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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 influence 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.

Introduction

Volatile fatty acids (VFAs), also referred to as short-chain fatty acids (SCFAs), are carboxylic acids with less than six carbon atoms [START_REF] Lee | A review of the production and applications of waste-derived volatile fatty acids[END_REF]. Nowadays, VFAs are considered as one type of promising chemical building blocks in the biorefinery concept [START_REF] Atasoy | Bio-based volatile fatty acid production and recovery from waste streams : current status and future challenges[END_REF]. 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 [START_REF] Atasoy | Bio-based volatile fatty acid production and recovery from waste streams : current status and future challenges[END_REF]. 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 [START_REF] Xiong | Integrated acidogenic digestion and carboxylic acid separation by nanofiltration membranes for the lignocellulosic carboxylate platform[END_REF][START_REF] Zacharof | Nanofiltration of treated digested agricultural wastewater for recovery of carboxylic acids[END_REF][START_REF] Jänisch | Separation of volatile fatty acids from biogas plant hydrolysates[END_REF]. It was also reported that the fermentation is strongly influenced by the pH, which fixes the productivity and the composition of VFAs obtained [START_REF] Yang | Optimization of growth media components for polyhydroxyalkanoate ( PHA ) production from organic acids by Ralstonia eutropha[END_REF].

Thin-film composite membranes (TFCM), like NF-45 used in this work, are composed of a thin nanoporous active layer made of polyamide, with a macroporous supporting layer made of polysulfone [START_REF] Gohil | A review on semi-aromatic polyamide TFC membranes prepared by interfacial polymerization: potential for water treatment and desalination[END_REF]. The membrane charge can come from the dissociation of functional groups and adsorption of ions, polyelectrolytes, ionic surfactants, and charged macromolecules from solution [START_REF] Schaep | Evaluating the charge of nanofiltration membranes[END_REF]. 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 [START_REF] Coronell | Quantification of functional groups and modeling of their ionization behavior in the active layer of FT30 reverse osmosis membrane[END_REF][START_REF] Tiraferri | Direct quantification of negatively charged functional groups on membrane surfaces[END_REF][START_REF] Coronell | Ionization behavior , stoichiometry of association , and accessibility of functional groups in the active layers of reverse osmosis and nanofiltration membranes[END_REF]. 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 [START_REF] Hoang | The effect of feed pH on the performance of a reverse osmosis membrane[END_REF][START_REF] Mänttäri | Effect of pH on hydrophilicity and charge and their effect on the filtration efficiency of NF membranes at different pH[END_REF], as well as by mathematical modeling [START_REF] Marecka-Migacz | Effect of ph on total volume membrane charge density in the nanofiltration of aqueous solutions nitrate salts of heavy metals[END_REF]. Thus, an effective pK a value can be estimated for the membrane, that is, the average pK a value of all the functional groups. Contact angle titration was used to determine the effective pK a values of various polyamide films, and values from 5 to 9 were obtained for different solutions [START_REF] Wamser | Detection of surface functional group Asymmetry in interfacially-polymerized films by contact angle titrations[END_REF]. Recently, heavy ions probes were used to determine the membrane charge. It was suggested that the membrane functional groups have different pK a values, and then the dissociation curve of membrane functional groups can be fitted considering two pK a values [START_REF] Coronell | Quantification of functional groups and modeling of their ionization behavior in the active layer of FT30 reverse osmosis membrane[END_REF][START_REF] Tiraferri | Direct quantification of negatively charged functional groups on membrane surfaces[END_REF].

For the nanofiltration of a neutral solute, the charge interaction between 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 [START_REF] Bouchoux | Nanofiltration of glucose and sodium lactate solutions: variations of retention between single-and mixed-solute solutions[END_REF][START_REF] Nilsson | The influence of pH, salt and temperature on nanofiltration performance[END_REF]. For the nanofiltration of a charged solute, the retention is fixed by a combination 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 [START_REF] Van Der Bruggen | Influence of molecular size, polarity and charge on the retention of organic molecules by nanofiltration[END_REF]. In this case, the size effect is the dominating factor, and the influences of both

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 -1 at 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).

