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INTRODUCTION

Surfactant molecule consists hydrocarbon and polar or
ionic portion. The hydrocarbon portion, which can be linear
or branched, interacts only very weakly with the water mole-
cules in an aqueous environment. Moreover, the strong inter-
actions between the water molecules arising from dispersion
forces and hydrogen bonding act cooperatively to squeeze the
hydrocarbon out of the water, hence, the chain was usually
called hydrophobic. This part was non-ionic and consists a
long hydrocarbon chain. The polar or ionic portion of the mole-
cule such as –COO– Na+, usually termed as the head-group,
however, interacts strongly with the water via dipole-dipole
or ion-dipole interactions and was solvated. Consequently, the
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head-group was said to be hydrophilic [1]. When a surfactant
was dissolved in water, the molecules tend to cluster towards
the surface such that the hydrophobic tails of the surfactant
molecules were directed away while the polar parts were
directed towards water [2-4].

The surface active agents were broadly classified into synthetic
and natural surfactants based on the source and availability.
Large amount of synthetic surfactants used for domestic and
industrial work were dispersed in diverse environmental sections
like soil, water, sediment etc. Some reports revealed that about
60 % of the total surfactant production enters the aquatic environ-
ment [5] and these surfactants were considered as emerging
pollutants of the environment [4]. For example, synthetic
surfactant, alkylphenol ethoxylate surfactants and their pro-



ducts (APEOs) were known as endocrine disrupting chemicals
[6]. Like this, these non-biodegradable surfactants affect the
environment and cause health hazards like dermatitis, respiratory,
eye irritation etc. [7,8]. Synthetic surfactants persist in nature
for longer periods due to slow degradation and the degradation
products were more hazardous than the parental compounds.
So these surfactants cause environmental and toxicological
problems as they release carcinogenic toxins in the
environment [9]. Cationic surfactants were most toxic followed
by anionic and non-ionic surfactants [10]. The damaging affects
of surfactants on humans, microorganisms aquatic plants,
invertebrate and crustaceans also follow the same trend [11].
The worldwide large production of surfactants was increased
year by year due to the technological development, ease of
preparation and important applications [12]. 12.5 million
tonnes of surfactants were produced worldwide in 2006 [13]
whereas 3 million tonnes were produced in Western Europe
in 2007 [14] and approximately 172 thousand tonnes of non-
ionic surfactants were consumed in 2010 in US alone [5].
Therefore, use of synthetic surfactants in various applications
leads to secondary pollution. To overcome these sensitive
environmental problems, a surfactant should be biodegradable
and less toxic in addition to being surface active [15]. Natural
surfactants were suggested as viable alternative to synthetic
surfactants because these were bio-degradable, biocompatible,
renewable, low cost, higher foaming capacity, highly selective
and specifically active at extreme temperatures, pH and salinity
[16] and less toxic and hence pose less threat to the environ-
ment. Natural surfactants were obtained directly from natural
sources like plants, bacteria or fungi. Techniques like extrac-
tion, filtration, precipitation or distillation were used to obtain
them. Some publications [17-19] revealed that fatty acid esters
of sugars or amides of amino acids or humic acids from bio-
mass could be used as natural surfactants in place of synthetic
surfactants.

There are several natural surfactants reported in the literature.
Plant based saponins obtained from plants were used as natural
surfactants or biosurfactants. These have used significantly
due to their wonderful functional properties, health benefits,
environmentally safe, biodegradable, renewable and ecolo-
gically adaptable [5,20]. These saponins were mainly derived
from various parts of plants like seed, root, leaf, fruit, pericarp,
bark and flower [21-23]. Saponins were extracted from more
than 100 families of plants along with few marine sources
such as starfish and sea cucumber [24]. Sapindus mukorossi
and Sapindus emarginatus were commonly known as reetha
or soapnut fruits were major source of saponins. These trees
were found in the different regions of India, Pakistan and other
tropical and sub-tropical regions of the world. However,
Sapindus mukorossi was abundant in the most part of northern
India. This belongs to the main plant order Sapindaceae and
family Sapindeae. Soapnut was round, saponaceous and fleshy
nut. The fruit of soapnut tree was yellowish brown in colour
and changes its colour on drying. The fruit consists of seed
encapsulated in a black hard and shiny endocarp or shell and
pericarp. The pericarp constitutes about 56 % of the whole
fruit and the rest was balanced by the seed [25]. The fruits
pericarp contains saponin, which was known for the surfactant

action. The saponin content in the reetha varies from 6 to 10
wt % [26]. The aqueous extract of this was traditionally used
as a shampoo for cleaning hairs and as a detergent for cleaning
woolen fabrics and precious ornaments [27]. It was observed
that shampoo named by Meera available in the market was
prepared using this extract. It was also used in medicine [28].
It was used as a component of herbal local contraceptive
because it has anti-trichomonas activity [29].

