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Abstract

Steady-shear rheology and surface activity of surfactant–polymer solutions were inves-
tigated experimentally. Four different polymers were studied as follows: cationic hy-
droxyethyl cellulose, nonionic hydroxyethyl cellulose, nonionic guar gum, and anionic
xanthan gum. The influence of the following four surfactants on each of the polymers was
determined: nonionic alcohol ethoxylate, anionic sodium lauryl sulfate, cationic hexade-
cyltrimethylammonium bromide, and zwitterionic cetyl betaine. The interaction between
cationic hydroxyethyl cellulose and anionic sodium lauryl sulfate was extraordinarily
strong, resulting in dramatic changes in rheological and surface-active properties. The
consistency increased initially, reached a maximum value, and then fell off with the further
addition of surfactant. The surface tension of surfactant–polymer solution dropped sub-
stantially and exhibited a minimum value. Thus, the surfactant–polymer solutions were
much more surface-active compared with pure surfactant solutions. The interaction be-
tween anionic xanthan gum and cationic hexadecyltrimethylammonium bromide was also
strong, resulting in a substantial decrease in consistency. The surfactant–polymer solution
became less surface-active compared with pure surfactant solution due to the migration
of surfactant from solution to polymer. The interactions between other polymers and
surfactants were weak to moderate, resulting in small to modest changes in rheological and
surface-active properties. Surface activity of surfactant–polymer solutions often increased
due to the formation of complexes more surface-active than pure surfactant molecules.

Keywords: rheology; viscosity; shear-thinning; power-law model; surface tension; surface
activity; polymer; surfactant; surfactant–polymer solution; surfactant–polymer interaction

1. Introduction
The interactions between polymers and surfactants have been exploited by researchers

to accomplish desirable properties of the solution in many applications including drug de-
livery, enhanced oil recovery, hydraulic fracturing and drilling, cosmetics, foods, chemical
processing, and many more [1–27]. In general, surfactants are introduced to a polymeric
system or vice versa to control and manipulate rheology, improve the stability of the system,
and to control the adsorption of surfactants. The presence of a polymer can help in adsorp-
tion or desorption of a surfactant from a surface. It can also speed up the micellization
process of surfactants, resulting in a decrease in the free surfactant concentration which is
particularly beneficial in skin formulations where free surfactant molecules are harmful for
the skin, often causing irritation. The interactions between polymers and surfactants are
also exploited to intensify frictional drag reduction in the turbulent flow of liquids [28,29].
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The interactions between polymer and surfactant depend on the types of polymers and
surfactants involved in addition to the solution conditions such as temperature [1,21,24].
The interactions can be broadly classified into two groups: (a) electrostatic interactions and
(b) hydrophobic interactions.

Electrostatic interactions occur between ionic polymers (negative or positive charge)
and charged ionic surfactants [1,21,24]. Ionic surfactants may bind to oppositely charged
groups on a polymer, resulting in the contraction of polymer chains. Neutralization
of electric charge of polymer macromolecules could also cause entanglements and the
formation of a network of polymer macromolecules. The electrostatic repulsion between
like charges of polymer and surfactant molecules could also lead to stretching of the
polymer macromolecules.

Hydrophobic interactions occur between nonionic polymers and nonionic surfac-
tants [1,21,24] by association of the hydrophobic portions of nonionic surfactants with hy-
drophobic portions of polymer molecules. It is possible for hydrophobic tails of surfactant
molecules to aggregate onto less polar regions of the polymer molecules to form micelles.

The interaction between polymer and surfactant molecules usually begins at a certain
surfactant concentration called “critical aggregation concentration (CAC).” According to the
published literature, the CAC is usually lower than the CMC (critical micelle concentration)
of the pure surfactant solution [24]. CAC is generally found to be much lower than the CMC
of the surfactant when an ionic polymer interacts with oppositely charged ionic surfactants.
However, CAC is close to CMC when the interaction occurs between a nonionic polymer
and an ionic surfactant. There is another critical surfactant concentration that is relevant
to surfactant–polymer mixed systems. This second critical concentration of surfactant is
referred to as PSP (polymer saturation point) where the polymer macromolecules become
saturated with bound surfactant molecules or micelles. Critical concentrations of CAC and
PSP are usually identified by break points in the slopes of the surface tension, electrical
conductivity, and viscosity plots as functions of surfactant concentration.

The interactions between the surfactant and the polymer molecules result in the for-
mation of surfactant–polymer aggregates. Surfactant–polymer interactions can also cause
the elongation of polymer chains. The surfactant molecules can form micelles at favorable
sites of the polymer chains and open and extend the coiled macromolecule. According to
the “necklace model” of polymer–surfactant interaction suggested by Nagarajan [21], the
polymer chain warps around the surfactant micelles. Thus, surfactant–polymer interactions
can have a strong influence on the rheological behavior of solutions, due to the extension,
shrinking, warping, and bridging of polymer macromolecules.

Despite several studies published on surfactant–polymer interactions, the complex
behavior of a combination of surfactant and polymer additives in solutions is far from
being well understood; therefore, further studies are needed to improve our understanding
of the interactions between surfactants and polymers and their effects on properties. For
example, the interaction between cationic–anionic systems is intuitively expected to be the
strongest. However, this is not always true. For example, Lu and Pal [1] found only weak
interactions between an anionic–cationic system (anionic polymer–cationic surfactant). The
interactions between the same charge anionic–anionic system (anionic polymer and anionic
surfactant) were also weak. Jia and Pal [24], on the other hand, found strong interactions
between the same charge anionic–anionic system (anionic polymer and anionic surfactant).

