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ABSTRACT 

An apparatus for the measurement of streaming potential versus pressure relationships of ultra- 
filtration membranes is presented. Results for three types of membranes of various pore sizes at 
different pH, and ionic strengths are reported. The data have been used to calculate apparent 
values for zeta potentials of the membranes and the possibility to compare these values to the true 
zeta potentials is discussed. The influence of modification, the presence of small charged ions and 
charged polyelectrolytes on the apparent zeta potentials of the membranes has been measured. 
Finally the effects of the surface charges of the membranes, characterized by their apparent zeta 
potentials, are illustrated by ultrafiltration experiments performed with chlorolignin and whey 
protein. 

INTRODUCTION 

In u l t r a f i l t r a t ion  (UF)  the  p e r m e a t e  flux decline s t rongly  depends  on the  
adsorp t ion  of  solute c o m p o n e n t s  on the  m e m b r a n e  surface.  Th i s  p h e n o m e n o n  
of ten  called fouling is usual ly  caused by  large molecules  such as p ro te ins  [ 1,2 ] 
and  p r o m o t e d  by  small  ones  such as Ca 2+ ions [3] .  Foul ing  is mos t  of ten  an  
undes i rable  p h e n o m e n o n  as it decreases  the  flux of  p e r m e a t e  t h ro u g h  the  
m e m b r a n e  [4].  However ,  somet imes  fouling m ay  no t  be inconvenien t ,  if the  
adsorbing c o m p o n e n t  on ly  builds up a th in  modi fy ing  layer  on  the  surface of  
the  membrane .  Th i s  layer  may  give the  m e m b r a n e  such favorable  p roper t i es  
as be t t e r  re ten t ion ,  raised hydrophi l i c i ty  or a more  sui table  surface charge den- 
si ty [5].  An i m p o r t a n t  fac tor  in UF  is the  s t r eng th  and  d i rec t ion  of  the  in ter-  
ac t ion  forces be tween  the  macromolecu les  in solut ion and  the  surface layer  of 
the  membrane .  T h e  e lec t ros ta t ic  c o m p o n e n t  of these  forces s t rongly  depends  
on  the  charge dens i ty  of  the  m e m b r a n e  surface and  its pores,  which  is impor-  
t a n t  to  know in order  to  predic t  the  a m o u n t  of  fouling caused by  adsorp t ion  
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[6]. Surface charge density is related to the zeta potential of the membrane, 
which in principle can be calculated from streaming potential data. 

The purpose of this paper is to present the construction of an inexpensive 
apparatus for streaming potential measurements of UF membranes equipped 
with all-electronic sensors analog-to-digital conversion of signals and digital 
signal processing implemented around an ordinary home computer, and to give 
and interpret the streaming potential data obtained for a number of commer- 
cial UF membranes. The measurements were carried out both with virgin and 
fouled membranes at different pH and ionic strengths. 

THEORY 

When electrolyte solution is forced to flow through a capillary or porous plug 
by means of hydraulic pressure, a streaming potential, JE, across the flow path 
is generated. The relation between this measurable quantity and the zeta po- 
tential, 5, which is most often used to characterize the charge density of the 
steady interfacial layers, is given for a capillary by the well-known Helmholtz- 
Smoluchowski equation [7]. 

ZIE ~o~r~ (1) 
A P -  ~/K 

In Eqn (1) ZIP is the hydraulic pressure across the capillary, eo the permit- 
tivity of vacuum, ~r the relative dielectric constant of the solvent, ~] the viscos- 
ity and K the conductivity of the solution. 

Equation (1) can be applied only in an ideal case. In fact, a great number of 
phenomena interfere in the formation of the measured streaming potential. 
The influence of surface conductivity of the capillary was first studied by Stock 
[8], who introduced the correction term given in Eqn (2) where As is the sur- 
face conductivity, and R the radius of the capillary. 

