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Abstract
In this study, the formulation of microemulsions as cleaning systems is studied using model hydrocarbons to simulate light 
non-aqueous-phase liquids (LNAPL). The effects of the type of surfactant, the size of the LNAPL compound chain, the type 
of co-surfactant, salinity, pH, and temperature on the phase behavior of LNAPL-water-surfactant were investigated. Using 
pseudo-ternary diagrams, the effects of these variables on the microemulsion domain size were analyzed. The results show 
that choosing a co-surfactant with a shorter carbon chain length significantly increases the microemulsion domain. The 
microemulsion domain increases with the decrease in the length of the LNAPL compounds. Decreasing the salinity, pH or 
temperature increased the microemulsion domains. A sandstone core flooding experiment was carried out using kerosene 
as LNAPL and solution of Triton X-100 or LAS/iso-amyl alcohol as surfactant/co-surfactant. The results of the flooding 
experiment with low concentration of surfactant showed a total recovery of 50% of LNAPL by 14 bed volumes (7 of water 
and 7 of the Triton X-100/iso-amyl alcohol and 60% of the LNAPL by analogous injection of LAS/iso-amyl alcohol. The 
results of the flooding experiment with high concentration of surfactant showed a recovery of 67% of the LNAPL by 3 bed 
volumes of water injection and an extra 36% by 2 bed volumes of the surfactant/co-surfactant solution injection. This shows 
the strong effect of the microemulsion in the mobilization of the residual LNAPL from an aquifer rock using an appropriate 
formulation of surfactant solutions.
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Introduction

The use of the microemulsion technique has received some 
attention in recent years as a remediation method for non-
aqueous-phase liquid (NAPL) contaminated soils and aqui-
fer rocks (Martel et al. 1993; Bernardez et al. 2009; Li et al. 
2011, 2014; Bernardez and de Andrade Lima 2014; Javan-
bakht and Goual 2016; Javanbakht et al. 2017). It is recog-
nized that the mobilization of the NAPL is due to the reduc-
tion of the interfacial tension NAPL/water and the phase 
behavior of surfactant-aqueous-phase/NAPL systems is a 
key factor in interpreting the performance of NAPL recov-
ery by microemulsion (Ceglie et al. 1987; Kegel and Lek-
kerkerker 1993; Bayrak and Isca 2005).

Investigations into systems containing three components 
(oil-phase, water, and surfactant) make use of geometrical 
representation. However, with the introduction of a fourth 
component to the system (co-surfactant), it is more conveni-
ent to use plane representations, such as the triangular ter-
nary diagrams, known as pseudo-ternary. One of the tops 
of the triangle then represents the mixture of surfactant and 
co-surfactant. The second top represents the aqueous phase 
and the last top consists of the oil phase. Triangular pseudo-
ternary-phase diagrams are tetrahedron cuts characterized 
by a fixed co-surfactant/surfactant mass ratio so that the api-
ces were oil, water, or brine (a pseudo-component) and the 
surfactant-co-surfactant mixture (Bernardez and de Andrade 
Lima 2014).

The optimum formulation of microemulsions can 
be obtained by analyzing the phase behavior of the oil 
phase–water–surfactant system and the effect of the salin-
ity, the nature of the NAPL components, the type of sur-
factant and co-surfactant, and the temperature, among 
other variables (Salager et al. 1979; Bellocq et al. 1980; 
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Voca et al. 1988; Xu et al. 2001; Bayral and Iscan 2005; 
Azira and Tazerouti 2007; Azira et al. 2008; Jin et al. 2016). 
The importance of the contributions of the components in 
the microemulsions, in general, follows the order: co-sur-
factant > oil phase > surfactant (Ceglie et al. 1987; Kahlweit 
et al. 1991; Keger and Lekkerkerker 1993).

