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Abstract
This study examined the adsorption ability of henna extract as an environment-friendly and accessible sacrificial agent. 
In this study, the Fourier transform infrared-attenuated total reflectance (FTIR-ATR) was used to characterized henna 
extract and quartz sand. The adsorption of the henna extract on quartz sand was executed using the ultraviolet–visible 
spectroscopy (UV–Vis). The current study also assesses the effects of salinity on the henna extract adsorption on quartz 
sand, and the mechanisms of the adsorption process were interpreted. Apart from that, the ability of henna extract in 
reducing the adsorption of surfactant in the presence of salts were recorded. The outcome demonstrated that henna 
extract adsorption on quartz sand increased with the increase of salinity concentrations. Note that the adsorption value 
increased from 3.14 to 8.11 mg/g in 0 and 50,000 mg/L of salinity, respectively. The main mechanisms involved in the 
adsorption process were hydrogen bond, hydrophobic interactions, and electrostatic attractions. A reduction of 46% 
of surfactant adsorption was observed. This was a profound decrease in the adsorption of surfactant in the presence of 
henna extract, suggesting a possibility to be utilized as a sacrificial agent in reducing surfactant adsorption.
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1 Introduction

Surfactant flooding has been a vital part in enhanced oil 
recovery (EOR). This method is used to reduce the interfa-
cial tension (IFT) of oil and water to improve the displace-
ment efficiency through oil recovery [1]. Nevertheless, the 
surfactant adsorption on reservoir rock may impact the 
deprivation of the concentration of the surfactant, which 
may yield them less productive and competent [2].

The issues of the adsorption phenomenon of sur-
factants spark interests in lessening the adsorption of 
surfactant on reservoir rocks. Investigations on the imple-
mentation of similarly charged surfactant on the same 
surface charge of rock demonstrated that the anionic 

surfactant adsorption decreased on sandstone. The stud-
ies also concluded that the adsorption of cationic sur-
factant decreased on carbonate because of the repulsion 
of electrostatic between the adsorbent and the type of 
surfactants used [3, 4]. However, because of the heteroge-
neity of the reservoir especially with the diversity of miner-
als including carbonate, aluminates, silicates, and various 
clays, it is hard to determine either anionic or cationic sur-
factants to be used.

Besides that, alkali as additives has been used to lower 
the adsorption of surfactants [5] and the mechanism of 
which was considered as changing the surface charge on 
the rock surface. However, the usage of alkali induces such 
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problems such as severe scaling in the near wellbore and 
production systems [6].

Following the research, the application of a sacrifi-
cial agent (SA) is deemed to be a promising method in 
reducing surfactant adsorption. The SA is a material that 
is injected to significantly inhibit or conceal all probable 
adsorption sites of the rock within the hydrocarbon for-
mation. Weston et al. [7] have found that the formation 
of admicelles on the solid surface by the molecules of 
surfactant is the primary reason for adsorption to occur. 
The SA is strategically implemented to inhibit the devel-
opment of these admicelles. ShamsiJazeyi et al. [8] in their 
work announced that polyelectrolyte had been proved to 
lessen adsorption of anionic surfactant on carbonates and 
clays minerals. In addition, surfactant adsorption was suc-
cessfully reduced after the addition of the SA.

However, the materials used in reducing surfactant 
adsorption were chemicals which may be hazardous to 
living creatures and environment. Thus, materials that 
are eco-friendly, fewer impurities and simply accessi-
ble and are found from natural products, for instance, 
plant extracts that can act as an SA or inhibitor are being 
researched.