AE ~o~r~ (2) 
z i P -  rl( K + 22~/R ) 

Later Rice and Whitehead [9 ] suggested, that at least for narrow capillaries, 
a correction in Eqn (1) should be made which takes into account the double 
layer thickness, rDH, on the interface. As a result of solving the appropriate 
Poisson-Boltzmann equation they obtained 

ZIE eo~r~ 
F(R/rDH) (3) 

A P -  ~]/(cap 

In Eqn (3) Kcap is the conductivity of the liquid in the capillary and the 
correction function F approaches the value i at the limit R/rDH ~ co. The proper 
correction of Eqn (1) should also depend on the fixed charge on the capillary 
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wall. However, Rice and Whitehead did not consider this fixed charge or the 
surface conductivity, in their  derivation of Eqn (3). Later  Oldham et al. [ 10 ] 
suggested a numerical solution of the same problem, which also takes into 
account these phenomena.  The problem has subsequently been thoroughly 
studied by Levine et al. [ 11 ] and Anderson and Koh [ 12 ]. 

In addition Hildreth [ 13 ] has pointed out the importance of the presence of 
a distributed conductance across the capillary channel and the difference in 
the ionic mobilities of the co-ions and the counter-ions of the fixed charge. 

Reports on streaming potential measurements  of membranes are not abun- 
dant. Some work has been done with microfiltration (MF) membranes [ 14,15 ] 
and also with reverse osmosis (RO) membranes [ 16-18 ]. In the paper of Broz 
and Epstein [14] the zeta potentials were also calculated and corrected ac- 
cording to Rice and Whitehead, but the results suffer from difficulties caused 
by retardation effects due to high applied pressures. The authors of the other 
available reports on MF and RO do not try to calculate zeta potentials or base 
the calculations on the most simple equation, Eqn (1). 

Neither the conditions in MF nor in RO resemble those in UF. In UF mem- 
branes the pores are very narrow and the thickness of the double layer may be 
even larger than the radius of the pore, which results in double layer overlap- 
ping. This is usually not the case with MF membranes.  In UF we still have 
convective flow, which is not the case in RO. 

The conditions inside an UF membrane somewhat resemble the conditions 
inside a bunch of ideal capillaries. However, a shape factor is often included in 
the calculation of the zeta potential to allow for the asymmetry  of the pores. 
Some experimental  work has been done with collodion (cellulose nitrate)  
membranes [19,20]. Zhukov and Fridrikhsberg have found that  the values of 
the zeta potentials of pores of different sizes merge as the ionic strength in- 
creases [20]. The dependency of the zeta potential on the ionic strength clearly 
differs for pores with radii smaller than 25 nm (UF membranes)  from that  for 
pores with radii greater than  98 nm (MF membranes) .  In the first case the 
nominal value of the zeta potential increases with ionic strength and pore size, 
while in the latter case the zeta potential decreases with increasing ionic 
strength. 

EXPERIMENTAL 

Apparatus 

The streaming potential measurements  were carried out with the experi- 
mental  setup depicted in Fig. 1. The streaming potential measurement  cell 
(SPMC) was made of polycarbonate and it consisted of two parts between 
which the membrane was fixed by means of rubber seals. A pair of Ag/AgC1 
electrodes were located on both sides of the membrane.  The first electrode was 



300 

~ 0  

z 

0 

~D 



301 

a perforated plate placed beneath the membrane as a support, the second one 
was a wire coil located above the membrane. The electrodes were prepared with 
anodic deposition of chloride on silver from 0.1 N HC1 solution at a current 
density of 0.4 mA cm -2 [21]. 

Thermostated test solution was circulated on both sides of the membrane 
with a peristaltic pump. The pressure difference across the membrane, AP, (0- 
70 cm H20 ) was regulated manually by the valve shown in Fig. 1, and measured 
by means of a differential pressure sensor (Honeywell, 162 PC01D). Temper- 
ature was measured with a temperature sensor (Analog Devices Inc., AD 590 
JH),  pH with a pH-meter (Wissenschaftlich Technische Werksttitte, pH 521, 
Ingold U455 electrode) and conductivity with the flow-through conductivity 
cell CC. 

The measured signals were amplified with circuits implemented with ordi- 
nary high quality operational amplifiers and converted to binary code with a 
12-bit analog-to-digital converter in order to be further data processed. A Com- 
modore 64 computer was used in data processing. 

