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A B S T R A C T

Nanofiltration can be used to recover chemicals, like VFAs, produced by the fermentation of biomass. Solution 
pH is a key parameter for fermentation as well as for recovery using nanofiltration. Current work reports an 
experimental investigation carried out with single and mixed solutions that contain acetic, propionic, and butyric 
acids, at various concentrations and pHs. It is shown that retention of VFAs increases with solution pH following 
an S-shaped curve related to the VFA dissociation. Retentions of VFAs decrease with the concentration, the in
fluence being negligible at low pH values and more significant at high pH values. A simple model is proposed to 
calculate VFAs retentions versus pH for different concentrations and a given filtration flux, considering the 
dissociation of VFAs and the retention of dissociated and undissociated solutes. Calculated retentions can fit well 
with the experimental ones, on condition to consider solutes pKa values slightly higher than theoretical ones, up 
to 1.24 pH units, or a variation of the membrane charge with pH, corresponding to an effective membrane pKa 
between 5.44 and 5.80. Both assumptions are supported by previous investigations.   

1. Introduction

Volatile fatty acids (VFAs), also referred to as short-chain fatty acids
(SCFAs), are carboxylic acids with less than six carbon atoms [1]. 
Nowadays, VFAs are considered as one type of promising chemical 
building blocks in the biorefinery concept [2]. Acetic (Ac), propionic 
(Pr), and butyric (Bu) acids are the main products in VFAs fermentation 
broth. Membrane process, e.g., nanofiltration (NF), can be considered 
for the separation and purification of VFAs from fermentation broth [2]. 
The few reports dealing with the nanofiltration of VFAs have shown that 
the recovery and purification of VFAs by NF are strongly influenced by 
solution pH [3–5]. It was also reported that the fermentation is strongly 
influenced by the pH, which fixes the productivity and the composition 
of VFAs obtained [6]. 

Thin-film composite membranes (TFCM), like NF-45 used in this 
work, are composed of a thin nanoporous active layer made of poly
amide, with a macroporous supporting layer made of polysulfone [7]. 
The membrane charge can come from the dissociation of functional 
groups and adsorption of ions, polyelectrolytes, ionic surfactants, and 
charged macromolecules from solution [8]. Dissociation of functional 
groups (carboxylic and amino groups) on the active layer is commonly 
considered as the main contribution of the pH-dependent membrane 

charge [9–11]. When the solution pH is higher than the membrane 
isoelectric point (IEP), the membrane surface charge increases with pH 
and reaches a plateau value at pH of about 7–8. This was demonstrated 
by the measurement of the membrane zeta potential [12,13], as well as 
by mathematical modeling [14]. Thus, an effective pKa value can be 
estimated for the membrane, that is, the average pKa value of all the 
functional groups. Contact angle titration was used to determine the 
effective pKa values of various polyamide films, and values from 5 to 9 
were obtained for different solutions [15]. Recently, heavy ions probes 
were used to determine the membrane charge. It was suggested that the 
membrane functional groups have different pKa values, and then the 
dissociation curve of membrane functional groups can be fitted 
considering two pKa values [9,10]. 

For the nanofiltration of a neutral solute, the charge interaction be
tween the solute and the membrane is negligible, and the retention is 
fixed according to size effect. Therefore, the retention of a neutral solute 
is independent of both concentration and solution pH [16,17]. For the 
nanofiltration of a charged solute, the retention is fixed by a combina
tion of size and charge effect. However, for a solute, the molecular 
weight of which is higher than the membrane MWCO, high retention is 
observed regardless of the solute and membrane charge [18]. In this 
case, the size effect is the dominating factor, and the influences of both 
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2. Materials and methods

A flat sheet composite membrane, NF 45 (Filmtec, Dow), was used in
this work. The membrane is a composite thin film membrane with 
polyamide as the active layer and polysulfone/polyester as the support 
layer, the MWCO is about 200 g mol− 1, the IEP of the membrane is about 
4, and the pure water permeability is about 1.6 × 10− 6 m s− 1. bar− 1at 
25 ◦C (Table 1). Different pHs are investigated from 3 to 8. The synthetic 

solutions of VFAs at pH 8 were prepared using sodium acetate (NaAc), 
sodium propionate (NaPr), sodium butyrate (NaBu). Solutions at pH 
lower than 8 were prepared using acetic (HAc), propionic (HPr), and 
butyric (HBu) acids dissolved in ultra-pure water, and the pH was 
adjusted with a solution of NaOH at 2 mol L− 1. Table 2 shows the main 
characteristics of the solutes. The compositions of feed solutions in 
single, binary, and ternary mixtures are summarized in Table 3. Three 
total concentrations were investigated (100 mM, 200 mM, and 500 
mM). 

2.1. Analytical methods 

The concentrations of VFAs in single solutions were measured by a 
refractometer (ATAGO AX500, USA). VFAs concentrations in mixed 
solutions were obtained by High-Performance Liquid Chromatography 
(HPLC) (Jasco LC Net II/ADC, Japan) equipped with a Shodex SH1011 
(Showa Denko, Japan) column and a UV detector (wavelength was set at 
280 nm). The column temperature was set at 50 ◦C, and 10 mM of sul
furic acid was used as the mobile phase at a flow rate of 1 mL min− 1. The 
injection volume was 10 μl, and the samples were diluted to the con
centration range from 5 mM to 50 mM. 

2.2. Experimental procedure 

NF experiments were carried out using a dead-end stirred filtration 
cell. The total volume of the cell was 400 mL. The stirring speed was set 
at 108 rpm. One piece of NF-45 membrane was placed at the bottom of 
the cell, supported by a stainless steel porous disc. The active surface of 
the membrane was 30 cm2. Pressurized air was used to pressurize the 
cell as the driven force. The driven pressure was controlled manually by 
a valve. Filtration was operated at room temperature (between 20 and 
27 ◦C). Permeate was timed and measured by an electronic balance to 
calculate the filtration flux. 

Membrane conditioning and cleaning procedures are crucial to 
obtain accurate data. The membrane was first immersed in ultra-pure 
water for 24 h. It was then compacted by filtering ultra-pure water at 
a pressure of 20 bar until the filtration flux, J reaches a constant value. 
The linearity of J versus ΔP was checked, and the mean hydraulic 
permeability Lp0 was calculated by the slope of J/ΔP. After each NF 
experiment, the membrane was washed twice by filtering 200 mL of 
ultra-pure water, and pure water permeability was measured to check 
any membrane fouling or aging. 

