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ABSTRACT: In this research, a novel natural-based polymer, the Aloe Vera biopolymer, is used
to improve the mobility of the injected water. Unlike most synthetic chemical polymers used for
chemical-enhanced oil recovery, the Aloe Vera biopolymer is environmentally friendly, thermally
stable in reservoir conditions, and compatible with reservoir rock and fluids. In addition, the
efficiency of the Aloe Vera biopolymer was investigated in the presence of a new synthetic
nanocomposite composed of KCl—SiO,—xanthan. This chemically enhanced oil recovery method
was applied on a sandstone reservoir in Southwest Iran with crude oil with an API gravity of 22°.
The Aloe Vera biopolymer’s physicochemical characteristics were initially examined using
different analytical instruments. The results showed that the Aloe Vera biopolymer is thermally
stable under reservoir conditions. In addition, no precipitation occurred with the formation brine
at the salinity of 80,000 ppm. The experimental results showed that adding ethanol with a 10%
volume percentage reduced interfacial tension to 15.3 mN/m and contact angle to 108°, which
was 52.33 and 55.56% of these values, respectively. On the other hand, adding nanocomposite
lowered interfacial tension and contact angle values to 4 mN/m and 48° corresponding to
reducing these values by 87.53 and 71.42%, respectively. The rheology results showed that the solutions prepared by Aloe Vera
biopolymer, ethanol, and nanocomposite were Newtonian and fitted to the Herschel—Bulkley model. Finally, core flooding results
showed that the application of a solution prepared by Aloe Vera biopolymer, ethanol, and nanocomposite was effective in increasing
the oil recovery factor, where the maximum oil recovery factor of 73.35% was achieved, which could be attributed to the IFT
reduction, wettability alteration, and mobility improvement mechanisms.

1. INTRODUCTION polymers are widely used to alleviate the low mobility issues of
the injection front.*'" Extensive studies have been performed

Natural oil and gas are still among humans’ most essential ) )
in the polymers’ fields, and it has always been tried to

energy sources. Enhanced oil recovery (EOR) methods have

been frequently used to maintain and increase the efficiency of synthesize stable polymeric materials under reservoir temper-
these hydrocarbon resources. Various geological structures in ature and pressure conditions. The stability of the polymers
these reservoirs usually cause variations in the petrophysical under high salinity conditions is one of the critical challenges
parameters. These variations are scattered in reservoirs, and in chemically enhanced oil recovery (CEOR) processes. The
sometimes, significant changes in porosity or permeability may second important consideration when using polymers is their
be observed at short distances. These variations and the absorption into reservoir rocks. This issue increases the total
uneven distribution of the parameters lead to suboptimal polymer consumption and, in turn, elevates the cost of the
performance of EOR processes, such as water injection.'”’ CEOR projects. In addition, from the point of view of

Most EOR processes are water-based; hence, some factors,
such as heterogeneity in porosity and permeability, adversely
affect the sweep efficiency of water-based EOR processes and
eventually result in high water cut and fingering problems. It is
widely accepted that the proper injection scenario through the
use of suitable chemicals can markedly increase the efficiency
of the process. If the desired displacing fluids (polymers,
surfactants, nanomaterials, etc.) fail to reach all reservoir parts
uniformly, then the EOR process will have a low sweep
efficiency. Thanks to their higher viscosity compared to water,

environmental impacts, the growing concerns about the use of
chemical materials and their potential effects on the environ-
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Table 1. Summary of the Efficiencies of the CEOR Methods Used in the Literature and This Study

material additive
SiO, ethanol
PAM
xanthan gum
LSW
brine
TiO, water
polymer
TiO,/Si0, DIW
anionic surfactant: poultry wastes DIW; 75 °C
NaCl; 75 °C
alkali; 75 °C
preformed particle gel (PPG) DIW
midazolium-based ionic liquids Fw
SwW
SiO,@Montmorillonite@Xanthan DIW
Aloe Vera biopolymer (AVBP) DIW
ethanol

ethanol/nanocomposite (NC)

optimization

IFT recovery Factor ref.
93% 29% 23.0% 19
62% 24.7% 25
64% 76% 7.81% 26
34% 40% 10.1% 27
60% 70% 28.0% 28

28% 21.0% 29

31.0% 30,31

66% 65% 26.0% 32
96% 72% 17.8% 33
97%
98%

64% 15.3% 34
75% 35
41% 35
56% 78% 11.8% 36
24% 23% 7.99% this study
53% 55% 17.93% this study
88% 72% 24.13% this study

ment require industries to minimize the risk of leakage or
release of nonbiodegradable polymers. Therefore, biobased
polymers will soon get more attention for CEOR applica-
tions."' > "*

Cellulose and starches are two great sources of natural
polymers. Their availability, low cost, abundance, biodegrad-
ability, and nontoxicity make them suitable raw materials for
polymer production. In addition, they are resistant to harsh
reservoir conditions based on the long polysaccharide chains
and resilient structure. Previous studies have demonstrated the
adequate performance of natural polymers in CEOR
applications. Brachystegia eurycoma, cassava starch, exudate
gum, gum Arabic, and schizophyllan are some natural polymers
tested in the lab as potential CEOR agents."*™"*

Roustaei et al.'” investigated the efficiency of the polysilicon
nanoparticles for EOR. In order to prepare these nanoparticles,
they used ethanol and the efficiency of these nanoparticles was
explored through contact angle (CA), interfacial tension
(IFT), and oil recovery measurement in sandstone reservoirs.
They concluded that the primary mechanisms for improving
oil recovery with these nanoparticles are IFT and CA
reduction, where minimum IFT and CA values of 1.75 mN/
m and 81.88° were achieved, respectively. In addition, a
maximum oil recovery of 32.2% was achieved by injecting
these nanoparticles into the core samples.

Goudarzi et al.”® used an environmentally friendly polymer
called "super absorbent” for zone plugging purposes and flow
diversion. Their study focused on significantly fractured high-
permeability reservoirs with an increased permeability differ-
ence between the matrix and fractures. They employed a
combination of absorbent polymers and smart water flooding
and achieved a recovery factor of 81%. They also reported that
their polymer has sufficient stability under reservoir temper-
ature and pressure conditions. In addition, they could divert
injected fluid toward unswept areas with lower permeability
and increase the recovery factor. One of the negative
drawbacks of this study was that the application of this
polymer was examined only in sandstone reservoirs and its
efficiency for the carbonate reservoirs was not examined.
Therefore, it is crucial to perform a thorough study and
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examine the efficiency of these compounds in carbonate
reservoirs.

Furthermore, some research has also been conducted on
plant-based polymers. One of the main advantages of these
materials is that they are entirely natural. Moreover, simple
chemical methods are usually optional for extraction.”"**
Nowrouzi et al.”® derived a natural polymer from the
Hollyhocks plant and determined the optimum concentration
in the presence of alkaline. The alkaline-polymer slug was
injected into a sandstone core, increasing the recovery factor to
81.1% from an initial value of 53.2%. In addition, the natural
polymer lost only 9% of its initial weight up to 129 °C,
showing an improved thermal stability. One of the drawbacks
of their study was that they used a low-asphaltene crude oil
with an asphaltene content of 2.3%. In addition, they used
sandstone core samples in their research. Therefore, the
efficiency of this natural polymer could be further evaluated in
the presence of high-asphaltene-content crude oil and
carbonate core samples.

Ahmadi et al.”* used green polymeric nanocomposites for
EOR in a carbonate oil reservoir. In their study, xanthan/
magnetite/SiO, nanocomposites (NC), eucalyptus plant
nanocomposites (ENCs), and walnut shell ones (WNC)
were used and their efficiency for EOR was examined through
IFT and CA measurement as well as spontaneous imbibition
tests. They concluded that one of the significant advantages of
these materials is that they are very cost-effective and efficient,
with low concentrations of 0.05 wt % at reservoir conditions.
In addition, the primary mechanism for EOR with these green
materials is due to IFT and CA reduction.

