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Abstract 
In chemical enhanced oil recovery, surfactants are injected into the reservoir 
with the intention to lower interfacial tension (IFT) between the water and oil 
phases, and thereby bring about efficient displacement of oil. However, the 
adsorption of the surfactants to reservoir rock surfaces leads to the loss and 
reduction in concentration of the surfactants, which in turn reduces the over-
all efficiency of the oil recovery process, with attendant financial losses. In 
this work, the adsorption of Quillaja Saponaria (QS), a novel, natural, non-ionic 
surfactant, on crushed sandstone reservoir rock is investigated. X-ray diffrac-
tion (XRD) study of clean sandstone particles has been undertaken to deter-
mine the main components present in the sand particles. The conductivity 
method was used to measure CMC and the surfactant concentrations in 
aqueous solutions. Batch adsorption experiments were used to determine the 
amount of QS adsorbed on rock surface. Equilibrium conditions were reached 
after almost 5 days. From the results of the study, the Langmuir isotherm 
model is more suited for predicting the adsorption behaviour of QS on sand-
stone. The kinetic adsorption of QS obeys the pseudo-second order model. 
This study is particularly relevant in surfactant selection for chemical EOR 
processes. 
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1. Introduction 

About 60% of all worldwide petroleum reservoirs are sandstone; aside from the 
Middle East, the proportion is even much higher in other parts of the globe. 
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These sandstone reservoirs are mostly composed of stable minerals (such as 
feldspar, quartz, rock fragments), accessory minerals, and pores saturated with 
fluids such as oil, gas, and groundwater [1] [2]. The average recovery factor 
(RF), the ratio of recoverable oil to the volume of oil originally in place (OOIP), 
for all reservoir types is about 35%, and sandstone reservoirs tend to have better 
RFs than carbonates [3]. One chemical EOR method used to increase the RF is 
surfactant flooding. Surfactant flooding has been used to increase the RF to 
about 50% of OOIP [4]-[13]. The use of surfactants to enhance oil recovery comes 
in various forms, including surfactant-polymer (SP) flooding, alkali-surfactant- 
polymer (ASP) flooding, surfactant-micellar injection, as well as surfactant huff- 
n-puff processes [14] [15] [16]. 

Surfactants or surface-active agents are chemical compounds characterised by 
the possession of medium-to-long-chain molecular structures with both hydro-
philic (“likes” water) and hydrophobic (“dislikes” water) moieties that tend to be 
distributed at the interface between the liquid phases, with varying degree of 
polarity (i.e. oil/water) [17] [18]. The hydrophilic portion is usually polar or io-
nic, while the hydrophobic portion is generally in the form of long-chain non- 
polar hydrocarbons. Surfactants are characterised by properties such as critical 
micelle concentration (CMC), hydrophilic-lipophilic balance (HLB), chemical 
structure and charge, as well as properties from their origin or source material 
[19] [20]. The surfactants exist as monomers or single molecules at low concen-
trations in aqueous solutions; beyond the CMC, the surfactant molecules assem-
ble together to form aggregates or micelles The adsorption of surfactant particles 
follows different patterns, and their arrangement in the adsorbed phase is typi-
cally different from that in the bulk fluid phase. Irrespective of the phase that the 
particles are adsorbed onto, the surfactant monomers in the aqueous solution 
will be in equilibrium with both micelles and adsorbate [15]. Figure 1 shows the 
relationship between a surfactant property (in this case, surface tension) and 
surfactant concentration, with the CMC being the point where surfactant prop-
erty stabilizes. 

 

 
Figure 1. Critical micelle concentration of a surfactant [21]. 
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Typically, chemical EOR processes are affected by a number of factors, such as 
interaction between surfactants and formation fluids, heterogeneity of porous 
medium, surfactant adsorption onto the solid rock surface, and the coalescence 
of oil droplets [22]. Of particular importance is the loss of surfactants through 
sorption and retention in the reservoir rock, which has implications on the effi-
ciency and economy of the overall process. 

Surfactants are used for the stimulation of hydrocarbon reservoirs and en-
hanced recovery processes, which often leads to higher recovery of oil from the 
reservoirs. It is therefore economically imperative to reduce the amount of sur-
factant adsorption or loss to rock surface. The adsorption of surfactants to solid 
surfaces can occur through a number of mechanisms, namely: ion exchange, ion 
pairing, hydrophobic bonding, π electron polarisation and dispersion forces [23] 
[24] [25] [26]. Despite the complex nature of adsorption (because it combines 
mass transfer and reaction kinetics unit operations), researchers have been able 
to identify some factors that affect surfactant adsorption; they include ionic 
strength, pH, temperature, adsorbent amount, and electrolyte concentration [27] 
[28] [29] [30] [31].  

