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Abstract

The oil and gas sector is one of the six core industries in India. These industries are of strategic importance and plays a
vital role in influencing decisions across other important spheres of the economy. But the overall production has declined
due to the increase in maturity of the oil reservoirs. In developing countries like India, the oil production and demands
play a crucial role for the development of economy of the country. However the domestic crude oil production is
insufficient to meet the requirement of energy. Thus, there is the big challenge to minimize the gap between demand and
supply of crude oil. Several methods to enhanced oil recovery have been developed to increase the production from
matured reservoirs and are referred to enhance oil recovery (EOR) methods. In the present study we have studied the
rheological behaviour of Xanthan gum solution in absence and presence of surfactants and sacrificial agents such as salt
and alkali. Xanthan gum is a polysaccharide and form an aqueous solution with high viscosity and show non-Newtonian
behaviour and can be used in oil production as drilling fluids and in enhance oil recovery. The power law model was used
to describe the pseudo-plastic behaviour of polyacrylamide solution. The additives shows synergistic effects and their
concentration strongly influence the shear viscosity of the solution. The TEM results support the viscosity data. The
results obtained are quite interesting and could be of prolific use for selection of polymer-surfactant mixtures and

surfactants for use in EOR.

KeyWOI‘dS: Xanthan Gum; Crude oil; Fluids; Reservoirs; Viscosity

Abbreviations: EOR: Enhance Oil Recovery; SDS: Introduction
Sodium Dodecyl Sulfate; TEM: Transmission Electron
Microscopy. 0il, natural gas and coal are the main constituents of

fossil fuel energy. These energy resources were formed
millions of years ago due to the decomposition of organic
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matters which remains trapped in the sediments and
subjected to the conditions of high temperature and
pressure under the earth crust. Hypothetically, estimated
place crude oil of the world are of the order of 6,000
billon barrel (B. barrel ~ 159 L) which includes the
recoverable and non-recoverable oil in the reservoirs, of
which about 3,000 BB could be technically recovered and
produced [1]. Further, we all know that about two-third of
the oil remains in reservoir on an average after the
natural drive and secondary recovery methods. This
residual oil is trapped in the porous structure of
reservoirs by capillary forces which cannot be recovered
by conventional methods. Due to the increasing demand
of energy and diminishing amount of conventional oil,
companies have been relying on enhanced oil recovery
methods for decades. Presently, lots of researches are
being carried out globally to improve enhanced oil
recovery techniques to fulfil demands of oil. Enhanced oil
recovery methods, also known as tertiary oil recovery
techniques and are mainly of the following categories:
Thermal methods, Gas methods and Chemical EOR
methods.

From literature review, we found that in EOR by using
certain combinations of different surfactants and flow
modify water soluble polymers, higher displaced
efficiencies can be obtained than by the individual
component alone. Further, the varying condition of
salinity and alkalinity in oil well is one of the reasons to
study the effect of additives on the rheology of polymer-
surfactant solutions. The effect of such condition on
polymer solution is important because they can alter its
rheological properties. Therefore in the present study,
solution behaviour of xanthan gum, a viscosity enhancer
polymer in presence of an anionic surfactant Sodium
Dodecyl Sulfate (SDS) was studied by rheometry with
special interest of EOR. Polymers are often used which are
often used as mobility controller for EOR. Injection of
small quantity of polymer significantly increases the
viscosity of solution, which can increase the sweep
efficiency of the displacing fluid in the porous media
during flooding. The aqueous solution of polymer shows
non- Newtonian behaviour and its apparent viscosity is
function of polymer concentration, shear rate,
temperature, etc [2].

Materials and Methods

The polymer, surfactant and other chemicals used in
the present investigation are:
Xanthan Gum, a biopolymer. Sodium dodecyl sulfate
(SDS), an anionic surfactant, Anton Paar (Rheometer).
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Experimental Methods

The techniques used in the present study are:

1. Rheometry: The rheological parameters were
measured with the help of a modular compact
rheometer (MCR 102 Anton Paar Germany) equipped
with a temperature control system with an accuracy of
0.01°C. The techniques involve the application of a
known strain or strain rate to a sample and the
subsequent measurement of the stress induced in the
sample or vice versa. The viscosity curve can be
obtained with varying share rate from 0.01s1 to 1000s-
1

2. Transmission Electron Microscopy (TEM):
Transmission electron microscopy (TEM) is a
microscopy technique in which a beam of electrons is
transmitted through an ultra-thin specimen, interacting
with the specimen as it passes through.

