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A B S T R A C T

Fermentation liquors from organic wastes are characterised by relatively low concentrations of volatile fatty 
acids (VFA) and high concentrations of total ammoniacal nitrogen (TAN), which reduce their commercial value 
and potential application. Therefore, downstream processes are necessary to concentrate VFA and increase the 
carbon-to-nitrogen ratio of fermentation liquors. In this study, a biomimetic forward osmosis (FO) membrane 
was studied to concentrate acetic acid and TAN at different pH levels (i.e. 5, 7, and 9). Acetic acid rejection 
exceeded 97 % at pH levels at or above 7, but it dropped to 65 % at pH 5. TAN rejection remained around 58 % 
regardless of the pH level. These results suggest that TAN should be recovered from fermentation liquors before 
up-concentrating VFA by FO membranes. Accordingly, a gas-permeable membrane (GPM) contactor was used to 
recover nitrogen from fermentation liquors, achieving nitrogen recoveries up to 96 %. This process produced a 
highly pure ammonium sulphate solution with 36 g N/L, with potential interest as liquid fertiliser. Applying the 
FO to a nitrogen-spent fermentation liquor resulted in a VFA rejection of 98 % and increased the VFA concen
tration from 32 to 77 g COD/L. The combination of GPM and FO membrane technologies has proven to be an 
efficient approach for concentrating VFA and recovering TAN from fermentation liquors, offering enhanced 
separation performance and efficient reagent utilisation for pH control.

1. Introduction

Human activities produce large quantities of waste that should be 
treated in a circular way to minimise its environmental and economic 
impact. To support the transition from waste treatment plants towards 
resource recovery facilities, new treatment configurations and technol
ogies are being studied to transform waste streams into valuable prod
ucts such as bioproducts, bioenergy, fertilisers, and regenerated water, 
among others (Owusu-Agyeman et al., 2023). Anaerobic digestion (AD) 
is a widely used technology for organic waste management with the aim 
of producing renewable biogas energy and a digestate with fertilising 
value (Arslan and Yılmaz, 2022; Browne et al., 2014). However, biogas 
and digestate have a lower market value compared to other bioproducts 
such as volatile fatty acids (VFA) (Atasoy et al., 2018; Calt, 2015; 

Veluswamy et al., 2021). Bio-based VFA can be produced using 
mixed-culture acidogenic fermentation as an alternative to 
petroleum-based VFA. The latter currently supply the majority of the 
increasing market demand (Agnihotri et al., 2022). Successful experi
ences for the production of bio-based VFA using acidogenic 
mixed-culture fermentation have been reported in literature for the 
valorisation of a wide variety of organic wastes (Battista et al., 2022; 
Strazzera et al., 2018; Perez-Esteban et al., 2022).

The VFA concentration in acidogenic fermentation liquors of organic 
wastes is limited by product inhibition, with reported values typically 
ranging above 25 g VFA/L (Fernández-Domínguez et al., 2020; 
Ramos-Suarez et al., 2021). The typology of substrate and operating 
conditions have an impact on the VFA concentration and the fermen
tation product profile (Regueira et al., 2020). In organic waste 
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acidogenic fermentation, acetic acid often accounts for 30–70 % of the 
produced VFA, while the other species tend to be found in lower 
quantities as their carbon number increases (Fernández-Domínguez 
et al., 2020; Valentino et al., 2021). The organic fraction of the munic
ipal solid waste (OFMSW) is a suitable feedstock for bio-based VFA 
production because it contains easily biodegradable organic matter that 
can be efficiently converted into VFA (Gálvez-Martos et al., 2021; Ser
ra-Toro et al., 2022).

To produce renewable chemicals and/or to improve the efficiency 
and compactness of downstream applications, it is important to up- 
concentrate or separate the VFA of fermentation liquors 
(Gálvez-Martos et al., 2021; Ramos-Suarez et al., 2021; Tharani and 
Ananthasubramanian, 2021). Recent studies stated that an economical 
production of bio-based VFA requires the development of cost-effective 
downstream processes to up-concentrate or separate VFA from the 
fermentation liquor (Atasoy et al., 2018; Darwish et al., 2021; Reyha
nitash et al., 2017). Distillation techniques are the most widespread 
processes to separate VFA from fermentation liquors. Nonetheless, they 
are energy intensive processes, which limits their economic feasibility 
(Ramos-Suarez et al., 2021; Reyhanitash et al., 2017). Accordingly, less 
energy intensive technologies (e.g. liquid-liquid extraction, adsorption, 
membrane separation, pervaporation) need to be researched to produce 
a marketable product (Woo and Kim, 2019). Among the available 
technologies for VFA up-concentration from waste effluents, forward 
osmosis (FO) systems have proven their suitability as soft concentration 
processes, offering high solute rejection, low fouling and operation 
without the need for significant pressure or temperature gradients 
(Bhadrachari et al., 2023; Salamanca et al., 2023; Tran et al., 2024). 
Although the potential application of FO technology for VFA 
up-concentration, limited information is available in literature 
regarding its application in fermentation effluents.