In addition to pure water permeability, retention of glucose (mo
lecular weight: 180 g mol− 1) was used as a reference to detect any 
membrane modification during the experiments. Once a membrane 
sample presents visible mechanical damage, an abnormally pure water 

Table 1 
Characteristics of NF-45, Dow Filmtec membrane.  

MWCO (g. 
mol− 1) 

Material Maximum 
Temperature (◦C) 

Max. pressure 
(bar) 

pH range Membrane isoelectric 
point 

Pure water permeability 
(m⋅s− 1⋅bar− 1, 25◦C)  

200 Polyamide/polysulfone/ 
polyester 

45◦C  41 [36] 2-12 (recommended 
3–10) 

4.0 [37] 1.57 × 10− 6 [38]  

Table 2 
Characteristics of VFAs.  

Name Acetic acid Propionic acid Butyric acid 

Structure 

Molecular weight (g. 
mol− 1) 

60.05 74.08 88.11 

pKa (25◦C)  4.76 4.88 4.82  

concentration and pH are negligible [19,20]. On the other hand, when 
the solute molecular weight is lower than the MWCO of the membrane, 
both size and charge effects play a significant role, and the retention 
depends on both the concentration and the pH. 

For strong electrolytes, the pH has no impact on the solute charge. 
The influence of pH on solutes retention is then due to the dissociation of 
membrane functional groups that fixes the membrane charge. For small 
symmetric salts, e.g., NaCl and KCl, it was shown that when the solution 
pH becomes higher than the IEP of the membrane, the retentions of salts 
increase with pH due to the increase of membrane charge [12,17,21,22]. 

However, for the nanofiltration of weak electrolytes such as organic 
acids, the retention mechanism is more complex, as both the membrane 
and solute charge vary with the solution pH [23,24]. For a small 
monovalent organic acid, i.e., acetic acid, with an MW (60 g mol−  1) 
much lower than the MWCO of the nanofiltration membrane (200–500 
g mol−  1), low retention is expected at low pH since it is uncharged. 
When the pH increases, the proportion of dissociated acetic acid (acetate 
that is anionic) increases; meanwhile, the membrane surface charge also 
increases. The electrostatic interactions between membrane and solutes 
are then stronger, and higher retention is observed. Then the retention of 
weak acids is expected to increase with solution pH following an 
S-shaped dissociation curve. Indeed, it was reported that the retention of 
acetic acid increases from nearly 0% at pH 2.9 (neutral) to more than 
90% at pH 9.1 (dissociated) following an S-shaped curve [25–27]. This 
S-shaped retention curve was also observed during nanofiltration of 
sulfamethoxazole and ibuprofen by a loose NF membrane [28], as well 
as nanofiltration of succinic acid [29] and sulfuric acid [30–32]. How-
ever, this effect of pH is less pronounced at higher concentrations 
because of the screening effect [17].

On the other hand, it was suggested that for a weak electrolyte like 
organic acids, the solute flux could be estimated according to the 
dissociation of the solute [33–35]. As a result, the retention is given as 
the weighted average of the retentions of undissociated and dissociated 
forms, the proportions of which are determined from the solute pKa and 
solution pH. For NF of lactic acid, it was shown that the mass transfer 
parameter of undissociated lactic acid is independent of the solution pH, 
while the mass transfer parameter of dissociated lactic acid (lactate) 
linearly increases with pH. It was further concluded that the retention of 
lactic acid at different pH could be simulated using these two parameters 
[34]. However, in this study, only a short range of pH values (2.88–4.93) 
was investigated, and the influence of the concentration was not 
discussed. 

Then, the present work aims to investigate the retention of VFAs and 
especially the influence of the pH and concentration. Single and mixed 
solutions of different compositions (proportions of VFAs) and total 
concentrations are used in a range of pH values from 3 to 8. The 
objective is to check if a simple model can be proposed to describe the 
variation of the VFA retention versus pH in a wide range of operating 
conditions. 



permeability (more than 20% difference between two consecutive 
permeability measurements), or a significant increase or decrease of 
Glucose rejection (more than 5%), it was replaced by a new one. Three 
pieces of the membrane were used for all the experiments reported in 
this work, the pure water permeability values of those membranes for 
the entire period of time were within the range from 1.6 × 10− 6 m s− 1 

bar− 1 to 2.0 × 10− 6 m s− 1 bar− 1, and the glucose retentions are between 
90% and 93% at a transmembrane pressure of 20 bar. 

For each experiment, 400 mL of solution was initially fed into the 
cell. Then, the pressure was increased step by step (4, 8, 12, 16, 20 bar). 
For each pressure investigated, the filtration flux was measured after 
reaching a steady-state, and 1.5–2 mL of permeate was then collected for 
analysis. For each experiment, approximately 60 mL of permeate was 
collected in total. It means that in the worst case, the concentration 
factor would be equal to 1.15. In addition, the feed volume,Vf , permeate 
volume, Vp, and retentate volume Vr, were determined, as well as the 
concentrations of the feed Cf , permeate, Cp, and retentate, Cr, using the 
previously detailed analytical methods. The mass balance, Vf ​ Cf =

VpCp + VrCr, was checked, and it was observed that the maximum dif
ference does not exceed 5%. 

2.3. Model used to describe the retention versus pH 

The filtration flux, J, was calculated by Eq. (1). 

J =
Vp

Sm × t
(1)  

with the volume of permeate Vp (m3), obtained by the weight of 
permeate; Sm the active surface of the NF membrane (m2) and the unit of 
time, t in second (s). 

The values of solute retention, R, were obtained using the following 
expression: 

R=

(

1 −
Cp

Cf

)

× 100 (%) (2)  

where ​ Cf is the initial feed concentration and Cp is the permeate con
centration. 

The retention versus filtration flux curves were fitted using a simple 
model with two parameters proposed by Timmer et al. [34]: 

R=
A × J
J + B

(3) 

As mentioned before, during the experiments, 60 mL of permeate 
was collected, so that the concentration in the retentate increased. Then, 
the retention calculated using the initial feed concentration is under
estimated. However, it was checked that this underestimation does not 
exceed 3% and does not change the trends that will be discussed. 

The total concentrations of VFAs in the feed and permeate are given 
in Eq. (4) and Eq. (5). 

CVFAs
f =

∑n

i=1
Ci

f (4)  

CVFAs
p =

∑n

i=1
Ci

p (5) 

Ci
f and Ci

p represent the concentration of individual VFA i in the feed 
and permeate solution, respectively. 

