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Diffusion of fluoxetine through a reverse osmosis membrane
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ABSTRACT

The antidepressant, fluoxetine (FLU), often contaminates water resources because of its high
solubility and persistence. Reverse osmosis appears to be a promising and effective technique
for its removal. However, it is necessary to understand the mechanisms of the transportation of
the solute and solvent for applying the method so as to ensure adequate yield. This study aims
to evaluate reverse osmosis as an advanced technique for the removal of FLU from water, using
a solution-diffusion model to describe and understand the separation and mass transfer across
the membrane. The high removal rate of the drug (>99%) under the tested conditions stands out,
even for different pressures and concentrations of the FLU at controlled temperatures and pH
values. The solution—diffusion model was able to justify the interaction between FLU and the
polyamide layer, with the effective diffusivity of water being 250 times higher than that of the FLU.
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1. Introduction

The presence of micropollutants such as pesticides,
hormones, and pharmaceutical compounds is often detected
in the environment. These micro-pollutants are found in
small concentrations as free compounds and/or as metab-
olites in different sources across the world, including
drinking water, wastewater effluents, soil, and sediments
[1-7]. However, even at low concentrations, these com-
pounds can pose a risk to aquatic ecosystems as they can
cause changes in the bodies of organisms including humans
[8-11]. Among the many classes of pharmaceutical pol-
lutants, this study focuses on antidepressants. The use of

* Corresponding author.

antidepressants is increasing each year and in ever-lower
age groups [12-14]. Fluoxetine (FLU) (under the tradename
Prozac®) acts by selectively inhibiting serotonin uptake,
resulting in desired effects on the patient. It is a psychoac-
tive drug widely used in the treatment of depression, anx-
iety, and lack of appetite control [12,15,16] and is detected
in the environment at trace levels in ranges between ng L
and pg L™ [17]. Synergistic, addictive effects or accumula-
tion may occur. In addition, FLU has been reported to be
one of the most persistent pharmaceutical products in the
selective serotonin replenishment inhibitors group, even
after treatment [12,14,18]. Their excessive consumption,
whether licit or otherwise, is a matter of concern for health
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and safety authorities and can be considered an environ-
mental issue that has a bearing on sustainable development.

Water and wastewater treatment methods are not
designed to eliminate most emerging pollutants, usually
due to their persistence in water environments. Thus, com-
plementary processes are required to remove these com-
pounds. The lack of adequate toxicological data on chronic
exposure and toxicity recommends the total elimination
of any type of micropollutants from drinking water.

Membrane separation processes can be an option
for the advanced treatment of water, but they need to be
investigated as they are still considered unusual in these
systems [6,11,19]. Reverse osmosis (RO) allows the use of
treated water for other purposes, demonstrating an effi-
cient method for the removal of various emerging con-
taminants [5,19-21]. Reverse osmosis is recognized as the
technology that offers the best and most cost-effective
process option available today [3,7,22,23]. However, the
membrane used in the process is not a perfect barrier. In
general, a hydrophobic selective layer facilitates the adsorp-
tion and transport of organic solutes, which often results
in inadequate removal of pesticides, pharmaceuticals, and
endocrine-disrupting compounds, and limits their practical
use [24]. Knowing the mechanisms of solute and solvent
transport across the membrane allows us to choose a suit-
able membrane for each application or even to develop
new, more efficient separation membranes.

Transport models are the tools used to understand per-
meation through the membrane. Two primary categories
exist: phenomenological and mechanistic. The classical
Kedem-Katchalski model is a phenomenological model,
where the membrane is considered a “black box” and slow
processes occur in near-equilibrium conditions. However,
solution—diffusion is a mechanistic model. It has been devel-
oped to describe the mass transfer in a membrane taking
into consideration the physical (pore structure, solute size)
and chemical properties (energy of interaction) of the mem-
brane and solute materials. Such structure-performance
relationships allow for a more fundamental understand-
ing of membrane transport [25,26]. Both models are used
to describe the permeation through reverse osmosis mem-
branes, helping to predict the permeation of solvent and
solute and the separation performance of micropollutants.