In FO technology, VFA rejection is highly influenced by the pH 
(Coday et al., 2014; D’Haese et al., 2018; Jung et al., 2015; Qiu et al., 
2020). At pH values below 4.8 (VFA pKa), their rejection primarily relies 
on steric rejection, with bigger molecules being more effectively rejec
ted. However, at pH values above 6.0, VFA rejection is enhanced by 
electrostatic repulsion between the negatively charged FO membrane 
and the negatively charged VFA species. Blandin et al. (2019) achieved 
acetic acid rejection above 80 % (increase from 60 to 80 to 300–400 
mg/L) when FO was used to treat hydrolysed municipal wastewater with 
a pH of 7.5. Their study also reported poor VFA rejection at low pH 
values (ca. 4.5) and a limited recovery of acetic acid (ca. 75 %) due to its 
biodegradation. The latter was attributed to long residence times, the 
formation of a biofouling layer, and exposure to air. Asghar et al. (2022)
reported VFA rejections of 90–97 % at pH values above 7.0 when 
concentrating synthetic wastewater with 2 g VFA/L. Their results were 
in line with those reported by Olives et al. (2025), who evaluated FO and 
other membrane technologies to concentrate VFAs while separating 
ethanol. Zhu et al. (2023) used FO technology to up-concentrate VFA 
and nutrients from a fermented industrial wastewater, concluding that 
the operating pH was a critical factor. Specifically, VFA rejection 
exceeded 90 % at neutral pH values (ca. 7), ammoniacal nitrogen 
rejection was higher (98 %) at lower pH values (ca. 3), and phosphate 
rejection consistently remained above 98 %. Overall, these results sug
gest that the FO membrane treatment to up-concentrate VFA should be 
performed at pH values near or above neutrality. However, working at 
neutral pH values may result in poor ammoniacal nitrogen rejection by 
thin film composite (TFC) membranes due to the very similar polarity 
and hydraulic radius of ammoniacal nitrogen and water molecules 
(Ansari et al., 2017; Kedwell et al., 2018).

Fermentation liquors are usually enriched in total ammoniacal ni
trogen (TAN) due to organic nitrogen ammonification. Recovering TAN 
from these streams could enhance FO efficiency and contribute to 
resource recovery, aligning with the biorefinery concept. Among the 
TAN recovery technologies, gas-permeable membrane (GPM) technol
ogy has been successfully used to recover TAN from a wide variety of 

effluents (Molinuevo-Salces et al., 2018; Serra-Toro et al., 2024). These 
membranes are made of microporous or nanoporous hydrophobic ma
terials through which non-charged species such as NH3 can diffuse. NH3 
is subsequently trapped in an acidic solution in the form of ammonium 
salt, where TAN cannot diffuse back to the feed solution. This technol
ogy exhibits a high potential for sustainable nitrogen recovery from 
waste effluents as it is relatively simple to operate, consumes little en
ergy, and could produce a sealable fertiliser product (Beckinghausen 
et al., 2020; Darestani et al., 2017). To achieve high nitrogen recoveries, 
the process must be performed at alkaline pH values (typically 9–11) to 
shift the TAN equilibrium towards ammonia, thereby facilitating its 
diffusion through the membrane from the feed to the trapping solution.

Considering the above, integrating GPM and FO technologies for 
TAN recovery and VFA up-concentration from fermentation liquors 
represents a promising approach. It shows potential to generate a 
concentrated VFA stream with a high C/N ratio, which could improve its 
potential downstream applications, while recovering TAN as a liquid 
fertiliser. This synergistic integration further benefits from the fact that 
both technologies require alkaline pH conditions, potentially reducing 
reagent consumption. Furthermore, this approach could produce a 
highly pure osmotic draw solution, facilitating water regeneration in a 
subsequent reverse osmosis step (Reddy et al., 2024; Vinardell et al., 
2022).

This study focuses on the integration of GPM and FO technologies to 
produce a VFA-rich solution with a high C/N ratio. This approach ad
dresses two main challenges of bio-based VFA production from 
fermentation liquors: (i) its relatively low VFA concentration and (ii) its 
high TAN concentration. A biomimetic FO membrane was tested to 
evaluate the VFA up-concentration and TAN rejection at different pH 
values (i.e. 5, 7, and 9) using synthetic wastewater. Subsequently, the 
combination of a GPM contactor for TAN recovery and a FO membrane 
for VFA up-concentration was tested using an OFMSW fermentation 
liquor.

2. Material and methods

2.1. Synthetic wastewater and OFMSW fermentation liquor

To evaluate the performance of a biomimetic FO membrane in terms 
of acetic acid (HAc) and TAN rejection, two types of synthetic waste
water were prepared using deionised water mixed with 0.25 M MgCl2 
and either (i) acetic acid (10.7 g COD/L) or (ii) NH4Cl (5.0 g N/L). Acetic 
acid was used because it is the VFA with the smallest molecular weight. 
These values were selected based on average values reported for 
OFMSW fermentation liquors (Serra -Toro et al., 2022). At the beginning 
of the experiment, NaOH 10 M was added to each synthetic wastewater 
to reach the targeted initial pH (i.e. 5, 7, and 9).

The OFMSW was collected from a mechanical-biological treatment 
plant of the Barcelona metropolitan area, just before being fed to the 
anaerobic digesters (Fernández-Domínguez et al., 2020). OFMSW was 
stored at 4 ◦C until its fermentation in a lab-scale fermentation reactor. 
Table 1 shows the main characteristics of the OFMSW collected in two 
different periods and the resulting fermentation liquors. The fermenta
tion liquors (OFMSW-FL) were obtained by fermenting the collected 
OFMSW under mesophilic conditions (35 ◦C) in a lab-scale fermenter. 
The first fermentation liquor (OFMSW-FL-1) was obtained after 6 days of 
batch fermentation as described by Peña-Picola et al. (2024), while the 
second one (OFMSW-FL-2) was obtained from a semi-continuous 
fermentation at an HRT of 4 days. The VFA concentration during both 
fermentation experiments is available in Fig. S1 of the supplementary 
material. The fermentation liquors were characterised by a slightly 
acidic pH (6.6–6.7), a high TAN content (5.0–5.3 g N/L), and a high VFA 
concentration (35.2–37.3 g COD/L). The fermentation liquor was 
dominated by acetic (32.5–33.9 %), propionic (27.2–27.9 %), and 
butyric acids (22.8–28.2 %). The liquid fraction of the fermentation 
effluents prior GPM experiments was obtained by centrifuging at 
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12000×g (Thermoscientific Sorvall ST8R) for 10 min.

