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Abstract: The properties of the system EHEC/SDS/water in solution show
considerable time dependence during several hours after preparation. The
paper discusses various reasons for this time dependence. Similar time depen-
dence in polymer solutions has been observed elsewhere. It is found that
although the system properties vary, a true equilibrium is finally attained for all
compositions. The most pronounced time dependence is shown in a region
close to and above the CMC of a pure surfactant solution and for polymer
concentrations at least equal to the critical overlap concentration. It is pro-
posed that part of the explanation resides in the fact that in the solution
preparation there appears intermediate states corresponding to high local
polymer concentrations. Some quantitative aspects of the time dependence are
also discussed.
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Introduction

Recent investigations on the interaction
between low molecular weight anionic surfactants
and polymers in water solution, in particular the
system ethylhydroxyethyl cellulose (EHEC)/
sodium dodecylsulphate (SDS)/water [1, 2], have
indicated a very complex behavior. The properties
of the EHEC/SDS/water system depend on the
concentration of the surfactant as well as on that
of the polymer in a very sensitive way which
indicates clustering of the surfactant to the poly-
mer backbone in the dilute polymer regime. For
higher polymer concentrations intermolecular in-
teraction between the polymer molecules become
pronounced and there are signs of aggregation
and even of gel formation.

Obviously, the properties of such a system
could depend on its prehistory, especially if meta-
stable states are being formed. However, extensive
investigations presented here support the view
that a true equilibrium is attained by a time-
dependent process that may extend over several
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hours. Already at an early stage of our investiga-
tions of the system EHEC/SDS/water experi-
ments indicated [1] that the system properties, for
instance the viscosity, were strongly time depen-
dent and ample time had to be allowed for the
system to attain stable (equilibrium) properties.
Some possible explanations were also presented
based on the fact that in the solution preparation
the composition change was such that states with
considerable intermolecular interaction had to be
“passed” before the final state was reached. Very
precise surface tension studies performed in this
laboratory by Nahringbauer [3] according to the
pending drop technique support the view that
considerable molecular changes take place in the
SDS/EHEC/water system over a time scale com-
parable to the one we have observed. It was even
possible for Nahringbauer to indicate changes
that very likely refer to conformational rearrange-
ments. The time scale of these rearrangements
was of the same order of magnitude as other
rearrangements observed in polymers on
surfaces.
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The previous publication [1] discusses equilib-
rium properties of the system SDS/EHEC/water.
Some time-dependent effects have earlier been
described for the dissolution process of EHEC in
water [4]. However, in the characterization of
EHEC and its interaction with certain additives in
solution no such effects were described earlier
[2, 5, 6]. Nevertheless, such effects seem to play
a role in most systems where amphiphilic systems
interact with a polymer, although the effect can be
more or less pronounced.

Recently, time-dependent effects of a similar
nature have been discussed for other important
polymer systems [7, 8].

The present paper aims at a more extensive
discussion of the origin of the time-dependent
effects observed in the hydrodynamic studies.
Three issues might thereby identified: a) to find
unambiguous schemes to prepare well defined
solutions showing equilibrium properties; b) to

establish whether or not long lived metastable -

states are present, and if so, their relation to true
equilibrium; c) to try to gain further insight into
the system properties by a detailed investigation
of the time evolution of system properties. Obvi-
ously, long-lived initial non-equilibrium proper-
ties of the type observed could be of practical
importance.

Experimental

Ethyl hydroxyethyl cellulose (EHEC, fraction
CST-103) with a weight average molecular weight
(M,,) of approximately 480 000 was obtained from
Berol Kemi AB, Stenungsund, Sweden. The cloud
point (CP) of aqueous EHEC solutions was deter-
mined by visual observation in glass tubes and
taken as the temperature when the last visible sign
of clouding in the solution disappeared upon
cooling. The CP of EHEC/CST-103 was observed
in the interval 28-37° depending on the polymer
concentration (see Fig. 1). If SDS is added to
aqueous, salt free EHEC-solutions the CP is
raised (see Fig. 2). Both these observations (Figs.
1 and 2) can be explained as effects of the hydro-
phobic properties of the system and their changes
with polymer and additive concentration.

