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A B S T R A C T

This study presents a new modeling approach for nitrogen recovery in gas-permeable membrane (GPM) con-
tactors, including both ammonia and water transport dynamics. A distinct feature of the model is its capacity to
model water transport across the membrane, which has been overlooked in most publications. Osmotic pressure
differences are used to predict the behavior of ammonia and water transport in the GPM contactor. Experiments
carried out to develop, test and calibrate the model examined the dynamics of ammonia and water transport
through the GPM contactor at various nitrogen concentrations. Specifically, the GPM contactor was tested for
nitrogen recovery from high-strength synthetic wastewaters (2.4–10.6 g N/L) at 35 ◦C and at pH 9. The initial
volume of the trapping solution (diluted H2SO4) was 10 times lower than that of the synthetic wastewater,
aiming to concentrate the recovered nitrogen. The estimated ammonia transport constant (Km) ranged between
(1.2 - 2.1)⋅10–6 m/s and water transport constant Kw between (2.8 - 8.2)⋅10–10 m/(s bar). Numerical determi-
nation of the model parameters revealed high R² values, demonstrating strong agreement with experimental
data.

1. Introduction

Nitrogen pollution is a critical environmental issue that arises from
agricultural, industrial, and domestic activities (de Vries, 2021). The
production of ammonia through the Haber-Bosch process is highly
energy-intensive, consuming around 6.4⋅10¹² MJ/year worldwide. This
accounts for approximately 2 % of the world’s total energy consumption
and 0.93 % of global greenhouse gas emissions (Rizzioli et al., 2023).
Ammoniacal nitrogen, sum of ammonia (NH3) and ammonium ion
(NH4

+), is a major polluter of aquatic systems that causes eutrophication,
which results in excessive growth of aquatic plants, deterioration of
water quality, and threats to aquatic biodiversity (Rongwong and Sair-
iam, 2020). Wastewaters are the primary sink of wasted nitrogen
(Noriega-Hevia et al., 2023). Therefore, the recovery of ammoniacal
nitrogen present in wastewaters represents a solution to mitigate its
impact in the environment while contributing to meet the growing de-
mand for fertilizers within the framework of the circular economy (de
Vries, 2021).

Various technologies have been developed to recover and remove
nitrogen from wastewater, including biological and physico-chemical
processes (Beckinghausen et al., 2020; Daguerre-Martini et al., 2018;
de Vries, 2021). Biological processes, such as nitrification and denitri-
fication, convert ammoniacal nitrogen into inert nitrogen gas but do not
allow for its recovery. This process also requires significant energy and
large reactor volumes (Rongwong and Sairiam, 2020). Physico-chemical
processes, such as ammonia stripping, struvite crystallization, and ion
exchange, have limitations related to efficiency, operational costs, and
complexity (Aguilar-Pozo et al., 2023; Al-Juboori et al., 2022; Licon
Bernal et al., 2016; Noriega-Hevia et al., 2023).

Membrane technologies have also been researched to recover ni-
trogen from wastewaters with promising results (Al-Juboori et al., 2022;
Beckinghausen et al., 2020). Among them, gas-permeable membrane
(GPM) contactors stand out due to their simple operation, low energy
consumption (ca. 0.18 kWh per kg of NH₃ recovered), and operation at
low pressure (Riaño et al., 2019). GPM technology operates by allowing
the transfer of ammonia gas through a hydrophobic membrane into an
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acidic solution on the other side, where it reacts to form a concentrated
ammonium salt solution (Munasinghe-Arachchige et al., 2021). By
keeping the pH of the feed solution at alkaline conditions (the pKa of
NH₃ at 25 ͦC is 9.26), the formation of gaseous ammonia is favored. The
ammonia gas then diffuses through the air-filled pores of the hydro-
phobic membrane towards the acidic side, where it is trapped as
ammonium ion (Munasinghe-Arachchige et al., 2021). This process
operates effectively under ambient temperature and pressure condi-
tions, making it an attractive solution with low energy demands and
high product quality (Darestani et al., 2017; Dube et al., 2016).

