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Abstract The phase behavior of 
ternary aqueous solutions of two 
samples of hydroxyethyl cellulose 
(HEC) and oligoethylene glycol 
mono(n-alkyl) ethers CxEy (x: 11; y: 28, 
40) at 25 ~ has been studied above 
the CMC of CxEy. The influence of 
molar mass of HEC and the number 
of ethylene glycol units on the phase 
diagram has been investigated. Both 
binary systems water/HEC and 
water/CxEy are completely miscible. 
The ternary mixture of water/ 
polymer/nonionic surfactant is 
homogeneous if the weight fraction 
of water is larger than 0.93, or else 

it can separate segregatively, i.e., 
HEC is enriched in one phase, 
the surfactant in the other. The 
theoretical description is based on 
an equation for the Gibbs energy 
of mixing which takes polar 
conformations into account. The 
phase diagrams are calculated by 
means of a new method which does 
not require the derivatives of the 
Gibbs energy of mixing. 
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Introduction 

The phase behaviour of ternary mixtures consisting of 
a polymer and a surfactant in water as the common sol- 
vent [1, 2, 3] is of great technical interest. These systems 
are widely used in important fields of application, such as 
adhesives, cosmetics, foodstuffs, paints, pharmaceuticals 
and in emulsion polymerization processes. The use of 
water as a solvent is imposed by ecological considerations. 
Those mixtures are also of fundamental importance in the 
field of colloid and surface science. The phase behavior of 
water/surfactant/oil(n-alkanes) [4] is well known whereas 
only a few data exist for systems with a polymer as third 
component. 

Already a binary solution of a surfactant in water shows 
an intricate phase diagram with multiple phenomena like 
the formation of micelles above the critical micelle concen- 
tration (CMC) and liquid crystalline phases at high concen- 

trations of the surfactant [5]. In practical use mixtures of 
surfactants (ionic and/or nonionic) are often common. 

Combinations of water soluble polymers (derivatives 
of cellulose, poly(vinyl alcohol), poly(vinyl pyrrolidone), 
dextrine, poly acids etc.) and nonionic or ionic surfactants 
(oligoethylene glycol mono(alkyl/aryl) ethers, n-alkyl/aryl 
sulphonates or sulphates etc.) are often used in technical 
applications. Often derivatives of cellulose are employed 
as the polymeric component since cellulose as a natural 
polymer exhibits great ecological advantages. The phase 
behavior of these derivatives in water is studied compre- 
hensively [6, 7]. 

In the literature [8] phase diagrams of water/ethyl 
hydroxyethyl cellulose/oligoethylene glycol mono(n- 
dodecyl) ether are described. The theoretical treatment of 
these aqueous solutions is difficult since not only van der 
Waals interactions [9, 10] but also H-bonds and other 
polar interactions must be taken into account [11]. 
The subject of the present publication is to establish the 
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miscibility behavior of the ternary system water/hydroxy- 
ethyl cellulose/oligoethylene glycol mono(n-alkyl) ether. 
This mixture is a typical example for a ternary aqueous 
solution of a water soluble polymer and a nonionic 
surfactant. 

Experimental section 

Substances 

The polymeric components used and marked as HEC1 
and HEC2 were unfractionated commercial samples of 
hydroxyethyl cellulose with the trade names Tylose H300 
and Tylose H4000 (Hoechst AG, Frankfurt), respectively. 
The nonionic surfactants CxEy were otigoethylene glycol 
mono(n-alkyl) ethers with y around 28 and 40. The num- 
ber of carbon atoms of the alkyl chain has a distribution in 
the range from 9 to 15, the content of C11 is more than 
90%. CxEy were commercial types with a distribution of 
atkyl chains and of ethylene glycol oligomeric chains 
(Emulsogen EPN, Hoechst AG). 

Methods 

All experiments were carried out at 25 ~ Viscosities were 
measured with Ubbelohde capillary viscometers of type 
Micro 1 with a capillary diameter of 0.40 mm. The solu- 
tions of HEC in H 2 0  were prepared a day before use and 
stirred at room temperature. Before the measurements the 
solutions were filtered through 0.45/~m Millipore mem- 
brane filters. The running times were determined with the 
fully automatic apparatus "AVS 300" (both parts were 
supplied by Schott, Mainz, Germany) and, if necessary, 
corrected according to Hagenbach. 

