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Abstract 

A new hypothesis for the degradation mechanism of supported liquid membranes is advanced: emul- 
sion formation induced by shear forces. Experiments show that the removal of LM-phase from the mem- 
brane depends in the molecular structure of the carrier and the type of solvent. The instability of SLMs 
is regulated by the presence of counter-ions in the same way as in the case of emulsion stability: a decrease 
in salt concentration in the aqueous phases and an increase in flow velocity of these phases parallel to 
the membrane surface both lead to an increase in instability of the liquid membrane, while emulsion 
formation is stimulated by these circumstances. 

Keywords: coupled, facilitated transport; liquid membranes; supported liquid membranes; liquid mem- 
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Introduction 

One of the main problems in using the sup- 
ported liquid membrane (SLM) technique in 
practical situations is the lack of stability of the 
liquid membrane. Therefore the stability of 
these membranes should be enhanced drasti- 
cally. Because there are still many unknowns 
about the reasons for SLM-instability, further 
investigations are necessary. In Ref. [ 1 ] a first 
impulse to this study was given. In this article 
the results of a more systematic search into the 
factors influencing the stability will be de- 
scribed to get a better knowledge of the mech- 
anism of SLM-degradation. 
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The results given in Ref. [ 1 ] showed that the 
stability of SLMs depends very much on the 
type of solvent used, on the molecular structure 
of the carrier and also on the composition of the 
aqueous phase. In this paper two aspects of 
SLM-instability will be studied further: to be- 
gin with the leakage behaviour of SLMs with 
decanol as solvent gets extra attention. Sec- 
ondly the long term permeability behaviour of 
two SLMs with different carriers will be 
investigated. 

A clear correlation is found between the in- 
stabilities which are observed for SLMs and the 
degree of emulsion formation between the same 
aqueous phases and the LM-phases. This leads 
to the hypothesis that the instability of SLMs 
is caused by the formation of emulsions. To test 
this hypothesis the stability of SLMs is studied 
by flowing aqueous phases with similar com- 
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positions along the feed and strip-side of the 
membranes to exclude any effect of osmotic 
pressure differences. It will appear that follow- 
ing this line of investigations the instability 
problem can be approached more directly. 

Furthermore a number of quantities affect- 
ing emulsion formation and emulsion stability 
are measured and compared with SLM-insta- 
bility effects. A model describing the mecha- 
nism of SLM-degradation will be proposed. 

Experimental set-up 

In this paper two experimental routes will be 
followed: on the one hand measurements are 
done in which aqueous phases flow parallel to 
a membrane and on the other hand experi- 
ments are performed in which the formation of 
emulsions between the LM-phase and these 
aqueous phases is studied. 

SLM-instability measurements 

For the experiments in which the aqueous 
phases flow parallel to the SLMs, the permea- 
bility apparatus as described before was used 
[2]. The chemicals that are used as compo- 
nents of the LM-phase are the same as those 
mentioned in Ref. [ 1 ] and the membranes are 
prepared in the same way as described there. 
Celgard@’ 2500 (microporous polypropylene 
from Celanese; thickness: 25pm; porosity 45%; 
pore dimensions 0.04 pm) has been used as 
support for all the experiments described in this 
paper. 

Membrane failure for decanol as membrane 

phe 
In these experiments the membrane phase 

consists of decanol without carrier. The start- 
ing compositions of the aqueous phase are: 0.004 
M NaNO, (“feed F”) and 4.0 M NaCl (“strip- 
ping phase s”). Before starting the experiment 
the aqueous phases are saturated with decanol 

by adding an excess of 0.5 ml decanol per liter 
of aqueous phase under stirring. An organic 
phase in contact with the aqueous phase re- 
mained visible during the experiment because 
of the excess of decanol added. 

The membrane was in contact with a non- 
streaming water phase or the water phase was 
passed along with a flow velocity of 5.5 ml/set. 
In case of different flow velocities, we compen- 
sated for the resulting pressure difference by a 
correction in height of the buffer vessels. Sam- 
ples of the feed are taken periodically (each half 
hour) and the chloride and nitrate content was 
determined with HPLC. From this analysis the 
occurrence of an extra transport resulting from 
membrane leakage could be determined. 

The masses of the membranes were deter- 
mined before starting and after finishing the 
experiment (after 7 hr). From the difference 
the percentage decanol removed from the mi- 
croporous support was obtained. 

Long term permeation 
The long term permeation behaviour was 

studied for SLMs with o-nitrophenyloctylether 
(o-NPOE) as solvent and using as carriers: te- 
traoctylammonium bromide (TeOA ) and 
trioctylmethyl ammonium chloride (TOMA) 
respectively (0.2 M). At the beginning of the 
flux measurements the aqueous phases, which 
flowed along the membrane day and night with 
a flow velocity of 5.5 ml/set, had a composition 
of 0.004 M NaNO, (F) and 4.0 M NaCl (S). 
The nitrate and chloride content was measured 
as a function of time by analyzing samples, 
which were taken periodically from the feed, 
using HPLC. The nitrate flux was calculated 
from the slope of the curve giving the nitrate 
concentrations as a function of time. 

After 3 or 4 days both water phases were re- 
placed by fresh starting solutions, after which 
the flux was determined again. After ca. 8 days 
the presence of tiny gasbubbles became visible 
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at the surface of the membrane with TeOA as 
carrier. These bubbles were removed by 
tapping. 

From the increase in chloride content in the 
feed, and the calculation of the counter trans- 
port factor (CTF: the ratio of the decrease in 
nitrate content and the increase in chloride 
concentration in the feed) as a function of time 
as given in Ref. [ 11, the occurrence of direct 
leakage from stripping phase to feed could be 
determined. 

Removal of LM-components 
During these measurements feed and strip- 

ping phase consisted of exactly the same com- 
positions when flowing along the membrane 
surfaces for some time. The salt concentrations 
in the aqueous phases are varied from 0 M to 4 
M NaCl. In one series of experiments we used 
aqueous phases with NaClO,, with a concen- 
tration varying from lo-* to 10m2 M. Further- 
more the water flow velocities and the duration 
of the experiments are varied. 

