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Abstract The surface tensions and the 
phase equilibria of dilute aqueous 
cationic starch(CS)/surfactant 
systems were investigated. The degree 
of substitution of the CS varied from 
0.014 to 0.772. The surfactants 
investigated were sodium dodecyl 
sulphate (SDS), potassium octanoate 
(KOct), potassium dodecanoate 
(KDod) and sodium oleate (NaO1). 
The concentrations of CS were 0.001, 
0.01 and 0.1 w%. 

Critical association 
concentrations (cac) occur at 
surfactant concentrations well below 
the critical micelle concentrations of 
the surfactants, except for KOct, 
KDod and NaO1 at the lowest CS 
concentrations investigated 
(0.001 w%). The surface tensions of 
CS/surfactant solutions decrease 
strongly already below the cac. This is 
attributed to the formation of surface 
active associates by ion condensation. 
Associative phase separation of gels 
formed by CS and surfactant takes 
place at extremely low concentrations 

when the surfactant/polymer charge 
ratio is somewhat larger than 1. The 
gel is highly viscous and contains 
40-60% water, depending on the 
concentration of electrolyte, the 
surfactant hydrocarbon chain length 
and the nature of the polar head of the 
surfactant. 

The concentration at which the 
phase separation occurs decreases 
with increasing surfactant chain 
length and the concentration of 
simple electrolyte, factors that 
promote micelle formation. This 
indicates that the gels are formed by 
association of CS to surfactant 
micelles. When surfactant well in 
excess of charge equivalence is added, 
the gels dissolve because the 
CS/surfactant complexes acquire 
a high charge. 
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Introduction 

Recently, several reviews on the structure and dynamics of 
systems containing water, surfactants and water-soluble 
polymers have been published [1-4]. Many investigations 
focus on aggregate structure in dilute solution. Interac- 
tions are often described in terms of a cooperative binding 

of surfactant monomers to the polymer. The strength of 
the interaction is characterized by a binding constant and 
a critical association concentration (cac). 

The properties of the systems have also been described 
as resulting from interactions between the polymer and 
micelles [5]. Thus, it has been shown that the interaction 
between polyions and ionic micelles leads to an associative 
phase behaviour analogous to that of polyanion/ 
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polycation systems. In solution, polymer/surfactant inter- 
actions promote micelle formation. Thus, the cac often lies 
far below the critical micelle concentration (cmc) of the 
surfactant. 

For polyion/ionic surfactant systems, the main interac- 
tion leading to polymer/micelle association are electro- 
static interactions between the surfactant end groups and 
the polymer and hydrophobic interactions between hydro- 
phobic moieties in the polymer and the hydrocarbon 
chains of the surfactant. Because the former interactions 
are screened by electrolyte, the cac usually increases with 
increasing ionic strength. 

However, some surfactant/polymer interaction does 
occur already well below the cac. This is readily observed 
as a strong lowering of the surface tension of the solutions 
at concentrations much lower than the cac. 

In this and following papers we present studies of the 
interactions of cationic starches with anionic surfactants, 
with emphasis on adsorption in dilute solution, phase 
behaviour and viscosity. To our knowledge, no studies of 
this system have been published, in spite of its considerable 
technical importance. Interactions of surfactants with 
cationized cellulose were investigated by Goddard et al. 
[6, 7]. 

This paper reports on studies of surface tensions and 
phase equilibria. It is shown that the results can be quali- 
tatively well understood in terms of polycation/polyanion 
interactions and the formation of surface active complexes 
by way of counter ion condensation at very low surfactant 
concentrations. 

Experimental 

Materials 

Cationic starch 

The cationic starch was prepared by Raisio Chemicals, 
Raisio, Finland. It is based on potato starch to which 
2-hydroxy-3-trimethylammoniumpropyl groups were gra- 
fted. Some properties of the samples are summarized in 
Table 1. The nitrogen content, from which the degree of 
substitution was calculated, was determined by the sup- 
plier. Low molecular weight impurities were removed by 
dialysis against distilled water for 7 days, using a dialysis 
membrane with cut-off 6 -8 .10  3 (Spectrapor, Spectrum 
Medical Industries, Inc.). The purity was checked by 
measuring the conductance of the solution. The molecular 
weight distribution was determined by size exclusion 
chromatography (SEC). It is very wide for all samples. The 
starch is depolymerized to a considerable degree because it 
is oxidized with sodium hypochlorite before cationization. 

