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ABSTRACT: In this study, retention experiments were performed to characterize the variable sieving properties of a poly(dimethylsilox-

ane) (PDMS) membrane in relation with operating parameters. The swelling, transmembrane pressure, and temperature are all

known to impact the physicochemical properties and morphology of PDMS polymer and were therefore varied for the purposes of

our retention experiments which assessed them with the homologous series of polyethylene glycols (PEGs; 200–1500 g mol21). The

objectives were twofold—first, to evaluate the capacity to induce a targeted molecular weight cutoff (MWCO) by selecting appropri-

ate filtration conditions and second to better understand the mechanisms involved during solvent-resistant nanofiltration with

PDMS. The selected solvents or solvent/solvent mixtures used throughout this study were found to induce swelling ratios of 1.16

(ethanol/ethyl acetate: 25/75), 1.26 (ethyl acetate), 1.33 (ethyl acetate/toluene: 50/50), and 1.41 (toluene), respectively. Linear correla-

tions were obtained between the MWCO and the swelling ratio induced by each solvent and between the MWCO and the transmem-

brane pressure. Pore size calculations using solvent flux and retention data confirmed the variable sieving properties of the PDMS

membrane in relation to the solvent-induced swelling and applied transmembrane pressure. In addition, the study of the solute-

transfer rate through several operating conditions showed that both diffusive and convective transports occurred for the PEG solutes

and that their respective contributions appeared dependent on the variable pore size of the PDMS membrane. VC 2014 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2014, 131, 41171.
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INTRODUCTION

Over the last few decades, solvent-resistant nanofiltration

(SRNF) has been of great interest for study because of its sev-

eral influential applications in separation processes involving

organic solvents. Indeed, SRNF could be an environmentally

friendly and economic means for replacing energy-consuming

systems. Catalyst recovery, molecular sieving, chemical crack-

ing, and the purification of active components constitute a

nonexhaustive list of applications that could be considered tak-

ing into account current industrial and environmental

requirements.1

The mechanisms of aqueous nanofiltration (NF) are fairly well

documented but uncertainties remain about this process when

organic solvents are used.2 This is mainly owing to additional

solvent–solute–membrane interactions.3–9 Many studies have

attempted to model mass transfer through such membranes.

Bhanushali et al.10 showed how both diffusion and convection

contribute to solute transport (dyes and triacylglycerols). Fur-

thermore, several studies11–14 have shown that the balance

between convective and diffusive transports would be mainly

directed toward convective transport, especially when the sol-

ute size is much lower than the volume depicted by the inter-

chain spaces in a polymer matrix. Zeidler et al.15 showed that

solute transfer through the membrane can be described using

either the solution-diffusion model or the pore flow model,

depending on the affinity between functional groups of the

solute and the membrane. Given the variability in valid avail-

able models which can be used to describe solute transport

through SRNF membranes, further investigations are needed

to better understand the SRNF process and predict its

performances.

In addition, rubbery polymers—among which poly(dimethylsi-

loxane) (PDMS) is well covered by the SRNF studies—exhibit

certain properties which make it possible to envisage a

selectivity-controlled NF process. The morphologic changes

induced in the polymeric membrane by several operating

parameters appear to play a major role. Unfortunately, the poly-

mer structure depends on several operating conditions and this

increased the complexity of characterizing both transport mech-

anisms and process performances. Difficulties in predicting this
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kind of solvent-dependent behavior in membranes16–19 have

meant that the impact of operating parameters on the polymer

network structure and on consequent sieving performances

remains unclear.20–23

First, the swelling of a PDMS membrane is known to be

dependent on the solvent that is put in contact with. In addi-

tion, for a given solvent, the amount of sorbed liquid in the

polymer and concomitant increase of the interchain distances

were reported to be strongly dependent on PDMS synthesis

conditions—the initial amount of crosslinker,24 vulcanization,25

or plasma treatment,26 addition of fillers such as silicates,27 or

metal organic framework28 constitute a nonexhaustive list of

treatments that induce different polymer layouts and crosslink

densities. These criteria are known to have significant impact

on the swelling capacity, mechanical properties, and permeation

performances.

Second, when a thin PDMS film is used as an active layer in a

SRNF experiment, it is subjected to two opposite influences. As

described above, solvent-induced swelling tends to increase per-

meability and decrease retention.29–32 Also, the film is exposed

to significantly high transmembrane pressure (TMP) (usually,

20–40 bar) which would tend to flatten the swollen PDMS. Tar-

leton et al.33 developed a specific apparatus to measure the

swelling ratio of PDMS polymers under pressure. They noted

that an applied pressure of 20 bar led to an 80% reduction of

heptane-induced swelling as compared to the value obtained at

atmospheric pressure. Similarly, Ogieglo et al.34 noticed a signif-

icant reduction of the membrane’s thickness induced by the

applied TMP during NF experiments.