Then the global retention of VFAs, representing the total VFAs 
retention, is defined in Eq. (6). 

RVFAs
glo = 1 −

CVFAs
p

CVFAs
f

= 1 −

∑n
i=1Ci

p
∑n

i=1Ci
f

(6) 

Eq. (6) can be rewritten as the weighted average of individual VFAs 
retentions, considering the proportion of individual solute in the mixed 
solution, 

RVFAs
glo =

∑n

i=1
PiRi

mix (7) 

In Eq. (7), Ri
mix is the retention of individual VFA i in the mixed so

lution, Pi the proportion of individual VFA i in the mixed solution, and 
the sum of the proportions of individual VFA i is equal to1. 

∑n

i=1
Pi = 1 (8) 

The proportion of dissociated VFAs in the single solution is given in 
Eq. (9). 

PVFAs− =
10pH− pKai

1 + 10pH− pKa i
(9)  

where pKai is the pKa value of individual VFA i. 
For a mixed solution, the total proportion of dissociated VFAs, PVFAs−

, is the sum of the individual proportions, Pi, 

PVFAs− =
∑n

i=1

(

Pi ×
10pH− pKai

1 + 10pH− pKai

)

(10) 

The total proportion of dissociated VFAs, PVFAs− , can also be calcu
lated using an average pKa, pKa-mix, for the mixed solution, as shown in 
Eq. (11), 

PVFAs− =
10pH− pKa mix

1 + 10pH− pKa mix
(11) 

pKa-mix is defined as Eq. (12), 

pKa mix =
∑n

i=1
(Pi × pKai) (12) 

For the pH range investigated, the difference between Eq. (10) and 
Eq. (11) is below 0.06%., Further calculation requires the pKa values of 
single and mixed solutions; then, for easier comparison, Eq. (11) is used 
to discuss the dissociation of VFAs in mixed solutions. 

As previously mentioned, it was reported that the retention of a weak 
acid, like VFA, is a combination of the retentions of its dissociated and 
undissociated forms [33–35]. Then the retention of VFAs can be calcu
lated using the following equation, considering the proportions of the 
two forms. 

Rcal
VFAs =RHVFAs ×(1 − PVFAs− ) +RVFAs− (cVFAs− ) × PVFAs− (13) 

PVFAs− is the proportion of dissociated VFAs in the solution obtained 
from Eqs. (9) and (11), RHVFAs is the retention of undissociated VFAs, and 
RVFAs− (cVFAs− ) is the retention of dissociated VFAs. 

Eq. (13) is used with the following assumptions: (1) Retention of 
HVFAs, RHVFAs is that obtained at pH 3 and does not depend on the 
concentration, (2) Retention of VFAs− , RVFAs− (cVFAs− ) is that obtained at 
pH 8 at the corresponding ionic concentration. 

The calculation of the second term in Eq. (13) requires knowing the 
values of the retention of the dissociated VFA, RVFAs− (cVFAs− ) , versus the 
ionic concentration. This is obtained from experimental retentions ob
tained at pH 8, by fitting the variation of retention versus concentration. 

In the following parts, the model mentioned above is used to describe 

Solute Single solution Mixed solutions 

s1 s2 s3 s4 s5 s6 

Acetate/Acetic acid 1   1/2 1/2 1/3 
Propionate/Propionic acid  1  1/2  1/3 
Butyrate/Propionic acid   1  1/2 1/3  

Table 3 
Proportions of the synthetic solutions for three total concentrations, 100 mM, 
200 mM and 500 mM.  



3. Results and discussions

Experiments are firstly carried out with single solute solutions, then
for binary and ternary mixed solutions containing acetic, propionic, and 
butyric acids. The influence of operating conditions (pH, pressure, etc.), 
as well as the total concentration on the retention of VFAs, are investi
gated. Then, based on the dissociation of both solutes and membrane, 
Eq. (13) is used to describe the variation of VFAs retention versus pH at a 
given filtration flux. 

3.1. Solutes retention in single and mixed solutions 

3.1.1. Single solutions 
Retentions of acetate/acetic acid (Ac), propionate/propionic acid 

(Pr), and butyrate/butyric acid (Bu) at different solution pH and three 
total concentrations are plotted versus filtration flux in Fig. 1. The 
curves are fitted according to the model proposed by J. M. K. Timmer 
et al. [34], and the solute retention at a given filtration flux is calculated 
from the fitted equation Eq. (3). Retentions at J1 = 0.2 × 10− 5 m s− 1, J2 
= 0.5 × 10− 5 m s− 1, J3 = 1 × 10− 5 m s− 1, and J4 = 1.5 × 10− 5 m s− 1 are 
obtained from the fitting curves for different concentrations. For 500 
mM, only J1 is shown since the other filtration flux values are not in the 

experimental range. 
For any condition, one can observe that the retention of VFAs in

crease with the filtration flux. Then, at given filtration flux, the retention 
of the three VFAs increase when the solution pH increases. The lowest 
retentions of Ac and Pr are observed at pH 3. The experimental results of 
the retention of Bu at pH 3 are not obtained. The VFAs retention at pH 3 
seems not influenced by concentration. Retentions of Ac at 100 mM and 
500 mM are similar, i.e., 2% at the filtration flux of J3. For propionate as 
well, retentions are similar for the two concentrations (100 mM and 500 
mM) and about 4% at the filtration flux of J3. The highest retentions are 
observed at pH 8 for the three VFAs. Moreover, the retention at high pH 
is more concentration-dependent. It is observed that the retention of 
VFAs decreases when the concentration increases. For instance, the re
tentions of Ac at three concentrations (100 mM, 200 mM, and 500 mM) 
are 65%, 59%, and 38% respectively for a filtration flux of J1 (0.2 ×
10− 5 m s− 1) at pH 8. 

As indicated in the introduction, the retention mechanism of VFAs by 
NF membrane is a combination of size and charge effect. At pH 3, VFAs 
are uncharged, and the retention is mainly due to size effect. Since VFAs 
have much lower MWs than the MWCO of the membrane, low retention 
is expected. Besides, it is known that the influence of concentration on 
the retention of a neutral solute is negligible, as reported for glucose 
solutions, for instance, both in single [16,39] and mixed (glucose/x
ylose) solutions [40]. Then the concentration is expected to have a 

Fig. 1. Retentions of VFAs single solutions versus filtration flux at different solution pH and varying total concentration, (a) Ac, (b) Pr, (c) Bu. The fitting curves are 
obtained from the mothed proposed in Ref. [34]. Retentions at J1 = 0.2 × 10− 5 m s− 1, J2 = 0.5 × 10− 6 m s− 1, J3 = 1 × 10− 5 m s− 1, and J4 = 1.5 × 10− 5 m.s− 1are 
compared, for 500 mM, only J1 is in the experimental range. 

the retention of VFAs in single and mixed solutions. 



