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The interaction between a nmdel hydrophobically modqied alkali soluble emulsion 
polymer and a notiionic sufactant C,, EO, is investigated. A huge synergistic increase 
in the viscosity over 10,000-fold is demonstrated when the surfactant concentration is 
increased to 0. I M, due to the formation of niiwed niicelles of surfactant hydrophobic 
tails and polymer hydrophobic groups. Incorporating su factant naoleciiles increases the 
number of mechanically active junctions in the polymer network and thus seduces the 
functionaliry of the hydrophobic groups. In the intermediate range of sufactant concen- 
trations (0.001 - 0.01 M), the parallel superposition of steady shear and dynamic tcstings 
reveal that the microstructure of the network is affected by stress eoen in the low-shear 
plateau region of the flow curves. The number of network junctiotzs increases substan- 
tially with applied shear stress within the low-shear viscosiv region, although the longest 
relaxation time of the polymer - sufactarit systems is greatlv reduced. A t  uety high sur- 
factant concentrations ( > 0.01 M) ,  polymer hydrophobes interact with the surfactant to 
form a stiff gel-like structure. Sufactant niolecules fonn a mixed bilayer structure with 
the polymer hydrophobes. These stronger network junctions cause a larger increase in 
both the viscosity and longest relaxation time of the system. Thus, adding a izonionic 
surfactant can effectively enhance flow properties of the associative polynier depencling 
on the amount of surfactant used. 

Introduction 
Water-soluble associative polymers are currently gaining 

importance as thickeners, or viscosity modifiers, in a number 
of waterborne applications in technology ranging from paints 
to paper coatings. The recently developed hydrophobically 
modified alkali-soluble emulsion (HASE) polymers (Shay et 
al., 1985, 1989a,b; Jenkins e t  al., 1996) are increasingly being 
used to replace the long-chain ~ellulosic polymers due to their 
enhanced performance and economic advantages. HASE 
polymers generally offer excellent viscosity building, wide for- 
mulation latitude, excellent biostability. and ease of dosing 
and are supplied as a high solids latex, free of organic cosol- 
vents. In the coating applications, the addition of surfactants 
can be potentially beneficial in formulating high performance 
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systems. or in reducing formulating cost by improving thick- 
ener efficiency (Jenkins and Bassett, 1997). 

Hydrophobically modified alkali-soluble associative poly- 
mers generally consist of a poly(methacrylic acid) backbone, 
onto which hydrophobic macromonomers are attached in a 
random or comblike structure. In an alkaline solution, the 
hydrophobic moieties of the polymers associate dynamically 
with one another to form transient or  reversible hydrophobic 
junctions. Beyond the overlap concentration, the polymer 
formsa network consisting of both intra- and intermolecular 
hydrophobic associations, yielding a large increase in the so- 
lution viscosity as compared to the unmodified polymers 
without the hydrophobic groups (Aubry and Moan, 1994). 

The interactions of surfactants and polymeric systems have 
been a subject of interest in recent times and a number of 
review articles have appeared in the literature: see, for exam- 
ple, Goddard and Ananthapadmnnanbhan (1993) and Win- 
nik and Regismond (1996). Other studies. such as those by 
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Petit et al. (1997), Jenkins and Bassett (19971, English et al. 
(1996), Persson et al. (19961, Aubry and Moan (19961, Loyen 
et al. (19YSa,b), Zhou (1999, Annable et al. (19941, Hulden 
(19941, and Senan et al. (19941, are aimed specifically at asso- 
ciative polymer-surfactant systems. For the alkali-soluble hy- 
drophobically modified associative polymers, the amount of 
research done is still very limited; nonetheless, it is known 
that the addition of surfactants can affect the flow dynamics 
of associative polymers to a different extent. Surfactants can 
either increase. increase to a maximum and subsequently de- 
crease, or decrease the viscosity of associative polymers, de- 
pending on the structure. The interactions of the comblike 
associative polymers with ionic surfactants generally result in 
an increase in the rheological properties of the solution to a 
maximum, followed by a decrease to  the surfactant concen- 
tration increases beyond its critical micelle concentration 
(CMC) (Seng, 1997; Petit et al., 1997; Senan et al., 1994). 
This observation is similar to  that found for the telechelic-type 
(or HEUR) associative polymers with hydrophobic groups at- 
tached to both ends of the long polyethylene oxide backbone 
(Tarng et al.. 1996; Annable et al., 1994; Hulden, 1994). The 
increase in viscosity and moduli at low surfactant concentra- 
tions is known to be due to the strengthening of the polymer 
hydrophobic junctions by the binding of the surfactant hy- 
drophobic tails. At surfactant concentrations beyond the 
CMC, the polymer hydrophobes are saturated by the surfac- 
tant molecules forming small micelles around them, thus hin- 
dering the hydrophobic groups from associating with others. 
Hence the network structure is destroyed, resulting in a dra- 
matic decrease in the solution viscosity. In extreme cases, 
where all the associative junctions are disrupted, the polymer 
network is broken into small clusters or individual chains and 
the solution viscosity is the same as that of polymer without 
association (Tarng et al., 1996). 

