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Abstract

Polyethersulfone (PES) membranes were prepared in this study by using the DIPS technique (diffusion induced phase separation) in view of a

better insight into the performance of commercial polyethersulfone membranes and a verification for the limited information given by the

manufacturer. During this process, a lot of conditions influence the final membrane structure. Beside the choice of the solvent (dimethylformamide

(DMF) or N-methyl-pyrrolidone (NMP)), it was shown that the concentration of the polymer and the relative air humidity are the most crucial

ones. Optimizing these factors led to reproducible membranes, which were characterized for hydrophobicity, roughness, surface charge and

molecular weight cut-off (MWCO). The performance was studied by doing cross-flow filtration experiments with aqueous solutions of uncharged

and charged component. Although the self-made membranes were characterized by a larger MWCO in comparison with commercial

polyethersulfone nanofiltration membranes, the retention for the self-made membranes was almost equal to or even higher than the commercial

membranes in the case of filtrating negatively, respectively, positively charged component. The high retention of the self-made membranes for

positively charged component can be explained by adsorption experiments or by surface charge measurements before and after filtration.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Membrane processes in general, and nanofiltration in

particular, are becoming more and more important in

environmental technology. Nanofiltration (NF) membranes

can remove multivalent ions as well as organic molecules with

a molecular weight above 300 Da. Because of these properties,

nanofiltration is nowadays applied in the treatment of

wastewater in the textile industry [1–3] and in the production

of drinking water [4–6]. However, the main drawback of the

use of membranes in industry is the phenomenon of fouling,

which is defined as a ‘process resulting in loss of performance

of a membrane due to the deposition of suspended or dissolved

substances on its surfaces, at its pore openings, or within its

pores’ [7]. As fouling is an interplay between the membrane

and the feed components, it is important to have a good
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understanding of the performance of the membranes. However,

information given by the membrane manufacturer is rather

poorly, only the polymer type (polyethersulfone or polyamide

in the case of NF) is often mentioned.

Therefore, the goal of this study was to prepare nanoporous

polyethersulfone membranes and to compare the character-

istics and the performance of these membranes with

commercial NF membranes. This allows obtaining a better

insight into the performance and fouling tendency of

commercial membranes.

A common technique to prepare asymmetric polymeric

membranes is the DIPS technique (diffusion induced phase

separation) [8–12]. In this process, a thin layer of the polymer

dissolved in an appropriate solvent is cast on a suitable support

and phase separation is induced by a non-solvent. This phase

inversion can be obtained in several ways [13], of which the

immersion precipitation is the most efficient one. In this

process, the phase inversion is induced by immersing the

polymer solution film in a non-solvent bath. A diffusion driven

exchange between solvent and non-solvent starts: the non-

solvent diffuses into the polymer solution and the solvent

diffuses into the non-solvent bath. Because of this diffusion
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process, the composition of the polymer solution changes and

moves into the binodal region of the ternary phase diagram

(composed of polymer, solvent and non-solvent). Hence, the

polymer solution is separated into two phases: a polymer-rich

phase and a polymer-poor phase. At a certain stage during

phase demixing, the polymer-rich phase is solidified into a

solid matrix, while the polymer-poor phase develops into the

pores.

Both kinetics and thermodynamics play an important role

during the process of membrane formation and are extensively

studied in literature [14–21]. Changing the preparation factors

during the process will have an influence on both kinetics and

thermodynamics, resulting in a different membrane structure

and a different membrane performance. For example, an

increase in the polymer concentration leads to a lower porosity

of the membrane and hence to a lower water flux [20,22,23]. To

increase the water flux, pore-forming agents, such as polyvinyl-

pyrrolidone [24,25], polyethylene glycol [26] or an acid [27–

29] can be added to the polymer solution. When on the other

hand a volatile component like aceton is added to the polymer

solution, a denser top layer will develop, resulting in higher

retentions [22]. Not only to the polymer solution, but also to the

non-solvent bath, components like alcohols [17,19] or a solvent

[20] can be added to change the membrane structure. Another

influential preparation factor is the temperature of the non-

solvent bath: increasing this temperature may either lead to an

increase [27] or a decrease [30] of the water flux depending on

the studied polymer system. The polyethersulfone system is

also thought to be sensitive to the relative air humidity [21]. By

changing all these preparation factors, an optimized membrane

for a specific purpose can be obtained.

From this literature overview, it becomes clear that up to

now studies concerning membrane formation are rather

focused on the principle of the formation process and on the

influence of some preparation factors on the membrane

structure without considering the membrane performance.

Because the formation process of the membrane is a complex

phenomenon, most of the articles are limited to the influence of

only one or two preparation factors on the thermodynamics and

kinetics of the formation process. The study about the

performance (if any) is mostly limited to a dead-end set-up

in which only the pure water flux and the retention of one

specific component are tested. A thorough testing of the

membrane performance in a real-life cross-flow set-up is

currently missing. Also a thorough characterization of the

membrane surface properties, which are important to explain

fouling phenomena, can hardly be found in literature.

Therefore, this study aims at giving a systematic and

complete overview of the synthesis of nanoporous poly-

ethersulfone membranes by the phase inversion technique,

seen from the point of the membrane performance (instead of

from the point of the formation process). In a first part of the

study, several preparation factors were studied experimentally

to find the optimal circumstances to obtain a nanoporous

polyethersulfone membrane. Membranes without support layer

were chosen in the first part for two reasons. Firstly, at least one

difficult factor (the support layer) could be excluded in the
beginning of the research. Secondly, these membranes without

non-woven support layer could be tested in a dead-end set-up

that allows testing the performance of the membranes in a

shorter time with a smaller piece of membrane. The knowledge

of this first part will be used in the second part of the study, in

which membranes on a non-woven support layer were

prepared. These membranes were then characterized and

tested in detail for their performance in a cross-flow set-up.

