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A B S T R A C T   

Nanofiltration can be used as the last step in the purification of the biomolecules that are present 
in many industrial by-products, such as biological protein hydrolysates. The present study 
explored the variation in glycine and triglycine rejections in binary solutions with NaCl at 
different feed pHs with two nanofiltration membranes: MPF-36 and Desal 5DK with molecular 
weight cut-offs of 1000 and 200 g mol− 1, respectively. First, water permeability coefficient 
showed a n-shaped curve with feed pH, which was more evident for the MPF-36 membrane. 
Second, membrane performance with single solutions was studied and the experimental data 
were fitted with the Donnan steric pore model with dielectric exclusion (DSPM-DE) to explain the 
variations of solute rejection with feed pHs. Glucose rejection was assessed to estimate the 
membrane pore radius of the MPF-36 membrane, and a pH dependence was observed. For a tight 
membrane (Desal 5DK), glucose rejection was close to unity and the membrane pore radius was 
estimated from the glycine rejection in the feed pH range from 3.7 to 8.4. Glycine and triglycine 
rejections showed a pH-dependence with a u-shaped curve, even for the zwitterion species. In 
binary solutions, glycine and triglycine rejections decreased with NaCl concentration, especially 
in the MPF-36 membrane. Triglycine rejection was always higher than NaCl rejection and it was 
estimated that triglycine can be desalted using a continuous diananofiltration the Desal 5DK 
membrane.   

1. Introduction 

Different sectors in the biotechnological and food industry produce great amounts of biological by-products that contain bioactive 
molecules such as proteins and peptides, which can be re-used to reduce their environmental impact and promote their valorisation [1, 
2]. Membrane separation technology has been used to fractionate and concentrate protein hydrolysates from by-products with bio-
logical and functional properties [3]. First, the fractioning process of proteins and peptides involves the use of ultrafiltration mem-
branes in several steps, with membranes that present different molecular weight cut-off (MWCO) values [4,5]. Depending on the purity 
required, the last nanofiltration step enables the concentration of peptides and amino acids of low molecular weight by avoiding an 
excessive concentration of salts [6]. This last step can be achieved through concentration mode or diafiltration using NF membranes (a 
process also called diananofiltration), both can operate in continuous and discontinuous mode [7]. The concentration mode leads to 
the removal of the smallest molecules in the permeate while the biggest ones are rejected and concentrated in the rejection stream, 
increasing the feed concentration during the process and the concentration polarization and fouling on the membrane surface [8,9]. 
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Nevertheless, diananofiltration consists in the continuous addition of fresh water to the feed solution at the same rate as the permeate is 
collected, separating the molecules without increasing in their concentrations [10]. 

Nanofiltration (NF) membranes comprise three stacked porous layers of different polymers. The mean pore size of the top layer 
(also called the active layer) is generally 2 nm; thus, this layer can retain molecules of less than 1000 Da [11,12]. The active layer is an 
imperfect crosslinking polymer with ionisable groups, which confer a specific charge on the membrane depending on the solution 
subjected to nanofiltration. Generally, NF membranes are amphoteric, being positively, negatively, or net-zero charged depending on 
the pH of the feed solution [13,14]. Due to this variation, the membrane has an isoelectric point (IEP) that is characteristic of each 
membrane. Apart from the pH, membrane charge also depends on the composition of the feed solution due to the adsorption of cations 
and counterions on the membrane surface [15,16]. Therefore, the retention of molecules by NF membranes is due to steric and electric 
exclusion via attraction or repulsion between the solute molecule and membrane charge, as well as to dielectric exclusion via vari-
ations in the dielectric constant inside the pore [17]. 

The influence of the feed pH on solute rejection has been relatively well studied. Generally, the rejection of inorganic salts by 
membranes varies significantly with the feed pH due to changes in the interaction between the solute and membrane surface [18]. For 
instance, the rejection of a simple salt such as NaCl is reduced with increasing feed pH. Although the rejection of salts containing 
multi-valent ions also shows a pH-dependence, the trend differs from that of NaCl rejection [19,20]. The rejection of salts as a function 
of the pH follows different patterns, being nearly constant, increasing, or reaching a minimum in different cases [21]. This variation in 
solute rejection with pH is attributed to the influence of the feed pH on the membrane surface charge due to the dissociation of 
functional groups, leading to a negative surface membrane charge at an alkaline pH and a positive surface membrane charge at an 
acidic pH [22,23]. 

The retention of solutes (inorganic salts and also organic charged molecules) by membranes has been explained mathematically by 
the Donnan steric pore model with dielectric exclusion (DSPM-DE), which considers the partitioning equilibrium between the external 
solution and membrane surface, as well as solute transport through charged membrane pores [24]. Donnan exclusion is due to the 
repulsion between the charged solutes and the charged membrane surface. Dielectric exclusion originates from the difference between 
the dielectric constant of the external bulk solution and that inside the membrane pores [25]. Dielectric exclusion arises from image 
forces and ion solvation [26]. On the one hand, the first mechanism of image forces considers the electrostatic interactions between the 
ions with fixed charges inside the pore and free ions, which are expected to be stronger than the interactions in the bulk solution [27]. 
However, there is no evidence to confirm that the dielectric exclusion due to image forces inside the nanopores plays a significant role 
in the partitioning equilibrium [28]. On the other hand, the ion solvation mechanism is based on the presence of a single layer of 
oriented water molecules on the membrane pore wall that significantly reduces the dielectric constant of the pore and increases 
dielectric exclusion [17]. In the literature, ion solvation is the mechanism that is most widely accepted as an explanation of dielectric 
exclusion. 