However, the interactions of HASE polymers with non- 
ionic surfactants have generally exhibited a more complex be- 
havior. (Tanaka et al., 1992; Jenkins and Bassett, 1997). Non- 
ionic surfactants can either cothicken or lower the viscosity of 
HASE polymers, depending on the hydrophilie-lipophilic 

balance (HLB) of the surfactant, as well as on the structure 
of the hydrophobic tail of the surfactant relative to the poly- 
mer hydrophobic group (Jenkins and Bassett, 1997; Petit et 
al., 1997). The dramatic difference in the flow dynamics of 
the polymer must come either from changes in the function- 
ality of the network junctions, the strength of the associative 
junctions, or from an increase/decrease in the average num- 
ber of these junctions, or a combination of any of these fac- 
tors (Rubenstein and Dobrynin, 1997). 

The present work investigates the interaction between a 
well-characterized model associative HASE polymer and a 
nonionic surfactant of the alkyl poly(oxyethylene1 glycol type. 
The polymer-surfactant interaction is studied in terms of the 
solution's rheological properties. The effects of surfactant 
concentration on the flow properties are investigated, and the 
effect of applied shear stress on the viscoelastic properties 
are examined as a means of elucidating the network structure 
of the polymer-surfactant systems. 

Theory 
The theory of transient networks was first introduced by 

Green and Tobolsky (1946). It was an extension of classic 
rubber elasticity theories that account for entanglements or 
reversible physical bonds. The theory predicts a constant 
steady-shear viscosity of 

where the relaxation time T is the reciprocal of the bond 
breaking and reformation rate, and G, is the high-frequency 
or plateau modulus. The plateau modulus is related to the 
number density of effective or elastic chains, ucft, by the rela- 
tionship 

where R is the gas constant and T the absolute temperature. 
Thus if the plateau modulus is known, the mechanically ac- 
tive junctions in the system can be estimated. 

c = o  
I 
OH 

METHACRYLIC ACID L 
ETHYL ACRYLATE 

I)H3 

P 
& H  

F'O 

? 

CH2-7- 

C H 3 - C C H 3  

I 

HYDROPHOBIC 
MACROMONOMER 

- 

0.01 

Figure 1. Chemical structure of model HASE polymer, 
with mole ratio of X / Y / Z  = 49.1/50.0/0.9 and 
m = 35. 
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Experimental Studies 
Material used 

The associative polymer used (designated RDJ3S-20) is a 
HASE polymer consisting of a backbone of ethyl acrylate and 
methacrylic acid. Attached to this backbone by a urethane 
linkage (through an unsaturated isocyanate) are associative 
macromonomers consisting of a 35-mol ethoxylate chain 
end-capped with an eicosanyl (C,,H,,) hydrocarbon group. 
The incorporation of the associative macromonomers along 
the polymer chain is expected to be random, as discussed in 
Tirtaatmadja et al. (199713). The chemical structure of the 
C,,H,,-hydrophobe HASE polymer is given in Figure 1, with 
the mole percentages of the ethyl acrylate/methacrylic 
acid/macromonomer, that is, the ratio X/Y/Z,  being 
49.1/50.0/0.9. The polymer was synthesized from the emul- 
sion copolymerization process detailed in Jenkins et al. (1996) 
and Tirtaatmadja et  al. (1997b). The only difference from the 
described procedure is that the present series of HASE poly- 
mers has been synthesized at a total solids content of 10 wt. 
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% (instead of the 30 wt. % used previously). Determining the 
molecular weight of the polymer is a difficult task due to the 
association of the hydrophobic end groups even in very dilute 
solutions (Jenkins et al., 1996). Seery et al. (1992) conducted 
light scattering studies on solutions of a polyacrylamide con- 
taining small amounts of the comonomer, 2-(N-ethylperfluo- 
rooctanesu1fonamido)ethyl acrylate, in which the addition of 
a surfactant enabled them to observe single-chain behavior. 
We are exploring this phenomenon together with Winnik and 
Macdonald's group at the University of Toronto, using light 
scattering, fluorescence spectroscopy, and pulse gradient 
NMR. Some success has been achieved in removing the asso- 
ciations by using cyclodextrin (Ou-Yang, personal communi- 
cation, 19971, and more work is in progress at our laboratory. 
From the intrinsic viscosity value, however, the nominal 
molecular weight of the polymer has been estimated to be of 
the order of 200,000. Based on this value and the mole per- 
centages just given, the number of hydrophobes is estimated 
to be between 18 and 20 per polymer chain (Tirtaatmadja et 
al., 1997b). 