Light-scattering measurements in solutions of the sur- 
factants in water were performed to detect the size of 
micelles above the CMC. We used static and dynamic light 
scattering to detect via correlation function and inverse 
Laplace transformation (Contin) the diffusion coefficient 
and particle size of the micelles as well as an apparent 
molar mass of the micelles via Zimm evaluation [12, 13]. 
An ALV DLS/SLS-5000 laser light scattering goniometer 
equipped with a Thorn-EMI photomultiplier and a single 
mode fiber receiver has been used. The instrument is ca- 
pable of both absolute integrated scattered intensities and 
photon correlation measurements at different scattering 
angles. Toluene was used as a reference for computing the 
Rayleigh ratio. An ALV-800 transputer board and a mul- 
tiple tau digital correlator in fast tau expansion has been 
used for measurements of intensity-time correlation func- 
tions. A frequency doubled Nd-YAG-laser (ADLAS DPY 

32511) operating at a wavelength of 532 nm has been used. 
Necessarily, the refractive index increments (dn/dc) were 
measured using a PKL-DRI  double beam differential re- 
fractometer of polymer laboratories at a wavelength of 
532 nm and 21 ~ 

The observed one- and two-phase regimes of the three 
discussed ternary mixtures have been examined in the 
following way: The chosen concentrations of HEC and 
CxEy were solved in water at 80~ and stirred at this 
temperature for 2 h, then cooled down to room temper- 
ature and after 2 h standing at RT the phase state was 
determined visually. 

Cioud points were determined by titration. Aqueous 
HEC solutions containing up to 5 wt.-% HEC were tit- 
rated with a 20 wt.-% CxEy solution under stirring until 
the first visually detectable turbidity occurred. 

Coexistence experiments were carried out to determine 
tie lines. Different mixtures of H20,  HEC and CxEy , cor- 
responding to points inside the miscibility gap, were pre- 
pared in an Erlenmeyer flask: H 2 0  and HEC were mixed 
first and after several hours of stirring CxEy was added. 
The solutions were stirred at room temperature overnight 
and kept at 25 ~ for several days allowing the system to 
phase separate. Sol and gel were then removed with sy- 
ringe. After evaporation of the solvent in vacuum at 60 ~ 
the H 2 0  content in the coexisting phases was determined 
gravimetrically. C~Ey was extracted from the precipitate 
with a mixture of acetone/H20 2:1. Since acetone is a sol- 
vent for CxEy but not for HEC, it only dissolves the 
surfactant. Water is needed to make HEC swell, since 
otherwise C~Ey cannot separate from HEC. After remov- 
ing the CxEy-solution the swollen solid was dried as 
described above. The content of HEC and CxEy was 
determined gravimetrically. 

Theoretical background 

Karlstr6m [11] described the phase behavior of poly(ethy- 
lene oxide) PEO and water using the Flory-Huggins the- 
ory [14]. In this theoretical approach all substances are 
divided into segments. Their number N can be calculated 
by dividing the molar volume of the component by the 
molar volume of the segment Vs. For  the actual calcu- 
lations Vs is set equal to the molar volume of water. 
KarlstriSm took into consideration that the polymer can 
have different conformers. Two types of states of the poly- 
mer are distinguished, the parameter P gives the probabil- 
ity that a segment is found in one of the states which 
interact more favorably with the solvent (polar conforma- 
tions) and ( 1 -  P) is the probability for the nonpolar 
conformations. In polar solvents like water P increases 
with the content of the solvent. The parameter F is given as 
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the quotient of the probability of nonpolar and polar 
conformations. Karlstrbm calculated a phase diagram 
with a lower critical solution temperature (LCST) of 354 K 
(and a upper critical solution temperature (UCST) of 
867 K). This approach is the basis for the description of 
a ternary solution of a polymer and a surfactant in a com- 
mon solvent [15]. If the concentration regime of interest 
lies far above the critical micelle concentration the number 
of nonmicellized surfactants is very small and they can 
therefore be neglected in the theoretical approach. The 
micelle itself can be treated as a second polymer. The 
Gibbs energy of mixing per mol of segments reads 

AG 
= (,01 r-,02 [ P 2 z 1 2  p -k" (1 - P 2 ) Z I 2 u ~ ]  

RT 

-1- (D1 (P3[P3Z13p -1- (1 - P3)z~_3u] 

-r- (p2(1 - P2){(P2P2Z2p2u -It- (03 [ P 3 Z 2 . a p  

+ (1 - P 3 ) Z 2 u 3 u ] }  

+ ~02P2~o3[P3z2p3p + (1 - P3)z2p~d 

+ (P3 cPgP3(1 - P3)Z3,3p + ~02a(1 - p2)2 Z2u2u2_ 

~3u3u + (p2(1 - p 3 ) 2 ~  - + (pl in cp, 

(,o2 ~3 
+ ~2 In (P2 + ~-~3 in (P3 

+ cP2 {P2 In P2 + (1 -- P2)ln I!l FP2! ]}  

where (p~ is the volume fraction of component i. The index 
1 is used for the solvent (water), 2 for the polymer (HEC), 
3 for the surfactant (CxEy) .  The parameters P and F occur 
for both polymeric substances. 

