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A Rapid Analysis of Ultrafiltration
Membrane Structure

A. N. Cherkasov

State Institute of Highly Pure Biopreparations, St.-Petersburg, Russia

Abstract: The possibility of using protein calibration data for rapid analysis of ultra-

filtration membrane structure is discussed. It is shown that structure analysis based on

calibration data gives the possibility of determining the mean membrane pore radius,

and the view of distribution of pores by size, to reveal and to asses the microscopic

membrane defectness, to estimate the thickness of selective layer, and also to

correlate the structure of investigated membrane with that of the principal serial ultra-

filters. Beside this, the use of permeability data obtained during protein calibration

gives the possibility to assess the hydrophilicity of membrane investigated.

However, the principal advantage of this method is high productivity and the possi-

bility to perform the analysis with the use of the simplest ultrafiltration and gel chro-

matographic equipment. The examples of the use of membrane structure analysis in

the course of development of composite polysulphoamide membranes and track-

etched ultrafilters are given.

Keywords: Ultrafiltration, membrane structure, pore size, distribution of pores by size,

defectness, thickness of selective layer, hydrophilicity

INTRODUCTION

Have you ever noticed that whereas numerous methods of membrane structure

analysis exist, at the present time it is hardly possible to find in literature the

papers in which these methods are applied to the routine structure analysis in

the course of membrane development or manufacturing (i.e., in the cases when
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it is necessary to analyze a large number of membrane samples in a restricted

time)?

This can be attributed to the following two factors:

1. The existing methods are not accessible for this purpose either because of

long measurement duration or because of the necessity to use laborious

and expensive equipment.

2. The often-existing need for the interpretation of the results obtained in

membrane analysis in terms of structure parameters and operating charac-

teristics, i.e., the investigation methods, very often get transformed into

the objects of investigation (1, 2).

Considering these factors, the method of structure analysis based on

protein calibration seems to be quite irreplaceable. Except for detecting

such standard membrane operating characteristics as molecular weight cut-

off (MWCO) and the width of retention curve, this method suggested by us

earlier (3, 4) delivers the possibility to determine the mean pore radius, and

the view of distribution of pores by size. It also allows to reveal and assess

the nature of microscopic defects, to estimate the thickness of selective

layer, and to compare the investigated membrane to principal types of serial

ultrafilters by structure.

In spite of the multiple benefits listed, the principal advantage of this

method is definitely its high productivity. That makes it truly irreplaceable

for rapid structure analysis. Thus, the use of structure analysis based on

protein calibration allows a medium qualification researcher to investigate

up to a dozen membranes per day.

In summary, the purpose of this review is to demonstrate the capabilities

of calibration method for rapid analysis of membrane structure. To illustrate

the efficiency of this method, its application for structure analysis of polysul-

fonamide UF membranes and asymmetric track-etched ultrafilters in the

process of their development will be discussed.

However, before proceeding to discuss the use of calibration data for

analysis of membrane structure it is necessary to briefly recall the principal

concepts of selective behavior of UF membranes in protein ultrafiltration as

well as the principal regularities of membrane calibration procedure.

PROTEIN ULTRAFILTRATION

It is known that the principal peculiarity of protein ultrafiltration is the deter-

mining influence of gel formation on membrane permeation and selective1

properties. Although the existing models of concentration polarization (CP)

1By selective properties we mean the ability of ultrafiltration membrane to separate

the solutes differing in molecular masses (sizes of molecules).
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(such as gel-polarization model (5), boundary layer resistance model (6, 7),

osmotic pressure model (8), or different combination of these models)

describe the changes of membrane permeability sufficiently well, they do

not even consider the regularities of selective behavior of UF membranes in

the course of gel formation. The only model which describes the selective

behavior of UF membranes during protein ultrafiltration is the polarization-

sieving (PS) model proposed by us earlier (3, 9). According to this model,

in the process of ultrafiltration a gel layer decreasing the sizes of all pores

by a constant value DR appears on the membrane surface (Fig. 1).

At the same time, the sieving mechanism still exists in the reduced (by

2 DR) pores. Along with the growth of gel layer (caused, for example, by

increasing of bulk concentration or transmembrane pressure), the increase

of DR takes place, which causes a shift of retention curves toward low

molecular weights (Fig. 2).

Although it was supposed first that during gel formation all pores are

reduced by a constant value 2DR which depends only on CP level, the latest

investigation (10) demonstrated that DR value is linearly, proportional to

pore size. In particular, this conclusion explains the preservation of logarithmic

normality and width of retention curves and their shifting toward low M with

CP rise (see Fig. 2). One can think that the direct proportionality between DR

and R is caused by very low effective porosity (f0) of modern ultrafiltration

membranes (f0 � (102121) %) (11, 12). As a result of this low porosity,

the CP level for an individual pore is determined not by a total solute flux to

membrane surface but by a separate flux through this pore, i.e., by its size.

Further refinement of polarization-sieving model carried out in (13) also

showed that gel layer decreasing the pore sizes must be considered as a super-

position of reversible and irreversible adsorption layers (Fig. 1). The ratio of

the thicknesses of these layers is determined by membrane and solute

hydrophilicities.