Once the ion or molecule has arrived at the membrane pore, ion transport through the membrane pores is generally described by 
applying the extended Nernst–Planck equation, where it is assumed that the radial concentration gradient can be ignored because the 
pores are cylindrical and sufficiently narrow [29]. Ion flux through the membrane depends on the convention flux, ion diffusivity and 
the potential gradient inside the pores [30]. The key parameters of the DSPM-DE predicting the outcomes of the NF process are the 
effective average pore radius (rp), the effective thickness− porosity ratio (Δx/Ak), the effective membrane charge density (Xd) and the 
dielectric pore constant (εp). These parameters can be estimated from the experimental rejection of different solutes in order to 
determine the membrane performance [31–33]. 

The aim of the present study was to evaluate the effect of pH and NaCl on the rejection of low molecular weight organic molecules 
with two NF membranes. The solute rejections were fitted by the DSPM-DE to explain the conformational changes in the NF mem-
branes with the feed pH and NaCl. First, the water permeability and the rejection of glucose were analysed to evaluate the performance 
of the two membranes at different feed pHs. Furthermore, the rejection of glycine and triglycine in single solute solutions and binary 
solutions with NaCl was explored to find the correlation of the key parameters of the DSPM-DE with feed pH. The results should 
improve our understanding the desalting process with the NF membranes that are used in the last step in the fractioning and con-
centration of peptides from industrial by-products. 

Table 1 
- Physical properties of the solutes used in this study.  

Species MW (g mol− 1) pka1 pka2 rs (nm) Ds (109 m2 s− 1) 

Glucose 180.2 – – 0.365 0.586 
Glycine 75.0 2.37 9.60 0.245 0.873 
Triglycine 189.2 3.23 8.09 0.375a 0.571 
Na+ 23.0 – – 0.184b 1.163 
Cl− 35.4 – – 0.121b 1.768  

a rs calculated using the chemistry software ChemSketch (ACD/Labs) by means of atomic additive increments. 
b rs corresponding to the Stoke’s radius. 
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2. Materials and methods 

2.1. Feed solutions and membranes 

Single solute and binary solutions were prepared at different pH values. All the chemicals used (glucose, glycine, triglycine and 
NaCl) were supplied by Sigma-Aldrich (Spain) and were obtained in the pure grade. The properties are shown in Table 1. Pure water 
came from the Milli-Q water purification system and was filtered through a membrane with a pore diameter of 45 μm. Solute con-
centrations were fixed at 10 mM for organic solutes and 100 mM for NaCl. The pH was adjusted by the dropwise addition of HCl or 
NaOH solution. 

The polymeric flat membranes used in this study were SelRO® MPF-36 (Koch; Wilmington, MA, USA), with a nominal molecular 
weight cut-off (MWCO) of 1000 g mol− 1, and Desal 5DK (GEOsmonics; France), with a nominal MWCO of 200 g mol− 1. The MPF-36 
membrane is a proprietary thin-film composite membrane, with a maximum operating temperature of 70 ◦C and a functional pH range 
of 1–13. The Desal 5DK membrane is a thin-film composite membrane with a polyamide top layer. It can operate up to 90 ◦C, but the 
optimal pH range is 2–11. These variations in the characteristics of the two membranes can lead to different nanofiltration perfor-
mances. According to previous studies, the membrane IEP is observed at a pH of 6.5 and 4.5 for the MPF-36 and Desal 5DK membrane, 
respectively [34,35], when they were measured as the minimum NaCl rejection with pH. For their part, zeta-potential measurements 
lead to a lower membrane IEP: 3.8 for Desal 5DK [36] and 7.2 for MPF-36 [12]. 

2.2. Experimental set-up 

The experimental device consisted of a reservoir tank, a pump, a closed-pipe pressure dampener to prevent pressure oscillations, 
pressure gauges, a filtration cell, and flow meters for the retentate and permeate. Nanofiltration of the solutions was carried out in a 
laboratory-scale SEPA CF II membrane cell (Osmonics, Minnetonka, MN, USA). Nanofiltration of the solutions was carried out in a 
laboratory-scale SEPA CF II membrane cell. The feed channel had a length of 14.7 cm and a rectangular cross section 9.5 cm wide. The 
feed chamber contains a feed spacer, consisting of a diamond-shaped plastic mesh that was 0.43 mm (17 mil) thick and acted as a 
turbulence promoter. The flat membrane was in the upper side of the channel with a total membrane filtration area of 140 cm2. All the 
experiments were conducted at a crossflow velocity of 1 m/s, which is enough to minimise the concentration polarization when it is 
operated with low solute concentration solutions [37]. 

