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Abstract 

Surfactant enhanced soil remediation (SER) is a technology that has huge 

environmental impact. However, residues of the synthetic surfactant in treated 

soil of SER pose challenge to the methodology. This leads to the research on 

the ability of natural surfactants in remediation. The focus of research on plant 

surfactants till date is on chemically extracted surfactants and their ability to 

solubilize single contaminants. Present study reports the experimental 

measurements on the ability of aqueous extract of Sapindus Mukorossi to 

solubilize complex hydrocarbon mixtures. The method is compared with 

synthetic surfactants viz. anionic sodiumdodecyl sulfate (SDS) and cationic 

cetyltrimethylammonium bromide (C16TAB).  Surfactant concentrations 

above and below the Critical Micelle Concentration (CMC) have been used. A 

simple method for the preparation of saponin extract is proposed. The CMC of 

the extract is found to be 0.11 wt%. The surface tension of the extract at and 

beyond the CMC is found to be 38 mN/m. It is found that saponin dissolves 
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polyaromatic hydrocarbons very efficiently. Here, Napthalene and anthracene 

are taken as model polyaromatic hydrocarbon (PAH) substrates while diesel 

oil and crude oil are taken as representative complex hydrocarbon mixture 

substrates.   The solubilization ratio (SR) of Naphthalene and anthracene in 

saponin solution is 3 and 2.5 times that of the synthetic surfactants. For the 

case of diesel oil and crude oil, saponin showed lesser solubilization. Hence, 

we conclude that saponin is an environmentally compatible surfactant which 

effectively solubilizes PAH’s and aromatic base complex hydrocarbon 

mixtures.   

Keywords: Soil Contamination; Polyaromatic hydrocarbon; Remediation; 

Surfactant; Saponin; Solubilization. 

 

1. INTRODUCTION 

Hydrocarbon spills on land and water have become a major environmental 

concern[1]. Examples of such spills are transportation leaks, storage tank leaks, 

industrial wastes and spills. The native flora of microorganisms cannot degrade such 

high concentrations of hydrocarbons. The contaminants remain in soil due to their low 

solubility in water and consequent non-availability for biodegradation by the native 

micro-organisms. The various technologies being used for remediation of 

contaminated soil are solidification/stabilization, incineration, thermal desorption, 

chemical treatment, bio-remediation, surfactant washing etc.  The United States 

Environmental Protection Agency (USEPA) has identified solidification/stabilization 

as the best technology. However, this technology was found not to be very effective 

for hydrocarbon contaminants unless the soil is treated with surfactants prior to 

solidification/stabilization [2, 3][4]. 

Surfactants are amphiphilic molecules which have a hydrophilic part, referred to as 

the head group, covalently bonded to a hydrophobic part, called the tail. It is this dual 

nature of surfactants that is responsible for their tendency to locate at an interface and 

thereby reducing surface tension or interfacial tension[5][6][7]. At low concentrations 

the surfactant molecules are present as monomers. At higher concentrations, the 

surfactant molecules start to self-associate into ‘micelles’. Thus compounds having 

low water solubility can be solubilized into the hydrophobic core of the micelles 

yielding solubilized systems. Surfactant enhanced remediation technology is based on 

two processes namely mobilization and micellar solubilization. Mobilization occurs at 

concentrations less than the Critical Micelle Concentration (CMC) while the latter 

occurs above the CMC[8]. 

The ability of a surfactant to solubilize a contaminant is quantified in terms of 

Solubilization Ratio, SR, defined as the grams of contaminant solubilized per gram of 

surfactant. 
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𝑆𝑅 =
( 𝑆−𝑆𝐶𝑀𝐶  )

(  𝐶− 𝐶𝐶𝑀𝐶   )
                                                                                                        (1) 

where S is the solubility of contaminant at Surfactant concentration C(C > CMC) and 

SCMC is the solubility of contaminant at the CMC. Thus, SR is determined from the 

slope of the linear portion of the solubility curve above the CMC[2].  

Surfactant based technology is a good alternative to the conventional technologies as 

it requires lesser remediation time. The desirable characteristics of surfactants used in 

the remediation process are biodegradability, low toxicity, operability at ambient 

temperature, effectiveness at low concentration and cost effectiveness [9, 10][11]. 

