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ABSTRACT 

The foamability parameters of surfactant generated aqueous ethanol based foams are critical for 
remediation of petroleum hydrocarbon contaminated soil. To gain more insight into foams that will be 
suitable for this application, different aqueous foams were generated by the use of ethanol, surfactant 
Sodium Lauryl Sulfate (SLS), constant injection of air and then tested for foaming capability, using a 
Dynamic Foam Analyzer (Kruss GmbH, Germany). The results showed that 30 volume % ethanol solution 
with 10 mg of SLS added was the best in terms of foamability and thus well suited for soil remediation.  
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INTRODUCTION 

Foams consist of agglomerations of gas bubbles separated by liquid films1. Foams2 

help in remediation of contaminated soils by enhancing the oxygen content of soil. This also 
subsequently reduces the operational costs of cleaning such soils. Aqueous ethanol based 
foams3 have shown superior soil remediation performance over aqueous surfactant solutions. 
It also has been described that while aqueous surfactant solutions are not very successful in 
removing polyaromatic hydrocarbons from soil, aqueous ethanol based surfactant solutions 
could eliminate upto 50%4. The ethanol based surfactant solutions have been found to 
remove pollutants efficiently and help in maintaining high hydraulic conductivity in the 
soil5. The aqueous foam plays important role in soil remediation as it reduces contamination 
in the soil by increasing the sweep efficiency. The problems in delivering water mixture to 
remove contaminants from soil are also reduced when foam is utilized as delivery system. 
Foam also reduces the vertical flow of liquid thereby enhancing the preferential spreading of 
surfactant in the soil layers6,7.  

The aim of this article is to explore in more detail the foaming behavior of aqueous 
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ethanol based Sodium Lauryl Sulfate (SLS) solutions for contaminated soil remediation 
applications. This is helpful to investigate the better foaming capabilities for such 
environmental remediation applications. The current research was subdivided into two parts. 
Firstly, the foamability of different aqueous ethanol + SLS solutions were studied. Next, the 
foamability of aqueous SLS solutions with no ethanol content were investigated to gain 
better understanding on the impact of ethanol on the foaming process. The mechanisms for 
the foam growth and the foam decay for the aqueous ethanol based Sodium Lauryl Sulfate 
(SLS) solutions were analyzed and discussed. All the foam characterization experiments that 
have been reported in this article have been performed at surfactant Sodium Lauryl Sulfate 
(SLS) concentrations below the critical micelle concentration (CMC). 

EXPERIMENTAL  

Materials 

Powdered surfactant Sodium Lauryl Sulfate (SLS) was first weighed and then mixed 
with aqueous ethanol solution. The ethanol was procured from Varun Industries, India. For 
all solutions prepared, distilled water was used. The total volume of solutions prepared was 
100 mL.  

Determination of foam characteristics 

Different solutions of aqueous ethanol mixed with surfactant Sodium Lauryl Sulfate 
(Table 1) were used for the experimental analysis. Also to investigate the role of ethanol on 
the foaming process, aqueous Sodium Lauryl Sulfate (SLS) solutions with no ethanol were 
also tested for foamability. All the experiments reported here, were conducted at 
concentrations of Sodium Lauryl Sulfate (SLS) below the critical micelle concentration 
(CMC) and at room temperature of 298 ± 2 K. The detailed foam characterization was done 
using a Dynamic Foam Analyzer DFA 100 (Kruss GmbH, Germany). Foams were generated 
in a glass column of 0.25 m length and inside diameter 0.04 m by a stream of air that was 
introduced into the ethanolic solutions through a porous glass filter (pore size: 16-40 μm) 
with a constant flow rate of 5 mL/s. Both the glass column and the glass filter were supplied 
by Kruss GmbH, Germany. The air was injected with the above mentioned flow rate for a 
total duration of 12 s from the start of each experiment. Each foaming experiment was run 
for a total of 900 s and each run was repeated three times for better accuracy. The volume vs 
time plots (Fig. 1) as well as the different results for foamability of the solutions, were 
obtained using the Foam Analysis Software version 1.4.2.3 (Kruss GmbH, Germany). 
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RESULTS AND DISCUSSION 

