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Abstract
Gasoline and diesel leaks in underground storage tanks contaminate soils with petroleum hydrocarbons. Various 

techniques using surfactants have been proposed to remedy this type of contamination. This study presents the 
application of different systems containing surfactants in vapor phase. It compares the removal efficiencies of diesel 
contaminated soils using vapor injection systems: surfactant water solutions, micro-emulsions, and nano-emulsions. 
The surfactant used in the experiments was ethoxylated alcohol UNTL-90 in aqueous solution, in nano-emulsion, and 
micro-emulsion systems. Among the systems investigated, the nano-emulsion showed the highest removal efficiency 
(88%), being environmentally friendly and technically feasible with a system that has a lower content of active matter. 
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Introduction 

Environmental accidents are common throughout the stages 
of the oil production process, as well as during the production and 
distribution of its derivatives. This type of contamination affects soils 
and underground water with toxic and/or carcinogenic substances such 
as: BTEX (benzene, toluene, ethylbenzene, and xylenes), polycyclic 
aromatic hydrocarbons (PAHs) and total petroleum hydrocarbons 
(TPH) [1,2]. The soil in contact with hydrocarbons easily absorbs 
contaminants due to its low solubility in water, which creates difficulties 
in the treatment of soil [3].

For this type of contamination there are treatment technologies 
already consolidated, such as soil vapor extraction (SVE), airsparging, 
biosparging, land farming, bio piles, bioventing, low-temperature 
thermal desorption, in situ groundwater bioremediation, dual-
phase extraction, monitored natural attenuation, enhanced aerobic 
bioremediation, and chemical oxidation [4]. Among this range of 
techniques already established for remediation, bioremediation has 
been used as a solution to the degradation of petroleum hydrocarbons 
in soil and in contaminated water [5-10]. One can also highlight the 
studies developed with the use of bio-surfactants, which show great 
efficiencies in the remediation of oil contaminated soils [11].

In this context, innovative technologies such as radio frequency 
heating, co-solvents, surfactants, and soil washing have shown 
satisfactory results, considering viability for use in typical leaking 
in underground storage tanks sites [4]. The use of surfactant in the 
treatment of soil contaminated by hydrocarbons occurs due to its 
amphiphilic properties, affinity for oil and water, which can reduce 
surface and interfacial tension and form aggregates (micelles). The 
reduction in interfacial tension can facilitate the transport of organic 
contaminants from the soil through a washing solution [12-14]. Most 
studies that use this type of system have shown satisfactory result 
in the removal of organic compounds from soil and groundwater 
[7,8,15-19]. Unlike other research that performed the washing of the 
soil with surfactant solutions [20-27], this study aims to inject the 
steam of micro-emulsions, surfactant solutions and Nano-emulsions 

in the remediation of soils contaminated by diesel. Although all 
these systems have a surfactant, they differ in their compositions and 
properties becoming a potential alternative to the remediation of soils 
contaminated with diesel fuel.

Surfactant solutions have homogeneous appearance and they are 
composed only by water and surfactant that form micelles in aqueous 
solution, spontaneously, from a certain critical concentration of 
micelle (CMC). The micro-emulsions consist of an aqueous phase, 
an oil phase, a surfactant and a co-surfactant. They are isotropic and 
thermodynamically stable systems [12,28-30]. The Nano-emulsion is 
made up of the same components of the micro-emulsion, but differs 
in the percentages of the components of the micro-emulsion, because 
it uses a smaller amount of surfactant and co-surfactant, and does not 
show thermodynamic stability. Their advantages over the use of micro-
emulsions are associated with the need for a reduced amount of active 
matter and a smaller diameter of particles [31,32]. The methodology 
used in this study is also different when compared with other studies 
using soil washing with surfactant-containing systems [20,23,25-
27]. The principle steam injection applied in enhanced oil recovery 
was used in remediation of contaminated soils, aiming to combine 
highest temperature with the power of solubilization and miscibility 
of the systems, with the objective of increasing the mobilization and 
solubilization of hydrocarbons through the decrease of interfacial 
tension in the soil/organic phase and  in water/organic  phase interfaces, 
increasing the efficiency of the desorption of  diesel in the soil offering 
an innovative method of soil remediation [33-34].
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Methods
In this step, the ways preparation and utilization of the systems are 

described.