First, the membranes were conditioned with demineralised water at room temperature for 24 h. Then, the membranes were placed 
into the cell and pressurised with pure water at a constant temperature for 2 h. All experiments were conducted in the steady-state 

Table 2 
- Equations of the DSPM-DE used in this study.  

Solute flux in the solution-membrane interface (polarization layer) 

Js = Cp,s Jv = −
( Jv exp(Jv/ks)

exp(Jv/ks) − 1

)

(Cw,s − Cf ,s) −
zs Cw,s Ds

Rg T
F ξ+ Cw,s Jv 

(T1) 

The mass-transfer coefficient in the polarization layer [38] 
ks = 91.5 ⋅ D0.67

s ⋅ v0.8 (T2) 
Partitioning equation 
Cm,s

Cw,s
=

(
1 −

rs

rp

)2
exp

(
−

zs F
Rg T

⋅ΔψD

)
exp

(
−

z2
s e2

8 π kB T εo rs
⋅
(1

εp
−

1
εb

)) (T3) 

Extended Nernst-Planck equation for simulating solute transport through the membrane 

Js = Cp,s Jv = − Ds,p
dCm,s

dx
−

zs Cm,s Ds,p

Rg T
F

dψm
dx

+ Ks,c Cm,s Jv 
(T4) 

The potential gradient inside the pores 

dψm
dx

=

∑n
s=1

zs Jv

Ds,p
(Ks,c Cm,s − Cp,s)

F
Rg T

∑n
s=1

z2
s Cm,s 

(T5) 

Electroneutrality in the solution-membrane interface 
∑n

s=1zs Cw,s = 0 (T6) 
Electroneutrality inside the membrane pores 
∑n

s=1zs Cm,s = − Xd (T7) 
Solute hindrance factor for convection 

Ks,c =

(

2 −
(

1 −
rs

rp

)2
) (

1.0 + 0.054
(rs

rp

)

− 0.988
(rs

rp

)2
+ 0.441

(rs

rp

)3) (T8) 

Solute pore diffusion coefficient 

Ds,p = Ds

(

1.0 − 2.30
(rs

rp

)

+ 1.154
(rs

rp

)2
+ 0.224

(rs

rp

)3) (T9) 

Rejection of uncharged solutes 

Russ = 1 −

Ks,c

(
1 −

rs

rp

)2

1 −

(

1 − Ks,c

(
1 −

rs

rp

)2
)

exp
(
−

Ks,c

Ds,p

Δx
Ak

Jv

)

(T10)  
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mode, in which the permeate stream was recycled to the feed vessel at a fixed temperature of 20 ± 0.5 ◦C, with the feed tank immersed 
in a thermostatic bath. 

Nanofiltration performance was determined at a constant transmembrane pressure. After 60 min, the solute concentration, con-
ductivity, the pH of the retentate and permeate streams, and the permeate flux rate were measured. It has been previously confirmed 
that steady state is reached at this time (after 60 min). The transmembrane pressure ranged from 5 to 25 bars and the procedure was 
repeated at each pressure. The organic solute concentration was determined as the total organic carbon (TOC) using an ASI-V Shi-
madzu analyser. The NaCl concentration and pH of the solutions were determined from conductivity measurements using IntelliCAL™ 
CDC and PHC probes connected to an HQ40d multimeter (Hach, USA), respectively. Several pieces of both membranes were used to 
conduct the experiments and to ensure the reproducibility of results. Moreover, the experiments were conducted by different operators 
and, therefore, the experimental data presented in the manuscript are the mean value of at least three measurements. For all exper-
imental solute concentrations, there was very good reproducibility among different samples, with the standard deviations being lower 
than 10% of the average rejections. 

2.3. Modelling 

Membrane efficiency was evaluated by determining the permeate flux, Jv, and the observed solute rejection, Rs, as follows: 

Jv =Lp ⋅ ΔPe (1)  

Rs = 1 −
Cp,s

Cf ,s
(2)  

where Lp is the permeability coefficient, ΔPe the effective transmembrane pressure calculated from the applied transmembrane 
pressure and differences in the osmotic pressure of the retentate and the permeate side, and Cp,s and Cf ,s the solute concentration of the 
permeate and feed solution, respectively. 

The observed solute rejections were fitted by the DSPM-DE coupled with the thin-film theory, which considered the presence of the 
concentration polarization layer in the rejection chamber. Table 2 summarises the equations of this mathematical model, which 
considers electroneutrality conditions at the solution-membrane interface and inside the membrane pores. It is assumed that the 
effective membrane charge density, Xd, is constant at all points inside the membrane. 