For each AP all the parameters were measured 20 times and their averages 
recorded. This sequence was repeated every minute at least ten times. Then a 
new pressure, AP, was set manually and the procedure repeated. The program 
controlled automatically that AE/AP had reached a steady value, and that the 
possible asymmetric potential between the Ag/AgCl electrodes did not change. 
If the deviation from linearity was small enough the best regression line for AE 
versus 3P was calculated. From the slopes of these lines apparent zeta poten- 
tials were then calculated according to Eqn (1). 

Before each sequence of measurements fresh solution was first circulated for 
at least I h on both sides of the membrane in order to stabilize the system. 

The streaming potential strongly depends on the ionic and on the adsorption 
properties of the membrane material. Therefore, the membrane materials were 
studied at different pH. As only low values of AP were used, the streaming 
potential could not be measured accurately enough at pH values less than 2.5 
because of the high ionic strength of such solutions. On the other hand, at pH 
values > 7 the Ag/AgC1 electrodes suffered from the alkalinity of the solution. 
The actual range of pH in the measurements therefore was from 2.5 to 7. 

Membranes 

Unmodified membranes 
Commercial membranes from De Danske Sukkerfabrikker (DDS) were 

studied. The characteristics and other available data for the membranes are 
given in Table 1. 

Before experiments the membranes were cleaned to remove preservatives by 
filtering water through them until the conductivity of the permeate remained 
below 1 #S cm-1. 
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TABLE 1 

Properties of DDS membranes used in the experiments. Average pore radii are given by Jonsson 
[22,23 ]. The pore size distributions of the membranes were not known 

Type Material Average pore Cut-off Character of the 
radius (nm) membrane 

GR 51 PP Polysulfone < 10 50 000 hydrophobic, 
GR 61 PP Polysulfone 2-6 20 000 non-ionic 
GR 81 PP Polysulfone 2 6 000 

GS 61 PP Sulfonated 2-6 20 000 hydrophilic, 
polysulfone ionic 

GS 91 PP Sulfonated 1 500 
polysulfone 

FS 61 PP Modified polyvinyl- 2-6 20 000 slightly 
idene fluoride hydrophilic 

Modified membranes 
A polysulfone UF membrane (GR 61 ) was irradiated with UV light (Hanau, 

TNN15-32001721, E5) for 1 h in a solution of 0.2% chloroform in ethanol. 
Then the membrane was washed with water. After streaming potential mea- 
surements the modified membrane was further modified with an aqueous so- 
lution of polyethyleneimine (PEI)  (50 ppm) by circulating the PE!  solution 
only on the surface side of the membrane. 

Chemicals 

All the electrolytes used for regulation of ionic strength (KC1, NaC1) and 
pH (KOH, HC1) were ofp.a,  grade. 

The water used was distilled, ion-exchanged, and ultrafiltered (GS 91 ) until 
its conductivity was less than 1 ltS c m -  1. 

Chlorolignin 
The chlorolignin fraction used as a test  sample in the experiments was iso- 

lated from pine kraft  pulp bleach effluent, which was obtained from the first 
alkaline extraction stage, E l ,  of Kymmene  Co. Kaukas  Mills, Lappeenranta.  
The details of the fractionation are described in an earlier publication [24 ]. 
Chlorolignin is a somewhat  undetermined mixture of anionic polyelectrolytes, 
which contains a certain amount  of carboxylic and other acidic groups. The 
point  of zero charge of the test  sample, p.z.c., was approximately at p H  3.5 and 
according to potentiometric t i tration dissociation of the acidic groups is com- 
plete at pH ~ 9. 
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Polyethyleneimine 
Polyethyleneimine (PEI) is a cationic polyelectrolyte. Its p.z.c, is at pH 10.8 

and its association with H + ions is completed at pH ~ 3. The stock PEI solu- 
tion used in the experiments was supplied by BASF (Polymin SK, 25% solu- 
tion, 2VIw -- 1 300 000 g mol-  1; 2VIn < 16 000 g mol- ' ). 

