
This item is the archived peer-reviewed author-version of:

Solvent-membrane-solute interactions in organic solvent nanofiltration (OSN) for
Grignard functionalised ceramic membranes : explanation via Spiegler-Kedem
theory

Reference:
Hosseinabadi Sareh Rezaei, Wyns Kenny, Meynen Vera, Buekenhoudt Anita, Van der Bruggen Bart.- Solvent-membrane-
solute interactions in organic solvent nanofiltration (OSN) for Grignard functionalised ceramic membranes : explanation via
Spiegler-Kedem theory
Journal of membrane science - ISSN 0376-7388 - 513(2016), p. 177-185 
Full text (Publishers DOI): http://dx.doi.org/doi:10.1016/j.memsci.2016.04.044

Institutional repository IRUA

http://anet.uantwerpen.be/irua


1 

 

Solvent-membrane-solute interactions in organic solvent nanofiltration 

(OSN) for Grignard functionalised ceramic membranes: explanation via 

Spiegler-Kedem theory 

Sareh Rezaei Hosseinabadi1,2, Kenny Wyns1, Vera Meynen3, Anita Buekenhoudt1, Bart Van 

der Bruggen2 

1 Department of Separation and Conversion Technology, VITO (Flemish Institute of Technological 

Research), Boeretang 200, B-2400 Mol, Belgium 

2 Department of Chemical Engineering, Process Engineering for Sustainable Systems (ProcESS), KU 

Leuven, W. de Croylaan 46, B-3001 Leuven, Belgium 

3 Laboratory of Adsorption and Catalysis (LADCA), Department of Chemistry, University 

of  Antwerp, Universiteitsplein 1, B-2610 Wilrijk, Belgium 

 

Abstract 

Amphiphilic Grignard modified ceramic nanofiltration membranes have been 

demonstrated to perform well for a wide range of solvents in organic solvent nanofiltration 

(OSN). The purpose of this study is to obtain a better understanding of the influence of the 

solvent-membrane-solute interactions governing the OSN membrane performance. This 

was achieved by performing an extensive retention study on two types of Grignard 

functionalised membranes, in many different solvents with a wide variety of polarity, and 

choosing three PEG molecules and polystyrene as solutes, all with almost the same size but 

different polarities. To unravel the transport mechanism properly, also the pressure effect 

on flux and retentions was thoroughly investigated.  

The retention results showed in general a very different behavior in different ranges of 

solvent polarity: at low solvent polarity, retentions are relatively low, varying with pressure 

and solvent polarity; at high solvent polarity, retentions are relatively high, and 

independent of pressure and solvent polarity. The Spiegler-Kedem theory, taking into 

account both diffusion and convection transport mechanisms, appears to be a very good 

basis for a fundamental explanation of all results. This knowledge shows also how 

membrane-solvent-solute interactions can be manipulated to enhance the membrane 

performance.  
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1. Introduction 

Nanofiltration (NF) was successfully used as an addition to or even an alternative for 

reverse osmosis for water purification [1-3]. The success of NF in aqueous systems [ 4-6] 

has triggered the application of NF for separation and purification in non-aqueous systems. 

In recent years, much attention has been devoted to organic solvent nanofiltration (OSN) 

[7]. OSN has a significant potential in chemical-related industries employing non-aqueous 

media, such as organic solvents and ionic liquids. Application areas can be found in the 

pharmaceutical industry, the fine chemicals industry, in biorefineries, and in natural 

product industries [8]. Polymeric [9-15] and inorganic [16-26] materials have been used for 

preparation of OSN membranes and application in organic solvent filtration. The ideal OSN 

membrane combines thermal, chemical and mechanical stability, i.e., the non-swelling and 

non-compaction behavior of inorganic materials combined with the high selectivity of 

polymeric materials. Therefore, recent new types of organic-inorganic hybrid membranes 

are expected to combine the best of both worlds. There are two ways of preparing hybrid 

organic-inorganic membranes: 1/ by grafting organic molecules on the surface of the 

ceramic material by means of post-modification treatment(s), 2/ by building in organic 

linkers within the ceramic (inorganic) matrix by modifying the ingredients within the 

synthesis step of the sol used to form the separation layer (in-situ modification) [27, 28].  

Post-modifications have been done in different ways and a variety of grafted membranes 

was characterized for their performance in OSN. Silanisation of mesoporous zirconium 

dioxide membranes with an initial pore size of 3 nm has been developed by Dudziak et al. 

[29], and was successfully used for retention of homogeneous catalysts in non-aqueous 

solutions [30]. Van Gestel et al. [31] reported surface modification of ɣ-Al2O3/TiO2 

multilayer membranes. The effect of silane treatment ((CH3)2SiCl2 and C8H17CH3SiCl2) on 

solvent permeabilities was found to depend on the pore size of the membrane 

(microporous or mesoporous) and on the organosilane reagent used. The hexane 

permeability indicated that C8 organosilanes could be successfully introduced in the pore 

structure of the mesoporous membrane. Mesoporous ɣ-alumina membranes were also 

chemically modified with several organochlorosilanes by Sah et al. [32, 33]. They found 

that the penetration of long chain organochlorosilanes into the mesopores was sterically 

hindered and that grafting was not as effective as for short chain organosilanes. Verrecht 

et al. [34] presented contact angles and hexane / water permeability ratios for modified  

mesoporous ɣ-Al2O3 membranes. Recently, Pinheiro et al. [35, 36] developed a new type 

of OSN membrane by grafting a PDMS polymer into the pores of 5 nm γ-alumina ceramic 

membrane using a two-step synthesis; the linking agent, 3-aminopropyltriethoxysilane 

(APTES), was first applied on a ceramic membrane, followed by grafting of an epoxy-

terminated PDMS. The results showed a molecular weight cut-off (MWCO) of 500 Da using 

a solution of polyisobutylene in toluene, and higher permeabilities for the non-polar 

solvents toluene and hexane than for the more polar isopropanol(IPA). 



3 

 

Buekenhoudt et al. [37] used organo-metallic compounds for the post-treatment and for 

the bonding of different functional groups to the membrane surface by a Grignard type 

reaction. In a previous paper [38], the properties of the Grignard modified membranes 

were examined by physico–chemical characterisation (contact angle measurements, 

micro-ATR/FTIR-spectroscopy) in addition to performance characterisation in water and a 

few organic solvents. All observations are consistent with the assumed partial replacement 

of the OH-groups on the membrane surface and the consequent amphiphilic character of 

the modified membrane surface. In a subsequent paper [39], the retentions of Grignard 

modified and unmodified membranes in five different test solutions composed of one of 

two solvents (polar acetone or apolar toluene) and one of three solutes (polar 

polyethylene glycol PEG, apolar polystyrene or catalyst ligand BINAP) clearly show that an 

increase of hydrophobicity of the membranes leads to an increase in retentions, in 

accordance with recent findings in OSN [40]. Moreover, clear effects of solvent-membrane 

and solute-membrane affinity were demonstrated. As already noticed by other researchers 

[15,41], the Hansen solubility parameters proved to be very efficient to quantify the 

different affinities and the resulting retentions.  