3.1.2. Mixed solutions 
The retentions of individual Ac, Pr, and Bu in ternary solutions (Ac: 

Pr: Bu = 33%: 33%: 33%) at given filtration flux (J1, 0.2 × 10− 5 m s− 1) 
and three total concentrations (100 mM, 200 mM, and 500 mM) are 
plotted versus solution pH in Fig. 3a. The retentions of VFAs in single 
solutions at the same concentration and filtration flux are also given as 
references. Results obtained for the other three filtration fluxes (J2, J3, 
and J4) show similar behavior to that observed at J1. Those results are 
thus not shown. 

As observed for single solutions, the individual VFAs retentions in 
mixed solutions increase with pH following an S-shape curve. An 
exception is found for the retention of Ac at the highest concentration 
(500 mM) that firstly increases with the pH, reaches a maximum at pH 
6.6, and decreases when the pH increases to 8. 

At low pH values, the individual VFAs retentions in the mixed so
lutions are similar to those in single solutions at the same concentration. 
However, at a high pH value (pH 8), the individual VFAs retentions in 
single and mixed solutions are different. In the mixed solution, the 
retention of the most retained VFA, Bu, is similar to that in the single 
solution. In contrast, the retention of the least retained VFA, Ac, is lower 
than in the single solution and that of the intermediately retained VFA, 
Pr, nearly unchanged between single and mixed solutions. Then the 
retention differences between VFAs in the mixed solutions are more 
significant compared to those in single solutions, especially at high 
concentrations. Furthermore, one can observe that the retentions of 
individual VFAs follow the same sequence (Ac < Pr < Bu) for the three 
total concentrations and whatever the solution pH between 3 and 8. 

Retention of VFAs at low pH is mainly fixed by size effect. The co- 

Fig. 2. Retentions of VFAs single solutions at given filtration flux versus solution pH for three concentrations, (a) Ac, (b) Pr, (c) Bu. J1 = 0.2 × 10− 5 m s− 1, J2 = 0.5 ×
10− 6 m s− 1, J3 = 1 × 10− 5 m s− 1, J4 = 1.5 × 10− 5 m s− 1, for 500 mM, only J1 is in the experimental range. The fitting curves are obtained from sigmoid curve fitting 
by Origin software. The dissociation curves of Ac, Pr, and Bu are given as references, and the pKa of each VFA is marked in the figure. 

negligible influence on the retention of VFAs at pH 3, as observed. 
On the contrary, at pH 8, both the VFAs and the membrane are 

charged, and the charge effect plays an essential role in VFAs retention. 
Indeed, much higher retentions than those obtained at pH 3 are 
observed, and the retentions increase with solution pH from 3 to 8. 
Similar results were also reported in previous works investigating the 
retention of weak acids [25,29–31]. Furthermore, when the concentra-
tion of VFAs increases, the ionic strength of the solution increases, and 
then the charge interactions between membrane and VFAs are weak-
ened. This is reported as a screening effect [29,39], according to which 
the retention is expected to decrease with the concentration, as 
observed. 

The retentions of Ac, Pr, and Bu at given filtration flux (J1, J2, J3, and 
J4) versus solution pH for the three concentrations are plotted in Fig. 2. 
The fitting curves of solutes retentions versus pH are obtained from 
sigmoid curve fitting by Origin®. The dissociation curves of Ac, Pr, and 
Bu, obtained from Eq. (9), are also plotted as references. For the con-
centration of 500 mM, the filtration flux is much lower than that at lower 
concentrations, then only the retentions at J1 are shown. 

One can observe that the increase of the individual VFA retentions 
versus the solution pH follows a sigmoid curve for any filtration flux 
investigated. For a given pH, the retention increases for increasing 
filtration flux. Moreover, retention follows the dissociation curve. 

These results agree with previous ones obtained with other weak 
acids, like succinic acid. It was reported that, for different filtration flux, 
the retention increases with the solution pH following the fraction of the 
divalent form (Suc2−  ) [29]. 



existence of other VFAs does not influence the individual VFAs re
tentions in the mixed solutions. Then, similar retentions are expected for 
single and mixed solutions, as observed. When the pH increases, the 
contribution of the charge effect gradually increases due to both the 
increase of the percentage of dissociated VFAs in the solution and the 
increase of membrane charge. At high pH values, VFAs are dissociated, 
and the retention of VFAs is dominated by charge effect. Moreover, 
when two ions with the same charge (co-ions) exist in one solution, 
charge interaction such as co-ions competition could appear. Indeed, for 
any electrolyte solution, the electrokinetic charge density is zero (elec
troneutrality). Therefore, in a system with one counter-ion and two co- 
ions with different mobilities, greater mobility co-ions are electrostati
cally attracted to the membrane phase to compensate for the potential 
deviations from electric neutrality caused by the strong exclusion of the 
lower mobility co-ions. Thus, a decrease of the retention of the greater 

mobility co-ions is observed. Such a phenomenon is generally observed 
for mixed solutions with less and more retained ions using charged and 
uncharged membranes [41]. That makes the retention difference be
tween the two individual co-ions bigger than that in their single solu
tions, as already discussed in previous studies [23,41,42]. For mixed 
solutions, global VFAs retention is considered for comparison with sin
gle solutions. 

The weighted average of the individual VFAs retentions in the mixed 
solutions (namely, global retention, obtained from Eq. (7)) is plotted 
versus pH for different total concentrations in Fig. 3b. One can observe 
that the global retention of VFAs increases with pH, following the same 
trend as that observed for single solutions. Moreover, global retentions 
are within the individual VFAs retentions in single solutions, i.e., higher 
than the retention of Ac and lower than the retention of Bu, for all the pH 
values investigated. Similar trends are observed for the binary solutions 

Fig. 3. (a) Individual VFAs retentions, and (b) global retentions of VFAs in Ac/Pr/Bu ternary mixture versus solution pH at three total concentrations and a filtration 
flux of 2 × 10− 6 m s− 1. 



One can observe that for each condition, a good fitting is obtained 

(R2 > 0.982). Then the fitted pKa-f values obtained at different concen
trations and proportions are similar; no clear trend is observed. The 
average pKa-f value for all the compositions is about 1.24 ± 0.09 units 
higher than the theoretical pKa values. 

