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The very slow equilibration time in oppositely charged systems makes it necessary to control not only the concentration of the s
lso the details of the mixing process. This has been demonstrated for processes occurring at interfaces where order of addition effe
reat importance. In this investigation we set out to study the bulk properties of aqueous mixtures of a highly charged cationic poly
ixed with an anionic surfactant with the aim to learn if long-lived non-equilibrium states were formed also in this case, and thus if t
f the mixing procedure would affect the structure of the aggregates formed. For simplicity we chose two mixing protocols, deno
nd “STP”. In the PTS-method the polyelectrolyte is added to the surfactant solution whereas in the STP-method the surfactant is

he polyelectrolyte solution. The properties of the mixtures in aqueous solutions, with different NaCl concentrations and as a f
ime, were followed by conducting turbidity, electrophoretic mobility and dynamic light scattering measurements. The results de
hat the mixing protocol indeed has a great impact on the size of the aggregates initially formed and that this size difference p
ong times. Hence, trapped non-equilibrium states do play an important role also in the bulk solution. We found that in excess
olutions the smaller aggregates formed by the STP-method are more resistant than the larger ones formed by the PTS-method
nstability induced by electrolytes (NaCl). Based on our results we suggest that for producing small and stable polyelectrolyte–
ggregates in systems with excess surfactant, the surfactant should be added last, while the opposite should be applied for system
olyelectrolyte.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Polymers and surfactants are used together in many appli-
ations such as cleaning, emulsification and rheology control
o mention but a few, which have resulted in significant tech-
ical and scientific interest. A subclass is polyelectrolytes and
ppositely charged surfactants, which associate strongly due

∗ Corresponding author. Tel.: +46 8 790 9912; fax: +46 8 20 89 98.
E-mail address:ali.naderi@surfchem.kth.se (A. Naderi).

to mainly electrostatic and hydrophobic interactions. In s
cases the complete phase diagram has been determin[1],
but most studies focus on relatively dilute aqueous solut
The association pattern in this regime can be influence
moderating the electrostatic attraction by varying salt con
tration [2], polyelectrolyte charge density[3,4], or by using
mixtures of charged and uncharged surfactants[5]. It can also
be moderated by controlling the hydrophobic interaction
instance by varying the chain length of the surfactant[6,7]and
by introducing non-polar sites in the polyelectrolyte struc
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[8]. The architecture of the polyelectrolyte, e.g. the intrinsic
stiffness[9] and branching[10,11], influences the way the
polyelectrolyte can change conformation in order to promote
surfactant self-assembly and is thus also of importance.

As a rule, the association between polyelectrolytes and
oppositely charged surfactants starts at very low surfactant
concentrations (typically 1–3 orders of magnitude below the
critical micelle concentration, CMC, of the surfactant). We
call the entity formed by association between one polyelec-
trolyte and surfactants a polyelectrolyte–surfactant complex,
whereas the term “aggregate” is used for association struc-
tures containing any number of (also one) polyelectrolyte
chains. When the charge of the polyelectrolyte–surfactant ag-
gregate is sufficiently reduced, aggregation will occur read-
ily. At this stage the solution becomes noticeably turbid to
the naked eye. However, at still higher surfactant concentra-
tions a clear solution is often, but not always, formed again. A
higher charge density of the polyelectrolyte counteracts the
formation of a clear solution in presence of excess surfactant,
see for instance[12].

It often takes a very long time to reach true equilibrium in
strongly associating polymeric systems. For instance when
considering polyelectrolytes adsorbed to oppositely charged
surfaces, or any polymer showing a high-affinity adsorption
isotherm to a surface, it is found that the desorption kinetics
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states are formed also in complex solutions of oppo-
sitely charged species, e.g. oppositely charged polymers
or polyelectrolyte–surfactant mixtures. What is known is
that in certain concentration ranges very stable and surpris-
ingly monodisperse polyelectrolyte–surfactant aggregates
are formed[26,27], and that the internal structures of some of
these aggregates are well defined[18,28–32], e.g. consisting
of rod-like surfactant micelles wrapped by polyelectrolyte,
with the micelles ordered in hexagonal symmetry.

