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ABSTRACT

In this work, the interactions between cationic cellulose (PQ-10) and anionic surfactant (SDBS) in aqueous
media were investigated by turbidity, electric conductivity, steady-state fluorescence, shear rheology and
transmission electron microscopy (TEM) analyses. Results indicated that precipitation appeared near the
charge neutrality point, and the size of precipitation region widened with increasing PQ-10 concentration
(0.57-1.72 mM for 0.05% PQ-10, and 2.30-17.22 mM for 0.5% PQ-10). The specific conductivity values
of SDBS in the presence of PQ-10 were higher than that of pure SDBS over the whole concentration
range under current experimental conditions. The aggregation number of SDBS kept constant in the flat
region of the micropolarity curve (0.86 mM-1.43 mM). The structural transformation of the mixtures
was monitored visually by TEM. As SDBS concentration increased, the morphologies of the mixtures
changed gradually from branched wormlike aggregates to interconnected networks, finally the networks
collapsed.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Mixing of polymer with surfactant always generates many
improved properties or new applications, such as improving oil
recovery, loading and releasing drug (Chavanpatil et al., 2007;
Scherlund, Brodin, & Malmsten, 2000), isolating and purifying
DNA (Mel'nikov, Sergeyev, & Yoshikawa, 1995), acting as simpli-
fied model of bio-process (Nilsson, Goldraich, Lindman, & Talmon,
2000), maintaining stability and regulating rheology of cosmetics.
Owing to these widespread technical applications especially some
fascinating biological implications, the interactions between poly-
mers and surfactants have attracted increasing interest (Faustino,
Calado, & Garcia-Rio, 2009; Fumihiko, 1998; Grant, Lee, Liu, & Allen,
2008; Merta, Garamus, Kuklin, Willumeit, & Stenius, 2000; Merta,
Torkkeli, Ikonen, Serimaa, & Stenius, 2001; Mészaros, Thompson,
Bos, Varga, & Gilanyi, 2003; Mészaros, Varga, & Gilanyi, 2005; Varga,
Mészaros, Makuska, Claesson, & Gilanyi, 2009; Vongsetskul et al.,
2009; Wang & Tam, 2002; Wang, Li, Li, et al., 2005; Wang, Li, Wang,
et al,, 2005; Wang, Wang, Wang, & Yan, 2004).

Polyquaternium-10 (PQ-10) is a cationically modified quater-
nary ammonium derivative of hydroxyethylcellulose (HEC). It is
usually formulated together with surfactant in shampoo, cosmet-
ics and abstergents due to its hydrophilicity, biocompatibility and
antibacterial characteristics. Up to now, the interactions between
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PQ-10 and surfactants have been well explored (Lapitsky, Parikh,
& Kaler, 2007; Lee & Moroi, 2004; Miyake & Kakizawa, 2002;
Winnik, Regismond, & Goddard, 1996; Zhou, Xu, Wang, Golas, &
Batteas, 2004), especially the rheological properties (Chronakis &
Alexandridis, 2001; Kastner, Hoffmann, Ddonges, & Ehrler, 1996; Liu,
Yang, Zhang, & Sun, 2010; Patruyo, Miiller, & Sdez, 2002; Tsianou
& Alexandridis, 1999). Liu et al. (2010) investigated the effect of
temperature on the rheological behavior of PQ-10/SDS system and
found that the viscosity decreased with increasing temperature.
Chronakis and Alexandridis (2001) observed a weaker surfactant
concentration dependence of viscosity and a more cross-linked
association in the high-MW PQ-10/anionic surfactant systems than
in the low-MW ones. Tsianou and Alexandridis (1999) showed that
cyclodextrin could disrupt the cross-linked network of PQ-10/SDS
system and counteract the viscosity enhancement caused by the
surfactant. All these studies revealed that interconnected network
structures were formed in the system due to strong interactions
between oppositely charged PQ-10 and surfactant. However, the
formation of the network has not yet been confirmed by visual
measure during the interaction.

