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Sodium Dodecyl Sulfate and Residual Oil Recovery from Quartz
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ABSTRACT: The application of surfactant flooding for enhanced (a)
oil recovery (EOR) promotes hydrocarbon recovery through Henna Extract
reduction of oil—water interfacial tension and alteration of oil-wet

rock wettability into the water-wet state. Unfortunately, surfactant m

depletion in porous media, due to surfactant molecule adsorption ‘

and retention, adversely affects oil recovery, thus increasing the

cost of the surfactant flooding process. Chemical-based materials

are normally used as inhibitors or sacrificial agents to minimize

surfactant adsorption, but they are quite expensive and not environmentally friendly. Plant-based materials (henna extracts) are far
more sustainable because they are obtained from natural sources. However, there is limited research on the application of henna
extracts as inhibitors to reduce dynamic adsorption of the surfactant in porous media and improve oil recovery from such media.
Thus, henna extracts were introduced as an eco-friendly and low-cost sacrificial agent for minimizing the static and dynamic
adsorption of sodium dodecyl sulfate (SDS) onto quartz sand in this study. Results showed that the extent of surfactant adsorption
was inversely proportional to the henna extract concentration, and the adsorption of the henna extract onto the quartz surface was a
multilayer adsorption that followed the Freundlich isotherm model. Precisely, the henna extract adsorption on quartz sand is in the
range of 3.12—4.48 mg/g (for static adsorption) and 5.49—6.73 mg/g (for dynamic adsorption), whereas the SDS adsorption on
quartz sand was obtained as 2.11 and 4.79 mg/g at static and dynamic conditions, respectively. In the presence of 8000 mg/L henna
extract, SDS static and dynamic adsorption was significantly reduced by 64 and 82%, respectively. At the same conditions, the
residual oil recovery increased by 9.2% over normal surfactant flooding. The study suggests that the use of henna extracts as a
sacrificial agent during SDS flooding could result in the reduction of static and dynamic adsorption of surfactant molecules on quartz
sand, thus promoting hydrocarbon recovery from sandstone formations.

1. INTRODUCTION Likewise, the adsorption isotherms are influenced by several
parameters such as the type of salts in the aqueous solution, the
surfactant type, the rock morphology and mineralogical
composition, the charge on the rock surface, and the pH of
the solution.”'® Besides surfactant adsorption, reservoir rock
heterogeneity as well as the reaction/interaction between the
surfactants and reservoir fluids increases the complication of the
surfactant system in porous media.""

Previous experimental studies have suggested that the most
suitable surfactants for sandstone formation are anionic
surfactants, whereas cationic surfactants are most promising
for carbonate formations, due to the existence of similar surface
charges and electrostatic repulsion forces between the

Surfactant flooding is a popular enhanced oil recovery (EOR)
method that has been proven to be more effective in the
mobilization of trapped oil from the hydrocarbon reservoir
compared to traditional water flooding." The EOR mechanism
of surfactant flooding is oil—water interfacial tension (IFT)
reduction and alteration of oil-wet rock wettability into the
water-wet state.””* However, the depletion of surfactant
molecules through adsorption and retention in the porous
media usually increases the cost and decreases the effectiveness
and profitability of surfactant flooding.”

In general, surfactant adsorption is described as the process by
which surfactant molecules migrate from the bulk solution and
accumulate at a surface or an interface of a solid or liquid.”’
Several forces contribute to the strong affinity between the
surfactant molecules and the solid surface, such as micelle-based
ion exchange, ion pairing, hydrogen and hydrophobic bonding,
pi (m)—electron dispersion, and forces of polar covalent
bonding. However, the force of adsorption generally occurs
via single-ion interactions.”
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surfactant’s molecules and the adsorbent surfaces.

However, at the field scale, it is difficult to determine the most
suitable ionic surfactants for EOR applications given the
complex heterogeneity of the reservoir, in particular the diverse
range of minerals comprising aluminates, carbonates, silicates,
and various clays.

Results of the previous research have shown that the
adsorption of surfactant molecules on rock surfaces can be
minimized through chemical agents, particularly alkali such as
sodium hydroxide and sodium carbonate, and through the
utilization of sacrificial agent or inhibitor techniques.>™"”
Mechanistically, the sacrificial agents or inhibitors significantly
reduced the surfactant adsorption by inhibiting the rock surface
and ensured saturation of the active sites of the rock surfaces
prior to surfactant injection.20

Weston et al.'” and Bhosle et al.”' reported that the major
mechanism that drives the adsorption process is the formation of
admicelles on the solid surface by surfactant molecules. They
further emphasized that the inhibition method via sacrificial
agents could prevent the formation of these admicelles.
However, the experiments of Weston et al.'” and Bhosle et
al.”" were only limited to dynamic studies and did not provide
insights into the impact of sacrificial agents on oil recovery by
surfactant flooding. Feng et al.'® found that the use of alkali
lignin as the inhibitor reduced surfactant adsorption on quartz
sand, and the rate of surfactant adsorption was inversely
proportional to the concentration of alkali lignin. However, the
use of alkaline species could result in extreme scaling in the near-
wellbore and production systems.”*™>*