In another study performed by Ahmadi et al,'” the efficiency
of the ZnO/SiO,/xanthan as new NCs was compared with
commercial SiO, nanoparticles. Their results showed that
green polymer NCs were more effective than SiO, nano-
particles in lowering the IFT and CA. In addition, the polymer
NC was very stable at high-salinity conditions, where
additional oil recoveries of 25.1 and 34.1% were achieved
with 25 times diluted seawater (25 SW) and 10 times diluted
seawater (10 SW), respectively. Table 1 summarizes the results
of some of the previous CEOR studies. Table 1 presents the

https://doi.org/10.1021/acsomega.3c05921
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Figure 1. Experimental workflow of this study.

use of different chemicals and their effects on the IFT, CA (8),
and recovery factor (RF) parameters in some previous studies
and those used in this research.

Several parameters should be considered when selecting a
polymer for CEOR applications, including stability under high-
temperature and high-salinity conditions, low rock surface
absorption, and adequate rheological properties. Considering
the properties of polymers can help to select a suitable
injecting fluid that potentially results in optimum recoveries.
However, there is little available research in which all those
factors are addressed.”’*° In addition to being environ-
mentally friendly, the polymer should be compatible with the
formation brine and reservoir rock, in which it will be injected.
For this purpose, in this research we tried to conduct a
comprehensive study on the performance of a natural polymer
for CEOR purposes. Initially, the characteristics of the AVBP
polymer were comprehensively investigated by using various
standard analyses, including Fourier-transform infrared spec-
troscopy (FTIR), thermogravimetric analysis (TGA), nuclear
magnetic resonance (NMR), and scanning electron micros-
copy (SEM) techniques. The next part measures the rheology
properties of the solutions prepared by AVBP. Then, the IFT
and CA values of polymer, polymer—ethanol, and polymer—
ethanol—NC solutions were measured. Afterward, a solution
prepared by an optimal concentration of polymer, ethanol, and
NC is prepared and the RF with this solution is examined
through core flooding experiments. Finally, the capillary
number, mobility ratio, and relative permeability are measured
under different scenarios. The overall workflow of the
experimental procedure used in this study is shown in Figure 1.

2. MATERIALS AND METHODS

2.1. Materials. 2.1.1. Crude Oil, Brine, and Ethanol
Sources. Milli-Q-filtered (18.2 Q) distilled water was used in
this study to prepare all of the solutions. The formation water
(FW) was collected from a reservoir in southwestern Iran. The
FW has a total dissolved salinity (TDS) of 174,500 (mg/L)
and is mainly saturated with Na*, Cl~, and SO, % ions. Table 2
presents the composition of the FW used in this study. The
crude oil used in this study is dead oil with an API gravity of
22° and a viscosity of 34.1 cp, which is obtained from a
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Table 2. FW Analysis Used in This Study

component concentration (mg/L)

K* 660

Na* 66,000

Ca** 660

Mg?* 1,400

50,72 20,000

cr 85,000
HCO;™? 960

Total 174,500

reservoir in southwestern Iran. The properties and percentages
of the components of this crude oil are given in Table 3. The
ethanol used in the study was purchased from a local
manufacturer and used without further alteration, and it has
a density of 789 kg/m® and a purity of 99.8%.

2.1.2. Aloe Vera Plant. The AVBP powder with polymeric
properties was extracted from the Aloe barbadensis miller plant
cultivated in south Iran. To prepare the AVBP plant, it was
washed, cut, and soaked in DIW for 24 h to enable mucilage
extraction. The extracted solution was then filtered and
concentrated using a vacuum dryer operating at 40 °C and
90 rpm. The resulting concentrated mucilage was the one to be
used to prepare polymer solutions at 0.1, 1, and 2 g/100 mL in
the current study. Figure 2 illustrates the plant and extracted
powder. The extracted powder was in the form of fine grains of
light-brown powder extracted using the mucilage extraction
method. The extraction method is explained in detail in the
work of Ling et al."® Table 4 shows some characteristics of the
AVBP powder used in this study.

2.1.3. NC. A new synthetic NC used in this study is
composed of KCl-SiO,—xanthan NCs. The common salt of
this NC is composed of KCl, which is widely used in the oil
and gas industries as an additive to drilling fluid and wettability
alteration agents in EOR applications. Using SiO, as a
nanoparticle is common in various industry sectors, such as
EOR. Last, xanthan gum is a polysaccharide with a wide range
of industrial applications, from the food industry to EOR
applications. The required materials for synthesizing the NC
include Na,SiOs, Euphorbia condylocarpa plant extract, xanthan

https://doi.org/10.1021/acsomega.3c05921
ACS Omega 2023, 8, 43930—43954
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Table 3. Crude Oil Compositions”

component C, iC, nC, iCg nCy Cs
percent 0.11 0.52 122 1.30 1.40 8.26

C, Cq G, Co Cy G’ total
9.72 690 7.34 526 521 52.96 100.0

“The specific gravity of residual oil @60.6°F = 0.9211. Oil gravity of residual oil = 22.12° APIL Density of total gas evolved = 1.1259 g/L.

Figure 2. AVBP plant (a). AVBP powder (b) used in this study.

Table 4. Physical Properties of the AVBP Powder

test method unit result
appearance organoleptic light brown
assay Aloin HPLC mg/100 mg 18.700
loss on drying oven % 4.600
total ash furnace % 11.810
Cu AA ppm 1.470
Cd AA ppm 0.012

gum, KCI, and ethanol. The pH adjustment was also
performed by adding NaOH to the solution. Some of the
physical properties of the nanomaterial are shown in Table 5.
The characterization of the NC used in this investigation is
discussed thoroughly in one of the coauthor’s previous
works.*

Table S. Properties of the NC Used in This Study

material composition (wt

%
nanocomposite
composition particle size color carbon oxygen silicon
SiO,/KCl/xanthan 28—47 nm  gray 11.61 5813 3025
gum

2.14. Sandstone Reservoir Rock. The sandstone rock
samples used in this study were collected from a sandstone
reservoir in southwest Iran. The sampling was carried out from
the Asmari Formation of this reservoir. The X-ray diffraction
(XRD) analysis of the sandstone sample is shown in Figure 3a,
and the images of the actual samples are shown in Figure 3b.
The rock sample contains 94.5% quartz, which shows high-
quality sandstone. Four core samples with a radius of 3.7 cm
(~1.5 in.) were cut from a whole core drilled from a
homogeneous sandstone formation in this reservoir. The
sandstone core samples used in this study have an average

43933

porosity of 21.63 to 22.63% and an average permeability of
31.82 to 33.45 mD. In addition, the length of these samples
was 8.25 to 8.35 cm with a diameter of 3.70 cm. Moreover, the
bulk volumes of these samples were 88.70 to 90.42 cm?’. The
petrophysical properties of the core samples used in this
investigation are shown in Table 6.

2.2. Methodology. The research is subdivided into
characterization tests, batch experiments, and dynamic experi-
ments. The characterization experiments aim to understand
the characteristics of the AVBP used in this investigation
through several analyses such as 'H NMR, TGA, FTIR, UV,
and SEM. The chief aim of batch experiments is to understand
the mechanisms and interactions of the chemicals used in this
study when contacting reservoir rock and fluid. To this end,
several IFT, wettability alteration, and rheology tests were
conducted to help get a better understanding of the behavior of
the fluids when used as CEOR agents. In the next step, the
thermal stability, the polymer’s absorption, and the polymer’s
compatibility with reservoir rock and fluids were examined in
the presence of salts (stability tests). The last part of the batch
experiments was related to investigating the synergistic effects
of combining AVBP with ethanol and NC. Finally, dynamic
(flooding) experiments were conducted to test the solutions
under reservoir conditions, and optimum concentrations of
chemicals were proposed. The following sections explain each
part of the procedure in more detail.