After synthesis, the polymer latex was cleaned by dialysis 
and final samples containing 0.5 wt. % polymer and various 
concentrations of the nonionic surfactant were prepared in a 
lOP4-M KCI solution. The polymer, either in its pure state or 
in the presence of the surfactant, was solubilized in an alka- 
line aqueous solution using 2-amino-2-methyl-l-propano1, 
AMP-95 (supplied by Angus Chemical Co.), at a level of 0.006 
mol/g of polymer, the final pH of all solutions being between 
9 and 9.5. The nonionic surfactant used was a polyethoxyl- 
ated dodecanol, containing a nominal 4-mole ethylene oxide, 
that is, CI2H,,O(CH2CH,O),H (supplied by Rhone-Pou- 
lenc under the tradename Rhodasurf L-41, referred to here 
as RL-4. The surfactant is generally designated C,,EO,, but 
it possibly contains a fairly broad distribution of the ethylene 
oxide consisting of between 3 and 6 mol of CH,CH,O per 
surfactant. The C l z E 0 4  surfactant has a low CMC of about 
4-8X lo-' mol-L-' (Rosen, 1978; Van 0 s  et al., 1993). So- 
lutions containing the 0.5 wt. % model HASE polymer, with 
concentrations of the nonionic surfactant from M to 0.1 
M, have been prepared and used in this work. 

Rheological measurements 
Two rheometers were used to measure the properties of 

the associative polymer-surfactant systems: a Contraves 
Low-shear LS40 and a controlled stress Carri-Med CSLSOO. 
For the Contraves LS40, a concentric cylinder (with an outer 
cup diameter of 12 mm and a gap of 0.5 mm) was used. For 
the Carri-Med CLS500, three different geometries were used: 
a 2-cm- and a 4-cm-diameter cone-and-plate system and a 
double concentric cylinder (with an inner cup diameter of 40 
mm and both radial gaps of 0.34 mm). In the controlled stress 
rheometer, a specific stress was applied to the test sample, 
and the strain was measured over a 5-s interval, from which 
the strain rate was computed. This value was compared with 
the previous strain rate, and when the average strain rate 
over three consecutive intervals did not deviate by more than 
5%, it was assumed that an equilibrium viscosity condition 
had been reached. For the polymer in the 0.1-M RL-4 solu- 
tion, however, its viscosities in the low shear conditions are 
very high, and hence the measured shear rates are usually 

very low and subject to large uncertainties. Its shear viscosity 
was determined by conducting creep experiments at each ap- 
plied stress for 10 min, and the slope of the strain vs. time 
curve was taken as the average shear rate from which the 
viscosity was determined. 

In addition to conventional steady shear and dynamic mea- 
surements, superposition of oscillation onto steady shear flows 
(Tirtaatmadja et al., 1997a,b) has been used. In this tech- 
nique, an oscillatory stress of frequency w is superimposed 
onto a steady shear stress of magnitude a,, and the output 
strain measured. By resolving the strain into its steady shear 
and oscillatory components, the viscoelastic storage and loss 
moduli at any applied shear stress of as, such as G'(o;, w )  
and G"( q, w ) ,  can be determined in the usual manner. From 
the measured dynamic properties, an estimate of the longest 
relaxation time T~ of the associative polymer-surfactant sys- 
tems at any applied stress can be determined from the relax- 
ation time function, which is given by 

( 3 )  

where ~ ' ( q ,  w )  is the dynamic viscosity at the applied stress 
of q, or = G"(a,, w ) , ' ~ .  The maximum in the T ~ ( C T $ ,  w )  curve, 
which corresponds to the terminal region in the G' and G" 
plots, gives an estimate of the longest relaxation time of the 
solution at the applied stress aF. 

In addition to parallel superposition, orthogonal superposi- 
tion can also be used to study the microstructural evolution 
of the materials under shear. Vermant et al. (1998) have re- 
cently reported a comparison between both techniques and 
concluded that orthogonal superposition can be related more 
directly to the microstructure than the parallel superposition 
technique. They also showed that the experimental values of 
the moduli obtained from the parallel and orthogonal super- 
position measurements were related to each other as derived 
using the K-BJSZ model. Despite the fact that the main and 
the imposed parallel shear fields are coupled for parallel su- 
perposition measurement, qualitative information on the 
structural evolution under shear can still be inferred from 
such studies. 

For cases where no terminal region is detected within the 
experimental frequency range, the relaxation time is taken to 
be the inverse of the frequency at the point of interception 
between the G' and G" curves. This is true for Maxwell-type 
viscoelastic behavior, but for the systems that do not follow 
Maxwell behavior, the treatment will probably lead to lower 
values of the longest relaxation time, but the value obtained 
should be adequate for the comparison of different solutions. 

