
New modelling approach for nitrogen transfer and water passage in 
gas-permeable membranes for wastewater treatment☆

A. Serra-Toro a , T. Romero-Vidal b , V. Pelizzaro c, C. Da Silva a, F. Valentino c , S. Astals a,  
J. Dosta a,d,* , F. Mas b,e

a Department of Chemical Engineering and Analytical Chemistry, University of Barcelona, 08028, Spain
b Department of Materials Science and Physical Chemistry, University of Barcelona, 08028, Spain
c Department of Environmental Sciences, Informatics and Statistics, Ca’ Foscari University of Venice, 30170 Mestre-Venice, Italy
d Water Research Institute, University of Barcelona, 08001, Spain
e Research Institute of Theoretical and Computational Chemistry (IQTCUB), University of Barcelona, 08028, Spain

H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• New model captures ammonia and 
water transport across gas-permeable 
membranes.

• Total ammoniacal nitrogen diffusion is 
estimated using only measurable 
parameters.

• Method reliably models nitrogen recov
ery from synthetic and waste effluents.

• Consistent permeability of 1.3⋅10− 6 m/s 
confirms membrane-intrinsic behaviour.

• Water flux driven by osmotic gradients 
increases trapping volumes by up to 
292%.
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A B S T R A C T

Gas-permeable membranes (GPM) have emerged as a promising technology for recovering total ammoniacal 
nitrogen (TAN) from wastewater. However, simultaneous transport of ammonia and water across hydrophobic 
membranes dilute the trapping solution and reduces its value. Additionally, water transport hinders nitrogen 
transfer analysis, which is used to assess membrane performance. Existing modelling approaches often rely on 
osmotic pressure estimates or assume constant volumes, which limits their applicability when treating real 
wastewaters. This study presents a new modelling approach to describe the coupled transport of ammonia and 
water across GPM using only experimentally measurable variables such as TAN concentration and solution 
volume. A key feature of this model is its capacity to capture dilution effects caused by water flux and accurately 
estimate TAN diffusion without requiring chemical speciation data. Laboratory experiments with synthetic and 
waste-derived effluents, including anaerobic digestion supernatant, acidogenic fermentation liquid, and indus
trial wastewater accurately reproduced TAN concentration over time. For synthetic wastewater, the mean 
ammonia permeability was 1.26⋅10-6 m/s, while waste effluents showed broader values from 0.58⋅10-6 to 
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1.83⋅10-6 m/s due to matrix component interactions. This narrow distribution confirms the robustness of the 
model, as permeability is a membrane-intrinsic parameter. Water transport significantly increased trapping so
lution volume, up to 149% in synthetic media and 292% in high-strength effluents, increasing with the osmotic 
pressure gradient between solutions. The proposed model provides a practical tool to obtain membrane-intrinsic 
ammonia permeability and to model TAN recovery in GPM treating real effluents, helping to bridge the gap 
between theoretical transport models and experimental applications.

1. Introduction

Human activities have drastically increased reactive nitrogen inputs 
to the environment, with nitrogen-rich wastewater discharges being a 
major driver of eutrophication, greenhouse gas emissions, and public 
health risks (Fowler et al., 2013). Concomitantly, global fertiliser de
mand is largely met through the highly energy intensive Haber-Bosch 
process, which accounts for about 2% of global energy consumption 
(Nancharaiah et al., 2016), and its demand continues to grow at an 
annual rate of 1.8% (Ledezma et al., 2015). Consequently, recovering 
ammoniacal nitrogen from wastewater serves a dual purpose of miti
gating environmental impacts while contributing to the circular econ
omy by valorising it as a valuable product (Qin et al., 2023). Recent 
reviews have highlighted source separation as a promising strategy to 
efficiently recover nitrogen in the form of usable fertiliser or chemical 
feedstock, with potential economic benefits estimated at 0.018–0.086 
$/m3 of treated wastewater (Errico et al., 2018; Qin et al., 2023).

A wide variety of biological and physicochemical processes have 
been proposed for ammoniacal nitrogen removal and recovery from 
residual effluents such as animal manure, agricultural digestates, and 
industrial waste streams (Rizzioli et al., 2023). Biological approaches, 
such as nitrification/denitrification and anammox, are widely applied to 
remove ammoniacal nitrogen from wastewater effluents at relatively 
low cost, although N2O emissions should be carefully monitored and 
mitigated (Karmann et al., 2024). However, within the circular economy 
context, technologies that enable ammoniacal nitrogen recovery rather 
than removal should be prioritised, such as stripping, adsorption, ion 
exchange, and membrane-based processes, including forward osmosis 
and membrane distillation (Ye et al., 2018; Rizzioli et al., 2023). Each 
technology presents specific advantages and limitations with respect to 
energy demand, product quality, maintenance costs, and adaptability to 
complex matrices, among others (Farghali et al., 2024).

Among all these technologies, gas-permeable membranes (GPM) 
have emerged as a particularly promising technology for direct 
ammonia recovery. These hydrophobic membranes allow the diffusion 
of NH3 through their gas filled nanopores or micropores into an acidic 
trapping solution where a concentrated ammonium salt solution is 
produced (García-González and Vanotti, 2015; Serra-Toro et al., 2024). 
Pilot and lab-scale studies have reported high total ammoniacal nitrogen 
(TAN) recovery efficiencies for the treatment of a wide range of feed
stocks, including anaerobic digestion supernatant (Ferri da Silva et al., 
2025), fermentation liquors (Serra-Toro et al., 2025), animal manure 
(González-García et al., 2021), or urine (Nagy et al., 2019). Further
more, literature reviews have highlighted GPM as a low-energy and 
operationally versatile technology for economically valorising waste
water nitrogen (Soto-Herranz et al., 2022; Wu et al., 2026).