The different types of saponins were available in the litera-
ture [30]. The major saponins present in the pericarp of the soapnut
fruit were triterpenoid-type [31]. This triterpenoid group was
considered as a hydrophobic nucleus (aglycone called sapogenin)
[32]. This hydrophobic nucleus was connected to hydrophilic
sugar chains through ether or ester bonds. The simultaneous
presence of non-polar hydrophobic (aglycone) and polar hydro-
philic (sugar) chains provide surface activity.

Saponin surfactant obtained from pericarp of soapnut
fruits were used for many applications and documented in
the literature. This was used for understanding the micellar
characteristics of sapindus saponin and its ability to solubilize
oils [33], for solubilization of dyes like methylene blue and
eosin yellow [4] and neutral red [34], for preparation of platinum
nanoparticles [35] and gold nanoparticles [36], for under-
standing surface and foam characteristics of saponins [37], in
soil washing [20,32,38,39], synthesis of monodisperse lattices
[5], surfactant enhanced oil recovery [40], solubilization of
naphthalene [41], removal of phenolic compounds [42] and
for solubilization of foreign materials present in muga silk [43].
Seeds of soapnuts produce non-edible oil that can be used as
biodiesel [44]. External use of saponins as a washing soap
show no toxic effects on human skin and eyes [20].

In view of these excellent applications and uses of aqueous
extract of pericarp of soapnuts, interest led us to understand
the nature of natural saponin surfactant. Therefore, in the present
investigations, the solubilization of a direct dye, Congo red (CR)
(anionic dye) in presence of saponin micelles was studied and
compared these results with commercial surfactants like cationic
surfactant - cetyl trimethylammonium bromide (CTAB),
anionic surfactant - sodium dodecyl sulphate (SDS) and neutral
or non-ionic surfactant - Triton X 100 (TX 100) for understan-
ding the nature of natural saponin. In this study, interactions
of Congo red with surfactants were studied through spectro-
photometric technique. This spectrophotometric data was used
to find out micellar characteristics of saponin such as critical
micellar concentration (CMC). The solubilization was tested
at different pH of surfactant solutions. Further, this data was
used to find out equilibrium constant between Congo red and
surfactants.

EXPERIMENTAL

Soap nut pericarp powder: 3 kg of Soapnut fruits (Scientific
Name: Sapindus mukorossi) were procured from the local market
of Kurnool, India. These soapnut fruits were golden brown in
colour and globular in shape with a diameter between 1 and 3
cm. After removing the seed, the outer pericarps were dried in
an oven at 50 °C for about 2 days. The dried pericarps were
ground into powder by using domestic grinder and the powder
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was sieved through U.S. Standard No. 20 sieve (840 µm). The
soapnut pericarp powder was stored in Pearle pet (Plastic)
bottles.

Congo red (m.w. 696.67 g), cetyltrimethyl ammonium
bromide (CTAB), sodium dodecyl sulphate (SDS), Triton
Triton X 100 (TX 100), hydrochloric acid, sodium hydroxide,
potassium chloride, methanol, etc (M/s Qualigens  Fine Chemi-
cals, India) were procured. All the chemicals were of analytical
grade. The Congo red was purified by using salting out method
[45]. The C.I. name of Congo red (22120) was direct red 28.
λmax of Congo red was 497 nm. The doubled distilled water
was used for the preparation of solutions wherever required
unless otherwise it was specified. Buffer solutions were pre-
pared by adopting the standard procedures reported in the
literature [46]. The Elico Digital pH Meter Model LI-120, M/s
Elico Private Limited, India was used for measurement of pH
of buffer solutions and test solutions.

Preparation of plant based natural surfactant solution:
Based on the available literature, water, methanol, ethanol and
benzene:methanol (1:3) [20] mixture was examined as solvents
for preparing the natural surfactant solutions. The powder was
added to solvents and stirred for 3 h at room temperature. The
mixture was centrifuged at 10000 rpm per 45 min and the
supernatant was filtered through Whitman No. 1 filter paper.
The filtrate was allowed to evaporate on a water bath at 70 °C.
The dry paste obtained was re-dissolved in water and used as
stock chemical name was solution. A 10 % natural surfactant
solution was prepared by extracting 10 g of soap-nut fruit
pericarp powder in 100 mL of de-ionized water. In a similar
way, except the last two steps, evaporating the filtrate and re-
dissolving it in water were eliminated. This solution was taken
as a 10 % stock solution of natural surfactant and it was diluted
as per the requirement. Similar procedure was adopted by Roy
et al. [20] for the preparation of natural surfactant solution to
understand the enhancement of solubility of hexachloro-
benzene and naphthalene.

Characterization of soap nuts fruit pericarp powder:
Characteristics of soap nuts fruit pericarp powder was done
[47].

Simple absorption spectra: The simple absorption
spectra was obtained on 2100 Chemito UV-VIS Spectrophoto-
meter (India). The dye, Congo red (CR) blank was taken as
reference i.e. surfactant solution.