Time-dependent viscosity effects have also been
found in some other EHEC/SDS/water systems
for fractions with low CP (approx. 30-40°C) but
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Fig. 1. Cloud point as a function of the EHEC concentration
in the absence of SDS
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Fig. 2. Cloud point versus the total SDS concentration for
0.20% EHEC/water solutions

not found in other fractions with a high CP (ap-
prox. 60-80°C) [9]. This fact indicated that the
mechanism which is operating in the system is
closely related to phase separation (or its incipient
stage) and to the hydrophobic/hydrophilic bal-
ance in the system, cf. Figs. 1 and 2 concerning the
cloud point variation.
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The procedure adopted to make an EHEC
stock solution is described in a previous paper
[1]. According to the manufacturer’s recommen-
dation [10] the stock solution was tested for
degradation due to hydrolysis or action of micro-
organisms by measuring the viscosity at regular
intervals (every second month). Analytical grade
sodium dodecyl sulphate (SDS), supplied from
Merck, was used without further purification.
Both conductometric and surface tension
measurements on the SDS/water system at 20°C
gave very smooth curves with a clear cut CMC
breakpoint at 8.2 mM. The experiments were per-
formed at pH ~ 7 where SDS is stable [11].
Doubly distilled and filtered water was used as
solvent in all experiments. All solutions were pre-
pared by weight. EHEC and SDS concentrations
are expressed in percent by weight (with good
precision equal to grams per 100 ml; the corres-
ponding concentration expressed as grams per ml
is denoted ¢p) and moles per kilogram of solvent
(molal) respectively. For higher accuracy the
following formula for the density variation
of a water solution of EHEC and SDS can be
used.

p=po+acp+ b [SDS] )

Here, p is the solution density, p, is the density of
water, a and b are experimental parameters (den-
sity increments), and c¢p is the polymer (EHEC)
concentration. [SDS] is the surfactant concentra-
tion. The density determinations were performed
in a digital densitometer DMA O2C Anton Paar
K.G. [12]. The following values apply: At 20°C
a=1030582, b=44405-10"2gem *M™!; at
30°C a = 0.56463,h = 4.8410-10"2gcm ™ > M ™1,

Solutions are normally prepared by mixing
stock solutions — one containing EHEC in water
and one containing SDS in water. A three com-
ponent solution of given overall composition can
be prepared from different concentrations of such
stock solutions and by varying the order of
mixing. However, different procedures lead to dif-
ferent initial viscosities and to a different time
development towards the equilibrium value. This
was observed early in our investigation and to
avoid ambiguity the mixing order and stock solu-
tion concentration were standardized in our pre-
vious work [1]. To the appropriately diluted SDS
stock solution a smaller volume of a concentrated
(1.5% w/w) stock solution of EHEC was added,

volumes and concentrations being selected to
achieve the desired overall composition.

In the previous work all solutions were allowed
to stand for about 12 h to make sure they had
attained equilibrium. In the present paper, on the
other hand, the dynamic process to attain equilib-
rium is studied and measurements have to be
started very soon after solution preparation. The
EHEC and SDS stock solutions and the doubly
distilled water used for solution preparation were
thermostated for about 14 h before mixing. The
solution was transferred to the viscometer im-
mediately after mixing. The starting time (t = 0)
was taken to be the time when the EHEC solution
was added to the diluted SDS-solution. Before
any viscosity measurement could be performed
a couple of minutes necessarily passed due to
i) the need to mix the solutions, and ii) the time it
takes for the liquid to flow through the visco-
meter. This time delay is sufficiently long to only
allow measurements to be performed on the
decaying part of the schematic curve in Fig. 12.
The value #(0), discussed later in connection with
Eq. (4), has been obtained by extrapolation from
this decaying part of the #(f)-curve.

Results will also be reported on the reversed
mixing order, i.e., the EHEC stock solution ap-
propriately diluted in water and concentrated
(0.1 molal) SDS solution added as the last com-
ponent into the solution. Similar results are ob-
tained for solutions prepared by mixing three
component solutions of various initial composi-
tions.

