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a b s t r a c t

The influence of surfactant coated iron oxide nanocomposites (Surf-IONs) and surfactants on the rate of
alkaline hydrolysis of procaine hydrochloride (2-diethylaminoethyl-4-aminobenzoic acid) in the pres-
ence of poly(ethylene glycol) (PEG) have been investigated under the varying reaction conditions. The
nanoparticles were synthesised using the co-precipitation method and were characterised using X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Vibrating sample magnetometer
(VSM) and Thermogravimetric analysis (TGA). The concentration of NaOH was taken in overabundance
over [procaine] for maintaining the reactions under pseudo-first-order conditions. The kinetic effect of
poly(ethylene glycol); PEG of molecular weights 1500, 4000, 6000, and 8000 with the cetyltrimethylam-
monium bromide; CTABr and sodium dodecyl sulphate; SDS (either free or coated on iron oxide nanopar-
ticles) were studied. A fall in the values of the rate constant on increasing the [surfactant] or [Surf-IONs]
at fixed [PEG] was observed. The kw-[PEG-surfactant] profile was treated using the pseudophase model,
and pseudophase ion exchange model and the kinetic parameters were determined. The binding constant
of procaine with PEG-surfactant aggregates was found to be lower than the respective micelles in the
absence of PEG. The increase in the molecular weights of PEG decreased the values of binding constants
and equilibrium constants.
� 2019 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The nano-sized materials have been extensively investigated in
the last two decades because they owe superior physical as well as
chemical properties due to their small object effect, quantum size
effect, mesoscopic effect and the surface effect, as compared to
their bulk counterparts (Wei et al., 2012). The nano-materials have
applications in almost every field of science and technology like
everyday materials and processes, biomedical applications, elec-
tronic and IT applications, and environmental remediation
(Matsui, 2005; Nikitin et al., 2017; Prasad et al., 2018). Among all
the nanoparticles or nanocomposites, the iron oxide nanoparticles
(IONs) has drawn the attention because it is almost inexpensive,
biocompatible, inert, having high magnetism, recoverable or
separable using simple magnets and are reusable or recyclable
(Alishiri et al., 2013; Godoi et al., 2014). IONs have applications
in magnetic fluids, magnetic seals, chemical catalysis and data
storage (Azharuddin et al., 2008; Frey et al., 2009; Mamani et al.,
2014). The IONs are also used in clinical diagnosis and therapy (like
MRI and MFH), targeted drug delivery, magnetic bioseparation and
biological labels (Cole et al., 2011; Yue-Jian et al., 2010). The other
advantages with IONs are that its size, shape, and morphology can
be controlled as per the requirement of the application during the
synthesis process (Shen et al., 2014).

The IONs are sometimes coated with materials like polymers,
surfactants, organics (like oleic acid) and inorganics (like silica)
to improve its properties like lowering the self-aggregation ability,
and increasing the stability (Illés et al., 2015; Mahdavi et al., 2013;
Maleki et al., 2019; Santra et al., 2001). The IONs usually coated
with polymers and more often with natural polymers like Poly-
ethylene glycol (PEG), Chitosan, Polyacrylic acid (PAA) and starch
to lower the toxicity and also to reduce the self-aggregation
(Mukhopadhyay et al., 2012; Pham et al., 2016; Sanchez et al.,
2018). The complex behaviour of polymer-surfactant interactions
has the property to alter the viscosity, wettability, detergency
and foaming behaviour of a solution (Mace et al., 2012; Schramm
et al., 2003). The polymer-surfactant aggregates have a smaller size
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and a higher degree of ionisation (Rehman et al., 2013). The aggre-
gation of polymer and surfactant is very similar to the micelliza-
tion, but it takes place at a concentration higher than the critical
aggregation concentration (CAC) of the surfactant which is rela-
tively lesser than the critical micelle concentration (CMC) of the
corresponding surfactant (Raees et al., 2018). Interaction between
polymer and surfactant depends upon the type of surfactants; gen-
erally non-ionic polymer interacts dynamically with anionic sur-
factant and comparatively weaker with cationic and non-ionic
surfactant, nature of interactions involved between the polymer
and surfactant molecules (van Der Waals forces, hydrogen bond-
ing, and electrostatic bond), as well as on the charge density of
the polymer chain (Miyake, 2017). Physical properties like surface
tension and conductivity measurements of polymer-surfactant
mixtures indicate the formation of polymer-surfactant aggregate
due to the cooperative binding of polymer and surfactant mole-
cules. This binding increases with the increase in hydrophobicity
of these molecules. The binding also increases by increasing surfac-
tant concentration until all the polymer molecules get fully satu-
rated (Manna and Panda, 2011; Tromsdorf et al., 2009). The
polymer-surfactant complexes may exist in either of three differ-
ent phases or stages according to their electric equivalent ratio
(the number of ionised groups of surfactant divided by the number
of ionised groups of polymer) present in the mixture solution. The
first stage exists when the surfactant’s concentration is under
CMC; the surfactant ions bind cooperatively to the polymer
strands. In the next stage, on increasing the surfactant concentra-
tion so that the equivalent ratio becomes equal to 1, the complex
becomes insoluble and gets precipitated. On further increasing
the surfactant concentration in the 3rd stage, the complex gets res-
olubilized and co-exist with free micelles (Pojják et al., 2011).