Figure 1. Formation of gel layer on UF membrane surface according to polarization-

sieving model. 1–membrane material, 2–layer of reversible protein adsorption

(gel-polarization layer), 3–layer of irreversible protein adsorption (3, 9, 13).
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CALIBRATION PROCEDURE

The selective properties of UF membranes are characterized by retention

curve, i.e., by the dependence of observed retention coefficient (w)

w ¼ 1� ðCP=CBÞ ð1Þ

where CP and CB are the concentrations of permeate and bulk, respectively) on

molecular weight (M) of the solute (w(M). The molecular weight of a globular

protein with the retention coefficient equal to 90% is called the molecular

weight cut-off (MWCO) (ML).

Best of all the membrane protein calibration (determination of membrane

retention curve) can be carried out by passing through membrane model

mixtures of globular proteins and low molecular substances with gel chroma-

tographic analysis of permeate and bulk concentrations (Fig. 3). The compo-

sitions of model mixtures used for analysis of UF membranes with different

MWCO values are listed in Table 1.

As it follows from above, the results of calibration procedure are substan-

tially determined by concentration polarization level, i.e., by the conditions in

which the calibration is performed. Therefore, in order to determine membrane

structure characteristics one must use data obtained in more or less “standard”

calibration conditions (cells with laminar stirring, (200–600) min21, cali-

bration with globular proteins at concentration of �1021%, pressure �1bar,

permeate samples must be taken after passage of approximately 1 cm3 of

permeate through 1 cm 2 of membrane area2).

Figure 2. The shift of retention curves of membrane Omega-100 (Gelman) obtained

in the process of CP rise caused by transmembrane pressure (Dp) increase: 1–

Dp ¼ 0.2 bar, 2–Dp ¼ 1 bar, 3–Dp ¼ 2 bar. Concentration rate K ¼ 1.1 (10).

2The last condition must ensure the establishment of stationary permeate flow, i.e.,

the formation of equilibrium gel layer on membrane surface.
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In particular, the use of “standard” calibration conditions allows us to

compare the structure parameters and operating characteristics of

membranes under investigation to those of serial ultrafilters (see the section

“The Analysis of the Structure of Track-Etched Ultrafilter”).

THE USE OF CALIBRATION METHOD FOR

ULTRAFILTRATION MEMBRANE STRUCTURE ANALYSIS

Determination of Average Pore Size and Distribution

of Pores by Size

The determination of average pore size of UF membranes is based on the

existence of empirical relationship [the so-called “critical ratio” (lcr)]

Figure 3. Procedure of membrane protein calibration: (A) Gel chromatograms of

initial solution of model mixture consisting of 1–tryptophan, 2–bacitracin, 3–cyto-

chrome-C, 4–chymotrypsinogen, 5–ovalbumin, 6–bovine serum albumin, 7–g-glo-

bulin, (dotted line), and permeate (solid line) obtained on membrane UAM-150,

OD280 is optical density at 280 nm. (B) Membrane UAM-150 retention curve plotted

from chromatograms Fig. 3A. (3, 14).
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between the minimal Stokes’ radius of protein molecule effectively retained

by membrane (rL) and mean hydrodynamic pore radius (Rh) brought out by

Elford in 1937 (15)

lcr ; rL=Rh ð2Þ

The determination of critical ratio was carried out in (16, 17) for UF

membranes of homogeneous structure, which gave the authors the possibility

to calculate Rh values from Hagen-Poiseuille equation. The MWCO values

were used as molecular weights of proteins retained effectively by

membrane. The rL values were determined with the help of equation of

Mark–Kuhn–Hawink type for globular proteins (3)

rL ¼ K1M
b
L ð3Þ

where K1 ¼ 0.49 Å(mol/g)b and b ¼ 0.38 are constants.

In (18, 19) the values of lCR were determined for asymmetric membranes.

In order to do this the authors used the electron microscopy data on pore sizes

and distributions of pores by size obtained for membranes of asymmetric

structure in (12, 20, 21). For determining the critical ratio for homogeneous

membranes Poiseuille radius with averaging of the form 4 was used

Rh ¼

Ð1
0
f ðRÞR4dRÐ1

0
f ðRÞR2dR

 !1=2

¼ R0e
s2
0 ð4Þ

Table 1. Model mixtures used for TEUF calibration (M–molecular weight and

rS–Stokes’ radius of protein, pI–protein isoionic point) (3, 14)

N

M 103,

g/mol rS, pI a b c

1 Tryptophan 0.204 3.7 — þ þ

2 Bacitracin 1.45 8.3 7.1–7.2 þ

3 Vitamin B12 1.36 7.8 — þ

4 Cytochrome C 12.4 17.6 10.6 þ þ þ

5 Chymotrypsinogen 24.0 22.7 9.5 þ þ þ

6 Ovalbumin 44.0 28.6 4.6 þ þ

7 Bovine serum

albumin

67.0 34.0 4.7 þ

8 g-globulin 160.0 46.5 7.1 þ þ

9 Catalase 232.0 53.5 5.4–5.7 þ

10 Ferritin 440.0 68.0 — þ

11 Thyroglobulin 690.0 83.0 4.5 þ

aLow molecular mixture (MWCO 4 (100–20 000) g/mol), (CS � 0.12%).
bMiddle molecular mixture (MWCO 4 (100–200 000) g/mol), (CS � 0.6%).
cHigh molecular mixture (MWCO 4 (5000–1 000 000) g/mol), (CS � 0.6%).

A. N. Cherkasov2780

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



where f(R) is the differential numerical pore size distribution function, R0 is

the pore radius corresponding to the maximum of the PSD function, and s0

is PSD dispersion. The same averaging was used for asymmetric membranes.

