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Polymers increase the macroscopic efficiency of the flooding process and increase crude oil recovery. The viscosity of 3 polymers
xanthan, guar, and Arabic gums is measured in the lab and experimented with as EOR options. Xanthan and guar gum polymers
are measured in weight percentages of 0.1, 0.2, 0.2, 0.4, 0.5, and 1, while gum Arabic is measured in 0.4, 0.5, 1, 5, 10, and 15 weight
percentages. The viscosity experiments showed that gum Arabic had the lowest viscosity at 15% wt. Xanthan gum and guar gum
had significantly higher viscosities than gum Arabic at corresponding weight percentages. At the same weight of 0.5%, xanthan,
guar, and Arabic gums recorded a 63%, 53%, and 46% oil recovery, respectively. Due to the limitations surrounding core flooding
experiments such as human error, equipment failure, and measurement of oil recoveries, it is necessary to validate the results
obtained with other methods such as reservoir simulation. A reservoir model is built (using Eclipse) and incorporated with
polymer and viscosity functions measured in the lab to validate results from the core flooding experiments. Peak oil recovery
of 9.96%, 9.95%, and 9.90% was recorded for xanthan, guar, and Arabic gum, respectively, at a weight percentage of 0.5%
weight. Also, increasing the wt% of injected polymers increases oil recovery. Results also indicate that the trend of oil
recoveries during core flooding follows that observed during reservoir simulation and oil production increased as percentage
weight increased for all the polymer cases considered.

1. Introduction

The demand of energy to sustain an increase in world popu-
lation and industrial expansion has been on the increase.
Unfortunately, the capital costs and risks involved in ventur-
ing into exploitation of newer reserves are high and existing
reserves at plateau production. For reservoirs with medium
to heavy crude oils, these natural production conditions are
severe due to the high viscous nature of the crude oil.

Thermal options like in situ combustion, hot water flood-
ing, and steam flooding described by (Cheraghian, [1]) are
usually expensive (especially for facilities), which results in
scale formation in wellbore tubing and creates a possible
adverse effect on the reservoir and environment. Thermal
options when implemented in medium-heavy crude reservoir
reduce the oil viscosity enabling easier flow but with loss in the

lighter component of the hydrocarbon, loss of heat in highly
fractured reservoirs, and possible reduction in reservoir per-
meability due to coke formation during in situ combustion
[2]. These issues coupled with the costs and availability of
gas and steam injection have led to other options for enhanced
oil recovery.

Chemical options for enhanced oil recovery are pre-
ferred but must be screened and ranked based on reservoir
rock and fluid properties, costs of implementation, environ-
mental impact, and expected recovery factors [3, 4]. Applica-
tions of chemical EOR options vary with respect to the
prevailing reservoir fluids and rock properties and involve
various mechanisms such as reducing interfacial tension
[5], altering surface wettability [6], mobility control by using
high viscosity agents such as polymers [7], and application
of microbes for oil recovery of depleted reservoirs [8]. EOR
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processes can include one or more of these mechanisms, and
to be successful, the methods must be profitable, practical,
and reliable [9].

The natural option to first consider is water flooding for res-
ervoirs with medium-heavy crude. The challenge is that the
injected water moves faster than the crude oil due to its lower
viscosity. This leads to an irregular flood front (Figure 1) that
leaves behind unswept zones [10]. Adding polymers to injected
water increases its viscosity and reduces the permeability to
water due to entrapment of the polymer, thus reducing its
mobility and creating a uniform sweep.

Chemical enhanced oil recovery (EOR) is one of the most
common EOR methods. It involves the injection of chemicals
such as such as surfactant, alkaline, and polymer into a reser-
voir to increase crude oil recovery from the reservoir either by
microscopic or macroscopic interactions. Surfactants are
surface-active agents that improve oil recovery by reducing
the interfacial tension (IFT) between crude oil and connate
water. Alkaline is normally used in combination with surfac-
tant and polymer in flooding experiments to reduce the
adsorption of the surfactant to the rock matrix [11, 12].

