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Abstract
The solution-diffusion with imperfections model has been used together with diffusion
models such as the Vrentas & Duda diffusion theory and the Wesselingh & Bollen
multicomponent diffusion model as a tool to successfully describe the permeation behavior of
mixtures of ketones and glycols through polydimethylsiloxane composite membranes in a
cross-flow membrane cell for pressures varying from 10 to 40 bar. The model has shown the
great importance of an accurate determination of the diffusion coefficients and the average
concentration of permeants inside the membrane into the successful modeling of
nanofiltration experiments.
Keywords: Organic solvent nanofiltration, solution-diffusion with imperfections model,
diffusion theory, diffusion through polymer matrix, multicomponent diffusion.
1. Introduction
Nanofiltration processes that use solvent resistant membranes have gained an important place
in chemical technology and are used in a broad range of applications [1]. The use of an
increasing amount of solvents in a variety of industrial processes and the deficiencies
associated to classical separation techniques stimulate the development of efficient separation
techniques which reduce the associated cost of materials and benefit the environment with
lower energy consumption and higher recovery of residual substances than those associated to

the classical ones. Among the most promising new technologies for separating organic
substances are processes based on solvent resistant nanofiltration membranes (SRNF) [2-6].
Those membrane based processes have gained an important place in the chemical, food,
petrochemical and pharmaceutical industries by improving catalyst recovery, comestible oil
purification, fractionation of petroleum products or separation of peptides and antibiotics,
respectively. For the establishment and improvement of organic solvent separation processes
in the industry, it is necessary to develop nanofiltration membranes with an ideal condition of
high permeability and high selectivity. The use of a reliable transport model facilitates the
optimizations of the processes before, during and after the separation itself [7-11].
For the above mentioned development of nanofiltration membranes, as well as for the
improvement of the associated processes, a mathematic description and comprehension of the
variables which affect the transport mechanism in nanofiltration processes is necessary. In
order to describe transport through nanofiltration membranes, approaches like solutiondiffusion model, Spiegler-Kedem model, Machado’s resistances model, pore flow model, and
solution-diffusion with imperfections model have been extensively used, with different levels
of success [1]. For traditional membrane based separation processes where one substance is
permeated through the membrane and the other is rejected by the membrane, the affinity
between the permeant and the polymer of the membrane plays a key role during the separation
process [12]. This affinity affects the swelling of the polymer and the movement capacity of
the permeant inside the membrane, and both variables affect the final behavior of the
membrane. This is especially true for organic solvent nanofiltration where permeation of both
feed substances will occur [1, 13, 14].
A more complicated situation arises when the affinity between the permeants and the polymer
membrane can no longer be considered as identical. In such a case, the permeants behave as a
nonideal mixture, and the interaction between each component in the system needs to be
considered in the modeling of the transport mechanism, i.e., interaction between the
permeants and the interaction of each permeant with the membrane. By considering the
permeants as non-ideal mixtures, the applications of the modeling loose restrictions and come
closer to diverse industrial applications. Although the solution-diffusion model [15-17] and
more recently the solution-diffusion with imperfections model [18] have been used to
describe the permeation behavior of organic molecules through polymeric membranes, the
swelling of the polymeric membrane, the interaction between the permeants as well as the

diffusion coefficients of each of them continue to be a wide research area due to the key role
those parameters play into the nanofiltration process [8, 14, 19-23].
In a first paper, tracer diffusion coefficients were modeled based on two different methods,
the Vrentas & Duda diffusion theory and the Wesselingh & Bollen multicomponent diffusions
model [24]. Both approaches were contrasted with experimental diffusivity data obtained
from PFG-NMR measurements with the aim to obtain reliable data to be used in the here
employed transport model. The present work focuses on the validation of the solutiondiffusion with imperfections model as a transport mechanism theory of nanofiltration
processes when a non-ideal mixture permeates through the membrane. Thus, the permeation
of mixtures of ketones and glycols through a dense polydimethylsiloxane (PDMS) membrane
(developed by the Helmholtz-Zentrum Geesthacht) were investigated with the ultimate vision
of moving forward to a general modeling for the nanofiltration industrial processes.
2. Membrane separation processes
2.1 Pore–flow model
The transport mechanism through porous membranes is based on the pore–flow model. The
principle of the separation process is based on size exclusion. The starting point for the
mathematical description of permeation in all membranes is that the driving forces of
pressure, temperature, concentration and electromotive force are interrelated and that the
overall driving force that facilitates the movement of a permeant is the gradient in its chemical
potential [16]. Equation 1 represents the volumetric flux of a substance i ( J i ) as a function of
the molar concentration, the mobility or flexibility of the substance i when it goes through the
membrane and the driving force [25].

~ d
J i  ci Li i
dz

Eq. 1

where di dz is the chemical potential gradient which appears over the membrane thickness.