Solvent removal 
In these measurements the support is filled 

with a pure solvent. The amount of LM-phase 
removed from the support was calculated by 
determining the weight of the membranes be- 
fore the experiment was started and by weigh- 
ing the centres of the membranes after the 
measurements were finished, analogous to the 
experiments described in Ref. [ 11. 

Carrier removal 
The amount of carrier removed from the cen- 

tral area of the membranes was determined 
spectrophotometrically as described in Ref. [ 11. 
In those cases where NaClO, ions were present 
in the aqueous phases the membranes were 
soaked in a 4 M NaNO, solution after the ex- 
periment. This was done to achieve an ion-ex- 
change between the ClO; (bound to the car- 
rier) and NO;. This extra step in the analysis 

is necessary since, according to the Hofmeister 
series, the Cl07 ion is more lipophilic (i.e. more 
strongly complexed) than the 4- (2-pyridylazo) 
resorcinol (“PAR-“) ion with which the car- 
rier should be complexed to carry out the anal- 
ysis. Also the carrier concentrations in the 
aqueous phases were determined spectropho- 
tometrically after extraction of these phases 
with chlorobenzene. 

Emulsion formation and stability 

Prep&ration of emulsions 
Emulsions of an LM-phase in a aqueous 

phase are prepared in three different ways: 
l By stirring: three droplets of an organic phase 
are added to 50 ml salt solution of varying con- 
centrations in a beaker. This mixture is stirred 
during 3 min with a stirrer (Janke & Kunkel) 
at a speed of 250 rpm. Samples of these mix- 
tures are put into a spectrophotometer tube and 
the transmission is determined as a function of 
time. 
l By shaking: 1 ml LM-phase and 3 ml water 
phase are added to a spectrophotometer tube. 
This tube is plugged and shaken by hand rather 
strongly. After 5 min the transmission of the 
aqueous phase is determined. 
l By ultrasonic vibration: approximately 0.05 
g of the LM-phase is added to 500 ml double- 
distilled water in a beaker. This beaker is vi- 
brated ultrasonically for 45 min in the water 
bath of a Bransonic (50-55 kHz). Hereafter 1 
ml samples of the emulsion are added to spec- 
trophotometer tubes containing 5 ml of salt so- 
lutions of varying concentrations and mixed. 
The transmission of these emulsions then is 
determined as a function of time. In all cases 
the transmission of the emulsions in the spec- 
trophotometer tubes is determined with a 
Spectronic 20 at a wavelength of 500 nm. 

For the emulsions prepared by the ultrasonic 
vibration method we also measured the particle 
size distribution in the emulsion with a Mal- 
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vern Master sizer and the zeta-potential of the 
particles with a Malvern Zetasizer. 

Results and discussion 

Membrane failure for decanol as membrane 
phase 

It was shown before [ 1 ] that membranes with 
decanol as solvent showed the largest instabil- 
ity effects. This gives the opportunity to inves- 
tigate the factors influencing this instability 
within a reasonable period of time. The time 
needed to reach the point where the membrane 
showed leakage (CTF larger than 1) and the 
amount of removal of the LM-phase proved to 
be independent of: 
l the volume of the feed phase (varying from 
4.11 to 0.13 1); 
l the saturation of the aqueous phases with 
decanol; 
l the saturation of decanol with water before 
filling the support; 
l the presence of the carrier TeOA (up to 0.2 
M) in the membrane phase. 

Thereupon it was examined whether in par- 
ticular the flow of one of the aqueous phases 
(the feed with 0.004 M NaNO, or the stripping 
phase with 4.0 M NaCl) was responsible for the 
removal of LM-phase from the support, result- 
ing in chloride leakage. To make the system as 
simple as possible SLMs with pure decanol were 
used. At first these experiments were carried 
out with Accurel as support. Later on Accurel 
was replaced by Celgard since this latter sup- 
port showed the same trends in instability ef- 
fects, but in a shorter time. In agreement with 
the results of other researchers [ 31 it was found 
that the use of Accurel as support leads to sub- 
stantially more stable SLMs. It appears from 
our measurements that the first signs of leak- 
age of chloride were observable in a 10 times 
shorter time for Celgard than for Accurel. Since 
the relative instability effects were comparable 
to each other, for practical reasons Celgard was 

chosen as support. In Fig. 1 the chloride con- 
centration in the feed is given as a function of 
time for three SLMs, with decanol as LM-phase 
and Celgard as support, for different flow ve- 
locities of feed and stripping phase. 

The amounts of LM-phase which are re- 
moved from the membranes in these systems 
by a flow of the aqueous phases during 7 hr are 
given in Table 1. 

From Table 1 it can be concluded that the 
flow rate at the stripping side (with a high salt 
concentration) is of minor importance for the 
amount of LM-phase removed. Furthermore it 
appears that the larger part of LM-removal re- 
sults from shearing forces excerted at the feed 
side having a low salt concentration. These re- 

0 2 4 6 8 
_ time, hours 

Fig. 1. Influence of flow rate of aqueous phases on chloride 
leakage through decanol-SLMs; ( 1) flow rate F = flow rate 
S= 5.5 ml/set; (2) flow rate F=5.5 ml/set and flow rate 
S=Oml/sec; (3)flowrateF=Oml/secandflowrateS=5.5 
ml/set. 

TABLE 1 

Influence of aqueous flow rate on LM-removal, after 7 hr, 
from decanol-SLMs 

No. Flow rate F 

(ml/=) 

Flow rate S 
(ml/set ) 

LM-removal 

(So) 

1 5.5 5.5 44 
2 5.5 0.0 43 
3 0.0 5.5 19 

F = feed phase; S = stripping phase. 
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sults agree with the leakage behaviour of the 
SLMs as given in Fig. 1. Especially for those 
systems where the feed is flowing at 5.5 ml/set 
and where a large amount of LM-phase has been 
removed, the membranes start to leak within a 
short time. When the feed does not flow at all 
a relatively stable SLM is obtained which shows 
no sign of chloride ion leakage within 7 hr. Ob- 
viously a short-circuiting between the F and S 
phases arises at that moment when a certain 
amount of LM-phase (above 20% ) has been re- 
moved from the pores of the membrane. 