Shamsijazeyi et al.'” examined the influence of polyelec-
trolytes as inhibitors to reduce the static adsorption of anionic
surfactants. They found that 2500 ppm sodium polyacrylate
concentration significantly reduced surfactant adsorption on
carbonate rock. However, the static adsorption experiment was
conducted with a constant concentration of the surfactant.
Weston et al."” also utilized a polyelectrolyte as an inhibitor in
their study and found that the adsorption decreased with
increasing polyelectrolyte concentration. However, the silica
powder that was used as the adsorbent contained other minerals
that could interfere with the adsorption process and outcomes.
Moreover, experiments of both Shamsijazeyi et al.'” and Weston
et al.'” did not assess the EOR potentials of the polyelec-
trolytes.”®

Recently, Shye et al.”® investigated the influence of sodium
lignosulfonate as an inhibitor of cationic surfactant adsorption
onto kaolinite. They found that the rate of reduction in
surfactant adsorption was more significant with increasing
sodium lignosulfonate concentration. However, this research
was also limited to the static adsorption experiment, and the oil
recovery experiment was not conducted to assess the EOR
potentials of the sacrificial agent at realistic reservoir conditions.
Moreover, the polyelectrolyte and lignosulfonate are natural
polymers and lignin derivatives, respectively. The high-
molecular weight polymers can still be adsorbed onto the
porous media, resulting in reduction in formation permeability
and rock formation damage.”” >’

Generally, chemical-based inhibitors have been the subject of
the most previous research; there is still a lack of attention on the
potential use of plant-based extracts as inhibitors. The
advancement in technology and drive for attainment of
decarbonization objectives have placed more emphasis on the
economic and environmental implications of chemical-based
products. In contrast to chemical constituents, plant-based

materials are far more sustainable because of their dependence
on fewer natural sources, which reduces environmental
pollution and depletion of raw materials in the environment.
In addition, the emergence of renewable, low-cost, and eco-
friendly plant extracts provides an alternative source to replace
toxic chemical inhibitors.

Plant-based materials have been successfully used as corrosion
inhibitors in the steel industry and medicine.’”** Results of
Bhardwaj et al.>° as well as Miralrio and Vazquez®' studies
showed that the different functional groups of phytochemicals in
plants are the key components in the inhibition of steel
corrosion. Lorigo and Cairrao’” also demonstrated that
antioxidant molecules in plant extracts could assist the natural
antioxidant mechanism in the skin as well as stabilize the UV
filters by hindering the accumulation of harmful radicals in the
skin.

However, compared to chemical-based materials, the
applications of plant-based extracts as inhibitors for reducing
surfactant adsorption and improving hydrocarbon recovery
from porous media have not been studied in detail. Moreover,
most of the previous applications of henna extracts as surfactant
molecule adsorption inhibitors have been limited to static
experiments. Henna extracts are plant-based water-soluble
extracts of the dried flowers, fruit, and leaves of henna, which
have recently shown significant inhibition properties in clay—
water systems.33

This study was motivated by insufficient studies on the
dynamic adsorption and EOR potentials of henna extracts as
inhibitors/sacrificial agents. Given the economic and environ-
mental benefits of using plant-based extracts as inhibitors to
reduce the static and dynamic adsorption of surfactants in
porous media, it is essential to conduct more research on the
application of henna extracts as inhibitors/sacrificial agents
during surfactant flooding.

Consequently, this study was conducted to assess the use of
henna extracts as potential inhibitors/sacrificial agents to reduce
SDS adsorption on quartz sand through the static and dynamic
adsorption study and EOR experiments. The interest and
motivation of this study were driven by the limited research on
the inhibiting properties of the henna extracts. First, the henna
extract and adsorbent sample characterization processes were
highlighted. Then, static adsorption and dynamic experiments
were conducted and analyzed. Lastly, the oil recovery process in
the absence and presence of henna extracts was assessed and
discussed.

