
1. Introduction

In many applications, mixed surfactant systems 
often give rise to enhanced performance over single 
component systems [1]. Consequently surfactant blends 
are employed in a wide variety of practical applications 
such as enhanced oil recovery [2,3], food [4,5] and 
cosmetic production [6], detergency [7,8], textiles [9] 
and paint production [10].

Most of the works in literature have been on the 
thermodynamics and structural aspects of mixed micelle 
formation [11-14]. The body of knowledge of the effects 
of mixed surfactant systems on reaction rates is rather 
scanty and mostly on cationic/non-ionic, anionic/non-
ionic and cationic/anionic mixed systems [15-19]. Very 
few studies on the effects of mixed cationic/cationic 
surfactant systems on reaction rates are reported in 
literature.

Most of the investigations involving cationic surfactant 
systems have focused on the alkyltrimethylammonium 
and alkylpyridinium bromides [20,21]; it was not until 
recently that investigation on micellar behavior and 
catalytic properties of the alkyltriphenylphosphonium 
bromide surfactants were reported. 

Palepu et al. [22] studied the effects of the 
alkyltriphenylphosphonium bromides (ATPPB’s) and 
their binary mixtures on the reaction of methyl-4-
nitrobenzenesulfonate with bromide ion and rationalized 
their results on the basis of the pseudo-phase ion 
exchange model. Their results showed that the reaction 
rate is enhanced between three to eight fold for the 
ATPPB’s series over those found for the other cationic 
surfactants investigated and attributed this to catalysis 
at the micellar surface and effects caused by the 
phosphorous centre. These surfactants offer significantly 
bulkier head groups than those of the commonly 
investigated ammonium and pyridinium based cationic 
surfactants. They also possess aromatic moieties at the 
micellar surface.

Triphenylmethane dyes, such as BG, represent a 
class of synthetic dyes of commercial and analytical 
importance [23]. Numerous applications are promoted 
by the intensity, range and light-fastness of colour 
exhibited by these dyes. The hydrolysis of this dye 
and its derivatives has been extensively studied in 
aqueous medium [24-26]. Such works investigated the 
substituent effect on the rate of reaction. The present 
work, while not dealing with this aspect of substituent 
effect, concerns itself with the more fundamental study 
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of medium effects as reflected in the rate-surfactant 
concentrations profiles.

The alkaline hydrolysis of this dye in pure TTAB and 
other n-alkyltrimethylammonium bromide was recently 
reported by our group [27]. An increase in observed rate 
constant with increase in surfactant chain length was 
observed. This is consistent with similar investigations 
reported before [28].

In the present work, the effects of 
tetradecyltriphenylphosphonium bromides (TTPPBr), 
tetradecyltrimethylammonium bromide (TTAB) and their 
binary mixtures on the alkaline hydrolysis of Brilliant green 
(BG) — a triphenylmethane dye (a cationic substrate) — 
have been investigated with the aim of examining the 
effects of surfactant head group modifications on the 
kinetic parameters of this reaction (Eq. 1).

2. Experimental Procedure

2.1. Materials
The tetradecyltriphenylphosphonium bromide used 
in this work was of the highest purity commercially 
available from Lancaster Synthesis of England, and the 
tetradecyltrimethylammonium bromide was obtained 
from Fluka and has a purity ≥98%. Sodium hydroxide was 
analytical reagent grade from Sigma-Aldrich and Brilliant 
green was from Avondale Laboratory, the wavelength 
scan gave a wavelength of maximum absorption at 
626 nm. The water used was doubly distilled with specific 
conductivity between 2-5 µS cm-1.