In this research, henna, a natural plant-based material 
was investigated as a potential SA. Henna is also known as 
Lawsonia inermis L. This substance has been implemented 
as a corrosion inhibitor [9, 10] and Moslemizadeh et al. [11] 
revealed that henna extract can reduce the swelling of 
sodium bentonite better than exposing sodium bentonite 
to polyamine and potassium chloride due to its inhibitive 
capability. Apart from that, several researchers conducted 
inclusive studies on the effect of various parameters on 
the adsorption of surfactant, especially regarding the 
influence of added salts. Bera et al. [12] observed that the 
adsorption of surfactant magnifies with the increased of 
NaCl concentration while, ShamsiJazeyi et al. [8] found that 
by increasing the salinity of  Na+ ions, the adsorption of 
surfactant will simultaneously increase too. As indicated 
by Yekeen et al. [13], the degree of the adsorption of sur-
factant on reservoir rocks relies mostly on the electrolytes 
and the mineralogical composition of the rocks. Never-
theless, there is an absence of detailed knowledge on the 
application of henna extract as a SA in reducing surfactant 
adsorption in the vicinity of salts. Furthermore, the mecha-
nisms of adsorption of the henna extract on quartz sand 
are still not well-understood by scholars.

This study was driven by the desire to comprehend the 
adsorption behavior of the henna extract on quartz sand 
and its ability in reducing surfactant adsorption with the 
influence of salinity. To reach this aim, the mechanisms of 
the adsorption process were analyzed. This study aimed to 
validate the notion that henna extract could be used as a 
SA in minimalizing surfactant adsorption.

2  Materials and methods

2.1  Materials

Fresh henna leaves were gathered from henna trees in 
Johor, Malaysia. Methanol of 99.9% (Acros Organics (USA)) 
was used as the solvent in methanolic extraction. The 
anionic surfactant, sodium dodecyl sulfate (SDS) of 98% 
purity weighing 288.38 g/mol of molecular weight and 
manufactured by Fisher Chemical (UK) was used for the 
surfactant adsorption. Sodium chloride, NaCl (99.8% pure) 
provided by Vchem was used to study the effect of salinity, 
and quartz sand used in the experiment was collected in 
Desaru, Johor, Malaysia. Deionized water (DIW) was used 
for all experiments. All substances used in this study were 
of scientific quality and were used as acquired; in other 
words, devoid of added purifications.

2.2  Preparation of henna powder

The fresh leaves of henna were dried at room temperature 
and then grounded into powder using an electric blender. 
The henna powder was carefully packed in an airtight, 
BPA-free container and stored in room temperature until 
further used.

2.3  Characterization of henna extract and quartz 
sand

2.3.1  FTIR‑ATR analysis

The FTIR-ATR was conducted using the Perkin Elmer FTIR 
Spectrometer (USA). Meanwhile, the functional groups 
of henna extract and quartz sand were identified using 
the spectrometer by observing the vibrational motion of 
bonds in the molecules. The spectra were measured in the 
range of 650–4000 cm−1 with a scan resolution of 2 cm−1. 
The FTIR data were documented in the transmittance 
mode. Then, the pattern of the spectrum was examined 
and compared to the IR absorption table to determine the 
functional groups encompassed in the samples.

2.3.2  XRD analysis

The quartz sand sample was further characterized by using 
the X-ray diffraction (XRD) in the continuous scanning 
mode on SmartLab X-Ray Diffractometer (Rigaku, Japan) 
operated at 40 kV and a current of 30 mA with Cu–Kβ filter 
and Cu–Kα radiation source (λ = 0.154056 nm). Particle size 
ought to be fine to attain a tolerable statistical represen-
tation of the components and their numerous diffracting 
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crystal planes and to evade diffraction-related artifacts 
[14]. All the patterns were collected at room temperature 
with steps of 0.02° in the 2θ range of 3°–100°. The meas-
urements were taken at room temperature with a scan rate 
of 8.2551° per minute.

2.4  Preparation of henna extract and surfactant 
solutions

The solutions of henna extract were prepared in standard 
250 ml Erlenmeyer flasks. The henna extract was weighed 
and transferred into the flasks, and the DIW water was 
added to the required volume. Henna extract concen-
trations were prepared in the range of 3000–8000 mg/L. 
It should be noted that the surfactant solutions were 
prepared similarly as henna extract solutions. Different 
concentrations of surfactant were prepared in the range 
of 1000–5000 mg/L. The influence of salinity on henna 
extract adsorption was determined by preparing differ-
ent henna extract solutions using NaCl at concentrations 
10,000, 30,000, and 50,000 mg/L.