The aggregation properties and micropolarity of PQ-10 or
hydrophobically modified PQ-10 (LM200)/cationic surfactant sys-
tems have been widely studied. Winnik et al. (1996) deduced
the presence of low cooperation between LM200 and dodecy-
lammonium bromide (DTAB) from the variation of micropolarity.
Burke and Palepu (2001) reported that the aggregation number of
alkyltrimethylammonium bromides (C,TAB, n=10, 12, 14, 16) in
LM200 decreased compared with that in pure aqueous solution,
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and the size of the head group had little effect on the aggrega-
tion number. Burke, Palepu, Hait, and Moulik (2003) also detected
that the aggregation numbers of alkylammonium bromide (C,AB,
n=10, 12), alkyldimethylammonium bromide (C,DAB, n=12) and
alkyltrimethylammonium bromides (C,TAB, n=10, 12, 14, 16) in
PQ-10 medium were similar to that in aqueous solution. However,
to our knowledge, only Lee and Moroi (2004) studied the aggre-
gation number of PQ-10/anionic surfactant system. They predicted
that the aggregation number for the PQ-10/SDS system increased
linearly with SDS concentration and decreased slowly with increas-
ing temperature. In addition, the micropolarity transformation of
PQ-10/anionic surfactant systems in the whole phase region (Wang,
Kimura, & Dubin, 2000) has also not been examined. In order to gain
deeper insights into the cooperative association between PQ-10
and surfactant, much more detailed and systematic investigations
on the correlation between the aggregation number and micropo-
larity will need to be done.

In this paper, the phase behavior of PQ-10/SDBS system was
characterized over a large range of mixing ratios by turbidity and
visual observation. The critical aggregation concentration (cac) and
polymer saturation point (psp) were estimated by electric conduc-
tivity. The micropolarity variation in the whole phase region and
the aggregation number were measured by fluorescence. A rela-
tion between the aggregation number and micropolarity was also
obtained. By combining rheology and TEM, a comprehensive expla-
nation for the viscosity change in this system was provided.

2. Materials and methods
2.1. Materials

PQ-10 (Spec-Chem Industry, China) is cationically modified cel-
lulose ether with an average molecular weight (provided by the
manufacture) of 300,000 g/mol and a degree of substitution (from
nitrogen content) of 0.37. An aqueous solution of 1% (w/v) PQ-10
bears a charge concentration of 12 mM. Sodium dodecyl benzene
sulfonate (SDBS, 95%) was obtained from Aladdin (China). PQ-10
and SDBS were both dried at 60 °C under vacuum before use. Pyrene
(98%, Acros Organics) and benzophenone (99%, Alfa Aesar) were
used as received. Redistilled water was used in all experiments.

2.2. Methods

2.2.1. Sample preparation

Various PQ-10/SDBS samples were prepared by mixing required
amounts of PQ-10 and SDBS aqueous stock solutions together. All
the solutions were left to stand for at least 72 h before analysis. The
physical appearances of the solutions were examined visually and
recorded.

2.2.2. Turbidimetric titration

The turbidity of the PQ-10/SDBS solution, reported as 100-%T,
was measured at 420 nm using a UV-vis spectrophotometer in 1-
cm-thick quartz sample cells at 25 °C. Turbidimetric titration was
carried out by adding equal volumes of 143 mM SDBS and 1% (w/v)
PQ-10 into a stirred solution of 0.5% PQ-10 solution to keep the
polymer concentration constant. All measured values were cor-
rected by subtracting the turbidity of 0.5% PQ-10 solution. Similar
procedures were carried out for 0.2%, 0.1% and 0.05% PQ-10 solu-
tions.

2.2.3. Electric conductivity

The electric conductivity measurements were performed on a
DDS-11A conductivity meter equipped with platinized platinum
electrodes (cell constant=1.008 cm~1). It was initially calibrated

with KCI standard solution. The PQ-10/SDBS solutions were pre-
pared according to Section 2.2.1, and they were put into a
thermostated water bath at 25 °C during measurements.

