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Abstract

Aqueous solutions of a commercial sample of hydrophobically modified ethyl hydroxyethyl cellulose (HC,Mw� 100 kg/mol, nonylphe-
nol substitution ca. 1.7 mol%) were studied with respect to their demixing behaviour and flow characteristics. Phase separation temperatures
were measured turbidimetrically and by determining the first discernible macroscopic phase separation. In some cases demixing was also
monitored viscometrically. Phase volume ratios yielded a critical polymer concentration of 1.87 wt.% HC (displaced considerably out of the
minimum of the demixing curve towards higher polymer concentrations) and a lower critical solution temperature of 478C. Model calcula-
tions of the spinodal curve indicate a moderately exothermal heat of mixing. This conclusion is backed by the intrinsic viscosities determined
from 25 to 558C. In thisT-range [h ] falls in a sigmoidal manner to approximately one forth of its value at the lowest temperature (430 ml/g).
In spite of short, stiff chains and high dilution (max. 2.5 wt.% HC) these liquids have a highly developed tendency of shear thinning. Further,
they exhibit an uncommonly large critical excess viscosity and the dependencies of the zero shear viscosities on composition and temperature
show several peculiarities. All these findings and the observed shear induced expansion of the homogenous region by more than 58C are
explained consistently in terms of long-lived clusters between the hydrophobic entities of HC established under equilibrium conditions.
q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hydrophobically modified polymers are attracting
increasing attention because of their unusual rheological
properties and potential industrial applications. Such materi-
als can, for example, be used as improved rheological
modifiers in water based paint formulations, as cosmetic
lotions, skin care products and in enhanced oil recovery
[1,2]. In view of this practical utilisation it appears essential
to understand the physico-chemical behaviour of these
products in aqueous solution.

In the present study we have measured the equilibrium
phase diagram of the system water/hydrophobically modi-
fied ethyl hydroxyethyl cellulose [HC] and performed some
orienting experiments concerning the influence of shear on

the demixing conditions. Viscosities as a function of
composition, temperature and shear rate were determined
and interpreted on the basis of this thermodynamic
information.

2. Experimental

HC was obtained from Akzo Nobel AB, Stenungsund,
Sweden. This product is commercially known as Bermocoll
EHM-100. The chemical structure of the polymer is given in
Fig. 1.

According to the supplier each anhydroglycose unit bears
an average of 1.8 hydroxyethyl groups and 60–70% of these
anhydroglycose units carry a ethyl group. According to the
literature [3] the hydrophobic modification of HC consists in
a nonylphenol substitution of ca. 1.7 mol% and the molecu-
lar weight of the polymer is reported to be 100 kg/mol.
Before its use, the polymer was purified as described in
the literature [3].
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2.1. Cloud points, demixing temperatures and critical
composition

The transmittance of aqueous solutions of HC was
measured as a function of temperature for different concen-
trations at rest and under shear. In both cases a laser beam
(5 mW, He–Ne laser at 632.8 nm) of intensityI0 passes the
solution and the intensityI of the transmitted light is
measured. The apparatus and procedure applied for the
systems at rest have already been described in detail [4].
In the present case the heating was started from 208C, where
all mixtures are homogeneous, and the rate kept constant at
0.258C/min. The rheo-optical device used to investigate
flowing solutions consists in a Searle-type viscometer
where a laser beam monitors the turbidity of the sheared

system; details are again available in the literature [5].
Two characteristic temperaturesT1 and T2 are obtained
from such measurements as demonstrated in Fig. 2, these
data quantify the region within which a system develops its
cloudiness.

SinceT1 and T2 do not yield direct information on the
exact phase separation temperature we have performed
additional experiments and increasedT in increments of
0.18C within the region of interest. In this manner one
obtains Ttp, the lowest temperature at which the system
becomes two phase upon standing. The demixing curve
that can be constructed from the composition dependence
of Ttp must be clearly distinguished from experimental cloud
point curves (based on visual observation) and from theore-
tical cloud point curves (defined in terms of the segregation
of an infinitely small amount of a second phase). The demix-
ing curves determined in the above manner give the
conditions of the first experimentally accessible coexistence
of two macroscopic phases. It goes without saying that this
curve has in the case of polymolecular samples nothing to
do with coexistence curves (binodal lines).