2.5  Ultraviolet–visible spectroscopy (UV–Vis)

UV–Vis measurement was performed to determine the 
maximum absorption wavelength of henna extract and 
surfactant. Besides that, it is also used to compute the 
concentration of henna extract and surfactant before and 
after adsorption using Shimadzu UV-1800 Spectropho-
tometer (Japan). The absorbance–wavelength between 
200 and 800 nm was recorded. Quartz cuvettes were used 
as the vessel.

2.6  Adsorption experiments

The adsorption of the henna extract on quartz sand was 
determined using the depletion method. This method 
observed the differences between the concentrations of 
henna extract before and after adsorption on quartz sand. 
6 g of quartz sand was mixed with 30 mL of henna extract 
solutions. The mixture was then agitated in a tempera-
ture controller shaker using IKA KS 3000 I control (USA) 
at 180 rpm for 24 h at 25 °C under atmospheric pressure 
to reach the state of equilibrium. They were then centri-
fuged using Rotofix 32A (Hettich Zentrifugen, Germany) 
at 4000 rpm for 30 min to isolate the buoyant liquid. The 
concentrations of henna extract in the buoyant liquid was 
measured using a UV–Vis spectrophotometer. Adsorp-
tion amount at equilibrium time, qe (mg/g), was calcu-
lated using Eq. (1). The same procedures were applied in 
calculating the adsorption of surfactant on quartz sand. 
Surfactant concentration of 2000 mg/L was employed to 
determine the surfactant adsorption on quartz sand. In 

evaluating henna extract performances in reducing sur-
factant adsorption on quartz sand, the solution mixtures 
of henna extract and quartz sand were filtered out, leaving 
only quartz sand behind. Then, 30 mL of surfactant solu-
tion (concentration of 2000 mg/L) were mixed with the 
pre-treated quartz sand with henna extract solution. The 
mixtures were then left to reach the state of equilibrium 
for 24 h throughout which they were recurrently shaken in 
a temperature controller shaker at 180 rpm. After equilib-
rium was reached, the mixtures were centrifuged, and the 
buoyant liquid were examined using the UV–Vis spectro-
photometer. The adsorption amount at equilibrium time, 
qe (mg/g), was calculated using Eq. (1).

where qe is the adsorption of henna extract and surfactant 
on quartz sand (mg/g), Co and Ce are the henna extract and 
surfactant concentrations before and after the adsorption 
experiment, respectively (mg/L), V is the volume of henna 
extract and surfactant solutions added to the volumetric 
flask (L), and m is the total mass of the quartz sand added 
(g).

3  Results and discussion

3.1  Characterization of henna extract and quartz 
sand

3.1.1  FTIR analysis

The FTIR-ATR spectrum of henna extract was analyzed and 
depicted in Fig. 1, which demonstrates a wide absorption 
band at 3311 cm−1. Those bands were appointed to the 
vibration of the hydroxyl groups. A similar observation was 
reported in other studies [9, 15]. Furthermore, the vibra-
tion of the aliphatic C–H group appeared at 2926 cm−1 and 
2855 cm−1. The appearance of these functional groups was 
similar to the ones reported by other researchers [16]. The 
peaks at 1712 and 1632 cm−1 were assigned to the C=O 
bond. A similar view was noted by Safie et al. [17]. The 
peaks at 1510, 1449, 1400, and 1366 cm−1 were credited to 
the vibration of C=C in the aromatic benzene rings. These 
peaks were also observed by several researchers [9, 18]. 
The peaks at 1030 and 1064 cm−1 can be ascribed to the 
vibration of C–OH of the phenolic group. Such conclusion 
was inspired by the trend that was perceived by Saadaoui 
et al. [19]. Phenolic compounds in the henna leaves are 
the core constituents that contributed to the popularity of 
henna in specific fields as mentioned above [20, 21]. Fig-
ure 2 shows the molecular structure of one of the phenolic 
compounds that are in the henna leaves—gallic acid [20].