The broad objective of this work was to investigate the steady shear rheology and
surface activity of a variety of polymer–surfactant mixtures experimentally. Four different
polymers were investigated as follows: cationic hydroxyethyl cellulose, nonionic guar gum,
nonionic hydroxyethyl cellulose, and anionic xanthan gum. The influence of the following
four surfactants on the rheology and surface activity of each polymer was studied: anionic
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sodium lauryl sulfate, cationic hexadecyltrimethylammonium bromide, zwitterionic cetyl
betaine, and nonionic alcohol ethoxylate. To our knowledge, the interactions between the
specified polymers and surfactants and their effect on rheology and surface activity have
not been studied to any significant extent.

2. Materials and Methods
2.1. Materials

The cationic hydroxyethyl cellulose (herein referred to as CHEC) used in this work
was the UCARE Extreme Polymer, a cationic quaternary ammonium salt of hydroxyethyl
cellulose, manufactured by Dow Chemical, New Milford, CT, USA. The chemical structure
of CHEC is given in Figure 1. It is a bio-derived and biodegradable water-soluble cationic
cellulosic polymer that is used as a principal conditioning agent in conditioners, leave-on
products, and shampoos.

Figure 1. Chemical structures of the polymers used.

Guar gum, that is, galactomannan polysaccharide, used in this work was a nonionic
water-soluble polymer supplied by Sigma-Aldrich, Oakville, ON, Canada. Its chemical
structure is shown in Figure 1. Due to its gel-forming property, guar gum is used in the
production of many food and non-food products. Examples of products where guar gum
is used are cottage cheese, curd, yogurt, sauce, soups, frozen desserts, and many more
baked goods.

The nonionic hydroxyethyl cellulose (herein referred to as NHEC) used in this work
was Natrosol 250 HHR, manufactured by Ashland Specialty Ingredients, Hopewell, VA,
USA. The chemical structure of the polymer is given in Figure 1. It is a water-soluble
polymer used extensively in personal care and cosmetic applications. Some of the common
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applications are hair conditioner, shave gels and foams, toothpaste, makeup/mascara, and
lubricant gels.

Xanthan gum, used in this study, is an anionic water-soluble polysaccharide, manu-
factured by CP Kelco, Atlanta, GA, USA under trade name Kelzan. Its chemical structure
is shown in Figure 1. It is a commonly used food additive. It is also used as a thickening
agent in toothpaste and improves texture and consistency in ice cream, salad dressings,
and baked goods.

The approximate molecular weights of the polymers used in this study are as follows:
UCARE extreme polymer: > 106; Guar gum: 5.0 × 104–8 × 106; Nonionic hydroxyethyl
cellulose: 3.8 × 105–106; Xanthan gum: 2 × 106.

The influence of four surfactants with different headgroup charge types (anionic,
cationic, nonionic, and zwitterionic) was investigated on each polymer.

The anionic surfactant was sodium lauryl sulfate supplied as a dry white powder
under the trade name of Stepwet DF-95 by Stepan Company, Northfield, IL, USA. The
chemical structure of sodium lauryl sulfate is CH3(CH2)10CH2OSO3Na. This surfactant
is used extensively as a foaming agent and mouth dispersant in dentifrices. Other appli-
cations where this surfactant is used are hand cleaner, powdered bath, liquid hand soaps,
and shampoos.

The cationic surfactant used was hexadecyltrimethylammonium bromide (HTAB).
HTAB was supplied in a dry white powder by Sigma-Aldrich, Oakville, ON, Canada.
The chemical structure of HTAB is CH3(CH2)15N(Br) (CH3)3. It has many applications
including cosmetics fungicide, softener, emulsifier, and antistatic agent.

The nonionic surfactant was C12–14 Alcohol Ethoxylate with 3 EO Units (Alfonic
1412-3), manufactured by Sasol Chemicals, Sandton, South Africa. The chemical structure
of the surfactant is CH3(CH2)xCH2(OCH2CH2)3OH where ‘x’ varies between 10 and 12.
Some of the applications where alcohol ethoxylates are used include household cleaners,
industrial cleaning formulations, agrochemical formulations, wetting agent, emulsifier,
and degreaser.

The zwitterionic surfactant used was cetyl betaine (Amphosol CDB), supplied by
Stepan Company, Northfield, IL, USA, in aqueous liquid form with 30% active component
(cetyl betaine). The chemical formula of cetyl betaine is C20H41NO2. It contains both
quaternary ammonium and carboxylate groups. It is widely used in cosmetics and personal
care products.

Figure 2 shows the chemical structures of surfactants used.

Figure 2. Chemical structures of the surfactants used.
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2.2. Preparation of Polymer and Surfactant–Polymer Solutions

Polymer solution was prepared at room temperature (22 ± 1 ◦C) in a batch of 1 kg.
A known amount of polymer was added to a known amount of deionized water. A
variable-speed Gifford-Wood homogenizer (Model 1 L) (Federal Equipment Company,
Cleveland, OH, USA) was used to mix the polymer. The speed of the homogenizer was
controlled by adjusting the voltage supplied to the homogenizer with the help of a variable
autotransformer (variac) (Staco Energy Products Co., Miamisburg, OH, USA). The mixing
was carried out for 1 h at a fixed speed (variac setting of 30%) to ensure complete dissolution
of polymer. The surfactant–polymer mixture was prepared by adding the known amount
of surfactant to the polymer solution while maintaining the mixing by the homogenizer for
1 h at 30% variac setting. For surfactant–polymer mixtures, the polymer concentration was
fixed at 2000 ppm by weight, and the surfactant concentration varied from 0 to 500 ppm by
weight. In the case of zwitterionic surfactant Amphosol, the concentration (0 to 500 ppm)
was based on an active component. All surfactant–polymer mixtures were prepared at
room temperature. Care was taken to avoid entrapment of air bubbles.

