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Abstract: The methodology to study an eco-friendly and non-toxic, Schizophyllan, biopolymer
for enhanced oil recovery (EOR) polymer flooding is described. The methodology is divided into
two parts; the first part estimates the molar concentration of the biopolymer, which is needed to
prepare the biopolymer solution with optimal viscosity. This is required to improve the sweep
efficiency for the selected reservoir in Kuwait. The second part of this generalized methodology
evaluates the biopolymer solution capability to resist degradation and maintain its essential properties
with the selected reservoir conditions. The evaluation process includes thermal and mechanical
assessment. Furthermore, to study the biopolymer solution behavior in both selected reservoir and
extreme conditions, the biopolymer solution samples were prepared using 180 g/L and 309 g/L brine.
It was found that the prepared biopolymer solution demonstrated great capability in maintaining its
properties; and therefore, can be introduced as a strong candidate for EOR polymer flooding with
high salinity brines.
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1. Introduction

Enhanced oil recovery (EOR) methods are usually introduced after exhausting the primary and
secondary recovery methods to maintain oil production at maximum levels. Currently, there are
different EOR methods available for use. However, in the last decade, polymer flooding became one
of the most important EOR methods. It gained momentum and renewed interest, in both academic
and industrial research due to technological development, and a huge market demand to increase oil
production. It improves the water-oil mobility ratio by increasing the viscosity of the injected water in
the reservoir, which as a result increases the sweep efficiency and oil recovery [1].

The oil recovery processes are mainly defined as primary, secondary, and tertiary. In the primary
process, the oil is produced by the force of the natural energy until depletion is reached. Therefore,
a secondary or tertiary process has to be used as an alternative process to enhance the oil recovery.
In the secondary process, oil production is assisted by injecting water or natural gas into the reservoir
to move the oil to the surface. Tertiary recovery is when oil production is assisted by other means such
as injecting steam, micellar solutions, carbon dioxide, and polymer solutions [1,2]. It is expected that
the tertiary recovery methods will recover a quantity of oil equivalent to the cumulative oil production
to date [3].

Furthermore, the secondary process of water flooding is challenged by a common problem; this
problem is identified by the early water breakthrough which can occur in deep formation due to
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heterogeneity or fractures of a reservoir, also because of undesired mobility ratio difference between the
displacing and displaced phases, leading to viscous fingering, even in a homogeneous reservoir [3,4].
Therefore, to overcome the undesired mobility ratio differences, tertiary recovery methods were
developed as an alternative process. Polymer solutions are used to increase the viscosity of the injected
water and increase the percentage of oil displaced from a deep formation. It also lowers the interfacial
tension between the o0il and water and as a result provides mobility enhancement [5-7]. Therefore,
mobility improvement is evaluated by lowering the mobility ratio value, compared to their water
floods value. The mobility ratio is defined as M = Aj;¢/ Ay, where A, is the mobility ratio of the
displacing fluid and A, is the mobility ratio of the displaced fluid. A value of M > 1 is considered
unfavorable, as it indicates that the displacing fluid flows more readily than the displaced fluid
and can cause channeling of the displacing fluid [1,2,6]. Thus, the polymer solution viscosity is an
important variable in developing suitable polymer solutions for enhanced oil recovery. Several studies
on rheological behavior and flow properties in aqueous solutions were reported in the literature [8-11].
In situ-rheology using direct numerical simulation has also been studied [12].

Polymer flooding was reported in the literature and has currently been undergoing successful
research steps for a long time with encouraging results produced by several studies for San Francisco
and Huntington Beach in the USA, Taber South, in Canada, and Bohai Bay and Daqing, in China [13-18].
The major potential types of water-soluble polymers that are under research to be used as mobility
control agents in polymer flooding are polyacrylamides, which are synthetic high molecular weight
copolymers, and polysaccharides biopolymers [19,20]. However, to the best of our knowledge, limited
research has been done using environmentally friendly polymers with high salinity brines. Therefore,
the focus of this research was on the preparation and evaluation biopolymer, Schizophyllan, which
is a non-ionic and water-soluble homoglucan. This type of biopolymer is made by using strains of
wood-rotting and filamentously growing basidiomycete Schizophyllum commune [21]. The chemical
structure and subunit of Schizophyllan is shown in Scheme 1.

Scheme 1. Structure of Schizophyllan monomer.

Currently, the development of polymer solutions for polymer flooding is facing few challenges,
due to viscosity loss caused by the mechanical and chemical degradation at high temperatures. Another
major challenge is the high salinity content of the available brine in Kuwait.