Table 1 Properties of cationic starch samples 

Starch Molecular weight Particle size Degree of 
range (Mw)* range (pro)** substitution (DS)*** 

N1 0.5-7.10 4 0.01 0.3 0.014 
N2 0.5-10" 104 0.01-0.6 0.097 
N3 0.5-9 * 104 0.01-0.5 0.415 
N4 0.4-10" 104 0.01-0.6 0.772 

* by GPC 
** by light scattering 
*** as reported by the manufacturer 

Therefore, the amylose and amylopectin fractions cannot 
be separated in the SEC chromatograms. The mean par- 
ticle size was determined by dynamic light scattering. 

Surfactants 

Analytical grade sodium dodecyl sulphate (SDS, Fluka 
Ag.) was recrystallized 3 times from ethanol. Potassium 
octanoate (KOct) was synthesized by neutralizing a 20% 
solution of octanoic acid (purum, Fluka Ag) in ethanol 
with KOH. The soap was recrystallized 3 times from 
acetone. Sodium oleate was synthesized in the same way 
by adding NaOH to an ethanolic solution of oleic acid 
(analytical grade, Sigma Chemicals). Analytical grade po- 
tassium dodecanoate (KDod, ICN Biochemicals) was pu- 
rified by recrystallization 3 times from acetone. The purity 
of all surfactants was verified by measurement of surface 
tensions (no minimum in the surface tension at concentra- 
tions around the cmc). The critical micelle concentrations 
determined from the surface tensions (SDS: 8.25 mmol 
dm-3; KOct: 345 mmoldm-3;  NaOl: 0 .90mmoldm-3;  
KDod: 16.0mmoldm -a) are in good agreement with 
those reported in literature [8]. 

Other chemicals 

The water was ion exchanged and distilled. Its conductiv- 
ity was 2.0 gS and its surface tension was (71.5 + 0.5) 
mNm-1 (T = 298 K). All other chemicals were analytical 
grade. They were used without further purification. 

Methods 

Surface tensions were measured with a ring tensiometer 
(Sigma 70, KSV Instruments). In the calculation of surface 
tensions, the correction factors of Huh and Mason [9] 
were used. The temperature was 25 ~ In order to sup- 
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press the formation of very surface active acid/soap corn- 8o 
plexes, pH was adjusted to 10.5 with K O H  or NaOH. The 
reproducibility between measurements on different sam- 

70 ples was + 0.5 m N m -  1. This uncertainty is at least partly 
due to adsorption of starch of surfactant on the ring. This 
problem is a well-known weakness of the ring method E 6o 
[10]. The reproducibility between measurements on differ- 
ent samples was + 1.0mNm -1. This is probably due ~ = 
to the very low concentrations of starch (0.001-0.1 ~ 50 
weight %). 

Phase equilibria 

Weighed amounts of starch, surfactant and distilled water 
were equilibrated in tightly closed test tubes by continuous 
turning over for 7 days in a thermostat at 25 ~ The 
solution and gel phases were then separated by centrifu- 
gation for 30 min at 1600 g. The samples were allowed to 
equilibrate without stirring for 7 days. Thereafter the 
phases were separated by careful decantation of the solu- 
tion. The dry content of the phases was determined by 
weighing. The amount of nitrogen was determined by 
Kjeldahl analysis [11]. The amount of surfactant was 
calculated as the difference between the amount of starch 
and the total amount of dry matter in the samples. 

R ~ u ~  

The effect of the charge density 

Figure 1 shows how the surface tension of solutions con- 
taining starch and surfactant depends on the degree of 
substitution (i.e., the charge density) of the starch. Sudden 
changes in the slopes of the surface tension vs surfactant 
concentration curves (marked by arrows) indicate critical 
association concentrations. The curve for the starch with 
the lowest charge density (~') is similar to the curve that 
would be observed for a pure surfactant solution. Thus, 
CS/surfactant interactions cannot be observed below 
a certain minimum charge density. The measurements of 
electrophoretic mobility show that the surfactant/polymer 
complexes formed above the cac are positively charged 
(Fig. 2). 