Results and Discussion

The results of present study can be discussed as:

1. Effects of Xanthan gum concentration on viscosity of its
aqueous solution.

2. Validation of the Power-law model.

3. Effects of Sodium dodecyl sulfate (SDS) concentration
on viscosity of Xanthan gum’s aqueous solution.

4. Effects of temperature on viscosity of Xanthan gum
solutions at different concentration.

5. Transmission Electron Microscopy (TEM) Analysis for
Surface Morphology

Rheometry Studies

Viscosity profiles for non-Newtonian shear-dependent
behaviour of Xanthan gum solutions were measured in
order to study the solution behaviour of Xanthan gum in
the absence and presence of surfactant, salts and alkali.
The results of present study are presented and discussed
as:

Rheometry Results For Pure Xanthan Gum
Solutions

Effect of Concentration of Xanthan Gum on Viscosity
The flow curves for aqueous solution of Xanthan gum
at different temperature and varying shear rate (0-1000s-
1) are shown in Figure 1. An increase in shear viscosity
was observed for the increased xanthan gum
concentration. For polymer flooding in the EOR, the
increased shear viscosity of the xanthan gum can increase
the residual resistance factor and improve the sweep
efficiency as reported earlier [3]. The viscosity of all
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samples decreases with increasing shear rate showing the
shear thinning behaviour of xanthan gum solution at all
concentrations. From figurel it can be observed that at all
concentrations (0.10wt%, 0.25wt%, 0.50 wt%) and all
temperatures (303K, 313K, 323K) the aqueous solution of
pure Xanthan gum shows similar flows pattern.
Significant shear-thinning behaviour was observed, which
was attributed to the dis-entanglement and alignment of
the xanthan gum polymer chains along the flow direction.
In a drilling fluid of the EOR, shear thinning polymer
solutions were designed that can suspend drilling cutting
atlow shear rates, but offer little resistance to flow at high
shear rates. On the other hand, polysaccharides that
display interesting solution characteristics tend to form

ordered structures in aqueous environments. Large
molecules in an aqueous solutions form aggregates and
entangle, leading to high viscosity at low shear rates. The
increase of viscosity with increasing xanthan gum
concentration has been attributed to intermolecular
interaction or entanglement that increases the effective
macromolecule dimensions and molecular weight [4].
Increasing the shear rate decreases the steady shear
viscosity due to the uncoiling and partial alignment of the
polymer chains at the high shear rate region. Xanthan
gum solutions are highly pseudo plastic. Although they
show a shear-thinning behaviour under an applied shear
rate, the initial viscosity is recovered almost
instantaneously when the shear rate is removed [5].

(a)
2204
200+ —=—0.10 wt% XG
o ——0.25 wt% XG
——0.50 wt% XG

160

140

1204

1004

viscosity (mPa.s)

80

60

40

20

T T T T T
0 200 400 600 800 1000

shear rate (s™)

(b)

140

1204 —=—0.10 wt% XG
—— 0.25 wt% XG

——0.50 wt% XG

1004 ¢

viscosity (mPa.s)

T T T T T
0 200 400 600 800 1000
shear rate (s

140

120
1004 o
80

60 -

viscosity (mPa.s)

40 4

20

(c)

—=—0.10 wt% XG
—— 0.25 wt% XG
—— 0.50 wt% XG

T T
0 200 400

T T T
600 800 1000

shear rate (s7)

Figure 1: Plot of Viscosity vs shear rate for different Xanthan Gum concentrations (a) at 303 K (b) at 313K (c) at 323K.

Yusuf M, et al. Studies on Rheological Behavior of Xanthan Gum Solutions

in Presence of Additives. Pet Petro Chem Eng] 2018, 2(3): 000165.

Copyright© YusufM, et al.



