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1 | INTRODUCTION

Abstract

The increasing demand for oil and the fast decline of crude oil production from
mature fields encourages the development of new enhanced oil recovery
(EOR) technologies. In this work, trimethyl chitosan (TMC) and trimethyl
chitosan hydrophobized with myristoyl chloride (TMC-C14) are synthesized,
and their wettability modification capacity of oil-wet carbonate rocks is evalu-
ated through contact angle measurements, atomic force microscopy, and
Raman spectroscopy. Their interaction with asphaltene molecules was evalu-
ated through UV-Vis spectroscopy. Transport behavior and oil displacement
capacity were investigated in an unconsolidated porous medium. Results show
that they can modify the wettability of oil-wet carbonate rocks, turning them
water-wet, promoting oil displacement increases by 25% for TMC, and 16% for
TMC-C14.TMC shows a better performance for wettability alteration than
TMC-C14, confirming the hypothesis that the higher the positive charge den-
sity on the polymeric surfactant structure, the more efficient will be the system
as a wettability modifier and as an EOR agent.

KEYWORDS

chitosan, EOR, oil and gas, polysaccharides, structure-property relationships, wettability

demand for it have been forcing the industry to
develop new technologies for enhanced oil recovery

The energy consumption levels have been increasing in
recent decades, and despite all the efforts to move to a
cleaner energy matrix, the dependence on fossil fuels,
such as oil, is still very strong. However, according to the
annual report of OPEC' (Organization of the Petroleum
Exporting Countries), the world oil demand growth in
recent years was marginally revised in some countries.
Apart from that, oil production has always been strongly
influenced by oil prices, and at the beginning of 2020,
there was a significant price reduction, mainly caused by
the COVID-19 pandemic, which has been promoting an
impact in the oil production around the world.>* A fast
decline of the crude oil production and the still great

(EOR) that would improve the production not only
from matured fields, where up to 60% of the original
oil in place (OOIP) is still unrecovered after the con-
ventional primary and secondary recovery techniques
have been employed but also from new fields.* The
improvement of the oil production methods may con-
tribute to decreasing the oil production costs, and in
this scenario, EOR can play an essential role in
achieving a substantial profit raise.” These events
become even more critical and necessary for the
development of new technologies for EOR that would
be efficient, sustainable, and of low cost, as proposed
in this work.
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The main methods employed in EOR can be classified
as thermal, microbiological, miscible, and chemical pro-
cesses.” The oil retention that occurs in the reservoir
pores is mainly due to factors such as strong capillary
forces in the rocks pores, oil-wet rocks surface wettabil-
ity, low viscosity of injected fluids, and specific inter-
molecular interactions at the rock-oil-water interfaces.
EOR chemical methods are usually based on the reduc-
tion of the oil/water interfacial tension, the improvement
of the injected fluid sweeping efficiency, and the rock
wettability modification (WM) to allow for an enhance-
ment of the oil displacement in the reservoir. Surfactants
or alkalis can reduce the capillary forces by increasing
the capillary number (CN) through a decrease of the
interfacial tension. Polymers, on the other hand, increase
the injected fluid viscosity improving the sweeping effi-
ciency of the system’. Increasing CN is known to
enhance oil production, and the contact angle between
the injected fluid and rocks surface is one of the parame-
ters used to monitor CN changes, and consequently, the
rocks wettability.* Generally, it is more difficult to dis-
place hydrocarbons from oil-wet reservoirs. Therefore, it
is crucial to modify the wettability of reservoir rocks,
turning them water-wet, and improving the flow behav-
ior of the system.

The wettability of oil reservoirs has been intensively
studied, and asphaltenes (the components of the most
aromatic and polar hydrocarbons fraction in the crude
oil) are considered to be the main responsible for turn-
ing carbonate rocks oil-wet.” Recently, cationic surfac-
tants and metallic oxide nanoparticles have been used
in WM processes, and cationic surfactants, such as the
commercial cetyltrimethylammonium bromide (CTAB),
are recognized as some of the most efficient, where the
contact angle, Fourier transformed infra-red (FTIR),
atomic force microscopy (AFM), and zeta potential tech-
niques are frequently employed in the evaluation of
their efficiency.®® Hou et al. determined the WM mech-
anisms promoted by different surfactants through AFM,
zeta potential, and contact angle measurements. They
showed that ion-pair formation, adsorption of the sur-
factant on the solid surface by hydrogen bonds, and
hydrophobic interactions and also electrostatic repul-
sion between the negatively charged head groups were
the primary mechanisms for cationic, nonionic and
anionic surfactants, respectively.®’

The literature is continually reporting on the impor-
tance of the charge density on the surfactant head for the
modification of the wettability of oil-wet rocks. Salehi
et al. demonstrated the efficiency of a biosurfactant
named surfactin, which presented a high-charge density
on the headgroup, and proposed that the wettability
alteration processes might be improved through the use

Applied Polymer_wLgy_|

of dimeric surfactants.’ Later, Hou et al. have also shown
that there were fewer asphaltene particles left on a solid
surface treated with a cationic gemini surfactant and that
they had the most robust ability to change the surface
wettability when compared with other surfactants, and
because of that, it produced the highest oil recovery.”
Zhang et al. have studied the wettability alteration pro-
moted by a trimeric cationic surfactant at mica mineral
surfaces, and compared that with the modification pro-
moted by single- and double-chain cationic surfactants,
concluding that the trimeric was a more effective wetting
agent.® Karimi et al. observed, by FTIR modifications of
calcite surfaces before and after being oil-treated and
surfactant-treated in the presence of salt.'®'! Nicolini
et al. has studied low-salinity systems, and they have con-
firmed that the rock wettability could be improved in
low-salinity water toward a more water-wet condition,
therefore improving oil recovery.'

