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Study of the reaction of ninhydrin with tyrosine in
gemini micellar media
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This paper reports the study of the ninhydrin and L-tyrosine (Tyr) reaction in gemini micellar media. The aim

of the study was to see the influence of different parameters on the reaction rate, including the influence of

reactant concentration, temperature and pH. Spectrophotometric and conductometric techniques were
employed to record the absorption of the product formed and cmc values as a function of the
surfactants, respectively. The effect of varied surfactant concentrations on the reaction rate was also
investigated. The quantitative treatment of the rate constant (k,) vs. surfactant concentration was carried
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out on the basis of the pseudo-phase model suggested by Martinek et al, Menger and Portnoy, and

established by Bunton. Micellar binding parameters and thermodynamic parameters have been

DOI: 10.1039/c9ra03557e

rsc.li/rsc-advances kinetic data has been proposed.

1. Introduction

Surfactants consist of an amphiphilic chemical structure,
having a preference toward interfacial adsorption at low
concentrations of the surfactant in an aqueous medium.
They self-associate to form an aggregated structure beyond
a certain critical concentration. Their shape, size, and
aggregated structure depend on different parameters that
include surfactant concentration, salt, temperature, etc. A
small range of concentration at which the formation of an
aggregated structure occurs is called the critical micelle
concentration (cmc), and this process of self-association of
surfactant monomers into a micelle is referred to as
micellization."* Surfactants are used extensively in several
industry and research fields.*” They find widespread use in
household items and in the chemical industry due to their
promising properties such as low cme, high surface activity,
super wetting ability, high dispersion, etc.**° The formation
of a micelle, a characteristic property of surfactants, has
various applications fundamentally as well as in applied
fields. It is important in pharmaceutical technology as
micelles play roles in several biochemical membranes and
pharmacological systems due to their dual behavior
(hydrophilic head and hydrophobic tail).****

Ninhydrin is the name employed by Abderhalden and
Schmidt* for 1,2,3-triketohydrindene. They have given the
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calculated and are discussed in detail. A plausible reaction mechanism that is consistent with observed

compound this name because of its peculiar color reaction
with a-amino acids and amines. In 1910, ninhydrin, or what
is more scientifically known as 2,2-dihydroxyindan-1,3-
dione (as, in the presence of water, ninhydrin exists as its
hydrate) was also called Ruhemann's reagent (the reagent
was first discovered by Ruhemann) (Scheme 1).*

a-Amino acids react with ninhydrin at different rates, but
they all give the same product of diketohy-
drindylidenediketohydrindamine (DYDA), known as Ruhe-
mann's purple. To obtain better results, efforts are regularly
being carried out involving CTAB surfactants, solvents and
salts by researchers/scientists and the color of the product
obtained has been affected.'”"?>° However, studies on the
interaction of amino acids with ninhydrin in the presence of
dimeric gemini surfactants are scarce. Researchers are still
waiting for their advanced developments.

At the present time, there has been a fast increasing
interest in proteins due to the number of their applications
and uses in several aspects including in biochemistry and
biotechnology.*"*> Amino acids play a significant role in our

Scheme 1 Structure of ninhydrin.
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Fig.1 UV-visible spectra of the product formed during the reaction of
ninhydrin and Tyr in agueous solution and in 16-s-16 gemini surfac-
tants: aqueous (M), 16-6-16 (@), 16-5-16 (A), 16-4-16 (V). Condi-
tions: [ninhydrin] = 5.0 mM, [Tyr] = 0.1 mM, [16-5-16] = 30 x 1072 mM,
temp. = 353 K and pH = 5.0.

Table 1 Dependence of the rate constants (ky) on pH and tempera-
ture for the reaction of ninhydrin (5 mM) and Tyr (0.1 mM) in the
presence of gemini surfactants

10° ky (s
pH Temperature (K) 16-6-16 16-5-16" 16-4-16“
5.0 343 8.2 10.1 11.7
348 10.0 11.8 13.5
353 13.5 14.6 15.5
358 18.2 20.7 22.4
363 22.5 25.3 27.7
4.0 353 4.0 6.5 8.1
4.5 6.5 8.0 10.4
5.0 13.5 14.6 15.5
5.5 16.0 171 18.0
6.0 17.5 18.5 19.4

