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a b s t r a c t
Study of membrane performance and permeation model is of great significance for the devel-
opment of solvent-resistant nanofiltration membranes. In this work, filtration experiments were 
carried out for ten solutes in methanol and ethanol solvents with two polymeric nanofiltration 
membranes. The effects of solvent, solute and membrane on the separation performance were 
investigated. The Donnan-steric-pore nanofiltration transport model (DSPM) based on aqueous 
nanofiltration was modified for the non-aqueous nanofiltration. It was found that the separa-
tion performance of the membrane was dominated by membrane structure parameters, physi-
cal properties of solvent and features of solute. The modeling results revealed that the solvent 
had influences on the average pore radius of the membrane; solute charge, solute-solvent-mem-
brane interactions existed in non-aqueous nanofiltration; and the modified model was suitable 
to predict rejections of neutral solutes rather than charged solutes in the non-aqueous system. 
These findings provide a novel modification strategy that could be utilized as a convenient 
and powerful tool for predicting membrane performance and understanding the separation 
disciplines of non-aqueous nanofiltration.
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1. Introduction

As an alternative for traditional separations such as 
distillation and evaporation, membrane separation is com-
petitive in saving energy and protecting environments. 
Transport mechanisms of nanofiltration membrane are 
not yet clearly understood, especially in non-aqueous sys-
tems [1,2]. There are a number of factors involved in it, for 
example, interactions between the solute/solvent/mem-
brane material; size, charge, and shape of the molecule; 
swelling effect; etc. [3,4]. The performance of polymeric 
membrane in the presence of organic solvent appears to be 

much less predictable than in aqueous solutions, and the 
molar mass cut-off (MMCO) is an insufficient parameter 
to characterize the separation ability of the membranes in 
organic solvents [5]. Permeation models in organic solvent 
nanofiltration are more complicated than in aqueous media 
[6–11], which are drawbacks for further implementation.

The transport through membranes has been described 
by three kinds of models. The first group is based on 
irreversible thermodynamics and considers the membrane 
as a black box, without accounting for any membrane 
property. The models are the Kedem–Katchalsky and the 
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Spiegler–Kedem models. The two other groups describe the 
transport of solutes as a function of structural and physi-
cochemical parameters, and take into account membrane 
properties. These models are the solution diffusion and 
pore-flow models, respectively. Robinson et al. [12] studied 
the permeation of low-polarity solutes in a mixture of xylene 
isomers and found that the degree of cross-linking affects the 
permeance and selectivity of PDMS membranes by chang-
ing the swelling degree. The Spiegler–Kedem model could 
be applied across the entire range of membranes studied, 
whereas the applicability of the solution–diffusion model 
was diminished when the degree of swelling was large, 
suggesting that a potential transition between solution–
diffusion and pore-flow mechanisms could occur as a func-
tion of the swelling degree. Han et al. [13] and White [14] 
concluded that solution diffusion type models describe the 
transport of mixtures of alkanes and aromatic compounds 
in toluene through PI (P84) membranes better than pore-
flow models. Leitner et al. [15] reported that the Hagen−
Poiseuille pore-flow model better explained some of the 
tendencies of the solvent permeance through swollen PDMS 
membranes, which usually described in terms of solution–
diffusion mechanism [16]. It is still challenging to establish 
which model provides the best description for some types 
of organic solvent nanofiltration membranes. Furthermore, 
the generalization of the modelling strategy is complicated 
by the fact that the same membrane can behave differently 
in different solvents, when swelling comes into play.

In an effort to understand the transport mechanisms of 
dye compounds in alcoholic solvents through organic sol-
vent nanofiltration membranes, herein, filtration experi-
ments were carried out for ten dye solutes in methanol or 
ethanol solvents with two types of polymeric nanofiltration 

membranes. And a simplified permeation model has 
been modified on the base of Donnan-steric-pore model 
(DSPM) to explore the transport.

2. Experimental

2.1. Materials and methods

The polymeric membranes used were Desal-DK and 
Desal-DL nanofiltration membranes (Osmonics, Vista, CA, 
USA). They were negatively charged flat sheet composite 
multi-layered membranes, of which the top layer was poly-
amide material. Membrane properties are summarized in 
Table 1 [7].