The most accepted WM mechanism by cationic sur-
factants is the formation of ionic pairs between their posi-
tively charged polar head and the negatively charged
groups present in the asphaltenes structures, mainly car-
boxylates."®> Zhang et al. showed that the higher the sur-
factant charge density, the greater its potential to modify
the rocks' Wettability.8 In addition, for some materials
such as the metallic oxide nanoparticles, their high-
adsorption capacity and affinity for asphaltenes'*'> could
probably explain their good performance as WM agents.
However, no study has been reported to establish a rela-
tionship between their affinity for asphaltenes and WM
capacity.

Despite their high efficiency, the use of some ionic
surfactants in EOR processes should be carefully evalu-
ated due to their high production cost, high toxicity, and
tendency to adsorb on the reservoir rocks surface. Usu-
ally, to minimize losses by adsorption, anionic surfactants
are employed in sandstone reservoirs, while cationic sur-
factants are used in carbonate reservoirs.'® The use of
macromolecules or nanomaterials as surfactant carriers
has also been evaluated as an alternative to reduce sur-
factants adsorption on the rocks surfaces.'’ !

In this scenario, the development of alternative mate-
rials that would combine the advantages of surfactants
and polymers would be extremely important for the oil
industry. Polymeric surfactants represent an attractive
alternative since they can simultaneously provide an
increase of the water viscosity, a decrease of the interfa-
cial tension, and a WM, all very beneficial to the EOR
process efficiency.?>** Chitosan derivatives could act as
polymeric surfactants combining both effects of modify-
ing the rock wettability and improving the sweeping effi-
ciency in EOR applications. The use of chitosan
derivatives as WM agents has not been yet explored in
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TABLE 1 Carbonate rock grains mineral composition

Composition
CaCOs;

CaO

SiO,

MgO

ALO3

the literature and shows interesting perspectives, since
these materials are water-soluble, produced from an
abundant fishing industry waste, and present low toxicity
when compared with commonly used cationic surfac-
tants, such as CTAB, that presents a localized single posi-
tive charge. On the other side, the unmodified chitosan
dissolves exclusively in acidic medium, which would not
meet the normal EOR operational conditions, especially
in carbonate reservoirs, where the wettability problems
are usually more severe.

The present study evaluated the potential of the
water-soluble cationic chitosan derivatives trimethyl
chitosan (TMC) and trimethyl chitosan hydrophobized
with myristoyl chloride (TMC-C14) as wettability modi-
fiers of oil-wet carbonate rocks in EOR processes. The
chitosan derivatives TMC and TMC-C14 were synthe-
sized through quaternization and hydrophobization reac-
tions, respectively,”*2° and their capacity to act in the
WM of oil-wet calcite crystal fragments was studied by
the contact angle, AFM, and Raman spectroscopy. The
distribution of positive charges along the polymeric struc-
ture provided water solubility to the polysaccharide struc-
ture and lead to a greater affinity for asphaltenes, as
compared to the contact angle results for CTAB, which
presents a localized single positive charge. Consequently,
the chitosan derivatives (TMC and TMC-C14) were able
to modify the wettability of oil-wet carbonate rocks bet-
ter, turning them wet by water or brine solutions and
leading to lower contact angles. Raman spectroscopy pro-
vided valuable information on the interaction between
the rock surface and the oil components, allowing the
evaluation of the WM agent effect on the rock surface
due to interactions with specific fractions of asphaltenes.
The use of Raman spectroscopy in the investigation of
WM processes for EOR is scarce and could be more
explored as a simple, fast, and quantitative low-cost tech-
nique. In addition, transport behavior and oil displace-
ment experiments in unconsolidated carbonate porous
medium showed that TMC and TMC-C14 were able to
permeate through the porous medium with very low-
retention rate, which has helped to promote an increase
of 25% in the residual oil production, reaching a total oil
recovery factor of 51%.

2 | MATERIALS AND
EXPERIMENTAL METHODS
2.1 | Materials

2.1.1 | Materials used for the synthesis
of chitosan derivatives

The commercial chitosan (CHI) of low-average molecular
weight and deacetylation degree of 75-85%, myristoyl
chloride, 1-methyl pyrrolidone, methyl iodide, sodium
iodide, sodium hydroxide, acetic acid, hydrochloric acid,
hexadecyltrimethylammonium bromide (CTAB), and
methanol were purchased from Sigma-Aldrich Corpora-
tion and used as received.

2.1.2 | Crude oil

The crude oil with API° of 38 and 0.86 wt% of asphaltene
content used in this research was obtained from one of
the Brazilian oil reservoirs and kindly supplied by
Petrobras.

2.1.3 | Seawater (brine)
Synthetic brine with 3 wt% NaCl+ 0.1 wt%
CaCl, + 0.1 wt% MgCl, concentration was prepared
using chemicals purchased from Vetec Quimica Fina
Ltda without previous treatment.

2.14 | Carbonate rocks: Calcite
fragments and carbonate rock grains

For contact angle measurements, calcite fragments of
1 cm?® were used. Carbonate rock grains with 40-70 mesh
of particle size, purchased from Brasil Minas Industria e
Comércio Ltda and whose composition is shown in
Table 1, were used for obtaining the unconsolidated
porous medium.