Thus, as it follows from the data (15–19) for ultrafiltration membrane of

arbitrary structure a universal relationship between mean hydrodynamic pore

radius and radius of a particle (molecule) with retention coefficient equal to

90% exists

lcr ; ðrL=RhÞ ¼ 0:30+ 0:15 ð5Þ

The values of lcr are less than unity because the sizes of membrane pores are

reduced in the process of protein ultrafiltration by gel layer (see Fig. 1).

Therefore, the molecules with sizes less than pore radius can be retained by

membrane.

The existence of critical ratio allows to determine average pore size of

membrane. In order to do this it is necessary to determine the MWCO value

and to estimate the value of Rh by equation

Rh ¼ K1l
�1
cr M

b
L ð6Þ

It is essential to notice that expression similar to eq. (6) was obtained by Sar-

bolouki (22) for determination of membrane pore size from dextran retention

coefficients. Pore radii were determined by the calibration dependence corre-

sponding to the value of lcr ¼ 1.4 (19). In the case of dextran ultrafiltration a

high rate of lcr seems to be predetermined by the absence of gel polarization

(and therefore of pore overlapping), as well as by the application of the

number average, and not the mean hydrodynamic pore radius.

As follows from (19), experimental error of lcr is determined mainly by

the influence of membrane surface roughness on the level of concentration

polarization and hence on overlapping of pores by gel layer. Therefore,

when membranes under analysis are more or less uniform in surface

structure (in the case of membrane development or manufacturing, for

instance) one can expect that relative changes in membrane pore sizes will

be determined more preciously.

As an example of the use of eq. (6) pore radii of homogeneous track-

etched ultrafilters determined by this equation (Rh) in comparison with pore

radii determined by Hagen–Poiseuille equation (RP) and also given by manu-

facturer (R0)
3 are listed in Table 2.

According to this table, there is a good enough agreement between Ri

values obtained by different methods for membranes with MWCO , 106 g/
mol. In the case of higher MWCO, Rh values are overestimated, which is

caused, evidently, by the imperfectness of extrapolation procedure.

Since the retention curve is nothing else but the cumulative function of

pore size distribution by retention ability, one has a principal possibility to

3The values of R0 were determined by manufacturer by gas permeability.
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evaluate PSD function from calibration data. Mathematically the relation

between w(M) and PSD function for UF membrane functioning in GP

regime is given by an evident equation

wðMÞ ¼

Ð1
DR

f ðRÞðR� DRÞ4w½rðMÞ=ðR� DRÞ�dRÐ1
DR

f ðRÞðR� DRÞ4dR
ð7Þ

where f(R) is a differential PSD function, w[r(M)/(R2 DR)] ; w(l) is a

sieving function, and DR is a value of pore radius reduction by gel polarization

(Fig. 1).

According to Ferry’s suggestion, made as early as in 1936 (23), the

sieving function is determined by molecule accidental hitting a pore in the

course of Brownian motion (the so-called steric factor). The most widespread

expression for steric factor is of the form:

wðlÞ ¼ ½1� ð1� lÞ2�2 ð8Þ

It appeared, however, that Ferry’s equation is not supported by exper-

imental results (24). Thus, the retention curve calculated by eq. (8) for a

membrane with pores monodisperse by size appeared to be an order of

magnitude wider than the experimental retention curves for membranes

with absolutely narrow PSD function. As membranes of this kind, Sleytr

and Sara membranes (25, 26) made from surface layers (s-layers) of cell

envelope of thermophilic bacteria were used. Since s-layers play a role of

Table 2. The comparison of pore radii of homogeneous track-etched ultrafilters deter-

mined by eq. (6) (Rh), by Hagen–Poiseuille equation (RP), and given by manufacturer

(R0) (17)

N R0, nm

J0 10
6,

m/s (1 bar) RP, nm

ML 1023,

g/mol Rh, nm

1.1 10 2.8 12 60 10+ 5

1.2 15 5 14 180 15+ 7

1.3 15 5 14 130 13+ 6

1.4 15 4.6 13 100 12+ 6

1.5 15 4.7 13 67 10+ 5

1.6 20 3.1 12 560 23+ 11

1.7 20 4 13 70 11+ 5

1.8 25 45 25 1300a (31+ 15)

1.9 25 17 19 1500a (33+ 16)

1.10 25 36.3 22 1300a (31+ 15)

1.11 35 140 33 — —

1.12 35 250 33 — —

1.13 40 162 32 — —

1.14 45 260 37 — —

aThe MWCO values were obtained by extrapolation of retention curves to w ¼ 0.9.
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ultrafilters in cell envelope, these layers being perfected in the process of

evolution, obtained the structure optimal for UF separation. Thus, except

high porosity (�50%) and low selective layer thickness (�10 nm) these

membranes have absolutely monodisperse PSD with regular channels

formed by protein crystals.

To illustrate these examples Fig. 4 presents the comparison of experimen-

tal retention curves of Sleutr and Sara membranes (points 1 and 2) with theor-

etical retention curve (dashed line) plotted according to eq. (8) Thus, it was

concluded that the separation mechanism of ultrafiltration has essentially

sharper character than Ferry’s diffusive mechanism. Therefore, the exper-

imentally proved existence of membranes with retention curves much

tightly than predicted by Ferry’s mechanism is indicative of the fact that

this mechanism is not conceptually correct.