The simple absorption spectra of Congo red were obtained
in water on 2100 Chemito UV-VIS Spectrophotometer (India)
by adapting the following method. The absorption spectra of
0.0203 mM of Congo red without surfactant(s) were obtained
in water. To a 25 mL standard flask, an aliquot of aqueous
Congo red solution was added. The required buffer solution
was added up to the mark of standard flask and shakes the
solution to get uniform concentration.

The simple spectra of 0.0203 mM of Congo red solution
containing cationic surfactant, CTAB in the concentration
range of 0.4 to 2.0 mM, anionic surfactant, SDS in the con-
centration range of 3 to 17 mM, nonionic surfactant, Triton
X-100 in the concentration range of 0.012 to 10.016 mM and
natural surfactant obtained from soap nuts in the percent range
of 0.01 to 10 % were obtained. The concentration of Congo

red was kept constant during the whole process. To a 25 mL
standard flask, an aliquot of an aqueous surfactant solution
and 1 mL of 0.5066 mM aqueous Congo red solutions were
added. The required buffer solution was added up to the mark
of standard flask and shakes the solution to get uniform concen-
tration. This explains the effect of surfactant on the spectra of
Congo red.

Similarly, the effect of pH also obtained by keeping the
remaining constant by adapting the same procedure explained
above.

RESULTS AND DISCUSSION

Characteristics of aqueous extract of pericarp of soap
nut fruit: The different types of saponins were present in diffe-
rent plant base [48].

Range of molecular weight of saponins: Triterpenoid
type saponins were mostly present in the pericarp of the soap
nut fruits [31]. The chemical formula for these different types
of saponins were reported in the literature [31,34,40,49,50]
and shown in the Table-1.

TABLE-1 
CHEMICAL FORMULA AND MOLECULAR WEIGHT OF 

TRITERPENOID SAPONINS IN THE PERICARP OF  
Sapindus mukorossi GAERTEN [Ref. 34] 

Formula m.w. 
C41H66O12 

C46H74O15 

C48H76O17 

C50H78O18 

C53H86O22 

C58H94O26 

C59H92O25 

750 
866 
924 
966 
1074 
1206 
1200 

 
The average molecular weight of triterpenoid-type saponins

(998) was taken for equilibrium constant calculations of inter-
action between Congo red and natural surfactant in a similar
way to calculate the equilibrium constant between cationic
dye, Neutral red and natural surfactant [34]. From MALDI-
TOF-MS spectroscopy, the molecular weight of Sapindus
saponin was found to be in the range of 921.5 to 1047.5 [4].
In another report, the reported molecular weight of saponin
was in between 719 and 1043 [23].

FTIR analysis of saponins: The FTIR transmittance
spectrum of the aqueous reetha solution was analyzed and
compared with literature (Table-2).

1H NMR spectrum of sapindus saponin, showed signals
for alkyl groups (-CH3 groups) (δ 0.9, 1.1 and 1.2), anomeric
protons and olifenic protons (δ 5.4), -OH groups and hydrogen
directly attached to oxygen or nitrogen (δ 3.0 to 4.6) [51].
The NMR spectra of saponin present in extract of pericarp of
soap nuts showed similarities to that of Quillaja saponin.

This was a qualitative of presence of saponin. The main
intension of this work was to be used the saponin present in
the extract of pericarp of soapnut as a natural surfactant.

pH of aqueous extract of pericarp of soap nut fruits:
pH was a very important parameter in surfactant solutions [7]
because a change in pH of a solution changes the net charge

[Ref. 34]
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TABLE-2 
FTIR ANALYSIS OF SAPONINS  

OBTAINED FROM PERICARP OF SOAP NUTS 

Transmittance spectra of group Frequency (cm-1) Ref. 
3455 [4] 
3407 [33] Hydroxyl group (-OH) stretching 
3370 [2] 
2068 [4] 

Carbon-hydrogen (-CH2) stretching 
2918 [33] 

Weak C-H bending of alkanes 1450 [2] 
Presence of alkynes 2100 [2] 

1639 [4] 
1618 [33] C=O stretching 
1650 [2] 
1050 [2] 
1062 [4] C-O stretching of carbinol 
1045 [33] 

C=C 677 [4] 
Five member ring ketone 1742 [33] 

 
on molecules and hence the repulsive force between them. The
pH of aqueous extract of pericarp of soapnut was acidic in
nature and this was probably due to hydrolysis of non-ionic
glucuronic groups [20,34]. This solution has a tendency to
react with sodium hydroxide and this was further evidence for
acidic nature of aqueous extract. Further it explains that the
two releasable hydrogens were present on natural surfactant.

Absorption spectra in absence of surfactants: The simple
absorption spectra of Congo red in absence of surfactants at
various pHs like 1, 4, 7 and 10 were obtained (figures were not
shown). As expected, the colour at pH 1 solution was different
(blackish blue) due to formation of quininoid structure in the
Congo red. The observed λmax for the pHs like 1, 4, 7 and 10
were 575, 525, 480 and 490 nm, respectively.