To have a reference, the results were compared with those of

commercial nanofiltration membranes.

2. Materials and methods

2.1. Preparation of the membranes

Polyethersulfone from Solvay Belgium (PES Radel A-100)

was used and dissolved in two different solvents (dimethylfor-

mamide (DMF) or N-methyl-pyrrolidone (NMP)) by heavy

stirring during several days to obtain a homogeneous solution.

A thin film of the polymer solution with a thickness of 150 mm
was made on a support with a filmograph (K4340 Automatic

Film Applicator, Elcometer) at a speed of 20 mm/s in an

atmosphere with controlled relative air humidity. The support

was either a glassy plate or a glassy plate with a non-woven

support layer taped on it. The non-woven support layers

FO2471 (PP/PE, air permeability at 2 mbar: 300 dm3/m2 s) and

FO2413 (polyester, air permeability at 2 mbar: 150 dm3/m2 s)

were obtained from Freudenberg, Germany. To prevent the

polymer solution of intruding in the pores of these support

layers, the support layer was wetted with the appropriate

solvent prior to casting [31]. The casting thickness was also

increased to 250 mm to obtain a defect-free membrane.

The casted polymer film was then immersed in a non-

solvent bath of distilled water at 293 K (unless otherwise

mentioned), in which the phase separation starts and the

membrane is formed. The membrane was afterwards repeat-

edly washed with distilled water and wet stored. For each set of

process parameters, three identical membrane sheets were

made and tested to obtain a mean value of the flux and the

retention (Section 2.3).

The viscosity of the polymer solutions was measured with a

DSR (dynamic stress rheometer rheometrics) in a nitrogen

atmosphere at 303 K.

To have a reference, commercial nanofiltration membranes

with a top layer of (permanently hydrophilic) polyethersulfone

were also studied. It concerns the membranes N30F and

NFPES10 from Nadir, Germany. According to the manufac-

turer, the MWCO (molecular weight cut-of or the molecular

weight of a component with 90% retention) of N30F and

NFPES10 is, respectively, 400 and 1000 Da.

2.2. Characterization of the membranes

The MWCO of the membranes was determined by doing

filtration experiments in the cross-flow set-up. The feed

solution consisted of a mixture of polyethylene glycols

(PEG) with different molecular weights (from 150 till



Fig. 1. The dead-end set-up (a) and the cross-flow set-up (b) used for testing the

performance of the self-made membranes. [(1) feed, (2) filtration module, (3)

permeate, (4) retentate, (5) feed vessel, (6) pomp]
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3000 g/mol) in a concentration of 1 g/l. Analysis of the

concentration of PEG in feed and permeate was done with

Gel Permeation Chromatography (Shodex OHpak SB-804

HQ). By fitting the obtained retention curve with the log-

normal model [32], the MWCO can be calculated as the

molecular weight of PEG with 90% retention.

The hydrophobicity of the membrane surface was analysed

by contact angle measurements, performed with a Drop Shape

Analysis System DSA 10 Mk2 (Krüss) in a three-phase system

consisting of the membrane surface, air and water droplets of

2 ml. The sessile drop method was chosen. Each contact angle

was measured 10–15 times and an average value was

calculated. The contact angle of the wet, clean membrane

was determined for all membranes.

Non-contact atomic force microscopy (AFM) was carried

out with an AFM system Autoprobe M5 (VEECO). The

cantilever was made out of Si with a spring constant of 3.2 N/m

and a nominal tip apex radius of 10 nm. The roughness was

measured on a scan area of 1 mm!1 mm. After flattening the

RMS (root-mean-squared roughness) was calculated. Each

measurement was performed three times on two different areas

to obtain a mean value of the RMS roughness. The standard

deviation of the different measurements was lower than 10%.

The zeta potential of the membranes was determined by

streaming potential measurements with a 0.01 M KCl solution,

using the experimental set-up described in detail in [33]. The

pH was set within the range between 3 and 10 by adding NaOH

and HCl. The relative fault on the measured values was below

10%. Only around the neighbourhood of the iso-electric point

(when the surface charge is very small), the relative faults

increased up to 30%.

To visualize the membrane structure, SEM-images of the

cross-section of the self-made membranes were made with a

Philips Scanning Electron Microscope XL30 FEG with an

accelerating voltage of 20 keV. To obtain a clear cross-section,

the membranes were fractured after immersing in liquid

nitrogen.
2.3. Performance of the membranes

The performance of the self-made membranes was tested in

a dead-end or in a cross-flow set-up. The dead-end set-up was

used for testing the membranes made without non-woven

support layer, because these membranes lack the mechanical

strength to withstand the shear velocity in cross-flow.

In the dead-end module (Sterlitech, USA), a static pressure

of 8 bar is applied on a small vessel filled with the feed solution

(300 ml). The temperature during dead-end filtration was equal

to room temperature (293 K) during the whole experiment. To

minimize concentration polarization, the feed solution is

continuously stirred. At the bottom of the vessel a membrane

with diameter 4.3 cm is placed. The permeate (which passes

through the membrane) was collected in a graduated cylinder,

as presented in Fig. 1(a). To test a membrane, the dead-end

module was in a first step filled with distilled water and the pure

water permeability was calculated according to formula (1).
Water permeability

Z
permeate volume ðlÞ

membrane area ðm2Þ!time ðhÞ!pressure ðbarÞ
(1)

In a second step, the retentions of an uncharged component

(raffinose, MwZ504 g/mol) and a negatively charged com-

ponent (congo red, MwZ697 g/mol) were studied. Therefore,

an aqueous feed solution was made with a concentration of

2 mmol/l for raffinose or 0.02 mmol/l for congo red. The

retention can be calculated with formula (2).