Finally, temperature has been found to strongly influence

PDMS behavior when swollen with a solvent and/or submitted

to compression strains.35,36 Indeed, increased relaxation of the

polymer chains as a consequence of the temperature increase

leads to increased swelling of the polymer because of reduced

limitations on the elastic forces. The polymer matrix is conse-

quently softened which thus makes it more susceptible to

compaction.

In this study, we attempted to better understand the relation-

ship between the layout of a commercial PDMS membrane

(depending on the operating conditions of the SRNF experi-

ments) and its molecular sieving properties. Retention experi-

ments were carried out using the homologous series of

polyethylene glycols (PEGs, 200–1500 g mol21) to characterize

the influences of swelling, TMP, and temperature on the solute

retention.

MATERIALS AND METHODS

Membrane and Chemicals

This study was performed with commercially available dense

PDMS membranes to overcome possible interferences related to

the use of composite membranes and above all, because of the

possibility of polymer intrusion into the support material which

may have restricted PDMS swelling and performances.37,38 This

material was also expected to be highly reproducible and the

supplier specifications suggested that it could be obtained by

exactly the same synthesis process for all studied thicknesses.

The membrane used throughout the study was a dense 125-mm

thick PDMS film purchased from ETHICON (Issy les Mouli-

neaux, France). Flat sheet samples of PDMS with a 1.5 mm of

thickness (same provider) were also used for measuring swel-

ling. The solvents used for swelling experiments and for formu-

lating the feed mixtures for the NF investigations were toluene,

ethyl acetate, and ethanol—all from Sigma Aldrich
VR

(Saint

Quentin Fallavier, France) and all are of analytical grade. The

PEG solutes were obtained from the same supplier. Their molar

masses were 200, 400, 600, 1000, and 1500 g mol21,

respectively.

NF Experiments

The four solvents or mixtures used throughout this study were

selected from a previous study of the swelling and compressibil-

ity of the PDMS membrane.39 They presented linear relation-

ships (R2> 0.99) between:

1. The values of the Hildebrand solubility parameter (HSP)

and the proportion of solvent in the PDMS/solvent system

(uS).

2. The solvent volume in the membrane and the total volume

of the PDMS/solvent system.

3. The molar mass (calculated with the Phantom model)

between the polymer chains and the swelling ratios.

4. For mixtures, the measured swelling ratio (SL, the ratio of

the dimensions of a swollen PDMS sample to the dimen-

sions of the same sample in its dry state) and the molar

contribution of each solvent to this value.

5. The TMP and the corrected solvent fluxes that take into

account both swelling and compressibility of the PDMS

membrane.

These criteria appeared of great importance for a study of reten-

tion performances, and hence avoiding any unexpected effects

of solvent–membrane interactions (e.g., swelling extent as a

function of affinity for the membrane, high fluxes despite a

weak swelling, strong retentionship whereas the swelling degree

is high, etc.) as much as possible. Thus, it was expected that the

performances could be predicted from just a small amount of

experimental data to extrapolate to the entire range of the

assessed operating conditions. The four selected solvents are

listed in Table I along with their main properties which influ-

ence the NF process.

The NF device was composed of a laboratory-made tangential

device with an effective filtration area of 30 cm2 and equipped

with a pressure gauge (Figure 1). The filtration module con-

sisted of two stainless steel rings, ensuring membrane mainte-

nance and tightness, a stainless steel macroporous mechanical

support and a protection paper between the PDMS membrane

and this support. The module was fed with an high-

performance liquid chromatography pump and a pressure con-

trol valve allowed TMP regulation from 1 to 50 bar. The per-

meate was collected and its weight recorded using precision

scales (Sartorius
VR

) through an acquisition software

(Testpoint
VR

).

Before it was put in the module, the PDMS membrane was sys-

tematically swollen in the solvent used for the subsequent
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permeation experiment to ensure that volume expansion caused

by solvent uptake did not affect the area and shape of the filtra-

tion layer. For each solvent, at least two membranes were tested

with three measurements of fluxes at each pressure level. A

steady state of permeation was usually reached after 10 min and

was checked by the linearity of the relationship between

recorded permeate weight and filtration duration. All the

experiments were performed using a feed rate of 5 mL min21.