Absorption spectra in presence of cationic (CTAB),
anionic (SDS) and non-ionic (TX 100) micelles: The simple
absorption spectra of solution of Congo red of 0.0203 mM in
presence of cationic (CTAB)/anionic (SDS)/non-ionic (TX
100) micelles at different pHs like 1, 4, 7 and 10 were obtained
in aqueous medium and recorded (figures were not shown).

Generally, on addition of surfactant to the solution of
Congo red, the λmax may be shifted due to formation of complex
between Congo red and surfactant. The range of maxima and
the change in maxima at concentration of all surfactants against
pHs of the solution is shown in Table-3.

The ratio, of the absorbance obtained at λmax of the com-
plex formed at different concentrations of all surfactants at
various pHs like 1, 4, 7 and 10 to the absorbance obtained at
λmax of the solution of Congo red alone was calculated. This
ratio was used to find out critical micelle concentration (CMC)
of surfactants.

As 510 nm wavelength was observed at higher concen-
trations of TX-100 in case of pH 4, 7 and 10, it was understood
that the formation of complex between Congo red and TX-
100 and the composition of the complex was the same. It
means, the composition of the complex formed between Congo
red and TX-100 was independent on the pH at higher pHs.
The nature and composition of the complex formed between
Congo red and TX-100 at pH 1 may be different from other
pHs as we have observed a difference λmax at pH 1. Similar type

TABLE-3 
ABSORPTION SPECTRA OF CONGO RED IN  
THE PRESENCE OF CTAB/SDS/TX 100/NS AT  
DIFFERENT pHs, CONGO RED = 0.0203 mM 

Name of 
surfactant 

pH 
Range of 
maxima 

(nm) 

Change in 
maxima 

(nm) 

Concentration of 
surfactant to change 
the maxima (mM) 

CTAB 

1 
4 
7 

10 

580-465 
525-465 
480-465 
490-465 

115 
60 
15 
25 

0.6  
0.4  
0.9  
0.7  

SDS 

1 
4 
7 

10 

580-595 
525-545 
480-495 
490-495 

15 
20 
15 
05 

3.0  
5.0  
7.0  
5.0  

TX 100 

1 
4 
7 

10 

580-650 
525-510 
480-510 
490-510 

70 
15 
30 
20 

0.2004  
0.5210  
0.4008  
0.4008  

Natural 
surfactant 

1 
4 
7 

10 

580-575 
525-510 
480-510 
490-510 

15 
15 
30 
20 

0.1002 (0.01 %) 
0.2004 (0.02 %) 
5.0100 (0.50 %) 
5.0100 (0.50 %) 

 
of conclusions was made even in case of interactions of Congo
red with a neutral or nonionic surfactant, Tween 80 [45]. There-
fore, the interaction between Congo red and TX-100 may be
understood with the mechanism which was suggested by Hayashi
[45] in case of the interactions of Congo red and Tween 80.

Absorption spectra in presence of micelles formed by
plant based natural surfactant: The simple absorption spectra
of the solution of Congo red of 0.0203 mM in the presence of
natural surfactant micelles at different pHs like 1, 4, 7 and 10
were recorded in aqueous medium. 10 % of natural surfactant
was prepared as a stock solution and the test solutions of various
concentrations (%) depending on the requirement were further
prepared by using the distilled water.

Effect of pH and concentration (%) of natural surfac-
tant on interaction of Congo red with natural surfactant:
The effect of pH and concentration (%) on the absorption
spectra of Congo red of 0.0203 mM in presence of various
concentrations (%) of natural surfactant were studied and
shown in Fig. 1.

Here, the λmax was shifted towards higher wavelengths in
case of all pHs like 1, 7 and 10 except in case of pH 4 where
the λmax was shifted towards lower wavelengths. It indicates
that the complex was formed between Congo red and natural
surfactant. On increasing the concentration (%) of natural sur-
factant, the λmax was not reverted back to the original λmax and
this explains that no monomers were formed. A complete new
complex was formed.

The observed absorbance values on addition of natural
surfactant even in low concentrations (%) of natural surfactant
were increasing from that of absence of natural surfactant
except pH 1 where the absorbance values were almost all the
same absorbance values which were obtained in absence of
natural surfactant. It indicates that the Congo red was not solu-
bilized in presence of natural surfactant particularly at pH 1.
After crossing 0.1 % of natural surfactant, the absorbance values
were increasing with increasing the concentrations (%) of natural
surfactant, in general. Probably, Congo red was solubilized as

[4]
[33]
[2]
[4]

[33]
[2]

[4]
[33]
[2]
[2]
[4]

[33]
[4]

[2]

[33]
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higher absorbance values were observed after 0.1 % of natural
surfactant. At lower concentrations (%) of natural surfactant,
the absorbance values were low in case of pH 4 and afterwards
(after crossing 0.1 %); the absorbance values were increasing
along with increasing the concentrations (%) of natural surfac-
tant without changing λmax. But in case of pH 7, the absorbance
values were increasing even at low concentrations (%) of
natural surfactant up to 0.1 % and after crossing 0.1 % the absor-
bance values were almost become constant. The similar trend
was observed in case of pH 10. The solution of Congo red at
pH 1 changes its colour to blackish blue and the colour changed
to red on addition of natural surfactant at higher concentrations
of natural surfactant. This was mainly due to the disappearance
of quininoid structure. The λmax was shifted from 575 nm to
585 nm without any crest (peak) at 535 nm in case of pH 1.
The change of λmax was shown in Fig. 1b.