Ten solutes that were selected based on their molec-
ular weight, charge and detectability. Table 2 lists the 
physical properties of solutes used. Concentrations of the 
solutes were determined by UV-VIS-spectrophotometer 
(UV759, China) except for polyethylene glycol (PEG). For 
analysis of PEG, total organic carbon (TOC) analyzer (GE 
Innov0x, USA) was used. Methanol and ethanol (A.R. 
grade) were selected as solvent and their physical proper-
ties are shown in Table 3. All components were supplied 
by Sinopharm Chemical Reagent Co., Ltd., (China) and had 
initial purities in excess of 99%.

2.2. Research procedure

First of all, filtration experiments were carried out for 
ten dye solutes in methanol or ethanol solvents with two 
types of polymeric nanofiltration membranes to obtain flux 
and rejection data. Next, rejection and operating pressure 
data of three neutral solutes were fitted by the modified 
transport model to obtain an average pore radius parameter 

Table 1
Membrane characteristics as indicated by manufacturer

Type Manufacture Property/Charge Material Molecular weight cut-off Surface tension Rejection

Desal-DK Osmonics Hydrophilic/Negative Polyamide 180–300 58.0 98%a

Desal-DL Osmonics Hydrophilic/Negative Polyamide 180–300 59.7 98%a

a2‰ MgSO4 in water.

Table 2
Physical properties of the solutes

Solute Code name Formula Charge Molecular weight Detection wavelength (nm)

Acid blue A C20H14N2O5SNa Negative 416 558
Orange II B C16H12N2O4SNa Negative 350 482
Acid fuchsin C C20H19N3O9S32Na Negative 587 552
Safranine O D C20H19ClN4 Positive 351 534
Methylene blue E C16H18ClN3O3S Positive 374 656
Crystal violet F C25H30ClN3 Positive 408 580
PEG400 G / Neutral 400 /
PEG600 H / Neutral 600 /
Bromothymol blue I C27H28Br2O5S Neutral 624 422
PEG200 J / Neutral 200 /
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of the membrane. Last, rejection data of the other neutral 
solute and charged solutes were predicted with the obtained 
average pore radius, the predicted data were then com-
pared with experimental data to examine the suitability 
of the modified model and discuss the probable transport 
mechanisms.

2.3. Performance of polymeric nanofiltration

Filtration experiments were carried out on a labora-
tory-scaled cross-flow membrane set-up as described in 
Fig. 1. The solute-solvent mixture was added to the reser-
voir from which an air-driven pump delivered the fluid to 
the membrane module via a variable area flow meter and 
a flow control valve. The permeate stream could either be 
circulated back to the reservoir or collected separately for 
subsequent sample analysis. The retentate stream returned 
to the reservoir which a cooler was employed to maintain 
the temperature of the circulating fluid. Transmembrane 
pressure and crossflow rate were controlled by the 
back-pressure regulator and the flow control valve. The 
circular, flat sheet membrane was mounted in a standard, 
and unmodified, Osmonics DESAL membrane module 
which gave a wetted surface area of 81 cm2. Feed concentra-
tion of 0.1 mM was prepared in pure methanol or ethanol. 
A transmembrane pressure from 0.7 to 2.1 MPa was applied. 
The feed flow was set constant at 4  L/min, corresponding 
to a cross-flow velocity of 1.3  m/s. Calculated Reynolds 
number was 15  ×  103 and turbulence was therefore guar-
anteed. Temperature was maintained at 25°C  ±  1°C. Since 
low solution concentration was adopted, osmotic pressure, 
concentration polarization and membrane fouling could 
be neglected. Solvent flux (Jv) was determined by Eq. (1):

J V
A t� � �

	 (1)

where V (L) is the total volume of solvent permeated through 
tested membrane with a filtration area of A (m2) during 
filtration time t (h). The solute rejection was determined 
by Eq. (2):
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where Cf and Cp were the solute contents of feed and 
permeate streams, respectively.