Finally, the permeate flux through the membrane was calculated

using the following equation:

J5
m

qAt
(1)

J is the permeate flux (L h21 m22), m the permeate mass (g), q
the solvent density (g L21), A the membrane area (m2), and t

the permeation duration (h).

Retention Assessments for Molecular Weight Cutoff

Estimation

The same tangential filtration module and PDMS membrane

were used to study the retention of the homologous series of

uncharged solutes (200, 400, 600, and 1000 g mol21 PEGs). The

standard operating condition was a 200 mL feed solution of tol-

uene (SL 5 1.41) with a solute concentration of 5 gL21 which

was filtered under 30-bar TMP until a volume concentration

factor (VCF) of 2 was reached and at 25�C and 5 mL min21 of

feed rate. To study the parameters’ impact on retention values,

each of them was varied by maintaining the others at their

standard level. The assessed ranges were, respectively, 1.16–1.41

for SL, 10–32.5�C for the operating temperature, 5–50 bar for

the TMP, and 2–8 for the VCF. The resulting concentrations of

PEGs in permeate (Cp) and retentate (CR) were determined by

gravimetric measurement and checked using a chromatographic

analysis. The device (LC 20A, Shimadzu
VR

) was equipped with a

Superdex peptide GE
VR

column and an evaporative light scatter-

ing detector (ELSD-LT II, Shimadzu
VR

). The size exclusion col-

umn allowed for a tight size distribution of the PEGs to be

confirmed. All concentrations were determined from external

calibration curves. Each measurement was repeated three times.

Standard deviations were <1.5%. The resulting retention (R)

and solute fluxes (JS in g h21 m22) were calculated as follows:

R512
CP

CR

(2)

JS5CPJ (3)

The mass acquisition software enabled to precisely record the

amount of solution crossing the PDMS membrane during the

filtration experiments. Between each experiment on the PEG

solutes, the system was thoroughly flushed with the solvent

used for the retention experiments (“flushing” step). Recovery

of the initial solvent flux was checked before any subsequent

filtration.

Figure 1. The NF device: 1, acquisition computer; 2, precision balance; 3,

collected permeate; 4, stainless steel ring; 5, stainless steel macroporous

support; 6, protection macroporous paper; 7, swollen PDMS membrane;

8, pressure control valve; 9, pressure gauge; 10, feed solution/retentate; 11,

helium sparger; and 12, magnetic stirring controller. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Main Properties of the Solvents Selected for the Retention Study

Solvents

Main properties Ethyl acetate/ethanol (25/75) Ethyl acetate Ethyl acetate/toluene (25/75) Toluene

Molar volume (cm3 mol21) 85.39 98.23 102.40 106.04

Viscosity (25�C, mPa s) 0.47 0.43 0.52 0.59

Density (g cm23) 0.86 0.92 0.88 0.87

HSP values (MPa1/2) 20.80 18.60 18.40 18.20

SL (25�C, Patm) 1.16 1.26 1.33 1.41

uS (cm3 cm23 swollen polymer) 0.41 0.53 0.55 0.57

Permeabilitya (L h21 m22) 1.60 4.44 5.78 6.55

Solute diffusivity (1027 m2 s21)

PEG 200 1.69 2.38 1.86 1.55

PEG 400 1.07 1.50 1.18 0.98

PEG 600 0.86 1.22 0.95 0.79

PEG 1000 0.63 0.89 0.70 0.58

a The indicated permeability values were obtained under the standard conditions explained in the Materials and Methods section. Solvent proportions
in the mixtures are expressed as volume percentage (vol : vol).
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By definition, the molecular weight cutoff (MWCO) (g mol21)

corresponds to the molecular weight of a solute for which the

retention value reaches 0.9. In this study, the MWCO values of

the PDMS membrane under different experimental conditions

were deduced from the curves, depicting the PEG’s retention as

a function of their molecular weight.

Pore Size Calculation

To confirm the changes in the PDMS structure induced by vari-

able operating conditions, pore size calculations were carried

out both from solvent fluxes (published in an earlier study39)

and from retention data. For the first set of experimental

results, the Hagen–Poiseuille equation was used, approximating

the polymer interchain’s volume to straight cylindrical pores.40

Thus, the mean “pore” size was obtained with the correlation:

rp5

ffiffiffiffiffiffiffiffiffiffiffiffi
J8lL

TMPe

r
(4)

where rp is the mean pore radius (m), J the solvent flux (m3 s21 m22),

m the dynamic viscosity of the solvent (Pa s), L the membrane thickness

(m), varying with the TMP according to the previous compression

study,39 TMP the TMP (Pa), and e the porosity considered here as the

solvent volume fraction contained in the swollen PDMS polymer for

each couple of swelling ratios and applied pressures.