Polymers are used to reduce the mobility ratio of the
flooding process to achieve greater macroscopic efficiency.
Polymers may be used as sole injection fluid in chemical
EOR or in combination with surfactants and alkaline. The
most used natural and synthetic polymers used in EOR are
xanthan gum and hydrolyzed polyacrylamide, respectively.

Factors such as reservoir permeability, oil viscosity, polymer
retention, and adsorption on rock surfaces are essential
factors to consider for a successful polymer flooding type
and option (Olajire, [13] & [14]).

Costs incurred during large field scale deployment of
polymers, high adsorption rates, and adverse environmental
impacts have led to the advent of biopolymers (BP) for
enhanced oil recovery processes. Nowadays, biopolymers
are extracted from waste food materials such as potatoes
peels [15] and banana peels and mango kernel [16] through
an esterification and carboxymethylation [17].

In this work, xanthan gum was used alongside two other
natural polymers, guar gum and gum Arabic, in core flooding
experiments and in a numerical reservoir simulator. Xanthan
gum contains D-glucuronic acid, D-mannose, and D-glucose
and is used in different industries including textile, food, and
pharmaceuticals [18]. Xanthan gum polymer was tested in
EOR experiment for heavy oil recovery at 90°C and high brine
concentration of 244.121mg/L. The results showed that
xanthan gum achieved oil recovery of 9.5% of original oil in
place (OOIP) [19]. Other studies have shown xanthan gum
to have oil recovery potential up to 18% of incremental recov-
ery [20]. Guar gum is used as a thickener and stabilizer, and it
therefore has good potential as a viscosity enhancer in EOR.
Guar gum was used in EOR for flooding of a sand pack sam-
ple, and it achieved a total recovery of 55.1% and incremental
recovery of 15.76% [21]. Gum Arabic is a low viscosity
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Figure 1: Schematic of water and polymer flood [11].
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Figure 2: RPT schematic setup.
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polymer obtained from Acacia tree from the leguminosae spe-
cie. Although gum Arabic has limited application in EOR, it is
found in abundant quantities in Sudan, Chad, Senegal, Ethio-
pia, and Nigeria, and it has great potential because it is cheap
and possesses both polymer and surfactant properties [22].
These polymers were tested to determine their comparative
recoveries both at laboratory and field scale to provide insight
into the possibility of upscaling them to field scale applications.

Important considerations in the application chemical
EOR are cost and the duration of conducting experiments
which are susceptible to human error. For this reason,
results obtained usually need a second-hand evaluation and
validation before field applications. A reservoir simulation
tool such as Eclipse has various functions including model-
ling reservoirs for polymer flooding and optimizing produc-
tion parameters such as well lengths, production, and
injection rates as discussed by Olabode et al., (2018) [23].
Also, it allows for sensitivity analysis and optimization of
parameters that affects polymer injections such as viscosity,
temperature, injection rates, concentrations, and incorpora-
tion of a 3 fluid phase model (oil, water, and gas) which ulti-

mately helps to predict water and gas productions (Olabode,
et al., 2019) [24]. In his study, outlined factors affect oil recov-
ery during polymer injection. The author discussed that a
higher polymer injection would increase oil recovery and
lower polymer production due to adsorption. But studies from
[25, 26] do not suggest an ever-increasing oil recovery as
polymer concentration increase. The author described a
situation of maximum oil recovery at a threshold polymer
concentration.

Before the field implementation of enhanced oil recovery
options, it is essential that experimental analysis be consid-
ered. But due to human and equipment error coupled with
integrity loss in material and data during the experiment,
other tools such as reservoir simulation can be used to aug-
ment and support the investigated results during the exper-
iments. Simulation studies on polymer flooding using a
software tool such as Eclipse and Travigator have been stud-
ied to quantify the effect of polymer concentration, injection
rates, and slug sizes on oil recovery. These tools can be used
to perform other enhanced oil recovery functions such as
low salinity flooding [27] and surfactant injection [28] for
medium to heavy crude reservoirs. This research scope is
validatory; thus, the chemistry entailing oil recovery during
polymer flooding such polymer adsorption and retention is
not covered. The aim of this research is to estimate oil recov-
ery factor from experimental core flooding procedures using
3 different biopolymers and compare these results with those
obtained from performing the same procedure using a reser-
voir model. This is essential to determine if similar trends
and validations are observed before proper field implemen-
tation of polymer flooding.

