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2
Abstract: The aims of this work are to study the rheological behaviors of a microemulsion of
Glucopone-water-hydrocarbon systems and to use a fractional model to describe several experimen-
tal results of these systems. Four different types of hydrocarbons were considered. The frequency
dependent storage, G’, and loss modulus, G, were investigated below the critical strain. The critical
strain was found to decrease as the alkane chain lengths increased, while the opposite behavior
was observed for zero shear viscosity, #79. Most of the microemulsions exhibited stable elastic fluid
behavior (G’ > G") below 10 rad s~ ! angular frequency. For all systems, elastic modulus values
were found to be greater than loss modulus in the frequency range studied, indicating more elastic
behaviors. Shear-thinning behaviors were observed, and the complex viscosity decreased with an
increase in hydrocarbon chain lengths. The effects of hydrocarbon types on the rheological behaviors
were more profound in the dodecane systems which showed maximum values of G’ and #y. The
Friedrich-Braun model was introduced and was used to describe several experimental results on
Alkyl polyglocoside solutions. Fractional rheology successfully described the viscoelastic phenomena
in Glucopone surfactant solutions and the comparisons between the experimental results and the
theoretical predictions were found to be satisfactory.

Keywords: alkyl polyglocoside; fractional calculus; nonionic surfactant; relaxation; rheology;
viscoelasticity

1. Introduction

Emulsions and microemulsions gained great interest in recent years [1,2]. Plus, emul-
sions are widely used in industry [3], enhance oil recovery [4], and are also used for
biological applications [5,6]. Many surfactants, particularly commercially produced de-
tergents, dissolve readily in water and form solutions up to high concentrations. The
self-assembling behavior of the surfactant molecules at the water/oil interface offers a
stable microenvironment for the chemical reaction to occur when desirable reactants collide
with each other [3,7]. Among this interesting class of surfactants that form emulsions and
microemulsions are Alkyl polyglucosides (APG). APG are a class of nonionic and nontoxic
surfactants that are developed from renewable resources such as sugar and the vegetable
oil of raw vegetable materials [8,9]. Despite their interesting properties, investigations
regarding their characteristics in solution are relatively limited [10,11].

Viscoelastic materials exhibit elastic and viscous behavior and their mechanisms can
be modeled through a combination of springs and dashpots. This class of material is used
in many applications and its behavior appears in many materials such as acrylics, rubber,
and glass. Earlier, viscoelastic materials have been described by the Kelvin-Voigt model for
constitutive relationship [12] and these materials allegedly have memory because of these
phenomena [13].

The conventional models using ordinary differential equations do not allow an accu-
rate fit of experimental data of viscoelastic solutions. In order to obtain a better fit for the
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viscoelastic behaviors, several fractional models were developed using differential frac-
tional equations [14-17]. Bagely and Torvik [18] prove that fractional calculus models were
reliable with molecular theory, while Schiessel and Blumen [19] used fractional calculus
models to describe the rheological behavior.

The aim of the current work is to study the effect of surfactant concentration and
different hydrocarbon types on the rheology of solutions. Alkyl polyglucoside (Glucopone
215 CSUP) surfactants with different concentrations and four different types of hydrocar-
bons are used to prepare the solutions. Rheological experiments are performed for these
solutions and the related elastic and viscous modulus are measured. The Friedrich-Braun
model is introduced and is used to describe the experimental data. The comparison be-
tween the experimental data and the theoretical predictions, based on the fractional model,
is presented.

2. Materials and Methods
2.1. Materials

The alkyl polyglucoside (APG) that is known as Glucopone 215 CSUP and was used
in the current study was supplied as a 65 wt% solution in water and was purchased from
Fluka, Dorset, UK. The hydrocarbons were obtained from Ajax Chemicals, Sydney, NSW,
Australia. The surfactant was used as received. Twice distilled water was used in the
preparation of samples. The desired amounts of surfactant, water, and hydrocarbon were
mixed at room temperature (~25 °C) in glass bottles to prepare solutions.

The micellar solution in the ternary systems of this work formed at very low oil
concentration but at higher water concentration [8]. Hence, in this work, we will study two
compositions for each system with fixed oil contents. Composition 2 has higher surfactant
concentration and lower water content. We report here results from two representative
samples for each type of oil whose composition is given in Table 1.

Table 1. Composition (by weight%) of the samples used in the rheological measurements.