Whey protein 
The whey protein used was WHEY PRO-80 supplied by Denmark Proteins 

A/S, Viby, Denmark. This is an undenaturated whey protein concentrate pro- 
duced from whey by ultrafiltration and spray-drying. The isoelectric point of 
the major protein constituents of whey is in the pH range from 4.2 to 5.5. 

RESULTS AND DISCUSSION 

Streaming potentials at different ionic strengths and pore sizes 

The typical ~E versus ~P curves obtained with the membranes tested at all 
different concentrations of KC1 used indicate that no such retardation effects 
as those reported by Broz and Epstein [14] could be detected, presumably 
because the applied pressures, AP, remained low enough. The nominal values 
of the parameter ~E/~P increase monotonically as the electrolyte concentra- 
tion decreases. This is in accordance with measurements carried out with other 
charged membranes [21 ]. The ~E//IP values and the corresponding apparent 
values of the zeta potentials [as calculated from Eqn (1)] are given in Table 
2 for the GR 51 and the GS 61 membranes. One can see that the nominal values 
of the apparent zeta potentials of the polysulfone membrane (GR 51 ) increase 

TABLE 2 

Apparent zeta potentials of the GR 51 and the GS 61 membranes calculated from the correspond- 
ing streaming potential-pressure relationships according to Eqn (1) for different concentrations 
of KCI 

KC1 conc. GR 51 membrane GS 61 membrane Calc. double 
(mol din-  3) layer 

~E / A P ~ 2E /zIP ~ thickness 
(m V m - l H 2 0 )  ( m V )  (mV m ' H 2 0 )  (mV)  ( n m )  

5" 10-~ -- 19.03 - 1.15 - 43 

1 ° 10-4  - 11.31 - 2.15 - 30 

2.5"10 -4 - 5.76 - -2 .70 --10.35 -- 4.8 19 

5"10 -4  - 2.80 - -2 .70 - 5.94 - 6.2 14 

1"10 _3 -- 1.94 - 3 . 7 5  -- 4.26 - 8.7 10 

5"10 --3 -- 0.39 - 3 . 7 5  - 1.43 - 1 3 . 0  4 

1 " I 0  -2 -- 0.19 - -3 .50 -- 0,80 - -14.0  3 
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with increasing concentration of KC1 up to about 0.001 M KC1. Above this 
concentration they remain almost constant. This phenomenon can possibly be 
explained by the fact that at small ionic strengths the double layer is thicker 
than or at least of the same order of thickness as the radius of the pores and 
obviously no electroneutrality at all exists in the pore. At higher ionic strengths 
electroneutral channels in the pores are presumably formed. 

The nominal values of the apparent zeta potentials of the GS 61 membrane 
increase monotonically with increasing ionic strength. Because the average 
cut-off value of the GS 61 membrane is smaller and the predicted net surface 
charge higher than those of the GR 51 membrane one can suppose that the 
conditions for electroneutral channel formation are not yet fulfilled at 
CKC l = 1" 10 -2 mol dm -~. 

In Fig. 2 are depicted the results obtained for three polysulfone membranes 
of different cut-off values at CKCl= 5" 10 -n mol dm -a and at constant pH and 
temperature. It is obvious that the nominal value of the ratio AE/AP decreases 
along with the cut-off value. This phenomenon has been explained by the in- 
fluence of surface conductivity in microcapillaries [8], but, according to the 
preceding discussion, is more likely due to double layer overlap. 

One usually assumes that the true zeta potential of the membrane is inde- 
pendent of the pore size of the membrane and that it is determined only by the 
membrane material. In the experiments described above surface conductivity 
and the influence of the double layer were not taken into account. If the cor- 
rections predicted by Oldham [10] or Rice and Whitehead [9] are made the 
calculated true zeta potentials become some 10 times larger than those given 
in Table 2, and correspond better at higher electrolyte concentrations with the 

AE 
mV 

-1  

- 2  

~P  
m 1-120 

.1 .2 .3 .4 .5 

i i o..T 

Fig. 2. S t r eaming  potent ia l ,  dE versus  AP curves for polysulfone ul t raf i l t ra t ion m e m b r a n e s  of  
d i f fe rent  cut -off  values. KC1 concen t r a t i on  = 5 . 1 0 -  4 M; pI-I ~ 5.5; T =  room tempera ture .  