Long term permeation 
Apart from a possible leakage of SLMs, the 

decrease in nitrate flux as a function of time is 
also an important aspect in SLM-stability. It is 
possible that this behaviour is determined 
largely by the degree in which the carrier has 
been removed from the support. To investigate 
the influence of the structure of the carrier, we 
measured the long term permeability for mem- 
branes using TeOA and TOMA as carriers. It 
was shown before [ 1 ] that the degree to which 
these carriers were washed out from a mem- 
brane phase differed largely. To minimize the 
influence of the solvent, o-NPOE was chosen 
because this solvent gives the most stable 
membranes as was shown previously. 

Based on previous measurements it could be 
expected that, for a system with TeOA as car- 
rier and Accurel as support, such an investiga- 
tion would last at least several months before 
leakage through the membrane would occur. 
Therefore Celgard was chosen as support to de- 
termine the influence of the structure of the 
carrier on flux decline. 

In Fig. 2 the long term permeability of SLMs 
with TeOA and TOMA is given as a function of 
time. 

During these measurements the counter- 
transport factor (CTF) was also measured. 
From the results we concluded that the mem- 
brane with TeOA as carrier was leaking chlo- 

TOMA 

Fig. 2. Long term permeation; flux as a function of time 
and type of carrier; LM-phase: 0.2 M carrier in o-NPOE; 
support Celgard; feed 0.004 M NaNO,; stripping phase 4.0 
M NaC1; flow velocity water phases 5.5 ml/set. 

ride ions (CTF > 1) from the 4th day on. The 
membrane with TOMA as carrier showed a 
leakage of chloride ions for the first time on day 
7. Furthermore the degree of chloride leakage 
was larger for the TeOA-membrane than for the 
TOMA-membrane. Similar results were ob- 
tained from duplicated measurements. It is re- 
markable that, as already mentioned in Ref. 
[ 11, the process of nitrate removal generally 
continues after leaks in the membrane have ap- 
peared. Apparently we are dealing with a re- 
stricted occurrence of channels in the mem- 
brane, while the larger part of the membrane is 
still intact and keeps on functioning. 

The results given in Fig. 2 show that the 
membrane with TeOA as carrier gives a nearly 
constant flux indicating that we are dealing with 
a rather stable membrane. The slight decrease 
in flux during the first 7 days is probably caused 
by the adsorption of air bubbles, which are 
present or being formed in the system, onto the 
membrane surface; the effective contact area 
between the aqueous phases and the liquid 
membrane decreases and so does the flux. Re- 
moval of these air bubbles after 8 days leads to 
a slight increase in flux. Air bubble adhesion to 
the hydrofobic material can be a general prob- 
lem for the application of SLM-separation pro- 
cesses and the magnitude of this effect will de- 
pend on the hydrodynamic conditions. 

LM phase removal from the TeOA mem- 
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brane is directly confirmed by the result that 
the membrane shows a chloride-ion leakage 
after a reasonable short time (4 days ). Ob- 
viously LM-phase is being removed at some loci 
to such an extent that direct channels of 
aqueous phase can be formed and the flow be- 
tween F- and S-side is short-circuited. The fact 
that despite loss in carrier concentration (see 
Ref. [l] ) and channeling the nitrate flux is 
rather constant during a much longer time than 
4 days leads to the following tentative 
conclusions: 
l direct channeling is only a scarce phenome- 
non for these TeOA membranes (otherwise 
back diffusion of NO; through the channels 
would outweigh the normal nitrate transport); 
l a reduction in carrier concentration in the 
LM-phase is compensated by a reduction in 
diffusion pathlength through the membrane 
(the membrane gets thinner by solvent loss). 

Contrary to this the membrane with TOMA 
as a carrier shows an entirely different stability 
behaviour. Only at the start the flux is compa- 
rable to the case where the TeOA-membrane is 
used, but then it decreases drastically till after 
ca. 3 days the process of nitrate removal has 
practically stopped. It is obvious that this is due 
to removal of especially TOMA from the mem- 
brane. This agrees with the results of previous 
research described in Ref. [ 1 ] (Table 1 ), where 
it was found (using Accurel as support) that 
the carrier TOMA is removed to a much larger 
extent from the membrane than TeOA. 

It is remarkable that the situation for which 
CTF > 1 is reached sooner for the TeOA-mem- 
brane having a more constant flux behaviour. 
As was stated before this point is reached when 
some water channels have been formed by the 
degradation mechanism. Therefore we have to 
conclude that the solvent is removed to a higher 
extent (or more localized) for the system with 
TeOA compared to that with TOMA. This 
agrees with the results described in Ref. [l] 
(Tablel) where it was found that after 6 days 

more o-NPOE is removed from a membrane 
with TeOA as carrier than from a membrane 
with TOMA. This again can be explained by 
the very fast removal of the carrier TOMA from 
the membrane. The concentration of TOMA in 
the LM-solvent decreases to such an extent that 
the driving force for solvent-removal disap- 
pears and therefore the breakthrough (leak- 
age) point is reached at a later time. 

Removal of LM-phase components 

Removal of solvent 
Based on the experimental results described 

in the previous section, using decanol as sol- 
vent, the preliminary conclusion was drawn 
that the LM-phase is removed from the mem- 
brane by shearing forces excerted at the mem- 
brane interface by an aqueous phase with a low 
salt concentration. To verify this assumption 
identical aqueous phases were brought on both 
sides of the membrane and the amount of sol- 
vent removed was determined under different 
experimental conditions. This behaviour was 
also investigated for membranes with dibutyl- 
phtalate (DBP), dioctyladipate (DOA) and o- 
NPOE as solvent to enable a further compari- 
son with the instability results obtained in Ref. 
[ 11. When using an SLM with decanol or DBP 
the aqueous phases were saturated with the sol- 
vent in question in the way described before to 
exclude solubility effects causing SLM- 
instability. 