2.2. Experimental set-up

2.2.1. Forward osmosis membrane unit
The FO membrane used was a biomimetic hollow fibre module with 

an active layer of polyamide TFC with integrated aquaporin proteins and 
a membrane area of 2.3 m2 (Aquaporin Inside, HFFO2 module). The 
experimental set-up consisted of two 5-L jacketed glass tanks, one for the 
feed (synthetic wastewater or pre-treated OFMSW-FL) and the other for 
the draw solution (1.25 M MgCl2 solution). The draw solution had a 
MgCl2 concentration high enough to extract water from the feed without 
causing system failure due to excessive viscosity of the feed solution, in 
accordance with previous studies (Camilleri-Rumbau et al., 2019; 
Damirchi and Koyuncu, 2021). Two peristaltic pumps (Watson-Marlow, 
323) were utilised to circulate both the feed and the draw solution in the 
FO unit by means of a closed loop configuration. The feed tank was 
sealed to minimise TAN and VFA volatilisation. Both feed and draw 
solution tanks were equipped with a mechanical stirrer (Heidolph, 
Hei-TORQUE Expert 100) and a pH meter (WTW ProfiLine pH 3210 
Portable pH Meter). The temperature of the feed tank was controlled at 
35 ◦C by means of a thermostatic bath (Haake B5-DC30). The temper
ature of the draw solution was not controlled and remained at room 
temperature (ca. 22 ◦C). Simple clean-up procedures, involving the flow 
of water through the membrane fibres for 30 min and storage at 4 ◦C, 
were carried out between experiments to ensure optimal membrane 
performance as recommended by the manufacturer.

FO experiments were monitored by taking 2 mL aliquots from both 
tanks. In experiments using synthetic wastewater, aliquots were ob
tained as follows: 1 sampling event every 4 min during the first 12 min, 
and 1 sampling event every 10 min until the end of the experiment. In 
experiments using OFMSW-FL, 2 mL aliquots of both solutions were 
withdrawn every 2 min. The volume of the feed and draw solution were 
recorded by means of a millimetre graph paper to relate height to 
volume.

2.2.2. Gas-permeable membrane contactor
The GPM contactor used was a microporous hollow-fibre poly

propylene membrane (3 M, 1.7 x 5.5 MiniModule) with a membrane 
area of 0.50 m2. The experimental set-up consisted of two glass tanks. A 
5-L jacketed glass tank equipped with a thermostatic bath (Haake B5- 
DC30) to control the temperature at 35 ◦C was used as the feed cham
ber and contained OFMSW-FL. The acidic trapping solution (initially 
0.4 M H2SO4) was placed in a 2-L glass tank without temperature control 
and remained at room temperature (ca. 22 ◦C). Both tanks were 
equipped with a magnetic stirrer (IKA, C-MAG HS 7) and a pH meter 
(WTW ProfiLine pH 3210 Portable pH Meter). During the experiments, 
the trapping solution was maintained at pH 1.0–1.5 by dosing an acid 
solution (96 % H2SO4) to retain the NH3 diffused from the feed solution 
as NH4

+ since charged species cannot diffuse through the membrane 
(Serra -Toro et al., 2022). The pH of the feed solution was controlled at 
pH 9.0 by the addition of an alkali solution (NaOH 10 M) to shift the 
TAN equilibrium towards NH3 (Serra-Toro et al., 2022a). Two peristaltic 
pumps (Masterflex 7518-12) were used to circulate both the feed and the 
trapping solutions in the GPM contactor using a closed loop configura
tion. The feed solution was circulated on the shell side of the GPM, while 
the trapping solution circulated on the lumen side. The feed tank was 
sealed to minimise TAN and VFA volatilisation as well as exposure to air 
to minimise VFA microbial degradation. GPM experiments were moni
tored by taking 2 mL aliquots from the feed and trapping tanks every 60 
min. The feed and trapping solution had a volume of 4.0 and 0.4 L, 
respectively, resulting in a feed-to-trapping volume ratio of 10 and a 
maximum TAN concentration factor of 10 in the trapping solution. Be
tween experiments, basic membrane cleanings were performed, con
sisting of a water and air flush as recommended by the manufacturer.

2.3. Experimental procedure

The water permeability and the VFA and TAN rejections of the FO 
module were studied by carrying out experiments with both a synthetic 
solution and fermentation liquors (namely OFMSW-FL). In experiments 
using OFMSW-FL, the fermentation liquor was treated with a GPM 
contactor to recover TAN before VFA up-concentration in the FO unit. 
Table 2 shows the different conditions of the experiments carried out in 
this study. All experiments were carried out in duplicate to obtain the 
average value and experimental error. The first set of experiments (S1 - 
S3) studied the rejection of acetic acid by FO membrane under different 
feed solution pH values (i.e. 5, 7, and 9). The second set of experiments 
(S4 - S6) investigated the TAN rejection of the FO membrane at the same 
pH values (i.e. 5, 7, and 9). The last set of experiments (F1 - F2) eval
uated the performance of the FO membrane with OFMSW-FL at a pH of 
9, after TAN recovery with the GPM contactor. Additionally, experi
ments were performed by triplicate to determine the total suspended 
solids (TSS) generated (precipitates) when the pH of the OFMSW-FL was 
raised from 6.7 to pH 7, 8, 9, 10, and 11. The latter experiments aimed to 
quantify precipitates formation at different pH values to prevent mem
brane performance losses due to chemical deposition.

