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ABSTRACT

The high concentration of ammonia in source-separated urine offers propitious opportunities for
N recovery. Membrane distillation (MD) can recover volatile ammonia from hydrolyzed urine, but
conventional operation suffers from the simultaneous permeation of water vapor that results in
poor selectivity for ammonia transport and high energy demand. Here, we present a novel
operation of MD — isothermal membrane distillation with acidic collector (IMD-AC) — to
overcome the limitations of conventional MD. The innovative isothermal operation, i.e., same feed
and collector temperatures, effectively suppressed water vapor permeation while maintaining
ammonia vapor flux and, thus, significantly improved selectivity for ammonia transport. The
acidic collector further enhanced ammonia vapor flux by an average of 46.5% compared to using
a deionized water collector. Against a total ammoniacal nitrogen concentration gradient, i.e., uphill
transport, ammonia recovery of ~60% was attained, highlighting the prospect of the technology
for high-yield recovery. Critically, IMD-AC achieved approximately 95% savings in vaporization
energy consumption relative to conventional MD by practically eliminating the evaporation of
water. The resultant energy requirement of =2.2 kWh/kg-N is less than the Haber-Bosch process
for N fixation and N removal by nitrification-denitrification (8.9-19.3 and 2.3-6.5 kWh/kg-N,
respectively). This study shows the promising potential of IMD-AC for the selective and energy-

efficient recovery of ammonia from source-separated urine.

Keywords: resource recovery, circular economy, waste utilization, low-grade heat, hydrophobic

microporous membrane, wastewater infrastructure

INTRODUCTION

Management of nitrogen, an essential nutrient for life, has been recognized by the National
Academy of Engineers as one of the Grand Challenges.! The current practices of N production,
consumption, and disposal are unsustainable.” Anthropogenic N emissions to the aquatic
ecosystem cause eutrophication, harmful algal blooms (HABs), and hypoxic dead zones in surface
waters and marine coastal areas.>” In addition to the ecological and environmental devastation,
cyanobacteria and algal toxins from HABs pose public health threats.®” Reducing N discharge

from point sources, such as wastewater treatment plant (WWTP) effluent, has been identified as a
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vital nutrient contaminant management strategy.® However, most WWTPs are not equipped with
tertiary treatment, i.e., dedicated stage for nutrient removal. Even when advanced treatment is
present to lower N concentrations, considerable energy and chemical costs are required.’

Conventional N removal by nitrification-denitrification at WWTPs demands 2.3-6.5 kWh/kg-N.!?-
13

Global food security is dependent on ammonia, the bioavailable form of N and a principal
component of fertilizer. At the same time N is emitted to the environment, nitrogen is fixed from
the atmosphere through the energy-intensive Haber-Bosch process, requiring 8.9-19.3 kWh/kg-N,
and accounts for ~1-2% of the world’s energy use.!*!® In other words, ammonia is produced at
huge energy cost and further expenditures are incurred downstream, for the removal of excess
nutrients from our wastewater to prevent environmental and public health problems. The
biogeochemical flow of nitrogen is, hence, flagged as exceeding the safe operating space for
humanity, posing high risks under the planetary boundaries framework.? The current linear
economy approach is clearly untenable and a new paradigm for sustainable nitrogen management

is urgently needed.!”""”

Instead, nitrogen in anthropogenic wastewaters can be recovered to promote a more
sensible circular economy model. Nitrogen recovery efforts at WWTPs are presently constrained
by pollution risks, low yields, and/or high costs. Land applications of biosolids, i.e., treated sewage
sludge, is the prevailing practice;?*2! however, the method risks contamination from toxic heavy
metals, pharmaceuticals, personal care products, and pathogens.?’?® Approaches that separate N
from WWTP wastewater for reuse were explored,?’*? but progress is thwarted by low recovery
yields and high energy and chemical expenses of these techniques.® For instance, ammonia
recovery from wastewater by precipitation of phosphate-based minerals is typically limited to only
~5-15% yield,*®3! and energy demand of N recovery methods range from approximately 5 to 18
kWh per kg of N.10:30:3435 Ap underlying reason for the difficulties in implementing practical N
harvesting at WWTPs is the inherently low nutrient concentration of the flows.

A more forward-looking approach that is better aligned with the principles of Green

Engineering is to recover N from source-separated urine, >3’

which contains ~80% of the nitrogen
from human excretions.***? Because urine isolated at-source is not diluted by flush water and grey

water, the N concentration is two orders of magnitude greater than municipal wastewater, a
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significantly more favorable condition for separation and capture.>’**#14344 Various approaches
to extract ammonia from urine have been explored, including vacuum distillation, stripping-
adsorption, mineral precipitation, ion-exchange, and electrochemical methods.*-3! However, most
efforts thus far have generally fallen short of cost-competitiveness with the Haber-Bosch process
because the approaches were prohibitively capital-intensive and/or demanded high operating
energy and chemical cost.!0-39:46:52.53