In this research, a methodology on the preparation and characterization of environmentally
friendly biopolymer solutions is developed and verified with Kuwait reservoir conditions. This general
methodology could be applied for future EOR polymer flooding for targeted oil reservoirs. Hence,
the biopolymer solution analysis that includes thermal stability and mechanical degradation under
reservoir conditions is reported. Further, additional benefit could be found in assisting the oil producer
to reduce the amount of water injection needed to enhance oil recovery compared to a conventional
water flooding process.
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2. Experimental

2.1. Materials

Schizophyllan was supplied by the Petroleum Institute of Abu Dhabi to prepare the screening
samples with different concentrations and the targeted biopolymer sample with optimal properties.
The fresh brine used in the experiments of this research was obtained from sample water injection
used in the Sabriya-Maudud (SAMA) reservoir in Kuwait. An additional sample was prepared using
synthetic brine, which was formulated to reflect under extreme salinity.

2.2. Methodology

The research started with the reservoir selection step, which was conducted to select a candidate
reservoir based on its major and potential impact in the future for EOR, using polymer flooding.
The reservoir rock formation, temperatures of the injection regions, and salinity of the water sources
were included. After the reservoir selection step, the biopolymer solution screening experiment was
conducted, in which four biopolymer solutions were prepared within the expected experimental region
boundaries that would include the optimal biopolymer solution viscosity, with respect to the selected
reservoir. The information from this step was used to minimize the number of trials to prepare and
characterize the samples with the targeted viscosity. Therefore, the data of the screening experiments
were fitted to a model to estimate the molar concentration that would produce the targeted biopolymer
solution viscosity. The characterization sequence was applied throughout the process and special
attention was given to the rheological properties, thermal stability, and mechanical degradation for the
biopolymer solutions. The overall estimation and evaluation methodology is illustrated in Scheme 2.
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Scheme 2. General estimation and evaluation methodology.

2.3. Reservoir Selection

The information for the general reservoir selection was based on a previous study at the
Petroleum Research Center of Kuwait Institute for Scientific Research, which included the reservoir
rock formation, temperatures of the injection regions, and the salinity of the water sources [22].
Therefore, the Sabriya-Maudud (SAMA) reservoir was selected after refining data and the selection
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was based on the reservoir conditions and further future needs for the local oil industry. The required
biopolymer solution for SAMA should be developed with a viscosity of 35 cP at 22 °C and 7.0 s
to meet the needs for the enhanced oil recovery method, knowing that the utilized brine salinity is
180,000 ppm.

2.4. Brine Preparation

Fresh brine, used for water injection at SAMA, was used in developing the biopolymer solutions
of the screening experiments with a total dissolved solids (TDS) value of 180,000 ppm. The synthetic
brine was made to reflect extreme salinity with a TDS value of 309,000 ppm. The extreme salinity brine
sample was prepared to explore the salinity effect on the biopolymer solution viscosity and to study the
impact of extreme salinity on the biopolymer performance. Table 1 shows the content of two brine sets.

Table 1. Brines total dissolved solids content.

Salt Fresh Brine (g/L) Synthetic Brine (g/L)
NaCl 134.2 240.3
CaCl, 31.8 52.2
MgCl, 9.9 12.9

KCl 43 3.7

TDS 180.2 309.1

2.5. Screening Region Boundaries of Samples

Biopolymer solution samples were prepared with four molar concentrations to get the maximum
information that allows the optimization routine to estimate the required biopolymer solution molar
concentration that would produce the targeted viscosity. These samples were defined by the upper
and lower experimental boundaries as shown in Table 2.

Table 2. Biopolymer solutions weight content.

Biopolymer, ppm 500 400 300 200
Biopolymer, wt 17.85 14.28 10.71 7.14
Brine, wt 182.15 185.72 189.29 192.86

The prepared biopolymer solution samples were analyzed for their rheological properties using
the Discovery Hybrid Rheometer (HR-3) at 22 °C. The polymer HR-3 peltier plate and peltier concentric
cylinder were used in this research work. This step was important to minimize the experimental
time to fine-tune the biopolymer viscosity to the targeted value for enhancing oil recovery of the
selected reservoir.

The effect of varying the molar concentration on the biopolymer solution viscosity at a given shear
rate for the screening experiments is presented in Figure 1. The biopolymer solution with the optimal
viscosity for the selected reservoir can be determined from the data provided in Figure 1.
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Figure 1. Effect of varying the molar concentration of the screening samples on the biopolymer
solution viscosity.

2.6. Characterization and Evaluation

Rheological analysis was performed for all biopolymer solution screening samples and the
targeted samples. The target sample viscosity was optimized for SAMA brine, whereas the extreme
synthetic salinity sample was prepared to explore the salinity effect on the biopolymer solution
viscosity. Both samples were then evaluated and further tested to study the thermal stability and
mechanical degradation.