2.2.4. Steady-state fluorescence measurement

The steady-state fluorescence measurements were carried out
using a Cary Eclipse fluorescence spectrophotometer. Pyrene
(2.5 x 10-6 M) was used as the probe, benzophenone (1.5 x 10~4 M)
was used as the quencher. In this experiment, the concentration of
PQ-10 was fixed, but the concentration of SDBS was variable. Sam-
ples with precipitates were centrifuged at 12,000 rpm for 20 min to
remove the precipitates. Pyrene was excited at 335 nm. The emis-
sion spectra were scanned from 350 to 450 nm. The excitation and
emission band slits were 5nm and 2.5 nm, respectively. All the
measurements were conducted at 25°C.

The value of I/I3 in the fluorescence spectrum of pyrene was
used to estimate the micropolarity of the solutions. I; was also
used to determine the aggregation number in quenching experi-
ments. For the PQ-10/SDBS system at the surfactant concentrations
(Cs) above the critical aggregation concentration (cac), the aggrega-
tion number of surfactant per aggregate (Ns) (Panmai, Prud’homme,
Peiffer, Jockusch, & Turro, 2002) was calculated from the following
equation

N — (Cs — cac)In(lp /1)
5~ " [quencher]

where Iy and I were the fluorescence intensities without and with
quencher, respectively.

2.2.5. Steady shear rheological measurement

The steady shear rheological measurement was performed at
25°C by using an AR2000 rheometer (TA Instrument, USA) with
geometry of flat plate (stainless steel 40 mm radius). AR2000
rheometer was in a mode of stress controlled. The shear rates used
here were from 0.001 to 1000s~!. The apparent viscosity of the
PQ-10/SDBS solution was recorded as a function of shear rate.

2.2.6. Transmission electron microscopy

The microstructure of the PQ-10/SDBS system was observed
using a FEI Tecnai G2 transmission electron microscope at an accel-
eration voltage of 200kV. A small drop of sample solution was
placed on the surface of a TEM copper grid and dried at atmospheric
pressure. Samples were also prepared by staining with phospho-
tungstic acid.

3. Results and discussion
3.1. Phase behavior

The phase behavior of PQ-10/SDBS mixtures was studied upon
addition of increasing amounts of SDBS while keeping the polymer
concentration constant (PQ-10 concentration: 0.05%, 0.1%, 0.2% and
0.5%). The SDBS concentration dependences of turbidity were pre-
sented in Fig. 1(A). For PQ-10/SDBS mixtures at 0.05%, 0.1% and
0.2% PQ-10, the turbidity kept nearly constant (<1) until Cy, beyond
which the turbidity started to increase slowly. When the SDBS
concentration reached Cy, the turbidity increased drastically, and
obtained a maximum value at C,. Then the turbidity decreased, and
finally became constant again beyond Cs. For 0.5% PQ-10/SDBS mix-
ture, the turbidity increased from the beginning and the Cy value
was not detected. Values of Cy, Cq, C; and C3 were listed in Table 1.

The Cp value corresponded to the critical concentration for the
onset of complex formation. Below Cy, there were no micelle-like
aggregates on the polymer chains (Matsuda & Annaka, 2008; Wang,
Li, Li, et al., 2005), and the solutions were still clear. There were
slight differences in the Cy values (0.20 mM, 0.20 mM and 0.29 mM
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Fig. 1. (A) Turbidity-SDBS concentration dependence for PQ-10/SDBS mixtures at
different PQ-10 concentrations (%, w/v): B, 0.05%; @, 0.1%; a, 0.2%; 4, 0.5%. (B) The
determination of Cy, Cq, G2, and Gs. Line 2 in (B) is the differentiation of line 1.