2.2 | Experimental methods
2.2.1 | Chitosan derivatives synthesis

The chitosan derivatives were synthesized from the CHI.
The products were named as TMC for the cationized
derivative (trimethyl chitosan) and TMC-C14 for the
cationized and partially hydrophobized derivative, where
C14 refers to the number of carbon atoms of the inserted
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FIGURE 1 Chitosan derivatives structures (TMC > R = CH;
while TMC-C14 - R = CH;[CH,];,). TMC, trimethyl chitosan

(alkyl hydrophobic) segment, as shown in Figure 1.
Trimethylated cationic chitosan (TMC) was obtained by a
quaternization reaction using CH;], following an adapta-
tion from the procedure described by Domard et al.** and
described in our previous work.?> The hydrophobic and
cationic chitosan (TMC-C14) was obtained by a two-step
procedure with the combination of hydrophobization
with myristoyl chloride from Le*’ and Domard quater-
nization reactions. The obtained TMC is soluble in water
over a broad range of pH, while the obtained TMC-C14 is
partially soluble in water, in contrast to chitosan, which
is only soluble in pH < 6. The final products were charac-
terized by FTIR, and the trimethylation or cationization
degrees (CD) were determined by solid-state *C NMR
(see Lopes et al. to more informations).*

2.2.2 | Asphaltenes extraction

To evaluate the affinity between asphaltenes and the
chitosan derivatives, the asphaltenes were precipitated
from the carbonate reservoir crude oil following the pro-
cedure described by Franco et al.*® An excess of n-
heptane was added to the crude oil at a 40/1 ratio. The
mixture was sonicated (Hielsher, model UP205) for 2 h at
25°C and thereafter placed in a thermostatic stirring bath
(Nova technique NT230) at 220 rpm for 24 h. After this
period, the asphaltene samples were centrifuged at
3300 rpm for 30 min. The extracted solid was washed
with n-heptane several times until it showed a brilliant
black color. The sample was then dried at room tempera-
ture, and the solid obtained was ground with grail and
pistil, and dissolved in toluene to obtain an asphaltene
stock solution at a concentration of 2000 mg/L.
The obtained asphaltene solution was subjected to
UV-Visible spectroscopy using a Shimadzu UV2450
spectrophotometer. An analytical curve was built, and
the absorbance at 283 nm was chosen to quantify the
asphaltene in solution.

2.2.3 | Evaluation of the interaction
between asphaltenes and the chitosan
derivatives

To evaluate the interaction between asphaltenes and the
chitosan derivatives, their solutions were mixed at 25°C
for 24 h, and after this, the content of asphaltene
remaining in solution was quantified. The systems were
prepared by adding 10 ml of an asphaltene solution in
toluene at different concentrations (80-2000 ppm) to
flasks containing 10 ml of a TMC or TMC-C14 solution
at 5000 ppm. The systems were sonicated for 3 min to
form an emulsion, increasing the contact area. After the
emulsion was formed, it was stirred at 200 rpm for 24 h.
Next, the systems were centrifuged at 3300 rpm for
30 min, and the supernatant (containing the asphaltene
solution) was collected for analysis with the UV-Vis
spectrophotometer.

2.2.4 | Aging process of the calcite
crystals surface

New calcite crystals, used to model reservoirs carbonate
rocks, were cleaved to obtain fragments in the form of
small platelets with face areas of approximately 1 cm?.
The fragments were aged (turned oil-wet) by immersion
in crude oil, being kept at 70°C for at least 72 h. The cal-
cite crystal fragments were then washed with heptane
and oven-dried at 70°C. The results of this aging process
were evaluated by contact angle measurements on both
crystal faces at the air-water-rock interface, and just the
calcite fragments that presented contact angles of water
droplets >90° were used to evaluate the WM that would
have been promoted by the treatment step with the
chitosan derivatives.

2.2.5 | Evaluation of the wettability
modifier performance by contact angle
measurements

A series of solutions/suspensions of the WM agent (TMC
or TMC-C14) at different concentrations (100-5000 ppm)
was prepared by dissolving the agent in water or brine.
An oil-wet calcite fragment, with a known contact angle
(>90°), was immersed in the chitosan derivative solu-
tion/suspension and kept in a shaker for 24 h at room
temperature. After that period, the calcite fragment was
washed with water and dried at 70°C for 24 h. The con-
tact angle between a droplet of water, calcite fragment
surface, and air was measured with a Phoenix Mini SEO
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goniometer. Taking the contact angle value of the aged calcite
fragment before and after the WM treatment, the reduction
percentage of the contact angle value was calculated.

2.2.6 | AFM images

AFM images were collected using a Flex AFM
(Nanosurf) microscope with  C3000 controller
(Nanosurf) operating in the contact AFM mode, record-
ing 256 pixels images with a scan speed around 0.40 Hz,
and contact AFM tip from the Budget Sensors model
Multi-75A1-G.

2.2.7 | Raman spectroscopy

Raman spectroscopy was performed using a micro-
Raman spectrometer (NT-MDT, NTEGRA SPECTRA)
equipped with a CCD detector and solid-state laser at an
excitation wavelength of 473 nm. All the measurements
were performed using a 100X magnification objective
producing a laser spot of the order of 1 pm with an inci-
dent laser power of less than 0.20 mW, 50 s integration
time, and single accumulations.

2.2.8 | Transport behavior evaluation of
the chitosan derivatives through a
carbonate unconsolidated porous medium

Dynamic test unit

The dynamic tests were performed in an injection system
consisting of a chromatography column (2.5 cm of diame-
ter, 15 cm of length), sealed at both ends by screw caps
with 20 pm filters, and 1/8” outside diameter hoses, as
depicted in Figure 2. A MasterFlex L/S Cole-Parmer peri-
staltic pump was used to inject the fluids. The column
was filled with carbonate rocks with grain sizes between
40 and 70 mesh. It provided an unconsolidated porous
medium with 25% porosity, measured by real grain den-
sity and a pore volume (PV) of 30 ml. The system was
sealed and all fluids were injected at a 1 ml/min flow
rate. The transport tests consisted of saturating the sys-
tem with water or brine, followed by the injection of two
PV of the WM agent (TMC or TMC-C14) solution and
ending with an injection of three PV of water or brine.
The effluent was collected at 1 PV intervals and analyzed
by TOC (Total Organic Carbon Analyzer, TOC-L
Shimadzu). The relative WM agent concentration (C/Cyp)
was plotted as a function of the number of injected PV to
generate the breakthrough curves, that is, the relative
concentration versus PV. The objective of this test was

Sample

Pump Brine or

TMC or
TMC-C14

FIGURE 2 Unconsolidated porous medium unit scheme.
TMC, trimethyl chitosan [Color figure can be viewed at
wileyonlinelibrary.com]

available the content of chitosan derivatives retained in
medium porous after polymer flooding.