Membrane distillation (MD), an emergent technology that utilizes low-temperature heat to
drive the permeation of volatile compounds across a hydrophobic microporous membrane,**>¢ can
take advantage of the intrinsic high volatility of ammonia.’’*® Most MD studies focused on
desalination, i.e., separation of water from saline feed streams,>*% but potential of the technique
for ammonia separation and recovery were recently investigated.’’-%¢!%0 However, harvesting
ammonia from source-separated urine using MD is hampered by the undiscerning transport of all
volatile components, including water. The unavoidable permeation of H2O along with NH3 is
undesirable because of the additional energy demand to evaporate water and dilution of the product

stream. 162

In this study, we demonstrate a novel operation of direct contact membrane distillation,
termed isothermal membrane distillation with acidic collector (IMD-AC) to overcome the
limitations of conventional MD in the separation and recovery of ammonia from simulated urine.
The working principles of IMD-AC are first presented and the features differentiating the
technique from conventional MD are highlighted. Vapor fluxes of ammonia and water in
conventional and isothermal MD are compared, and the selectivity for NH3 permeation over H20
is analyzed. The influence of an acidic solution as the collector stream on NHs(g) transport is
examined. Next, the study evaluated the effects of temperature on IMD-AC performance. Heat
energy consumed to vaporize water and ammonia is then quantified to assess the energy savings
of IMD-AC over conventional MD. The implications of IMD-AC for ammonia recovery from
source-separated urine are discussed, and the potential utilization for other environmental

applications are identified.
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ISOTHERMAL MEMBRANE DISTILLATION WITH ACIDIC COLLECTOR

Limitations of Conventional Membrane Distillation for Ammonia Recovery.
Membrane distillation (MD) is a separation process where volatile compounds are driven across a
hydrophobic microporous membrane while nonvolatile components are retained in the feed stream.

Working principles of MD are detailed in literature,>*>

and are briefly explained here with specific
focus on ammonia recovery. In the conventional operation of direct contact MD, the feed stream
is at a higher temperature than the permeate, or sweep/collector, stream, i.e., 7r > Tc (subscripts F
and C denote feed and collector streams, respectively). Because partial vapor pressure of volatile
component i, P;, is exponentially dependent on the solution temperature, as described by the
Clausius-Clapeyron relation,®! the temperature difference sets up a vapor pressure gradient
between the feed and collector sides at the solution-membrane interfaces. The transmembrane
vapor pressure difference, Pr,—Pc,; (subscripts F and C denote feed and collector sides,
respectively), is the driving force for the compound to volatilize from the feed solution, permeate
across the membrane, and eventually condense in the collector stream. Vapor flux of component

i, Ji, is described by eq 1:%°

‘]i:Li( F,i_PC,i) (1)

where membrane vapor permeability coefficient, L;, characterizes the transport of compound i per
unit driving force and is dependent on the vapor molecule, membrane structural properties and
membrane chemistry, feed and collector compositions, as well as operating conditions, such as

temperature.>4>°

Although MD is primarily employed for water recovery from saline feed streams, i.e.,

543582 the technique can also be used to separate volatile compounds, including

desalination,
ammonia, from aqueous solutions.’’>*7>8 However, using conventional membrane distillation
(CMD) for ammonia separation also unavoidably also vaporizes water, resulting in simultaneous
permeation of water vapor together with NH3(g) flux (Figure 1A). The indiscriminate transport of
water limits the effectiveness of conventional MD in applications where selective permeation of
one volatile component is desired. For NH3 recovery from urine, the incidental water vapor flux,

Jw, unfavorably dilutes the ammonia concentration of the product (i.e., collector stream effluent).?*

More importantly, because evaporating water is very energy intensive (enthalpy of vaporization
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~630 kWh/m?), the concomitant Jw would detrimentally raise the thermal energy input required
for the overall process. Note that column distillation is similarly encumbered by the disadvantage

of inevitable water evaporation.

Feed Membrane Collector Feed M.Bmh rane Acidic

Solution Solution Solution Collector
Solution

Figure 1. Temperature and vapor pressure profiles for A) conventional and B) isothermal MD with
acidic collector. The temperature difference between the solution-membrane interfaces in CMD
establishes a water vapor pressure gradient from feed to collector side, thus driving water vapor flux,
Jw (blue arrow). Whereas the driving force for Jw is effectively zero in IMD, because the identical
solution temperatures set up a constant water vapor pressure across the membrane. As NH3) vapor
pressure is linearly proportional to ammonia concentration in the aqueous solution (Henry’s law), both
CMD and IMD exhibit a gradient for ammonia vapor pressure from feed to collector side, thus driving
NHj3() permeation, Ja (green arrows). Permeated NHj3 that solubilizes in the acidic collector solution

associates with H" to form nonvolatile NH4".

Working Principles of Isothermal Membrane Distillation with Acidic Collector.
To overcome the limitations of conventional MD for separating volatile compounds from aqueous
solutions, specifically the recovery of ammonia from hydrolyzed urine, we introduce isothermal
membrane distillation (IMD), where the feed and collector streams are at the same temperature,
i.e., Tr = Tc. Note that the main form of nitrogen in fresh, i.e., unhydrolyzed urine, is urea,
CO(NH2)2, which has a very low Henry’s Law constant; urea undergoes hydrolysis by urease
enzymes naturally present in urine to form bicarbonate and volatile ammonia, eventually yielding

hydrolyzed urine,*! i.e., MD is not applicable to fresh urine for N recovery. The equivalent
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temperature on both sides effectively eliminates the partial H2O vapor pressure gradient, thus
ceasing the driving force for water vapor transport. Partial vapor pressure is linearly proportional
to concentration of the volatile component in aqueous solution, ci, as governed by Henry’s and
Raoult’s laws (determination of vapor pressure of solutions of different composition and
temperature is detailed in the Supporting Information).®* Therefore for ammonia (and other volatile
compounds), a driving force for permeation from feed to collector subsists for cr.a > cc.a (subscript
A indicates ammonia, NH3), even when temperature profile across the membrane is flat, i.e., unlike
conventional MD operation (Figure 1B). Critically, by curbing Jw, IMD avoids the heat energy

input required to evaporate water that is unpreventable in conventional MD.

