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Streaming and Membrane Potential Values Measured 
with a Microporous Polysulfone Membrane 
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ABSTRACT 

Changes in streaming and membrane potentials measured across a commercial 
microporous polysulfone membrane as a result of the adsorption of differently 
charged macromolecules were studied. Measurements were carried out with dif- 
ferent NaCl solutions M) and their mixtures with a polyanion 
(dextran sulfate or DS) and a polycation (diethylaminoethyl or DEAE-dextran). 
From electrokinetic and electrochemical measurements, information about char- 
acteristic membrane parameters (transport number and ionic permselectivity) and 
membrane/solution interactions (zeta potential) can be obtained. Results show 
how the adsorption of charged particles affects the electrical parameters of the 
membrane and also its hydraulic permeability. The concentration dependence of 
these parameters was also studied. 
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1700 BENAVENTE AND JONSSON 

INTRODUCTION 

The permeate flux decline normally observed during the microfiltration 
of macromolecules by membranes, which is attributed to their adsorption/ 
deposition on the membrane, mainly depends on the interactions of solute 
components with the membrane, and it is directly related to the charge 
density of the membrane (1-3). However, this parameter not only depends 
on the membrane material but also on the particular operating conditions 
of the filtrate solution (pH and ionic strength). Electrokinetic and electro- 
chemical parameters, such as streaming and membrane potentials, can be 
used to study the transport of electrolyte solutions across membranes and 
also to get information about the electrical interactions at the membrane/ 
solution interface (4-6), which means that the electrical nature of the 
adsorbed particles can be known in an easy and fast way. “Streaming 
potential” is the electrical potential difference measured at both sides of 
a porous membrane as a result of the liquid flow through the pores under 
a pressure difference; it is an experimental parameter indicative of the 
electrical interactions between membrane surface and solutions (7, 8). On 
the other hand, when a membrane separates two electrolyte solutions with 
different concentrations, an electrical potential difference can be mea- 
sured; it is normally callcd ”membrane potential,” and it depends on the 
different mobilities of the ions in the membrane. Both parameters strongly 
depend on the value and electrical character (positive or negative) of the 
membrane charge and, for this reason, are a source of information about 
the charged particles adsorbedldeposited in the membrane. 

The effect of adsorption on a membrane (membrane fouling) of two 
charged macromolecules, with similar molecular weights but of opposite 
charge, on the streaming and membrane potential values measured 
through a commercial polysulfone microporous membrane is studied in 
this paper for different NaCl solutions. From the experimental data, char- 
acteristic parameters, such as the cation transport number in the mem- 
brane, the ionic permselectivity, and the zeta potential, which was ob- 
tained by means of the Helmholtz-Smoluchowski expression, were 
determined. The concentration dependence of these parameters was also 
studied. A comparison with the values obtained for an unfouled membrane 
for the same NaCl solutions shows the influence of the adsorbed macro- 
molecules on these parameters. It was found that the adsorption of both 
kinds of charged particles changes the effective charge in the membrane, 
but permselectivity results show that the positive adsorbed macromole- 
cule presents a higher effect in the exclusion of co-ions although, in both 
cases, the permselectivity strongly decreases when the salt concentration 
is increased. 
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STREAMING AND MEMBRANE POTENTIAL VALUES 1701 

EXPERIMENTAL 

Materials 

A microporous polysulfone membrane from DDSS (Dow Denmark Sep- 
aration System) was used. Measurements were carried out using NaCl 
solutions and also their mixtures with two oppositely charged macromole- 
cules: dextran sulfate or DS, which has negative charges, and diethylami- 
noethyl dextran (DEAE-dextran) with positive charges, supplied by Phar- 
macia Fine Chemical (Sweden). Both are derivatives of dextran, a high 
molecular weight polymer ( M ,  approximately 500,000) of D-glucopyra- 
nose synthesized from sucrose. The negative charge for dextran sulfate 
comes from SO3 groups (the sulfur content of the macromolecule is ap- 
proximately 17%); the positive charge for DEAE-dextran is due to NH+ 
groups (the nitrogen content is approximately 3.2%). The concentration 
of macromolecules was always 0.5 g/L, while five different NaCl solutions 
( lop3 M, 5 x lop3 M, lop2 M, 2 x l op2  M, and 5 x l o p 2  M) were 
used. In all cases the measurements were performed at a constant temper- 
ature (25.0 t 0.4)"C and neutral pH (pH = 7.0 ? 0.4). To avoid changes 
in the membrane due to pressure during the streaming potential measure- 
ments, which could affect its transport properties, the PS membrane was 
maintained for 1 hour under a pressure difference of 8 atm, which was 
higher than those used in the experiments. Previous to streaming potential 
measurements, one of the membrane surfaces was kept in contact for 4 
days with NaCl solutions containing each of the macromolecules, but the 
system was cleaned every 4 hours with distilled running water. It was 
assumed that in this case the charged particles would be mainly adsorbed 
on the membrane surface (9). 