The rP values calculated from retention values were obtained by

using the extended pore-flow model (PFM) extensively

described in scientific literature on this subject.41–44 The solute

transfer is considered as a result from both convection and

diffusion through the pores. The contributions made by each

driving force to solute transfer are particularly influenced by

the steric hindrance of the solute and the rheological properties

of the fluid they are dissolved in. The solute rejection is

expressed as:

R512
KcU

12exp ð2PeÞ 12UKc½ � (5)

U is a steric term relating the size of the solute and pore size:

U5ð12kÞ2 (6)

where k is the ratio of solute to pore size. Pe is the Peclet num-

ber defined as:

Pe5
Kc

KdD

rpTMP

8l
(7)

D is the solute diffusivity (m2 s21). Kc and Kd are the hindrance

factors for the convection and the diffusion, respectively.

Assuming a homogeneous velocity for transport of solute

through the PDMS membrane (very small pore radii), the two

hindrance factors for uncharged solutes can be computed from

the lambda ratio as45:

Kd5122:30k11:15k210:22k3 (8)

Kc5ð22UÞð110:05k20:99k210:44k3Þ (9)

To allow for the calculation of the pore radii employing the

PFM model, the PEG radii (rS) was calculated with the Stokes–

Einstein equation46:

rS5
kBT

6plD
(10)

with kB the Boltzmann constant and T the temperature (K). It is

interesting to note that the experiments of sorption for pure PEG

solutions were carried out and that neither swelling nor sorption

was measured for these solutes. In view of this result, it was

assumed that the only way for PEG solute to diffuse through the

membrane was by diffusion through the solvent filling the inter-

chain volume of the polymer. The Wilke–Chang equation was

therefore considered valid to estimate the PEG diffusivity in this

study and thus the solute diffusivity (D in m2 s21) through the

membrane was calculated using the Wilke–Chang equation47 as

follows:

D57:4310283
T
ffiffiffiffiffiffiffiffi
aM
p

lVm
0:6

(11)

where M is the solvent molar mass (kg mol21), Vm the molar

volume of the solute (m3 mol21) estimated using a group con-

tribution method.48 Finally, the mean pore radii were estimated

by making eq. (5) match with the experimental retention

values.

EXPERIMENTAL

Filtration Through the PDMS: Reproducibility and Flux

Performances

First of all, the reproducibility of the sieving properties was

evaluated to confirm the similarity between the different PDMS

sheets used throughout the study. Filtrations were performed

with intermediate flushing (permeation of the solvent or sol-

vent/solvent mixture used for the retention experiments without

any solute) to evaluate the permeation reproducibility with the

two solutes having the extreme values of solute sizes (200 and

1000 g mol21). The results are summarized in Table II.

Experimental errors caused by the precision levels of the appa-

ratus used for flux and retention determinations were responsi-

ble 5.3 3 1023 fluctuation retention values at the most. For the

same membrane (M1), reproducibility was comparatively very

good with the deviation (3 and 2 3 1023 units of retention for

PEG200 and PEG1000, respectively) found to be inferior for

possible experimental error. Experiments which included reten-

tion assessments and subsequent flushings (total duration of 20

h of filtration with the same membrane sample) showed an

Table II. Reproducibility Evaluation of the Retention Values for Two PEG

Solutes (200 and 1000 g mol21)

Experiments RPEG200 (%) RPEG1000 (%)

M1 exp. 1 56.01 95.97

M1 exp. 2 56.63 96.09

M1 exp. 3 55.90 96.36

M1 exp. 4 56.14 95.89

SD M1 exps. 1–4 0.32 0.20

M2 exp. 1 58.52 96.79

M2 exp. 2 57.86 97.02

SD M1/M2 1.43 0.59

Global SD 1.09 0.46
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appreciable stability of the sieving properties of the PDMS

membrane. In contrast, higher deviations were observed

between two different membrane pieces (M1 and M2) and these

were obviously more pronounced for the weakest solute size as

a significantly larger amount of it permeated through the mem-

brane. The fluctuations observed between two different PDMS

membranes were attributed to the inherent and intrinsic prop-

erties of the PDMS polymer (variable distribution of crosslinks

during the polymerization, polymer defects, and variable entan-

glements of the polymer chains, etc.). Nevertheless, any fluctua-

tions remained sufficiently weak compared to the value of

retention. To improve the accuracy of the retention measure-

ments, the experiences were carried out as long as possible on

the same membrane sheet.