2. Materials and Methods

2.1. Materials and Equipment. Three polymers were used in
the experiments: gum Arabic, xanthan gum, and guar gum.
Guar gum and xanthan gum were sourced from Ojota
Chemical Market in Lagos, Nigeria, while the gum Arabic
polymer was sourced from Panteka Market in Kaduna,
Nigeria. Medium crude oil with viscosity of 14.5 cP and
API of 24.8° was sourced from the Niger-Delta. Sandstone
core plugs were also purchased from the Niger-Delta. Tolu-
ene (HPLC grade) manufactured by Fisher Chemical was
used for cleaning the core plugs. The following equipment
were used during the experiments: a Model 800 OFITE vis-
cometer, a Soxhlet extractor, a manual saturator, and an
OFITE Reservoir Permeability Tester (RPT).

Table 3: Saturation functions of water and oil.

(a)

Water saturation
(Sw)

Relative permeability to
water (Krw)

Capillary
pressure (Pc)

0.25 0 4

0.7 1 0

(b)

Oil saturation (So) Relative permeability to oil (Kro)

0.3 0

0.75 1

Table 4: Polymer rock properties.

Property Quantity

Dead pore space 0.16

Residual resistance factor 1.5

Rock mass density (g/cm3) 1000

Adsorption index 1

Max polymer adsorption value 0.001

Table 1: PVT properties of water.

Property Quantity

Reference pressure (atm) 0

Water FVF∗ at Pref (rcc/scc) 1

Water compressibility (1/atm) 3:03 × 10−6

Water viscosity at Pref (cP) 0.5

Water viscosibility (1/atm) 0
∗Formation volume factor.

Table 2: PVT properties of dead oil (no dissolved gas).

Pressure (atm) FVF (rcc/scc) Viscosity (cP)

0 1 2

8000 0.92 2
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2.2. Experimental Procedures. Rheology experiments were
carried out for xanthan gum, guar gum, and gum Arabic to
determine viscosities at different polymer concentrations.
The viscometer used a bob and rotor mechanism for viscosity
measurement and was fitted with a dial screen that allowed for
easy recording of readings that were converted to viscosity
values. Polymers were mixed with deionized water to form
polymer fluids. The viscosities of 6 different weight percent-
ages were determined for each polymer. For xanthan gum
and guar gum, the following weight percentages were used:
0.1, 0.2, 0.3, 0.4, 0.5, and 1.0% w/w. Higher weight percentages
could not be used because of the high viscosities of both poly-
mers. The highest weight percentage used for both polymers
in the flooding experiments was 0.5 to avoid blocking the flow
lines of the RPT. The viscosity of gum Arabic was done at 0.4,
0.5, 1.0, 5.0, 10.0, and 15% w/w. Gum Arabic is a low viscosity
polymer, and therefore, lower weight percentages were not
used due to practical limitations. Its highest weight percentage
was chosen based on literature values and laboratory try-outs.
Viscosity was measured using the OFITE 800 Model Viscom-
eter. The viscometer calibration was done according to the rec-
ommended API practice 13B-1 and 13B-2, respectively. The
fluid to be measured was prepared and loaded into the sample
cup up to the fill line. The viscometer sleeve was screwed unto
the rotor, and the viscometer was operated in the air for about
three minutes to loosen up the gears and bearings; this was
only done on the first use for the day. The sample cup was
placed on the platform and raised to the fill line of the viscom-
eter sleeve. The viscometer was turned on; the knob was
turned “STIR” setting for about 10 seconds to stir the fluid.
The knob was then turned to the required shear rates, and
readings were taken. The sample cup was lowered and
emptied, and the sleeve and bob were cleaned before another
measurement was taken. All viscosity measurements were
done at room temperature.