2.3. Measurement of Rheology

Rheology of the fluids was measured at room temperature (≈22 ◦C) using Fann and
Haake co-axial cylinder viscometers. Fann viscometer (Fann Instrument Co., Houston, TX,
USA) was used for lower viscosity fluids and Haake viscometer (Thermo Fisher Scientific,
Waltham, MA, USA) was used for high viscosity solutions. Table 1 gives the important
dimensions of the viscometers used. The ranges of the rotational speeds of the viscometers
were 0.9 to 600 rpm for Fann and 0.01 to 512 rpm for Haake. To calibrate the devices,
viscosity standards of known viscosities were used.

Table 1. Important dimensions of viscometers used.

Viscometer Inner Cylinder
Radius Ri

Outer Cylinder
Radius, Ro

Length of
Inner Cylinder Gap-Width

Fann 35A/SR-12 1.72 cm 1.84 cm 3.8 cm 0.12 cm

Haake
Roto-visco RV 12

with MV I
2.00 cm 2.1 cm 6.0 cm 0.10 cm

2.4. Measurement of Surface Tension

The measurement of the surface tension of solutions was carried out at room tem-
perature using the pendant drop tensiometer (Droplet Lab, Markham, ON, Canada). A
high-resolution image of the pendant droplet was taken using a smartphone camera and
the image was analyzed using a specialized software supplied by the company. The surface
tension was obtained by fitting the droplet profile with the Young–Laplace equation [30].
The measurement for each solution was performed multiple times, and the average value
was determined.

2.5. Measurement of Electrical Conductivity

The electrical conductivity of polymer and surfactant–polymer mixtures was measured
at room temperature with the help of a Thermo Orion 3 Star conductivity meter supplied
by Thermo Fisher Scientific, Waltham, MA, USA.
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3. Results and Discussion
3.1. Rheology of Pure Polymer Solutions

Figure 3 shows the rheological behavior of pure polymer solutions. Viscosity is plotted
as a function of shear rate for different polymer solutions at different concentrations. From
the figure, it is clear all polymer solutions are non-Newtonian shear-thinning. Furthermore,
the data can be described adequately using the power law model:

τ = K
.
γ

n (1)

η = τ/
.
γ = K

.
γ

n−1 (2)

where τ is shear stress,
.
γ is shear rate, K is consistency index, and n is flow behavior index.

The flow behavior index n of the shear-thinning polymer solutions is less than unity [31].

Figure 3. Rheological behavior of polymer solutions. (a) Cationic HEC solutions, (b) Guar gum
solutions, (c) Nonionic HEC solutions, and (d) Xanthan gum solutions.

Figure 4 compares the consistency index K and flow behavior index n of different
polymer solutions, summarized in Table 2. The consistency of xanthan solutions is much
larger than that of other polymer solutions at the same ppm concentration. The flow
behavior index does not show any clear trend. The values of n for different polymer
solutions are in the following ranges: cationic HEC (0.423–0.538), guar gum (0.285–0.514),
nonionic HEC (0.30–0.527), and xanthan gum (0.345–0.431). Nevertheless, n ≪ 1 for all
polymer solutions indicates that the polymer solutions are highly shear-thinning. The
unusual behavior of xanthan gum solutions is due to its unique molecular structure. It has
a cellulose backbone with trisaccharide side chains (see Figure 1). The presence of side
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chains enhances interaction and entanglement of xanthan gum molecules, resulting in the
formation of highly viscous solutions. Note that the coefficient of determination R2 given
in Table 2 is high (>0.95) for all polymer solutions indicating that the power-law model is a
good model to describe the rheological behavior of polymer solutions.

Figure 4. Comparison of power-law parameters of polymer solutions. (a) Consistency index, (b) flow
behavior index.

Table 2. Summary of power-law parameters of polymer solutions.

Polymer Concentration (ppm) K (mPa.s n) n R2

Cationic HEC

1000 321.23 0.423 0.9833
2000 356.36 0.485 0.993
3000 368.70 0.538 0.9827
4000 642.22 0.505 0.9947

Guar Gum

1000 272 0.285 0.9908
2000 260.49 0.401 0.9919
3000 257.43 0.514 0.9742
4000 529.35 0.499 0.9972
5000 764.14 0.503 0.995

Nonionic HEC

500 256.4 0.30 0.9877
750 220.29 0.349 0.9886
1000 289.71 0.329 0.9522
1500 261.54 0.387 0.9822
2000 222.28 0.492 0.9959
2500 262.89 0.517 0.9848
3000 331.88 0.525 0.996

Xanthan Gum
1000 376.73 0.431 0.998
2000 815.02 0.391 0.9978
3000 1634.8 0.345 0.9972

3.2. Rheology and Surface Activity of Polymer–Surfactant Solutions
3.2.1. Cationic Polymer (CHEC) + Surfactant Solutions

Figure 5 shows the influence of nonionic surfactant (Alfonic) addition to cationic
hydroxyethylcellulose (CHEC) polymer solution. Figure 5a shows the plots of consistency
and flow behavior indices and Figure 5b shows the conductivity and surface tension plots
as functions of surfactant concentration. Upon addition of surfactant, the consistency
index increases whereas the flow behavior index remains nearly constant. The electrical
conductivity of polymer–surfactant solution changes only slightly whereas the surface
tension decreases substantially with the addition of surfactant to polymer solution.
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Figure 5. Influence of nonionic surfactant (Alfonic) addition to cationic hydroxyethylcellulose (CHEC)
polymer solution. (a) Consistency and flow behavior indices, (b) conductivity and surface tension.