In this work we have investigated the formation of trapped
non-equilibrium states in bulk solutions containing a highly
charged cationic polyelectrolyte mixed with an anionic sur-
factant for prolonged times, up to 1000 h. The methods
of choice for our investigations were turbidity and elec-
trophoretic mobility measurements combined with dynamic
light scattering studies. The polyelectrolyte concentration has
been kept constant at 20 ppm, whereas the surfactant con-
centration has been varied up to its CMC-value in pure water
(8.3 mM). The salt concentration was also varied to moderate
the electrostatic driving force for association and the repul-
sion between polyelectrolyte–surfactant aggregates. We will
compare the results obtained with those for similar mixtures
consisting of poly(vinyl amine), a linear cationic polyelec-
trolyte with ionizable groups, and an anionic surfactant[33].
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re extremely slow. This has lead to the notion of “irrevers
dsorption” even though a more correct term in many c
ould be an extremely slowly reversible adsorption[13]. The
igh affinity between polyelectrolytes and oppositely cha
urfaces results in a need for control of the experimental
ay in order to obtain reproducible results since the sy
ften becomes trapped in long-lived non-equilibrium sta
or instance, it has been shown that the order of add
f inorganic ions and polyelectrolytes affect the structur
dsorbed polyelectrolyte layers[14–16], that is the structur
oes not only depend on the bulk composition but als
hether the polyelectrolyte or the salt was added first.

larly Chen et al.[17] showed that the order of addition
wo oppositely charged polyelectrolyte solutions determ
he end net charge of the system, and that deviations
:1 stoichiometry in the formed aggregates increases

onic strength of the system. This, of course, has impo
onsequences in technical applications.

The state of composite surface layers formed by poly
rolytes and oppositely charged surfactants are also fou
epend on the experimental pathway[18]. In particular Tilton
nd co-workers have shown how surfactants can be emp

o anchor polymers to solid surfaces in long-lived trap
on-equilibrium states[19–24]. Thus, it is clear that trappe
on-equilibrium states in complex layers formed on surf
re prevalent, and understanding these states and how
an be modified by the proper choice of the experime
athway remains a challenge, even though the understa
as increased during the past years[25].

The common observation of trapped states forme
urfaces naturally leads to the question of whether
. Materials and methods

.1. Materials

The polyelectrolyte used was poly{[2-(propionyloxy)
thyl]trimethylammonium chloride} (PCMA), which was
btained as a gift from Laboratoire de Physico-Chi
acromoĺeculaire, Universit́e Pierre et Marie Curie, Par
he PCMA sample has a number average molecular w
f 1600 kg/mol or about 10,000 segments per molecule.
egment of the chain carries one permanent positive c
quaternary ammonium group) located 0.6–0.7 nm a
rom the linear backbone. The anionic surfactant sodium
ecyl sulfate (SDS), with >99% purity, was obtained fr
DH. It was recrystallized two times from ethanol bef
eing used. The sodium chloride (NaCl), with >99.5%
ity, was obtained from Merck and used as received.
ater was first pre-treated with a Milli-RO 10 Plus sys
nd further purified with a Milli-Q PLUS 185 system.

.2. Mixing procedures

To prepare the samples (30 ml) containing 20 ppm PC
ca. 0.13 mM charged segments) and different concentra
f SDS, stock solutions of PCMA (1000 ppm) and SDS
nd 16.4 mM) in solutions with different ionic strength w
rst made. The samples were prepared by first creat
remix of the aqueous salt solution and either surfacta
olymer, which was blended by turning the sample tube
ide down a few times. The last ingredient was then a



A. Naderi et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 253 (2005) 83–93 85

and a final blending was carried out in the same way as de-
scribed above. Two different mixing methods were employed
for preparation of blends of PCMA and SDS, in solutions with
different concentration of NaCl (0–100 mM). The first pro-
cedure involved the mixing of SDS and the aqueous salt solu-
tion (which constituted the premix) prior to the addition of a
small amount of the polyelectrolyte stock solution. This was
done slowly in a drop-wise fashion taking ca. 5 s. This pro-
cedure will be referred to as PTS (Polyelectrolyte added To
the Surfactant). In the second procedure the polyelectrolyte
and the aqueous salt solution constituted the premix, to which
an amount of the concentrated surfactant solution was then
added drop-wise. This process will be referred to as STP
(Surfactant added To the Polyelectrolyte).