It is likely that ultrafiltration separation mechanism is to be described by

the two-pore model (5, 27, 28), i.e., pores transmit or retain solute depending

on whether solute size is less or more than pore, respectively. So, if this con-

clusion is right the steric factor can be ignored and the retention curve can be

considered as authentic enough mapping of PSD function.4

The most evident assessment of PSD function width can be made from the

width of retention curve [from retention curve dispersion (s) or dispersion

coefficient (D)]. For logarithmically normal function, which is usually used

to describe UF membrane retention curves (31, 32),5 we have:

D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
es

2
� 1

p
ð9Þ

A comparison of retention curves for membranes of different types

showed a sufficient, an order of magnitude, difference in D values (3) that

argues for a great variety of UF membrane structure. Thus D values can

change from 1021 (Sleytr and Sara membranes) up to �10 for synthetic

polymeric membranes (3, 24).

Investigation of Defective Ultrafiltration Membranes

An important area of the study of porous structure aimed at the creation of

perfect UF membranes is the revilement of microscopic defects distorting

4One must say that this assumption is usually not explicitly used in investigations

devoted to the determination of membrane PSD from retention experiments [see, for

instance (29, 30)].
5The logarithmic normality of UF membranes retention curves is a direct conse-

quence of logarithmic normality of distribution of membrane pores by size in combi-

nation with a rigorous sieving mechanism. In its turn, logarithmically normal

distribution by size is characteristic of disperse systems of condensation type (fog,

smog, hoarfrost, snowflakes, etc.) to which porous polymeric membranes relate.
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membrane selective characteristics (33–35). These defects can be success-

fully detected with the use of protein calibration procedure (36).

In general case a defective membrane is characterized by the bimodal

PSD function

fðRÞ ¼ f1ðRÞ þ f2ðRÞ ð10Þ

where f1(R) and f2(R) are the differential PSD functions of selective and

defective membrane pores, respectively.

A characteristic feature of defective membranes is the fact that the size

distributions of selective pores and defects do not overlap.

By substituting eq. (10) to the expression for the retention curve of the

ultrafiltration membrane working in the gel polarization regime eq. (7) and

taking into account that defects are much larger than selective pores, one

can obtain for the defective membrane (36):

w�ðMÞ ¼

Ð1
DR

f1ðRÞðR� DRÞ4w½rðMÞ=ðr � DRÞ�dRÐ1
DR

f1ðRÞðR� DRÞ4dR

�

Ð1
DR

f1ðRÞðR� DRÞ4dRÐ1
DR

f1ðR� DRÞ4dRþ
Ð1
0
f2ðRÞR4dR1

" #

¼ wðMÞ
J1

J1 þ J2

� �
; wðMÞð1� D2Þ ð11Þ

where w�(M) and w(M) are the retention curves of the defective membrane and

its selective pores, respectively, J1 and J2 are fluxes through the selective pores

Figure 4. The retention curves of UF membranes differing in PSD width. 1 and 2–

Membranes NRS 1536/3C and PV-72 with absolutely monodisperse PSD function

obtained by using surface layers of cell envelopes of thermophilic bacteria (26) and

dashed line is Ferry’s curve for membrane with monodisperse PSD (ML ¼ 40 103 g/
mol), 3–Homogeneous track-etched UF membrane 1.3 obtained by traditional technol-

ogy (4, 17).
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and defects, respectively, and D2 is the quantitative parameter of membrane

defectness which is equal to the ratio of fluxes through defects to total flux

through membrane (Fig. 5).

As it can be seen from eq. (11), the retention curve of the defective

membrane repeats the retention curve of selective pores with an accuracy of

a constant factor determined by the ratio of fluxes through the selective

pores and defects. From the above, it follows that, based on the calibration

data for the defective membrane, it is possible to establish such characteristics

of its selective pores as the MWCO and the dispersion of the retention curve.

ML and s are determined by a standard method after normalizing the retention

curve w�(M) to 1 (Fig. 5).

The analysis of defectness of polysulfonamide UF membranes was

carried out in (36, 37) by calibration method and by comparison of the data

obtained with membrane defectness determined by liquid displacement

(LDM) and scanning electron microscopy (SEM) methods. The retention

curves of membranes 22, 23, and 24 with different extents of defects are

shown in Fig. 6.

As shown in Fig. 6, membrane 22 has a usual retention curve reaching the

values of w ¼ 1 at M � 105 g/mol, which indicates the absence of defects.

This conclusion is confirmed by analysis of this membrane by liquid displace-

ment method and by electron microscopy (see Table 3).

The retention curve of membrane 23 achieves the plateau value of w equal

to 0.4, which points to the presence of the macroscopic defects with the value

of D2 ¼ 0.6. This evaluation agrees with the data of LDM and SEM according

to which this membrane is characterized by the presence of defects within the

size range of 0.3–0.5mm (Table 3).

Figure 5. The retention curve of defective membrane (solid line) and the retention

curve of selective pores of this membrane (dashed-dotted line), ML is MWCO, M01

is molecular weight corresponding to 10% retention, and s is dispersion of retention

curve of defective membrane selective pores (36).

A Rapid Analysis of Ultrafiltration Membrane Structure 2785

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Finally, membrane 24, to be absolutely precise, does not fall under the

definition of the “defective” one, since it has no pores with the sizes charac-

teristic of ultrafiltration membranes (the retention curve does not achieve

the plateau value up to M � 106 g/mol). That is why this membrane can be

considered as one of the membranes of the microfiltration type with wide

PSD function. This conclusion also corresponds to the data of check

methods. The pore size distribution for this membrane extended to the

region of sizes typical for microfilters (0.2–1.6mm) (Table 3).