GPM technology still presents operational challenges that limit its 
robustness and durability, which are important factors for further scale- 
up of the technology. Strong osmotic pressure gradients between the 
feed and trapping solution can promote the passage of water molecules 
across the membrane via osmotic distillation, which dilutes the trapping 
solution and reduces process efficiency (Aligwe et al., 2020; Chan et al., 
2020; Lee et al., 2021). Another phenomenon that contributes to water 
transport is membrane wetting, defined as the intrusion of liquid water 
through the membrane due to pore enlargement or loss of hydropho
bicity (Wong et al., 2021). Wetting alters mass transfer mechanisms and 
facilitates small solutes transport across the membrane (Rongwong and 

Sairiam, 2020; Guo et al., 2022). In addition, fouling and pore clogging 
diminish the effective membrane surface, reducing its transfer rate and 
increasing the need for more frequent cleaning cycles (Ladewig and Al- 
Shaedi, 2017; Rosa e Silva et al., 2025). Understanding and quantifying 
the transport of both ammonia and water is essential to correctly 
interpret GPM performance. However, future research should focus on 
membrane degradation caused by wetting and fouling phenomena.

Developing reliable models that reflect the coupled transport and 
chemical effects governing ammonia transport is essential for inter
preting GPM performance under variable conditions. Most existing 
modelling approaches simplify the process by assuming constant solu
tion volumes or by neglecting the contribution of water transport across 
the membrane. When acid–base chemistry is incorporated in reac
tion–diffusion descriptions, the driving force for mass transfer remains 
the NH3 concentration gradient, but the net TAN dynamics reflect the 
combined effect of diffusion and the NH3/NH4

+ equilibrium. Considering 
that acid–base kinetic is much faster than diffusive transport, the mass- 
transfer is linked to the intrinsic NH3 permeability (PNH3 ) rather than a 
single empirical constant; typically expressed as the ammonia mass 
transfer constant (Km) (Darestani et al., 2017; Reig et al., 2021; Serra- 
Toro., 2022a). However, when water transport occurs, dilution of the 
trapping solution can significantly influence the apparent TAN con
centration dynamics, which may lead to inaccurate permeability esti
mations. This explains why Km varies strongly with pH and temperature 
across different studies, while PNH3 remains comparatively stable.

The model developed in this study incorporates water flux attributed 
to osmotic distillation but infers it only from measurable variables such 
as TAN concentration and solution volume, thereby avoiding the need 
for direct osmotic-pressure inputs. This aspect is particularly relevant 
when dealing with real wastewater matrices, where osmotic pressure 
and coefficients are often difficult to estimate due to the complex and 
variable composition of dissolved species. Despite recent advances in 
modelling ammonia transport in GPM, there remains a research gap in 
approaches that can reliably describe the coupled transport of ammonia 
and water without requiring detailed thermodynamic characterisation. 
The current study proposes a new modelling approach that describes the 
transport of both ammonia and water through GPM, remaining robust 
even when full speciation data are not available. By relying exclusively 
on experimentally measurable variables, the proposed model enables 
the interpretation of ammonia recovery processes under realistic con
ditions while explicitly accounting for dilution effects caused by water 
transport. As a result, the model provides a coherent and experimentally 
grounded framework for quantifying ammonia fluxes and dilution 
phenomena in GPM for waste-derived liquid streams.

2. Materials and methods

2.1. Synthetic solution and high-strength wastewaters

The synthetic solution consisted of deionised water with 5.0 g/L of 
acetic acid and different TAN concentrations: 2.4, 5.2, 7.1, and 10.6 g N/ 
L. NH4Cl was used as TAN source. Three different high-strength waste
water effluents were also tested to determine the performance of the 
GPM and the capability of the proposed model to predict the nitrogen 
diffusion and the water transport with real matrices. The first waste
water consisted of the supernatant from the anaerobic digestion (AD) 
effluent of the organic fraction of the municipal solid wastes (OFMSW) 
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collected from a full-scale mechanical–biological treatment plant in 
Barcelona. The second effluent was obtained in a mesophilic acidogenic 
fermentation process (35 ◦C), conducted in batch mode (7 days) with 
OFMSW influent to the aforementioned AD unit. The third effluent was 
wastewater collected from an animal by-product (ABP) processing fa
cility. All wastewaters were sieved at 0.1 mm mesh size and centrifuged 
at 15000 × g for 10 min to remove suspended particles. Their charac
terisation is shown in Table 1, with TAN concentrations ranging be
tween 5.7 and 9.9 g N/L.