At surfactant concentrations considerably higher than 
those corresponding to surfactant/starch charge equiva- 
lence, the surface tension rises and passes through a maxi- 
mum. In these concentration ranges (indicated by dotted 
curves in Fig. 1) a gel phase containing high concentra- 
tions of surfactant and polymer (see below) precipitates 
from the solution. The precipitation can also be observed 
visually as a clouding of the sample. 

4 0  

! \ 

,; 

3 0  i i m r I 

-6 -5 -4 -3 -2 

log C [M] SDS 

Fig. 1 Surface tensions of CS/SDS-solutions of cationic starch (CS) 
having different DS (concentration 0.01 w%) and sodium dodecyl 
sulphate (SDS). Symbols: (sample/degree of substitution): v: 
N1/0.014; ,,: N2/0.097; A: N3/0.415; o: N4/0.772. The two-phase 
domain is indicated by broken lines. No phase separation was 
observed for sample N1 
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Fig. 2 Electrophoretic mobilities of aggregates formed in solutions of 
0.01 w% CS (sample N4, DS = 0.772). Note that aggregates were 
detected also in the one-phase areas 

Measurements of the electrophoretic mobility show 
that the gel first separates as positively charged colloidal 
particles (Fig. 2). These are very difficult to separate from 
the solution. When more surfactant is added, the particle 
charge changes from positive to negative. Around the 
is�9 point the gel can be readily separated, but the 
negatively charged particles at higher surfactant concen- 
trations are again very stable. The surfactant concentra- 
tion range in which phase separation occurs increases with 
increasing charge density of the starch (N2 < N3 < N4). 
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When more surfactant is added, the gel phase eventually 
dissolves and the surface tension becomes almost indepen- 
dent of the surfactant concentration, clearly due to the 
formation of free micelles in the solution. 

The effect of the hydrocarbon chain length 
of the surfactant 

Figure 3 shows the surface tension of solutions of surfac- 
tant and the CS with the highest charge density (N4). The 
cac is lower, the longer the hydrocarbon chain of the 
surfactant (NaO1 < K D o d  < SDS < KOct). The cac of 
NaOl  is difficult to determine because strong interactions 
occur already at very low concentrations of NaO1. The 
concentration at which the gel phase separates increases in 
order NaO1 < SDS < KDod.  For KOct,  it is not possible 
to visually observe the formation of a gel phase, presum- 
ably because very small amounts of gel are formed with 
this short-chain surfactant. However, when even lower 
concentrations of starch were used (0.001%) the formation 
of a gel phase was observed as an increase in the surface 
tension. 
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Fig. 4 Surface tensions of solutions of cationic starch (sample 
N4, DS = 0.772) and SDS. Concentrations of CS: A: 0.001 w%; 
..: 0.01 w%; o: 0.1 w%. The two-phase domain is indicated by 
dotted lines 

lower concentrations of surfactant when the concentration 
of CS decreases. As the CS concentration increases, the 
effect of phase separation on the surface tensions becomes 
less marked. 

The effect of polyelectrolyte concentration 

Figure 4 shows the effect of the concentration of starch 
(sample N4) on the surface tension of CS/SDS solution. 
The cac increases slightly as the concentration of CS 
increases. On the other hand, phase separation occurs at 

Fig. 3 Surface tensions of aqueous solutions of cationic starch (CS) 
(concentrations 0.0l w%) and different surfactants. Symbols: 
,,: Potassium octanoate (KOct), o: Potassium dodecanoate (KDod); 
v :  Sodium oleate (NaO1); A: Sodium dodecyl sulphate (SDS). The 
two phases are indicated by dotted lines. No phase separation is 
observed for KOct 
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The effect of the concentration of simple salts 

Figure 5a shows the effect of added simple electrolyte 
(NaC1) on the surface tension, y of SDS solutions contain- 
ing 0.01 weight % CS (sample N4). Without any added 
salt, in a range below the concentration at which phase 
separation occurs, 7 depends on the  concentration of SDS, 
CsDs in same way as the surface tension of SDS solutions 
containing no CS. The formation of a condensed surface 
layer is indicated by a steep decrease in 7 at about 
the same concentration (log CsDs = -  4.3) as in CS free 
solution. 