Industrial surfactant systems with light non-aqueous-
phase liquids (LNAPLs), which have received less atten-
tion in previous works, are the focus of this study. In the 
first part of this study, pseudo-ternary-phase diagrams for 
water/LNAPL/surfactants-co-surfactant are developed, and 
the effects of the type of surfactant, co-surfactant, salt, pH 
and temperature on the microemulsion zone are addressed. 
Hexane was used as model of a LNAPL. In the second part, 
the study evaluates the performance of the formulation of 
microemulsions as cleaning systems to clean light non-aque-
ous phase liquids (LNAPLs) from the Botucatu Formation 
(Brazil) as the aquifer rock. Experimental core flooding tests 
with different types of surfactant were performed to compare 
the recovery efficiency. Kerosene was used in the flooding 
experiments performed in a plug of sandstone. These LNA-
PLs were used a surrogate for complex multicomponent 
NAPLs, such as the petroleum of Bahia, Brazil, which is 
essentially composed of light alkanes (between  C12 and  C16) 
and paraffin (between  C16 and  C30).

This research attempts to improve the understanding of 
the recovery of LNAPLs using microemulsion solutions and 
the factors that control it. The results may provide a rational 
basis for selecting the optimum formulation and conditions 
for LNAPLs recovery from porous medium. The knowledge 
gained may lead to strategies to significantly enhance recov-
ery rates when surfactant-aided remediation is applied.

Materials and methods

Chemicals

The chemicals used to prepare the microemulsion systems 
were: Triton X-100 (Vetec) and linear alkylbenzene sul-
fonate (LAS, provided by the Deten Quimica S/A). The 
co-surfactants were iso-amyl alcohol (Vetec) and n-butanol 
(Vetec). As LNAPL hexane (Sigma Aldrich), dodecane 
(Sigma Aldrich), and commercial aromatic free kerosene 
(Cedep) were used. Synthetic brines were aqueous solutions 
of sodium chloride (Quimex) in distilled water.

The present study focuses on the use of both types of 
surfactants (sulfonate and Triton X-100) in soil and aquifer 
rock LNAPL remediation. The petroleum sulfonates were 
chosen due to their low cost, low adsorption at neutral to 
high pH in the porous medium and their effects on the inter-
facial tension. Sulfonates are ionic surfactants used in sev-
eral fields including the oil recovery industry (Sanz and Pope 

1995; Iglauera et al. 2009; Jeirani et al. 2014; Demirbas et al. 
2015). The surfactant LAS is one of the most extensively 
studied anionic surfactants (Bera and Mandal 2014). How-
ever, non-ionic surfactants, such as Triton X-100 (iso-octyl-
phenyl ether), are commonly used in numerous commercial 
and industrial products. In addition, Triton X-100 is one of 
the most commonly used surfactants in experimental studies 
on solubilization and biodegradation of hydrophobic organic 
compounds (Voca et al. 1988; Bayrak and Iscan 2005; Azira 
and Tazerouti 2007; Azira et al. 2008).

Figure 1a and b show the molecular structure of linear 
alkylbenzene sulfonate (LAS) and Triton X-100. The num-
ber of carbon atoms in the chain of LAS varies between 10 
and 14. Triton X-100 has a carbonic chain ranging from 9 
to 10 carbon atoms from one side of the oxygen atom and 
15 carbon atoms, including a benzene ring, on the opposite 
side.

Phase diagram of LNAPL‑water‑surfactant/
co‑surfactant systems

The range of formation of the microemulsion domain is 
determined especially by the physico-chemical proper-
ties of the oil phase, aqueous phase, and surfactant with 
some essential conditions required for the formation of the 
microemulsion. These include the existence of a very low 
interfacial tension at the oil–water interface. The effects of 
the surfactant and the co-surfactant type and the oil car-
bon chain lengths on the interfacial tension (LNAPL-water) 
were assessed. The measurements were made using a ten-
siometer Sigma 702 (Biolin Scientific AB, Sweden), the du 

Fig. 1  Molecular structure of surface-active agents a linear alkyl ben-
zene sulfonate (LAS) and b Triton X-100 (n = 9–10)
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Noüy ring method, and corrector factors by Huh and Mason 
(1975). The samples were prepared with solutions of water/
surfactant and hydrocarbons.