2.2. Experimental set-up

The experimental system consisted of two sealed, jacketed glass 
tanks connected to a microporous hollow-fibre polypropylene mem
brane contactor with an active surface area of 0.50 m2 (3 M, 1.7 × 5.5 
MiniModule). A 5-L tank was used for the feed solution and a 3-L tank for 
the trapping solution (initially 0.1 M H2SO4) where TAN was recovered 
as (NH4)2SO4. Both solutions were circulated in closed loops to the 
membrane module using a Masterflex L/S peristaltic pump, with flow 
rates of 15 L/h for the feed and 5 L/h for the trapping solution. Both 
tanks were hermetically sealed to prevent ammonia losses via volatili
sation. A thermostatic bath (Thermo Scientific HAAKE DC30) was used 
to maintain a constant operating temperature of 35 ◦C in both tanks, 
since mesophilic conditions are largely utilised in biological processes 
and resulting effluents. Moreover, this temperature lies within the 
typical operational range reported for GPM systems and represents a 
compromise between efficient mass transfer and moderate operational 
costs (Zhu et al., 2024). Maintaining both solutions at the same tem
perature prevented the formation of temperature gradients across the 
membrane, which influence water transport and the interpretation of 
the transfer mechanisms (Varela-Corredor and Bandini, 2020). The feed 
circulated through the shell side of the membrane, while the trapping 
solution flowed through the lumen side to reduce the potential fouling. 
Each tank was equipped with a magnetic stirrer set at 180 rpm (Cimarec 
+ basic 26 x 26, Thermo Scientific) and a pH control system. The pH was 
maintained at fix value of 2 and 9 in the feed and trapping solutions, 
respectively, using Crison electrodes (code 53–35) and controllers (pH 
28). The controllers activated peristaltic pumps (Ismatec ISM827) to add 
an acidic (25% H2SO4) or alkaline solution (8 M KOH) as needed. Re
agent consumption was added from a graduated cylinder and monitored 
to account for volume changes.

2.3. Experimental procedure

Several assays were performed changing the TAN concentrations of 
the synthetic solution (2.4, 5.2, 7.1, and 10.6 g N/L) and the feed-to- 
trapping volume relation (ω = 2 and 10) (Table 2). These factors 
affect the TAN concentration in the trapping solution, which in turn 
affect the water transport. The volume relation of 2 (ω = 2) was achieved 
by having a feed solution volume of 5.0 L and a trapping solution of 2.5 
L, while experiments with ω = 10 had a trapping solution volume of 0.5 

L. The experiments using synthetic wastewater with a volume relation of 
10 (ω = 10) were obtained from published data in Da Silva et al. (2025). 
The volume relation used in tests with high-strength wastewaters varied 
(ω of 2, 5, and 10) depending on the wastewater tested, to ensure ac
curate assessment of water transport across the membrane (Table 2).

All experiments were carried out in duplicate. Nitrogen losses were 
evaluated by mass balance, with no significant losses detected. No sig
nificant changes in permeability values were observed among the 
experimental replicates, suggesting that fouling did not have a notice
able impact over the time scale of these experiments. Sampling was 
conducted over a 54-hour period. In the first 8 h, samples were taken 
hourly, with two samples collected in the first hour at 30-minute in
tervals. For overnight runs, samples were taken after 12 h and subse
quently every 4 h. At each point, 4 mL were collected from both feed and 
trapping solutions and stored at 4 ◦C for TAN analysis. The volumes of 
both solutions were determined by measuring the liquid height in each 
chamber using a millimetre scale. The relationship between liquid 
height and volume had been previously calibrated, allowing the corre
sponding volumes to be obtained from the measured heights.

2.4. Analytical methods

Soluble COD was analysed using Method 5220C (APHA, 2017). TAN 
concentration was quantified with a Thermo Fisher Scientific ion- 
selective electrode (Orion 9512HPBNWP) according to Method 4500- 
NH3D (APHA, 2017). Alkalinity was measured using an automated 
titrator (Crison pH Burette 24) with 0.1 M HCl, following Method 2320B 
(APHA, 2017), and using a pH endpoint of 5.75 and 4.30 for the partial 
and total alkalinity, respectively. Volatile fatty acids (VFA), including 
acetic, propionic, butyric, valeric, and caproic acids, were quantified 
using a Shimadzu GC-2010 Plus gas chromatograph equipped with a DB- 
FFAP capillary column and a flame ionisation detector. VFA concen
trations were converted to COD equivalents using theoretical conversion 
factors: 1.07 (acetic), 1.51 (propionic), 1.82 (butyric), 2.04 (valeric), 
and 2.21 mg COD/mg compound (caproic acid).

2.5. Model description

A novel approach describing the transport of TAN across GPM in real 
wastewater matrices was built upon the modelling framework proposed 
by Da Silva et al. (2025). The proposed methodology enables the 
quantification of ammonia permeability under conditions where os
motic pressure and osmotic coefficients are either unavailable or 
experimentally difficult to determine. The variables used in equations 
(1), (2) and (3) are defined as follows: 

TANi(t) =
mTAN,i(t)

Vi(t)
(1) 

Table 1 
Main characteristics of the studied waste-derived effluents.

Parameter (units) OFMSW anaerobic 
digestion supernatant

OFMSW 
fermentation 
liquid

ABP 
wastewater

pH 8.2 ± 0.1 6.2 ± 0.1 7.2 ± 0.1
Conductivity (mS/ 

cm)
50.6 ± 0.3 41.5 ± 0.2 57.9 ± 0.2

Soluble COD (g/L) 19.4 ± 1.9 54.6 ± 1.5 83.7 ± 3.4
VFA (g COD/L) 0.62 ± 0.01 30.9 ± 0.5 65.1 ± 3.6
Partial alkalinity (g 

CaCO3/L)
20.7 ± 0.2 2.9 ± 0.2 10.2 ± 0.3

Total alkalinity (g 
CaCO3/L)

24.0 ± 0.5 14.7 ± 0.5 33.7 ± 0.4

TAN (g N/L) 5.7 ± 0.1 6.1 ± 0.2 9.9 ± 0.3

Table 2 
Experimental conditions of the tests carried out to assess the effect of TAN 
concentration and volume ratio (ω) on GPM performance.