2.2.9 | Oil recovery test in the
unconsolidated porous medium

The dynamic test unit (Figure 2) was also used for the oil
recovery test. The dynamic test unit was tested several
times with water or brine to evaluate the reproducibility
of the flooding experiment. The main parameters as
porosity, grain size, and injection flow were adjusted to
obtain the best performance.

For this purpose, the carbonate powder (0.420-0.210 mm)
was aged in oil (75% crude oil + 25% heptane) for 48 h at
70°C, before being introduced in the column to form the
unconsolidated porous medium. To evaluate the efficiency of
TMC and TMC-C14 in the oil displacement, the system was
sealed, and the pump was preprogrammed for a 0.5 ml/min
injection flow. The first part of the test consisted of the second-
ary recovery phase simulation, where four PV of brine were
injected. After this step, the EOR phase was initiated, and one
PV of a chitosan derivative solution (TMC or TMC-
C14-0.50 wt%) in brine was injected, and the system was
allowed to rest for 24 h. After this time, another five PVs of
brine were injected into the porous medium. The effluent was
collected at § PV intervals in 10 ml graduated cylinders,
and the oil content was analyzed by volume measure-
ments. The OOIP was calculated.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of
chitosan derivatives

The chitosan derivatives were successfully synthesized.
FTIR and solid-state >C NMR characterization
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FIGURE 3 Infrared spectra of TMC and TMC-C14. TMC,
trimethyl chitosan [Color figure can be viewed at
wileyonlinelibrary.com]

confirmed that the chemical modifications were per-
formed (Figures 3 and 4 and Table 2). The obtained prod-
ucts were very similar to the ones from the previous
work of our group. The cationic degree (CD), extracted
from'*C NMR was 23% for TMC and 8% for TMC-C14
whose structures are shown in Figure 1. The CD was cal-
culated using equations from Lopes* by deconvolution
of *C-NMR spectra in the program Dmfit (red line in
NMR spectrum). The CD and the distribution of the char-
ges along the polymeric structure are important parame-
ters for the rock WM capacity of the agent, and it will be
discussed later.

3.2 | Evaluation of the interaction
between asphaltenes and chitosan
derivatives

The interaction of asphaltene with specific EOR agents,
such as metal oxide nanoparticles, has been discussed in
the literature.® > However, no reports were found on the
interaction of asphaltenes with macromolecules in solution,
although chitosan has been used to encapsulate organic
molecules.®**® TMC and TMC-C14 chitosan derivatives
should be able to interact with asphaltenes from carbonate
reservoirs oils through ionic pairs formation between the
carboxylate groups present in the asphaltene molecules and
the quaternary ammonium cationic groups from the deriva-
tives forming a complex, or in the case of the TMC-C14
derivative, through hydrophobic interactions of its hydro-
carbon chains with the linear chains commonly found in
asphaltenes structures.>” >’

To evaluate the affinity between asphaltene molecules
and the chitosan derivatives, their solutions in toluene
were mixed at several concentrations, and the initial
asphaltene concentration in the toluene solutions ranged
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FIGURE 4 '3C NMR spectra of TMC and TMC-C14. TMC,

trimethyl chitosan [Color figure can be viewed at
wileyonlinelibrary.com]

from 50 to 2000 mg/L, covering conditions of asphaltene
nanoaggregation and cluster formation.*>*! After 24 h of
contact, the chitosan derivatives were precipitated by
centrifugation, and the asphaltene content in solution at
the equilibrium was obtained by UV-Vis Spectroscopy.
Figure 5 shows the asphaltene content that interacted
with TMC and TMC-C14.

For the studied concentrations, TMC has shown an
asphaltene saturation three times higher than the one
shown by TMC-C14 (Figure 5). TMC is a cationic poly-
mer whose positive charge is scattered throughout its
molecular structure, and the sample employed in this
study has a CD of 23%, while TMC-C14 is an amphiphilic
polymer with a CD of 8%. One could suggest that the
higher the number of positive sites (active sites) higher
would be the affinity and interaction of the chitosan
derivative toward the asphaltene. However, the hydro-
phobic groups may also contribute and have an influence
on the performance of the polysaccharide. These results
indicate that both chitosan derivatives should be able to
interact favorably with asphaltenes and therefore, modify
the rock wettability.

