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DETERMINATION OF PORE CHARACTERISTICS AND 
MOLECULAR WEIGHT CUT-OFF (MWCO) OF UF MEMBRANES 

VIA SOLUTE TRANSPORT AND MATHEMATICAL METHOD

1.  Introduction

Porous integrally-asymmetric membranes are often made by the phase inversion method [1,2]. This 
method is applied mainly in the preparation of membranes for dialysis, microfiltration (MF) and ultrafiltra-
tion (UF). Most commercial UF membranes are cast via this technique using a multi-component solution 
containing polymer(s), solvent(s) and non-solvent(s) or additive(s). In many cases, the pore characteristics 
(porosity, pore size) and skin layer morphology are modified by blending additives to the casting solution [3]. 
Characterization of membrane pores as well as the molecular weight cut-off (MWCO) of the membranes is 
very crucial as it impacts the retention capabilities of membranes to some extent. The MWCO, by definition, 
is the molecular weight that would yield 90% solute separation, or in other speaking, it is the lowest molec-
ular weight (in Daltons) at which greater than 90% of a solute with a known molecular weight is retained by 
the membrane. For instance, membranes with MWCO of 30000 Dalton (or 30 kDal. in brief) can retain 90% 
of solutes having MW of 30kDal and higher MW.

In terms of pore characteristics, efficient membranes should have small pore sizes, high pore den-
sity and high surface porosity so that they can remove more contaminants such as humic substances from 
water, and yet achieve high permeation fluxes. Values of the average pore size, porosity and pore size dis-
tribution can be obtained by several techniques including solute transport, atomic force microscopy (AFM) 
and the bubble point method. The bubble point is a widely-recommended method for measuring pore sizes 
and testing the integrity of the membranes [4]. This method, nevertheless, had a limited use since its key 
assumption of a zero contact angle is not achieved. The air usually passed through the largest pore on 
membrane surface first, thus this technique was really a measure of the largest pore size [4]. The pore sizes 
also can be measured via AFM. They, however, were about 2-4 times higher than those by solute transport 
method [5,6]. The difference was explained by the characteristics of the two methods. The pore sizes ob-
tained from a solute separation corresponded to a minimal size of the pore constriction experienced by the 
solute as passing through the pores, while pore sizes measured by AFM corresponded to the pore entrances 
which were of funnel shape and had maximum open at the entrance [7]. Of the three methods, the solute 
transport seems to be the most reliable technique and followed by AFM. 
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The key objective of this study is to study the pore characteristics and MWCO of several tailor-made 
membranes in the lab by solute separation method, since this method is cheaper and relatively precise com-
pared to other methods using advanced equipment. 

2. Methodology

2.1 Testing membranes 
Five different membranes (0.5LSMM1, 0.5LSMM2, 4.5LSMM1, 4.5LSMM2 and Double LSMM) were 

PES based membranes integrated with hydrophilic additives LSMM (Low molecular weight surface mod-
ifying macromolecules), dissolved in N-methyl pyrrolidone NMP solvent and developed in the lab by a 
method which was described in details elsewhere [8,9]. For fabrication of membranes, the polymer solution 
(including 03 components: base polymer, additives and solvent) was cast by a casting knife on a clean glass 
plate, then the film was hardened in coagulation bath using ice water (4oC). The thickness of film could be 
changed by adjusting the gap between casting knife and glass plate. Most of membranes (0.5LSMM1, 
0.5LSMM2, 4.5LSMM1, 4.5LSMM2) were made via single cast step. Only the Double LSMM membranes 
had double casting steps to see the impact of casting method on pore characteristics of membranes. Mor-
phological examination of the top surface and cross-section was made using scanning electron microscopy 
(SEM, model JSM-6400, Japan Electron Optics Limited, Japan). Properties of these membranes are pre-
sented in Table 1. 

Table 1. Properties of Tested membranes

Type of 
membranes

PES 
(% by weight)

LSMM 
(% by weight)

NMP 
(%by weight)

Thickness of 
casting film (mm)

Casting 
method

0.5LSMM1 18 0.5 81.5 20 Single casting

0.5LSMM2 18 0.5 81.5 25 Single casting

4.5LSMM1 18 4.5 77.5 20 Single casting

4.5LSMM2 18 4.5 77.5 25 Single casting

Double LSMM 18 0.5 81.5 25 Double casting

All these membranes were cleaned thoroughly in ultra pure water and cut into 52-mm diameter cou-
pons for testing in the ultrafiltration system. 

