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INTRODUCTION 

In recent years environmental concerns have required 

that we tackle the problems associated with handling 

process and waste streams containing finer materials, 

even at trace levels.  The development of pressure 

driven crossflow membrane processes such as re-

verse osmosis (RO), nanofiltration (NF), ultrafiltration 

(UF) and microfiltration (MF) promised to solve the 

problems inherent with other separation techniques by 

imposing shear forces at the filtering surface to prevent 

the formation of fouling deposits or cakes.  Many mem-

brane separations are now widely accepted commer-

cially, however, there still remains a need to better 

understand the processes occurring, and in particular 

the factors that affect fouling and subsequent low sep-

aration rates. 

Despite the use of membranes for many years re-

searchers still try to understand and alleviate fouling 

through, for example, the use of imposed force1,2 and 

rotational3 fields, and understand fouling through a 

combination of experimental4-7 and theoretical8-10 re-

search programmes.  The need to still investigate foul-

ing is a testimony to the inherently complex problem 

that is continually presented to separations technolo-

gists. 

This paper describes some results for the MF of aque-

ous suspensions and (fewer) experiments for the NF of 

non-aqueous suspensions using well-controlled cross-

flow filtration apparatus.  Only the effects of particle/

solute size and membrane rating on flux performance 

are described as these are crucial to understanding 

filtration performance. 

 

THE IMPORTANCE OF PARTICLE, SOLUTE AND MEMBRANE PORE SIZE IN 
CROSSFLOW FILTRATION 

 
Steve Tarleton (e.s.tarleton@lboro.ac.uk;  http://www-staff.lboro.ac.uk/~cgest) 

Department of Chemical Engineering, Loughborough University, Loughborough, Leics., LE11 3TU, UK. 

Experimental data were obtained using controlled crossflow apparatus for two very different membrane sys-
tems.  Polymer microfiltration (MF) membranes of differing properties were characterised and used to filter 
aqueous suspensions carrying colloidal and fine particles of known shape, size, surface charge and chemi-
cal composition.  By changing the size and size distribution of the feed and the pore size of the membrane 
in a systematic manner, the influence of the pore/particle size ratio to fouling or cake layer formation is illus-
trated.  By way of contrast the results of some solvent resistant nanofiltration (SRNF) experiments with more 
hydrophobic membranes and a range of organic solvents and dissolved solutes are also presented.  This 
low fouling system also illustrates the importance of solute size in relation to the size of the transport regions 
in membranes and presents some interesting correlations with the results obtained for MF. 
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CHARACTERISATION EXPERIMENTS 

The properties of the particles/solutes, suspensions 

and membranes and some of the interfacial interac-

tions between them were measured using commercial-

ly available laboratory test equipment.  The results 

most pertinent to this paper are summarised in Tables 

1 and 2. 

A range of organic MF membranes available commer-

cially in flat sheet form was examined to identify septa 

with differing structures, material properties and pore 

size ratings.  Many different membranes were charac-

terised.  The track etched Nuclepore (polycarbonate, 

PC) and the cast microporous Sartorius (cellulose ni-

trate, CN) membranes used in this paper were availa-

ble in a range of pore size ratings from 0.2 to 10 μm.  

The pore size and pore size distributions of these 

membranes were measured in accordance with ASTM 

E1294-8911 using a Coulter porometer.  The ‘90%’ 

sizes shown in Table 1 indicate the pore sizes below 

which 90% of the total possible flow occurred.   

For the NF experiments a range of PDMS/PAN com-

posite membranes were available.  Each comprised of 

a ~40 μm polyacrylonitrile (PAN) layer, which played 

no part in solute separation, and a polydimethylsilox-

ane (PDMS) layer between 1 and 10 μm manufactured 

thickness that was either dip or roll coated onto the 

PAN.  The resultant composite was subjected to a 

radiation dose (50-200 kGy) and/or thermal step upon 

which different degrees of crosslinking (rigidity) could 

be imparted to the PDMS in order to maintain integrity 

in the presence of solvent. 