In this new study, Grignard modified membranes were used to obtain a much better 

understanding of the solvent-membrane-solute interactions influencing the OSN 

performance, and this in a controlled way, and without the extra complexity of swelling. To 

achieve this goal we performed an extensive retention investigation on two types of 

Grignard functionalised membranes, in many different solvents with a wide variety of 

polarity, and choosing three PEG molecules and polystyrene, all with almost the same size 

but different polarities, as solutes. Moreover, the effect of solvent switches was also 

studied using diafiltration from one solvent to another. Additionaly, to unravel the 

transport mechanism properly, also the pressure effect on flux and retentions was 

thoroughly investigated. The results allowed a satisfactory interpretation using the well-

known Spiegler-Kedem theory [42]. 

 

2.1.  Materials  

In order to investigate the solute affinity effects on the separation of Grignard modified 

membranes, three polyethylene glycol (PEG) molecules with almost the same size but 

different hydrogen bonding capacities and consequently different polarities were used. 

These were PEG-600, partially methyl capped PEG and fully methyl capped PEG, acquired 

from Sigma Aldrich. In addition, polystyrene with molar mass 580 Da, acquired from 

Agilent Technologies, was used as solute. The molecular weights mentioned are mean 

molecular weights, as these solutes consist of a mixture of polymers with different 

molecular weight ranging from about 300 to about 1500 Da. The most important 

properties of these solutes plus their structures are presented in table 1. The total Hansen 
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solubility parameter for the solutes, δtot, was calculated, using a group contribution 

method as explained elsewhere [39, 43]. 

 
Table 1. Solute properties [43-44] 

Solute Formula MW  

[g mol-1] 

δtot 

(MPa0.5) 

Structure 

Polyethylene 

glycol (PEG) 
H(OCH2CH2)nOH 600 25.21 

 

Partially methyl-

capped PEG 
CH3(OCH2CH2)nOH 550 22.83 

 

Fully methyl-

capped PEG 
CH3(OCH2CH2)nH2C=CCH3CO2 500 18.56 

 

Polystyrene (C8H8)n 580 16.96 

 
 

The following solvents, ordered by polarity in table 2, were used in this work. For the 

experiments with the three PEGs, water, ethanol (EtOH), dimethylformamide (DMF), 

tetrahydrofuran (THF), dichloromethane (DCM) and ethyl acetate (EtAc) were chosen. No 

lower polarity solvents were used as they solve these solutes insufficiently. For the 

experiments with polystyrene, all solvents of table 2 except ethanol and water were 

utilised (again because of solubility issues in these higher polarity solvents). For water, 

reverse osmosis purified water was used and the organic solvents were of analytical grade 

(>99%) supplied by VWR, Leuven, Belgium. Relevant properties of the solvents are 

summarized in table 2.  

 
Table 2. Solvent properties at 25°C  (Formula = molecular formula; MW = Molecular weight; ρ = density; 

µ = viscosity; δtot = total Hansen solubility parameter)  [45-46] 

Solvent Formula MW 

 [g mol-1] 

ρ [g cm-1] µ [mPa s] δtot 

(MPa1/2) 

Methyl cyclohexane C7H14 98.2 0.770 0.67 16 

Cyclohexane C6H12 84.16 0.779 1.02 16.8 

Methyl isobutyl ketone (MIK) C6H12O 100.16 0.802 0.58 17 
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Ethyl acetate (EtAc) C4H8O2 88.11 0.897 0.426 18.1 

Toluene C7H8 92.14 0.867 0.59 18.2 

Methyl ethyl ketone (MEK) C4H8O 72.11 0.805 0.43 19 

Tetrahydrofuran (THF) C4H8O 72.11 0.889 0.48 19.4 

Dichloromethane (DCM) CH2Cl2 84.9 1.326 0.45 20.3 

Acetone C3H6O 58.1 0.791 0.32 20 

Isopropanol(IPA) C3H8O 60.1 0.785 2.30 23.4 

Dimethylformamide (DMF) C3H7NO 73.1 0.944 0.92 24.8 

Ethanol (EtOH) C2H6O 46.1 0.789 1.20 26.5 

Water H2O 18.0 0.9988 0.916 47.8 

 

For the retention experiments, solutions with a concentration of 1 g/L for the chosen 

solute were prepared in the different solvents. In this work, only one solute was solved in 

each mixture; no multi-component mixtures were used. 

For all experiments in this study, many different membranes (in total 9 membranes) were 

modified. For all modifications 1 nm TiO2 single tube membranes with a length of 12 cm 

and outer and inner diameter of 100 mm and 70 mm from Inopor, Veilsdorf, Germany, 

were used. All membranes were modified with octyl (C8) or phenyl (Ph) groups by using 

the appropriate organometallic Grignard reagents [38,39]. We have to remark that some 

small differences in quality exist for the 9 different 1 nm TiO2 membranes used as starting 

material for the modification. This quality difference is visible from small differences in 

pure water permeabilities of the native membranes (variation from 20 to 30 L/hm2bar). As 

we noticed in our previous work [26] there is a clear correlation between the water 

permeabilities and the MWCO values for the Inopor membranes. And consequently, also 

the MWCO values of the native membranes vary somewhat: in this case, from about 600 

Da to about 850 Da.  

 

2.2. Experimental procedures 

The experimental set-up for the nanofiltration tests consists of a feed vessel with 

maximum volume of 4 L, a circulation pump to pump the feed from the feed tank towards 

the membrane module, a flow meter to measure feed flow which is adjustable via a by-

pass, two manometers, placed before and after the membrane module to determine the 

transmembrane pressure, and a thermostatic bath containing a mixture of water and 
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glycerol to adjust the temperature by circulating through a cooling spiral in the feed tank. 

Experiments were carried out in cross flow (2 m/s) mode, at room temperature (25 ± 3°C) 

and at a transmembrane pressure (TMP) of 5 to 16 bar for all membranes.  

In a specific experiment, diafiltration was used. Continuous diafiltration was conducted in 

the following manner. A total of 1 L solution of PEG in ethyl acetate was subjected to NF 

filtration at 10 bar. In continuous mode, one diavolume (1 L) of ethanol was pumped into 

the feed tank to replace the ethyl acetate permeating through the membrane. During this 

operation the level of the feed tank was kept constant (using a pressure difference 

measurement). Permeate and retentate samples were collected after the permeation of 

every 100 ml of feed.  