The presence of microemulsion (one phase) domains for 
the studied systems was determined using glass centrifuge 
tubes of 15 mL and a solution of specific volumes, using 
burettes. These tubes were previously cleaned using Extran 
(Merk) and abundant distilled water, then washed with eth-
ylic alcohol, then washed using acetone, and dried in an 
oven. The specific volumes of water, the surfactant and co-
surfactant solution, and a total of 10 mL NALP (hexane, 
dodecane, or kerosene) were put inside the centrifuge tubes 
and homogenized under stirring. After resting for a few min-
utes, the tube was centrifuged at about 3000 rpm for 10 min. 
After that, the presence of one or more phases was observed 
and the data (composition and number of phases) were used 
to draw the phase diagrams. The surfactant/co-surfactant 
ratio was kept constant (at 1:2) for the systems.

The pseudo-ternary phase diagrams were built by plot-
ting the amounts of water, oil, and co-surfactant/surfactant 
phases used in each experiment (Azira and Tazerouti 2007; 
Azira et al. 2008; Bernardez and de Andrade Lima 2014). 
After constructing the pseudo-ternary phase diagrams fea-
turing the microemulsion domains of interest, one point with 
a specific composition was chosen inside each microemul-
sion domain in the diagrams. The microemulsion systems 
were then homogenized under stirring and centrifuged. The 
visual observation of macroscopic properties of the samples 
enabled the identification of the boundaries between micro-
emulsion (homogeneous) and multi-phase domains.

LNALP mobilization in porous media

Characterization of the porous media

The porous media used in this study are samples from the 
Botucatu Formation (Brazil) (Bigarella and Salamuni 1967). 
These are quartzitic sandstone, fine-textured, well-sorted 
without pebbles (see Fig. 2) (Correa et al. 2019). Core sam-
ples of 3.8 cm (1 ½ in) in diameter and 20.0 cm long were 
put inside PVC tubes of 5.08 cm (2 in) (external diameter). 
Two acrylic plate distributors were attached to the edges of 
the core porous bed, featuring two ends connected to the 
injection and the discharge lines. After this, the core sam-
ple was fixed inside the PVC tube using an epoxy resin. 
Figure 3a shows the core sample mounted in a system that 
uses a constant-flow high-performance liquid chromatogra-
phy (HPLC) piston pump (Series I Pump, Cole-Parmer) to 
determine the core permeability and porosity.

To determine the porosity or void fraction of the porous 
bed, it was previously weighed using a semi-analytical bal-
ance. Using a HPLC pump, distilled water was injected at 
a constant flow, then it was weighed again (Fig. 3a). The 

difference in weights indicates the amount of the water in 
the porous bed, and as it was saturated, the volume occupied 
by the water is approximately the volume of the pores of the 
core sample. The bed porosity (ε) is the ratio between the 
pore volumes by the total volume of the porous bed and is 
given by the following expression:

Fig. 2  Details of the Botucatu sandstone core used in the experiments
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Fig. 3  a System used in the 
permeability experiments. b 
System used in the core flood-
ing experiments. c Schematic 
representation of the experimen-
tal setup used in the sandstone 
core samples residence time 
distribution tests. The numbers 
stand for: (1) Distilled water 
or sulfuric acid reservoir, (2) 
HPLC pump, (3) Liquid injec-
tion in the bed, (4) Solid bed, 
(5) Solution exit and small tank 
with a hole in the bottom, (6) 
Waste solution reservoir, (7) pH 
electrode, (8) pH meter, and (9) 
Personal computer
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where Vw is the volume of void space or volume of water 
in the porous bed and Vt is the total bed volume.

The permeability of the porous media can be estimated 
using a constant flow and measuring the pressure drop of 
water. The classical Darcy equation can be used to estimate 
this important property of the porous media (Kameda 2005; 
Correa et al. 2019):

where q is the volumetric flow rate, A is the total cross-
sectional area of the porous bed, μ is the fluid viscosity, 
ΔP is the pressure drop, L is the sample length, and k is the 
absolute permeability of the rock. In the present case, the 
core samples and a constant flowrate HPLC pump were used 
(Fig. 3a). The core sample was first saturated with water at a 
low flow rate, then the flow rate was progressively changed 
to high values and the pressure drop was observed through-
out the experiment. By plotting the water flux (q/A) versus 
the pressure gradient (ΔP/L), it is possible to confirm the 
Darcy flow in the porous media. The slope of the straight 
line gives k/ε and enables the estimation of the absolute per-
meability (k) of the porous media.