~
Li is a proportionality coefficient which represents the mobility of the permeant and is not
necessarily constant, and ci is the average molar concentration of the component i. With the
consideration of driving forces that are only generated by concentration and pressure

gradients, the chemical potential can be described as presented in equation 2. ci is the molar
concentration of component i, i is the activity coefficient, P is the pressure and Vi is the molar
volume.

Eq. 2

di  RT d ln( i ci )  Vi dP

The first assumption done in order to define any model of permeation is that the fluids on
either side of membrane are in equilibrium with the membrane at the interface. Consequently,
there is a continuous gradient of the chemical potential across the membrane. Additionally,
the pore–flow model assumes that the concentrations of solvent and solute within a membrane
are uniform and that the chemical potential gradient across the membrane can be expressed
only as a pressure gradient (as shown in figure 1a). In the pore–flow model, the pressure
difference produces a smooth gradient in pressure through the membrane, but the solvent
activity (i·ci) remains constant within the membrane [16].
When a constant solvent activity within the cross section of the membrane is considered,
equations 1 and 2 can be combined and integrated over the membrane thickness in order to
obtain an expression for the flux of a component i through the pores of the membrane.

~ dP
J i  ci ,F Li Vi
dx

Eq. 3
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where ci ,F is the molar concentration upstream from the membrane, ki

Eq. 4

D

is the Darcy’s law

coefficient, and l is the thickness of the membrane. The negative sign is missing in order to
show that the flux direction goes from the high pressure side to the low pressure one. The
Darcy’s law coefficient can be related to the pore properties of the membrane as found
elsewhere [16].

2.2 Solution–diffusion model
The transport through non–porous membranes (dense membranes) is described with the
solution-diffusion model [26]. For those processes, the transport mechanism implies three
steps: absorption on the feed side, diffusion through the membrane and desorption on the
permeate side. To be coherent with the general assumption of a continuous gradient of the
chemical potential, it is implicit that the rate of absorption and desorption at the membrane
interface are much higher than the rate of diffusion through the membrane. The absorption
and desorption processes do not influence the overall transport rate of the molecules through
the membrane, therefore, the limiting process for the permeation rate is only the diffusion of
the substances through the membrane. The last considerations are no longer valid in transport
involving chemical reactions or in diffusion of gases through metals, where the
absorption/desorption rates are slow [17].
Contrary to the pore–flow model, the solution-diffusion model assumes that the pressure
within the membrane is constant. Therefore, the chemical potential gradient across the
membrane is produced only as a concentration gradient between the feed and the permeate
side, as shown in figure 1b. This assumption implies that the membrane transmits the pressure
in the same way as liquids do [16].
The solution-diffusion model has the same starting point as the pore–flow model, as shown in
equation 1, where the flux is related with the concentration, the mobility or flexibility of the
permeating molecule and the driving force expressed by the chemical potential gradient. The
Nernst-Einstein equation offers a relationship between the thermodynamic diffusion
coefficient ( Di ) and the mobility of the permeating molecule. With the combination of
equations 1, 2 and 6, the general transport equation can be written as a function of a constant
diffusion coefficient as presented in equation 7.

Eq. 6

~
Di  Li RT

 d ln ai Vi dP 
J i  ci , M Di 


RT dz 
 dz

Eq. 7

Equation 7 can be reduced to the well known Fick’s first law of diffusion when the
concentration gradient is considered as the only driving force. Therefore, under the proper
conditions, the thermodynamic diffusion coefficient becomes equal to the Fick’s diffusion
coefficient.

F  dc 
J i   Di  i 
 dz 

Eq. 8

With the consideration of a constant pressure over the whole cross section of the membrane,
the term dP dz from equation 2 is equal to zero after the integration inside the membrane
over the membrane thickness. Consequently, the flux of a component i can be expressed as
follows:

Ji  

ci , M Di  ai ,MP
ln
l
 ai ,MF






Eq. 9
Ji 

ci , M Di
ln ai ,MF  ln ai ,MP 
l

Assuming that the feed and permeate mixtures are in equilibrium with the membrane
interfaces, the chemical potential of each component outside the membrane are equal to the
ones inside the membrane. Therefore, this assumption allows the estimation of the activities at
the inner membrane surfaces by calculating the activities at the feed and permeate sides
outside the membrane.

i ,F  i , MF

i , F  i 0  i , MF  i 0
Eq. 10

RT ln ai , F  Vi PF  Po   RT ln ai ,MF  Vi PMF  Po 
PF  PMF

 ai ,F  ai , MF

i ,P  i ,MP

i , P  i 0  i , MP  i 0
RT ln ai ,P  Vi PP  Po   RT ln ai , MP  Vi PMP  Po 

Eq. 11
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Eq. 12

Equation 7 can be integrated in the outer membrane surfaces obtaining an identical result as
shown in equation 12. To achieve this result, it is not necessary to consider a constant
pressure over the cross section of the membrane. The pressure inside the membrane can be
considered as a linear gradient; therefore, the most controversial assumption of the solutiondiffusion model (i.e., constant pressure inside the membrane) vanishes, as shown in figure 1c.
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Eq. 13