 

2.3. Analysis 

Concentrations of PEG-600, partially capped PEG and polystyrene in the permeate and 

retentate samples were analysed by Gel Permeation Chromatography (GPC). For PEGs, the 

GPC was equipped with three columns of Waters in series, i.e., an Ultrahydrogel 120 

column 7.8 × 300 mm, an Ultrahydrogel 500 column 7.8 × 300 mm and an Ultrahydrogel 

guard column 6 × 40 mm. The mobile phase was water, isocratic flow 0.6 ml/min at 40°C, 

100 µl injection, 38 min total run time. The calibration curve was created with 12 

polyethylene oligomers from 106 to 12000 Da dissolved in water, fitted with 3th order 

regression. For polystyrene, the GPC was equipped with two Waters columns in series, i.e., 

Styrogel, HR 1-toluene 7.8 × 300 mm and HR 2-toluene 7.8 × 300 mm. The mobile phase 

was toluene, isocratic flow 1 ml/min at 40°C, 100 µl injection, 30 min total run time. The 

calibration curve was created with 8 polystyrene oligomers from 162 to 19760 Da dissolved 

in toluene, fitted with 3th order regression. 

To determine the concentration of fully capped PEG in different solvents, samples were 

analyzed by measuring the amount of non-purgeable organic carbon (NPOC). NPOC is a 

measure of the non-volatile organic carbon fraction in water. NPOC gives no information 

about the nature of the organic substance. Prior to the measurement, the TIC (Total 

Inorganic Carbon) is removed by acidification and purging. Then, the fraction of NPOC is 

determined by catalytic combustion of the sample at 850 °C under oxygen atmosphere. 

The CO2 is measured directly using infrared spectrometry. The supplier of the instrument 

was AnalytikJena, type Multi N/C 3100. It should be noted that all samples were first 

weighed and then the solvent was evaporated and replaced with the same amount of 

water and then analysed for the PEG concentration. 

The fractions of EtAc and EtOH in the EtAc/EtOH mixtures obtained during diafiltration 

were determined using Gas Chromatography using Flame Ionization Detection (GC-FID). 

The GC-FID of InterScience was equipped with the column DB-5 ms, 60 m x 0.25 mm x 0.25 

μm from Agilent Technologies. The injection volume was 1 μL, inlet temperature 290°C, 

flow 1 mL/min He, and FID detector temperature 320°C. 
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The retention R (%) was calculated with the following equation: 

 

R = (1 – Cp / Cf ) x 100                                                                                                                       (1) 

 

Cp is the solute concentration in the permeate and Cf is the solute concentration in the 

feed.  The flux is determined by weighing the permeate and is calculated automatically by 

a PC using the following equation: 

 

J = mp / ρ t A                                                                                                                              (2) 

 

where J is the solvent flux [L h−1m−2], mp is the mass of permeate [g], ρ is the solvent 

density [g L−1], t is the filtration time passed when collecting the permeate sample [h], and 

A is the active membrane area [m2]. To calculate the permeability, the flux is divided by the 

applied transmembrane pressure in each experiment. 

 

3. Results  

3.1 Retention of three PEGs in different solvents 

The first series of experiments determined the retention values of six 1 nm C8 modified 

membranes for the three PEGs (PEG-600, partially capped PEG and fully capped PEG) in six 

solvents: EtAc, DCM, THF, DMF, EtAc and water. The transmembrane pressure used for all 

experiments was 10 to 12 bar. For every solvent a new, freshly modified membrane was 

used. For each membrane first the retention of PEG-600 was measured, followed by the 

measurement of partially capped PEG, and finally fully capped PEG. In between the 

measurements, no rinsing step was included, and each PEG retention measurement was 

done directly after the other one. To check the occurrence of any effects of the previous 

measurements, at the end of the sequence the PEG-600 retention was re-evaluated, and it 

could be concluded that the history effects are minor.  

The retention results for all solvents measured are given in figure 1. The total Hansen 

solubility parameter of each solvent is also mentioned for every solvent. The statistical 

error bar of the retentions is +/- 5% (based on multiple repetitions of the same 

experiments). However, the trends as observed in figure 1 are always the same. As a 

consequence the data in figure 1 is considered relevant data. Comparing the retentions of 

the three PEGs in each solvent, figure 1 shows that the retention of PEG-600 is the lowest 

for the relatively apolar solvents, EtAc and DCM. On the contrary, for the more polar 

solvents (THF, DMF, EtOH and water) PEG-600 has the highest retention. Moreover, the 

retention results for these more polar solvents are quite similar. Some small differences 

are visible; however this might be due to the quality differences of the different 

membranes.  
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We want to remark also that the retention value found for the PEG-600 in water (76%) 

corresponds very well to the retention found for this molecule during a standard MWCO 

measurement on a 800 Da membrane [26]. For a molecule with a molecular weight of 500 

Da, like the fully capped PEG, we expect a retention of about 60 to 65 % for a 800 Da 

membrane. This is again very similar to the retention values found for this more apolar 

molecule in the more polar solvents. The values found for the most apolar solvent EtAc, 

are definitely much smaller than the ones expected on the basis of size exclusion through 

membranes with a MWCO between 600 and 850 Da. 

 

 
Figure 1. Retention of three PEGs in different solvents for 1nm C8 modified membrane, determined at a 

transmembrane pressure of 10 to 12 bar. Numbers next to every solvent present Hansen solubility 

parameter (in Mpa
0.5

) of each solvent. The error bars are ±5 % for all retentions. 
 

From figure 1 the retentions of one specific PEG in different solvents can be compared. 

However, as mentioned before, the variation of this retention for different solvents is 

influenced by possible small differences in the membranes used (for each solvent a new 

membrane was used). Therefore, to better evaluate the change of retentions as function 

of the solvent, and to confirm the findings above, a diafiltration experiment was set up for 

a new 1 nm C8 grafted membrane. For this membrane, diafiltration was performed from 

pure EtAc (Hansen parameter of 18.1 MPa0.5) towards EtOH (Hansen parameter of 26.5 

MPa0.5). These particular solvents were chosen as during this diafiltration we then change 

from an apolar to a more polar solvent.  In the experiment about one diavolume of EtOH 

was added, gradually changing the solvent from pure EtAc to a 50/50 EtAc/EtOH mixture 

with a Hansen parameter of 22.3 MPa0.5. The Hansen solubility parameter of the varying 

mixture during diafiltration was calculated, using the EtAc and EtOH fractions, xEtAc and 

xEtOH , with the following equation: 

δtot (mixture) = xEtAc. δtot (EtAc) + xEtOH. δtot (EtOH)                                               (3) 
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The EtOH and EtAc fractions in the solvent mixture were determined using GC-FID, as 

mentioned in the analysis section. 