To simplify the system, these experiments 
were carried out in the absence of carriers in 
the solvents. To obtain measurable effects 
within reasonable times again Celgard was used 
as support. The experimental conditions (du- 
ration of the experiment, waterflow velocity and 
NaCl concentration) were chosen such that the 
instability could be measured accurately. In Fig. 
3 the removal of the various solvents from the 
membranes is given as a function of the NaCl 
concentration in the aqueous phases. These 
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Fig. 3. Solvent removal from SLM after 7 hr as a function 
of [NaCl] of the aqueous phases; water flow ratez 5.5 ml/ 
set; F- and S-side equal salt concentration. 

‘00 , I 

fromSLM 

Fig. 4. Solvent removal from SLM after 7 hr as a function 
offlowrateoftheaqueousphases; [NaCl],=[NaCl]s=0.5 
M. 

measurements were made after a period of 7 hr 
and the flow velocity of the aqueous phases was 
5.5 ml/set. 

Figure 4 shows the removal of decanol and 
DBP from the membrane as a function of the 
water flow velocity. This behaviour has not been 
studied for DOA and o-NPOE because of the 
small amount of these two solvents removed 
from the membrane at a flow velocity of 5.5 ml/ 
sec. 

Finally the removal of decanol as a function 
of time is examined and given in Fig. 5. 

From the results given in Figs. 3-5 it can be 
concluded that decanol and DBP are being re- 
moved gradually from an SLM and that the 
amounts removed increase with a decrease in 

% decanol 
removed 
from SLM 

t 

SO- 

-b 1 2 3 4 5 6 7 8 

- time, hours 

Fig. 5. Decanol removal from SLM as a function of time; 
[NaCl],= [NaCl]s=0.5 M, water flow rate: 5.5 ml/set. 

the salt concentration of the aqueous phases 
and with an increase in their flow velocities. 
This result is in agreement with the results of 
the membrane failure experiments and Ref. [ 11. 
It shows why, in Ref. [ 11, with a stripping phase 
of 0.5 M NaCl, more decanol and DBP is re- 
moved from the membrane than using 4.0 M 
NaCl. Furthermore it explaines why the DBP- 
membrane failed at a composition of 0.5 M 
NaCl in the stripping phase and stayed intact 
with 4.0 M NaCl. 

On the other hand we find that DOA and o- 
NPOE are hardly removed from the mem- 
brane, even with low salt concentrations in the 
water phase. This is in agreement with the re- 
sults given in Ref. [ 11, in which the use of these 
two solvents leads to relatively stable SLMs. 

These results clearly show that the instabil- 
ity of SLMs is not caused by the presence of an 
osmotic pressure difference over the mem- 
brane: there simply is no osmotic pressure dif- 
ference operative during our experiments. 

Removal of carrier 
During the long term permeation experi- 

ments described before we found that the car- 
rier TOMA was removed much faster from the 
membrane than TeOA. When shaking aqueous 
phases with LM-phases in a test tube some- 
times relatively stable emulsions are formed, 
depending on the composition of the phases. In 
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all cases more LM-phase is being emulsified and 
more stable emulsions are formed in the pres- 
ence of TOMA than in the presence of TeOA. 
Based on these data the hypothesis arises that 
SLM-instability does result from the forma- 
tion of stable emulsions. We also found that less 
stable emulsions were formed when the salt 
concentration in the aqueous phases was in- 
creased. To test the hypothesis that emulsion 
formation causes SLM-instability, the influ- 
ence of the composition of the aqueous phases 
on SLM-stability has been determined. Like 
before completely identical compositions were 
chosen for the feed and stripping phases at both 
sides of the membrane. 

(4 

5% carrier 
removed 
from SLM 

t 

(4 
- [N~CII.M 

‘O”y 

% TeOA 
removed 60 
from SLM 

At first the aqueous phases were analysed for 
the presence of carrier. Due to adsorption of the 
carrier to the glass-parts of the apparatus these 
measurements were time dependent and there- 
fore irreproducible. Because an accurate deter- 
mination of the carrier was impossible in this 
way it was decided to study the removal of car- 
rier by analysing the residual carrier content in 
the SLMs itself. A disadvantage is that this 
method is destructive which means that for the 
determination of the leaching out behaviour as 
a function of time different membranes had to 
be tested. In these experiments the conditions 
again were chosen such that the instability ef- 
fects were well measurable. 

t 

- [salt]. M 

Fig. 6. (a): Carrier removal as a function of NaCl concen- 
tration in the aqueous phases and carrier structure; (sol- 
vent: o-NPOE). (b) Removal of TeOA (from LM-phases 
with o-NPOE as solvent) as a function of type of salt and 
salt concentration. 

well as NaClO, solutions were used as the 
aqueous phase. 

Results. In Fig. 6 (a) the removal of the car- 
riers TOMA and TeOA (from LM-phases with 
o-NPOE as solvent) is given as a function of 
the NaCl concentration in the aqueous phases. 
For the sake of clearness the curves represent- 
ing the system with TeOA as a carrier are plot- 
ted bold-faced. 

Because of the steep change in TeOA re- 
moval when aqueous phases with very low salt 
concentrations are used, we examined carrier 
removal from the membrane in more detail in 
the region of these low salt concentrations. The 
results are given (on a logaritmic scale) in Fig. 
6(b). In these experiments NaCl solutions as 

To obtain the mass of the LM-phase re- 
moved (i.e. carrier and solvent) the weight of 
the membranes was determined before and after 
the experiments. The mass of the carrier re- 
moved was calculated from spectrophotometric 
analysis of the remaining LM-phase. The 
quantity of o-NPOE which had been removed 
from the membrane was obtained from these 
values. Based on these data the relative 
amounts of carrier and solvent removed are 
calculated as a function of the salt concentra- 
tion. In Table 2 these data are given for the ex- 
periments in which NaCl solutions were used. 