The removal of pharmaceutical micropollutants by
polymeric membranes has been investigated by the scien-
tific community. Reverse osmosis can remove several phar-
maceutical compounds at rates higher than 75% and are
less influenced by effects such as electrostatic and hydro-
phobic interactions than NF membranes [4,48]. The stud-
ies focused on high-rejection-RO membranes [4,11] with
lower flux and higher energy consumption than ultra-low
pressure (ULP) RO membranes. Ultra-low-pressure reverse
osmosis has been shown to be an efficient technique for
the treatment of potable water or wastewater, contribut-
ing to water quality and public health. These membranes
could be used by individual households to remove traces
of pharmaceuticals in drinking water. Some studies have
shown that low-pressure RO membranes can remove
pharmaceuticals from water [19], and these pharmaceuti-
cals can adsorb on the polyamide layer [36]. The solution-
diffusion model has been shown to be a good model for

representing the transport of uncharged organics in ion-
exchange membranes [45], but the mechanism of trans-
port of FLU (a neutrally charged pharmaceutical) through
hydrophobic uncharged ULP RO membranes is to be
explored and holds promise in achieving better removal rates.

The aim of this study is to evaluate reverse osmosis as
an advanced technique to remove fluoxetine from water
and investigate the diffusion to describe and understand
the separation and mass transfer through the membrane.

2. Material and methods
2.1. Fluoxetine

Pharmacological fluoxetine (purity > 98%) was pur-
chased from the local pharmaceutical market. Test solutions
were prepared with Milli-Q water (electrical conduc-
tivity less than 4 mS cm™) at the desired concentrations
according to the experiments to be performed and in the
pH range between 6.8 and 7.1. Fig. 1 and Table 1 show
the chemical structure and characteristics of FLU.

2.2. Experimental methods

e First, the hydraulic permeability of the membrane was
evaluated.

e Second, we performed experiments with a fixed FLU
concentration (20 mg L) and changed the pressure to
evaluate the effect on the permeation flux and membrane
rejection.

e We used a pressure of 600 kPa to validate the effect of
the concentration gradient on FLU permeation through
the membrane.

e We subsequently calculated the parameters of the
solution—diffusion model to evaluate the reverse osmosis
as a barrier to retain FLU.

2.3. Reverse osmosis set-up

An apparatus for filtration (Fig. 2) was assembled
using an ultra-low-pressure aromatic polyamide (PA)
RO membrane with polysulfone support (ULP 2012-100,
Vontron). The membrane contained a spiral wound con-
figuration, with an area of 0.56 m? and 96% chloride rejec-
tion (measured with a solution containing 2 g L of NaCl
at 3 bar and recovery of 15%). This configuration allows
the membrane to be applied as a residential water puri-
fying device in the hospital and laboratory from the treat-
ment of feedwater with a concentration of solutes lower than
250 mg L [29].
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Fig. 1. Fluoxetine structure formula.
Source: Nebout et al. [17].
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Table 1
Fluoxetine characteristics
Class Antidepressant
M (g mol™) 309.33 [27]
pK,, 4.6 [27]
pK, 9.8 [28]
Solubility at 25°C (mg L) 17.000 [28]
Molar volume (cm?) 266.7 [28]
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Fig. 2. Pilot reverse osmosis apparatus. FT: feed tank; BV: ball
valve; DP: diaphragm pump; ROM: reverse osmosis membrane;
P: permeate; R: retained; PT: pressure transducer; TT: tempera-
ture transducer; GV: globe valve.

The tank volume was 4 L, and in all tests, the same
volume of solution was prepared; the equipment oper-
ated between 0 and 700 kPa, and the operating conditions
were adjusted so that the experiment was performed with
total recovery. The permeated flux was measured using
a Marte® balance model AS 2000C. The temperature was
21°C +2°C.

2.3.1. Effect of pressure on solvent flux and
membrane rejection

Solutions with 20 mg L™ of FLU were prepared in
Milli-Q water and tested at the different system operating
pressures (100-700 kPa). After 1 h of recirculation, the reten-
tate and permeate samples were taken for analysis.

Membrane rejection to FLU was calculated using Eq. (1):

Cp
R=1-2 1)

r

where R is the membrane rejection coefficient, Cp is the
permeate concentration, and C, is the tailing concentra-
tion. These data were collected to evaluate the permeation

of the water flow (solvent) through the membrane, which
is necessary to evaluate the total transport of solute to
permeate.