In the isothermal operation of MD, ammonia vapor permeates from feed to collector side
when there is an NH3(gq) concentration gradient between the aqueous solutions, i.e., cr.a—cca > 0.
But as more ammonia is separated from the feed stream and captured in the collector stream, cr.a
decreases while cca increases, thus gradually diminishing the driving force for ammonia vapor
flux, Ja (eq 1). Eventually ammonia recovery ceases as NH3aq) concentration of the collector
approaches the feed solution. To address this constraint, a second feature of acidic collector (AC)
is incorporated to promote the speciation of volatile ammonia, NHs, in the collector stream to ionic
ammonium, NH4", which is nonvolatile.’”>%61-7* A weak acid in the collector solution maintains a
low pH that is below the pKa of ammonia (between 9.4 and 8.3 for solution temperatures of 20-
60 °C),% effectively converting all NH3 that has permeated over to the collector to NH4" (Figure
S1 of Supporting Information). Therefore, NH3@q concentration of the collector stream is
practically negligible, i.e., cca = 0, even though the total ammoniacal nitrogen, NH3+NH4",
concentration increases. Therefore, a positive driving force for Ja is always sustained, i.e.,
Pra—Pca > 0. Overall, the isothermal and acidic collector features of IMD-AC can, respectively,
suppress the undesirable permeation of water vapor, thus reducing the heat energy required to
vaporize water, and eliminate the partial vapor pressure of ammonia in the collector solution, to

maximize the driving force for NH3 flux and enable high recovery yields.

EXPERIMENTAL SECTION

Materials and Chemicals. Commercial microporous hydrophobic polyvinylidene fluoride

(PVDF) membrane of 0.22 pum pore-size, GVHP14250, was acquired from MilliporeSigma
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(Burlington, MA) and utilized for all membrane distillation experiments. The simulated urine feed
solution comprised 250 mM ammonium hydroxide and 250 mM ammonium bicarbonate in
deionized (DI) water from a Milli-Q ultrapure water purification system (MilliporeSigma), to
mimic the total ammoniacal concentration and pH of hydrolyzed urine.*’-**4!4 DI water was used
for the collector stream in non-acidic MD experiments. To prepare the acidic collector solution,
acetic acid was diluted in DI water. All chemicals utilized in the experiments are analytical grade

and were purchased from ThermoFisher Scientific (Waltham, MA).

Ammonia Separation and Recovery Experiments. Ammonia and water vapor
fluxes were evaluated in four different operating modes: conventional membrane distillation with
DI water collector (CMD-DI), conventional MD with acidic collector (CMD-AC), isothermal MD
with DI water collector (IMD-DI), and isothermal MD with acidic collector (IMD-AC). Le., the
parameters assessed are collector stream composition (DI water or acid) and conventional versus
isothermal operation. Simulated hydrolyzed urine was consistently utilized as the feed solution.
For CMD-AC and IMD-AC operations, 100 mM acetic acid was employed as the collector solution.
In the conventional MD experiments, a 20 °C temperature differential was applied, with the feed
and collector streams maintained at 40 and 20 °C, respectively. In the comparison analysis, the
feed and collector streams of isothermal MD were operated at the same temperature of 40 °C (i.e.,
same temperature as feed solution of CMD). To investigate the effect of temperature on
performance, IMD-AC was additionally operated with 7¢ = Tc at 20, 30, 50, and 60 °C. Volume

of the feed and collector solutions are approximately 2.0 L each.

All experiments were conducted in a bench-scale MD unit (Figure S2 of Supporting
Information). The feed and collector streams were circulated countercurrently at crossflow
velocities of 22.2 cm/s and 20.0 cm/s, respectively, across the active membrane area of 19.0 cm?
in a custom-built membrane cell. 7r and 7c were regulated with heated and refrigerated circulators
(PolyScience, Warrington, PA), respectively, through heat exchangers. Temperatures at the inlet
and outlet of the membrane cell on the feed and collector sides were monitored using
thermocouples (Omega Engineering, Norwalk, CT) and the solution within the cell is maintained

within £1.5 °C of the target temperature throughout all experimental runs.

Ammonia vapor flux was determined from the rate of change of total ammoniacal nitrogen

(TAN = NH3+NH4") in the collector stream. Four 1 mL samples were taken every 15 min, and
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TAN concentrations were measured following the Indophenol blue method.?” Ammonia salicylate
and ammonia cyanurate reagent powder were added in excess to DI water-diluted samples and
analyzed using a calibrated colorimeter (ThermoFisher Scientific). The change in moles of
ammonia over time normalized by the membrane area yields Ja. Additionally, pH of the collector
stream was measured during sampling with a pH Meter (Orion Star, ThermoFisher Scientific).
Water flux was calculated as the average rate of change in the feed and collector solution weights
normalized by membrane area, accounting for the transferred ammonia and evaporative loss from
bulk solution tanks. The change in weight of the feed and collector bulk solution tanks were
automatically logged every 10 seconds using digital microbalances (AX5202, Ohaus, Parsippany,
NJ).