Figure 7 shows the carrier removal from the 
membrane as a function of the flow velocity of 
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TABLE 2 

Relative removal of carrier and solvent from SLMs for mall 
NaCl concentrations (equal salt concentration at F- and S- 
side) 

[NaCl] Total Bemoval Removal Carrier content 
(W LM-phase of of of removed 

removed carrier o-NPOE LM-phase 
(mgkO.2) (mg) (mg) (%) 

1o-4 1.7 1.5 0.2 73-100 
1o-3 1.2 0.9 0.3 59-100 
lo-* 0.9 0.2 0.7 6- 43 

0 carrier 
removed 
from SLM 

80- 

1 carrier [NaCIl time 1 
0.33 hrs 
2 hrs 
2 hn. 

Fig. 7. Carrier removal from LM-phases with o-NPOE as 
solvent as a function of flow rate of aqueous phases. 

the feed and the stripping phases for a number 
of cases with varying salt concentrations in the 
aqueous phases and at different measuring 
times. 

Figure 8 shows the removal of carrier from 
the membrane in relation to the measuring time 
for different salt contents in the aqueous 
phases. 

Figures 6 (a) and 6 (b) show that the removal 
of carrier from the SLM depends on the nature 
of the carrier, the salt concentration in the 
aqueous phases and the nature of the salt used. 
An increase in NaCl concentration in the water 
phases leads to a decrease in the percentage of 
carrier that is removed from the membrane. 
Furthermore from Figs. 8 and 7 it follows that 

80 

% carrier 
removed 
fromSLM 6. 

t 40 

-I 
b 1 2 3 4 5 6 7 

_ time, hours 

Fig. 8. Carrier removal as a function of time; carrier TOMA 
(curves l-4), TeOA (Curves, 5,6); solvent o-NPOE; wa- 
terflow 5.5 ml/set; [Nacl]: 0.000 M (l), 0.05 M (2), 0.5 M 
(3), 2.0 M (4), 0.001 M (5), 0.01 M (6). Salt concentra- 
tion on F- and S-side equal. 

this removal increases gradually with time 
(until complete removal is reached) and in- 
creases when enhancing the flow velocity of the 
aqueous phases. 

From the various figures it is evident that 
under comparable conditions the carrier TOMA 
is removed much faster from the membrane 
than TeOA. The large increase in TeOA re- 
moval at high salt dilutions (10-2-10-4 M 
NaCl) is quite remarkable. Even more remark- 
able is the influence which ClO, ions in the 
aqueous phases have on the stability of the 
membrane (see Fig. 6 b) . Even extremely low 
concentrations of this type of salt (10m4 M) 
suppress the removal of the carrier from the 
membrane quite effectively. 

With these rather simple laboratory experi- 
ments a rapidly applicable method has been de- 
veloped which can provide relevant informa- 
tion on the influence of various stability factors 
of our SLMs. Perhaps this method is also ap- 
plicable for other SLM-systems so that it can 
provide a prediction (on short term) for the 
long term permeability and stability behaviour 
of the membranes. 

Considering the correlation between the for- 
mation of emulsions, in test tube shaking ex- 
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TABLE 3 

Calculated average size of emulsions droplets removed from 
TeOA/o-NPOE membranes by a lateral flow of NaCl 
solutions 

[NaCl] 
(M) 

Diameter of droplets removed 
from SLM (nm) 

1o-4 2-8 
10-3 2-11 
10-Z 20-140 

periments, and the removal of carrier from the 
membrane, these facts reinforce the hypothesis 
that formation of emulsion causes the SLM- 
degradation. 

The results given in Table 2 can also be used 
to get a rough estimation of the size of the 
emulsions droplets which are removed from the 
membrane for the system with TeOA/o-NPOE 
as LM-phase. Assuming that the concentration 
of carrier in the bulk of the emulsion droplet is 
equal to the concentration in the bulk of the 
liquid membranes (0.2 M) and that the skin of 
the spherical emulsion droplet consists of a 
close packed monolayer of TeOA-molecules 
with a cross-sectional diameter of 0.8 nm [2] 
the following average emulsion droplet diame- 
ters can be calculated. 

The relative errors in Table 3 are large be- 
cause the relative error in the determination of 
the carrier content of the removed LM-phase 
was rather large and the calculation of the size 
of the emulsion droplets is very sensitive for 
this quantity. 

Emulsion formation and stability 
As already mentioned before, shaking an LM- 

phase with an aqueous phase leads to a more or 
less turbid emulsion phase, depending on the 
composition of the phases. This occurs for LM- 
phases containing carriers as well as for pure 
solvents. Studied microscopically, the emul- 
sions appear to contain moving small spheres. 
Depending on the preparation method these 

emulsions droplets have sizes varying from 0.1 
pm to tens of micrometers (as determined with 
the Mastersizer). 

The emulsions were characterized by meas- 
uring the zeta-potential of the droplets. The 
stability behaviour of the emulsions was quan- 
titatively studied by turbidity measurements as 
a function of time. For these measurements, in 
the systems without carrier, decanol was cho- 
sen as the organic phase because this solvent 
provides the largest instability effects, also de- 
pending on the salt content of the aqueous 
phase. A comparison with other pure solvents 
is hard to make because of the influence of the 
specific gravities on the light transmission at 
the time of the measurements. For a correla- 
tion with previous experiments the LM-system 
with o-NPOE as solvent and TOMA or TeOA 
(0.2 M) as carrier has also been studied. 

Zeta-potential 
The results of the electrophoretic measure- 

ments for a number of systems emulsified in 
double distilled water are given in Table 4. 

Light transmission measurements 
Decanol. The light transmission as a func- 

tion of time for 50 ml aqueous phase with dif- 
ferent salt content after 3 min of stirring with 
three droplets of decanol is plotted in Fig. 9. 