The λmax was shifted from 525 to 510 nm without any
crest (peak) at 535 nm in case of pH 4. The change of λmax was
shown in Fig. 1c. The λmax was shifted from 480 nm to 510 nm
in case of pH 7 on increasing the concentration (%) of natural
surfactant. The λmax was shifted from 490 nm to 510 nm in
case of pH 10 on increasing concentrations (%) of natural
surfactant.

Similar to TX-100, 510 nm wavelength was observed at
higher concentrations of natural surfactant in case of pH 4, 7

and 10. It was understood that the formation of complex bet-
ween Congo red and natural surfactant and the composition
of the complex was the same at all pHs like 4, 7 and 10. Thus,
the composition of the complex formed between Congo red
and natural surfactant was independent on the pH at higher
pHs. The nature and composition of the complex formed bet-
ween Congo red and natural surfactant at pH 1 may be different
from other pHs as we have observed a different λmax at pH 1.
From these observations, the behaviour of the plant based
natural surfactant, natural surfactant was almost similar to the
behaviour of TX-100 in the interactions of Congo red.
Probably, hydrophobic interactions between Congo red and
NS/TX-100 were predominant compare to the electrostatic
interactions between Congo red and CTAB/SDS. Similar type
of hydrophobic interactions between Congo red and neutral
or nonionic surfactant, Tween 80 was also observed [45]. As
TX-100 was also a neutral or nonionic surfactant, here the
interaction between Congo red and TX-100 was similar to
interaction between Congo red and Tween 80. Therefore, the
nature of the natural surfactant was like a neutral or nonionic
surfactant.

Similar type of conclusions was made even in case of
interactions of Congo red with a neutral or nonionic surfactant,
Tween 80 [45]. Therefore, the interaction between Congo red
and natural surfactant may be understood with the mechanism

(a) (b) (c)

(d) (e) (f)

(g) (h)

At pH 1 below 0.1 %
At pH 1 above 0.1 % At pH 4 below 0.1 %

At pH 4 above 0.1 %
At pH 7 below 0.1 %

At pH 7 above 0.1 %

At pH 10 below 0.1 % At pH 10 above 0.1 %

 
 
 
 
 
 

Fig. 1. Absorption spectra of Congo red with variable concentration (%) of natural surfactant at different pHs; [Congo red] = 0.0203 mM
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suggested by Hayashi [45] in case of the interactions of Congo
red and Tween 80.

The range of maxima and the change in maxima at concen-
tration (%) of natural surfactant against pHs of the solution is
shown in Table-3. The maximum change was observed at pH
7. Similarly, the ratio, of the absorbance obtained at λmax of
the complex formed at different concentrations (%) of natural
surfactant at various pHs like 1, 4, 7 and 10 to the absorbance
obtained at λmax of the solution of Congo red alone was calcu-
lated. This ratio was used to calculate CMC of natural surfactant.

Equilibrium constant of complex formed between
Congo red and CTAB/SDS/TX 100/NS: The composition of
the complex was to be determined. Whether the composition
of the complex was 1:1, 1:2, 2:1 etc., was to be determined. If
the composition of the complex was 1:1, it was conformed
through the modified Benesi-Hilderbrand equation [64] (eqn.
9). The graph was made between the concentrations of
surfactant and [S] [D]l/(dc-d0) was used for the determination
of the equilibrium constant and it was confirmed that the com-
position of the complex was 1:1, if the graph was linear (figures
are not shown). The slope and intercept along with regression
coefficient which were extracted from figure are shown in
Table-4. These two values were used for calculating the equili-
brium constant (Kc) and molar extinction coefficient (εc) of
the complex and these are shown in Table-4.

The equilibrium constants for some other dyes interacting
with CTAB were mentioned here for understanding the equili-
brium constant of Congo red with CTAB. The equilibrium cons-
tant for the interaction of fluorescein dye with SDS and CTAB
was determined by using Scott equation [52]. The equilibrium
constants calculated for the solubilized Congo red in presence of
CTAB was following the similar trend of above mentioned reference.

The equilibrium constants for some other dyes interacting
with SDS were mentioned here for understanding the equili-
brium constant of Congo red with SDS. The equilibrium cons-
tant of Neutral red with SDS was calculated [34]. The equili-
brium constant of safranine T with SDS, Tween 20, Tween 40,
Tween 60, Tween 80 and TX-100 in presence of carbohydrates
were calculated [53] by using modified equation of Lang [54].
The equilibrium constant for the interaction of fluorescein dye
with SDS and CTAB was determined by using Scott equation
[52]. The equilibrium constant for the interaction of phenazi-
nium dyes (phenosafranin (PSF), safranin O (SFO), safranin
T (SFT) and methyl orange (MO)) with TX-100 were deter-
mined by using the well known Ketalaar equation [55,56].