A Soxhlet extractor was used for cleaning the core plugs
to remove oil and other impurities from the core plugs. This
was done using toluene as solvent. After cleaning the core
plugs, the manual saturator was used to saturate the core

plugs to determine the porosity and the permeability of the
core plugs. The RPT was used to determine the permeability
of the core plugs and to carry out the flooding experiments.
The RPT (Figure 1) is made up of three chambers (points 6,
7, and 8) that hold crude oil, brine, and the displacing fluid
(polymer in this case); these chambers have inlet and outlet
valves (connected to the core holder). It also has a compart-
ment that holds the core plug (point 11) using a rubber
sleeve and stainless-steel spacers for the flooding process.
The valve and pumps (points 10 and 9) are used to control
the flow of fluids from the 3 chambers to the core plug
compartment. The core plug was first flooded with brine to
create initial reservoir condition. This injection was done
at 3 cm3/min. The core was then injected with oil (which
was earlier pumped into the accumulator) at 3 cm3/min until

Table 6: Properties of core plugs used for polymer flooding.

Property Value/label
Core sample XG GG GA

Permeability (md) 298.15 248.15 145.8

Porosity 0.29 0.29 0.29

Length (cm) 4.4 4.4 4.4

Diameter (cm) 2.2 2.2 2.2

Table 5: Viscosity of polymers at different weight percentages.

Xanthan gum Guar gum Gum Arabic
wt% Viscosity (cP) wt% Viscosity (cP) wt% Viscosity (cP)

0.1 165 0.1 155 0.4 150

0.2 245 0.2 205 0.5 170

0.3 440 0.3 270 1 180

0.4 450 0.4 390 5 200

0.5 540 0.5 410 10 220

1 1645 1 1510 15 245

oilsat

0.59767 0.63575 0.67383 0.71192 0.75000

Figure 3: Start-up model with initial PVT and solution properties.
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the water saturation dropped from its maximum to connate
water content to establish the irreducible water saturation.
The core flooding process began with water flooding (base
case) and then different polymers and their concentrations.
During the flooding process, the amount of effluent collected
(oil and water) at point 13 in Figure 2 is measured and
recorded in a calibrated test tube at every 4-minute interval.

2.3. Reservoir Simulation. The EOR potential of six weight
percentages of the three polymers was investigated using
Schlumberger Eclipse® software. For guar gum and xanthan
gum, weight percentages of 0.1, 0.2, 0.3, 0.4, 0.5, and 1.0% w/
w were investigated; and for gum Arabic, 0.4, 0.5, 1.0, 5.0,
15% w/w were investigated. The viscosity values obtained
from each of these weight percentages in the rheology tests
were used in the simulation.

The grid section of the model included the use of a black
oil model with dimension of 10 by 10 by 1, a Cartesian grid,
and a block-centered geometry. An initialization of the reser-
voir is done with a model of polymer flooding with just oil
and water. The simulation was run for a period of 6 months.
The reservoir was assumed to be homogenous with permeabil-
ity and porosity of 50 md and 0.2, respectively. The dimen-
sions of the block sizes in the grid are 75 by 75 by 30cm for
X, Y, and Z and 4000 cm for the top to depth face.

The PVT properties of water and dead oil are listed in
Tables 1 and 2, respectively. The densities of gas, water, and
oil are 0.044, 64, and 52g/cc, respectively. A salinity of zero
was used for the simulation. The solution properties and the
rock properties are listed in Tables 3 and 4, respectively.

The model was initialized with solution and PVT proper-
ties, and the initial oil saturation that was obtained is shown in
Figure 3. The regions with high oil saturation (up to 75%) are
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shown in red. The initial oil in place was 2,641,332.3 cc, and
the connate water content was 854,031.93 cc. I-injector and
P-producer vertical wells were used to initialize the schedule
section. The bottom pressure of the producer well was
3,999 atm, and the water rate of the injector well was 200 cc/
hr. To represent a typical scenario of the depletion of a reser-
voir, primary and secondary recoveries are first initiate and
then followed by polymer flooding, but water flooding was
used as the basis.