Figure 6. The retention curves of membranes: 1–22, 2–23, and 3–24 with different

levels of defects (36).

Table 3. Results of analysis of defects in samples of composite membranes on poly-

propylene (PP) and lavsan (LN) supports with MWCO values close to the critical ML

values (36)

Membrane

number Support

ML 1023,

g/mol D2

P2
a (size

of defects) SEM

9 PP 45 0 — Defects are absent

22 PP 60 0 0 Defects are absent

17 PP 65 0.65 — Defects are present

23 PP 70 0.6 0.1 [(0.3–

0.5) mm]

Defects are present

18 PP 75 0.3 — —

21 LN 45 0 — Defects are absent

19 LN 90 0 — —

20 LN 100 0 — Defects are absent

24 LN .100 1.0 1.0 [(0.2 –

1,6) mm]

High defectness

aP2 is the quantitative assessment of membrane defectness in liquid displacement

method similar to D2 value in membrane calibration.
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Use of Selective and Permeable Characteristics for Determination

of Thickness of Ultrafiltration Membrane Selective Layer

Although the thickness of selective layer (lS), along with pore size, is a

principal characteristic of membrane structure, the determination of lS is

one of the most complicated problems in ultrafiltration. The complexity of

this study is predetermined by an uncertainty of the very notion of selective

layer, as well as by the model character and high labor consumption of the

current methods of lS determination [see, for instance, (11)]. However, the

use of calibration data gives the possibility to assess the thickness of

selective layer (3).

Thus, substituting eq. (5) in the Hagen-Poiseuille’s equation and using the

interdependence between the Stokes’ radius and molecular weight of the

globular protein eq. (3), eq. (12) was obtained (3). It gives the possibility to

determine the reduced thickness of selective layer (lS/fo) from membrane

selective and permeable characteristics.

Jo ¼ K2

lS

fo

� ��1

M0:76
L ð12Þ

where Jo is water flux at 1 bar, K2 ¼ 1.96 10213 (g/mol)20,76 m2/s is a

constant, and fo is the effective porosity.

Being determined by eq. (12), the value (lS/f0) is averaged in the form

lS

fo
¼ R2

h

X 1

R2
hi

lSi

foi

� �
ð13Þ

where the summarizing is carried out by the membrane layers (lsi) which have

constant pore radius Rhi and porosity foi.

The error of (lS/fo) determination comprises the error of critical

ratio �50%, the error of flux determination �10% and the error of MWCO

value�(30–40%). So, the estimation of selective layer thickness can be

carried out with twofold error. If one takes into account that lS lies in the

range of about 5 orders of magnitude (from 102mcm for homogeneous to

1023mcm for highly asymmetric membranes) this accuracy of selective

layer determination can be accepted as quite satisfactory.

A great advantage of eq. (12) is in its universal character since determi-

nation of the (ls/fo) value is carried out using the filtration methods that fit

the analysis of any type of the ultrafiltration membranes.6

At the same time eq. (12) is the basis of the modern system of UF

membrane classification on the thickness of selective layer (39). Thus, if the

data for the series of membranes with constant lS/fo value is plotted on the

6For instance, in (38) eq. (12) was successfully used for analysis of dynamic viral-

protein membrane which appeared in the course of anti-influenza vaccine

microfiltration.
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classification diagram which consists of log J0(log ML) plot all the points must

fit a straight line with a slope of 0.76 to abscissa axe. A line AB normal to the

series of lines reflecting the constant selective layer thicknesses serves as the

axis for (lS/fo) parameter (Fig. 7). This diagram based only on selective and

permeable membrane characteristics allows comparing the arbitrary

membranes by their structure properties.

When permeability coefficients and MWCO values of principal series of

commercial membranes have been plotted on a classification diagram an inter-

esting regularity has been revealed. It was found that the points corresponding

to every membrane series fit a straight line of a constant (lS/fo) value, i.e.,
membranes of one series are characterized, as a rule, by a constant value of

reduced selective layer thickness (see Fig. 7).

Taking into account that effective porosity of homogeneous ultrafilters

is about 50% (3, 18) and that of highly asymmetric membranes reaches a

tenth of a percent (12), one can see that the selective layer thickness

varied between 100mm (homogeneous membranes Sartorius SM, Biopore

UAM) and 1023mm (highly asymmetric membranes Diaflo PM, Gelman

Omega).

Since only selective and permeable membrane characteristics are used for

diagram plotting one has a possibility to pictorially compare an arbitrary

membrane with principal ultrafilters of commercial series.

Figure 7. Diagram of classification of UF membrane series by the reduced thickness

of selective layer: 1–Sartorius SM 115-117, and Vladipore UAM, 2–Biopore A2-10,

3–DDS-5,600, -800, 4–Diaflo UM, 5–Biopore A-20-500, 6–Diaflo XM, 7–Dorr-

Oliver XP, 8–Diaflo PM, 9–Gelman Omega (3, 39).
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The Assessment of Ultrafiltration Membrane Hydrophilicity

It is convenient to characterize UF membrane hydrophilicity by the value of

flux recovery ratio (FRR) (40)

FRR ¼ Jot=Jo ð14Þ

where Jo–water flux before ultrafiltration and Jot–water flux after protein cali-

bration and membrane washing.