All equations were implemented in Mathematica® (Wolfram Research), and differential equations were numerically solved over 
the membrane thickness rather than by considering the linear profile of the solute concentration inside the pores. The model pa-
rameters that provided the optimal fit to the experimental solute rejections were determined by minimising the least squares objective 
function: 

Sy =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑m

i

(
Ri,exp − Ri,calc

)2

m − 1

√
√
√
√
√

(3)  

where Ri,exp and Ri,calc are the experimental and calculated model solute rejections, respectively, and m the number of transmembrane 
pressures tested for any feed solution. 

2.4. Diananofiltration modelling 

The diafiltration process is based on the dilution of feed solution with pure water while the permeate stream is removed from the 
system. In the continuous mode, the general differential mass balance for a given solute s can be written as [39]: 

d
(
Vf Cs

)

dt
= − P cp,s (4)  

where Vf is the feed volume, Cs is the solute concentration in the feed tank and P is the permeate flow. By introducing Eq. (2) into Eq. 
(4), the differential mass balance can be rewritten as: 

d
(
Vf Cs

)

dt
= − P Cs (1 − Rs) (5) 

As the feed volume is constant and assuming that observed rejection and permeate flow are constant during the experiment, the 
concentration in the feed vessel is obtained by integrating Eq. (5) with the initial condition Cs = cf ,s when t = 0: 

Cfs(t)=Cfso ⋅ exp
(

−
1 − Rs

Vf
⋅ P t

)

(6) 

Eq. (6) can be rewritten by introducing the diafiltration volume (DV), which is defined as the ratio between permeate volume and 
feed volume (DV = P t/Vf ): 

J. Labanda et al.                                                                                                                                                                                                       



Heliyon 9 (2023) e16797

5

Cfs(t)=Cfso ⋅ exp( − (1 − Rs) DV) (7)  

3. Results and discussion 

3.1. Water permeate flux as a function of the feed pH 

The water permeate flux was measured at different transmembrane pressures and feed pH values. As shown in Fig. 1, the rela-
tionship between the water permeate flux and transmembrane pressure was linear, and the permeability coefficient was easily 
calculated from the slope of the line for both membranes. As expected from the MWCO values, the MPF-36 membrane showed a higher 
water permeate flux than the Desal 5DK membrane. Furthermore, the water permeate flux depended on the feed pH, especially for 
MPF-36 membrane. The maximum permeate flux was observed at pH range 6.5–7 for MPF-36 and pH range 4–4.5 for Desal 5DK, while 
the water flux decreased at acidic and alkaline pH values. This pH-dependence of the permeate flux indicated that the interaction 
between the membrane and solution was modified by the proton concentration of the feed. These results are in line with those of other 
studies showing a slight peak of the permeate flux at pH 5, where it was expected to have uncharged membrane pores (following the 
zeta-potential measurements) for a fully aromatic thin-film composite membrane [40]. 

The water permeability coefficient was calculated from Eq. (1) and the effective transmembrane pressure was set equal to the 
applied transmembrane pressure. Fig. 2 shows the pH-dependence of the water permeability coefficient for both membranes. For the 
MPF-36 membrane, the calculated permeability coefficient was 2.91⋅10− 6 m s− 1 bar− 1 at pH 9.2. This increased to the maximum value 
of 2.96⋅10− 6 m s− 1 bar− 1 at pH 6.5 and then decreased at a lower feed pH. When the feed pH was fixed close to 3, the permeability 
coefficient (2.52⋅10− 6 m s− 1 bar− 1) was reduced by14.9% of the maximum value. A similar trend was observed for the Desal 5DK 
membrane, but the maximum water permeability coefficient was obtained at pH 4.5 (1.59⋅10− 6 m s− 1 bar− 1) and was reduced by 9.6% 
and 5.7% for pH 2.1 and 7.0, respectively. This pH-dependence of the permeate flux can be attributed to a possible conformational 
change of the cross-linked membrane surface that may increase pore size or induce changes in the apparent water permeability due to 
electroviscous effects [40]. 

3.2. Glucose rejection as a function of the feed pH 

The evaluation of membrane pore size, following the DSPM-DE, was undertaken by assessing glucose rejection. As the glucose 
molecule is an uncharged molecule, its rejection is unaltered by electrostatic effects [41]. Glucose rejection at three different feed pH 
values as a function of the permeate flux is shown in Fig. 3 for the two membranes. The rejection increased with the permeate flux (and 
so with transmembrane pressure), and the limiting value was not achieved for the MPF-36 membrane. When the permeate flux in-
creases, the permeated water flow increases and the solute concentration in the permeate stream decreases. Then, following Eq. (2), 
the solute rejection increases as the solute feed concentration is constant. 

For the MPF-36 membrane, glucose rejection increased with decreasing feed pH, i.e., from 0.42 to 0.55 at pH 10 and 2.9, 
respectively, for a 10 mM glucose solution and permeate flux of 40 μm s− 1. The main increase in glucose rejection was observed when 
moving from a neutral to an acidic pH, while a slight increase was observed when moving to an alkaline pH. Glucose rejection reached 
a minimum at a neutral pH, which is in accordance with the maximum value of the water permeability coefficient. Thus, the variations 
in membrane performance with feed pH may indicate a conformational modification in the structure of the membrane surface, as 
glucose molecule and water physical characteristics are assumed to be independent of pH. For instance, the low proton concentration 
at neutral pH could indicate a modification of the structural properties of the membrane polymer that could suggest a variation in 
membrane pore radius. This phenomenon is usually called membrane swelling [42,43]. However, the Desal 5DK membrane showed an 
experimental glucose rejection close to 1, with very slight variation with regard to the feed pH values, due to the considerable steric 
exclusion. 