The equilibrium shear modulus G$ or plateau modulus G, 
can be determined from the plateau value in the G' (w)  curve 
at high frequencies (Ferry, 1989). The number of mechani- 
cally active junctions uetf can then be determined from the 
G$ value via the relationship (Eq. 2): 

(4) 

For all the samples tested, strain-amplitude sweep experi- 
ments were carried out to determine the range of amplitude 
for which the dynamic response is within the linear viscoelas- 
tic region. All dynamic property measurements were then 
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conducted using a strain amplitude within this region. The 
rheological properties of all associative polymer-surfactant 
systems have been measured at 25°C. 

Results and Discussion 
In an alkaline solution, the methacrylic acid of the HASE 

polymer is ionized and the electrostatic repulsive force caused 
by negative charges along the chain backbone makes the 
polymer molecules expand. The model HASE polymer be- 
comes solubilized in the aqueous solution at a pH of approxi- 
mately 6. At concentrations above the overlap value, that is, 
approximately 0.35 wt. % for the polymer with CZoH,, hy- 
drophobe (Seng, private communication, 19971, the solution 
viscosity increases significantly upon solubilization and re- 
mains constant between pH 7 and 13 (Kumacheva et al., 1997). 
At the high pH condition, the hydrophobic groups of the ex- 
panded polymer chains interact with those of neighboring 
chains to form temporary or reversible hydrophobic junctions 
that may involve several polymer chains. This is depicted and 
shown later in Figure 6a. The polymer forms a 3-D network, 
which may span the whole volume if the concentration is suf- 
ficiently high. 

At a concentration slightly above the overlap value, the 0.5 
wt. % HASE polymer displays a slight shear-thinning charac- 
teristic in its flow curve, with a low shear viscosity of 0.18 
Paas (see Figure 2). This viscosity is almost two orders of 
magnitude higher than the polymer without hydrophobe, that 

~ 0 0 0 ~  100 - 

it 0.00025M 

t o 0 0 1  M 

-P 0 0025 M 

f O 0 1  M 
U O  025 M 
-0-0 05 M 

t Pure Polymer 

I I 
1 

i ' p - f %  

0.01 0.1 1 10 100 
Shear stress (Pa) 

Figure 2. Steady shear viscosity as a function of shear 
stress of the 0.5 wt. % HASE polymer in differ- 
ent concentrations of the nonionic surfactant 
(RL-4). 

is, with a Newtonian viscosity of 0.004 Pa - s (Seng, 19971, and 
must be due to the formation of a network of hydrophobic 
junctions, as discussed earlier. 

Effects of sugactant concentration 
The steady shear viscosity and dynamic (storage and loss) 

moduli of the model HASE polymer with increasing surfac- 
tant (RL-4) concentrations are shown in Figures 2 and 3, re- 
spectively. The addition of the nonionic surfactant (RL-4) to 
the HASE polymer causes a monotonic increase in both the 
viscosity and moduli of the solution up to the surfactant con- 
centration of 0.1 M. There is an increase of up to some five 
orders of magnitude in the low-shear viscosity of the HASE 
polymer as the concentration increases to 0.1 M. This mono- 
tonic increase in viscosity with surfactant concentration is also 
found for the interaction of a HASE polymer (containing 
complex hydrophobes) with a nonionic surfactant containing 
two nonylphenyl substituents in its hydrophobic tail (Jenkins 
and Bassett, 1997) and a 6-mole ethoxylated nonylphenyl sur- 
factant (English et al., 1996). In the mixed polymer-surfac- 
tant system, the surfactant hydrophobic tails combine with 

100 i b 

0.01 0.1 1 10 100 1000 

o (radls) 

0.01 0.1 1 10 100 1000 
o (radls) 

Figure 3. Dynamic moduli as a function of frequency of 
the 0.5 wt. % HASE polymer in different con- 
centrations of the nonionic surfactant (RL-4): 
(a) storage modulus; (b) loss modulus. 
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the polymer hydrophobes to form mixed aggregates or junc- 
tions (see Figure 6b). Due to steric hindrances and entropic 
considerations, however, these network junctions must rear- 
range themselves in such a way that, as the surfactant con- 
centration increases, there is an increase in the number of 
junctions. Hence the strength of the polymer network is en- 
hanced, as demonstrated by the increase in activation energy 
from 50 to 75 kJ/mol when the nonionic surfactant concen- 
tration was increased from 0 to 0.01 M (Tirtaatmadja et al., 
1997~). In addition, it was observed that both the steady shear 
viscosity (Figure 2 )  and moduli (Figure 3) of the solutions 
increased significantly. Despite its high viscosity level, how- 
ever, the polymer-surfactant system does not exhibit a yield 
stress; this is attributable to the dynamic nature of the net- 
work junctions. Mast e t  al. (1993) have reported a study on 
the behavior of a low molecular weight model HEUR asso- 
ciative polymer in concentrated surfactant systems. They ob- 
served that the low shear viscosity and the moduli arc all 
higher for low molecular weight H E U R  than with a polymer 
of high molecular weight. Based on their results, they con- 
cluded that the thickening and viscoelastic behavior are re- 
lated to the increase in hydrodynamic volume and not in a 
network, which is contrary to the results obtained for our 
present HASE polymer in a nonionic surfactant system. 