Retention ð%ÞZ 1K
concentration permeate

concentration feed

� �
!100 (2)

In the cross-flow set-up (Amafilter, The Netherlands,

Fig. 1(b)), membranes made on a non-woven support layer

were tested. In the experiments the applied pressure was 8 bar

and the temperature was maintained at 293 K by a cooling

water circuit. Concentration polarization is minimized by using

a feed velocity of 4.5 m/s. The feed volume is 10 l, while the

membrane surface is 0.0059 m2. Because only a small

permeate volume is necessary for the analysis of the

concentration and because permeate and retentate are recycled

back to the feed vessel, the concentration of the feed solution

hardly changes. In the cross-flow set-up, the membranes were

also firstly tested for the pure water permeability. Afterwards

the evolution of the permeate flux and the retention in function

of time was followed when filtrating an aqueous solution of

uncharged or charged components in a concentration of

0.2 mmol/l. To compare the flux decline between different

membranes, relative fluxes (in %) were defined as the

relation of the permeate flux to the pure water flux. Due to

the small concentrations, osmotic pressure was negligible.



Table 1

Summary of the properties of the components used to test the performance of

the self-made membranes

Mw (g/mol) Charge at neutral pH

Raffinose 504 0

Diphenylaminosulfo-

nic acid

271 K

Methyl orange 327 K

Congo red 697 K K

Neutral red 289 C
Methylene blue 320 CC

Janus green 511 C
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The properties of the used components are summarized in

Table 1; both negatively and positively charged components

were selected. An UV 1601 spectrophotometer was used to

analyse the concentration of all charged components, the

concentration of raffinose was determined using a colouri-

metric method [34].
3. Results and discussion

3.1. Preparation of membranes without non-woven support

Membranes were made on a glassy plate without non-woven

support to study the influence of different preparation factors to

obtain the optimal circumstances for a nanoporous poly-

ethersulfone membrane. The preparation factors include a non-

solvent bath of distilled water at 293 K, a relative air humidity

of 40% and no addition of components either to the non-solvent

bath or to the polymer solution. As solvent, DMF or NMP was

used. The influence of the polymer concentration and the

relative air humidity were studied first. Then different

components were added to the non-solvent bath and to the

polymer solution. Of the non-solvent bath, not only the

influence of the additives, but also the influence of the bath’s

temperature on the membrane performance was investigated.

The goal of changing all these preparation factors was to

obtain a nanoporous polyethersulfone membrane. To verify if

this criterion was fulfilled, the membrane performance (namely

the pure water permeability and the retentions of congo red and

raffinose) was studied. Because of the absence of a non-woven

support, these membranes lack mechanical strength and could

hence only be tested in the dead-end set-up. Using the dead-end

set-up also has the advantage that the performance of the

membranes could be tested in a shorter timewith a smaller piece

of membrane. If, by changing a preparation factor, the

performance of the self-made membrane corresponded with

the performance known for commercial nanofiltration mem-

branes, it can be concluded that this preparation factor is

favourable to obtain a nanoporous membrane. The pure water

permeability for commercial nanofiltration membranes ranges

between 1.5 and 15 l/m2 /h/ bar. The retention of congo red

(negatively charged component) is about 98% for all

commercial nanofiltration membranes, while for raffinose
(uncharged component) the retention differs strongly from

membrane to membrane.

3.1.1. Influence of the polymer concentration

The influence of the polymer concentration on the water

permeability for both DMF- and NMP-membranes is shown in

Fig. 2(a). Fig. 2(a) shows that an increase in the polymer

concentration corresponds to a decrease in the pure water

permeability. This can be explained by the observed increase in

the viscosity of the polymer solution. For example, in the case

of NMP, the viscosity of a 26% polymer solution was

2.15 Pa. s, while a viscosity of 6.11 Pa. s was measured for a

30% polymer solution. This increase in viscosity hampers the

diffusional exchange between solvent and non-solvent and

leads to a higher polymer concentration at the interphase

between polymer solution and non-solvent bath and hence to a

lower porosity and a lower permeability of the membrane.

SEM-images of the cross-section of a DMF-membrane with

different polymer concentrations are shown in Fig. 2(b). A

comparison between these images indicates that a high polymer

concentration indeed results in a less porousmembranewith less

fingerlike pores (called macrovoids). There is also an influence

of the polymer concentration on the final thickness of the

membrane. Starting from 150 mm casting thickness, the final

thicknesses of themembranesmadewith a 14%PES/DMFand a

20%PES/DMF solution are, respectively, 50 and 60 mm. In both

cases, a reduction in thickness is observed because the transport

of non-solvent (distilledwater) into the polymer solution (DMF/

PES) is slower than the transport of the solvent (DMF) into the

non-solvent (water). This phenomenon is related to the good

miscibility of solvent and non-solvent and to the hydrophobic

nature of the polymer if water is used as non-solvent. So, by

increasing the polymer concentration and hence the viscosity,

both the rate of the solvent into the non-solvent and the rate of

the non-solvent into the polymer solution decrease, resulting in

less contraction and hence in a thicker membrane. The same

trend was observed for the NMP-membranes.

The polymer concentration has not only an influence on the

permeability as shown in Fig. 2(a), but also on the retention of

the membranes. For congo red, the retention increases from

91% (for 20% PES/NMP) to 99% (for 26% PES/NMP) and

from 93% (for 16% PES/DMF) to 99% (for 17% PES/DMF).

The retention of raffinose was in all cases very low (below 5%).

From these data, it can be seen that there is a big difference

between the retention of raffinose and the retention of congo

red. This can be explained by the fact that raffinose is

uncharged while congo red carries a negative charge. Because

the membrane surface is also negatively charged at neutral pH

(Section 3.2.2), congo red experiences a repulsion force,

resulting in a high retention of this component.