It should be noted that the tested MF membranes had 

manufactured, and (scanning electron microscope) 

visible, pores, whereas the NF membranes are 

classed as dense with no manufactured pores.  Hence, 

solvent flow is generally regarded to occur convective-

ly in MF whilst some debate exists in NF as to whether 

solvent/solute flows are convective, occur by a solution

-diffusion mechanism, or some combination of the two. 

A range of powders were identified for use as chal-

lenge streams in the MF experiments.  They included 

the minerals calcite, anatase and china clay dispersed 

in double distilled water as these encompass the range 

of properties needed to investigate the effects of parti-

cle size.  All suspensions behaved in a Newtonian 

manner over the region of feed concentrations tested.  

The size and ζ-potential-pH distributions of the particle 

systems were evaluated using Malvern laser light scat-

tering instruments and the pertinent particle size re-

sults are summarised in Table 2.  The powders were of 

Analar (or equivalent) grade and used without further 

cleaning or washing in both the characterisation and 

MF experiments.   

The smallest mean size of the suspensions tested was 

provided by the oval shape anatase, with most of the 

particles in the region of 0.5 μm.  This relatively high 

surface charge material also exhibited zero and peak 

negative (-60 mV) ζ-potentials at pH’s of 3.9 and 9.0 

when HCl and NaOH, respectively, where used to alter 

pH.  A typical china clay suspension had a larger mean 

size of 4.4 μm, a correspondingly wider distribution of 

platelet shape particles and showed a steadily increas-

ing negative ζ-potential with increasing pH (ζ = -54 mV 

@ pH 10) and an isoelectric point in the pH region 0 to 

2.   

In contrast, the unground calcite had a mean size of 

Property Nuclepore PC Sartorius CN PDMS/PAN composite 

Ratings 0.2-10 μm 0.2-8 μm 1-2 nm (ca. 300-500 g mol-1 
MWCO) 

Measured 90% size (μm) 0.364-11.7 0.58-4.15 n/a 

Measured 50% size (μm) 0.351-10.26 0.51-3.63 n/a 

Measured 10% size (μm) 0.323-8.99 0.46-3.24 n/a 

Pore size variation not tested† none for water pH 2.3-11.5 with solvent type 

Measured permeability (m2) or 
xylene permeance (m2 s-1 bar-1) 

2.7-110x10-16 m2 5-120x10-15 m2 ~2.2x10-12 m2 s-1 bar-1 

Stated permeability†† (m2) 4.8-600x10-16 4.7-180x10-15 unknown 

Pore density (pores cm-2) 3000-1x105 not measured n/a 

ζ-potential -ve for pH's 2-1113 -ve for pH's 2-1214 n/a 

Typical porosity (%) 10 75 no manufactured pores 

Typical thickness (μm) 10 135 2-10 µm (of PDMS)  
+ ~40 µm PAN 

Wettability (initial contact angle 
with water) 

hydrophilic* (53º) hydrophilic (31º) hydrophobic (>90º) 

Table 1: Membrane characterisation data.  †Due to design limitation of porometer; ††by manufacturer for water permeation; 
*known to be coated during manufacture. 
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24.3 μm and an apparently very wide size distribution 

when dispersed in water.  Different mean sizes of cal-

cite were produced by wet grinding in a ball mill.  To 

obtain a range of mean sizes the grinding time was 

varied between 0 and 24 h, when the mean size would 

typically change by an order of magnitude.  The uni-

modal suspensions obtained through wet grinding 

were also combined in appropriate proportions to give 

bimodal suspensions of nominally similar mean sizes 

but differing size distributions (e.g. mixes 1-4 in Table 

2).  In general the calcite particles exhibited a rhomboi-

dal shape and a relatively low surface charge in aque-

ous suspension with the points of zero and maximum 

negative (-20 mV) ζ-potential occurring at pH's 8.9 and 

10.6, respectively. 

A range of alkane (e.g. hexane, heptane and cyclohex-

ane), aromatic (e.g. xylene) and alcohol (e.g. metha-

nol, ethanol and propanol) solvents were used in the 

NF experiments.  These span a range of polarity as 

evidenced by their solubility parameters, δ = 14.3-29.2 

MPa0.5.  All solvents had initial purities in excess of 

99%.  Unlike the MF membranes which didn’t change 

their pore size when contacted with water (see Table 

1), depending upon the solvent being used the PDMS 

layer in the membrane could swell up to ca. 170%; the 

maximum swelling occurred when the solubility param-

eter of the solvent and PDMS were similar.  In a more 

polar solvent, such as propanol, the degree of PDMS 

swelling was significantly less and tended toward zero.  