2. MATERIALS AND METHODS

2.1. Materials. The henna leaves were obtained from henna
trees located in Johor Bahru, Malaysia. All chemicals and
reagents utilized in this study were of analytical grade. Sodium
dodecyl sulfate (SDS) with a purity and molecular weight of 98%
and 288.38 g/mol, respectively, was supplied by Fisher
Chemical UK. and applied as the anionic surfactant for the
adsorption experiments. Methanol with 99.9% purity was
supplied by Across Organics and used as a solvent for the
methanolic extraction. Silica sand with a particle size of 150—
250 um’* was used as the porous media in the cylindrical
sandpack. Paraffin oil with a viscosity of 0.8124 g/cm® and
density of 17.431 cP was used for the displacement experiments.
Artificial brine containing 10,000 ppm NaCl (99.8% purity) was
supplied by Vchem Malaysia and used in the static adsorption
and sandpack experiments. Deionized water (DIW) was used
throughout the study.
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Figure 1. Flowcharts showing the steps of the experiments conducted in this research.
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Figure 2. XRD diffractogram of quartz sand.
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2.2. Characterizations, Solution Preparation, and CMC
Determination. The experimental steps are presented in the
form of a flow chart in Figure 1. The attenuated total reflectance
(ATR)—Fourier transform infrared (FTIR) spectroscopy
analysis was performed with a Perkin Elmer FTIR spectrometer.
The spectrometer was also used to detect the functional groups
of the henna extract and quartz sand by analyzing the molecules’
bond vibrational movement. The spectra were determined with
a scan resolution of 2 cm™ in the 650—4000 cm ™" range. The

FTIR measurements were recorded in the transmittance mode.
The spectral profile was then evaluated and compared to the IR
absorption table to ascertain the functional groups that are
present in the samples.

The mineral composition of the adsorbent sample was
identified from the X-ray diffraction (XRD) analysis. This
process entails the projection of an X-ray beam onto a sample
and analyzing the pattern of X-rays dispersed by the atoms in the
substance. The XRD pattern shows a series of peaks that
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Figure 3. Scanning electron microscopy images of quartz sand showing (a) dish-shaped concavity pattern of quartz, (b) well-preserved quartz crystal

surfaces, and (c) existence of a capping layer.

correspond to the scattering of X-rays by the several planes of
atoms in the quartz crystal structure. The intensities and angles
of these peaks were then measured. Figure 2 depicts the XRD
pattern of quartz sand; the diffraction peaks are assigned to
quartz sand, which are consistent with the standard data for
quartz sand on the ICDD (International Centre for Diffraction
Data) card, 01-076-9282. There were no impurity peaks found,
and the diffraction peaks had high intensities and sharp peaks,
suggesting that the quartz sand is highly crystalline and mainly
composed of silicon and oxygen atoms.

The morphology of the quartz sand was assessed from the
scanning electron microscopy (SEM) images. The SEM device
scanned the quartz sample surface with a focused stream of
electrons; secondary electrons are emitted and collected with a
detector as the beam interacts with the atoms in the sample.
These signals are then used to generate a high-resolution picture
of the quartz surface. The SEM images provided vital
information on the crystal structure and shape of the mineral.
The images of the quartz sand’s grain structure are presented in
Figure 3 at three magnifications (200X, S00X, and 1500%). The
quartz sand was mostly gray to light gray in color, containing
fine-textured particles (indicated by the particle sizes, which vary
from 150 to 250 pm) to coarse sand and some fine-grained
argillaceous varieties with nearly no silt or clay.

The quartz particles have a rounded shape, which denotes the
repeated structure and maturity of sedimentary deposition.
Higher magnification of a quartz particle reveals a spongy texture
and fissures. Figure 3B shows well-preserved quartz crystal
surfaces with six surfaces forming a prism. The lower face is a
conchoidal fracture face, and transportation pathways can be
clearly identified from the rock surface morphologies in Figure
3A. Dish-shaped concavity (an eolian sand index pattern) can
also be recognized in Figure 3A. This deep depression can be
attributed to mechanical chipping that occurs during very severe
sandstorms. The existence of the capping layer can be observed
in Figure 3C, signifying deep-burial diagenesis accompanying
deposition on the Earth’s surface. A thin layer of SiO, capping

appeared after a specific temperature and pressure threshold has
been attained.

Different concentrations of henna extract solution (3000—
8000 mg/L) were prepared in standard 250 mL Erlenmeyer
flasks. Depending on the desired concentration, the concen-
trated liquid henna extract was measured and transferred into a
conical flask, preceded by the addition of deionized water
(DIW). The surfactant solution was prepared similarly to the
henna extract solution except that the concentration of the
surfactant was fixed at 2000 mg/L throughout the study since
the critical micelle concentration (CMC) value of the surfactant
was measured as 1800 mg/L.

The concentration at which the surfactant molecules tend to
aggregate and generate micelles in substantial amounts is the
critical micelle concentration (CMC) of the surfactant.®® The
main objectives of chemical EOR are to reduce the interfacial
tension between oil and the displacing fluid and alter rock
wettability into the hydrophilic state. The optimum surfactant
concentration for attaining the lowest reduction in IFT has been
obtained close to the surfactant CMC in previous studies;**™>*
thus, determination of the surfactant CMC is critical for
surfactant flooding. The CMC of the SDS was determined using
the conductivity method in this study (SevenMulti, Mettler
Toledo conductivity meter). The surfactant concentrations were
varied from 0.05 to 0.8 wt %, and the conductivity at different
concentrations was measured. A graph of conductivity versus
surfactant concentration was plotted, and the CMC was taken as
the point of inflection on the graph.