Composition Glucopone % Hydrocarbon % Water %
1 45.00 4.60 50.40
2 55.00 4.60 40.40

2.2. Rheometer

The rheological experiments were performed using VOR BOHLIN rheometric (Malvern,
Worcestershire, UK) apparatus with cone-plate sensor of diameter of 30 mm and cone angle
of 2.50. The frequency was fixed at 1 Hz for strain measurements. The measurements of
the storage modulus G'(w) and the loss modulus G”(w) were carried out as function of
frequency at room temperature (25 °C). Each rheology test was repeated twice after 10 min
waiting time which was required to transmit rheological history to the whole system.

3. Results and Discussions
3.1. Phase Diagram

The boundaries of single-phase water in oil microemulsion regions of a ternary system
Glucopone/water/hydrocarbons and the complete phase diagrams were determined and
reported by Siddig et al. [8]. The microemulsion is an isotropic phase which gives a dark
view under an optical polarized microscope unlike the birefringence patterns of lamellar
and hexagonal structures [20]. Scomoroscenco, C. et al. [21] prepared and characterized
microemulsion at low oil concentration using a similar class of surfactant (Alkyl polygluco-
side). The study on the effect of oil phase on microemulsions with a similar composition
was performed by Sisak et al. [22]. The packing parameter can be determined by P =v/al,
where v is effective hydrocarbon chain volume, g, is the area per polar head and ! is the
surfactant alkyl chain length. In all cases studied, spherical micelles were formed.
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3.2. Strain Sweep

Different types of oil were used to investigate their effect on the rheological behaviors
of the viscoelastic solutions. Measurements with an oscillation rheometer provided the
storage modulus, G'(w) and loss modulus, G”(w) dependent on the strain. These measure-
ments must be run in the linear viscoelastic range of the solutions. In order to determine
the region of the linear viscoelasticity, the strain ramp at fixed frequency was performed.
The samples were in diluted form and were prepared with different types of oil, which
have different alkane chain lengths. The strain sweep was performed for each sample to
define the critical strain. Figure 1 shows the elastic modulus as a function of strain for the
samples of composition 1. Generally, it was observed that the critical strain decreased as
the alkane chain lengths increased. This increase in length of the hydrocarbon chain may
form a more viscous solution and thus the liquid-like fluid behaviors will be more obvious.
Similar behaviors were observed for samples of composition 2; the critical strain decreased
as the alkane chain lengths increased. Figure 2 shows the elastic modulus as a function of
strain for the samples of composition 2.
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Figure 1. The elastic modulus, G’ as a function of strain for the sample of composition 1, (a) heptane,

Strain

(b) octane, (c) dodecane, (d) tetradecane.

3.3. Frequency Sweep

The interaction between particles in solutions determines whether the system is elastic
or flowing. The interaction can be measured by the dynamic moduli as the function of the
frequency at constant strain. If there is no association between the particles, the losses in
modulus and viscosity are close to Newtonian. If the particles are strongly associated, the
storage modulus, G'(w) becomes the dominant modulus and the viscosity will decrease
with increasing oscillation frequency.
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Figure 2. The elastic modulus, G’ as a function of strain for the sample of composition 2, (a) heptane,
(b) octane, (c) dodecane, (d) tetradecane.

Figure 3a shows the elastic modulus G'(w) and the loss modulus G”(w) as functions
of frequency for heptane system of composition 1. The applied strain was 0.0001 and
the value of the elastic modulus was found to be around 700. The elastic modulus, G’ is
higher than the loss modulus and the crossover between G’ and G was observed at low
frequency range. Figure 3b—d show the elastic modulus for other systems of composition 1
of different oils type, namely octane, dodecane and tetradecane. Like the heptane system,
the elastic modulus is always higher than the loss modulus in the frequency range studied.
For all systems, the storage modulus, G'(w), was found to increase with frequency. The
discrepancy between the elastic and loss moduli in the tetradecane system was found to be
the least compared to the discrepancies that correspond to other systems (see Figure 3d).
The microemulsions show elastic-like fluid behaviors at a low frequency (below 10 rad s~ 1),
where the value of G’ > G’. According to Torres et al. [23] th microemulsion will be highly
stable if the G’ value is higher than that of G”.