To demonstrate the potential of IMD-AC for high-recovery of ammonia, an isothermal MD
experiment was conducted at 40 °C with the feed and collector solutions at the same initial
ammoniacal nitrogen concentration. The feed solution was simulated urine (i.e., 500 mM TAN),
while the collector solution composition was 750 mM acetic acid and 500 mM ammonium chloride
(a higher acetic acid concentration than the earlier described experiments was employed to ensure
collector stream pH was maintained sufficiently lower than the pKa of ammonia throughout the
experiment duration). The experimental run was conducted for 6 h, with ammonia concentrations

in the collector stream measured every 1.5 h.

RESULTS AND DISCUSSION

Higher Ammonia Selectivity is Achieved using Isothermal MD. Figure 2 shows
ammonia and water vapor fluxes (green patterned columns, left vertical axis and blue solid
columns, right vertical axis respectively) under CMD and IMD operation with DI water and acidic
collector. For the same collector solution of DI water, Ja was practically consistent between
conventional and isothermal MD (9.25 molm ?h™! for CMD-DI and 9.47 molm 2h™! for IMD-DI).
At 40 °C, pH of'the simulated urine feed solution is 8.8 whereas pKa = 8.8 and, thus, volatile NH3(aq)
and NH4" are of approximately equal concentrations (=250 mM). Isothermal operation of direct
contact MD did not affect NH3(g) transport as the driving force for ammonia vapor permeation,
Pra—Pca, 1s essentially equal for IMD and CMD (excluding temperature polarization effects,

which will be discussed later) because the feed composition and temperature were held constant
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and ammonia concentration in the collector is negligible throughout the relatively short experiment
duration. A comparison between CMD-AC and IMD-AC also presented minimal difference in Ja
(13.5 and 13.9 molm *h ™!, respectively), further validating that ammonia vapor flux is not affected
by warming the collector stream to 7F for isothermal MD operation. Effect of acidic collector on

ammonia vapor fluxes is discussed in the next section.
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Figure 2. Ammonia and water vapor fluxes for four different MD operations: CMD-DI with 40 °C feed
and 20 °C DI water collector, CMD-AC with 40 °C feed and 20 °C acidic collector, IMD-DI with 40 °C
feed and 40 °C DI water collector, and IMD-AC with 40 °C feed and 40 °C acidic collector. The feed
stream for all scenarios is simulated solution of hydrolyzed urine (250 mM NH4;OH and 250 mM
NH4HCO3), whereas acidic collector is 100 mM acetic acid. The green patterned columns correspond
to ammonia vapor fluxes (left vertical axis) and the blue solid columns denote water vapor fluxes (right
vertical axis). Error bars indicate standard deviations of duplicate experiments with different membrane

coupons.

In contrast to ammonia vapor permeation, water vapor fluxes were drastically different
between IMD and CMD operation. Under CMD operation, water flux in the direction of feed to
collector was significant, measuring 8.9 and 7.5 kgm 2h™! with DI water and acidic collector,
respectively. The imposed 40-20 °C temperature differential in CMD set up a water vapor pressure
gradient across the microporous membrane, which drove water vapor permeation from the feed to
the collector side. On the other hand, Jw in IMD is markedly suppressed by over an order of
magnitude to 0.13 and 0.80 kgm *h™! for DI water and acidic collector, respectively. Elevating Tc

to match 7F in isothermal operation raised the water vapor pressure at the collector side to =Pr,w
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(Figure 1B). Note that the effect of solution composition (i.e., DI water or 100 mM acetic acid) on
partial vapor pressure is negligible relative to the influence of temperature. The driving force for
Jw is, therefore, effectively eliminated in IMD-DI and IMD-AC, i.e., Prw—Pc,w = 0, and H20
transport was almost fully inhibited (eq 1).

Direction of the diminished Jw for IMD is opposite to CMD, i.e., water vapor permeated
from collector to feed side (indicated as negative fluxes in Figure 2). The reversed water vapor
flux is attributed to temperature polarization at the solution-membrane interfaces producing a
slight local transmembrane temperature gradient toward the feed side. In NH3 transport, ammonia
volatilizes from the feed stream at the membrane interface, permeates across the membrane, and
solubilizes in the collector solution. These phase-changes necessary for NHs transport in MD
inevitably cools the feed and warms the collector solutions near the membrane surface, a
phenomenon termed temperature polarization.®®* Hence, even though the bulk solution
temperatures are similar in IMD, there is a water vapor pressure gradient from collector to feed
side, 1.e., Pc,w > Prw, yielding negative Jw (illustrated in Figure S3 of Supporting Information).
Temperature polarization likewise occurs in CMD, but the bulk solution temperature difference
overwhelms the local deviations. Thus, Pr > Pc and water and ammonia vapor fluxes are always

positive, i.e., from feed to collector side.