Experimental Setup 

Streaming and Concentration Potential Measurements 

The experimental system used in streaming and membrane potential 
measurements is shown in Fig. 1. It basically consists of two loops (Com- 
partments 1 and 2) to control the concentration of the solution at both 
sides of the membrane, which were the high and low pressure sides in 
streaming potential measurements or the constant and variable concentra- 
tion sides in membrane potential experiments, respectively. Measure- 
ments were carried out in a crossflow cell which was made of acrylic with 
two holes in the center of each half-cell in which to place the Ag/AgCl 
electrodes. The potential difference between both half-cells due to the 
transmembrane pressure gradient, A E p ,  or the concentration gradient, 
AEc, was measured by means of a high impedance voltmeter with the 
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1702 JONSSON 

e f.s.(outlct) f.s. ( i n l e t )  

I 
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FIG. I Experimental equipment for streaming and membrane potential measurements. C: 
measuring cell; V: voltmeter; E: Ag/AgCI electrodes; D: solution tanks; B: pumps; 
M: manometers: T: thermostat. Measuring cell: f.s.: feed solution (Compartment 1); p: 

product (Compartment 2). 

electrode placed in Compartment 2 grounded, which means that A E = 
E(1) - E(2) .  The solution tank in Compartment 1 had a capacity of 2 L. 
To minimize the effect of concentration polarization at the high pressure 
side, the speed of the circulating solution was approximately 115 cm/s ( 10). 
The capacity of the solution tank and the pump output in Compartment 2 
were 150 cm’ and 136 cm3/min, respectively. Solute concentrations in 
both compartments ( C ,  and Cz) were determined by conductivity mea- 
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STREAMING AND MEMBRANE POTENTIAL VALUES 1703 

surements using a radiometer CDM-3 conductivity meter. In both experi- 
ments the charged macromolecules were added to Compartment 1. 

Streaming potential was measured for pressure differences between 1 
and 5 atm. At the same time the volume flux, J v ,  through the membrane 
due to the corresponding transmembrane pressure difference was also 
measured. Membrane potentials, A E,, were measured while maintaining 
the NaCl concentration constant at one side of the membrane ( C , )  and 
gradually changing the concentration at  the other side (C,) from M 
to lo- '  M. 

RESULTS AND DISCUSSION 

Membrane hydraulic permeability, L,  = ( J J A P ) ,  can be obtained from 
volume flux-transmembrane pressure difference relationships, such as 
those shown in Fig. 2 for the water flux measured after using NaCl solu- 
tions and those containing DS and DEAE-dextran. As a result of the 
filtration of charged macromolecules, a reduction in water permeability 
across the membrane was found: 48% for the solutions with dextran sulfate 
and 53% for those with DEAE-dextran. This decrease in the hydraulic 
permeability of the polysulfone membrane is due to the adsorption of 

FIG. 2 Water f lux  versus transmembrane pressure difference for three membrane 
samples. Clean PS membrane (+), fouled DS membrane (A), and fouled DEAE-dextran 

membrane (0). 
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1704 BENAVENTE AND JONSSON 

particles (membrane fouling) and shows how the filtration of macromole- 
cules affects the transport properties of clean microporous membranes. 