As remarked, (Fig. 1) in the process of gel polarization, gel layer

appearing on membrane surface consists of a layer of irreversibly sorbed

polymer and of a layer of gel polarization. As a result of membrane washing

the gel polarization layer dissolves, membrane permeability increases, and

now is determined only by the thickness of irreversibly adsorbed polymer

layer. In its turn, the thickness of adsorbed polymer layer is determined by

membrane and solute hydrophilicities. However, as the very notion of irrevers-

ible adsorption is relative (in any case one can find a detergent strong enough to

clean membrane completely), it is very important for the washing procedure to

be standard. As it seems to us, it is the most convenient to use the washing

procedure proposed by Nilson (40). This procedure consists of a membrane

washing in water and buffer with intensive stirring for 1min each.

FRR values for membranes of different hydrophilicities after calibration

by model protein mixtures have been determined in (13). As it follows from

this study, for ultimate hydrophilic membranes made from regenerated

cellulose, FRR value reaches 1.0 (complete recovery), for hydrophilic

membranes from cellulose, acetate and polyamide imide FRR ¼ 0.5+ 0.1

and for membranes made from moderately hydrophobic polysulfonamide

FRR ¼ 0.4+ 0.2. It is interesting to notice that permeability recovery after

membrane washing correlates with recovery of membrane selective proper-

ties, as it follows from polarization sieving model.

EXAMPLES OF PRACTICAL USE OF RAPID STRUCTURE

ANALYSIS FOR DIFFERENT TYPES OF ULTRAFILTRATION

MEMBRANES

Structure Analysis of Composite Ultrafiltration Membranes

In (41) the method of rapid structure analysis was used in the process of devel-

opment of the composite polysulfonamide membranes obtained on the

nonwoven polypropylene (PP) and lavsan (LN) supports.

The membranes were produced by dry-wet method in the range of casting

solution concentration 5–14%. The aim of the research was to analyze the

nature of defects which appeared in experimental membrane samples.

It was suggested that the appearance of defects is caused by the reduction

of selective layer thickness with the decrease of casting solution
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concentration. To prove this suggestion the dependence of ls [determined by

eq. (12)] on MWCO was plotted. This dependence is shown in Fig. 8. The

ls
� calculation was carried out with the arbitrary assumption that the

membrane effective porosity is 10%.

Despite a considerable scatter caused by various conditions of casting of

the experimental batches, it is obvious from this figure that one can observe a

monotonous decrease in lS
� value with an increase in the membrane pore size

(with decrease of concentration of casting solution). Since a decrease of the

selective layer thickness enhances the probability of defect formation,

obtaining of lS
� zero values may be considered as transition from the

defect-free to defective ultrafiltration membranes. Thus, the values of ML,

that in Fig. 8 correspond to zero value of the selective layer thickness, are con-

sidered in (41) as the limits of the defect-free characteristics of the membranes

on two types of supports.

The extrapolation of lS(M) dependence to zero thickness of selective layer

gives the possibility to assess MWCO values corresponding to the limits of the

defect-free characteristics of the membranes on two types of supports. The

calculation of the limiting MWCO values carried by least-squares technique

gives:

limML ¼ ð60+ 10Þ103 g=mol ð polypropylene supportÞ

lS ¼ 0

limML ¼ ð100+ 20Þ103 g/mol ðlavsan supportÞ

lS ¼ 0 ð15Þ

The analysis of membranes with the values of ML near the critical rates

(15) by liquid displacement method (P2
7 and defect pore size), calibration

method (D2), and SEM confirms this conclusion (Table 3).

As follows from the data in Table 3, the structure defects characterized by

the value D2 ¼ 30–60% really arise for membranes on the polypropylene

support when the ML ¼ 60 103 g/mol is exceeded.

As for membranes on lavsan support, the above-mentioned highly

defective membrane 24, characterized by a continuous pore distribution up

to several mcm, proved to be the only sample with the value of ML . 100

103 g/mol. The conclusion about the thinning of the selective layer with

MWCO increase is proven by SEM analysis of selective surface of

membrane 24. It demonstrates the low thickness of its selective layer

leading to appearance of numerous defects (36).

Therefore, the use of the rapid structure analysis method gave the possi-

bility to reveal on-line (in the course of membrane development) the presence

of microscopic defects and also to explain the cause of its appearance.

7P2 value is equal, similarly to D2, to the ratio of water flux through defects to total

water flux through membrane.

A. N. Cherkasov2790

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



The Analysis of the Structure of Track-Etched Ultrafilters

In (17, 42) the prompt analysis of UF membrane structure based on calibration

data was used in the process of development of asymmetric polyethylene ter-

ephthalate track-etched ultrafilters (TEUF). The necessity of the development

of asymmetric TEUF was caused by extremely imperfect permeable and

selective properties of traditional track-etched filters with pores of ultrafiltra-

tion size. Thus, the research carried out earlier (43) showed that these

membranes are characterized by low permeability as well as a tendency to

pore plugging which can be connected with high length of ultrafiltration pores.

Comparative investigation of TEUF of two types was carried out. The

membranes of the first type were the homogeneous track-etched filters with

cylindrical capillaries obtained by traditional technology. The pore size is

determined by the time of etching of a film irradiated previously by acceler-

ated heavy ions or fusion fragments (44). The membranes of the second

type were produced by the same technology but with the use of films with pre-

liminary treatment of surface layer (45). Since the etching velocity of treated

layer is lower than that of bulk, one can expect to obtain track-etched

membranes with asymmetric structure.