(1)qe =
(

Co − Ce
)

×
V

m
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Figure 3 presents the infrared spectra of quartz sand. The 
band at 3286 cm−1 corresponded to the OH groups on the 
surface of quartz sand which made the silanol groups (SiOH). 
These observations were supported by Akl et al. [22] and 
Firoozmandan et al. [23]. The peak at 1632 cm−1 correspond-
ing to the OH groups that made the silanol groups existed 
[24]. Vibrations of Si–O and Si–O–Si is found at 1061 cm−1 as 
comparable to the ones reported by SöDerholm and Shang 
[25] and Liu et al. [26]. Hydroxyls functional group of silanol 

group was found at 778 cm−1. Identical analysis was demon-
strated by Péré et al. [27] and Parida et al. [28].

3.1.2  XRD analysis

The XRD pattern of quartz sand is shown in Fig. 4. The 
diffraction peaks could be attributed to quartz sand and 
agreed with the standard data given in the ICDD card, 
01-076-9282 for quartz sand. No impurity peaks were 
observed. Furthermore, the intensities of the diffraction 
peaks were high, and the peaks were sharp. This indicated 
that the sample were highly crystalline and consisted 
entirely of quartz sand.

3.2  Ultraviolet–visible spectroscopy (UV–Vis)

The wavelength of henna extract and surfactant were 
determined at 673 nm and 238 nm respectively, which 
corresponds to the maximum absorbance peak. Standard 
calibration curves were established by plotting absorb-
ance against henna extract and surfactant concentrations 
to determine the final adsorption concentrations.

3.3  Adsorption experiments

3.3.1  FTIR‑ATR analysis on the adsorption of henna extract 
on quartz sand

The FTIR spectrum of quartz sand before and after 
adsorption was observed and displayed in Fig. 5. After 

Fig. 1  FTIR-ATR spectrum of 
henna extract

Fig. 2  Molecular structure of gallic acid
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Fig. 3  FTIR-ATR spectrum of 
quartz sand

Fig. 4  XRD analysis of quartz 
sand
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the adsorption of henna extract, there was a substantial 
change in the intensity of the adsorption peak at (a), sig-
nalling the interactions of the hydroxyl groups. Significant 
new adsorption peak was observed at (b) which belong 
to the aliphatic group of henna extract molecules. This 
was due to the interactions of hydrogen bond between 
henna extract and quartz sand molecules. The intensity 
of the characteristic peaks of carbonyl groups seen at (c) 
increased, after being adsorbed on quartz sand. This pro-
posed that the carbonyl groups took part in the adsorp-
tion process. Apart from that, the intensity of the absorp-
tion peak that was observed at (d) owned by the aromatic 
rings, increased, signifying the interactions of aromatics 
with quartz sand molecules. The intensity of the absorp-
tion peak of phenolic groups observed at (e), increased 
and the range of the peak is sharper than before henna 
extract adsorption, proposing the interactions of pheno-
lics and quartz sand molecules. At (f ), there is an increased 
of the absorption peak that was due to the interactions of 
hydroxyl groups from quartz sand molecules with henna 
extract molecules.

3.3.2  Effect of salinity on the adsorption of henna extract 
on quartz sand

The adsorption of henna extract on quartz sand in the 
presence of salts was plotted against the concentration 
of henna extract. The effect of salinity at 0, 10,000, 30,000, 

Fig. 5  FTIR-ATR analysis on the adsorption of henna extract on quartz sand

Fig. 6  Adsorption of henna extract on quartz sand at different 
salinities
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and 50,000 mg/L were plotted and presented in Fig. 6. As 
shown in Fig. 6, henna extract adsorption on quartz sand 
increased with the presence of sodium chloride (NaCl).