Current applications in soil remediation involve extensive use of synthetic fossil fuel 

derived surfactants which are very expensive and pose environmental hazard in the 

long run [12]. Natural surfactants are of two types: plant surfactants and bio-

surfactants( produced by microbes). Plant surfactants in particular provide a good 

alternative to synthetic surfactants as microbial treatment takes a long time. Further, 

the efficacy of microbial treatment depends on a wide range of factors like soil type, 

moisture content, nutrient availability, temperature, availability of oxygen and  ability 

of microorganisms to reach the contaminant[13]. Plants surfactants are also known to 

enhance the biological activity in the soil. The saponin, a glycoside is a non-ionic 

surfactant and its weight is 10.6% of the pericarp weight[14]. The focus of research so 

far has been on the application of chemically extracted pure saponin in solubilizing 

single substrate. However, literature on the solubilizing ability of aqueous extract of 

saponin on complex hydrocarbon mixtures like diesel and crude oil is not available. 

The primary objective of this work is to compare the ability of the saponin extract 

with those of synthetic surfactants in enhancing the solubility of polyaromatic 

hydrocarbons like naphthalene, anthracene and complex hydrocarbon mixtures like 

diesel oil and crude oil. This was achieved by determining the aqueous concentrations 

of the substrate in the presence of synthetic surfactants Sodiumdodecyl sulfate (SDS), 

Cetyltrimethylammonium bromide (CTAB) and saponin extract. The Solubilization 

Ratio (SR) of each of these substrates with the surfactants were determined and 

compared for efficacy.  

 

2. MATERIALS AND METHODS 

2.1. Materials 

Sodiumdodecyl sulfate (SDS), Cetyltrimethylammonium bromide (CTAB), 

Napthalene and Anthracene were obtained from SDFCL, India. Diesel Oil and 

Sapindus Mukorossi fruit were procured from the local gas station and market. Crude 

oil were obtained from Chennai Petroleum Corporation Limited respectively(Table.1 

& 2). Distilled water was used for all the studies. Absorbance measurements were 

done on a Jasco UV-VIS spectrophotometer. 
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Table.1 Surfactants used. 

Surfactant Empirical Formula Molecular Weight 

SDS C12H25SO4Na 288.38 

CTAB C19HNBr 364.45 

Sapindus Mukorossi 
saponin 

C52H84O21.2H20 1081.24 

 

Table.2  Properties of contaminants. 

Contaminant Empirical 

Formula 

Molecular 

Weight 

Density at 250C, 

g/mL 

Viscosity at  

250C, St 

Napthalene C10H8 128.17 - - 

Anthracene C14H10 178.22 - - 

Diesel Oil C10H20- C15H28 - 0.915  0.0753 

Crude Oil <=C70 - 0.820  0.1117 

 

2.2. Preparation of Aqueous Saponin Extract 

The pericarp of the fruit was separated from the seed and dried in an oven at 50 0C for 

3 days. The dried pericarps were powdered and sieved to get the -52/240 BSS 

fraction. A measured quantity of the powder was made up to 100 mL with distilled 

water and stirred for 3 hours. A 1 wt% saponin solution was made by taking 10 g of 

pericarp powder in 100ml. The extract was filtered through a 20 µm mesh and 

centrifuged at 5000 rpm for 30 minutes[15]. 

 

2.3. Determination of Critical Micelle Concentration: 

Aqueous solutions of concentrations below and above the CMC of each surfactant 

were prepared in distilled water and the surface tension measured was plotted against 

concentration. The concentration above which there was no further change in surface 

tension was taken as the CMC [16]. 

 

2.4. Solubilization Experiment for Naphthalene and Anthracene 

Stock solutions of naphthalene (400 mM) and anthracene (3 mM) in methanol were 

prepared. Surfactant solutions of concentrations below and above the CMC of each 

surfactant were prepared (Table. 3). 0.1 mL of the stock solution was taken in each of 

the 15 mL screw cap fitted test tubes. 10 mL of surfactant solution was added to each 

of the test tubes. After a 24 h equilibration period, the test tubes were centrifuged at 
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5000  rpm for 30 min. The samples were analyzed in a UV-VIS spectrophotometer at 

275 nm and 375  nm for naphthalene and anthracene respectively[17]. All the 

experiments were conducted in triplicate and the mean values reported. 