The experimental glucose rejections were fitted with the equation (T10), which is based on the diffusion and convection mechanism 

Fig. 1. Water permeate flux as a function of transmembrane pressure and the feed pH for the two membranes.  
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[44,45], by varying the pore radius until the least squares objective function (Eq. (3)) was minimised. Fig. 3 also shows the fitting of the 
data to the experimental values. Glucose rejections for the Desal 5DK membrane were fitted with a membrane pore radius of 0.45 nm, 
although different membrane pore radii can also fit the experimental rejection with good correlation. Oatley et al. [36] estimated a 
membrane pore radius of 0.45 nm by fitting the glucose and glycine rejections simultaneously, however the glucose rejections were 
underestimated, and a lower membrane pore radius may provide a better fit to the experimental data. Bandini et al. [46] analysed the 
fructose rejection at different feed pH values and they fitted all experimental rejections with a membrane pore radius of 0.41 nm and 
they postulated that the neutral rejections may be affected by the changes in membrane pore radius and/or solute size. Therefore, the 
membrane pore radius cannot be determined properly with glucose rejection for membranes with a low MWCO such as the Desal 5DK 
membrane. In the following subsection, we propose the use of amino acid molecules to establish nanofiltration performance in a 
specific pH range. 

Fig. 2. Calculated water permeability coefficient as a function of the feed pH for the two nanofiltration membranes. Error bars represent 95% 
confidence limits. 

Fig. 3. Glucose rejection as a function of (A) the permeate flux at different feed pH values for the two membranes and (B) feed pH at fixed permeate 
flux of 40 μm s− 1. Symbols correspond to the experimental data and lines correspond to the fitted data. Circles represent the Desal 5DK membrane 
and triangles theMPF-36 membrane. 

J. Labanda et al.                                                                                                                                                                                                       



Heliyon 9 (2023) e16797

7

On the other hand, a high correlation was observed between the fitted and experimental glucose rejection for the MPF-36 mem-
brane (Fig. 3). The variation in glucose rejection was due to the change in membrane pore radius as a function of feed pH. As shown in 
Fig. 4, the decrease in the membrane pore radius at alkaline pH values was less significant than that at acidic pH values. Thus, the 
estimated membrane pore radius at pH 6.5, when the effective membrane charge is zero, was 0.89 nm, and was 0.78 nm, 0.82 nm and 
0.87 nm at pH 2.9, 5.2 and 9.2, respectively. Membrane swelling is one mechanism that can explain the changes in the pore radius with 
feed pH [47], although there is still no physical evidence. Fig. 4 also shows the membrane pore radius for Desal 5DK. In this case, no 
significant difference in membrane pore radius is observed with feed pH, as observed by Bandini et al. [46] at different temperatures. 

3.3. Rejection of amino acid molecules as a function of the feed pH in single solute solutions 

Fig. 5 shows the experimental and calculated glycine and triglycine rejections for the two membranes as a function of the permeate 
flux at two feed pHs. The results at all feed pHs are presented in Figs. S1, S2 and S3 of supplementary information. In all cases, the 
rejection increased permeate flux and varied with the feed pH. Notice that triglycine rejection for Desal 5DK membrane is close to 1 for 
all feed pH values, as could be expected from the glucose rejections. Calculations were conducted with the membrane pore radius 
estimated previously with the glucose rejection. The fitting curves at very acid and alkaline pH values were adjusted considering an 
effective membrane charge. There was good agreement between the calculated and experimental data of both solutes at all the feed pH 
values. Conversely, the experimental glycine rejection for the Desal 5DK membrane was fitted by matching the calculated curve to find 
the membrane pore radius for each solution, since glucose rejection does not permit the assessment of the appropriate value. Good 
agreement was observed between the calculated and experimental data, as shown in Fig. 5, Fig. S1 and Fig. S2. The calculated 
membrane pore radius shows a pH-dependence, as shown in Fig. 4, where a very slight decrease in the membrane pore radius is 
observed with feed pH. The highest value was 0.44 nm at the membrane IEP and it decreased to 0.423 nm at pH 2.3 and to 0.437 nm at 
pH 9.6. Therefore, the membrane pore radius fitted with glycine rejection was slightly lower than the calculated value previously 
reported in the literature. The reported membrane pore radius for the Desal 5DK membrane ranged between 0.44 and 0.487 nm when 
glucose and glycerol rejections were used for the estimation [17,36,48,49]. 