2.2.1. Characterization Tests. To characterize the polymer,
FTIR and 'H NMR techniques are employed to identify the
polymer’s structures and functional groups. In this study, the
FTIR analysis was performed using a Varian (USA) INOVA
500 MHz—125 MHz, in which wavenumbers of 500 to 4000
cm™ were used for scanning the samples. 'H NMR was
performed using a Bruker 500 MHz spectrometer. The thermal
stability of the polymer is a significant factor for CEOR and is
measured using the TGA test. This study used a Q600 (TA
Instruments, USA) analyzer with a heating rate of 10 °C/min.

https://doi.org/10.1021/acsomega.3c05921
ACS Omega 2023, 8, 43930—43954
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Figure 3. XRD analysis (a) for sandstone sample (b) used in this study (in part a, I stands for illite, K stands for kaolinite, C stands for calcite, Q

stands for quartz, R stands for rutile).

Table 6. Properties of Core Samples Used in This Research

no. length (cm) diameters (cm) bulk volume (cm®) dry weight (g)

A 8.35 3.7 89.57 154.15
B 8.33 3.7 89.56 152.72
C 8.25 3.7 88.70 150.23
D 8.41 3.7 90.42 155.46

saturated weight (g) pore volume (cm®) porosity (%) gas permeability (mD)

174.42 20.27 22.63 32.53
172.87 20.15 22.50 31.82
169.95 19.72 22.24 33.45
175.01 19.55 21.63 32.87

The temperature was increased from 25 to 300 °C, and the
weight loss was measured accordingly. SEM (TESCAN MIRA
II, Czech Republic) is applied to produce high-resolution
images that assist in qualitatively analyzing the surface
morphology of polymers. Moreover, the viscosity changes of
polymer solutions at various shear rates (rheology) were
analyzed. Last, to better understand the in situ performance of
the polymer, its interactions with reservoir rock (absorption
analysis) and FW (compatibility analysis) were studied. In the
next series of experiments, ethanol is added to the polymer and
the rheological property of the solution is investigated. The
IFT of the solution is measured, and wettability alteration is
estimated. The NC was added to the previous solutions for the
last part of the batch experiments, and various tests, including
wettability alteration, viscosity, and IFT experiments, were
conducted. As the NC had been characterized and discussed in
detail in one of the coauthors’ previous works,” the

characterization section of this study was dedicated to that
of the polymer (AVBP).

The sandstone core samples were characterized through
porosity, permeability measurement, and XRD analysis. The
permeability of the core samples was measured using the gas
permeability method using a Coreval 700 instrument (Vinci
Technologies). This equipment uses the unsteady-state
pressure drop method, and core permeability is measured
under different confining pressures of 400 to 10,000 psi. The
measured data is collected using a data acquisition and
processed using the software. Then, the permeability of each
core sample is measured using the unsteady-state pressure drop
method. Porosity and pore volume measurements are made
using Boyle’s and Charles’ law techniques. The XRD pattern of
the core sample was determined using a D8 Bruker XRD
(made by Germany), where 1 g of the sample was inserted into
the XRD machine with scanning speed of 1°/min from § to

https://doi.org/10.1021/acsomega.3c05921
ACS Omega 2023, 8, 43930—43954
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70° under 40 kV/40 mA. The experimental procedure in this
section was followed from the literature data.””’

2.2.2. Batch (Static) Experiments. 2.2.2.1. IFT and
Wettability Alteration Measurements. In this study, to
measure the IFT values, the pendant drop method was
employed. In this method, a droplet of oil is released into the
desired solution and the dimensions of the drop are measured.
The IFT is then calculated by using the Young—Laplace
equation. Figure 4a shows a typical setup for IFT measurement

*q Syringe

Oil Drop

-

Contact Angle Calculation

|
|

i

by Software :
%

|

|

|

|

|

|

|

|

|

|

Camera

Figure 4. Schematic of the apparatus used in this study for IFT (a)
and measurements (b).

using a pendant drop.""** Moreover, the CA measurement
method was used to examine the wettability alteration. The
apparatus bears many similarities to the IFT measurement.
The only difference during the CA measurement is that a thin
section is cut from the core samples and then, after cleaning
with toluene and DIW, is aged in a reservoir oil (for 30 days to
reach the original wettability). Reservoir X is an oil-wet
reservoir; hence, to simulate the reservoir conditions in the lab
space, the thin section is placed in a chamber and injected with
crude oil at a pressure of 1000 and a temperature of 50 °C for
48 h. After the thin sections were aged, the sample was ready
for CA measurements. Wettability alteration can be estimated
in the presence of crude oil and the desired solutions. For this
purpose, the aged thin sections were placed in small glass
containers filled with the desired solution at a specified
concentration. The samples were then located a short distance
from the bottom of the glass container. The crude oil was
released from the needle, moved upward, and stuck to the
rock’s surface. The position of the drop on the rock’s surface
was tracked and recorded using a high-quality photography
system. Three drops were placed on different parts of the thin
sections, and then the drop profile was investigated by using
drop shape analysis software. The edges of the droplets were
tracked, and the equilibrium value of the rock surface was
measured (Figure 4b).”**

2.2.2.2. Absorption. To study the absorption of various
concentrations of polymer solution on reservoir rock, ultra-
violet—visible spectroscopy (UV-S) was used in this study. We
utilized an Agilent Cary 60 spectrophotometer with a
wavelength between 900 and 190 nm to evaluate polymer
concentrations (0.5—2.0 g/100 mL) in a static condition. A

calibration curve was generated for absorbance-known polymer
concentration data, and the polymer concentration was
determined using this curve.*”* The static absorption test
was conducted with 8 g of crushed sandstone core and 40 mL
of solution (the polymer to crushed sand ratio was 1:5). The
crushed sandstone was sieved with a mesh size of 150—212
pum. The following steps were performed to measure the static
absorption test: three concentrations of the desired polymer
solution were prepared and combined with crushed sandstone
in the previously mentioned ratios. Then, the absorption,
which occurs at the maximum wavelength, was plotted versus
time for each concentration via a UV device. Eventually, the
final absorbance values were determined for each concen-
tration and the maximum wavelength method determined the
concentration—absorption reference graph.

2.2.2.3. Compatibility Analysis. The initial equilibrium of
the reservoir is disturbed upon application of CEOR. Thus, the
compatibility of the injected polymer solution and the FW is
crucial. The incompatible polymer solution and FW result in
formation damage and plugging of pore throats. We prepared
NaCl solutions at various concentrations of 5000, 10,000,
25,000, 50,000, 75,000, 100,000, and 150,000 ppm. The
compatibility of AVBP with these solutions and synthetic FW
was also investigated. To conduct these tests, S mL of various
NaCl solutions and S mL of polymer solution (with a
concentration of 1 g/100 mL) were stirred and poured into the
test tube. The test tubes were kept at 25 °C for 14 days.
Finally, the precipitations of each test tube were separated by
filter paper and placed in the oven for one day. The dried
precipitations were carefully weighed and recorded.**™*’

2.2.2.4. Viscosity and Rheological Properties Measure-
ment. Using a circulating bath (Cole-Parmer Polystat, U.S.,
and a Peltier AR-G2), the viscous behavior of solutions was
studied in steady shear flow at 25 °C. The shear rate was
changed in a range of 0.1-300 1/s. Data were adjusted to the
Arrhenius equation (eq 1).°%°"

“wesfi i)
T=AER R\ T (1)

where 7 is the measured viscosity (Pa-s), A is the Arrhenius
constant, E, is the activation energy (kJ/mol), and R is the
universal gas constant (8.314 kJ/mol-K).