 

2.5. Solubilization Experiment for Diesel Oil and Crude Oil 

20 mL of diesel or crude oil was taken in each of the separatory funnels. Surfactant 

solutions of concentrations below and above the CMC of each surfactant were 

prepared. 100 mL of surfactant solution was added to each of the above separatory 

funnels. The funnels were put in a lateral shaker for 48 hours. Care was taken to avoid 

turbulence in the funnel contents. The funnels were removed from the shaker and left 

to stand for  24 hours. The aqueous layer from the funnel was separated. 25 mL of the 

supernatant from the aqueous layer was taken in a conical flask and extracted with 10 

mL of hexane. After the mixture was left to stand for 30 min, it was centrifuged at 

5000 rpm for 30 min. The hexane extract was analyzed in the UV-VIS 

spectrophotometer at 335nm and 355 nm for diesel and crude oil respectively [18, 

19]. 

 

3. RESULTS AND DISCUSSION 

The CMC’s of SDS, CTAB and saponin solution were found to be 0.24 wt%, 0.04 

wt%  and 0.11wt% respectively as shown in Fig.1,2 and 3 (Table. 3). The CMC value 

of saponin extract lies in the range of the reported literature values for chemically 

extracted pure saponin: 0.045 wt% [11] and 0.14 wt%[20]. The surface tensions of the 

solutions at and beyond CMC were  32 mN/m, 62mN/m and 38 mN/m respectively 

for SDS, CTAB and saponin [21]. The ability of saponin to reduce the surface tension 

of water is comparable to that of SDS and better than that of CTAB. 

 

Fig.1 CMC of SDS. 
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Fig.2 CMC of CTAB. 

 

Fig.3 CMC of Saponin. 

Table.3 CMC and Surfactant Concentrations used for solubilization. 

Surfactant CMC Surface tension of the 

surfactant solution, mN/m 

Surfactant Conc. Used for 

solubilization, wt% 

SDS 0.24 wt%  32 0, 0.1, 0.3, 0.4, 0.6, 0.9 

CTAB 0.04 wt%  62 0, 0.05, 0.2, 0.4, 0.55, 0.7, 1 

Saponin 0.11wt%   38 0, 0.05,0.07, 0.1, 0.2, 0.3, 0.85, 1 

 

Fig.4 shows the solubility of naphthalene as a function of surfactant concentration. 

The solubility of naphthalene in distilled water was 0.32 Mm. The reported literature 

value is around 0.244 mM[17]. The apparent increase in aqueous solubility is due to 

the presence of 1 % by volume methanol. The significant increase in solubility 

beyond the CMC of each surfactant indicates that the mechanism involved is micellar 

solubilization. Saponin shows the best solubilizing ability followed by CTAB and 

SDS. The Solubilization Ratio (SR) of naphthalene, anthracene, diesel oil and crude 
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oil with different surfactants are shown in Table.3.  The SR of Saponin is thrice that 

of SDS. 

 

Fig.4 Solubilization of Napthalene by SDS, CTAB and Saponin. 

Fig.5 displays the solubility of anthracene as a function of surfactant concentration. 

The solubility of anthracene in water was negligible. The steep increase in solubility 

beyond the CMC of each surfactant indicates micellization. Saponin showed the best 

solubilizing ability for anthracene followed by CTAB and SDS. Table.4 shows the SR 

of saponin is two and half times that of SDS.  

 

Fig.5 Solubilization of Anthracene by SDS, CTAB and Saponin. 
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Fig.6 shows the solubility of diesel oil as a function of surfactant concentration. 

Diesel’s solubility  in water is negligible. The nature of the plot indicates that 

solubilization is due to both mechanisms of mobilization and micellization. SDS has 

the best solubilizing capacity for diesel oil followed by CTAB and saponin. The SR of 

SDS is four times that of saponin. 