2.3.2. Permeation at different concentrations

This step was performed at a constant pressure of
600 kPa. The procedure was performed at different FLU
concentrations: 1.0, 5.0, 10, 15, and 20 mg L™ (in duplicate).
The pressure was selected based on reports from other
researchers on the removal of emerging contaminants [5,30].
After 1 h of recirculation, retentate and permeate samples
were taken for analysis.

2.4. Solution—diffusion model

We evaluated the solution—diffusion model to describe
the passage of FLU through the RO membrane. There is an
extensive description and detailed mathematical approach
in the reviews of Al-Obaidi et al. [25] and Wang et al. [26].
This model involves membrane transport mechanisms in
which the solvent and solute dissolve individually in the
membrane surface layer and then diffuse into the matrix
as separate streams through the driving force exerted by
the pressure and concentration gradients. Solvent and sol-
ute fluxes are influenced by their specific diffusivity and
membrane solubility coefficients [25]. It was developed by
Lonsdale in 1965 and considers that the membrane surface
is homogeneous and non-porous. The solvent and solute
flow equations of this model are shown in Egs. (2) and (3),
respectively, where they are directly dependent on their
gradients [31,32].

Egs. (4) and (5) show the equations for the solvent and
solute permeability coefficients, respectively. From these
equalities, Egs. (2) and (1) can be rewritten as shown in
Egs. (6) and (7).
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where D _is the diffusivity of the solvent in the membrane,
C, is the solvent concentration of the feed side, V is the
molar volume of the feed side component, Ax is the thick-
ness of the membrane, D_ is the diffusion of the solute in
the membrane, K is the sorption coefficient of the solvent,
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and K _ is the sorption coefficient of the solute. A and B
represent hydraulic permeability and solute permeability,
respectively.

The molar volume of water (V) was calculated at differ-
ent concentrations, and its mean value (1.65 x 10° m? mol™)
was used. Sorption coefficients can be calculated from
the concentrations of the components in the solution and
membrane, as demonstrated by Egs. (8) and (9).

B Cw(m)
K, = c (©)

Cp(m)
Ke==c— ©)

where V is the specific volume, C,

wim 1S the concentration
of solvent in the membrane, C  is the solute concen-

tration in the membrane, and Cz(mi)s the solute concentra-
tion in the retentate. We calculated the Reynolds num-
ber (Re = 75.000) on the retentate side. As the turbulent
flow was checked, we neglected the concentration polar-
ization, and C, was approximated to C. We considered
the active layer (Ax) as 1 um, obtained from the scanning

electron microscopy (SEM) images (Fig. 5).

2.5. Analysis

Samples of FLU were analyzed by a high-performance
liquid chromatography coupled to a mass spectrometer
in the series (LC-MS/MS) in the equipment supplied by
Shimadzu.

Reverse-phase chromatography with an analytical
column XR-ODS III (150 x 2.0 mm x 2.0 um) was used, and
the mobile phase used was based on Cardoso [33] consist-
ing of mobile phase A: methanol and B: acidified water
with 0.1% formic acid in the isocratic mode. The mobile
phase flow rate was 0.3 mL min™, injection volume: 10 pL;
ionization source: ESI; triple quadrupole mass analyzer
operating in MS/MS mode; chromatographic analysis time:

2 min; column temperature: 40°C; capillary voltage: 4.5 kV;
desolvation temperature: 400°C; desolvation gas flow
rate (N,): 600 L h™'; spray flow: 80 L h™'; collision gas flow
(argon): 0.10 mL min™; supply temperature: 150°C.

The membrane was subjected to SEM using TESCAN
(model VEGA LM 3) to determine the thickness of the
top layer of the membrane. This value (Ax) is required for
application in the solution-diffusion model. The mem-
brane was metalized in a Quorum Q150 R with a 10 nm
Au/Pd layer. Additionally, the elementary chemical analy-
ses of the membrane by energy-dispersive X-ray spectros-
copy (EDS) supplied by the Oxford instruments model
Max was performed.

3. Results

The permeability of the membrane was 3.16 Lh™ m2bar
with pure water, well within the range of permeabilities
obtained by Bueno [34] in three commercial reverse osmosis
(4.20,2.80, and 1.93 Lh' m2 bar™).

The permeate flux of the RO membrane in the separa-
tion of FLU at different pressures is shown in Fig. 3. We can
observe that higher pressures promoted higher permeate
flux. There was no reduction in flux over time. At 700 kPa
we observed a decay of only 6% in the value of flux after
60 min of experiments. We calculated the Reynolds number
to be 75.000, promoting high turbulence in the free channel
for the retentate passage, and thus, it reduced the polariza-
tion concentration. In addition, after a deionized membrane
wash, the pure water flow returned to nearly the initial
value, indicating no deposits or clogging in the membrane.