305 

values of the zeta potentials of the polymer materials used measured by other 
means [25 ]. 

Corrections resulting from surface conductivity influence the calculation of 
zeta potentials very little when the surface charges of the membranes remain 
low or the ionic strength of the solution is rather high. As the corrections men- 
t ioned above do not in fact take into account all the phenomena connected 
with measurements  of zeta potentials in membrane pores of various sizes and 
do not explain the results fully, the zeta potentials given below were calculated 
from Eqn (1). Therefore they are not true zeta potentials and must be taken 
as apparent. 

Apparent zeta potentials at various pH 

Unmodified membranes 
In Fig. 3 apparent  zeta potentials are presented at various pH for the three 

different membrane materials studied. One can see that  all the membranes 
studied possess either a negative zeta potential  or none at all in the pH range 
studied. The sulfonated polysulfone membrane possesses an almost constant  
negative net zeta potential  in the measured pH range, which can be explained 
by the almost fully developed dissociation of the sulfonic acid groups of the 
membrane material. 

The pH-dependency of the apparent zeta potentials of the polysulfone and 
the polyvinylidene fluoride membrane resemble each other. The net charges 
of both membranes are negative from about  pH 3.5 to pH 7 and increase first 
with increasing p H  but  then level off at pH values > 5. As the membrane ma- 
terials are not  ionic in nature this effect most likely results from specific ad- 
sorption of negative ions on the membrane surface from the circulating solution. 

m Y  

- 5  

-10 -  

- 1 5 .  

3 4 5 6 7 
. . . . . .  :~S~-~ ~ ' ' ' 

e ~ -  . t  

S - - S  . . . .  , _ • 

G R  61 = - - ~  
F S 6 1  e - - - e  
G S 6 1  e ~ - e  

pH 

Fig. 3. Apparent zeta potentials versus pH for ultrafiltration membranes of different polymer 
materials calculated from streaming potential data according to Eqn (1). Polysulfone membrane, 
GR 61, polyvinylidene fluoride membrane, FS 61, and sulfonated polysulfone membrane, GS 61. 
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Fig. 4. Influence of modification on the apparent zeta potentials of ultrafiltration membranes. The 
apparent zeta potentials versus pH were calculated from streaming potential measurements by 
means of Eqn (1) for an unmodified polysulfone GR 61 membrane, (a) a GR 61 membrane mod- 
ified with UV irradiation in a solution of 0.2% chloroform in ethanol and (b) the latter membrane 
further modified with 50 ppm PEI  solution. 

Modified membranes 
In order to alter the surface charge of the UF membranes some modification 

experiments with the GR 61 membrane were carried out in the way described 
above. In Fig. 4 are depicted the apparent  zeta potentials versus pH for the GR 
61 membrane first modified in UV with chloroform in ethanol and then again 
with a 50 ppm PEI  solution. For comparison also the curve of the unmodified 
membrane is given. One can see that  the first modification lowers the apparent 
zeta potential  of the membrane but  the shape of the curve remains almost the 
same as with the unmodified membrane. This effect may result from pore size 
enlargement or formation of weak acidic groups during the irradiation period. 
No confirming spectroscopic analyses of the nature of the formed surface groups 
were made. 

The curve of the membrane modified with PEI  shows how the charge of the 
adsorbed PEI  molecules determines the value of the zeta potential. The PEI  
molecule, being positively charged at pH < 10.8, contributes a net positive charge 
to the membrane,  which increases along with pH decrease. 