When 0.001 M NaC1 is added, 7 is lowered by 
10 m N  m-1  in the lowest concentration range of SDS. 

The sharp decrease in surface tension occurs at 
log CSDS = -- 4. When more NaCI was added at very low 
CsDs, cac is further lowered. For 0.1 M NaC1, no cac can 
identified. In Fig. 5a, the ionic strength increases as CsDs 
increases. Figure 5b shows the results when NaC1 was 
added so as to keep the ionic strength constant up to 
a certain CSDS (see the explanation in the figure text). When 
the ionic strength increases from 0.001 to 0.002 the surface 
tension at low CSDS increases. At both ionic strengths, a cac 
can be identified; its value increases with ionic strength. 

The effect of added simple electrolyte and the hydro- 
carbon chain length of the surfactant is shown for car- 
boxylates in Fig. 3 and in Tables 2 and 3. When KOct  is 
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Fig. 5 The effect of adding NaC1 on the surface tensions of solutions 
of cationic starch (sample N4, DS = 0.772) and SDS. (a) The concen- 
tration of NaC1 was kept constant. Added NaC1 concentrations 
(mol dm-3): v: none; A: 0.001; e: 0,01; I :  0.1. (b) The ionic strength 
was kept constant up to A: 0.001; e: 0.01; w: 0.1 mol dm -3 by adding 
NaC1. v: no NaC1 added 

added to 0.01 weight % CS, a cac can be identified in 
solutions without any added salt (Fig. 3), but the cac 
disappears when 1 mmoldm-3  KC1 is added. When the 
CS concentration is lowered to 0.001 weight %, the forma- 
tion of a gel phase can be identified (the upper and the 
lower concentration ranges, Table 2, are uncertain). Gel 
formation is suppressed when more CS is added (Table 2) 
and when KC1 is added (Table 3). 
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When the length of the hydrocarbon chain of the 
carboxylate increases, the cac is lowered (Fig. 3); when salt 
is added or when the concentration of CS increases the cac 
increases. The cmc is lowered by adding salt, so that, as has 
been observed for many other ionic surfactant/polymer 
systems, the difference between cmc and cac decreases as 
the salt concentration increases and also when the polymer 
concentration increases. 

Phase separation occurs at lower surfactant concentra- 
tions and in a narrower surfactant concentration range as 
the chain length of the surfactant increases (Fig. 3, Table 

Table 2 Critical association 
concentrations (cac), lower and 
upper surfactants 
concentrations of two-phase 
area and critical micelle 
concentrations (cmc) of the 
pure surfactants in systems of 
cationic starch (sample N4, 
DS = 0.772) and different 
surfactants at 25 ~ 

Surfactant cac 
mmot d m -  3 

CS 
0.001 w% 
SDS 0.032 
KOct 
KDod 
NaO1 

CS 
0.01 w% 
SDS 0.032 
KOet 0.89 
KDod 0.040 
NaO1 

CS 
0.1 w% 
SDS 0.079 
KOct  
KDod 0.063 
NaO1 0.010 

Lower phase Upper phase cmc log(cmc)- 
boundary boundary m m o l d m - 3  log(cac) 
mmol d in-  3 mmol d in-  3 

0.25 7.9 
(5.6) (28) 
1.0 20 
0.028 0.79 

O.50 10 

2.8 20 

0.25 16 

4.0 25 
1.6 5.0 

8.25 
345 

16 
0.90 

2.4 

2.4 
2.59 
2.60 

2.02 

2.40 
t.95 
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Table 3 Critical association concentrations (cac) and lower and 
upper surfactant concentrations of two-phase area in systems of 
cationic starch (sample N4, DS = 0.772, concentration 0.01 w%) and 
different surfactants at 25 ~ 

Surfactant/ cac Lower phase Upper phase 
added mmol din- 3 boundary boundary 
electrolyte mmol dm- 3 mmol dm- 3 
mmol din- 3 