2.3 Concentration inside the membrane
The concentration inside the membrane can be estimated with the Flory-Huggins-Staverman
(FHS) theory for ternary systems after the consideration presented in equation 10, as follows:

ln a1,F  ln 1,M  1  1,M  

V1
V
2,M  1 3,M  ...
V2
V3
Eq. 13
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Eq. 15

The parameters a1,F and a 2,F represent the activity coefficient of each solvent in a binary
mixture outside the membrane (feed and permeate solution). These parameters are easily
calculated with the UNIFAC method by knowing the composition of the feed solution, while
the FHS interaction parameters in the ternary system solvent–solvent–membrane can be
estimated by the use of swelling experiments [27-30]. By definition, when the equilibrium is

reached in the swelling experiments, the activity coefficients of each solvent inside the
membrane should be identical to the one in the binary solution outside the polymer, as
schematically shown in figure 2. Therefore, by applying equations 13 to 15 to the swelling
experiments, the FHS parameters are calculated through the activity coefficients calculated
from the binary solutions. Later, those interaction parameters facilitate the estimation of the
real solvent concentration inside the membrane for the feed and permeate conditions.

2.4 Mutual diffusion coefficient
Together with the concentration of the permeants inside the membrane, the mutual diffusion
coefficients are vital for the analysis of many polymer processing operations [31]. The term
tends to be confusing for mixtures of superior order, therefore, it is often called
thermodynamic or Maxwell-Stefan diffusion coefficient.
In order to obtain an expression for the mutual diffusion coefficients, an expression which
relates the self-friction coefficient is needed. Unfortunately, there appears to be no appropriate
theory which can be readily evaluated to produce an expression which relates the self-friction
factors between each other in polymer–solvent systems [19, 31]. A common assumption is to
consider that the mutual coefficients are the geometrical average of the two corresponding
self-coefficients, as shown in equation 16.

 i , ji  j   i #,i  j #, j

Eq. 16

Hence, the mutual diffusion coefficient for a binary polymer–solvent system can be
determined as follows [32-34]:


2
D  D1 1  1  1  2  1 

Eq. 17

For most of the engineering and membrane processes where diffusion plays a key role,
equation 17 can be applied. However, for middle-high permeant concentration as well as
multicomponent mixtures, additional parameters – which need to be fitted from experimental
diffusion data – have to be included in order to describe the mutual diffusivities of the system.

The above mentioned equations to estimate the binary diffusion coefficients cannot be easily
extended for ternary systems without the introduction of unknown parameters which need to
be adjusted from experimental data. To achieve the extension for ternary systems, Wesselingh
& Bollen consider that the effective tracer friction coefficients are linearly related with the
self-diffusion friction coefficients, as shown in equation 18. Therefore, it is considered that
the tracer friction coefficients have a low concentration dependence, so they do not influence
each other [19].

 i #,eff  xi i #i   x j i #, j

Eq. 18

j i

By introducing equation 16 into equation 18, and after proper reorganization, the mutual
friction coefficients for ternary solvent–solvent–polymer systems can be calculated by
equation 19.

 ij 

where

 i #,eff  j #,eff
k xk  k #,eff

i  j

Eq. 19

represents the mutual diffusion coefficient and the summation is done over the

whole number of components. The mutual diffusion coefficient is estimated with equation 20.

Di j 

RT

i j

i  j

Eq. 20

2.5 Compaction factor

In the majority of composite membranes under high pressure, a falling rate behavior of the
permeation flux with the increase of pressure is found [35, 36]. Different ways to account for
this effect have been proposed. On one hand, Paul et al. describes a concentration gradient
induced by the applied pressure and a falling diffusion caused by it [23, 36-38]. On the other
hand, Machado et al. explained this performance by the fact that the majority of composite
membranes can compact themselves during filtration process. The consequence of this

compaction resides in a decrease of the membrane thickness with the consequent reduction of
the free volume inside the membrane [39, 40]. Although both approaches are extensively used
in the recent literature, in this work we follow the later one.
Machado et al. described the falling behavior with the following relations (equations 21 and
0

0

22). There, Li and li are the permeability and the membrane thickness under atmospheric
pressure, respectively [39].

J i  Li e  P P
0

Eq. 21
0

Li ~

1
l0

J i  Li P  P
Li 

1
l

Eq. 22

l  l 0 eP
In the presence of compaction a lower permeation flux than the one expected is found.
Consequently, the flux decreases when the pressure increases, as if the selective layer were
thicker than before but without any change on the free volume.
The compaction factor  is extensively related with the swelling degree of the membrane.
Therefore, for a mixture of solvents, a mixing rule which describes the compaction for a broad
concentration range needs to be considered [8].
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i
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i

Eq. 23

Here,  is the compaction factor of the membrane and i is the compaction factor which
appears in the presence of a pure solvent i. In order to consider the whole contribution of the

chemical potential instead of only the one from the molar fractions, the mixing rule is taken as
a function of the solvent activities instead of the molar fractions.
2.6 Solution–diffusion with imperfections model
The solution-diffusion with imperfections model was an early modification of the solutiondiffusion model. Sherwood et al. postulated that the transport mechanism can be expressed as
a combination of diffusion through the dense layer of the membrane and pore transport
through small imperfections or defects in the membrane [41]. Therefore, the model adds a
second term to the solution-diffusion model, corresponding to the possible viscous transport
across the membrane, as shown in equation 24 [41-43].