However, the conductivity of polymer–surfactant solution is much larger than that
of pure surfactant solution (see Figure 5b). This is not unexpected as surfactant is non-
ionic and polymer is ionic. The surface tension versus surfactant concentration plot for
polymer–surfactant solution exhibits significant deviation for pure surfactant surface ten-
sion plot in the surfactant concentration range of 200 to 400 ppm. The surface tension
of polymer–surfactant solution is much lower than that of pure surfactant solution. This
indicates that the surfactant forms complexes with polymer which are more surface-active
than pure surfactant in the surfactant concentration range of 200 to 400 ppm. The complexes
form within 200–400 ppm concentration range probably due to micellization of surfactant
molecules on the polymer molecules. Based on the surface tension data, the CMC of the
surfactant is 350 ppm.

Figure 6 shows the influence of an anionic surfactant (Stepwet) addition to cationic
hydroxyethylcellulose (CHEC) polymer solution. Figure 6a shows dramatic changes in
consistency index with the addition of surfactant. The consistency index first increases,
reaches a maximum value, and then falls off. The flow behavior index first decreases,
reaches a minimum value, and then rises. Clearly the interactions between anionic sur-
factant and cationic polymer are very strong, resulting in dramatic changes in rheological
properties. The electrical conductivity of polymer–surfactant solution decreases up to
200 ppm surfactant concentration and then levels off (see Figure 6b). Also, the conductivity
of polymer–surfactant solution is much larger than that of pure surfactant solution. Like
consistency index, the surface tension undergoes dramatic changes with the addition of
surfactant. The surface tension initially decreases, reaches a minimum value, and then rises
with the addition of surfactant. Interestingly, the surface tension of polymer–surfactant
solution is much lower than that of pure surfactant solution. This indicates the formation of
surfactant–polymer complexes which are more surface-active than the surfactant molecules.

Figure 7 shows the influence of a cationic surfactant (HTAB) addition to cationic
hydroxyethylcellulose (CHEC) polymer solution. The consistency index increases modestly
in the surfactant concentration range of 50 to 400 ppm. The flow behavior index remains
nearly constant. The conductivity increases with the increase in HTAB concentration.
Also note that the conductivity of polymer–surfactant solution is much larger than that
of pure surfactant solution. The surface tension decreases with the increase in surfactant
concentration. Within the surfactant concentration range of 0 to 300 ppm, the surface tension
of polymer–surfactant solution is significantly lower than that of pure surfactant solution,
indicating the formation of surfactant–polymer complexes which are more surface-active
than the surfactant molecules.
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Figure 6. Influence of anionic surfactant (Stepwet) addition to cationic hydroxyethylcellulose (CHEC)
polymer solution. (a) Consistency and flow behavior indices, (b) conductivity and surface tension.

Figure 7. Influence of cationic surfactant (HTAB) addition to cationic hydroxyethylcellulose (CHEC)
polymer solution. (a) Consistency and flow behavior indices, (b) conductivity and surface tension.

The influence of zwitterionic surfactant (Amphosol) addition to cationic hydroxyethyl-
cellulose (CHEC) polymer solution is shown in Figure 8. The consistency index increases
initially at low surfactant concentration, reaches a maximum value around 100 ppm surfac-
tant, and then falls off and becomes constant with further addition of surfactant. The flow
behavior index remains almost constant. The conductivity increases with the increase in
surfactant concentration. Also, the conductivity of polymer–surfactant solution is much
larger than that of the pure surfactant solution. The surface tension of polymer–surfactant
solution is significantly larger than that of pure surfactant solution over the entire con-
centration range. This is due to the migration of surfactant molecules from solution to
polymer chains.

Figure 9 compares the influence of all four surfactants (nonionic Alfonic, anionic
Stepwet, cationic HTAB, and zwitterionic Amphosol) on the rheological, conductive, and
surface tension behaviors of CHEC polymer solution. The rheological properties (see
Figure 9a,b) are strongly affected by the addition of anionic surfactant (Stepwet) indicating a
strong interaction between the oppositely charged surfactant and polymer. The interactions
between other surfactants and CHEC polymers are much weaker in comparison with the
anionic surfactant. The electrical conductivity of the solution decreases (see Figure 9c) with
the addition of anionic Stepwet to the polymer solution and increases with the addition
of all other surfactants. The surface tension of solutions decreases with the addition of
surfactants as expected. However, the surface tension behavior of solution is strongly
affected by an anionic surfactant (Stepwet) addition to the polymer solution. A sharp
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change in the rheological properties and surface activity of the polymer solution upon
addition of anionic surfactant and the observed maximum in K and minima in n and
surface tension can be explained as follows: The initial changes in properties upon addition
of surfactant are due to the charge neutralization of cationic polymer chains by oppositely
charged anionic surfactant (Stepwet). Neutralizing polymer chains probably causes the
entanglement of chains and the formation of a three-dimensional network structure of
polymer chains. Furthermore, the surfactant–polymer complexes are highly surface-active
in nature. With the further increase in surfactant concentration, the excess surfactant likely
imparts negative charge to the polymer chains, and they become separated due to electric
repulsion between them, destroying the network structure of polymer chains. This causes
a sharp drop in K and a rise in surface tension at high surfactant concentrations.

Figure 8. Influence of zwitterionic surfactant (Amphosol) addition to cationic hydroxyethylcellu-
lose (CHEC) polymer solution. (a) Consistency and flow behavior indices, (b) conductivity and
surface tension.