SDS/NaCI 
No added salt  0.032 0.50 10 

1.0 0.079 0.50 10 
10 0.010 0.35 3.6 

100 - 0.35 2.5 
KOct 0.89 
No added salt 0.89 

KDod/KC1 
No added salt  0.040 2.8 20 

1.0 0.079 2.8 19 
10.0 0.13 2.7 18 

100 0.16 

NaO1/NaC1 
No added salt  0.0032 0.31 1.12 

1.0 - - 
10.0 0.0056 0.22 0.63 

100 0.0089 - 0.50 

SDS + CS (N4) 

5•50 6y 
 \3o 8y 

I~ / / / / / 

10 20 30 40 50 

CS (N4), % 

Fig. 6 Partial phase diagram of the system CS (N4)/SDS/water at 
25 ~ Points A indicate the compositions prepared in experiments; 
points B gives analyzed compositions of the gel phase and points 
C represent the compositions of the supernatant aqueous phase 

2). The effect of adding salt on phase formation is not as 
well defined as for SDS. 

Comparison of the two surfactants with the same chain 
length (SDS, KDod) shows that the nature of the end 
group quantitatively affects both the cac and phase sepa- 
ration. The cac of SDS is slightly lower than that of KDod 
and phase separation occurs at much lower concentrations 
in SDS solutions than in KDod solutions containing the 
same amount of CS. Adding salt shifts the phase bound- 
aries in SDS and KDod solutions in the same way, but the 
effect is much weaker for KDod. 

Phase diagrams 

Figures 6-9  show partial phase diagrams for systems 
consisting of water, the CS with the highest degree of 
substitution (N4) and SDS, KDod  or NaO1. Figures 6 
and 7 show that the SDS/CS gel that is in equilibrium 
with aqueous solution contains considerably less water 
(45-55%) than the corresponding KDod/CS gel 
(60-70%). Obviously, the starch/surfactant interactions 
must be stronger in the SDS/CS gel (as is also indicated by 
the results given in Fig. 3). The effect of added electrolyte 
on gel phase formation in the SDS system is shown in Fig. 
8. The extent of the two-phase area is decreased, but its 
general location in the phase diagram does not change 

Potassium dodecanoate + CS (N4) 

5~ 5~ ~o 
60/ \ % 

- 4o 
z? 7o / \ 

% 
80/ \  oo._ 

90/  \ o 

/ / 
10 20 39 40 59 
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Fig, 7 Partial phase diagram of the system CS (N4)/KDod/water at 
25 ~ Points A indicate the compositions prepared in experiments; 
points B gives analyzed compositions of the gel phase and points 
C represent the compositions of the supernatant aqueous phase 

significantly. Comparison of Fig. 7 with Fig. 9 shows the 
effect of increasing the chain length of the surfactant. The 
water content of the gel formed in equilibrium with aque- 
ous solution by NaOl, CS and water is smaller and the 
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SDS + CS (N4) + NaCI (0.1M) 

5•50 6y 
~ \ ~:~ / 

10 20 30 40 50 
CS (N4), % 

Fig. 8 Partial phase diagram of the system CS (N4)/SDS/ 
0.1 mol din-3 NaC1 at 25 ~ Points A indicate the compositions 
prepared in experiments; points B gives analyzed compositions of 
the gel phase and points C represent the compositions of the super- 
natant aqueous phase 

Sodium oleate + CS (N4) 
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Fig. 9 Partial phase diagram of the system CS (N4)/NaO1/water at 
25 ~ Points A indicate the compositions prepared in experiments; 
points B gives analyzed compositions of the gel phase and points 
C represent the compositions of the supernatant aqueous phase 

amount of the surfactant is larger than in the correspond- 
ing KDod/CS/water gels. It should be noted that the 
restriction in the mobility of the hydrocarbon chain in- 
duced by the double bond in the oleate may also affect the 
extent to which the gel swells with water. 

Discussion 

General considerations 

As has been established in several earlier studies, the main 
forces governing surfactant/polymer interactions and ag- 
gregate formation in ionic systems are i) the entropy 
change associated with the formation of large aggregates, 
ii) electrostatic interactions (due to the ionic groups in the 
polymer and the ionic heads of the surfactant), iii) solva- 
tion of the polar end-groups of the surfactant and of the 
polymer, and iv) hydrophobic interactions (due to hydro- 
phobic moieties in surfactant and in the polymer). 