In all cases the same trends were observed. 
An increase in salt content leads to more rapid 
clarification of the emulsions. However the re- 
producibility of these measurements is low. 

TABLE 4 

Zeta-potentials for emulsions of LM-phases in double-dis- 
tilled water 

Emulsified LM-phase Zeta-potential (mV) 

decanol 
TeOA/o-NPOE 
TOMA/o-NPOE 

-33 
+41 
+58 



MECHANISM OF SUPPORTED LIQUID MEMBRANE DEGRADATION 143 

q 1 M NaCl 

o 0.5 M NaCl 

, n demi-water 

Fig. 9. Light transmission of decanol emulsions (obtained 
by stirring) as a function of time and NaCl-concentration. 

O.&l O.& o.& . . o.;o ’ 0.06 0.03 0.12 

+ [NaCll. M 

Fig. 10. Light transmission of emulsions (obtained by 
shaking) as a function of NaCl concentration and type of 
carrier; solvent o-NPOE. 

LM-phase with carrier. The behaviour of 
emulsion formation of o-NPOE containing 
carrier is studied by shaking 1 ml organic phase 
with 3 ml NaCl solution in a spectrophotome- 
ter tube. The transmission of the resulting 
emulsion after 5 min as a function of NaCl- 
content is given in Fig. 10. At low salt concen- 
trations the emulsions with TOMA as carrier 
were very stable. Even after several months no 
coalescence of the droplets was observed. 

LM-phase with TeOA as carrier. It is clear 
from previous measurements that almost no 
emulsion formation took place of the LM-phase 
with TeOA as carrier under given conditions. 
Since it was assumed earlier that the removal 

% 
Transmission 

t 

20 40 60 80 

- time, hours 

Fig. 11. Light transmission of TeOA 1 o-NPOE emulsions 
(obtained by ultrasonic vibration) as a function of time 
and NaCl-concentrations. 

of this carrier from the membrane by shearing 
with aqueous phases having a very low salt con- 
tent could also be ascribed to the formation of 
emulsions, a more powerful method (ultra- 
sonic vibration) has been used to prepare 
emulsions of this LM-phase. By diluting the so 
formed emulsions using aqueous solutions with 
different salt content the stability behaviour of 
the emulsions could be studied as a function of 
salt content under comparable starting condi- 
tions. In this way the problem of the poor re- 
producibility of emulsion formation by shaking 
or stirring is avoided and the results can be 
compared also for different types of salts in the 
aqueous phases. An example of the change in 
transmission as a function of time when the 
NaCl content is varied is given in Fig. 11. 

As an indirect measure for the instability of 
the emulsions we used the clarification factor. 
This value can be determined from the slope of 
the light transmission curve extrapolated to 
short times (d% transmission/time). This fac- 
tor is plotted in Fig. 12 as a function of the salt 
content in the aqueous phases. 

Discussion of emulsion stability 
measurements 

Table 4 shows that in the three systems stud- 
ied emulsions are present which are stabilized 
by charge. The negative zeta-potential for the 
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Fig. 12. Clarification factor at t+O for TeOA/o-NPOE 
emulsions as a function of type of salt and ita concentration 
is aqueous phases. 

decanol emulsions is probably caused by the 
adsorption of negative ions at the oil/water in- 
terface. Usually the anions will be somewhat 
more oil soluble and adsorbable than the cat- 
ions, so the oil droplets should have a net neg- 
ative charge [ 41. 

For the systems with carrier the positive zeta- 
potential is explained by the adsorption of pos- 
itively charged quaternary ammonium ions at 
the droplet interface. The larger zeta-potential 
of emulsions with TOMA as carrier agrees with 
the more surface active behaviour of this car- 
rier in comparison with TeOA. 

From Figs. 9-11 it follows that for all three 
systems mentioned the turbid emulsions be- 
come transparant more rapidly for increasing 
NaCl concentration. This is caused by the 
creaming or sedimentation of coalesced emul- 
sions droplets. The decreasing stability of the 
emulsions when increasing the salt content is 
explained by the “DLVO-theory” [5] which 
describes the stability of colloidal systems. 
Charge stabilized emulsion droplets encounter 
Londen-van der Waals attraction forces and 
electrostatic repulsion forces by the overlap of 
the electrical double layer of the droplets. The 
zeta-potential, the potential at the hydrody- 
namic shear plane, is a measure for the repul- 
sion energy and so for the stability of the emul- 
sions. By increasing the salt content this 
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electrical double layer is getting thinner and the 
repulsion forces of the emulsions droplets will 
decrease by which their stability decreases. 

The stationary velocity u by which a stabi- 
lized emulsion droplet creams or sediments due 
to the difference in density with the continuous 
phase, is given by [ 61: 

v = Adgr22/9q 

In this formula q is the viscosity of the me- 
dium, g the acceleration due to gravity, r the 
radius of the emulsion droplet and Ad is the dif- 
ference in density between the droplet phase 
and the water phase. From this equation it fol- 
lows that by increasing the radius of the emul- 
sion droplets, due to coalescence, the emulsions 
will cream or sediment more rapidly and so they 
will clarify more rapidly. 

Because decanol has a density of 0.83 coa- 
lesced decanol emulsions will cream. When 
studying the influence of the salt content on 
the creaming of these emulsions a correction 
had to be made for the increase in the density 
difference when increasing the salt content. The 
effect of this correction is rather small (e.g. 17% 
for [ NaCl] = 0.5 M compared with double-dis- 
tilled water) as compared with the differences 
in the turbidity of the decanol emulsions (see 
Fig. 9, almost a factor of 2)) and therefore it can 
be concluded that the stability of decanol emul- 
sions does decrease when increasing the NaCl 
concentration. 