Fig. 5b gives the variations of calculated and experimental VFAs 
retentions versus pH at different concentrations for a given filtration flux 
J1 (0.2 × 10− 5 m s− 1). Calculated values are obtained from Eq. (13), 
considering the individual pKa-f values for each solute (pKa-f = pKa 
+1.24). It is shown that it is possible to describe the influence of the pH
on the VFAs retention using the previous model on condition to consider
a modified value of the solutes pKa that is 1.24 pH units higher than the
theoretical values.

The same calculations are made for higher filtration flux (i.e., J2, J3, 
and J4), and the results are given in Table 6. One can observe that for a 
given solute, the fitted pKa_f decreases when the filtration flux increases. 
Nevertheless, it remains higher than the theoretical value for the highest 
filtration flux investigated. 

The present results are in agreement with previous ones reporting the 
variation of the retention of sulfuric acid observed with various NF 
membranes [32,43]. In these two studies, it was reported that the 
retention of sulfuric acid starts to increase with solution pH once the pH 
reaches a value about 1 pH unit higher than its pKa2 (1.99). It means 
that, as concluded in the present work, the variation of retention versus 
pH could be well fitted considering a pKa value one unit higher than the 
theoretical one. 

Theoretical pKa values considered are the ones in the water, at 25 ◦C 
and infinite dilution. However, it is known that the properties of the bulk 
solution can significantly influence the pKa values of weak acids. For 
instance, it was reported that the pKa of acetic acid increases from 4.76 
to 9.72 when the dielectric constant of the solvent decreases from ε =
78.3 (water, 25 ◦C) to ε = 32.64 (methanol, 25 ◦C) and that pKa values of 
propionic and butyric acids also follow the same trend [44]. Moreover, it 
is known that in a confined space, the dielectric constant can be lower 
than in bulk [45]. Then one can expect a higher solute pKa for a confined 
solution due to the decrease of the dielectric constant. This phenomenon 
could be an explanation of the higher pKa values necessary to fit the 
results. 

On the other hand, calculated values of VFA retentions presented in 
Fig. 5 were obtained considering that the membrane charge remains 
constant. Indeed, it was assumed that the retention of the charged VFA 
was identical to that obtained at pH 8 at the corresponding ionic con
centration. However, the proportion of charged solute and the mem
brane charge can vary with the pH. 

In order to consider the variation of the membrane charge with the 
pH, and its impact on the retention of dissociated VFAs, a correction 
parameter, α, is introduced in the model. The modified equation is then 
Eq. (14). 

Rcal
VFAs =RHVFAs ×

(
1 − PVFAs− ,pKa

)
+α×RVFAs−

(
cVFAs− ,pKa

)
× PVFAs− ,pKa (14) 

PVFAs− , pKa is the proportion of dissociated VFAs, cVFAs− , pKa is the 
concentration of dissociated VFAs, calculated with the theoretical pKa 
value of the solution. 

The correction parameter is obtained by fitting the retention values 
calculated using Eq. (14) with the experimental ones. 

Fig. 4. Retentions of Ac, Pr, and Bu versus concentration at a filtration flux of 2 
× 10− 6 m s− 1 and pH 8. Points are experimental values, and the curves are 
those from equations in Table 4. 

Table 4 
VFA retention as a function of ionic concentration at a filtration flux of 2 × 10− 6 

m.s− 1and pH 8.  

Equation RVFAs− (cVFAs− ) = a+ b× ccVFAs−

Parameters Ac Pr Bu 

a 0.369 0.368 0.375 
b − 0.619 − 0.616 − 0.631 
c 0.00157 0.0168 0.0734 
R2 0.973 0.967 0.993  

of Ac/Pr and Ac/Bu (results not shown). 

3.2. Description of the VFAs retention versus pH 

3.2.1. Single solutions 
As previously mentioned, the calculation of the VFA retention using 

Eq. (13) requires knowing the variation of the retention 
RVFAs−  (cVFAs−  )versus the concentration. As an example, Fig. 4 gives the 
retentions of VFAs in single solutions at a filtration flux of 2 × 10−  6 m 
s−  1 and pH 8 versus the concentration. These variations are fitted using 
Origin® with an exponential function. The functions and the parameters 
obtained from the fitting for the different solutions are listed in Table 4. 
For the other filtration flux (J2, J3, and J4), the results are not shown. 

With the function of RVFAs−  (cVFAs−  ) provided from Table 4, retentions 
of VFAs are calculated according to Eq. (13). Fig. 5a gives the variations 
of the calculated (Eq. (13)) and experimental VFAs retentions in single 
solutions versus the pH for a given filtration flux J1 (2 × 10−  6 m s−  1) for 
the three total concentrations investigated. As previously mentioned, 
both experimental and calculated VFAs retentions increase with solution 
pH following a sigmoid curve. However, the calculated retentions are 
always higher than the experimental ones for the three concentrations. 
The highest differences between calculated and experimental VFAs re-
tentions are observed at the lowest concentration of 100 mM for all the 
solutions investigated. 

Since the size effect is almost not influenced by the pH, this over-
estimation of retention can be attributed to an overestimation of the 
charge effect on the VFAs retention. This is confirmed by the more sig-
nificant overestimation observed at low concentrations. 

As previously explained, the charge effect is due to both the solute 
and membrane charge, which vary with the solution pH according to 
their respective pKa values. 

The previous calculation was made considering the theoretical pKa 
values of the VFAs. Then, Equation (13) was further used to determine 
the solute pKa values, pKa-f, to fit experimental and calculated VFAs 
retention versus pH variations, using Origin® software. The values of 
PVFAs−  were obtained from Eq. (10). 

The results are reported in Table 5, which gives the fitted pKa-f values 
and the fitting coefficient of determination (R2). For comparison, the 
theoretical pKa values and the differences between pKa-f and pKa (pKa-f- 
pKa) are also given for all the compositions investigated. 



Following the definition, the correction parameter is equal to 0 at pH 
3 and equal to 1 at pH 8. This parameter represents the charge inter
action between the solute and the membrane. Since the dissociation of 
solutes is already taken into account, the value of α is linked to the 
membrane charge. 

The values of α for the three VFAs single solutions at different con

centrations are plotted versus pH in Fig. 6. One can observe that for each 
condition α increases with the solution pH following a sigmoid curve. 
The values obtained for the different solutes at a given concentration are 
comparable. The values obtained at 100 mM and 200 mM are nearly 
equal, while those obtained at the highest concentration (500 mM) are 
higher than low concentrations. 