In fact, this diafiltration experiment was repeated three times on the same membrane: 

first using PEG-600 as the solute, subsequently using partially capped PEG, and finally using 

fully capped PEG. All diafiltrations were done at 10 bar. During each diafiltration, samples 

were taken after permeation of every 100 ml, allowing to determine the variation of the 

retention of each solute in the varying EtAc-EtOH mixture.  

In figure 2, all retentions are plotted as function of the Hansen solubility parameter of the 

EtAc/EtOH mixture. From this figure it can be clearly seen that, for all PEGs, retentions are 

low for the apolar mixtures, increase when the solvent polarity rises, and become constant 

at sufficiently high polarity of the solvent. In other words, there are again two distinctive 

regions as previously observed in figure 1: one region at low solvent polarity where the 

retention increases with solvent polarity and the PEG-600 retention is the lowest, and 

another region at high solvent polarity where the retention is almost constant and PEG-

600 retention is the highest. We note also that, for fully capped PEG, the retentions 

decrease again at high solvent polarity. This effect is also seen for the partially capped PEG 

in figure 2, however, to a much lesser extent.  

Furthermore, it can be noticed that the retention plateau is different for the three PEGs, 

and that the more apolar fully capped PEG already reaches its plateau at much lower 

solvent polarities as compared to the other PEGs. The retention values at the three 

plateau’s are: about 72% for the PEG-600 (600Da), about 67% for the partially PEG (550 

Da), and about 57% for the fully capped PEG (500 Da). These values are pretty close to 

what one expects for size exclusion of these molecules through a 800 Da membrane 

(MWCO of the membrane used in this diafiltration test) [26]. 
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Figure 2. Variation of the retention of three PEGs as function of the total Hansen solubility parameter of the 
EtAc/EtOH mixture during diafiltration from EtAc to EtOH  for a 1nm C8 Grignard modified membrane. The 
experiments were performed at a transmembrane pressure of 10 bar. The lines are a guide for the eyes. 

 

Finally, comparing the EtAc and EtOH fractions measured in the retentate and permeate 

samples taken at the same moment in the diafiltration, revealed that the solvent mixture is 

not changed during transport through the membrane. In other words, no solvent 

separation is observed, as expected for nanofiltration. 

 

3.2. Retention of polystyrene in different solvents 

For extra confirmation, experiments were also performed with another solute of similar 

size namely, polystyrene with a MW of 580 Da. These experiments were performed with 

two new, freshly grafted 1 nm TiO2 membranes: one grafted with C8 groups, and one 

grafted with phenyl groups. Polystyrene retentions were determined again in a range of 

solvents from non-polar methyl cyclohexane (δtot =16 MPa0.5) to more polar ones. Due to 

the limitation in dissolving polystyrene in solvents with high Hansen solubility parameter 

such as methanol, ethanol or water, DMF (δtot =24.8 MPa0.5) was selected as the most polar 

solvent. As it was not possible to find a pure solvent still solving polystyrene and having a 

Hansen solubility parameter between 20.3 MPa0.5  for DCM and 24.8 MPa0.5  for DMF, a 

mixture of 50/50 vol% of DCM and DMF was used as well (δtot =22.55 MPa0.5).  

For all polystyrene retention measurements in different solvents, the same two modified 

membranes were used. However, the experiments were not performed in the order of 

solvent polarity, but the sequence of solvents was such that each new solvent was miscible 

with the previous solvent to avoid any multiphase creation. In particular, for the phenyl 

modified membrane, first toluene (δtot =18.2 MPa0.5), than EtAc (δtot =18.1 MPa0.5), methyl 

cyclohexane (δtot =16.1 MPa0.5), MEK (δtot =19 MPa0.5), THF (δtot =19.4 MPa0.5), DCM (δtot 

=20.3 MPa0.5) and DMF (δtot =24.8 MPa0.5) were used. For each of these solvents, three 

experiments were performed at three transmembrane pressures: first at 11 bar, than at 5 

bar, and finally at 16 bar. There was no rinsing step in between the different experiments. 

Afterwards, in order to fill the polarity gaps in the solvent series, filtrations in three other 

solvents with Hansen solubility parameters around 17 and 22 MPa0.5 were performed. The 

following sequence was used: MIK (δtot =17 MPa0.5), cyclohexane (δtot =16.8 MPa0.5) and the 

50/50 mixture of DCM/DMF (δtot =22.55 MPa0.5). These measurements were only 

performed at 11 bar. For the 1 nm C8 modified membrane, all polystyrene retention 

experiments were performed at 11 bar in the following order of solvents: methyl 

cyclohexane, cyclohexane, EtAc, toluene, MEK, THF, DCM, DMF, MIK and the 50/50 

mixture of DCM/DMF. 

Figure 3 compiles all the polystyrene retentions obtained at 11 bar for the two different 

Grignard modified membranes. The lines drawn are just guides for the eye. From the 

results in figure 3 it is obvious that no clear effects of the measurements history can be 
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noticed (so most probably the solvent of the previous measurement is replaced by the 

solvent of the next measurement). Some of the measurements were also repeated 

afterwards. From these extra measurements a tendency to a small reduction of the 

retentions (3 to 10 %) was noticed. 

Figure 3 shows the same retention trends for both modified membranes. The trends are 

also very similar to the PEG retention results in the EtAc/EtOH mixtures (figure 2). Again 

two regions are found: in the first region at low solvent polarity, the polystyrene retention 

increases with solvent polarity, while in the second region at higher solvent polarity, the 

retention remains constant. The inflection point in between the two regions is observed to 

be similar for the two membranes tested.  

Moreover, the values of the retention plateaus correspond well to the retention values we 

expect for size exclusion of the 580 Da polystyrene molecule by the two membranes (the 

MWCO of the 1 nm TiO2 membrane used for phenyl modification was about 600 Da, while 

the MWCO of the 1 nm TiO2 membranes used for C8 modification was about 750 Da) [26]. 

Remarkable is also the systematic deviation from the general trend (guide lines) for specific 

solvents, and this very similar for both membranes. E.g. the retention values of MIK and of 

the DCM/DMF mixture were systematically lower than the trend line, for both modified 

membranes. 

 

Figure 3. Polystyrene retentions in different solvents for 1 nm C8 and 1 nm phenyl modified membranes, all 
determined at a transmembrane pressure of 11 bar. The retention values are plotted as function of the 

Hansen solubility parameter values of the different solvents. The lines are a guide for the eyes. 
 

