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Carbonate reservoirs are more complex than the conventional sandstone 
reservoirs. This is because many carbonate reservoirs have a fractured 
network which results in a varied distribution of porosity and permeability. 
Oil recovery from such reservoirs is challenging because the injected fluid 
tends to flow through the fractured formations rather than through the oil-
wet matrix. 
In this research, the concept is to plug the fracture network using 
biopolymer Xanthan Gum (XG), and then modify the wettability of the 
carbonate rock towards a water-wet system using a biosurfactant. Scanning 
Electron Microscopy (SEM) was employed to approve the presence of 
the biosurfactant RL and biopolymer XG at the rock surface. The results 
revealed that oil recovery increased by up to 7-9% in the oil-wet fractured 
carbonate cores using the biopolymer / biosurfactant / water flooding. In 
the proposed mechanism using the biopolymer flooding, the fractured 
zone was temporarily plugged (reducing fracture permeability by 18%) 
which caused an improvement in the water imbibition process.

1. Introduction
As the population increases, the demand for 

world energy also increases which means oil 
recovery has become a priority among the global 
issues [1]. Most of the world oil rocks have been 
discovered in carbonate rocks (60%) compared to 
sandstone reservoirs (40%) [2], [3]. The majority of 
the carbonate rocks are fractured type [4], which 
results in the highly permeable fracture networks 
surrounded by the low permeability matrix 
zones [5]. The rock matrix often shows oil-wet 
characteristics [6]. Therefore, controlling water 

movement in fractured rocks has become a serious 
challenge for the petroleum industry. Biochemical 
enhanced oil recovery (EOR) techniques, including 
biopolymer and biosurfactant flooding, can be 
used as an effective approach to improve the 
recovery factor in such reservoirs [7]. 

Biopolymers have been used to plug the 
fractured networks and to improve the sweep 
efficiency [8], [9]. Xanthan gum (XG) is one of the 
biopolymers that has been proposed for extensive 
research by oil companies and the authorities. This 
type of biopolymer can be produced by bacteria, 
namely Xanthomonas sp [10].
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Another vital biochemical EOR method is 
biosurfactant flooding, which can be used when 
the reservoirs are largely in the oil-wet state. 
Residual oil is left in the pores, trapped by capillary 
forces, thus the capillary forces need to be 
reduced to recover the residual oil. Biosurfactants 
such as rhamnolipid can modify the wettability of 
the matrix zones to a water-wet state, and also 
reduce the interfacial tension (IFT) at the oil/water 
interfaces [11]. Researchers have determined 
that the recovery factor in chalk reservoirs can be 
improved with a small amount of biosurfactant 
[12], [13].

Waterflooding with both polymer and surfactant 
to increase recovery has been proposed, based on 
the current literature [14], [15], [16]. A simulation 
research study of polymer-surfactant flooding in 
fractured carbonate rocks was conducted by Sayed 
Akram and Mamora [17]. Their outcomes revealed 
that both polymer and surfactant injection can 
improve the recovery in such reservoirs.  

Conventional water flooding may not be 
effective in oil-wet fractured carbonate rocks since 
the fractures can act as “thief zones” and cause 
the water to move faster through the fractures 
than the matrix [18]. This study proposed a new 
method to enhance the water imbibition process 
wherein the biopolymer XG was used with the aim 
of diverting the water into the matrix networks. 
Besides, the wettability of the matrix network 

is altered towards a water-wet system using the 
biosurfactant to ease the water imbibition into the 
network; hence, a better displacement of oil from 
the fractured carbonate rocks.  

2. Method  
2.1. Materials 

Rhamnolipids (RL) and xanthan gum (XG) 
were selected as biosurfactant and biopolymer, 
respectively, to study their application in EOR 
processes. The concentration of 0.01 M stearic acid 
was used to dissolve in pure n-decane, creating a 
model oil. Trisodium trimetaphosphate (STMP) 
was mixed with XG to make the biopolymer gels. A 
description of the materials used in this study are 
presented in Table 1.

2.2. Procedure
2.2.1. Solutions preparation
Mixing the biopolymer with its cross-linking 
agent

1500 ppm of XG was used for the rheological 
measurements. 3000 ppm of XG was also mixed 
with 3000 ppm of deionised water (DW) / STMP 
for 60 min at a speed of 1000 rpm for the core 
flooding measurements.

 
Biosurfactant solution

500 mg/L of biosurfactant RL was used (the 
best concentration in EOR processes [19]).