As a result of assumption that the tendency to pore plugging can be also

caused by the increased adsorption ability of pore material after etching (42)

the FRR values characterizing membrane hydrophilicity were measured in

the course of membrane calibration. Flux recovery ratios were determined

for both types of track-etched ultrafilters. It appears that FRR ¼ 0.4+ 0.1

which is characteristic of moderately hydrophobic membranes. It dispelled

the assumption of increased adsorption ability. The further measurements of

adsorption isotherm confirm this conclusion. The amount of protein adsorbed

on a unit of pore surface comprises the value of 0.14+ 0.04mcg/cm2 which

is close to literature data for moderately hydrophobic membranes (17).

Figure 8. The effective thicknesses of selective layer (lS
�) of polysulfonamide mem-

branes on polypropylene (A) and lavsan (B) supports vs. MWCO (ML) (37).
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Altogether more than a hundred of membranes of both types have been

investigated. It is important that there was a great variety of pore structures

of these membranes. The typical retention curves of TEUF with different

structure are presented in Fig. 9.

As shown in this figure, defective UF membranes (curve 2), microfilters

(curves 3 and 4), and also membranes with large amount of nanofiltration

pores (curves 2 and 4) are present along with usual UF membranes (curve 1).

In some cases membranes of both types were characterized by bimodal

retention curves (bimodal PSD distribution) (Fig. 10). For “bimodal” TEUF

of the first type the size of tight pores comprises �1000 and that of large

pores rises from �1000 to �4000 with the rise of mean pore size. As for

the membranes of the second type the size of tight pores was �500 and that

of the large �1000.

The data obtained in the process of membrane calibration allowed all

membranes with imperfect ultrafiltration structure to exclude from consider-

ation, i.e., all membranes of microfiltration type, all defective UF

membranes, and all membranes with large (more than 10% by permeability)

amount of nanofiltration pores. Thus, only about 60 out of approximately

100 of TEUF samples remained for further structure analysis.

The next peculiarity of TEUF structure that has been found was abnor-

mally wide retention curves of membranes of both types. This fact points to

the existence of broad distribution of pores by size (see Fig. 4, curve 3).

The broad PSD is very atypical for track-etched filters which are famed for

narrow pore size distribution and strictly round pore shape (Fig. 11A). This

wide PSD was quite unexpected by the authors because one of the aims of

asymmetric TEUF development was to create high selective ultrafiltration

Figure 9. The retention curves of track-etched ultrafilters with different pore struc-

ture. 1–Usual UF membrane with MWCO ¼ 20 103 g/mol and D ¼ 1.4, 2–Defective

UF membrane (D2 ¼ 0.4, MWCO ¼ 25 103 g/mol) having pores of nanofiltration

sizes, 3–Microfiltration membrane, 4–Microfiltration membrane having pores of

nanofiltration sizes (17, 42).
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membranes with narrow distribution of pores by size (analogous to

membranes of Sleytr and Sara (see previous section). However, as it

follows from microphotographs, pore entrances of track-etched UF

membranes have a wide range of sizes and irregular, far from round, shape

(Fig. 11B). One can think that these peculiarities of membrane structure are

caused by the influence of submolecular structure of initial film in which

the regions of different densities exist (46). As the etching velocity depends

on the density of material, one can expect the appearance of either wide

PSD or of irregular pore shape. In the case of track-etched microfilters the

sizes of polymer heterogeneity regions are much less than pore sizes and

these regions do not have an effect on membrane PSD.

The presence of submolecular polymer structures (crystallites) is well

seen on micrographs of TEUF of the first (A) and of the second (B) types

(Fig. 12) obtained with the use of atomic force microscope (AFM).

According to these figures the preliminary treatment of polymer film in

the process of TEUF production leads to homogenization of polymer

structure (the size of submolecular structures decreases). This homogenization

leads, in turn, to decreasing of PSD width. Thus, the mean width of retention

curves of TEUF of the second type appeared to be twice lower than that of the

first type (D ¼ 2+ 1 and D ¼ 4+ 1, respectively) (17).

The next step in TEUF structure analysis was the determination of mean

pore sizes (see, in particular, Table 2) and the thicknesses of selective layer.

These values are the principal structure characteristics of UF membranes.

The performed analysis demonstrated that TEUF of the first type are

homogeneous filters with selective layers approximately coinciding with

total membrane thicknesses (L). As for TEUF of the second type, the

variation of treatment conditions gave the possibility to obtain membranes

with pore structure changing from homogeneous [lS ¼ L 4 (10–20) mm] to

extremely asymmetric (lS � 1022mm).

Figure 10. The retention curve of track-etched UF membrane 5.4 (solid line) and

approximate curve of pore distribution of this membrane by size (dashed line) (17).
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The difference in structure of two TEUF types can be best shown by

classification diagram Fig. 7. This classification diagram containing the

values of water fluxes and molecular weight cut-off for studied TEUF of

two types is presented on Fig. 13. The principal advantage of the use of this

diagram for TEUF classification is the precious knowledge of the porosity

of these membranes, which permits to immediately mark the thickness of

the selective layers on the axis AB. The straight lines of constant (lS/fo)
values from diagram Fig. 7 are plotted on diagram Fig. 13, That makes it

possible to compare membranes of different types by its permeable and

selective properties.