High nitrogen recovery efficiencies (around 98 %) have been ach-
ieved by GPM contactors for the treatment of waste streams, including
municipal wastewater, pig slurry, human urine and anaerobic digestion
supernatants (Beckinghausen et al., 2020; Noriega-Hevia et al., 2023;
Xie et al., 2016; Zhang et al., 2020). However, there a some challenges
that limit widespread adoption of GPM technology for nitrogen recov-
ery, including wetting, membrane fouling and the need for chemical
additives to maintain pH levels during the process (Licon Bernal et al.,
2016; Mosadegh-Sedghi et al., 2014; Rizzioli et al., 2023; Rongwong and
Sairiam, 2020). The wetting of membrane pores has a significantly
impact on mass transfer coefficients of the membrane, resulting in a
sharp increase in membrane resistance to ammonia transport
(Mosadegh-Sedghi et al., 2014; Rongwong and Sairiam, 2020). Fouling
obstructs the nanopores while reducing the hydrophobicity of the
membrane, which hinders ammonia transport and limits the scalability
of the process (Licon Bernal et al., 2016). Despite these challenges,
continuous advancements in membrane materials and process optimi-
zation could mitigate the extent of these barriers and enhance the effi-
ciency and economic feasibility of GPM technology for nitrogen
recovery. Several strategies have been researched to overcome fouling
and wetting challenges, including (i) increasing feed flow rates to induce
turbulence and reduce fouling; (ii) periodic cleaning with diluted acids
or alkaline solutions to restore membrane performance after prolonged
use (Al-Juboori et al., 2023); (iii) advances in material technology,
including the development of superhydrophobic membranes, and
specialized coatings to enhance hydrophobicity (Al-Juboori et al., 2023;
Li et al., 2007). These advances potentially improve the efficiency and
economic viability of GPM systems for nitrogen recovery.

Another important limitation of GPM technology is the transport of
water through the membrane, which dilutes the trapping solution and
reduces its economic value (Al-Juboori et al., 2022; Sheikh et al., 2023).
Accordingly, modeling both nitrogen and water transport in ammonia
selective membranes is crucial to understand nitrogen recovery in GPM
contactors. This knowledge allows adjusting operational parameters to
optimize the efficiency and viability of the process. Some publications
attribute the transport of ammonia across the membrane to a difference
in vapor pressure between the two sides of the membrane (Eq. (1))
(Gonzalez-Salgado et al., 2023; Rongwong and Sairiam, 2020; Sheikh
et al., 2023). However, most publications explain the transport of
ammonia as the result of a concentration gradient (Eq. (2)) (Norddahl
et al., 2006; Serra-Toro et al., 2022a; 2024). The gradient in ammonia
vapor pressures can be transformed into a gradient in ammonia con-
centrations as described in Sheikh et al. (2023).

jNH3 =
Km
R⋅T

⋅
(
pNH3 ,f − pNH3 ,t

)
(1)

Where jNH3 is the ammonia flux across the membrane, Km is the mass

transfer coefficient,
(
pNH3 ,f − pNH3 ,t

)
is the difference of ammonia vapor

pressure between the feed and the trapping solution chambers, T is the
temperature, and R the ideal gas constant.

jNH3 = Km⋅
([
NNH3

]

f −
[
NNH3

]

t

)
(2)

Where
(
[NNH3 ]f − [NNH3 ]t

)
is the difference of ammonia concentration

between the feed and the trapping solution chambers.
The transport of water molecules across the membrane is caused by

the gradient of water chemical potential, which depends on the water
activity (aw) (Baker, 2023). However, obtaining simple expressions for
water activity that are suitable for modeling purposes is difficult due to
the lack of formulas in literature (Ott and Boerio-Goates, 2000; Sheikh
et al., 2023). One approach to describe water flux is from vapor pressure
gradient, even though its calculation uses a water activity estimation
(Rongwong and Sairiam, 2020; Sheikh et al., 2023). Then, this transport
can be modelled from water vapor pressure differences (Eq. (3))
(Al-Juboori et al., 2022).

jw = K’
w⋅
(
pw,f − pw,t

)
(3)

Where jw is the water flux across the membrane, Kʹ
w is the mass transfer

coefficient, and
(
pw,f − pw,t

)
is the water vapor pressure difference be-

tween the feed and the trapping solution chambers.
Another way to obtain water activity is from osmotic pressure (Eq.