Foamability and drainage time 

The foamability, in terms of maximum foam volume (Table 1), for the different 
aqueous ethanol + SLS samples were obtained using the Dynamic Foam Analyzer DFA 100 
(Kruss GmbH, Germany). Table 1 displayed the variation of maximum foam volume with 
the different ethanol + SLS solutions. It was observed (Table 1) that for the same ethanol 
concentration, as the concentration of surfactant SLS was increased steadily, the foamability 
in terms of maximum foam volume also increased. The plot (Fig. 1), shown for one sample 
with 10 volume % ethanol + 4 mg of SLS, depicted the variation of foam volumes with time 
for the run.  

Table 1: Foamability data obtained for the different ethanol + SLS solutions tested 
(Total solution- 100 mL in each case) 

Ethanol 
conc. 

(Vol. %) 

Sodium lauryl 
sulfate (SLS) 
added (mg) 

Foam 
capacity

Liquid Vol. 
fraction of 

foam 

Max foam 
Vol.        
(mL) 

25% 
Drainage 

(s) 

50% 
Drainage 

(s) 

10 2 1.3 0.34 75.2 11.2 35.4 

10 4 1.3 0.32 79.9 12.6 37.6 

10 6 1.5 0.29 88.8 20.2 59.2 

10 8 1.5 0.28 90.9 26.8 83.2 

10 10 1.6 0.27 95.5 22.8 83 

20 2 1.2 0.35 71.2 9 23.2 

20 4 1.3 0.33 79.5 9.8 23.8 

20 6 1.3 0.34 82.7 16 44.2 

20 8 1.4 0.32 84.4 15.8 47.6 

20 10 1.4 0.31 86.5 20.2 71 

30 2 1.5 0.3 87.4 19.6 42.4 

30 4 1.5 0.29 91.4 31 60.4 

30 6 1.5 0.29 93.6 26.8 59.6 

30 8 1.5 0.28 95.4 33.6 68 

30 10 1.5 0.28 96.2 33.6 72 
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Fig. 1: Foam volume versus time plot obtained for sample with ethanol 10 volume %, 

Sodium Lauryl sulfate added- 4 mg 

The foam volume vs time plots obtained for the other ethanol + SLS samples 
described in Table 1, have all shown similar trends. Fig. 1 displayed two distinct stages for 
the foam- foaming, decay phase. During the foaming phase, there was an increase in foam 
volumes, because of foam growth and during the decay phase, the foam volume decreased 
because of the foam collapse. It was also clear that the foam did not immediately decay at 
the end of the air injection period. Foamability was defined8 as the capability of the 
surfactant solution to produce the foam. As per literature9, foamability depended on the 
surface tension of the solution. As could be seen from Figure 1, the foam volume initially 
increased with the air injection and the gradual foam decay started from time 27.6 s.  Here 
the development of foam took place with the introduction of air bubbles into the solutions 
tested. This might have resulted in an increase in surface area. Hence the generation of foam 
at this stage of air injection would require expenditure of energy against the surface tension 
forces. The surface tension value relevant for the foam generation process at this stage was 
thus believed to be dependent on the degree of surface expansion, the rate of surface tension 
reduction and corroborated by literature8. Also it has been reported that greater the rate of 
surface tension reduction, higher the foamability10. Hence the contributory factors for the 
greater foaming tendencies might be low surface tension, higher rate of surface tension 
lowering as well as a high rate of micelle disintegration. This might explain the initial trend 
of increasing foam volumes during the air injection. A gradual decay in the foam volumes 
after time 27.6 s, after the completion of the air injection was attributed to the increase in 
micellar stability. Micellar stability has been found to be inversely related to foaming 
ability11,12 as because highly stable micelles would be less capable of providing the flux of 
surfactant SLS required to stabilize the new air-solution interface created during the foaming 
process. So highly stable micelles would lead to reduction in foaming as observed in Fig. 1. 
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Also to check specifically the role of ethanol on the foaming of aqueous SLS 
solutions, foamability data were obtained for different Sodium Lauryl Sulfate (SLS) and 
water solutions (no ethanol) using the Dynamic Foam Analyzer DFA 100 (Table 2). Fig. 2 
showed the comparison plot for maximum foam volumes versus amounts of Sodium Lauryl 
Sulfate (SLS) added for the different ethanol and non-ethanol solutions.  