For the separation and recovery of ammoniacal nitrogen from hydrolyzed urine, high
ammonia vapor permeation and minimal water vapor flux is desired to minimize energy required
for vaporization enthalpy and limit watering down of the product (i.e., collector stream effluent).
That is, selective transport of NH3 over H20 is advantageous. Figure 3 presents the relative molar
flux of water to ammonia for the four operating conditions, with a lower Jw/Ja signifying better
selectivity for ammonia transport. The magnitude of Jw/Ja for conventional operation is
significantly higher than the isothermal processes (negative values for IMD reflect the reversed
direction of water vapor permeation). For every mole of ammonia volatilized from the feed stream,
54 and 31 moles of water are simultaneously evaporated in CMD-DI and CMD-AC, respectively,
underscoring that thermal energy input for vaporization enthalpy is predominantly consumed for
H20 and not the intended NH3 (detailed energy analysis is presented in a later section). The poor
selectivity of CMD is attributed to the concentration of water being about 100x higher than
ammonia in the simulated urine stream (=55.5 mol-H20/L compared to 0.5 mol-NHs/L),

overwhelming the effect of greater volatility of ammonia than water. The transport of water in

10
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isothermal MD was suppressed by up to 68x compared to conventional operation (—0.803 and
—3.02 mol-H20/mol-NH3 for IMD-DI and IMD-AC, respectively), highlighting the enhanced
selectivity of IMD for ammonia separation and recovery. The relative vapor flux in kg-H20/mol-

NH3 is presented in Figure S4 of the Supporting Information.
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Figure 3. Relative molar flux of water to ammonia for the four operations, CMD-DI, CMD-AC, IMD-
DI, and IMD-AC. IMD-DI and IMD-AC exhibit negative relative fluxes because water vapor
permeation was in opposite direction, from collector to feed side. Error bars indicate standard deviations

of duplicate experiments with different membrane coupon.

Acidic Collector Enhances Ammonia Vapor Flux. Under acidic collector operation,
CMD-AC and IMD-AC, ammonia vapor fluxes were, on average, 46.5% higher than with DI water,
CMD-DI and IMD-DI (green patterned columns, left vertical axis of Figure 2). As ammonia
permeates from feed to collector, pH of the collector rose above 10 when DI water is used, but
remained below 4 with acetic acid as collector (Figure S5). At solution temperatures of 20 and
40 °C, pKa of NHsag) is 9.4 and 8.8, respectively. Consequentially, ammoniacal nitrogen is
predominantly in the form of ammonia, NH3@ag), in DI water collector, whereas ammonia

protonates to nonvolatile ammonium, NH4", in the acidic collectors.

Because ammonia present in the DI water collector exhibits vapor pressure, i.e., Pc.a > 0,
the driving force for NH3 permeation, Pr.a—Pc.a, is lowered. However, vapor pressure generated
by NH3(q) in the DI water collector is marginal and, hence, does not fully account for the difference

in Ja between DI water and acidic collector. At the end of the hour-long experiments, ammonia

11
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concentration in the collector only reached 8.43 mM and 8.66 mM for CMD-DI and IMD-DI,
respectively, equivalent to a reduction in ammonia vapor pressure gradient of 1.5 and 3.8% (drop
for isothermal operation is higher because the collector stream is at 40 °C, as opposed to 20 °C for
conventional operation). In contrast, the decrease in ammonia vapor fluxes when the collector is
DI water instead of acetic acid was 31.6% and 32.0% for CMD and IMD, respectively. Therefore,
the slight decline in Pa gradient when TAN is present as NH3(q) does not adequately explain the

considerably smaller Ja with DI water collector.

An increase in ammonia vapor flux when acidic solutions were utilized as collector had
been reported,’?! but the mechanism was not discussed. We postulate that the Ja enhancement is
due to the acidic solution improving the kinetics of ammonia vapor dissolution into the aqueous
phase. At the collector side vapor-liquid interface, some ammonia molecules incident on the liquid
surface are reflected back into the vapor phase, i.e., condensation coefficient < 1,” resulting in the
NH3(g) solubilization rate being slower than the initial rate of ammonia permeation. The molecular
reflection builds up the partial vapor pressure of ammonia at the interface and results in Pca >
Kucc,a, where Ki is Henry’s constant for NH3.? That is, the vapor-liquid interface at the collector
side is not at thermodynamic equilibrium. When a non-acidic solution, such as DI water, is
employed for the collector stream, the ammonia solubilization kinetics is slow and the eventual
steady-state effective driving force is considerably lessened due to the elevated interfacial Pc a.
On the other hand, NH3(g dissolves significantly faster into an acidic solution,”* i.e., condensation
coefficient is increased, giving rise to a larger Pr.o—Pca and yielding markedly enhanced ammonia
vapor flux. Therefore, the use of AC beneficially improves ammonia separation and recovery by

mitigating the kinetic limitation of ammonia dissolution.

Ammonia Vapor Flux Increases with Greater Feed Temperature. To investigate
the influence of temperature on IMD-AC performance, ammonia and water vapor fluxes were
characterized as a function of feed and collector solution temperature and presented in Figure 4
(green square symbols, left vertical axis and blue circle symbols, right vertical axis, respectively).
Ammonia vapor flux monotonically increased from 5.60 to 22.8 molm >h™! (approximately 4-fold)
as operating temperatures were raised from 20 to 60 °C. Critically, the magnitude of water vapor
flux was suppressed to below =2 kgm ?h! across the assessed temperature range, substantially
smaller compared to Jw in CMD (blue triangle symbol in Figure 4 for feed and collector solutions

at 40 and 20 °C, respectively). As discussed earlier, the direction of water vapor permeation in

12
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IMD operation is reversed, i.e., from collector to feed side. This reverse water vapor flux increased
with increasing temperature. This is because ammonia permeation is enhanced at higher
temperatures and, thus, more heat of vaporization was transferred from the feed to collector side,
causing more severe temperature polarization at the solution-membrane interfaces (previously
elaborated and illustrated by Figure S3 of Supporting Information). Hence, the transmembrane
temperature gradient is more pronounced at higher temperatures, resulting in greater reverse water

vapor permeation.
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Figure 4. Experimental IMD-AC ammonia and water vapor fluxes (green square symbols, left vertical
axis and blue circle symbols, right vertical axis, respectively) as a function of operating temperature.
Predicted ammonia vapor flux, calculated using eq 1 with membrane vapor permeability coefficient at
20 °C (La = 0.021 molm*h 'pa!), is represented by the green dashed line. For comparison, the water
vapor flux in IMD-DI with feed and collector solutions at 40 and 20 °C, respectively, is denoted by the
blue triangle symbol. Error bars indicate standard deviations of duplicate experiments with different

membrane coupon.