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 sulfuric 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 concentration range from 5 mM to 50 mM.

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 cm 2 . 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 L p0 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 (molecular 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 concentration and pH are negligible [START_REF] Perry | Intermediate reverse osmosis ultrafiltration ( RO UF ) membranes for concentration and desalting of low molecular weight organic solutes[END_REF][START_REF] Wang | Nanofiltration of L-phenylalanine and L-aspartic acid aqueous solutions[END_REF]. 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 [START_REF] Hoang | The effect of feed pH on the performance of a reverse osmosis membrane[END_REF][START_REF] Nilsson | The influence of pH, salt and temperature on nanofiltration performance[END_REF][START_REF] Childress | Relating nanofiltration membrane performance to membrane charge (electrokinetic) characteristics[END_REF][START_REF] Kim | Effect of pH on the rejection of inorganic salts and organic compound using nanofiltration membrane[END_REF].

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 [START_REF] Luo | Effects of pH and salt on nanofiltration-a critical review[END_REF][START_REF] Luo | Desalination and recovery of iminodiacetic acid (IDA) from its sodium chloride mixtures by nanofiltration[END_REF]. For a small monovalent organic acid, i.e., acetic acid, with an MW (60 g m ol -1 ) much lower than the MWCO of the nanofiltration membrane (200-500 g m ol -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 [START_REF] Weng | Separation of acetic acid from xylose by nanofiltration[END_REF][START_REF] Choi | A study on the removal of organic acids from wastewaters using nanofiltration membranes[END_REF][START_REF] Han | Nanofiltration of model acetate solutions[END_REF]. This S-shaped retention curve was also observed during nanofiltration of sulfamethoxazole and ibuprofen by a loose NF membrane [START_REF] Nghiem | Role of electrostatic interactions in the retention of pharmaceutically active contaminants by a loose nanofiltration membrane[END_REF], as well as nanofiltration of succinic acid [START_REF] Khunnonkwao | A two steps membrane process for the recovery of succinic acid from fermentation broth[END_REF] and sulfuric acid [START_REF] Schaep | Salt retention of Zirfon (R) membranes[END_REF][START_REF] Szoke | Characteristics of thin-film nanofiltration membranes at various pH-values[END_REF][START_REF] López | Experimental and theoretical study of nanofiltration of weak electrolytes: SO4 2-/HSO4 -/H+ system[END_REF]. However, this effect of pH is less pronounced at higher concentrations because of the screening effect [START_REF] Nilsson | The influence of pH, salt and temperature on nanofiltration performance[END_REF].

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 [START_REF] Reig | Integration of nano filtration membranes in recovery options of rare earth elements from acidic mine waters[END_REF][START_REF] Timmer | Transport of lactic acid through reverse-osmosis and nanofiltration membranes[END_REF][START_REF] López | Increasing sustainability on the metallurgical industry by integration of membrane nanofiltration processes: acid recovery[END_REF]. 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 pK a 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 [START_REF] Timmer | Transport of lactic acid through reverse-osmosis and nanofiltration membranes[END_REF]. 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,V f , permeate volume, V p , and retentate volume V r , were determined, as well as the concentrations of the feed C f , permeate, C p , and retentate, C r , using the previously detailed analytical methods. The mass balance, V f C f = V p C p + V r C r , was checked, and it was observed that the maximum difference does not exceed 5%.

Model used to describe the retention versus pH

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

J = V p S m × t (1)
with the volume of permeate V p (m 3 ), obtained by the weight of permeate; S m the active surface of the NF membrane (m 2 ) and the unit of time, t in second (s). The values of solute retention, R, were obtained using the following expression:

R = ( 1 - C p C f ) × 100 (%) (2) 
where C f is the initial feed concentration and C p is the permeate concentration.

The retention versus filtration flux curves were fitted using a simple model with two parameters proposed by Timmer et al. [START_REF] Timmer | Transport of lactic acid through reverse-osmosis and nanofiltration membranes[END_REF]:

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 underestimated. 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. [START_REF] Jänisch | Separation of volatile fatty acids from biogas plant hydrolysates[END_REF].