2.4. Model modification

As neutral solute in aqueous media transports through 
nanofiltration membranes are dominated by convection 
and diffusion according to the Donnan-steric-pore model 
(DSPM) [17], molar flux of the solute (i), ji is given by 
the extended Nernst–Planck Eq. (3):

J D
dc
dx

K c Ji i p
i

i c i� � �, , � 	 (3)

where Di,p is pore diffusion coefficient of solute, c is con-
centration of solute, x is axial coordinate in membrane and 
Ki,c is a hindrance factor accounting for the effects of pore 
walls on the motion of solute, which is given by Eq. (4):
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where ϕi is dimensionless steric partition coefficient of sol-
ute and is defined by Eq. (5):
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where λi is the dimensionless ratio of solute radius (ri) to 
effective membrane pore radius (rp) given as follows:
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The pore diffusion coefficient is given by Eq. (7):

D K Di p i d i, , ,� �

�
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0 	 (7)

Fig. 1. Nanofiltration apparatus flowchart.
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where Ki,d is the hindrance factor for diffusion account-
ing for the effects of membrane pores to reduce solute–
solvent diffusion coefficient below its value in the free bulk 
solution, and is given by Eq. (8):

Ki d i i i, . . . .� � � �1 0 2 30 1 154 0 2242 3� � � 	 (8)

As per Eq. (7), the pore diffusion coefficient of solute 
is affected by the change in viscosity (η) inside the pore 
and bulk solvent. Viscosity inside the pore increases by 
a decrease in the pore radius such that viscosity ratio is 
given by:
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where η is bulk solvent viscosity, η0 is viscosity inside the 
pore, d is the thickness of the oriented solvent layer.

Di,∞ is diffusive coefficient of solute in water at infinite 
dilution. The diffusive coefficient of solute in solvent 
can be expressed by the Wilke–Chang equation [18]:

D M T
Vi
i

,

/

..�
�� � � �7 4 10 8 1 2

0 6�
�

	 (10)

where T is the absolute temperature, Vi is molar volume of 
solute at boiling point, α is association coefficient, 2.6, 1.9 
and 1.5 for water, methanol and ethanol, respectively [18]. 
M is molecule weigh of solvent.

In non-aqueous nanofiltration, the influence of solvent 
on the size of solute must be taking into account. According 
to the Stokes–Einstein equation [19], the relationship 
between radius of solute and diffusive coefficient follows:
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where NA is Avogadro constant, R is universal gas constant. 
Eq. (12) can be obtained by combining Eqs. (10) and (11) as 
follows:
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In which 1 and 2 represent water and solvent, respec-
tively. The radius of solute in solvent can be thus obtained 
with the known radius in water. Table 4 lists the effective 
radius of neutral solutes in methanol and ethanol calculated 
through Eq. (12).

For uncharged solutes, solute rejection is given by Eq. 
(13) according to the Donnan-steric-pore model [17]:
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where βi is a dimensionless quantity and Pei is dimensionless 
modified Peclet number given by the equations:
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Eqs. (13)–(15) show that rejection of uncharged sol-
ute is independent of thickness of the membrane. The 
effective pore radius (rp) of the membrane can be obtained 
by fitting experimental data (rejection (R) and operat-
ing pressure (DP)) through Eq. (13) with the known sol-
ute radius (ri). Analogously, the rejection of the uncharged 
solute can be predicted with a given operating pressure, 
effective pore radius and solute radius.

3. Results and discussion

3.1. Influence of solvent, membrane and solute on solvent flux

The influence of solvent on solvent flux is shown 
in Fig. 2. As can be seen, at the operating pressure of 
1.1  MPa, the average methanol flux was 97  L/h·m2 for 
Desal-DK membrane and 119  L/h·m2 for Desal-DL mem-
brane; the average ethanol flux was 32 and 35  L/h·m2 for 
Desal-DK and Desal-DL membrane respectively. With the 
same operation conditions, regardless of the solutes, the 
methanol flux was higher than the ethanol flux for both 
Desal-DK and Desal-DL membranes. From these results, it 
is concluded that the solvent has significant influence on 
membrane flux. According to Geens et al. [7], solvent flux 
is dependent on solvent viscosity, molecular size and dif-
ference in surface tension between membrane and solvent, 
and can be expressed as:

J
Vm
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�
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	 (16)

where Vm is solvent molar volume and Dg is the difference 
in surface tension between membrane and solvent. Since 

Fig. 2. Solvent flux of Desal-DK and Desal-DL membranes 
with different solutes.
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methanol has lower viscosity, molar volume than ethanol, 
and has almost the same surface tension (Table 3), while 
the difference of viscosity dominate flux than the difference 
of molar volume, therefore the flux of methanol is higher.