Low relative vapor flux of water to ammonia for IMD-AC was, again, consistently attained
across the temperatures investigated (Figure S6 of Supporting Information). Magnitude of relative
flux increased slightly with higher temperatures, but was maintained below —0.1 kg-H20/mol-NH3
(marginally positive Jw/Ja at 20 °C is attributed to inherent experimental uncertainties in
measuring very small water fluxes). Crucially, ammonia permeation was obtained with adequate
NH3-H20 flux selectivity even at the lowest investigated temperature of 20 °C, which is effectively

ambient condition. Hence, the separation and recovery of ammonia from hydrolyzed urine can
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potentially be achieved, albeit at slower rates, without heating the feed and collector streams to

elevate the temperatures.

With negligible NH3(q) concentration in the collector stream, the higher vapor pressure of
ammonia at the feed side due to the greater solution temperature results in an augmented driving
force for NH3(g) permeation. However, Ja enhancements with increasing temperature is poorly
predicted by the governing flux equation, eq 1, and the Clausius-Clapeyron relation. Using the
ammonia vapor pressure gradient at each temperature and membrane vapor permeability
coefficient at 20 °C (La = 0.022 molm >h 'Pa"!), ammonia vapor fluxes were computed and shown
in Figure 4 as the green dashed line. Theoretical calculations overestimate the experimental
ammonia vapor fluxes, with greater deviations observed at higher temperatures. Theory forecast
an exponential increase in Ja with rising temperature, due to the exponential dependence of vapor
pressure on temperature, but an effectively linear increase in experimental ammonia vapor flux

was scen.

One potential explanation for the experimental deviation from expected trend is kinetic
limitations for ammonia solubilization into the collector solution (as discussed in the preceding
section) being more pronounced at higher temperatures. Alternatively/additionally, NH3
volatilization from the feed solution can be a rate-limiting factor. In the earlier section, we
discussed that the liquid and vapor phases at the solution-membrane interfaces are not in
equilibrium because ammonia vapor transport across the membrane pores is faster than NH3
volatilizing from the feed stream and/or dissolving into the collector stream.’>*3 Therefore the
effective vapor pressures of ammonia at the feed and collector interfaces are lower and higher,
respectively, than the equilibrium Pa as governed by Henry’s law, i.e., Pr.a < Kucra and Pca >
Kucca. Given larger ammonia vapor fluxes are obtained at higher IMD operating temperatures,
the effect of volatilization and solubilization kinetic limitations is, thus, expected to be more
amplified. Consequently, the relative reduction in effective driving force, Pr.a—Pc.a, is greater and

actual Ja deviates further from prediction (Figure 4).

Another possible cause contributing to the observed disagreement is that water vapor
transport in the reverse direction during IMD hinders ammonia permeation. As described by
Maxwell-Stefan diffusion, mutual interaction between the NH3 and H2O molecules results in

frictional drag on the transport of ammonia by water vapor permeating in the opposite direction.’®
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8 This resistance to NH3(g) transport scales with the magnitude of reverse H2O(g) flux. Reverse
water vapor transport is greater at higher operating temperatures (blue circle symbols of Figure 4)

and, hence, the discrepancy between theoretical and experimental fluxes is wider.

A third phenomenon that causes experimental fluxes to diverge from calculated Ja is
temperature polarization.®®* As discussed earlier, although the bulk solution streams are at the
same temperature in IMD, a transmembrane temperature gradient is set up from the collector to
feed sides (Figure S3 of Supporting Information), due to the transfer of NH;3
volatilization/condensation enthalpy. Interfacial temperature at the feed and collector sides are,
hence, lower and higher, respectively, than the bulk solution temperatures. Thus, the effective
driving force for ammonia permeation, Pr.a—Pc.a, 1s lesser than the calculated value using bulk
solution temperatures. The observed reverse water vapor flux is greater at higher temperatures,
indicating that the transmembrane temperature gradient is steeper, i.e., temperature polarization is
more acute. Therefore, the deviation between experimental and predicted Ja is anticipated to be
larger with increasing temperatures. This mechanism is supported by previous studies that reported
decreased apparent membrane vapor transport coefficient with higher temperatures, (i.e.,

temperature polarization effects incorporated into L).>*>°

High Ammonia Recovery can be Achieved using IMD-AC. To investigate the
potential ammonia recovery yield achievable with IMD-AC from source-separated urine, a batch
experiment was conducted with closed-loop recirculation of the solutions across the bench-scale
membrane cell, which equivalently simulates co-current flow configuration in a process-scale
membrane module. Feed stream TAN (= NH3+NH4") concentration is 500 mM to represent
hydrolyzed urine, whereas collector stream is 750 mM acetic acid (higher concentration was
employed to avoid pH increases limiting ammonia transport) and 500 mM TAN, i.e., total
ammoniacal nitrogen is equal on both sides. TAN concentration of the feed and collector streams
in IMD-AC at 40 °C as a function of time is presented in Figure 5 (green circle and square symbols,

respectively).
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Figure 5. Total ammoniacal nitrogen, TAN, concentration in the feed and collector streams in IMD-AC
operation at 40 °C as a function of time (left vertical axis, green circle and square symbols, respectively).
Feed stream has 500 mM TAN to simulate hydrolyzed urine and collector solution is 500 mM TAN and
750 mM acetic acid (i.e., same initial TAN concentrations for both feed and collector solutions). The
black triangle symbols (right vertical axis) represent the difference between the concentration of TAN

in the collector and feed streams, i.e., CC,TAN—CF,TAN.