3.3 | WM study

331 | Contact angle

The contact angle measurement is the most widely
accepted method for evaluating reservoir wettability.* For
cationic surfactants, the suggested WM mechanism is
based on their adsorption on the rock's surface, followed
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TABLE 2 Chemical shifts from

s TMC peaks Chemical shift (ppm) TMC-C14 peaks  Chemical shift (ppm)
solid-state “C-NMR spectra of chitosan
derivatives C1 102.2-95.2 C1 102.2-95.2
C3+C5+C4 74.8 C3+C5+C4 74.8
C2 68.4 Cc2 68.4
C2 + C6 60.6 C2 + Cé6 60.6
t 55.6 t 55.6
d 46.6 d 46.6
m 38.8 m 38.8
CH, 232 a 29.8
- - CH, 232

Abbreviation: TMC, trimethyl chitosan.
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FIGURE 5
TMC-C14 macromolecules at the equilibrium. TMC, trimethyl
chitosan [Color figure can be viewed at wileyonlinelibrary.com]

Saturation curves of asphaltenes with TMC or

by the asphaltene desorption caused by the interaction
between the surfactant cationic polar head and the car-
boxylate groups present in the asphaltene molecules, for-
ming an ion-pair.>'> The ionic pair could desorb from
the rock surface and become stabilized inside surfactant
micelles previously formed in the aqueous medium. The
chitosan derivatives showed a great affinity for
asphaltenes, as shown by the curves in Figure 6. They
were evaluated as WM agents of calcite fragments by con-
tact angle measurements at the surface-water—air inter-
face, and their performance was compared to that of
CTAB. Figure 6 shows the contact angle reduction
obtained with TMC and TMC-C14 solutions on oil-wet
calcite fragments aged in crude oil (see the experimental
section). The results show that both the chitosan deriva-
tives (TMC and TMC-C14) were able to modify the wetta-
bility of oil-wet calcite fragments, presenting a great
decrease of the contact angle from concentrations of
1000 ppm. In other words, the chitosan derivatives
turned the crystals water-wet, as did the commercial

surfactant CTAB. The contact angle of water droplets
after the WM agents treatment at a concentration of
5000 ppm was of 30° for TMC, 45° for CTAB, and 60° for
TMC-C14. With brine, the following contact angles were
observed: TMC (30°), TMC-C14 (45°), and CTAB (70°).
The wettability depends strongly on the pH, salinity con-
ditions, and also on the nature of the oil and the rock.*?
The presence of salts did not change the TMC perfor-
mance for contact angle reduction (70%); however, there
was a significant improvement for the TMC-C14 (40 >
60%) efficiency and a decrease in the CTAB performance
(50% = 30%), as also reported by Kumar et al.** The pres-
ence of brine decreased the solubility of TMC-C14. Con-
sequently, at the equilibrium, its adsorption was
displaced toward the calcite surface covered by adsorbed
asphaltene molecules, improving its efficiency as a WM
agent. The order of efficiency for the WM was
TMC > CTAB > TMC-C14 in water and TMC > TMC-
C14 > CTAB in brine. Most of the currently explored
wells in Brazil are in the presalt region and feature
extremely high salinities. Therefore, the nontoxic
chitosan derivatives could be used as WM agents in those
fields, even in highly saline media.

To understand the difference in performance between
the chitosan derivatives and the commercial surfactant, it
is necessary to consider the number of cationic sites of
each additive. TMC is a polymer whose cationic groups
are scattered throughout its macromolecular structure,
with a great number of active sites available to interact
with the carboxylate groups present in the asphaltene
structure. On the other hand, CTAB is a small molecule
with a single positive charge located on the surfactant
polar head. Therefore, chitosan derivatives were more
efficient than CTAB in reducing the contact angle. These
derivatives were able to interact with a higher number of
active sites of the asphaltenes structure.

The TMC-C14 have shown a different performance
from the one presented by TMC, not only because of its
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concentration on oil-wet calcite surfaces contact angle reduction

(a) in water, (b) in brine. CTAB, cetyltrimethylammonium

bromide; TMC, trimethyl chitosan [Color figure can be viewed at
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lower number of cationic groups along with its molecular
structure but due to a different WM mechanism that
could contribute to its effectiveness as WM agent. In this
second mechanism, the hydrophobic segments present in
its molecular structure would be reorganized, with their
hydrophobic tails interacting with the adsorbed
asphaltenes and forming a thin film on the rocks surface,
as suggested by Zhang et al. and other authors.**??

The contact angle results showed that TMC is more
efficient than TMC-C14, and to elucidate the possible
mechanisms of action for each derivative, AFM and
Raman analysis of the calcite surfaces were performed
before and after the treatment with the two chitosan
derivatives.

Atomic force microscopy

AFM is a convenient technique for showing the changes
in sample surfaces. It is commonly used to help reflect
wettability alteration mechanisms.** Al Nassari et al. stud-
ied by AFM the effect of irreversibly adsorbed
nanoparticles on the surface roughness.**> While Xie et al.
used AFM together with other techniques to understand
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the importance of basal-charged clays during low-salinity
water flooding in sandstone reservoirs.*® Shaik et al. stud-
ied the effect of brine and ionic strength on the wettability
alteration of naphthenic-acid-adsorbed calcite surfaces by
AFM.*” Similar with this work, Hou et al. utilized AFM to
make clear the mechanism for wettability alteration of oil-
wet sandstone surface using different surfactants.’® The
surface roughness and the height profile of the calcite frag-
ments were evaluated by AFM, before and after the WM
treatment, in a tentative to correlate with the WM
results®®®2%38:4243% and to understand how the chitosan
derivatives would be acting in the process.