This paragraph proves that there is a large influence of the

polymer concentration on the membrane performance and

structure. To study the influence of the other preparation

factors, one polymer concentration was selected, namely 17%

PES in case of DMF and 26% PES in case of NMP. These

concentrations were chosen in such a way that a nanoporous

structure was obtained: congo red was retained very well (99%)
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Fig. 2. Influence of the polymer concentration on (a) the pure water permeability measured in dead-end and (b) the membrane structure.
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and the water permeability was still reasonable (10 l/m2/ h/ bar

for 17% PES/DMF and 19 l/m2/ h/ bar for 26% PES/NMP).
17% PES/DMF 
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Fig. 3. Influence of the relative air humidity on the pure water permeability.

Each point represents the water permeability of a membrane at a specific

relative air humidity.
3.1.2. Influence of the relative air humidity

To study the influence of the relative air humidity on the

water permeability, 15 membranes were synthesized at relative

humidities of, respectively, 30, 50, 70 and 90%. The results are

given in Fig. 3 for a 17% PES/DMF membrane; the results for

PES/NMPwere similar. Fig. 3 shows that an increasing relative

humidity gives rise to a larger variation on the measured water

permeability or hence to a decreased reproducibility. This was

not reported in literature before. Only Chaturvedi et al. [27]

reported that exposure to higher humidity gives more porous

membranes with higher water permeation rates for the system

PES/DMF and PES/NMP. However, only two different

humidities were tested (55 and 90%) and no standard

deviations were given on the experimental water fluxes.

The relative humidity plays an important role to control the

membrane performance, as during the casting of the polymer

solution to a film, the composition of the casted film is varied

by water vapour sorption. Water vapour sorption occurs rather

than evaporation of the solvent, since DMF and NMP are

highly hygroscopic and non-volatile solvents. Due to this water

vapour sorption, phase separation occurs on some places on the

membrane surface, prior to the phase separation that occurs

when placing the casted film in the non-solvent bath of distilled

water. The relative humidity can thus only have an influence on

the top layer of the membrane surface, as the underlying layers

of the membrane are only formed at the moment of immersion
in the non-solvent. SEM-images of the cross-section of the

membranes at low and high relative humidity were similar and

can be compared with Fig. 2(b2). A change in the top layer of

the membrane should have an influence on the observed

retentions, but the effects were small: congo red is almost

completely retained at all humidities, while the retention of

raffinose is always very small (below 5%).

This paragraph proves that, to enhance the reproducibility,

membranes should be made in an atmosphere with a relative

humidity as low as possible. Because of the presence of a non-

solvent bath of distilled water, there are restrictions on the

minimal relative humidity. A relative humidity of 40% was

achievable to reach in all experiments.



Table 2

Influence of the temperature of the non-solvent bath on the water permeability

(l/m2/ h/ bar) and on the retention of congo red (%)

Temperature

(K)

17% PES/DMF 26% PES/NMP

Permeability Retention

congo red

Permeability Retention

congo red

285 13 99 24 99

293 10 99 19 99

320 3 94 1 92

Fig. 4. SEM-images of (a) 32% PES/DMF and (b) 30% PES/NMP with a zoom

on the top layer.
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3.1.3. Influence of additives to the polymer solution

Different components were added to the polymer solution,

such as aceton (a volatile additive) or distilled water (non-

solvent). No pore-forming agents were added, because

according to literature [24–28], these additives would

dramatically enlarge the pores resulting in undesired low

retentions of both congo red and raffinose.

The purpose of adding volatile components is to obtain

smaller pores as these components evaporate during the casting

of the polymer solution. Just as with the relative humidity, a

volatile additive is thought to have only an influence on the top

layer of the membrane. However, by adding up to 8% aceton,

the permeability for the 17% PES/DMF membrane only

slightly increased from 10 l/m3/ h/ bar to 13 l/m2/ h/ bar and

there was also no effect on the observed retentions of congo red

and raffinose. So, adding aceton to the polymer solution did not

provide a large improvement in the membrane performance.

By adding water (non-solvent) to the polymer solution, the

starting polymer solution (which is normally located in the

stable region) moves closer to the unstable binodal region in

the ternary phase diagram of the polymer system. By

immersing this polymer solution in the non-solvent bath,

only little water is needed for phase separation to occur. This

results in the formation of a porous membrane with a thin top

layer and hence with a high water permeability. This

phenomenon was observed for the 17% PES/DMF system

where the water permeability increases from 10 to

20 l/m2/ h/ bar by adding up to 0.9% of distilled water.

Because, however, the retention of congo red decreases from

99 to 94%, adding water to the polymer solution did not seem

to ameliorate the membrane performance.

3.1.4. Influence of additives and temperature of the

non-solvent bath

The influence of adding an alcohol to the non-solvent bath

of distilled water was investigated for the DMF/PES and the

NMP/PES system. Increasing the alcohol concentration

(isopropanol or ethanol) in the distilled water bath from 0 to

40% causes a decrease in the water permeability for the 17%

PES/DMF membrane from 10 l/m2/ h/ bar to 4 l/m2/ h/ bar.

When the non-solvent bath consisted of pure isopropanol, the

water flux was reduced to zero for both the DMF/PES and the

NMP/PES system. Although the influence of adding alcohol to

the non-solvent bath on the water permeability was remarkable,

congo red was in all cases retained for 99% (except for the case

of a pure alcohol bath, where no flux was measured and hence

no permeate sample could be collected). This phenomenon can

be explained by the fact that, if alcohols are used as non-

solvent, the binodal region in the ternary phase diagram shrinks

significantly [17]. This implicates that more non-solvent

(alcohol) is needed to diffuse into the polymer solution before

this solution reaches the binodal region and phase separation

can occur. This results in the formation of a membrane with a

dense top layer, which can explain the decrease of the water

flux.