The adsorption of natural surfactants on reservoir rock surfaces (carbonate 
and sandstone) is an essential aspect of chemical EOR and soil remediation, 
hence the reason why several studies have been carried out on them and re-
ported in literature; some are provided in Refs. [22] [23] [32] [33] [34]. Re-
searchers have been able to show that the main driving forces behind surfactant 
adsorption are the surfactant type, physical (lithology) and chemical properties 
of reservoir rocks, as well as the chemistry of the bulk solution [33] [35]. Sca-
mehorn (1980), in his dissertation, investigated the adsorption of a dilute solu-
tion of sodium alkyl benzene sulfonate on clay minerals, and concluded that the 
Langmuir isotherm matched his data set, and therefore was the most appropriate 
[36]. Muherei and Junin (2009) performed a comparative study of the adsorp-
tion of Polyethylene glycol tert-octylphenyl ether-Triton X100 (TX100), a non- 
ionic surfactant, and Sodium Dodecylsulfate (SDS), an anionic surfactant, on 
shale and sandstone. It was observed that while Triton X100 was adsorbed to 
both adsorbents, SDS was not detected on either of the adsorbent samples. Addi-
tionally, the adsorption data for lower than CMC concentrations successfully fit 
both the Freundlich and Langmuir isotherms, with the Freundlich model show-
ing a much better correlation [37]. Azam et al. (2013) studied the static adsorp-
tion of a novel in-house synthesised surfactant on Berea sandstone and discov-
ered that only a very minimal amount of surfactant was adsorbed (0.96 mg/g) at 
higher pH, higher temperature and lower salt concentration [38]. Ahmadi and 
Shadizadeh (2016) investigated the adsorption equilibrium of Zyziphus spi-
na-christi, a natural surfactant onto a sandstone rock sample. In their work, they 
analyzed the results with 2 very common adsorption isotherms and based on the 
coefficient of determination value (R2) concluded that the Freundlich model was 
a better fit for the adsorption equilibrium of Zyziphus spina-christi [39]. Zen-
dehboudi et al. (2013) also worked on the adsorption of Zyziphus spina-christi 
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(ZSC) but on carbonate rocks, and determined that the adsorption behaviour 
was well predicted by the Freundlich isotherm. In addition, they showed that 
ZSC was able to increase the recovery factor from a carbonate reservoir from 
47% to 77% [22].  

In 2011, Stanimirova et al. [40] worked on Quillaja Saponaria (QS) with the 
intention of determining its rheological surface properties. They concluded that 
QS exhibits properties consistent with those of any non-ionic surfactants and 
that the Volmer and Langmuir adsorption isotherms best describe the adsorp-
tion behaviour of QS for non-localised and localised adsorption of molecules, 
respectively [40]. In his MSc research work, Beach, B.A. (2016) demonstrated 
that saponins derived from the Quillaja soapbark tree could be used as an alter-
native surfactant in the remediation of soil contaminated with non-aqueous 
phase liquid (NAPL) [34]. The results of the test showed that Quillaja saponria 
had a much lower CMC value (0.006 wt%) than its synthetic counterpart, Bio-
solve, and it significantly enhanced the solubilisation of polycyclic aromatic hy-
drocarbons (PAHs) [34]. 

In this study, static adsorption of Quillaja Saponaria (QS), a natural non-ionic 
surfactant, by crushed sandstone rocks is investigated at 298K and in different 
aqueous concentrations for the purpose of implementation in chemical EOR. 
The CMC of QS was determined using the conductivity method. Furthermore, 4 
well known adsorption isotherms were investigated with a view to determining 
the adsorption parameters for QS; the adsorption isotherm models examined in-
clude: Freundlich, Langmuir, Temkin, and Linear. 

2. Material and Experimental Investigation 
2.1. Surfactant 

Quillaja Saponaria (QS), also known as soap bark tree or Quillay, is an evergreen 
tree in the family of Quillajaceae that is indigenous to warm, temperate central 
Chile, Peru and Bolivia [41]. The saponin content varies depending on a number 
of factors, such as age of plant, component of plant used for extraction of sapo-
nin, environmental factors, and genetic origin of plant [42]. Saponins are natural 
surface–active substances synthesized from different plants species, lower ma-
rine animals, and some bacteria [43] [44]. Saponin molecules contain a hydro-
phobic part, composed of a triterpenoid or steroid backbone, and a hydrophilic 
part, which consists of several saccharide residues, attached to the hydrophobic 
scaffold via glycoside bonds [40]. The combination of a non-polar sapogenin and 
water-soluble side chain in saponins confers on them emulsifying and forming 
abilities which are highly sought after in many industrial applications such as 
beer, food, and detergent making processes.  

The Quillaja Saponaria (QS) sample used in this study was sourced from 
Desert King, Chile S.A. The properties of QS used in this study (as provided in 
the material safety data sheet, MSDS) are presented in Table 1. Figure 2 is a 
schematic of the general molecular formula of QS. 
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Table 1. Properties of quillaja saponaria (QS). 

Test Specification Results 

Appearance Light brown free-flowing powder 
Light brown 

free-flowing powder 

Absorbance ≤1.500 (10% w/w, at 520 nm) 0.553 

pH 4.1 ± 0.2 (20%w/w solution) 4.1 

Moisture (%) <7.0 1.0 

Saponin (%) >20 (UPLC C18 analytical method) 23.4 

Tannins (%) - 3.0 

Preservatives None None 

Total Plate Count (cfu/g) <100 <10 

Mold (cfu/g) <100 <10 

Yeast (cfu/g) <100 <10 

 

 
Figure 2. General molecular structure of Quillaja Saponins [45]. 

2.2. Adsorbent 

Sandstone samples used for this study were obtained from the Absheron field in 
the Azerbaijani sector of the Caspian Sea. The chemical and mineralogical com-
positions of the rock sample are provided in Figure 3 and Figure 4 respectively. 
The cores were crushed with mortar and pestle and ground into a powder. The 
crushed rock samples were then sieved with a mechanical sieve to obtain par-
ticles with an average size of 354 μm. The crushed samples were air-dried for 24 
hours and then oven-dried at 105˚C for another 48 hours. 