At higher applied pressures the degree of membrane 

swelling also tended to be reduced.  Fourteen solute 

compounds representative of poly-nuclear aromatic 

(PNA), organometallic (OM) and sulphur bearing com-

pounds were used in the NF experiments.  As deter-

mined by ChemDraw® 3D Pro 11.0 the maximum di-

mension of these solutes ranged from ~0.4-1.9 nm.  

APPARATUS AND TEST PROCEDURES 

The typical apparatus used in the crossflow filtration 

experiments is shown schematically in Figure 1.  It 

essentially comprised of a re-circulation circuit where 

the feed was pumped through an annular cross-

section.  For the MF experiments a rectangular 24 cm2 

flat sheet membrane was used (Nuclepore PC or Sar-

torius CN) whereas for the NF experiments a circular 

75 cm2 flat sheet membrane was used.  The filtration 

pressure, crossflow velocity and feed stream tempera-

ture were maintained at the desired values within the 

ranges 0-800 kPa, 0-3 m s-1 and 30±2ºC, respectively, 

through appropriate control valves, transducers and 

electronic circuitry. 

MF tests were performed for periods up to 2 h with 

homogeneous suspensions of known pH (set by the 

addition of HCl or NaOH), made to known concentra-

tions between 0.033% v/v and 2% v/v from either a dry 

powder and double distilled water or from a diluted 

slurry in the case of a wet ground sample.  In the NF 

experiments solute concentrations up to 75 ppm were 

achievable and limited by solubility constraints.  All NF 

experiments were performed using one litre of a sol-

vent/solute mixture with a 10% stage cut. 

The sample data shown in Figures 2 to 9 highlight the 

effects of particle/solute size and size distribution, and 

membrane ‘pore size’ rating on solvent flux decline 

and solute rejection.  Many more similar data were 

acquired to confirm the effects shown. 

 

MF EXPERIMENT RESULTS AND  

DISCUSSION 

The MF experiments showed, almost without excep-

tion, similar general characteristics.  When the test 

commenced a sharp fall in filtration rate from the clean 

 Suspension pretreatment 
(and designated name) 

10% size 
(μm) 

50% size 
(μm) 

90% size 
(μm) 

calcite unground 11.03 24.31 45.59 

calcite wet ground 20 mins. (grind 1) 5.17 17.10 36.35 

calcite wet ground 1.5 h (grind 2) 1.86 9.97 23.22 

calcite wet ground 5 h (grind 3) 1.01 5.23 13.12 

calcite wet ground 24 h (grind 4) 0.77 2.52 5.68 

calcite unground + grind 3 (mix 1) 2.49 10.15 31.53 

calcite grind 1 + grind 3 (mix 2) 1.96 10.16 28.99 

calcite unground + grind 4 (mix 3) 1.31 9.93 38.32 

calcite grind 1 + grind 4 (mix 4) 1.28 10.29 31.90 

anatase - 0.20 0.54 1.49 

china clay - 0.79 4.42 14.24 

Table 2: Particle size data for powders dispersed in double distilled water; the calcite suspensions 
with a 50% size of ~10 µm are highlighted for clarity. 
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water flux was observed.  The rapid fouling of the 

membrane during this period could be attributed to the 

accumulation of particle matter at or near the filtering 

surface (i.e. due to particle ‘polarisation’ or to ‘cake’ 

formation), the particles being drawn toward the filter-

ing surface by the convective flow of permeate through 

the membrane.  After the rapid initial decay the rate of 

flux decline progressively lessened until a near equilib-

rium filtration rate was observed in most experiments.  

Here, the shearing action generated by the crossflow-

ing stream prevented further significant deposition of 

particles at the fouling layer/membrane surfaces. 