A decrease of the water flux was also observed when

increasing the temperature of the distilled water bath for both
the DMF/PES and the NMP/PES system, as presented in

Table 2. Increasing the bath temperature caused not only a

decrease of the water permeability but also a slight decrease of

the retention of congo red, also indicated in Table 2. This effect

can be explained by considering the viscosity and the solubility

of the polymer solution. When the bath temperature increases,

the polymer solution will become less viscous, resulting in an

increased diffusivity of the solvent through both the internal

polymer phase as well as through the interface between the

developing membrane and the non-solvent bath. This results in

a faster concentration of the polymer in the film, giving a

thicker dense layer and hence a smaller flux. Another effect,

that plays an important role when increasing the bath

temperature, is the increased solubility of the polymer in the

solvent. Because of this, the polymer is kept in the solution

state at a higher water concentration without phase separation,

again generating a thicker dense film.
3.1.5. Influence of the solvent

Beside all these preparation factors, the solvent (DMF or

NMP) also influences strongly the membrane performance.

This effect, which was not yet reported in literature, was

particularly observed for the water permeability (as presented

in Fig. 2(a)). The explanation for this large difference in water

permeability can be found in the membrane structure. Fig. 4
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presents SEM-images of the cross-sections and of the top

layers of a 32% PES/DMF and a 30% PES/NMP membrane.

From Fig. 4, it becomes clear that the NMP-membrane is

thicker than the DMF-membrane (85 mm, respectively, 60 mm)

and that the NMP-membrane has longer and smaller

macrovoids in comparison with the DMF membrane. Also

the thickness of the top layer differs for both membranes, as the

NMP-membrane has a top layer of about 0.5 mm, whereas a top

layer of about 3 mm is observed for the DMF-membrane. When

studying SEM-images of membranes made with a lower

polymer concentration, the same conclusions could be drawn.

From this SEM-study, it becomes clear that the DMF-

membranes are characterized by a thicker top layer than the

NMP-membranes. Because the water flux is inversely

proportional with the thickness of a membrane (Hagen–

Poiseuille) and because the sublayer of the DMF- and the

NMP-membranes is very porous with many macrovoids, the

main resistance for the water flux is located in the top layer. So,

the thicker the top layer, the more resistance and the lower the

water flux, which was observed for the DMF-membranes.

The presence of the thicker top layer in DMF-membranes

can be explained by thermodynamics and kinetics. By

performing viscosity measurements, it became clear that the

DMF-solution is less viscous than the NMP-solution (4.81 Pa.s

for 32% PES/DMF versus 6.11 Pa.s for 30% PES/NMP). This

lower viscosity of the PES/DMF solution increases the

diffusivity of DMF versus NMP through both the polymer

solution as well as through the interface between the

developing membrane and the non-solvent bath. DMF also

has a higher enthalpy of solution in water than NMP as can be

seen from DMF’s solubility parameter (12.1 versus 11.3

(cal/cc)0.5 for NMP). The transport of DMF into water will

hence be faster than the transport of NMP into water, while the

uptake of water into both polymer solutions will be more

similar. So, DMF will have a higher gradient into the water

phase than NMP. This will result in a faster concentration of

the polymer in the DMF/PES-film, giving a thicker dense top

layer.

Another explanation for the thicker top layer of the DMF-

membranes could be that DMF is a better solvent for

polyethersulfone than NMP. This implicates that the polymer

in the DMF/PES system is kept in the solution state at a higher

water concentration, generating a thicker dense film.

3.2. Preparation of membranes on a non-woven support

In the first part of this study, it was proven that the polymer

concentration and the relative humidity are the most important

preparation factors to obtain a membrane with a good

performance. The choice of the solvent also plays an important

role in the formation of the membrane. This knowledge is used

in the study of polyethersulfone membranes on a non-woven

support. This permits to study the performance of the

membranes in a more realistic way.

Two different support layers (FO2413 and FO2471) and

two different solvents (DMF and NMP) were used. This

implies that four different types of membranes were made.
As non-solvent, a distilled water bath at 293 K was used. No

components were added to the non-solvent bath or to the

polymer solution. During casting of the polymer solution, the

relative air humidity was 40%. After synthesis, the membranes

were characterized and tested for their performance in the

cross-flow set-up.
3.2.1. Influence of the polymer concentration

Fig. 5 shows the influence of the polymer concentration on

the water permeability for the four different membranes. Just as

it was the case without non-woven support layer (Section

3.1.1), the water permeability decreases with increasing

polymer concentration. Beside the polymer concentration, the

non-woven support layer used is also important, as the more

porous non-woven support FO2413 gives rise to a higher water

permeability than the denser support FO2471. This effect is

also reported by Barth et al. [22].

To characterize and to test the performance of the

membranes, an optimal polymer concentration should be

selected, so that a reasonable water flux is combined with a

good retention of an uncharged component (raffinose). In the

experiments, it was observed that the retention of raffinose

increases with increasing polymer concentration. So, a highest

possible polymer concentration would be advantageous for the

retention, but disadvantageous for the water permeability.

There are also practical limitations, as a very high polymer

concentration would result in a very viscous solution. This

hampers the defect-free casting of the solution on the support

layer.

The optimal concentrations were determined as 32% PES

for DMF and 30% PES for NMP. The membranes made of

these concentrations will be studied in the rest of the article and

will be referred to as: D13 and D71 (for a 32% PES/DMF

solution cast on FO2413, respectively, FO2471) versus N13

and N71 (for a 30% PES/NMP solution cast on FO2413,

respectively, FO2471). The water permeability of these

membranes was determined as 17.0 and 22.2 l/m2/h/bar for

N71, respectively, N13, while D71 and D13 have a water

permeability of, respectively, 4.7 and 9.4 l/m2/h/bar. The

retention of raffinose was almost equal for all membranes
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and was about 27% (as described in more details in

Section 3.2.3).