Figures 7(a) through 7(d) show the AFM images of
different samples and their respective height profile.
Figure 7(a) refers to the fresh calcite, Figure 7(b) to the
oil-aged calcite, and Figure 7(c), and also Figure 7(d) are
related to calcite fragments that have been aged and sub-
jected to treatment with TMC and TMC-C14, respec-
tively. As expected, the fresh calcite has shown a
homogeneous surface whose height profile and rough-
ness values (Sq = 0.929 nm) indicated the absence of
adsorbed material on its surface. On the other hand, the
oil-aged calcite presented a heterogeneous surface, with a
squared roughness value of 26.59 nm and sharp varia-
tions in the height profile, as shown in Figure 7(b),(f).
This surface roughness value (Table 3) is a strong indica-
tion of the presence of an adsorbed layer on the fragment
surface.*” The oil-aged calcite fragments treated with the
chitosan derivatives did show an evident topography
change of their surface. The calcite fragment treated with
TMC presented a homogeneous surface with a roughness
around 1.13 nm, with some 10 nm height features distrib-
uted on the surface (Figure 7(c)). The analysis of these
data shows that the surface treated with TMC showed a
high degree of similarity with the one for the fresh cal-
cite, suggesting that the initially adsorbed asphaltenes
were removed from the rock's surface, as already indi-
cated by the contact angle tests results. Hou et al. also
observed the absence of the asphaltenes layer from the
rock's surface after the treatment with CTAB of an oil
aged mica fragment.® The main reason for the roughness
reduction was attributed to the desorption phenomenon
from the solid surface by ionic pairs formed in the pro-
cess.® On the other hand, the TMC-C14 treatment
resulted in a heterogeneous surface, although with a dif-
ferent topography from the oil-aged fragment. The
decrease of the roughness value (Sq = 18.21 nm) suggests
that a fraction of the asphaltene might have been
removed from the rocks surface and the topographic
changes (Figure 7(d)) suggest the formation of a TCM-
C14 film on the top of the remaining asphaltene mole-
cules still adsorbed on the calcite surface. Zhang et al.
showed that the increase of alkyl groups in the surfactant

85U807 SUOWWIOD @A1eR.D 3(ded|(dde ayy Ag pausenob afe Ssjoiie YO ‘@SN JO Sa|nJ oy Akeiq T 8Ul|UO AB]IA UO (SUORIPUCD-PUR-SLBI W00 A3 | 1M ARe.q 1 U |uO//SANL) SUORIPUOD PuUe swiie | 8Ly 88S *[202/50/80] U0 Areiqi 8uliuo AB]IM ‘S3d v Ad 86005 dde/z00T OT/10p/LLI00 A8 M Aelq1jeuuo//Stny Wwioij papeo|umoq ‘€T ‘TZ0Z ‘829%.60T


http://wileyonlinelibrary.com

dos SANTOS FRANCISCO ET AL.

1 | wiLEY-Applied Polymer

CIENCE

40.0 nm
35.0

200,0n

300 £ 150,004
c

2340 £ 100,0n
200 oy
o

“15.0 T 50,0n:

0 . .
0,0 1,0p 2,0p 3,0p 4,0p 5,0p

Distance - pm

300 nm 200.0n
250 150,0n

£
209 % 100,0n
150 ®
i 2 500n
100

e e
50 00 108 204 304 40p 504
0 Distance - um

30.0 nm 200,00,

250 150,0n
E i
49 < 100,0n/
5.0 £ 1
1
2 50,00
10.0 = | }
0.0
5.0 0,0 1,00 2,0p 3,00 4,00 5,0
0.0 Distance - pm
180 nm 200,0n,
160 |
- 150 c 150,0n:|
120 T 100,0n
100 = |
80 % s0,0n!
T |
60
B 0.0
40 0.0 1.0y 20p 30p 40p 504
0 Distance - pm

FIGURE 7 AFM images of different samples (a) fresh calcite,
(b) aged calcite, (c) aged calcite treated with TMC, (d) aged calcite
treated with TMC-C14. AFM, atomic force microscopy; TMC,
trimethyl chitosan [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 3 Calcite surface roughness

Calcite Sq* (nm) Sa® (nm)
Fresh 0.929 0.4444
Oil-wet 26.59 19.84
Oil-wet treated with TMC 1.13 0.764
Oil-wet treated with TMC-C14 18.21 14.33

Abbreviation: TMC, trimethyl chitosan.
#Sq and Sa is a roughness.

structure, as well as the increase of their concentration,
also causes a change in the height profile of the layer
formed on the surface of mica.®

3.3.2 | Raman spectroscopy

Due to Raman spectroscopy's high sensitivity to carbon
materials, especially polycyclic aromatic hydrocarbons,
the technique was used to observe possible changes in
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FIGURE 8 Raman spectra of different samples: Fresh calcite
(black curve), aged calcite (red curve), aged calcite treated with
TMC (blue curve), and aged calcite treated with TMC-C14 (green
curve). TMC, trimethyl chitosan [Color figure can be viewed at
wileyonlinelibrary.com]

the surfaces caused by the asphaltenes adsorption/
desorption processes. Raman spectra were collected from
the surface of fresh, oil-aged, and also from TMC or
TMC-C14 treated calcite fragments. Figure 8 shows the
Raman spectrum (black curve) of a fresh calcite surface,
which presents the characteristic bands of CaCO;. The
typical bands of calcite, which is the most stable poly-
morph of CaCO5, was observed at 155 cm™" (C-O-transla-
tion), 277 cm™" (C-O-torsion), 683 cm™" (C-O-C-in-plane
deformation), 1063 cm™ (C-O s-stretching), and
1411 cm ™' (C-O a-stretching).*

As expected, in the oil-aged calcite spectrum (red
curve in Figure 6) the D and G bands can be observed at
1370 and 1600 cm™*, respectively, and attributed to
asphaltenes adsorbed on the calcite surface. Besides,
there is an increase in the baseline due to the asphaltene
fluorescence. G and D are the typical bands of organized
carbon materials such as asphaltenes and graphite. The
G band corresponds to the stretching vibration of sp*like
carbon atoms within the aromatic hexagonal sheet as
well as those sp*like atoms in lateral chains. The D band
corresponds to the C-C forbidden stretching modes that
become active due to defects in the aromatic structure. In
the case of asphaltenes the boundaries of the ordered aro-
matic structure, the presence of five-membered rings and
heteroatoms are the primary defects responsible for the
observation of the D band in the Raman spectra.”' >

The oil-aged calcite fragment treated with TMC
restored the fresh calcite bands, indicating complete
removal of asphaltene by TMC (blue curve in Figure 8).
However, in the spectra for the calcite fragment treated
with TMC-C14 is difficult to observe the typical CaCO;
bands due to the asphaltene layers that remained on the
surface, which were confirmed by the presence of the D
and G modes (green curve in Figure 8). However, their
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intensity reduction suggests that some asphaltene layers
were desorbed. Thus, Raman spectroscopy confirms that
the chitosan derivative TMC is capable of removing most
of the asphaltene layers adsorbed on the calcite surface,
as indicated by the contact angle measurements and
microscopy images. In contrast, the TMC-C14 derivative
removes only a few asphaltene surface layers, and the
observed WM is mainly due to its adsorption on the cal-
cite surface.