In addition, the mineral composition of the sandstone powder determined by 
X-Ray Diffraction (XRD) is shown in Figure 5. From the analysis, the vast majority  
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Figure 3. Chemical composition of sandstone (YTi = the quantity of evaporated compo-
nents at 950˚C). 
 

 
Figure 4. Mineral composition of sandstone. 

 

 
Figure 5. X-ray diffraction (XRD) result of the crushed sandstone used in test. 
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of the chemical and mineral content of the sandstone rock used is Quartz (28%), 
closely followed by Montmorillonite (21%). 

3. Preparation of Surfactant Solution 

A stock solution of QS with different concentrations was prepared using a 
known quantity of the QS powder diluted in 1000 mL of deionised water in a 
volumetric flask. Deionised water was used in order to prevent the interaction of 
dissolved particles with the QS powder. A magnetic stirrer was used to ensure a 
homogenous mixture. Afterwards, the stock solution was diluted using dilution 
rule to obtain concentrations of QS ranging from 100 mg/L to 1000 mg/L. 

3.1. Critical Micelle Concentration Measurement 

There are a number of techniques used for measuring the critical micelle con-
centration (CMC) of surfactants, viz: surface tension, conductivity, and calori-
metry. In this study, the CMC of QS was measured using the conductivity me-
thod. The concentration of QS used in the study ranged from 100 ppm to 1000 
ppm. A conductivity meter (WTW inoLab, Model no.: Cond 7110; Conductivity 
range: 20 - 199.99 mS/cm, with resolution: 0.1 mS/cm; temperature range: −25˚C 
- +125˚C, with resolution: 0.1˚C) was used for the study. Initially, the conductiv-
ity meter was calibrated using a solution of known concentration and after each 
measurement, the probe was washed with deionised water. The electrical con-
ductivity (in μS/cm) of different concentrations of the surfactant solution was 
measured using the conductivity meter (see Figure 6 for the Conductivity meter 
used in the study). The measurements were made at atmospheric pressure 
(101,325 Pa) and room temperature (25˚C).  

The concentration of surfactant was then plotted against conductivity as 
shown in Figure 7. The CMC of QS is identified on the graph as the point where 
the gradient changes i.e. the point of intersection (or inflexion point).  

 

 
Figure 6. Conductivity meter used in the study. 

Conductivity meter

QS samples QS solution
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Figure 7. CMC of QS from conductivity measurements. 

3.2. Adsorption Experiment 

In this study, the batch equilibrium test was used to determine the adsorption of 
QS onto crushed sandstone rock samples. Over the duration of the test, weighed 
samples of the adsorbents were allowed to reach equilibrium with various initial 
concentrations of the surfactant ranging from 100 to 1000 ppm. Crushed sand-
stone samples and QS were mixed in the ratio of 1:8, i.e. 5 g of sandstone sample 
was mixed with 40 mL of QS in a test tube. The test tube was shaken vigorously 
to ensure uniform mixing. The concentration of the QS was measured before 
and after adsorption, and the difference between these concentrations gives the 
adsorption capacity q of the rock sample in mg/g, as presented in Equation (1). 

( ) 310
o

solution

sandstone

m C C
q

m
−

× −
= ×                      (1) 

In Equation (1), q is adsorption density onto rock surface (mg/g –rock), msolution 
is the total mass of solution in the original bulk solution (g), C˚ is the initial sur-
factant concentration before adsorption (mg/L), C is the surfactant concentra-
tion after adsorption (mg/L), and msandstone is total mass of crushed sandstone (g). 

Regular concentration measurements of the mixture were taken over a period 
of time and equilibrium or steady state condition was reached after 108 hours in 
the initial test. Two more runs of the experiments were conducted and a good 
match was obtained with the preliminary test and with a percentage error of 
about 2%, the results for the last 2 runs were used for analysis. It is worthy of 
note that the conductivity method was used to determine the differences in con-
centration during the adsorption experiments. Figure 8 represents the adsorp-
tion of different concentrations of QS on sandstone. 

Figure 9, on the other hand, represents the adsorbed amount of QS onto 
sandstone at different equilibrium concentrations of QS; as the equilibrium 
concentration of QS increases, so also does the adsorbed amount of QS on sand-
stone, though this increase slows down at higher equilibrium QS concentration. 

y = 5500x + 272
R2 = 0.995

y = 9626.x – 1.74
R2 = 0.997
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Figure 8. Adsorption capacity versus time for different surfactant concentrations. 

 

 
Figure 9. Equilibrium sorption isotherm for different QS concentrations. 

3.3. Adsorption Isotherm Models 

Adsorption is a process that involves solid-liquid interaction as well as mass 
transfer from the aqueous to the solid phase. An equilibrium adsorption iso-
therm model is a mathematical equation which shows the relationship between 
equilibrium surfactant adsorption at the solid-liquid interface and the equili-
brium concentration of surfactant in solution [46]. In order words, an adsorp-
tion isotherm model is required to predict the amount of loading on the adsorp-
tion matrix at a given concentration of the adsorbate [23]. On the other hand, 
the adsorption kinetic models are used to predict the adsorption rate and thus 
provide information about the adsorption mechanism. Some notable adsorption 
isotherms models, available in literature, are presented herein. 