Fig. 5. Calculated and experimental VFAs retention in single solutions versus the solution pH for various total concentrations, filtration flux = 2 × 10− 6 m s− 1. (a) 
Calculation using the theoretical pKa values of VFAs, (b) calculation using the fitted pKa values that are 1.24 units higher than the theoretical ones (pKa-f =

pKa +1.24). 

Table 5 
Lists of real VFAs pKa, fitted pKa, pKa-f, and the differences between pKa and pKa-f obtained from the fitting of the retention curves at different compositions.  

Solutions 100 mM 200 mM 500 mM 

pKa-f R2 pKa pKa-f-pKa pKa-f R2 pKa pKa-f-pKa pKa-f R2 pKa pKa-f-pKa 

Ac 6.12 0.983 4.76 1.36 6.11 0.996 4.76 1.35 6.05 0.997 4.76 1.29 
Pr 6.07 0.989 4.88 1.19 6.19 0.999 4.88 1.31 6.04 0.999 4.88 1.16 
Bu 5.94 0.982 4.82 1.12 6.09 0.995 4.82 1.27 5.92 0.995 4.82 1.10  



Considering a pKeff value which representing the effective pKa of 
membrane functional groups, the following equation can be written: 

α=
10pH− pKeff

1 + 10pH− pKeff
(15) 

The experimental variations of α versus pH are then fitted using Eq. 
(15). The corresponding values of pKeff are reported in Table 7. The fitted 
curves are plotted in Fig. 6. 

One can notice that the values are correctly fitted for pH higher than 
5.6. For the lower pH, Eq. (15) underestimates the value of α obtained 
from experimental retentions by Eq. (14). 

As previously observed with the α values determined from experi
mental retentions (Eq. (14)), the pKeff values obtained for different so
lutions at low concentrations (100 mM and 200 mM) are comparable 
(5.77 ± 0.02, and 5.78 ± 0.06 respectively). In contrast, the pKeff values 
obtained at the highest concentration (500 mM) are about 0.31 units 
lower (5.47 ± 0.04). 

Since pKeff is expected to be related to the pKa of the membrane 
functional groups, the values can be compared with those previously 

reported. Indeed, for carboxylic functional groups on polyamide films, 
pKa values from 5 to 9 were obtained by contact angle titration [15]. 
Furthermore, the first pKa values reported for five different NF/RO 
membranes with polyamide active layer using heavy ions probes were 
between 5.23 and 5.72 [9,11]. As a result, one can conclude that pKeff 
values (from 5.47 to 5.78) obtained in this work are within the range of 
the membrane pKa values reported in previous studies. 

It was also reported in previous work that the experimental disso
ciation curves were broadened compared with simulated ones [15]. 
Current results also show the broadening of the correction parameters 
versus solution pH compared with simulated dissociation curves (see 
Fig. 6). This observation could be because carboxylic functional groups 
on the NF membrane can have different pKa values, as suggested in 
previous studies [9,15]. These different pKa values could be due to the 
site-site interactions between the functional groups on the polymer 
chains, which may be related to the low dielectric constant within the 
aliphatic chain and/or inside the confined membrane pores [9,46,47]. 

Finally, the two different pKeff values (5.5 for 500 mM and 5.8 for 
100 mM and 200 mM) obtained for high and low concentrations indicate 
that the membrane/solute charge interaction is concentration- 
dependent. This phenomenon could be due to the ionization of func
tional groups. Indeed, as previously mentioned concerning VFAs, the 
ionization constant of a weak acid decreases with ionic concentration 
according to Debye–Hückel law [48] so that a lower pKa value can be 
observed at a higher ionic concentration. The current result is in 
agreement with this trend. 

For membranes with sulfonate groups, the influence of pH on the 
membrane charge is negligible since sulfonic acid is a strong acid [49]. 
In a previous study using such a membrane, i.e.NTR-7450 NF, to treat 
glutathione and three amino acids, it was observed that the retention of 
charged species of glutathione and L-glutamate increases with the pH 
and follow the dissociation curve, but with a gap of about 0.5 pH unit 
[50]. This could suggest that besides the membrane charge, there is an 
additional influence, like that of the dielectric constant discussed in the 
present work. 

3.2.2. Mixed solutions 
The same approach as that used for the single solution can be made 

for mixed solutions by considering the global retention of the mixed 
solutions (i.e., the weighted average of the retentions of all the indi
vidual VFAs in the mixed solutions, defined in Eq. (7)) and an average 
solution pKa-mix (calculated from Eq. (12)). 

The global retentions of VFAs in mixed solutions at a filtration flux of 
2 × 10− 6 m s− 1 and pH 8 versus the total concentration are given in 
Fig. 7. The same method is used to fit these variations as that for single 
solutions. Table 8 listed the functions and the parameters obtained from 
the fitting for the different solutions. 

With the function of RVFAs− (cVFAs− ) provided in Table 8, global re
tentions of VFAs in the mixed solutions at given pH can be calculated 
according to Eq. (13). The variations of the calculated (Eq. (13)) and 
experimental global retentions of VFAs in mixed solutions versus the pH 
for a given filtration flux J1 (2 × 10− 6 m s− 1) for the three total con
centrations investigated are presented in Fig. 8a. As observed for single 
solutions, the retention increases with solution pH following the 

Table 6 
Lists of theoretical pKa, fitted pKa, pKa-f, and the differences between pKa and pKa-f obtained from the fitting of the retention curves for single solutions at two con
centrations and filtration flux of J2 (0.5 × 10− 5 m s− 1), J3 (1 × 10− 5 m s− 1), and J4 (1.5 × 10− 5 m s− 1).  

Solutions 100 mM 200 mM 

pKa_f pKa pKa_f-pKa pKa_f pKa pKa_f-pKa 

J2 J3 J4 J2 J3 J4 J2 J3 J4 J2 J3 J4 

Ac 6.06 5.87 5.77 4.76 1.30 1.11 1.01 5.88 5.71 5.61 4.76 1.12 0.95 0.85 
Pr 5.81 5.65 5.58 4.88 0.93 0.77 0.70 5.88 5.71 5.63 4.88 1.00 0.83 0.75 
Bu 5.82 5.60 5.49 4.82 1.00 0.78 0.67 5.83 5.61 5.49 4.82 1.01 0.79 0.67  

Fig. 6. Correction parameter α (obtained from Eq. (14)) as a function of so
lution pH at filtration flux = 0.2 × 10− 5 m s− 1. Fitting curves (dashed lines) are 
obtained using Eq. (15) with the pKeff values reported in Table 7. 