Figure 2 shows that at surfactant concentrations in excess 
of 0.001 M, the flow curves show a distinct region of almost 
constant viscosity at low shear stress, followed by a drastic 
drop at higher stresses. The polymer network is totally de- 
stroyed when subjected to a certain applied stress, the value 
of which increases with increasing surfactant concentration. 
This reinforced the fact that the strength of the network must 
increase as the concentration of the nonionic surfactant is 
increased to the maximum value investigated. 

The catastrophic drop in the viscosity at a certain shear 
stress is similar to that observed by Aubry and Moan (1996) 
for the solutions of hydrophobically modified (hydroxypropyl) 
guar in the presence of a nonionic surfactant (polyoxeth- 
ylated octyl phenol-Triton X-100). However, the general 
trend of Aubry and Moan's results showed that there is a 
maximum in the viscosity at a surfactant concentration slightly 
above its CMC, followed by a decrease in the viscosity level 
of the unmodified polymer at higher concentrations. This is 
similar to the observations of the interactions of HASE poly- 
mers with ionic surfactants, such as SDS (Seng, private com- 
munication, 1997). The decrease in the viscosity above the 
CMC is due to the formation of small spherical surfactant 
micelles surrounding the polymer hydrophobic groups, pre- 
venting them from associating with others to form network 
junctions; hence, the drop in viscosity at higher concentra- 
tions. 

On the other hand, the C,,EO, nonionic surfactant used, 
as well as others that have short ethylene oxide length in 
comparison with the hydrophobic groups, generally have a 
limited solubility in aqueous solution. and are known to form 
a lamellar structure above room temperature (Mitchell e t  al., 
1983). With the addition of the C,?EO, nonionic surfactant 
up to many orders of magnitude in excess of its CMC, the 
viscosity of the polymer-surfactant systems continues to in- 
crease up to the highest concentration of 0.1 M. Hence the 
mechanics of association of this surfactant with the HASE 
polymer must be different from that of the ionic surfactants. 

2760 December 1998 

The storage and loss moduli of the HASE polymer with a 
varying amount of RL-4 surfactant are also shown in Figures 
4a to 4d, where the G' and G" curves for each solution are 
plotted together. The pure HASE polymer solution (Figure 
4a) displays a viscoelastic fluid behavior, with G' being lower 
than G" for the whole frequency range measured. With in- 
creasing surfactant concentrations (Figures 4b and 4c), the 
polymer-surfactant systems become more like a physical gel, 
with the G' values being higher than G at high frequencies, 
and G' also displaying a broader constant plateau of increas- 
ing value. At the highest surfactant concentration of 0.1 M 
(Figure 4d), G' is always higher than G and both remain 
almost constant over the entire range of frequencies mea- 
sured. This behavior is characteristic of a strong gel and is 
observed as long as the characteristic relaxation time of the 
system is longer than the process time, that is, time per cycle 
of oscillation. 

The observed viscoelastic behavior of the HASE polymer 
(Figures 3 and 4) is very different from those of the telechelic 
type of associative polymers, that is, the H E U R  polymers with 
poly(ethy1ene oxide) chain end-capped with a hydrophobic 
group. For these latter polymers, the polymer chains exist ei- 
ther in the loop formation wherein both ends reside within 
the same aggregate of hydrophobic junction or as a bridge 
joining two junctions. The network dynamics of the H E U R  
system can be represented by a single Maxwell relaxation 
timc: this time is related to the dissociation time of the hy- 
drophobes from the aggregates (Annable et al., 1993; Jenk- 
ins, 1990; Tanaka and Edwards, 1992). 