2.2 Solute transport test
Solute transport test was essentially a con-

tinuation of the ultrafiltration test in which the feed 
was solutions of different known molecular weight 
solutes and the system was tested at different MW 
solute for one-hour periods at 50 psi. Diagram of 
solute transport test is presented in Fig. 1. The feed 
concentrations were 100 mg/L solutions of Polyeth-
ylene glycol PEG with molecular weights of 1.5, 6, 
10, 14, 20, 35 kDal and polyethylene oxide PEO with 
molecular weight of 100 kDal. The PEG and PEO 
polymers were chosen for this solute transport test 
because they are synthetic polyethers that are read-
ily available in a range of molecular weights. More-
over, they are amphiphilic and soluble in water. The 
feed was pumped through testing membranes (as 
described above) for one hour and the permeate 
was collected. 

The membrane system was flushed with ultra-pure water for one hour after each PEG/PEO solution 
circulation tests. At the end of the hour, the permeate (the filtered water) was collected in the permeate tank 
and measured to corroborate that the solute transport tests had not altered the flux (i.e., fouled the mem-
brane). Pressure was kept constant at 50 psi and monitored via pressure gauge.

Figure 1. Diagram of Solute transport test
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The feed and permeate samples (during the run with PEG/PEO solutions) were collected and ana-
lyzed for DOC concentrations using a thermal oxidation-based DOC analyzer (Phoenix 9000, Teledyne-Tek-
mar, Mason, OH). The MWCO, which is the molecular weight that would yield 90% solute separation, was 
determined based on the solute transport data. These data were assessed using log-normal probability 
function model to describe the membrane sieving curves and the Hagen-Poiseuille equation for surface 
porosity [6]. This shall be described in details in the next section.

2.3 Derivation of solute transport data via Mathematical method
The calculation of porosity, pore density and mean pore size were referred from previous study [6]. 

Solute diameters were calculated from the following expressions for the Stokes radius (a) of PEG and PEO 
as a function of their molecular weights (M):

                (1)

                (2)

These equations were derived from empirical expressions of PEG and PEO’s intrinsic viscosities and 
the Stokes-Einstein equation for diffusivity, assuming that the Stokes radius would diffuse at the same rate 
as the particle under study [6].

Based on the solute (PEG, PEO) separation data, the pore size distribution of the membranes was 
computed using the log-normal probability function. It is predicted to be an accurate way to describe UF 
membranes sieving curves, i.e., the solute separation, f (%), versus the solute diameter (ds) follow the 
log-normal relationship: 

               (3)

where dp is the pore diameter, μp is the geometric mean of the pore diameter and, σp is the geometric stan-
dard deviation (GSD) of the pore diameter. These parameters are denominated geometric, because they 
correspond to a log-normal distribution μp = ds @ f = 50% (solute diameter that correspond to 50% separation 
of PEG obtained from the PEG separation data), and σp, is calculated by:

                (4)

where ds is the solute diameter (dp = ds). Their geometric means (μp = μs) and their geometric standard de-
viations (GSD) (σp = σs) were considered to be the same. μs is the geometric mean, and σs is the GSD of 
the solute diameter. Library functions from Microsoft Excel for the standard normal distribution and base-10 
logarithm (i.e., NORMSINV and LOG10, respectively) were used to compute solute separation f (%) at a 
predetermined pore size base on PEG separation data. These f values were then used together with the val-
ue of μp and σp obtained from equation (4) to compute the pore size distribution of the membrane based on 
equation (3). This model is based on an assumption that dependence of solute separation on the steric and 
hydrodynamic interaction between solute and pores is ignored, thus the pore size equals the solute size [6].