3.4 | Dynamic transport behavior of
chitosan derivatives through the
unconsolidated porous medium

The breakthrough curves are obtained through of
dynamic transport test. It shows a capacity of chitosan
derivatives in permeate through an unconsolidated
porous medium and that it is done to check if the mate-
rial to be injected will be able to reach the region of the
reservoir where the crude oil is located, it is the main
objective of this test.

The adsorption of the injected chemical agents on the
reservoirs rock's surface can significantly affect the chem-
ical EOR flooding processes negatively, both from the
technical and economic perspectives, decreasing the oil
recovery efficiency and delaying the occurrence of the
chemical and oil breakthroughs.>* The surface chemistry
of carbonates in aqueous solutions has an important
influence on the process of surfactant adsorption. Com-
monly, it is supposed that the surface of the carbonate
rocks is positively charged.®> In order to minimize
adsorption losses, cationic surfactants are preferably used
in carbonate formations to take advantage of the repul-
sive electrostatic interactions.'®

The dynamic transport results showed that, in water,
the chitosan derivatives behaved similarly to the com-
mercial cationic surfactants, being able to permeate
through an unconsolidated porous medium, with no sig-
nificant adsorption on the carbonate rocks, as shown in
the breakthrough curves of Figure 9.°°7>® In this case, it
is believed that the electrostatic repulsion that occurs
between the N*(CHs); positive charges on the polymers
(TMC and TMC-C14) and the ones on the carbonate sur-
face is the responsible for the low adsorption. This behav-
ior is desirable for EOR applications since the costs
caused by adsorption losses can make the operation
unfeasible.

The chitosan derivatives, when dissolved in brine, did
not permeate very well through the porous medium com-
posed of carbonate rocks, as shown in the breakthrough
curve in Figure 9. About 15% of the injected material was
retained within the porous medium, that is, the TMC and
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TMC-C14 macromolecules were either adsorbed on the
carbonate rocks or were not able to pass through the
pores, an event that was not observed in the experiment
with pure water. Since chitosan derivatives are polymers,
the presence of salt may have reduced their solubility,
which could lead to the formation of aggregates and hin-
der their displacement through the porous medium.
Apart from that, some studies point out that although
surfactants or cationic polymers do not have a natural
tendency to adsorb on carbonate, this phenomenon may
occur due to the presence of contaminants such as silica
and clay, which have a negative surface charge.”® In this
case, the negative surface of the clay minerals present in
the carbonate rock, as indicated by the results shown in
Table 1, could interact with the N*(CHs); groups present
in the polymeric structure of the chitosan derivatives.

The cost of the gram of an EOR additive adsorbed per
gram of rock (Zaqditive/8rock) 1S an important parameter
for the petroleum industry because it is related to the pro-
cess costs. In this work, chitosan derivatives in the pres-
ence of brine showed an adsorption of 0.481 mgrmc)/
&(carbonate) and 0.344 rng(TMC—C14)/ E(carbonate)- The
cationization degree (CDyyvc = 23%, CDrmc.ci4a = 8%)
helps to understand the difference in adsorption between
the two types of chitosan derivatives. Since the carbonate
rocks used presented some fraction of clays, a greater
amount of positive charge on the additive structure
would lead to higher interaction between the polymer
and the rock and consequently to greater adsorption.

The study by Saha et al. demonstrated the adsorption
of Triton X-100 (nonionic surfactant) on Assam rock sur-
face of 6.23 mg/g at a reservoir temperature of 70°C and
using the reservoir formation water as the aqueous
medium.>” Also, literature values for surfactant adsorp-
tion onto a Berea core material range from 0.1 to
1.2 mg/g rock. Iglauer et al. shows that the adsorption of
APG (Alkylpolyglycosides) surfactants on a solid surface
is dependent on the APG alkyl chain length and that a
larger chain length led to higher adsorption, reaching a
value of 40 mg/g.>® Comparing the adsorption values for
the chitosan derivatives with some from the literature, it
is apparent that they are considerably lower, which
increases their potential for application in EOR.>”*®

3.5 | Oil recovery test in an
unconsolidated porous medium

The obtained results of WM and the affinity between
asphaltenes and the chitosan derivatives, together with
their low adsorption on the porous medium, suggest that
the chitosan derivatives should be able to increase oil
production during an EOR process. Thus, the chitosan
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for the unconsolidated carbonate porous medium flood. Two PV of additives (0.50%) in 0% wt. NaCl (a) or 3% wt brine (b) were injected at
25°C and 1 ml/min. PV, pore volume; TMC, trimethyl chitosan [Color figure can be viewed at wileyonlinelibrary.com]

derivatives were evaluated for their ability to displace oil
through wunconsolidated carbonate porous medium
experiments.