Injection system: For the treatment of soil contaminated by diesel, a 
system was employed in a bench scale Figure 2 which consists of a cube 
made of laminated glass, which supports a temperature of 200°C, and 
with a capacity of 1kg of soil. In the Injection System, volumes of 500; 
1,750; and 3,000 mL of vaporized systems were obtained. The solutions 
were transferred by an injector tube connected to 7 injection wells. The 
efficiencies of treatment by each injected fluid were compared.

Characterization of the system: The systems used as injection 
fluid were characterized by the pH, conductivity, surface tension, and 
particle size and beyond the temperature of the vapor in contact with 
the ground. The steam condensate was obtained, without going through 
the injection system, to analyze the effect of condensation of the soil 
column. A pH meter (TEC-3P-MP, Tecnal) and a conductive meter 
(DM31, Digimed) were used to measure the conductivity at 25°C.

Measurements of particle size were determined for the solution 
of the surfactant’s critical micelle concentration, micro-emulsion, and 
Nano-emulsion using a Nano-trac (NPA 252, Micro-trac). The surface 
tension tests were performed with the Tension meter Sensa Dyne 
(QC6000). All measurements were performed at 25°C.

Injection fluids: Water was the first fluid injected into the system 
to remove diesel because it serves as a blank to check the influence of 
the surfactants.

Initially, for the surfactant injection solutions tests, the critical 
micelle concentration (CMC) of UNTL90 in water was determined. 
The graphic of surface tension versus surfactant concentration was 
constructed, from a concentrated surfactant solution (20 g/L), to dilute 
solutions with surface tensions close to the one of water (72 dynes. cm-

1). The surface tension measurements were determined using a tension 
meter (QC6000, Sensa Dyne Instruments) at 25°C. The concentrations 
of surfactant solutions used were chosen based on the CMC value.

The micro-emulsion system used in this study came from a point on 
the pseudo-ternary diagram shown in Figure 3. The Nano-emulsified 
system was obtained from the chosen point of micro-emulsion following 
the methodology described by Souza [38]. The methodology aimed to 

Materials and Methods
Materials 

The surfactant used in obtaining the injection systems, the UNTL-
90, is a non-ionic type obtained from the reaction between lauryl 
alcohol and ethylene oxide. In the reaction, the lipophilic character 
comes from the molecule of the starting alcohol, and hydrophilic 
from an ethylene oxide chain. The symbol L-90 indicates the degree of 
ethoxylation which influences the hydrophilicity of the molecule and, 
thus, its solubility, wettability, and detergency, allowing this product to 
be used with emulsifying and solubilizing detergent [35,36]. Figure 1 
shows the UNTL-90 molecule.

In the preparation of the surfactant solution, micro-emulsion, 
Nano-emulsion, some and other reagents such as water, n-butanol 
(Vetec), and kerosene (Petro bras) were used. As the research objective 
was to remove the diesel from a contaminated soil, a system with a 
lower percentage of oil phases in the aqueous-rich phase from the phase 
diagram was selected. Butanol was used as a co-surfactant because it 
stabilizes the micro-emulsion and improves the solubilization of 
surfactant.

The soil used for the experiments was collected in a non-saturated 
Dunes Coastal Highway, located within the city limits of Natal, capital 
of Rio Grande do Norte, Brazil. The hydraulic conductivity (K) is 
2.2×10-4 m/s indicating a high permeability [37]. This soil sample had 
characteristics of sand, with grain sizes divided as 8.9% coarse sand, 
88.33% medium, and 2.77% fine sand. Initially, the soil sample was 
contaminated with 5000 mg TPH/Kg dry soil (diesel S-500, Petro bras).