To characterize the internal pore structure of the Botucatu 
sandstone, tracer tests were carried out using a core sample 
and a miscible tracer (de Andrade Lima 2006; Bernardez 
et al. 2008). Water was inserted into the core sample by an 
HPLC constant flow pump; concentrated sulfuric acid (98%) 
with a food red dye was used as a tracer. A volume of 3 mL 
of the tracer was used in the tests. The tracer impulsions 
were carried out by changing the pump feed tube from the 
water to the acid reservoir. The red dye color was used to 
visualize the path of the acid in the polyethylene tubes and to 
indicate the time that the acid goes in the core samples. The 
pregnant solution was collected in a small reservoir with a 
small hole in the bottom, which retained a small volume of 
the solution and enabled pH measurement by the electrode. 
The measured pH as a function of the time was tracked on 
a PC using the RS-232 interface and this was used to per-
form the subsequent analysis. After each experiment, the 
bed was continuously rinsed with water until a pH of about 
7 to ensure that the tracer was removed. All experiments 
were conducted at room temperature. The tracer tests were 
performed for liquid flow rates of 2.75 and 4.40 mL/min. 
The first test was performed with significant residual NAPL 
in the core sample, and the other tests were performed after 
core clean-up using a commercial surfactant solution and 
ethylic alcohol, and after rinsing for 3 h with water. In the 
present case, the measured tracer concentration is given by 
the concentration of hydrogen ion  ([H+] =  10−pH).

(1)� =
Vw

Vt

(2)
q

A
=

k

�

ΔP

L

LNAPL porous media mobilization

The mobilization of the LNAPL from the porous media was 
performed using a modification of the apparatus described 
above. The system for the fluid injection at constant flow rate 
is composed of an HPLC pump, which acts as a hydraulic 
drive for a 250 mL stainless steel syringe with a Teflon plunger 
for the fluid injection (Fig. 3b). The core sample discharge was 
collected in a measuring cylinder. The injection flow rate in 
the present study was fixed at 2.0 or 2.75 mL/min. Kerosene 
was used in the porous bed floods due to its similarities to the 
properties of crude oil high in paraffin  (C18 to  C30).

The nominal retention time of the water in the sample core 
(τ) is given by the ratio between the core void volume or water 
volume (Vw) and the water flow rate (Qw):

This value can be used to record the evolution of the 
dynamic flooding experiments as a function of the bed volume 
of water (BV) instead of the experiment time (t), as follows:

Before the flooding tests, the sample core was saturated 
with kerosene by pumping about 150 mL of this through the 
core. Due the fact that the bed volume was about 11 ml, it 
gives about 10 bed volumes. The LNAPL recovery tests were 
performed in two steps. In the first one, only direct displace-
ment of the oil by 7 bed volumes of water (BV) was per-
formed. The second one used 7 bed volumes of microemul-
sion (surfactant/co-surfactant water solution) displacement to 
recover the oil remaining in the porous bed. The solutions used 
in the experiments were based on the previously determined 
phase diagrams. In the first test, a low concentration of the sur-
factant Triton X-100 or LAS and iso-amyl alcohol was used. 
The surfactant-co-surfactant mixture/water with ratio 1:1000 
and a surfactant/co-surfactant ratio of 2:1 or 1:2 was used in 
the test. The second test used a high concentration of the sur-
factant. The composition of the surfactant (LAS)-co-surfactant 
(iso-amyl alcohol) mixture/water used was a 5.7:1 ratio with a 
surfactant/co-surfactant ratio of 2:1. All the collected samples 
of the drained liquid were centrifuged. The LNAPL recovery 
was calculated taking into account the core total pore volume 
and the collected volume of LNAPL as a function of time.