 

Fig.6 Solubilization of Diesel Oil by SDS, CTAB and Saponin. 

 

The solubility of crude oil as a function of surfactant concentration is given in Fig. 7. 

Its solubility in water was negligible. Similar to diesel, solubilization is due to 

mobilization and micellization. SDS has the best solubilizing capacity for crude oil 

followed by CTAB and saponin. The SR of SDS is seventeen times that of saponin.  

 

Fig.7 Solubilization of Crude oil by SDS, CTAB and Saponin. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.2 0.4 0.6 0.8 1 1.2

C
o

n
c.

 o
f 

D
ie

se
l i

n
 A

q
u

e
o

u
s 

La
ye

r,
 

w
t%

Conc. of Surfactant Solution, wt%

Saponin

SDS

CTAB

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1 1.2C
o

n
c.

 o
f 

C
ru

d
e

 in
 A

q
u

e
o

u
s 

La
ye

r 
*1

0
-2

 ,
  

w
t%

Conc. of Surfactant Solution, wt%

saponin

ctab

sds



Studies on the ability of aqueous extract of Sapindus Mukorossi to solubilize… 1395 

Natural surfactants form micelles which are non-spherical and pack less densely due 

to the larger size of their hydrophilic group. Their micelles are of large volume and 

low density. As PAH’s are slightly polar due to resonance in the aromatic rings, these 

micelles can hold them in the core as well as shell regions resulting in larger amount 

of solubilized PAH’s and higher solubilization potential[22–24]. The low 

solubilization of diesel oil and crude oil by saponin could be due to their paraffinic 

nature and the resultant presence only in the core of the micelles[25]. Thus, the nature 

of the substrate viz. paraffinic/mixed/napthenic base affects the ability of saponin to 

solubilize it.  Saponin is suitable to solubilize aromatic base hydrocarbon mixtures. 

A comparison in terms of the solubilization ratio (SR) given in Fig. 8. indicates that 

saponin solubilizes the highest amount of naphthalene and anthracene while SDS 

solubilizes the highest amount of diesel oil and crude oil.  

 

Table.4 Solubilization Ratio (SR) of Napthalene,  Anthracene, Diesel and Crude Oil 

with SDS, CTAB and Saponin. 

Surfactant Napthalene  Anthracene  Diesel Oil Crude  Oil 

  SR 

SDS 2.7×10-2 6.0*10-4 2*10-1 3.5*10-2 

CTAB 7.7*10-2 5.0*10-4 1*10-1 1.0*10-2 

Saponin 7.9*10-2 15*10-4 0.5*10-1 0.2*10-2 

 

 

Fig.8 Comparison of SR’s of the surfactants. 
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4. CONCLUSIONS 

This work evaluated the solubilization of Napthalene, Anthracene, Diesel Oil and 

Crude Oil in aqueous solutions of saponin, SDS and C16TAB. Aqueous extract of 

Sapindus Mukorossi fruit was used directly instead of chemically extracted pure 

saponin. A simple method of extract preparation was proposed. This method is 

environment friendly as it does not require hazardous chemical extraction agents. The 

CMC of the aqueous saponin extract was found to be 0.11 wt %. Considering that 

10.6 % of the pericarp weight is saponin, this value is in good agreement with the 

reported literature values for pure saponin obtained by chemical extraction. Saponin 

was able to reduce the surface tension of water to 38 mN/m and this is close to that of 

SDS. Naphthalene and anthracene underwent micellization while diesel Oil and crude 

Oil exhibited both mobilization and micellar solubilization. Saponin was more 

effective than synthetic surfactants in solubilizing naphthalene and anthracene while 

SDS showed the best solubilizing ability for the paraffinic diesel oil and crude oil. 

Natural surfactants form micelles that can hold PAH’s both in the core and shell 

regions, leading to higher solubilizing ability. Due to the paraffinic nature of the 

diesel and crude oil, solubilization is only in the core and hence low. It can be 

concluded that the effectiveness of saponin is dependent on the aromatic/paraffinic 

nature of the hydrocarbon contaminant. It is an effective solubilizing agent for 

aromatic hydrocarbon mixtures. It is bio-degradable and renewable compared to 

synthetic surfactants. Hence, plant based surfactant Sapindus Mukorossi could be used 

as an alternative to synthetic surfactants in the remediation of soil contaminated with 

aromatic base hydrocarbon mixtures. 