Effluent TAN (g N/L) ω Test

Synthetic wastewater 2.4 2 A1.1
10 A2.1

5.2 2 A1.2
10 A2.2

7.5 2 A1.3
10 A2.3

10.6 2 A1.4
10 A2.4

OFMSW anaerobic digestion supernatant 5.7 2 B1
10 B2

OFMSW fermentation liquid 6.1 2 C1
10 C2

ABP wastewater 9.9 5 D
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mTAN,i(t) = mNH3,i(t)+mNH+
4,i(t) (2) 

nTAN,i(t) = nNH3,i(t)+ nNH+
4,i(t) (3) 

Where TAN denotes the total ammoniacal nitrogen concentration (g N/ 
L), with the subscript i referring to either the feed (f) or the trapping (t) 
solution. Vi(t) represents the volume of compartment i, which may vary 
over time due to transmembrane water flux (L). Parameters mTAN,i(t) and 
nTAN,i(t) correspond to the TAN expressed in mass (g) and molar (mol) 
units, respectively. The mass and molar units are inherently correlated 
through the molar mass of nitrogen species, equation (4) describes the 
proportional relation to their initial values in the feed solution. 

mTAN,i(t)
mTAN,f (0)

=
nTAN,i(t)
nTAN,f (0)

(4) 

The chemical equilibrium between ammonia (NH3) and ammonium ion 
(NH4

+) is governed by the acid–base dissociation reaction. Given the 
rapid kinetics of this equilibrium, it could be assumed that acid–base 
equilibrium is always established on both sides of the membrane. The 
equilibrium condition, expressed in equation (5), relates the concen
trations of the species via the acid dissociation constant Ka, assuming 
ideal conditions and approximating activities to both species concen
tration. Equations (6), (7) and (8) represent the proportion of NH3, the 
species capable to diffuse through the membrane, depending on the pH 
and temperature. 

Ka ≈

[
NH3,i(t)

]
⋅aH+

[
NH+

4,i(t)
] =

nNH3,i(t)⋅10− pHi

nNH+
4,i(t)

= 10− pKa (5) 

nNH+
4,i(t) = nNH3,i(t)⋅10pKa − pHi = μi nNH3,i(t) ; μi ≡ 10pKa − pHi (6) 

nTAN,i(t) = (1+ μi)nNH3,i(t); nNH3,i(t) =
nTAN,i(t)
(1 + μi)

(7) 

Equation (7) could also be expressed in mass units from equation (4), as 
stated in equation (8). 

mTAN,i(t) = (1+ μi)mNH3,i(t);mNH3,i(t) =
mTAN,i(t)
(1 + μi)

(8) 

Temperature variation of the dissociation equilibrium constant (Ka) is 
given by van’t Hoff’s equation: 

dlnKa

dT
=

ΔH◦

RT2 ;Ka = exp
(

−
6334

T

)

(9) 

Where T denotes the absolute temperature (K), ΔH◦ is the standard 
enthalpy of the reaction (J/mol) and R is the universal gas constant. The 
integrated expression is obtained by assuming that ΔH◦ remains con
stant around the operating temperature of 35 ◦C.

The TAN transport is governed by mass balance equations, while the 
diffusion of TAN is controlled by the chemical potential gradient of NH3 
in solution, which, assuming ideal conditions, is equivalent to a con
centration gradient (equation (10)). Due to the pH difference and 
membrane selective permeability, NH3 diffuses through the membrane, 
whereas NH4

+ is retained. Consequently, the transport model may be 
simplified and expressed either in molar or mass form (equation (10)). 

dnTAN,f (t)
dt

=

⎛

⎝
d
(
nNH3,f (t)

)

dt
+

d
(

nNH+
4,f (t)

)

dt

⎞

⎠

= A PNH3

(
nNH3,t(t)

Vt(t)
−

nNH3,f (t)
Vf (t)

)

= A PNH3

⎛

⎜
⎝

nTAN,t(t)
(1 + μt)Vt(t)

−
nTAN,f (t)

(
1 + μf

)
Vf (t)

⎞

⎟
⎠ (10) 

Where PNH3 (m/s) is the permeability of NH3 across the membrane and A 
(m2) is the membrane surface area. Provided that pH in the trapping 
solution is always acidic (below 5), the ammonia fraction in the solution 
is assumed to be negligible and thus, a general equation from the pre
vious balance is obtained (equation (11)). 

dmTAN,f (t)
dt

= −
A PNH3(
1 + μf

)
mTAN,f (t)

Vf (t)
= −

A PNH3(
1 + μf

)TANf (t) (11) 

In the limiting case where transmembrane water flux is negligible, both 
solution volumes are treated as constant. The resulting equation under 
such assumptions is presented in equation (12) and the general solution, 
either in mass or in concentration, is shown in equation (13). 

dmTAN,f (t)
dt

= −
A PNH3(
1 + μf

)
mTAN,f (t)

Vf
(12) 

mTAN,f (t) = mTAN,f (0) exp

⎛

⎝ −
A PNH3(

1 + μf

)
Vf

t

⎞

⎠ ; TANf (t)

= TANf (0) exp

⎛

⎝ −
A PNH3(

1 + μf

)
Vf

t

⎞

⎠ (13) 

In most GPM studies, where only NH3 diffuses through the mem
brane, the TAN mass balance is simplified. The acid–base equilibrium is 
not explicitly considered since the feed is usually maintained under 
alkaline conditions. As a result, TAN depletion is only attributed to NH3 
diffusion across the membrane, and the integrated expression assumes 
that its variation directly reflects NH3 mass transfer. Under this 
assumption, the exponential term of equation (13) includes an apparent 
mass-transfer coefficient Km, without the equilibrium correction factor 
μ, which depends on pH and temperature (equation (6)).