(3)� =
Vw

Qw

(4)BV =
t

�
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Results and discussion

Phase diagram of LNAPL‑water‑surfactant/
co‑surfactant systems

The interfacial tension for the water–hexane system is 
reduced from 42.36 to 12.9 mN/m by the addition of alcohol. 
By adding Triton X-100, the interfacial tension water–hex-
ane system is reduced from 11.99 to 2.23 mN/m (Table 1). 
The interfacial tension between water and the alkane com-
pounds decreases when the chain length of alkane used 
increases (hexane/water is 42.36, dodecane/water is 34.95, 
and kerosene/water is 23.54 mN/m) (Table 1). The inter-
facial tension hexane/water decreases from 42.35 to 26.51 
when the pH moves from 6 to 3. The interfacial tension of 
kerosene/water decreases with the use of a sulfonate sur-
factant/co-surfactant (Table 1). The use of LAS and alcohol 
decreases the interfacial tension hexane/water and kero-
sene/water dramatically, which enables the mobilization of 
NAPL.

The addition of a co-surfactant leads to a further reduc-
tion in the interfacial tension and fluidizes the interfacial 
surfactant film, which can expand the domain of existence 
of the microemulsion system. It has been shown that co-
surfactants reduce gel formation, microemulsion viscosity, 
and microemulsion equilibration time (Kahlweit et al. 1991; 
Bera and Mondal 2014). The formation and the physico-
chemical properties of microemulsions are influenced by the 
presence of alcohol and by the length of their hydrocarbon 
chain (Ceglie et al. 1987; Keger and Lekkerkerker 1993). 
The length of the chain interferes with the structure and 
size of the microemulsion domain. The co-surfactants used 
in the non-ionic and ionic systems are the medium-chain-
length alcohols iso-amyl alcohol (3-methylbutan-1-ol) and 
n-butanol, which produce bi-continuous microemulsion over 
a wide range of concentrations. Longer-chain alcohols favor 
the formation of a liquid crystal phase, and the shorter-chain 
alcohols are too soluble in the aqueous phase and are there-
fore ineffective as co-surfactants.

The influence of the co-surfactants iso-amyl alcohol and 
n-butanol on the formation of microemulsions was inves-
tigated at a ratio of (1:2) for the system Triton X-100/co-
surfactant/water/hexane. Pseudo-ternary-phase diagrams 
were constructed to determine the microemulsion domain 
(Fig. 4a). Figure 4b shows the effect of two different co-
surfactants on the microemulsion domain. It can be seen 
that the use of n-butanol provides better results than the 
use of iso-amyl alcohol. The microemulsion domains are 
larger when alcohols of a shorter-chain length are used. The 
n-butanol has a shorter hydrocarbonic chain and iso-amyl 
alcohol has a branched and longer carbonic chain, which can 
favor the microemulsion region.

The main property interest of microemulsions is to asso-
ciate two liquids of different polarities, and the role of ionic 
strength of the solution on the microemulsion structure is 
critical. It is therefore important to know the effect of salin-
ity on the formation and microemulsion domains. To study 
the effect of the ionic strength, solutions of 1 and 3 mol/L 
of sodium chloride were used. As can be seen in Fig. 4c, the 
domain of the microemulsion decreases when the amount 
of salt in the system increases. This can be attributed to the 
fact that the increasing concentration of lyotropic salts, such 
as NaCl, decreases the mutual solubility between  H2O and 
the non-ionic surfactant. It has been reported that the phase 
diagram of ternary systems composed of a non-ionic sur-
factant, water, and oil changed with the amounts and types 
of salts added to the water.

The variation in the pH of the aqueous phase modifies the 
characteristics of adsorption on the surface of the adsorbent 
and the degree of ionization of the surfactant. The influence 
of the pH on the formation and existence of the microemul-
sion for the system with the two surfactants was studied.