Fouling by particles is due to two apparently independ-

ent mechanisms which occur simultaneously.  The first 

accounts for the initial sharp decline in permeate flux 

and is irreversible for all practical purposes, and due to 

the rapid deposition and capture of the finer particles 

from the suspension and their subsequent penetration 

into the pores of the membrane.  This is a stochastic 

process, dependent on localised hydrodynamic condi-

tions close to the pore entrances.  The second mecha-

nism is largely reversible and causes further particle 

layer(s) to form above the membrane surface in the 

form of a ‘cake’; this has also been widely referred to 

as the ‘dynamic membrane’.   

It is important to differentiate between the two fouling 

mechanisms and from hereon the first mechanism 

where particle penetration occurs will be referred to as 

‘fouling by particles’, and the second which is reversi-

ble will be termed ‘cake formation’.  The nature of the 

cake formation is not to be confused, however, with 

that which results from conventional deadend filtration 

as the cake thickness in crossflow filtration processes 

is significantly limited by the additional shear forces 

generated near the membrane surface. 

In general, provided the membrane pore size was suf-

ficiently small relative to the particle size so the perme-

ate was visually clear and the rejection of particles was 

effectively 100%.  Due to the rapid deposition of parti-

cles toward the start of a filtration, even when the pore 

size was relatively large and particles could potentially 

migrate through the membrane, the produced perme-

ate would become visually clear almost immediately. 

Effects of Particle Size 
Whilst a typical effect of a reduced median particle size 

was to lower overall flux levels (see Figure 2), the situ-

ation is often complicated by a number of factors.  With 

a smaller 50% particle size there was a tendency for 

the permeate flux to be reduced more rapidly at the 

start of filtration and a pseudo-equilibrium flux to be 

 

Figure 1: Schematic representation of the flow circuit. 

 

Figure 2: Effect of median particle size on flux decline for the 
MF of calcite suspensions. 
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established sooner.  Thus, the fluxes recorded at long-

er filtration times for ‘large’ and ‘small’ particle systems 

were often similar in magnitude, particularly at higher 

crossflow velocities and higher concentrations where 

the flux performance did not necessarily follow the 

simple ‘smaller size gives lower flux’ relationship.  

Crossflow velocity affected the filtration of particle sus-

pensions in different ways.  For systems with a higher 

proportion of larger particles, a greater crossflow ve-

locity caused the permeate flux to fall further than 

when smaller proportions of larger particles existed in 

the feed.  Here, the seemingly preferential deposition 

of finer particle species toward the membrane surface 

introduces a classification effect and the layer(s) re-

sponsible for cake formation at the membrane surface 

can have a resistance considerably higher than that 

which might be expected from a simplistic approach.   

As the crossflow velocity is raised the cake layer be-

comes composed of progressively finer particle spe-

cies which form higher resistance deposits to yield 

lower filtration rates.  With smaller particle systems a 

higher crossflow velocity has the opposite effect and 

improves the filtration rate.  At intermediate particle 

sizes there can exist situations where increasing the 

crossflow velocity within the range 0 to 3 m s-1 does 

not significantly affect permeate flux rates.  A higher 

crossflow velocity will tend to move the fluxes recorded 

for different particle size feeds closer together and may 

thus result in the flux recorded for the smaller particle 

size feed sometimes being above that measured for 

the larger. 

Effects of Particle Size Distribution 
It seems likely that the cake layers formed during the 

filtration of different particle size systems will be of a 

different structure and composition.  Although previous 

attempts have been made to measure the size distri-

butions in cake layers12, perhaps a more reliable in-

sight can be gained by testing the filtration perfor-

mance of suspensions with the same 50% size but 

differing size distributions.  The data shown in Figure 3 

for a low concentration feed and crossflow velocity 

were acquired using calcite suspensions with a nomi-

nal 50% size of 10 μm (see Table 2).  The flux decline 

curves for mixes 1 & 2 and mixes 3 & 4 are essentially 

identical and exhibit flux levels below that recorded for 

the experiment performed using the suspension desig-

nated ‘grind 2’.  What is striking here is that mixes 1 & 

2 are both partly composed of a suspension with a 

50% size of 5.2 μm (grind 3) whilst mixes 3 & 4 both 

have a component from a suspension with a 50% size 

of 2.6 μm (grind 4).   