The critical weight fraction of the polymer,wc was
determined by means of the concentration dependence of
phase-volume ratios for incipient demixing, i.e. for the first
discernible macroscopic coexistence of a polymer lean (sol)
and a polymer rich (gel) phase [5]. Polymer solutions with
different compositions were homogenised in the refrigerator
for several days before conveying them to a bath controlled
to ^0.18C. The temperature was then raised stepwise by
0.18C until the segregation of a second phase became
noticeable; after that the system was kept at this temperature
until two clear phases were formed. The time required for
this purpose varied between 4 to 15 days and was longest for
near-critical solutions.Vsol/Vgel values were measured in a
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Fig. 1. Chemical structure of hydrophobically modified ethyl hydroxyethyl cellulose [HC].

Fig. 2. Transmittance (intensity of the light passing the solution divided by
the intensity of the primary beam) of a 0.75 wt.% solution of HC in water as
a function of temperature. The characteristic temperaturesT1 and T2 are
determined by the intersect of the tangent in the point of inflection with the
asymptotes at the highest and at the lowest transmittance.



graduated cylindrical tubes of 0.8 cm diameter and 18 cm
height.

2.2. Capillary viscometry

For dilute solutions (polymer concentration up to
1.5 wt.%) viscosities were measured as function of tempera-
ture using Ubbelohde-type capillary viscometers [6].
Relative viscositieshrel � hsolution=hH2O were calculated
from the flow times. Maximum shear rates varied from
0.01 to 0.2 s21.

2.3. Rotational viscometry

Steady state shear viscosities were measured on a
shear controlled rheometer, (CV-100, Haake, Karlsruhe,
Germany) as a function of temperature (typically from 20
to 608C) and shear rate_g (between 1.0 and 300 s21) using a
concentric cylinder geometry (gap 1.09 mm, inner and outer
radii of 6.955 and 7.500 mm, respectively). The temperature
was typically varied at a rate of 0.58C/min by means of a
Haake thermostat interfaced with a computer. Spreading a
thin layer of oil (Wacker Silicone oil) on the surface of the

solution minimised the evaporation of solvent during the
measurements.

3. Results and discussion

3.1. Thermodynamic behaviour

In order to obtain a more detailed picture of phase separa-
tion, we have in addition to cloud point temperatures (T1 and
T2) and phase separation temperatureTtp also determined the
critical composition of the system. This information was
obtained by means of the volume ratios of the first sizeable
coexisting phases; the evaluation of these data [5] is shown
in Fig. 3.

All thermodynamic results are shown in Fig. 4. A
comparison of the actual demixing conditions, i.e. the real
macroscopic coexistence of two phases, with the turbidi-
metric dataT1 and T2 demonstrates the uncertainty of the
latter information. For very low polymer concentrations a
second phase is already segregated before the system
becomes significantly cloudy. On an increase in concentra-
tion one passes a region within whichT1 coincides
reasonably well with the demixing conditions. Thereafter,
at near critical concentrations, the occurrence of critical
opalescence leads to turbid solutions, which are still homo-
geneous, which means that the phase separation conditions
correspond to very turbid solutions. Another feature that can
be seen from the phase diagram of Fig. 4 is the shift of the
critical composition out of the extremum of the demixing
curve towards higher polymer concentration which is typi-
cal for molecularly uniform samples [7].

For a better understanding of the thermodynamic beha-
viour of the system, we have also performed some model
calculations in terms of the Flory–Huggins equation [8]

DG� RT n1 lnw1 1 n2 lnw2 1 gn1w2f g; �1�
where the Gibbs energy of mixing,DG, is given byni, the
number of moles of the componentsi, wi, their volume
fraction, and the specific interactions quantified by the inter-
action parameter,g. The LCSTs observed with such systems
are generally interpreted as a consequence of unfavourable
entropic contributions due to hydrophobic association,
which get more important with temperature increase.