The viscosity measurements were carried out in
ordinary Ostwald capillary viscometers (approx.
solvent flow time 100 s). Results are reported in
terms of the dimensionless ratio y = n(t)/4(0) =
Nee1(t)/M:1(0), where n(t) denotes the viscosity (or
rather the viscometer flow time) at time ¢ after
solution mixing (see above) and #,., the relative
viscosity with respect to solvent or some standard
solution, see below. In some data presentations
the results have been converted to reduced specific
viscosities #,,(t)/c, where for simplicity ¢ = cp and
Nsp(t) is defined by

Nsp() = @) — n:1/m: 2

and #, is the viscosity of an SDS solution of the
same composition.

All viscosity experiments were performed in
a thermostated water bath. The data in this paper
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are obtained at 20 °C except for a few cases where
the temperature was set to 30 °C, i.e. close to the
CP of the EHEC fraction. Solutions allowed to
attain time equilibrium were tested for possible
non-Newtonian behavior over the entire com-
position range at 20°C. However, up to
cp = 0.4% no such effect could be detected.

Experimental observations and results

One of the most conspicuous properties of the
system EHEC/SDS/water in a temperature range
below the cloud point is the strong viscosity max-
imum [1] (cf. Fig. 3) developed in an interval of
the SDS concentration slightly below the normal
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Fig. 3. Viscosity results at 20°C based on the primary data
in Fig. 6. #,,/c as a function of the total SDS concentration at
four different times after mixing of the EHEC/SDS/water
solutions. The EHEC concentration (c) is 0.20% and CMC
for the SDS/water system is indicated. --- @ t = 0 min,
--O--t = 5min, ---W-~ t = 30 min, —%— ¢t = o0 min

CMC point for SDS in water ([SDS]eme =
8.2mM at 20°C, [11]). The present paper will
deal almost exclusively with the time dependent
effects observed for the viscosity measurements in
an [SDS] interval from 0 to 14 mM, ie. well
below and above the normal CMC. It should then
be recalled [1] that a viscosity increase with in-
creasing [SDS] for constant polymer concentra-
tion, cp, is only observed if ¢p > ¢y, Where
Corit = 0.0015 g/ml at 20°C for EHEC fraction
CST-103 used in this study. The polymer concen-
tration corresponding to beginning of coil overlap
is according to [1] for the same EHEC fraction
given by c¢* =~ 1/[n] =0.0023 g/ml. The close
agreement between ¢ and ¢* indicates that the
viscosity increase is connected with interpolymer
interactions, possibly through SDS clusters

"[13-18]. An increase in temperature towards the

cloud point makes the effects observed even more
pronounced (cf. Fig. 4).

A number of papers have described various
aspects of surfactant/polymer interaction in solu-
tion [19-22] from a general physico-chemical
point of view, but there has been no mention of
any type of time dependence of solution proper-
ties. Furthermore, there is a general tendency for
cluster formation in this interaction [13-18]
which, according to our interpretation [1], is res-
ponsible for the pronounced viscosity effects ob-
served.

The interpolymer interaction may extend over
considerable distances in solution if ¢p is high
enough. The interaction is enhanced by the pres-
ence of SDS, possibly by the formation of clusters
that may constitute tie points in three-dimen-
sional network aggregates. Such “interaction ag-
gregates” could be long lived. If this is the case the
behavior of solutions becomes critically depen-
dent upon the procedure adopted for their pre-
paration. If, for instance, a composition [SDS] >
[SDS ] pax (Where [SDS],,.« denotes the concentra-
tion corresponding to viscosity maximum) should
be achieved, the mixing of one solution containing
only EHEC with one containing only SDS must
ultimately “pass” the intermediate composition
corresponding to the viscosity maximum. Thus,
long-lived “interaction aggregates” may form and
one has to wait for them to disintegrate before
equilibrium is reached.

The experiments have agreed qualitatively with
this picture. It has been observed that in certain
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Fig. 4. Viscosity results at 30 °C based on the primary data
in Fig. 7. y,/c versus the total SDS concentration at different
times after mixing of the solutions. The EHEC concentration
(c) is 0.20% and CMC for the SDS/water system is indicated.
<@ t=0 min, ~O-- t=5 M- t =30 min, —x—
t= co min

composition regions a blurring of the solutions
resembling phase separation sometimes occurs. If
the above interpretation is correct the micro-
scopic composition of the solution could vary
considerably from point to point and those parts
corresponding to the viscosity maximum would
dominate the hydrodynamic properties.
Assuming that this interpretation is correct,
certain features of the viscosity behavior could be
anticipated. One would be that the viscosity time
dependence should depend strongly on composi-
tion, this dependence being most pronounced for
those compositions that correspond to an [SDS]
value somewhat higher than the viscosity max-
imum. A second feature would be that during the
approach to equilibrium the viscosity would
never attain a value higher than the maximum for
the equilibrium situation corresponding to some
intermediate polymer and SDS composition.