O
OH9

Figure 1: Molecule of UNTL-90 [35].
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Figure 2: Steam injection system for the use in the treatment of soil 
contaminated with diesel.
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Figure 3: Diagram of pseudo ternary phase for system: UNTL90 (Surfactant) 
+ n-butanol (co-surfactant) +kerosene + water at 25°C [39].
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reduce the percentage of co-surfactant/surfactant while maintaining 
a clear and stable system using the surface tension as a parameter for 
determining the concentration of active matter.

Methodology to Quantify the Diesel in Soil
For the quantification of diesel in the soil, a 25 g sample of the soil 

mixed with 50 ml of hexane were placed in a conical flask (100 mL) 
under mechanical agitation for 15 minutes in ultrasound Transonic 
(T460-Elma). After the extraction, the samples were filtered over 1 g 
of chromatographic silica to remove traces of water. The TPH (Total 
Petroleum Hydrocarbons) was used to assess the amount of diesel 
into the soil, the parameter was determined by infrared (HATR-T2 
– Infracal TOG/TPH - Wilks Enterprise) based on the absorbance of 
the CH bond of hydrocarbons present in the extract to quantify the 
diesel [40]. The efficiency of treatment of the soil samples is calculated 
according to equation:

ET% = [(CITPH– CFTPH) / CITPH] ×100	                                 (1)

Where:

ET%: Efficiency of treatment

CITPH: Initial Concentration of TPH

CFTPH: Final Concentration of TPH

For the preparation of the test standards, 0; 500; 1,000; 2,000; 3,000; 
and 4,000 mg/L diesel S-500 were used, the straight line equation is 
shown in Figure 4. Linear coefficient (R2) of this equation was 0.994.

The Infracal TOG/TPH (HATR-T2) showed exactitude between 
6-8% and precision of ± 1% in the analysis of a sample of known 
concentration of diesel in hexane (3,102 mg/L), repeated five times.

When the samples analyzed exceeded the maximum limit of the 
calibration curve, some dilutions were made of 1:1. Subsequently, the 
values were converted to mg/kg.

Results and Discussion
Injection fluids

The concentrations of surfactant solutions injected into the 
system were chosen based on the value of the CMC obtained. Figure 
5 shows the graph of surface tension versus surfactant concentration, 
in which the value of the CMC is highlighted. The concentrations of 
the surfactant solutions were equal to the CMC ones, 60% above and 
60% below this value. The molar mass of UNTL-90 corresponded to 
582 g.mol-1; a solution on CMC of this surfactant has a 0.00144 mol.L-1 
concentration, which corresponds to 0.838 g.L-1. To prepare the 60% 
solution below the CMC 0.335 g.L-1 or 0.00057 mol.L-1 were used as 
concentration, while the 60% solution of CMC used concentrations 
above 1.340 g.L-1 or 0.00230 mol.L-1.

The concentration of the surfactant took into account the 
arrangement of surfactant molecules in the system. For the 
concentration smaller than the CMC values, the surfactant was in the 
form of monomers. Concentrations equal to or higher than the CMC 
ones lead to the formation of aggregates, since a greater concentration 
of surfactant increased the number of aggregates formed.

The point of micro-emulsion chosen had the following composition: 
83% water, 15% C- Co-surfactant/T-Surfactant, C/T=0.5, and 2% 
Kerosene, and is located in a region of the micro-emulsion rich in water 
with smaller amounts of active matter.