In terms ofg this situation is described [9] as

g� a

T
1 bT: �2�

Eq. (2) was therefore used first to model the spinodal line
of the present system. To that end, we calculated the equiva-
lent number of polymer segments from the known critical
composition and therefromgc, the critical value of the inter-
action parameter relevant to the critical temperatureTc.
Eq. (2) then yields an interrelation betweena and b
which must be fulfilled to fix the minimum of the spinodal
curve at the critical point. After that the two parameters
were varied conjointly until a spinodal was found which is

M.V. Badiger et al. / Polymer 41 (2000) 1377–1384 1379

Fig. 3. Concentration dependence of log (Vsol/Vgel) for the system H2O/HM
EHEC 100w and the first seizable macroscopic phase separation;Vsol and
Vgel are the volumes of the polymer lean and the polymer rich phase,
respectively. At the critical compositionVsol andVgel become identical.

Fig. 4. Phase diagram of the system H2O/HC 100w. Full squares: first
seizable coexistence of two phases, big circle: critical point, small circles:
T1 (open) andT2 (full). Also indicated is the spinodal line calculated on the
basis of Eq. (3) forA� 0.42 andB� 31024 K21.



situated well inside the demixing curve and agrees in its
shape with theoretical expectation. Despite the fact that
Eq. (2) can meet this condition well, it turned out
inappropriate for the present system since it implies the
occurrence of an endothermal critical temperature immedi-
ately below the present exothermalTc, in contrast to the
experimental observations according to which the solutions
remain homogeneous down to the freezing point of water.

For that reason Eq. (2) was substituted by the following
relation which does not model a change in the heat of
mixing upon a variation of temperature

g� A 1 BT: �3�

The spinodal curve shown in Fig. 4 results forA� 0.42
and B� 31024 K21 and corresponds to a moderately
exothermal system. According to that temperature depen-
dence ofg, the solvent quality should slowly improve upon
cooling until theta conditions would be reached at2178C.
This result is not only consistent with the observed phase
behaviour but also with the thermodynamic effects on the
viscosity noticed with the present polymer/solvent system
as demonstrated in the next section.

3.2. Intrinsic viscosities

One viscometric quantity that reflects the thermodynamic
properties of a solvent in a rather clear-cut manner is the
intrinsic viscosity[h ], i.e. the hydrodynamic specific
volume of an isolated polymer coil. The viscosity of the
solutions,h , and that of the solvent,h s, were measured as
a function of polymer concentrationc2 by means of capillary
viscometry and evaluated with respect to [h ] according to
Schulz–Blaschke [10].

h 2 hs

c2hs
� h
� �

1 1 kSB
h 2 hs

hs

� �
: �4�

The temperature dependence of the intrinsic viscosity,
displayed in Fig. 5, does not exhibit a maximum; there is
no indication of a change in the heat of mixing. The polymer
molecules are considerably expanded at lowT and shrink
upon heating by a factor of almost five. This behaviour is
due to an increasing extent of intramolecular clustering of
segments, resulting from the decreasing solvent power, and
can be followed beyondTc as long as the dilute solutions
required for the determination of [h ] remain homogeneous.
In agreement with the experimental experience this reduc-
tion in the intrinsic viscosities corresponds to an increase in
the intermolecular hydrodynamic interaction as discernible
in kSB [11]. It is worthwhile to mention that this parameter
results abnormally high for the present polymer and
increases from 3.6 to 7.3 asT is raised.

3.3. Flow curves

Aqueous solutions of HC become shear thinning within
the normally applied shear rates, which are already at high
dilution despite the comparatively low molar massM of this
polymer. For instance, for 1 wt.% and at 258C this effect sets
in at approximately 10 s21. In view of the low M,
pronounced chain stiffness and high dilution this behaviour
cannot be attributed to entanglements. This assessment is
supported by the shape of the shear rate dependenth , which
cannot be described along the usual lines. Such curves, Fig. 6
gives an example for a solution with critical composition
and different temperatures, were therefore represented by
the following empirical formula [12]

h � h0

1 1 k _gn
ÿ � ; �5�

wherek andn are constants.
The above relation models the experimental data very

accurately and gives access to zero shear viscosities for
higher polymer concentrations where direct measurements
become difficult. The exponentn was found to vary between
2/3 and 1/2. A common analysis of all data demonstrates the
impossibility to construct a master curve by merely shifting
the axis, in contrast to the situation encountered with
systems for which shear thinning results from entangle-
ments. This finding implies that the usual proportionality
between the zero shear viscosities and the characteristic
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Fig. 5. Temperature dependence of the intrinsic viscosity of HC in water;
the critical temperature is indicated by the broken vertical line.