C VFAs f = ∑ n i=1 C i f (4) C VFAs p = ∑ n i=1 C i p (5) C i
f and C i 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. [START_REF] Yang | Optimization of growth media components for polyhydroxyalkanoate ( PHA ) production from organic acids by Ralstonia eutropha[END_REF].

R VFAs glo = 1 - C VFAs p C VFAs f = 1 - ∑ n i=1 C i p ∑ n i=1 C i 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,

R VFAs glo = ∑ n i=1 P i R i mix ( 7 
)
In Eq. ( 7), R i mix is the retention of individual VFA i in the mixed solution, P i 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 P i = 1 (8) 
The proportion of dissociated VFAs in the single solution is given in Eq. ( 9).

P VFAs -= 10 pH-pKai 1 + 10 pH-pKa i (9)
where pK ai is the pK a value of individual VFA i.

For a mixed solution, the total proportion of dissociated VFAs, P VFAs - , is the sum of the individual proportions, P i ,

P VFAs -= ∑ n i=1 ( P i × 10 pH-pKai 1 + 10 pH-pKai ) (10) 
The total proportion of dissociated VFAs, P VFAs -, can also be calculated using an average pK a , pK a-mix , for the mixed solution, as shown in Eq. ( 11), P VFAs -= 10 pH-pKa mix 1 + 10 pH-pKa mix [START_REF] Coronell | Ionization behavior , stoichiometry of association , and accessibility of functional groups in the active layers of reverse osmosis and nanofiltration membranes[END_REF] pK a-mix is defined as Eq. ( 12),

pK a mix = ∑ n i=1 (P i × pK ai ) (12) 
For the pH range investigated, the difference between Eq. ( 10) and Eq. ( 11) is below 0.06%., Further calculation requires the pK a 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 [START_REF] Reig | Integration of nano filtration membranes in recovery options of rare earth elements from acidic mine waters[END_REF][START_REF] Timmer | Transport of lactic acid through reverse-osmosis and nanofiltration membranes[END_REF][START_REF] López | Increasing sustainability on the metallurgical industry by integration of membrane nanofiltration processes: acid recovery[END_REF]. Then the retention of VFAs can be calculated using the following equation, considering the proportions of the two forms.

R cal VFAs = R HVFAs × (1 -P VFAs -) + R VFAs -(c VFAs -) × P VFAs - (13) 
P VFAs -is the proportion of dissociated VFAs in the solution obtained from Eqs. ( 9) and ( 11), R HVFAs is the retention of undissociated VFAs, and R VFAs -(c VFAs -) is the retention of dissociated VFAs.

Eq. ( 13) is used with the following assumptions: (1) Retention of HVFAs, R HVFAs is that obtained at pH 3 and does not depend on the concentration, (2) Retention of VFAs -, R VFAs -(c VFAs -) 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, R VFAs -(c VFAs -) , versus the ionic concentration. This is obtained from experimental retentions obtained at pH 8, by fitting the variation of retention versus concentration.

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

Table 3

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

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 investigated. 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.

Solutes retention in single and mixed solutions

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. [START_REF] Timmer | Transport of lactic acid through reverse-osmosis and nanofiltration membranes[END_REF], and the solute retention at a given filtration flux is calculated from the fitted equation Eq. ( 3). Retentions at J 1 = 0.2 × 10 -5 m s -1 , J 2 = 0.5 × 10 -5 m s -1 , J 3 = 1 × 10 -5 m s -1 , and J 4 = 1.5 × 10 -5 m s -1 are obtained from the fitting curves for different concentrations. For 500 mM, only J 1 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 increase 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 J 3 . For propionate as well, retentions are similar for the two concentrations (100 mM and 500 mM) and about 4% at the filtration flux of J 3 . 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 retentions of Ac at three concentrations (100 mM, 200 mM, and 500 mM) are 65%, 59%, and 38% respectively for a filtration flux of J 1 (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 [START_REF] Bouchoux | Nanofiltration of glucose and sodium lactate solutions: variations of retention between single-and mixed-solute solutions[END_REF][START_REF] Umpuch | Nanofiltration as a purification step in production process of organic acids: selectivity improvement by addition of an inorganic salt[END_REF] and mixed (glucose/xylose) solutions [START_REF] Sjoman | Separation of xylose from glucose by nanofiltration from concentrated monosaccharide solutions[END_REF]. 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. [START_REF] Timmer | Transport of lactic acid through reverse-osmosis and nanofiltration membranes[END_REF]. Retentions at J 1 = 0.2 × 10 -5 m s -1 , J 2 = 0.5 × 10 -6 m s -1 , J 3 = 1 × 10 -5 m s -1 , and J 4 = 1.5 × 10 -5 m.s -1 are compared, for 500 mM, only J 1 is in the experimental range.