3.3.1. Langmuir Isotherm 
The Langmuir isotherm is one of the foremost adsorption models [47] [48] [49]. 
This model is based on 3 assumptions, viz: monolayer coverage, homogeneous 
adsorption sites, and identical sorption sites with equivalent energy. Based on 
these assumptions, the Langmuir isotherm equation is: 
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1
o L e

e
L e

q K C
q

K C
=

+
                          (2) 

Langmuir isotherm parameters can be determined by the linearization of the 
isotherm equation: 

1 1 1

e o o L eq q q K C
= +                         (3) 

where, qe is amount of surfactant adsorbed per gram of adsorbent (crushed rock) 
at equilibrium (mg/g); qo is maximum monolayer coverage capacity (mg/g); Ce is 
equilibrium concentration of adsorbate (mg/L); KL is Langmuir isotherm con-
stant (L/mg). The values of qo and KL are obtained from the intercept and slope 
respectively of the Langmiur plot of 1/qe versus 1/Ce. A key part of the Langmuir 
isotherm is the dimensionless quantity known as separation factor or equili-
brium parameter [50] 

1
1L

L e

R
K C

=
+

                         (4) 

The RL value determines the nature of the adsorption process to be either unfa-
vourable if 1LR > , linear if 1LR = , favourable if 0 1LR< < , and irreversible if 

0LR =  [51]. The Langmuir isotherm constant KL is a measure of the affinity 
between the adsorbent and the adsorbate molecules; higher magnitude of KL im-
plies stronger affinity of adsorbent for adsorbate molecules. 

Figure 10 presents the QS adsorption kinetics result for the Langmuir iso-
therm at 298K, which shows that the relationship between 1/qe and 1/Ce is linear, 
therefore an increase in 1/qe results in a similar increase in 1/Ce. 

3.3.2. Freundlich Isotherm 
The Freundlich isotherm is commonly used to describe the adsorption characte-
ristics for heterogeneous surfaces, i.e. for non-ideal adsorption processes. This iso-
therm typically does not predict any saturation of the adsorbent by the adsorbate 
[52]; this implies that an infinite surface coverage is likely to occur, resulting in a 
multilayer coverage of the surface. The equation for this model is given as: 
 

 
Figure 10. Langmuir isotherm for different QS concentrations at 298K. 
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1 n
e F eq K C=                           (5) 

where: qe is the amount of surfactant adsorbed per gram of the adsorbent (crushed 
rock) at equilibrium (mg/g); KF is the Freundlich isotherm constant (mg/g); n is 
the adsorption intensity; and Ce is the equilibrium concentration of adsorbate 
(mg/L). 

The linearised format is: 

1log log loge F eq K C
n

+=                    (6) 

Figure 11 is QS adsorption kinetics results from Freundlich isotherm at 298K. 
This shows that there is a linear relationship between the logarithm of the 
amount of QS per gram of sandstone (mg/g), and the logarithm of equilibrium 
concentration of adsorbate (mg/L). 

3.3.3. Temkin Isotherm 
The Temkin isotherm model contains a factor that takes into account the adsor-
bent-adsorbate interactions. Aharoni and Tompkins (1970) claimed that the ad-
sorption heat of the molecules present in the adsorbed layer declines linearly 
with coverage due to the interactions [53]. The Temkin equation is represented 
as: 

ln lne T eq B K B C= +                      (7) 

where: B is the constant related to heat of sorption (J/mol); KT is Temkin iso-
therm equilibrium constant (L/g); qe is the amount of surfactant adsorbed per 
gram of adsorbent (crushed rock) at equilibrium (mg/g); and Ce is the equili-
brium concentration of adsorbate (mg/L). The constant B is further expressed as: 

T

RTB
b

=                            (8) 

where: 
R = universal gas constant 
T = operational temperature 

 

 
Figure 11. Freundlich isotherm for different QS concentrations at 298K. 
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bT = Temkin Isotherm constant 
Temkin isotherm results at 298K for QS are presented in Figure 12; this is a 

plot of qe versus lnCe, where the amount of QS adsorbed per gram of sandstone 
(mg/g) increases with the natural logarithm of the equilibrium concentration of 
adsorbate (mg/L). 

3.3.4. Henry’s Law Model 
The Henry’s law model, also known as the linear isotherm model, is expressed 
as: 

e H eq K C=                          (9) 

where: qe is the amount of surfactant adsorbed at equilibrium (mg/g); Ce is the 
equilibrium concentration of adsorbent (mg/L); and KH is Henry’s constant (L/m2). 

In Figure 13, Henry’s law, or the linear isotherm model demonstrates that the 
equilibrium amount of QS adsorbed on sandstone (mg/g) is directly proportion-
al to the equilibrium concentration of adsorbent (mg/L) 

 

 
Figure 12. Temkin isotherm for different QS concentrations at 298K. 

 

 
Figure 13. Linear isotherm for different QS concentrations at 298K. 
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3.4. Theory of Adsorption Kinetics 

For the purpose of studying the adsorption kinetics of QS on sandstone crushed 
rock, three widely used models were employed, namely: pseudo-first-order, 
pseudo-second-order, and intra-diffusion models. The kinetic study was per-
formed at 25˚C (room temperature); the amount of QS adsorbed by the sand-
stone was recorded over time and this is presented in Figure 8. 