Phenosafranin (PSF) forms 1:1 molecular complex with TX-
100 and SDS (or SLS) [55]. The equilibrium constant for the
interaction of rhodamine dye derivatives (rhodamine 123, 4,5-
dibromorhodamine methyl ester and 4,5-dibromorhodamine
n-butyl ester) with TX-100 were determined by using the well
known Ketalaar equation [57]. Phenosafranin (PSF) forms 1:1
molecular complex with TX-100 and SDS (or SLS) [55]. The
binding constants of safranin O in presence of different surfac-
tants like anionic surfactants like SDS and sodium dodecylsul-
fonate (SDSo), nonionic surfactants like polyxyethylenesorbi-
tanmonolaurate (Tween 20) and polyoxyethylenedodecylether
(Brij 35), cationic surfactants like dodecyltrimethylammonium
bromide (DTAB) and zwitterionic surfactant, laurylsulfobetaine
(LSB) were calculated by means of Benesi-Hilderbrand equa-
tion [58]. The equilibrium constants calculated for the solubi-
lized Congo red in presence of SDS was following the similar
trend of above mentioned references.

The equilibrium constants for some other dyes interacting
with TX 100 were mentioned here for understanding the equi-
librium constant of Congo red with TX 100. The equilibrium
or binding constant of safranine T with SDS, Tween 20, Tween
40, Tween 60, Tween 80 and TX-100 in presence of carbohy-
drates were calculated [53] by using modified equation of Lang
[54]. The equilibrium or binding constant of safranine T in
presence of reverse micelles formed by Tween 20, Tween 40,
Tween 60, Tween 80 and TX-100 were calculated [59] by using
modified equation of Lang [54]. The equilibrium constant for
the interaction of phenazinium dyes (phenosafranin (PSF),
safranin O (SFO), safranin T (SFT) and methyl orange (MO))
with TX-100 were determined by using the well known Ketalaar
equation [55,56]. Phenosafranin (PSF) forms 1:1 molecular
complex with TX-100 and SDS (or SLS) [55]. The similar
trend was observed in the present investigations.

It was observed that the complex was formed in between
Congo red and natural surfactant and the hydrodynamic inter-
actions were predominant in place of electrostatic interactions
as Congo red was anionic (Fig. 2 and Table-4).

The following observations are made as follows:
• The equilibrium constant of complex of CR-CTAB was

increasing with increasing the pH of the solution and it indi-
cates that the stability of the complex was increased along
with pH of the solution. The equilibrium constant value for
this complex was relatively high because electrostatic inter-
actions were predominant over hydrophobic interactions because
anionic dye, Congo red interacting with positive CTAB.

TABLE-4 
EQUILIBRIUM CONSTANT (Kc) AND MOLAR EXTINCTION COEFFICIENT (εc) FOR THE INTERACTION OF THE CONGO  

RED WITH CTAB/SDS/TX 100/NS MICELLES AT DIFFERENT pHs AT MAXIMUM WAVELENGTH. CONGO RED = 0.0203 mM 

Surfactant Solution pH Slope (m)  
(× 10-5) 

Intercept (c)  
(× 10-8) 

Kc (L mol-1) εc (L mol-1 cm-1)  
(× 103) 

R2 

CTAB 
1 
4 

13.344 
12.855 

1.5346 
0.8182 

8695.4 
15711.3 

20.4230 
20.1650 

0.9378 
0.8858 

SDS 
1 
7 

0.9171 
1.0741 

1.8934 
10.6430 

484.4 
100.9 

26.8435 
29.3960 

0.8513 
0.9744 

TX 100 
1 
7 

10 

9.2490 
11.0290 
14.4960 

0.6195 
0.9806 
2.2697 

14928.8 
11247.2 
6386.7 

23.9879 
29.0660 
36.5074 

0.9983 
0.9570 
0.9905 

Natural surfactant 
1 

10 
86.13 
20.47 

31.84 
18.82 

2705.088 
1087.673 

14.0674 
30.5009 

0.9787 
0.9579 
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Fig. 2. [S][D]1/(dc-d0) against [S] plot for Congo red in natural surfactant
micelles at pH 1 and pH 10. Congo red = 0.0203 mM

• The equilibrium constant of complex of CR-SDS was
decreasing with increasing pH of the dye solution and it indi-
cates that the stability of the complex was decreased along
with pH of the solution. The value of equilibrium constant for
this complex was relatively low because electrostatic inter-
actions were negative (repulsive) due to negative dye, Congo
red ion interacting with negative SDS and very weak complex
was formed.

• The equilibrium constant of complex of CR-TX 100
was decreasing with increasing pH of the Congo red solution
and it indicates that the stability of the complex was decreased
along with pH of the solution. The value of equilibrium constant
for this complex was relatively very high because hydrophobic
interaction were predominant over electrostatic interactions to
negative dye, Congo red ion interacting with neutral TX 100.