These results support the hypothesis that it is the 

smaller particles in the feed which are predominantly 

responsible for the formation of the fouling or cake 

layer in or on the membrane and it therefore follows 

that some value less than the 50% size should be 

used to characterise the feed as this is more indicative 

of the fouling potential of the feed.  When either the 

crossflow velocity or suspension concentration are 

raised the flux decline curves for the different size dis-

tribution feeds tend to come together at longer filtration 

times and near identical flux declines are observed for 

the suspensions shown in Figure 3 when filtering with 

a crossflow of 2.3 m s-1 and a suspension concentra-

tion of 0.33% v/v. 

The influence of particle fines is perhaps most clearly 

illustrated in Figure 4.  The three sets of data on the 

graph show the flux decline curves for calcite suspen-

sions exhibiting 50% sizes of 2.6 μm, 9.9 μm and 24.3 

μm respectively.  The suspension with a 50% size of 

9.9 μm was composed of a mix of suspensions with 

median sizes of 2.6 μm and 24.3 μm respectively.  The 

near identical flux performance between the 2.6 μm 

and 9.9 μm median size suspensions confirms that 

only a certain proportion of the feed, that is the fines, 

determine the fouling rates (a result further corroborat-

ed by a sequence of tests using mixtures of anatase 

and calcite suspensions).  

Effects of Membrane Pore Size 
Membrane pore size was found to affect filtration per-

formance to an extent dependent on a number of fac-

tors.  Figure 5 shows the typical effects of filtering a 

feed suspension with a majority of particles significant-

ly larger than the pore sizes present in the membrane.  

Here, 0.2 μm and 10 μm rated Nuclepore PC mem-

branes were used to filter unground calcite suspen-

sions having 50% sizes in excess of 20 μm.  It is evi-

dent that for the given experimental conditions the 

 

Figure 3: Effect of particle size distribution on flux decline for 
the MF of calcite suspensions at low crossflow and  

concentration. 
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fluxes recorded for both membranes are very similar, 

which is perhaps surprising given that the characteri-

sation tests showed there are ca. two orders of magni-

tude difference in the permeabilities of 10 μm and 0.2 

μm rated Nuclepore PC membranes (see Table 2).  

Thus, in a simplistic sense it would be reasonable to 

assume that more permeable membranes will produce 

improved filtration rates whilst allowing macromole-

cules and maybe some particle fines to pass through 

the membrane with the permeate.  The fact that little 

difference in filtration rates or permeate clarity were 

observed with unground calcite suspensions and vari-

ous pore size membranes suggests that here it was 

the particle layer(s) formed at the membrane surface 

during filtration which played the most significant role 

in determining flux performance. 

When suspensions of finer particles such as anatase 

and china clay were filtered using different pore size 

membranes further effects were observed.  Whilst in 

some cases virtually no difference in flux performance 

could be detected (e.g. some china clay experiments 

where particle shape also affects flux decline), the 

majority of tests indicated that increasing the mem-

brane pore size caused a reduced filtration perfor-

mance both in terms of flux levels and visual quality of 

permeate.  Here it seems that particles were fouling 

the membrane pores internally, as well as at the pore 

throats, to an extent dependent on the overlap be-

tween the particle and pore sizes present in the feed 

and membrane, respectively.  The permeate quality 

usually rapidly improved with filtration time as the de-

posit on, or in, the membrane formed and the clarity 

was often further enhanced at higher crossflows.  In 

the case of these suspensions it seems that fouling 

was influenced to a greater extent by mechanical inter-

actions between the internal membrane surfaces and 

the particles forming the fouling layers, rather than 

merely the formation of a surface cake layer. 

Discussion 
The extent of particle fouling in crossflow MF is related 

to a matrix of feed stream, membrane and process 

parameters.  The MF experiments reported in this pa-

per show that among the more important of these are 

the particle size in the feed and the membrane pore 

size.  When the particle size in the feed responsible for 

the fouling or cake formation potential is large in com-

parison with a ‘representative’ membrane pore size 

then cake formation by particles is the predominant 

mechanism causing flux decline.  When the converse 

is true, however, and the pore size is large in compari-

son to the particle size, pore penetration by particles 

occurs to a degree dependent on the overlap between 

the size distributions of the solids in the feed and the 

pores in the membrane.  Here, fouling occurs through 

a combination of surface and internal pore blockage. 