The preparation of the Nano-emulsion surface tension parameter, 
used for determining the optimal dilution of the micro-emulsion, was 
based on a value of low surface tension for a minimum concentration of 
surfactant. In Figure 6, surface tension versus surfactant concentration 
graph shows a steeper increase in concentration of surface tension to 
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Figure 5: Determination of critical micelle concentration (CMC) for UNTL90 
surfactant in the aqueous phase at 25°C.
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less than 1% surfactant. Therefore, the percentage of surfactant in the 
Nano-emulsion was reduced to a dilution of 10 times contained in the 
micro-emulsion. Thus, other components also changed their percentage 
in the Nano-emulsion percentage leading to the following composition: 
1.0% UNTL90, 0.5% n-butanol, 0.2% kerosene, and 98.3% aqueous 
phase.

Characterization of injection systems

A Table 1 shows the results of the characterization of the studied 
systems used in the injection step.

The results of Table 1 show that the conductivity values indicate the 
presence and mobility of ionic species in each system, as well as their 
degree of stability. The conductivity of water (147.84 µS/cm) is related 
to its acidity (pH=5.55). In the surfactant solution, the increase in pH 
(6.06 to 6.41) was due to the protonation of light oxygen’s present in the 
molecule UNTL90, decreasing concentration of H+ of the medium and, 
consequently reducing concentrations (3.30 to 6.97 µS/cm). However, 
micro-emulsion and Nano-emulsion systems repeated a decrease in 
pH (5.33 and 5.50). This happened because of the presence of butanol, 
which has a hydroxyl group, forming hydrogen bonds with the oxygen 
of UNTL90, and the H+ ions from the “environment” are no longer used 
for protonation of the heteroatoms of the surfactant molecule.

Temperature values of the six vapors injected fluids ranged from 
92-98°C. Thermal effects are important in the discussion of remediation 
efficiency. The results for the particle diameter vary in a range from 1.1 
to 6.7 nm, showing the ease of leaching in each fuel injection system 
and its contribution to soil removal efficiency of diesel engines.

Comparing the results of surface tension fluid injection prepared 
at room temperature with the ones of the condensed steam reveals that 
there were no significant losses in property with the change in physical 
state.

Influence of injection volumes of the systems in removal 
efficiency

Table 2 shows the percentage of oil removal from diesel obtained 
with different solution volumes (500; 1,750; 3,000 mL) of the injection 
systems.

Looking at injection volumes Table 2, an increase in removal 

efficiency can be observed when the volume is increased, regard less of 
the injected system, featuring a forced removal by drag.

Comparing the results of water injection with the injection of 
surfactant solutions below the CMC (where there are only monomers) 
it was observed that, for that amount of surfactant, the drag had an 
efficiency below the water injection, since the drag doesn’t happen 
due to the influence of surface tension, but because of the influence 
of water temperature (98°C) in the diesel displacement. Furthermore, 
the monomers possibly contribute to a reduction of vapor pressure in 
this solution, driven by Raoult’s law and, hence, reduce the system’s 
temperature to 92°C and the oil removal.

For the solutions injected with surfactant with volumes 500 to 
1,750 mL, it was noted that the removal of the diesel increased with an 
increase in surfactant concentration in the medium. Nevertheless, when 
considering the volume of 3,000 mL, efficiencies with similar values 
was observed regard less of the concentrations, indicating the existence 
of a removal limit, after soil saturation. Yet, analyzing surfactant 
concentration below the CMC, the surfactant in the monomeric form 
cannot encapsulate the diesel, which might explain its low efficiency 
compared to micellar systems. When injecting surfactant solutions 
with concentrations in the CMC, there is a presence of micelles that 
can encapsulate the diesel, and drag it to the fluid outlet of the injection 
system. Thus, the concentration values below the CMC present lower 
efficiency compared to the concentration values above it, as well as 
when compared with injection of water. This behavior is observed for 
the three injection volumes.