2.2.3. Dynamic (Flooding) Experiments. Core flooding is
often used to simulate the movement of fluids under
conditions more representative of the reservoir. The procedure
started by washing core samples and cleaning them using a
Soxhlet apparatus. The samples are then dried in an oven for
24 h. The porosity of the samples was calculated using the
saturation method, as summarized in Table 6. The procedure
continues by inserting the core plugs into the sample holder.
The desired fluids were then injected into the core sample by
using high-pressure pumps. A hydraulic jack is utilized to
impose overburden pressure on the core sample. Brine was
then pumped into the core sample until it was fully saturated.
Next, the oil sample was injected into the core to reach
irreducible water saturation (Swy,). After that, the core samples
were preserved in a crude oil container at 50 °C for 30 days to
make them fully oil-wet. The initial reservoir conditions of the
rock samples have been created up to this point. At this stage,
different CEOR scenarios can be applied to the core(s) to
achieve the optimum outcomes (RF and injection parameters).
In addition to the RF, other required parameters, such as

https://doi.org/10.1021/acsomega.3c05921
ACS Omega 2023, 8, 43930—43954


https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
Oven
P — o o e o o o e e e o — N
£ 4 \
= ! “ Pressure Gauge |
o I 8 Distributors 7N !
9 ¥ @ :
a. I > N |
S
I | @ Inlet I
I %)
oegee)| ' < Outled
... 1 '= \ Core Holder [
- I e
TR EE :
- 4 @l I SO S
\ / Computer
Semmmm oo e _ _ __ _v

Figure S. Schematic of the core flooding setup used in this study.

postflooding water saturation (Swc) and relative permeability
(Kr) of phases, can be obtained from the flooding test, as well.
Figure S illustrates a schematic of a ﬂoodin% apparatus and its
various components used in this study.>>”>>

2.2.3.1. Relative Permeability and Fractional Flow
Analyses. Steady state and unsteady state are two general
approaches for measuring the relative permeability. Although
the steady-state methods are highly accurate, they are very
time—consuming.56_59 The unsteady-state approach bears some
inaccuracies but is significantly quicker. Therefore, numerous
calculations in laboratories, simulators, and even field
operations are based on the unsteady-state method. In this
study, the Cory method was applied for the determination of
the relative permeability curves from the following equations:

(Sw — Sw 't)
Krw=(l><7m_bx(s _Scri)
(1 - SWcrit) v e
(ch - Sorw)
X[ I
(l - SWcrit - Sorw)
Soe — Swer
+ X [ ( we cht) ]4
(1 - SWcrit - Sorw) (2)
S, — S S, — S
mezdx (0 orw) X[ (o orw) ]Z
(1 - Sorw) (1 - chon - Sorw) (3)

where K, and K, are the relative permeability of water and
oil phases, water and oil saturation are represented by S,y and
S respectively, S, stands for critical water saturation,
Sorwepresents the residual oil saturation post water flooding,
and S, indicates connate water saturation. The coeflicients
a—d change for various complexities of the crude oil, brine, and
rock conditions. Fractional flow analysis is a robust tool used
primarily in water-based EOR operations. It helps identify the
underlying mechanisms of the CEOR process, explains the
fluid behavior in porous media during the process, and is a
validation tool for reservoir simulators. The fractional flow

analysis can be calculated as follows:

1
ko A

L+ o

4)
where k,, and k,, are the relative permeability of water and oil
phases, and the viscosity of oil and water are shown by y, and
M., respectively. In addition, the capillary numbers and

43936

mobility ratios for the solutions are calculated using the
following equations:

v
N, = &
@7 s (8)
M= k;D X ﬁ
Kg  Hp (6)

where N, is the dimensionless capillary, v is the velocity in
cm/s, p is the viscosity of the displacing (in our case, CEOR)
agent in cp, o is IFT between oil and CEOR agents in dynes/

cm?, ZLD is the ratio of the relative permeability of CEOR agent

rd

to that of oil, and 22 s the ratio of the viscosity of oil to that of
H

D
CEOR agent. Using N¢, and M can shed some light on the
microscopic (displacement efficiency) and macroscopic
(volumetric sweep efficiency) performance of CEOR agents
in porous media. This can result in an in-depth understanding
of the underlying mechanisms of the CEOR agent and
ultimately improve the efficiency of the process.

3. RESULTS AND DISCUSSION

3.1. Characterization of AVBP. 3.1.1. FTIR and 'HNMR
analyses. FTIR and 'HNMR analyses were conducted to
identify the polymer’s structures and functional groups, as
shown in Figures 6 and 7. FTIR was performed in the
wavelength range of 400 to 4000 cm™’, as seen in Table 7.
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Figure 6. FTIR analysis of AVBP.
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Figure 7. '"H NMR analysis of AVBP.

Table 7. FTIR Functional Group Peaks

wavenumber functional vibration

(em™) group mode compound class

3444.41 O-H stretching alcohol

2928.15 C-H stretching alkane

1601.34 N-H bending amine

1560.40 N-O stretching nitro compound

1413.21 C-H bending alkane

1314.68 O-H bending phenol

1264.94 C-0 stretching alkyl aryl ether

1121.28 Cc-0 stretching secondary alcohol

1048.14 $S=0 stretching sulfoxide
863.57 C-H bending 1,2,4-trisubstituted
776.36 C-H bending 1,2-disubstituted
721.30 C-H bending 1,3-disubstituted

Wavelengths between 1000 and 1200 cm™' proved that the
AVBP contains glycoside (a polysaccharide structure). The f3-
and a-configurations of the polysaccharide can be detected
from the peaks ranging between 810 and 881 cm™". Pyranose
(sugar) can be attributed to a peak occurring at 1075.06 cm™.
Different components such as malic acid, polysaccharide
acemannan, glucose, and the three main natural components
of AVBP can be detected from the typical NMR spectrum.

Acemannan is a ff-(1—4)-linked mannan partially acetylated in
position 2, 3, or 6. The outcomes of this section are in good
agreement with the literature data.>"%"°’

A characteristic signal (2.00 and 2.26 ppm) created by acetyl
groups within the "H NMR spectrum can be identified as the
AVBP fingerprint. However, there is a small amount of
acemannan and malic acid due to the low signal of the NMR
spectrum. The signal at 5.4 ppm shows a considerable amount
of maltodextrin in the sample. Different organic acids can also
be detected from the NMR spectrum. Lactic acid is seen to be
1.33 ppm. Acetic and succinic acids were observed in a large
amount of AVBP. Lactic acid is not a natural ingredient of the
AVBP; instead, it is the final product of Lactobacillus
fermentation. Thus, the presence of a significant amount of
lactic acid reduces the quality of raw materials. Enzymes may
produce succinic acid, fumaric acid, and pyruvates during the
citric acid cycle. Therefore, some enzymes create organic acids
within the gel if a suitable thermal manipulation is not quickly
performed. The achieved data in this section agree with the
literature data.®>®®

3.1.2. Thermal Stability Analysis (TGA Curve). Figure 8
shows the thermal analysis used to evaluate the temperature
stability of the polymer. We used 0.67 mg of the sample to
perform the test. Argon gas, at a rate of 10 cc/min, was used to
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Figure 8. TGA test of AVBP.
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Figure 10. Viscosity of AVBP versus the shear rate at different concentrations.

increase the temperature during the experiment. As shown in
this figure, for the temperature range of 25 to 300 °C, the
polymer lost about 28.11% of its initial volume, which is
considered acceptable for polymers that do not have relatively
high-temperature stability. At a temperature of 94.40 °C, about
3.92% weight loss was observed. It should be noted that
reservoir X has normal temperature gradients; hence, at the
hydrocarbon-bearing zone, the temperature does not exceed 90
°C. Therefore, the polymer used in this study is expected to be
thermally stable in the reservoirs with normal temperature
gradients. Weight losses at temperatures above 100 °C can also
be attributed to surface moisture and structural water
evaporation. The achieved data in this section agree with the
literature data.®*®°