(4)) (Baker, 2023), which is easier to measure experimentally or esti-
mated by using the osmotic coefficient (ϕ) as a correction to total solute
concentration in the van’t Hoff’s ideal expression (Atkins et al., 2022;
Berk, 2009). Then, the water flux across the membrane could be related
with the difference of osmotic pressures between the two sides of the
membrane.

Δπ = −
R⋅T
V∗
w

⋅Δ(lnaw) ≅ R⋅T⋅Δ

(

ϕ⋅
∑

i
[si]

)

(4)

Where V∗
w is the molar volume of water, ϕ is the osmotic coefficient of

the solution (feed or trapping), and [si] is the concentration of each so-
lute species (feed or trapping).

The objective of this study is to develop a predictive model for the
transport of ammonia and water in gas-permeable membrane con-
tactors. By understanding the dynamics of both ammonia and water
transport across the membrane, this model aims to be a useful tool to
optimize the operational conditions and to predict the dilution effect
that could compromise the quality or commercial value of the generated
trapping solution.

2. Materials and methods

2.1. Experimental design

Fig. 1 illustrates the experimental set-up of the GPM contactor used
for recovering ammoniacal nitrogen, hereafter total ammoniacal nitro-
gen (TAN). The feed-to-trapping chambers volume ratio in these ex-
periments was 10:1. Two sealed and jacketed tanks equipped with a
magnetic stirrer (IKA C-MAGHS7) and a thermostatic bath to control the
temperature at 35 ◦C (Thermo Scientifc HAAKE DC30) were used as
chambers for the feed and the trapping solution. The temperature of the
tanks was maintained at 35 ◦C by circulating water from a thermostatic
bath through the jacket of the tanks. The synthetic feed solution (5.0 L)
consisted of deionized water with NH4Cl to reach the desired TAN
concentration (i.e. 2.4, 5.2, 7.1 and 10.6 g N/L) and 5.0 g/L of acetic
acid, while the acidic trapping solution (0.5 L) initially contained H2SO4
at 1 % in weight. Both solutions were circulated at a flow rate of 12 L/h
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using a peristaltic pump (Masterflex L/S models 7518–12) in a closed
loop configuration to the microporous hollow-fiber polypropylene
membrane contactor (3M, 1.7 × 5.5 MiniModule). The GPM contactor
had an active surface area of 0.50 m². Each tank was also equipped with
a pH control system, comprising a pH electrode (Crison, code 53 35) and
a pH controller (Crison, pH 28) connected to peristaltic pumps (Ismatec,
Type ISM827) that added NaOH 8 M and H2SO4 25 % to the feed and
trapping solution, respectively. The trapping solution was kept at an
average pH of 1, sufficiently acidic to retain the diffused NH3 as NH4

+

since charged species cannot diffuse through the membrane. Conversely,
the feed solution was kept at a pH 9 to displace the TAN equilibrium
towards NH3 since only uncharged species can diffuse across the mem-
brane (Serra-Toro et al., 2022b).

Experiments were monitored by collecting multiple samples from
both the feed and trapping solutions over the course of 50 h. Samples
were taken hourly for the first 8 h, with two samples collected during the
first hour. Each sample involved withdrawing 4 mL from each solution,
which was then stored at 4 ◦C until TAN analysis. The volume of the feed
and trapping were determined using a millimeter graph paper that
correlated the liquid height with the volume in each tank. The con-
sumption of reagents for pH control was also monitored to account for
volume changes due to water diffusion. TAN concentrations were
measured with a Thermo Fisher Scientific ion-selective electrode (Orion
9512HPBNWP) according to procedure 4500-NH3D. Acetic acid was
analyzed using a Shimadzu GC-2010 plus gas chromatograph equipped
with an Agilent DB-FFAP capillary column and flame ionization detector
(Perez-Esteban et al., 2024). All the experiments and measurements
carried out in this study were done by duplicate.

