is very low. By

increasing the pH, the ammonium concentration rose dramatically in the feed, which is attributed to
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the conversion of equilibrium reaction towards forming more ammonium ions. Consequently, more
ammonia is produced and increased the driving force of ammonia from the feed side to the acid
collector and more ammonia is transferred via the membrane pores. This behaviour caused the
increase in mass transfer coefficient, as shown in Figure 7b [18, 36, 42]. These results indicate that
running the process at a little higher pH than the natural pH of hydrolyzed urine enhances the
performance of the process. However, it is worth mentioning that the change of pH to values greater
than 11 needs a higher volume of caustic soda, thus can make additional waste, which is not favorable.
Therefore, an optimum pH value could be reached to create a balance between the amount of added

basic source and captured ammonium.

From Fig 7a, it shows that approximately no ammonium was captured in pH around 6 in both single
and dual in-series MD setups [20]. However, the ammonium concentration in pH = 9.5 rose to over
200 mg/l in the dual in-series MD setup, which is twice higher than the single one. Then after just one
grade increase in pH (pH =10.5), the ammonia captured soared to over two times for both single and
dual in-series MD setups. These results demonstrate that although an increase in pH causes an
increment in the ammonia capture and can reach up to 700 mg/L at pH = 13.2, the high volume of
basic source added to the feed decreases its efficiency [30]. In other investigations, it has been
observed that there is an increase in ammonia capture with higher pH levels. Yu et al. conducted a
study where they found that an increase in pH significantly influenced the transfer of ammonia,
primarily due to the rise in free ammonia concentration on the feed side of the membrane under a

constant driving force condition [36].

Fig 7b illustrates the relationship between Ko, and feed pH values for both single and dual in-series
systems. The results show that the dual in-series module has a higher mass transfer coefficient,
specially in higher pH, mainly due to higher ammonia capture by time in the dual in-series system. The
continuous dewatering of the first module provides the proper conditions for transferring of ammonia
to the acid collector. It can be observed that Koy increased significantly from 0.03 to 7.24 x 10 m/s as
the pH value increased from 6 to 12 for the dual in-series set-sup. However, when the pH value further
increased to 13.2, the ammonia transfer coefficient rate drop. This suggests that there may be an

upper and lower limit to the effect of pH on the ammonia transfer coefficient [39-41].
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Figure 7. a) Ammonia concentration in the acid collector at various pH values for both single and Dual In-series MD
configuration, b) the change in mass transfer coefficient with the pH (Single MD: Feed temperature = 60 °C, Permeate
temperature = 40 °C, acid collector initial pH = 3, feed and permeate flow rate = 400 mi/hr. Dual in-series MD: feed
temperature = 60 °C, permeate temperature = 40 °C, DI water collector temperature = 20 °C, acid collector initial pH = 3, DI

water collector pH = 7, Feed and permeate flow rate = 400 mi/hr).

The advancement of membrane technologies and the advantages of the MD process has drawn

attention to its potential use in utilizing human urine resources. Table 2 provides an overview of some

studies that have utilized the MD process and compares their outcomes. Our results indicate good

ammonia flux and robust ammonia recovery in comparison with others through our dual in-series

design. Although the MD process has demonstrated significant success in separating and recovering

nutrients from source-separated human urine, further research is necessary to fully comprehend the

benefits and drawbacks of this system. Nonetheless, applying the MD process to recover nutrients

from source-separated human urine directly presents an appealing solution to mitigate the

environmental impact of nutrient waste and meet the demand for fertilizers.

Table 2. Application of the membrane distillation process in nutrient recovery and comparison of their performance with the

Aarhus

membrane distillation

present study.
Type of Feed Module Performance Ref.
Simulated urine feed solution
composed of 250 mM .
01 2

ammonium hydroxide and 250 | Isothermal membrane distillation Ammonia Flux: 14 mol/mh [34]

) A SAT: -3 (mol H20/mol NHs)
mM ammonium bicarbonate
in DI water
Anaerobic digestion effluent Removal efficiency over 98% in 12 h
from a large-scale biogas plant | Isothermal membrane distillation Ammonia flux 8 g/m?h [29]
using pig manure Mass transfer coefficient: 7x107

- : 0. 1e- —
So.urce separated human Membrane Distillation SAT: 0.01 g-N/g-H.0 (36]
urine
. . 0,

Digester centrate from Aaby. Vacuum and direct contact Recovery factor: 80% ,
wastewater treatment plant in Ammonia flux: 18 g/m2.h [43]

18




475

476

477

478

479
480
481
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484
485
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492

