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Abstract
Formation damage is a general term, which refers to any process that reduces the production or injectivity of an oil well. 
Clay swelling formation damage, due to incompatible fluid invasion, is a common problem in the petroleum industry. In this 
research, the effect of Acanthophyllum root extract (ACRE), a bio-based surfactant, on the reduction in reservoir permeability 
impairment has been studied. Some static tests were applied to investigate the chemical interaction between the surfactant 
and montmorillonite (Mt), including Mt sedimentation test, Free swelling index (FSI) test, Zeta potential tests, particle size 
measurement, and scanning electron microscopy (SEM). Experiments were followed by coreflood and micromodel tests to 
verify their effect on preventing permeability reduction and pore plugging in porous media. According to the results, Mt 
dispersion is unstable in the presence of ACRE solution. ACRE can reduce the FSI from 233.3 (totally hydrated Mt) to 94.3%, 
representing the reduction in hydration potential. The zeta potential of Mt in ACRE aqueous solution moves toward the low-
est magnitude, implying that the water molecules surrounding the Mt particles are unstable. Particle size measurement and 
SEM analysis proved simultaneously that ACRE solution sustains Mt particles flocculated and prevents delamination. The 
thermal stability of the ACRE was evaluated by thermogravimetric analysis (TGA), and it showed a suitable resistance to 
the temperature rise. Eventually, coreflood and micromodel tests revealed that ACRE has a high performance in lowering the 
permeability impairment and pore plugging. All in all, ACRE showed high potential in preventing Mt swelling and, therefore, 
formation damage in clay-bearing sandstones.

Keywords  Clay swelling · Montmorillonite · Formation damage · Porous media · Bio-based surfactant · Acanthophyllum 
root extract

Abbreviations
Mt	� Montmorillonite
Surfactant	� Surface Active Agent
ACRE	� Acanthophyllum root extract
SEM	� Scanning Electron Microscopy
CMC	� Critical Micelles Concentration
NaCl	� Sodium Chloride
KCl	� Potassium Chloride
XRD	� X-Ray Diffraction

PPI	� Pore Plug Index
FT-IR	� Fourier transform infrared spectroscopy
FSI	� Free Swelling Index
mD	� Milli Darcy
D.W	� Deionized Water
EOR	� Enhanced Oil Recovery

Introduction

Formation damage is a general term, which refers to any 
permeability reduction within the vicinity of the petroleum-
bearing sections of reservoirs caused by different operational 
processes. This adverse phenomenon can occur during each 
stage of reservoir development, such as drilling, completion, 
production, workover. (Mohsenzadeh et al. 2015; Nooripoor 
and Hashemi 2020; Khilar and Fogler 1984; Bennion et al. 
1995). As declared by Amaefule et al. (1988) “Formation 
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damage is an expensive headache to the oil and gas indus-
try.” Evaluating, controlling, and treatment of formation 
damage are among the pivotal problems, which should be 
considered to exploit hydrocarbon more efficiently. Prob-
able causes of formation damages include chemical, physi-
ochemical, hydrodynamic, biological, thermal interplay of 
formation rock and fluids, and the mechanical deformation 
of formation under stress and fluid shear. (Civan 2007)

Clay minerals are found in the majority of oil and gas 
reservoirs (Sameni et al. 2015). Clay minerals are layer sili-
cates resulting from the chemical weathering of other silicate 
minerals on the earth’s surface (Wilson et al. 2014). They 
are the main constituent of the shale, the most abundant 
sedimentary rock. There are five main clay minerals: kaolin-
ite, smectite, illite, vermiculite, and chlorite. Although vari-
ous forms of clay exist in the reservoir, the most frequently 
encountered clays in the reservoir are kaolinite, illite, and 
smectite. Sodium-saturated smectite (montmorillonite) 
possesses great potential to swell among all other types of 
clays. Montmorillonite (Mt) is one of the most abundant 
clay minerals in petroleum-bearing reservoirs, predomi-
nantly sandstones. Due to its high swelling capacity, it has 
an overwhelming impact on the quality of the reservoir rock. 
Mt is composed of a sequence of TOT layers, including an 
octahedral sheet(O) placed among two tetrahedral sheets 
(T) (Al-Ani and Sarapää 2008). Because of isomorphous 
substitution, replacing structural cations of higher valence 
with lower valance cations, Mt surface carries a net nega-
tive charge (He 2020; Leroy et al. 2015; Salles et al. 2007).

There are two kinds of clay swelling mechanisms: crystal-
line swelling and osmotic swelling (Stamatakis et al. 2007; 
Fink et al. 1968). Types and amounts of clay minerals pre-
sent in reservoir rock dictate swelling (Madsen and Müller-
Vonmoos 1989; Mohan et al. 1999; Norrish 1954).

Any fluid invading through the reservoir can disturb the 
preexisted equilibrium condition. Formation damage due to 
swelling of clays, pore blocking because of fine migration, 
and dislodging of clay particles may occur when foreign flu-
ids permeate a clay-rich reservoir (Foster 1954). Swelling of 
the clay minerals can be diminished in three manners: coat-
ing of clay particles, ion exchange, and alteration of surface 
chemistry to water-wetness. (Mozaffari et al. 2015) Swelling 
clays including smectites (montmorillonite) can expand up 
to 20 times their primary volume as they come into contact 
with invaded fluids. Therefore, the porosity and permeability 
would reduce. Based on Fig. 1, the migration may also occur 
resulting from a high swelling rate and the pore and throats 
can be blocked. (Mooney et al. 1952; Sharifipour et al. 2017) 
Oil-based drilling fluids are adequate for penetration into 
the clay-rich formations because they inhibit clay hydra-
tion. Moreover, oil-based drilling fluids have more benefits 
such as borehole stability, lubricating, corrosion inhibition. 
Nevertheless, due to the toxicity of these types of drilling 

fluids, their application is restricted by environmental regu-
lations (Zaltoun and Berton 1992). Therefore, managing and 
designing water-based mud with properties like oil-based 
mud are in the field of interest these days (Gkay and Rex 
1966).