2.3. Methods of investigation

2.3.1. Turbidity measurements
The turbidity of PCMA–SDS mixtures containing 20 ppm

PCMA, different NaCl concentrations and various amounts
of SDS was measured employing a HACH ratio turbidimeter.
The turbidity of each sample was measured before,T1, and
after addition of PCMA or SDS,T2, depending on the mix-
ing method. TheT2-values were registered starting 15 min
after the addition of the final ingredient. In this paper we
will present the turbidity results as the turbidity difference
( the
c unc-
t We
n was
a t
t ect
b

2
g-

g n of
t ents,
U cell
Z Zeta
P e.

2
out

u BI-
9 and
a W.
T
t es-
t e-
m ition
o tter-
i e ex-
t d
w ation
a

3. Results and discussion

In this section we will first report and discuss the properties
of the systems shortly after mixing, and then demonstrate how
they evolve with time.

3.1. Turbidity shortly after mixing

The turbidity of solutions containing mixtures of PCMA
and SDS in solutions with different ionic strengths, prepared
according to the different blending methods, and obtained
15 min after their preparation is illustrated inFig. 1a–d. Be-
fore commenting on the results we have to stress that each
point, in the curves presented in this paper, is an entity that
has been mixed and separately prepared, and therefore is not
the result of the continuous increase of the surfactant con-
centration in one particular sample.

We start by using the data obtained with the STP-method
in a salt-free solution,Fig. 1a, to describe the general fea-
ture of the curves. It is clear that the turbidity is low at
low surfactant concentrations, reaches a maximum at around
0.3 mM SDS, and then decreases again at higher surfactant
concentrations. Dedinaite et al.[35] explained the above
trend as being due to variations of the net charge of the
PCMA–SDS aggregates. We useFig. 2a to illustrate the
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�T=T2 −T1) between the PCMA–SDS mixture and
orresponding polyelectrolyte/SDS free solution as a f
ion of the total (bound and free) SDS concentration.
oted that the turbidity prior to mixing the components
lways small and that�T is very close toT2. Hence in the tex

he term “turbidity” will be used instead of the more corr
ut less convenient term “turbidity difference”.

.3.2. Electrophoretic mobility measurements
The electrophoretic mobility of the PCMA–SDS a

regates was measured, 15 min after the preparatio
he samples, using a Zetasizer 2000, Malvern Instrum
nited Kingdom, employing the standard electrophoresis
ET5104. The instrument was calibrated using Malvern
otential transfer standard (code DTS-1050) prior to us

.3.3. Dynamic light scattering measurements
Dynamic light scattering measurements were carried

sing a BI-200SM goniometer system connected to a
000AT digital correlator from Brookhaven Instruments
water-cooled Lexel 95-2 laser with maximum power of 2
he scattered light was measured at an angle of 90◦ relative

o the incident beam (λ = 514 nm). The samples were inv
igated at room temperature (20–23◦C), and the measur
ents were carried out no sooner than 15 min after add
f the last component. For the theory behind light sca

ng measurements we refer the interested reader to th
ensive literature available (e.g.[34]). The Contin metho
as employed to perform the inverse Laplace transform
nalysis.
easoning. At SDS concentrations below the turbidity m
mum, the aggregates carry a net positive charge (i.e
ess of polyelectrolyte charges), manifested by their pos
lectrophoretic mobility. Due to electrostatic repulsion,
ggregates are prevented from coming close to each
nd form larger aggregates – the turbidity is hence low

he turbidity maximum (which occurs around 0.3 mM SD
he electrophoretic mobility reaches zero showing tha
CMA–SDS aggregates are uncharged, thus there are n

rostatic forces present to prevent formation of large ag
ates. Above the turbidity maximum the net charge of the
regates is negative, due to the incorporation of excess
he net negative charge, when generating a sufficiently s
epulsive double-layer force, prevents association bet
olyelectrolyte–surfactant aggregates in the same man
escribed above. We suggest that the excess SDS is
orated due to hydrophobic interactions between surfa

ails, i.e. the same driving force as for formation of free S
icelles and for complexes formed between SDS and

harged polymers. The same reasoning holds for both m
rotocols.