2.3. Static Adsorption Experiments. The static adsorp-
tion measurements were carried out to evaluate the adsorption
performance of the henna extract and surfactant on quartz sand.
A wide range of henna extract concentrations (3000—8000 mg/
L) were prepared, whereas only one concentration of the SDS
surfactant (2000 mg/L) was used. The depletion method was
used to compare the adsorption of the henna extract before and
after adsorption on quartz sand. Approximately 30 mL of henna
extract solution was mixed with 6.0 g of quartz sand, and the
mixture was agitated at 180 rpm in a KS 3000 I temperature
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Figure 4. Schematic diagram of the sandpack flooding apparatus.
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controller shaker (IKA) for 24 h under atmospheric pressure at
25 °C to achieve the equilibrium state. The solution was then
centrifuged at 4000 rpm in a Roto-fix 32A benchtop centrifuge
(Hettich Zentrifugen, Germany) for 30 min to collect the
buoyant liquid. Ultraviolet—visible spectroscopy (UV-1800
spectrophotometer, Shimadzu, Japan) was used to measure
the concentration of the henna extract in the buoyant liquid.

The total adsorption at equilibrium time, q. (mg/g), was
calculated using eq (1), as follows

v
qe - (Co Ce) X m (1)
where g, is the adsorption of the henna extract and surfactant on
quartz sand (mg/g), C, and C, are the concentrations of the
henna extract and surfactant before and after the adsorption
experiment, (mg/L) respectively, V is the volume of the henna
extract and surfactant solution added in the volumetric flask (L),
and m is the total mass of the quartz sand added (g). A similar
procedure was repeated for the determination of the surfactant
adsorption on quartz sand.

The performance of the henna extract to reduce the surfactant
adsorption on quartz sand was determined by filtering out the
henna extract-coated quartz sand from the quartz sand solution
mixture. The filtered quartz sand, referred to as the pretreated
quartz sand, was then mixed with approximately 30 mL of
surfactant solution. The mixture was left to reach the
equilibrium state for 24 h while recurrently shaken at 180 rpm
in the temperature controller shaker. After 24 h, the mixture was
centrifuged to obtain the buoyant liquid, which was then
analyzed using a UV—vis spectrophotometer. The total
adsorption at equilibrium time, g, (mg/g), was calculated
using eq (1).

2.4. Dynamic Adsorption Experiments. The sandpack
flooding tests were carried out to assess the dynamic adsorption
of the henna extract and SDS on quartz sand. The sandpack was
continuously injected with the henna extract solution at a fixed
flow rate of 3 mL/min. The effluent sample was collected at the
sandpack outlet at specific intervals to analyze the concentration
of the henna extract using the UV—vis spectrophotometer. The
henna extract concentrations of 3000, 5000, and 8000 mg/L
were used in the dynamic adsorption test, which was performed
similarly to the surfactant injection test except that the injected
surfactant concentration was fixed at 2000 mg/L.

To identify the relationship between the henna extract
concentration and the surfactant adsorption on quartz sand, the
surfactant was injected in the sandpack flooding at the same flow
rate continuously following the injection of the henna extract.
The effluent sample was collected at the sandpack outlet at
specific time intervals and analyzed for surfactant concentrations
using the UV—vis spectrophotometer.

2.5. Enhanced Oil Recovery Experiments. The sandpack
flooding experiments were performed to evaluate the effective-
ness of the henna extract to reduce surfactant adsorption and
increase the residual oil recovery. The increase in oil recovery
would indicate the EOR potential of the henna extract as a
sacrificial agent. The schematic layout of the sandpack flooding
system setup is portrayed in Figure 4.

The flooding experiment was conducted using quartz sand ata
fixed temperature of 25 °C. Local sand was filtered in a sieve
shaker to prepare the sandpack column with a diameter of 2 cm
and length of 25 cm. After sealing the bottom end of the
vertically held sandpack with a sieve mesh, artificial brine was
added up to the desired level. To eliminate remaining air pockets
during the sand pouring process, the level of artificial brine
inside the sandpack was kept above the sand. At each step, the
sands were tightly packed and devoid of air by shaking the
sandpack, while the end of the sandpack was vibrated for 30
min. 3240

The flooding experiment was then conducted using artificial
brine to evaluate the pore volume of the sandpack for further use
in the displacement analysis, which was approximately 91 cm?®
with a porosity of about 28%. The sandpack was saturated with
oil at a constant flow rate of 3 mL/min till the water cut dropped
to less than 1%. The effluent fluid was collected in a beaker, and
the volume of the brine displaced was measured as the volume of
oil retained in the sandpack. Once the system was allowed to
equilibrate for 24 h, the water flooding test was performed. The
residual oil saturation was obtained by injecting the artificial
brine into the sandpack at a fixed flow rate of 3 mL/min after the
water flooding test.