for 0.05%, 0.1% and 0.2% PQ-10 solutions, respectively). Increas-
ing the SDBS concentration to C;, the solutions turned to be quite
cloudy, and then showed as two distinct phases, a precipitate and
a supernatant. The abrupt increase of turbidity was caused by the
formation of precipitation. C; was considered as the starting point
of precipitation. It could be identified more precisely by differen-
tiating the turbidity curve, as demonstrated in Fig. 1(B). C; was
determined as the concentration at the maximum of the differen-
tial curve. C; increased from 0.55 mM to 2.27 mM when the PQ-10
concentration increased from 0.05% to 0.5%. This could be explained
that SDBS primarily interacted with PQ-10 by the electrostatic
interaction between sulfonic acid groups and quaternary ammo-
nium groups (Abhijit, Soumen, & Satya, 2010), and precipitation

to neutralize the cationic charges. After the turbidity reached max-
imum at C,, precipitates began to dissolve and the solution was
clear again beyond Cs. C, increased from 0.63 mM to 3.41 mM and
Cs increased from 1.72 mM to 14.35 mM with increasing PQ-10 con-
centration from 0.05% to 0.5%. The interval between C; and C3 was
the precipitation region (liquid-solid phase separation).

Phase diagrams for the PQ-10/SDBS system were shown in Fig. 2.
Each diagram consisted of two single phase domains and two phase
separation ones. The first and the second single phase domain
corresponded to the surfactant-poor and surfactant-rich mixtures,
respectively. The phase separation domains contained a precip-
itation region where the complex precipitated out and a cloudy
region in which insoluble matter dispersed in solutions. The onsets
of the precipitation regions determined by observation coincided
with the values of C; determined by turbidity titration above. And
the precipitation domain broadened out significantly for mixtures
at higher PQ-10 concentration (0.57-1.72mM for 0.05% PQ-10,
and 2.30-17.22mM for 0.5% PQ-10). Coacervation (liquid-liquid

0.05% PQ-10

C+/ C_:l
Cloudy Preicipitate Clear
0 029mM 0.57mM 0.6mM 1.72mM
0.1% PQ-10
Clear Cloudy Precipitate Clear
0 0.43mM  0.72mM 1.2mM 2.87mM
0.2% PQ-10
Clear Cloudy Precipitate Clear
0 0.57mM 1.15SmM  2.4mM 5.74mM
0.5% PQ-10
Clear Cloudy Precipitate Clear
0 0.57mM 2.30mM  6.0mM 17.22mM

Fig. 2. Phase diagrams for PQ-10/SDBS complexes. The dashed line represented the charge neutrality point.
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Fig. 3. (A) Specific conductivity-SDBS concentration dependence for PQ-10/SDBS
systems at different PQ-10 concentrations (%, w/v): ¢, 0.05%; A, 0.1%; O, 0.2%; O,
0.5%. (B) Specific conductivity-surfactant concentration dependence for pure SDBS.

phase separation) was observed in the concentration range of
0.29-0.72 mM for 0.5% PQ-10/SDBS system.

3.2. Electric conductivity

The specific conductivity profiles of SDBS in the presence or
absence of PQ-10 were illustrated in Fig. 3(A) and (B), respec-
tively. The cmc value of pure SDBS determined at the breaking
point was 1.32 mM, which was very close to the reported liter-
ature (Greshman, 1957). All the specific conductivity curves for
PQ-10/SDBS mixtures in Fig. 3(A) exhibited three linear regions
or two breaks, a typical characteristic behavior of polymer/anionic
surfactant mixtures (Ali, Suhail, Ghosh, Kamil, & Din, 2009; Faustino
et al., 2009; Ghosh, 2005; Ghosh & Banerjee, 2002; Minatti &
Zanette, 1996; Ruzza, Froehner, Minatti, Nome, & Zanette, 1994;
Witte & Engberts, 1987; Zanette, Ruzza, Froehner, & Minatti, 1996).
The first break was called as cac, and the second one was denoted
as psp. The cac and psp values at different PQ-10 concentrations
were listed in Table 1. The cac value decreased from 0.46 mM to
0.23 mM while the psp value increased from 0.72 mM to 1.52 mM
with increasing PQ-10 concentration from 0.05% to 0.5%.