The values of F2 and F 3 a r e  fixed as 8 [15], P1 and 
P2 are determined by the condition 

A G (P1, P2 ) = min. (2) 

Since the minimum is found by iteration, the normal tools 
of thermodynamics cannot be applied to calculate phase 
diagrams since they require the derivatives of the Gibbs 
energy. The authors of ref. [15] only calculated tie lines 
giving the compositions of the coexisting phases, and so 
the binodal line, connecting the endpoints of all tie lines, 
with the aid of a Monte Carlo technique. 

In this paper, a new method [16, 17] is employed 
which allows the calculation of the spinodal line, i.e., the 

border of the unstable area, and of critical points. The 
method only requires the knowledge of the Gibbs energy 
of mixing, but not its derivatives. For the calculation of tie 
lines, i.e., the composition of the coexisting phases, the 
condition is used that the Gibbs energy of mixing of the 
whole heterogeneous system must be minimum. For the 
determination of the stability of the mixture it is assumed 
that the system demixes into two phases with a composi- 
tion very similar to that of the overall system. This test 
demixing should not be confused with the equilibrium 
situation of a two-phase system. The two new phases are 
not coexisting phases, they are just hypothetical states. For 
each component the volume fractions of the two phases 
differ from the overall value by the same amount, i.e., the 
overall composition is located exactly in the middle of the 
test tie line. One additional parameter is required to de- 
scribe exactly the test demixing since one degree of free- 
dom is left applying the above conditions for ternary 
systems. The value of this parameter can be found numer- 
ically by the condition that AG • the Gibbs energy of the 
overall system consisting of the two test phases, must be 
minimum. If A G • for a given overall composition is lower 
than A G of the homogeneous overall system the mixture is 
unstable, if AG +- is larger the mixture is (meta) stable. For 
A G + - =  0 the overall composition is located on the 
spinodal line. The critical point is defined by the condition 
that the end points of the test tie line must be located on 
the spinodal line. 

Equation (1) contains twelve interaction parameters 
Z~j. The indices 1, 2, and 3 give the interacting compo- 
nents, and the subscripts u and p mark the polar or 
nonpolar conformation of the substance. The interaction 
of segments of the same component in the nonpolar state, 
Z2,2u and Zgu3u, must also be included in order to describe 
the equilibrium between the polar and nonpolar states. 

The temperature dependence of the interaction para- 
meters is assumed to be 

c% (3) 
Zij - R T  

with c% and T being a temperature independent parameter 
and the temperature, respectively. For the determination 
of these interaction parameters we follow the procedure 
described in reference [15]. First the four interaction 
parameters of each binary system solvent/polymer are 
modeled. Therefore the LCST of H20/PEO for the given 
segment number is calculated. Dividing c% for HzO/PEO 
by this LCST and multiplying with the actual LCST gives 
the values for the actual binary mixture. So eight interac- 
tion parameters are fixed by assuming the two LCSTs 
for the binary subsystems. The remaining parameters 
(O2p3p,602u3p,O)2p3u , and CO2u3u are used to model phase 



diagrams or are determined by fitting the binodal line to 
the observed cloud point curve or tie lines, respectively. 
This means that six parameters are required to describe 
the phase diagram. 

Results and discussion 

Solvent 

At the beginning the new calculation procedure [16, 17] 
was checked by recalculating some phase diagrams of ref. 
[15]. Figures 1 and 2 show the results for the ternary 
system II of Fig. 6 of ref. [15]. Interaction parameters are 
given in Table 1. 