Coming back toFig. 1, we notice that the way the so
ions are prepared has an effect on their turbidity. This
ect is most pronounced at the highest surfactant conce
ions, where the PTS-method results in significantly hig
urbidity than the STP-method. On the other hand, at
urfactant concentrations the STP-method gives highe
idity as compared to the PTS-method, but in this su

ant concentration range the effect is smaller but it is
eatedly observed at all ionic strengths. We propose tha
ffect of the mixing procedure, and thus the differences
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Fig. 1. Turbidity of solutions containing PCMA and SDS measured 15 min after mixing. The solutions were prepared by the STP-method (�) and the PTS-
method (�). The conditions were no added salt (a, top left), 0.1 mM NaCl (b, top right), 10 mM NaCl (c, bottom left) and 100 mM NaCl (d, bottom right). The
PCMA concentration was 20 ppm.

tween the PTS and STP-methods, is due to events occur-
ring before the surfactant and polymer have become dis-
tributed homogeneously in the whole solution volume. Thus,
when one adds a concentrated surfactant solution to a ho-
mogeneous polyelectrolyte solution, as in the STP-method,
the temporary and locally high surfactant concentration may
give rise to non-equilibrium effects. This is not a problem at
high surfactant concentrations, when colloidally stable ag-
gregates with excess surfactants are formed. However, the
locally high surfactant concentration is likely to cause ag-
gregation close to the instability boarder at low surfactant
concentrations since locally some charge-neutral stoichio-
metric complexes may form and flocculate into larger aggre-
gates. This explains the higher turbidity for the STP-method
compared to the PTS-method at low surfactant concentra-
tions. On the other hand, when a concentrated polyelec-
trolyte solution is added to a homogeneous surfactant so-
lution, the PTS-method, the initial and locally high polymer
concentration may give rise to non-equilibrium effects. This
is not a problem at low surfactant concentrations where the
aggregates formed have positive charge excess. However,
at high surfactant concentrations the locally high polymer
concentration may result in the formation of large multi-

chain aggregates during the association process with the
surfactants, i.e. prior to that the aggregates have obtained
a net negative charge. This would explain the high turbid-
ity at high surfactant concentrations observed with the PTS-
method.

One more point regarding the data presented inFig. 1
deserves some comments. First, we recognize that by in-
creasing the salt concentration we achieve a broadening of
the concentration range over which both the STP- and PTS-
methods result in high turbidity solutions. This is consistent
with the results obtained for the PVAm–SDS system[33],
except for one feature – the broadening of the high turbidity
region achieved by adding salt is higher for the PCMA–SDS
system. Apparently, the observation that addition of salt re-
sults in increased aggregation (as seen by the higher turbidity)
is true in both cases. However, the details are dependent on
the structure of the polyelectrolyte and the structure of the
complexes and aggregates formed.

Finally we note that the extent to which non-equilibrium
states are formed is likely to depend on the time scale
over which the components distribute evenly through-
out the whole solution compared to the time scales of
polyelectrolyte–surfactant complex formation and their sub-
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Fig. 2. (a) Electrophoretic mobility (�) and turbidity (�) of PCMA–SDS
aggregates formed through the STP-method in 10 mM NaCl. For comparison
we also display the turbidity curve for the PTS-series (�) and the correspond-
ing mobility data around the charge neutralization concentration (�). The
PCMA concentration was 20 ppm. (b) The electrophoretic mobility of the
PTS aggregates displayed in (a) is shown as a function of time: (♦) 0.25 mM,
(�) 0.33 mM, and (�) 0.83 mM.

sequent aggregation. This is discussed in more detail in an-
other publication[33].

3.2. Dynamic light scattering measurements shortly
after mixing

The logarithms of the autocorrelation functions of two
PCMA–SDS systems in 10 mM NaCl and formed through
the STP-method, measured at different scattering angles, are
shown inFig. 3 (similar results were obtained for the PTS
protocol). The results presented are obtained for samples in
the regions where no precipitation was formed during the time
span of our investigations (1000 h). The results indicate that
the autocorrelation functions are close to single exponential
functions and that the same diffusion coefficient is obtained
at each scattering angle.

Fig. 4displays the logarithm of the autocorrelation func-
tions as a function ofτq2 (measured at 90◦). It has to be
pointed out that the figures also have included systems that
show high turbidity (which consequently are influenced by
multiple scattering effects) in order to show the effect of the
increase in SDS concentration on the autocorrelation func-
tion. Even though the data obtained from these systems can-

not be used for calculating, e.g. the hydrodynamic radius, the
conclusion that large aggregates are formed is firm. One fea-
ture that is common for all plots is that the relaxation time in-
creases dramatically when the SDS concentration is increased
sufficiently to make the solution noticeably turbid. This hap-
pens in the vicinity of the charge neutralization concentration
of the systems. However, while the aggregate size in samples
prepared by the STP-method decreases significantly at SDS
concentrations above the charge neutralization concentration,
it continues to remain high for samples prepared through the
PTS protocol (which is consistent with the results obtained
using turbidity measurements). We also note the “tailing ef-
fect” at largeτq2-values (observed for some curves), which
is a sign of the presence of some larger aggregates. Another
interesting feature is the short relaxation times found at high
SDS concentrations for samples prepared through the STP-
method. This indicates that the aggregates formed are very
compact despite their high excess negative charge.