 

3.3. Pressure effect  
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To obtain further insight in the transport mechanism, also the pressure dependence of the 

measured membrane performance was investigated. Figure 4 shows the observed 

permeate flux for the polystyrene solutions in methyl cyclohexane, EtAc, toluene, MEK, 

THF, DCM and DMF, as a function of the transmembrane pressure for the phenyl modified 

membrane. It is clear that the permeate flux J, increases linearly with the applied pressure, 

for every solvent. This confirms that the pressure difference is the only driving force for 

solvent permeation [21], with a negligible osmotic pressure due to the very low feed 

concentration [19].  
 
 

 
Figure 4. Permeate flux for polystyrene in methyl cyclohexane, EtAc, toluene, MEK, THF, DCM and DMF as a 
function of the transmembrane pressure for a phenyl modified membrane. The lines are linear fits through 

zero.  
 

Figure 5 shows the evolution of the polystyrene retentions as a function of the 

transmembrane pressure for the phenyl modified membrane. It can be observed in figure 

5 that by changing the solvent from the less polar one (methyl cyclohexane) to the most 

polar one (DMF), the variation of retention vs. applied pressure evolves from linearly 

increasing with increasing pressure, towards being independent of the pressure. More 

specifically, the solvents with relatively low polarity belonging to region one (figure 3), 

show retentions that clearly increase with pressure, whereas the solvents with relatively 

high polarity belonging to region two (figure 3), show retentions that are almost 

independent of pressure. 

  



13 

 

 
 

Figure 5. The evolution of the polystyrene retention in different solvents as function of the 
transmembrane pressure for a phenyl modified membrane.  

 

Furthermore, also the effect of transmembrane pressure on the retentions of the three 

PEGs was tested for two different solvents: DCM and DMF. These solvents were chosen as 

they belong to different regions in figure 1: DCM belongs to region one, while DMF belongs 

to region two. The order of the pressures was as follows: 5, 11 and 16 bar. Figure 6 (a) and 

(b) show the results. Similar effects as in figure 5 are observed: for DCM of region one a 

clear linear pressure effect on the retentions is noticed, while for DMF of region two 

retentions are almost pressure independent. 

 

 
 

Figure 6. Retention vs. transmembrane pressure for PEG-600, partially capped PEG and fully 
capped PEG in (left) Dichloromethane (DCM) and (right) Dimethylformamide (DMF). 
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4. Interpretation of the results by using Spiegler–Kedem theory 

Many different aspects of the described results, show similarities of the diffusion and 

convection transport known for aqueous nanofiltration [1,47]. For instance, in aqueous 

nanofiltration it is common knowledge that at low flux, or alternatively at low 

transmembrane pressure, the retentions increase with flux/pressure, while at high 

flux/pressure the retentions reach a plateau value determined by size exclusion. In the low 

flux/pressure region, the solute transport is mainly driven by diffusion, while in the high 

flux/pressure region, the solute transport is dominated by convection (solute dragged with 

the solvent). In aqueous nanofiltration, this transport is efficiently described by the well-

known Spiegler-Kedem theory. 

The Spiegler–Kedem equation [48, 49] describes the solute flux JS, as a result of a diffusion 

mechanism (first term in the equation) and of a convection mechanism (second term in the 

equation), as follows:  

 

JS = PS Δx dC/dx + C (1 – σ ) J                                                                                                           (4) 

 
where PS and σ are solute permeability and reflection coefficients, C is the solute 

concentration and Δx the membrane thickness. The reflection coefficient σ is dependent 

on the ratio of the solute size and the membrane pore size (size exclusion) and can be 

expressed in more detail following different theories [50]. 

At non-infinite pressures, equation (4) can be solved to calculate the retention. The result 

shows that the retention is a function of the reflection coefficient σ, and the ratio of the 

solvent and solute permeabilities J / PS: 

 
R = (1 – F ) σ / (1 – σ F )                     (5) 
 
where 
 
F = exp (- (1 – σ ) J / PS )                     (6) 
 

Following the Spiegler-Kedem theory, the permeation of solutes is always a function of 

diffusion as well as convection [49]. The contribution of convection increases with applied 

pressure, and consequently, the retention approaches a limiting value, which is the 

refection coefficient. This maximum retention is constant, independent of pressure, and 

determined by size exclusion (ratio of solute size to pore size). Indeed: 

 

If convection >> diffusion :   J / PS  >> 1   →     F ≈ 0    →    R ≈ (1 – F ) σ    →    R ≈ σ 
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On the other hand, when solute diffusion dominates the transport mechanism rather than 

convection, the retention is lower than the reflection coefficient, and is a function of the 

transmembrane pressure (TMP): 

 

If convection << diffusion :   J / PS << 1    →     F ≈ 1    →    R ≈ σ J / PS  << σ   →    R ≈ f (TMP) 

 

The experimental observations shown in this work can be elegantly interpreted using the 

Spiegler-Kedem theory. In region two of figures 1, 2 and 3, the retention reaches a plateau 

value, independent of pressure as proven in figures 5 and 6. In this region, convection and 

size exclusion prevails. In region one of figures 1, 2 and 3, the retentions are lower than the 

size exclusion value, and dependent on pressure as proven in figures 5 and 6. In this region, 

diffusion plays a major role in the transport mechanism. Which transport mechanism is the 

dominant one, seems to depend on the nature of the solvent (influencing J) and on the 

nature of the solute (influencing PS). Moreover, the type of  membrane plays a role too, as 

it influences solvent flux (J), solute permeability (PS) and reflection coefficient (σ).  

Using different characterization methods, it has already been clarified [38] that, due to 

partial surface coverage, Grignard grafted membranes are amphiphilic membranes 

showing higher affinity, and thus higher fluxes (J), for solvents with medium to high 

polarity, than for solvents with low polarity. This is also visible from the results of figure 4. 

As a consequence, in general, solvents with high polarity and thus high Hansen solubility 

parameter, belong to region two where convection dominates (J / PS >> 1), while solvents 

with low polarity and thus low Hansen solubility parameter (J / PS << 1),, belong to region 

one where diffusion is non-negligible. This is again consistent with the results shown in 

figures 1, 2 and 3. 