3.4.1. Pseudo-First-Order Kinetic Model 
Lagergren (1898) proposed a method for studying adsorption kinetics known 
simply as the pseudo-first-order kinetic model [54]. The differential form of the 
equation is: 

( )1
d
d

t
e t

q
k q q

t
= −                          (10) 

where: qe (mg/g) and qt (mg/g) are the amounts of adsorbed adsorbate at equili-
brium and at time t, respectively, and k1 (hr−1) is the rate constant of pseu-
do-first-order adsorption. By integrating Equation (9) over the boundary condi-
tion: 0, 0tt q= = ; , t tt t q q= = , the equation simplifies to: 

( ) 1ln lne t eq q q k t− = −                       (11) 

3.4.2. Pseudo-Second-Order Kinetic Model 
The differential form of the pseudo-second-order kinetic equation [55]: 

( )2
2

d
d

t
e t

q
k q q

t
= −                         (12) 

By integrating Equation (10), the linear form of the equation is obtained as: 

2
2

1 1

t ee

t t
q qk q

= +                          (13) 

where: k2 is the equilibrium rate constant (g/mg-hr) of the pseudo-second-order 
model. The plot of t/qt against t will give a linear relationship, from which k2 and 
qe can be determined from the slope and intercept of the graph. The pseu-
do-second-order kinetics equation is known to be able to predict the kinetic be-
haviour of a wide variety of adsorption systems, such as metal ions, herbicides, 
dyes, etc, over a range of process conditions [53]. Two parameters of importance 
in this kinetic model are initial adsorption rate, h, and half-adsorption time t1/2, 
which are both expressed as: 

2
2 eh k q=                             (14) 

1 2
2

1

e

t
k q

=                            (15) 

3.4.3. Intra-Particle Diffusion Model 
Internal and external diffusion are essential parts of the adsorption processes. As 
a result, it was discovered that in most adsorption systems, the amount of solute 
qt on the surface of the sorbent (mg/g) is a linear function of t1/2 rather than the 
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contact time, t. 
The intra-particle diffusion equation is given as [56]: 

1 2
t iq k t=                            (16) 

where ki is the intraparticle diffusion rate constant (mg/g hr1/2). 

4. Error Analysis 

As a result of the bias inherent in the linearization of the 4 adsorption isotherm 
models, alternative isotherm parameters were determined using non-linear re-
gression. This provides a mathematically rigorous method for determining ad-
sorption isotherm parameters from the original form of the isotherm equation 
[57] [58]. In addition to the coefficient of determination or R2 value, this study 
also employed the absolute relative deviation (ARD) or the normalised percent 
deviation (the P criterion) [59], as well as the chi-square test χ2. These parame-
ters are defined by the following equations: 

1

100ARD
exp model

n i i
expi
i

q q
n q=

−
= ∑                     (17) 

( )2

2
1

exp model
i in

expi
i

q q

q
χ

=

−
= ∑                       (18) 

where qexp is the measured, experimental value of surfactant adsorption at any 
concentration Ce, qmodel is the corresponding predicted surfactant adsorption ac-
cording to the adsorption equation under study and n is the number of observa-
tions. Relatively smaller ARD and chi-square coupled with high coefficient of 
determination, R2 values imply that the model is more able to predict experi-
mental adsorption data with acceptable accuracy.  

The quality, and thus reliability of experimental result is dependent on how 
closely it matches the adsorption model. The ARD and chi-square test results are 
presented in Table 4. 

5. Results and Discussion 
5.1. Critical Micelle Concentration (CMC) Determination 

The CMC of QS was determined using the conductivity method as outlined in 
the experimental investigation section. At low QS concentration, the molecules 
arrange at the surface. As the surfactant concentration increased, the conductiv-
ity also increased. At a particular QS concentration, the molecules started to ag-
glomerate and thus form aggregates or micelles, causing the electrical conductiv-
ity of the surfactant solution to experience a sudden change. This concentration 
at which the molecules of QS form micelles, known as the CMC, is depicted as 
an abrupt change in its electrical conductivity as shown in Figure 7. In this 
study, the CMC of QS is observed to be 0.068 wt% (for QS with 23.4% saponin 
content).  

The CMC of saponins derived from QS have been reported extensively in lite-
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rature. Mitra and Dungen (1997) reported relatively high CMC values, ranging 
from 0.051 to 0.072 wt% at 298K [60]. Mid and lower CMC values have also 
been presented, they include: 0.025 wt% by Stanimirova et al. (2011) [40], 0.010 
to 0.020 wt% by Chen et al. (2008) for QS with 13.9% purity level [61], and 0.003 
to 0.015 wt% reported by Zhou et al. (2011) for QS with 10% saponin content 
[62]. In this study using QS with 23.4% purity level, the CMC was determined to 
be 0.068 wt%, which is within the range of CMC values presented by other re-
searchers herein. Researchers have attributed the differences in CMC value to 
different manufacturers who obtain their raw material from a wide variety of 
sources and plant parts, as well as to the differences in the extraction process. 

While the CMC value is useful for describing the overall adsorption of QS 
onto sandstone, it is also important for determining the range of QS concentra-
tion that would be applicable for enhanced oil recovery studies. 

5.2. Adsorption at Equilibrium Concentrations/Effect of Initial  
Surfactant Concentration 

Figure 9 shows the amount of adsorbed surfactant in mg per unit g of sandstone 
over a range of equilibrium concentrations. It can be seen that the sorbed 
amount of QS increases sharply from low to high equilibrium concentration and 
reaches a peak at the CMC, i.e. an increase in the concentration of QS leads to a 
corresponding rise in adsorption capacity of sandstone. This can be attributed to 
the increasing difference between the exposed sandstone surface and the bulk QS 
solution. Another important take away from the figure is that at the critical mi-
celle concentration (0.068 wt%), the adsorption capacity of QS is about 3.6 mg/g 
of sandstone. Beyond the CMC, the aqueous monomer concentration will not 
increase with any further addition of surfactant since the additional surfactant 
will only form more micelles [37]. 