The water flooding was discontinued when the water cut
approached 100%. The effluent fluid was collected in a beaker,
and the residual oil saturation was determined by measuring the
oil volume in the beaker. Finally, the surfactant slug of 0.75 pore
volume (PV) was injected at a fixed flow rate of 3 mL/min,
followed by the extended chase water flooding until the water
cut reached 100%. The volume of the produced oil was
measured according to the material balance approach to
determine the residual oil saturation and the oil recovery after
the surfactant flooding.

Henna extract flooding with concentrations of 3000, 5000,
and 8000 mg/L was performed to evaluate the ability of the
henna extract to reduce the surfactant adsorption via sandpack
flooding instead of water flooding after the sandpack was
saturated with oil. The sandpack was saturated with the henna
extract solution at a fixed flow rate of 3 mL/min until the henna
extract solutions were 100% at the producer. This step ensures
that the henna extract was able to inhibit the quartz sand. This
was immediately followed by surfactant flooding and chase
water flooding after the henna extract injection was completed.

https://doi.org/10.1021/acsomega.3c00371
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Figure S. Henna extract FTIR-ATR spectrum.
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Figure 6. FTIR-ATR spectrum of quartz sand.

3. RESULTS AND DISCUSSION

3.1. FTIR-ATR Spectra of the Henna Extract and Quartz
Sand. The henna extract FTIR-ATR spectrum highlighted in
Figure 5 shows the presence of an absorption peak at 3311 cm ™,
which can be attributed to the O—H (hydroxyl) group vibration.
The absorption bands at 2855 cm™" as well as 2926 cm™ result
from the vibration of the aliphatic C—H group. Similar
functional groups have been identified from the henna extract
in the previous studies."' ™ Other absorption bands at 1632
and 1712 cm™" were due to the presence of the C=O bond.
Safie et al.** and Zulkifli et al.*® also observed the same peaks in
their study.

The vibration of the C=C group from the aromatic benzene
rings resulted in adsorption bands that were observed at 1231,
1366, 1400, and 1449 cm™'. Other researchers have noted
similar identical peaks in the henna extract.”'~*" The peak
observed at 1030 cm ™' can be linked to the vibration of C—O—
H of the phenolic group. Similar adsorption bands were
observed by Mourio et al.** and Saadaoui et al.*’

The quartz sand infrared spectrum is shown in Figure 6. The
infrared bands that were observed at 1632, 3286, and 778 cm™!
can be attributed to OH groups from the quartz sand surface, a
major composition of SiOH (silanol) groups. Such an
adsorption peak has been identified from quartz sand by
researchers.”” The infrared band at 1061 cm™ arises from the
vibrations of Si—O—Si and Si—O groups.”’ At ambient
temperature, the SiO, layer will become saturated in silanol
(Si—OH) groups.52 Moisture (water) certainly exists in the
surrounding systems and can readily agglomerate with the O
vacancy of the SiO, surface to form hydroxyl groups.”>*

3.2. FTIR-ATR Analysis of Henna Extract Adsorption
onto Quartz Sand. The FTIR spectra of quartz sand before
and after henna extract adsorption are shown in Figure 7. The
absorption band’s intensity of the hydroxyl group in (a) was
obvious than before adsorption, which indicates that the henna
extract participated in the hydrogen bond between the hydroxyl
groups in quartz sand. Since hydrogen is attached to the
electronegative oxygen atom (O—H) and because the carbonyl
groups (C=0) serve as an electron donor, there is hydrogen
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groups are bound through a valence bond with Si atoms on the
Henna quartz sand surface (hydroxyl coverage). Numerous spectral and
[ Sand chemical data clearly confirm the presence of hydroxyl groups
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Normalised Absorbance (a.u.)
T

| 1 | " A 1 |

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

(l) I —— Henna (2)

—— Sand <« C—>
—— H+S

T

3200 3000 2800 1700 1600 1500 1400 1300
@) =
/

3400

@) e

Normalised Absorbance (a.u.)

1200 1150 1100 1050 1000 950 820 800 780 760 740

Wavenumber (em™)

Figure 7. FTIR-ATR spectral analysis of adsorption of the henna
extract onto quartz showing (a) hydroxyl group, (b) aliphatic group, (c)
carbonyl groups, (d) aromatic rings, (e) phenolic groups, and (f)
increased absorption peak due to interactions between the OH group
from the quartz sand and henna extract.

bonding occurring between these species. A new absorption
band in (b) that belongs to the aliphatic group of the henna
extract suggests an interaction with the hydrogen bonds in the
quartz sand.

The intensity of the characteristic peaks of carbonyl groups in
(c) increased after their adsorption onto the sand, suggesting
that the carbonyl groups participated in the adsorption
mechanism. The increased intensity of the adsorption band in
(d) could be assigned to the aromatic rings, denoting
interactions of aromatics with the quartz sand. Increased
intensity of the absorption peak of the phenolic groups was
observed in (e) with a sharper peak range before the henna
extract adsorption, indicating an interaction between the
phenolics and quartz. In (f), the absorption peak increased
owing to interactions between the OH group from the quartz
sand and henna extract.