Figure 9. Comparison of the effects of different surfactants on the properties of surfactant–cationic
polymer (CHEC) solutions. (a) Consistency index, (b) flow behavior index, (c) electrical conductivity,
and (d) surface tension.
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3.2.2. Nonionic Polymer (NHEC) + Surfactant Solutions

Figure 10 shows the influence of the nonionic surfactant (Alfonic) addition to the
nonionic hydroxyethylcellulose (NHEC) polymer solution. The consistency index fluctautes
with the increase in surfactant concentration, whereas the flow behavior index remains
nearly constant. The electrical conductivity of the polymer–surfactant solution remains
nearly constant, whereas the surface tension decreases substantially with the addition of
surfactant to polymer solution. When surfactant concentration is larger than 150 ppm, the
surface tension of polymer–surfactant solution is lower than that of the pure surfactant
solution, indicating that the surfactant–polymer complexes formed are more surface-active
than the surfactant molecules alone. Note that the polymer NHEC itself is surface-active to
some extent (see Figure 10b).

Figure 10. Influence of nonionic surfactant (Alfonic) addition to nonionic hydroxyethylcellu-
lose (NHEC) polymer solution. (a) Consistency and flow behavior indices, (b) conductivity and
surface tension.

The influence of the anionic surfactant (Stepwet) addition to the nonionic hydrox-
yethylcellulose (NHEC) polymer solution is shown in Figure 11. There are negligible
changes in the rheological properties with the addition of a surfactant, indicating weak
interactions between the surfactant and the polymer. The electrical conductivity of the
polymer–surfactant solution increases linearly with the increase in anionic surfactant, as
expected. The conductivity of the surfactant–polymer solution is much larger than that of
the pure surfactant solution, due to conductivity of the pure polymer solution. The sur-
face tension plot of surfactant–polymer solution is parallel to the pure surfactant solution
and falls below the pure surfactant solution due to surface activity of the pure polymer
itself. The surface tension behavior is consistent with rheological behavior, indicating weak
interactions between the surfactant and the polymer.

Figure 11. Influence of anionic surfactant (Stepwet) addition to nonionic hydroxyethylcellulose
(NHEC) polymer solution. (a) Consistency and flow behavior indices, (b) conductivity and
surface tension.
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Figure 12 shows the influence of the cationic surfactant (HTAB) addition to the non-
ionic hydroxyethylcellulose (NHEC) polymer solution. The consistency index fluctuates
with the increases in surfactant concentration with no clear trend. The flow behavior index
remains nearly constant. The conductivity increases linearly with the increase in HTAB
concentration. The surface tension decreases with the increase in surfactant concentration.
The surface tension of polymer–surfactant solution is significantly lower than that of pure
surfactant solution due to surface activity of pure polymer solution. Overall, there occur
mild interactions between the surfactant and the polymer.

Figure 12. Influence of cationic surfactant (HTAB) addition to nonionic hydroxyethylcellulose (NHEC)
polymer solution. (a) Consistency and flow behavior indices, (b) conductivity and surface tension.

The influence of the zwitterionic surfactant (Amphosol) addition to the nonionic
hydroxyethylcellulose (NHEC) polymer solution is shown in Figure 13. The consistency
index is affected to only a small extent, without a clear trend, upon the addition of surfactant.
The flow behavior index remains almost constant. This reflects weak interactions between
surfactant and polymer molecules. The conductivity increases linearly with the increase
in surfactant concentration. Also, the conductivity of polymer–surfactant solution is
much larger than that of the pure surfactant solution. The effect of surfactant addition
on surface tension is also small, indicating weak interactions between surfactant and
polymer molecules.

Figure 13. Influence of zwitterionic surfactant (Amphosol) addition to nonionic hydroxyethylcel-
lulose (NHEC) polymer solution. (a) Consistency and flow behavior indices, (b) conductivity and
surface tension.
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Figure 14 compares the influence of all four surfactants (nonionic Alfonic, anionic Step-
wet, cationic HTAB, and zwitterionic Amphosol) on the rheological, conductive, and surface
tension behaviors of NHEC polymer solution. The rheological properties (see Figure 14a,b)
vary, to a small extent, upon the addition of surfactants to NHEC polymer, indicating weak
to mild interactions between surfactants and nonionic polymer NHEC. The electrical con-
ductivity of solutions increases with the addition of anionic, cationic, and zwitterionic sur-
factants (see Figure 9c) to NHEC polymer solution. The conductivity of different surfactant–
polymer solutions is in the following order: Amphosol > Stepwet > HTAB > Alfonic. The
surface tension plots indicate mostly a smooth decrease in surface tension with the addition
of different surfactants. The surface tension of different surfactant–polymer solutions is
in the following order: Stepwet > Alfonic > HTAB ≈ Amphosol. Thus, Amphosol and
HTAB solutions are most surface-active and Stepwet solution is the least surface-active in
the presence of NHEC polymer.

Figure 14. Comparison of the influence of different surfactants on the properties of surfactant–
nonionic polymer (NHEC) solutions. (a) Consistency index, (b) flow behavior index, (c) electrical
conductivity, and (d) surface tension.

3.2.3. Nonionic Polymer (Guar Gum) + Surfactant Solutions

Figure 15 shows the influence of the nonionic surfactant (Alfonic) addition to the
nonionic guar gum solution. Although the consistency index fluctuates in the surfactant
concentration range of 150 to 350 ppm, the overall trend is a modest increase in consistency,
upon the addition of surfactant, whereas the flow behavior index remains nearly constant.
The electrical conductivity of the polymer–surfactant solution remains constant, whereas
the surface tension decreases substantially with the addition of surfactant to polymer
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solution. The surface tension of surfactant–polymer solution overlaps with the surface
tension of pure surfactant solution. Thus, the addition of nonionic surfactant Alfonic to
nonionic guar gum solution shows mild interactions between surfactant and polymer.

Figure 15. Influence of nonionic surfactant (Alfonic) addition to nonionic guar gum solution.
(a) Consistency and flow behavior indices, (b) conductivity and surface tension.