Table 2: Foamability data obtained for the different aqueous Sodium Lauryl Sulfate 
(SLS) solutions tested with no ethanol 

Volume 
of water 

(mL) 

Sodium 
lauryl sulfate 
added (mg) 

Foam 
capacity 

Liquid volume 
fraction of foam

Max foam 
volume 
(mL) 

25% 
Drainage 

(s) 

50% 
Drainage 

(s) 

100 2 1.1 0.14 63.7 4 9.2 

100 4 1.2 0.18 69.3 5.2 14 

100 6 1.3 0.21 75.3 6.2 18.8 

100 8 1.4 0.26 85.9 7.8 27.6 

100 10 1.5 0.26 89.9 8.2 30.2 

 It was observed from Fig. 2 that as the concentration of SLS increased, the 
maximum foam volume increased for both ethanol as well as non-ethanol solutions. For 
30% ethanol solutions, as the amounts of SLS added increased from 2 to 10 mg, the 
maximum foam volumes increased from 87.4 ml to 96.2 mL. For the SLS-water solutions 
(no ethanol), as the amounts of added SLS increased from 2 to 10 mg, the maximum foam 
volumes increased from 63.7 mL to 89.9 ml. In each case, total solution considered was        
100 mL. Similar trends for increase in maximum foam volumes with increasing SLS 
concentration, were observed for the 10 and 20 volume % ethanol cases, as depicted in   
Table 1. This increase in foamability in terms of maximum foam volume with increase in 
surfactant SLS concentration below CMC was found to be consistent with literature13. 
However, this current trend of increase in foamability will be investigated further in future 
by increasing the surfactant SLS addition to aqueous ethanol solutions. Also, as observed 
from Table 1, with rise in ethanol volume % in aqueous SLS solution, the maximum foam 
volume increased. This might be due to the co-surfactant effect where the nonionic ethanol 
presence in aqueous SLS solution increased the foamability. With increase in ethanol 
concentration, the micelle producing tendencies including stability of micelles might have 
decreased and this would explain the increase in foamability in terms of maximum foam 
volumes, as observed from Table 1. 
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Fig. 2: Comparison of maximum foam volumes obtained from testing aqueous SLS 

solutions with 30 volume % ethanol and aqueous SLS solutions without ethanol                   
(in all tests, 100 mL of total solution was considered) 

The 25% and 50% drainage data (Table 1) clearly shows that there is an increasing 
trend in the values with increase in surfactant concentration. Drainage time can be affected 
by the bubble size and size of micelles formed in the foam14,15. The increase in drainage time 
with increase in surfactant concentration may be correlated to the stability of the prepared 
foam. On comparing the drainage of the foams prepared with only surfactant SLS and              
SLS-ethanol foams it was found that the drainage time of the ethanolic foam was higher. 
The highly stable foam had higher drainage time and the variation in stability was observed 
with increase in concentration of ethanol.  

CONCLUSION 

Results shown in Fig. 2 indicated that the aqueous SLS solutions with ethanol 
content are better in terms of foamability, when compared with the aqueous solutions of SLS 
without any ethanol. These aqueous ethanolic solutions hence will be extremely useful for 
cleanup of contaminated soils. Also the results shown in Table 1 indicated that for               
30 volume % ethanol and 10 mg of SLS added, the maximum foam volume reached is highest 
at 96.2 mL. So considering the foamability of surfactant generated foams- a chief and critical 
aspect required for soil remediation applications, the 30 volume % ethanol solution with            
10 mg of SLS added was found to be the best choice under the specified conditions.  
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