Calculations of pore density (number of pores per unit area, N) and surface porosity (ratio of the area 
of pores to the total membrane surface area, Sp) were based on the Hagen-Poiseuille equation modified for 
a porous membrane, assuming laminar flow:

                 (5)

where Ji is solvent flux for pores with diameter di (m
3/m2-s); Ni is density of pores with diameter di (dimension-

less); ΔP is pressure difference across the pores (Pa) (345 kPa in this study); η is solvent viscosity (N-s/m2) 
(η = 9.34 × 10-4 at water temperature of 23oC); δ is length of the pores, considered equivalent to the thickness 
of the skin layer (no tortuosity) (m) (approximately δ = 2 × 10-7 m).

Thus, total flux (J, i.e., the final PWP) through the membrane was the summation of all fluxes through 
the pores with different sizes:

               (6)

where fi is fraction of pores with diameter di.
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Therefore, density of pores is calculated by:

                (7)

3.  Results and Discussions

3.1 Pore characterization
Fig. 2 presents the siev-

ing curves of the tested mem-
branes. It is obvious that for 
low LSMM concentration (i.e., 
0.5%wt LSMM), the thinner 
membranes (0.2 mm thick) had 
higher mean pore size, accord-
ingly higher the MWCO. For a 
higher additive concentration 
(4.5 wt%), the opposite was observed. Membranes with 0.25mm thick were having higher mean pore sizes. 
The explanation of those phenomena may lie in the impact of shear stress. Since the shear stress is directly 
proportional to casting velocity, solution viscosity and inversely proportional to film thickness (Shear stress = 
(viscosity)*(velocity/thickness)), the shear stress increases by either increasing the casting velocity, increas-
ing viscosity or by decreasing the thickness. High shear rate often leads to greater molecular orientation and 
leaves bigger gaps (pores) between two aligned macromolecular nodules. The pore sizes are therefore larger.

According to Table 2, the double cast membranes caused a reduction in MWCO from 91 kDal to 81 
kDal. Table 2 also shows that the mean pore sizes are slightly more than 5 nm for these membranes which 
are wider than those of the hydrophobic membranes as found in previous study [10]. It is worth noting that 
the log-normal probability model represents just an approximation of the actual pore size distributions, par-
ticularly for pore sizes of less than 2nm, where the conditions are not purely steric and hydrodynamic interac-
tion between solute and pores may not be ignored [6]. Nevertheless, the pore size and pore size distribution 
presented above display correctly the changes caused by the different modes of dope casting. As the pore 
size is smaller, the pore density is therefore higher for the Double LSMM membranes.

Previous studies pointed out fascinatingly that the newly modified PES-LSMM membranes was in the 
range of tight UF membranes with relatively smooth surface, small pore size and MWCO of approximately 
60 kDal [11]. In this study, the MWCO of PES LSMM membranes were more than 90 kDal with mean pore 
sizes varied as in Fig. 2. This once again confirms the fabrication conditions such as membrane thickness 
or casting methods could alter significantly the membrane properties.

The probability density function plot in Fig. 3 gives an indication of the pore size distribution for the dif-
ferent membranes. It seems that the addition of LSMM and membrane thickness did not provide clear impact 
on pore size. For instance, membranes with 0.5 %wt of LSMM (nominal thickness = 25mm) and membrane 
with 4.5%wt of LSMM (nominal thickness = 20mm) had similar mean pore size of 3 nm, which was less than 
mean pore size of 4.8 nm of the remaining membranes. It is observed that those membranes, that had larger 

Table 2. Pore characterization

Membranes MWCO (kDal) Mean pore size 
(nm)

Pore density 
(# of pore/m2)

Single cast LSMM* 91.40 ± 3.93 5.33 ± 0.63 5.26 ± 0.45

Double cast LSMM 81.21 ± 2.05 5.13 ± 0.07 6.33 ± 0.17

*Average of the four membranes made by single cast method 
(0.5LSMM1, 0.5LSMM2, 4.5LSMM1, 4.5LSMM2)

Figure 2. Sieving curves of LSMM membranes Figure 3. Pore size distribution of LSMM membranes
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mean pore sizes, had a smaller most probable size of the pores (maximum in the probability density function 
curves). It is worth noting that the pore size distributions in Fig. 3 represents just an approximation of the ac-
tual data because they simulates from the mathematical equations with some assumptions that membranes 
are purely steric and hydrodynamic interaction between solute and pores is ignored. 