2.2. Determination   of   the   critical    micelle  
       concentration
The critical micelle concentration (cmc) of the surfactants 
and their binary combinations in the absence and 
presence of the 3.76×10-6 mol dm-3 of the dye and 
0.0020 mol dm-3 of NaOH were determined by measuring 
the specific conductivities of various concentrations of 
the surfactant solutions at different mole fractions αTTAB of 
TTAB. The breakpoint in the conductivity-concentration 
profile was taken as the cmc. The concentrations of 
BG and the hydroxide ion did not show any noticeable 
effect on the cmc of the pure surfactants or their binary 
mixtures. The cmc obtained are: 0.495 mM, 0.526 mM, 
0.725 mM, 1.00 mM and 3.57 mM for mole fractions of 
TTAB of 0.00, 0.25, 0.50, 0.75 and 1.00, respectively. 
Respective values for the degree of counter-ion binding 
of 0.44, 0.42, 0.36, 0.34 and 0.71 were obtained. The 
conductivity meter used was CMD 210 from Walden 
Precision Apparatus (UK) with a dipped type electrode 
and a cell constant of 1.00. The meter was calibrated 
with standard solutions of potassium chloride.

2.3. Kinetic measurements
Kinetic studies designed for the investigation of the 
alkaline hydrolysis rate profiles of the dye were carried 
out at a fixed temperature of 25.0±0.1oC by monitoring 
the decrease in absorbance of the dye as a function of 
time at the wavelength of maximum absorption (λmax) 
626 nm in pure water and pure TTPPBr as there was 
no change in the λmax of the dye in the presence of 
TTPPBr. The alkaline fading of the dye in the presence 
of TTAB and its binary mixtures with TTPPBr were 
carried out at 634 nm because there was a shift in the 
λmax of the dye from 626 nm to 634 nm in the presence 
of TTAB and its binary mixture with TTPPBr. Constant 
temperature was maintained by using a combination 
of Grant thermostatting unit immersed in a water bath 
equipped with a pump, which circulated water from 
the thermostatted water bath at 25oC around the cell 
compartment of the Unicam UV1 spectrophotometer.

The kinetics were investigated under pseudo-
first order conditions with the hydroxide concentration 
(0.0020 mol dm-3) in excess of the BG concentration 
(3.76×10-6 mol dm-3) by more than a factor of 500. The 
first order rate constants, kobs (s-1), were obtained from 
the slopes of ln (At-A∞) against time plots, where At and 
A∞ are the absorbance at time t and at the end of the 
reaction, respectively. The pseudo-first order kinetic 
profiles were always linear for more than 85% of the 
reaction. Each kinetic run was repeated at least twice 
and the rate constants were reproducible within ±5% 
precision.   

3. Results and Discussion
Fig. 2 shows the influence of TTPPBr and TTAB on the 
alkaline hydrolysis of BG. The observed rate constant, 
kobs is plotted against various mole fractions of TTAB at 
0.0020 mol dm-3 of hydroxide ion. The mole fraction of 
TTAB is defined as:

 

Catalysis is observed in both surfactants because 
both the substrateBG and the nucleophile (the 
hydroxide ion) are attracted to the micellar surface 
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with different partition constants based on electrostatic 
and hydrophobic considerations. The interesting 
feature of the rate-surfactants profile is the enhanced 
catalysis by TTAB compared with TTPPBr. The faster 
rate of reaction in pure TTAB than in pure TTPPBr is 
paralleled by an increase in rate as the mole fraction 
of TTAB is increased in the mixtures. This is in sharp 
contrast to the SN2 reaction of methyl-4-nitrobenzene 
sulfonate (MNBS) with bromide ion in similar systems 
[22], where three to eight fold rate enhancements 
in alkyltriphenylphosphonium bromides is observed 
compared with other cationic surfactants investigated. 

Molecular modeling calculations [22] have shown 
that the positive charge of the quaternary ammonium 
head groups is distributed over the substituent groups; 

consequently, the nitrogen atom in TTAB adopts 
a negative charge. In contrast, for the quaternary 
phosphonium cations, the phosphorous centre bears 
a large positive charge. Because of this, the positively 
charged substrate binds more to the quaternary 
ammonium head group of TTAB than the phosphonium 
head group of TTPPBr, hence the rate accelerated more 
in TTAB than in TTPPBr. 