The adsorption of henna extract on quartz sand 
increased from 3.14  mg/g without NaCl to 4.48  mg/g 
with the presence of NaCl. The increment can be due to 
the presence of the positively charged cation  (Na+) that 
increased the total electrostatic interactions among the 
henna extract molecules and the sodium ions. The car-
bonyl and hydroxyl groups in the henna extract molecules 
contain electronegative oxygen, and those groups were 
responsible for the increased adsorption. This is endorsed 
by Mckenzie et  al. [29] who studied the adsorption 
behaviour of phenol in the presence of sodium ions. They 
concluded that the presence of sodium ions enhances 
adsorption. This principle is based on the electrostatic 
interactions between the positively charged cation  (Na+) 
and the negatively charged oxygen in the hydroxyl group 
of phenol. Figure 7 shows the mechanism of adsorption in 
the presence of sodium ions.

From the figures, it can be noted that the increasing 
salinity from 10,000 to 30,000, and 50,000 mg/L, improved 
the adsorption of henna extract on quartz sand. Adsorp-
tion of henna extract on quartz sand increased from 4.48 
to 6.65, and to 8.11 mg/g in the presence of 10,000, 30,000, 
and 50,000 mg/L of NaCl, respectively. Comparable results 
were attained by Yekeen et al. [13], who also mentioned 
that the adsorption increased with the increase of the con-
centration of salt, in the presence of NaCl salts.

These observations can be credited to the increase 
in the number of cation  (Na+) atoms on the quartz sand 
surface. The presence of salt encourages adsorption by 
increasing the presence of positive charges on the surface 
so that the negatively-charged oxygen can bind on the 

cations. Furthermore, the presence of the aromatic rings 
in phenolic compounds enhances the adsorption due to 
the negatively charged rings [30, 31]. This promotes the 
interaction of cation/π between the  Na+ and the rings [32, 
33]. Figure 8 demonstrates the interaction of cation/π.

Besides electrostatic attraction between the positively-
charged cation and the negatively-charged portion of 
henna extract molecules,  Na+ is beneficial in forming 
bridges of cation between the negatively charged por-
tion of the molecules of henna extract and the negatively 
charged quartz sand layer [34, 35]. Moreover, the cation 
bridges can be formed between the henna extract mol-
ecules themselves. This will further compress the mole-
cules further, allowing more henna extract molecules to 
be adsorbed. The neutralizing bridges between the henna 
extract molecules and the negatively charged quartz sand 
layer on the surface led to the indirect adsorption. Fig-
ures 9 and 10 demonstrate the schematic diagrams of the 
effect of salt bridges.

In addition, the effect of salinity on henna extract 
adsorption on quartz sand can be attributed to the posi-
tive cations  (Na+). These cations were attracted to the 
permanently negative- charged sites (silanol sites, Si–O) 
on quartz sand surfaces [36]. Therefore, an increase in 
the adsorption of henna extract with increasing salinity 
implies that increasing salinity reduces the negatively-
charged sites on the quartz sand surface, increasing henna 
extract adsorption [37]. Then, the negatively-charged 
groups from henna extract molecules can bind more to 
these positively charged surface on quartz sand due to 
the electrostatic forces.

Fig. 7  Electrostatic attraction in the presence of sodium ions Modi-
fied from McKenzie et al. [29]

Fig. 8  Cation–Π interaction between sodium ion and aromatic ring 
Modified from Kumar et al. [33]
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3.3.3  Influence of salinity on the adsorption of surfactant 
on quartz sand without the presence of henna 
extract

Figure 11 shows the result of the studies of the adsorp-
tion of surfactant without henna extract on quartz sand. 
It can be observed that the adsorption of surfactant on 
quartz sand in saline condition is higher than in DIW. This 
behavior is attributed to the existence of  Na+ ions in the 
solutions.