3.1.3. Powder Particle Morphology (SEM Analysis). The
surface morphology of AVBP is investigated using SEM at
magnifications in the range 2—20 um, as shown in Figure 9.
The particle sizes of this substance are in the range of microns,
which indicates that they are suitable chemicals for injection
into reservoirs. It can also be observed that the particles have
spherical structures. The spherical nature of the particles shows
that the droplets have dried uniformly during the drying

process. The achieved data in this section agrees with the
literature data.”>™%’

3.2. Batch Experiments. 3.2.1. Rheological Properties of
AVBP Solutions. 3.2.1.1. Rheology of AVBP. This section
measured the viscosity of the solution (Pa-s) at different shear
rates (1/s) for three different concentrations. Figure 10
illustrates the viscosity versus the shear rate for each
concentration. The viscosity was measured for shear rates
between 1 and 300 1/s. It is evident from the figure that this
substance has an entirely Newtonian behavior. Therefore, it
will be suitable for injection into the reservoir as a CEOR
agent. Furthermore, in steady-state conditions, the viscosity for
this material is between 0.09 and 0.19 Pa-s (90 and 190 cP),
which is considered suitable from an injectivity point of view
without putting a strain on the injection pumps. Higgs and
Wang (2023) state that incremental oil recovery is more
significant when the polymer viscosity increases. In addition, as
presented in eq 6, increasing the polymer’s viscosity directly
affects reducing the M value, where lower values of M are
achieved. Therefore, it is expected to perform better with 2 g of
polymer than with 0.5 g of polymer in solution. Hence, the
resulting M value is lower in the case of a 2 g polymer.

https://doi.org/10.1021/acsomega.3c05921
ACS Omega 2023, 8, 43930—43954


https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

1T (1/K)

3.00E-03 3.05E-03 3.10E-03 3.15E-03 3.20E-03 3.25E-03 3.30E-03 3.35E-03 3.40E-03

ACS Omega
-1 i
-1.5
_ 21 @ &
<
% 2.5 %

[
.
0
—=o—

©2gr/100ml
© 1gr/100ml
©0.5gr/100ml

Figure 11. Effect of temperature on viscosity for AVBP at different concentrations.

Consequently, the expected RF and sweep efficiency would be
higher than the solution with 0.5 g of polymer. The
experimental achievements in this study agree with the
literature data.*™"°

The Effects of Temperature on Rheology of AVBP:
Temperature is another critical parameter that affects the
rheological properties of the polymeric materials. The viscosity
of the solution was measured as temperatures elevated from
298 to 328 K, as shown in Figure 11. The Arrhenius equation
was used to calculate the temperature dependence of the
reaction rates. Overall, the viscosity of the AVBP solution
decreased as the temperature rose. The values of the
parameters required to analyze the effect of temperature
have been measured and are given in Table 8. The activation

Table 8. Arrhenius Equation Parameters for AVBP.

concentration A (Pas) E, (kJ/mol) R?

2 g/100 mL 0.002800 122.781 0.9916
1 g/lOO mL 0.000148 238.646 0.9443
0.5 g/100 mL 0.000008 325.884 0.9844

energy (E,) was in the range of 122 to 325 kJ/mol range. The
regression coefficient for this model (R?) was measured to be
over 0.98, indicating the high accuracy of this sample’s
calculated parameters. It could be seen that E, was reduced as
the concentration increased. The low E, may show a high
entanglement configuration and interactions between the
polysaccharides in fresh Aloe Vera mucilage, specifically
pectins and acemannan. The experimental achievements in
this study are in good agreement with the literature data.”’~">

3.2.1.2. Rheological Properties of AVBP-Ethanol. Testing
the rheological properties of the polymers, specifically, the
biopolymers, is crucial before field applications. Therefore, the
rheology of different polymer—ethanol solutions is investigated
in this section, as shown in Figure 12. All the answers exhibited
Newtonian fluid behavior. The viscosity was reduced for all
solutions as the shear rate increased. The effects of shear rate
were more pronounced at higher ethanol concentrations, i.e.,
15—-20%.

3.2.1.3. Rheological Models. The experimental study of the
rheology of a polymer solution showed that the answer follows
Newtonian flow behavior. In this section, three standard
models, namely, the power law, Herschel—Bulkley, and Cross

model, were used to estimate the viscosity of the solution. The
two latter models are modifications of the power-law model. A
detailed discussion of the differences and backgrounds of the
models can be found in the literature. The three viscosity
models were applied to calculate the viscosity of the polymer at
various concentrations, as shown in Figure 13. The Herschel—
Bulkley model (Figure 13a), an improved version of the
power-law model, has shown the best results among the
presented models. The Herschel—Bulkley model gives a better
data regression than the other two, implying that the model
must consider a limiting parameter that sets the viscosity to a
finite value at zero shear rates. The viscosity prediction using
all three models is very close, except for the power-law model
at 0.5 g/100 mL, for which the predicted viscosity is slightly
more accurate than others. The experimental achievements in
this study are in good agreement with the literature
data 44687073

In the next part, the previous rheological models were
applied to 1 g/100 mL of AVBP containing different
concentrations of ethanol (0—20%), as shown in Figure
14a—c. The performance of the models above was almost
identical. However, the Herschel-Bulkley model performed
slightly better than the others.

3.2.2. AVBP Absorption. Polymer absorption on the rock
surface is another crucial issue affecting the technical and
economic aspects of CEOR operations and, hence, needs to be
carefully studied. Higher absorption means more loss of the
polymer and, finally, a higher cost of the operation. The UV
device measured the polymer absorption. First, three solutions
with the desired concentrations were placed in the device
chamber. Figure 15 exhibits the measured UV spectra for
polymer solutions with concentrations of 0.5—2 g/100,
measured between 200 and 900 nm over a period of 0—120
h. For the polymer solution used in this study, the maximum
absorption was observed at wavelengths of 330 nm. The 4, is
identical for all of the solutions. According to these diagrams,
the absorption at the maximum wavelength is proportional to
the absorption of the solution. Therefore, the absorption can
be calculated for each concentration at different times (0—120
h).

Figure 16 shows the absorption versus time. It can be seen in
the figure that the absorption decreases sharply in the early
hours and reduces with a smaller slope approximately 24 h
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Figure 12. Relationship between viscosity and shear rate for AVBP (1 g/100 mL) at different solvent fractions.

after the test. It was also observed that a higher absorption
could be observed in solutions with higher concentrations. For
instance, at 0 h, the absorption is approximately 2.9, 3.2, and
3.3 au for 0.5, 1, and 2 g/100 mL, respectively. A similar trend
can be observed for the rest of the periods; the equilibrium
reached 120 h. The absorption for 0.5, 1, and 2 g/100 mL
concentrations was measured to be 2.2, 2.4, and 2.8 au,
respectively. The absorptions were more significant between
the concentration of 1 and 2 g/100 mL, in contrast to 0.5 and
1 g/100 mL. The experimental achievements in this study are
in good agreement with the literature data.”*~"’

3.2.3. Compatibility Analysis. The salinity of the FW is
often high in hydrocarbon reservoirs. Chemicals, specifically
polymers, are sensitive to the salt content and tend to
deteriorate as salinity increases. Therefore, the compatibility of
polymer solutions and salts must be investigated for a
successful chemical injection project. In this part, we first
prepared polymer solutions with concentrations of 0.5—2 g/
100 mL using DIW, and the solution was left for 14 days.
AVBP, which is a biopolymer, is entirely soluble in DIW. As a
result, no sediments (precipitates) were formed when the
solution was mixed with DIW, as shown in Figure 17a. In the
next step, a compatibility test was performed using 1 g/100 mL
of polymer in FW and different NaCl concentrations (with
salinities ranging from 10,000 to 180,000 ppm), as shown in
Figure 17b. For each combination, the formation of sediments
was measured. Figure 17b shows that no sediment was formed
at brines with salinities below 100,000 ppm. The formation of
sediments at the concentration of 130,000 ppm of NaCl and
FW (with a salinity of over 175,000 ppm) was 0.132 and 0.187
g, respectively. AVBP solution is compatible with FW based on
the quantity of precipitation collected. However, when AVBP
solutions are used for CEOR formations with noticeably higher
salinities, care should be taken.