The experimental results obtained for the alkaline 
fading of BG in the presence of the surfactants and 
their mixtures can be easily explained in terms of the 
Piszkiewicz model [29], which is analogous to the 
Hill model of enzyme-catalyzed reactions [30]. This 
model assumes that the substrate BG+ associates with 
surfactant aggregates to form an aggregated complex 
DnBG+ which may react according to the following 
scheme:

nD + BG+  DnBG+

KD

DnBG+ Products

BG+ Products

km

kw

(2)

(3)

(4)

Figure 1. Structures of TTAB and TTPPBr used in this work.
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Figure 2. Dependence  of  the  observed  rate constant , kobs for the alkaline  hydrolysis  of BG on total surfactant concentration, [Surfacant]T at  
	 							298	K.	Solid	lines	are	the	oretical	fit	according	to	Eq.	5.
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In the scheme kw and km are the rate constants in bulk 
aqueous and micellar phases, respectively. KD is the 
dissociation constant between the BG+ and the micelle. 
According to Eqs. 2, 3 and 4 the observed rate constant 
kobs may be given as;

[ ]
[ ]

n
m w D

obs n
D

k D k K
k

K D

+
=

+

                   
                                                  (5)

with KD defined as:
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D BG
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D BG

+

+

  =
  

                           (6)

The regression parameters obtained for both pure 
surfactants and their binary mixtures using Eq. 5 are 
presented in Table 1. The table shows that the ratio 
km/kw, the catalytic factor, increases with increase in the 

mole fraction of TTAB in the mixture. The dependence 
of the catalytic factor on the mole fraction of TTAB in 
the mixture is depicted in Fig. 3. The sigmoidal pattern 
of the curve in Fig. 2 for pure TTAB shows that there 
was no significant rate enhancement up to about 
0.0030 mol dm-3 of TTAB. Above this concentration, which 
is the concentration range for the onset of micellization 
(CMC = 0.00357 mol dm-3), there was a drastic 
increase in reaction rate attaining saturation around 
0.008 mol dm-3. This observation shows that pre-
micellar activity is not significant in the observed rate 
enhancement.

Also, as can be seen in the Table 2, the surfactant-
substrate binding constant 

1

DK  is greater in pure TTAB 
than in pure TTPPBr. This is consistent with the molecular 
modeling calculation which showed that the nitrogen in 
the ammonium head group is negatively charged, while 
the phosphorous centre in the phosphonium head group 
is positively charged  the positively charged substrate 
therefore binds more strongly in the TTAB aggregates 
than in the TTPPBr aggregates. The binding constants 
in the mixed systems are apparently smaller than in the 
pure systems, and this observation is in line with the 
trend observed in the degree of counter-ion binding. 
This may be due to evolution of different micellar sizes 
or geometry in the mixtures compared with the pure 
systems because the presence of any amount of TTPPBr 
in the mixture has a remarkable effect on the micellar 
size on account of the bulky and more hydrophobic 
head group in TTPPBr. The calculated values of n are all 
greater than one, between 1.19 and 4.69, in agreement 
with earlier observations [29] and are viewed as an 
index of positive cooperativity. They are far less than the 
number of surfactant molecules found in the micelle and 
have been interpreted as evidence for the presence of 
pre-micellar aggregates [31,32].

For bimolecular micelle-catalyzed reactions, the 
model of Raghvan and Srinavasan [33] which also 
predicts constancy in the values of kobs at higher 
surfactants concentrations can be used for evaluating 
the binding constants of the reactants. The distribution of 
both the brilliant green and the hydroxide ion in aqueous 

Table 2. Binding	 Parameters	 obtained	 from	 the	 regression	
																														fit	of	Eq.	11

αTTAB       KBG+                    KOH-                  1/KD

0.00

0.25

0.50

0.75

1.00

(1.54±0.13) ×105 0.999±0.014               1.50×105

(8.79±0.64) ×102 0.997±0.026               8.54×102

(2.98±0.16) ×103 0.998±0.020               2.92×103

(5.86±0.32) ×104 1.001±0.020               5.92×104

(5.05±0.55) ×1010 1.001±0.027               5.13×1010

Figure 3. Variation of the catalytic factor (km/kw)	 with	 the	 mole	
                             fraction aTTAB for the alkaline hydrolysis of BG at 25oC.