A third feature would be that if the initial solu-
tions from which the final solution is prepared are
varied, at least the amplitude of the time depen-
dence could be expected to change. For instance,
mixing two solutions both with compositions on
the high [SDS] side of the maximum should give
a decreased time dependence. The time depen-
dence should likewise be reduced if first the
EHEC/water system is diluted and then SDS is
added (cf. Fig. 5). All these features are compatible
with the experimental observations.

An important question is if the analytical form
of the time dependence can be reconciled with
a specific physical model, possibly allowing rate
constant estimates to be extracted from the
numerical analysis.

Figure 6 gives the primary data for the time
dependence of the viscosity ratio y = n(t)/n(0) at
20°C for a set of SDS concentrations already
shown in Fig. 3. The general feature of the y(1)-
curves in Fig. 6 with a steep drop at short times
followed by a flattening out to an asymptotic
constant value for long times is common to all
experiments. However, the “amplitude” of the
drop varies with the conditions of the experiment.
A more detailed analysis of the y(¢)-curves is
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Fig. 5. Viscosity ratio, #,¢(t)/%:.1(0), as a function of time for
two 0.20% EHEC/8 mm SDS/water solutions with different
order of mixing of the components at 20°C. O 1) EHEC, 2)
water, 3) SDS, @ 1) SDS, 2) water, 3) EHEC. (1-3 indicates
the order of adding each component)
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Fig 6. Hydrodynamic (viscosity) time dependence at 20°C in
the EHEC/SDS/water system presented as the viscosity ratio
Nre1(t)/Mre1(0) as a function of time for the following composi-
tions: [0 0.20% EHEC + 1 mm SDS, ® 0.20% EHEC +
4mm SDS, A 0.20% EHEC+ 5mm SDS, x 0.20%
EHEC + 6mm SDS, B 020% EHEC+ 8mm SDS,
O 0.20% EHEC + 14mm SDS

presented in section “Approach to equilibrium
quantification” below. To get a “spectral” resolu-
tion of the time dependence along the [SDS]-axis,
Fig. 6 has been used to construct Fig. 3, where
y-values also have been transformed to reduced
viscosity, #,(t)/c, according to relation (3). At
finite polymer concentrations the reduced viscos-
ity can be written, if normal polymer theory ap-
plies,

”sp(t)/c =f(t)
= [#], + (interpolymer interactions), ,

3)

where ¢ = c¢p and index ¢ indicates the time de-
pendence. If expression (3) is assumed to apply
even in a non-equilibrium situation and in the
presence of SDS, the experimentally accessible
quantity f(¢) will give the time variation of the
sum of the hydrodynamic coil volume and the
interpolymer interaction. OQur previous results
[1] have shown that at the position of the
viscosity maximum the equilibrium value of [#]
passes through a minimum and the interpolymer
interaction through a maximum. The numerical

variation of the interaction coefficient is almost
twice as large as the variation of [n]. Further-
more, the interaction term is strongly dependent
on the polymer concentration c. Inhomogeneities
in the solution with ¢ much larger than the aver-
age might therefore contribute to the overall vis-
cosity with very large interaction terms. The life
time of these inhomogeneities would then deter-
mine the change in viscosity with time, It is clear
from Fig. 6 that at least during the first 30 min
there is a considerable time dependence in f (¢) for
[SDS] > [SDS]ax (Where [SDS],,., denotes the
concentration corresponding to viscosity max-
imum). For [SDS] < [SDS],.x no time depen-
dence could be observed at 20 °C. It could also be
noted that the maximum in the time dependence
corresponds to the normal CMC for SDS (see
Fig. 3).