In the last decade, so many investigations have been con-
ducted on the effect of the herbal extract on the prevention 
of clay swelling. Some of these inhibitors showed that they 
had efficiency superior to other chemical inhibitors (Gkay 
and Rex 1966; Morton et al. 2005). Moslemizadeh et al. 
(2016) used a surfactant driven from Mulberry leaf as an 
Enhanced Oil Recovery (EOR) agent in montmorillonite-
rich reservoirs. The results of their experiments showed that 
this bio-based surfactant could strongly reduce clay swelling 
potential. Shadizadeh et al. (2015) evaluated the shale inhi-
bition potential of natural surfactant derived from Zizyphus 
Spina-Christi extract (ZSCE). They showed that the (ZSCE) 
had a superior performance than KCl.

Various coreflood tests by different researchers were con-
ducted to verify the effect of clay hydration on formation 
damage. These researched give a good insight into the for-
mation damage related to the clay swelling (Shadizadeh et al. 
2015). Nevertheless, the flooding tests do not provide a pore-
scale visualization (Barnaji et al. 2016). Therefore, the glass 
micromodel may help observe the pore-scale consequences 
of clay swelling on permeability reduction and formation 
damage. Sharifipour et al. (2017) performed an investigation 
on the impact of swelling clays on the oil exploitation pro-
cess during low and high salinity water injection, by using a 
glass micromodel. The impact of metal nanoparticles on the 
hydration and migration of the clay mineral was studied by 
Sameni et al. (2015). The performance of the nanoparticles 
was assessed through different coreflood and glass micro-
model tests. Coreflood test demonstrated that nanoparticles 
could not mitigate the swelling of clay minerals, and they 
increased the pressure drop during fluid injection due to pore 
plugging and bridging. However, they had a positive effect 
on the migration of clay particles.

As mentioned previously, coating the surface of the clay 
particles is one of the methods for preventing clay swelling. 

Fig. 1   Formation damage mechanism caused by a swelling and b 
migration
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Surface-active agents or surfactants are a suitable option 
for this purpose. On the other hand, reduction and mitiga-
tion of clay swelling by bio-based inhibitors such as sur-
factants have been recently considered as a good option, 
which satisfies environmental issues concerns. One of the 
most commonly used materials for reducing clay swelling is 
potassium chloride (KCl). The K+ neutralizes the negative 
surface charge (ion exchange mechanism) of the clay particle 
and reduces its swelling. Despite its high efficiency, it may 
impose pollution on the environment. However, the presence 
of potassium ions may cause problems in the well logging. 
Natural potassium contains radioactive isotopes which emit 
gamma rays. Thus, potassium salts in the mud system may 
contribute to the gamma-ray tool response (Cox and Raymer 
1977).

In this paper, we utilized a bio-based surfactant extracted 
from Acanthophyllum root to detract the formation dam-
age caused by Mt swelling. The efficiency of the ACRE was 
compared to the KCl (Zhong et al. 2011; Rezaei and Shadi-
zadeh 2021). To investigate the efficiency of this bio-based 
surfactant, firstly, some static tests, including sedimentation 
test, free swelling test, zeta potential test, Mt particle size 
measurement, and scanning electron microscopy (SEM), 
were applied to investigate the effect of the surfactant on 
montmorillonite. Finally, coreflood and micromodel tests 
were used to verify its impact on preventing of permeability 
reduction in the near-wellbore region.

Materials and experimental approach

Materials

Surfactant

Organic compounds, which contain both hydrophilic (head) 
and hydrophobic (tail) groups, are known as surface-active 
agents or surfactants. The nature of the hydrophilic group 
(head) makes the basis of their classification. (Kulikova et al. 
2021) There are four main groups of surfactants, includ-
ing cationic, anionic, non-ionic, and zwitterionic (Kumar 
and Mandal 2017; Rosen and Kunjappu 2012). Compared 
to the other three groups, non-ionic surfactants have various 
engrossing features such as low cost, compatibility, better 
biodegradation, and lower toxicity (Zhang 2020). Non-
ionic surfactants do not have a definite ionic charge. But the 
hydrophilic part bears polar functional groups like hydroxyl 
and ethylene oxide, which make it water-soluble (Xing et al. 
2017). In recent years, different researchers have endeavored 
to develop and extract eco-friendly surfactant from natural 
resources (Akter et al. 2021; Pal et al. 2019). Acanthophyl-
lum bracteatum, also called Chubak (Chooghan) by natives, 
is a member of the Caryophyllaceae family. There are 61 

species of this genius in the world, 23 of which grow in 
Iran. Acanthophyllum bracteatum (Chubak) widely grows in 
Ghaenat, Khorasan province, Iran. A long time ago, natives 
used the crushed and milled roots, of this plant as detergents. 
There are diverse medical applications for this plant, and it 
also has an essential function as a desertification agent in 
arid areas (Jahanbin et al. 2011). The presence of saponin in 
the root of this plant gives its surfactant properties. Saponins 
are bio-surfactants chiefly generated by herbs and rarely by 
marine organisms and insects. More than 500 plant species 
contain this type of bio-surfactants (Güçlü-Üstündağ and 
Mazza 2007). Similar to synthetic non-ionic surfactants, 
Saponin molecules consist of both hydrophilic and hydro-
phobic part. The hydrophobic segment consists of steroid 
mainstay and triterpenoid; however, the hydrophilic section 
includes different sugar residues linked to the hydropho-
bic framework through glycoside bonds (Stanimirova et al. 
2011).

Expandable clay

Bentonite was employed as a swelling smectite type clay in 
the tests. Methylene blue test (Tesema et al. 2020) results in 
a cation exchange capacity of 66.5 meq/100 gr for this sam-
ple. The XRD analysis of the bentonite sample was provided 
by the supplier company. It was reported that the bentonite 
sample contains 61 % of Mt, while feldspar (12.5%), cris-
tobalite (11%), quartz (8.5%), muscovite (1.5%), anorthite 
(1.5%), calcite (1%), and Gypsum (1%) are the other ingre-
dients. As presented, montmorillonite is the most abundant 
hydratable component. So, swelling of the Bentonite sample 
is mainly related to the montmorillonite.