• The equilibrium constant of complex of CR-NS was
decreasing with increasing pH of the Congo red solution and
it indicates that the stability of the complex was decreased
along with pH of the solution. The value of equilibrium cons-
tant for this complex was relatively low because hydrophobic
interaction were predominant over electrostatic interactions
to negative dye, Congo red ion interacting with natural surfac-
tant. Similar type of trend was observed in case of complex of
Neutral red with natural surfactant [34]. In the same report, it
was found that the interaction of Congo red with natural surfac-
tant was thermodynamically favourable.

• The stability of the complexes of Congo red with diffe-
rent surfactants like CTAB, SDS, TX 100 and natural surfactant
may be written in increasing order as

CR-TX 100 > CR-CTAB > CR-NS > CR-SDS

Suggested mechanism: The mechanism involved in the
interaction of Congo red and TX 100 was suggested with respect
to the change in pH of the solutions as follows. In an acidic
medium, an acid form of Congo red was equilibrated to a base
form (Scheme-I).

The effect of pH may be interpreted qualitatively by these
assumptions as follows. When the pH of the medium was low-
ered, the concentration of the base form decreases according
to the Scheme-I, which results in an increase of the amount of
TX 100, required giving a definite absorbance. The concen-
trations of the base form become so great that the process was
mainly represented by the Scheme-II and the same effect was
produced with a smaller amount of TX 100 than that in the
acidic medium.

NH2

R

NH2

+ 2H+

NH3
+

R

NH3
+

Congo red
Scheme-I

NH2

R

NH2

+ 2 TX-100

NH2–TX-100

R

NH2–TX-100

Interaction productCongo red
Scheme-II

Thus, the amino groups of Congo red were considered to
be blocked with TX 100 and the products were well dispersed,
since the aggregation of Congo red was prevented by the
attachment of TX 100. It was observed that the adsorption of
Congo red for filter paper or cotton (which was considered to
have a negative surface), was reduced remarkably by the
addition of TX 100, which may also be interpreted by a similar
process.

The similar mechanism was proposed for the interactions
of Congo red with nonionic surfactant, Tween 80 by Hayashi
[45].

By using modified Benesi-Hilderbrand equation (eqn. 9),
equilibrium constant was calculated within medium concen-
tration range and confirmed that the 1:1 complex was formed.
Therefore, some more investigations may be required to confirm
the complex composition whether 1:1 or 1:2.

The mechanism was suggested for the interactions of
Congo red with TX 100. The same mechanism may be proposed
to the interactions of Congo red with natural surfactant also.
In place of TX 100, natural surfactant may be taken in the
suggested mechanism for TX 100.

Critical micelle concentration (CMC): CMC was very
important characteristics of any surfactant. CMC of CTAB,
SDS, TX 100 and natural surfactant was found through spectro-
photometric investigations i.e., by using absorbance and absor-
bance ratio values.

CMC of CTAB: By close observation of the figures, which
were drawn between concentration of CTAB and absorbance
for the solution of Congo red at different pHs like 1, 4, 7 and
10, the following conclusions were drawn (figures are not
shown).

Very slight changes were observed in case of absorbance
values of the solutions. However, there was some trend in iden-
tifying the CMC. The absorbance values were increasing or
decreasing along with increasing the concentrations of CTAB
and some where some sort of intersecting point was identified
as CMC of CTAB. These values were observed as 1, 0.8, 0.6
and 1.1 mM for different pHs of 1, 4, 7 and 10, respectively
(Table-5).

The absorbance ratio between the absorbance observed
at λmax of the complex and the absorbance observed at λmax of
the Congo red alone was used to understand the CMC of CTAB.
The graphs which were made between the concentrations of
CTAB and the absorbance ratio were used for identifying the
CMC of CTAB at different pHs of solution of Congo red of
0.0203 mM. Here also, very slight changes were observed in
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TABLE-5 
CMC (mM) Of CTAB, SDS, TX 100 and NATURAL  
SURFACTANT AT VARIOUS pHs OF SOLUTION  

OF CONGO RED OF 0.0203 mM 

CMC (mM) 
Surfactant pH 

Absorbance Absorbance ratio 

CTAB 

1  
4 
7 
10 

1.0 
0.8 
0.6 
1.1 

0.8 
0.8 
0.6 
1.1 

SDS 

1  
4 
7 
10 

7 
9 
9 
11 

7 
10 
12 
10 

TX 100 

1  
4 
7 
10 

0.2 
0.3 
0.3 
0.3 

0.2 
0.3 
0.2 
0.3 

Natural 
surfactant 

1  
4 
7 
10 

0.02 (%) 
0.10 (%) 
0.02 (%) 
0.05 (%) 

0.02 (%) 
0.02 (%) 
0.10 (%) 
0.05 (%) 

 
case of absorbance ratio values of the solutions. However, there
was some trend in identifying the CMC. The absorbance ratio
values were increasing or decreasing along with increasing
the concentrations of CTAB and somewhere some sort of inte-

resting point was identified as CMC of CTAB. The absorbance
ratio values along with different concentrations of CTAB at
different pHs like 1, 4, 7 and 10 (figures are not shown). These
values were observed as 0.8, 0.8, 0.6 and 1.1 mM for pHs of
1, 4, 7 and 10, respectively (Table-5). The CMC of CTAB (calcu-
lated by using absorbance and absorbance ratio) as shown in
Table-5 at various pHs were within the range of reported values
in the literature.