Table 1 
Characterisation of the OFMSW and the resulting fermentation liquor.

COLLECTION PERIOD 1 COLLECTION PERIOD 2

OFMSW Fermented 
OFMSW 
(batch 
reactor)

OFMSW Fermented 
OFMSW (semi- 
continuous 
reactor)

TS (g/L) 125 ± 10 118 ± 9 140 ± 13 129 ± 10
pH (− ) 6.73 ± 0.01 6.65 ± 0.01 7.00 ± 0.01 6.62 ± 0.01
Conductivity 

(mS/cm)
35.8 ± 1.5 43.5 ± 2.9 42.9 ± 2.1 52.7 ± 0.6

Total COD (g 
COD/L)

55.8 ± 1.2 60.2 ± 1.0 57.2 ± 1.3 64.0 ± 1.4

Soluble COD 
(g COD/L)

34.9 ± 0.3 51.2 ± 0.4 32.7 ± 0.3 40.9 ± 0.4

TAN (g N/L) 3.59 ± 0.21 5.02 ± 0.18 3.45 ± 0.09 5.28 ± 0.15
VFA (g COD/ 

L)
19.7 ± 1.2 35.2 ± 1.9 18.5 ± 1.9 37.3 ± 0.9

HAc (% 
COD)

31.4 ± 2.9 33.9 ± 3.1 43.0 ± 4.0 32.5 ± 1.8

HPro (% 
COD)

31.1 ± 2.2 27.2 ± 3.0 32.2 ± 2.7 27.9 ± 2.1

HBut (% 
COD)

33.4 ± 3.0 22.8 ± 1.8 21.2 ± 2.1 28.2 ± 1.0

i-HBut (% 
COD)

0.58 ± 0.04 1.72 ± 0.17 0.34 ± 0.02 3.13 ± 0.18

HVal (% 
COD)

1.12 ± 0.13 6.16 ± 0.60 1.06 ± 0.10 3.08 ± 0.32

i-HVal (% 
COD)

0.56 ± 0.06 2.64 ± 0.22 0.55 ± 0.04 2.52 ± 0.20

HCap (% 
COD)

1.00 ± 0.09 4.59 ± 0.32 0.87 ± 0.09 1.62 ± 0.11

i-HCap (% 
COD)

0.74 ± 0.03 1.01 ± 0.11 0.74 ± 0.06 1.08 ± 0.11

Table 2 
Experiments performed to assess the FO membrane rejection to VFA and TAN 
from a synthetic solution and the up-concentration of VFA from fermentation 
liquors.

Exp. Feed VFA (g COD/L) TAN (g N/L) Initial pH (− )

S1 Synthetic 10.7 – 5.0
S2 Synthetic 10.7 – 7.0
S3 Synthetic 10.7 – 9.0
S4 Synthetic – 5.0 5.0
S5 Synthetic – 5.0 7.0
S6 Synthetic – 5.0 9.0
F1 OFMSW-FL-1 32.3 0.3 8.4
F2 OFMSW-FL-2 37.3 0.3 8.8

A. Serra-Toro et al.                                                                                                                                                                                                                             Journal of Environmental Management 389 (2025) 126044 

3 



2.4. Analytical methods

Total solids (TS), volatile solids (VS), total suspended solids (TSS) 
and volatile suspended solids (VSS) were measured according to Stan
dard Method 2540B, 2540D and 2540E (APHA, 2017). The soluble 
fraction of OFMSW samples was obtained by centrifuging the samples at 
16000×g (Sigma 1–14 microcentrifuge) for 12 min and filtering the 
supernatant through a 0.45 μm cellulose syringe filter. Soluble COD was 
determined according to the Standard Method 5220C (APHA, 2017). 
Total Carbon (TC) was determined using an Analytik Jena Multi N/C 
3100 by a catalytic combustion process where the resulting CO2 is 
quantified by an infrared detector. Inorganic carbon (IC) was deter
mined by injecting the sample to phosphoric acid and quantifying the 
CO2. Total organic carbon (TOC) was the difference between TC and IC. 
VFA (i.e. acetic, propionic, butyric, valeric, and caproic acid) were 
analysed using a Shimadzu GC-2010 plus gas chromatograph equipped 
with an Agilent DB-FFAP capillary column and flame ionisation detec
tor. The VFA in COD basis was calculated by the theoretical value (mg 
COD/mg compound): 1.07 for acetic, 1.51 for propionic, 1.82 for 
butyric, 2.04 for valeric, and 2.21 for caproic acid. TAN concentration 
was determined using a Thermo Fisher Scientific ion-selective electrode 
(Orion 9512HPBNWP) according to procedure 4500-NH3D. Cations 
(Li+, Na+, K+, Ca2+, Mg2+) and anions (F− , Cl− , NO2

− , Br− , NO3
− , S-SO4

2-, 
P-PO4

3-) were analysed using an 863 Advanced Compact IC Metrohm 
ionic chromatographer and Metrosep columns (Metrosep C 4–150/4.0 
and Metrosep A Supp 17–250/4.0, respectively). The concentration of 
several elements (i.e. As, Zn, Cd, Hg, Cu, Mn, Li, S, K, Mg, Ca, Na, Fe, P) 
were determined using an ICP-MS spectrophotometer (PerkinElmer 
Nexion 350D). Before ICP-MS analysis, the fermentation liquor was 
digested (1 mL sample + 3 mL HNO3 + 1 mL H2O2) in a closed Teflon 
reactor at 90 ◦C for 24 h.