3.3. Mechanisms of Adsorption of the Henna Extract
onto the Solid Surface. The surface of quartz sand comprises
mainly Si—0O, Si—O-Si, and Si—OH groups. The hydrophilic
nature of the hydroxyl group at the quartz sand surface and the
hydrophobic nature of the siloxane group (Si—O—Si) prompt

the adsorption process. According to Zhuravlev,> hydroxyl

on the SiO, surface.”

The main interactions of Si—OH with the oxygen atom of
C=0 and with the hydrogen atoms of OH have been attributed
to hydrogen bonding.*® Hydroxyl groups can attach to silicon
atoms on sand surfaces through Si—O covalent bonds.”” The
oxygen from the Si—O—Si linkage could develop a hydrogen
bond with the hydroxyl groups.”® Hence, the adsorption
mechanism of the henna extract onto the sand surface was
governed by hydrogen bonds.

In addition, the benzene ring that is attached to the henna
extract can form a cation—7 interaction and hydrogen bonding
with the hydroxyl groups, further promoting the henna extract
adsorption onto the solid surface. Other than hydrogen bonding,
the hydrophobic interactions between the siloxane group of
quartz sand and the benzene group of the henna extract
contributed to the adsorption process.56 Thus, the mechanisms
of adsorption can be identified as hydrogen bonding, hydro-
phobic interactions, and cation—x interactions.

3.4. Adsorption Isotherm Analysis. Essentially, the
adsorption isotherm is a priceless curve that accurately
represents the adsorption process and the interactive behavior
between solutes and adsorbents. Isotherm assessments can be
used to refine the data for the adsorption process plan-
ning.***”*”% In this study, two adsorption isotherm models,
namely Langmuir and Freundlich isotherms, were used to
analyze the adsorption data. The isothermal adsorption data
presented in Figures 8 and 9 were fitted to the Langmuir and
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Figure 8. Langmuir isotherm model fit for the adsorption process.

Freundlich isotherm model parameters. These parameters are
displayed in Table 1. The results show a high value of R* (>0.99)
for the Freundlich isotherm, indicating that the adsorption of the
henna extract could be clearly expressed using the Freundlich
isotherm.

The “n” value indicates the adsorption’s favorability; if n
equals 1, adsorption is linear. A magnitude of n less than 1
signifies that such an adsorption mechanism is chemical,
whereas an 7 value greater than 1 denotes that the adsorption
mechanism is physical.’”®> The value of n in this study was
higher than 1, indicating that henna extract adsorption onto the
quartz surface is favorable. Based on the data presented in Table
1, the Freundlich isotherm was the best for representing the
adsorption data as proven by the high value of the correlation
coefficient, R% In addition, the data revealed that the henna
extract adsorption demonstrated multilayer adsorption, as
shown by the better match of the data to the Freundlich
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Table 1. Adsorption Isotherm Model Parameters

adsorbent

isotherms parameters quartz sand
Langmuir Ky (L/mg) 456 x 107*

4 (mg/g) 3.87

R 0.9732
Freundlich Kz ((mg/g) (L/mg)"™) 0.17

n 3.10

R 0.9902

model rather than to the Langmuir model.“*** Hence, there was
also an adsorbate—adsorbate interaction apart from adsorbate—
adsorbent interactions.

3.5. Critical Micelle Concentration of SDS. The plot of
conductivity against surfactant concentration is shown in Figure
10. Conductivity increased with increasing surfactant concen-

trations, but when the surfactant concentration approached a
certain amount, the gradient of the graph changed abruptly due
to the formation of micelles by the surfactant molecules. Hence,
the critical micelle concentration (CMC) of SDS was identified
as 1800 mg/L (0.18 wt %). The literature also reported almost
similar values of CMC for SDS. Dominguez et al.”® reported a
CMC of SDS of 2300 mg/L, whereas Sanchez-Martin et al®
determined the CMC of the SDS surfactant as 2380 mg/L.
Furthermore, a CMC value of 2000 mg/L was reported by
Yekeen et al.*® Since the CMC of SDS was determined as 1800,
2000 mg/L SDS concentration was chosen to evaluate the
surfactant adsorption performance in the presence of the henna
extract in this study.