3.2.4. IFT Measurements. IFT and wettability are crucial
parameters in the success of the CEOR projects. Polymers
alone cannot reduce the IFT value or alter the wettability of
rocks to increase oil production. On the other hand, alcohols
and NC materials are considered effective chemicals for
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reducing IFT values between fluids for CEOR applications.
This section investigates the IFT values of AVBP, AVBP—
ethanol, and AVBP—ethanol—NC solutions as CEOR agents.

3.2.4.1. IFT Measurements of AVBP Solutions. First, the
IFT between crude oil and polymer solutions versus time was
investigated, as shown in Figure 18. The IFT of the polymer
solution for concentrations of 0.5, 1, and 2 g/100 mL was 28.2,
24.5, and 22.4 mN/m, respectively. Compared to the reference
IFT (the IFT between DIW and crude oil = 32.1 mN/m), IFT
reduction when the polymer enters into the system for
concentrations of 0.5, 1, and 2 g/100 mL is 12.15, 23.68, and
30.22%, respectively. Although the polymer slightly reduces
IFT, it is insufficient to mobilize trapped oil and increase the
recovery.

3.2.4.2. IFT Measurements of AVBP—Ethanol Solutions.
The addition of other agents such as alcohol or surfactants is
common because polymers alone are unable to affect the IFT
value in a way that helps improve recovery. For this purpose, in
this study, an additive from the alcohol group (ethanol) was
used to improve the situation. Ethanol solvent was used in
volume ratios of 5, 10, 15, and 20%, and the IFT value was
measured as illustrated in Figure 19. As can be seen from the
figure, higher ethanol concentrations resulted in lower IFT
values. IFT reduction was initially rapid; however, as the
ethanol concentration reached 10%, the rate of IFT reduction
decreased. The ethanol structure has a hydrophilic head and a
hydrophobic end. As a result, it acts as a surfactant, reducing
the IFT by creating a bridge between the two phases. As
illustrated in Figure 19, for polymer solutions containing
ethanol solvent with concentrations of 0, 0.5, 1, and 2 g/100
mL, the IFT values were reduced to 18.5, 16.4, 14.5, and 12.9
mN/m from initial values of 32.1, 28.2, 24.5, and 22.4 mN/m,
respectively. In contrast to the benchmark (IFT of oil and
DIW), the IFT for the concentrations of 0.5, 1, and 2 gr/100
mL was reduced by 41.85, 40.82, and 42.42%, respectively. It is
apparent from the graph that IFT was not changed significantly
for the ethanol with a volume percentage of higher than 10%.
For a solution with 20% of ethanol concentration, the IFT for
polymer concentrations of 0, 0.5, 1, and 2 g/100 mL reduced
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Figure 13. Relationship between the viscosity of AVBP versus shear rate using (a) the power-law model, (b) the Herschel—Bulkley model, and (c)

the Cross model at various concentrations.

to 18.5, 16.4, 14.5, and 12.9 mN/m from initial values of 20.5,
17.5, 15.3, and 13.7 mN/m, respectively. The experimental
achievements in this study are in good agreement with the
literature data."”’

The Effects of Temperature on IFT Measurements:
Temperature plays a vital role in controlling the IFT of
polymer solutions. Figure 20 shows the changes in the IFT
values at different ethanol concentrations and various temper-
atures. It can be observed that at a constant concentration of 1
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g/ 100 mL, the IFT reduces as the temperature increases.
Moreover, it can be seen that the effect of ethanol in the
system decreased at higher temperatures. This means that at
temperatures close to ambient, adding ethanol solvent reduces
the IFT values considerably. However, at higher temperatures,
the slope of IFT reduction is reduced. Moreover, it was
observed that the addition of more ethanol concentrations
resulted in lower IFT values, regardless of the temperature.
Therefore, both high ethanol concentrations and higher
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Figure 14. Relationship between viscosity and shear rate using (a) the power-law model, (b) the Herschel-Bulkley model, and (c) the Cross

model for AVBP (1 g/100 mL) at different ethanol fractions.

temperatures favor the process from the point of view of IFT
reduction. It is believed that increasing the temperature results
in reduced free energy between the crude oil and the solution.
Thus, the mobility of the water phase and crude oil is
increased. In addition, increasing the temperature decreases
the intermolecular forces at the interface of the water and oil
phases. Hence, the IFT values are reduced with increasing the

4,78
temperature. ”

3.2.4.3. IFT Measurements of AVBP—Ethanol-NC Sol-
utions. This section investigates the effect of adding NC to the
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AVBP—ethanol solution. Figure 21 shows the IFT values
versus NC concentration for various ethanol solutions at a
constant 1 g/100 mL polymer concentration. Moreover, the
figure also represents different volume percentages of ethanol
solvent. It can be observed that for all solutions, as the
concentration of NC increases, the IFT value decreases. The
NCs, due to their size, tend to go to the surface between two
liquids in the solution and reduce the IFT value of the system.
Therefore, adding NCs to the system reduced the IFT values,
where the IFT decreased rapidly with an increase in the
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Figure 17. AVBP at different concentrations in DIW (a).
Compatibility analysis for 1 g/100 mL of AVBP to varying
concentrations of NaCl and FW solutions (b).

concentration of NC. However, once the concentration
exceeded 300 ppm, the slope of IFT reduction diminished.
Comparing the results at different volumes of ethanol shows
that volume ratios of 5 and 10% significantly decrease the IFT
value compared to DIW. It can also be seen that after 10% by
volume of ethanol, increasing the ethanol concentration in the

system had an insignificant effect on the IFT value. When the
concentration of the NC is elevated to 300 ppm, the IFT
values of 15, 8.8, 4, 2.2, and 1.7 mN/m were achieved for DIW,
5%, 10%, 15%, and 20% volumes of ethanol, respectively.
Therefore, the optimum results can be achieved by selecting a
concentration of 300 ppm of NC and 10% ethanol solvent in
the prepared solution. Increasing the concentration of ethanol
and NC beyond these optimum concentrations makes the
reduction of the IFT value insignificant.