The influence of membrane on solvent flux is also 
shown in Fig. 2. As can be seen, although those two mem-
branes had the same molecular weight cut-off (Table 1), 
solvent fluxes of the Desal-DL membrane were always 
higher than that of the Desal-DK membrane for a cer-
tain solvent, regardless of the solutes. Solvent flux is 
not only depends on properties of solvent as mentioned 
above, but also dependents on properties of membrane. 
As Desal-DK and Desal-DL membrane top layer were 
made of polyamide, they have almost the same hydro-
phobicity and surface tension (58.0 and 59.7 mN/m for DK 
and DL membrane, respectively, Table 1). But according 
to Geens et al. [9], the average pore radius of Desal-DL 
membrane is somewhat larger than Desal-DK membrane 
(0.55–0.72 nm for Desal-DL and 0.52–0.64 nm for Desal-DK 
in methanol), so the solvent flux of Desal-DL membrane 
would be larger than Desal-DK membrane at the same fil-
tration condition with the same solvent. It is concluded 
that solvent flux of the membrane in non-aqueous nano-
filtration is also dominated by membrane structure 
parameters such as the pore size.

The influence of solute molecular weight and charge on 
solvent flux can be seen from Fig. 2. No significant differ-
ences in solvent fluxes were observed for each solvent-mem-
brane combination. Since diluted feed solution (0.1  mM) 
was used, solute molecular weight and charge may have 
no significant impact on solvent flux. The small variation 
in solvent fluxes was due to measurement deviation (differ-
ent membrane samples). Although the solute charge has no 
effect on solvent flux, it may have an effect on its rejection as 
discussed in next section.

3.2. Influence of solvent, membrane and solute on  
solute rejection

The influence of solvent on the solute rejection is 
shown in Fig. 3a and b. As can be seen, at the operating 
pressure of 1.1 MPa, the solute rejection in methanol was 
always higher than in ethanol for a certain solute and 
membrane. Since solute transport appears to be dominated 
by viscous flow [20], it can be assumed that solute rejec-
tion in non-aqueous nanofiltration is strongly influenced 
by steric hindrance. The variety of rejections in methanol 
and ethanol can be attributed to solute “salvation effects”, 
which was confirmed by Geens et al. [21] that solvent–
solute interactions (salvation) cause a different effective 
solute diameter in each solvent: it is smaller in ethanol 
than in methanol (Table 4), resulting in lower rejections in 
ethanol than in methanol.

The influence of membrane properties on the solute 
rejection is also shown in Fig. 3a and b. As can be seen, for a 
specific solution, the solute rejections of the Desal-DK mem-
brane were higher than those of the Desal-DL membrane. As 
solute transport through nanofiltration membranes is mainly 
dominated by steric hindrance, solute molecule would 
experiences more difficulties in transporting the Desal-DK 
membrane pores than in Desal-DL membrane pores 
which has larger average pore radius as mentioned before.

The influence of solute molecular weight on the 
rejection is also can be seen from Fig. 3a and b. It seems 
no significant correlation between the rejection and the 
molecular weight could be obtained at the first sight. It’s 

Table 3
Physical properties of the solvents

Solvent MW (g/mol) Viscidity 10–3 (Pa·s) Surface tension (mN/m) Dielectric constant Molar volume (cm3/mol)

Methanol 32 0.61 22.55 31.2 40.4
Ethanol 46 1.17 22.27 25.7 58.4

Fig. 3. Rejection of solute at 1.1  MPa. (a) Desal-DK membrane 
and (b) Desal-DL membrane.
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true for the negatively or positively charged solutes. 
But the rejections of neutral solutes increased with molec-
ular weights. For example, rejections of PEG200, PEG400 
and PEG600 in ethanol were 19.3%, 22.6% and 29.9% for 
the Desal-DK membrane, respectively.

In the first instance, it might be unusual to consider 
the role of charges in organic solvents. According to the 
Debye–Huckel theory [22], however, the thickness of a 
double layer around an ion is proportional to the square 
root of the dielectric constant of the surrounding medium. 
It means that a charge exerts its influence over a longer 
distance in solvent with high dielectric constant. With the 
dielectric constant of methanol and ethanol being 31.2 and 
25.7 at 298  K, respectively [23], the influence of a charge 
will indeed be smaller in alcohols, but still existing. In this 
way, charge effect might be introduced as an additional 
influence on rejection as common exists in aqueous nano-
filtration. These are indeed the solutes that can dissociate 
(whatever negatively or positively charged) had higher 
rejections than neutral solutes with approximate molecular 
weight as shown in Fig. 3a and b, such as negative Crystal 
violet and positive Acid blue vs. neutral PEG400. The posi-
tively charged solutes also had higher rejections than nega-
tively charged solutes with approximate molecular weight, 
such as Safranine O vs. Orange II, and Acid blue vs. Crystal 
violet. This may be attributed to solute-membrane inter-
actions, as for the negatively charged solutes, a excluded 
force from the negatively charged Desal-DK membrane 
exists besides steric effect; as for positively charged solutes, 