As shown in Fig. 3(A) and (B), the absolute values of the spe-
cific conductivity of PQ-10/SDBS systems were higher than that of
pure SDBS over the whole range of concentrations. And at the same
concentration of SDBS, the specific conductivity increased with the
PQ-10 concentration. These results were attributed to that the spe-
cific conductivity was related to the dissociated cations and anions
of polymer and surfactant. The higher mobility of Na* ions of SDBS
in PQ-10/SDBS complexes than in SDBS micelles might result in the
higher specific conductivity (Khan, Samanta, Ojha, & Mandal, 2008;
Winnik, Bystryak, & Chassenieux, 2000). In addition, counterions
Cl~ of PQ-10 also contributed to the higher specific conductivity
(Pi et al., 2006). Furthermore, it was observed that for PQ-10/SDBS
mixtures the slope in the three linear regions was in the order of
S1>S, and S3>S,, where Sq, S; and S3 were the slope in the first,
second and third linear region, respectively. This might result from
the highly viscous nature of the solutions as well as the counterion
association by the aggregates (Hait, Majhi, Blume, & Moulik, 2003).

3.3. Micropolarity and the aggregation number

The variation of I;/I3 with SDBS concentration in 0.5% PQ-
10/SDBS solution was depicted in Fig. 4. The I;/I3 value of PQ-10
was about 1.7 (similar to the value of pure water), indicating no
hydrophobic microdomain formed in the solution. With addition
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Fig. 4. Dependence of micropolarity on SDBS concentration for 0.5% PQ-10/SDBS
solution.

of surfactant, the I;/I5 ratio of the mixture began to decrease at
the very start. Pure PQ-10 had a relative elongated shape because
of the repulsive electrostatic interaction between positive charges
along the polyelectrolyte chains (Pi et al., 2006). When surfactant
(below cac) was added, hydrophobic microdomains started to form
in the solution due to the electrostatic attraction between nega-
tively charged surfactant and positively charged polyelectrolyte,
and the polymer chains tended to be more curly and compact
(Yoshimura, Nagata, & Esumi, 2004). Once the surfactant concentra-
tion arrived at cac, micelle-like aggregates formed on the polymer
chains. Therefore, the I;/I3 ratio declined from 1.58 to 1.24 when
the concentration increased from 0.03 mM to 0.86 mM. But as the
SDBS concentration increased to 0.86 mM, I;/I5 stopped declining
and remained nearly constant until 1.43 mM. In this flat region,
the formation of the micelle-like structures completed (Pi et al.,
2006), pyrene was situated in the same microenvironment sur-
rounded by alkyl tails of the micelles. Hence the micropolarity
of the solution kept invariant. After the flat region, the value of
I1/I3 decreased, which implied a more tight arrangement of alkyl
tails in the micelles. The I;/I3 value began to increase at 2.87 mM
and reached a maximum at 4.30 mM. The micropolarity increase
derived from the appearance of precipitate. With further addition
of surfactant, the precipitate dissolved again and the I;/I3 value
decreased. Similar phenomenon was observed by Pi et al. (2006).
The aggregation numbers of SDBS (Ns) in 0.5% PQ-10/SDBS
mixtures with different SDBS concentrations were summarized in
supplementary data. Ns increased from 3 to 13 when the SDBS
concentration increased from 0.43 mM to 0.86 mM, suggesting the
growth in size of micelle-like aggregates. As a result, the microp-
olarity decreased in this domain. Ns remained nearly constant
(from 13 to 15) in the concentration range of 0.86-1.43 mM, which
located in the flat region of the micropolarity curve. The increase
of surfactant could only contribute to increasing the number of the
aggregate but not its size. With further addition of the surfactant,
Ns increased from 15 to 29 and the micelles became more compact.
This might be attributed to the less binding sites of the polyelec-
trolyte, and excessive surfactants entered into the existing micelle
to make lager complex but not to induce a new one (Pi et al., 2006).
Therefore, the micropolarity of the solution declined again.