Petroleum & Petrochemical Engineering Journal

The shear thinning behaviour of xanthan gum in
deionized water solutions is shown in figurel. The
viscosity at high shear rate (1000s1) was 3.30 times less
than the magnitude of viscosity at low shear rate (100s1)
for 0.25wt% Xanthan gum at 303K. Figure 2 shows the
plot of viscosity as a function of Xanthan gum
concentration at an arbitrary shear rate (160s1) where
the curves were found to fit the power law model well. We
can see from graphs that the viscosity at low shear rate
increased linearly with increasing xanthan gum
concentration within the range of 0.01wt% to 0.5wt% as
explained by earlier investigators [5]. The static viscosity
and shear thinning behavior of xanthan gum solution are
related but not proportional to xanthan gum
concentration over a wide range. Choppe et al. reported
an exponential relationship of the solution viscosity with
xanthan gum concentration when it was higher than
2000mg/L [6].
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Figure 2: Plot of Viscosity vs Xanthan gum

concentration at 160s-! and 303K.

Validity of Power-Law Model

Xanthan gum solutions are classified under
pseudoplastic fluid which means that resistance to flow
decreases as the shear rate increases. The pseudoplastic
behaviour of xanthan gum solution was examined and the
power-law model (Equation 1) is used to describe this
behaviour.

r=Ky" 1)
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Where, 1 is shear stress (Pa), y is the shear rate (s'), n
is the flow behaviour index, and K is the consistency index
(Pa.sn). In this study value of shear stress was measured
at varying shear rate and with the help of regression
analysis and it was found that the value of Kand n is 3.086
and 0.489 respectively for 0.25wt% aqueous xanthan gum
solution at 30°C. It is well known that for pseudoplastic
fluids, n < 1.0. It should be noted that for Newtonian fluids
the value of n is unity and K became the dynamic
viscosity, n. The fitted K and n value, as well as the
coefficient of determination, R2 are listed in Table 1.

s T T R2 |ABS Deviation
Conc.
0.25 wt%/vol. |3.086| 0.489 [0.9919]  0.02280

Table 1: Fitted K and n values according to Equation (1)
including R? and ABS deviation value.

Effects of Sodium Dodecyl Sulfate (SDS) Concentration
on Viscosity of Aqueous Solution of Xanthan Gum

Surfactants slugs are generally used in EOR processes
to mobilize residual oil by changing the rock wettability
and/or reducing the interfacial tension. To increase the
efficiency of such process, polymers can be either co-
injected with the surfactant slug or injected after it and
there are chances of mixing of surfactants and polymers.
Therefore, the effects of anionic surfactant (Sodium
dodecyl sulfate, SDS) on viscosity of Xanthan gum
solutions were examined. Figure 3 shows the effect of SDS
concentration on viscosity of 0.1wt% Xanthan gum
solution at 303K. It was found that on increasing SDS
concentration from 0 to 5mM, a significant decrease in
viscosity of Xanthan gum solution was observed. The
apparent viscosity of polymer decreases with an increase
in the surfactant concentration. These results indicate
that SDS reacts physically as well as chemically with the
polymer chain in deionized water. This trend is similar to
that observed by Shupe [7] and suggests that the anionic
surfactant affects the viscosity behaviour of the Xanthan
gum through the charge-shielding mechanism but further
addition of SDS had little effect on viscosity. Figure 4
shows the effect of SDS concentration on viscosity of
0.25wt% Xanthan gum solution at fixed shear rate (160s-
1) where the curves were found to fit the power law
model for 313K. We can also observed that the viscosity of
solution first decreases on addition of SDS (5mM SDS) and
further it became almost constant with very little effect on
viscosity of solution. However, for 20mM SDS the
viscosity of solution again decreases at low shear rate, but
the behaviour is quite different at higher shear rate.
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Figure 3: Viscosity vs shear rate of solution containing
0.1 wt % Xanthan Gum and different SDS
concentration at 303 K.
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Figure 4: Effect of SDS concentration on viscosity of
0.25% Xanthan gum solution at fixed shear rate (160s-
1) and at 313K.

decreases. The effect of temperature on Xanthan Gum
viscosity is very complicated. As the solution temperature
increases, the solvent viscosity decreases, but the degree
of hydrolysis of xanthan gum increases. As the degree of
hydrolysis increases, the viscosity of xanthan gum in
deionized water increases as a result of the electrostatic
repulsion between the negative charges on the polymer
chain [8]. This effect of temperature on viscosity of
Xanthan gum solution can be seen in Figure 5 & 6.
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Figure5: Viscosity vs shear rate for 0.1 wt% XG
solution at 303K, 313K and 323K.