Fig. 6. Shear rate dependence of the viscosity for a 1.86 wt.% aqueous
solution of HC at the different indicated temperatures. The curves are
calculated according to Eq. (5).



viscometric relaxation times [13] is lacking for the present
system.

The above mentioned differences in the flow behaviour
become plausible if one takes the unlike molecular mechan-
isms underlying shear thinning into consideration. For the
present system, the observed reduction ofh as _g rises is
attributed to a disruption of intersegmental clusters between
favourably interacting parts of the polymer backbone (in
particular between the hydrophobic entities) which are
formed under equilibrium conditions and can be destroyed
by sufficiently high shear rates. This assessment is backed
by different types of investigations performed with copoly-
mers. NMR experiments [14] have provided evidence for
the existence of long-lived intersegmental clusters and shear
influences [15] on the phase separation observed with
homopolymer/copolymer blends could be explained theore-
tically [16] in terms of a destruction of the intersegmental
clusters established in the stagnant systems (quasi-chemical
equilibria). Along these lines the absence of a master curve
becomes conceivable as a result of the complicated

superposition of normal temperature effects and contribu-
tions of thermodynamically induced changes in the number
and average life time of intersegmental clusters acting as
temporary physical cross-links.

3.4. Zero shear viscosities

The influence of polymer concentration onh0 is shown in
Fig. 7 for two temperatures; to ease discussion, composi-
tions are also shown in terms of~c� c2[h ], the degree of
coil-overlap. For a given composition of the mixture,~c still
varies via[h ], i.e. depends on temperature. For instance, at
258C under favourable thermodynamic conditions one
requires 2.3 mg of polymer to fill 1 ml of the solution
with coils, whereas 11.3 mg are necessary at 558C, where
the solvent quality does no longer suffice to keep the
mixture homogeneous over the entire range of composition
and the isolated coils are much tinier.

At very low concentrations, in the region of pair interac-
tion, the present system behaves normal, i.e. the limiting
slope of lnh versusc2 for high dilution is given by[h ].
The extra contributions toh0, superimposed to the general
trend ofh(wHC) in the composition range centred around
~c458C < 2, are attributed to the thermodynamic preference of
different parts of the polymer chains leading to formation of
soft, physically cross-linked microgels. The observation that
the viscosity increase becomes less pronounced again as one
approaches the critical composition is tentatively explained
by the fact that these long-lived clusters increase in number
and size so that they fill larger shares of the available
volume. Under such circumstances the lower viscosity
parts of a locally inhomogeneous system tend to dominate
the dissipation of energy and to encapsulate the less readily
flowing parts [17]. Such a situation should slow down the
increase inh as the polymer concentration rises.

How the zero shear viscosity changes with temperature is
demonstrated for different polymer concentrations in Fig. 8.
Far from Tc, up to approximately 358C, the behaviour is
typical for polymer solutions andE±, the activation energy
of flow at constant shear rate, amounts to approximately
20 kJ/mol. At higher temperatures the solvent quality dete-
riorates considerably and the polymer coils shrink markedly
as shown in Fig. 5 in terms of the intrinsic viscosities. This
situation, plus the fact that intramolecular contributions gain
importance over intermolecular ones, lead to a further
reduction inh0, which corresponds to higherE± values
ranging up to 70 kJ/mol. With the present system it is pos-
sible to perform reproducible measurements well into the
two-phase regime. These data reveal an extra reduction inh
which accelerates as the distance to the demixing tempera-
ture increases. In accord with the reasoning of the last
section concerning the encapsulation of highly viscous
parts of a locally inhomogeneous system it can be concluded
that these data essentially refer to the less viscous coexisting
matrix phase. For approximately critical compositions one
observes an additional effect, namely an increase in
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Fig. 7. Zero shear viscosity as a function of the weight fraction of HC for
258C; some data for 458C (open symbols) are also indicated. The upper
abscissa gives the composition in terms of the degree of coil-overlap
~c� c2 [h ] at 458C.

Fig. 8. Zero shear viscosity as a function of temperature for different weight
fractions of HC. The arrows shown for the two highest polymer concentra-
tions indicateT1 andT2 (cf. Fig. 2); also marked isTtp, the lowest tempera-
ture at which two macroscopically coexisting phases can be observed in the
quiescent state.



viscosity due to critical fluctuations. This phenomenon is
discussed in more detail below.