J i  J i ,SDM  J i ,VT
Eq. 24
J i  J i ,SDM  ci ,F

*

K
P
l m

Here, J i ,SDM represents the flux calculated with the solution diffusion model and J i ,VT the flux
from the viscous contribution. The term K * is a coupling coefficient describing the pore flow
similar to the Darcy’s law coefficient.  m corresponds to the viscosity of the permeant
mixture. Equation 24 considers that the solute concentration at the exit of an imperfection is
the same as at the entrance, which is only justified with the assumption that the imperfections
are nonselective. However, the imperfections are surrounded by a matrix where the solute
exit-concentration is decreased. That gives rise to diffusion along the membrane which causes
a concentration decrease at the exit of the imperfection. Therefore, modifications to the
solution-diffusion with imperfections model have been proposed in order to consider lateral
diffusion in order to balance the solute concentration at the end of the imperfections [44].
For mixtures of organic compounds with different sizes, a selectivity factor needs to be
included in equation 24 in order to account for any separation discrimination between small
and large molecules within the imperfections [18]. Moreover, for a general case where the
imperfections are inhomogeneous, equation 24 becomes as follows:

J i  J i ,SDM  ci ,F

J i  J i ,SDM  ci ,F

K *~l
P
l m
~
Ki
P
lm

Eq. 25

~
Here, ~l represents a selectivity factor due to the nature of the imperfections and Ki
corresponds to the partial mechanical permeability of the imperfections. The solutiondiffusion with imperfection model has shown in the past years an excellent improvement over
the solution-diffusion model when permeation data for reverse-osmosis and nanofiltration
membrane processes are analyzed [1, 8, 18, 45]. Nevertheless, the solution-diffusion with
imperfections model has two major disadvantages. The first inconvenience is related with the
~
partial mechanical permeability ( Ki ) due to the nature of the imperfections (pores), which
value is not possible to determine from the pore–flow model parameters (i.e., pore diameter,
tortuosity and porosity). Therefore, for real membranes the parameter has to be found
experimentally. The second disadvantage resides in the nature of the parameters which
describe the diffusive flux. These parameters normally can be affected by both the
concentration and the applied pressure (e.g., diffusion coefficients) with the consequent
deviation between the experimental data and the calculated one [42].
3. Experimental Methods

3.1 Materials
The membrane used in this study is a composite membrane developed at the HelmholtzZentrum Geesthacht Centre for Materials and Coastal Research. The membrane is formed by
a solvent resistant support layer made of polyacrylonitrile (PAN) and a selective top layer of a
high molecular weight polydimethylsiloxane (PDMS). The PAN support was prepared by
phase-inversion over a non-woven layer of poly(ethylene terephthalate) with a density of 100
g/m² and an approximated thickness of 140 µm.
The PDMS layer was coated over the PAN support with an industrial coating machine from a
solution of high molecular weight PDMS, curing agent, solvent (hydrocarbon) and platinum
catalyst which allows the polymer to thermally crosslink. Additionally, the membrane was
crosslinked with a low energy electron beam of 150 kGy by IOM/Leipzig in order to obtain

the desired chemically resistant membrane with a PDMS layer thickness of 5 µm, as shown in
figure 3.
The quality of the coating of a composite membrane is assessed by performing single gas
permeation measurements of O2 and N2 [21]. The gas permeation was measured with a
Bioblock-Scientific® soap-bubble flowmeter. The experiments were carried out with the use
of a transmembrane pressure of 2.5 bar. The selectivity of the polymer/membrane is defined
as the fluxes ratio between two different permeating gases as shown in equation 26.



i / j 

Qi
Qj

Eq. 26


where i / j represents the selectivity between the gases i and j. Q represents the volumetric
flow rate of the permeating gases. A defect-free PDMS composite membrane should have
selectivity close to the intrinsic selectivity of the PDMS in bulk. The PDMS bulk selectivity
between O2 and N2 varies from 2.10 to 2.15 depending on the polymer molecular weight [29,
46, 47]. Therefore, the membranes were considered free of defects when the selectivity
between O2 and N2 was at least 2.10.
To eliminate any non-uniformity effect between the different stamps, permeation fluxes for
each stamp obtained from the nanofiltration experiments were normalized by the
corresponding nitrogen flux of the used stamp according to equation 27. This procedure
accounts for changes in thickness, porosity and pore size distribution between the stamps.