Table 7 
Lists of pKeff values (obtained from Eq. (15)) with the coefficient of determi
nation obtained from fitting at different compositions, filtration flux = 0.2 ×
10− 5 m s− 1.  

Solution 100 mM 200 mM 500 mM 

pKeff R2 pKeff R2 pKeff R2 

Ac 5.79 0.822 5.80 0.984 5.52 0.944 
Pr 5.74 0.877 5.84 0.990 5.42 0.970 
Bu 5.78 0.924 5.69 0.829 5.46 0.892  



dissociation curve, and the experimental values are lower than the 
calculated ones. 

The pKa values, pKa-f, to fit the experimental and calculated varia
tions of the VFAs retention versus pH were determined by Equation (13). 
Then, the pKa-f values obtained are listed in Table 9, and the difference 
between pKa-f (fitted pKa) and theoretical average pKa of the three so
lutions (calculated via Eq. (12)) are summarized too. It is observed that 
the differences between fitted and theoretical ones are 1.24 ± 0.09, 
precisely the same as that for single solutions. Then, considering for the 
solution pKa values by 1.24 units higher than the theoretical ones, the 
calculation fits well with the experimental results, as shown in Fig. 8b. 

Further calculations for higher filtration flux (i.e., J2, J3, and J4) are 
carried out. The fitted pKa_f values are provided in Table 10. One can 
observe that, as reported for single VFA solutions, when the filtration 
flux increases, the fitted pKa_f decreases. 

The same as that obtained for single solutions, a correction param
eter, α, can be obtained for mixed solutions using Eq. (14). The results 
are plotted versus pH for the three mixed solutions at different con
centrations illustrated in Fig. 9. Then, an effective pKa value could be 
used to fit the individual α versus pH. The results are summarized in 
Table 11. 

The pKeff values obtained for different mixed solutions at low con
centrations (100 mM and 200 mM) are comparable (5.73 ± 0.13 and 
5.82 ± 0.10, respectively). In contrast, the pKeff values obtained at the 
highest concentration (500 mM) are about 0.37 units lower (5.40 ±
0.04). Those results are consistent with the results obtained for single 
solutions (5.77 ± 0.02 for 100 mM, 5.78 ± 0.06 for 200 mM, and 5.47 ±
0.04 for 500 mM). Take all the solutions (single and mixed) into 
consideration, the pKeff values obtained for VFAs solutions are 5.75 ±

0.09 for 100 mM, 5.80 ± 0.08 for 200 mM, and 5.44 ± 0.05 for 500 mM. 
To summarize the results obtained with single and mixed solutions at 

different total concentrations, the average value of the difference be
tween the fitted pKa_f and solution pKa (pKa-f-pKa) for various composi
tions (single, binary, and ternary solutions at a total concentration of 
100 mM, 200 mM, and 500 mM) is plotted versus filtration flux in 
Fig. 10. It seems that the influence of total concentration and solution 
composition is negligible. One can also observe that the difference be
tween pKa-f and pKa (pKa-f-pKa) decreases for increasing filtration flux, 
following an exponential curve. As a result, when the filtration flux in
creases, the pKa-f value approaches the theoretical one. Nevertheless, for 
the highest filtration flux used in this work, an increase of about 1 unit 
(1.00 ± 0.24) of the solutes pKa is still needed to fit the variation of VFAs 
retention versus pH. 

As for single solutions, a pKeff value representing the membrane 
functional groups was calculated using Eq (15). The corresponding 
values calculated from the global retentions of VFAs are listed in 
Table 12. The pKeff values obtained for different solutions are 5.73 ±
0.13, 5.82 ± 0.10, and 5.40 ± 0.04 for the total concentrations of 100 
mM, 200 mM, and 500 mM, respectively. One can observe that these 
values are very close to those obtained with single solutions, i.e., 5.75 ±
0.09, 5.80 ± 0.08, and 5.44 ± 0.05, respectively. 

Then, one can conclude that in the conditions investigated here, the 
calculation made with single solutions can be extended to mixed solu
tions, considering the global retention and an average solution pKa-mix. 
However, further investigation is still required to check if global 
retention can still be a suitable parameter for mixtures containing sol
utes with more different pKa than those investigated here. 

3.3. Conclusion 

Solution pH, as well as ionic concentration, have a significant in
fluence on the retention of weak acids, like VFAs, in nanofiltration. 
Solution pH can change the ratio between the dissociated and undisso
ciated form of weak acids, as well as modify the membrane charge. Ionic 
concentration can screen the charge interactions between the charged 
membrane and dissociated weak acids. In this work, the influence of 
both pH and concentration on the retention of VFAs in single and mixed 
solutions was investigated. 

It was observed that VFAs retention increases with either filtration 
flux or solution pH. The retention increases with solution pH following 
the dissociation curves of VFAs. Then, the retention of VFAs decreases 
when the concentration increases, showing the influence of the 
screening effect. This influence is negligible at pH 3 and becomes more 
important when the solution pH increases. 

A simple model was proposed to describe the variation of VFA 
retention versus pH at different concentrations for a given filtration flux. 

Only the dissociation of VFAs according to the pH was first consid
ered. It was observed that when using the theoretical solute pKa values, 
the calculated retentions were systematically higher than the experi
mental ones. However, by increasing the pKa values of the VFAs by up to 
1.24 units, the calculated retention curves can fit the experimental ones. 
It was observed that the pKa value required to fit the experimental re
tentions decreases for increasing filtration flux, i.e., it becomes closer to 
the theoretical value. However, for the highest filtration flux investi
gated, the difference remains about 1 pH unit. Previous studies have 
reported that the dielectric constant in a confined space, like membrane 
pores, is lower than in bulk solution and that pKa of weak acids like VFA 
increases when the dielectric constant of the solution decreases. This 
influence of the dielectric constant could thus explain the highest pKa 
values needed to fit the results. 

On the other hand, a parameter was introduced to describe the 
variation of the membrane charge versus pH. This parameter, calculated 
for each condition to fit the experimental retentions versus pH, was used 
to determine a membrane pKeff. It was observed that the obtained 
values, between 5.44 and 5.80, are within the range of the pKa values 

Fig. 7. Global retentions of mixed VFAs solutions (Ac/Pr, Ac/Bu, and Ac/Pr/ 
Bu) versus the total concentration at a filtration flux of 2 × 10− 6 m s− 1 and pH 
8. Points are experimental values, and the curves are those from equations
in Table 8.