The influence of the anionic surfactant (Stepwet) addition to the nonionic guar gum
solution is shown in Figure 16. There occurs a significant drop in the consistency index
with the addition of the anionic surfactant within the surfactant concentration range of
0–250 ppm, indicating modest interactions between the surfactant and the polymer. At
higher surfactant concentrations, the original value of the consistency index is recoverd
and remains almost constant. The flow behavior index shows negligible variation with
the addition of the surfactant. The electrical conductivity of polymer–surfactant solution
increases linearly with the increase in anionic surfactant, as expected. The surface tension
of surfactant–polymer solution is lower than that of the pure surfactant solution, indicat-
ing that the surfactant–polymer complexes are more surface-active than pure surfactant
molecules. Thus, modest interaction is observed between anionic surfactant (Stepwet)
and nonionic guar gum molecules, especially within the surfactant concentration range of
0–250 ppm.

Figure 16. Influence of anionic surfactant (Stepwet) addition to nonionic guar gum solution. (a) Consistency
and flow behavior indices, (b) conductivity and surface tension.
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Figure 17 shows the influence of the cationic surfactant (HTAB) addition to the non-
ionic guar gum solution. The consistency index fluctuates within the surfactant concen-
tration range of 50–250 ppm. Outside this surfactant concentration range, the consistency
index is constant. The flow behavior index is nearly constant. The conductivity increases
almost linearly with the increase in HTAB concentration. The surface tension decreases
with the increase in surfactant concentration. The surface tension of polymer–surfactant
solution is slightly lower than that of the pure surfactant solution, indicating an enhanced
surface activity of surfactant–polymer compexes. Overall, there occur weak interactions
between the cationic surfactant HTAB and nonionic guar gum.

Figure 17. Influence of cationic surfactant (HTAB) addition to nonionic guar gum solution. (a) Consistency
and flow behavior indices, (b) conductivity and surface tension.

Figure 18 shows the influence of the zwitterionic surfactant (Amphosol) addition to
the nonionic guar gum solution. The consistency index remains nearly constant up to a
surfactant concentration of 250 ppm. It dips at 300 ppm and recovers to original value at
500 ppm. The flow behavior index remains nearly constant. The conductivity increases
linearly with the increase in surfactant concentration. The surface tension decreases with
the increase in surfactant concentration and it is slightly larger than the pure surfactant
solution, indicating mild interactions between surfactant and polymer molecules.

Figure 18. Influence of zwitterionic surfactant (Amphosol) addition to nonionic guar gum solution.
(a) Consistency and flow behavior indices, (b) conductivity and surface tension.
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Figure 19 compares the effect of different surfactants (nonionic Alfonic, anionic Step-
wet, cationic HTAB, and zwitterionic Amphosol) on the rheological, conductive, and
surface tension behaviors of nonionic guar gum solutions. The variation in rheolog-
ical properties (see Figure 19a,b), upon the addition of surfactants to guar gum solu-
tions, is not large, indicating weak to moderate interactions between surfactants and
nonionic polymers. The electrical conductivity of the solution increases with the addi-
tion of anionic, cationic, and zwitterionic surfactants (see Figure 9c) to guar gum so-
lutions. The conductivity of different surfactant–polymer solutions is in the following
order: Amphosol > HTAB ≈ Stepwet > Alfonic. The surface tension of different surfactant–
polymer solutions decreases smoothly with the increase in surfactant concentrations.
The surface tension of different surfactant–polymer solutions varies in the following
order: Stepwet > Alfonic > HTAB ≈ Amphosol; that is, Amphosol-guar gum solutions are
most surface-active and Stepwet–guar gum solutions are least surface-active.

Figure 19. Comparison of the influence of different surfactants on the properties of surfactant–
nonionic polymer (guar gum) solutions. (a) Consistency index, (b) flow behavior index, (c) electrical
conductivity, and (d) surface tension.

It should be noted that the rheological, conductive, and surface-active properties of
surfactant–polymer mixtures are similar for the nonionic polymers NHEC and guar gum
(see Figures 14 and 19). The polymer–surfactant interactions are weak to moderate in
these cases. However, the properties of surfactant–polymer mixtures are quite different
for cationic polymer CHEC (see Figure 9). Electric charges of the polymer and surfactant
molecules are dominant factors in determining the interactions between the surfactant
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and polymer molecules. The interactions between cationic polymer CHEC and oppositely
charged anionic surfactant Stepwet are extraordinarily strong.

3.2.4. Anionic Polymer (Xanthan Gum) + Surfactant Solutions

Figure 20 shows the influence of nonionic surfactant (Alfonic) addition to anionic xan-
than gum solution. The consistency index generally increases modestly with the addition
of surfactant whereas the flow behavior index remains nearly constant. Fluctuation in
consistency and flow behavior indices is observed in the surfactant concentration range
of 350–450 ppm. The electrical conductivity of the polymer–surfactant solution increases
slightly with the addition of surfactant to polymer solution. However, the conductivity
of the polymer–surfactant solution is much larger than that of the pure surfactant solu-
tion (see Figure 20b) due to the high conductivity of pure xanthan solution. The surface
tension of polymer–surfactant solution decreases with the addition of surfactant. The
polymer–surfactant solution has a lower surface tension than that of pure surfactant solu-
tion over the surfactant concentration range of 150–500 ppm. Thus, the surfactant interacts
with the polymer to form complexes which are slightly more surface-active than the pure
surfactant in the surfactant concentration range of 150 to 500 ppm.

Figure 20. Influence of nonionic surfactant (Alfonic) addition to anionic xanthan gum solution.
(a) Consistency and flow behavior indices, (b) conductivity and surface tension.