3. Results and Discussion

3.1. Viscosity of Polymers. The viscosity of each polymer was
measured at six different weight percentages shown in
Table 5. For xanthan gum and guar gum, an increase in
weight percentage produced an equivalent increase in vis-
cosity. As the weight percentage of xanthan gum and guar

gum increased from 0.1 to 1.0, the viscosity increased by
10 times. The viscosity of gum Arabic also increased with its
weight percentage; however, the increase was not correspond-
ing. As its viscosity increased by 10 times from 0.5 to 5, its vis-
cosity only increased by 17%. It is also easily observable that
gum Arabic has a low viscosity as compared to the other poly-
mers. At 0.5wt%, the viscosity of xanthan gum, guar gum, and
gum Arabic were 540, 410, and 170 cP, respectively. The vis-
cosity of xanthan gum and guar gumwere at least two and half
times that of gum Arabic at 0.5wt%. At 1.0wt%, their viscos-
ities were 1645, 1510, and 180 cP, respectively, with the viscos-
ities of xanthan gum and guar gum at least 8 times that of gum
Arabic. This shows that as weight percentage increases, the
difference between xanthan gum and guar gum viscosities ver-
sus gum Arabic viscosity also increases.

It is believed that the increase in weight percentage
increases the chances of contact between polymer molecules,
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causing the viscosity of all three polymers to increase. The
wide viscosity gap between gum Arabic and the other poly-
mers is attributed to the differences in their molecular
weights. The molecular weight of xanthan gum falls in the
range of 2 × 106 to 20 × 106 daltons [29], and the average
molecular weight of guar gum is in the range of 2 × 106 to
5 × 106 daltons [30], while the average molecular weight of
gum Arabic is between 2:5 × 105 to 1 × 106 [31, 32]. This is
consistent with the literature where it has been reported that
the viscosity of xanthan gum at 1 weight percentage is higher
than that of gum Arabic at 30 weight percentage; nonethe-
less, the viscosity of gum Arabic becomes high at high weight
percentages because its structure is highly branched, giving
rise to compact molecules [33]. The implications for the oil

recovery potential for the polymers appear in the mobility
ratios of the flooding process. Higher viscosities ensure a
more uniform front for the displacing fluid which results
directly in higher sweep efficiency leading to higher oil
recovery. Based on this, it is expected that gum Arabic will
have the lowest oil recovery, while xanthan gum and guar
gum will have similar recovery capacities.

3.2. Core Flooding Experiments.Table 6 shows the petrophysical
properties of the core plugs used for the flooding experiments.

The flooding results for the three concentrations of
xanthan gum are shown in Figure 4. It is observed that water
flooding produced 44% recovery of OOIP. 0.1 and 0.3%
xanthan gum increased the oil recovery steadily, while 0.5%
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Figure 8: Simulated reservoir recovery for xanthan gum.
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xanthan gum produced a sharp rise in oil recovery. In total,
xanthan gum produced a total recovery of 63%. Some studies
in the literature have shown xanthan gum to produce incre-
mental recovery between 9 and 18% and total recovery of up
to 80% [19, 20, 34].

Figure 5 shows the crude oil recovery from the three
weight percentages (0.1, 0.3, and 0.5wt%) of guar gum
flooding done after water flooding. It was observed that
water flooding recovered about 30% of OOIP. After water
flooding, the sharpest increase in oil recovery was produced
by 0.1% guar gum, while the 0.3 and 0.5% guar gum pro-
duced steady increases in oil recovery. In total, the total
recovery achieved from the flooding process was 53%, while
the incremental oil recovery was 24% OOIP.

Based on total recovery, xanthan gum achieved 63% of
crude oil recovery, while guar gum achieved 53%. This is

consistent with the results obtained from the viscosity exper-
iments; however, a reverse is seen in the incremental oil
recovery where xanthan gum achieved 19% of OOIP while
guar gum achieved 23% of OOIP. Although the oil recovery
values are close and the viscosity tests suggest that xanthan
gum and guar gum have similar profiles, a higher value
was expected from xanthan gum. Some of the reasons for
this include the high-water flooding recovery obtained from
xanthan gum flooding and the microscopic properties of the
core plugs.