The interaction between the larger membrane pores 

and the particle fines in the feed can determine the 

degree of internal, largely irreversible, membrane foul-

ing and pore penetration found in any given filtration 

and points to the need for a clearer definition of the 

term ‘particle fines’.  In the context of crossflow MF, 

particle fines may be considered to be those particles 

forming the fouling layer(s) which have sizes similar to 

those of the pores in the filtering surface.  The extent 

to which these particles influence flux performance and 

permeate clarity is dependent on their number relative 

 

Figure 4: Effect of particle fines on flux decline for the MF of 
calcite suspensions; median particle sizes are stated in the 

legends. 

 

Figure 5: Effect of membrane pore size on flux decline for the 
MF of calcite suspensions. 
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to the number of pore entrances in the membrane.  

When more concentrated suspensions are filtered, 

there are likely to be more particles (on average) chal-

lenging each pore entrance with the result that most 

deposition will occur at the pore throats near the mem-

brane surface in contact with the feed stream.  If more 

dilute suspensions are considered, there will be a 

smaller number of particles approaching each pore 

simultaneously with the consequence that particles 

have an enhanced probability of entering the pores to 

cause internal blockage. 

The shear induced classification of particles at the 

membrane surface means that the median particle size 

of the feed stream is a poor indicator of fouling poten-

tial.  It would be more appropriate to specify some oth-

er size percentile as a representative measure and it is 

proposed that the 10 percentile of the cumulative un-

dersize distribution of the particle sizes in the feed 

should be used.  This measure of particle size, togeth-

er with the 90 percentile of the cumulative undersize 

number distribution of the pore sizes in the membrane, 

are considered to provide more reasonable estimates 

of fouling potential by particles.  

 

NF EXPERIMENT RESULTS AND  

DISCUSSION 

As noted previously, when considering the NF results it 

should be remembered that the PDMS membranes 

have no manufactured pores.  With such dense mem-

branes, solvent/solute transport is most often consid-

ered to occur via a solution-diffusion mechanism rather 

than the convective mechanism most commonly asso-

ciated with MF.  Some researchers consider na-

nopores to exist between the polymer chains forming a 

NF membrane through which transport occurs
13

. 

Due to the low solute concentrations employed in the 

NF experiments the degree of membrane fouling was 

sufficiently low for solvent flux levels to remain essen-

tially constant for a given filtration pressure.  With a 

given membrane the solvent flux recorded was largely 

dependent on the magnitude of the applied pressure 

and the type of solvent being used.  In general, sol-

vents inducing a larger amount of swelling in the 

PDMS layer yielded higher permeate flux and lower 

solute rejection than poorer swelling solvents. 

Effects of Filtration Pressure 
Figure 6 shows an example where solute rejection 

improved as filtration pressure increased; a similar 

trend was observed for many other solvent/solute/

membrane combinations.  Figure 6 also shows that 

solute rejection is largely independent of solute con-

centration in the feed as values in the ppm range are 

unlikely to influence the degree of membrane swelling 

nor significantly foul the membrane over shorter peri-

ods of time.  Solvent flux is likewise unaffected by the 

presence of small amounts of solute. 

Figure 7 shows that for a fixed crossflow, and a feed 

comprising of a low polarity solvent (xylene) and PNA 

solute (9,10 diphenylanthracene) at 20 ppm, the flux-

pressure relationship is linear in accordance with Dar-

cy’s Law for all the tested membranes (i.e. no measur-

able fouling occurred); it is noted that solute rejections 

 

Figure 7: Flux-pressure relationships with xylene solvent for a 
range of PDMS/PAN composite membranes with either 1, 1.5 

or 2 µm manufactured thickness PDMS layers. 

 

Figure 6: Effects of solute concentration and pressure on the 
rejection of 9,10 diphenylanthracene from xylene during NF.  
80 kGy radiation treated PDMS/PAN composite membranes 

with a 2 µm manufactured thickness PDMS layer. 
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increased over the same pressure range in accord-

ance with the form of Figure 6.   