A comparison between the membranes without support

layer (Section 3.1) and with non-woven support layer (this

paragraph) indicates that the latter ones have higher water

permeabilities and also higher retentions of uncharged

components. Such a comparison has not yet been described

in literature. The good retention of raffinose can be explained

by the higher polymer concentrations used for making

membranes on the support layer. The difference in water

permeability cannot be explained by a difference in tempera-

ture, as the experiments were performed at 293 K in both the

cross-flow and the dead-end set-up. However, the difference in

water permeability can be related to the way the membranes

are placed in the non-solvent bath. When casting on a non-

woven support, this support is taped on a glassy plate and the

casting solution is then applied as a wet film. By immersing the

solution in non-solvent, phase separation occurs and propa-

gates from the top surface of the wet film into the film bulk,

forming an integrally skinned dense layer on the top surface of

the remaining porous structure. On the other hand, when the

wet film is cast directly on the glassy plate and then immersed

in the non-solvent bath, the membrane may rapidly lift of the

glassy plate with a considerable amount of solvent remaining in

the membrane. With non-solvent (or distilled water in this

case) on both sides of the developing membrane, a solvent

gradient on the backside of the membrane is also established. A

dense layer will hence be formed on the backside as well as on

the topside of the asymmetric membrane, resulting in a lower

water flux. This mechanism can be supported by comparing the

SEM-images of membranes made from a 32% PES/DMF or a

30% PES/NMP solution on a glassy plate (Fig. 4) or on a non-

woven support layer (Fig. 6). A comparison between Figs. 4

and 6 seems to indicate that the backside of the membranes

made on a glassy plate is less porous than the backside of the

membranes made on a non-woven support. In the latter case,

the macrovoids run all through the polyethersulfone layer

towards the non-woven support layer.

Fig. 6 also shows again the difference in membrane structure

when using DMF or NMP as solvent. The influence of the

solvent, when making a membrane on a non-woven support

layer, is however, twofold. Firstly, there is the influence of the

solvent when the solvent is used to dissolve the polymer, which

can be clearly seen in Fig. 6. Secondly, when making a

membrane on a support layer, the solvent is also used to wet the
Fig. 6. SEM-images of the cross-sections of the polyethersulfone layer of (a)

D13 and (b) N13.
non-woven support layer prior to casting, so that intruding of

the polymer solution in the pores of the support layer is

prevented. Mostly, the same solvent as the one used to dissolve

the polymer, is used. When different solvents are applied, the

water permeability will be influenced. For instance, when

wetting the support layer with DMF prior to casting a NMP/

PES solution, the water permeability decreases for N71 from

17.0 to 11.2 l/m2/h/bar and for N13 from 22.2 to 10.2 l/m2/h/

bar. In contrary, when casting a DMF/PES solution on a

support layer wetted with NMP, the water permeability

increases from 4.7 to 6.3 l/m2/h/bar for D71 and from 9.4 to

10.7 l/m2/h/bar for D13. Apparently, using DMF as solvent

either to dissolve the polymer or to wet the support layer has a

disadvantageous effect on the water permeability. Using NMP

as solvent, however, seems to have an advantageous effect on

the water flux. This is an interesting subject, which has not yet

been studied in literature.

3.2.2. Characterization of the membranes

Table 3 summarizes the characteristics of the four self-made

membranes on a non-woven support layer. The characteristics

of two commercial polyethersulfone nanofiltration membranes

are also added to Table 3 for reference.

To test the reproducibility, 15 different membrane samples

were prepared and tested for the water permeability. The

obtained standard deviations on the water permeability (given

in Table 3) were comparable to the commercial membranes,

which indicates that the self-made membranes are

reproducible.

Contact angle measurements were performed to study the

hydrophobicity of the membrane surfaces. A larger contact

angle implicates a more hydrophobic surface. Table 3 shows

that the commercial membrane N30F has the most hydro-

phobic membrane surface, while the hydrophobicity of the

other membranes is comparable.

The roughness of the membrane surface, measured in non-

contact mode AFM on a scan area of 1 mm!1 mm, is

visualized in Fig. 7 for D13 and N13. As can be seen from

Table 3, the roughness values are similar for all membranes.

NFPES10 has the smoothest membrane surface.

From the behaviour of the zeta potential in function of the

pH, it becomes clear that all polyethersulfone membranes are

largely negatively charged at high pH and that this negative

charge diminishes when the pH decreases. The iso-electric

point, defined as the pH for which the net charge of the

membrane is equal to zero, is located around 3 for all

membranes. This behaviour of the charge in function of the pH

can be explained by the presence of sulfonic acid groups

(–SOK
3 ) on the surface. These sulfonic groups are strongly

acidic and are completely dissociated over nearly the entire

pH-range.

The fact that the hydrophobicity, the surface charge and the

roughness are almost similar for the self-made and the

commercial membranes indicates that the top layer of all

membranes is composed of the same polymer. However, there

is a difference between the self-made and the commercial

membranes as can be seen in the molecular weight cut-off.