As it follows from Fig. 13 the points corresponding to membranes of the

first type (zone I) arranged about the line of constant selective layer thickness

lS � 10mm which coincides with the total thickness of membrane. This fact

illustrates the statement that membranes of this type are really the traditional

Figure 11. SEM microphotographs of track-etched filters with different pore sizes:

A–Track-etched microfilter (R�0.25mm), B–Track-etched UF membrane 1.3

(R � 0.015mm) (17).
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Figure 12. The AFM micrographs of the surfaces of TEUF obtained at equal etching

time without (A) and with (B) preliminary treatment of initial film surface. Kindly sup-

plied by Zbynek Pientka (Institute of Macromolecular Chemistry AS CR, Prague,

Czech Republic).

A Rapid Analysis of Ultrafiltration Membrane Structure 2795

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
4
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



track-etched filters with cylindrical capillaries passing through whole

membrane thickness.

The membranes of the first type correspond to the old low permeable

membranes with homogenous structure (Vladipore, UAM, Sartorius SM-

115-121) by permeability. One can think that the tendency of these

membranes to fouling as well as their bad regeneration are caused by the

existence of long pores with irregular form of the channels. This conclusion

points to the fact that the development of TEUF on the base of traditional tech-

nology of production of track-etched filters (44) is quite unpromising.

As follows from this figure, in contrast toTEUFof first typewith practically

constant selective layer thickness coinciding with the thickness of membrane,

the TEUF of the second series (zone II) show a great variety of lS values.

Thus, along with TEUF with homogeneous structure [lS � 10mm) we see UF

membranes of intermediate type [lS 4 (10–0.6)mm] and also the highly asym-

metric membranes (lS � 0.6–0.04mm) coinciding by selective and permeable

characteristics with membranes of Diaflo PM and Gelman Omega series.

Therefore one can see that the method (45) of obtaining membranes of the

second type permits to produce TEUF of arbitrary structure which allows

manufacturing membranes with optimal pore structure at the level of the

best serial UF membranes.

Beside these examples, the rapid membrane structure analysis was suc-

cessfully applied to the study of metal/ceramic membranes (47) and for the

investigation of UF membrane modification (48).

Figure 13. Diagram of classification of track-etched ultrafilters by the thickness of

selective layer. Zone I corresponds to TEUF of first type and zone II to TEUF of second

type. Dashed lines correspond to lines of constant (lS/f0) parameter Fig. 7. (17, 42).
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CONCLUSION

As stated previously, the application of rapid analysis of membrane structure

illustrates, as it seems to us, the indispensability of this method usage in the

course of membrane development and manufacturing.

Really, as we saw, the revealment of the causes of defect emergence in

composite polysulfonamide membranes required the analysis of approxi-

mately 30 membrane samples. If carried out by traditional methods of

structure investigation this analysis would need the use of complex porometric

and microscopic equipment with long and complicated procedure of data pro-

cessing and rationalization. At the same time the use of rapid structure analysis

allows a middle classification researcher to perform this work with the use of

the simplest ultrafiltration and gel chromatographic equipment in 2 weeks.

The analysis of track-etched ultrafilters appeared to be more complicated

either because of a large number (an order of a hundred) of these membranes

or because of the prior unknown structure of membranes investigated. (Note:

about 40% of membrane samples have been excluded from consideration as

defective before the structure analysis.)

At the same time the use of rapid structure analysis made it possible for

the group of three researchers to analyze on-line the structure of pilot

membrane samples in the process of TEUF development.

List of Symbols

b constant in eq. (3) (2)

Cb bulk concentration (kg/m3)

Cp permeate concentration (kg/m3)

D2 parameter determining membrane defectness (2)

FRR flux recovery ratio (2)

f0 effective porosity (2)

f0i effective porosity of membrane layer with the thickness

lSi (2)

f(M) differential numerical molecular weight distribution

function (2)

f(R) differential numerical pore size distribution (PSD)

function (2)

f1(R) PSD function of membrane selective pores (2)

f2(R) PSD function of membrane defects (2)

J1 and J2 volume fluxes through selective and defective pores,

respectively (m/s)
K concentration rate (2)

K1 constant in eq. (3) (g/mol)2b

K2 constant in eq. (12) (g/mol)20.76m2/s
L total membrane thickness (m)
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lS selective layer thickness (m)

lSi thickness of membrane layer with effective porosity

f0i (m)

lS
� thickness of selective layer calculated with the arbitrary

assumption that membrane effective porosity is

10%. (m)

M molecular mass (weight) (kg/mol)

ML MWCO–molecular weight cut-off (kg/mol)

M01 molecular weight corresponding to 10% retention (kg/
mol)

R pore radius (m)

Rh mean hydrodynamic pore radius (m)

Rhi mean hydrodynamic pore radius in membrane layer with

thickness lSi (m)

RP pore radius determined by Hagen–Poiseuille

equation (m)

R0 pore radius corresponding to the maximum of PSD

function (m)

rL minimal Stokes’ radius of protein molecule effectively

retained by membrane (m)

rS Stokes’ radius of protein molecule (m)

D dispersion coefficient of retention curve (–)

Dp trans-membrane pressure (Pa)

DR value of pore radius decrease by gel layer (m)

lcr “critical ratio” of minimal radius of protein molecule

effectively retained by membrane to mean hydrodynamic

pore radius (2)

P2 parameter determining membrane defectness in liquid

displacement method (2)

s retention curve dispersion (2)

s0 dispersion of the pore size distribution function (2)

w observed retention coefficient (2)

w(M) membrane retention curve (2)

w[r(M)/(R2 DR)] ; w(l) sieving function (2)

w�(M) retention curve of defective membrane (2)
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