2.2. Data curation

To quantify the volume of water that diffused through the mem-
brane, a correction of the experimental values was needed to keep the
total volume constant throughout the experiment. Specifically, the
volume corresponding to the addition of reagent was subtracted to the
total volume (which value was obtained from the calibrated mark), and
the volume extracted in each sampling event to monitor the process was
added. This correction allowed to only account for volume variations
caused by water passage. There was a discrepancy between experi-
mental and theoretical TAN concentration in the trapping solution,
which could be attributed to TAN measurements error or ammonia
volatilization, among others. To overcome this discrepancy, TAN con-
centrations in the trapping solution were estimated by a nitrogen mass
balance (Eq. (5)). Parameters used to infer this concentration were the

chamber volumes and the TAN concentration in the feed solution.

TANtrapping =
Vfeed0 ⋅TANfeed0 − Vfeed⋅TANfeed

Vtrapping
(5)

Where index 0 means initial, V means volume (L) and TAN means
concentration (g N/L).

To calculate the osmotic pressure in the feed and trapping chambers,
it is necessary to estimate the concentrations of all the species present in
both solutions, including H+, OH-, NH4

+, NH3, Na+, SO2
4-, Cl-, and acetate.

The amount of NaOH and H2SO4 added to control the pH were estimated
based on the concentration that ensured the electroneutrality in each
chamber. This correction was proposed because the experimental set-up
involved discrete additions of NaOH and H2SO4, while peak additions
could affect the model. In the feed solution (pH = 9), it was considered
that the concentrations of H+ and OH- were negligible compared to TAN,
Cl-, Na+ and acetate. The Cl- and acetate concentrations were calculated
from the initial amount of NH4Cl and acetic acid in the feed solution.
The NH4

+ and NH3 concentrations were calculated combining the
experimental TAN concentration, the pKa at 35 ◦C, and the activity co-
efficient from the Davies equation (Supplementary Material, Section A),
based on ionic strength from the electroneutrality condition. In the
trapping chamber, the pH was controlled at an average value of 1.
Therefore, the ions present were SO4

2-, NH4
+, and H+. The concentrations

of H+ and SO4
2- were estimated combining the electroneutrality condi-

tion and pH value, correcting the H+ activity coefficient (Supplementary
Material, Section A). The NH4

+ concentration of the trapping chamber
was the concentration that fulfilled the nitrogen mass balance.

The time-dependent osmotic pressure of both chambers was calcu-
lated considering the concentrations of all species in every sampling
event. The osmotic pressure was calculated using a corrected version of
the van’t Hoff equation, along with an estimated osmotic coefficient for
each solution (Tables of osmotic coefficients can be found in the Supp
Material, Section A).

2.3. Parameter estimation using a conventional model not considering
water passage

The model shown in Eq. (6) estimates ammonia diffusion with no
water transport across the membrane (Licon Bernal et al., 2016; Ser-
ra-Toro et al., 2022b; Vecino et al., 2019; Zhu et al., 2005). A detailed
deduction of this equation is provided in the Supplementary Material,
Section B.

Fig. 1. Experimental set-up of the gas-permeable membrane contactor.
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TANf = TANf ,0 ⋅exp
(

−
Km⋅A
Vf

⋅t
)

(6)

If the volumes of the feed and the trapping solution remain constant,
by nitrogen mass balance, the TAN in the trapping solution can be
calculated using Eq. (7).

TANt =

(
TANf ,0 − TANf

)
⋅Vf

Vt
(7)

Where TANf represents the TAN concentration in the feed solution over
time (g N/L), TANf,0 is the initial TAN concentration in the feed (g N/L),
Km is the nitrogen mass transfer coefficient (m/s), A is the surface area of
the membrane (m2), Vf is the volume of the feed assumed to be constant
(m3), Vt is the volume of the trapping, assumed to be constant (m3), t is
time (s), and TANt is the TAN concentration in the trapping solution
chamber over time (g N/L). Eq. (6) describes the exponential decay of
TAN concentration in the feed solution and has been extensively used to
estimate nitrogen transfer coefficients in GPM contators. Eq. (7) esti-
mates the TAN concentration in the trapping chamber using the mass
balance principle.