In addition, the influence of the presence of a solute in the feed

solution on the overall permeation rate was evaluated through

several experimental parameters. The corresponding permeation

fluxes without (flushing) and with the PEG200 solute (reten-

tion) are shown in Figure 2.

The fluxes were found to be strictly similar with or without a

solute for each operating condition and thus showing that the

presence of solute had a negligible influence on the overall per-

meation rate. Thus, it was assumed that no fouling occurred dur-

ing the filtration experiments, that the concentration polarization

was negligible and that the hydrodynamic properties of the solu-

tions permeating were not affected to any significant extent by

the presence of solutes at an initial concentration of 5 g L21.

Sieving Performance in Relation to the Operating Conditions

of the NF

Influence of Swelling and TMP on MWCO and Pore Size. The

MWCO is often considered to characterize the rejection proper-

ties of a membrane. In the case of uncharged molecules, the sol-

ute molecular weight inducing a rejection value of 90% may

indeed provide an accurate description of the membrane’s siev-

ing properties. However, in SRNF, the MWCO appeared to be

solvent dependent.8,28,41 Until now, it had not been possible to

obtain any rigorous relationships between the solvent-induced

swelling and the MWCO. To demonstrate the key role of the

extent of swelling, TMP and temperature in defining the PDMS

membrane’s sieving properties, the retentions of the homolo-

gous series of PEGs were measured under various operating

conditions (solvent, TMP, and temperature). The resulting

MWCOs are shown in Figure 3.

As shown in Figure 3(a), the MWCO of the PDMS membrane

plotted as a function of the swelling ratio gives a linear relation-

ship. The MWCO increased from 315 to 685 g mol21 for SL val-

ues between 1.16 and 1.41, respectively. The MWCO in relation

to the TMP [Figure 3(b)] also shows a linear relationship, char-

acterized by an inverse variation. Indeed, the MWCO values were

found to range from 519 g mol21 at 50 bar to 689 g mol21 at

10 bar. Although they were obtained under the same experimen-

tal conditions, there was a slight difference between the values of

MWCOs at SL 5 1.41 [Figure 3(a)] and the value at 30 bar

applied pressure [Figure 3(b)]. This 25 g mol21 discrepancy

(MWCO of 685 and 710 g mol21, respectively) was attributed to

the variability between two different PDMS membranes (experi-

ments for the evaluation of the swelling impact and the TMP

influence were carried out with two different PDMS films) and

also to the deviation resulting from both analytical measurements

and graphical determinations of the MWCO.

To evaluate the accuracy of using the hydraulic theory to

describe the permeation through PDMS membranes, the pore

size was calculated from both pure solvent fluxes39 and

Figure 2. Mass acquisition during the NF experiments, with (retention)

or without (subsequent flushing) solute (PEG, 200 g mol21) in the feed

solution, under different experimental conditions.

Figure 3. MWCOs of the PDMS membrane as a function of the swelling

ratio (a) and the TMP (b).

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4117141171 (5 of 10)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


retention values. Two corresponding hydrodynamic models were

used—the Hagen–Poiseuille model for the values of solvent

fluxes and a revised pore flow model which allows for the calcu-

lation of the pore radius from retention data. The values of the

pore radii obtained for each assessed operating parameters are

shown in Figure 4.

Regardless of the model used, the pore sizes were found to be

of the same order of magnitude as sizes reported in the litera-

ture44,49 with only a few nanometers difference if any. The dif-

ferences observed for the pore radii obtained through both

models from two distinct pools of data (using either the values

of solvent fluxes or the PEG retention results) may result from

the roughness of the models (cylindrical pores, single diameter,

etc.) and the use of correlations for hindrance factors’ calcula-

tion (whereas the correlations used in this study gave the best

adequacy between the two models among the numerous correla-

tions that are available, they were not initially deduced from

PEG retention studies45).

Nevertheless, the evolution of the pore radii with the swelling

degree explains at least in part the evolution of the MWCOs

[Figure 4(a)]. Similarly to the MWCO, the pore radius calcu-

lated through the Hagen–Poiseuille model presented a linear

increase with the SL values (R2> 0.99; data not shown). This

increase reflects the variable distances between crosslinks which

are known to be dependent on the swelling state of the PDMS.

The PFM was found to show an inconsistency in pore size cal-

culated for the weakest swelling degree (ethanol/ethyl acetate

mixture, SL 5 1.16). This value had a pore radius superior to

those obtained for some higher swelling degrees which does

indeed deviate significantly from the linear relationship between

pore radii and swelling degrees obtained for the other solvents.