SAT: 0.001 g-N/g-H20
Fresh urine, acidic urine, and s Removal factor: 90%
hydrolysed urine Membrane disillation Higher ammonia recovery for the hydrolyzed urine [20]

Higher fouling of the hydrolzsed urine

Mass transfer coefficient: 8x10-°

Direct contact membrane Ammonia flux: 10 g/m2.h

distillation Ammonia removal efficiency of DCMD, HMC and
MDCMD was 52%, 88% and 99.5%, respectively

Synthetic urine [30]

Direct contact membrane Mass transfer coefficient: 1.0x106
Aerobic effluent ammonia removal efficiency over 99.95% [41]

distillation High fouling of the membrane

Direct contact membrane 31% ammonia rejection
Hydrolyzed urine distillation Urine concentration about 18 times [18]

97% rejection of P and K
Source-separated human Direct contact membrane Removal rate 81.8% (44]
urine distillation Doing hybrid system of nitrificatino and distillation
Source-separated human Direct contact membrane SAT= 0'1.7 (Max) Present
. o Ammonia flux= 180 g/m?h

urine distillation study

Mass transfer coefficient = 11x10®

3.4. Effect of flow rate

The variation of the ammonia in the acid collector at different feed flow rates is shown in Fig. 8. It can
be seen that arise in flow rate increased the ammonia capture. The ammonia concentration increased
from 360 mg/L to 490 mg/L when the feed flow rate rose from 100 mL/hr to 400 mL/h. Since dissolved
agents require a specific time for transferring from the bulk fluid to the membrane boundary layer,
changes in feed velocity affect the amount of the transferred water and ammonia. On the other hand,
rises in flow rate enhance the turbulence of the fluid and decrease the mass transfer boundary layer
and improve the mass transfer coefficient [30]. Higher mass transfer coefficient yields enhancement
in transferring ammonia, which is in gaseous form in the feed flow, and, as shown in Figure 8, derives
higher ammonia transfer. Meanwhile, a higher flow rate also decreases the heat transfer boundary
layer and affects the driving force for water vapour transfer. However, the results show that ammonia
transferring is more affected by flow rate, and a higher flow rate is more desirable. The effect of
flowrate on the performance of the MD process was also studied by Xie et al. and results showed the
same trend for the ammonia flux and permeate flux which rose about 100% by doubling the flowrate

[35].
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Figure 8. Variation of the ammonia concentration in the acid collector at different feed flow rate in a dual, in-series MD
module (Dual in-series MD: feed temperature = 60 °C, permeate temperature = 40 °C, DI water collector temperature = 20
°C, feed pH = 12, acid collector initial pH = 3, DI water collector pH = 7).

4. Conclusion

The harvesting of ammonia from hydrolyzed human urine in an acid collector via a dual, in-series MD
process was proven to be technically feasible for nutrient recovery and potential fertilizer production.
Controlling the acid collector pH has been observed to be an important parameter to retain the
efficiency of the process. In the designed dual in-series MD module setup, the dewatering of the acid
collector can provide two simultaneous benefits: it increases the concentration of H* ions and,
consequently, the permeate pH, and it also increases the concentration of produced fertilizer. The
results revealed that the dual in-series-designed MD modules produced higher transfer rate and
ammonia capture compared to single MD set up. While the water flux was comparable between the
single and dual in-series setups, the ammonia flux in the in-series MD reached over 180 g/m?h, which
was approximately 80% higher than the single setup. Moreover, higher specific ammonia transfer
(SAT) values were achieved at normal pH of hydrolyzed urine in the dual in-series setup. The results
also demonstrated that at low feed temperatures, the SAT value of the dual in-series setup was
significantly higher than the single setup (0.17 for dual and 0.1 for single), and these values tended to
converge as the temperature increased (0.025 for dual and 0.02 for single). However, both flux and
accumulated ammonia values showed a significant increase with temperature increment. The
utilization of a dual in-series MD setup proved to be effective in maintaining a constant acid collector
pH during the test, in contrast to the single MD setup where pH continuously rose to over 9, resulting
in decreased process efficiency. Furthermore, increasing the feed flow rate from 100 mL/min to 400

mL/min resulted in an increase in ammonia capture from 360 mg/L to 490 mg/L. These findings
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highlight that modifying the regular setup and designing MD modules specifically to enhance process
efficiency is a promising approach for increasing nutrient recovery from urine. Overall, the findings
suggest that the dual MD in-series module process has the potential to improve nutrient recovery
from human urine, and further research could focus on optimizing the operational conditions for

enhanced performance.
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