3.4. Steady shear rheology and TEM

The shear rate-apparent viscosity curves for 1% PQ-10/SDBS
system at various surfactant concentrations were given in Fig. 5.
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Fig. 5. Shear rate-apparent viscosity curves for 1% PQ-10/SDBS system at various
SDBS concentrations.

Initially, the apparent viscosity increased with the increase of SDBS
concentration as shown in Fig. 5. Simultaneously, the critical shear
rate for shear thinning shifted gradually to lower value. After
reaching a maximum at 3.73 mM, the apparent viscosity began
to decrease. Meanwhile, the critical shear rate shifted to higher
value.

The zero shear viscosity (179) was plotted against the SDBS
concentration in Fig. 6. The TEM images of 1% PQ-10/SDBS mix-
tures with different SDBS concentrations were presented in Fig. 7.
By combining the two figures, the macroscopic rheological prop-
erties and microscopic cooperative binding could be correlated.
As shown in Fig. 7(a), the polymer exhibited fibril-like morphol-
ogy in the absence of SDBS, and the corresponding 7, value was
~34mPas. When SDBS was added (the concentration of SDBS
was lower than 2.87mM), 7o increased slowly, and branched
wormlike structures appeared as revealed by Fig. 7(b) and (c).
Firstly, SDBS molecules bound to quaternary ammonium sites
on the polymer chains by strong electrostatic force. Then, with
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Fig.6. Dependence of zero shear viscosity on SDBS concentration for 1% PQ-10/SDBS
system.

increasing of SDBS concentration, the micellization of electrostatic-
bound surfactant monomers occurred. In the meantime, more
polymer chains were associated together by hydrophobic asso-
ciate of dodecylbenzene chains of SDBS. When the concentration of
SDBS increased to 2.87 mM (denoted by C; in Fig. 6), ng increased
sharply, and reached maximum (~4000 mPas) at 3.73 mM (desig-
nated as G, in Fig. 6). Network structures were observed in this
domain (C; <Cspgs <) and the density increased with increas-
ing SDBS concentration as found in Fig. 7(d) and (e). It was
indicated that the onset of formation of the network structures
coincided with the origin of the sharp increase of 1y. Moreover,
the maximum value of 7y corresponded to the highest density
of the network. These results suggested that the abrupt viscos-
ity increase mainly arose from the formation of interconnected
networks. In addition, the critical shear rate for shear thinning
decreased with increasing density of the network. More compact
network required more time to regain equilibrium when subjected
to certain shear stress, thus shear thinning would occur earlier

Fig.7. TEM images for 1% PQ-10/SDBS complexes at various surfactant concentrations: (a) 0, (b) 0.06 mM, (c) 1.72 mM, (d) 2.87 mM, (e) 3.73 mM, (f) 4.02 mM, and (g) 4.59 mM.
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(Sharma, Shrestha, Varade, & Aramaki, 2007). As the SDBS con-
centration was beyond Gy, 19 decreased drastically. The density of
the network became lower and the cross-linked network gradually
broke down as seen in Fig. 7(f) and (g). Further addition of sur-
factant increased the charge density of surfactant micelles along
the polymer chains, and eventually produced strong intermicellar
and intercomplex electrostatic repulsion (Wang, Kimura, Huang, &
Dubin, 1999), which made the network collapse and PQ-10/SDBS
complexes disintegrate into small complexes. Therefore, the vis-
cosity decreased.

4. Conclusion

The phase behavior, solution properties and microstructure
of oppositely charged polymer surfactant system composed of
cationic cellulose (PQ-10) and anionic surfactant (SDBS) were
examined. A correlation between the micropolarity and the
aggregation number of PQ-10/SDBS mixtures was established by
fluorescence. The aggregation number maintained growth as the
micropolarity decreased and kept constant when the micropolarity
remained invariant. Rheological research indicated that the viscos-
ity of the mixtures increased firstly and then decreased rapidly with
increasing surfactant concentration. TEM showed the formation
and collapse of network structures in the mixtures, which corre-
sponded to the viscosity increase and decease, respectively.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.carbpol.2011.11.081.
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