Streaming potential values, A +st, measured with both charged macro- 
molecule solutions as a function of the transmembrane pressure differ- 
ence, A P ,  are shown in Fig. 3 for two different NaCl concentrations 
(C = 5 x M). These results indicate a change in 
the sign of A+st values depending on the solution considered: negative 
with the dextran sulfate solution and positive with the dextran-DEAE 
solution. In a previous paper ( 1  1) it was found that the polysulfone mem- 
brane can be considered to be a neutral membrane, which means it does 
not present any net fixed charge although it can exhibit a weak negative 
character in chlorine solutions, as can also be observed from the values 
shown in Fig. 3. As a result of the adsorption of DS on the polysulfone 
membrane, more negative values for the streaming potential were ob- 
tained, which indicates that the DS fouled membrane has a higher negative 
charge than the clean PS membrane. The positive A+st values obtained 
with the DEAE-dextran fouled membrane indicate a positive charge due 
to the adsorption of the polycation DEAE-dextran. 

M and 2 x 

' 
A : 1  * *  + * .  * *  0 

X 

I 0  A X  I 
A X  

X 

A X 
2 0  - X 

A 

A 
30 - A 

4 0 -  

5 0  I . I . I . 1 -  

0 1 2 - 1 4 5 6 
A P ( a t m )  

FIG. 3 Streaming potential as a function of the transmembrane pressure difference at two 
NaCl solutions. Fouled membranes, DS: (A) C = 5 x M; 
DEAE-dextran: (A) C = 5 x M, (*) C = 2 x lo-* M; clean PS membrane: ( x )  C 

M, (0) C = 2 x 

= 5 x 10-3 M, ( + I  c = 2 x 10-2 M. 
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From the slope of the straight lines indicated in Fig. 3 ,  the streaming 
potential coefficient, yst = (A&JAP),  can be obtained for each system 
and salt concentration. Figure 4 shows yst values as a function of the 
NaCl concentration. These results also indicate the strong dependence 
on concentration of the streaming potential coefficient, which is always 
more significant at low concentrations ( l o p 3  M < C < lo-' M), while at 
high concentrations an almost constant value is reached. This kind of 
behavior is due to the higher number of counterions in the pore liquid 
when high salt concentrations are used, which reduces the effect of the 
membrane charge (12, 13). 

Zeta potential, c ,  is the parameter commonly used in colloid science to 
characterize solid/liquid interfaces and, for porous neutral membranes or 
capillary systems, it can be obtained from streaming potential results using 
the Helmholtz-Smoluchowski expression (14): 

(1 )  
where E~ is the permittivity of a vacuum, E~ is the relative dielectric con- 
stant of the solvent, x is the conductivity, and q is the viscosity of the 
solution. Variation with NaCl concentration of zeta potential values are 
shown in Fig. 5 for the three membranes studied. The more negative 
character of the DS fouled membrane with respect to the clean PS mem- 

5 = ( X q / E o E r ) ( A + s t / A P )  = X q y s t / E o E r  

0 

0 
0 0 - 
X f 

X A  
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; x  x X 

L L 
A 

C ( M )  0 ' 0 6  
0.00 0.02 0 . 0 4  

FIG. 5 Zeta potential versus NaCl concentration for the different membranes: clean PS 
( x ) ,  fouled DS (A),  and fouled DEAE-dextran (0). 

brane previously indicated is clearly shown in this figure. In both cases 
the 3 values are almost independent of concentration, but a slight decrease 
of 5 values when the concentration increases was found for the DEAE- 
dextran fouled membrane. This can be attributed to the increase of the 
number of counterions in the solutions filling the membrane pores which 
results in a decrease of the net membrane charge. 

Membrane potential versus In( CI/C2) for the different membranes stud- 
ied are shown in Fig. 6 for CI = M. Some differences can also be 
observed in this figure between both fouled membranes, but quite similar 
values were obtained for the clean PS and the DS fouled membranes, 
which shows that the adsorption of the polyanion DS hardly affects the 
mobility of ions in the PS membrane. Membrane potential basically con- 
sists of two parts: 1) a diffusion potential due to the different mobilities 
of the ions in the membrane, and 2) a Donnan potential on each membrane/ 
solution interface. When the external concentrations are higher than the 
concentration of fixed charge in the membrane (X), the Donnan potential 
can be neglected. For all cases with external concentrations higher than 