 

ACKNOWLEDGEMENTS 

The authors wish to thank BMS College of engineering, Bull Temple Road, 

Bangalore, India for the financial support under Faculty Research Promotion Scheme 

(BMSCE /FRPS/ Chem.Engg./ 005/ 2012), Chennai Petroleum Corporation Limited 

for the free crude oil sample and their colleague Ms. H.S. Usha for her useful 

comments. 

 

REFERENCES: 

[1] Trellu, C., Mousset, E., Pechaud, Y., Huguenot, D., van Hullebusch, E. D., 

Esposito, G., Oturan, M. A. "Removal of hydrophobic organic pollutants from 

soil washing/flushing solutions: A critical review". Journal of Hazardous 
Materials. 2016. DOI:10.1016/j.jhazmat.2015.12.008 

[2] Paria, S. "Surfactant-enhanced remediation of organic contaminated soil and 

water". Advances in Colloid and Interface Science. 2008. 



Studies on the ability of aqueous extract of Sapindus Mukorossi to solubilize… 1397 

DOI:10.1016/j.cis.2007.11.001 

[3] Paria, S., Khilar, K. C. "A review on experimental studies of surfactant 

adsorption at the hydrophilic solid–water interface". Advances in Colloid and 
Interface Science, 110(3), pp. 75–95. 2004. DOI:10.1016/j.cis.2004.03.001 

[4] Paria, S., Yuet, P. K. "Effects of chain length and electrolyte on the adsorption 

of n-alkylpyridinium bromide surfactants at sand-water interfaces". Industrial 
and Engineering Chemistry Research, 45(2), pp. 712–718. 2006. 

DOI:10.1021/ie050808y 

[5] Rosen, M. J. Surfactants and Interfacial Phenomena. Section Title Surface 
Chemistry and Colloids. Hoboken, NJ, USA: John Wiley & Sons, Inc. 2004. 

DOI:10.1002/0471670561 

[6] Arthur W. Adamson, A. P. G. Physical Chemistry of Surfaces (6th Editio.). 

Wiley. 1997. Retrieved from 

http://as.wiley.com/WileyCDA/WileyTitle/productCd-0471148733.html 

[7] John Wiley & Sons Inc (Ed.). Kirk-Othmer Encyclopedia of Chemical 
Technology. Hoboken, NJ, USA: John Wiley & Sons, Inc. 2000. 

DOI:10.1002/0471238961 

[8] Mulligan, C. N., Yong, R. N., Gibbs, B. F. "Surfactant-enhanced remediation 

of contaminated soil: A review". Engineering Geology, 60(1–4), pp. 371–380. 

2001. DOI:10.1016/S0013-7952(00)00117-4 

[9] Urum, K., Pekdemir, T., Gopur, M. "Optimum conditions for washing of crude 

oil-contaminated soil with biosurfactant solutions". Process Safety and 
Environmental Protection, 81(May), pp. 203–209. 2003. 

DOI:10.1016/j.chemosphere.2004.12.038 

[10] Gan, S., Lau, E. V., Ng, H. K. "Remediation of soils contaminated with 

polycyclic aromatic hydrocarbons (PAHs)". Journal of Hazardous Materials. 

2009. DOI:10.1016/j.jhazmat.2009.07.118 

[11] Muntaha, S. T., Khan, M. N. "Natural surfactant extracted from Sapindus 

mukurossi as an eco-friendly alternate to synthetic surfactant - A dye surfactant 

interaction study". Journal of Cleaner Production, 93, pp. 145–150. 2015. 

DOI:10.1016/j.jclepro.2015.01.023 

[12] Zamudio-Pérez, E., Bandala, E. R., Fernandez, L. C., Torres, L. G. "Surfactant 

Enhanced Washing of Soil Contaminated with Petroleum Hydrocarbons and 

Treatment of Produced Wastewaters Using a Biofilter". Journal of 
Environmental Treatment Techniques, 1(2), pp. 110–116. 2013. 