As an accurate value at SL 5 1.16 was obtained when the pore

radius was calculated from the solvent fluxes (Hagen–Poiseuille

model) and in view of the evolution of the MWCO as a func-

tion of the SL values, this unexpected upper trend could be

interpreted as showing that the PFM does not adequately esti-

mate the pore size for the ethanol/ethyl acetate mixture. In

addition to the previously mentioned roughness of the PFM

model and use of available correlations for the hindrance fac-

tors, one additional reason for this kind of result could be inac-

curate estimation of the diffusivity of the solutes calculated

using the Wilke–Chang equation. More precisely, the solvent

parameter (a), equals to 1 for pure solvents, may differ signifi-

cantly from unity for the ethanol/ethyl acetate mixture and thus

affect estimations for both D and rS values. Unfortunately, a

more accurate value for this solvent mixture cannot be found in

available data on this subject.

Concerning the evolution of the pore radii in relation to the

TMP [Figure 4(b)], both models presented similar trends which

depict the behavior of the swollen PDMS when submitted to

compression (dual poro- and viscoelastic behavior)39 namely a

large decrease under moderate amounts of applied pressure

(TMP< 20–25 bar) and a weaker influence at TMP values over

this threshold, with a relationship between the pore radius and

the TMP tending toward the linear.

Influence of the Operating Temperature. First, to evaluate the

extent to which swelling levels could have influenced retention

results and the mechanism involved in this, the swelling of the

PDMS membrane was measured by length (SL) and weight (SW)

increases within a broad range of temperatures. Both measure-

ments were assessed according to the method presented in a

previous study.39 The length increase shows the total volumetric

expansion of the polymer soaked in solvent and the weight

increase is attributed to the amount of sorbed solvent in the

PDMS. The swelling levels obtained are shown in Figure 5(a).

SL and SW values were found to increase with temperature,

ranging from 1.40 and 2.19 at 8�C to 1.46 and 2.39 at 42�C,

respectively. It is worth noting at this point that the two swel-

ling degrees evolved in the same manner and thus confirming

the idea that the relaxation of the constitutive chains of the

PDMS polymer and the amount of sorbed solvent are strictly

related (filling the interchain volume by the solvent molecules).

Second, the MWCO values were deduced from the PEG reten-

tion curves and are shown in Figure 5(b). Their values vary in

Figure 4. Evolution of the pore size as a function of: (a) the swelling

degree (SL) and (b) the TMP values. The calculation of the pore radii was

carried out from the pure solvent fluxes employing the Hagen–Poiseuille

model (HP) and from the PEG retention data using the PFM.
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the same way as the temperature. A rise from 10 to 37.5�C was

found to increase the MWCO values from 600 to 765 g mol21.

However, the relationship did not appear to be linear in this

case—the increase in the MWCO was more pronounced

between 10 and 20�C than after this temperature threshold.

Unfortunately, the pore size calculation could be carried out

because the experimental device used for PDMS compressibility

measurements cannot be thermoregulated and thus data on the

evolution of the viscosity values in correlation with temperature

for the solvent mixtures used throughout this study are not

available.

Solute-Transfer Rates. To help understand more about the

transport mechanisms involved in solute transfer through the

PDMS membrane and the role of variable PDMS layouts in

relation to the operating conditions of the NF process, the sol-

ute fluxes (JS) were calculated according to eq. (3). The results

obtained for all the experiments are shown in Figure 6.

The three profiles of the evolution of JS were found to be

strictly different for each of the operating parameters assessed.

Regardless of the solute size, the transfer rates were found to

increase exponentially with the level of swelling [Figure 6(a)].

In contrast, a size-dependent evolution of solute transfer was

evident regarding the impact of the TMP [Figure 6(b)]. Indeed,

although its rate was found to increase with the TMP for the

smallest PEG, showing a logarithmic shape of the curve, the

value of JS for the largest solute decreased when the amount of

pressure applied increased. In addition, the two other solutes

displayed intermediate behavior, with a maximal transfer rate

reached at different TMP values above which the transfer rate

was seen to diminish. The shapes of the curves are similar as far

as temperature is concerned [Figure 6(c)] for all PEG sizes. Two

Figure 5. Evolution of the swelling degree (a) and the MWCO (b) as a

function of the operating temperature.

Figure 6. Solute-transfer rates in relation to the swelling degree (a), the

TMP (b), and the operating temperature (c) for a homologous series of

PEGs (200, 400, 600, and 1000 g mol21) dissolved in toluene.
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phases of increase with the operating temperature can be high-

lighted. The first has a logarithmic profile (10–25�C), whereas

the second (T> 25�C), presents an exponential increase of the

transfer rate.