The strength of the Spiegler-Kedem theory to explain our results can also be shown in a 

quantitative way. As an example, in figure 7 all measured polystyrene retentions for the 

phenyl modified membrane were evaluated with the Spiegler-Kedem theory (equation 5 

and 6). To this purpose, all retentions were plotted as function of the solvent flux (J) 

measured during the retention experiments. The phenyl modified membrane was chosen, 

as for this membrane three retentions were determined for three transmembrane 

pressures for most solvents, and thus the most retention values are available. In figure 7 

the curve shows the Spiegler-Kedem equation (5) using the following parameters: 

reflection coefficient σ = 0.95, solute permeability PS = 1.5. These parameters were 

determined as being the ones needed for the best fit of the data. Although some scatter 

can be noticed, the Spiegler Kedem theory fits rather well to the experimental points 

(green, blue and red points ; different colours show the results obtained at different 

pressures). To further check the validity of the Spiegler-Kedem theory, we measured also 

the retention of polystyrene in IPA for this membrane: 42.3 % (orange point, determined at 

a transmembrane pressure of 11 bar). This solvent has a high viscosity, and therefore 
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typically shows relative low solvent fluxes (i.e., low J). The Spiegler-Kedem theory naturally 

explains the relative low retention observed for polystyrene in this solvent. 

 

 

 
 

Figure 7. Compilation of all measured polystyrene retentions on the phenyl modified membrane, plotted as 

function of the flux during the measurement. The retentions for solvents methyl cyclohexane, EtAc, toluene, 

MEK, THF, DCM and DMF at 16 bar are shown by the green triangles, at 11 bar by the blue diamonds, at 5 bar 

by the red squares. The crosses are the retentions for solvents cyclohexane, MIK and DCM-DMF(50-50) 

determined only at 11 bar. The orange point is the retention for solvent IPA. The line is a fit of the Spiegler-

Kedem theory to the data. 

 

In region one, at low solvent polarity, where the diffusion transport mechanism dominates, 

the nature of the solute has a strong influence on the observed retentions. This can be 

clearly seen in Figures 1 and 2. In this region, the highest retention appears for the most 

apolar of the PEG solutes, i.e., the fully capped PEG (with the lowest solubility parameter 

δtot =18.56 MPa0.5, compared to δtot =25.2 MPa0.5 for PEG-600 and δtot =22.83 MPa0.5 for 

partially capped PEG). This is again naturally consistent with the Spiegler-Kedem theory.  

Indeed, the fully capped PEG has the lowest affinity for the amphiphilic surface of Grignard 

modified membranes [39], and thus the lowest PS, leading to the highest retention R (R ≈ σ 

J / PS). In this region, solute-membrane affinity clearly influences the performance and in 

fact, affinity type of separations are possible.   

In region two, at high solvent polarity, where the transport mechanism shifts to size 

exclusion, the nature/polarity of the solute does not seem to influence the maximum 

retention value. Indeed, the retention values of the different solutes (different plateau’s) 

correspond very well with the values one would expect from size exclusion for the 
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different membranes, as already explained when describing the results of figures 1 and 2. 

Here, also the pore size of the membrane plays a role, as it determines the MWCO and 

thus the size exclusion potential of the membrane. This was also already explained in 

conjunction to figures 1 and 2. 

Fully capped PEG has a relatively low amount of hydrophilic functional groups (compared 

to the other PEGs) and is consequently less soluble in water or in other high polarity 

solvents [51]. This is a possible reason why the retention of this PEG in figure 2 decreases 

at sufficiently high water content. It is less obvious to explain this behavior using the 

Spiegler-Kedem theory. A tentative explanation, takes into account an enhanced transport 

of the solute via diffusion, i.e., extra high PS, specifically enhanced by the low solute-

solvent affinity. One would expect here again retentions low compared to the reflection 

coefficient, and dependent on transmembrane pressure (R ≈ σ J / PS).  

From figures 2 and 4 it is clear that the inflection point in between region one and two, 

where the transport mechanism changes from diffusion (affinity based) to convection (size 

exclusion based), changes for each solute. Figure 8 shows that there is a correlation 

between the Hansen solubility parameter of the solvent at this inflection point, and the 

Hansen solubility parameter of the solute. The increase of the inflection point with the 

solute polarity can be again simply explained by the Spiegler-Kedem theory. The higher the 

polarity of the solute, the higher the solute-membrane affinity, i.e., the higher solute 

permeability Ps through the amphiphilic Grignard membranes. Consequently, the solvent 

flux, or solvent polarity needs to be higher in order to reach the size exclusion regime. 

From figure 4 it is also clear that the inflection point for polystyrene is the same for both 

the C8 grafted membrane, as for the phenyl grafted membranes. This is not illogical, as the 

polarity (as determined by their water contact angles) of both membranes is quite similar 

[38, 52].  

From figures 4 and 7 it is however clear that there are some systematic deviations from the 

general Spiegler-Kedem trend for specific solvents. This can be due e.g. to the fact that we 

use the total Hansen solubility parameter of the solvents, ignoring hereby the details of the 

interaction possibilities of the solvents (ignoring relative strengths of dispersion, dipolar 

and hydrogen bonding interactions).  

Finally we want to stress that the relative simplicity of the interpretation by the Spiegler-

Kedem theory described above, is most probably due to the absence of swelling in the 

ceramic membranes used for this study. 
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Figure 8. Correlation between the Hansen solubility parameter of the solvent at the inflection point between 

size exclusion and affinity region, and the Hansen solubility parameter of the solute.  

 
 

4. Conclusion 

This paper reports a new systematic investigation of the OSN transport through Grignard 

modified ceramic membranes. In this study, the permeation and retention of four solutes, 

PEG-600, partially capped PEG, fully capped PEG and polystyrene 580 Da, all with similar 

size but different polarity, was determined in a wide range of different organic solvents or 

solvent mixtures, through two types of 1 nm titania membranes functionalised with C8
 

groups or phenyl groups. For the three PEGs, two different types of experiments, normal 

filtration with different solvents and diafiltration from pure EtAc to EtOH were done on 

different 1 nm C8 modified membranes. For polystyrene, filtration of an extensive range of 

solvents from apolar to polar ones, was investigated for both 1 nm C8 and phenyl modified 

membranes. To further unravel the transport mechanism properly, also the pressure effect 

on flux and retentions was thoroughly investigated.  

The retention results showed in general two regions: one region at low solvent polarity, 

with relative low retentions, varying with pressure and solvent polarity; and one region at 

high solvent polarity, with relative high retentions, independent of pressure and solvent 

polarity. The Spiegler-Kedem theory taking into account both diffusion and convection 

transport mechanisms, was used to interprete the results. Using this theory, region two 

naturally corresponds to a region with high solvent flux, and thus dominating convection. 

In this region the retentions are mainly determined by size exclusion and equal to the 

reflection coefficient σ. Region one naturally corresponds to a region with low solvent flux, 

and thus non-negligible influence of diffusion in the solute transport. In this region, also a 

strong influence of the solute polarity is observed: the solute with the highest solute-
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membrane affinity, shows the lowest retentions. In the size exclusion region, not the 

nature (polarity) of the solute but the size of the solute compared to the pore size of the 

membrane, influences the retention plateau. The relative simplicity of this interpretation is 

most probably due to the absence of swelling in the ceramic membranes used for this 

study. 