Table 8 
Global retentions of VFAs as a function of ionic concentration at a filtration flux 
of 2 × 10− 6 m.s− 1and pH 8.  

Equation RVFAs− (cVFAs− ) = a+ b× ccVFAs−

Parameters Ac/Pr Ac/Bu Ac/Pr/Bu 

a 0.319 0.188 0.243 
b − 0.684 − 0.803 − 0.754 
c 0.0143 0.0863 0.0390 
R2 0.998 0.992 0.988  



previously reported for carboxylic functional groups on polyamide films. 
Then, it was shown that the methodology developed for single VFA 

solutions could be used for mixed solutions of VFAs using the global 
retention and an average solution pKa. Further work is necessary to 
determine if this can be applied as well to solutions containing more 

different solutes than those investigated here. 
Finally, it was not possible to conclude about the best description of 

the influence of the pH on the membrane/solute interactions, which fix 
the variation of the retention versus pH. Indeed, both assumptions 
provided a good description with realistic mechanisms behind: modified 

Fig. 8. Calculated and experimental global retentions of VFAs in mixed solutions versus the solution pH for various total concentrations, filtration flux = 2 × 10− 6 m 
s− 1. (a) Calculation using the theoretical pKa values of VFAs, (b) calculation using the fitted pKa values that are 1.24 units higher than the theoretical ones (pKa-f =

pKa +1.24). 

Table 9 
Lists of theoretical pKa, fitted pKa, pKa-f, and the differences between pKa and pKa-f obtained from the fitting of the retention curves for binary and ternary solutions at 
three total concentrations at the filtration flux of J1 (0.2 × 10− 5 m s− 1).  

Solutions 100 mM 200 mM 500 mM 

pKa-f R2 pKa pKa-f-pKa pKa-f R2 pKa pKa-f-pKa pKa-f R2 pKa pKa-f-pKa 

Ac/Pr 5.95 0.999 4.82 1.13 6.14 0.998 4.82 1.32 6.09 0.998 4.82 1.27 
Ac/Bu 5.92 0.999 4.79 1.13 6.13 0.998 4.79 1.34 5.93 0.997 4.79 1.14 
Ac/Pr/Bu 6.13 0.998 4.82 1.31 6.22 0.998 4.82 1.40 5.95 0.999 4.82 1.13  



solution pKa following confinement on one hand or variation of the 
membrane charge due to dissociation of functional groups on the other 
hand. This could be the purpose of further investigation. 

Author statement 

Yin ZHU: Writing – review & editing. Sylvain Galier: Supervision, 
Writing – review & editing. Hélène Roux-de Balmann: Supervision, 
Writing – review & editing 

Declaration of competing interest 

The authors declare that they have no known competing financial 

interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgment 

The authors would like to acknowledge the support from Institute 
Carnot 3BCAR (RECOWER project) and the scholarship provided by the 
China Scholarship Council (CSC), Ministry of Education, P. R. China for 
the PhD of Yin ZHU.  

Nomenclature 

List of symbols 
J Filtration flux (m⋅s− 1) 

Table 10 
Lists of theoretical pKa, fitted pKa, pKa-f, and the differences between pKa and pKa-f obtained from the fitting of the retention curves for binary and ternary solutions at 
two concentrations and filtration flux of J2 (0.5 × 10− 5 m s− 1), J3 (1 × 10− 5 m s− 1), and J4 (1.5 × 10− 5 m s− 1).  

Solutions 100 mM 200 mM 

pKa_f pKa pKa_f-pKa pKa_f pKa pKa_f-pKa 

J2 J3 J4 J2 J3 J4 J2 J3 J4 J2 J3 J4 

Ac/Pr 5.82 5.69 5.62 4.82 1.00 0.86 0.80 5.82 5.65 5.56 4.82 1.00 0.83 0.74 
Ac/Bu 5.80 5.63 5.55 4.79 1.01 0.84 0.76 5.84 5.63 5.53 4.79 1.05 0.84 0.74 
Ac/Pr/Bu 5.90 5.70 5.60 4.82 1.08 0.88 0.78 5.87 5.62 5.47 4.82 1.05 0.80 0.65  

Fig. 9. Correction parameter α (obtained from Eq. (14)) as a function of so
lution pH at filtration flux = 0.2 × 10− 5 m s− 1. Fitting curves (dashed lines) are 
obtained using Eq. (15) with the pKeff values reported in Table 11. 

Table 11 
Lists of pKeff values (obtained from Eq. (15)) and the coefficient of determination 
for the fitting at different compositions, filtration flux = 0.2 × 10− 5 m s− 1.  

Solution 100 mM 200 mM 500 mM 

pKeff R2 pKeff R2 pKeff R2 

Ac/Pr 5.64 0.987 5.80 0.966 5.36 0.951 
Ac/Bu 5.64 0.989 5.71 0.970 5.46 0.946 
Ac/Pr/Bu 5.91 0.971 5.95 0.978 5.39 0.970  

Fig. 10. Average differences between the fitted pKa_f and solution pKa (pKa-f- 
pKa) for various compositions (single, binary, and ternary solutions at con
centrations of 100 mM, 200 mM, and 500 mM) versus filtration flux. 

Table 12 
Lists of pKeff values (obtained from Eq. (15)) and the coefficient of determination 
for the fitting for mixed solutions at different total concentrations, filtration flux 
= 0.2 × 10− 5 m s− 1.  

Solution 100 mM 200 mM 500 mM 

pKeff R2 pKeff R2 pKeff R2 

Ac/Pr 5.64 0.987 5.80 0.966 5.36 0.951 
Ac/Bu 5.64 0.989 5.71 0.970 5.46 0.946 
Ac/Pr/Bu 5.91 0.971 5.95 0.978 5.39 0.970  



V Volume (m3) 
Sm Active surface area of the membrane (m2) 
t Time (s) 
R Retention (%) 
C Concentration (mol⋅m-3, abbreviate as mM) 
P Proportion of the solute (%)  

Superscripts & subscripts 
glo Global 
VFAs Dissociated and undissociated VFAs 
HVFAs Undissociated VFAs 
VFAs− Dissociated VFAs 
mix Mixed solution 
sgl Single solution 
Ac Acetate/acetic acid 
Pr Propionate/propionic acid 
Bu Butyrate/butyric acid 
f Feed 
p Permeate 
r Retentate 
exp Experimental data 
cal Calculated data 
m Membrane 
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