As displayed in Fig. 11, surfactant adsorption on quartz 
sand increased from 1.57 to 5.16 mg/g from DIW to saline 

solutions. These remarks are due to cation being adsorbed 
on the negatively-charged quartz sand surface, producing 
additional positive sites for the anionic surfactant to adsorb 
[38]. Furthermore, the added salt in the solutions made the 
EDL and zeta potential of the quartz sand surface to com-
press, allowing more surfactant to be adsorbed [39, 40].

3.3.4  Influence of salinity on the adsorption of surfactant 
on quartz sand with the presence of henna extract

An evaluation of the adsorption of surfactant on pre-
treated quartz sand with henna extract in the presence 

Fig. 9  Formation of salt 
bridges due to the presence 
 Na+ ions between the quartz 
sand surface and henna extract 
molecules Modified from Yu 
et al. [35]

Fig. 10  Formation of salt 
bridges due to the presence 
 Na+ ions (a) between aromatic 
rings and (b) among henna 
extract molecules Modified 
from Yu et al. [35]
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of salts was conducted. The salinity of 50,000 mg/L was 
chosen due to the highest adsorption capacity of henna 
extract on quartz sand. Based on the result of the CMC (not 
shown), a surfactant concentration of 2000 mg/L was used 
to determine the capability of henna extract in reducing 
surfactant adsorption. Meanwhile, for the henna extract 
concentration, 8000 mg/L of surfactant concentration was 
chosen. Figure 12 shows the surfactant adsorption data.

It is shown that the adsorption of surfactant on pre-
treated quartz sand was reduced in the presence of NaCl 
from 5.16 mg/g to 2.77 mg/g. The reduction of surfactant 
adsorption was about 46%. The reduced surfactant 
adsorption on the pre-treated quartz sand with henna 
extract can be attributed to the presence of cation  (Na+). 
Based on the mechanism discussed above, the cation 
allows the henna extract molecules to adsorb more, pro-
viding less binding option for surfactant molecules to 

bind to the surface of quartz sand and henna extract 
molecules. This made the surfactant molecules free to 
move, reducing surfactant adsorption.

4  Conclusion

The existence of the functional groups in henna extract, 
hydroxyls, carbonyls, phenolics, aromatic benzene ring, 
and aliphatic carbon-hydrogen groups allow for the 
adsorption process. Quartz sand was characterized and 
used as an adsorbent to investigate the effect of salin-
ity on henna extract adsorption on quartz sand and to 
evaluate the performances of henna extract as a SA in 
reducing surfactant adsorption. The presence of salt 
improved the adsorption of henna extract on quartz 
sand, and increasing the salinity further improved the 
adsorption. Meanwhile, the electrostatic interactions 
played a substantial role as perceived from the role of 
a cation such as sodium  (Na+). The study of surfactant 
adsorption was done to determine the efficiency of the 
henna extract adsorption. This was determined by ana-
lyzing the results of before-and-after adsorption values 
of surfactant adsorption on quartz sand. The salinity 
demonstrated that the surfactant adsorption exhibited 
identical traits of adsorption with the henna extract 
adsorption process. This follows that the adsorption of 
surfactant on quartz sand increased in the existence of 
salts rather than in the absence of salts. Moreover, the 
adsorption of surfactant on pre-treated quartz sand with 
henna extract in the presence of salts managed to be 
reduced. It was observed that there was a 46% reduction, 
caused by the electrostatic attractions between henna 
extract and quartz sand. The surface of quartz sand was 
covered with henna extract molecules, inhibiting the 
surfactant molecules from being adsorbed. Hydrogen 
bond, electrostatic attraction, and hydrophobic inter-
actions played a significant role in the mechanism of 
adsorption between henna extract and quartz sand. This 
study proved that henna extract has the potential to be 
a SA in reducing surfactant adsorption in the presence 
of salts.
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