The Km from Eq. (6) was obtained using the least-squares method, the
lsqnonlin function, and the ‘trust-region-reflective’ optimization algo-
rithm in MATLAB (R2023a), with a default tolerance of 1⋅10− 10. This
method minimizes the mean-squared discrepancies between the
collected experimental data and the model predictions for the feed
chamber.

2.4. Development of a new model for GPM contactors considering water
transport

In the proposed model, the transport of ammoniacal nitrogen and
water are predicted using a mass balance for each compartment at both
sides of the membrane (feed and trapping solution, Fig. 2). This balance

assumes that the volume of the feed and trapping chamber are variable,
resulting in four mass balances: two for modeling NH3 transport and two
for modeling water transport. For the NH3 transport, an equation is
formulated where the driving force is the difference in TAN concentra-
tions based on first Fick’s Law (Sheikh et al., 2023). The TAN mass
balance in the feed chamber is shown in Eq. (9) obtained by developing
Eq. (8). Similarly, the TAN mass balance for the trapping solution
compartment is presented in Eq. (10).

d
(
[TAN]f ⋅Vf

)

dt
= − Km⋅A⋅

([
NNH3

]

f −
[
NNH3

]

t

)
(8)

d
(
TANf

)

dt
=

1
Vf

⋅
(

TANf ⋅
dVf
dt

− Km⋅A⋅
([
NNH3

]

f −
[
NNH3

]

t

))

(9)

d(TANt)

dt
=

1
Vt

⋅
(

TANt ⋅
dVt
dt

+Km⋅A⋅
([
NNH3

]

f −
[
NNH3

]

t

) )

(10)

Water transport was modeled using a water mass balance and
assuming a constant density of water, where the driving force was rep-
resented by the difference in osmotic pressure between both sides of the
hydrophobic membrane. Eqs. (11) and (12) are the water diffusion
equations for the feed and the trapping chambers, respectively.

dVf
dt

= − Kw⋅A⋅
(
πt − πf

)
(11)

dVt
dt

= Kw⋅A⋅
(
πt − πf

)
(12)

Where V is the water volume in the chamber (L), TAN is the ammoniacal
nitrogen concentration (g N/L), A is the membrane area (m2), Km is the
NH3 permeability constant (m/s), Kw is the water permeability constant
(m/(s bar)), and π is the osmotic pressure (bar). The index f and t refer to
the feed and trapping solution, respectively.

Fig. 2. Diagram of membrane contactor and species relevant to the model including water transport.
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The ammonia concentration [NNH3 ] in the feed and trapping solution
was estimated by assuming that the equilibrium between ammonium ion
and dissolved free ammonia is rapidly reached in each compartment.
Assuming an equilibrium state scenario for ammonium-ammonia sys-
tem, the dissolved NNH3 concentration was estimated by using equilib-
rium relationships (Tchobanoglous et al., 2014), neglecting the activity
coefficients as for Eqs. (13) and (14).

[
NNH3

]

f = TANf ⋅
10pHf

1
Ka
+ 10pHf

(13)

[
NNH3

]

t = TANt⋅
10pHt

1
Ka + 10pHt

(14)

Where the equilibrium constant is a function of temperature (Eq. (15)),
where T is the temperature in ͦC.