Figure 4a shows the elastic modulus, G'(w) and the viscous modulus, G”(w) as a
function of frequency for the heptane system of composition 2. Similar to the heptane
system of composition 1, the elastic modulus was found to be around 700 pa and the
G’ value is higher than in the loss modulus. The crossover between G’ and G” was not
observed for sample of heptane system of composition 2. Figure 4b—d show the elastic and
loss modulus for octane, dodecane and tetradecane systems of composition 2, respectively.
The values of the elastic modulus are greater than those of the loss modulus for all samples
and the discrepancy between the elastic and loss moduli in heptane, octane, and dodecane
systems is higher than that which corresponds to the tetradecane systems. Similar to
composition 1 samples, the crossover between G' and G” at a low frequency was observed
in the systems. From the reciprocal frequency where the crossover occurs, one can estimate
the relaxation time [20]. The zero shear viscosity, 779, can be calculated from the following
equation [8]:

G/(w) — ZGumax — i’: = Now (1)
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Figure 3. The elastic modulus, G’ and loss modulus, G” as a function of angular frequency for the

sample of composition 1, (a) heptane, (b) octane, (c) dodecane, (d) tetradecane.
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Figure 4. The elastic modulus, G’ and loss modulus, G” as a function of angular frequency for the

sample of composition 2, (a) heptane, (b) octane, (c) dodecane, (d) tetradecane.
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The results of relaxation time and zero shear viscosity for composition 1 are summa-
rized in Table 2. It can be observed from Table 2 that the dodecane system shows the largest
value of 79. The oscillator measurements were performed on the samples of composition 2
and similar behaviors were observed with the dodecane system showing the largest value
of 179. The viscosity of a liquid is related to the ease with which the molecules can move
with respect to one another. Figure 5a,b show the variation of zero shear viscosity as a
function of length of hydrocarbon for the two considered compositions. For composition
1, increasing the shear rate tends to decrease zero shear viscosity and the octane sample
showed the lowest value. However, the decrease was more profound in the sample of
composition 2 of the tetradecane system which showed the least zero shear viscosity.

Table 2. Relaxation time and viscosity of the samples of composition 1 and 2.

Composition 1

Composition 2

Oil Type I,{reii:;?t_;;)sn Viscosity, 1o Pa Ifl“eii::t:/): Viscosity, 1o Pa
Heptane 5.00 300.00 £+ 3.6 1.26 780.00 + 8.4
Octane 2.50 250.00 £ 2.7 3.33 366.30 £ 6.3
Dodecane 2.00 1000.00 + 8.3 5.00 1000.00 + 11.8
Tetradecane 1.71 342.00 £+ 3.8 1.66 14940 + 2.4
1100 1100
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Figure 5. Zero shear viscosity, 179 and relaxation time, T as a function of hydrocarbon for the two
considered compositions: (a) 17 for composition 1; (b) 7 for composition 2; (c) T for composition 1;
(d) T for composition 2.

It can be noticed that the further increase in Glucopone concertation leads to an
increase in zero shear viscosity for the samples with the exception of the sample of the
tetradecane system which showed the opposite behavior. Figure 5¢,d show the variation of
relaxation time as a function of length of hydrocarbon. The estimated values of relaxation
time vary in a range from 1.6 to 5 s and were found to decrease as hydrocarbon length
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increased in composition 1. On the other hand, with the exception of the tetradecane
system, the opposite behavior could be observed for the samples of composition 2.

The comparison of the storage moduli, G'(w), for all systems of composition 1 is shown
in Figure 6. The influence of oil types was profound in the systems studied. The increase
in the chain length of hydrocarbon resulted in an increase in the values of G'(w), which
was found to be maximum for the dodecane system. The increase in the value of G’ may
be due to the inter-particle interactions that form bonds between particles in the oil-water
interface [24]. The further increase in chain length resulted in the value dropping to be the
minimum for the sample of the tetradecane system. Figure 7 shows the elastic modulus
versus frequency for samples of composition 2. In a similar manner to composition 1,
the increase in chain length resulted in an increase in the elastic modulus of samples of
composition 2. Moreover, it can be observed that the increase in Glucopone concentration
did not significantly affect the values of the elastic modulus G'(w) of the systems, except in
case of the dodecane system where the effect was profound, which was indicated by the
values of G'(w), which are quite different (4000 Pa vs. 1000 Pa).
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Figure 6. The elastic modulus, G/, as a function of angular frequency of composition 1 for different
types of hydrocarbons.
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Figure 7. The elastic modulus, G/, as a function of angular frequency of composition 2 for different
types of hydrocarbons.
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3.4. Complex Viscosity

Figure 8 shows the change in complex viscosity 77* as a function of angular frequency
for the samples of composition 1. For all samples, the complex viscosity is strongly fre-
quency dependent. The complex viscosity decreased with increasing frequency. From
Figure 7, it can be observed that as alkane chain lengths of the hydrocarbon increased, the
values of complex viscosity were slightly increased. The increase in hydrocarbon chain
length may result in more adsorption of the thickening agent through the oil-water in-
terface, thus producing an apparent higher microemulsion viscosity. Furthermore, it can
be observed that the variations of the slopes were not constant. They were the maximum
in the heptane system, intermediate in the octane system, and the least in the dodecane
system, and this agreed with the rheological results of the elastic modulus.
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Figure 8. The complex viscosity, #* as a function of angular frequency of sample of composition 1 for
different types of hydrocarbons.