When acid–base reactions are explicitly included, as in reac
tion–diffusion models, the driving force for transport remains the NH3 
concentration gradient. However, the overall TAN variation depends on 
both diffusion and acid–base kinetics. The acid-base reactions are much 
faster than the diffusion process and can therefore be assumed to be at 
equilibrium. Consequently, the integrated expression includes PNH3/

(1 + μf ) instead of a simple Km. Accordingly, Km should be interpreted as 
an apparent mass-transfer coefficient dependent on the intrinsic 
permeability PNH3 as well as on pH and temperature. This explains why 
Km (TAN∝exp(A⋅Km⋅t/Vf )) vary by orders of magnitude under different 
operating conditions, while PNH3 remains comparatively stable. This 
interpretation bridges the simplified empirical formulations commonly 
used in GPM studies (Darestani et al., 2017; Reig et al., 2021; Serra-Toro 
et al., 2022b) with more rigorous equilibrium–diffusion models.

The chamber volumes become time dependent in those scenarios 
involving water flux across the membrane. Consequently, the governing 
dimensional equation takes the form of an ordinary differential equation 
(ODE) (equation (13)). Its solution cannot be obtained analytically 
because the evolution of the feed volume (Vf (t)) and mass of TAN 
(mTAN,f (t)) are interdependent, being coupled through the osmotic 
pressure gradient across the membrane.

An approximate analytical solution was employed to decouple the 
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water flow driven by the osmotic pressure gradient from the TAN flux, 
since measuring the osmotic pressure in wastewater systems is difficult 
or cannot be accurately estimated due to unknown solute composition 
and osmotic coefficients (Greisner et al., 2023). This approximation 
assumes an exponential decay in the feed TAN concentration and per
mits direct fitting of the experimental data (Da Silva et al., 2025. The 
assumption is supported by previous models and literature, where solute 
depletion over time is described by a negative exponential function due 
to first order-like transport behaviour (Serra-Toro et al., 2022a): 

TANf (t) ≈ TANf (0)exp
(
− aexpt

)
(14) 

Then, equation (12) becomes a non-homogeneous ordinary differential 
equation (ODE). 

dmTAN,f (t)
dt

= −
APNH3(
1 + μf

)TANf (0)exp
(
− aexpt

)
(15) 

Whose analytical solution can be obtained using the method of separa
tion of variables, by knowing the initial TAN mass value (mTAN(0)). 

mTAN,f (t) = mTAN,f (0)

⎛

⎜
⎝1 −

A PNH3(
1 + μf

)
Vf (0)

1
aexp

[
1 − exp

(
− aexpt

) ]

⎞

⎟
⎠

(16) 

The expression for aexp (equation (17)) can be obtained from equation 
(16) assuming that TAN concentration in the feed solution tends to zero 
as time approaches infinite. 

mTAN,f (0)

⎛

⎜
⎝1 −

A PNH3(
1 + μf

)
Vf (0)

1
aexp

⎞

⎟
⎠ = 0⇒aexp =

APNH3(
1 + μf

)
Vf (0)

(17) 

Therefore, the approximate solution at any time is presented in equation 
(18). 

mTAN,f (t) = mTAN,f (0)exp

⎛

⎝ −
APNH3(

1 + μf

)
Vf (0)

t

⎞

⎠ (18) 

When equation (18) is expressed in TAN concentration results in equa
tion (19), which closely resembles the one obtained in the case where no 
water flux across the membrane occurs (equation (12)) (Serra-Toro 
et al., 2022a). 

TANf (t) =
mTAN,f (t)

Vf (t)
≈

mTAN,f (t)
Vf (0)

= TANf (0)exp

⎛

⎝ −
APNH3(

1 + μf

)
Vf (0)

t

⎞

⎠

(19) 

Where mTAN(t) values are obtained by combining TAN(t) and V(t)
experimental values.

2.6. Fitting procedure and graphical estimation

Membrane permeability (PNH3 ) was determined from experimental 
data using a non-linear regression approach. Model parameters were 
obtained by fitting an approximate analytical expression to the 
measured time series, using the Levenberg-Marquardt algorithm to 
minimise the reduced chi-squared statistic (χr

2), which accounts for the 
degrees of freedom of the fit. Parameter standard errors and goodness- 
of-fit metrics, including χr

2 and the coefficient of determination (R2), 
were computed to assess the quality of the calibration. Once PNH3 was 
estimated, the model was used to predict dependent variables that could 
be directly compared with experimental observations. As an example, 
the mass balance for TAN in the trapping solution can be expressed as 
the time-dependent decrease in TAN mass in the feed compartment 

(equation (20)). 

mTAN,t(t) = mTAN,f (0) − mTAN,f (t) (20) 

To compare model predictions with experimental data on a concentra
tion basis, TAN mass values in both compartments were converted to 
concentrations (g/L) by dividing them by the corresponding compart
ment volume at each time point (equation (21)). 

TANf (t) =
mTAN,f (t)

Vf (t)
,TANt(t) =

mTAN,t(t)
Vt(t)

(21) 

Since the compartment volumes were measured at discrete time points, 
smooth interpolating functions Vf (t) and Vt(t) were constructed to 
provide continuous volume estimates during the entire experiment. This 
procedure allowed a continuous representation of TAN concentration 
profiles, enabling direct graphical comparison between experimental 
measurements and model predictions. The resulting fitted curves and 
their corresponding R2 values were then reported for all experimental 
datasets considered, allowing a comprehensive assessment of model 
performance. This approach was applied to reproduce the experimental 
TAN evolution of both solutions, which depend on their volume varia
tion caused by water fluxes through the GPM, enabling the estimation of 
effective permeability and evaluating the model capability to capture 
volume variations. The predicted results obtained with the new model 
(namely, approximative model) were compared with those obtained 
from the model proposed by Da Silva et al. (2025), which incorporates 
osmotic pressure to describe water diffusion (namely, TAN-H2O trans
port model). Additionally, comparison with the conventional constant- 
volume model highlights the influence of osmotic effects on the accu
racy of TAN transport predictions.