Ka = exp
(

−
6334

273+ T

)

(15)

2.5. Parameter estimation of the proposed model with differential
equations considering water transport

The parameters (p) estimation problem is formulated as a nonlinear
least squares optimization (Tesser and Russo, 2020). The objective
function (S) is constructed to minimize the sum of squared residuals,
defined as the difference between the experimental data and the pre-
dicted by the differential system of ordinary differential equations
(ODEs) model (y):

S(y, p)
p, y
s.t. : ẏ = f(y, p)

(16)

With:

S(y, p) =
∑4

model,j=1

∑n

i=1

((
yexp,i,j − yi,j(p)

)

max
(
yexp,j

)

)2

(17)

The objective function (Eq. (17)) divides the residuals by the
maximum value of the experimental variable. This normalization en-
sures that the objective functions are scaled between zero and one, thus
enabling an effective global minimization. This normalization yields
similar importance to all objective functions being minimized, contrib-
uting to a more balanced and representative optimization of all involved
variables (Marler and Arora, 2010; Soto et al., 2017).

The optimization is carried out using the ‘lsqnonlin’ function in
MATLAB 2023, employing the ‘trust-region-reflective’ algorithm. The
confidence intervals for the optimized parameters are estimated using
the ‘nlparci’ function, which computes the intervals based on the re-
siduals and the Jacobian matrix obtained from ‘lsqnonlin’. The inte-
gration of the model is performed with initial conditions from the
experimental data. The system of differential equations is solved using
the ‘ode23’ solver in MATLAB, which numerically integrates the equa-
tions over the time span of the experimental data. To evaluate the model
fit, the coefficient of determination (R2) is calculated for each variable

(Eq. (18)).

R2 = 1 −
variance

(
residualsj

)

variance
(
experimental dataj

) (18)

3. Results and discussion

3.1. Results from the conventional model without water transport

Fig. 3 shows the evolution of TAN in the feed and the trapping so-
lution for the experiments carried out at 2.4, 5.2, 7.1 and 10.6 g N/L.
Fig. 3 shows that the TAN concentration in the trapping solution reached
a peak concentration after about 10 h of experimentation and then
progressively decreased. This occurred despite the continued nitrogen
transfer, as highlighted by the TAN concentration decrease in the feed
solution. The decrease in TAN concentration in the trapping solution
was directly related to the transport of water across the membrane.
Acetic acid was not detected in the trapping solution. Hence, this species
was not capable of diffusing through the membrane under these con-
ditions. Water diffusion across the membrane was caused by the
appearance of a driving force between both sides of the hydrophobic
membrane.

The conventional model for ammonia diffusion without considering
water transport (Eq. (6)) could represent the TAN concentration in the
feed chamber (Fig. 3). Nonetheless, the conventional model over-
estimated the TAN concentration in the trapping solution when the
water passage becomes more notable. Table 1 reports the Km values
obtained from fitting the TAN concentration in the feed chamber using
the conventional model for GPM contactors.

The fitting of the TAN concentration in the feed chamber using the
conventional model without water transport (Eq. (6)) yields a high R², as
the model closely matches the experimental data. Water transport had a
lower effect on the TAN concentrations in the feed chamber. However, it
had a greater effect in the TAN concentration of the trapping chamber,
where the diluting effect was larger (Fig. 3). Indeed, the TAN concen-
tration predictions in the trapping chamber overestimated the actual
value. This discrepancy indicates that, in addition to ammonia transport,
water transport also occurred, resulting in dilution of the trapping so-
lution. A diluted trapping solution is a limitation for the feasibility of the
process since achieving a highly concentrated solution is needed for both
technical applications and product marketability. The Km values ob-
tained in this study (Table 1) were within the reported range from
literature studies: 3.0⋅10–7 m/s (Serra-Toro et al., 2024), (4.0–0.6)⋅10–7

m/s (Licon Bernal et al., 2016) and (1.2–2.4)⋅10–6 m/s (Noriega-Hevia
et al., 2020). This simplified model accurately describes nitrogen re-
covery using GPM contactors, based on the assumption that the volumes
of the feed and trapping solution do not change due to water transport in
a closed loop configuration. However, for those cases where the working
volume of the feed and/or the trapping solution is significantly affected,
the final concentration of the trapping solution could not be accurately
predicted. In the latter scenario, water transport must be considered in
the model to predict the TAN concentration in the trapping chamber.
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Fig. 3. Fitting results of experimental data (dots) for the model without water transport (line) at different feed solution TAN concentrations: A (2.4 g N/L), B (5.2 g
N/L), C (7.1 g N/L), and D (10.6 g N/L).
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3.2. Results from the new model considering water transport