Figure 21 shows the influence of the anionic surfactant (Stepwet) addition to the
anionic xanthan gum solution. The consistency index rises significantly initially with the
increase in surfactant concentration from 0 to 100 ppm. With a further increase in surfactant
concentration, the consistency index remains approximately constant. The flow behavior
index remains nearly constant with the addition of the surfactant. Clearly, the interaction
between surfactant and polymer molecules is significant. The increase in consistency index
is likely due to electrostatic repulsion between negatively charged surfactant and polymer
molecules. The electrical conductivity of polymer–surfactant solution increases with the
addition of ionic surfactant. There occurs a change in the slope of the conductivity plot,
at approximately 150 ppm, consistent with the consistency index variation. The surface
tension of the polymer–surfactant solution decreases with the addition of surfactant. The
surface tension of polymer–surfactant solution is significantly lower than that of the pure
surfactant solution when the surfactant concentration is larger than 100 ppm. This indicates
the formation of surfactant–polymer complexes which are more surface-active than the
surfactant molecules.
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Figure 21. Influence of anionic surfactant (Stepwet) addition to anionic xanthan gum solution.
(a) Consistency and flow behavior indices, (b) conductivity and surface tension.

The influence of the cationic surfactant (HTAB) addition to anionic xanthan gum
solution is shown in Figure 22. The consistency index decreases substantially with the
addition of the surfactant although the decrease is not smooth with the increase in surfactant
concentration. The flow behavior index increases slightly with the addition of the surfactant.

Figure 22. Influence of cationic surfactant (HTAB) addition to anionic xanthan gum solution.
(a) Consistency and flow behavior indices, (b) conductivity and surface tension.

Clearly, there occurs good interaction between the oppositely charged surfactant
and polymer molecules. Due to the charge neutralization of the polymer molecules, the
extension and interaction of the polymer molecules are reduced with the addition of
surfactant, resulting in lower consistency. The conductivity increases almost linearly with
the increase in HTAB concentration. The surface tension decreases with the increase in
surfactant concentration. However, the surface tension of the polymer–surfactant solution is
much larger than that of the pure surfactant solution, indicating the migration of surfactant
from solution to polymer molecules. Overall, there are strong interactions between the
cationic surfactant HTAB and anionic xanthan gum.

Figure 23 shows the influence of the zwitterionic surfactant (Amphosol) addition to
the anionic xanthan gum solution. Except for the spike in consistency index observed at
the 50 ppm surfactant, the consistency index increases slightly with the addition of the
surfactant. The flow behavior index remains nearly constant with the addition of surfactant
to polymer.
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Figure 23. Influence of zwitterionic surfactant (Amphosol) addition to anionic xanthan gum solution.
(a) Consistency and flow behavior indices, (b) conductivity and surface tension.

The conductivity increases linearly with the increase in surfactant concentration. The
surface tension decreases with the increase in surfactant concentration and it is significantly
larger than the pure surfactant solution, indicating the migration of some surfactant from
the solution to the polymer molecules. Overall, there are weak interactions between the
surfactant and polymer molecules.

Figure 24 compares the effect of all four surfactants (nonionic Alfonic, anionic Stepwet,
cationic HTAB, and zwitterionic Amphosol) on the rheological, conductive, and surface
tension behaviors of anionic xanthan gum solutions. The rheological properties (see
Figure 24a,b) vary significantly with the addition of surfactants to xanthan gum solutions,
indicating weak to strong interactions between surfactants and anionic polymers. The
interaction is strong between the oppositely charged cationic surfactant HTAB and anionic
xanthan gum molecules.

Figure 24. Comparison of the influence of different surfactants on the properties of surfactant-anionic
polymer (xanthan gum) solutions. (a) Consistency index, (b) flow behavior index, (c) electrical
conductivity, and (d) surface tension.
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The electrical conductivity of solutions increases with the addition of ionic, zwitterionic, or
nonionic surfactant to the xanthan gum solution (see Figure 24c). The conductivity of different
surfactant–polymer solutions varies in the following order: Amphosol > HTAB ≈ Stepwet > Al-
fonic. The surface tension of different surfactant–polymer solutions decreases smoothly with the
increase in surfactant concentration. The surface tension varies with surfactant concentration in
the following order: HTAB > Stepwet > Alfonic > Amphosol; that is, Amphosol–xanthan gum
solutions are most surface-active and HTAB-xanthan gum solutions are least surface-active.

3.3. Summary of Interactions Between Different Surfactants and Polymers

Table 3 summarizes the interactions between different surfactants and polymers
investigated in this work. The symbol “S” denotes surfactant and symbol “P” denotes
polymer. The electric charge on the species is 0 for neutral species, − for negatively charged
species, + for positively charged species, and +− for zwitterionic species.

Table 3. Summary of interactions between polymers and surfactants.

Polymer Surfactant Surfactant–Polymer
Combination Comments

Cationic hydroxyethyl
cellulose (CHEC) Nonionic (Alfonic) S0 P+

Moderate hydrophobic interaction between surfactant and polymer;
consistency increases; solution surface tension lower than pure

surfactant; surfactant–polymer complexes formed are more
surface-active than pure surfactant.

Cationic hydroxyethyl
cellulose (CHEC) Anionic (Stepwet) S− P+

Extraordinarily strong electrostatic interaction between surfactant
and polymer; consistency increases sharply and goes through a

maximum; solution becomes very shear-thinning; surface tension
falls by a large amount; surfactant–polymer complexes formed are

much more surface-active than pure surfactant.

Cationic hydroxyethyl
cellulose (CHEC) Cationic (HTAB) S+ P+

Moderate electrostatic interaction between surfactant and polymer;
consistency increases; solution surface tension lower than pure

surfactant; surfactant–polymer complexes formed are more
surface-active than pure surfactant.