J Norm k 

QN2 k
QN2

Jk

Eq. 27

where J Norm k is the normalized flux and J k the non-normalized one for the used stamp k. QN 2 k
and QN 2 represent the nitrogen volumetric flow rate for the stamp k and the average one from
the whole set of stamps used in this work, respectively.
Solvents with synthesis grade for diffusion and nanofiltration measurements were used as
received. For the experiments with mixtures of solvents, a ketone was selected as a good
permeant and a glycol as a bad one (solute). The selected ketones were ethyl methyl ketone

(MEK) and diethyl ketone (DEK). The used glycols were tetraethylene glycol (TEG),
tetraethylene glycol dimethyl ether (TEGDME) and polyethylene glycol dimethyl ether 250
(PEGDME). The PEGDME was obtained from Fluka® and the rest of the solvents from
MERCK®. A list of the properties of the used substances is shown in table 1. For the case of
PDMS, the molecular weight of the polymer chain repeating unit is shown instead of the
molecular weight of the whole polymer.
Table 1. Chemical structure and physical properties of the used substances.

Substance

PDMS

MEK

DEK

TEGDME

PEGDME

CAS

MW

VC

MERCK

(g/mol)

(m³/mol)

–

74.11(a)

–

72.11

2.67·10-4 (c)

86.13

3.36·10-4 (c)

222.28

6.91·10-4 (b)

298.21(b)

9.15·10-4 (b)

78-93-3
822253
96-22-0
803605
143-24-8
820959
24991-55-7
814173

(a) Molecular weight of the polymer chain repeating unit, (b) Conesa et al. [48], (c) Korea
thermophysical properties data bank [49], (d) CHEM group data sheets [50]

According to Conesa et al. [48], the PEGDME 250 from Fluka® is a mixture of ethylene
glycol dimethyl ethers with different chain lengths – between 3 and 9 – but is often
considered as a pseudo pure compound. Therefore, a pseudo chain unit value of 5.723 was
found, which corresponds to a molecular weight of 298.21 g/mol. Density and viscosity data
for a range of temperatures between 10 ºC and 80 ºC were estimated for the ketones by
Aspen® Custom Modeler, and the corresponding data for the glycols can be found elsewhere
[48]. The density of the PDMS can be considered to be 0.970 kg/m³ for the complete range of
temperatures [29].

3.2 Nanofiltration
A nanofiltration setup (figure 4) was used to investigate the effect of pressure and temperature
over the filtration performance on dense membranes. The equipment is formed by a supply
vessel with a recirculation cooling bath where the feed solution is kept to control its
temperature. The equipment has the capability to pump the solution into the membrane cell
with a relative pressure from 1 bar to 45 bar. The dead-end type membrane cell can fit a
membrane with a diameter of 7.4 cm with an effective area of 37.94 cm2 after including an oring which prevents any leak in the test cell. Samples from the feed, permeate and retentate
solutions can be taken for the estimation of the solution concentration at those points. Hence,
it is possible to take samples in the points denoted as “a”, “b” and “c” in figure 4.
The pressure of the system can be regulated with an expansion valve located after the
membrane cell. The temperature was changed between 20 ºC and 30 ºC in order to study the
temperature effects over the permeation properties. For this, a thermostat was attached to the
supply vessel and a cross-flow exchanger after the membrane cell was used. The temperature
of the feed solution was controlled with the use of a digital thermometer attached at the
entrance of the test cell. The membrane is left inside the membrane cell until steady-state
conditions of pressure and temperature are reached. In order to achieve faster the steady-state
conditions, the membranes were left overnight inside a flask with the permeation solvent
allowing a pre-swelling of the membrane stamps. The permeation rate is calculated by
collecting a sample of a determined volume at the point “b” of the equipment (see figure 5)
and by measuring the corresponding permeation time.
To estimate the flux amount of each permeant, it is necessary to know the exact concentration
of the permeated solution. In the same way, to know the final retention of the membrane
during the filtration process, it is necessary to know the concentration of the feed solution.
Therefore, for solutions formed by two different substances with nonsimilar densities, the
average molar density can be used to calculate the concentration in a solution as shown in
equation 28.
2

 M   xi  i
i

Eq. 28

 M   1   2  1  x 2

To avoid any nonlinearity in the measurement, i.e., nonlinearity in the mixture density or
nonlinearity in the detector, a calibration curve for a set of different concentrations was done.
For the preparation of the calibration curve, solutions of 20 ml with different concentrations
were prepared, i.e., from 0 wt % to 20 wt % in steps of 1 wt %. The solutions were deposited
in closed glass bottles and stirred over 8 hours without heating. The curve obtained after
plotting the concentration as a function of the density can be directly related with the density
results from feed and permeate solutions.
The measurements have been done in a densimeter DMA 46 from Anton Paar KG. The
equipment includes an integrated thermostat which keeps the temperature at the desired value.
The equipment allows density estimation of organic substances when the display results are
properly calibrated with water solution patterns. Due to the nature of the measurement, the
calibration curve allows the calculation of solution concentrations without any further
calibration of the equipment. However, a proper calibration is still needed if the exact density
of the mixture is required.
4. Results and Discussion