For the HASE polymer, the viscoelastic behavior clearly 
indicates a spectrum of relaxation times, with the longest time 
expccted to be much larger than the Maxwell values found 
for the HEUR polymers. Hydrophobic associations are likely 
to exist at several sites along the HASE chains due to the 
larger number of hydrophobic groups attached randomly 
along the backbone. The mechanics of the associations and 
the dynamics of network relaxation when subjected to shear 
are thus expected to be more complicated compared to the 
HEUR system. The hindered reptation model introduced by 
Leibler e t  al. (1991) with two main relaxation times may be 
more appropriate for the HASE polymers (English et al., 
1997; Tirtaatmadja et al., 1997b; Aubry and Moan, 1994). In 
this model, the terminal or longest relaxation may be inter- 
preted as the time for a polymer chain to disengage from the 
network by letting go at several aggregated points. The sec- 
ond and much shorter relaxation time of the hindered repta- 
tion model is relatcd to the dissociation of individual hy- 
drophobes from the associative junctions, and the value can 
be determined from the second intercept of the G' and G" 
curves at higher frequency, in the transition region. Experi- 
mentally this frequency is probably too high to be measured 
by the available instruments. 

Aubry and Moan (1994) contended that the dissociation 
time of the hydrophobes from the junctions can be deter- 
mined at the point where the catastrophic drop in the shear 
viscosity occurs, that is, t ,  = ratio of the viscosity just before 
thc catastrophic drop to the shear stress where the drop oc- 
curs, which is when the rate of junction destruction is faster 
than the rate at which it can be reformed. The authors found 
t ,  to be proportional to  the polymer concentration to the 
power of 1.7 (Aubry and Moan, 1994), but it is independent 
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Figure 4. Storage and loss moduli of the 0.5 wt. % HASE polymer in: (a) 0 M surfactant; (b) 0.001 M; (c) 0.01 M; (d) 
0.1 M nonionic surfactant (RL-4). 

of the added nonionic surfactant concentration (Aubry and 
Moan, 1996). For our systems, the values of t ,  cannot be de- 
termined very accurately because of the uncertainty in identi- 
fying both the viscosity and stress where the drop in viscosity 
occurs. It has been estimated, however, that for our 
HASE-nonionic surfactant systems between the concentra- 
tions of 0.001 and 0.01 M, t ,  is of the right order of magni- 
tude, that is, 0.05 s compared to a value of 0.1 s found for the 
modified (hydroxypropyl) guar of Aubry and Moan (1996). 
This value seems to increase with surfactant concentration. 

The low shear viscosity qo, plateau modulus GE, and the 
longest relaxation time T~ of the polymer-surfactant systems 
are plotted as a function of surfactant concentration in Fig- 
ure Sa, and as a function of u,,, the effective junction 
density, in Figure Sb. The plateau modulus, or G i ,  was de- 
termined from the plateau value of the G' curves at high 
frequency in the cases where such a plateau exists, or else it 
is estimated from the inflection point in the G' curves. The 
longest relaxation time 7x was obtained from the inverse of 
the frequency at which the G and G I  curves intercept. For 
non-Maxwellian fluids, the T~ values determined this way are 
generally much lower than the values obtained from the ter- 
minal values of the G' and G" curves. This fact was con- 
firmed for the cases of HASE polymer-surfactant systems 
with superimposed shear stress wherein the terminal regions 
are within the experimental frequency range. However, the 
7x values obtained from the G' and G" intercepts should be 
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adequate for comparisons between the HASE-surfactant sys- 
tems with different surfactant concentrations. 

From Figure 5a, it is apparent that both the qo and G; 
curves are linearly proportional to surfactant concentration, 
C,, up to 0.01 M. From Eq. 4, the number of mechanically 
active junctions, ueff, must also be proportional to the surfac- 
tant concentration at a constant temperature. This is de- 
picted in Figure 5b where qo increases linearly with ueff up to 
a value of approximately 10 mmol/m3. The longest relaxation 
time, on the other hand, is less dependent on surfactant con- 
centration, that is, 7x a C y ,  and hence also a ueV. Thus with 
increasing surfactant concentration, and hence number of ac- 
tive junctions, the average aggregation number of the surfac- 
tant molecules in the micellar junction must remain approxi- 
mately constant, while the number of polymer hydrophobes 
in each junction decreases in order to accommodate the in- 
crease in the number of junctions. It is the balance between 
the functionality of the hydrophobes-the number of hy- 
drophobes involved in the junctions-and the number of 
bound surfactant molecules that determines the strength of 
the hydrophobic junctions. 