If the same experiments are repeated at 30°C,
which is close to the cloud point, one obtains very
similar curves (see Figs. 4 and 7). A few obser-
vations could be made directly, however. The time
dependence of the reduced viscosity is even more
pronounced and seems to cover a somewhat
broader [SDS] interval. Furthermore, the strong
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Fig. 7. Hydrodynamic (viscosity) time dependence at 30 °C.
Viscosity ratio, #;e1(¢)/#:1(0), as a function of time for the
following compositions: [1 0.20% EHEC + 2mm SDS,
® 0.20% EHEC + 3mm SDS, A 0.20% EHEC + 5mm
SDS, B 020% EHEC+8mm SDS, O 020%
EHEC + 12mm SDS



344 Colloid and Polymer Science, Vol. 272 - No. 3 (1994)
1,0 3000
0,8 2500 1
g
°
£ g6 2000
H
< S
E
0s g 150
w
=3
1000 -
02+

1500 2000 2500 3000 3500

Time (min)

T T
0 500 1000

Fig. 8. Viscosity ratio, f(t)/7,a(0), for 8 mm SDS/water
solutions with different EHEC-concentrations at 20°C as
a function of time. @ 0.05% EHEC + 8mm SDS, H 0.10%
EHEC + 8mm SDS, A 020% EHEC + 8mm SDS,
O 0.25% EHEC + 8mm SDS, x 0.30% EHEC + 8mm SDS,
O 0.32% EHEC + 8mm SDS

time dependence occurs for [SDS]-values where
even in the equilibrium situation at elevated tem-
peratures the reduced viscosity shows a second
maximum [23]. The first equilibrium viscosity
maximum is more narrow. There is also a slight
time dependence for low values of [SDS]. Here,
the system is very close to CP. Finally, the y(t)-
curves in Fig. 7 seem to have a more extended
decay, especially for those corresponding to the
[SDS] values 8 and 12 mM.

The results in Figs. 3, 4, 6, 7 have been obtained
for a constant polymer concentration of
¢p = 0.20%. Since the polymer interaction effect is
very strong the variation of #,,(t)/c with time has
been determined as a function of polymer concen-
tration up to ¢p = 0.32% and for [SDS] equal to
5, 8, and 14 mM, respectively. The basic data are
given in terms of y = #,1(t)/1:c1(0). The results are
collected in Figs. 8-11.

Figure 9 corresponds to [SDS] = 5 mM, which
is close to the position of the equilibrium viscosity
maximum and #,(t)/c increases very steeply for
cp > 0.2%. Furthermore, the steeper the curve the
less becomes the time dependence. This result
supports the view that the strong time dependence
of viscosity resides in the formation of long-lived
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Fig. 9. #gp/c for 5 mm SDS/water solutions versus the EHEC
concentration at 20 °C and at different times after mixing of
the solutions. - @ t=0 min, -O-- =5 MW~ =

30 min, —x—t = oo min

aggregates corresponding to, say, ¢p = 0.3% and
[SDS] ~ 5 mM. There is a clear time dependence
also in Figs. 10 and 11, but it decreases with
increasing [SDS] and, for the highest values of cp,
it decreases (Fig. 10, [SDS] = 8 mM) or flattens
out (Fig. 11, [SDS] = 14 mM). These last obser-
vations could be interpreted as a competition be-
tween the hydrophobic groups of the polymer to
interact with themselves as compared to the inter-
action with SDS.

The viscosity evolution

In order to better understand the change in
properties of the system with time, one must
somehow try to envisage the processes involved in
the solution preparation. As already mentioned,
two stock solutions are normally mixed. One (I)
consists of a fairly concentrated (1.5%) EHEC
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Fig. 10. #,,/c for 8mm SDS/water solutions versus the
EHEC concentration at 20°C and at different times after
mixing the solutions. - @-+ t =0 min, --O-- t = 5 min,
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solution. The other (II) is an SDS-solution with
a surfactant content somewhat higher than that of
the final combined solution. The combined solu-
tion will have a strongly increased viscosity, the
more so the higher the content of EHEC.

We now imagine the first step of mixing as
being a droplet of concentrated EHEC (solution I)
being submerged into an SDS solution (solution
II). When SDS begins to penetrate from Il to I the
viscosity increase in I will be very pronounced.
This penetration process is mostly governed by
the diffusion rate of SDS. After some time the
mixing has gone farther in the sense that EHEC
from I has diffused out into II and eventually the
viscosity will begin to drop.