After 1.5 h, collector TAN concentration increased to 741 mM while cr,ran dropped to 259
mM, representing NH3 separation and recovery of 48.2%. Comparatively, TAN recovery in IMD
at 40 °C with a DI water collector stream was only 2.7% for the same time period (projected using
Ja of the first 60 min). At the end of 6 h, ~60% of TAN in the simulated urine was removed and
captured in the collector stream, demonstrating the potential for high ammonia recovery using
IMD-AC. Water flux was practically negligible and solution volumes are effectively unchanged
(< 1% difference after 6 h). As ammonia permeates from the feed to collector side, TAN
concentration and, correspondingly, volatile NH3q) concentration of the feed solution decreases.
Consequently, ammonia vapor pressure, Pr.a, falls and the driving force for ammonia permeation,
Pra—Pc.a, declines over time, which is evident by the diminishing rate of change of TAN. Final
pH of the collector solution is 3.5. Given the pKa of ammonia at 40 °C is 8.8, effectively 100% of
TAN in the bulk collector solution was present as nonvolatile ammonium, NH4". Hence, NH3(ag)
concentration was negligible, i.e., cc.a = 0, and ammonia vapor pressure in the collector, Pc.a, is

practically zero.
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Crucially, the difference in TAN between the collector and feed solutions, cc,TAN—CF,TAN,
increased from 0 to =600 mM (black triangle symbols of Figure 5), indicating transport of
ammoniacal nitrogen up a concentration gradient. The “uphill” transport of TAN shows IMD-AC
can concentrate ammoniacal nitrogen significantly above the initial cr,ran. In actual module-scale
operation, the feed and collector streams will be circulated in counter-current flow and higher
recovery yields of ammonia can be achieved with lower acid concentrations in the collector

solution.

Substantial Energy Saving is Obtained with IMD. In membrane distillation, thermal
energy is required for the vaporization enthalpy of volatile components that permeate across the
membrane.*>** Convective heat flux of component i is the product of the vaporization enthalpy,
AH;, and the flux, Ji.>° Figure 6 shows the vaporization energy for ammonia and water (green
patterned and blue solid columns, respectively) in the four operating modes. To exclude the
influence of different kinetics (i.e., different NH3(g) fluxes), AH:J: is divided by Ja to yield energy
per mole of ammonia recovered, Ev,.. Sum of the ammonia and water components gives the net

normalized vaporization energy (black patterned columns),
‘ZEVJ‘ = ‘J A_IZAH,»J,-‘ = |AH L HAH [T A| (note that J; can be negative and the impact on energy

required is discussed later). Determination of enthalpy of ammonia vaporization from an aqueous
solution, as opposed to a pure liquid, is presented in the Supporting Information, and AH; at the

relevant stream temperatures were used in the analysis.!%1°!
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Figure 6. Vaporization energy for ammonia and water (green patterned and blue solid columns, respectively)
per mole of ammonia separated and recovered in CMD-DI, CMD-AC, IMD-DI, and IMD-AC. Labels (F) and

(C) above the columns denote heat supply to feed and collector streams, respectively. Patterned black columns
represent the net vaporization energies of ammonia and water, i.e., ‘Z V() Z (C)‘ Error bars for

vaporization of water are standard deviations of duplicate water vapor flux measurements. For comparison, the
red- and violet-shaded regions indicate energy required by the Haber-Bosch process, 448-973 kJ/mol-NHj3 (8.89-
19.3 kWh/kg-N), and nitrification-denitrification, 116-328 kJ/mol-NHj3 (2.3-6.5 kWh/kg-N), respectively.

Whereas normalized energy demand for the vaporization of ammonia, Ev a, in the four
different operating conditions are the same at 28.4 kJ/mol-NH3 (due to normalization by Ja), the
heat to vaporize water, Ev,w, varies markedly because it is dependent on the relative vapor flux of
water to ammonia (Figure 3). In the conventional MD operations of CMD-DI and CMD-AC,
considerable thermal energy of 2,340 and 1,370 kJ/mol-NH3 (46.4 and 27.2 kWh/kg-N),
respectively, is required to evaporate water from the feed solution, 82.4 and 48.2x the energy to
volatilize ammonia. The high heat input is because of the large magnitude of inevitable water vapor
flux in conventional MD. In contrast, due to suppression of water transport in isothermal MD, Ev,.w
is substantially lessened to 35.4 and 141 kJ/mol-NH3 (0.702 and 2.80 kWh/kg-N) for IMD-DI and
IMD-AC, respectively. Since direction of Jw is from the collector to feed side in IMD, i.e., reversed,

heat is required for water vaporization at the collector stream (instead of feed side) and is indicated
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476 by the label (C). Thermal energy for enthalpy of vaporization is transferred to the other side as
477  enthalpy of condensation when the vapor permeates across the membrane and solubilizes into the
478  aqueous stream. Therefore, the net normalized energy input is the difference between Ev on the
479  feed and collector sides (black patterned columns). Compared to CMD-DI, IMD-AC requires 95.2%
480 less heat input for vaporization to separate and recover the same amount of ammonia by inhibiting
481  undesired water flux (Figure 2). Higher energy savings of 99.7% is achievable with IMD-DI, but