4.1 Nanofiltration
The effect of the chain length of the permeants was investigated by comparing the permeation
behavior of MEK/TEGDME and MEK/PEGDME systems. In addition, the affinity between
the solvent and the polymeric membrane is studied by comparing the MEK/TEGDME and
DEK/TEGDME systems. A summary of the permeation fluxes for different systems at 25 °C
is shown in figures 5 to 7.
As expected, by comparing the permeation behavior of MEK/TEGDME and MEK/PEGDME
(figures 5 and 6), the system with the long EGDME chain presents lower permeation fluxes
than the one with the short chain length. When the MEK/TEGDME system is compared to the
MEK/PEGDME system, the higher permeation observed is produced by the higher swelling
degree, higher thermodynamic diffusivities and lower viscosity of the MEK/TEGDME
mixture than the ones corresponding to the MEK/PEGDME system [24].
Similarly, the permeations found for the system formed by DEK/TEGDME and presented in
figure 7 are higher than the corresponding ones for MEK/TEGDME (figure 5). Because the
thermodynamic diffusivities for both systems are similar, the differences in permeation could
be explained by the higher polymer swelling presented in the system DEK/TEGDME

compared to the one of the system MEK/TEGDME even though both systems show similar
thermodynamic diffusivities [24].
The effect of temperature over the permeation behavior was investigated by MEK/TEGDME
nanofiltration measurements at different temperatures (i.e., 20 ºC, 25 ºC and 30 ºC). The
summary of the measurements at 20 ºC and 30 ºC is presented in figures 8 and 9, respectively,
whereas the permeation at 25 ºC was previously shown in figure 5.
As shown in figures 5, 8 and 9, the permeation fluxes for both MEK and TEGDME increase
when the temperature increases. This behavior is expected due to two independent
contributions. First, the viscosity of any of the mixtures decreases when the temperature
increases. Therefore, the viscous contribution of the permeation fluxes increases with the
temperature. The second contribution refers to the increase of the polymer free volume when
the temperature increases [51, 52]. This increase in the free volume of the polymer has as a
consequence the increase of the diffusion coefficients, and therefore higher permeation fluxes
are expected.

4.2 Modeling of organic solvent nanofiltration
For the modeling various parameters need to be known, i.e., average concentration inside the
membrane and mutual diffusivities between permeants and the membrane. The molar
concentration of each compound inside the membrane is calculated according by equation 28.
As exemplification, a set of molar concentrations inside the membrane at different
experimental conditions for the MEK/TEGDME system are summarized in table 2. Here, the
concentration of PDMS increases when the TEGDME feed concentration increases, as
expected from the swelling experiments previously reported [24]. Additionally, the
concentration of PDMS increases when the applied transmembrane pressure increases. This
behavior could be explained by the compaction of the composite membrane caused by the
increment of the pressure. Therefore, when high pressures are applied, the PDMS layer is not
able to increase its thickness – due to the swelling – as much as under the influence of low
pressures.

Table 2. Concentration inside the membrane for the MEK/TEGDME system at different
experimental conditions.

P

Weight concentration
in the free solution

Weight concentration
inside the membrane

Average molar
concentration

(abs. bar)

(%)

(%)

(mol/m3)

Feed

Permeate

S1

S2

PDMS

S1

S2

PDMS

10-40

0.00

0.00

54.2

0.0

45.8

6548.6

0.0

5376.2

10

4.72

3.73

45.1

1.9

53.0

5542.5

76.7

6347.3

20

4.76

3.10

42.1

1.7

56.2

5212.8

67.3

6765.4

30

4.86

2.69

40.2

1.6

58.2

4995.3

63.3

7035.2

40

4.77

2.40

38.8

1.5

59.7

4832.6

61.0

7234.8

10

9.89

7.86

39.2

3.7

57.1

4885.6

147.5

6921.0

20

9.97

6.60

36.9

3.2

59.9

4612.5

131.0

7292.9

30

9.78

5.69

35.3

3.0

61.7

4434.9

122.3

7528.8

40

9.85

5.05

34.1

2.9

63.0

4293.3

117.2

7711.5

10

15.21

12.22

33.7

5.1

61.2

4242.4

208.4

7505.3

20

15.12

10.55

31.8

4.5

63.7

4016.8

184.6

7843.9

30

15.13

9.02

30.5

4.1

65.4

3861.9

169.8

8070.7

40

15.05

8.09

29.4

3.9

66.6

3739.5

162.2

8237.8

“S1” corresponds to MEK and “S2” corresponds to TEGDME

The estimation of mutual diffusivities for ternary systems cannot be easily achieved without
the introduction of adjustable parameters [19]. Wesselingh & Bollen proposed an easy method
to estimate tracer diffusion coefficients and with the use of a mixing rule the estimation of
mutual diffusivities is achieved. In this model, the success of the calculation is limited by a set
of assumptions considered along the model. Therefore, the model tends to work very well on
systems of similar molecules and start to fail when the components differ in size and chemical
structure [8, 19, 24, 53]. The necessity of reliable data should be balanced with the increase
on complexity in more general diffusion theories when the number of components in the
diffusing mixture increases.
A most reliable model can be used by a combination of the most general Vrentas & Duda
diffusion theory with the mixing rule from the Wesselingh & Bollen model in order to
calculate the mutual diffusivities. Such approach will overcome the majority of the
considerations that fail in the Wesselingh & Bollen model.