3. Results, Discussion and Evaluation

3.1. Polymer Molar Concentration Optimization

Polymer fluid flow can be expressed by the power-law non-Newtonian in viscosity, u = k j/n_l,
where y is the shear rate and k and # are arbitrary parameters. This equation was the fundamental
equation for the optimization routine, which led to estimate the biopolymer solution molar concentration
needed to produce the targeted viscosity for the selected reservoir.

The biopolymer solution molar concentration was estimated after fitting the experimental screening
data using an IBM SPSS Statistics software package to estimate the required biopolymer solution
molar concentration. As a result, the optimal sample was prepared according to the estimated value.
The 350 ppm biopolymer solution sample was then prepared with a viscosity of 35 cP at 7.0 s~
This prepared sample meets the viscosity requirement for polymer flooding in the SAMA oil field
reservoir. Figure 2 presents the effect of varying the molar concentration on the biopolymer solution
viscosity at a given shear rate for the screening experiments and the optimal sample (SAMA) for the
selected reservoir. It is clear that the estimated target sample is bounded between the upper and lower
boundaries, which were defined earlier in Table 2.
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Figure 2. Effect of varying the molar concentration on the biopolymer solution viscosity for the

screening experiments and the target sample: The Sabriya-Maudud (SAMA) reservoir.

3.2. Salinity Effect

A total of two 350 ppm biopolymer solution samples were analyzed using the HR-3. The first
sample was prepared using the 180 g/L brine and the second was prepared with the 309 g/L brine.
This analysis was done to look at the effects of brine salts on the biopolymer solution viscosity.

Figure 3 shows the salinity effect on the biopolymer solution viscosity. As shown in Figure 3, it is

observed that, as water salinity increases, viscosity of biopolymer solution increases. This trend shows
a direct proportional relation between water salinity and the measured viscosity of the biopolymer
solution sample. This is due to the increased amounts of the dissolved solids in the brine and the
presence of a higher Sodium Chloride content, which increases the ionic strength of the solution.

A similar observation has been reported by Kwak et al. [23].



Processes 2019, 7, 339 7 of 13

1000

=% =350 ppm, TDS=180 g/I
350 ppm, TDS =309 g/I
-~ )K -
100 *
-~ )K\
o
— -~
o X
L = K~
3 R ~
‘G ko
8 ~
T,
=% o ]
10 = =% o=
T X~
c
1
1 10 100

Shear rate, s
Figure 3. Salinity effect on the measured biopolymer solution viscosity. Total dissolved solids (TDS).
3.3. Thermal Stability

The sample preparation for thermal stability experiments was conducted under anaerobic
conditions and samples were conditioned and purged with nitrogen at the required temperature for
the selected reservoir and extreme temperature. This was followed by rheological and molecular
weight characterization.

Thermal stability was an essential step in this research experiments. Two samples were prepared,
one using the 180 g/L brine and the second using the 309 g/L brine. The samples were conditioned
and purged with nitrogen in a glass tube with screw caps and placed in a metal cylinder for extreme
conditions. This was done in order to simulate the reservoir thermal condition.

The first sample, which was prepared with the 180 g/L brine, was kept in an oven at 85 °C for
11 days, and a sample was taken on the fifth day of the experiment. The second sample, which was
prepared with the 309 g/L brine, was kept in an oven at 120 °C for five days to explore the effect of
increasing the temperature. In this research, the desired temperature for the SAMA reservoir was
80 °C.

Figure 4 clearly illustrates the biopolymer solution’s capability to maintain its properties after
the exposure to the 85 °C heat for 11 days. The biopolymer solution passes the reservoir conditions,
with respect to the thermal stability. However, elevating the temperature and salinity to extreme
conditions at 120 °C with 309 g/L brine resulted in the deformation of the biopolymer and a sharp
decrease in its viscosity, as shown in Figure 5.



Processes 2019, 7, 339 8of 13

1000

—4—350 ppm 0 Day

—a- 350 ppm 5 Days
\M\ 350 ppm 11 Days
= i — Thermal Stability @ 85 °C
N TDS =180 g/|

=
o
[S)

Viscosity (cP)

=
o

10 100
Shear rate, st

Figure 4. Effect of thermal exposure on biopolymer solution viscosity (SAMA). Brine TDS = 180 g/L.
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Figure 5. Effect of thermal exposure on biopolymer solution viscosity (extreme conditions). Brine TDS
=309 g/L.