Figs. 4–7 show the evolution of TAN and the volume change in both
the feed and the trapping solution chambers as well as the fit obtained
with the new model. The predicted model parameters (Table 2), Km and
Kw, showed little variability while maintaining low error margins and
remaining within the same order of magnitude for the four experiments
(different starting feed solution TAN concentration). The Km values were
slightly higher than those predicted using the conventional model
without considering water transport (Table 1). The higher Km values
obtained with the new model was due to the reduction of the feed vol-
ume chamber.

The Kw obtained from fitting the experimental data was (2 - 8)⋅10–10

m/(s bar). This value could not be directly compared with other values
reported in literature since the proposed model uses osmotic pressure
differences to model the driving force for water transport instead of the
vapor pressure difference (Sheikh et al., 2023). However, the average
water fluxes could be compared with other studies reported in scientific
literature. The average water fluxes values obtained at 50 h of operation
were 0.026 ± 0.005, 0.028 ± 0.004, 0.027 ± 0.004 and 0.035 ± 0.008
kg/(m² h) for the experiments carried out at 2.4, 5.2, 7.1 and 10.5 g N/L,
respectively. During the first 2 h of operation, water fluxes ranged be-
tween − 0.050 and − 0.05 kg/(m² h), with the negative values indicating
water diffusion from the trapping solution to the feed solution due to the

higher osmotic pressure of the feed solution. This effect was also
observed when recording the volume the volume of the trapping solu-
tion over time, which slightly decreased during the first 2–4 h of oper-
ation and then increased (Figs. 4–6). Themaximumwater fluxes reached
values from 0.050 to 0.085 kg/(m² h) when the concentration gradient
between solutions was higher. Further details regarding flux variation
over time can be found in Section C of the Supplementary Material.

Average water fluxes of 22.1 ± 6.1 kg/(m² h) were reported by
Sheikh et al. (2023) when working with PP-LLMC and PMP-LLMC
membranes. Fillingham et al. (2017) reported average water fluxes be-
tween 0.14 and 0.05 kg/(m² h) when working with a polytetrafluoro-
ethylene membrane. In this study, the relatively low water transport
through the membrane (0.050 to 0.085 kg/(m² h)) may explain the
highly pronounced maximum TAN concentration observed in the trap-
ping solution. High water transport is an undesirable phenomenon for
GPM contactors because it limits the build-up of TAN concentration in
the trapping solution, lowering its commercial value (Sheikh et al.,
2023).

A good fit between the experimental data and the model predictions
was obtained as indicated by high R2 values for the volumes and TAN in
the feed and trapping solution chambers (Table 2). For the tests using an
initial TAN concentration in the feed of 2.4, 5.2, 7.1 and 10.6 g N/L, the
R2 values for TAN in the feed were 0.997, 0.996, 0.995 and 0.996,
respectively. High R2 values were also obtained for the volume and
trapping solution data, indicating the accuracy of the proposed model.
Overall, the satisfactory fitting results for the different concentrations of
feed solutions indicated that the model could reliably simulate the
behavior of GPM contactor across a broad range of operational
conditions.

Table 1
Estimated Km values from the model without water transport at different feed
solution TAN concentrations.

Feed TAN conc. 2.4 g N/L 5.2 g N/L 7.1 g N/L 10.6 g N/L

Km (10–7m/s) 9.7 ± 0.5 5.8 ± 0.3 5.0 ± 0.3 6.9 ± 0.4
R2, TAN in feed 0.996 0.995 0.995 0.995

Fig. 4. Fitting results of experimental data (dots) using the new model with water transport (line) at a feed solution TAN concentration of 2.4 g N/L.
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Fig. 5. Fitting results of experimental data (dots) using the new model with water transport (line) at a feed solution TAN concentration 5.2 g N/L.