Figure 10 and Table 4 show the oil recovery factor
obtained when the unconsolidated porous medium was
flooded only with brine, simulating a secondary recovery
and also when it was flooded with TMC or TMC-C14
brine solutions, thus simulating an EOR process. The
results show that although the porous medium employed
was an unconsolidated one, the secondary recovery was
of about 25%, probably due to the aging stage, in agree-
ment with the literature when the oil recovery is per-
formed only with brine or water injections. The flooding
tests in an unconsolidated porous medium often show
higher recovery factors than those from core flooding,
since the pore size and permeability in the unconsoli-
dated medium are significantly higher. In addition, tem-
perature, pressure, and the aging time of the reservoir's
rocks with crude oil also have a significant influence on
the EOR additive performance.’*®'Although the litera-
ture shows that low-salinity systems are capable of
decreasing the residual oil content, the flooding with just
brine in the solution presented a poor performance, dem-
onstrating the need for the implementation of an EOR
process.*

The chitosan derivatives were able to satisfactorily
increase the residual oil recovery factor in the porous
medium experiment. TMC increased production by about
25% while TMC-C14 produced a displacement of about
16% higher. These results showed that chitosan deriva-
tives have the potential to become suitable additives for
EOR and their performance was much better than the
ones from commercial surfactants as CTAB, or from
nanoparticles,®> mainly due to their ability to better
modify the wettability, turning the porous medium more
water-wet and then better facilitating the oil
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FIGURE 10 Oil recovery as a function of the injected pore
volume. The enhanced oil recovery (EOR) began after the injection
of four PV of brine with one PV of chitosan derivatives solutions
(0.50 wt%) in brine at 25°C, and after this, five PV of brine were
injected. The unconsolidated porous medium was previously aged
for 48 h at 70°C. TMC, trimethyl chitosan [Color figure can be
viewed at wileyonlinelibrary.com]

displacement.®*** The higher efficiency of TMC com-
pared to the one of TMC-C14 may be related to the fact
that besides presenting a higher interaction with
asphaltenes, due to its higher number of cationic sites
and also higher accessibility to those active sites for elec-
trostatic interactions, this derivative (TMC) also pro-
moted a more efficient contact angle reduction. On the
other hand, the high affinity for asphaltene shown by
TMC-C14, as confirmed by AFM results, could favor the
adsorption of this derivative inside the porous medium
due to hydrophobic interactions with the oil, thus mak-
ing it more challenging to be used. The increased oil pro-
duction promoted by the injection of chitosan derivatives
should significantly increase the profits of the oil
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TABLE 4 Summarized recovery results from flooding with
brine and chitosan derivatives solution at ambient temperature

Secondary oil recovery (%) EOR (%)
Brine 25 -
TMC 26 25
TMC-C14 24 16

Abbreviations: EOR, enhanced oil recovery; TMC, trimethyl chitosan.

industry, however, further tests on consolidated porous
media are needed to evaluate the chitosan derivatives
behavior in a high temperature and pressure system.

4 | CONCLUSIONS

Generally, it is recognized that it is more difficult to dis-
place hydrocarbons from oil-wet reservoirs than from the
water-wet ones. The present work evaluated the potential
of the cationic chitosan derivatives TMC and tri-
methylchitosan hydrophobized with myristoyl chloride
(TMC-C14) as wettability modifiers of oil-wet carbonate
rocks to be employed in EOR processes.

Contact angle measurements showed that the synthe-
sized chitosan derivatives were able to modify the wettabil-
ity of oil-wet calcite crystals in water and brine, allowing an
increase of the residual oil recovery factor obtained in an
unconsolidated carbonate porous medium. Thus, environ-
mentally friendly chitosan derivatives emerge as promising
EOR chemical agents that may replace toxic commercial
cationic surfactants, such as CTAB.

Asphaltenes have been considered as the main
responsible for turning carbonate rocks oil-wet, and their
saturation curves obtained with the chitosan derivatives
revealed that TMC has a higher capacity to interact with
asphaltenes than TMC-C14. In this work, it was shown
that there is a relationship between the wettability modi-
fier capacity to interact with asphaltenes and its effi-
ciency, where the higher is its interaction capacity, the
better will be its performance as a WM agent. In addition,
there is an influence of the number of cationic sites
(CD) and their localization in the WM agent chemical
structure on the WM capacity of the agent. The higher is
the number of cationic sites of the molecule, the greater
will be the agent potential as a wettability modifier of oil-
wet rock surfaces and, therefore, its efficiency as EOR
chemical agent.

Using AFM and Raman spectroscopy, it was proved
that TMC is capable of removing most of the layers of
asphaltenes adsorbed onto the calcite surface, while
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the TMC-C14 derivative became adsorbed on the resid-
ual asphaltenes layer. The presence of brine did not
change the TMC performance to reduce the contact
angle, however, it significantly improved the TMC-C14
efficiency, which is a great advantage for these
materials.

TMC and TMC-C14 were able to permeate through
the limestone rock grains with very low-retention rates,
even in brine. Both chitosan derivatives were able to sig-
nificantly increase the residual oil recovery factor in the
porous medium. TMC increased the oil production by
about 25%. In comparison, TMC-C14 produced an oil dis-
placement of about 16% higher, evidencing the high
potential of chitosan derivatives as nontoxic chemical
EOR agents for limestone reservoirs and high-salinity
media.
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NOMENCLATURE

AFM atomic force microscopy

CN capillary number

CTAB cetyltrimethylammonium
EOR enhanced oil recovery

FTIR Fourier transformed infra-red
OIP oil initial in place

NMR nuclear magnetic resonance
NPs nanoparticles

PV pore volume

T™C trimethyl chitosan

TMC- trimethyl chitosan hydrophobized with
C14 myristoyl chloride

WI wettability inversion

wt % weight percent

UV-Vis  ultra violet visible
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