Several researchers have reported increasing solute 

rejection at raised pressures, frequently with obeyance 

of Darcy’s Law, whilst others have reported non-linear 

solvent flux/pressure relationships that has been at-

tributed to membrane compaction.  Sufficient data 

have been acquired to suggest that the PDMS layers 

in composite membranes will generally undergo com-

pression during pressure driven NF, particularly over 

the range 0-1000 kPa.  However, the overall situation 

presents something of a paradox as an increasing 

pressure, membrane compaction and increasing solute 

rejection occur simultaneously with a linear solvent flux

-pressure relationship?  Possibilities include: 

1. The polymer chains move closer together under 

the raised pressure to reduce interstitial free vol-

ume and thus the size of transport regions 

(nanopores).  Diffusional solute transport subse-

quently slows due to a reduced diffusion rate 

through the denser polymer and solute rejection 

progressively increases.  Such an arrangement 

could reasonably be expected to also slow diffu-

sional solvent transport and thus cause non-

linearity of the flux-pressure relationship. 

2. The polymer chains move further apart during 

swelling to allow a greater free volume in the mem-

brane structure which tends to promote an element 

of convective flow and lower rejection.  When the 

pressure is raised the reduction in free volume 

naturally brings polymer chains closer together to 

enhance rejection by a size exclusion mechanism.  

For this to happen simultaneously with a linear flux-

pressure relationship, the free volume/flow paths in 

the PDMS would have to remain sufficiently large 

so as not to adversely affect flow. 

3. A combination of (1.) and (2.). 

Both (1.) and (2.) are beneficially influenced by the 

potential enhancements to transport that arise from a 

reduced PDMS thickness at raised pressure.  That is, 

respectively, a shorter distance for molecules to diffuse 

through the membrane or a convective flux increase in 

accordance with Darcy’s Law.  There would need to be 

significant coincidence for the simultaneously acting 

factors to induce a linear solvent-flux relationship. 

Effects of Solute Size 
Figures 8 and 9 show typical results for the separation 

of PNA, OM and sulphur bearing solutes from xylene 

solvent.  Whilst correlations with solute molecular 

weight were unreliable and relatively poor, those plot-

ted with maximum solute size were much improved. 

Referring to Figure 8, the data give relatively sharp 

transitions in solute rejection over the size range 1-2 

nm (equivalent to a MWCO of ca. 350-400 g mol−1 for 

the tested solvent/solute combinations).  Such behav-

iour is indicative of the selective PDMS layer rejecting 

low polarity, minimally interacting, solutes on the basis 

of size exclusion.  These data (and others) suggest a 

viscous (convective) solvent transport to an extent 

dependent on the degree of swelling induced change 

in the membrane free volume.  At first sight a size ex-

clusion mechanism seems unlikely for dense mem-

branes like PDMS as solute and solvent transport is 

intuitively diffusive.  Although larger molecules can be 

expected to have lower diffusion rates, and thus high 

rejections, smaller molecules (<1 nm) would not be 

expected to give zero rejections as seen in Figure 8.   

At least three scenarios are possible: 

 Solvent is transported via convective flow and so-

lute flux is diffusive (i.e. same rate) 

 Solvent and solute fluxes both occur via a diffusive 

mechanism at identical rates 

 Solvent and solute transport via a convective flow 

mechanism at the same rate. 

In the author’s opinion, the most feasible explanation is 

the latter where the solvent swells the membrane to 

effectively induce an ill-defined nanoporous structure 

in the PDMS, and the zero rejections are due to the 

solvent and solute moving through the membrane 

structure ‘as one’ under convective flow with no sepa-

ration occurring.  Very similar behaviour is observed 

for the two membranes shown in Figure 8, although 

higher rejection was recorded for a thermally cross-

 

Figure 8: Effects of maximum solute dimension on rejection 
from a xylene solvent for two PDMS/PAN membranes with 

different crosslinking and PDMS layer manufactured  
thickness.  For each membrane, an individual data point  

represents one specific solute. 
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linked membrane and a given solute due to reduced 

PDMS swelling, and also with an n-heptane solvent 

where rejections ~5% below those recorded for xylene 

were measured due to increased swelling.  Thus, just 

like in MF, the ratio of solute size to the effective mem-

brane pore size is critical to solute rejection perfor-

mance; see also Figure 9 which shows the trade-off 

between solute rejection and solvent flux (expressed 

as membrane permeance) – each data point repre-

sents an experiment with a different membrane. 