The here proposed method relies on the ability to use a few sets of experimental data from
PFG-NMR measurements in order to estimate the adjustable parameters that are present in the
Vrentas & Duda diffusion theory. Such adjustable parameters are intrinsic to the components
and do not depend on the concentrations of those in the system. Therefore, the Vrentas &
Duda theory is used to estimate tracer diffusivities of the components under the conditions
presented during the permeation experiments. With such reliable values, the mixing rule
proposed by Wesselingh & Bollen is applied in order to estimate the mutual diffusivities of
the real system (equation 20). A scheme of the different calculation methods is presented in
figure 10.
With these values, the fluxes and retentions for different ketone/EGDME nanofiltration
experiments are modeled by using the solution-diffusion with imperfections model.
Correlations between modeled and experimental data of the different systems here
investigated are shown in figures 11 to 13, whereas the regressed parameters of the model are
shown in table 3.
Table 3. Regressed parameters from the solution-diffusion with imperfections model:
~
membrane thickness ( l ), partial viscous permeability of the membrane ( K i ) and compaction
factor as a function of different feed concentrations (  ).

Substance

l μm 

~
K i (10-10 m2)

 (10-7 Pa-1)

S1

S2

0 wt %

5 wt %

10 wt % 15 wt %

MEK/TEGDME

26.6

1.99

0.36

1.70

1.39

1.22

1.01

MEK/PEGDME

50.0

1.02

0.19

1.70

1.29

1.27

1.25

DEK/TEGDME

44.4

1.44

0.88

1.16

1.12

1.02

0.92

An excellent correlation between experimental and modeled data has been found, within the
errors, for all the ketone/EGDME systems, as can be appreciated in the figures 11 to 13. The
estimated thickness shown in table 3 corresponds to the one of a swelled PDMS layer, which
is affected by both the swelling degree and the compaction factor. For the MEK/TEGDME
system, a lower thickness than the one for DEK/TEGDME is found. This tendency is
expected from a comparison between the swelling degrees for both systems. Nevertheless, the
estimated values of the membrane thickness are affected in both cases by the concentrations
used which were obtained by the swelling experiments (i.e., concentrations inside a polymer
only thermally crosslinked) instead of actual concentrations in the membrane. It is expected

that the concentration of permeants should be lower for a polymer with higher degree of
crosslinking (i.e., crosslinked thermally and by radiation) than for polymers with lower degree
of crosslinking (i.e., only thermally crosslinked).
Additionally, the estimated thickness for the MEK/PEGDME system is higher than the one
estimated for MEK/TEGDME. This difference is not expected, since the thickness depends
mainly on the swelling degree of the polymer in a given system, and this is higher in the
MEK/TEGDME system than in the MEK/PEGDME system. However, this result could be
explained by a higher difference in the concentration of the permeants between the thermally
crosslinked polymer and the one with a further crosslinking by radiation. The difference will
be higher for big molecules than for small ones due to the increased difficulty to
accommodate the big molecule inside the polymer lattice when the polymer chains have less
mobility.
In order to illustrate the importance of an accurate estimation of the concentration inside the
membrane, the simulation results for the MEK/TEGDME system when the concentration
inside the membrane is not estimated from the swelling experiments are shown in figure 14.
Although a good correlation between modeled and experimental fluxes for MEK is obtained,
a poor correlation is found for the TEGDME ones. For instance, the modeled results for
TEGDME can differ up to 400 % from the experimental fluxes. In order to explain this
behavior the effect of two different conditions on the simulated data needs to be analyzed.
The first condition is an overestimation of concentration inside the membrane for both
permeants when calculated from the Flory-Huggins-Staverman theory. Since the interaction
parameters

are

estimated

only

by

solubility

parameters

for

binary

solutions

(polymer/permeant), the presence of a second permeant inside the membrane is not
considered. The second condition is that the diffusion coefficients of the good solvents are
slightly overestimated and the ones corresponding to the bad solvents are underestimated
when the concentration inside the membrane are calculated from the Flory-HugginsStaverman theory for binary mixtures, as shown in our previous work [24].
In case of the good solvent, the effect of the above mentioned conditions over the modeled
permeation is in some way balanced giving an apparent good correlation. In contrast, such
balance does not take place in the TEGDME simulation where both the concentration and the
diffusion coefficient are overestimated. Therefore, the correlation between experimental and

simulated data deviates greatly. Nevertheless, the regressed parameters for this modeling are
~
~
as follows: l = 12.7 µm, K MEK = 1.93·10-10 m2 and K TEGDME = 7.84·10-16 m2.
4. Conclusions