There are no hydrophobic moieties in the cationic 
starch. Hence, it can be assumed that hydrophobic surfac- 
tant/polymer interactions, which are prominent in many 
systems containing modified nonionic polysaccharides, are 
unimportant. 

The electrostatic interactions can, schematically, be 
divided into: 

1) Interactions between the ionic groups on the poly- 
mer. These strongly affect the conformation of the free 
polymer coil in solution. The most important molecular 
parameter governing these interactions is the charge den- 
sity (DS) of the polyion. 

2) Interactions between the ionic heads of the surfac- 
tant. These interactions oppose the formation of micellar 
aggregates. For a homologous series of surfactants, the 
most important molecular parameter affecting these inter- 
actions is the size and structure of the hydrocarbon 
moiety, which determines the packing conditions of the 
monomers into micellar aggregates and the balance be- 
tween aggregation-promoting hydrophobic interactions 
and electrostatic repulsion. 

3) Interactions between the ionic groups in the poly- 
electrolyte and the end-groups of the surfactant. A useful 
approach is to consider this as analogous to the inter- 
action between two polymers of opposite charge: one 
"polymer" is formed when the surfactant monomers form 
micellar aggregates, the other polymer is the added 
polyelectrolyte [-5]. 

Finally, one has to consider the screening effect of added 
simple electrolyte on all electrostatic interactions. 

Adsorption at the air/liquid interface 

As shown by Fig. 5, the surface tension of CS/SDS 
solutions with very low SDS concentrations 
( < 0.05 mmoldm 3) drops considerably ( ~ 10 raN/m) 
when a small amount of simple electrolyte (1 mmol dm-  3 
NaC1) is added. 
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The CS alone is not markedly surface active, as shown 
by Fig. 5a (no simple electrolyte added). The activity of the 
SDS monomers is increased and the cmc of SDS lowered 
when simple electrolyte is added. However, with a salt 
addition as low as 1 mmoldm -3 this effect should be 
small, as is indeed confirmed by the small effect of NaC1 on 
the surface tensions at higher Csos. Neither can the lower- 
ing of the surface tension be explained by cooperative 
interaction of the surfactant with the polyelectrolyte. This 
interaction manifests itself in the occurrence of a cac, 
which increases as electrolyte is added. 

A possible explanation for the observed lowering of the 
surface tension is offered by ion condensation and the 
sensitivity of polyelectrolyte conformations to the electro- 
lyte concentration. The effect on conformation is often 
described in terms of an electrostatic persistence length 
Pel. For a wormlike chain, Pel to a good approximation is 
given by 

IB 
P~I - 4KZb2~Z , (1) 

where 

z2e 2 
IB - - -  (2)  

4 ~ o a k T  

is the Bjerrum length at which two electronic charges of 
magnitude q, in a solvent of dielectric constant ~, interact 
with energy k T, 

K- 1 = (8rClBCs)- t/2 (3) 

is the Debye parameter and b is the mean distance between 
charges along the chain. The dimensionless charge density 
parameter 4, is given by 

IB 
= - - .  (4) 

b 

According to the Manning theory of ion condensation on 
linear polyelectrolytes [12], when ~ exceeds a critical 
value, some ions will remain attached to the polyion even 
at infinite dilution, thereby effectively reducing its charge. 
For  a polyion with monovalent charged groups immersed 
in an 1" 1 - electrolyte, the critical value of ~ is 1, corres- 
ponding to b = 0.702 nm. For  starch sample N4, b ~ 0.52 
and ~ ~ 1.38. 

The persistence length is strongly affected by electro- 
lyte concentration. In a 0.01% solution of CS N4 the 
concentration of free ions will be ~ 0.3 mmoldm -3, 
which using Eq. (1) gives Pel ~ 150 nm. Adding 
l m m o l d m - 3  NaC1 reduces Pe~ to ~ 3 4 n m ;  in 
10mmoldm -3 NaC1 Pel ~ 3 nm. 