The hydrodynamic radii (Rh) evaluated from the dynamic
light scattering data for PCMA–SDS aggregates in 10 mM
NaCl, obtained through the different mixing methods (and
measured 15 min after blending) are displayed inFig. 5.
Note that data that are corrupted by multiple scattering ef-
fects are omitted, but the large hydrodynamic radii close to
the charge neutralization point are indicated by lines going
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owards highRh-values. We notice that at low SDS co
entrations the sizes of the scattering units are conside
maller when the PTS-method is used as compared wi
TP-method. Thus, this is the reason behind the highe
idity obtained with the STP-method in this low SDS c
entration interval. These results also support the idea
ome aggregates containing more than one polyelectr
hain are formed with the STP-method during the initial s
f mixing. At high SDS concentrations considerably lar
ggregates are formed by the PTS-method as compa

he STP-method, consistent with the higher turbidity
es found at these SDS concentrations with the PTS-m
data for the hydrodynamic radii are not shown). In this c
ext it is useful to compare the size of the PCMA–SDS
regates with that of the collapsed PCMA chain in con

rated salt solution. TheRh-value for 20 ppm PCMA in 1 M
aCl was found to be 38 nm (marked with a dashed

n Fig. 5). For samples prepared by the PTS-method at
urfactant concentrations and for STP at high surfactant
entrations, theRh-value lies reasonably close to this val
imilar results have previously been reported by Guillo
l. [26] for the carboxymethylcellulose-DTAB and by us

he PVAm–SDS system[33] – but the present results diff
rom the previous ones in one respect. In their work Guill
l. assigned theRh of the investigated polyelectrolyte in 1
aCl, as the smallest size that the collapsed polyelectr
an obtain. However, we observe that further reductio
he polyelectrolyte size is possible by the addition of sur
ant (this effect is most pronounced at 0.08 mM). The di
nce between carboxymethylcellulose–DTAB/DNA–DT
nd PCMA–SDS in this respect is most likely due to
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Fig. 3. The logarithm of the autocorrelation functions for PCMA–SDS aggregates in 10 mM NaCl obtained at different scattering angles vs.τq2: (a) 0.04 mM
STP and (b) 8.33 mM STP. The PCMA concentration was 20 ppm.

Fig. 4. The logarithm of the autocorrelation functions for some PCMA–SDS compositions (in 10 mM NaCl, investigated 15 min after blending) measured at
90◦ and plotted as a function ofτq2. (a) Samples prepared through the STP-method, (b) samples prepared through the PTS-method. The SDS concentrations
were: 0.04 mM ( ), 0.12 mM (�), 0.33 mM (�), 4.15 mM ( ), 8.33 mM (©). (�) Represents the graph for pure PCMA (1 M NaCl). The PCMA concentration
was 20 ppm.

significantly stiffer structures of carboxymethylcellulose and
DNA compared to PCMA. We suggest that the much smaller
size of the PCMA–SDS complex at low surfactant concen-
trations is due to the extra induction of hydrophobicity by
SDS to the complex, which together with a reduction in
the charge density, enable denser packing in the interior of
the polyelectrolyte–surfactant complex. In fact, SANS and
SAXS studies[29,31] have shown that the interior of the
aggregates formed close to the charge neutralization point
consists of cylindrical SDS micelles wrapped by polyelec-
trolyte arranged in a hexagonal organization. The water layer
thickness, including the surfactant head group and the poly-
electrolyte, between these structural units has been estimated
to be 1.6 nm[31].