Potassium chloride (KCl) and calcium chloride (CaCl2) 
salts were purchased from Merck Company which we com-
pared the effect of ACRE with KCl, the most common clay 
stabilizer.

Experimental procedure

Surfactant extraction and solution preparation

The spray dryer method (Ho et al. 2015) was applied to 
extract this bio-based surfactant from the roots of Acan-
thophyllum. The extracted powder is dark brown and has 
a special odor. The density of the powder equals 0.125 gr/
cm3, and it is easily dissolved in alcohol and water. After 
preparing ACRE powder, a certain amount of this powder 
was added to deionized water slowly and stirred with the 
magnet stirrer to obtain a master solution with a concentra-
tion of 6%Wt (weight percentage). Then, the solutions with 
concentrations of 0.1, 0.5, 1, 2, 3, 4, 5 by weight percentage 
were achieved through dilution of the master solution.
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Fourier transform infrared spectroscopy (FT‑IR)

In order to attribute the surfactant properties to saponin, the 
FT-IR test was conducted to demonstrate the existence of the 
saponin in the ACRE. Thermo Scientific FT-IR Spectrometer 
was utilized for recording FT-IR spectra. Potassium Bromide 
(KBr) solid pellets were prepared by mixing KBr and solid 
samples. Infrared scanning was conducted between 400 and 
4000 cm-1 at room temperature (28°C).

Critical micelle concentration (CMC) determination

Molecules of the Surfactant are in the form of monomers 
when the concentration is low. Whenever the concentration 
increases and reaches the critical value (CMC), the forma-
tion of the micelles (aggregates) starts. At concentration 
above this value (CMC), the concentration of monomers 
remains constant while micelles concentration increases 
(Eslahati et al. 2020). One of the straightforward methods 
of CMC determination is to measure the electrical conduc-
tivity of the surfactant solution at different concentrations. 
In this research, Jenway Conductivity meter 4320 was used 
for electrical conductivity measurement. For this purpose, 
the following steps have been conducted: (1) Master solution 
of the surfactant was made by adding the surfactant powder 
to deionized water and stirring for 2 hours by a magnetic 
stirrer. (2) Preparation of different solutions by diluting the 
master solution with deionized water. (3) Measurement of 
conductivity of different solutions at room temperature. (4) 
Conductivity values were plotted against surfactant concen-
trations. (5) The amount of concentration at the inflection 
point refers to the CMC value.

In order to calculate the CMC of the ACRE solution 
with other methods, surface tension (ST) measurement 
was applied. (Mozaffari et al. 2017) The surface tensions 
between the surfactant solutions and air were measured at 
75 °C using the IFT4000 apparatus. This device conducts the 
tests based on the pendant drop approach. A drop of the sur-
factant solution (at various concentrations) was hung in the 
air environment, and the image of the droplet was captured 
by a precise camera. The picture was then transferred to the 
computer, and the ST is calculated by the software according 
to the following equation (Mehrabianfar et al. 2021).

where Δ� represents density difference (g/cm3), g is the 
gravitational acceleration of the earth (cm/S2), D′ denotes 
the larger diameter of the droplet (cm), H is a function of S= 
d/D, where d stands for the smaller diameter at a distance D 
from the top of the droplet.

(1)� =
Δ�gD

�
2

H

Swelling inhibition evaluation tests

Sedimentation test  Montmorillonite precipitates in an 
inhibitor-containing medium because it lowers swell-
ing potential. In fact, it is in the form of flocculated par-
ticles (unstable) in the presence of an inhibitor and tends 
to precipitate due to its low ability to hydration and further 
swelling. After preparation of turbid dispersion of 5%Wt. 
montmorillonite in different concentrations of surfactant 
solution, montmorillonite settles as time passes. Therefore, 
after a particular period, a boundary appears between the 
supernatant phase and Mt sediment. Recording the ratio of 
h to H (h/H) with respect to time gives a good signal of 
the inhibition potential of the medium (h: sediment height, 
H: dispersion total height) (Moslemizadeh et al. 2015; Api 
1997).

Free swelling test  The swelling index test is a common 
standard test (ASTM D5890-11) that is carried out to 
measure the inhibitive potential of the medium. Dry pow-
der of Bentonite is placed into the graduated cylinder, and 
water is gently added to it; then, the increment in volume 
of clay is recorded. This test gives a fast and handy vision 
of the degree of inhibitive properties of the solution. The 
accuracy of this method is not high, but it is a good way 
to compare the inhibition degree of two or more solutions 
with each other. To perform this test, 5 grams of dry Mt is 
placed into a graduated cylinder, and 100ml of the differ-
ent solutions of surfactant and deionized water is poured 
gently into the cylinder. Then, the cylinder is conserved 
from any disturbances for 24 hours. Finally, the increase 
in volume was recorded (Sameni et al. 2015).

where FSI, Free Swelling Test, h
0
 refers to the initial height 

of Mt powder in a neutral fluid like diesel oil, and hf  demon-
strates the final height of Mt in different solutions.

Zeta potential test  The electro-kinetic property of Mt 
particles can be assessed by measurement of its zeta 
potential. Initially, Mt was added to deionized water to 
prepare Mt dispersion. The dispersions were kept static 
for 24 hours and then stirred at 600 rpm for 20 minutes 
employing a magnet stirrer. ACRE solution with different 
concentrations of 0.1, 0.15, and 0.4 was blended with the 
Mt dispersion and then shaken for 24 hours at room tem-
perature. Then, 5ml of different dispersions is required to 
put in the zeta sizer apparatus. Malvern UK 3600 Zeta-
sizer was utilized to measure the zeta potential based on 
Henry’s formula:

(2)FSI(%) =

(

hf − h
0

h
0

)

× 100
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where UE is defined as the electrophoretic mobility;� shows 
the dielectric constant; Z is the zeta potential; F(Ka) stands 
for Henry’s function, and � refers to viscosity (Darjani et al. 
2021; Moslemizadeh et al. 2017).