2.5. Calculations

For the FO experiments, the rejection is denoted as Ri (%) and was 
calculated using Equation (1), where specific species are represented as 
i, namely NH3 – NH4

+ and RCOOH – RCOO− . This equation considers the 
amount of the species denoted as m (kg) in both the feed and draw so
lution, which were named f and d, respectively. The time considered is 
marked in parenthesis. 

Ri =

(

1 −
mi,d(t)
mi,f (0)

)

⋅100 (1) 

The concentration factor, named CF, was calculated from the volume 
of the feed solution at the beginning of the experiment, Vf,0 (m3), and at 
the end of the experiment, Vf (m3), using Equation (2). 

CF = Vf ,0
/
Vf (2) 

Equation (3) was used to calculate the water flux through the FO 
membrane from the feed solution to the draw solution, which was 
denoted as Jw (L/(m2⋅h)). This equation considered the volume change 
in any solution, ΔV (L), over time, t (h), and the active membrane area, A 
(m2). 

Jw =
ΔV
t⋅A

(3) 

For the GPM contactor experiments, the ammonia mass transfer 
constant, denoted as Km (m/s), was evaluated to assess the flux of TAN 
diffusing through the membrane (Reig et al., 2021; Serra-Toro et al., 
2022). The Km was calculated using Equation (4), considering that the 
volumes of both the feed and trapping solutions remained constant and 
the NH3/NH4

+ equilibrium had instantaneous kinetics. This parameter 
depends on the operation conditions, with pH and temperature of the 
feed solution having the highest effect. The TAN mass was named mTAN 
(g), and the feed solution volume, Vf (m3). Experimental data were used 

to obtain the Km value using Equation (4) as reported elsewhere 
(Serra-Toro et al., 2022). All coding was carried out in Python using the 
curve fit function of SciPy and the Levenberg-Marquardt algorithm to 
perform non-linear least squares estimates. 

mTAN,feed(t)
mTAN,feed(0)

= exp
(
− Km A

Vf
t
)

(4) 

Equations (5) and (6) were used to calculate TAN removal and re
covery efficiencies, respectively, and their difference is primarily 
attributed to TAN losses by volatilisation. 

% TAN removal (t)=
mTAN,f (0) − mTAN,f (t)

mTAN,f (0)
⋅100 (5) 

% TAN recovery (t)=
mTAN,t(t) − mTAN,t(0)

mTAN,f (0)
⋅100 (6) 

3. Results and discussion

3.1. Forward osmosis experiments using synthetic wastewater

Fig. 1 shows the evolution of the volume of the feed and draw so
lutions of the experiments performed using a synthetic wastewater 
containing 10.7 g COD/L of acetic acid (S1, S2, and S3). The draw so
lution volume increased from 1.90 to 3.05 L, while the feed solution 
volume decreased from 1.90 to 0.75 L, regardless of the initial pH 
(Table 3). This represents a concentration factor of 2.5 in the feed so
lution, which mainly occurred during the first 12 min. The water flux 
averaged 4.4 LMH during the first 3 min, and 3.9 LMH during the first 5 
min. At the beginning of the experiments, the conductivity of the draw 
solution was 3.5 times higher than that for the synthetic wastewater, 
causing water diffusion through the membrane. After 20 min, the con
ductivity of both solutions equalised, stopping the water flux and sta
bilising the volumes. In the experiments at pH 7 and 9, the pH of both 
solutions remained relatively constant since acetic acid did not diffuse 
through the membrane. However, at pH 5, the diffusion of acetic acid 
from the feed to the draw solution lowered the pH of the draw solution.

As water diffused through the FO membrane, acetic acid was 
concentrated in the feed solution in all pH conditions. However, rejec
tion values were much higher at pH 9 (98.0 % ± 0.1) and pH 7 (97.1 % 
± 0.4) than at pH 5 (65.4 % ± 0.7). These rejection values are consistent 
with those reported by Blandin et al. (2019) and Zhu et al. (2022). The 
former achieved around 90 % rejection of all VFAs at pH 7.5, while the 
latter reported acetic acid rejection above 90 % at pH 7 and 70 % at pH 
5. At pH 7 and 9, the concentration of acetic acid in the draw solution at 
the end of the experiment was 0.31 and 0.21 g COD/L, respectively. In 
contrast, at pH 5, the draw solution contained up to 3.70 g COD/L. 
Acetic acid diffuses through the membrane more easily in its 
non-charged form (CH3COOH, acetic acid) than as its charged form 
(CH3COO− , acetate). As reported by Olives et al. (2025), VFA rejection 
by the Aquaporin FO membrane at low pH values primarily relies on 
steric rejection, while at higher pH, VFA rejection is improved by elec
trostatic repulsion of the negatively charged acetate. At pH 5, the pro
portion of non-charged form is higher than at pH of 7 and 9 because the 
pKa of acetic acid is 4.76 at 35 ◦C (Harned and Ehlers, 2002).

The rejection performance is also affected by the FO membrane 
physicochemical properties, notably its surface charge and hydrophi
licity. Xie et al. (2018) reported that the Aquaporin membrane surface 
exhibits a negative charge of approximately − 17 mV at pH 6.5 and is 
relatively hydrophilic, with a contact angle of 68.2◦. These character
istics contribute to the electrostatic repulsion between the negatively 
charged membrane and the dissociated form of acetic acid (CH3COO− ), 
thereby enhancing its rejection in agreement with Kimani et al. (2022). 
Considering the membrane properties and its rejection of acetic acid, the 
rejection of VFA with a higher carbon number (e.g. propionic and 
butyric acid) is expected to be higher, since higher molecular weight 
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VFA feature higher steric rejection. Overall, these results indicate that 
VFA up-concentration is feasible at or above pH 7.