The binary system solvent/polymer exhibits a LCST at 
334 K and the mixture solvent/surfactant a LCST at 
320 K, i.e., all subsystems in Figs. 1 and 2 are completely 
miscible, except for solvent/surfactant at 330 K (Fig. 2). 
A closed miscibility gap exists at the lower temperature, 
the tie lines run nearly parallel to the subsystem poly- 
mer/surfactant, i.e., the polymer is enriched in one phase 
and the surfactant in the other. This phenomenon is called 
segregative phase separation [18]. Two critical points are 
found at this temperature. There are some slight deviations 
from Fig. 6a of reference [15]: The authors calculated 
a smaller miscibility gap, the system is homogeneous near 
the corner of the solvent whereas the ternary mixture is 
phase separated according to the actual calculations. The 
determination of the heterogeneous region in reference 
E15] is exclusively based on calculated tie lines. In the 
present Fig. 2 tie lines, spinodal line, and critical points are 
shown. All these results fit well together indicating that the 
actual calculations are correct. At 330 K the subsystem 
solvent/surfactant is demixed and therefore one calculates 
only one critical point. This phase diagram is identical 
with that of Fig. 6b of reference [15]. 

For  the calculation of phase diagrams for the system 
H20/HEC/CxEy the molar masses of the components 
(HEC and the micelles of CxEy) are required. For  this 
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Polymer Surfactant 

Fig. 1 Tie lines (solid lines), spinodal line (full circles), and critical 
points (open squares) for the ternary system of a solvent and two 
polymers of the same segment number Ni = 20000, T = 310 K and 
interaction parameters given in Table 1 

Solvent 

Polymer Surfactant 

Fig. 2 Same graph as Fig. 1 for T = 330 K 

purpose the intrinsic viscosities [r/] of HEC in water have 
been measured as described above. The viscometric results 
are shown as Huggins plots [19] in Fig. 3, Table 2 gives 
the values of It/]. 

The evaluation of intrinsic viscosities and molar mas- 
ses determined by light scattering for HEC in water [20] 

Table 1 Interaction parameters 

(J)12p 
(Dl2u 
O)2p2u 
032u2u 

O)13p 
(D13u 
~0393u 
(D3n3 u 

(D2p3p 
(J)2u3p 
09293u 
092u3u 

H20/PEO Model system H20/HEC/CxE28 H20/HEC/CxE,, o 

650.8 
10654 
6352 

10172 

548.3 
9 590 
5 742 
9 195 

588.3 
9 630 
5 742 
9 195 

0 
5 742 
5 742 
9 195 

6200 
6200 

737.7 
12075 
7 199 

11529 

1106 
18109 
10797 
17 290 

75 

92000 

6 097 
6 097 
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Fig. 3 Huggins plot for hydroxyethyl cellulose in water at 25 ~ 

Table 2 Intrinsic viscosity [tl], molar mass M, density p and number 
of segments N at 25 ~ 

[fl]/mL/g M/kg/mol p/g/cm 3 N 

H20 18.015 10 . 3  0.99707 1 
HEC1 315 157 1.38965 6250 
HEC2 440 229 9120 
CxE28 micelles 51 1.1135 2530 
CxE40 micelles 170 1.1307 8320 

at 25~ yields the following K u h n - M a r k - H o u w i n k -  
equation 

[fl] = 0.00746 mL/g (M/(g/mol)) ~ . (4) 

The molar masses for the two HEC-samples can be cal- 
culated fi'om the intrinsic viscosities, the M-values are 
given in Table 2. 

The properties of CxEy in solution were determined by 
light scattering. The dn/dc-values for CxEy have been meas- 
ured as 0.131 mL/g for CxE28 and 0.132 mL/g for CxEr 
From Zimm-evaluation one can calculate an apparent 
molar mass Mw of the micelles which yields 51 kg/mol for 
CxE2s and 170 kg/mol for CxE4o. Therefore we assume 
a coordination number of roughly 35 in the case of C~E28 
and 85 for CxE40. The second virial coefficient Az yields 
6.6 10-4molcm3/g  z in the case of CxE28 and 1.5 
10 -4 molcm3/g 2 for C~E4o. From dynamic light scatter- 
ing measurements one can determine the Stokes radius of 
the diffusing micelles in principle. We have used these 
experiments to prove the purity of the samples and the 
homogeneity in the concentration range of present inter- 
est. The critical micelle concentration is 1.6 g/L in the case 
of C~E2s and 3.1 g/L for CxE4o determined by surface 
tension measurements [21]. 

Knowing the molar masses of the components and 
their densities, one can calculate the segment numbers for 
each component (NH2o was set to unity). Table 2 gives the 
values for all substances under investigation. 

At first the interaction parameters determining the 
mixing behavior for the binary systems H 2 0 / H E C  and 
H;O/CxEy have to be fixed. Both systems are completely 
miscible in the whole experimentally accessible temper- 
ature range up to 100 ~ So the LCST must be larger than 
this value. 