3.2.5. Wettability Alteration Measurements (Method).
3.2.5.1. CA Measurements of AVBP—Ethanol Solutions.
Wettability is one of the petrophysical parameters that directly
and indirectly affect recovery. In this section, the wettability
measurement is determined by using the CA method. Figure
22 presents the CA values for the polymer solutions containing
different volume percentages of the ethanol solvent. It can be
seen in the figure that increasing the volume percentage of
ethanol in the system decreased the CA values. The reduction
in CA value occurred with a greater slope for volume
percentages below 10% of ethanol solvent. For volumes
above 10%, as the volume percentage of ethanol was increased,
the CA decreased with a smaller slope. For concentrations of 0,
0.5, 1, and 2 g/100 mL of the polymer solutions, the CA
decreased from initial values of 168, 150, 130, and 123° to 116,
112, 103, and 100°, respectively. Adding ethanol to the system
shifted the CAs from a strongly oil-wet state to a slightly water-
wet state. The CA improvements of 30.98, 13.34, 20.77, and
18.70% were observed (compared to the case without ethanol
in the system) for concentrations of 0, 0.5, 1, and 2 g/100 mL,
respectively. It is believed that increasing the solvent
concentration increases the active molecules present in the
solution; therefore, the ability of the solution to act in changing
the wettability of the rock surface is increased, resulting in
more water-wet states at higher solvent concentrations.””*””

3.2.5.2. The Effects of Temperature on CA Measurements.
The effect of temperature on the CA measurements for the
polymer solution at a constant concentration of 1 g/100 mL
was also investigated in this section. Figure 23 shows the CAs
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Figure 18. Dynamic IFT measurements for the AVBP solution at different concentrations versus time.
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concentration= 1 g/100 mL.

for the polymer solution containing different volume
percentages of ethanol at different temperatures. It can be
observed that increasing the temperature has a positive effect
on reducing the CA values and increasing the hydrophilicity of
the rock. Similarly, increasing the volume percentage of
ethanol decreased the CA values. Moreover, the increase in
the temperature also acts as a catalyst, accelerating CA
reduction. In addition, this experiment proved that AVBP
works efficiently at reservoir temperatures and can be utilized
for practical field operations. The free energy between the oil
phase and the solution is decreased at high temperatures. This
phenomenon increases the mobility of the crude oil and the
key at the interface, resulting in lower intermolecular forces.
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Thus, CA values are reduced at higher temperatures, resulting
in a more water-wet state at higher temperatures.77’78’80’81
3.2.5.3. CA Measurements of AVBP—Ethanol-NC Solu-
tions. Figure 24 exhibits the CA measurements for the AVBP—
ethanol solution at different concentrations of the NC. Due to
their dimensions, nanomaterials can be effective in reservoirs
with small pore sizes. One of the main mechanisms of
nanomaterials is the wettability alteration of rock surfaces.
Therefore, the primary purpose of these nanomaterials is to
enter the tiny rock pores and alter the rock’s wettability. Figure
24 shows that the CA values decreased with increasing
concentration of NC. In this part of the experiment, the CA
reduction is due to the wettability alteration of the rock toward
water wetness. Initially, increasing the concentration of NC to

https://doi.org/10.1021/acsomega.3c05921
ACS Omega 2023, 8, 43930—43954


https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05921?fig=fig20&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

——— - - _ _ 3
—— e @ - e 3
- S 3

= ® - Distilled Water

— ® — Water/Ethanol 5%
Water/Ethanol 10%
Water/Ethanol 15%

- ® - Water/Ethanol 20%

ACS Omega
30
25 + :
£ N
= N\
Ep ¢t S
- [}
w \
FE h
S 15 4 a S 9
7 L
c N
[+}] N\
~ N
° I ) J
S 10 1 = S s
£ r = T8~
2 &
= —
5+ (Y - = _
~ = =
\L o -
F P
0 t t t
0 100 200 300

NC Concentration (ppm)

Figure 21. IFT measurements for AVBP (1 g/100 mL) versus different concentrations of NC in various solvent fractions (ethanol).

180

- @ = 0gr/100 ml
170 O — 1gr/100 ml

160 N

150 N\

N
140
~
~

130 ~

Contact Angle (°)

120 S~

110 S~ i
0+ L TT7===

@ — 0.5gr/100ml
- @ — 2gr/100 ml

90 +—————rt

10 15 20

Solvent Fraction (Vol. %)
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and T = 298.15 °K.

300 ppm reduced the CA values with a considerable slope.
Beyond the concentration of 300 ppm, the CA reduction
slowed and reached almost a plateau. Increasing the
concentration of the NC beyond this level results in the
disjoint pressure mechanism and reduces the CA. Hence, it can
be observed that there is a threshold (in this case, 300 ppm)
beyond which increasing the concentration of NC is
ineffective. Due to its dual structure (a hydrophilic head and
a hydrophobic head), ethanol can act as a surfactant and alter
the rock surface toward a water-wet state by forming
semimicelles. Furthermore, adding the ethanol solvent up to
10% by volume reduced the CA efficiently. Further addition of
ethanol solvent to the solution did not markedly reduce the
CA values.””"*?
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3.3. Dynamic Tests. In this section, the obtained optimum
solutions from batch experiments were used in the core
flooding experiments to further study the solutions’ dynamic
behavior in conditions more representative of the reservoir.
Table 9 summarizes the different solutions selected for the
flooding tests and their IFT and CA values. Moreover, the
performance of each solution is compared to a benchmark
(DWI or AVBP). The pressure drop and RF are plotted for
each test, as shown in Figure 25. Water flooding was
conducted as a benchmark for the flooding experiments
(Figure 25a). The recovery of water flooding (after injecting
four PVs) was roughly 50%. The recovery of water flooding did
not change noticeably beyond two PVs of water injection. A
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Table 9. Optimization and the Value of Solution Used in the Core Flooding Test

solution

AVBP (1 g/100 mL)/DW

AVBP (1 g/100 mL)/ethanol 10%

AVBP (1 g/100 mL)/ethanol 10%/NC (300 ppm)

“IFT_DW= 32.1 mN/m. bContact angle = 168°.

IFT contact angle
value optimization compare with value optimization compare with
24.5 mN/m 23.67% DW* 130° 22.62% DW”
15.3 mN/m 52.33% DwW 108° 55.56% DwW
15.3 mN/m 37.55% AVBP 108° 16.92% AVBP
4 mN/m 87.53% DW 48° 71.42% DW
4 mN/m 83.76% AVBP 48° 63.03% AVBP

steep pressure drop happened around the injection of 1 PV,

indicating an early water breakthrough.

The second flooding test used the polymer solution (Figure
25b). In the following two tests, ethanol solvent and NC

material were added to the system to further enhance the

polymer solution’s performance (Figure 25c,d). While the
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polymer improves the sweep eficiency of an injected CEOR
agent, the addition of ethanol and NC decreases the IFT and

https://doi.org/10.1021/acsomega.3c05921
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Figure 25. Recovery factor and pressure drop curves for different core flooding scenarios: water flooding (a), AVBP (b), AVBP+ethanol (c), and

AVBP_Ethanol NC (d).

CA values, respectively. As shown in Figure 2Sb, for tests in
which the polymer solution was injected, the injection pressure
diagram showed a higher injection pressure than the reference
case, which can be attributed to the viscosity of the polymer
solution. The recovery of polymer flooding is substantially
higher than that of water injection (10% higher), and the
breakthrough happened later in the injection process. This can
be attributed to the more uniform displacement resulting from
the enhanced sweep efficiency of polymers compared to that of
water flooding. Moreover, the recovery plateau was observed
much later than that of the water flooding (around 3 PVs).
The ultimate RFs of AVBP—ethanol and AVBP—ethanol-NC
were substantially higher than those for water flooding and
polymer injection at 69 and 73%, respectively. The break-
through in both cases occurred beyond the injection of two
PVs of fluid. This indicated that using an AVBP—ethanol-NC
solution can result in high oil recovery (23% higher than water
flooding) and hence can be considered to be the optimum
CEOR candidate for the reservoir of interest.

3.3.1. Relative Permeability Analysis. The relative perme-
ability curves were plotted by using the Corey correlation
model. Figure 26 illustrates the relative permeability diagrams
for the four tests. As can be seen, with the addition of the
polymer solution to the system, the mobility of oil and,
consequently, the oil recovery have increased si§niﬁcantly. The
method proposed by Mirzaei-Paiaman et al."*”” has been used
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to analyze the relative permeability diagrams quantitatively. As
shown in Figure 27, the suggested process converts the relative
permeability curves into numerical indices representing
wettability. Table 10 summarizes the constant values and
required parameters for this method. The closer the index is to
—1, the more oil-wet the rock surface is. On the other hand,
the closer the index is to + 1, the rock is considered to be more
water-wet. Figure 27 shows that AVBP—ethanol-NC further
shifted the wettability toward a more water-wetness state than
the rest of the CEOR scenarios used in this study. Changing
the wettability of rock toward water-wetness could be
attributed to the combined effect of NC and ethanol.
Consequently, the system’s final recovery for this test was
higher than others.