482  NHs recovery yield would be constrained (as discussed in preceding section).

483 In addition to convective heat flux discussed above, conduction of heat through the
484  membrane is another thermal energy requirement.”-1%!1% Conductive heat flux is proportional to
485  the transmembrane temperature differential. Conventional MD necessitates a temperature
486  difference between the feed and collector solutions, whereas the bulk stream temperatures are
487  equal in isothermal MD. Therefore, the temperature gradient across the membrane in IMD is
488  significantly smaller than CMD (Figures 1 and S3) and consequently, conductive heat loss is
489  expected to be minimized in isothermal operation. Moreover, transmembrane heat conduction
490  drives the feed and collector solutions toward temperature equilibrium, which is the working

491  principle of isothermal MD but is against the operation of conventional MD.

492 Overall, isothermal MD favorably reduces the energy consumption for ammonia removal
493  and reuse by substantially lowering both convective and conductive heat input. Compared to
494  energy demand for the current linear economy management of nitrogen, i.e., production by the
495  Haber-Bosch process and removal by conventional nitrification-denitrification, the vaporization
496  energy required for NH3 recovery in IMD is significantly lower. Energy demand for N fixation by
497  the Haber-Bosch process, the principal ammonia production method, is 8.9-19.3 kWh/kg-N (448-
498 973 kJ/mol-NHs, indicated by the red-shaded region in Figure 6). Conventional removal of
499  nitrogen by nitrification and denitrification at wastewater treatment plants demands 2.3-6.5
500 kWh/kg-N (116-328 kJ/mol-NH3, indicated by the violet-shaded region). Vaporization energy
501  needed for isothermal MD is around an order of magnitude lower than the Haber-Bosch energy
502  consumption benchmark and is in the same range as nitrification-denitrification. Actual energy
503  requirement for a practical IMD-AC system to remove and recover ammonia from diverted urine
504  will have to factor in auxiliary components (e.g., pumping cost, conductive losses, and heat

505  exchanger efficiency) and module-scale effects, but the first-order energy analysis conducted here
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highlights potential of the technology to be a competitive alternative to current NH3 production

and removal methods.

IMPLICATIONS

Removal of ammonia from wastewaters is imperative for environmental, ecological, and public
health protection. At the same time, nitrogen is a principal component of fertilizer. The high
ammonia content in urine offers attractive opportunities to simultaneously recover the resource
and remove the contaminant from the waste stream. To align with the principles of green
engineering and realize viable implementation, the ammonia separation and recovery approach

needs to be energy-efficient.’

This study demonstrates isothermal membrane distillation with
acidic collector can achieve 1) selective removal and capture of ammonia from hydrolyzed urine

with i) low thermal energy requirements and iii) high recovery yield.

Importantly, because only mild temperatures are needed to drive the process, isothermal
MD can utilize low-grade heat from locally-available waste flows (e.g., warm bathwater runoft or
hot stream of cooling water systems) or onsite low-concentration solar thermal collectors,!%4-106
further enhancing sustainability of the technology. The study also showed that ammonia separation
and recovery is possible even at ambient temperatures, i.e., without further warming up the feed
and collector streams, at the expense of lower fluxes. Acid for the collector solution can be from
unwanted effluent streams, such as spent pickling brine, which is effectively vinegar (i.e., acetic
acid), from the food industry.!9”-1% This study examined the use of acetic acid, but other suitable
acids from waste/low-cost sources can be employed. Additionally, IMD-AC can drive the uphill
transport of ammoniacal nitrogen to achieve highly concentrated NH3 solutions as product,
favorably minimizing the liquid volume for handling and transport. Crucially, vaporization energy
requirement for isothermal MD is substantially below the energy demand for fossil fuel-driven
Haber-Bosch process, the dominant ammonia production method, and comparable to energy
consumption for N removal at conventional WWTPs. Further techno-economic assessments are
needed to quantify the capital and operating expenditure of IMD-AC, but the technology shows
initial promise to be a cost-competitive and environmentally-sensible technique for removing and

recovering ammonia from source-separated urine.
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With the projected urban influx of 2.5 billion people by 2050,'” the population density of
cities is expected to increase dramatically. At the same time, providing improved sanitation to the
2.3 billion people globally who are currently unserved will necessitate the installation of new
toilets, wastewater facilities, and sanitation infrastructure.''” These population and sanitation
trends present ideal opportunities for the introduction of decentralized urine diversion facilities for
nutrient recovery, without costly retrofits or overhauls of the existing system, shifting wastewater

management to a more sustainable and efficient paradigm.

Other potential applications of the technology include the selective separation/recovery of
compounds that speciate between volatile and nonvolatile forms at different pH. An
environmentally-relevant example is H2S in domestic and industrial wastewaters.!!! Because of
the pH-dependent volatility, H2S) permeates across the MD membrane and speciates to
nonvolatile HS (ag) in a basic collector (equivalent to NH3(g) transport and speciation to NHa"(ag)),

thus, enabling selective removal, capture, and concentration.
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