Activation parameters, rate

and binding constants Aqueous CTAB? 16-6-16° 16-5-16° 16-4-16°

E, (kJ mol™1)? 60.2 48.2 499 471 433
AH* (k] mol )¢ 57.4 45.4 471 443 405
—AS" (J K™ mol )¢ 159.5  191.1 190.6 190.0  189.2
10° rate constant (s™')¢  11.5 143  13.5 146 155
10° ke (s71)° — 5.0 4.0 4.8 5.5
Ky MY — — 63.9  61.7 59.5
Ky (MY — — 70.0 64.0 56.0

“[16-5-16] = 30 x 10> mM. ” [CTAB] = 20 mM. ° At 353 K. * The
literature values of E,, AH", AS”, k., and the rate constant in aqueous
and in CTAB are from ref. 65.
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Table 2 Dependence of the rate constants (ky) on [Tyr] and [ninhy-
drin] for the reaction of ninhydrin and Tyr in the presence of 16-s5-16
surfactant (30 x 1072 mM) at a temperature of 353 K and pH 5.0

10° ky (s

[Tyr] (mM)  [Ninhydrin] (mM)  16-6-16  16-5-16  16-4-16
0.1 5 13.5 14.6 15.5
0.15 13.4 14.4 15.6
0.2 13.5 14.3 15.7
0.25 13.3 14.6 15.5
0.3 13.5 14.5 15.4
0.1 5 13.5 14.6 15.5
10 20.1 22.7 25.2
15 26.3 29.8 32.4
20 31.4 35.5 37.5
25 34.6 38.4 42.3
30 37.2 42.1 45.1
35 39.4 44.3 47.0
40 40.5 46.0 48.5

lives and have one of the most distinctive objectives of all
medicines in living beings. They control the divergence of
activity in the field of medical science, e.g. in metabolic
process, information transfer, etc. Therefore, estimation of
amino acids is highly significant in the evaluation of
a protein structure.

Among the surfactants, gemini have been known for a long time,
and they have been enormously studied by researchers.”? This is
due to their superior properties and advanced applications. Gemini
surfactants contain two heads (hydrophilic) and two tails (hydro-
phobic) in one molecule. That is, two conventional surfactant
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Fig. 2 Observed rate constant (k,) against [ninhydrin] plots for the
reaction of ninhydrin and Tyr in the presence of gemini surfactants: 16-
6-16 (M), 16-5-16 (@), 16-4-16 (A). Conditions: [Tyr] = 0.1 mM, [16-s-
16] = 30 x 1072 mM, temp. = 353 K and pH = 5.0.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03557e

Open Access Article. Published on 16 July 2019. Downloaded on 12/10/2025 12:33:46 AM.

View Article Online

Paper RSC Advances
H2II\I fast O‘ HOPh,CHZ
N + Hi —CH— COOH ———>
OPhCH, “HO =N-CH-COOH
(Tyr) ? ‘
O
fast
1
O ()
HOPh(lin
fast
NH, + CO_+ N=cC-
2 ) Ty C—-COOH
f i
(2-amino-indanedione, B)) (Schiff base)

HOPhCH,CHO

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Scheme 2 Tyr—ninhydrin reaction mechanism.

monomers are joined together via a spacer.””*" Gemini surfactants
show lower cmc, better surface activity, super wetting power and
a low Krafft point over traditional single chain surfactants (single
hydrophilic head and single hydrophobic tail).***** Gemini
surfactants appeal for present consideration in surface science due
to their unusual properties. They have been utilized in various fields
for diverse purposes, e.g. in skin care, analytical uses, solubilizing
agents, etc.>**”

Numerous articles have been published in the scientific litera-
ture on the physico-chemical activities/properties of gemini surfac-
tants. These observed that the gemini surfactants were superior on
all fronts to the single surfactants.®®* However, the impact of
gemini surfactants on reaction rates has been paid relatively less
attention and is required to be focused on more for further

This journal is © The Royal Society of Chemistry 2019
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development of the surfactants. Taking the above facts into
consideration, we have synthesized and characterized three cationic
gemini surfactants (designated as m-s-m; m (16) and s (4-6) refer to
the alkyl chain length and the spacer, respectively). In order to
obtain better insight and results, a study of the Tyr and ninhydrin
reaction was conducted in gemini micellar media using a range of
techniques and models and was discussed.