It is recognised that the data in Figure 8 could be inter-

preted using solution-diffusion concepts as the solute 

diffusion coefficient will decrease with increasing so-

lute size.  Although this mechanism can’t be complete-

ly dismissed, in the author’s opinion the sharpness of 

the profile is more indicative of a size exclusion/sieving 

mechanism.  Considerable coincidence would be re-

quired for the solute sorption and diffusion coefficients 

to align and produce the results shown.   

In Figure 8 it is likely that three distinct regions exist.  

In Region A the solvent induced swelling of the mem-

brane causes sufficiently small solutes to translate 

directly with the solvent flow.  In Region C the solute 

molecules are sufficiently large for high rejection to 

occur predominantly via a size exclusion mechanism.  

In Region B it is envisaged that a mixture of convective 

flow and diffusion could exist.  Modelling work by the 

author supports these types of behaviour for mem-

branes that swell significantly, although when more 

crosslinked PAN/PDMS membranes are considered 

the solution-diffusion model also fits adequately14. 

CONCLUDING REMARKS 

In relation to particle/solute size and membrane rating, 

the descriptions given in this paper both compare and 

contrast the separation behaviour observed in two 

rather different membrane systems, i.e. one treating 

aqueous streams with a higher fouling potential due to 

the presence of many particles, and another low foul-

ing, non-aqueous, system involving the separation of 

nanometre size solutes at low concentration.  At first 

glance the two systems seem completely different, and 

yet there is, perhaps surprisingly, strong evidence of 

similarities in separation mechanism. 

In relation to MF, the general effects of particle and 

pore size and their inter-relations are given in Table 3, 

and these descriptions together with the presented 

data indicate that the selection of a membrane for a 

given duty must be performed with care.  Whilst the 

water solvent doesn’t alter membrane pore size to any 

significant extent, it would seem prudent to attempt to 

exclude particles from the internal pore passages of 

the membrane in order to enhance both flux perfor-

mance and rejection.   

When the membrane is selected such that most of the 

particles in the feed are large in comparison to the 

membrane pores, so termed ‘cake formation’ will pre-

dominate and provided the membrane permeability is 

not too low the structure of this deposit, and not the 

membrane permeability, will control the flux levels 

achieved.  If the membrane is chosen such that there 

is a significant overlap in the larger membrane pore 

and finer particle sizes then more severe fouling is 

likely to occur.  Furthermore, should membrane regen-

eration be required and cleaning procedures such as 

backflushing be proposed, the removal of particles 

from membrane pores will prove more troublesome 

than the removal of surface deposits. 

In relation to solvent resistant nanofiltration (SRNF), 

the choice of solvent can substantially swell the selec-

tive layer in the membrane and thus influence the size 

of the regions for solvent and solute transport.  Even 

so, there is compelling evidence to suggest that the 

ratio of the effective pore size in the membrane to the 

maximum solute size plays are large part in how so-

lutes are transmitted or rejected by the membrane. 
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Property Comment 

Particle size        At smaller particle sizes permeate fluxes were generally lower and equilibrium was established 
more rapidly.  The presence of even a small percentage of fines significantly lowered flux rates.  
At higher crossflows and longer filtration times similar fluxes were often observed for a range of 
suspensions with differing median sizes. 

Size distribution    Influence most pronounced at low crossflow and concentration where feeds containing the 
greater proportion of fines gave the lower filtration rates.  At higher crossflows and concentra-
tions, where the effective number of particles challenging each pore was increased, the effects 
on flux performance were reduced. 

Membrane pore 
size   

Little influence on flux or rejection when the majority of the particles in the feed were significant-
ly larger than the pores in membrane.  Permeate quality and flux levels often worse when a 
significant proportion of the particles in the feed were close to or smaller than the membrane 
pores.  If the pore sizes in the membrane were very much larger than the particles in the feed 
stream, then flux rates improved to higher levels although solids rejection was very poor.  In a 
minority of tests poor rejection was observed when comparisons of pore/particle size suggest-
ed that permeate clarity should be good. 
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Table 3: Summary of the influence of particle and pore size in MF. 