DISCUSSION

Influence of Swelling on the PDMS Sieving Properties

Basically, the swelling of the PDMS polymer leads to simultane-

ous morphologic and physicochemical changes which influence

its sieving properties mainly through the following factors: an

increase in the distances between crosslinks in the polymer

(enhanced access for the solute into the membrane at the solu-

tion/membrane interface, facilitated crossing of the solute

through the polymer), opening of polymer chain entanglements

(new connected pores), an increase of the membrane thickness,

an enhanced permeation velocity (friction forces), and a filling

of the interchain volume by the solvent that sorbs into the

PDMS.29–34,39,50 The linearity of the MWCOs in relation to the

SL values [Figure 3(a)] shows that the solvent-induced increase

of the interchain distances in the polymer appears to be a main

parameter governing solute rejection. The pore size calculation

through the hydraulic theory of transport was consistent overall

with the evolution of the PDMS membrane’s sieving properties.

A linear increase to the pore radii with the SL values [Figure

4(a)] corroborates the theory that membrane pores opening is

proportional to the degree of swelling.

An interesting point can also be made regarding the solute-

transfer rate as a function of the swelling degree [Figure 6(a)]—

the minor effects of the increase in membrane thickness and the

enhancement of permeation velocity with SL, which are both

known to slow down solute permeation. In view of the expo-

nential increase of the PEGs’ transfer rate with SL, their impact

may be counterbalanced by:

i. New connecting “pores” opening which are dependent on

the extent of swelling. Indeed, swelling of the PDMS was

shown to considerably reduce the contribution of entangle-

ments to overall crosslink density.18

ii. Differences in thickness of membranes at various SL values

which are minimized owing to TMP-induced compressibil-

ity of the PDMS (TMP 5 30 bar).39

iii. Friction forces which are softened more by the increase of

pore size than they are enhanced by the increase in permea-

tion velocity.

The different values of solute diffusivities (Table I) were not

reflected in the results of PEG transfer (exponential increase of

transfer rate whereas the diffusivity of PEGs decreases in the

solvent inducing SL from 1.26 to 1.41). This finding could be

explained by transport mainly governed by convection forces.

Influence of the TMP on the PEG Permeation

Concerning the effect of the TMP on the solute retention, the

rejection increases with the TMP values. This result may be a

consequence of several mechanisms namely reduction of the sol-

vent proportion in the polymer and decrease of the interchain

distances (less swelling and pressure-induced compaction) or

increase of the overall permeation velocity (increased friction

forces). These impacts of TMP on the PDMS structure were

confirmed by the evolution of the MWCOs and the calculated

pore radii [Figures 3(b) and 4(b)].

In addition, the evolution of the permeation rate of the solutes

according to the pressure applied appears size dependent [Fig-

ure 6(b)]. For each solute size, the maximal transfer rate was

reached at a different TMP value. Although for the 200 g mol21

PEG, the maximal rate was achieved at 50 bar, the TMP value

at which the maximal rate of permeation was reached for the

other solutes decreased when their molecular weight increased.

Two main correlated reasons may be responsible for the

observed JS profiles:

i. A balance between forces enhancing or weakening solute

permeation. Indeed, although an elevation in TMP values

leads to an increase in the driving force through the mem-

brane and a reduction in the membrane thickness (increase

of the transfer rate), the TMP increase also results in

reduced membrane swelling which restricts access to the

membrane and slows down solute permeation through the

PDMS membrane. Both diffusive and convective transport

would be affected, the former mainly by a reduced propor-

tion of solvent in the PDMS through which the solute dif-

fuses and the latter by narrower pore sizes induced by the

TMP increase. In addition, the increase of friction forces

with the TMP-enhanced overall permeation velocity can be

viewed as an additional mechanism which leads to a reduc-

tion in solute-transfer rates in relation with the TMP.

ii. The variable contribution of convective and diffusive trans-

port to the value of JS. It is well known that the balance

between convective and diffusive transports is conditioned

by the difference between pore size and solute diameter.50 In

the case of PDMS, the greater the TMP value and solute

sizes, the lower this difference will be. Hence, for small sol-

utes (case of the 200 g mol21 PEG), we may suppose that

the size difference between the solute molecule and the

interchain spaces would have remained significantly impor-

tant in the entire range of TMP values. The logarithmic

trend of JS [Figure 6(b)], also observed for pure solvent

fluxes,39 would thus underline a high convective flux which

accounts for the predominant part of the total solute flux.