Influence of Ca 2+ ions on the apparent zeta potentials 

In order to see how small multivalent ions interact with the membranes at 
different pH values some experiments were carried out with solutions contain- 
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Fig. 5. Influence of Ca 2+ ion adsorption at different pH on the apparent zeta potential of the 
polysulfone GR 61 membrane. Apparent zeta potentials versus pH were calculated from streaming 
potential measurements according to Eqn (1). ( ) Reference curve, measurements made with 
2.5" 10 -4 M KCI solution. ( -  - - )  Measurements made with 2.5.10-4M CaCl2 solution. 

ing small amounts of calcium ions. The results are depicted in Fig. 5. As ex- 
pected, most probably some adsorption of Ca 2+ ions takes place, which in- 
creases the value of the zeta potential. This adsorption seems to take place in 
the whole pH range studied and therefore explains the importance of calcium 
removal in the UF of, e.g., whey protein [3 ], where the adsorbed positive cal- 
cium ions promote fouling. The experiments with the Ca 2+ ions were carried 
out before the measurements  with pure KC1. The results therefore ensure that  
the adsorption of calcium is reversible as the apparent  zeta potential of the 
membrane returns to its normal value after Ca 2+ ion removal. 

Influence of chlorolignin on the apparent zeta potentials 

The UF behavior of chlorolignin is of great practical importance in the pos- 
sible color removing t rea tment  of bleach effluents. The size of the chlorolignin 
molecule is so small tha t  it should pass the pores of the UF membranes studied 
but according to UF experiments the retention of chlorolignin is surprisingly 
good especially in the pH range where it is fully dissociated. 

In this study some experiments were carried out where streaming potentials 
of membranes in contact with solutions of different concentrations of chloro- 
lignin and KC1 were determined. The results from such experiments with a 
sulfonated polysulfone membrane (GS 61) are depicted in Fig. 6. From this 
figure one can deduce that  the chlorolignin strongly lowers the apparent  zeta 
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Fig. 6. Apparent zeta potential versus pH of a sulfonated polysulfone membrane, GS 61, at differ- 
ent concentrations of chlorolignin (CL) in the solution. Apparent zeta potentials were calculated 
from streaming potential measurements according to Eqn ( 1 ). pH and concentration of chloride 
ions (5" 10 -'~ M) were adjusted by KC1 and HC1 or KOH. 

potential of the membrane in the pH range where chlorolignin itself is nega- 
tively charged. The adsorption of chlorolignin on polysulfone membranes has 
been verified to decrease at higher pH values by in situ adsorption measure- 
ments with a quartz crystal microbalance [24] as the negative net charge of 
the chlorolignin molecules increases, although the apparent nominal zeta po- 
tential of the membrane increases with pH. This is most probably also the case 
with sulfonated polysulfone membranes. The fact that the apparent zeta po- 
tential of the sulfonated polysulfone membrane decreases considerably when 
chlorolignin is present, most probably results from the fixed negative charge 
of the small number of slowly moving chlorolignin molecules, which are able 
to penetrate into the pores of the membrane and give raise to a higher steady 
negative charge inside the pore. 

Influence of the membrane charges on the UF results 

Knowing the charge of an UF membrane is of great practical importance 
when one has the possibility to choose between a number of candidate mem- 
branes and adjust the pH of the solution to be ultrafiltered. Strong electrostatic 
repulsion between membrane and solute molecules enhances retention and 
permeate flux. In Fig. 7 are depicted curves for flux reduction [ 1 -  (flux of 
permeate)/(f lux of pure water)] and retention [ 1 -  (conc. of chlorolignin in 
permeate)/(conc, of chlorolignin in bulk solution) ] versus pH in ultrafiltra- 
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Fig. 7. Flux reduction and retention versus pH in ultrafiltration of an aqueous solution of 0.3% 
chlorolignin with the sulfonated polysulfone membrane, GS 61. ziP= 3 bar, T =  25 ° C. 

tion of chlorolignin with the anionic GS 61 membrane, at the pressure 3 bar in 
a plane UF module described in detail elsewhere [ 24 ]. As both the chlorolignin 
molecules and the membrane are negatively charged above pH 3.5 electrostatic 
repulsion prevails between them. Flux reduction takes the smallest values at 
pH > 9 where chlorolignin is completely dissociated. At pH values < 6 the elec- 
trostatic repulsion diminishes and flux reduction increases gradually to a rather 
high value at pH 3 as the chlorolignin molecules become neutral and the neg- 
ative charge on the GS 61 membrane diminishes as well. Also retention is in- 
fluenced by this phenomenon. When the chlorolignin molecules are completely 
dissociated the surface and pores of the membrane repel them and the mole- 
cules can scarcely pass the pores, although the molar mass of chlorolignin is 
smaller than  the nominal cut-off value of the membrane. On the contrary, the 
neutral molecules can pass the membrane rather easily as the electroviscous 
effect is small and the molecules are more compact due to the lack of opening 
of the chains by electrostatic repulsion. 