It can be concluded that ion condensation takes place 
on the CS N4 starch and that the conformation of the 

molecule shrinks very rapidly when the concentration of 
added electrolyte increases. The condensation of counter 
ions would also apply to monomer surfactant counter 
ions, so that there would be an enhancement of the hydro- 
phobic moieties of surfactant close to the polyelectrolyte 
chain even at surfactant concentrations below the cac. It 
seems reasonable that these two effects would lead to the 
formation of amphiphilic polymer/surfactant complexes 
that adsorb at air/liquid interface and lower the surface 
tension, as observed in Fig. 5a. 

Critical association concentrations 

Figure 3 and Table 2 show that the log(cac) decreases 
linearly with increasing chain length. Thus the tendency of 
the surfactant to form micellar aggregates associated with 
the polymer increases as the size of the hydrophobic moi- 
ety increases. No cac can be observed for KOct. Thus, if 
the hydrocarbon chain is very short, the formation of free 
micelles is energetically preferred to those bound to CS. 

The polymer concentration only slightly affects the cac. 
Indeed, the effect is about the same as the effect of increas- 
ing the ionic strength of the solution by adding a corres- 
ponding amount of simple electrolyte. 

Adding simple electrolyte screens the electrostatic in- 
teraction between the polymer and the surfactant as well 
as the repulsion between the ionic groups of the CS. Hence, 
the cac should increase with increasing electrolyte concen- 
tration, as is indeed confirmed by the results shown in 
Table 3 and Figs. 4 and 5. Added electrolyte also screens 
the repulsion between the head groups of the surfactant 
ions, so that the cmc is lowered. 

The cac is lowered when the linear charge density of 
the CS increases (Fig. 1), i.e. CS with higher charge density 
screens the repulsion between the surfactant end groups 
more effectively. 

Phase separation and redissolution 

Phase separation 

Phase separation is a general feature of systems containing 
a polyelectrolyte and a surfactant of opposite charge. The 
formation of a second phase shows up as a hump in the 
surface tensions (Figs. 1, 3-5). Actually, this is a very 
simple and sensitive way to detect phase separation. Pre- 
sumably the measured surface tensions in the two-phase 
area are those of the aqueous solution, which becomes 
depleted in surfactant as the gel precipitates. When addi- 
tional surfactant is added, the solution concentration 
of surfactant increases, the system eventually becomes 
homogeneous and the surface tension approaches values 
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characteristic for the pure surfactant solution above the 
cmc. 

It was shown by Lindman et al. [5] that the occurrence 
of a critical association concentration and phase separ- 
ation can be described in terms of the association of 
surfactant micelles with polymer coils. Phase separation 
occurs when binding of surfactant micelles to the polyelec- 
trolyte reduces the total charge of the complexes to a low 
value. 

The importance of electrostatic interactions is obvious. 
Firstly, the higher the DS of the CS, the higher is the 
surfactant concentration required to precipitate the gel 
phase. Secondly, phase separation or other surfactant/ 
polymer interactions cannot be detected when the DS is 
very low (no interactions were observed for sample N1 
with DS = 0.0014). Thirdly, the lower the polymer concen- 
tration, the less surfactant is needed to precipitate the gel 
phase, which is formed even the CS concentration is as low 
as 0.001%. 

However, our results show that phase separation does 
not coincide with the surfactant/polymer ratio corres- 
ponding to charge equivalence. Actually, it takes place 
when an excess of surfactant has been added (but well 
below the cmc of the pure surfactant). When the surfactant 
chain increases, the phase separation concentration de- 
creases, just as the cac and the cmc of the surfactant 
(Tables 2 and 3). Phase separation does not occur if the 
surfactant chain is very short (KOct). Clearly, the 
cooperative hydrophobic interactions between the surfac- 
tant alkyl chains also affect phase separation. This consti- 
tutes strong evidence that the description of surfactant/ 
polymer complexation as a polymer/micelle interaction is 
adequate. 

The electrolyte concentration does not affect phase 
separation as markedly as in other systems of anionic 
polyelectrolyte and cationic surfactants [13, 14]. The sur- 
factant/polymer interaction is weakened when electrolyte 
is added (the cac increases, Table 3). On the other hand, 
small amounts of simple electrolyte (1-10 mmoldm -3) 
slightly decrease the lower phase boundary, and the cmc 
of the surfactant. Higher electrolyte concentrations 
(0.1 mol dm- 3) reduce the width of the two-phase area, but 
phase separation still occurs. It can be concluded that 
phase separation is more strongly affected by the lowering 
of the electrostatic repulsion between the surfactant end 
groups, which promotes micelle formation, than by the 
weakening of polyelectrolyte/micelle interactions. 