Effect of Temperature on Viscosity of Xanthan Gum
Solution

At all polymer concentrations examined, the solution
viscosity diminished with temperature.
As the temperature increases, the average speed of
molecules in liquid increases, so the time they spend in
contact with their nearest neighbour decreases. Thus, as
temperature increases, the average intermolecular forces
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Figure 6: Viscosity vs shear rate for 0.25 wt% XG
solution at 303K, 313K and 323K.
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The change in temperature for 0.10 wt% Xanthan gum
solution do not shows significant effect on viscosity of
solution, where as for 0.25wt% and 0.5wt% Xanthan gum
increase in temperature shows significant decrease in
viscosity of solution. It can be seen from figure 6 that for
0.25wt% Xanthan gum solution first viscosity decreases
when temperature increases from 303K to 313K, and for
323K there is very small change in viscosity of gum
solution. Whereas for 0.05wt% Xanthan gum solution the
flow curves are quite close at temperature 303K and 313K
but when temperature increases to 323K, a significant
decrease in viscosity of xanthan gum solution is observed.
The figures shown below have viscosity vs shear rate plot
in which viscosity is in units of mPa.s and shear rate is in
s

Transmission Electron Microscopy (TEM) Analysis for
Surface Morphology

Figure 7 demonstrates typical TEM images of the
Xanthan gum solution in presence of additives.
Figure 7(a) shows the surface morphology for pure SDS
system (15mM) here we can see micelles in the system,
also pure SDS image appeared as smooth surface. Figure
7(b) shows the surface morphology for 0.25wt% Xanthan
gum in presence of 15mM SDS. We can see that SDS is
homogeneously dispersed into polymer forming polymer-
surfactant aggregates. Figure 7(c) presents TEM results
for 0.25wt% Xanthan gum + 15mM SDS + 1wt% NaCl
system, here micelles move apart indicating charge
shielding effects of NaCl.
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Figure 7: TEM Images of (a) Pure SDS (b) 0.25wt%
Xanthan gum + 15mM SDS. (c) 0.25wt% Xanthan gum
+15mM SDS + 1wt% NaCl.
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Conclusions

Based on various experiments conducted during this

research, following conclusions can be made:

1.

Rheometry results for pure Xanthan gum shows that
with increasing polymer concentrations the viscosity of
solutions increases. At lower shear rate (160s!) an
increase in five fold concentration of Xanthan gum
(from 0.01 to 0.05 wt%) gives169% increase in
viscosity at 303K. At higher concentrations of Xanthan
gum (0.1 to0.5 wt%) increase five fold in concentration,
there is 127.7% increment in viscosity can be observed.

. Increasing shear rate the viscosity of solution decreases

which shows the shear thinning behaviour of Xanthan
gum solutions at all concentration under study. Also it
was observed that on 100% increase in low shear rate
(103st - 206s1), the viscosity of 0.25wt% Xanthan
gum solution at 303K decreases by 35.22% but at
higher shear rate (450s! - 900s1), decrease in
viscosity is found to be 27.23%.

. The effect of temperature on Xanthan Gum viscosity

was studied and found to be very complicated. As the
solution temperature increases, the solvent viscosity
decreases, but the degree of hydrolysis of xanthan gum
increases. As the degree of hydrolysis increases, the
viscosity of xanthan gum in deionized water increases.
For lower concentration of Xanthan gum (0.1wt%)
decrease in temperature does not shows significant
decrease on viscosity of solution, whereas at higher
concentration 0.25wt% and 0.5wt% of Xanthan gum
solution increase in temperature show significant
decrease in viscosity of solution.

. Shear thinning behaviour of Xanthan gum is decreased

with an increase in temperature.

. The pseudoplastic behaviour of Xanthan gum solution

is confirmed by Power Law model.

. TEM result supports rheological studies and images

also showed surfactant-polymer interaction.
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