the retention of VFAs in single and mixed solutions.

Mixed solutions

The retentions of individual Ac, Pr, and Bu in ternary solutions (Ac: Pr: Bu = 33%: 33%: 33%) at given filtration flux (J 1 , 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 (J 2 , J 3 , and J 4 ) show similar behavior to that observed at J 1 . 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 solutions 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- 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 [START_REF] Weng | Separation of acetic acid from xylose by nanofiltration[END_REF][START_REF] Khunnonkwao | A two steps membrane process for the recovery of succinic acid from fermentation broth[END_REF][START_REF] Schaep | Salt retention of Zirfon (R) membranes[END_REF][START_REF] Szoke | Characteristics of thin-film nanofiltration membranes at various pH-values[END_REF]. Furthermore, when the concentration of VFAs increases, the ionic strength of the solution increases, and then the charge interactions between membrane and VFAs are weakened. This is reported as a screening effect [START_REF] Khunnonkwao | A two steps membrane process for the recovery of succinic acid from fermentation broth[END_REF][START_REF] Umpuch | Nanofiltration as a purification step in production process of organic acids: selectivity improvement by addition of an inorganic salt[END_REF], 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 (J 1 , J 2 , J 3 , and J 4 ) 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 concentration of 500 mM, the filtration flux is much lower than that at lower concentrations, then only the retentions at J 1 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 (Suc 2-) [START_REF] Khunnonkwao | A two steps membrane process for the recovery of succinic acid from fermentation broth[END_REF].

existence of other VFAs does not influence the individual VFAs retentions 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 (electroneutrality). Therefore, in a system with one counter-ion and two coions with different mobilities, greater mobility co-ions are electrostatically 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 [START_REF] Zhu | Nanofiltration of solutions containing organic and inorganic salts: relationship between feed and permeate proportions[END_REF]. That makes the retention difference between the two individual co-ions bigger than that in their single solutions, as already discussed in previous studies [START_REF] Luo | Effects of pH and salt on nanofiltration-a critical review[END_REF][START_REF] Zhu | Nanofiltration of solutions containing organic and inorganic salts: relationship between feed and permeate proportions[END_REF][START_REF] Kang | Removal of organic acid salts from simulated fermentation broth containing succinate by nanofiltration[END_REF]. For mixed solutions, global VFAs retention is considered for comparison with single 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 One can observe that for each condition, a good fitting is obtained (R 2 > 0.982). Then the fitted pK a-f values obtained at different concentrations and proportions are similar; no clear trend is observed. The average pK a-f value for all the compositions is about 1.24 ± 0.09 units higher than the theoretical pK a values.

Fig. 5b gives the variations of calculated and experimental VFAs retentions versus pH at different concentrations for a given filtration flux J 1 (0.2 × 10 -5 m s -1 ). Calculated values are obtained from Eq. ( 13), considering the individual pK a-f values for each solute (pK a-f = pK a +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 pK a that is 1.24 pH units higher than the theoretical values.

The same calculations are made for higher filtration flux (i.e., J 2 , J 3 , and J 4 ), and the results are given in Table 6. One can observe that for a given solute, the fitted pK a_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 [START_REF] López | Experimental and theoretical study of nanofiltration of weak electrolytes: SO4 2-/HSO4 -/H+ system[END_REF][START_REF] Tanninen | Effect of electrolyte strength on acid separation with NF membranes[END_REF]. 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 pK a2 (1.99). It means that, as concluded in the present work, the variation of retention versus pH could be well fitted considering a pK a value one unit higher than the theoretical one.