Figure 4d shows the influence of pH on the microemul-
sion domain for a system containing non-ionic surfactant 
Triton X-100 in the presence of hexane. For the system 
Triton X-100/iso-amyl alcohol/hexane/water, no visible 
change was observed at neutral pH to pH 6. However, at pH 
3, a decrease in the microemulsion zone was observed. The 
non-ionic surfactants have particular characteristics; they are 
chemically compatible with most other surfactants and their 
properties are little affected by pH. It was observed that the 
decrease in the pH becomes less efficient at forming a micro-
emulsion for the three surfactants. This occurred because 
with the increasing  H+ ion concentration in the mixture, as 
in the case of salinity, this ion becomes a competitor with the 
co-surfactant and surfactants in the water solubility. How-
ever, the impact in the microemulsion domain was not as 
great as in the case of the addition of NaCl because the  H+ 
can also ionize the surfactants, increasing their solubility. 
Consequently, as the pH lowers, the  H+ ion interacts less 
with the surface-active agents and begins to compete with 
them by solubility.

Table 1  Interfacial tension for LNAPL-water systems

System: (mN/m)

Hexane/Water 42.36
Hexane/Water (pH = 3) 26.51
Dodecane/Water 34.95
Kerosene/Water 23.54
Hexane/Water/Iso-amyl alcohol 12.90
Hexane/Water/Iso-amyl alcohol-Triton X-100 2.23
Hexane/Water/ Iso-amyl alcohol-LAS ≈0.00
Kerosene/Water/ Iso-amyl alcohol l-LAS 1.75



Environmental Earth Sciences (2021) 80:257 

1 3

Page 7 of 13 257

 
(a)

    
)c()b(

 
(d)     (e)

Water

Surfactant/Co-surfactant
LN

AP
L

Two phases region

One phase region

0 25 50 75 100
Water

100

75

50

25

0

Triton
X-100/Co-surfactant (1:2)

100

75

50

25

0

He
xa

ne

Iso-amyl alcoholn-Butanol

0 25 50 75 100
Water

100

75

50

25

0

Triton
X-100/Iso-am

yl alcohol (1:2)

100

75

50

25

0

He
xa

ne

Distilled water Salinity 1% Salinity 3%

0 25 50 75 100
Water

100

75

50

25

0

Triton
X-100/Iso-am

yl alcohol (1:2)

100

75

50

25

0

He
xa

ne

pH=7 pH=6 pH=3

0 25 50 75 100
Water

100

75

50

25

0

Triton
X-100/Iso-am

yl alcohol (1:2)

100

75

50

25

0

He
xa

ne

T=25°C T=40°C

Fig. 4  Pseudo-ternary phase diagrams for the systems hexane-water-
Triton X-100/alchool, effect on the formation of zone of one phase: 
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Depending on the temperature, the surfactant is more or 
less soluble in water and oil. The temperature has the oppo-
site effect on ionic and non-ionic surfactants. An increase in 
temperature causes an increase in the volume of the hydro-
phobic part of the surfactant, also increasing the solubiliza-
tion of hydrocarbons in the non-ionic surfactant. In the case 
of ionic surfactants, increasing temperature increases the 
solubility of surfactants and water in a microemulsion.

The effect of temperature on the microemulsion domain 
was studied at 25 and 40 °C. Clearly, the temperature influ-
ences the behavior of the microemulsion. In the case of the 
system hexane/ Triton X-100- iso-amyl alcohol/water, an 
increase in temperature of 25 to 40 °C causes a decrease 
in the existence of the microemulsion domain (Fig. 4e). 

The increase in temperature weakens the hydrogen bonds 
of the surfactants, resulting in a decrease in the capacity of 
solubilization.

The influence of the type of surfactant on the phase 
behavior was evaluated. Experiments were carried out with 
Triton X-100 and LAS in the presence of hexane. The phase 
diagrams (Fig. 5) show a very well-defined microemulsion 
domain. The diagram shows a net decrease in the domain of 
one phase when Triton X-100 is replaced with LAS deter-
gent. A two-phase domain is located at the bottom of the dia-
gram for the two surfactants used. This can be explained by 
the fact that these surfactants have different molecular struc-
tures. It was found that the system Triton X-100/hexane/
water formed a larger single phase which may be attributed 
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to the larger hydrocarbon chain length of surfactant Triton 
X-100 compared to the surfactant LAS. Added to this is the 
fact that Triton X-100 is a non-ionic surfactant, which is an 
important factor for the stability of microemulsion (Bayrak 
and Iscan 2005).