Measurement of particle size  Malvern UK 3600 Zetasizer 
was employed to measure the average particle size of Mt in 
dispersion. Measurements were conducted at room tempera-
ture (28℃), and the particle size is reported in equivalent 
spherical diameter (nm). First, a dispersion of Mt was pre-
pared by blending 0.1 gr of Mt with deionized water. Then, a 
certain amount of ACRE was added and shaken for 24 hours 
to reach equilibrium. Finally, 5 ml of the dispersion was put 
into the cell of the zeta sizer (Moslemizadeh et al. 2019).

Scanning electron microscopy (SEM) observation  The 
morphological features like the texture of materials can be 
investigated by SEM analysis. (Ghasemi et al. 2021) So, the 
interaction between surfactant and Mt particles can be ana-
lyzed with two-dimensional pictures, which the SEM analy-
sis output. Modified Mt powder with the different inhibitor 
solutions was selected for this test.

Evaluation of surfactant on Mt swelling in porous media

Coreflood test  Preparation of porous medium  Sand grains 
were collected and washed with different types of solvents 
like water, toluene, and methanol to ensure there was no 
impurity. The purified sand (quartz) grains were sieved, and 
the grains with the size of 90 to 130 μm were picked as the 
main constituent of the porous medium. The porous medium 
was made up of 90%Wt of quartz grain and 10%Wt of Ben-
tonite. Quartz grains and clay were mixed, and they were 
poured and packed into a one-inch stiff sleeve. A 74-μm 

(3)UE =
2�ZF(ka)

3�

size lace to prevent matrix movement covered the upper and 
lower part of the sleeve (Bazyari et al. 2018).
Implementation of flooding test  When incompatible mud 
filtrate invades into clay-rich formation, clay may swell 
and cause permeability reduction in petroleum-bearing 
formations and near-wellbore region. In order to measure 
the amount of permeability reduction during the invasion 
of intruder fluid, coreflood tests were conducted. Figure 2 
represents a schematic illustration of the apparatus. Before 
performing the test, the core was constrained under an over-
burden pressure of 2000 Psia employing a hydraulic jack. 
Then, the synthetic core was set under vacuum for 6 hours. 
At first, initial permeability was evaluated by injecting CaCl2 
Solution (10%Wt or 100000 ppm) at three distinct small 
rates of 0.1, 0.15, and 0.2 ml/min. The coreflood tests were 
conducted at low rates, because the high rates may cause tur-
bulent flow in porous media, which may end in fine migra-
tion. After the initial permeability measurement, about four 
pore volumes of inhibitors solution were injected at three 
rates as mentioned above. The injected fluid was aged into 
the core sample for 12 hours. Finally, the initial CaCl2 solu-
tion (10%Wt or 100000 ppm) was injected to measure the 
permeability reduction. Secondary to primary permeability 
ratios lead to an index, which assists us in judging formation 
damage. (Zhang et al. 2019)

Darcy’s equation for linear flow in the field unit is repre-
sented as follows (Mehrabianfar et al. 2020):

where q is the flow rate (bbl/day), k is permeability (mD), 
A is cross-sectional area (ft2), ΔP is pressure drop (psi), � is 
fluid viscosity (cp), and L denotes length (ft).

The conversion factor changes from 1.127 to 0.004 if we 
put flow rate in (ml/min), cross-sectional area in (cm2), and 

(4)q = 1.127 × 10
−3 kA

�

ΔP

L

Fig. 2   Coreflood experimental 
apparatus configuration
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length in (cm). If q versus ΔP is plotted, permeability can 
be calculated from the slope(m) of the line.

In this test, the viscosity of CaCl2 solution approximately 
equals 1 cp, cross-sectional area equals 5.06 cm2, and core 
length varies through different tests.

Glass micromodel test  Glass micromodel is a 2-D porous 
media sample, which has been widely used recently for vis-
ual investigation through the porous media. (Mozaffari et al. 
2021) Different process mechanisms at the pore scale can 
be analyzed in this visual tool. As exhibited in Figure 3, the 
micromodel setup consists of a syringe pump with the capa-
bility of injection at too low rates, a high-quality Canon and 
Dino-Lite camera, a backlight source, and a computer sys-
tem for recording the output of cameras. Corel Draw2018 
software was utilized for designing a porous medium pat-
tern. (Darjani et  al. 2017; Bavarsad et  al. 2020) The lay-
out was engraved on a suitable glass with a powerful laser. 
After some manipulation (cleaning with acid), a glass with 
the same dimension was fused with the etched glass by plac-
ing it into a furnace. The synthetic visual micromodel with 
a porosity of 32.66 % has a size of 12.6×2.6 cm, a pore 
volume of 0.527 ml, and a depth of 101 µm. The sizes of the 
pore and throats of this porous media are 2200 and 500 µm, 
respectively.