Theoretical pK a 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 pK a values of weak acids. For instance, it was reported that the pK a 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 pK a values of propionic and butyric acids also follow the same trend [START_REF] Marshall | The potentiometric measurement of acid dissociation constants and pH in the system methanol-water. pKa values for carboxylic acids and anilinium ions[END_REF]. Moreover, it is known that in a confined space, the dielectric constant can be lower than in bulk [START_REF] Aguilella-Arzo | Dielectric saturation of water in a membrane protein channel[END_REF]. Then one can expect a higher solute pK a for a confined solution due to the decrease of the dielectric constant. This phenomenon could be an explanation of the higher pK a 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 concentration. However, the proportion of charged solute and the membrane 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).

R cal

VFAs = R HVFAs ×

( 1 -P VFAs -,pKa )

+ α × R VFAs - ( c VFAs -,pKa ) × P VFAs -,pKa (14) 
P VFAs -, pKa is the proportion of dissociated VFAs, c VFAs -, pKa is the concentration of dissociated VFAs, calculated with the theoretical pK a value of the solution.

The correction parameter is obtained by fitting the retention values calculated using Eq. ( 14) with the experimental ones. 4.

Table 4

VFA retention as a function of ionic concentration at a filtration flux of 2 × 10 -6 m.s -1 and pH 8. of Ac/Pr and Ac/Bu (results not shown).

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 R VFAs -(c VFAs -)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 solutions are listed in Table 4. For the other flux (J 2 , J 3 , and J 4 ), the results are not shown.

With the function of R VFAs -(c VFAs -) 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 J 1 (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 retentions 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 overestimation of retention can be attributed to an overestimation of the charge effect on the VFAs retention. This is confirmed by the more significant 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 pK a values.

The previous calculation was made considering the theoretical pK a values of the VFAs. Then, Equation ( 13) was further used to determine the solute pK a values, pK a-f , to fit experimental and calculated VFAs retention versus pH variations, using Origin® software. The values of P VFAs -were obtained from Eq. [START_REF] Tiraferri | Direct quantification of negatively charged functional groups on membrane surfaces[END_REF].

The results are reported in Table 5, which gives the fitted pK a-f values and the fitting coefficient of determination (R 2 ). For comparison, the theoretical pK a values and the differences between pK a-f and pK a (pK a-f -pK a ) 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 interaction 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. Calculation using the theoretical pK a values of VFAs, (b) calculation using the fitted pK a values that are 1.24 units higher than the theoretical ones (pK a-f = pK a +1.24).

Table 5

Lists of real VFAs pK a , fitted pK a , pK a-f , and the differences between pK a and pK a-f obtained from the fitting of the retention curves at different compositions. Considering a pK eff value which representing the effective pK a of membrane functional groups, the following equation can be written:

α = 10 pH-pKeff 1 + 10 pH-pKeff (15)
The experimental variations of α versus pH are then fitted using Eq. [START_REF] Wamser | Detection of surface functional group Asymmetry in interfacially-polymerized films by contact angle titrations[END_REF]. The corresponding values of pK eff 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 experimental retentions (Eq. ( 14)), the pK eff values obtained for different solutions at low concentrations (100 mM and 200 mM) are comparable (5.77 ± 0.02, and 5.78 ± 0.06 respectively). In contrast, the pK eff values obtained at the highest concentration (500 mM) are about 0.31 units lower (5.47 ± 0.04). Since pK eff is expected to be related to the pK a of the membrane functional groups, the values can be compared with those previously reported. Indeed, for carboxylic functional groups on polyamide films, pK a values from 5 to 9 were obtained by contact angle titration [START_REF] Wamser | Detection of surface functional group Asymmetry in interfacially-polymerized films by contact angle titrations[END_REF]. Furthermore, the first pK a values reported for five different NF/RO membranes with polyamide active layer using heavy ions probes were between 5.23 and 5.72 [START_REF] Coronell | Quantification of functional groups and modeling of their ionization behavior in the active layer of FT30 reverse osmosis membrane[END_REF][START_REF] Coronell | Ionization behavior , stoichiometry of association , and accessibility of functional groups in the active layers of reverse osmosis and nanofiltration membranes[END_REF]. As a result, one can conclude that pK eff values (from 5.47 to 5.78) obtained in this work are within the range of the membrane pK a values reported in previous studies.