There is a decrease in the emulsion capacity of a sur-
factant with an increase in the hydrocarbon chain length. 
The microemulsion domain decreases when hexane is 
replaced by dodecane in the same system and it decreases 
even more when dodecane is replaced by kerosene (Fig. 6). 
This decrease can be explained by the fact that the molecules 
studied here correspond to a succession of identical carbons 
without the presence of heteroatoms. The number of car-
bons or the chain length is therefore an important factor in 
changing the polarity of the molecules. The microemulsion 
domains are reduced as the carbon chain length increases, 
which makes kerosene recovery less important than the 
recovery of hexane. Hexane gives the largest single-phase 
domain for the Triton X-100/iso-amyl alcohol, LNAPL, 
and water systems because the Triton X-100 is soluble in 
short-chain oils, but as the LNAPL compounds chain length 
increases, the concentration of Triton X-100 in the oil phase 
decreases.

LNALP microemulsion mobilization

Sandstone core flooding experiments were carried out using 
kerosene as LNAPL and solutions of Triton X-100/iso-amyl 
alcohol as a surfactant/co-surfactant and LAS/iso-amyl alco-
hol as a surfactant/co-surfactant.

Before the flood tests, the properties of the porous bed 
were determined. The porous media geometry and measure-
ment of water holdup indicate that the volume of voids (Vw) 
in the core is 11.0  cm3 and the total volume of the core (Vt) 
is 226.8  cm3. Using Eq. 1, the porosity of the bed (ε) can be 
estimated at 4.85%. The permeability test, for water flow rate 
variation of 2 to 10 mL/min is summarized in Fig. 7. The 
flow is according to Darcy’s law. The slope of the water flux 
versus the pressure gradient is 1.4605 ×  10–10  m2/Pa.s, which 
gives an absolute permeability of 0.13 μm2 (or 132 mD). 
The values of porosity and permeability are compatible with 
fine-textured sandstones, such as the Botucatu Formation, 
that of the sample used in this study (Kameda 2005; Correa 
et al. 2019).

The results of the pulse tracer tests for the Botucatu 
sandstone core sample using a passive tracer are presented 
in Fig. 8a–c. The plots show a characteristic peak in the 

Fig. 6  Pseudo-ternary phase 
diagram for the systems alkane-
water-Triton X-100/alchool, 
effect of the alkane chain length 
on the formation of zone of one 
phase
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tracer concentration, an axial dispersion component, and a 
tail, which indicates some interaction with the solid or the 
residual liquid phase. These results indicate that the sand-
stone core sample has a homogeneous internal pore struc-
ture because the residence time distribution curves present 
a regular shape without any by-pass or dead volume, which 
would be shown by small peaks at the beginning of the curve 
or a long tail, respectively.

The contrast between Fig. 8a and b indicates a more 
significant interaction of the tracer with the residual liq-
uid phase (Figs.  8a), which results in a longer tail and 
strong asymmetric behavior (de Andrade Lima 2006). The 
tracer concentration peak was observed at 20 and 12 min 
for a water flow rate of 2.75 and 4.4 mL/min, respectively. 
Although the time to complete tracer elimination is about 
4 h for a flow rate of 2.75 mL/min and about 2 h for a flow 
rate of 4.4 mL/min, most of the tracers are eliminated in 1 h 
in both cases (Fig. 8b and c).

The results for the residence time distribution of the Botu-
catu sandstone core with residual NALP (Fig. 8a) are fitted 
using the piston-dispersion-exchange model (Fig. 9a) (de 
Andrade Lima 2006). The result is presented in Fig. 9b. It 
can be seen that the fit describes the non-ideal flow in the 
core sample well and this supports the hypothesis of porous 
media flow with small axial dispersion and interaction with 
a stagnant zone.

Having defined the properties of the porous bed, the 
recovery tests of the residual LNAPL started. The purpose 
of these displacement experiments is to test the efficiency 
of the chemicals in the recovery of residual LNAPL. The 
experimental conditions for the screening by core floods are 
simplified as much as possible.