Four  interaction parameters describing the interaction 
between the polymer and the surfactant remain: The two 
parameters (D2u3p and (2)2p3u were fixed to a value of 
6000 J/mol similar to that used in ref. [15]. CO2p3p describ- 
ing the interactions of segments in the polar conformations 
must be very small since the homogeneous region in the 
solvent corner of the phase diagram is very large and the 
polar conformations predominate here. The opposite 
holds for C02ugu since the binary subsystem HEC/CxEy is 
highly incompatible. 

In order to describe the measured cloud point curves 
and tie lines a LCST of 400 K for H 2 0 / H E C  and 600 K for 
H20/CxEy seemed to be a good choice. Naturally it cannot 
be expected that the simple temperature dependence of 
Eq. (3) holds for a temperature interval of more than 
100 ~ The LCSTs have no real physical meaning, they 
are just parameters to describe the behavior at 25 ~ The 
parameters co2p3p and co2u3u were varied, until the theoret- 
ical binodal and tie lines fitted well the experimental re- 
sults. All interaction parameters are summarized in 
Table 1. 

Figure 4 shows the measured cloud points and tie lines 
for H20/HEC1/CxE28. As in the theoretical example the 
tie lines run nearly parallel to the polymer/surfactant edge. 
The critical point is shifted towards a higher content of 
CxE28. The theoretical binodal line agrees well with the 
measured cloud points. Also the tie lines are well described 
within the experimental error. The coexisting phase where 
the surfactant is enriched contains nearly no HEC, where- 
as the other phase contains considerable amounts of 
CxE2s. In Fig. 5 the phase diagram of the HEC of higher 
molar mass and the same surfactant as before is shown. 
The phase diagram is very similar to that of Fig. 4, the 
increase of MHEC causes only a slight enlargement of the 
two-phase area. In the theoretical treatment polydispersity 
effects are neglected, nevertheless, the six adjustable para- 
meters are sufficient to describe the real behavior. The 
same parameters also describe the phase diagram of the 
mixture with the HEC of the higher molar mass. 

Applying the same interaction parameters to CxE4o 
fails since the large micelles of this surfactant would cause 
a very small homogeneous region at the H 2 0  corner of the 
phase diagram. In this case the values of o)2u3p and of 
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Fig. 4 Phase diagram of H20/HEC1/C~E28. Experimental data: het- 
erogeneous (full circles) and homogeneous (open circles) area, cloud 
points (full triangles), and tie lines (full lines). Calculated data: tie lines 
(dashed), binodal (dash dotted) and spinodal line (dotted), and criti- 
cal point (open square) 
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Fig. 5 Phase diagram of HzO/HEC2/CxE2s, data depicted as in 
Fig. 4 

cO2vau are chosen to be slightly smaller (see Table 1). The 
change of these two interaction parameters only suffices to 
describe the phase diagram. 

H 2 0 / H E C 1 / C x E 4 o  

J & . Z  , 1o\ 
,,, 

0.05 0.10 0.15 

WCxE40 

Fig. 6 Phase diagram ofHzO/HEC/CxE4o, data depicted as in Fig. 4 

The phase behavior of ternary aqueous solutions 
of two samples of hydroxyethyl cellulose (HEC) and 
oligoethylene glycol mono(n-alkyl) ethers C• (y = 
28, 40) has been studied. The influence of molar  mass of 
HEC and the number of ethylene glycol units on the phase 
behavior has been investigated. Both solutes are com- 
pletely miscible with water. The mixture of water/poly- 
mer/nonionic surfactant phase separates segregatively, i.e., 
HEC is enriched in one phase, the surfactant in the other. 
The theoretical description is based on an equation for the 
Gibbs energy of mixing which takes polar conformations 
into account. The phase diagrams are calculated by means 
of a new method which does not require the derivatives of 
the Gibbs energy of mixing. 

The phase diagrams of the three different ternary sys- 
tems are very similar. Using the same surfactant and 
increasing the molar  mass of HEC (Figs. 4 and 5) causes an 
enlargement of the heterogeneous region. Increasing the 
number of ethylene glycol units of the surfactant (i.e., 
enlargement of the hydrophilic part  and simultaneously 
of the micelle size) mixed with HEC1 and water (Figs. 4 
and 6) also extends the two-phase area. These experi- 
mental observations are in agreement with theoretical 
considerations. 
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