Table 1. Information of the materials used

Material    Purity (%) Structural 
formula 

Molecular weight 
(g/mol) 

Biopolymer (XG) - (C35H49O29) n 5-6 ×106  
Cross-linking agent (STMP) ≥94  Na3P3O9 305.89  

Biosurfactant (RL) ≥90  C32H58O13 650.8  
Stearic acid  ≥95 C18H36O2 284.48  
n-decane  ≥95  CH3(CH2)8CH3 142.28  

 

Table 2. Information of three carbonate cores

Core number Diameter 
(cm) 

Length 
(cm) 

Wet 
weight 

(gr) 

Dry 
weight 

(gr) 

Pore 
volume 

(ml) 

Porosity 
(%) 

Core 1 2.45 6.98 72.80 62.68 10.12 30.78 
Core 2 2.49 6.98 82.08 67.69 14.39 42.34 
Core 3 2.50 6.97 76.74 65.54 11.20 32.73 
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2.2.2. Interfacial tension (IFT) measurements 
A Kruss Digital Tensometer model K9 was used 

to measure the IFT. Firstly, 75 ml of biopolymer 
solution and 25 ml of model oil were prepared 
in an open glass container and mixed for suitable 
times. After the separation of the two phases, a 
platinum circle ring within the IFT device was 
utilised to measure the IFT between DW and 
model oil. 

2.2.3. Viscosity measurement
Fann model 35 viscometer was used to measure 

the viscosity of the biopolymer solutions over the 
range of shear rates 3 to 600 rpm.

2.2.4. Preparation of core samples  
Three Austin Chalk cores were cleaned with a 

suitable liquid (Toluene) for 48 hours. After that, 
the cores were placed in a vacuum pump to be 
dried at 70oC for 24 hours. Table 2 below shows 
the information of the carbonate cores. 

2.2.4.1. Core flooding set-up 
A complete core flooding apparatus is shown 

in Figure 1. The carbonate core was placed within 
the core holder. Two accumulators were filled with 

brine and model oil, respectively. The confining 
pressure was applied through the system to 
simulate the overburden pressure. 

2.2.4.2. Core flooding experiment before and 
after the ageing of core samples

Before the ageing process, the unfractured 
carbonate water-wet cores were placed into a 
rubber sleeve within the core holder. Table 3 
shows the results of the core samples properties 
before the fracturing and ageing. 

In the next step, the carbonate cores were cut 
horizontally to present the fractured carbonate 
samples (180°), and then aged in the model oil for 
29 days. After the ageing process, the fractured 
core sample was located into the core holder and 
flooded with biopolymer, biosurfactant and then 
distilled water as shown in Figure 2. It should be 
noted that the core flooding experiments were 
performed at room temperature (20 ± 2oC). 

2.2.5. Scanning electron microscopy (SEM)
The Hitachi S-3400N SEM was utilised to collect 

SEM images for the characterisation of carbonate 
rock surfaces using the biochemical EOR.

 
Figure 1. Core flooding set-up

Table 3. Carbonate core properties before fracturing and ageing

Core number Kw Ko Swi Sor 
Core 1 13.826 4.692 17.98 44.47 
Core 2 13.146 3.329 45.80 31.27 
Core 3 12.430 4.901 34.82 35.71 
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3. Results and analysis
3.1. Impact of ageing time and temperature on 
IFT

The reference points of IFT measurements 
without polymeric solutions are given in Table 
4. The IFT reduced from 38.2 mN/m to 12.5 
mN/m and 11.5 mN/m in the presence of acidic 
components and salts, respectively. 

Table 4. Reference points of IFT measurements

The impact of ageing time and temperature on 
IFT is shown in Figure 3. At low temperature, the 
IFT increases by ageing time (orange and red lines). 
There was an increase of 13.2 mN/m in IFT (from 
23.2 to 36.4 mN/m) for the XG+DW / oil solution 
over the period. The IFT increased by 4.6 mN/m in 
the XG+DW / acidic oil system. However, at high 
temperature, the IFT rose slightly from day zero to 
day 1 and then it started to decrease (green and 
blue lines). 

It is reported that the increase in IFT from aging 
is due to a decrease in the levels of polar species 
between the water and oil phases [20], [21]. The 
impact of ageing time on IFT has been studied by 
Okasha [22]. He showed that IFT rises with aging 
time which is in line with the obtained results 

in this study. It should be noted that the IFT can 
decrease due to the adsorption of polar species at 
the water-oil interface. 