3.3. Time evolution of the turbidity

The stability of the dispersed polyelectrolyte–surfactant
aggregates can be followed by measuring the turbidity as a
function of time. We display our findings inFigs. 6–9, which
show results obtained with the STP- and PTS-methods in
solutions with different ionic strengths. Let us first discuss
the data shown inFig. 6a, obtained with the STP-method

for the case with no added salt. It is clear that relatively
low and stable turbidity values are obtained at concentra-
tions up to 0.12 mM SDS. In the SDS concentration interval
0.17–0.25 mM the turbidity first increases (indicating forma-

Fig. 5. The hydrodynamic radius of PCMA–SDS aggregates formed in
10 mM NaCl, and obtained 15 min after the final blending. The samples were
prepared by the STP-method (�) and the PTS-method (�). The PCMA con-
centration was 20 ppm. The dashed line corresponds to the hydrodynamic
radius of PCMA (20 ppm) in 1 M NaCl.
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Fig. 6. Turbidity of solutions containing PCMA–SDS aggregates formed in pure water as a function of time. The samples were prepared by the STP-method
(a), and the PTS-method (b). The PCMA concentration was 20 ppm. The SDS concentrations were: 0.04 mM (�), 0.08 mM (�), 0.12 mM (�), 0.17 mM ( ),
0.25 mM (♦), 0.33 mM (�), 0.83 mM ( ), 4.15 mM ( ), 8.33 mM (©).

Fig. 7. Turbidity of solutions containing PCMA–SDS aggregates formed in 0.1 mM NaCl as a function of time. The samples were prepared by the STP-method
(a), and the PTS-method (b). The PCMA concentration was 20 ppm. The SDS concentrations were: 0.04 mM (�), 0.08 mM (�), 0.12 mM (�), 0.17 mM ( ),
0.25 mM (♦), 0.33 mM (�), 0.83 mM ( ), 4.15 mM ( ), 8.33 mM (©).

Fig. 8. Turbidity of solutions containing PCMA–SDS aggregates formed in 10 mM NaCl as a function of time. The samples were prepared by the STP-method
(a), and the PTS-method (b). The PCMA concentration was 20 ppm. The SDS concentrations were: 0.04 mM (�), 0.08 mM ( ), 0.12 mM (�), 0.17 mM ( ),
0.25 mM (♦), 0.33 mM (�), 0.83 mM (�), 1.66 mM ( ), 4.15 mM ( ), 8.33 mM (©).
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Fig. 9. Turbidity of solutions containing PCMA–SDS aggregates formed in 100 mM NaCl as a function of time. The samples were prepared by the STP-method
(a), and the PTS-method (b). The PCMA concentration was 20 ppm. The SDS concentrations were: 0.04 mM (�), 0.08 mM (�), 0.12 mM (�), 0.17 mM (×),
0.25 mM (♦), 0.33 mM (�), 0.83 mM ( ), 4.15 mM ( ), 8.33 mM (©).

tion of larger aggregates) and then decreases again with time.
At an SDS concentration of 0.33 mM the turbidity decreases
rapidly with time. Visual inspection shows that sediment
is formed and thus a macroscopic phase separation occurs
rapidly close to the charge neutralization point. A further
increase in SDS concentration to 0.8 mM again results in a
solution where the turbidity initially is increasing with time.
For even longer times than illustrated inFig. 6a, the turbidity
starts to decrease again. For instance after 1000 h the turbidity
for the solution containing 0.8 mM was 77, which decreased
to 70 after 6000 h. Hence, two processes occur; aggregation of
polyelectrolyte–surfactant complexes followed by sedimen-
tation when the aggregates have grown to a sufficient size.
Low and stable turbidity values are obtained at even higher
SDS concentrations, indicating formation of stable disper-
sions of polyelectrolyte–surfactant aggregates. The general
features of the time evolution of the turbidity are mostly the
same when using the PTS- and STP-method. The most no-
ticeable difference is found at high surfactant concentrations
where the high turbidity obtained with the PTS-method de-
creases slowly with time.

The binding isotherm for SDS on PCMA is not avail-
able but the free SDS concentration at the charge neutral-
ization point can be estimated from the SDS concentration
(0.33 mM) and the polyelectrolyte segment concentration
( o a
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w NaCl
c

nce
t also
a
t in-

creased as compared to at lower NaCl concentrations. How-
ever, stable values for the turbidity are still obtained at the
lowest (both STP- and PTS-method) and highest surfactant
concentrations (only the STP-method). A further increase in
the NaCl concentration to 100 mM,Fig. 9, induces instabil-
ity also at the highest surfactant concentration independent
of the preparation method, whereas the stability remains at
low surfactant concentrations.