3. Results and discussion

3.1. Water and ammonia diffusion using synthetic wastewater

Tests conducted at a volume relation of 2 (ω = 2) with synthetic 
wastewater were designed to demonstrate the increasing transport of 
water through the membrane as the TAN concentration in the trapping 
solution increased. The variation in the initial TAN concentration of the 
feed solution from 2.4 to 10.6 g N/L allowed the observation of a two- 
fold increase in the trapping solution concentration, which generated 
a water activity gradient between the two solutions. As this gradient 
intensified during the experiments, it promoted greater water transport 
through the membrane. In these experiments, both TAN concentration 
and volume were analysed and modelled using the approximative 
transport model developed in this study and compared with the TAN- 
H2O transport model proposed by Da Silva et al. (2025) and the widely 
used constant-volume model (Serra-Toro et al., 2022b).

In Test A1.1, no water transport was observed since the concentra
tion in the trapping solution reached 4.8 g N/L, which was insufficient to 
create a water activity gradient that promoted the diffusion of water 
through the membrane (Supplementary Material). The approximative 
transport model and TAN-H20 transport model yielded PNH3 of (1.76 ±
0.04)⋅10-6 and (2.48 ± 0.06)⋅10-6 m/s, respectively (Table 3). In 
contrast, Test A1.2 exhibited a small water flux of 0.09 L from the feed to 
the trapping solution after 50 h, leading to a slight dilution of the 
trapping solution concentration (Supplementary Material). Both models 
successfully predicted this effect with PNH3 of (1.33 ± 0.06)⋅10-6 and 
(1.45 ± 0.07)⋅10-6 m/s, respectively. The TAN-H2O transport model 
could not precisely estimate the water flux because of the small water 
transport; however, the permeability values were in accordance with the 
approximative model and concentration fitting data had R2 higher than 
0.98.

Fig. 1 shows the experimental and model data of Test A1.3. The TAN 
mass decrease in the feed solution matches the amount recovered in the 
trapping solution, indicating that no nitrogen losses occurred during the 
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experiment. During the first 3 h, a slight water flux toward the feed 
solution was detected, likely due to the high NH4Cl concentration (7.5 g 
N/L). However, the trend soon reversed with water starting to migrate 
toward the trapping solution, where osmotic pressure increased as 
(NH4)2SO4 accumulated due to TAN transfer. These fluxes were driven 
by the activity gradient between both solutions, with water migrating 
toward the solution with the higher concentration of dissolved species. 
The net water transferred was 0.21 L after 50 h of operation.

The new model approach (equation (19)) accurately predicted TAN 
concentrations in both solutions. PNH3 values of 1.31⋅10-6 and 1.49⋅10-6 

m/s were obtained from the fitted TAN concentrations for the approxi
mative and TAN-H2O transport models, respectively (Table 3). These 
results are highly consistent between models and aligned with values 
reported in literature using GPM contactors for nitrogen recovery from 
synthetic solutions (Serra-Toro et al., 2022a; Yan et al., 2023; Abeyratne 
et al., 2025). Both TAN models exhibited an excellent predictive per
formance, with R2 values above 0.99 (Table 3). It is worth mentioning 
that this approach makes it possible to quantify the TAN concentration 
decrease attributable to dilution effects, an aspect not accounted for by 

the traditional models that consider constant volumes. The divergence 
between the ammonia mass transfer coefficient (Km) obtained by the 
constant-volume model and the new model is illustrated in the Supple
mentary Material. These results clearly show the importance of ac
counting for water fluxes under high osmotic pressure gradients, 
especially when designing and optimising GPM contactors for nitrogen 
recovery from high-strength effluents.

The volume transfer in Test A1.4 was higher than in the previous 
tests due to the higher initial TAN concentration of 10.5 g N/L. Fig. 2
shows that during the first 5 h of operation, water migrated toward the 
feed solution until the osmotic pressure in the trapping solution sur
passed that of the feed, at which point the water flux changed towards 
the trapping solution. After 50 h, a total net water exchange of 0.42 L 
was measured, twice the amount observed in Test A1.3, where the os
motic pressure gradient was lower. The TAN-H2O transport model 
slightly overestimated water transport, but it still provided a robust 
prediction of the overall trend and accurately estimated TAN concen
trations. The PNH3 was 0.69⋅10-6 and 0.76⋅10-6 m/s for the approxima
tive and TAN-H2O transport model, respectively (Table 3). As in Test 

Table 3 
TAN permeabilities (PNH3 ) and water transport constants (Kw) for both models in experiments carried out with synthetic wastewater (Tests A1.1 – A2.4).