The LM-phases with o-NPOE as solvent and 
TOMA or TeOA as carrier have a density of 
1.03 g/ml. Because aqueous solutions with a 
NaCl concentration lower than 10m2 M have 
densities below 1.0005 g/ml, the coalesced 
emulsion droplets will sediment. The increase 
in density of the aqueous phases with these very 
small salt concentrations is so minute that it 
has no measurable influence on the behaviour 
of sedimentation. So here also we can conclude 
that for increasing NaCl concentrations the 
emulsions are getting less stable. 
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The irreproducibility in the formation of de- 
canal emulsions when stirring the organic/ 
aqueous phases is quite normal for these type 
of systems. It correlates with the fact that 
emulsification is a complicated process and that 
this process until now is not very well under- 
stood as was expressed by Walstra [ 71 in the 
following way: “Unfortunately, much knowl- 
edge about emulsification is still of a cookbook 
nature.” 

From Fig. 10 it follows that the LM-phase 
with TOMA as carrier is emulsified much bet- 
ter than using TeOA. This is caused by the dif- 
ferences in geometric structure of the carriers. 
It is known from literature that the structure 
of the surfactant plays an important role when 
forming emulsions. Generally a surfactant dis- 
solved in an organic solvent is less surface ac- 
tive when the hydrophilic group is placed more 
in the centre of the molecule. For our system 
this means that the TOMA-molecule having 
one methylgroup is much more surface active 
than the TeOA-molecule with its symmetrical 
structure of four octyl chains. 

Apart from the structure of the carrier mol- 
ecule the type of counter-ion is also of impor- 
tance for the stability of emulsions, as is shown 
in Fig. 12. The emulsions with perchlorate ion 
as a counter ion had a much higher clarification 
rate than with chloride ion at equal salt con- 
centrations. Two possible explanations for this 
are: 
l because the perchlorate ion is larger than the 
chloride ion, it will show more specific adsorp- 
tion, by which it will have a larger effect on the 
charge compensation; 
l the perchlorate ion is less hydrated as com- 
pared to the chloride-ion (according to the 
Hofmeister series, see Ref. [ 21) . Therefore the 
perchlorate ion has a stronger interaction with 
the ammonium cation at the interface com- 
pared to the chloride ion. 

For both reasons the electrical double layer 
of the emulsion droplet with perchlorate ions 

will be thinner and the repulsion energy will be 
lower which results in less stable emulsions. 

SLM-degradation by emulsion formation 

We want to point out here that we have three 
clear examples of a direct correlation between 
membrane instability (solvent and carrier re- 
moval run parallel with membrane instability) 
and emulsion stability of the LM-phase dis- 
persed in aqueous solutions. These examples 
are: 
(a) Comparing Figs. 3 and 9 for decanol as LM- 
phase (without carrier) it can be seen that an 
increasing salt content in the aqueous phases 
decreases the solvent removal from SLMs, 
hence enhances membrane stability (Fig. 3), 
while the stability of decanol emulsions is de- 
creased (transmission enhanced at higher salt 
concentration, see Fig. 9 ) . 
(b) A similar correlation is found for the salt 
effect on carrier removal and emulsion stability 
for the system with o-NPOE as solvent and 
TeOA or TOMA as carrier, Figs. 6(a) and 10. 
Especially for TOMA the high level of carrier 
removal at low salt concentration, giving a very 
instable membrane (Fig. 6a) correlates strongly 
with a low level of light transmission indicating 
a stable emulsion at low salt content (Fig. 10). 
On the other hand the system with TeOA as 
carrier shows for all NaCl concentrations, ex- 
cept for extremely low values, both a small per- 
centage of carrier removal (Fig. 6a), hence more 
stable membranes, and a high light transmis- 
sion for the emulsions (Fig. lo), i.e. instable 
emulsions. 
(c) Finally a comparison between Figs. 6 (b) 
and 12 for the system with o-NPOE/TeOA as 
LM-phase and very low salt concentrations in 
water provides the same correlation as above 
between a decrease in carrier removal (Fig. 6b) 
and an increase in emulsion clarification (less 
stable emulsions) for the higher salt content. 
Furthermore the most stable SLMs are formed 
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for the system with perchlorate as counter-ion, 
which has the highest emulsion clarification 
factor (least stable emulsions). 

In view of this significant similarity between 
the stability of emulsions and the instability of 
SLMs the conclusion is justified that instabil- 
ity of SLMs is caused by the loss of emulsion 
droplets from the LM-phase into the aqueous 
phase. 

For the sake of completeness it is put forward 
once more that a correlation of any importance 
is not found between the instability of SLMs 
and other physical parameters; e.g. the relation 
between the SLM-instability and the lowering 
of the interfacial tension is not unambigious (as 
was already mentioned in Ref. [ 1 ] ) . The large 
influence of the salt content on the removal of 
LM-phase from the membrane is not at all re- 
flected in the change in interfacial tensions be- 
tween the LM-phase and the aqueous phases 
(see Ref. [l]). 

Molecular solubility of components from the 
LM-phase into the aqueous phase can also be 
excluded as a cause for these instability effects 
since neither the carrier TeOA nor solvent o- 
NPOE do show any substantial solubility in the 
aqueous phase. In contrast it was shown from 
the experiments described in our study that they 
do form emulsions when mixed thoroughly with 
the aqueous phases. 

The interfacial tensions between the differ- 
ent LM-phases and the aqueous phase [ 1 ] are 
so large that the instability effects of the SLMs 
can not be attributed to spontaneous formation 
of emulsions. It is evident that, when in a cer- 
tain system emulsions could form sponta- 
neously between the LM-phase and an aqueous 
phase it would undoubtedly lead to notorious 
SLM-instability effects. 

A mechanism which does agree with the in- 
stability phenomena observed, is that local de- 
formations of the liquid meniscus in the pore 
of the support may lead to the splitting off of 
emulsion droplets. The roughly calculated sizes 

of emulsion droplets removed from the system 
with TeOA/o-NPOE as LM-phase (Table 3), 
show that these emulsion droplets are small 
enough that only a part of the meniscus has to 
be deformed. This means that for a pore di- 
ameter of ca. 200 nm and a droplet size from 4- 
80 nm only ca. 2 B 40% of the width of the me- 
niscus has to be deformed. Such local defor- 
mations are given schematically in Fig. 13. 