2. Experimental
2.1. Materials and equipment

Double-distilled conductivity water was utilized throughout the
experiments. All stock solutions of Tyr, ninhydrin and the gemini
surfactants were made in CH;COOH-CH;COONa buffer solution at

RSC Adv., 2019, 9, 22129-22136 | 22131
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Table 3 Effect of [16-5-16] gemini surfactant on the rate constant (k) for the reaction of ninhydrin (5 mM) and Tyr (0.1 mM) at a temperature of
353 K and pH 5.0, as well as the comparison with the calculated rate constant (kysca)

16-6-16 16-5-16 16-4-16
kll/ - k'llcal kll/ - kll/cal kll/ - kll/cal
10% [16-s-16] (mM) 10 ky (s™")  10° kycar (s ) ky 10%y (s7Y)  10%kyear (571 ky 10%y (s 10%kyear (79 ky
0.0 11.5 — — 11.5 — — 11.5 — —
5.0 11.7 — — 11.9 — — 12.3 — —
10.0 12.1 12.0 +0.01 12.4 12.6 —0.02 12.9 12.9 0
20.0 12.7 12.5 +0.02 13.0 13.0 0 13.9 13.5 +0.03
30.0 13.5 12.9 +0.04 14.6 14.2 +0.03 15.5 15.0 +0.03
40.0 13.6 13.7 —0.01 14.8 15.0 —0.01 15.6 15.8 —0.01
50.0 13.7 13.9 —0.01 14.9 15.2 —0.02 15.7 15.9 —0.01
60.0 13.7 13.7 0 14.9 14.8 +0.01 15.7 15.7 0
80.0 13.8 14.0 —0.01 15.0 15.3 —0.02 15.8 15.8 0
100.0 13.8 14.1 —0.02 15.1 15.1 0 15.9 15.7 +0.01
250.0 13.9 13.8 +0.01 15.3 15.3 0 16.1 16.3 —0.01
400.0 14.1 14.1 0 15.6 15.4 +0.01 16.4 16.5 —0.01
600.0 14.4 14.6 —0.01 16.1 15.8 +0.01 16.8 16.6 +0.01
1000.0 15.2 — — 17.1 — — 18.0 — —
1500.0 16.2 — — 18.3 — — 19.4 — —
2000.0 17.4 — — 19.6 — — 21.1 — —
2500.0 19.1 — — 21.6 — — 23.5 — —
3000.0 22.2 — — 25.1 — — 27.5 — —

PH 5.0. 1-Tyrosine (98.0%) was used as received from s.d. fine.
CH;COOH (99.0%), CH3COONa (99.0%) and ninhydrin (99.0%)
were employed as supplied from Merck without additional purifi-
cation. N,N-dimethylcetylamine (>95.0%), 1,4-dibromobutane
(>98%), 1,5-dibromopentane (>98%) and 1,6-dibromohexane
(>97%) were bought from Fluka. Other chemicals used in the
present study were of AR grade. To measure the pH, an ELICO pH
meter used. Alkanediyl-o,w-bis(dimethylcetylammonium
bromide), 16-s-16, was synthesized via a procedure mentioned
previously.** The achieved products were purified several times
using ethyl acetate. Product yields were found to be more than 90%.
Afterwards, the products were placed in a vacuum oven. In addition,
they were kept in vacuum desiccators containing phosphorous
pentaoxide (because they are excellent absorbers of H,0) for more
than 48 hours before their use. The identification of products was
ascertained by elemental analysis and "H NMR.***

was

2.2. Electrical conductivity

The electrical conductivity was measured as a function of the
concentration of the surfactant. For this experiment, a Systronics
conductivity meter (Ahmedabad, India) was utilized throughout
the study. The experimental temperature was kept constant at 303
K and 353 K. The electrode cell used was made up of glass with the
cell constant at 1.0 cm™ . The electrode was calibrated by KCI
within the required range of concentration. The intersection at two
straight lines of the curve between the specific conductivities and
the surfactant concentrations gives the desired cmc value.* The
cme value of the pure gemini surfactants determined in our
present case is in good agreement with the data reported earlier.*”
The cmc values of the surfactants determined with and without
ninhydrin and Tyr (i.e. water, water + ninhydrin + Tyr) are provided
below:

22132 | RSC Adv., 2019, 9, 22129-22136

(a) [16-6-16] (mM): 0.043, 0.025 (at 303 K); 0.058, 0.045 (at 353 K)
(b) [16-5-16] (mM): 0.034, 0.022 (at 303 K); 0.055, 0.030 (at 353 K)
(c) [16-4-16] (mM): 0.032, 0.018 (at 303 K); 0.043, 0.020 (at 353 K).