Temperature Sweep

The temperature was increased gradually during a small amplitude oscillatory shear to measure the
temperature dependence of molecular mobility in the biopolymer solution samples. The temperature
was increased from 30 °C to around 85 °C. The temperature sweep rate was set at 2.5 °C/min. Figure 6
shows that both samples illustrated acceptable resistance to maintain their targeted properties within
this temperature range.
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Figure 6. Temperature sweep for the biopolymer solutions using 180 g/L and 309 g/L brine. TDS: total
dissolved solids.

3.4. Mechanical Degradation

Two biopolymer solution samples of 25 mL were transferred to glass tubes to evaluate
the biopolymer capability to resist mechanical degradation in the reservoir. The TKA®T10
basic/ULTRA-TURRAX®, Staufen, Germany, a high speed agitator, was used to apply the mechanical
shearing to the biopolymer solution samples at 30,000 rpm for 10 min. After shearing, the samples were
allowed to settle for 12 h before testing the degradation effect on the rheological properties. Figures 7
and 8 show the results for the 350 ppm biopolymer solution sample prepared with 180 g/L and 309 g/L
brine, respectively. The results show insignificant change in the biopolymer solution viscosity and
reflects acceptable degradation in the biopolymer solution, especially at the shear rate of 7.0 s~ .

1000
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= \.~\ =
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Figure 7. Effect of shearing on biopolymer solution viscosity (SAMA). Brine TDS = 180 g/L.
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Figure 8. Effect of shearing on biopolymer solution viscosity (extreme conditions). Brine TDS = 309 g/L.
3.5. Thermal and Mechanical Shear Impact on the Molecular Weight Distribution

A High Temperature Gel Permeation Chromatography (HT-GPC, Agilent Technologies®, Santa
Clara, CA, USA), was used to measure the molecular weight distribution of the biopolymer solutions.
This analysis was applied after completing the two case studies of the thermal exposure and
mechanical shearing for the biopolymer solution samples; those results were compared with the
original control sample.

Figure 9 shows the molecular weight distribution of the biopolymer solutions made with the
180 g/L brine. The results present a clear deformation in the molecular weight distributions and this
degradation, and a breakdown in chain length was noticed while comparing day 11 with day five after
the thermal stability tests or after the mechanical shearing. However, the viscosity of the material
was not influenced by breaking down the longer chains of the biopolymer samples, as reported in the
previous sections.

——— TDS=180 g/I, 350 ppm Sample
200000

—— - 5 Days, Thermal Stability

11 Days, Thermal Stability

— - = Mechanical Degradation
150000 -|

MW

100000 -|

50000

5 23 235 24

20.5 21 21.5 2 . .22,
Time (Min)

Figure 9. Molecular weight distribution of the biopolymer solutions made with the 180 g/L brine
(SAMA).
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Figure 10 shows the molecular weight distribution of the biopolymer solutions made with the
309 g/L brine. Similarly, the results present clear deformation in the molecular weight distributions
after the thermal stability tests and mechanical degradation analysis.

200000

TDS=309 g/I, 350 ppm Sample

180000 - — - 5 Days, Thermal Stability

— - — Mechanical Degradation
160000

140000
120000

§ 100000
80000
60000
40000

20000

° 20 2(;.5 2‘1 21.5 2‘2 22‘.5 2‘3 - 23‘.5 24
Time (Min)
Figure 10. Molecular weight distribution of the biopolymer solutions made with the 309 g/L brine
(extreme conditions).

4. Conclusions

This research provided a comprehensive polymer solution preparation and evaluation
methodology for the use in enhanced oily recovery. The developed methodology estimated the
molar concentration needed to prepare the biopolymer solution at the targeted viscosity value for the
selected reservoir. It also established a systematic evaluation process and demonstrated by example
the capability of a potential biopolymer solution for the use in enhanced oil recovery.

The targeted biopolymer solution was prepared with an optimal viscosity of 35 cP at 22 °C and
7.0 7! which meets the requirements for an enhanced oil recovery of the SAMA reservoir in Kuwait.
The biopolymer solution sample performance was shown to be acceptable for the use in the enhanced
oil recovery polymer flooding, using 180 g/L of SAMA brine. It was found that this sample maintained
its essential properties while exposed to thermal stability tests and a mechanical degradation analysis.
Therefore, it can be introduced as a strong candidate for the use in enhanced oil recovery for the
targeted reservoir.

The thermal stability analysis results, for the extreme conditioned sample, show a salinity of 309 g/L
degraded at the elevated temperature of 120 °C. For mechanical degradation it showed no significant
change and maintained its properties. The polymer flooding research is under development and has
great potential for a larger impact on enhancing oil recovery to meet international market demands.
Therefore, deeper understanding of the relevant environmentally-friendly biopolymer solution behavior,
degradation, and interactions is of primary importance to develop novel biopolymer solutions.
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