Pore plug tests were performed to measure the capa-
bility of Mt to swell and plug the throats in the presence 
of different solutions. For simulating a clay-containing 
medium, Mt dispersion in deionized water (10%Wt.) was 
perfused through the micromodel. Then, the glass micro-
model was dried by placing it into the furnace (120°C). 
Then, four pore volumes of different solutions were 
injected into the micromodel. The injection rate was a con-
stant value of 0.5 ml/hr. After reaching to stable condition, 
a detectable and inert fluid (i.e., oil) was injected into the 

(5)k = m�l∕0.004A

micromodel to measure the blocking potential of Mt in the 
transparent porous media.

where PPI is pore plug index, % (0 ≤ PPI ≤100); Vt is the 
total volume of a micromodel which can be filled by oil, 
Pixel;Vf  is the final oil volume in micromodel, Pixel (Mos-
lemizadeh et al. 2016)

Results and discussion

Critical micelle concentration (CMC) determination

Aforementioned, one of the straightforward approaches for 
the determination of surfactants’ CMC is to measure their 
conductivity versus concentration. Figure 4 presents the 
magnitude of conductivity plotted versus ACRE concentra-
tion. The magnitude of the electrical conductivity increases 
as the concentration of surfactant increases. However, as 
the surfactant concentration comes to a threshold point, a 
remarkable change in the slope of the curve is observed. 
It is because of the formation of micelle. The amount of 
concentration corresponding to the point of inflection refers 
to the CMC value, which equals 1.4%Wt. Figure 5 shows 
the different values of the surface tension (ST) correspond-
ing to the different ACRE concentrations. It is evident that 
utilizing this surfactant solution decreased the surface ten-
sion. Before reaching the CMC point, the ST had a higher 
reduction trend, while the ST reduction rate decreased after 
the CMC due to the formation of micelles. The amount of 
CMC determined by this method equals 1.48%Wt, which is 
in acceptable agreement with the conductivity measurement 
method.

(6)PPI =
Vt − Vf

Vt

× 100

Fig. 3   Experimental setup of the micromodel
Fig. 4   Conductivity versus concentration plot for CMC determination 
of ACRE 
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Based on the presence of other components in ACRE, the 
CMC of the ACRE solution appears to be high compared to 
commercial chemical surfactants. Purification and separa-
tion of unwanted components of the ACRE can yield a high-
quality natural surfactant. However, the CMC value falls into 
an acceptable range in comparison with other plant-based 
surfactants reported in the literature. For instance, Shadi-
zadeh et al. evaluated the clay inhibition potential of Zizy-
phus Spina-Christi extract surfactant with CMC of 3.22%Wt 
(Shadizadeh et al. 2015).

FT‑IR test result

The spectral specifications of ACRE are presented in 
Fig. 6a. Fourier transform infrared spectroscopy (FT-IR) 
is a standard test for detecting the structure and func-
tional groups of a substance. The surfactant exhibited the 

Fig. 5   Surface tension (ST) of the ACRE solution in different concen-
trations

Fig. 6   FT-IR spectrum of a 
ACRE and corresponding func-
tional group to their specific 
wave number b Comparison 
between the spectrum of ACRE 
and Glycyrrhiza Glabra extract 
(Khayati et al. 2020)
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characteristic spectrum of the hydroxyl group –OH attrib-
uted to the 3421.26 cm− 1 peak, –C–H stretching of alkane 
based on the peaks at 2931.14 cm− 1, and 2871.63 cm− 1, 
C=O stretching detected from the peak at 1724.13 cm− 1. 
These spectral features confirmed the presence of saponin 
and had a good harmony with the literature.

Acanthophyllum is a genus of plants that can be culti-
vated in arid and harsh areas which do not have specific 
plant life. In addition, it has a high content of saponin 
compared to other sources and high accessibility with 
lower cost. Based on the tests data, ACRE has a suitable 
inhibition performance and stability at high salinities and 
temperature. The mentioned characteristic is in consider-
able coincidence with what was previously studied in the 
spectrum of saponin, as shown in Fig. 6b. Therefore, it can 

be concluded that saponin also exists in ACRE (Khayati 
et al. 2020).

Sedimentation test

As mentioned earlier, montmorillonite is not stable in an 
inhibitive medium, and a stable dispersion cannot be formed. 
However, montmorillonite forms stable dispersion in deion-
ized water. The results of the sedimentation test in the pH 
value of seven are exhibited in Fig. 7. Based on results, Mt 
forms a stable dispersion in deionized water and does not 
precipitate after 24 hours. These precipitations are because 
of the negative surface charges of Mt, which repel each other 
and form a stable dispersion. Therefore, Mt has a high swell-
ing capacity in the presence of deionized water. On the other 

Fig. 7   Mt sedimentation in a 
deionized water and different 
concentrations of KCl b differ-
ent concentrations of ACRE 
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hand, KCl, as a widely used clay inhibitor, neutralizes the 
negative surface charge and makes the dispersion unstable. 
As presented in Fig. 7a, Mt particles begin to settle in a few 
minutes after that, dispersions come to a stationary condi-
tion. The initial boundary of the dispersion was observed 
at 60 S, 30 S, 10 S for 1%, 3%, and 5% of KCl by weight 
percent, respectively. The more the concentration of KCl, 
the lower the final sediment height. However, it is obvious 
that the final value of (h/H) for concentration of 3%Wt and 
5%Wt is so close to each other. So, we used 4%Wt of KCl 
as an optimum solution in proceeding tests. Figure 7b shows 
that ACRE molecules made the Mt dispersion unstable and 
made them settled. It confirms that Mt is not able to swell 
and hydrate in the presence of ACRE molecules. The mag-
nitude of final (h/H) for 0.5, 1.5, 4, and 6% ACRE by weight 
percentage reaches 0.53,0.29,0.24, and 0.23. The amount of 
sediment heights is inversely proportional to the concentra-
tion of ACRE, but the final value of (h/H) confirms that there 
is no remarkable improvement in the performance of the 
surfactant above CMC. Moslemizadeh et al. (2015) utilized 
Glycyrrhiza Glabra root extract (GGRE) as a swelling inhib-
itor. The results of the sedimentation tests revealed that the 
final value of (h/H) approximately reached 0.15 for a con-
centration of 8%Wt. However, it is clear that the efficiency 
of the ACRE is comparable with other bio-based inhibitors.