Table 2 shows the FLU rejection by the RO membrane
under different pressures. The pressure has no effect on
membrane rejection, as postulated by the solution—diffusion
model, where the theory proposes an uncoupling of the
permeation of solvent and solute. The average rejection of
FLU was 99.48% (in the range of 99.05% to 99.85%). From
the point of view of applications, we can focus on the design
of the treatment looking for a high rate system (higher per-
meation), and thus, using high pressures. However, the high
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Fig. 3. Permeate flux of RO membrane in the separation of fluoxetine (20 mg L) at different pressures.
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water flux promotes a high passage of solutes by convection
to the permeate side, driving the so-called dilution effect
and to an apparently better rejection. However, in the tested
range, water permeation had no effect on the selectivity of
the membrane.

Fig. 4 shows the dependency of the passage of FLU
through the RO membrane with the concentration gra-
dient. The determination coefficient (R? = 0.9355) is large
enough to conclude that the relationship between the
axes is linear, as postulated by the solution—diffusion model.

From Eq. (6) and water permeability, we calculated
the diffusivity of water (D, ) through the membrane as
8.75.107 m? s!. Similar to that, from Eq. (7) and Fig. 4, we
calculated the diffusivity of FLU (D) as 3.48 x 10" m? s™.
The ratio of the parameters (D, /D) was 251.000.

Figs. 5 and 6 show the SEM images of the RO mem-
brane. We considered the cross-section (Ax) of the polyam-
ide layer of approximately 1 pum to calculate the diffusivities
of the solute and solvent in the solution—diffusion model.
Furthermore, we found fluorine in the membrane by EDS
analysis (Fig. 6). This fluorine contamination remained in
the matrix of the polysulfone (PS) layer even after cleaning

Table 2
Fluoxetine rejection of the RO membrane at different pressures
when C; =20 mg L™

Pressure Rejection (%)
100 kPa 99.85 +0.21°
200 kPa 99.80 + 0.28"
300 kPa 99.00 + 0.14°
400 kPa 99.45 +0.78"
500 kPa 99.05 + 1.34°
600 kPa 99.55 + 0.64"
700 kPa 99.70 + 0.42°

“indicates statistically similar values in the same row.

25

20

w

)

Js *107(g mol s! m?)

in alkaline (pH 10.5) and acidic (pH 3.0) substances with
NaOH and HNO,, indicating that the dissociation of FLU
salt in water releases fluorine that also permeates through
the membrane. However, the fluorine was removed from
the surface polyamide layer by the cleaning protocols, while
the acid and alkaline cleaning routines were not able to
remove it from the inner PS layer.

4. Discussion

Table 2 shows that the selectivity of the membrane did
not change under different fluoxetine pressures by diluting
the permeate. The diluting effect of permeate Mahlangu et
al. [35] or the adsorption of organic solutes on the membrane
surface (it increases the concentration inside the polarized
layer, and can reduce the rejection) can change the mem-
brane rejection, as shown by Liu et al. [36]. However, the
rise in pressure (Table 2) did not change the FLU rejection
because the concentration of solute in the feed was too low.

The membrane rejection of FLU in our experiments
(>98%) is similar to that obtained from other studies for sev-
eral pharmaceuticals [3,4,19,37]. Alonso et al. [11] the high
rejection of antibiotics by RO membranes was reported as
in the case of 99.96% of ciprofloxacin (FLU-like structure
with comparable molar mass and presence of fluoride).
In addition, Hajubabania [38] RO membranes were also
tested for their capability to remove FLU from water, and a
rejection rate of up to 98% was found. All studies showed
a small passage of pollutants through the membranes,
as explained by the solution—diffusion mechanism.