M, linear relationships between membrane potential and In( C1 /C2)  
were obtained, which indicates that C >> X, and the membrane potential 
is mainly due to a diffusion potential across the membrane. This can be 
expressed as a function of the mobility of the ions in the membrane (or 
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FIG. 6 Membrane potential versus In(CIIC2) for the different membranes at constant NaCl 
concentration CI = lo-* M: clean PS ( X  ), fouled DS (A), and fouled DEAE-dextran (0). 

the transport numbers) by means of (15): 

A 4  = (RT/F')([u+ - u - ] / [ z + u +  + u-2-11 ln(a1lu2) ( 2 )  

where ui and ti are the mobilities and transport numbers of the ions in the 
membrane, respectively; z +  and z -  are their valencies; ul  and u2 are the 
mean activities of the solutions at each side of the membrane; R and F 
are the gas and Faraday constants, and T is the temperature of the system. 
Taking into account that t+ + t -  = 1, the cation or anion transport 
number in the membrane can be obtained by Eq. (2 )  from membrane 
potential experimental data. 

Variations o f t +  values with the external constant concentration C1 for 
both fouled membranes are shown in Fig. 7. These results show that t+  
values for the DS fouled membrane are slightly higher that those corre- 
sponding to free solution (16), r? ,  which agrees with a small negative fixed 
charge in the membrane as a result of the adsorption of DS, as was previ- 
ously obtained from streaming potential results. However, t +  values ob- 
tained with the DEAE-dextran fouled membrane are much lower than in 
free solution, which represents an exclusion of Na+ ions (membrane co- 
ions) due to a positive charge in the membrane. It also agrees with the 

= (RT/F')([ t+/z+l  - [ t - / z - ] )  ln(ul/u2) 
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A A 

0 

0 

I 

C l ( M J  0 . 0 6  0 . 0 0  0.02 0.04 

FIG. 7 Cation transport number as a function of the external constant concentration C , .  
Fouled DS membrane (A) and fouled DEAE-dextran (0). 

results obtained for this membrane from streaming potential measure- 
ments. For both fouled membranes there is a clear dependence of 
t +  values with NaCl concentration for the interval between M and 
lo-* M, but almost constant values are reached at high concentrations 

The permselectivity P, of a membrane, which is a measure of the mem- 
brane selectivity of the counterions over the co-ions, can be obtained from 
transport numbers (15): 

M < C < 5 x lo-* M). 

P ,  = ( t i  - tP)/(l - It)), ( i  = +, - )  (3) 
Variation with concentration of the permselectivity of both membranes 
(cationic or P,+ for the DS fouled and anionic or P,-  for the DEAE-dextran 
fouled) is presented in Table 1. The results show that the DS fouled mem- 
brane presents a very low exclusion of co-ions (the membrane hardly 
affects C1- transport), but the effect of the DEAE-dextran fouled mem- 
brane over Na' ions is significantly higher. However, in both cases there 
is a loss of selectivity when the concentration increases. This is due to 
the higher number of co-ions in the pore solution which decreases the 
effectiveness of the membrane-solution electrical interactions. 

In conclusion, we can state that the filtration of saline solutions contain- 
ing charged macromolecules through a microporous polysulfone mem- 
brane strongly reduces its hydraulic permeability due to the adsorption/ 
deposition of macromolecules in the membrane (around 50%). This fact 
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STREAMING AND MEMBRANE POTENTIAL VALUES 1709 

TABLE 1 
Variation with NaCl Concentration of the Permselectivity 

to Cation, P,+ . and Anion, P,- , for DS and DEAE-Dextran 
Fouled Membranes, Respectively 

C (M) DS membrane, P,+ DEAE membrane, P,- 

0.001 0.078 0.350 
0.005 0.036 0.280 
0.01 0.033 0.225 
0.02 0.027 0.170 
0.05 0.013 0.102 

also affects the membrane effective charge as can be seen from streaming 
and membrane potential results, the membrane showing a negative charac- 
ter when a polyanion such as dextran sulfate is adsorbed but, for similar 
solution conditions (NaCI concentration and pH), it behaves as a posi- 
tively charged membrane due to the adsorption of a polycation such as  
DEAE-dextran. Different parameters such as zeta potential, transport 
numbers, and membrane ionic permselectivity were also obtained. The 
results show a higher exclusion of co-ions for the positively charged 
DEAE-dextran fouled membrane than for the DS fouled one. The concen- 
tration dependence of these parameters shows a significant variation at  
low concentrations M to lo-’ M) but almost constant values at high 
concentrations (lo-’ M to 5 x lo-‘ M) as a result of counterion inclusion 
in the pore liquid, which reduces the effect of the membrane charge. Both 
kinds of measurements allow determination of the sign of adsorbed parti- 
cles in membranes during microfiltration. 