Fig. 6. Fitting results of experimental data (dots) using the new model with water transport (line) at a feed solution TAN concentration of 7.1 g N/L.
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3.3. Potential and limitations of the new model

Modeling nitrogen transport in a gas-permeable membrane while
considering water transport offers a significant advantage over the
conventional model that does not consider water transport. Water
transport dilutes the trapping solution, creating an economic challenge
by hindering the goal of achieving a concentrated nitrogen solution.
Another advantage of the newmodel is using osmotic pressure instead of
vapor pressure as a variable to model water transport across the mem-
brane, since osmotic pressure can be experimentally measured using an
osmometer. This would enable the application and extension of this
modeling approach to real wastewater systems in which it is not possible
to measure all the dissolved species to predict the osmotic pressure.
Some studies have predicted vapor pressure of water (Gonzalez-Salgado
et al., 2023; Sheikh et al., 2023; Zhu et al., 2024). However, the
necessary correlations to assess the activity water coefficient are still
scarce (Sheikh et al., 2023). Moreover, measuring vapor pressure
directly in an experimental setting could be complex and challenging.

Osmotic pressure measurements could provide a more practical and
cost-effective alternative, facilitating the modeling of water diffusion in
real conditions.

Although a wide range of initial TAN concentrations were tested, this
model has been applied to the treatment of synthetic wastewater where
all the present chemical compounds were known. Therefore, more
research is needed to validate the model using real wastewater to ensure
its applicability in complex matrices. Additionally, the conventional
model does not consider a potential decrease in TAN recovery due to
membrane wetting and/or fouling over time. These factors would surely
impact the long-term performance and reliability of the gas-permeable
membrane process. Despite these limitations, the model’s ability to
simulate TAN recovery and water transport accurately provides a robust
foundation for further refinement. Future work should focus on vali-
dating the model with real wastewater and incorporating factors such as
membrane fouling and wetting into the transport constants to enhance
the model’s predictive power and reliability.

4. Conclusions

A new model was developed to simultaneously simulate the dy-
namics of ammonia and water diffusion across the membrane, where
osmotic pressure was used as driving force for water diffusion. The
developed model successfully simulates the behavior of ammonia
transfer (Km ranging from 1.17⋅10–6 to 2.06⋅10–6 m/s) and water transfer
(Kw ranging from 2.40⋅10–10 to 8.24⋅10–10 m/(s bar)). High R² values in
the model fitting indicate that it accurately captures the dynamics of the
system across different operational conditions. This novel model pro-
vides a practical and measurable approach to predict both water trans-
port and nitrogen recovery in real wastewater systems. The average

Fig. 7. Fitting results of experimental data (dots) using the new model with water transport (line) at a feed solution TAN concentration of 10.6 g N/L.

Table 2
Transport coefficients (Km and Kw) and determination coefficients from the new
model considering water transport for the experiments carried out at different
feed solution TAN concentrations.

Experiment 2.4 g N/L 5.2 g N/L 7.1 g N/L 10.6 g N/L

Km (10–6 m/s) 2.06 ± 0.09 1.20 ± 0.04 1.17 ± 0.07 1.57 ± 0.09
Kw (10–10 m/(s bar)) 8.24 ± 0.30 3.38 ± 0.16 2.40 ± 0.14 2.78 ± 0.14
R2, TAN in feed 0.997 0.996 0.995 0.996
R2, TAN in trapping 0.987 0.989 0.978 0.975
R2, V in feed 0.959 0.946 0.969 0.993
R2, V in trapping 0.989 0.977 0.964 0.966
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water fluxes from this study were 0.026, 0.028, 0.027 and 0.035 kg/(m²
h) for experiments carried out at 2.4, 5.2, 7.1 and 10.6 g N/L, respec-
tively. These water fluxes are lower than those reported in the literature
which can be related to the hydrophobicity of the membrane. Overall,
simultaneously modeling nitrogen transport and water transport pro-
vides a key advantage over the conventional model, as water transport
dilutes the trapping solution, limiting TAN accumulation and lowering
its commercial value.
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