Above 0.01 M surfactant, the viscosity and relaxation time 
both show a much stronger dependence on surfactant con- 
centration, that is, a C:, while G i  and hence ueff are less 
dependent on C,. In the region of high surfactant concentra- 
tions, the number of active junctions no longer increases lin- 
early with surfactant concentration, and either the surfactant 
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Figure 5. Zero-shear viscosity, plateau modulus and the 
longest relaxation time of the 0.5 wt. % HASE 
polymer: (a) as a function of the nonionic sur- 
factant (RL-4) concentration; (b) as a function 
of the number of mechanically active junc- 
tions. 

forms larger mixed aggregates with polymer hydrophobes or 
a larger number of free surfactant micelles are present in 
solution. For the C,, nonionic surfactants of relatively short 
EO length, that is, from 3 to 6 mol EO (CH,CH,O-group), 
the surfactants are known to exist above room temperature 
in a bilayer lamellar phase (Jonstromer and Strey, 1992; 
Hofland et al., 1993). Loyen et al. (1995a,b) found that in the 
presence of a hydrophobically modified poly(sodium acrylate), 
the nonionic C,,EO,., surfactants form large vesicles onto 
which the polymer hydrophobes bind; this is the cause of the 
stiff gel structure above the phase transition temperature. A 
similar structure probably exists in our HASE polymer- 
surfactant systems at high surfactant concentrations, where 
large vesicles or cylindrical bilayers are formed, each provid- 
ing a possible binding site for a large number of polymer hy- 
drophobes (see Figure 6c). Thus hydrophobic junctions of 
much greater strength are present, and this results in the huge 
increase in both the viscosity and elastic property of the sys- 

Figure 6. Network topology of the HASE polymer-non- 
ionic surfactant system: (a) without surfac- 
tant; (b) at intermediate surfactant concentra- 
tions, that is, 0.0001 to 0.01 M; (c) at surfac- 
tant concentrations above 0.01 M. 

tem, as can be seen in the sharp rise in both the qo and T~ 

values with veff to the power of 4.5-5 at high surfactant con- 
centrations. 

Effect of applied shear stress 
Using the technique of superposing oscillation onto steady 

shear flows, the viscoelastic properties of the associative poly- 
mer-nonionic surfactant systems can be determined at dif- 
ferent shear stresses. The storage moduli of the HASE poly- 
mer with a different amount of added surfactant when sub- 
jected to shear are distinctly different, as shown in Figures 7a 
to 7d. In general, as the polymer-surfactant systems are sub- 
jected to increasing stress, it is the longest relaxation time 
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that is being curtailed (Tirtaatmadja et al., 1997a,b); this is 
evident from the fact that the terminal regions have shifted 
to higher frequencies. For the low to intermediate surfactant 
concentrations, that is, between 0.0001 and 0.01 M, the appli- 
cation of a small amount of shear stress, in the range where 
the viscosity remains within the low shear plateau values, 
causes a significant increase in the plateau modulus G i  (see 
Figures 7b and 7c). That is, there is an increase in the num- 
ber of hydrophobic junctions when the network is perturbed 
slightly from its equilibrium state. With increasing applied 
shear stress, the network junctions underwent rearrangement 
such that there was an increase in the number of hydropho- 
bic junctions; this was achieved by reducing the number of 
hydrophobes and surfactant molecules per junction. The 
overall result is that the viscosity of the system remains con- 
stant under shear, while the relaxation time is significantly 
reduced. At stresses beyond the low shear viscosity region, 
the associative polymer network is totally disrupted and the 
viscoelastic properties cannot be measured. 

At a surfactant concentration in excess of 0.01 M (see Fig- 
ure 7d for 0.1 M surfactant), the application of a small amount 
of stress within the low-shear viscosity region does not notice- 
ably increase the G i  of the polymer-surfactant systems. That 
is, the number of network junctions is not affected by the 
applied stress, as was the case with the lower surfactant con- 
centrations. At these high concentrations, the surfactant 
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probably forms large vesicles or cylindrical bilayers, onto 
which a large number of polymer hydrophobes can bind. The 
strength of these junctions is sufficiently large, compared to 
those at lower concentrations, that they are able to resist de- 
formation at moderate values of applied stress. However, a 
complete breakdown of the network occurs at higher stresses, 
that is, in excess of 30 Pa for the 0.1-M surfactant. This is 
apparent as a shift from the strong gel-like structure, with an 
almost flat G' curve, to a viscoelastic liquid behavior, with G' 
being proportional to o2 at all frequencies measured when 
the applied stress is above 30 Pa. The change from gel-like 
solid to viscoelastic liquid coincides with the drastic drop in 
the viscosity of the system. 