they could be absorbed on the membrane surface and 
thus the rejections were enhanced; but for neutral solutes, 
there was only steric effect between the membrane and the 
solute, resulting the lowest rejections.

3.3. Modeling

In the modeling of the neutral solute transports 
through the membrane in non-aqueous nanofiltration, the 
first step is parameter fitting by Eq. (13), through which 
the effective pore radius of the membrane can be obtained. 
Table 5 shows the modeling parameters for PEG200 per-
formed in methanol with Desal-DK membrane at 1.38 MPa 
as an example.

Fig. 4 shows the fitting curves of the neutral solute 
rejections with operating pressures. As can be seen, the 
experimental data were well fitted by the modified DSPM 
model. The fitting results are listed in Table 6. As shown, 
fitted effective membrane pore radius was influenced by 
the modeling solute. When the effective radius of model-
ing solute gets larger, the fitted effective membrane pore 
radius gets larger. It is consistent with reports that mod-
eled in aqueous nanofiltration [19,24,25]. Table 6 also shows 
that the effective membrane pore sizes in ethanol are larger 
than in methanol for each of the membrane. As a result, 
besides the “salvation effects” of solutes, the membrane 
pore size was also a factor that made the solute rejections 
in methanol higher than in ethanol. The fitting results also 
showed that the membrane pore size of the Desal-DL mem-
brane was larger than the Desal-DK membrane in each 
solvent, which has been discussed before.

In order to examine the feasibility of the modified 
model, the rejections of neutral solute Bromothymol blue 
(I) were predicted and compared with experimental data. 
Table 5 shows the predicting parameters for Bromothymol 
blue performed in methanol with Desal-DK membrane 
at 1.38  MPa as an example. Simultaneously, rejections of 
the negatively charged solute Orange II (B) and the nega-
tively charged solute Methylene blue (E) were also pre-
dicted for the sake of investigating the influence of solute 
charge on modeling. Fig. 5 shows the modeling results of 
the Desal-DK membrane performed in methanol. As can be 

Table 4
Effective radius of neutral solutes in methanol and ethanol

Solute
Code 
name

Effective radius (nm)

Methanol Ethanol

PEG400 G 0.393 0.369
PEG600 H 0.469 0.441
Bromothymol blue I 0.481 0.452
PEG200 J 0.290 0.272

Table 5
Modeling parameters for PEG200 and predicting parameters for Bromothymol blue performed in methanol with Desal-DK mem-
brane at 1.38 MPa

Modeling Predicting

Input parameter Input value Output parameter (rp) Input parameter Input value Output parameter (R)

T 298.15

0.872

T 298.15

0.751

ΔP 1.38E6 ΔP 1.38E6
R 0.2186 rp 1.159
η 0.921E-3 η 0.898E-3
ri 0.29 ri 0.481
Vi 178 Vi 425.67
α 1.9 α 1.9
M 32.042 M 32.042
Di,∞ 0.8344E-8 Di,∞ 0.5072E-8
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seen, the predicted rejections of solute I were very close to 
the experimental data, but the predicted values of solute B 
or E were smaller than the experimental values obviously. 
From this point, it can be concluded that the modified model 
is applicable in the modeling of neutral solutes transport 
through nanofiltration membranes in non-aqueous media, 
but is not fit for the charged solutes. The charge of solute 
plays an important role in non-aqueous nanofiltration. 