A simulation routine to model the diffusion behavior of the components involved in
nanofiltration experiments was implemented. Such routine consists of two stages where the
different relevant parameters were theoretically estimated and compared to experimental
measurements. First, based on reliable tracer diffusivity data of the investigated system, the
Vrentas & Duda diffusion theory allows the estimation of tracer diffusivities over an extended
range of concentration – namely over the range of conditions in the permeation experiments–.
Second, with the use of a proper mixing rule as the one proposed by Wesselingh & Bollen,
mutual diffusivities in multicomponent systems can be easily estimated.
The permeation of mixtures of ketones and glycols through dense polydimethylsiloxane
composite membranes were investigated by the use of the solution-diffusion with
imperfections model. The modeled permeation fluxes were directly compared with the
experimental nanofiltration results in order to evaluate the quality of the simulation routine.
Very good correlations were found for all ketone/glycol systems when both concentration and
diffusion coefficients were estimated as previously described. Particularly, it is worth noticing
the importance of a good estimation of tracer diffusion coefficient values and, even more, a
precise estimation of the average concentration of the permeants inside the membrane.
A further improvement to the here presented modeling would be the use of a more general
transport equation such as the Stefan–Maxwell multicomponent diffusion transport equation.
Because the solution-diffusion and even more the solution-diffusion with imperfections model
are based on experimental observation of the conditions presented in a nanofiltration process,
the use of a general transport equation will facilitate a better understanding of industrial
membrane based processes. Thus, a process development based on simulation will be
facilitated.
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Figure 1. Pressure-driven Permeation process through a membrane, according to: a) pore–

flow transport model, b) solution diffusion model, c) solution-diffusion model without
constant pressure consideration.

Figure 2. Schematic representation of the differences between swelling experiments and

membrane separation process. The points represent the place where the solvent/solute average
concentration is calculated.

Figure 3. Scanning electron micrograph of a PDMS composite membrane.

Figure 4. Schematic representation of the nanofiltration equipment. 1) supply vessel, 2)

pump, 3) membrane cell, a) feed solution sample, b) permeate solution sample, c) retentate
solution sample

Figure 5. Experimental permeation fluxes at 25 ºC for a MEK/TEGDME system as a function

of the absolute applied pressure for different TEGDME feed concentrations. The filled
symbols represent the fluxes of MEK, whereas the open symbols correspond to TEGDME
fluxes.

Figure 6. Experimental permeation fluxes at 25 ºC for a MEK/PEGDME system as a function

of absolute applied pressure for different PEGDME feed concentrations. The filled symbols
represent the fluxes of MEK, whereas the open symbols correspond to PEGDME fluxes.

Figure 7. Experimental permeation fluxes at 25 ºC for a DEK/TEGDME system as a function

of absolute applied pressure for different TEGDME feed concentrations. The filled symbols
represent the fluxes of DEK, whereas the open symbols correspond to TEGDME fluxes.

Figure 8. Experimental permeation fluxes at 20 ºC for a MEK/TEGDME system as a function

of absolute applied pressure for different TEGDME feed concentrations. The filled symbols
represent the fluxes of MEK, whereas the open symbols correspond to TEGDME fluxes.

Figure 9. Experimental permeation fluxes at 30 ºC for a MEK/TEGDME system as a function

of absolute applied pressure for different TEGDME feed concentrations. The filled symbols
represent the fluxes of MEK, whereas the open symbols correspond to TEGDME fluxes.

Figure 10. Scheme of different calculation methods for the estimation of mutual diffusion

coefficients.

Figure 11. Correlation between measured MEK/TEGDME permeation fluxes and simulated

data calculated by the solution-diffusion with imperfections model. The filled symbols
represent the fluxes of MEK, whereas the open symbols correspond to TEGDME fluxes.

Figure 12. Correlation between measured MEK/PEGDME permeation fluxes and simulated

data calculated by the solution-diffusion with imperfections model. The filled symbols
represent the fluxes of MEK, whereas the open symbols correspond to PEGDME fluxes.

Figure 13. Correlation between measured DEK/TEGDME permeation fluxes and simulated

data calculated by the solution-diffusion with imperfections model. The filled symbols
represent the fluxes of DEK, whereas the open symbols correspond to TEGDME fluxes.

Figure 14. Correlation between measured MEK/TEGME permeation fluxes and simulated

data calculated by the solution-diffusion with imperfections model, with permeant
concentrations estimated by interaction parameters from binary systems. The filled symbols
represent the fluxes of MEK, whereas the open symbols correspond to TEGDME fluxes.