Figure 9 shows the complex viscosity #* for the samples of composition 2. The complex
viscosity decreased with increasing frequency. Similar to composition 1, it can be observed
that the complex viscosity increased as the alkane chain lengths of the hydrocarbon increase,
and the variations of the slopes are not constant. If we make an exception for the tetradecane
system, it is at maximum in the heptane system, intermediate in the octane system, and
is least in the dodecane system. These results indicated that the shorter the alkane chain
length systems are, the smaller the values of the complex viscosity.
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Figure 9. The complex viscosity, 17* as a function of angular frequency of a sample of composition 2
for different types of hydrocarbons.
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4. Fractional Modeling
4.1. Friedrich—Braun Model

The fractional calculus was used to successfully describe the rheological behavior of
materials. The fractional viscoelastic mode would help to understand and analyze the
rheological data of soft and biological materials [25].

The first fractional viscoelastic models by Bagely can be reduced to the form [26]

() = Gov(t) + GiA*D*[v(1)] 2

where the first term represents a characteristic of solid and the second term containing
fractional derivative is introduced to describe the viscoelastic behaviors. The differential
form of the model, proposed by Friedrich and Braun [27,28] to describe the rheological
parameters, is given by

7+ MDY[t] = Goo{ D7) + A9DI[] } + AGADI[1] )

where T is the stress, v is deformation tensors, A is t the characteristic time, D is the
fractional operator and G, is the equilibrium modulus. The derivative orders are g and y
and AG quantifies the differences between G, and the plateau modulus Ge (w — o0). The
relevant expressions for G'(w) and G”(w) are

(Aw)"[cos(puF) + (Aw)" cos((p — q)7)]

G'(w) = Geo + AG o -
1+2(Aw)?cos(q%) + (Aw)

(4)

nd
) (Aw)! [sin(u§) + (\w)sin(( — 0)5)]
14+ 2(Aw)?cos(qF) + (Aw)™

For g = 0, the model reduces to Equation (2).

G'(w) = AG (5)

4.2. Modeling the Viscoelastic Solutions

The viscoelastic materials are usually known to have infinite memory, meaning that
their actual mechanical response is influenced by past material histories. Fractional cal-
culus provides a natural framework for the description of the memory and hereditary
properties of various materials and processes [16]. All fractional derivative models possess
memory kernels of the form t~7, where 0 < g < 1. This is the main advantage of fractional
derivatives in comparison with the classical integer-order models, where such effects are,
in fact, neglected. In this work, the Friedrich-Braun model is used to describe the results of
viscoelastic solutions of the Glucopone surfactant which was studied experimentally in the
previous section. The compositions of the samples studied are given in Table 1. Figure 10a
shows the dynamic moduli fitted in fractional term by using Equations (4) and (5) for stor-
age and loss modulus of heptane system, respectively. It can be observed that the fractional
model can closely match the experimental data for heptane sample of composition 1 using
parameters AG =260, A =5.38, 4 = 0.72, = 0.89. Many previous researchers have drawn the
same conclusions; for example, Carrera et al. [29], Ramirez-Brewer et al. [30], and Rathinaraj
et al. [31]. These authors also present graphical data showing that fractional models can
accurately capture experimental data for viscoelastic solutions. Figure 10b—d show the
fitting for using fractional model for experimental data of storage and loss modulus for
octane, dodecane, and tetradecane systems, respectively. The fitting parameters for samples
of composition 1 for the four systems of different types of hydrocarbons were reported in
Table 3. As mentioned earlier, the basic fractional model parameters are g and y, which
are restricted to the range 0 < g4, u <1, and q < u. There are good agreements between the
theoretical predictions (solid lines) and experimental data (squares).
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Figure 10. The storage modulus G’ and the loss modulus G” as a function of frequency of composition

1 for (a) heptane, (b) octane, (c) dodecane, (d) tetradecane. The squares represent the experimental

values for G’ and G, respectively. The solid lines represent the fitted fractional viscoelastic model.