5.3. Effect of Residence Time 

An important aspect of this study is the effect of contact or residence time on the 
efficiency of surfactant adsorption on sandstone rock samples. This is particu-
larly useful for understanding the kinetics of the adsorption process. As shown 
in Figure 8, the maximum amount of adsorption of QS occurs at about 108 
hours. The graph indicates that as the initial concentration of QS increases, so 
does the adsorption rate. The increase is initially fast but slows down and sub-
sequently reaches equilibrium after almost 5 days. This could be attributed to the 
fact that at the start of the adsorption reaction, the available surface area of the 
sandstone sample is high. As time progressed, a single layer is formed by the ad-
sorbed surfactant, thereby causing a reduction in the adsorption capacity of the 
adsorbent. Subsequent adsorption is thus driven not by the concentration gra-
dient but by the rate at which the surfactant can be transported from the exterior 
to the interior sites of the adsorbent. With time, the rate of adsorption decreases 
due to the very slow rate of diffusion of the solute particles into the bulk of the 
adsorbent, and ultimately reaches steady state, when no further adsorption takes 
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place, i.e. no change in adsorption tendency with respect to time. 

5.4. Adsorption Isotherm Study 

In this study, only the 2-parameter adsorption isotherm models, namely Lang-
muir, Fruendlich, Temkin, and Linear (Henry’s Law), were studied at 298K. 
Adsorption isotherms are characterised by parameters that depict adsorbent 
surface properties as well as the affinity of the adsorbent for the adsorbate. Table 
2 shows the correlations for each of the 4 adsorption isotherms used at 298K. In 
the case of the Langmuir isotherm, 1/qe was plotted against 1/ce in order to de-
termine the equilibrium behaviour of the QS in the presence of crushed sand-
stone. This is shown graphically in Figure 10. The magnitude of the Langmuir 
constants, namely qo, KL, and RL, are presented in Table 2. The value of  

0.353169LR =  indicates that the adsorption of QS on sandstone is a favourable 
adsorption process. However, a KL value of about 0.001789 shows that the affin-
ity of sandstone molecules for QS molecules is not strong [51]. This is of partic-
ular importance in chemical EOR as it implies that the loss (or adsorption) of QS 
in the surfactant flooding of a sandstone reservoir would be minimal, thereby 
keeping the cost of surfactants to an affordable value. 

To understand the Freundlich isotherm, a graph of log eq  versus log ec  was 
plotted, and the constants 1/n and KF were determined. The graph (Figure 11) 
shows a fairly good agreement between experimental and model data, with a 
correlation coefficient of 0.955. The comparatively slightly lower coefficient of 
determination may be due to the reasonably homogenous surface of the adsor-
bent (sandstone), which is not well suited to the Freundlich adsorption isotherm. 
The not-so-perfect fit of the Freundlich isotherm model is corroborated by both 
the P criterion and chi-square test values shown in Table 4, which are higher 
than those of the Langmuir isotherm. The adsorption parameters of the Temkin 
isotherm are obtained from a plot of qe versus lnCe (Figure 12). Table 2 presents  
 
Table 2. Adsorption isotherm paramaters at 298K. 

qo (mg/g) 
Langmuir Correlation: 1 95.01 0.170e eq C= +  

KL (L/mg) RL R2 

5.88235 0.001789 0.353169 0.958 

1/n 
Freudlich Correlation: log 0.488log 0.882e eq C= −  

n KF (mg/g) R2 

0.488 2.049180 0.13121 0.956 

B 
Temkin Correlation: 1.44ln 6.230e eq C= −  

bT KT (L/mg) R2 

1.44 1720.53611 0.0132 0.955 

KH (L/g) 
Henry’s Model Correlation: 0.002 1.562e eq C= +  

Constant, C - R2 

0.002 1.562 - 0.936 
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the model parameters and, given the correlation of determination value, it is ob-
vious that the Temkin adsorption model is not good enough to describe the 
equilibrium adsorption behaviour of QS on sandstone rock. Lastly, a plot of qe 
against Ce (Figure 13), which describes the Henry’s law or linear adsorption 
isotherm model, was used to obtain equilibrium adsorption parameters. The R2 
value obtained fell short of properly elucidating the adsorption characteristics of 
the surfactant at equilibrium conditions. Table 3 shows the experimental ad-
sorption capacity of sandstone and compares it with the predicted values for all 4 
adsorption isotherm models. 

Using a combination of these correlations and regression analysis, the appro-
priate isotherm model can be obtained and used to optimally design an adsorp-
tion system for use in EOR. Based on the correlation coefficient or the R2 value, 
the Langmuir isotherm with a value of 0.958 represents the adsorption experi-
mental data most appropriately, compared to the Freundlich, Temkin, and Li-
near isotherms with R2 values of 0.956, 0.955, and 0.936 respectively. However, 
only the R2 value is not a sufficient criterion for data fitting. By combining the 
R2, ARD and chi-square criteria (in Table 4), the best isotherm model can be 
found. It can be concluded that the Langmuir adsorption isotherm represents 
the experimental data of QS at 298K better than the other 3 models. 