Table 3

Characteristics of the self-made membranes and commercial polyethersulfone nanofiltration membranes

N71 N13 D71 D13 NFPES10 N30F

Water permeability

(l/m2/h/bar)

17.0 (G 3.4) 22.2 (G3.1) 4.7 (G1.4) 9.4 (G2.6) 15.4 (G2.8) 3.8 (G 0.8)

MWCO (Da) 2200 2100 2000 1900 1200 700

Contact angle (8) 67 67 73 73 72 88

Roughness (Å) 19 22 26 29 13 25

Zeta potential (mV)

pH 4 K7 K4 K3 K2 K2 K5

pH 7 K12 K10 K13 K8 K12 K15

pH 10 K17 K14 K13 K12 K15 K18
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The MWCO or the molecular weight of polyethylene glycol

with 90% retention, is larger for the self-made membranes and

is about 2000 Da. Probably, the commercial membranes are

post-treated after synthesis through which the MWCO of these

membranes is smaller.
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Fig. 7. Non-contact AFM images of (a) D13 and (b) N13.
3.2.3. Testing of the performance of the membranes

The performance of the self-made membranes was tested in

a cross-flow set-up, by filtrating a feed solution of uncharged

and charged components during 2 h. To have a reference, the

same experiments were repeated for the commercial mem-

branes. The results of the retention and the relative flux after

2 h filtration for both the self-made and the commercial

membranes are summarized in Table 4.

3.2.3.1. Evaluation of the retention. Table 4(a) shows a

difference in retention of the self-made membranes, depending

on the charge of the component. The uncharged component

raffinose has the lowest retention, which is due to the absence

of charge interactions between the component and the

membrane surface. The larger MWCO of the self-made

membranes in comparison with the commercial membranes

causes the retention of raffinose to be lower for the self-made

membranes.

However, when the components carry a negative charge, the

retention increases considerably, even for very small com-

ponents like diphenylaminosulfonic acid (MwZ271 g/mol) or

methyl orange (MwZ327 g/mol). Strong repulsion forces

between the negatively charged membrane and the negatively

charged component can explain this phenomenon. These

repulsion forces are even so strong that the retention of the

self-made membranes is only a little lower than the commercial

membranes, in spite of the larger MWCO of the former ones.

For congo red, a large negative component (MwZ697 g/mol),

the same retention was observed for the different membranes

after 2 h filtration.

However, this was not the case during the whole duration of

the filtration experiment. The retention of congo red by the

commercial membrane N30F was only 70% after 15 min of

filtration and reaches a stable value (of 100%) only after 1 h. In

contrast, the retention of the self-made membranes was already

stable from the beginning of the experiment. Also for

diphenylaminosulfonic acid, a very low retention of 30 and
50% was observed for, respectively, N30F and NFPES10

during the first hour of filtration. This phenomenon was not

only observed for negatively charged components, but also for

positively charged components like janus green. Unlike the

stable retention of the self-made membranes, janus green was

only retained for 40 and 80% by, respectively, N30F and

NFPES10 in the beginning of the filtration experiment. Only

after 90 min, a stable value of the retention (95%) was

observed.

Another remarkable phenomenon is that janus green, even

after reaching a stable retention, is less retained by the

commercial membranes than by the self-made membranes.

Five percent of janus green is passed through the commercial

membranes, while D71 and D13 let pass only 1 or 2% of janus

green. For N71 and N13 a retention of 96% or a passage of 4%

of janus green was measured. This discrepancy between the

commercial and the self-made membranes gets even larger

when filtrating small positively charged components like



Table 5

Adsorbed amount (in mmol/m2) of methylene blue and janus green on the

self-made and the commercial membranes

Methylene blue Janus green

D13 0.2 6.1

N13 0.5 4.9

NFPES10 3.7 8.0

N30F 2.8 5.7

Table 4

Retention (a) and relative flux (b) after 2 h of filtration in cross-flow

N71 N13 D71 D13 NFPES10 N30F

(a)

Raffinose 22 28 33 26 58 75

Diphenylamino-

sulfonic acid

84 82 75 74 87 93

Methyl orange 55 55 72 69 76 88

Congo red 100 100 99 99 100 99

Neutral red 72 75 55 76 50 61

Methylene blue 79 80 80 79 32 35

Janus green 96 96 99 98 95 95

(b)

Raffinose 70 86 58 71 63 42

Diphenylamino-

sulfonic acid

69 72 79 81 53 29

Methyl orange 70 53 59 7 59 34

Congo red 36 85 32 75 55 43

Neutral red 56 54 63 11 49 17

Methylene blue 52 52 84 63 60 57

Janus green 55 52 83 60 53 46
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neutral red (MwZ289 g/mol) or methylene blue (MwZ
320 g/mol). Especially for methylene blue, a component with

a double positive charge, this effect is remarkable: methylene

blue is retained only for 32 or 35% by the commercial

membranes, while retentions up to 80% were measured for the

self-made membranes.

This remarkably higher retention of positively charged

components by the self-made membranes can be explained in

two different ways. A first way is by considering the adsorbed

amount on the membrane surface. To that purpose, adsorption

experiments were performed by using the set-up, described in

detail in [35] and summarized in Table 5. Table 5 indicates that

methylene blue is more adsorbed by the commercial

membranes NFPES10 and N30F than by the self-made

membranes, while janus green adsorbs almost equally on all

polyethersulfone membranes. Because of the higher adsorption

of methylene blue on the commercial membranes, these

membranes will become saturated, which results in a break-

through effect [36] and hence in a lower retention of this

component by the commercial membranes. As no specific

difference in adsorption of janus green between the commercial

and the self-made membranes is observed, the breakthrough

effect and hence the retention will be similar for all

membranes. In spite of this breakthrough effect, the retention

of janus green is larger than the retention of methylene blue by

the commercial membranes, due to the larger size of janus

green in comparison with methylene blue.

A second way to explain the high retention of positively

charged components on self-made membranes is by studying

the surface charge of the membranes, before and after the

membrane has been in contact with the feed solution [37].