For medium solute sizes (PEG, 400 and 600 g mol21), the

same assumption can be made but only up to a threshold

value of TMP at which the pore size becomes equivalent to

the size of the solute molecule. Beyond this threshold value,

the convective flux would become negligible. The subse-

quent decrease of JS values may imply transport predomi-

nately governed by diffusion through the solvent contained

in the PDMS membrane. The latter solute transfer would

then be the only mechanism involved in the permeation of

the largest PEG solute (1000 g mol21). The decrease of its

JS value from 10 to 50 bar can mainly be explained by the

decrease in the solvent proportion into the PDMS mem-

brane along this TMP elevation.

Finally, current controversy within SRNF community about the

extent of impact of swelling and TMP and the debate about

transport mechanisms involved in solute transfer are legitimate
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subjects for discussion but both can be explained by the experi-

mental setup chosen in the different studies carried out (nature

and thickness of PDMS, range of pressures applied, solute size,

etc.).

Effects of Temperature on the NF Process

The temperature at which the NF experiment is carried out has

multiple and various impact on the NF process. Thus, the

increase of the MWCO with higher temperatures may result

from:

1. Hydrodynamic consideration: the decrease in solvent viscos-

ity at higher temperatures contributes to the enhancement

of the overall permeation rate and the diffusivity of the PEG

solute in the solvent according to the Wilke–Chang equation

(eq. 6).35,46

2. Molecular reactivity: sorption of the solvent into the mem-

brane and consequent membrane swelling,51 molecular

motion, and flexibility.15

3. Physical considerations: polymer stiffness (sensitivity to

compaction).18

The increase in swelling with rising temperatures [Figure 5(a)]

in correlation with the MWCO increase confirms the impor-

tance of the PDMS layout for solute permeation. Its predomi-

nance compared to the impact of friction forces induced by an

increase of the flux velocity appears obvious. Indeed, although

the overall permeation rate (mainly attributed to the solvent

permeation) decreases when the operating temperature is

diminished, the PEG retention increases significantly. This

increase, being concomitant to the decrease of the SL value, cor-

roborates the theory of a sieving mechanism which strongly

depends on the extent of polymer swelling. At low tempera-

tures, a reduced solvent proportion in the membrane and the

shortened molecule paths (as a consequence of less solvent-

induced distances between the polymer chains) might play a

major role in increasing retention [Figure 5(b)]. Nevertheless,

the evolution of solvent-dependent swelling and MWCO values

did not follow the same trend in the temperature range studied.

Indeed, in view of the evolution of swelling dependence to tem-

perature, the exclusive impact of temperature does not provide

a satisfying explanation, given the temperature-dependent trans-

fer rate of the solute [Figure 6(c)]. The latter may be a conse-

quence of a balance between the various properties of the NF

system affected by the temperature. Finally, the mechanisms

involved in the temperature dependence of the solute transfer

appeared to be a consequence of several molecular and struc-

tural properties. It is difficult to completely understand these

mechanisms because of the complexity of the system and possi-

ble synergistic effects. Nevertheless, with an appropriate mem-

brane calibration method, this operating parameter appears

useful to selectively modify the performances of the NF process

with PDMS membranes.

CONCLUSIONS

This study aimed to clarify the impact of the PDMS structure

on its permeation properties. Three selected solvents were used,

pure or as mixtures, to perform NF experiments with the

homologous series of PEGs at different swelling degrees, TMPs,

and temperatures. The results of the corresponding MWCO val-

ues and/or solute-transfer rates provided significant insight into

the PDMS permeation properties. The swelling induced by the

solvents (SL 5 1.16–1.41) and the amount of applied pressure

(TMP 5 10–50 bar) appeared to be linearly correlated to the

MWCO of the PDMS membrane. The calculation of pore size

based on the hydrodynamic theory was consistent with the

measured MWCOs. Increase of the pore size with swelling and

its decrease as a consequence of TMP elevation corroborated

the polymer properties when immersed in a solvent and sub-

mitted to compression. Obviously, the probabilities for solutes

to gain access to the membrane as well as the transport

throughout the PDMS layer are governed by the membrane’s

condition-dependent structure. Temperature was found to be a

useful additional parameter to modify the permeation proper-

ties of the PDMS membrane and to impact both membrane

and hydrodynamic properties. The study of the transfer rate of

the PEG solutes confirmed a dual convective/diffusive transport

involved in the solute permeation among which contributions

are conditioned by the difference between the interchain distan-

ces and the molecular weight of the solute. All the results

obtained confirmed that the control of the PDMS structure is a

potent tool for varying its permeation properties. Depending on

the swelling extent, the pressure applied and temperature, the

membrane pore size can be selectively modified by an appropri-

ate choice of operating parameters.
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