Fig. 2 shows the evolution of the volume of the feed and draw so
lutions of the experiments carried out with synthetic wastewater con
taining 5 g N/L (S4, S5, and S6). As in the previous experiments, the 
draw solution volume increased from 1.90 L to 3.01–3.08 L, resulting in 
a concentration factor of 2.5 (Table 4). The water flux was higher at the 
beginning of the experiment, having an average value of 4.4 LMH during 
the first 3 min, and 3.8 LMH during the first 5 min. The water flux 
stopped after 15–20 min, when the conductivities of both solutions 
equalised. The pH of the synthetic solution slightly decreased due to the 
diffusion of free ammonia, a basic species, from the feed to the draw 
solution, causing an increase in the pH of the draw solution.

TAN rejection was similar in the three experiments, with values 
around 58 % at the end of the experiment. The low rejection rate of TAN 
can be attributed to the FO membrane, which features an active layer of 
polyamide TFC and a biomimetic component with aquaporin proteins 
that enhance water permeability and selectivity (Gao et al., 2019). The 
diffusion of free ammonia is favoured by its similarity to water mole
cules, a phenomenon explained by the Donnan effect (Qin et al., 2003; 
Xue et al., 2015). These results differ from Zhu et al. (2023), who 
observed TAN rejections of 92 % at pH 7 with a TFC polyamide FO 
membrane.

TAN concentration in the feed solution increased during the first 8 
min of the experiment, then it gradually decreased until the end of the 
experiment. This trend can be explained by the different flux rates of 
water and TAN through the membrane. On the one hand, TAN flux was 
relatively constant throughout the experiment, as seen in the continuous 
increase in TAN concentration in the draw solution. On the other hand, 
water flux was higher at the beginning of the experiment and ceased 
after 15 min. This difference in flux prevented the TAN concentration in 

Fig. 1. Evolution of volume (top-left), conductivity (top-right), acetic acid concentration (bottom-left) and pH (bottom-right) during synthetic wastewater exper
iments evaluating acetic acid rejection by the FO membrane (S1, S2, and S3).

Table 3 
Initial and final characterisation of the experiments carried out with synthetic 
wastewater to evaluate acetic acid rejection by the FO membrane (S1, S2, and 
S3).

Initial values (t = 0 
min)

Final values (t = 40 min)

Solution Feed Draw Feed Draw

pH 
5

Volume (L) 1.90 ± 0.01 1.90 ±
0.01

0.75 ± 0.01 3.05 ± 0.01

HAc (g COD/L) 10.7 ± 0.1 <0.1 10.9 ± 0.1 3.70 ± 0.04
Conductivity 
(mS/cm)

66.7 ± 0.7 244 ±
1

151 ± 2 155 ± 1

pH (− ) 5.01 ± 0.02 6.26 ±
0.06

4.96 ± 0.02 4.56 ± 0.03

HAc rejection 
(%)

65.4 ± 0.7

pH 
7

Volume (L) 1.9 ± 0.01 1.9 ±
0.01

0.76 ± 0.01 3.04 ± 0.01

HAc (g COD/L) 10.7 ± 0.0 <0.1 23.9 ± 1.3 0.31 ± 0.08
Conductivity 
(mS/cm)

68.6 ± 0.3 240 ±
6

141 ± 1 155 ± 3

pH (− ) 7.19 ± 0.06 6.20 ±
0.01

7.57 ± 0.48 6.80 ± 0.07

HAc rejection 
(%)

97.1 ± 0.4

pH 
9

Volume (L) 1.9 ± 0.01 1.9 ±
0.01

0.78 ± 0.01 3.02 ± 0.01

HAc (g COD/L) 10.7 ± 0.0 <0.1 25.6 ± 0.8 0.21 ± 0.01
Conductivity 
(mS/cm)

69.5 ± 0.3 236 ±
13

138 ± 9 149 ± 5

pH (− ) 9.25 ± 0.05 6.24 ±
0.08

8.96 ± 0.04 7.77 ± 0.11

HAc rejection 
(%)

98.0 ± 0.1
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the feed from reaching the expected concentration factor of 2.5 in all pH 
conditions (expected concentration of 12.5 g N/L). The low rejection of 
TAN by the FO membrane, regardless of the pH, indicates that TAN 
should be removed before VFA up-concentration in the FO membrane. 
Otherwise, TAN would accumulate in the draw solution, hindering 
water reuse when the draw solution is regenerated in a subsequent 
reverse osmosis step (Vinardell et al., 2020).

3.2. Nitrogen recovery from fermentation liquors using GPM contactors

The impact of pH on TSS concentration in the fermentation liquor 
was analysed by adjusting the pH at different values (i.e. 7, 8, 9, 10, and 
11) to determine how pH affects TSS concentrations that could poten
tially foul the membrane (Fig. S2 - Supplementary material). The TSS 
concentration at pH 9 was slightly higher than that of the original 
fermentation liquor (0.79 vs 0.75 g/L). However, TSS concentration 
increased to 0.95 g/L at pH 10, and to 1.09 g/L at pH 11. The higher TSS 
in the fermentation liquor at pH 10 and 11 is attributed to compounds 
precipitation. Therefore, although higher working pH would improve 
TAN recovery due to the higher NH3 proportion, a moderate alkaline pH 
of around 9 was selected to reduce inorganic membrane fouling and 
minimise alkali consumption (Lee et al., 2021). Accordingly, the feed 
tank pH in the GPM was set at 9.