The instability region as a function of SDS and NaCl con-
centration is displayed inFig. 10. The diagrams show regions
where sediment has formed within 1000 h after the mixing
of PCMA and SDS. The observation that the colloidally un-
stable region increases with ionic strength is a clear evidence
for repulsive electrostatic double-layer forces being of im-
portance for the stability of the aggregates formed, which are
kinetically stabilized by the presence of excess charges. We
note that for the STP-method the electrolyte concentration
has a smaller influence on the border between stability and
instability at low surfactant concentrations, where the aggre-
gates have a net positive charge, compared to at high surfac-
tant concentrations where the surfactants are present in excess
in the aggregates. These results indicate that there is an effi-
ciency difference between excess polyelectrolyte and surfac-
tant in stabilization of the aggregates. Let us rationalize this
by considering the internal structure of the aggregates. This
h
[ thod
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0.13 mM) to be about 0.20 mM. Thus, adding NaCl t
oncentration of 0.1 mM does not change the ionic stre
rastically, and it is thus not expected to influence the sta
f the aggregates significantly above the charge neutr

ion point. Comparing the data inFig. 6(no added salt) wit
he data inFig. 7 (0.1 mM NaCl) confirms this. Howeve
e note that the sedimentation rate close to the charge

ralization point, as estimated from the decrease in turb
ith time, is increased in presence of even such a small
oncentration as 0.1 mM.

Adding NaCl to a concentration of 10 mM does influe
he ionic strength of the solutions significantly, and this
ffects the time evolution of the turbidity. As seen inFig. 8,

he range of the colloidally unstable region has clearly
as previously been determined with SANS[29] and SAXS
31] for the PCMA–SDS system prepared by the PTS-me
ithout added salt. It was shown that the internal struc
f the aggregates is characterized by a 2D-hexagonal o
ation due to packing of cylindrical SDS micelles wrap
y the polyelectrolyte. This internal organization of the
regates persists both in the sediment and in excess o
at least up to a three-fold excess) and in excess of poly
rolyte (at least up to a three-fold excess) in the colloid
table regions. The large magnitude and the negative
f the mobility of the colloidally stable aggregates in exc
DS, combined with the stability of the internal structur
xcess SDS, give us strong reasons to suggest that the
DS is accumulated as a skin on the outside of the aggre
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Fig. 10. The colloidally unstable/sedimentation region (1000 h after mixing) for solutions containing PCMA–SDS aggregates prepared through the STP-method
(a) and the PTS-method (b). The NaCl and the SDS concentrations are both expressed in molar. The unfilled symbols represent the highest SDS concentration
investigated. Here a precipitate was formed. Whether a precipitate is formed also at higher SDS concentration is likely but not determined. The points shown
at 10−6 M NaCl were in reality determined in pure water (no added salt).

It seems plausible that during a collision event between two
aggregates with excess SDS it is comparatively easy for the
surfactant molecules accumulated at the surface of the ag-
gregates to desorb, which would facilitate aggregation. The
increased ionic strength reduces the energy barrier and makes
these events more likely. On the other hand, at low surfactant
concentrations the increased ionic strength also reduces the
energy barrier during a collision event, but in this case there
is no simple way for the aggregates to get rid of their excess
charges, which are chemically bound to the polyelectrolyte,
during a collision event. This can occur by additional surfac-
tant adsorption to the aggregates during collision, but this is a
slow event in dilute surfactant solutions. A complication may
be that the internal structure of the PCMA–SDS aggregates
is affected by the NaCl concentration. However, no SANS or
SAXS data are available at higher NaCl concentrations, and
consequently we cannot discuss this further.

3.4. Time evolution of the electrophoretic mobility

In Fig. 2b the time evolution of the electrophoretic mobil-
ity of some PCMA–SDS aggregates (formed through PTS in

10 mM NaCl) around the charge neutralization concentration
(CNC) of the system is shown. Clearly, the mobility of the ag-
gregates decreases slightly with time, which partly can be ra-
tionalized by the continuous aggregation of the PCMA–SDS
aggregates. However, we note that the mobility of the aggre-
gates actually may change sign, from positive to negative,
with time. Hence, it appears that an additional slow incorpo-
ration of SDS in the aggregates occurs, a process that is not
well understood at the time of writing.