CMC of SDS and TX 100: Similar to CTAB, the CMC of
SDS and TX 100 were also obtained from the graphs plotted
between absorbance/absorbance ratio and concentration of surfac-
tant (Graphs were not shown here) and the values are shown in
Table-5. The CMC of SDS and TX 100 shown in Table-5 at various
pHs were within the range of reported values in the literature.

CMC of natural surfactant: The CMC of natural surfac-
tant was also calculated from the graphs plotted between absor-
bance/absorbance ratio and % natural surfactant as shown in
Figs. 3 and 4. The CMC values of natural surfactant at various
pHs are shown in Table-5.

The CMC of natural surfactant reported in the literature
is shown in Table-6. The values obtained in this study were
within the stipulated values.

As seen in Table-6, very high CMC values were also
observed. In those research studies, no extraction procedure
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Fig. 3. Absorbance of the solution of Congo red and natural surfactant as a function of % natural surfactant at various pHs at. Congo red =
0.0203 mM
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TABLE-6 
REPORTED CMC VALUES OF NATURAL  

SURFACTANT IN THE LITERATURE 

Technique used CMC  
value (%) 

Ref. 

Conductivity 
Spectrophotometry (absorbance) 
Surface tension 

0.04-0.05 
0.045 
0.03 

[33] 

Conductivity 
Surface tension 

0.1-0.12 
0.08-0.1 

[34] 

Surface tension 2.3 [2] 
Surface tension 0.75 [37] 
Surface tension  0.1 [4] 
Surface tension 1.7 [4,60] 
Surface tension  
Viscosity 

0.1 
0.1 

[20,61] 

Spectrophotometry (absorbance) 0.02-0.5 This study 

 
was followed. These differences may be due to fact that the
extract was not constituted purely of saponin and different
chemical compounds present in the extract along with saponin
may interact with saponin. It was observed that the CMC values
of non-ionic surfactants, in general, were smaller than that of
ionic surfactants [62] due to ion-ion head group repulsion [63].
It was already observed that the natural surfactant was non-
ionic surfactant and again it was proved from CMC values as
it has low CMC values.

Conclusion

The saponin natural surfactant obtained from plant based
soapnut pericarp was introduced in place of synthetic surfac-
tants successfully. This natural surfactant/boi-surfactant have
more advantages like biodegradable, eco-friendly, low toxic,
low cost, biocompatible, renewable, higher foaming capacity
etc. over synthetic surfactants. The nature of this surfactant
was understood through spectrophotometric interactions with
Congo red and by comparing these spectrophotometric studies
with that of commercial surfactants like cationic surfactant -
cetyl trimethylammonium bromide (CTAB), anionic surfactant
- sodium dodecyl sulphate (SDS) and neutral or non-ionic
surfactant - Triton X 100 (TX 100) for understanding the nature
of natural saponin. The interactions between Congo red and
non-ionic surfactants, TX 100 and Tween 80 [45] were very
similar to that of Congo red with saponin natural surfactant
(NS) and therefore the nature of introduced natural surfactant
may be similar to non-ionic surfactant. The mechanism of these
interactions was suggested.

Complex between Congo red and surfactant was formed
and the equilibrium constant (Kc) and molar extinction coeffi-
cient (εc) of the complexes formed between Congo red and all
surfactants (CTAB,  SDS, TX 100 and natural surfactant) were
determined by using modified form of the Benesi-Hildebrand
equation [64]. As per the calculated equilibrium constant
values, 1:1 complex was formed for Congo red with all surfac-
tants. But this was contrary to the mechanism suggested because
1:2 complexes were formed as per the suggested mechanism.
Therefore, some more investigations may be required to confirm
the complex composition whether 1:1 or 1:2.

The stability of the complexes of Congo red with different
surfactants like CTAB, SDS, TX 100 and natural surfactant
was written in increasing order as:

CR-TX 100 > CR-CTAB > CR-NS > CR-SDS

This spectrophotometric data was used to find out micellar
characteristics of saponin such as critical micellar concentra-
tion (CMC) of all surfactants. The CMC value of natural surfac-
tant obtained from these investigations was within the range
documented in the literature. Very high CMC values were also
observed. In those research studies, no extraction procedure
was followed, these differences may be due to fact that the
extract was not constituted purely of saponin and different
chemical compounds present in the extract along with saponin
may interact with saponin. It was observed that the CMC values
of non-ionic surfactants, in general, were smaller than that of
ionic surfactants [62] due to ion-ion head group repulsion [63].
It was already observed that the natural surfactant was non-
ionic surfactant and again it was proved from CMC values as
it has low CMC values.
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