Dissolution of precipitated CS/surfactant 

Two mechanisms by which polymer/surfactant complexes 
could be dissolved have been suggested. One is that redis- 

solution is due to a decreased binding of the surfactant to 
the polymer because it is preferentially bound in free 
micelles. This would generally require surfactant concen- 
trations much higher than cmc. Another mechanism is that 
surfactant binding increases to the extent that the com- 
plexes become negatively charged. For example, phases 
formed by cationic cellulose and surfactant dissolve in this 
way [7]. 

Measurements of the electrophoretic mobilities of the 
CS/surfactant particles (Fig. 2) show that the particles 
become negatively charged when sufficient surfactant is 
added. Concomitantly, the gel phase dissolves. At low CS 
concentrations, dissolution takes place at surfactant con- 
centrations ~ the cmc of the pure surfactant. These obser- 
vations indicate that the phases dissolve by the charge 
reversal mechanism. The charge density of the CS affects 
redissolution. The gel formed by surfactants with the CS 
with the highest DS (N4) never dissolve completely. This 
behaviour was also observed for other systems were the 
phases dissolve by the charge reversal mechanism [7]. 

Phase diagrams 

Although the CS/surfactant/water/simple electrolyte sys- 
tem is actually a four-component system, useful descrip- 
tions of the phase behaviour are obtained by plotting 
three-component diagrams in which it is assumed that the 
added simple electrolyte forms one component with water. 
This was done in Figs. 6-9. The phase diagrams are 
similar to those reported by Thalberg et al. [15] for 
poly(N,N-dimethyl-3,4-ethylene pyrrolidonium chloride), 
(PDADMAC) and anionic surfactants. Thalberg et al. [16] 
were able to theoretically predict the shapes of their phase 
diagrams by applying the Flory-Huggins theory of the 
behaviour of polymers in solution [17]. In the model, the 
surfactant is regarded as another polyelectrolyte. The 
complex nature of cationic starch makes quantitative cal- 
culations for the CS containing systems difficult. However, 
it is obvious that they qualitatively behave in the same way 
as the systems described in ref. [16]. 

Qualitatively applying the concepts of the model used 
by Thalberg et al., the following observations can be made. 
It is very likely that association in CS/surfactant systems 
takes place between the CS and aggregated surfactant 
monomers. The gel phase has a low water content. Hence, 
the interaction between CS and anionic surfactants must 
be much stronger than the interactions between anionic 
polyelectrotytes and cationic surfactants. This agrees with 
earlier observations [18, 19]. The reason is not fully under- 
stood, but the small size of the polar head of anionic 
surfactants may be of importance 1-20]. 
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The importance of the polar head is illustrated by 
comparison of the SDS/CS systems with the KDod/CS 
systems. The number of carbon atoms in these surfactants 
is equal, but the maximum water content of the gel formed 
by CS and KDod is considerably higher than that of the 
CS/SDS gels. Although the difference may be partially due 
to the different counter ions, it also indicates that 
starch/polar head group interactions are stronger in the 
CS/SDS system. 

When the length of the hydrocarbon chain increases, 
the cac and the surfactant concentration at the lower phase 
boundary decreases (Table 2). The maximum water con- 
tents of the gels formed by CS (N4) with KDod and NaO1 
also indicates somewhat stronger interactions in the sys- 
tem containing the surfactant with the longer chain. 

Addition of 0.1 tool dm 3 NaC1 to the SDS/CS (N4)/ 
water system does not induce significant changes in 

the phase behaviour. This is also indicative of the 
highly cooperative nature of the CS/anionic surfactant 
interactions. 

Very stiff gels are formed by systems containing a little 
more surfactant than the amount equivalent to the charge 
on the CS. The viscosity decreases strongly when slightly 
more or slightly less surfactant is used. The effect of added 
electrolyte on the stiffness of the gel phase is weak. Studies 
of these effects are expected to give additional insight into 
the structure of the gels and will be reported in forthcom- 
ing papers. 
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