[13] Upadhyay, A., Singh, D. K. "Pharmacological effects of Sapindus mukorossi". 

Revista do Instituto de Medicina Tropical de São Paulo, 54(5), pp. 273–280. 



1398  Sreelakshmi Diddi, et al 

2012. DOI:10.1590/S0036-46652012000500007 

[14] Balakrishnan, S., Varughese, S., Deshpande, A. P. "Micellar characterisation of 

saponin from Sopindus mukorossi". Tenside, Surfactants, Detergents, 43(5), 

pp. 262–268. 2006. DOI:10.3139/113.100315 

[15] Chhetri,  a. B., Watts, K. C., Rahman, M. S., Islam, M. R. "Soapnut Extract as 

a Natural Surfactant for Enhanced Oil Recovery". Energy Sources, Part A: 
Recovery, Utilization, and Environmental Effects, 31(20), pp. 1893–1903. 

2009. DOI:10.1080/15567030802462622 

[16] Edwards, D. A., Luthy, R. G., Liu, Z. "Solubilization of polycyclic aromatic 

hydrocarbons in micellar nonionic surfactant solutions". Envirenmental Science 
and Technology, 25(1), pp. 127–133. 1991. 

[17] Paria, S., Yuet, P. K. "Solubilization of Napthalene by Pure and Mixed 

Surfactants". Industrial & Engineering Chemistry Research, 45, pp. 3552–

3558. 2006. DOI:https://doi.org/10.1021/ie051377m 

[18] Urum, K., Pekdemir, T. "Evaluation of biosurfactants for crude oil 

contaminated soil washing". Chemosphere, 57(9), pp. 1139–1150. 2004. 

DOI:10.1016/j.chemosphere.2004.07.048 

[19] Guo, H., Liu, Z., Yang, S., Sun, C. "The feasibility of enhanced soil washing of 

p-nitrochlorobenzene (pNCB) with SDBS/Tween80 mixed surfactants". 

Journal of Hazardous Materials, 170(2–3), pp. 1236–1241. 2009. 

DOI:10.1016/j.jhazmat.2009.05.101 

[20] Ghagi, R., Satpute, S. K., Chopade, B. A., Banpurkar, A. G. "Study of 

functional properties of Sapindus mukorossi as a potential bio-surfactant". 

Indian Journal of Science and Technology, 4(5), pp. 530–533. 2011. 

DOI:10.17485/ijst/2011/v4i5/30055 

[21] Cho, D., Chang, H. N. "Separation of oil contaminants by surfactant-aided 

foam fractionation". Korean Journal Of Chemical Engineering, 15, pp. 445–

448. 1998. 

[22] Bernardez, L. A., Ghoshal, S. "Selective solubilization of polycyclic aromatic 

hydrocarbons from multicomponent nonaqueous-phase liquids into nonionic 

surfactant micelles". Environmental Science and Technology, 38(22), pp. 

5878–5887. 2004. DOI:10.1021/es0497429 

[23] Kanga, S. A., Bonner, J. S., Page, C. A., Mills, M. A., Autenrieth, R. L. 

"Solubilization of naphthalene and methyl-substituted naphthalenes from crude 

oil using biosurfactants". Environmental Science and Technology, 31(2), pp. 

556–561. 1997. DOI:10.1021/es9604370 

[24] Hill, A. J., Ghoshal, S. "Micellar solubilization of naphthalene and 



Studies on the ability of aqueous extract of Sapindus Mukorossi to solubilize… 1399 

phenanthrene from nonaqueous-phase liquids". Environmental Science and 
Technology, 36(18), pp. 3901–3907. 2002. DOI:10.1021/es011175r 

[25] Pennell, K. D., Abriola, L. M., Weber, W. J. "Surfactant-enhanced 

solubilization of residual dodecane in soil columns. 1. Experimental 

investigation". Environmental Science and Technology, 27(12), pp. 2332–2340. 

1993. DOI:10.1021/es00048a005 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1400  Sreelakshmi Diddi, et al 

 

 

 

 

 

 

 

 