3.2. Impact of aging time and temperature on 
viscosity 

Figure 4 shows the result of ageing time at the 
high temperature on the viscosity of polymeric 
solutions. Based on this figure, the viscosity of 
all solutions is reduced by the ageing time. This 
can be due to the damage to the structure of 
the biopolymer at high temperature [23]. It is 
noticeable that the mixture of surface-active 
components and salts in the solutions causes 
the highest reduction in viscosity. For example, 
from Figure 4, the highest percentage reduction 
in viscosity was observed in the presence of 
seawater / acidic oil solution, at 83% for XG over 
the period. However, the percentage reduction in 
viscosity was 43% for XG in the presence of DW / 
pure oil solution. 

Godwin Uranta et al. [24] examined the 
influence of high temperature and high salinity on 
polymeric solutions. By hydrolysing the NH2 (amide 
groups) in the biopolymer chain, they showed that 
the degradation of the polymer can happen in the 
aqueous solution. Furthermore, their research 
showed that the degree of hydrolysis can increase 
by ageing time and increased temperature, which 
leads to a failure in the performance of the 
polymer [25]. 

 

 Figure 2. Schematic of the process applied by biochemical EOR on oil recovery

Sample solution IFT  
Oil + Distilled water (DW) 38.2 mN/m 
Acidic oil + Distilled water 12.5 mN/m 

Acidic oil + Seawater salinity 11.5 mN/m 
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3.3. Impact of biochemical EOR on the fracture 
permeability 

Figure 5 illustrates the impact of biochemical 
EOR on fracture permeability. Based on Table 
3 in the method section above, the average 
permeability to water (Kw) before the fracturing 
process was 12 -13 mD. However, after the 
fracturing procedure, the water permeability of 
the core samples increased to 110-160 mD. 

Based on Figure 5, the cross-linked biopolymer 
leads to a reduction in the permeability of the 
fracture system. The maximum reduction in the 
permeability of the fracture system by cross-linked 
biopolymer flooding, 30 mD (18%), was detected 

for core 2. The permeability of the fracture for 
cores 1 and 3 decreased by 25 mD and 15 mD, 
respectively. According to research published by 
several authors, the main reason for a decrease 
in the permeability of the fracture system due to 
biopolymer flooding can be due to the plugging of 
part of the fracture zones using the gel formation 
[26], [27], [28].

The existence of biosurfactant and the 
biopolymer gel can be seen at the rock surface by 
SEM images in Figure 6. It is noticeable that the 
permeability of the fractured system increased 
after the biosurfactant and water flooding through 
the system. 

Figure 3. Impact of ageing time and temperature on IFT from 20 ± 2oC to 80 ± 5oC
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This scenario shows that biopolymer plugged 
the fractured zones temporarily (Figure 6a) 
because the biosurfactant, followed by the 
water flooding, could have displaced some of the 
biopolymer solutions in the system (Figure 6b).

3.4. Impact of biochemical-EOR on oil production
Before the injection of the biopolymer gel and 

biosurfactant, distilled water was injected into the 
system, but no oil recovery was achieved, showing 
that flow only took place through the fracture zones 

 

Figure 5. Impact of biochemical EOR on the fracture permeability 
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Figure 7. Impact of biochemical EOR on oil recovery
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[29]. Therefore, this stage is ignored in Figure 7 
which shows the impact of biochemical EOR on oil 
recovery.

From Figure 7, the recovery factor improved 
due to the plugging of some of the fractures 
using the biopolymer and wettability alteration 
of the matrix using biosurfactant flooding. A 
maximum oil recovery of 6%, was achieved 
through the biopolymer injection. Subsequently, 
biosurfactant followed by distilled water was 
injected into the system and a further 2-3% of oil 
recovery was obtained. This is consistent with the 
hypothesis that the performance in oil recovery 
can be due to the reduction in IFT at the oil/
water interface and the wettability alteration in 
the matrix zones via the biosurfactant [30], [31]. 

According to Figure 7, the highest recovery 
factor (approximately 9%) was achieved in 
core 1 followed by cores 2 and 3 (7.1% and 
6.5%, respectively). Although biopolymer 
and biosurfactant alone showed a chemical 
interaction with the rock surface, there was 
no physical or chemical bond between the 
biosurfactant and the biopolymer. Biosurfactants 
have the potential benefit on the rock surface 
to modify the wettability of the system due to 
the hydrophobic and hydrophilic groups in their 
structure [32], [33]. 