Analyzing the behavior of micro-emulsion and Nano-emulsion 
based systems; one can observe that these had higher removal 
efficiencies than the water and surfactant solutions ones, in the three 
volumes injected. Comparing only the set wo systems, the percentages 
of removal are similar, especially for the volume of 3,000 mL, also due 
to drag. However, it is important to highlight the greater efficiency of 
these systems compared to water vapor and surfactant ones. Nano-
emulsion and micro-emulsion systems have structures that favor the 
removal of the diesel by interactions, decreasing the surface tension. 
These systems possess high power solubility, since they have an oil 
phase that is compatible with the contaminant. Thus, the application of 
micro-emulsion and Nano-emulsion systems increases the percentage 

Fluids Injection pH Conductivity (µS/
cm)

Particle Diameter 
(nm)

Steam temperature 
(°C)

Surface tension (Dynes.cm-1)
Liquid Systems 

(25°C)
White steam condensate 

(25°C)
Water 5,55 147,84 - 98 - -

ST 60%<CMC 6,06 3,33 - 92 39,5 39,8
ST in CMC 6,41 6,30 6,5 95 34,8 38,0

ST 60%>CMC 6,13 6,97 1,0 97 34,8 35,2
Micro emulsion 5,33 113,6 6,7 95 28,7 37,2
Nano emulsion 5,50 16,1 1,1 96 33,5 33,8

*ST= Surfactant solution.
Table 1: Characterization of different injection systems studied.

Injection volume 
(mL)

INJECTION SYSTEMS

Water vapor
Surfactant solutions

Micro emulsion Nano emulsion
60%<cmc cmc 60%>cmc

500 29% 13% 21% 23% 60% 67%
1,750 32% 28% 58% 60% 67% 85%
3,000 66% 59% 67% 67% 86% 88%

Table 2: Removal efficiency of diesel soil as a function of injection volumes using different systems of steam.
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of diesel removal significantly. From these results, the parameter of 
surface tension associated with the presence of the oil phase (kerosene 
present in these systems) is responsible for the increased removal 
efficiency, as the continuous phase of the micro and Nano emulsion 
systems can improve the penetration of the diesel, making the drag and 
improving the efficiency of displacement.

The same results do not happen in surfactant solutions due to a 
lack of an oil phase, although they have low surface tensions. Surfactant 
solution efficiencies are compared to the water one, which has high 
surface tension, prioritizing the drag.

The Nano-emulsion, besides possessing removal efficiency slightly 
better than the micro-emulsion one, becomes more advantageous due 
to being a system rich in water, having a minimum percentage of oil 
phase and surfactant and co-surfactant, being more viable economically 
and environmentally. Analyzing the technology of both systems, the 
slight improvement in efficiency of the Nano-emulsion should also be 
attributed to its small particle diameter, about 1 nm, which facilitates 
their penetration into the pores of the soil.

Despite being diluted 10 times more than the micro-emulsion 
system, the Nano-emulsion’s performance was not compromised when 
compared to the micro-emulsion one, with a removal percentage of 
88% (Nano-emulsion) and 86% (micro-emulsion) injection volume to 
3,000 mL (Table 2). This can be attributed to the similarity in values of 
surface tension of the condensed vapor of these systems (Table 1).

The results of this paper when compared with those in the 
literature [1,7,10,11,26,27] have a better performance, since the paper 
described above, use wash columns or surfactants in need of treatment 
by bioremediation a longer treatment time. While the methodology 
employed in this paper covers a larger area of treatment and still need 
a shorter time to treat this larger area resulting in a similar percentage 
of removal.

Conclusion
This study shows that the steam injection of Nano-emulsion was 

more efficient and advantageous than the injections of water vapor, 
micro-emulsion and surfactant solutions due to the combination of 
these factors:

•	 Reduction of surface tension associated with the oil phase and 
particle diameter size; 

•	 Desorption of diesel caused by micelle encapsulation, and by 
the thermal energy supplied by steam which, in part, helped 
volatilize the diesel, and reduce its viscosity, facilitating their 
desorption from the soil.

This work showed for the first time the use of steam surfactant 
systems in aqueous solution and in micro and Nano-emulsions as an 
alternative for the remediation of soils contaminated by diesel.
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