It was also reported in previous work that the experimental dissociation curves were broadened compared with simulated ones [START_REF] Wamser | Detection of surface functional group Asymmetry in interfacially-polymerized films by contact angle titrations[END_REF]. 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 pK a values, as suggested in previous studies [START_REF] Coronell | Quantification of functional groups and modeling of their ionization behavior in the active layer of FT30 reverse osmosis membrane[END_REF][START_REF] Wamser | Detection of surface functional group Asymmetry in interfacially-polymerized films by contact angle titrations[END_REF]. These different pK a 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 [START_REF] Coronell | Quantification of functional groups and modeling of their ionization behavior in the active layer of FT30 reverse osmosis membrane[END_REF][START_REF] Koper | Proton binding by linear, branched , and hyperbranched polyelectrolytes[END_REF][START_REF] Sadeghpour | Influence of alkali metal counterions on the charging behavior of poly ( acrylic acid )[END_REF].

Finally, the two different pK eff 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 concentrationdependent. This phenomenon could be due to the ionization of functional groups. Indeed, as previously mentioned concerning VFAs, the ionization constant of a weak acid decreases with ionic concentration according to Debye-Hückel law [START_REF] Borkovec | Ionization processes and proton binding in polyprotic Systems : small molecules , proteins , interfaces and polyelectrolytes[END_REF] so that a lower pK a 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 [START_REF] Zeng | Impact of feed water pH and membrane material on nanofiltration of perfluorohexanoic acid in aqueous solution[END_REF]. 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 [START_REF] Gotoh | Separation of glutathione and its related amino acids by nanofiltration[END_REF]. This could suggest that besides the membrane charge, there is an additional influence, like that of the dielectric constant discussed in the present work.

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 individual VFAs in the mixed solutions, defined in Eq. ( 7)) and an average solution pK a-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 R VFAs -(c VFAs -) provided in Table 8, global retentions 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 J 1 (2 × 10 -6 m s -1 ) for the three total concentrations investigated are presented in Fig. 8a. As observed for single solutions, the retention increases with solution pH following the

Table 6

Lists of theoretical pK a , fitted pK a , pK a-f , and the differences between pK a and pK a-f obtained from the fitting of the retention curves for single solutions at two concentrations and filtration flux of J 2 (0.5 × 10 -5 m s -1 ), J 3 (1 × 10 -5 m s -1 ), and J 4 (1.5 × 10 -5 m s -1 ). Fig. 6. Correction parameter α (obtained from Eq. ( 14)) as a function of solution pH at filtration flux = 0.2 × 10 -5 m s -1 . Fitting curves (dashed lines) are obtained using Eq. ( 15) with the pK eff values reported in Table 7.

Table 7

Lists of pK eff values (obtained from Eq. ( 15)) with the coefficient of determination obtained from fitting at different compositions, filtration flux = 0.2 × 10 -5 m s -1 . The pK a values, pK a-f , to fit the experimental and calculated variations of the VFAs retention versus pH were determined by Equation [START_REF] Mänttäri | Effect of pH on hydrophilicity and charge and their effect on the filtration efficiency of NF membranes at different pH[END_REF]. Then, the pK a-f values obtained are listed in Table 9, and the difference between pK a-f (fitted pK a ) and theoretical average pK a of the three solutions (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 pK a 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., J 2 , J 3 , and J 4 ) are carried out. The fitted pK a_f values are provided in Table 10. One can observe that, as reported for single VFA solutions, when the filtration flux increases, the fitted pK a_f decreases.