2.3. Kinetic procedure and rate constant determination

A single beam UV-visible spectrophotometer (SHIMADZU-
model UV mini 1240, Kyoto, Japan) was used for
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Fig. 3 Observed rate constant against [16-s-16] plots for the reaction
of ninhydrin and Tyr: 16-6-16 (M), 16-5-16 (@), 16-4-16 (A). Condi-
tions: [ninhydrin] =5 mM, [Tyr] = 0.1 mM, temp. = 353 Kand pH = 5.0.
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spectroscopic measurements on the interaction of ninhy-
drin with Tyr in a surfactant medium. The volumes of Tyr,
buffers and surfactant (if required) were kept in a round
bottomed three-necked flask in a water bath at 353 K.
Nitrogen gas was flowed through the mixture to create
inertness inside the flask. The required quantity of ninhy-
drin solution was added to the flask to initiate the reaction.
The absorbance of the product formed was recorded at
definite time intervals at A,,,x 570 nm. The rate constants
(ky, s7') in the gemini surfactants were determined by
employing a program (computer based). All measurements
were carried out in triplicate at least. The rest of the infor-
mation on the kinetic methodology can be seen in the
articles published earlier.****

2.4. Spectra of the product formed

Spectra of the ninhydrin and Tyr reaction in two systems
was noted on a UV-visible spectrophotometer. All the
absorption spectra of the product formed were measured in
a quartz cuvette (with a thickness of 10 mm and a slit width
of 1 mm). Spectra were recorded in the wavelength range
from 380 nm to 600 nm and are presented in pictorial form
in Fig. 1. Graphitic profiles between A and 4 showed that the
absorbance was found to be greater in the surfactants
compared to in aqueous solution at the same maximum
absorption band (An.x = 570 nm). This shows that the
product formed in both media is the same.

3. Results and discussion

The observed rate constant values at various pHs in the
presence of the surfactants evaluated are shown in Table 1.
The concentration of the reactants (ninhydrin and Tyr) and
the temperature were kept constant. Table 1 confirms that k,
increases up to pH 5.0, and beyond pH 5.0 there is almost no
change in k,. Therefore, all of the experiments were per-
formed at pH 5.0.

Studies were performed at several initial concentrations
of Tyr at 353 K by fixing other experimental parameters. The
values of the rate constant were evaluated in the surfactants
and are tabulated in Table 2. After a close look at Table 2, it
can be easily concluded that the order of reaction is first-
order with respect to Tyr as the rates do not depend on the
initial concentration of Tyr (eqn (1)).

d[DYDA] _

Rate =
ate &

ke [Tyr] 1)

Kinetic experiments were carried out in micellar media (gemini
surfactants) at a different set of ninhydrin concentration by fixing
the rest of the parameters. The rate constant increases with an
increase in the ninhydrin concentration. The observed values of &,
are shown in Table 2. The curves between the rate constant and
ninhydrin concentration were of non-linear feature and crossed
through the origin. This is shown in Fig. 2. It can be safely
concluded that the reaction showed fractional-order kinetics with
respect to the ninhydrin concentration.

This journal is © The Royal Society of Chemistry 2019
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The influence of temperature has been studied on the
title reaction by varying the temperature (range: 343 K to 363
K) with a fixed concentration of the reactants and fixed pH.
The experiment was carried out in gemini micelles. The rate
value increased with the increase in temperature. These
data are presented in Table 1, and were used to determine
different thermodynamic parameters with the help of the
Eyring equation.