3.5. Time evaluation of PCMA–SDS solutions by
dynamic light scattering

Fig. 11illustrates how theRh-values of PCMA–SDS ag-
gregates, in 10 mM NaCl, change with time. Only data for
samples with small aggregates, avoiding complications due
to multiple scattering, are shown. Aggregates with a size
that does not change with time are formed at low surfac-
tant concentrations, up to about 0.08 mM SDS, using the
STP-method (Fig. 11a). This is consistent with the turbid-
ity measurements and the notion of formation of colloidally
stable aggregates. Apparently once formed these aggregates,

F s form The PCMA
c 8 mM
ig. 11. The hydrodynamic radius vs. time of PCMA–SDS aggregate
oncentration was 20 ppm. The SDS concentrations were: 0.04 mM (), 0.0
ed by the STP-method (a) and the PTS-method (b) in 10 mM NaCl.
( ), 0.17 mM ( ), 4.15 mM ( ), 8.33 mM (©).
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Table 1
Polydispersity of PCMA–SDS aggregates in 10 mM NaCl measured at 0.25 h
and ca. 1000 h after mixing

SDS (mM) Polydispersity (0.25 h) Polydispersity (ca. 1000 h)

0.04 STP 0.22 0.19
0.04 PTS 0.10 0.10
0.08 STP 0.25 0.26
0.08 PTS 0.15 0.17
4.15 STP 0.14 0.15
8.33 STP 0.17 0.18

which are considerably larger than those formed by the PTS-
method remain stable during a period of at least 1000 h.
Hence, since the difference in aggregate properties for the
two methods remains for prolonged times it is clear that we
observe non-equilibrium trapped states (the true equilibrium
state remains unknown). However, when the SDS concen-
tration is increased to 0.17 mM the size of the aggregates
increases with time. Hence, flocculation clearly occurs, and
as a consequence the turbidity increases. At high surfactant
concentrations, at and above 4 mM SDS, the size of the ag-
gregates is again nearly invariant with time. For samples pre-
pared by the PTS-method (Fig. 11b) we notice the same gen-
eral trends as for the STP samples.

From an industrial point of view it may be of importance
to produce aggregates not only with controlled size and good
colloidal stability, but also low polydispersity. InTable 1
we present the polydispersity of some systems (in 10 mM
NaCl) prepared through the STP and PTS-methods, deter-
mined at two different “equilibration” times (0.25 h and ca.
1000 h after the final mixing of the ingredients). Two trends
in the results can be distinguished. The first observation is
that both methods give low polydispersity, which remains
more or less constant with time. Our second observation is
that the STP-method seems to give higher polydispersity than
the PTS-method in the low SDS concentration region, which
w usly
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the PTS-method at high surfactant concentrations. The dif-
ference between the solutions obtained with the two mixing
methods persists for prolonged times, which demonstrates the
existence of trapped non-equilibrium states. A consequence
of this is that it should be possible to tune the size of the
aggregates formed by carefully controlling the mixing pro-
cess. It was also shown that the surfactant range over which
colloidally unstable aggregates are formed increases with in-
creasing salt concentration, an observation that is consistent
with an electrostatic stabilization mechanism. In particular,
the instability region for the small aggregates formed by the
STP-method increased towards the high surfactant side, an
observation that was rationalized by the charge regulation
possibilities of the aggregates. In excess surfactant the ag-
gregates have an outer skin of surfactants that can be dis-
placed during a collision event, facilitating their aggrega-
tion. No equally effective charge regulation process exists for
positively charged aggregates where the polyelectrolyte pro-
vides the excess charges. Dynamic light scattering measure-
ments demonstrated that colloidally stable systems indeed
were formed in excess surfactant and excess polyelectrolyte.
In some cases the aggregates formed had a remarkably small
polydispersity. Closer to the charge neutralization point the
size of the aggregates was found to increase with time and
ultimately a macroscopic phase separation occurred.
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. Conclusions

In this paper we have addressed order of addition ef
n the association between a highly charged cationic
lectrolyte and an oppositely charged surfactant. The m
ethods investigated were “STP” through which the su

ant was added to the polyelectrolyte solution, and “P
hich involved the addition of the polyelectrolyte to the s

actant solution. It was shown that the mixing procedure
significant effect on the bulk association process, in par

ar at high surfactant concentrations but also at low surfa
oncentrations close to the border between colloidal s
ty and instability. The order of addition effect can be tra
o the initial non-homogeneous distribution of the com
ent added last. As a result larger aggregates are forme

he STP-method at low surfactant concentrations and
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