This study demonstrates again the importance of all solvent-membrane-solute interactions 

in the OSN transport, but also shows how they can be manipulated to enhance the 

membrane performance. 

 

Acknowledgements  

This study has been performed in the framework of the SBO project, FunMem4Affinity. 

The authors gratefully acknowledge Flemish Government agency for Innovation by Science 

and Technology (IWT) for the funding of this project (IWT 110019). 

 

References:    

[1] M. Mulder, Basic principles of membrane technology, Kluwer Academic Publishers, 
2003. 
 
[2] J. Schaep, B. Van der Bruggen, S. Uytterhoeven, R. Croux, C. Vandecasteele, D. Wilm, E. 
Van Houtte, F. Vanlerberghe, Removal of hardness from groundwater by nanofiltration, 
Desalination 119 (1998) 295-302. 
 
[3] M. Watson, C.D. Hornburg,  low-energy nanofiltration for removal of color, organics 
and hardness from drinking water supplies, Desalination, 72 (1989) 11-22.  
 
[4] S.J. Xia, B.Z. Dong, Q.L. Zhang, B. Xu, N.Y. Gao, C. Causserand, Study of arsenic removal 
by nanofiltration and its application in China, Desalination 204 (1–3)(2007) 374–379. 
 
[5] K. Kosutic, L. Furac, L. Sipos, B. Kunst, Removal of arsenic and pesticides from drinking 
water by nanofiltration membranes, Sep. Purif. Technol. 42 (2) (2005) 137–144. 

[6]  X. Fan, Y. Dong, Y. Su, X. Zhao, Y. Li, J. Liu, Z. Jiang, Improved performance of composite 
nanofiltration membranes by adding calcium chloride in aqueous phase during interfacial 
polymerization process, J. Membr. Sci. 452 (2014) 90-96. 

[7] P. Vandezande, L.E.M. Gevers, I.F.J. Vankelecom, Solvent resistant nanofiltration: 
separating on a molecular level, Chem. Soc. Rev. 37 (2008) 365. 
 
[8] G. Szekely, P. Marchetti, M. F. Jimenez-Solomon, A. G. Livingston, Organic solvent 
nanofiltration, in: E.M.V. Hoek, V.V. Trabara (Eds), Encyclopedia of Membrane Science and 
Technology, John Wiley & Sons, Inc, 2013, pp. 1-37.  
 



20 

 

[9] J. Geens, K. Peeters, B. Van der Bruggen, C. Vandecasteele, Polymeric nanofiltration of 
binary water alcohol mixtures : influence of feed composition and membrane properties 
on permeability and rejection, J. Membr. Sci. 255 (2005) 255‐264. 
 
[10] F. Zheng, Ch. Li, Q. Yuan, F. Vriesekoop, Influence of molecular shape on the retention 
of small molecules by solvent resistant nanofiltration (SRNF) membranes: A suitable 
molecular size parameter, J. Membr. Sci. 318 (2008) 114–122. 
 
[11] Y. Hs. See-Toh, F. C. Ferreira, A. G. Livingston, The influence of membrane formation 
parameters on the functional performance of organic solvent nanofiltration membranes, J. 
Membr. Sci. 299 (2007) 236–250. 
 
[12] S. Darvishmanesh, J. Degrève, B. Van der Bruggen, Mechanisms of solute rejection in 
solvent resistant nanofiltration: the effect of solvent on solute rejection, Phys. Chem. 
Chem. Phys. 12 (2010) 13333-13342. 
 
[13] E.S. Tarleton, J.P. Robinson, C.R. Millington, A. Nijmeijer, Non‐aqueous nanofiltration: 
solute rejection in low‐polarity binary systems, J. Membr. Sci. 252 (2005) 123‐131. 
 
[14] E. Gibbins, M. D' Antonio D. Nail, L. S. White, L.M. Freitas dos Santos, I. F.J. 
Vankelecom, A. G. Livingston, Observations on solvent flux and solute rejection across 
solvent resistant nanofiltration membranes, Desalination 147 (2002) 307-313 
 
[15] S. Zeidler, U. Kätzel, P. Kreis, Systematic investigation on the influence of solutes on 
the separation behaviour of a PDMS membrane in organic solvent nanofiltration, J. 
Membr. Sci. 429 (2013) 295-303. 
 
[16] A. Buekenhoudt, C. Dotremont, S. Aerts, I. Vankelecom and P. Jacobs, Successful 
Application of Ceramic Nanofiltration in Non-Aqueous Solvents, Proceedings of the Eighth 
International Conference on Inorganic Membranes, Cincinnati, USA (2004) 278–281 
 
[17] T. Tsuru, S. Wada, S. Izumi and M. Asaeda, Silica–zirconia membranes for 
nanofiltration, J. Membr. Sci. 149 (1998) 127-135. 
 
[18] T. Tsuru, T. Sudou, Sh. Kawahara, T.Yoshioka, M. Asaeda, Permeation of Liquids 
through Inorganic Nanofiltration Membranes, J. Colloid Interface Sci. 228 (2000) 292-296. 
 
[19]  T. Tsuru, T. Sudou, T.Yoshioka, M. Asaeda, Nanofiltration in non-aqueous solutions by 
porous silica–zirconia membranes, J. Membr. Sci. 185 (2001) 253–261. 
 
[20] T. Tsuru, M. Miyawaki, H. Kondo, T. Yoshioka, M. Asaeda, Inorganic porous 
membranes for nanofiltration of nonaqueous Solutions, Sep. Purif. Techn. 32 (2003) 105–
109.  
 



21 

 

[21] T. Tsuru, M. Narita, R. Shinagawa, T. Yoshioka, Nanoporous titania membranes for 
permeation and filtration of organic solutions, Desalination 233 (2008) 1–9. 
 
[22] T. Tsuru, H. Kondo, T. Yoshioka, M. Asaeda, Permeation of nonaqueous solution 
through organic/inorganic hybrid nanoporous membranes, AIChE J. 50 (2004) 1080–1087. 
 
[23] S. Darvishmanesh, A. Buekenhoudt, J. Degréve, B. Van der Bruggen, Coupled series‐
parallel resistance model for transport of solvent through inorganic nanofiltration 
membranes, Sep. Purif. Technol. 70 (2009) 46‐52. 
 
[24] P. Marchetti, A. Butté, A.G. Livingston, An improved model for prediction of solvent 
permeation through ceramic NF and UF membranes, J. Membr. Sci. 415‐416 (2012) 444‐
458. 
 