The operation of the GPM contactor resulted in nearly complete TAN 
recoveries: 94.3 % for OFMSW-FL-1 and 96.0 % for OFMSW-FL-2 
(Table 5). These led to a TAN concentration in the trapping solution of 
up to 37.1–33.5 g N/L (Fig. 3). However, further concentration was 
difficult to achieve since water diffusion from the feed to the trapping 
solution occurred at the end of the experiment. The impact of water flux 
was evident after 10 h of operation, when the TAN concentration of the 
trapping solution slightly decreased and the volume of the trapping 

Fig. 2. Evolution of volume (top-left), conductivity (top-right), TAN concentration (bottom-left) and pH (bottom-right) during synthetic wastewater experiments 
evaluating TAN rejection by the FO membrane (S4, S5, and S6).

Table 4 
Initial and final characterisation of the experiments carried out with synthetic 
wastewater to evaluate TAN rejection by the FO membrane (S4, S5, and S6).

Initial values (t = 0 
min)

Final values (t = 40 min)

Solution Feed Draw Feed Draw

pH 
5

Volume (L) 1.90 ± 0.01 1.90 ±
0.01

0.72 ± 0.01 3.08 ± 0.01

TAN (g N/L) 5.0 ± 0.1 <0.1 3.41 ± 0.10 2.06 ± 0.16
Conductivity 
(mS/cm)

100 ± 2 231 ±
3

159 ± 2 161 ± 1

pH (− ) 5.09 ± 0.07 6.81 ±
0.22

5.30 ± 0.12 5.96 ± 0.09

TAN rejection 
(%)

58.8 ± 6.3

pH 
7

Volume (L) 1.90 ± 0.01 1.90 ±
0.01

0.74 ± 0.01 3.06 ± 0.01

TAN (g N/L) 5.0 ± 0.1 <0.1 3.52 ± 0.02 2.16 ± 0.09
Conductivity 
(mS/cm)

102 ± 1 230 ±
3

158 ± 2 161 ± 1

pH (− ) 6.98 ± 0.11 6.68 ±
0.09

6.74 ± 0.23 7.15 ± 0.35

TAN rejection 
(%)

56.8 ± 2.9

pH 
9

Volume (L) 1.90 ± 0.01 1.9 ±
0.01

0.79 ± 0.01 3.01 ± 0.01

TAN (g N/L) 5.0 ± 0.1 <0.1 3.44 ± 0.18 2.10 ± 0.08
Conductivity 
(mS/cm)

99 ± 1 234 ±
1

163 ± 1 165 ± 3

pH (− ) 8.92 ± 0.05 6.72 ±
0.04

8.46 ± 0.06 8.47 ± 0.04

TAN rejection 
(%)

57.8 ± 5.6
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solution increased (Fig. 4). Water diffusion through GMP contactors was 
studied and modelled in Da Silva et al. (2025).

The ammonia mass transfer constant (Km) was 5.17⋅10− 7 m/s for 
OFMSW-FL-1 and 3.94⋅10− 7 m/s for OFMSW-FL-2. These values are 
consistent with other publications that used GPM to recover TAN 
(Noriega-Hevia et al., 2020; Riaño et al., 2021). No loss in the membrane 
efficiency was detected within the experiments, which accounts for 60 h 
of operation. The reagent consumption was very similar in both exper
iments and averaged 1.12 mol NaOH (feed solution) and 0.66 mol H2SO4 
(trapping solution) per mol of TAN recovered. These results are close to 
the stoichiometric values: for each mole of TAN crossing the membrane, 
1 mol of OH− is added to the feed solution and 1 mol of H+ is added to 
the trapping solution (equivalent to 0.5 mol of H2SO4).

The obtained trapping solution was of high quality due to the 
negligible concentration of metals, organic carbon and inorganic carbon 
(Table S1 - Supplementary material). The trapping solution had a total 
organic carbon concentration of 44 mg/L. However, VFAs were not 
detected in the trapping solution, while their concentration in the feed 
solution remained stable throughout the experiments. Dissolved inor
ganic carbon was under the detection limit (<5 ppm). Among the metals 
analysed, none of them was found in the trapping solution (<1 ppb). 
These results indicate that a high-quality trapping solution, containing 
approximately 16 % w/w of (NH4)2SO4, was produced in these experi
ments, suggesting its potential use as liquid fertiliser.

3.3. Forward osmosis experiments using nitrogen-spent fermentation 
liquor

The volume of the feed solution decreased from 1.90 to 0.85 L in the 
experiment carried out with OFMSW-FL-1 (namely F1). Similarly, the 
volume of the feed solution decreased from 1.90 to 0.78 L in the 

experiment carried out using OFMSW-FL-2 (namely F2). These results 
represent a concentration factor of 2.2 in F1 and 2.4 in F2 (Table 6). The 
same volume variation in both experiments implies that the conductivity 
of both fermentation liquors was similar. In both experiments, the water 
flux averaged 6.1 LMH during the first 3 min of operation, and 4.7 LMH 
during the first 5 min. These water flux values are lower than those 
obtained in the synthetic solution experiments (Section 3.1), likely due 
to higher conductivity of the fermentation liquor, which reduces the 
osmotic gradient and thus driving force. The up-concentration of VFA of 
the nitrogen-spent OFMSW-FL was carried out at an initial pH of 9, 
which corresponds to the feed solution pH obtained after the GPM ex
periments. This combined strategy enables FO to operate under alkaline 
pH conditions, which improves VFA rejection without the need for 
additional chemical reagents.