Water flooding and sequential gum Arabic flooding for
the three weight percentages of gum Arabic (0.4, 0.5 and
1.0wt%) were conducted and shown in Figure 6. Water
flooding achieved crude oil recovery of 40% OOIP. The
three weight percentages of gum Arabic produced a steady
increase in oil recovery up to a total of 52%. Research of
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gum Arabic flooding using sandpacks achieved incremental
recovery of 26% of OOIP and total recovery of 80% [34].

Xanthan gum and guar gum achieved a total recovery of
63 and 53%, respectively, while gum Arabic achieved 52%
for the highest percentages of the three polymer used (0.5%
xanthan, 0.5% guar, and 1.0% gum Arabic). This corresponds
to the results gotten from the rheology experiments. To
deepen the analysis, the oil recovery at 0.5wt% for all three
polymers is shown in Figure 7. The observation with xanthan
gum and guar gum remains the same, but the difference from
the recovery of gum Arabic is further increased, thereby
strengthening the results from the rheology tests.

3.3. Simulation Results. Reservoir simulation was conducted
for xanthan gum, guar gum, and gum Arabic flooding using
Schlumberger Eclipse® software. The OOIP and water flood-

ing recoveries for the three polymers are 2,641,332 and
258,937.64 scc, respectively. Figures 8–10 show the recovery
obtained from xanthan gum, guar gum, and gum Arabic,
respectively, from the simulation process. For clarity, the
data are presented in Table 7.

The simulation is more reflective of the actual reservoir
flooding process and will not produce the same results as the
experiments because it accommodates more field parameters
which could not be accounted for in the experiments. Also,
the porosity and permeability of the reservoir were fixed,
creating a better comparison among the polymers. For xanthan
gum, guar gum, and gum Arabic, oil recovery increased with
weight percentage of the polymer. This validates the result that
was obtained in the core flooding experiments. Looking across
the polymers, xanthan gum produced 262,424 scc of oil at
0.4wt% and guar gum produced 262,201 scc of oil at 0.4wt%,
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while gum Arabic produced 260,839 scc of crude oil at 0.4wt%;
with xanthan gum being the highest and gum Arabic being the
lowest, the flooding experiments are further validated, and the
viscosity experiments are supported by these results. Figure 11
shows the final oil saturation of the model. Comparing the
figure to Figure 1, it is seen that the oil saturation has drastically
reduced from 0.75 (red coloration in Figure 2) to around 0.7 in
Figure 9. The effect of the polymer flooding ismore seen around
the injector well as the oil saturation reduced to as low as 0.5.

4. Conclusion and Recommendation

The experimental results show that at the same weight percent-
ages, xanthan gum had the highest viscosity, closely followed by
guar gum. This indicates that polymers used can increase the
viscosity of the displacing fluid as shown in the rheological
experiment, and this correlated with the oil recovery from the
core flooding experiment. At the same weight of 0.5%, xanthan,
guar, and Arabic gums recorded a 63%, 53%, and 46% oil
recovery, respectively. The reservoir simulation results also val-
idated the experimental results as at the same weight percent-
age of 0.5%, xanthan, guar, and Arabic gum gave a recovery
of 9.96%, 9.95% and 9.90%, respectively. It is necessary to find
the optimum polymer concentration that will yield the most
economic oil recovery to reduce the costs of polymer injection.
Biodegradable polymers such as described by Olabode et al.
[15] can also be experimented to compare with other bio-
and non-biopolymers. The advent of nanofluids and polymer
nanoparticles (PNP) has helped to increase polymer effective-

ness and reduce its adsorption rates in reservoirs for enhanced
oil recovery (Nezhad et al., [35], Cheraghian et al., [1] & [36]).

Nomenclature

Wt.: Weight
EOR: Enhanced oil recovery
FVF: Formation volume factor
PVT: Pressure volume temperature
OOIP: Oil originally in place
GA: Gum Arabic
XG: Xanthan gum
GG: Guar gum
Cp: Centipoise
IFT: Interfacial tension.
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