The oil recovery by a surfactant solution was performed 
on the porous bed initially saturated with kerosene. Fig-
ure 10a shows the recovery of kerosene by mechanical 
displacement by distilled water followed by the recovery 

using the microemulsion at low concentration of surfactants 
(Triton X-100 or LAS). The initial recovery in both cases 
is about 45%. After three bed volumes, the conventional 
method can no longer recover the residual LNAPL requiring 
the use of another method. The injection of 7 bed volumes 
of water resulted in a very low recovery. The injection of 7 
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bed volumes of surfactant-co-surfactant mixture/water led 
to the recovery of 60% for LAS and 50% for Triton X-100. 
Table 1 shows that the interfacial tension for the system 
LNAPL/Water using LAS and iso-amyl alcohol is smaller 
than the interfacial tension for the system LNAPL/Water 
using Triton X-100 and iso-amyl alcohol, which can explain 
this result. Previous results in the literature show that the 
non-ionic surfactants tend to be strongly adsorbed to porous 
medium, such as shale and sandstone, while anionic sur-
factant showed minor adsorption affinities to both shale and 
sandstone (Muherei et al. 2009).

Figure 10b shows the recovery by distilled water fol-
lowed by the recovery using the microemulsion at a high 
concentration of surfactant (LAS). The initial recovery is 
61%. After two bed volumes, the conventional method can 
no longer recover the residual LNAPL requiring the use of 
another method. The injection of 3 bed volumes of water 
recovered 64%, increasing the recovery of kerosene at the 
end of the secondary recovery phase to 67%. The injection 
of 2 bed volumes of surfactant-co-surfactant mixture/water 

led to the recovery of 97%, and the total recovery after 3 
bed volumes of surfactant-co-surfactant mixture/water was 
100%.

Conclusion

The formation of microemulsion in the LNAPL/water/sur-
factant/co-surfactant system, using hexane and kerosene, 
Triton X-100, and iso-amyl alcohol and n-butanol was 
analyzed. The phase diagrams indicate the microemulsion 
formation domain in a wide zone of low-to-intermediary 
oil-phase content and high surfactant/co-surfactant content. 
This one-phase domain was applied to porous bed flood-
ing experiments performed with residual LNAPL saturation 
(kerosene) in a sandstone core sample using a microemul-
sion composed of Triton X-100 or LAS and co-surfactant 
iso-amly alcohol. The results show the strong effect of the 
microemulsions in the mobilization of the LNAPL from an 
aquifer rock using an appropriate formulation of surfactant 

Fig. 9  a Schematic representa-
tion of the PDF model: L is the 
bed length, Cd is the concentra-
tion of the tracer in the dynamic 
zone, Cs is the concentration of 
the tracer in the stagnant zone, 
ud is the superficial velocity 
of the solution in the dynamic 
zone, and kma is the mass-trans-
fer coefficient at the interface 
dynamic-static phase. b Model 
fit for the residence time distri-
bution results of 2.75 mL/min 
with residual NALP in the core 
pores (Fig. 8a)
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solutions, the compositions of which were optimized using 
phase diagrams. Our findings point to the importance of 
considering the physio-chemical properties of the porous 
medium and the cost and type of surfactant when select-
ing microemulsion formulation for removal of LNAPL 
from porous medium. The results suggest that, despite the 

fact the phase diagram studies demonstrate that the system 
containing surfactant Triton X-100 is more effective in the 
formation of a microemulsion, the use of ionic sulfonate 
surfactant LAS in the flooding experiments resulted in an 
effective recovery, probably due to its structure and ionic 
characteristic and adsorption properties. Although Triton 
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X-100 is widely used for remediation, it is more expensive 
than LAS. In the present case, total recovery of 67% of the 
LNAPL by water injection was found and 100% recovery 
(an extra 36%) was found using a high concentration of sur-
factant/co-surfactant solution injection. The results of this 
study provide information that can be used for a preliminary 
feasibility study regarding the use of these surfactants in 
remediation of LNAPL.
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