Approximative model TAN-H20 transport model TAN-H20 transport model
Test PNH3 (m/s ⋅ 10-6) R2 PNH3 (m/s ⋅ 10-6) R2 Kw (m/(s⋅bar) ⋅ 10-10) R2

A 1.1 1.76 ± 0.04 0.997 2.48 ± 0.06 0.997 − −

A 1.2 1.33 ± 0.06 0.987 1.45 ± 0.07 0.986 − −

A 1.3 1.31 ± 0.02 0.998 1.49 ± 0.04 0.998 4.8 ± 0.7 0.816
A 1.4 0.69 ± 0.02 0.996 0.76 ± 0.04 0.995 11 ± 3 0.842
A 2.1 1.72 ± 0.04 0.996 2.06 ± 0.09 0.997 8.2 ± 0.3 0.989
A 2.2 1.05 ± 0.03 0.996 1.20 ± 0.04 0.996 3.4 ± 0.2 0.946
A 2.3 0.92 ± 0.02 0.996 1.17 ± 0.07 0.995 2.4 ± 0.1 0.964
A 2.4 1.21 ± 0.03 0.995 1.57 ± 0.09 0.996 2.8 ± 0.1 0.993
Distribution (x ± s) 1.3 ± 0.4 − 1.4 ± 0.4 − 5.5 ± 3.5 −

Fig. 1. Experiment carried out with a synthetic solution at 7.5 g N/L and ω of 2 (Test A1.3). TAN mass evolution (top left), volume evolution (top right) for both 
solutions, feed concentration adjustment (bottom left) and trapping concentration adjustment (bottom right). Dots represent experimental data, and lines represent 
model fitting.
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A1.3, model fitting in the feed solution was excellent since the water flux 
had negligible impact once TAN concentration approached zero. For the 
trapping solution, the approximative model yielded a slightly better fit 
although both models reached R2 above 0.995. This assay showed a 
greater divergence between the PNH3 and the literature Km fit since 
higher amount of water diffused through the membrane (see Supple
mentary Material).

Table 3 summarises the PNH3 values obtained with the approximative 
and the TAN-H2O transport models, together with the corresponding R2 

for all synthetic solution assays (Tests A1.1 – A2.4). For the approxi
mative model, permeability values were very consistent, with a mean of 
(1.3 ± 0.4)⋅10-6 m/s. This narrow distribution confirms the robustness 
of the model, as permeability is a membrane-intrinsic parameter and, 
therefore, should be independent of TAN concentration or volume ratio. 
The Kw values from the TAN-H2O transport were comparable across all 
tests working with synthetic wastewater (excluding Tests A1.1 and A1.2 
due to a low water transport), averaging (3.7 ± 2.3)⋅10-10 m/(s⋅bar). The 
PNH3 observed for the TAN-H2O transport model had a mean value of 
(1.4 ± 0.4)⋅10-6 m/s, showing a similar behaviour to that of the 
approximative model and further supporting the consistency of the 
results.

Overall, both the approximative transport model proposed in this 
study and the previously published TAN-H2O transport model (Da Silva 
et al., 2025) provided an excellent fit to the experimental data obtained 
with synthetic solutions, with consistently high R2 values. This indicates 
that under controlled conditions both approaches are able to accurately 
reproduce the dilution effects caused by water transport across the 
membrane. These results confirm that the simplified modelling frame
work can reliably describe ammonia and water transport when the 
composition of the system is well defined. In this research, the experi
ments with synthetic solutions mainly served as a validation step to 
assess the consistency of the simplified model regarding the previously 

established TAN-H2O transport model. Once this agreement was 
confirmed, the modelling approach was applied to real wastewater 
matrices to evaluate its performance under more complex and variable 
conditions. Real wastewaters present a heterogeneous and variable 
composition, which makes the estimation of osmotic pressure chal
lenging from a practical perspective. Therefore, avoiding the need to 
estimate these parameters represents a key advantage of the modelling 
approach proposed in this work.

3.2. Water and ammonia diffusion using waste-derived streams

The experiments conducted with supernatant from an OFMSW 
anaerobic digester, which had an initial TAN concentration of 5.7 g N/L, 
lasted 72 and 96 h for the experiment with a ω of 2 and 10, respectively. 
In the case of operating with a volume relation of 2 (Test B1), a slight 
water flux toward the feed solution was observed during the first 8 h. No 
further water transport was observed as confirmed by the final TAN 
concentration in the trapping solution that reached twice the concen
tration of the feed solution after approximately 25 h. Considering the 
high conductivity of the AD supernatant (50.6 mS/cm), the osmotic 
pressure difference between the feed and the trapping solution enriched 
with (NH4)2SO4 was smaller than in the experiments using synthetic 
wastewater. When using waste-derived effluents, the Kw in the experi
ments cannot be calculated since osmotic pressure is too difficult to 
estimate (Khraisheh et al., 2020). Therefore, a monitoring of the volume 
was carried out to determine the PNH3 , which value was (0.92 ± 0.03)⋅ 
10-6 m/s (R2 = 0.994) (Table 4). This value is slightly lower than that 
obtained in synthetic experiments, which is attributed to the species 
interactions in the complex solution matrix.

A higher water flux was observed in Test B2, where the volume 
relation was 10. The maximum TAN concentration in the trapping so
lution was approximately 35 g N/L, much lower than the theoretical 56 

Fig. 2. Experiment carried out with a synthetic solution at 10.2 g N/L and ω of 2 (Test A1.4). TAN mass evolution (top left), volume evolution (top right) for both 
solutions, feed concentration adjustment (bottom left) and trapping concentration adjustment (bottom right). Dots represent experimental data, and lines represent 
model fitting.
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g N/L expected in the absence of water transport. After about 10 h, the 
TAN concentration started to decrease gradually, and by 96 h a net 
water transfer of 0.97 L to the trapping solution had occurred, driven by 
the high osmotic pressure generated by the ammonium salt content 
(Fig. 3). These results indicate that higher osmotic pressure gradients 
increase water transport, suggesting that osmotic distillation is the main 
mechanism. However, the contribution of membrane wetting to water 
transport cannot be excluded (Zhang et al., 2025). The PNH3 was (0.88 ±
0.06)⋅10-6 m/s (R2 = 0.97), coinciding with that obtained in Test B1. A 
noticeable divergence occurs when estimating the permeability of 
ammonia without considering the water diffusion when the trapping 
solution is highly concentrated (Supplementary Material).