[25] J. Geens, K. Boussu, C. Vandecasteele, B. Van der Bruggen, Modelling of solute 
transport in non-aqueous nanofiltration,  J. Membr. Sci. 281 (2006) 139–148. 
 
[26] A. Buekenhoudt, F. Bisignano, G. De Luca, P.Vandezande, M. Wouters, K. Verhulst, 
Unravelling the solvent flux behaviour of ceramic nanofiltration and ultrafiltration 
Membranes, J. Membr. Sci. 439 (2013) 36-47. 

[27] V. Meynen, A. Buekenhoudt, Hybrid organic-inorganic membranes for solvent 
filtration, in: M.G. Buonnomenna (Eds), Advanced materials for membrane preparation, 
Bentham Science Publishers, 2012 pp. 205-227. 

[28] V. Meynen, L. Castricum Hessel, A. Buekenhoudt, Class II Hybrid organic-inorganic 
membranes creating new versatility in Separations, Current Org. Chem. 18 (2014) 2334-
2350. 

[29] G. Dudziak, T. Hoyer, A. Nickel, P. Puhlfuerss, I. Voigt, Ceramic nanofiltration 
membrane for use in organic solvents and method for the production thereof, Patent 
WO2004/076041, 2004. 
 
[30] I.Voigt , P.Phulfürss, T. Holborn , G.Dudziak, M. Mutter, A. Nickel, Ceramic 
nanofiltration membranes for applications in organic solvents, Proceedings of the 9th 
Aachener Membrane Colloquium, Aachen (2003) OP20-1 – OP20-11. 
 
 [31] T. Van Gestel, C. Vandecasteele, A. Buekenhoudt, Ch. Dotremont, J. Luyten, R. Leysen, 
B. Van der Bruggen, G. Maes, Alumina and titania multilayer membranes for nanofiltration: 
preparation, characterization and chemical stability, J. Membr. Sci. 207 (2002) 73–89. 
 
[32] A. Sah, H.L. Castricum, A. Bliek, D.H.A. Blank, J.E. ten Elshof, Hydrophobic modification 
of ɣ-alumina membranes with organochlorosilanes, J. Membr. Sci. 243 (2004) 125–132. 
 



22 

 

[33] H. L. Castricum, A. Sah, M. C. Mittelmeijer-Hazeleger, J. E. ten Elshof, 
Hydrophobisation of mesoporous ɣ-Al2O3 with organochlorosilanes—efficiency and 
structure, Microp. Mesop. Mat. 83 (2005) 1–9. 
 
[34] B. Verrecht, R. Leysen, A. Buekenhoudt, C. Vandecasteele, B. Van der Bruggen, 
Chemical surface modification of g -Al2O3 and TiO2 toplayer membranes for increased 
hydrophobicity, Desalination 200 (2006) 385–386. 
 
[35] A.F.M. Pinheiro, D. Hoogendoorn ,A. Nijmeijer, L. Winnubst, Development of a PDMS-
grafted alumina membrane and its evaluation as solvent resistant nanofiltration 
membrane,  J. Membr. Sci. 2014 (463) 24–32. 
 
[36] Ch. R. Tanardi, A.F.M. Pinheiro, A. Nijmeijer, L. Winnubst, PDMS grafting of 
mesoporous γ-alumina membranes for nanofiltration of organic solvents, J. Membr. Sci. 
2014 (469) 471–477. 
 
[37] A. Buekenhoudt, K. Wyns, V. Meynen, B.Maes, P.Cool, Surface-modified inorganic 
matrix and method for preparation thereof, Patent WO2010/106167, 2010. 
 
[38] S. Rezaei Hosseinabadi, K. Wyns, V. Meynen, R. Carleer, P. Adriaensens, A. 
Buekenhoudt, B. Van der Bruggen, Organic solvent nanofiltration with Grignard 
functionalised ceramic nanofiltration membranes, J. Membr. Sci. 454 (2014) 496–504. 
 
[39] S. Rezaei Hosseinabadi, K. Wyns, A. Buekenhoudt, B. Van der Bruggen, D. Ormerod, 
Peformance of Grignard functionalized ceramic nanofiltration membranes, Sep. Purif. 
Techn. 147 (2015) 320–328 
 
[40] P. Marchetti, A. Butte, A. G. Livingston, NF in organic solvent/water mixtures: Role of 
preferential solvation, J. Membr. Sci. 444 (2013) 101–115. 
 
[41] S. Zeidler, P. Puhlfürß, U. Kätzel, I. Voigt, Preparation and characterization of new low 
MWCO ceramic nanofiltration membranes for organic solvents, J. Membr. Sci. 470 (2014) 
421–430. 
 

[42] K.S. Spiegler, Thermodynamics of hyperfiltration (reverse osmosis): criteria for 

efficient membranes, Desalination 4 , (1966), 311–326. 

 
[43] C.M. Hansen, Hansen Solubility Parameters: A User's Handbook, 2nd ed., CRC Press, 
2007. 
 
[44] http://www.sigmaaldrich.com 
 
[45] I. M. Smallwood, Handbook of Organic Solvent Properties, Arnold, 1996. 
 



23 

 

[46] A.F.M. Barton, CRC handbook of solubility parameters and other cohesion parameters, 
CRC Press, 1983. 
 
[47] J. Shirley, S. Mandale , V. Kochkodan, Influence of solute concentration and dipole 
moment on the retention of uncharged molecules with nanofiltration, Desalination 344 
(2014) 116–122. 
 
[48] X. Wang, T. Tsuru, Sh. Nakao, Sh. Kimura, The electrostatic and steric-hindrance model 
for the transport of charged solutes through nanofiltration membranes, J. Membr. Sci. 135 
(1997) 19-32. 
 
[49] B. Van der Bruggen, C. Vandecasteele, Modelling of the retention of uncharged 
molecules with Nanofiltration, Water Res. 36 (2002) 1360–1368. 
 
[50] J.Geens, PhD (2006), Mechanism and modelling of nanofiltration in organic media, 
Ph.D Thesis, KULeuven: Belgium. 
 
[51] B. Sarkar, V. Venugopal, A. M. Bodratti, M. Tsianou, P. Alexandridis, Nanoparticle 
surface modification by amphiphilic polymers in aqueous media: Role of polar organic 
solvents, J. Colloid Interf. Sci. 397 (2013) 1–8. 
 
[52] G. Mustafa, K. Wyns,  P. Vandezande,  A. Buekenhoudt, V. Meynen, Novel grafting 
method efficiently decreases irreversible fouling of ceramic nanofiltration membranes, J. 
Membr. Sci. 470 (2014) 369–377. 