The overall time evolution of the average vis-
cosity of the combined solutions could then in
a qualitative way be described by Fig. 12. The first
step in the mixing might well be dominantly con-
vective. Soon, however, diffusion processes are
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Fig. 11. g/c for 14mm SDS/water solutions versus the
EHEC concentration at 20°C and at different times after
mixing of the solutions.. @ t =0 min, --O- t = 5 min,
-~ t = 30 min, —x— t = o0 min

likely to take over as rate-determining steps. It
should then be observed that in the [SDS] inter-
val investigated, the system properties (viscosity)
are by no means linear functions of composition.
In the initial part of the mixing process part of the
bulk solution must pass through compositions of
high EHEC concentration and with enough SDS
to correspond to viscosities considerably higher
than those of the overall system composition.
Hence, one could expect difficulties in finding
simple interpretations of the time dependence of
system properties in terms of straight forward
diffusion mechanisms. This is due to that para-
meters normally taken as constants in the diffu-
sion expressions will vary with time since they
depend heavily on composition.

The viscosity close to time zero is somewhat
difficult to judge. However, from the consider-
ations above, the viscosity is likely to first
increase rapidly and then pass through a narrow
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Fig. 12. Schematic  viscosity-time  profile in  the
EHEC/SDS/water system. () attains an asymptotic value,
#{c0), when t —» o

maximum during a short initial period. This in-
itial part is normally so fast that it is not picked up
experimentally by capillary viscometry. All vis-
cosity data is thus recorded on the declining part
of the curve in Fig. 12.

Approach to equilibrium quantification

The hydrodynamic measurements provide nu-
merical data for the viscosity, #, as a function of
time, t. In order to try to evaluate these data in
a more quantitative way some relationship has to
be assumed for the decay to equilibrium condi-
tions. The following procedure has proved to be
illuminating.

Let us define the dimensionless quantity y ac-
cording to (cf. the experimental section)

y(@) = n()/n©0) . 4

It must be understood that #(0) is the earliest
experimental value of the viscosity that is access-
ible and is not necessarily the real initial value, if
such a value ever could be defined (cf. the remarks
in section “Experimental”). Obviously, y(0) =1
and when ¢ tends to infinity the experiments have
shown that #(f) and hence y(¢) attain an asymp-
totic value y,, i.e.,

lim y(t) = ya - (5)

1>

Time (min)
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Fig. 13. In « as a function of time for a 0.20% EHEC/8mm
SDS/water solution

Furthermore, all experimental results indicate
a similar time behavior of y(f) although the
asymptotic value y, may differ. Hence, the data
can for comparison purposes be normalized by
defining a quantity, «, according to

a(t) = [y(®) = yal/[1 = yal - (6)

An elementary approach would be to assume
the decay towards equilibrium (x = 0) to be ex-
ponential, i.e., to correspond to ideal dissolution
kinetics. Under these assumptions one may write

a(t) = aexp( — bt) (7
Ing = — bt +1na. (8

When (8) is applied to the experimental data
(see Fig. 13), it is found that this relationship holds
for longer times, whereas the initial part is much
faster. This fact is most likely due to the non linear
dependence of viscosity on concentration as dis-
cussed in the previous section.

In some way these nonlinear effects can be
quantitatively understood from treatments of sim-
ilar problems concerning heat conduction. In [24]
the heat conduction from a sphere in contact with
a well-stirred fluid is discussed. From the expres-
sions given there it is found that if the ratio of the
heat capacity of the fluid to that of the sphere
would change during the process it should lead to
a decay function which is fast at the beginning and
gradually slows down to an exponential decay.
Here, the sphere in a fluid is analogous to a
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droplet of concentrated EHEC solution being im-
mersed into a pure SDS solution. Obviously, it is
difficult to provide an exact theory but the ana-
logous expressions for the heat conduction prob-
lem provides at least a qualitative explanation of
the effects observed.