3.6. Static and Dynamic Adsorption Behavior of the
Henna Extract and SDS on Quartz Sand. The static and
dynamic adsorption of the henna extract and SDS on quartz
sand was plotted against concentration as shown in Figures 11
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Figure 10. CMC determination of SDS.
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Figure 11. Static and dynamic adsorption of the henna extract on
quartz sand.

and 12, respectively. Figure 11 shows that the static adsorption
of the henna extract increased (from 3.12 to 4.48 mg/g) with

6
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Figure 12. Static and dynamic adsorption of SDS on quartz sand.

increasing concentration from 3000 to 8000 mg/L, whereas for
the SDS surfactant, the adsorption was 2.11 mg/g (at a fixed
concentration of 2000 mg/g). The findings agreed with result of
the previous research, which showed that the adsorption of the
adsorbate on the adsorbent increased with increasing concen-
tration of the adsorbate.'”*%¢’

The dynamic adsorption experiments in the sand packs were
conducted at different henna extract concentrations (3000,
5000, and 8000 mg/L) and constant SDS concentration (2000
mg/L). Like the static adsorption test, the results indicated that
the increase in the concentrations of the henna extract led to the
increase in the adsorption on the quartz sand. However, the
dynamic adsorption on quartz sand was greater than the static
adsorption measurements. The dynamic adsorption of the
henna extract was 5.49, 5.78, and 6.73 mg/g for 3000, 5000, and
8000 mg/L of henna extract concentrations, respectively, while
the dynamic adsorption of the surfactant was 4.79 mg/g.

The discrepancy between the dynamic and static adsorption
results can be attributed to the different methods of conducting
the static and dynamic experiments. The static test involved the
mixing of quartz sand with a fixed volume of henna extract and
surfactant solution to achieve equilibrium. For the dynamic test,

the quartz sand inside the sandpack was continuously streamed
with the henna extract and surfactant solution with more than 2
PV of the artificial brine. The flooding technique in the dynamic
test could have resulted in the adsorption of a greater amount of
adsorbed solution on the quartz sand, which affected both the
henna extract and surfactant solution.

The adsorption in artificial brine was attributed to the
presence of the positively charged cation sodium ions (Na+) in
the solution that enhanced the overall electrostatic interactions
between the henna extract/SDS and the quartz sand.” Belhaj et
al.%® found that adsorption was improved on a negatively
charged surface in the presence of salt. A similar trend was
obtained by Saxena et al.,”” which suggested that the presence of
salt decreased the electrostatic repulsion between the surface of
the adsorbent and the adsorbed henna extract, subsequently
promoting the adsorption process.

3.7. Influence of Henna Extracts on Static and
Dynamic Adsorption of SDS on Quartz Sand. The static
and dynamic adsorption of SDS on quartz was measured at
different concentrations of the henna extract (3000, 5000, and
8000 mg/L) to establish the effectiveness of the henna extract as
a surfactant inhibitor (Figure 13). The addition of the henna
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Figure 13. Influence of the henna extract concentration on static and
dynamic adsorption of SDS on quartz sand.

extract significantly reduced the amount of the surfactant that
was adsorbed on the rock from 2.11 and 4.79 mg/g (without the
henna extract) at static test and dynamic conditions to almost 1
mg/g at both conditions. The significant reduction of the
surfactant adsorption on quartz sand was consistent with the
increase in the henna extract concentration (Figure 13).

The static adsorption of the surfactant decreased from 1.83 to
0.76 mg/g as the concentration of the henna extract was
increased from 3000 to 8000 mg/L. The pattern was comparable
to that of the dynamic test in which the adsorption of SDS
reduced from 4.79 to 2.52 mg/g when 3000 mg/g henna extract
was added to the surfactant solutions. The value further dropped
to 1.75 and 0.88 mg/g when the concentration of the henna
extract was increased to 5000 and 8000 mg/g, respectively.

A maximum of 64% reduction in static adsorption and 82%
reduction in dynamic adsorption were observed when 8000 mg/
L henna extract was introduced into the SDS solutions. These
results suggest that the henna extract was retained in the active
sites of the rock, wherein they were able to block the quartz sand
surface and prevent interactions between the solid surface and
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Table 2. Detail of Sandpack Flooding Experiments

flooding initial oil henna extract total oil
experiment  porosity permeability  saturation concentration water flooding/henna extract  slugsize  surfactant flooding recovery
no. (%) (mD) (%) (mg/L) flooding oil recovery (%) (PV) oil recovery (%) (%)
1 28.02 3291 84.3 0 22.1 0.75 6 28.1
2 27.98 3276 82.5 3000 25.1 0.75 7.1 322
3 28.05 3288 82.8 5000 258.5 0.75 11.2 36.7
4 28.11 3293 83.6 8000 25.7 0.75 11.6 37.3
50
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Figure 14. Oil recovery profiles at various henna extract concentrations.

the surfactant molecules, thus decreasing the adsorption of the
SDS surfactant on the quartz surface.

3.8. Improved Oil Recovery with Henna Extract
Solutions. The sandpack flooding experiments were conducted
to evaluate the capability of henna extract solutions to improve
oil recovery. Results are presented in Table 2 for different
concentrations of henna extract solutions (3000, 5000, and 8000
mg/g). Based on the oil recovery profiles shown in Figure 14, a
complete dynamic adsorption process was recorded for the
henna extract on the sandpack.