Free swelling test

When Mt exposes to water, polar molecules of water sur-
round the crystal structure of Mt and result in a volume 
increase. Results of the free swelling index test in neutral 
pH are presented in Fig. 8. The amount of swelling of Mt 
exposed to deionized water reached 233.3 percent of its 
original volume, and other values were compared to this 
one. The ACRE solution made an obstacle for water mol-
ecules to contact with the surface of Mt molecules. There-
fore, the amount of free swelling index has been reduced 

sharply. Obviously, an increase in ACRE concentration 
reduced the amount of swelling, but at a concentration 
above the CMC, the amount of swelling difference was 
almost negligible. This may correspond to the fact that the 
concentration of the monomers is almost constant above 
CMC. To compare the performance of ACRE with KCl 
(common clay inhibitor), KCl was used at four different 
concentrations (1, 2, 4, 6%Wt). It is evident from Fig. 6 
that the performance of the ACRE solution was very close 
to the KCl solution at CMC concentration (1.4%Wt). They 
both had an identical inhibition potential when the con-
centration increased to 2.1% Wt. However, KCl showed 
greater inhibition potential at higher concentrations, but 
the efficiency of the ACRE solution was still within an 
acceptable range.

Zargar et al. (2021) used an aluminum complex (AC) 
to prevent formation damage related to montmorillonite 
swelling. The amount of swelling index was diminished 
to 75% from an initial value of 185%. So, the performance 
of the ACRE falls within an acceptable range compared to 
previous studies.

Investigation on inhibition property of ACRE by zeta 
potential tests

Zeta potential measurement is a simple and inexpensive 
method for evaluating the stability of Mt particles in the 
ACRE solution, because the interface charges of the Mt 
particles and ACRE solution can easily be detected. Con-
siderable stability of water molecules around Mt particles 
and a great level of swelling are demonstrated by high neg-
ative zeta potential. (Moslemizadeh et al. 2017) From the 
test data in Fig. 9a, intact Mt in deionized water showed a 
high negative zeta potential value (− 18.7mv) because of 
isomorphous substitution in its octahedral and tetrahedral 
sheets. A high negative zeta potential value indicates that a 
thick water layer has surrounded the Mt particles and, con-
sequently, the high potential of Mt swelling. However, the 
addition of ACRE to the solution reduced the magnitude of 
zeta potential (Shifting toward positive). This reduction in 
zeta potential probably can be attributed to the coating of 
Mt by ACRE and, consequently, the inability of water mol-
ecules to form a stable film around Mt. Furthermore, based 
on the test data represented in Fig. 9a and zeta potential 
ranges in the literature (Riddick 1968), the addition of 
ACRE to the Mt dispersion reduced the stability of the dis-
persion. Therefore, as the zeta potential magnitude moves 
toward zero, Mt particles delamination is hindered and the 
particles are maintained in a flocculated state. In this way, 
another justification of the Mt particles settlement in the 
sedimentation test can be established.Fig. 8   Result of free swelling test in various concentrations of ACRE 

and KCl solution
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Montmorillonite particle size

When Mt particles contact with non-inhibitive solution, 
especially deionized water, they swell and delaminate. 
Delamination of Mt particles leads to increasing particles 
number and consequently reducing particle size (growth 
in specific surface area). Therefore, measuring of the Mt 
particle size in various aqueous solutions may assist us in 
judging the inhibitive features of the different solution (Au 
and Leong 2013). The delamination rate is proportional to 
the inhibitive potential of the solution. So, high delami-
nation exhibits the low inhibitive potential of the solu-
tion. Based on Fig. 9b, when Mt was exposed to deionized 
water, it adsorbed water and became dissociated. Hence, 
it had the smallest size (755.9 nm). On the other hand, 
Mt particles had a larger average particle size in the pres-
ence of ACRE solution. Saponin molecules rest on the Mt 
surface and hinder water molecules from interacting with 
Mt. For example, the corresponding average particle size 
to the concentration of 0.6%Wt. is 4966.1(nm). Therefore, 
the ACRE solution can effectively preserve Mt particles 
from delamination.

SEM observations

The performance of the surfactant in the impediment of 
montmorillonite swelling was also analyzed using SEM. 
Modified Mt powder was utilized to perform SEM analy-
sis. Based on the figures, Mt powder has a small size in 
the presence of deionized water, which is related to swell-
ing and, consequently, delamination of Mt particles. The 
small size and dense texture of Mt in deionized water are 
shown in Fig. 10a. On the other hand, Mt particles have 
a larger size and open texture in an inhibitive medium, 
which offers the stability of the particles. Figure 10b and 
c displays the larger size of aggregates in inhibitive solu-
tions of ACRE and KCl, respectively.

Thermogravimetric analysis (TGA)

In this research, a thermogravimetric analysis test was per-
formed with Q600_TA to assess the stability of the ACRE 
at high temperatures. The experiment was carried out using 
2.252 mg of ACRE sample at temperatures ranging from 25 
to 300 °C. The temperature was raised by 10 °C per min-
ute by an inert gas, i.e., Argon (Ar). Based on the results 
shown in Fig. 11, the red curve of the graph is related to 
the derivative of the weight percent versus temperature (the 
red curve is the derivative of the black curve). According to 
these two curves, it can be observed that weight loss consists 
of three main parts. The first section commenced at 95.2°C 
and ended at 141.5°C. The weight reduction in the first part 
can be attributed to the moisture and surface water evapora-
tion of the surfactant (Chigwada et al. 2006). The surfactant 
weight loss in the temperature range of 141.5–241.5 °C can 
be related to the evaporation of the intermolecular water 
(Nikoobakht and El-Sayed 2001). At elevated temperatures 
(higher than 241.5 °C), the carbon bonds start to break down 
and vanish (Maria et al. 2002). Based on the results shown 
in Fig. 11 and the typical range of reservoirs temperature, 
increasing the temperature to 100 °C resulted in only a 1.98 
percent weight reduction. This weight reduction can be 
attributed to the moisture and surface water evaporation of 
the surfactant. Therefore, the ACRE surfactant is adequate 
for application in the reservoir due to its suitable thermal 
stability.