3.5. Viscosity and phase separation

How the viscosity diminishes as one increasesT and
approaches the critical temperature can be seen from Fig. 9
for a constant shear rate of 1 s21. In order to make special
effects resulting from the particular thermodynamic situa-
tion visible,h (T) is normalised to the viscosity observed at
sufficient distance toTc (in the present case 10.4 K) and
plotted as a function ofT 2 Tc. As a result of the small
T-interval under consideration, Arrhenius behaviour corre-
sponds in good approximation to straight lines.

The present evaluation demonstrates that the normal
decrease in viscosity upon an increase inT comes to a
halt in the case of near-critical composition of the solutions
as the distance toTc diminishes. This effect, which results
from critical fluctuations can even lead to an increase inh

upon an augmentation ofT, as has been demonstrated for
ordinary polymer/solvent systems exhibiting LCSTs [18].
With the aqueous solutions of HC of present interest,
however, the effects are much more pronounced than
usual as shown in Fig. 9. Very probably the occurrence of
an uncommonly large thermodynamically induced extra
dissipation of energy, indicated by arrows in this graph,
can again be rationalized on the basis of long-lived inter-
segmental clusters. In terms of zero shear viscosities these
critical contributions would be even more pronounced than
for the present shear rate of 1 s21, where solutions of higher
polymer concentration become already shear thinning as
one approaches the critical temperature.

From the temperature dependence of the viscosity it is not
only possible to notice precursors of the phases that coexist
in the demixed state of the system via critical fluctuations
but also the entrance into the two-phase regime as demon-
strated by the following two graphs. At low shear rates the
demixing temperatureTtp manifests itself as a minimum in
h(T) (Fig. 10). The fact that this curve is rather flat does,
however, not permit an exact viscometric determination of
the phase separation conditions.

A common evaluation of the entire information obtained
with a given solutions for different shear rates yields further
and probably more precise evidence of demixing, as demon-
strated for the data of Fig. 10. Takingh1/h100, the ratio of
the viscosities at 1 and 100 s21, respectively, as a measure of
the sensitivity towards shear thinning and plotting the loga-
rithm of this value as a function of temperature yields the
picture shown in Fig. 11.

The curve of the above graph falls into two clearly
separable parts. Without further information it is hard to
rationalize in detail why these branches look like they do.
The increase inh1/h100 asT is raised, starting from room
temperature, is in agreement with the formation of larger
intersegmental aggregates (deterioration of solvent quality)
which can be destroyed by shear. Under these conditionsh1

is identical with the zero shear viscosity andh100 moves
deeper into the shear-thinning regime. For the reduction
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Fig. 9. Variation of the viscosity for aqueous solutions of HC of near-
critical compositions withT–Tc the distance to the critical temperature
for a given shear rate of 1 s21, normalized to the viscosity atTc 2 10.4.
Also shown are literature data [18] for the critical composition of the
system orthotrimethylformiate/acetone/polystyrene (215 kg/mol). Arrows
indicate the effects resulting from critical fluctuations.

Fig. 10. Temperature dependence of the viscosity of a 2 wt.% aqueous
solution of HC at different shear rates. The arrows indicate theT1 andT2

(cf. Fig. 2) values observed for the stagnant system; also marked isTtp, the
lowest temperature at which two macroscopically coexisting phases can be
observed in the quiescent state.

Fig. 11. Susceptibility of a 2 wt.% aqueous solution of HC towards shear
thinning in terms ofh1/h100, the ratio of the viscosities at 1 and 100 s21,
read from Fig. 10, as a function of temperature. The discontinuity in the
curve is interpreted as the segregation of a second phase.



observed asT is increased beyond 308C the situation
becomes more complex as not onlyh100 but alsoh1 are
now located on the non-Newtonian part of the flow curve.
The discontinuity upon surpassing the phase separation
temperature is attributed to a change in the mechanism of
shear thinning. On the high temperature side this effect is no
longer due to the destruction of intersegmental clusters but
to the deformation of the droplets of the suspended phase in
the shear field [19]. This discontinuity in lnh1/h100 versusT
should consequently offer a possibility to determine demix-
ing temperatures. The fact that the thus obtained value
results markedly lower thanT1 measured for 100 s21 (cf.
Fig. 12) at a comparable polymer concentration is in agree-
ment with earlier findings according to which viscosity
monitors changes in the phase state earlier than turbidity
[20].