The henna extract flooding reached saturation once the
volume injected was beyond 1.25 PV, indicating that all the
henna extract solution managed to exit from the sandpack.
Furthermore, the water flooding reached equilibrium as the
injection volume reached 5 PV. Eventually, a clean sandpack was
observed after the water flooding test, indicating the displace-
ment of most of the trapped oil. Under normal surfactant
flooding, the oil recovery was 28.1%. The presence of 3000 mg/
L henna extract increased the total oil recovery to 32.2%.

Despite the significant increase of oil recovery with the
increase in the henna extract concentration, the trend almost
reached a plateau when 8000 mg/L henna extract was injected,
suggesting that there would be no significant difference if the
concentration of the injected henna extract exceeds 8000 mg/L.
However, further analysis should be performed in future studies
to confirm this assumption.

Meanwhile, the maximum residual oil recovery was recorded
with 8000 mg/L henna extract concentration as 37.3%. The oil

13127

displacement from the porous media during normal surfactant
flooding was smaller because the available surfactant molecules
that can lower the oil—water interfacial tension reduced due to
surfactant adsorption. The presence of the henna extract
increased the oil recovery by 9.2% over the normal surfactant
flooding because the presence of the henna extract in surfactant
solutions reduced the adsorption of the surfactant on the sand
surface; this process was crucial to improve the performance of
the surfactant flooding.

The oil recovery significantly increased with increasing henna
extract concentration until 8000 mg/L. Generally, the sandpack
flooding experiment data confirmed the potential use of henna
extracts as an efficient sacrificial agent as previously observed
from the static and dynamic adsorption experiments. The henna
extract inhibitor obstructed the surface of the quartz sand from
adsorbing the available SDS molecules and hence improved the
overall oil recovery process. Based on these properties, henna
extracts are recommended as sustainable and environmentally
friendly plant-based inhibitors.””

4. CONCLUSIONS AND RECOMMENDATION

This study was conducted to assess the feasibility of reducing the
static and dynamic adsorption of the sodium dodecyl sulfate
surfactant on quartz sand using henna extracts as an inhibitor.
The enhanced oil recovery potential of the henna extract was
also investigated through sandpack flooding experiments. The
following are the main conclusions from the study.
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(1) The surfactant adsorption was found to exhibit an
inversely proportional relationship to the henna extract
concentration, suggesting that the contact between the
surfactant molecules and quartz sand surface was reduced
as a higher concentration of the henna extract occupied
the surface of quartz sand, consequently minimizing
surfactant adsorption on the quartz sand surface.

(2) The adsorption of the henna extract onto the quartz
surface was favorable, and the value of regression
coefficients (R*) was higher when the adsorption data
were fitted with the Freundlich isotherm model compared
to the Langmuir model, indicating that the adsorption
process is multilayer adsorption that could be clearly
described using the Freundlich isotherm model.

(3) The study demonstrated that the henna extract is a
promising inhibitor that could be effectively utilized to
reduce SDS surfactant adsorption and achieve a greater oil
recovery through henna extract adsorption on active sites
of the quartz sand surface via hydrogen bonding,
hydrophobic interactions, and cation—7 interactions.

(4) The dynamic adsorption was generally higher than static
adsorption; however, the presence of 8000 mg/L henna
extract in surfactant solutions resulted in 64 and 82%
reduction in static and dynamic adsorption, respectively,
and increased the oil recovery by 9.2% over the normal
surfactant flooding.

(5) Results of this study suggest that the adsorption
phenomenon should not be inferred from static
adsorption only, but static adsorption results should be
complemented with dynamic adsorption and sandpack/
core flooding experiments.

This study provides insights into the feasibility of using henna
extracts as a sacrificial agent and inhibitor to reduce the static as
well as dynamic adsorption of SDS molecules on quartz sand.
However, the static adsorption would be largely influenced by
the surface area (the size of the smashed powders). Thus, the
influence of the surface area should be considered in future
studies and the dynamic adsorption tests should be conducted
using reservoir/outcrop rocks for more informative assessment.
In this study, only NaCl was used to assess the effects of salinity
on the adsorption characteristics of the henna extract and
surfactants. High positive ions in reservoirs, such as Ca*" and
Mg2+, also have great influences on the adsorption of surfactants;
thus, the role of divalent and trivalent cations salts as well as the
pH in the adsorption of SDS and henna extracts onto the quartz
sand needs to be investigated further.
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B NOMENCLATURE

CMC - critical micelle concentration
DIW - deionized water

FTIR-ATR - Fourier transform infrared—attenuated total
reflectance

SDS - sodium dodecyl sulfate

SEM - scanning electron microscopy
EOR - enhanced oil recovery
UV—vis - ultraviolet visible

XRD - X-ray diffraction

PV - pore volume

NaCl - sodium chloride
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