It should be noted that pyruvic acid (carboxylic 
acid) can be released by adding biopolymer XG 
to the water solution, as shown in Figure 8. 
The released pyruvic acid can act as an in-situ 
biosurfactant structure on the rock/water/oil 
interfaces, resulting in the reduction of IFT and 
wettability alteration. 

3.5. Mechanism of wettability alteration and IFT 
reduction through biosurfactant 

The wettability alteration was caused by the 
adsorption/desorption of biosurfactants and 
crude oil species (stearic acid) on the surface of 
rocks. As shown in Figure 9, at first, negatively 
charged oil components (stearic acid) were 
attached to the surface of positive calcite rock, 
creating an oil-wet system (A). Then, a monolayer 
formation was created by the adsorption of 
biosurfactant molecules on the surface of the 
calcite rock in the presence of oil components 
(B). This caused hydrophobic–hydrophobic 
interactions between the attached oil species 
and the hydrophobic heads of the biosurfactant. 
Then, the oil-wet calcite rock was covered with 
the hydrophobic heads of the biosurfactant 
by removing some part of the adsorbed oil 
components, consequently modifying the 
wettability of the system into a water-wet system 
(C). 

With regard to the IFT point of view, the 
mechanism of the emulsification process 
between the oil and water phases in the presence 
of biosurfactant is displayed in Figure 10. Based 
on this figure, two immiscible phases are first 
added in the system (A). Then, the oil fragments 
suspended in water solution will spontaneously 
assemble themselves into a larger mass (B). After 
that, biosurfactant is introduced into the system 
to allow the oil to emulsify into smaller droplets 
(C). Therefore, the presence of the biosurfactant 
in the oil/water solution provides a decrease in 
IFT.

 
Figure 8. Chemical reaction between xanthan gum (XG) and distilled water [8]
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4. Conclusion
The main goal of this research was to study the 

influence of biochemical EOR on oil-wet fractured 
carbonate rocks. Also, the physiochemical 
properties of biochemical EOR at the reservoir 
conditions were investigated. 

The results showed that using biopolymer / 
biosurfactant / water injection can increase the oil 
recovery up to approximately 9%. The proposed 
technique, using biopolymer XG and biosurfactant 
RL, led to the enhanced recovery factor due to the 
plugging of the fracture network and wettability 
alteration, respectively. 

SEM images also indicated that the biopolymer 
gels reduced the permeability of the fractured 
zones by 18% and diverted the biosurfactant into 
the oil-wet matrix networks.
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 مقاله تحقیقاتی

بهبود عملکرد آب و بازیابی نفت در سنگهای کربناته شکافدار با استفاده  از ازدیاد برداشت 
نفت  بیوشیمیایی

کمال الیاسی گماری*، دیوید هیوز، میزاسالم، سینا رضایی گماری

دانشکده مهندسی نفت و گاز، دانشگاه تیساید، انگلستان      

چکیده مشخصات مقاله

مخازن نفتی کربناته ازمخازن ماسه سنگی پیچیده ترهستند. دلیل این است که 
بسیاری از مخازن کربناته دارای یک شبکه شکافدارهستند که منجر به توزیع 
تخلخل و تراوایی متنوعی می شود. بازیابی نفت از چنین مخازنی چالش بزرگی 
ماتریکس نفت دوست،  به سمت  به جای جریان  تزریق شده  زیرا سیال  است 
این پژوهش،  پیدا کند.  در  به سمت شبکه های شکافدار جریان  تمایل دارد 
هدف این است که شبکه شکافدار را با بیو پلیمر )GX( متصل کرده، و سپس 
ترشوندگی سنگ کربناته را با استفاده از یک بیوسور فکتانت )LR( به سیستم 
آب دوست تغییر داد. برای تایید حضور بیوپلیمر و بیوسورفکتانت بر روی سطح 
سنگ، دستگاه میکرسکوپ الکترونی روبشی )MES( مورد استفاده قرار گرفت. 
کربناته  مخازن  در  نفت  یابی  باز  که  داد  نشان  پژوهش  ین  ا  از  حاصل  نتایج 
شکافدار با استفاده از تزریق بیوپلیمر/بیوسورفکتانت/ آب، به میزان ۹-۷ درصد 
افزایش یافت. در مکانیسم پیشنهادی، شبکه شکافدار به صورت موقت با استفاده 
از تزریق بیوپلیمر متصل )کاهش تراوایی شکاف ها به میزان ۸۱ درصد(، که 

باعث بهبود در روند نفوذ آب شد.
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