Figure 28 depicts fractional flow (fw) curves vs water
saturation. As illustrated, adding polymer to the system has
shifted these curves to the right. This indicates that adding the
polymer solution resulted in a more piston-like front
movement in the reservoir. Moreover, the front saturation
(Swf injection) is recorded for each injected fluid. The Swf
values were 0.48, 0.62, 0.64, and 0.66 for water flooding,
polymer flooding, AVBP—ethanol, and AVBP—ethanol-NC,
respectively. When the solution of AVBP—ethanol-NC is
injected, the Swf at the front has increased considerably from
0.48 to 0.62 in contrast to the water flooding (benchmark).
This indicates a more eflicient flooding process. Furthermore,
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Figure 26. Relative permeability curves for (a) water, (b) AVBP, (c) AVBP+ethanol, and (d) AVBP-+ethanol+NC core flooding scenarios using the

Corey correlation model.

the oil recovery at the breakthrough time for each curve was
calculated, as shown in Table 11. It can be observed that both
ultimate recovery and recovery at breakthrough are highest
when AVBP—ethanol—NC is used as a CEOR agent.

3.3.2. Capillary Number and Mobility Ratio. Table 12
summarizes the capillary numbers and mobility ratios of
different CEOR fluids used in this study. The mobility ratio of
DIW is 71, indicating that the water flooding results in poor
recovery due to the low sweep efficiency and early fingering.
That could be one of the main reasons for the 27.2% recovery
of DIW. As expected, adding AVBP, AVBP—ethanol, and
AVBP—ethanol-NC markedly enhanced the mobility ratios to
3.81, 2.29, and 1.69, respectively. Ethanol and NC have
resulted in a reduction in mobility ratio, although not
substantially.

On the other hand, the main effect is more apparent in
microscopic displacement efficiency, as indicated by the
capillary numbers in Table 12. Higher capillary numbers
indicate that viscous forces prevail over the capillary forces.
This results in mobilization of the trapped oil and an increase
in the recovery. It is widely accepted that in EOR operations,
when NC numbers exceed 107%, the trapped (residual oil) is
mobilized. As the table shows, adding polymer improves the
capillary number by two orders of magnitude to 2 X 107%
However, adding ethanol pushes the values over the
effectiveness threshold (values higher than 107*). As NC is
added, N, is further improved. The increased capillary
numbers indicate that microscopic sweep efliciency is high.
The RFs can be explained by improving mobility ratio and
capillary numbers, which ultimately resulted in the highest
recoveries of 57.64, 55.07, and 48.99% for AVBP—ethanol—
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Table 11. Recovery Factor Measurements for Each Test

final recovery factor at
solution sample S.i recovery Sy breakthrough
water 0.3681 49.22% 0.54 27.20%
AVBP 0.2943 57.21% 0.64 48.99%
AVBP—ethanol 0.2878 67.15% 0.68 55.07%
AVBP— 0.2918 73.35% 0.70 57.64%
ethanol-NC

Table 12. Capillary Number and Mobility Ratio of the
Different CEOR Agents

CEOR agent Nc, M
DWI 8.4 x 107¢ 71.28
AVBP 2.0 x 107* 3.81
AVBP—ethanol 1.0 X 1073 229
AVBP—ethanol-NC 28X 1073 1.62

NC, AVBP—ethanol, and AVBP, respectively. The difference
between recoveries of AVBP—ethanol-NC and AVBP-
ethanol is 2%. However, for practical applications, the
economics of the operation will be the crucial factor in
deciding the proper CEOR agent(s). Hence, creating a
situation with a low mobility ratio and low capillary number
values facilitates oil production during chemical flooding.
Therefore, the application of AVBP—ethanol-NC as the
flooding agent assists the incremental oil recovery in this
study."">*

4. CONCLUSIONS

In this study, several batches and flooding experiments were
conducted to examine the application of a novel, environ-
mentally friendly biobased polymer (AVBP) for CEOR
purposes. A comprehensive polymer characterization using
various techniques was performed in the first set of
experiments. Subsequently, the polymer rheology, adsorption,
and stability were investigated in the presence of different
brines. In the next part, the properties of the polymeric
solution at different volume percentages of ethanol were
evaluated. Finally, the synergism of the polymer with a new
NC was studied. Flooding tests were conducted on sandstone
core plugs in the next series of experiments. Various
parameters such as the RF, relative permeability, wettability
after injection, and fraction flow analysis were studied for each
CEOR scenario (using water flooding as a benchmark). These
results of batch experiments are summarized as follows:

e FTIR and 'H NMR analyses were applied for structural
and functional group determination. The results proved
the presence of polysaccharide structures in the AVBP.
The TGA test demonstrated that 17.78% of the initial
weight of the polymer was lost at the reservoir
temperature. Therefore, the polymer is thermally stable
and can be used suitably as a CEOR agent.

The compatibility tests revealed no precipitation
between the polymer solution and brine containing
salinities up to 80,000 (at 2S5 °C).

Rheological evaluation of this polymer solution showed
that it has Newtonian behavior and could be well-
explained by applying the Herschel—Bulkley model.
UV-spectroscopy apparatus was utilized for polymer
adsorption determination. It was shown that the 4,,,, was
330 nm, and the final adsorption at concentrations of
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0.5, 1, and 2 g/100 mL was 2.2, 2.4, and 2.8 au,
respectively.

The IFT and CA of the polymer solution were improved
by adding ethanol to the system. For the AVBP—ethanol
system, a volume percentage of 10% was determined as
the optimal concentration and the IFT and CA values
were enhanced by 52.33 and 55.56%, respectively.
Further addition of NC with an optimum concentration
of 300 ppm was added to the polymer and ethanol
systems and improved the IFT and CA values by 87.53
and 71.42%, respectively.

The AVBP—ethanol-NC solution’s flooding test
resulted in the highest oil recovery of 73.35%. This
was a 24.13% improvement from that of water flooding,
Two-phase relative permeability analysis proved the
wettability alternation of the AVBP—ethanol-NC
system, and the resulting improvement of relative
permeability to oil contributed to increasing RF.
Fractional flow analysis showed that through the
synergetic effects of the AVBP—ethanol-NC solution,
a more uniform displacement and higher recoveries are
attainable.

The result of the experiments indicated that the AVBP—
ethanol-NC system improves oil recovery using a combina-
tion of different mechanisms, such as mobilization of oil due to
the IFT reduction achieved through using ethanol and NC,
improvement of sweep efficiency as a result of adding AVBP to
the solution, and finally changing the wettability of sandstone
rock samples toward more water-wet conditions through the
synthetic effect of AVBP—ethanol-NC. Therefore, AVBP—
ethanol-NC could be an effective CEOR method for the
reservoir of interest.
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B NOMENCLATURE

CEOR chemical enhanced oil recovery
EOR  enhanced oil recovery

AVBP Aloe Vera biopolymer

XRD  X-ray diffraction

NC nanocomposite

IFT  interfacial tension

DIW  deionized water

FTIR Fourier-transform infrared spectroscopy
TGA  thermogravimetric analysis
NMR nuclear magnetic resonance
SEM  scanning electron microscopy
PAM polyacrylamide polymer

LSW  low-salinity water

formation water

water saturation

fractional flow

relative permeability

recovery factor

Swc water saturation

TDS  total dissolved salinity

UV-S  ultraviolet—visible spectroscopy
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