4. Mechanism

Ninhydrin reacts with various amino groups (except proline) at
different rates, but they all produce the DYDA product.” However,
the amount of product formed in the reactions is dependent on
several factors including reactant concentration, reaction medium,
pH and temperature. In the current study, the mechanism of the
reaction has been proposed for the study of ninhydrin and Tyr. This
is shown in Scheme 2. By considering Scheme 2, the reaction
proceeds though the attack of a lone pair of electrons of an amino
nitrogen (tyrosine) on a carbonyl group (ninhydrin) to give a Schiff
base. The Schiff base, being unstable, hydrolyses to give 2-amino-
indanedione (B;) and an aldehyde. Then B, reacts with another
ninhydrin molecule to give DYDA.

5. Reaction in gemini surfactants

The k, values evaluated at different concentrations of surfactants in
the study of ninhydrin and Tyr are listed in Table 3 and are shown
graphically in Fig. 3. The same respective first- and fractional-order
paths in the tyrosine concentration and in the ninhydrin concen-
tration were followed in the gemini surfactants as in those of in
aqueous solutions. Fig. 1 confirms that the absorption maximum of
the product stays the same in the surfactant system. This leads to
the conclusion that the mechanism of reaction does not vary in any
way between the two systems.

Quantitative treatment of k, vs. [surfactant] may be elucidated
using the model (pseudo-phase) suggested by Martinek et al.** and
by Menger and Portnoy* that was established by Bunton.*®
According to the pseudo-phase model, the reaction occurs in bulk
aqueous and micellar pseudo phases. Under the set reaction situ-
ation, Scheme 3 can be presented as below.

K
Ty + D, I TDn
Ky
Ny + Dy N
T+ N ﬂ» DYDA
w
k'n
TDn"‘Nm — 3 DYDA

Scheme 3 Study of the ninhydrin and Tyr reaction.

RSC Adv., 2019, 9, 22129-22136 | 22133
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Kt and Ky refer to the respective tyrosine-micelle binding
constant and ninhydrin-micelle binding constant. T and D,
stand for the concentration of Tyr and the micellized surfactant
([gemini]-cme), respectively. k, and k|, are the respective
pseudo-first-order rate constants that refer to the bulk and
micellar pseudo-phases.

Rate eqn (1) and Scheme 3 give eqn (2):

k., + k|, Kt[Dy]
ky = —w " "m BT 0] )
" 1+ K[Dy] )
Eqn (2) results in eqn (3)
kw[N] + (Krkm — ky) M$[Dy]
ey = 3
v 1+ K7[D,] G)
where, [N] represents the ninhydrin concentration.
ky =k,/[Ny] and ky =k /M5 are the second-order rate
constants.

MY, is the molar ratio of bound ninhydrin to the micellar
head group and is presented by eqn (4),

_ [Nu
- [Dn} (4)

My

My was determined by considering the equilibrium, as given
by eqn (5) below.

KN
Ny + Dy =N, (5)
KN = [Nm} (6)

[NW]([Da] = [Nm])

and the mass balance is:
[N] = [Ny] + [Ny] )

Calculation of &, (rate constant for a micellar medium) and
Kr (tyrosine-micelle binding constant) from eqn (3) requires
a cmc value of the gemini surfactants under the set of kinetic
experimental conditions. The required cmc values have been
determined using a conductivity technique. The values of k,
and Ky were calculated at several presumed values of Ky by
a computer program. The obtained data are located in Table 1.
Fitting Kr, ky, and Ky to eqn (3) supports the validity of the
equation. Table 3 confirms the good agreement between k,, and
kyca1, and this authenticates the validity of the proposed reac-
tion mechanism.

Critical micelle concentration (cmc) is one of the most reli-
able and useful parameters. The cmc value is employed to
establish a quantitative relationship between the physico-
chemical parameters and the structure of the surfactant. In the
present study, a rate constant has been evaluated for the title
reaction below and above the cmc value of the surfactant
solutions. A detailed account of the activity of the gemini
surfactants is given below.