ACKNOWLEDGMENT 

One of the authors (J.B.) thanks the Consejeria de Educacion de la Junta 
de Andalucia (Spain) for financial support to carry out the experiments at 
the Technical University of Denmark. 

REFERENCES 

I .  A. Suki, A. G .  Fane, and C. J .  D. Fell, “Flux Decline in Protein Ultrafiltration,” J .  
Membr. Sci., 21, 269 (1984). 

2. J .  T. Kim and J. L. Anderson, “Hindered Transport through Micropores with Adsorbed 
Polyelectrolytes,” Ibid., 47, 163 (1989). 

3 .  M .  Meireles, P. Aimar, and V .  Sanchez, “Effects of Protein Fouling on the Apparent 
Pore Size Distribution of Sieving Membranes,” Ibid., 56. 13 (1991). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1710 EENAVENTE AND JONSSON 

4. 

5 .  

6. 

I .  

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

H.-U. Demish and W. Pusch, “Electric and Electrokinetic Transport Properties of 
Homogeneous Weak Ion Exchange Membranes,” J .  Colloid Interface Sci.,  69. 247 

J. Benavente and C. Fernandez-Pineda, “Electrokinetic Phenomena in Porous Mem- 
branes: Determination of Phenomenological Coefficients and Transport Numbers,” J .  
Membr. Sci.,  23,  121 (1985). 
H.-H. Schwarz, V. Kudela, J. Lukas, J. Vacfk, and Grobe, “Effect of the Membrane 
Potential on the Performance of Ultrafiltration Membranes,” Collect. Czech. Chem. 
Commun., 51,  539 (1986). 
J. Benavente, “Flujo osmotico y potencial de flujo a traves de una membrana porosa,” 
An. Fis. 81, 193 (1985). 
N .  le Bolay and A. Ricard, “Streaming Potential in Membrane Processes: Microfiltra- 
tion of Egg Proteins,” J .  Colloid Interface Sci. ,  170, 154 (199s). 
M. Nystrom, “Fouling of Unmodified and Modified Polysulfone Ultrafiltration Mem- 
branes by Ovalburnin”. J .  Membr. Sci., 44,  183 (1989). 
G. Jonsson and C. E. Boesen, “Concentration Polarization in a Reverse Osmosis Test 
Cell,” Desalination, 21 ,  I (1977). 
J. Benavente, A. Hernandez, and G. Jonsson, “Proper and Adsorbed Charges on the 
Surfaces of the Polysulfonic Support of a Composite Membrane from Electrokinetic 
Phenomena,” J. Membr. Sci. .  80, 285 (1993). 
H.-U. Demish and W. Pusch, “Electrical and Electroosmotic Transport Behavior of 
Asymmetric Cellulose Acetate Membranes. 1. Transport Behavior in Dialysis-Osmosis 
Experiments,” J. Colloid Interface Sci.,  76, 445 (1980). 
G .  Jonsson and J .  Benavente, An Estimation of the Streaming Potential in the Skin 
Layrr ofa Reverse Osmosis Membrane, Presented at ICOM‘93, August 30-September 
3, 1993, Heidelberg, Germany. 
R. J. Hunter, Zeta Potential and Colloid Science: Principles and Applicutions, Aca- 
demic Press, New York. NY, 1981. 
N. Laksminaranaiah, Transport Phenomena in Membranes, Academic Press, New 
York, NY, 1969. 
R. A. Robison and R. H. Stokes, Electro/vte Solutions, Butterworths, 1959. 

(1979). 

Received by editor July 25, 1996 
Revision received November 1996 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