The effects of feed pH on the rejection at a fixed permeate flux of 40 μm s− 1 are better visualized in Fig. 6. The figure also presents 
the evolution of the electric charge of the solutes. The lowest glycine rejection was observed at the corresponding membrane IEP, being 
0.19 at pH 6.5, and 0.68 at pH 4.5 for the MPF-36 and Desal 5DK membranes, respectively. When the glycine zwitterion was pre-
dominant, glycine rejection showed a slight dependence on the feed pH. This was more visible in the MPF-36 membrane. For the two 
membranes, when the feed pH dropped to acidic values, glycine rejection rose to 0.35 at pH 3.3 and 0.72 at pH 3 for the MPF-36 and 
Desal 5DK membranes, respectively. Similarly, when the feed pH rose to alkaline values, glycine rejection increased to 0.25 at pH 8.5 
and 0.68 at pH 8.4 for the MPF-36 and Desal 5DK membranes, respectively. This increase in rejection may be due to the repulsion 
between the charged amino groups or the charged carboxylic groups and the effective membrane charge [50,51]. 

Triglycine rejections are also shown in Fig. 6. Notice that triglycine rejection for the Desal 5DK membrane is close to 1 for all feed 
pH values, as it could be expected from the glucose rejections. Like glycine rejection, triglycine rejection for MPF-36 membrane 
showed a high pH-dependence, mainly due to the zwitterion predominating at a lower pH range (from 4.5 to 7.2). However, as 
observed with glucose rejection, the rejection of zero-charged triglycine molecule increased with a decrease in the feed pH. This may 
be due to some structural changes in the membrane surface when the proton concentration increased, as zero-charged triglycine 
rejection is unaltered by modifications in electrostatic interactions. Thus, these variations with feed pH could be due to a decrease in 
the membrane pore radius. The lowest triglycine rejection was 0.48 at pH 6.7, rising to 0.55 at pH 5.5 and to 0.62 at pH 4.6. This 
confirmed the validity of the membrane pore radii estimated previously with the glucose molecule. As expected, at very acidic and very 
alkaline feed pH values, Donnan exclusion became more notably and triglycine rejections increased significantly to 0.83 and 0.78 at pH 

Fig. 4. Membrane pore radius for the two membranes as a function of the feed pH and NaCl concentration. Membrane pore radius for the MPF-36 
membrane was calculated from glucose solutions and for the Desal 5DK membrane from glycine solution. 
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2.9 and 9.0, respectively. 

3.4. Effect of feed pH on rejection of solutes in binary solutions 

The nanofiltration performance of the glycine and triglycine was analysed in presence of 100 mM NaCl. Fig. 7 shows the glycine and 
NaCl rejections in binary solutions as a function of the permeate flux at three different feed pHs for the two membranes. Similarly, 
Fig. 8 shows the triglycine and NaCl rejection in binary solutions. All rejections are shown in Figs. S4, S5, S6 and S7 in the supple-
mentary information. Comparing Figs. 5 and 7, glycine rejection can be seen to decrease slightly with the NaCl concentration. For the 
Desal 5DK membrane, glycine rejection decreased only at pH 2, from 0.82 to 0.75, and it was almost constant at the rest of feed pHs. 
Fig. 6 also shows the glycine and triglycine rejections for binary solutions at a permeate flux of 40 μm s− 1, which it is useful to evaluate 
the effect of salt. Thus, notable variations of glycine rejection were observed with NaCl concentration for the MPF-36 membrane at 
acidic and basic pHs (Fig. 6): from 0.35 to 0.20 at pH 3.3 and from 0.25 to 0.21 at pH 8.5 for a permeate flux of 40 μm s− 1. Similarly, 
triglycine rejection for the MPF-36 membrane (Fig. 6) decreased from 0.83 to 0.70 at pH 3 and from 0.78 to 0.72 at pH 9 in presence of 
NaCl. Nevertheless, no significant change in the three solute rejections was observed at pH 4.5 and 6.5 for the Desal 5DK and the MPF- 
36 membranes, respectively. Likewise, NaCl rejection also shows pH-dependence and the lowest rejection values were obtained, being 
0.1 at pH 6.6 and 0.5 at pH 4.5 for the MPF-36 and Desal 5DK membranes, respectively. At acidic and basic pHs, NaCl rejection 
increased like glycine and triglycine rejection. 

The experimental glycine-NaCl and triglycine-NaCl rejections from the binary solutions were fitted by the DSPM-DE. First, the 
dielectric pore constant was estimated with NaCl rejection at the membrane IEP of each membrane, when the effective membrane 
charge is considered to be zero and the Donnan potential is ignored. Under this condition, the mechanism that best explains the NaCl 
rejection values is dielectric exclusion. The calculated dielectric pore constant was 69.8 at pH 6.5 for the MPF-36 membrane and 49.6 
at pH 4.5 for the Desal 5DK membrane, which were, respectively, 11% and 43% lower than the dielectric constant of pure water. A 
similar behaviour was observed by Oatley et al. [37], who found a reduction of more than 50% in the dielectric constant of the pore 
with respect to that of the bulk solution (10 mM NaCl) for the Desal 5DK membrane. Thereafter, the membrane pore radius was 
calculated by matching the experimental and calculated glycine and triglycine rejections for binary solutions in the pH range from 4.5 
to 7.2. The calculated membrane pore radii are shown in Fig. 4. There was an increase in the membrane pore radius with the presence 
of NaCl, especially for the MPF-36 membrane at acidic pH. For instance, the membrane pore radius increased from 0.8 nm to 0.86 nm 
at pH 4 and from 0.87 to 0.9 at pH 7. One of the mechanisms that might explain this phenomenon is the swelling of the membrane 
matrix, which leads to increases in the membrane pore size. Alternatively, pore size distribution and a variation in the solute Stokes 