3.6. Shear influences on demixing

For ordinary polymer solutions it is well-established [5]
that the phase separation of the flowing mixtures may differ
considerably from equilibrium behaviour at shear rates
above several hundred per second if the molar mass of the
solute exceeds a few hundred kg/mol. In order to obtain
some first information on the behaviour of the present
system, orienting experiments were performed for a
1.5 wt.% solution of HC in water. The results shown in
Fig. 12 indicate that the amphiphilic nature of this polymer
again results in some peculiarities: despite its comparatively
low molar mass one observes a pronounced extension of the
homogeneous state by shear, even at shear rates below 2 s21.

Again the destruction of intersegmental clusters (result-
ing from favourable interactions between the hydrophobic
sites of the monomeric units) formed under equilibrium
conditions by shear offers an explanation for this finding.
This approach [16] dealing with the phase separation of
flowing blends consisting of a homopolymer A and a
random copolymer of A and B units, starts from the exis-
tence of long-lived B-cluster under equilibrium conditions.
These entities can be destroyed by shear and lead to the

storage of energy in the flowing systems which modifies
the Gibbs energy of mixing and consequently influences
the phase separation behaviour. In this treatment of the
phase separation of flowing systems as a near-equilibrium
process the sign of shear effects depends on the curvature of
the stored energy as a function of concentration [21]. Posi-
tive values lead to shear induced demixing and negative
values to shear induced mixing. The already mentioned
model calculation for copolymer blends yield positive
curvatures for low concentrations of the cluster forming
species. The expansion of the homogeneous state by shear
observed for aqueous solutions of HC are for this reason in
qualitative accord with that approach. Quantitative calcula-
tions are, however, required to check the validity of these
considerations in more detail.

4. Conclusions

The phase diagram of the system H2O/HC 100w does not
exhibit uncommon features. Due to the non-uniformity of
the polymer, the critical point is shifted out of the minimum
of the demixing curve towards higher polymer concentra-
tions. Model calculations of the spinodal line and the
measured temperature dependence of the intrinsic viscosity
indicate slightly exothermal heats of mixing within the
entire T-range. A comparison ofTtp (lowest temperatures
for the macroscopic coexistence of two phases) withT1

(onset of turbidity) andT2 (fully developed turbidity)
demonstrates thatT1 is a good estimate ofTtp up to ca.
0.5wc only, whereasTtp is situated approximately half-way
betweenT1 andT2 in the vicinity of the critical composition.

The rheological behaviour of aqueous solutions of HC
100w exhibits several particularities. Most obvious is the
pronounced shear thinning despite the comparatively low
molar mass of the polymer, even at high dilution and at
low shear rates. This performance is attributed to long-
lived intersegmental clusters (between the hydrophobic
entities of the polymer backbone) forming under sufficiently
unfavourable thermodynamic conditions in the quiescent
state. As a result of the complex influences of temperature
it turned out impossible to construct a master curve for
h (T, _g). The present system also exhibits some extra effects
in the temperature and composition dependence of the zero
shear viscosity. The effects can again be traced back to
clusters that lead to temporary physical cross-links. These
entities manifest themselves in an extraordinarily large
excess viscosity, which—in the case of approximately
critical composition—contribute up to 30% of the total
viscosity as one approachesTc. The segregation of a second
phase can be seen rheologically in various ways. According
to the present results the extent of shear thinning as a func-
tion of temperature monitors demixing best.

The last paragraph has briefly recalled how the thermo-
dynamic situation influences the flow characteristics.
Conversely flow does also induce changes in the phase
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Fig. 12. Influence of shear rate onT1 (onset of turbidity, cf. Fig. 2) measured
in the rheo-optical apparatus for a 1.5 wt.% aqueous solution of HC; also
indicated isT1equil., the value for the stagnant system.



diagram. According to the present orienting experiments
_g < 50 s21 suffices to expand the homogeneous region by
approximately 58C. This finding can be rationalized—like
all the other observations—in terms of intersegmental clus-
ters. Their destruction by shear leads to the storage of
energy in the flowing system and thus modifies the Gibbs
energy of mixing.
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