Compatibility test

This test was conducted to determine critical salinity and 
evaluate the compatibility of the ACRE solution. To perform 
this test, 5 ml of the ACRE solution at CMC and 5 ml of vari-
ous NaCl solutions were stirred and poured into the test tube. 
The test tubes were stored at 25°C for two weeks. Eventually, 
the sediments from each test tube were collected using filter 
paper, dried in the oven for one day, and weighted. Figure 12 

Fig. 9   a Mean zeta potential b 
Average size of Mt particles in 
various concentrations of ACRE 
solution
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Fig. 10   SEM photograph of Mt powder  modified by a deionized water b ACRE solution c KCl solution

Fig. 11   TGA analysis con-
ducted on ACRE and the cor-
responding weight loss due to 
temperature rise
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shows the result of the ACRE solution compatibility test with 
different salinities of NaCl solutions. The amount of sedi-
ment is negligible for salinities of 5000, 10000, and 25000 
ppm. The amount of precipitation is 0.087, 0.123, 0.157, and 
0.234 gr for NaCl solutions with concentrations of 50000, 
75000, 100000, and150000 ppm, respectively. The compat-
ibility test was conducted at room temperature and showed 
negligible sediment below the salinity of 50000 ppm. How-
ever, it is well known that increasing temperature improves 
solubility. Therefore, at higher temperatures like reservoir 
temperature, the sediments precipitate at salinities greater 
than 50000 ppm.

Nowrouzi et al. (2020) assessed the compatibility of a 
renewable surfactant extracted from the waste chicken fat at 
different NaCl salinity conditions. There was not any sedi-
ment for the salinities of 20000, 30000, 50000, 70000, and 
100000 ppm, and the solutions remained stable. However, 
0.1417 and 0.2376 g of sediment were observed at salini-
ties of 130000 and 160000 ppm, respectively. Therefore, the 
compatibility of the ACRE solution at various NaCl salini-
ties is satisfying compared to the former studies.

Results of the efficiency of ACRE 
on prevention of Mt swelling in porous 
media

Results of coreflood test

In this section, the ACRE solution’s performance in reducing 
of Mt swelling and pore blocking was evaluated through a 
series of coreflood tests. Figure 13a represents the plot of 
flow rate (q) versus pressure drop ( ΔP ). Three different flow 
rates (0.1, 0.15, 0.2 ml/min) and corresponding pressure 
drop were recorded and plotted for five distinct tests. Based 
on the slope of the line and equation 5, primary permeabili-
ties (prior to injection of inhibitors solution) were calculated. 

The primary permeabilities for five different samples range 
from 82.7(mD) to 103(mD).

ACRE solution at three different concentrations of 1, 1.5, 
and 4% by weight percentage was injected into the core sam-
ple through test numbers one to three, respectively. Based on 
Fig. 13b and Table 1, the final permeability reduced 0.57, 
0.61, and 0.72 of its original value for the test one to three, 
respectively. In the fourth test, 4% KCl by weight percent-
age was injected into the core, and the ultimate permeabil-
ity reached to 0.81 of the primary value. As we expected, 
the most reduction in permeability occurred while deion-
ized water was injected into the synthetic core. Most of the 
pores and throats of the porous medium were blocked due 
to the Mt swelling, and consequently, the pressure drops 
during the injection process raised sharply. The final per-
meability reduced to 0.11 of its initial value, and this means 
that almost 90 percent of the fluid flowing pass was blocked 
or restricted. According to the results of the coreflood test, 
when ACRE solutions were used as Mt inhibitor, the perme-
ability reduction was mitigated. This reduction can be attrib-
uted to the saponin molecules, which reduced the interaction 
of Mt surface and water molecules by making a hydrophobic 
shield around Mt particles.

Results of micromodel tests

In this test, four pore volume of deionized water was injected 
through the micromodel. As mentioned earlier, Mt particles 
have high swelling potential in the non-inhibitive medium; 
therefore, they swell and plug pores in the porous medium. 
Figure 14a exhibits the plugging of pores in micromodel 
after water injection. The inert phase (oil) could just enter 
into a single path, and most of the zones are plugged, so the 
volume of entered oil into the micromodel is minimal. As a 
reference case, 4%Wt of the KCl solution was injected into 
the micromodel. Based on the previous tests, Mt has the 
lowest tendency to swell in the presence of KCl solution. 

Fig. 12   Compatibility of ACRE 
solution at CMC in the presence 
of NaCl solutions
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Potassium ions neutralized negative surface charges of Mt 
surface and suppressed the swelling process. The micro-
model test result also proved this fact. Based on Fig. 14b, 
the maximum amount of oil has been entered into the porous 
medium compared to test number one. This means that most 
of the pores are still open and can serve as a fluid flowing 
path. After injection of four pore volumes of 1.5% ACRE by 
weight percentage solution through the micromodel, oil was 
injected to peruse the impact of ACRE solution on swell-
ing mitigation. Based on Fig. 14c, much more oil has been 

entered into the medium, which demonstrates the efficiency 
of this bio-surfactant in the prevention of swelling and plug-
ging of Mt. By comparing this test and the earlier tests, it is 
inferred that the efficiency of ACRE solution is comparable 
to KCl solution.

After exposing Mt to different solutions, oil was injected 
into the micromodel to quantify the swelling and plugging 
of pores. By recording the pump volume and pixel analysis, 
the pore plug index (PPI) is calculated according to Eq. 6. 
The amount of PPI after injection of deionized water is the 

Fig. 13   Flow rates versus pres-
sure drop during measurement 
of a initial permeability b final 
permeability
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maximum value, which means that most pores were plugged 
after exposure to water and the oil saturation is the low-
est value. However, injection of the bio-based surfactant 
solution reduced the PPI value due to the prevention of Mt 
swelling, and the result is approximately similar to KCl. By 
comparing the results of coreflood and micromodel tests, it 
is evident that exposure of Mt particles to deionized water in 
porous media leads to plugging and blocking almost 90 per-
cent of flowing routes. On the other hand, the application of 
the ACRE solution demonstrated that the permeability reduc-
tion and pore blocking were mitigated to nearly 60 percent.