Fig. 5. Solute rejection in single solute solutions for the two membranes as a function of the permeate flux and feed pH: (A) glycine rejection and (B) 
triglycine rejection. Symbols correspond to the experimental data and lines correspond to the fitted data. Circles represent the Desal 5DK membrane 
and triangles the MPF-36 membrane. 
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radius in the presence of salt have also been proposed to describe this behaviour [29,52]. The membrane pore radii for the Desal 5DK 
membrane can be considered as almost independent of the NaCl concentration, at least for the relatively low NaCl concentration 
tested. 

Lastly, the NaCl rejections at the other feed pH values and glycine and triglycine rejections at acidic and basic pHs were fitted by 
adjusting the effective membrane charge and using the pH-dependence of the membrane pore radii as well as the membrane pore 
dielectric constant established at the membrane IEP [36,53]. The evolution of the effective membrane charge as a function of the feed 
pH for the two membranes is shown in Fig. 9. The effective membrane charge values were smaller for the membrane with the lowest 
MWCO (Desal 5DK) at all the feed pH values. This is due to the more significant dielectric exclusion (lower pore dielectric constant) 
observed for the small-scale membrane pore radii. Similar to zeta-potential measurements, the effective membrane charge of both 
membranes is positively and negatively charged at lower and higher pH values than the membrane IEP, respectively [12,36]. For 
instance, the effective membrane charge was 81.1 mol m− 3 at pH 3.6 and 36.2 mol m− 3 at pH 5.5 for the MPF-36 membrane, and 
− 10.3 mol m− 3 at pH 5.3 and − 34.1 mol m− 3 at pH 7.6 for the Desal 5DK membrane. Moreover, the pH-dependence of the effective 
membrane charge differed at acidic and alkaline feed pH values, with higher values found in the alkaline solutions. These values are in 
agreement with those reported in the literature. For instance, Bandini et al. [35] estimated the effective membrane charge values of 
− 3.9 mol m− 3, − 6.8 mol m− 3 and − 13.6 mol m− 3 at pH 4.5, 5.3 and 6.5, respectively, for 20 mol m− 3 NaCl. The slight difference with 
regard to our results is due to the presence of a higher NaCl concentration (100 mol m− 3). 

3.5. Diananofiltration calculations 

Comparing the rejections of triglycine and NaCl for the two membranes at a permeate flux of 40 μm s− 1 (Fig. 6), triglycine rejections 
in binary solutions were always at least 40% higher than NaCl rejections at all the feed pH values. Therefore, the separation (or 
purification) of the binary solution formed from triglycine and NaCl can be achieved with the two membranes. The purification step 
may be conducted in a continuous diafiltration mode (also called diananofiltration), which consists of constantly adding water in order 
to maintain a constant feed volume that allows the concentration of solutes in the feed tank and prevents membrane fouling [54,55]. 
Other authors have proposed purifying the concentration mode, which presents higher membrane fouling [56]. We conducted a 
simulation of the continuous diananofiltration process following Eq. (7). 

Diananofiltration calculations of binary solutions were conducted at three feed pHs with the solute rejections corresponding to 40 
μm s− 1 (Table 3) by assuming that rejections are constant during the process. Fig. 10 shows the diananofiltration calculations for the 

Fig. 6. Glycine and triglycine rejections for (A) the MPF-36 membrane and (B) the Desal 5DK membrane as a function of the feed pH and the NaCl 
concentration corresponding to a permeate flux of 40 μm s− 1 for the two membranes, and electrical solute charge as a function of the feed pH 
(represented by the grey line). Discontinuous lines are presented only to show the evolution of the rejections. 
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two membranes. It is observed that only the desalination of triglycine is obtained with the Desal 5 DK membrane. The best separation 
conditions were obtained at pH 4, when triglycine was the majority component in the feed tank from a diafiltration volume of 4.8 and 
the mass fraction of 95% was reached at a diafiltration volume of 14.1. Conversely, the collected permeate is mainly composed by NaCl 
with a total concentration of 9.8 mol m− 3 and a mass fraction of 99.8% at this diafiltration volume. Similar results were found at all 
feed pHs, as the solute rejections are very similar. The triglycine mass fraction of 95% is obtained at diafiltration volumes of 20.2 and 
17.6 at pH 3 and 6.5, respectively. Consequently, future work will consist of studying experimentally the diananofiltration of triglycine 
and extending the analysis to other tripeptides. 