Table 3. The fitting parameters of the Friedrich-Braun model for systems of composition 1.

Heptane Octane Dodecane Tetradecane
Parameter G/ G” G’ G" G’ G" G’ G"
AG [Pa] 260 260 300 300 380 380 160 160
Als] 5.38 5.38 2.81 2.81 2.89 2.89 1.71 1.71
q 0.72 0.66 0.72 0.64 0.71 0.68 0.74 0.64
u 0.89 091 0.93 0.98 0.93 0.98 0.93 0.96
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Similarly, Equations (4) and (5) were used to describe the experimental result of the
sample of heptane system of composition 2. Figure 11a shows the dynamic moduli fitted
in fractional term by using Equations (4) and (5) for storage and loss modulus of heptane
system, respectively. It can be observed that the fractional model can closely match the
experimental data for heptane sample of composition 2 using parameters AG =100, A = 7.53,
q=0.73, u = 0.88. Figure 11b—d show the samples of octane, dodecane, and tetradecane
systems of composition 2.
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Figure 11. The storage modulus G’ and the loss modulus G” as a function of frequency of composition
2 for (a) heptane, (b) octane, (c) dodecane, (d) tetradecane. The squares represent the experimental
values for G’ and G”, respectively. The solid lines represent the fitted fractional viscoelastic model.
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It can be said that fractional rheology successfully described the viscoelastic phenom-
ena in Glucopone surfactant solutions. The model accurately describes the elastic modulus,
G'(w) and the viscous modulus, G”(w) and good agreements between the experimental
and theoretical results were achieved. The fitting parameters for samples of composition 2
are given in Table 4.

Table 4. The fitting parameters of the Friedrich-Braun model for systems of composition 2.

Heptane Octane Dodecane Tetradecane
Parameter G/ G" G’ G" G/ G" G/ G"
AG [Pa] 100 100 280 280 640 640 190 190
A[s] 7.53 7.53 4.64 4.64 5.53 5.53 22 22
q 0.73 0.72 0.66 0.64 0.67 0.66 0.65 0.63
u 0.88 0.98 0.94 0.97 0.95 0.91 0.86 0.98

The results show that fractional viscoelastic models can accurately describe the rheo-
logical response of viscoelastic solutions of composition 1. It can be observed from Table 3
that AG, which quantifies the differences between the equilibrium modulus, Ge, and the
plateau modulus, G, is increased with hydrocarbon chain length to be maximum for
dodecane system (380 Pa). As hydrocarbon chain length further increased, the value of AG
dropped to 160 Pa. In case of composition 2, similarly, AG is increased with hydrocarbon
chain length up to maximum value for the dodecane sample (640 Pa) and then dropped for
the tetradecane system (190 Pa). These results are in agreement with Figures 6 and 7 where
similar behavior can be observed for the elastic modulus, G', of the samples of different
types of hydrocarbons in the two systems considered. The characteristic time, A which
represents the time required for stress to restore to its original value, was found to decrease
with the hydrocarbon chain length of the samples of both compositions. The fitted values
of A are comparable to the values of relaxation times, T in Table 2.

5. Conclusions

In this work, it was possible to deduce the influence of the hydrocarbon types in the
properties and rheological behaviors of the solutions of Glucopone surfactant. Generally,
nthe critical strain decreased as the alkane chain lengths increased. The values of elastic
modulus, G/, and the zero shear viscosity, 179, were maximum in case of the dodecane
system. On the other hand, the tetradecane system showed the least values of G’ and 7.
The dynamic properties of microemulsions solutions were characterized by the structural
relaxation time, T which ranged from 1.66 to 5 S. The relaxation times decreased as the
alkane chain lengths of hydrocarbon increased. However, the opposite behavior of relax-
ation time was observed as the Glucopone concentration increased. According to Hoffman
and Ebert [32], in systems with obvious viscoelastic behavior, the relaxation times can be as
long as 10 s.

The fractional calculus approach in the constitutive relationship model of generalized
Friedrich-Braun was introduced. The model accurately described the elastic modulus,
G'(w) and the viscous modulus, G”(w) of the materials when the first-order derivatives
were replaced by the fractional-order derivatives. The fractional Friedrich-Braun model
was able to adequately describe the behaviors of viscoelastic solutions prepared using
Glucopone surfactant for different hydrocarbons and different concentration as well. The
advantage of fractional derivatives has become apparent in the description of rheological
properties of materials as well as in modeling the mechanical and electrical properties of
materials, and in many other fields.
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