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

The pK eff values obtained for different mixed solutions at low concentrations (100 mM and 200 mM) are comparable (5.73 ± 0.13 and 5.82 ± 0.10, respectively). In contrast, the pK eff 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 pK eff 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 between the fitted pK a_f and solution pK a (pK a-f -pK a ) for various compositions (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 between pK a-f and pK a (pK a-f -pK a ) decreases for increasing filtration flux, following an exponential curve. As a result, when the filtration flux increases, the pK a-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 pK a is still needed to fit the variation of VFAs retention versus pH.

As for single solutions, a pK eff value representing the membrane functional groups was calculated using Eq [START_REF] Wamser | Detection of surface functional group Asymmetry in interfacially-polymerized films by contact angle titrations[END_REF]. The corresponding values calculated from the global retentions of VFAs are listed in Table 12. The pK eff 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 solutions, considering the global retention and an average solution pK a-mix . However, further investigation is still required to check if global retention can still be a suitable parameter for mixtures containing solutes with more different pK a than those investigated here.

Conclusion

Solution pH, as well as ionic concentration, have a significant influence on the retention of weak acids, like VFAs, in nanofiltration. Solution pH can change the ratio between the dissociated and undissociated 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 considered. It was observed that when using the theoretical solute pK a values, the calculated retentions were systematically higher than the experimental ones. However, by increasing the pK a values of the VFAs by up to 1.24 units, the calculated retention curves can fit the experimental ones. It was observed that the pK a value required to fit the experimental retentions decreases for increasing filtration flux, i.e., it becomes closer to the theoretical value. However, for the highest filtration flux investigated, 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 pK a 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 pK a 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 pK eff . It was observed that the obtained values, between 5.44 and 5.80, are within the range of the pK a 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 -1 and pH 8. 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 pK a . 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 (a) Calculation using the theoretical pK a values of VFAs, (b) calculation using the fitted pK a values that are 1.24 units higher than the theoretical ones (pK a-f = pK a +1.24).

Table 9

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

Nomenclature

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

Table 10

Lists of theoretical pK a , fitted pK a , pK a-f , and the differences between pK a and pK a-f obtained from the fitting of the retention curves for binary and ternary solutions at two concentrations and filtration flux of J 2 (0.5 × 10 -5 m s -1 ), J 3 (1 × 10 -5 m s -1 ), and J 4 (1.5 × 10 -5 m s -1 ). 14)) as a function of solution pH at filtration flux = 0.2 × 10 -5 m s -1 . Fitting curves (dashed lines) are obtained using Eq. ( 15) with the pK eff values reported in Table 11.

Table 11

Lists of pK eff 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 . 

Table 12

Lists of pK eff 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 . 

Fig. 2 .

 2 Fig. 2.Retentions of VFAs single solutions at given filtration flux versus solution pH for three concentrations, (a) Ac, (b) Pr, (c) Bu. J 1 = 0.2 × 10 -5 m s -1 , J 2 = 0.5 × 10 -6 m s -1 , J 3 = 1 × 10 -5 m s -1 , J 4 = 1.5 × 10 -5 m s -1 , for 500 mM, only J 1 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 pK a of each VFA is marked in the figure.

Fig. 3 .

 3 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 .

Fig. 4 .

 4 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 Table4.

Fig. 5 .

 5 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 pK a values of VFAs, (b) calculation using the fitted pK a values that are 1.24 units higher than the theoretical ones (pK a-f = pK a +1.24).

Fig. 8 .

 8 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 pK a values of VFAs, (b) calculation using the fitted pK a values that are 1.24 units higher than the theoretical ones (pK a-f = pK a +1.24).

Fig. 9 .

 9 Fig.9. Correction parameter α (obtained from Eq. (14)) as a function of so-

Fig. 10 .

 10 Fig.10. Average differences between the fitted pK a_f and solution pK a (pK a-f -pK a ) for various compositions (single, binary, and ternary solutions at concentrations of 100 mM, 200 mM, and 500 mM) versus filtration flux.

Table

  

Table 2

 2 Characteristics of VFAs.

	Name	Acetic acid	Propionic acid	Butyric acid
	Structure			
	Molecular weight (g. mol -1 )	60.05	74.08	88.11
	pK a (			
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