These deformations can originate from one 
of the following sources: 
l “Kelvin-Helmholz instabilities”: these in- 
stabilities arise when two phases move with 
different velocities parallel to the interphase 
[ 81. It causes, for instance, waves to develop on 
a water surface over which the wind blows. 
l vibration of the membrane; because the 
membrane is not supported by a rigid screen it 
is repeatedly deformed a bit due to the pulsat- 
ing aqueous phases. These vibrations can cause 
formation of ripples on the surface of the LM- 
phase, because any disturbance of the interface 
will cause waves to develop [ 71. 

The next step then is to explain how these 
ripples at the interface can lead to the forma- 
tion of droplets which were found to be the cause 
of membrane degradation. A possible explana- 
tion is the formation of interfacial tension gra- 
dients which result in Marangoni effects. If the 
interface is locally curved so that the concave 
side is the phase that provides the surfactant, 
the curved part will have a higher interfacial 
tension, since it receives the smallest quantity 
of surfactant molecules per unit surface area. 
Hence interfacial transport of surfactant and a 
flow of liquid dragged along towards the point 
of the strongest curvature will occur leading to 

support 

Fig. 13. Local deformations of the meniscus of the LM- 
phase in the pore of the support. 
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an instable situation. This may well cause 
droplet shredding. However, the action of dy- 
namic interfacial effects forms a formidable 
problem that is far from being understood [ 71. 

That we are dealing with Marangoni effects 
is also indicated by the very small sizes of the 
emulsion droplets removed from the mem- 
brane (Table 3). The formation of emulsion 
droplets, as a consequence of Marangoni ef- 
fects, with diameters varying from 10 to 50 nm 
has for instance been published earlier [ 41. 

Table 3 shows that on decreasing the salt 
content in the water phases also the size of the 
emulsion droplets which are removed from the 
membrane decreases. So, very few relatively 
large emulsion droplets are removed from the 
membrane for a salt content of lo-’ M NaCl in 
the aqueous phases, while many small emul- 
sion droplets are removed for 10m3 M NaCl and 
lo-* M NaCl. These results will be confirmed 
by experimental results described in Ref. [ 91. 
In other words a larger number of energetically 
unfavourable, small emulsions droplets are 
formed as they are stabilized better. 

From Fig. 10 it followed that under identical 
conditions an LM-phase with TOMA as carrier 
is emulsified to a larger extent than an LM- 
phase with TeOA as carrier. Because of the bet- 
ter stability of emulsions with TOMA as sur- 
factant, emulsion droplets which are removed 
by lateral forces exerted on an SLM with 
TOMA as carrier will in the average be smaller 
than with TeOA as carrier. This explains why 
more solvent is removed from the membrane 
with TeOA as carrier, which results in mem- 
brane leakage at an earlier time, as compared 
to the membrane with TOMA as a carrier. 

An emulsion droplet which is split off can co- 
alesce again immediately with the “parent”- 
phase. Coalescence is probably of importance 
for droplets that have just been formed and have 
not yet acquired an equilibrium adsorption layer 
[7]. It is clear that stable emulsion droplets, 
with a fully developed electrical double layer, 

will coalesce much less readily than emulsion 
droplets with a lower stability. This explains 
also the similarity between the stability of 
emulsions and the instability of SLMs. 

The considerations just given are based on 
reference points found in the literature with re- 
spect to emulsion formation. However, it shows 
that there is still much obscure with regards to 
the mechanism of emulsion formation and the 
rate of coalescence. For that reason it is impos- 
sible at this moment to formulate and proof the 
hypothesis of emulsion formation at an SLM 
interface more rigorously. 

Final remarks on the degradation mechanism 
Removal of LM-phase will force the menis- 

cus of the LM-phase to withdraw in the pore of 
the support. Water will be filling up the volume 
in the pore (see also Ref. [ 1 ] ). Eventually the 
meniscus of the LM-phase will reorientate and 
be found again at one of the boundaries of the 
membrane. This could occur spontaneously due 
to the fact that there are gradients in pore di- 
ameters in the support. The smallest pores of 
the support are present at the membrane sur- 
face [lo]. 

When spontaneous transport of LM-phase to 
the interface is hindered by bottle necks in the 
pore structure the transport might be pro- 
moted by vibrations of the membrane. Another 
driving force for transport of LM-phase to the 
interface of the membrane could be small pres- 
sure differences over the SLM. The pressure 
differences are “infinitesimal” in the experi- 
ments described here. But it is known [ 111 that 
pressure differences over the membrane as low 
as 0.02 x lo5 Pa can increase instability effects 
of an SLM. When the meniscus of the LM- 
phase contacts again the water phase which 
flows along the membrane, the formation of 
emulsion droplets will continue according to the 
mechanism described above. 
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Conclusions 

The results discussed in this paper show that 
the instability of SLMs does not result from os- 
motic pressure differences or spontaneous 
emulsification, It is clear that the structure of 
the carrier, the salt content and the type of the 
counter ions in the aqueous phase influence 
emulsion stability and SLM instability in par- 
allel fashion. Therefore we propose a mecha- 
nism for the degradation of SLMs in which 
shear induced break away of emulsion droplets 
at the feed interface plays the main role. 

For the development of stable SLMs the 
composition of the LM-phase has to be chosen 
in such a way that it has little capacity for the 
formation of emulsions. Especially the struc- 
ture of the carrier is important. Furthermore 
the instability effects can be diminished by 
varying the composition of the aqueous phases, 
although in practice the boundary conditions 
are determined by the total process occurring 
in the SLM-system. 

Finally the type of experiments studied ex- 
tensively in this paper (in which the removal 
of solvent and carrier is followed by flowing 
identical aqueous phases parallel to the mem- 
brane surface) are very suitable for an investi- 
gation into the influence of the composition of 
the phases on SLM-stability. In this way the 
influence of various parameters on the long 
term permeability of the membranes can be 
predicted using short term experiments. 
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