The pH of the solution plays an important role in the
separation of organic pollutants by NF and RO membranes
because it affects the charge of the solute and the polyam-
ide membrane. At a pH below the pKa, most of the acid
functional groups are neutral and specific solute-membrane
interactions prevail. The pKa of FLU is 9.8 (Table 1), and,
thus, it is mostly neutral in pH in our experiments (6.8-7.0).
However, polyamide membranes have surface functional

J;=0,23(C,-C,) +3,5513
R?=10.9355

0 10 20 30 40

50 60 70 80 90 100

C, - C, (g mol m”)

Fig. 4. Fluoxetine flux through reverse osmosis membrane at different concentration gradients.
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Fig. 5. SEM image of the cross-section of the RO membrane.

groups, including carboxyl and amino groups, which are
attributed to the membrane fabrication technique. Carboxyl
groups can be deprotonated (thus, becoming charged),
while amine groups can be protonated, and acquire a pos-
itive charge [4]. However, Wang et al. [26] reported that the
dense PA layer is highly negative as acyl chloride groups are
not fully converted to amide during the formation process.
Strong solute-membrane interactions (including adsorp-
tion) can decrease the rejection; in some cases, this effect is
appreciable even when the solute has a molar weight higher
than the molar weight cut off (MWCO) of the membrane
Drazevic¢ et al. [24]. The rejection of various organic com-
pounds with different molecular weights, hydrophobicity,
and charge were evaluated by Van Der Bruggen et al. [39].
They permeated the solutes in different NF membranes
and found that both the membrane charge and cut off are
relevant characteristics in the rejection.

The solution-diffusion model has parameters to pre-
dict the interaction between the constituents of the solu-
tion and the membrane. In the solution—diffusion theory,
the separation occurs by the partitioning-diffusion mech-
anism in which species permeate and are dissolved in the
material that composes the membrane, and then diffuses
through their thickness powered by the gradient of chemi-
cal potential until the desorption step on the permeate side
[4]. The ratio of D and D, shows the diffusion selectivity of
the membrane [40]. The ratio D /D_ in our work results in
251.000. For a crude comparison, MFI-type zeolites exhibit
p-Xxylene/o-xylene selectivity over 10.000 based on differ-
ences in the isomer kinetic diameters. The diffusion coeffi-
cients of organic solutes estimated by Drazevic et al. [24] were
very low (between and 10 m? s and 107 m? s™!) within RO
membranes. Thus, the low-pressure reverse osmosis mem-
brane shows high selectivity for separating FLU from water.
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The solution-diffusion model has been widely consid-
ered as one of the simplest non-porous or homogeneous
models related to the transport mechanism through the
membrane Al-Obaidi et al. [25]. Solute and solvent dif-
fuse through the membrane independently, each using
its own chemical potential Wang et al. [26]. The existence
of two steps in the process of permeation of the solute
through the membrane was confirmed by Ozaki and Li
[41]. First, the solute is adsorbed by the membrane and it
then passes through the membrane by diffusion or convec-
tion. The nature of organic compounds that influence sol-
ute adsorption includes their water solubility, acidity, and
hydrogen binding capacity Drazevi¢ et al. [24]. The adsorp-
tion of different pharmaceutical pollutants on the top PA
layer of RO/NF membranes was studied by Liu et al. [42].
The adsorption capacity of the membranes was mainly
attributed to electrostatic attraction/repulsion and hydro-
phobic interactions, where the modified chemistry of the
top layer with more OH- groups make the polyamide with a
higher capacity form hydrogen bonds with charged PhACs.
FLU is neutral at pH 6.8, and, thus, diffusion through the
membrane is regarded as partitioning on the PA layer.

The difference in diffusion rates of the solute passing
through the membrane is the main reason for the differ-
ences in rejection. The diffusion coefficient (D ) establishes
the kinetic property that reflects the mobility of the solute.
The D, values found in this study were low, in the order
of 3.48 x 10 m? s and, according to Drazevi¢ et al. [24],
low values of D, indicate strongly impeded solute dif-
fusion. The permeation of the constituents is defined by
the competition between size exclusion, electrical repul-
sion, hydrophobic interactions, and sorption/diffusion
mechanisms of hydrophilic compounds, mainly related
to the average pH [3,4,26]. In our experiments, water had
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a mobility 251.000 times higher than FLU into the matrix
of the RO membrane, and thus shows a highly selective
separation.