According to Table 2 and the Figs. 1 and 2, some conclusions and interpretations about the impact 
of manufacturing conditions on pore characteristics can be made as following: (i) Thicker membranes lead 
to lower shear stress, accordingly smaller pore sizes and MWCO and (ii) Double casting method increases 
the porosity of membrane with the same amount of SMM additive again due to the effect of shear stress as 
explained above.

3.2 Correlation of pore characteristics and casting methods
The impact of the new casting method on 

the morphology of the double casting ultrafiltration 
membranes was investigated. SEM micrographs 
presenting the surfaces and cross-sections of the 
samples are depicted in Fig. 4. All the images were 
captured at a magnification of 1000. 

There seems to be no appreciable surface 
variations between membranes made by single or 
double casting methods (Figs. 4a and 4b). Only 
in the cross-section micrographs, did a two-layer 
spongy structure appear for the new casting meth-
od (Figs. 4c and 4d). This is something expected as 
the second casting motion was done on top of the 
surface generated by the first casting motion. The 
gap between two layers (Fig. 4c) may lead to some 
positive changes in membrane characteristics and 
performance, since the single cast membrane very clearly exhibits large finger like cavities. These macro 
voids should be avoided whenever possible since they may rupture quickly or they are more susceptible to 
compaction under a high pressure. Although the macro voids do not exist in the Double LSMM membranes, 
a larger portion of the cross-section seems to have more solid structure. The effect of the presence of the 
gap between two solid layers on the membrane performance is still unknown.

As observed in the SEM image, the Double cast LSMM membrane has two layers of spongy struc-
ture, which may lead the smaller mean pore sizes and MWCOs. However, based on Table 2, there is no sig-
nificant difference in the pore size of these membranes. It then can be said that SEM is not a good indicator 
in examining the pore sizes of membranes.

3.3 Correlation of pore size and MWCO
Effort was made to consider if there was any 

correlation between MWCO and pore characteris-
tics. From Fig. 5, there was a clear trend that as 
MWCO increased, the mean pore size increased. 
It completely follows the logical concept of mem-
brane technology since MWCO is defined as the 
molecular weight that yields 90% solute separation 
and smaller MWCO values are only obtained for 
membranes having smaller pore sizes. Cho et al. 
[12] also reported that an effective MWCO is not 
usually the same as a nominal MWCO provided by 
the manufacturer. It may be explained by the fact 
that to yield similar fluxes, membranes with smaller 
pores (smaller MWCO) often have higher pore densities. The tailor-made membranes, which had MWCO 
of approximately 90 kDal, had a low MWCO, small mean pore size and high pore density. It was proved in 
previous study [13] that the effective MWCO of the membranes was much lower than the MWCOs measured 
in this work while the MWCO measured by solute transport were often lower than the data provided by the 

Figure 4. SEM images of membranes: top surface 
(a, b); cross-section (c, d)

Figure 5. Correlation of MWCO and pore characteristics 
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manufacturers [12,14]. The effects of electrostatic repulsion and hydrodynamic operating conditions are 
potential reasons for this discrepancy [14].

4. Conclusion

Size exclusion plays a major role in the solute rejection of a membrane based on its pore size and the 
solute molecular size. The pore size and its distribution have been measured using various methods includ-
ing the bubble point method, liquid displacement, solute probe techniques, and many others. In this study, 
the pore characteristics of Ultrafiltration membranes were promisingly determined via solute transport test 
and mathematical calculations without using any equipment or analytical machine. This method however just 
gives the approximation in terms of pore size and pore density as it has some assumptions on ignoring of 
influence of the steric and hydrodynamic interaction between PEG and pore sizes on solute rejection. In fact, 
there are always some interactions between solutes and membranes to some certain extents.

The additives of LSMM had a visible effect on MWCO and porosity. However, the pore size of LSMM 
membranes varied with the different percentage of LSMM in the casting solution and the casting method 
(single versus double casting). Thicker membranes lead to lower shear stress, accordingly smaller pore 
sizes and MWCO. Double casting method increases the porosity of membrane with the same amount of 
LSMM additive.
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