5.5. Adsorption Kinetics 

In order to evaluate the adsorption results, 3 well known adsorption kinetic models  
 
Table 3. Experimental and model predicted adsorption capacity of sandstone on QS. 

QS Conc. 
(wt%) 

Expt.  
Adsorption  

Capacity exp
eq  

Langmuir  
Isotherm 

model
eq  

Freundlich 
Isotherm 

model
eq  

Temkin  
Isotherm 

model
eq  

Linear  
Isotherm 

model
eq  

0.01 2.312291 2.228949 2.259278 2.166382 0.682060 

0.02 2.229157 2.441553 2.432117 2.383906 0.793280 

0.03 2.852190 2.855630 2.794648 2.793906 1.054580 

0.04 3.088432 3.077120 3.007911 3.010908 1.226100 

0.05 3.474486 3.285008 3.224323 3.215923 1.413700 

0.06 3.370770 3.382914 3.331851 3.313543 1.512860 

0.07 3.336198 3.479604 3.444610 3.410936 1.618720 

0.08 3.549392 3.600291 3.591603 3.534244 1.763440 

0.09 3.572440 3.688057 3.704286 3.625400 1.878680 

0.10 3.946970 3.805103 3.863168 3.749326 2.047520 

 
Table 4. Statistical criterion for adsorption isotherm models. 

 Langmuir Freundlich Temkin Lninear 

ARD (P Criterion) 2.880020 3.144580 2.880480 57.104407 

χ2 0.038368 0.041656 0.039561 10.135245 
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were examined. In the first case, QS adsorption on sandstone rock was modelled 
using the pseudo-first order kinetic equation by plotting ( )ln e tq q−  versus t. 
The slope and intercept of the straight line graph made it possible to determine 
the rate constant, K1, and equilibrium adsorption rate qe, respectively. Figure 14 
is the adsorption kinetic plot for the pseudo-first order model, while Table 5 
displays the adsorption parameters for this model for different surfactant con-
centrations. The results indicate that the adsorption of QS follow the Lagergren 
model only at very high concentrations, with very low correlation parameters 
( 2 0.7R < ). Consequently, this kinetic model does not sufficiently fit experi-
mental results and therefore lacks the ability to fully explain the adsorption of 
QS onto sandstone.  

For this study of the adsorption of QS on sandstone, Figure 15 is a plot of t/qt 
versus t, and it depicts the adsorption rate by virtue of the pseudo-second order 
model. The graph is a straight line, and the second order rate constant K2 and  
 

 
Figure 14. Adsorption kinetics for pseudo-first order model of QS on sandstone. 
 
Table 5. Pseudo-First order adsorption kinetic model for QS. 

Surfactant Conc. (wt%) Correlation K1 (hr−1) R2 

0.01 ( )ln 0.022 0.488e tq q t− = − +  0.022 0.622 

0.02 ( )ln 0.026 0.325e tq q t− = − +  0.026 0.326 

0.03 ( )ln 0.038 0.736e tq q t− = − +  0.038 0.605 

0.04 ( )ln 0.029 0.620e tq q t− = − +  0.029 0.376 

0.05 ( )ln 0.028 0.791e tq q t− = − +  0.028 0.421 

0.06 ( )ln 0.035 1.048e tq q t− = − +  0.035 0.620 

0.07 ( )ln 0.024 0.724e tq q t− = − +  0.024 0.442 

0.08 ( )ln 0.025 0.785e tq q t− = − +  0.025 0.439 

0.09 ( )ln 0.026 0.998e tq q t− = − +  0.026 0.691 

0.10 ( )ln 0.032 1.189e tq q t− = − +  0.032 0.622 
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Figure 15. Adsorption kinetics for pseudo-second order adsorption model for QS on 
sandstone. 
 
the equilibrium rate of adsorption qe are obtained from the intercept and slope, 
respectively. In this model, the coefficient of determination (R2) values are much 
higher, greater than 0.955 on the average, as shown in Table 6. Comparatively, 
the pseudo-second order kinetic model fits the experimental data more than its 
first-order counterpart. It is important to state that the fit of experimental and 
model adsorption capacity is much closer for all surfactant concentrations, espe-
cially around the critical micelle concentration of QS. The results for the pseu-
do-second order isotherm model also indicate that the adsorption rate constant 
is initially high, which implies therefore that the initial adsorption rate h is also 
low; the half-adsorption time, on the other hand, is low for QS on sandstone 
rock samples.  

The kinetic behaviour of QS on sandstone was also investigated in relation to 
the intra-particle diffusion model. In order to use this model, qt was plotted against 
t1/2 and this should give a straight line graph. For adsorption systems where in-
tra-particle diffusion is the controlling mechanism, this plot should be a straight 
line passing through the origin, which implies that the adsorption rate at any 
given time should be linearly (directly) proportional to the square root of the 
time. Based on the results presented in Figure 16 and Table 7, there are clearly 
other competing adsorption mechanisms other than intra-particle diffusion me-
chanism involved in the adsorption of QS on sandstone: the straight line graph 
does not pass through the origin for some surfactant concentrations and the R2 
value range between 0.925 and 0.969. This can be explained thus: during the first 
stage of adsorption, diffusion of the surfactant molecules occurs at the external 
surface of the sandstone, and this process was fast, occurring over the first 4 hours, 
and is depicted by a sharp slope in Figure 8. This is known as the boundary layer 
diffusion process [63]. In the second stage of adsorption, which occurs from 
hours 4 to about 24, the rate of diffusion of the QS molecules is controlled by the 
thickness of the boundary layer. This is known as the intra-particle diffusion  
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Table 6. Adsorption kinetic parameters for pseudo-second order model for different sur-
factant concentrations. 