Probable inhibition mechanism 
by surfactant

Plant-based clay inhibitors do not have a distinct chemi-
cal formula compared to chemical stabilizers. Therefore, 
the determination of a conclusive inhibition mechanism 

is a complicated matter. ACRE is composed of various 
constituents, including minerals and organic compounds. 
Saponin, a non-ionic surfactant, is a prominent swell-
ing stabilizer among other ACRE ingredients. Because 
of isomorphous substitution in octahedral and barely in 
tetrahedral sheets, Mt particles contain a negative surface 
charge. Saponins comprise hydrophobic and hydrophilic 
parts. When Mt particles are exposed to the ACRE aque-
ous solution, the hydrophilic segment is absorbed into the 
negative surface charge of Mt by hydrogen bonding. (The 
hydroxyl group of the hydrophilic part is bonded to the 
negatively charged oxygen atoms on Mt). By adsorption 
of Saponin molecules on the Mt surface, the hydrophobic 
part of saponin is oriented outward and forms a hydro-
phobic protective shield on the surface of Mt. This shield 
impedes the interaction between water molecules and Mt 
surface and consequently mitigates swelling. Schematic 
illustrations of Mt swelling and the probable treatment 
process are exhibited in Fig. 15.

Table 1   Summary of the 
coreflood test results

Solution Status Trend line Error (R2) Q/ΔP(ml/min. psi) Permeabil-
ity (mD)

PR (%)

1% ACRE Initial y=0.213X R
2=1 0.213 103 0.57

Final y=0.1209X+0.0034 R
2=0.993 0.1209 59.1

1.5%ACRE Initial y=0.1968X+0.0269 R
2=0.9228 0.1968 99.6 0.61

Final y=0.1209X-0.0439 R
2=0.9932 0.1209 61.2

4%ACRE Initial y=0.1684X-0.0381 R
2=0.9867 0.1684 82.7 0.72

Final y=0.121X-.0156 R
2=0.993 0.121 59.5

4%KCl Initial y=0.1886X-.0197 R
2=0.9959 0.1886 96.3 0.81

Final y=0.1512X-.0081 R
2=0.9758 0.1512 77.8

D.W Initial y=0.2087X-0.0173 R
2=0.9796 0.2087 101.7 0.11

Final y=0.023X-0.0361 R
2=0.9978 0.023 11.2

Fig. 14   Photos of pore plugging 
test after a deionized water, b 
4%Wt of KCl solution, and c 
1.5%Wt ACRE solution injec-
tion into micromodel
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Environmental and expenditure benefits

During drilling, various chemical additives are applied to 
drilling mud, some of which are toxic and can strongly affect 
the environment. Clay inhibitors may cause contamination 
to drilling mud based on their chemical composition. KCl is 
one of these materials that is commonly used to inhibit clay 
swelling, but it has a negative impact on the soil and surface 
waters. Therefore, the substitution of a chemical additive 
with a biodegradable one is a suitable option. Grinded Acan-
thophyllum root was traditionally utilized as detergent by 
some natives in Iran. Another important benefit of this plant 
is that it can be widely cultivated as a desertification agent. 
The extract derived from the roots is a bio-surfactant that 
does not have a critical impact on the environment. Hence, it 
can be degraded in the environment without a severe threat.

It is well known that the reduction of expense in each 
stage of petroleum exploitation, especially drilling and pro-
duction operation, improves the efficiency of the process. 
Considering the economic perspective, Acanthophyllum is 
a plant that is easily found in the Middle East, especially 
in Iran, at a low cost (US$ 1–2 per Kilogram of roots on a 
laboratory scale) in comparison with other chemicals, par-
ticularly KCl. ACRE has an extensive application in tradi-
tional medicine, and the application can be extended in other 
industries and petroleum engineering.

Conclusion

This research made a thorough investigation of the efficiency 
of a bio-based surfactant called Acanthophyllum root extract 
for Mt swelling prevention. The sedimentation test revealed 

that ACRE molecules made the Mt particles unstable and 
caused their settlement. Zeta potential tests proved that 
employing this bio-based surfactant in an aqueous solution 
containing Mt particles moves the zeta potential value toward 
zero. Therefore, water molecules are not able to form a sta-
ble film around Mt and the Mt particles become unstable and 
deposits (as observed in sedimentation tests). Reduction in 
the Mt negative surface charge confirms that Mt cannot swell 
and hydrate in the presence of ACRE molecules. Free swell-
ing tests elucidated that the ACRE aqueous solution reduced 
the FSI to 94.4 from 233.3%. Particle size measurement and 
SEM analysis revealed that Mt has a small size in the presence 
of deionized water, which is related to swelling and, conse-
quently, delamination of Mt particles. On the other hand, Mt 
particles have a larger size and open texture in the surfactant 
solution, which shows the integrated structural sheets of Mt. 
All the previous static tests confirmed that the ACRE solution 
has an acceptable inhibition property. ACRE solution compat-
ibility test at 25 °C demonstrated negligible precipitation for 
salinities less than 50000 ppm of NaCl at CMC of surfactant. 
Thus, injection of the ACRE solution at reservoir conditions 
will not cause scale deposition. Eventually, the efficiency of 
this bio-surfactant is verified in porous mediums using core-
flood and micromodel tests. The results demonstrate that the 
ACRE solution can prevent permeability impairment and pore 
plugging.

With respect to the results, it is evident that the ACRE solu-
tions do not have impressive effectiveness at higher concentra-
tions than CMC. It can be inferred that monomers play a lead-
ing role in Mt swelling reduction than micelles. Therefore, the 
optimum concentration should be close to CMC (=1.4%Wt) 
to lead to a favorable result.

Fig. 15   Montmorillonite structure a primary state b exposed to water c in the presence of ACRE solution
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Recommendations

According to this study, this surfactant can be used in vari-
ous fields of petroleum engineering. But the advice for other 
researchers is to continue these tests at higher temperatures. 
Also, measuring the temperature stability over time can be 
good option.
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