In Fig. 8 the influence of whey protein adsorption on flux for the GS 61 and 
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GR 61 membranes at different pH is illustrated. The experiments were per- 
formed in a s tandard circular ultrafiltration batch cell (2.5 cm in diameter) 
described in detail elsewhere [26 ] at P = 2.5 bar and T= 25 ° C. Flux was mea- 
sured for pure buffer solution before and after the membranes had been ex- 
posed to protein solutions (0.4 g protein/100 ml) at different pH for 1 h in a 
depressurized batch cell. The reduction in flux due to adsorption of proteins is 
presented in terms of relative flux reduction [ 1 - (flux after adsorption ) / (flux 
before adsorption) ]. 

Above pH 5, where both the protein and the membranes are negatively 
charged, relative flux reduction is not as high for the GS membrane as for the 
GR one. This could be explained by the fact that  the GS membrane has a higher 
negative charge density in this pH range (see Fig. 3 ) and is therefore less prone 
to adsorption due to stronger electrostatic repulsion compared with the GR 
membrane.  

On the other hand, at lower pH (pH 3-4), where the proteins below their 
isoelectric points are positively charged, the apparent zeta potentials from Fig. 
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Fig. 8. Relative flux reduction versus pH in ul traf i l t rat ion of buffer solution after adsorption of 
whey protein from an aqueous 0.15 M NaC1 solution (0.4 g pro te in /100 ml) on a sulfonated 
polysulfone membrane,  GS 61, and  on a polysulfone membrane,  GR 61. •P= 2.5 bar; T =  25 ° C. 
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3 show t h a t  the  GS  61 m e m b r a n e  has  a l m o s t  the  s ame  nega t ive  charge  dens i ty  
as before  while the  G R  61 m e m b r a n e  has  a l mos t  none  a t  all. In  th is  a rea  the  
GS  m e m b r a n e  has  a h igher  re la t ive  flux reduc t ion  t h a n  the  G R  m e m b r a n e  as 
a consequence  of  h igher  adso rp t i on  due to a t t r a c t i ve  forces  be tween  the  nega-  
t ive ly  cha rged  m e m b r a n e  and  the  pos i t ive ly  cha rged  p ro t e in  molecules .  

CONCLUSIONS 

I t  is poss ib le  to d e t e r m i n e  an  a p p a r e n t  value for the  zeta  po t en t i a l  of  U F  
m e m b r a n e s  by  m e a s u r i n g  s t r e a m i n g  po ten t ia l s .  As the  pores  of  the  UF  m e m -  
b r a n e s  are very  n a r r o w  the  models  used  for the  ca lcu la t ion  of the  t rue  zeta  
p o t e n t i a l  f rom s t r e a m i n g  po t en t i a l  da t a  do no t  app ly  well. However ,  the  ap-  
p a r e n t  va lues  ob t a i ned  by  us ing  the  we l l -known  H e l m h o l t z - S m o l u c h o w s k i  
equa t ion  for ca lcu la t ions  are reproducib le  for the  s ame  piece of m e m b r a n e .  
T h e s e  resu l t s  give i m p o r t a n t  i n f o r m a t i o n  for the  p red ic t ion  of adsorp t ion ,  
fouling,  flux a n d  r e t e n t i o n  in u l t r a f i l t r a t i on  of solut ions ,  especia l ly  if the  so- 
lu t ions  t h e m s e l v e s  con t a i n  m a c r o m o l e c u l e s  of  ionic na ture .  
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