Surfactant Conc. (wt%) Correlation K2 (g/mg.hr) R2 

0.01 0.411 4.672tt q t= +  0.036 0.947 

0.02 0.401 4.062tt q t= +  0.040 0.958 

0.03 0.319 3.628tt q t= +  0.028 0.937 

0.04 0.295 3.012tt q t= +  0.029 0.965 

0.05 0.261 2.908tt q t= +  0.023 0.959 

0.06 0.273 3.405tt q t= +  0.022 0.942 

0.07 0.278 2.574tt q t= +  0.030 0.978 

0.08 0.258 2.592tt q t= +  0.026 0.969 

0.09 0.265 2.928tt q t= +  0.024 0.960 

0.10 0.238 2.650tt q t= +  0.021 0.964 

 
Table 7. Adsorption kinetic parameters for intra-particle diffusion model. 

Surfactant Conc. (wt%) Correlation Ki (g/mg.hr) R2 

0.01 0.50.207 0.279tq t= +  0.207 0.952 

0.02 0.50.214 0.317tq t= +  0.214 0.941 

0.03 0.50.271 0.351tq t= +  0.271 0.925 

0.04 0.50.301 0.363tq t= +  0.301 0.939 

0.05 0.50.340 0.364tq t= +  0.340 0.948 

0.06 0.50.314 0.357tq t= +  0.314 0.958 

0.07 0.50.318 0.425tq t= +  0.318 0.955 

0.08 0.50.343 0.420tq t= +  0.343 0.946 

0.09 0.50.322 0.439tq t= +  0.322 0.963 

0.10 0.50.363 0.442tq t= +  0.363 0.969 

 

 
Figure 16. Adsorption kinetics for intra-particle diffusion model. 
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adsorption [63]. Therefore, the rate limiting step is a combination of both the 
boundary layer and intra-particle diffusion steps. 

5.6. Quillaja Saponaria versus Synthetic Surfactants 

The selection process for potential surfactants in chemical EOR is a very rigor-
ous one. These surfactants go through a wide array of scrutiny before being con-
sidered suitable for pilot or field-scale usage. One of such is the technical feasi-
bility of the surfactant, which entails adsorption and kinetics study. Additionally, 
a cost-benefit-analysis is also carried out, which takes into account the prevailing 
crude oil price and selling price of the surfactant in relation to how much oil re-
covery the surfactant is likely to bring about. It is important to point out that 
some of the common synthetic surfactants used in chemical EOR such as SDS, 
Tween-80, and Triton X-100 [36] [37] are synthesized via the ethoxylation reac-
tion. This manufacturing process, which reacts ethylene oxide (EO) with phe-
nols and alcohols, has been known to cause accidents due to the highly reactive 
and thermally-unstable nature of EO as reported by Trevor Kletz (1988) [64]. 
The process has also been attributed to the potential formation of 1,4-Dioxane, a 
known carcinogen [65]. Natural saponins such as QS, on the other hand, have 
been extracted by safe, cheap, simple-to-implement laboratory methods such as 
Soxhlet extraction followed by drying [22] [23] [39], which poses no health risk 
to users. This in turn significantly reduces the cost of employing natural surfac-
tants such as QS in chemical EOR operations. 

6. Future Work 

The work undertaken in this research has shed more light into the adsorption 
properties of QS, particularly with regards to being used as a surfactant in 
chemical enhanced oil recovery. However, more work still remains to be done, 
especially in the following areas: 

1) Effect of temperature changes on adsorption properties of QS. 
2) Impact of using QS for increasing the recovery factor of oil reservoirs. 
3) Use of QS to alter wettability of reservoir rocks from oil- to water-wet, thus 

making more oil available for recovery. 

7. Conclusions 

In this work, equilibrium and kinetic parameters for the adsorption of Quillaja 
Saponaria (QS) onto sandstone rock samples were studied with a view to ob-
taining results that could make QS a suitable surfactant candidate for chemical 
EOR. Adsorption parameters for 4 isotherm models, viz: Langmuir, Freundlich, 
Temkin and Linear, were also investigated. Additionally, the kinetic parameters 
for 3 notable models, namely Pseudo-First order, Pseudo-Second order, and In-
tra-particle diffusion, were studied and used to evaluate the performance of the 
novel surfactant. Some relevant conclusions from this study include: 

1) QS saponins behave as non-ionic surfactants, with a critical micelle con-
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centration of 0.068 wt%, an adsorption capacity of about 3 mg/g of sandstone at 
the CMC. A fairly low CMC value indicates that a lesser amount of QS is re-
quired in order to become useful for its intended purpose, which naturally leads 
to cost-savings. 

2) As the concentration of QS increases, so does the adsorption capacity; while 
the slope for the initial surfactant concentration is high, that for higher concen-
tration is comparatively low. 

3) With an R2 value of 0.958, with P criterion and Chi-square values of 2.88 
and 0.038, respectively, the Langmuir adsorption isotherm is the most appropri-
ate model for describing the equilibrium adsorption behaviour of QS on sand-
stone rock.  

4) The adsorption kinetics of QS is better suited to pseudo-second order mod-
el because the average R2 value was 0.958 compared to 0.516 and 0.950 for 
first-order and intra-particle diffusion models, respectively. 
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