4. Conclusions 

Two commercial nanofiltration membranes with different MWCO were experimentally characterised by applying the well-known 
DSPM-DE based on variations in the feed pH. The ability of the two membranes to purify amino acid binary solutions in the presence of 
NaCl was also evaluated. 

The water permeability coefficient for both membranes showed pH-dependence. For the MPF-36 membrane, the maximum water 
permeability value was reached at pH 7 and it decreased significantly at higher and lower pHs. For its part, the Desal 5DK membrane 
showed lower pH-dependence, leading a maximum value at pH 4.5. 

The rejection of all solutes depended on the feed pH, and showed minimum values at the pH at which water permeability was 
maximum. Glucose rejection increased with the decrease in feed pH and was almost constant at basic pHs for the MPF-36 membrane, 
and the fitting curves with the DSPM-DE allowed the calculation of the membrane pore radius, which showed a pH-dependency. In 
contrast, the estimated membrane pore radius for the Desal 5 DK membrane was inconsistent, because glucose rejection was close to 1 
for all pHs. Glycine and triglycine rejections showed a pH-dependency with a u-shaped curve, leading to similar rejection values at 
acidic and basic pHs. Even for the zwitterion species, the glycine and triglycine rejections increased with feed pH. In binary solutions, 
glycine and triglycine rejections decreased in the presence of NaCl for the two membranes, especially under acidic pH conditions. 
Following the DSPM-DE, the variations in rejection with feed pH and NaCl concentration were attributed to changes in membrane pore 
radius, which decreased at acidic pHs. 

The desalination of triglycine binary solutions was studied by the simulation of continuous diananofiltration. The calculations 
showed that only the Desal 5 DK can desalt the triglycine reaching a mass fraction of 95% by adding a volume of pure water 14.1 times 
the feed volume. 

Fig. 7. Rejection of solutes in glycine-NaCl binary solutions as a function of the permeate flux and feed pH: (A) glycine rejection and (B) NaCl 
rejection. Symbols correspond to the experimental data and lines correspond to the fitted data. Circles represent the Desal 5DK membrane and 
triangles the MPF-36 membrane. 
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rejection. Symbols correspond to the experimental data and lines correspond to the fitted data. Circles represent the Desal 5DK membrane and 
triangles the MPF-36 membrane. 

Fig. 9. Effective membrane charge as a function of the feed pH for the two membranes. The values were calculated by fitting NaCl rejection in the 
binary solutions with the DSPM-DE. 
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Nomenclature 

Roman symbols 
Ak Membrane porosity (− ) 
Cf,s Feed solute concentration (mol m− 3) 

Table 3 
Solute rejections for diananofiltration calculations in binary solutions at 40 μm s− 1 for the two membranes.   

pH Triglycine rejection NaCl rejection 

MPF-36 3.1 0.71 0.31 
4 0.55 0.22 
6.5 0.48 0.098 

Desal 5DK 3.5 0.998 0.71 
4.1 0.999 0.51 
6.2 0.997 0.62  

Fig. 10. Calculations in a continuous diananofiltration mode for (A) the MPF-36 membrane and (B) the Desal 5DK membrane. Triglycine and NaCl 
rejections in binary solutions at three different feed pHs and 40 μm s− 1 (Table 3). 
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Cm,s Solute concentration inside the membrane (mol m− 3) 
Cp,s Permeate solute concentration (mol m− 3) 
Ds Bulk solute Diffusivity (m2⋅s− 1) 
Ds,p Solute diffusivity inside the pores (m2⋅s− 1) 
DV Diafiltration volume (− ) 
F Faraday constant (96,485 C mol− 1) 
Jv Permeate flux (m s− 1) 
kB Boltzmann constant (1.38066 10− 23 J K− 1) 
Ks,c Solute convection hindrance coefficient (− ) 
Ks,D Solute diffusion hindrance coefficient (− ) 
LP Membrane permeability coefficient (m⋅s− 1⋅Pa− 1) 
Rg Gases constant (8.31 J K− 1 mol− 1) 
Rs Observed solute rejection (− ) 
RG Observed uncharged solute rejection (− ) 
rs Solute radius (m) 
rp Membrane pore radius (m) 
Sy Least squares objective function (− ) 
T Absolute temperature (K) 
Vf Feed volume (m3) 
Vp Permeate volume (m3) 
Xd Membrane volumetric charge density (mol⋅m− 3) 
x  
Axial coordinate (m) 
zs Solute electrical charge(− )  

Greek symbols 
ΔPe Effective transmembrane pressure (Pa) 
Δx Membrane thickness (m) 
εo vacuum dielectrical constant (8.85 10 − 12 J-1 C2 m− 1) 
εb Bulk dielectrical constant (− ) 
εp Pore dielectrical constant (− ) 
θ Recovery (− ) 
ΦD,s Donnan exclusion coefficient (− ) 
ΦDE,s Dielectrical exclusion coefficient (− ) 
ΦS,s Steric hindrance coefficient (− ) 
Ψm Electrical potential in the membrane (V) 
ΨD Donnan potential (V) 
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