Cationic hydroxyethyl
cellulose (CHEC) Zwitterionic (Amphosol) S+− P+

Moderate electrostatic interaction between surfactant and polymer;
consistency increases; migration of surfactant from solution to

polymer increases the surface tension of solution.

Nonionic hydroxyethyl
cellulose (NHEC) Nonionic (Alfonic) S0 P0

Mild hydrophobic interaction between surfactant and polymer;
consistency fluctuates; solution surface tension lower than pure

surfactant; surfactant–polymer complexes formed are more
surface-active than pure surfactant.

Nonionic hydroxyethyl
cellulose (NHEC) Anionic (Stepwet) S− P0

Weak hydrophobic interaction between surfactant and polymer;
negligible change in consistency; solution surface tension lower than

pure surfactant due to surface activity of polymer itself; no
unambiguous evidence of formation of

surfactant–polymer complexes.

Nonionic hydroxyethyl
cellulose (NHEC) Cationic (HTAB) S+ P0

Mild hydrophobic interaction between surfactant and polymer;
minor changes in consistency; solution surface tension lower than

pure surfactant due to surface activity of polymer itself; no
unambiguous evidence of formation of

surfactant–polymer complexes.

Nonionic hydroxyethyl
cellulose (NHEC) Zwitterionic (Amphosol) S+− P0

Weak hydrophobic interaction between surfactant and polymer;
consistency fluctuates; no unambiguous evidence of formation of

surfactant–polymer complexes.

Nonionic Guar Gum Nonionic (Alfonic) S0 P0
Mild hydrophobic interaction between surfactant and polymer;

consistency increases mildly; no unambiguous evidence of
formation of surfactant–polymer complexes.

Nonionic Guar Gum Anionic (Stepwet) S− P0

Moderate hydrophobic interaction between surfactant and polymer;
consistency decreases; solution surface tension lower than pure

surfactant; surfactant–polymer complexes formed are more
surface-active than pure surfactant.

Nonionic Guar Gum Cationic (HTAB) S+ P0
Weak hydrophobic interaction between surfactant and polymer;

consistency fluctuates; enhanced surface activity due to formation of
surface-active surfactant-polymer compexes.

Nonionic Guar Gum Zwitterionic (Amphosol) S+− P0

Mild hydrophobic interactions between surfactant and polymer;
consistency changes small; surface activity of surfactant–polymer
solution is nearly the same as that of pure surfactant solution. No

evidence of formation of surfactant–polymer complexes.

Anionic Xanthan Gum Nonionic (Alfonic) S0 P−

Moderate hydrophobic interaction between surfactant and polymer;
consistency index generally increases; Surfactant interacts with
polymer to forms complexes which are more surface-active than

pure surfactant.
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Table 3. Cont.

Polymer Surfactant Surfactant–Polymer
Combination Comments

Anionic Xanthan Gum Anionic (Stepwet) S− P−

Moderate electrostatic interaction between surfactant and polymer;
consistency index increases significantly; Surfactant interacts with
polymer to forms complexes which are more surface-active than

pure surfactant.

Anionic Xanthan Gum Cationic (HTAB) S+ P−

Strong electrostatic interaction between surfactant and polymer;
consistency index decreases substantially; polymer–surfactant

solution is less surface-active than pure surfactant due to migration
of surfactant from solution to polymer.

Anionic Xanthan Gum Zwitterionic (Amphosol) S+− P−
Mild electrostatic interaction between surfactant and polymer;
consistency fluctuates with small overall increase; migration of

surfactant from solution to polymer increases the surface tension.

4. Conclusions
The influence of surfactants on the rheological and surface-active properties of polymer

solutions was investigated. Based on experimental work, the following conclusions can
be made:

• The cationic hydroxyethyl cellulose (CHEC) polymer exhibits extraordinarily strong
interaction with the anionic surfactant (Stepwet). Dramatic changes occur in the
rheological and surface-active properties upon addition of the surfactant to the
polymer solution.

• The interactions between CHEC and three other surfactants (nonionic Alfonic, cationic
HTAB, zwitterionic Amphosol) are moderate. The consistency generally increases
with the addition of surfactants. Except for zwitterionic Amphosol, the surfactant–
polymer complexes formed are more surface-active than pure surfactant. Migration of
surfactant from solution to polymer occurs, resulting in a decrease in surface activity
of solution when zwitterionic Amphosol is added to CHEC.

• The nonionic hydroxyethyl cellulose (NHEC) polymer exhibits weak to mild interac-
tions with the surfactants investigated. The consistency index either varies to a small
extent and/or fluctuates with the increase in surfactant concentration. Generally, the
surface activity of solutions is higher than that of pure surfactants as the polymer
NHEC itself is surface-active.

• The nonionic guar gum exhibits weak to mild interactions with the surfactants inves-
tigated. The consistency varies mildly upon the addition of surfactant. The surface
activity of surfactant–polymer solution is enhanced compared with pure surfactant
solutions in the case of anionic (Stepwet) and cationic (HTAB) surfactants. With
nonionic (Alfonic) and zwitterionic (Amphosol) surfactants, the surface activity of
surfactant–polymer solutions is unaltered from pure surfactant solutions.

• The anionic xanthan gum exhibits strong interaction with the cationic surfactant
(HTAB). The consistency index decreases substantially with the addition of surfactant.
The other three surfactants (nonionic, anionic, and zwitterionic) show mild to moderate
interactions, resulting in some increase in consistency. In the case of nonionic Alfonic
and anionic Stepwet surfactants, the surfactant interacts with the polymer to form
complexes which are more surface-active than pure surfactant. Upon addition of
cationic (HTAB) and zwitterionic (Amphosol) surfactants, the surfactant–polymer
solutions become less surface-active compared with pure surfactant solutions due to
the migration of surfactant from solution to polymer.
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