Considering segment I of Fig. 3, where the surfactant
concentrations are below the cmc value, k, should not change.
However, the rate constant increased. The observed catalysis

22134 | RSC Adv., 2019, 9, 22129-22136
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may, therefore, be due to the formation of pre-micelles by the
substrate. Pre-micelle formation and catalysis below the cmc
value of the surfactants have been reported in earlier published
articles.’”®

Segment II (Fig. 3) shows that no reaction took place (i.e. the
ky, value remained almost constant). Segments I and II of the k,,
vs. [16-5-16] plots where [gemini] varies from 0 to 400 x 10> M
are akin to their monomeric counterparts (single hydrophilic
head and hydrophobic tail). This can be seen only when the
substrates are absolutely micellar bound with the micellar
assembly continually being unaffected.> The characteristic of
segment II is unchanged for all surfactants and the rate
constant follows the order 16-4-16 >16-5-16 >16-6-16 for all
concentrations. This is not the first time where 16-4-16 among
all the three gemini surfactants has given the best outcomes. 16-
4-16 gave the best results previously as well.**

After levelling-off, the k, value increases further at higher
gemini concentrations. Perhaps this is due to the association
with a variation of micellar structures. It is well established that
the surfactants self-associate into aggregates in aqueous solu-
tion above the cmc value. Generally, the aggregates are rotund,
globular micelles. However, under appropriate conditions of
concentration, salinity, temperature, the presence of counter
ions, etc., the spherical micelles can undergo uniaxial growth to
form flexible worm-like micelles.®® Furthermore, in the case of
gemini surfactants, the extent of aggregate growth and the
changes of the shapes of the micelles depend on the length of
the spacer(s) as well. Cryo-TEM measurements from solutions
of 16-s-16 clearly show the transitions upon increasing s with
the sequence of structures of micelles being: vesicles + elon-
gated micelles — elongated micelles — spheroidal micelles.®
Thus, the micellar growth is more pronounced the shorter the
spacer unit, and this is most likely due to the increasing
geometrical constraints in the formation of aggregates with
decreasing length of the spacer unit. At higher [gemini], varia-
tions in these micellar structures occur, which have been
confirmed by "H NMR spectral studies.®® Thus, variations in the
micellar morphologies give a distinct reaction atmosphere (less
polar); this is the consequence of increasing k, sharply (Fig. 3).
The same is true for all gemini surfactants and the difference is
only in the extent of the k,, enhancement, and this depends on
the spacer.

6. Thermodynamic parameters

Thermodynamic parameters were calculated within the
temperature range of 343 K to 363 K using the Eyring equation
in study of ninhydrin and Tyr in gemini micellar media. The
thermodynamic parameters are listed in Table 1. Upon
comparison of the data with aqueous solutions (Table 1), we
find that AH” reduces with a more negative AS* in the presence
of the gemini surfactants, compared to in aqueous solutions.
This reduction in the parameters (AH” and As*) takes place not
only through the adsorption of both ninhydrin and Tyr on the
micellar surface but also through the stabilization of the acti-
vated state. A meaningful mechanistic description of these
apparent parameters is impossible because the rate constant,

This journal is © The Royal Society of Chemistry 2019
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ky, does not denote a single elementary kinetic step; it is
a complex function of true rate, binding constants and ioniza-
tion constants.

Looking at the data in Table 1, we can observe that gemini
surfactants catalyze and accelerate the title reaction more than
aqueous media. Furthermore, improvement in the values of
thermodynamic parameters and rate constants using gemini
surfactants takes place at concentrations ca. 67 times less than
using cetyltrimethylammonium bromide (CTAB). Thus, the
importance of the study is increased due to the use of very small
quantities of the gemini surfactants that are required to
perform the reaction. This is an important point to be noted
regarding the use of gemini surfactants (cost effectiveness, as
well as environmental toxicity).

7. Conclusions

In the current study, we have synthesized and characterized
three cationic gemini surfactants (designated as m-s-m; where
m and s refer to the alkyl chain length and the spacer, respec-
tively). Experiments between ninhydrin and Tyr were performed
in the gemini surfactants by studying the reaction using a UV-
visible spectrophotometer. The study of ninhydrin and Tyr in
gemini micellar media could be carried out successfully by the
pseudo-phase model. 16-s-16 gemini surfactants were found to
be extremely more valuable in applications in all respects than
aqueous solution and traditional surfactants.®**

A key point to be noted is that, under the identical experi-
mental situation, a much lower gemini concentration (below
the cmc value) was adequate to catalyze and accelerate the rate
than in the aqueous medium. This special feature of the gemini
surfactants allows them to be used in low amounts in house-
hold items and in cosmetic purposes/products to overcome
potential skin irritation. Gemini surfactants could be beneficial
from the environmental toxicity point of view due to the low
release of surfactant quantity.
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