Similarly, the experiment performed with OFMSW fermentation 
liquid and a volume relation of 2 (Test C1) showed water transport only 
towards the feed solution during the first hours of operation, with no 
detectable water flux thereafter. This behaviour is illustrated in Fig. 4, 
where TAN concentration in the trapping solution remained nearly 
constant after 30 h of operation. A slight decrease in the trapping so
lution volume could also be inferred since the final concentration 
reached 13.9 g N/L, whereas under constant-volume conditions it would 
have been 12.6 g N/L, doubling the initial feed concentration of 6.3 g N/ 
L. The PNH3 was (0.58 ± 0.03)⋅10-6 m/s (R2 = 0.99), very similar to 
previous tests carried out with OFMSW anaerobic digestion supernatant 
(Tests B1 and B2) since effluent characteristics were resemblant 
(Table 1).

In experiments with OFMSW fermentation liquid and a volume 

relation of 10 (Test C2), dilution effects during the first 15 h were even 
more remarkable than those using the AD supernatant. The maximum 
TAN concentration reached was nearly 30 g N/L instead of the theo
retical 60 g N/L expected in the absence of water transport. The final 
TAN concentration of 24.9 g N/L was consistent with a total net water 
exchange of 0.67 L over 96 h of operation. In Test C2, the PNH3 had a 
value of (0.77 ± 0.03)⋅10-6 m/s (R2 = 0.98) similar to the one obtained 
in previous tests performed with high strength wastewaters (Table 4). 
This value substantially differs from the constant-volume Km that pre
dicts a double concentration in the trapping solution (Supplementary 
Material).

The ABP wastewater was the effluent that exhibited the highest 
conductivity of 57.9 mS/cm, consistent with its content of dissolved 
species such as TAN (9.9 g N/L) and VFA (65.1 g COD/L), among others 
(Table 4). This high ionic content was directly related to water activity 
and, consequently, to osmotic pressure, creating a strong gradient at the 
start of the experiment towards the ABP feed solution (Fig. 5). As a 
result, Test D (ω of 5) initially showed a net water flux towards the feed 
solution, leading to a decrease in the trapping solution volume and a 
TAN concentration of 60 g N/L. However, this concentration subse
quently declined, as the large amount of (NH4)2SO4 in the trapping so
lution eventually caused the trapping solution to reach a higher osmotic 
pressure than the feed. The resulting PNH3 was notably higher than in 
previous tests, with a value of (1.83 ± 0.09)⋅10-6 m/s (R2 = 0.99). This 
value was more than two times higher than values in Tests B and C, 
probably due to the different matrix and the interaction of their species. 
The permeability parameter successfully captured both the over- 
concentration and under-concentration phases in the trapping solu
tion, whereas the traditional Km approach estimated only an interme
diate value (Supplementary Material).

It is also worth noting that an additional test using ABP wastewater 
at a volume relation of 2 was discarded, as the trapping solution lost too 
much volume to allow precise monitoring. This occurred because the 
(NH4)2SO4 concentration was insufficient to balance the water activities 
of the two solutions and halt the water flux. Along all waste-derived 
effluent tests no significant decrease in permeability values was 

Table 4 
TAN permeabilities (PNH3) of the approximative model in tests carried out with 
waste-derived effluents (Tests B, C and D).

Test PNH3 (m/s ⋅ 10-6) R2

B1 0.90 ± 0.03 0.994
B2 0.88 ± 0.06 0.967
C1 0.58 ± 0.03 0.987
C2 0.77 ± 0.04 0.976
D 1.83 ± 0.09 0.986

Fig. 3. Experiments carried out with OFMSW anaerobic digestion supernatant. TAN evolution in mass (top left) and concentration (top right) for the experiments 
with ω of 2 (Test B1), and TAN evolution in mass (bottom left) and concentration (bottom right) for the experiments with ω of 10 (Test B2). Dots represent 
experimental data, and lines represent model fitting of the approximative model.
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observed across the experimental replicates, suggesting that fouling did 
not have a noticeable impact over the time scale of this study experi
ments. Further research is needed to elucidate the implications of 
extremely high water transport and the wetting propensity of GPM when 
treating high-strength effluents, as well as to better understand their 
impact on long-term performance (Aligwe et al., 2020).

4. Conclusions

A new modelling framework capable of describing the coupled 
transport of ammonia and water across gas-permeable membranes 
(GPM) using only experimentally measurable variables have been 
developed and validated. The model successfully reproduced the evo
lution of TAN concentrations for both synthetic solutions and waste- 
derived effluents. The permeability values obtained for synthetic solu
tions were highly consistent, with a mean value of (1.3 ± 0.4)⋅10-6 m/s, 
confirming that ammonia permeability behaves as an intrinsic mem
brane parameter. When applied to waste-derived effluents, the model 
was also able to capture dilution effects caused by water transport across 

the membrane, which significantly influenced trapping solution con
centrations. These results highlight a key limitation of conventional 
modelling approaches that rely on osmotic pressure estimations or 
constant-volume assumptions, which are difficult to apply to real 
wastewater matrices due to their complex and variable composition. The 
modelling strategy proposed here addresses this gap by enabling the 
interpretation of ammonia and water transport without requiring 
detailed thermodynamic characterisation. Overall, this approach pro
vides a practical tool to analyse GPM performance under realistic con
ditions and contributes to improving the interpretation and design of 
GPM nitrogen recovery systems.
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