The VFA rejection was 99.3 and 99.4 % for experiments F1 and F2, 
respectively. These values were slightly higher than the 98.0 % achieved 
with synthetic solution, which could be attributed to the presence of 
VFAs with higher carbon numbers than acetic acid. The VFA concen
tration in the feed solution increased from 32.3 to 76.9 g COD/L in 
experiment F1 and from 34.5 to 75.9 g COD/L in experiment F2 
(Table 6), which correspond to concentration factor of 2.4 and 2.2, 
respectively. These VFAs concentrations stand out among the highest 
values reported in the literature and are difficult to achieve by means of 
waste mixed-culture acidogenic fermentation. The proportion of VFA in 
the feed solution remained constant throughout the experiments due to 
their high rejection at alkaline pH values. Indeed, the VFA concentration 
in the draw solutions increased throughout the experiments but never 
exceeded 0.25 g COD/L. The proportion of VFA in the draw solution was 
higher for those VFAs with lower molecular weight, with an average 
composition in both experiments of 51.8 % acetic acid, 30.4 % propionic 
acid, and 17.9 % butyric acid. These findings reinforce that VFA diffu
sion through the FO membrane primarily depends on two factors: (i) the 
presence of non-charged species in the feed solution, and (ii) their mo
lecular weight. Additionally, a TOC analysis of the draw solution 
(Table S1 - Supplementary Material) confirmed that the measured car
bon content matched the detected VFA levels. This indicates that VFAs 
were the main carbon source crossing the membrane.

The TAN rejection was 83.3 and 88.9 % for experiments F1 and F2, 
respectively. These values were significantly higher than the 57.8 % 
obtained in the synthetic solution experiment at the same pH. The 
higher TAN rejection in these experiments was mainly attributed to two 
factors: (i) the lower concentration gradient (0.3 instead of 5.0 g N/L) 
and (ii) the shorter duration of the experiments. The TAN concentration 
in the feed solution increased due to water diffusion across the FO 
membrane. However, it did not increase as much as the concentration 
factor due to the amount of TAN diffused through the membrane from 
the feed to the draw solution.

The concentrations of metals and other ions in the draw solution 

Table 5 
GPM performance in experiments with OFMSW fermentation liquors.

Parameter OFMSW-FL-1 OFMSW-FL-2

Feed Trapping Feed Trapping

Initial volume (L) 4.00 ± 0.01 0.40 ±
0.01

4.00 ± 0.01 0.40 ±
0.01

Final pH 9.04 ± 0.01 1.80 ±
0.01

9.03 ± 0.01 1.43 ±
0.01

Initial VFA (g COD/L) 32.1 ± 0.8 – 37.3 ± 1.3 –
Final VFA (g COD/L) 31.8 ± 1.5 <0.1 37.5 ± 0.9 <0.1
Initial TAN (g N/L) 4.86 ± 0.23 – 5.35 ± 0.31 –
Final TAN (g N/L) 0.30 ± 0.02 34.8 ± 1.2 0.22 ± 0.02 32.1 ± 1.7
mol NaOH/mol N 1.17 ± 0.10 – 1.07 ± 0.06 –
mol H2SO4/mol N – 0.55 ±

0.04
– 0.77 ±

0.15
N removal and 

recovery (%)
94.0 ± 1.0 93.4 ± 0.9 96.1 ± 0.8 96.0 ± 0.8

Fig. 3. Evolution of the TAN concentration in the feed and trapping solutions for the OFMSW-FL-1 (left) and OFMSW-FL-2 (right) for the GPM experiments.
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were below the limit of detection (<1 ppb), except for the elevated 
concentration of magnesium and chloride caused by the addition of 
MgCl2 as a solute. These findings indicate that the water diffused to the 
draw solution could be regenerated in a subsequent reverse osmosis step 
while recycling the MgCl2 draw solution, thereby reducing the associ
ated reagent cost (Santosh et al., 2024). Finally, it should be mentioned 
that the FO membrane did not experience a decrease in efficiency during 
the experiments, with about 6 h of operation. While previous research 
has shown promising membrane resistance over extended operation 
(Blandin et al., 2019; Nawaz et al., 2022), further research is needed to 
evaluate long-term membrane performance for the treatment of 
fermentation liquids.

4. Conclusions

This research demonstrated the potential of integrating a gas- 
permeable membranes (GPM) and a biomimetic forward osmosis (FO) 
membrane to produce a concentrated VFA solution with a high C/N ratio 
from fermentation liquors. Experiments with FO using a synthetic so
lution revealed that acetic acid rejection exceeded 97 % at pH at or 
above 7. However, TAN rejection remained constant at around 58 %, 
regardless of the pH. These results indicated that TAN recovery is 
necessary before VFA up-concentrating to prevent TAN diffusion into 
the osmotic draw solution. The GPM contactor achieved TAN recovery 
of 96 % from the fermentation liquors, producing a concentrated 
ammonium sulphate solution (36 g N/L) with negligible metals and 
organic carbon concentration. Applying FO to the TAN-spent fermen
tation liquor at pH of 9 resulted in a 98 % VFA rejection and a VFA 

Fig. 4. Evolution of volume (top-left), TAN concentration (top-right), VFA concentration of the OFMSW-FL (middle-left), VFA concentration of the draw solution 
(middle-right), VFA profile of the OFMSW-FL of the feed solution (bottom-left), and VFA profile of the draw solution (bottom-right) of experiments F1 and F2.
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concentration of 76 g COD/L (concentration factor of 2.3). The inte
gration of GPM contactor and FO membrane has proven to be an 
effective method for producing a concentrated VFA stream with a high 
C/N ratio from fermentation liquors; an approach that offers enhanced 
separation performance and efficient reagent utilisation for pH control.
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