Therefore, surface charge measurements were performed for

the pure membrane and for the same membrane after being

immersed during 2 h (i.e. the duration of a cross-flow

experiment) in a feed solution of methylene blue or janus

green. For janus green, the surface charge of the membrane
after 15 min immersion was also measured. The data are

presented in Fig. 8 for D13 and N30F; the results were similar

for the other membranes. Because the filtration experiments

were performed at near neutral pH (pH 6), the following

reasoning will be limited to this pH. Fig. 8(a) shows that for

methylene blue, no difference in surface charge is observed

between the pure and the immersed membrane. This effect is

seen both for the commercial and the self-made membranes, in

spite of the different amounts of adsorption of methylene blue

on these membranes (Table 5). Starting from Fig. 8(a), the

lower retention of methylene blue by the commercial

membranes could be explained by the large negative surface

charge. Between the positively charged component and the

negatively charged surface an electrostatic attraction force will

act, resulting in an increased concentration of the component

in the membrane and hence in a lower retention. Because

the self-made membranes are not so negatively charged as

the commercial membranes, the attraction force between

component and surface is smaller and hence a larger retention

of methylene blue is obtained. For janus green (Fig. 8(b)), the

surface charge of the commercial membrane N30F did not

change during the first 15 min. Only after 2 h the membrane

surface became less negatively charged, probably due to

adsorption of janus green. Although the same amount of

adsorption was observed for the self-made and the commercial

membranes (Table 5), no decrease in the surface charge of the
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self-made membrane D13 was observed. The surface charge of

D13 remained almost the same after 15 min immersion and

even became a little more negatively charged after 2 h

immersion. The latter is probably due to inaccuracies during

measuring. From the observations given in Fig. 8(b), two

conclusions can be drawn. The first conclusion is that the time

dependency of the surface charge corresponds to the time

dependency of the retention of janus green. As mentioned

previously, low retentions of janus green for the commercial

membranes were observed during the beginning of the

filtration because the membrane surface is then still very

negatively charged. Only after 2 h, when the surface has

become less negative, the electrostatic attraction force between

component and surface diminishes resulting in a higher

retention. Unlike the commercial membranes, the self-made

membranes had a stable high retention from the beginning of

the filtration, which is in agreement with the fact that almost

the same surface charge was observed before and after
immersing these membranes in a solution of janus green. A

second conclusion that can be drawn from Fig. 8(b), is that the

surface charge of both the commercial and the self-made

membranes is almost equal after immersion during 2 h in janus

green. This could explain the similar retention of janus green

for these membranes.

From this description of the influence of the component’s

charge on the retention, it becomes clear that the self-made

membranes have the highest retention for charged components,

independently of the sign of the charge. In contrast, the

retention for the commercial membranes is dependent on the

sign of the component’s charge as the lowest retention was

observed for small positively charged components. Beside the

influence of the component’s charge, there is also an influence

of the molecular weight as larger components are better

retained. The only exception to this is methyl orange, which

shows a too small retention for his molecular weight for all

membranes.
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3.2.3.2. Evaluation of the relative flux. Table 4(b) shows the

relative fluxes after 2 h of filtration for different feed solutions.

Because the relative flux is defined as the relation of the

permeate flux to the pure water flux, the relative flux is a

measure for the degree of fouling: a small relative flux

corresponds with a lot of fouling. The fouling degree of all

membranes for all feed solutions is almost comparable with

some exceptions. For example, raffinose and diphenylamino-

sulfonic acid have smaller relative fluxes for the commercial

membranes in comparison with the self-made membranes.

However, the small relative flux of diphenylaminosulfonic acid

for the commercial membranes was not observed during the

whole duration of the filtration experiment: only after 1 h the

permeate flux decreased considerably. This means that during

the first hour of filtration, diphenylaminosulfonic acid is

characterized by a small retention (Section 3.2.3.1) and a

large permeate flux. After 1 h, however, the situation is

changed and a high retention combined with a small permeate

flux is observed for the commercial membranes. This

phenomenon can be explained by the fact that a lot of fouling

seems to occur during the filtration. This fouling blocks the

pores more and more, finally resulting in less passage of

component (high retention) and solvent (low permeate flux).

Very small permeate fluxes are also observed when filtrating

methyl orange or neutral red with D13 or N30F. Especially for

D13, specific interactions between these components and the

membrane caused the flux through the membrane to decrease

by 90%. Of the tested positively charged components, neutral

red is the only one, which results in severe fouling on some

membranes. This implicates that the good retention of the

positively charged components by the self-made membranes

does not result in more fouling, as the degree of fouling is

comparable for the self-made and the commercial membranes.

The D71 membrane even showed the least fouling for

methylene blue and janus green in comparison with the other

membranes.

4. Conclusions

In this study, nanoporous polyethersulfone membranes were

prepared using the phase inversion technique. To combine a

high retention of a reference component (congo red) with a

reasonable water permeability, it was proven that the

concentration of the polymer is an important preparation factor

to control. The relative air humidity during casting should also

be as low as possible to improve the reproducibility.

Beside these two preparation factors, it was shown that the

membrane structure and hence the membrane performance are

largely dependent on the solvent as NMP-membranes have a

higher water permeability than DMF-membranes. Only giving

information about the polymer type, as the manufacturers of

commercial membranes do, is hence not sufficient to under-

stand and to explain membrane fouling.

In the second part of the study, membranes on a non-woven

support were characterized and tested for their performance in

a cross-flow set-up. Although these self-made membranes were

characterized by a larger molecular weight cut-off in
comparison with commercial polyethersulfone nanofiltration

membranes, the retention of charged components was

remarkably high. This was especially observed for small

positively charged components, which was explained by the

less adsorption on the self-made membranes or by the small

negative surface charge of these membranes. Although the

retention is high, the degree of fouling for the self-made

membranes is comparable with the commercial membranes,

which in combination with the higher pure water permeability,

leads to higher permeate fluxes. The fact that there is more and

more pure permeate flux, makes the self-made membranes

interesting when filtrating aqueous solutions of charged

components.
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