The terminal relaxation time and the normalized plateau 
modulus for the 0.5 wt. % associative polymer are shown in 
Figures 8a and 8b, respectively, as a function of applied stress 
for different surfactant concentrations. The relaxation times 
are the terminal values obtained from the relaxation time 
function calculated using Eq. 3. All the Got, were determined 
from the plateau region of the G' curves, except for the pure 
HASE polymer solution, where the G' values at a frequency 
of 20 rad s - '  have been used, and these values have been 
normalized against the values at zero applied stress, that is, 
G$(as>/Gi(0). Comparing Figure 8a with the viscosity pro- 
file curves shown in Figure 2, it is apparent that the terminal 
relaxation times of these polymer-surfactant systems are sig- 

100 

10 

IQ e 
k 

1 

A 
0.1 i . . A  . . . . .  1 . , . . , . ,  

0.1 1 10 100 1000 
o (radls) 

~ 1 (d) 0.1 MRL4surfactant I 
Stress = 0 

0 Stress = 10 Pa 
A Stress = 20 Pa 
A Stress = 25 Pa 
rn Stress = 30Pa 0 

, 0 i I OStress =40Pa I 
1 I . , . . . .  6 , . . . . . . .  i . , . . . ,  
0.1 1 10 I00 1000 

o (radls) 

Figure 7. Effect of applied shear stress on the storage modulus of the 0.5 wt. % HASE polymer in: (a) 0 M; (b) 0.001 
M; (c) 0.01 M; (d) 0.1 M nonionic surfactant (RL-4). 
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Figure 8. (a) Longest relaxation time, T ~ ,  and (b) re- 
duced plateau modulus, G i ( a s ) / G i ( 0 ) ,  as a 
function of applied shear stress of the 0.5 wt. 
% HASE polymer in different concentrations 
of the nonionic surfactant (RL-4). 

Applied stress (Pa) 

nificantly reduced, even when subjected to relatively low 
stresses within the low-shear plateau region of viscosities. The 
reduction in the relaxation times is probably a consequence 
of the shear-induced decrease in the functionality of the hy- 
drophobes in the junctions. This is offset by the increase in 
the junction density, as seen in the accompanying increase in 
the G i  values, shown in Figure 8b. Consider, for example, 
that in the system with 0.001 M RL-4 (filled triangles) within 
the shear stress regime of 1 to 10 Pa, the viscosity remains 
essentially constant even though the relaxation time de- 
creases by more than an order of magnitude (from 0.8 to 0.05 
s). This is offset by the almost fourfold increase in the plateau 
modulus, giving rise to very little change in the viscosity ac- 
cording to the relationship: 7 = G,$. 

From Figure 8b, it can be seen that the increase in the 
network junction density due to shear is most prominent in 
the intermediate surfactant concentration between 0.0005 and 
0.01 M, where small spherical-type mixed micelles exist. At 
the applied stress of 10 Pa, the shear-induced increase in the 
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junction density, that is, the normalized plateau modulus, is 
the greatest for the lowest surfactant concentration of 0.001 
M, and the value decreases with increasing surfactant con- 
centration. As the overall strength of the network increases 
due to increasing surfactant concentrations, the amount of 
network junction rearrangement as a result of applied stress 
is reduced. However, at the higher applied stress, where the 
complete destruction of the network occurs, the number of 
active junctions must drop drastically with an accompanying 
drastic decrease in both the viscosity and relaxation time. The 
GE values at this condition cannot be measured experimen- 
tally, as the system behaves like a viscoelastic fluid with a 
very low elastic component. 

At the highest surfactant concentrations of 0.05 and 0.1 M 
(open and filled diamonds, respectively). moderate shear 
stress causes very little rearrangement of the network, and 
hence very little increase in the normalized plateau modulus 
with increasing shear stress. This is due to an increase in the 
strength of the larger micellar aggregates, in the form of vesi- 
cles or bilayers, present. 

Conclusions 
The addition of a nonionic surfactant consisting of mainly 

C,,EO, to the 0.5 wt. 9% HASE polymer causes a monotonic 
increase in the solution shear viscosity and elastic modulus 
up to the highest concentration investigated, 0.1 M. At low to 
intermediate surfactant concentrations. that is, up to 0.01 M, 
the nctwork junction density increases linearly with surfac- 
tant concentration. In this region. the viscosity also increases 
linearly with the increase in thc number of network junctions, 
while the longest relaxation time shows a lower dependency. 
The surfactant molecules form mixed aggregates in the form 
of small spherical-shaped micelles with the polymer hy- 
drophobic groups. The increase in the number of these mixed 
aggregates with increasing surfactant concentration is 
achieved through a reduction in the number of hydrophobes 
in the junctions. Applying shear stress in the region where 
the viscosity rcmains within the low shear plateau values re- 
sults in a rearrangement of the network and its junctions, 
such that the number of junctions increases. This must be 
accommodated through a reduction in the functionality of the 
polymer hydrophobes, with a subsequent drop in its strength, 
hence a drastic decrease in the relaxation time. 

At surfactant concentrations above 0.01 M, the number of 
hydrophobic junctions no longer increases linearly with sur- 
factant concentration; this is possibly due to the formation of 
large cylindrical bilayers or vesicles, onto which a large num- 
ber of polymer hydrophobes are bound. These relatively large 
junction sites thus exert greater strength on the network. re- 
sulting in an enhanced increase in both the viscosity and re- 
laxation time. 
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