Hussain et al. [17] indicated that there are three main effects 
affect the transport and selectivity of NF membranes: 
charge repulsion, steric/hydrodynamic and dielectric effects. 
The first effect is caused by the charged nature of the mem-
brane and solutes, while the second effect is caused by the 
relative size of solutes to the membrane pores; third effect 
is caused by the differences in dielectric constant between 
bulk and membrane pore. The mathematical transport 

Table 6
Fitted effective membrane pore radius by the modified model

Solute

Effective membrane pore radius (nm)

Desal-DK Desal-DL

Methanol Ethanol Methanol Ethanol

PEG200 0.872 ± 0.004 1.058 ± 0.025 1.409 ± 0.026 1.5672 ± 0.012
PEG400 1.227 ± 0.005 1.322 ± 0.024 1.611 ± 0.010 1.772 ± 0.018
PEG600 1.378 ± 0.016 1.506 ± 0.007 1.767 ± 0.009 1.809 ± 0.010
Average value 1.159 ± 0.008 1.295 ± 0.019 1.596 ± 0.015 1.716 ± 0.013

  

  
Fig. 4. Experimental data fitted by the modified DSPM model (a) DK-Methanol, (b) DK-Ethanol, (c) DL-Methanol, and  
(d) DL-Ethanol.
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model we modified currently only takes into account the 
second effect, which is why the model is not fit for charged 
solutes. Further modification of the model by adding charge 
density, dielectric constant and Donnan potential param-
eters that considering the affect of charge effect will be 
our next work. The other modeling results were similar to 
those shown in Fig. 5, which are not shown repeatedly here.

4. Conclusions

This work investigated the performance of polymeric 
membranes in non-aqueous nanofiltration. The effects of 
solvent, solute and membrane on the separation perfor-
mance were discussed. And the Donnan-steric-pore nanofil-
tration transport model was modified for the non-aqueous 
nanofiltration. The main conclusions are as follows:

•	 The solvent fluxes of the Desal-DL membrane were 
always higher than that of the Desal-DK membrane for 
a certain solvent, regardless of the solutes. As for the 
specific nanofiltration membrane, methanol solution 
fluxes were always higher than that of ethanol solution. 
Solute molecular weight and charge had no influence on 
solvent flux at low solution concentration.

•	 For the specific solution, solute rejections of the Desal-DK 
membrane were higher than those of the Desal-DL mem-
brane. For a certain solute and membrane, the rejection 
in methanol was always higher than that in ethanol. The 
rejections of neutral solutes increased with molecular 
weights. For the charged solutes, no significant cor-
relation between rejection and molecular weight was 
obtained. For the solutes with approximate molecular 
weight, the order of rejection from highest to lowest was 
the positively charged solute, the negatively charged 
solute, and the neutral solute.

•	 The modified Donnan-steric-pore nanofiltration model 
(DSPM) was proved to be suitable to predict the rejec-
tion of neutral solute rather than charged solute in non-
aqueous nanofiltration. The solvent had influences on 

the average pore radius of the membrane. Solute charge 
and solute–solvent-membrane interactions existed in 
non-aqueous nanofiltration systems.
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Symbols

A	 —	 Area, m2

C	 —	 Concentration, mol/m3

d	 —	 Thickness of the oriented solvent layer, 0.28 nm
Di,p	 —	 Pore diffusion coefficient, cm2/s
Di,∞	 —	 Solute bulk diffusion coefficient, cm2/s
ji	 —	 Molar flux of solute, mol/(m2·s)
Jv	 —	 Solvent flux, L/(m2·h)
Ki,c	 —	 Hindrance factor for convection, dimensionless
Ki,d	 —	 Hindrance factor for diffusion, dimensionless
M	 —	 Molecule weigh of solvent, g/mol
NA	 —	 Avogadro constant, 6.02 × 1023/mol
Pei	 —	 Modified Peclet number, dimensionless
DP	 —	 Operating pressure, N/m2

ri	 —	 Radius of solute, m
rp	 —	 Effective pore radius, m
R	 —	 Rejection, %
t	 —	 Time, h
T	 —	 Absolute temperature, K
Vi	 —	 Molar volume of solute at boiling point, cm3/mol
x	 —	 Axial position within the pore, m

Greek

a	 —	 Association coefficient, dimensionless
b	 —	 Ion function, dimensionless
g	 —	 Surface tension, N/m
h	 —	 Bulk solvent viscosity, N·s/m2

h0	 —	 Solvent viscosity within pores, N·s/m2

l	 —	� Ratio of solute radius to membrane pore radius, 
dimensionless

f	 —	 Steric partition coefficient, dimensionless

Subscripts

1	 —	 Water
2	 —	 Solvent
f	 —	 Feed
i	 —	 Solute
p	 —	 Permeate
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