Table 1. 
 

αTTAB km×102/ s-1                             KD/M                             n                  km/kw

0.00

0.25

0.50

0.75

1.00

1.35±0.02                                  (6.65±0.57) ×10-6              1.86±0.17                        10.38

2.21±0.06                                  (1.17±0.09) × 10-3              1.19±0.11                        17.00

2.67±0.05                                  (3.43±0.18) × 10-4              1.48±0.09                        20.54

3.40±0.07                                  (1.69±0.09) ×10-5              2.07±0.13                        26.15

4.92±0.13                                  (1.95±0.21) ×10-11              4.69±0.55                        37.85

Kinetic	 Parameters	 obtained	 from	 the	 regression	 fit	 of	 Eq.	5	 for	 the	 alkaline	 	 hydrolysis	 of	 BG	 in	 TTAB+TTPPBr	mixtures	 at	 298	K,	
[NaOH] = 0.0020 M
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and micellar pseudo-phases is considered in this model. 
This model assumes that the substrate BG+ associates 
with surfactant aggregates to form an aggregated 
complex DnBG+ to which the hydroxide binds to give a 
ternary complex DnBG+OH- which may react according 
to the following scheme:
                                                  
nD + BG+ DnBG+

DnBG+ + OH- DnBG+OH-

DnBG+OH- Products

BG+ + OH- Products

KBG
+

KOH
-

km

kw

(7)

(8)

(9)

(10)

According to this model the observed rate constant in 
the presence of surfactant is given by the equation
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In Eq. 11, KBG and KOH are the binding constants 
of the substrate, BG, and the nucleophile, OH- ion, 
respectively. Using the experimentally obtained kw and 
the values of km and n from the Pizkiewicz model above 
(Eq. 5), the values of KBG and KOH are obtained using 
Eq. 11 and are tabulated in Table 2. 

The evaluated values of KBG+ are in good agreement 
with 1

DK   obtained from Piszkiewicz’s model. The low 
values of KOH- also suggest that the hydroxide ion is 
present almost exclusively in the bulk aqueous phase; 
this idea is consistent with the assumptions of Raghavan 
[33], Romsted [34] and Reeves [35].

In view of the above results, the reaction is assumed to 
take place between the BG solubilized into a micelle and 
the OH- residing at the Stern layer, with the composition 
of the mixed micelle significantly influencing the extent 
of incorporation of the substrate within the micelle. 

4. Conclusion
The alkaline hydrolysis of BG in both TTPPBr and 
TTAB, and their binary mixtures shows that the catalytic 
factor increases from about 10 for pure TTPPBr to 
about 38 for pure TTAB. Binding of BG to the micellar 
surface is greater in pure TTAB than in pure TTPPBr 
and significantly reduced in the surfactant mixtures. 
The rate enhancement in TTAB over TTPPBr can be 
explained in terms of molecular modeling calculation 
[22] which shows that the positive charge of the 
quaternary ammonium head groups is distributed over 
the substituent methyl groups and consequently, the 
nitrogen atom in TTAB adopts a negative charge. In 
contrast, for the quaternary phosphonium cations, the 
phosphorous centre is positively charged. Due to this, 
the substrate BG, being positively charged, binds more 
to the quaternary ammonium head group of TTAB than 
the phosphonium head group of TTPPBr, leading to a 
more substantial rate acceleration observed in TTAB 
than in TTPPBr.

The kinetic results have been rationalized in terms 
of both the Pizkiewicz model and its modification for 
bimolecular reaction as proposed by Raghavan and 
Srinivasan. Both models gave good interpretation 
for the observed rate acceleration in the two cationic 
surfactants and their binary mixtures.
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