It should be noted that the main assumption of Fick’s
law is that the permeant species flows through a homo-
geneous matrix of a membrane Nagy et al. [43]. However,
we estimated the effective diffusivity (instead of the real
diffusivity of solute into the PA layer) because the mem-
branes have imperfections as defects on the porous, exces-
sive roughness, and voids in the top layer, as shown by Lin
et al. [44] in the transmission electron microscopy and SEM
images. The partitioning coefficient is related to the inter-
action of organics with both water and polyamide, and it is
strongly dependent on the water content of the membrane
[24]. However, the use of effective diffusivity to predict the
transport of solutes and solvents in simple situations can
be an advantage. For example, this simplicity of the model
explains the pure diffusion of uncharged organic solutes
through charged electrodialysis membranes [45].

Another aspect of the solution-diffusion model applied
to polyamide membranes is the presence of the polysulfone
support layer. We neglected the PS support layer, but Ramon
et al. [46] claimed that support membranes with high poros-
ity and small skin layer pores result in high water and salt
permeability because the effective diffusive path length for
water and salt is shorter. However, the study of Ramon et al.
[46] was only theoretical using geometric simulations and
the real effect of the support layer was neglected because
the convective flux in the PS layer was stronger than the
diffusive flux. In the framework of the resistance model,
despite the higher thickness (approximately 170 pm in
Fig. 6), the porosity of the PS support layer of the mem-
brane is higher than 83% Lin et al. [44]; thus, the resistance
can be neglected compared to the resistance of the selective
layer. We performed the EDS analysis of the aged membrane
after the experiments. The membrane had a thin active layer
of aromatic PA and a PSlayer as the support. Carbon, oxygen,
and sulfur are mostly present as they are part of the chem-
ical constitution of membrane materials such as polyamide

and polysulfone. In addition, fluorine was also identified
within the polysulfone matrix, although it was absent in
the PA layer. Each contaminant can interact with the mem-
brane’s constituent layers, characterizing the polarization
effect. The dissociation of the FLU salt releases fluoride
(F). The low molar mass of fluorine (18 g mol™), associated
with the high negative charge, leads to an interaction with
the amino groups of the PA layer and then diffusion to the
PS layer. However, the cleaning procedures release F- from
the surface but are not sufficient to remove it from the bot-
tom layer. In a study using nanofiltration, Steinle-Darling et
al. [47] observed higher adsorption of FLU in the PA + PS
layer compared to a commercial PS membrane, indicating a
higher affinity of the compounds for the PA layer.

Another aspect to be discussed is the use of low-
pressure RO membranes to separate FLU from water.
Studies demonstrate the efficiency of this configuration in
the removal of drugs, as shown by Ozaki and Li [41], where
they observed that once the molecular mass of the organic
compound exceeds 150 g mol™, the rejection is proportional
to this mass, although there are exceptions (for example,
due to dissociation of the solute). Urtiaga et al. [37] tested a
low-pressure (11 bar) pilot RO system that rejected 99% of
drugs such as ibuprofen, caffeine, atenolol, and hydrochlo-
rothiazides. In his study, Mamo et al. [3] operated a low-
pressure membrane system (6.5 bar) to remove pollutants
such as acetaminophen, diclofenac, diazepam, and FLU, with
rejection rates of approximately 99%. It is evident that the
aforementioned drugs are similar to FLU in terms of chemi-
cal structure (presence of functional groups, such as amines,
amides, and aromatic rings), masses, and electrostatic as
well as satisfactory removal in low-pressure RO modules.

5. Conclusion

Reverse osmosis is a promising technology for the
removal of new pollutants from water, including fluoxe-
tine. The ultra-low-pressure RO membrane showed high
rates of FLU removal under the experimental conditions,
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Fig. 6. EDS analysis of the polysulfone layer.
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contributing to advanced water treatment, operating at
reduced pressures, ensuring low energy consumption, and
lower post-treatment expenses.

The solution-diffusion model has shown that the RO
membrane is an efficient and satisfactory physical barrier
for FLU. However, it must be noted that RO is not a per-
fect barrier, and traces of pollutants do pass through the
membrane.

Symbols

R — Membrane rejection coefficient

Cp — Permeate concentration

C, — Tailing concentration

D, — Diffusivity of the solvent in the membrane
C, — Solvent concentration of the feed side

v, — Molar volume of the feed side component
Ax — Thickness of the membrane

D, — Diffusion of the solute in the membrane
K., — Sorption coefficient of the solvent

K — Sorption coefficient of the solute

A — Hydraulic permeability

B — Solute permeability

Coim — Concentration of solvent in the membrane
Cp(m) Solute concentration in the membrane

I, — Solvent flow

J. — Solute flow
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