Various ways of analyzing the data in more
detail have been tried, but no clearcut interpreta-
tion could be reached. Plotting various functions
versus ./t does not give any obvious clue to
a diffusion controlled model. It is found, however,
that the process of attaining equilibrium is highly
reproducible. For instance, a set of curves plotted
according to Eq. (8) show only a small, continu-
ous increase in slope with increasing ¢p for con-
stant [SDS]. Furthermore, the intercepts in such
plots are both reproducible and almost constant.
Characteristic times defining half times for attain-
ing equilibrium are very consistent with the
slopes. This very similar nature shows that it is
basically the same mechanism that governs the
process although the amplitude of the approach
to equilibrium varies considerably (see Fig. 13).

Conclusions

It is found that although the properties of the
system show considerable time dependence a true
equilibrium is finally attained for all composi-
tions. The approach to equilibrium begins with
a rapid initial part followed by a slower and more
extended one. However, the form of the time de-
pendence is almost the same independent of the
“amplitude” of the approach to equilibrium and
the characteristic time constants vary but a little.

The most pronounced time dependence is
shown in a region close to and above the CMC of
the pure surfactant solution and for polymer con-
centrations at least equal to the critical overlap
concentration. These properties of the time de-
pendence can be explained in terms of the equilib-
rium properties when the procedure for solution
preparation is taken into account.

Acknowledgement

The present work has been financially supported by grants
from the Swedish Natural Science Research Council, the
Swedish Research Council for Engineering Sciences, and
Kabi Pharmacia AB, Solna.

References

1. Holmberg C, Nilsson S, Singh SK, Sundeldf L-O (1992)
J Phys Chem 96:871
2. Carlsson A (1989) Nonionic cellulose ethers — Interac-
tions with surfactants, solubility and other aspects. Dis-
sertation, Lund
3. Nahringbauer I (1991) Progr Colloid Polym Sci
84:200
. Jullander I (1957) Ind Eng Chem 49:364
. Manley RSt (1956) Arkiv for Kemi 9:516
. Sonnerskog S (1952) Some ethers of cellulose and starch.
Dissertation, Stockholms Hégskola, Stockholm
7. Dautzenberg H, Linow KJ, Philipp B (1982) Plaste
Kautsch 29:631
8. Higgins JS (1992) 34th IUPAC Int Symposium on Mac-
romolecules, Prague, Results presented during lecture
(Main lecture 2-ML 3)
9. Unpublished preliminary results from our laboratory
10. Bermocoll data from the manufacturer
11. Handbook of Pharmaceutical Excipients (1986) Ameri-
can Pharmaceutical Association, pp 272
12. Kratky O, Leopold H, Stabinger H (1973) In: Hirs CHW,
Timasheff SN (eds) Methods in enzymology. Academic
Press, New York, Vol 27
13. Cabane B, Duplessix R (1980) In: Mittal KL, Fendler EJ
(eds.) Solution behavior of surfactants — Theoretical and
applied aspects (Proc Int Symp). Plenum, New York, pp
661-664 :
14. Cabane B, Duplessix R (1987} J de Physique 48:651
15. Cabane B, Duplessix R (1982) J de Physique 43:1529
16. Winnik FM (1990) Langmuir 6:522
17. Tliopoulus I, Wang TK, Audebert R (1991) Langmuir
7:617
18. Tanaka R, Meadows J, Phillips GO, Williams PA (1990)
Carbohydr Polym 12:443
19. Breuer MM, Robb ID (1952) Chem Ind 13:531
20. Robb ID (1981) In: Lucassen-Reynders EH (ed) Anionic
surfactants — Physical Chemistry of surfactant action.
Marcel Dekker, New York, pp 109-142
21. Goddard ED (1986) Colloids Surf 19:255
22. Nagarajan R, Kalpakei B (1985) In: Dubin P (ed) Micro-
domains in polymer solutions. Plenum Press, New York,
Pp 369-381
23. Holmberg C, Nilsson S, Sundeldéf L-O, Temperature
dependence  of  hydrodynamic  volume  and
surfactant-polymer interaction in solution. The
EHE/SDS/water system. (Manuscript in preparation.}
24. Carslaw HS, Jaeger JC (1959), Conduction of heat in
solids. Clarendon Press, Oxford, pp 240-246

DN b

Received December 21, 1992;
accepted April 5, 1993

Authors’ address:

Prof L.-O. Sundeléf

Physical Pharmaceutical Chemistry
Uppsala University

Uppsala Biomedical Center, P.O. Box 574
75123 Uppsala, Sweden