Procaine hydrochloride, commercially known as novocaine or
‘Novocain’, is an ester-based local anaesthetic drug and used com-
monly by dentists during dental procedures like cavity filling. It is
also used in severe pain conditions like arthritis for regional anaes-
thesia (Reuss-Lamky, 2007). Its stability has always been an issue
because of its lower shelf life. Natural polymers like PEG and sur-
factants found effective in lowering its rate of degradation, hence,
increasing stability (Reichert and Butterworth, 2004). PEG is a nat-
ural polymer that is approved by the FDA as food and drug addi-
tives. The rate of alkaline hydrolysis of procaine in the
copresence of surfactant-PEG and surfactant-IONs-PEG give an
insight into the stability and binding ability of procaine with PEG
under these systems. Therefore, the present studies have been
undertaken to elucidate the synergistic effect of surfactant-PEG
and surfactant-IONs-PEG on the stability of procaine in the pres-
ence of PEG. PEGs with molecular weight 1500, 4000, 6000 and
8000 were used to explore the role of molecular weight of PEG dur-
ing the formation of surfactant-PEG complex.
2. Experimental section

2.1. Reagents

Procaine HCl (98%), obtained from TCI, Tokyo, Japan. Polyethy-
lene glycol with molecular weight 1500, 4000, 6000, and 8000,
Ferrous chloride dihydrate (99%), CTABr (99%), SDS (99%) and Ferric
chloride (97%) were acquired from CDH, New Delhi, India. 25%
Ammonium hydroxide solution with 99% purity was obtained from
Thermo Fisher Scientific, Mumbai, India and sodium hydroxide
(97%) was procured from Merck, Mumbai, India to carry out the
studies.

These reagents were of analytical grade and used without fur-
ther purification. The stock solution of procaine hydrochloride
was prepared in 99.9% ethanol, while all other solutions were pre-
pared in double distilled water.
2.2. Synthesis of Surfactant-Coated iron oxide nanocomposites (Surf-
IONs)

Surfactant coated magnetite nanocomposites were synthesised
by mixing the surfactants (CTABr and SDS) in an appropriate
amount during the co-precipitation of Fe3+ and Fe2+ salts. The ferric
and ferrous salts were taken in 2:1 M ratio (Fe3+; 4.0 � 10�1-
mol dm�3 and Fe2+; 2.0 � 10�1 mol dm�3) and dissolved in
300 mL of 2.0 � 10�1 mol dm�3 surfactant solution taken into a
1000 mL capacity conical flask. The mixture containing FeCl3,
FeCl2�2H2O and the surfactant (SDS or CTABr) was then purged
with N2 gas to remove any oxygen and stirred strenuously for an
hour to ensure absolute mixing. Co-precipitation was achieved
by adding 200 mL of 25% ammonium hydroxide solution (liquor
ammonia) and a few mL of 2.0 mol dm�3 NaOH dropwise in the
reaction mixture. Then the temperature of the mixture was ele-
vated to 60 �C while continuously shaking and purging Nitrogen
gas for 4 h. The precipitated magnetite nanoparticles were sepa-
rated using a magnet and washed with ethanol and de-ionised
water until the pH comes to neutral. The freshly prepared nanopar-
ticles were then dispersed in the surfactant solution (CTABr or
SDS), and the solution was sonicated at room temperature in an
ultrasonic bath (LABMAN scientific instruments) for 30 min to
ensure the maximum yield of surface-modified nanoparticles.
The surfactant-coated nanocomposites were separated using a
magnet and washed with acetone and de-ionised water to remove
any unbound surfactant molecules and then dried for 3–4 h under
vacuum and used for kinetic studies and characterisations.

The synthesised surf-IONs were characterised for FT-IR spectra
using Nicolet iS50 FT-IR Spectrometer (Thermo Fisher Scientific,
Madison, USA). The XRD patterns of the nanocomposites were
recorded by MiniFlex II, X-ray diffractometer (Rigaku, Japan) pro-
vided with a Cu Ka radiation source (k = 1.5406 nm). The Thermo-
gravimetric analyses (TGA) of the nanocomposites were done by
using Pyris 1 Thermogravimetric analyser (Perkin Elmer). Vibrating
sample magnetometer (VSM), MicroMag-3900 (Princeton, USA)
was used to determine the magnetic character of the
nanocomposites.
2.3. Kinetic measurements

The kinetic measurements were performed under the
pseudo-first-order reaction conditions (i.e. [NaOH]� [Procaine]),
using GENESYS 10S UV/VIS spectrophotometer (Thermo Fisher
Scientific, Madison, USA). A fall in the absorbance for the hydrolysis
of procaine was measured at a wavelength of 291 nm with respect
to time. The absorbance of the samples was measured in a 3.0 mL
quartz cuvette having a path length of 1 cm. A calculated amount
of reactants, surfactants and/or surf-IONs were mixed in a
100 mL three-necked round bottom flask and held in a water bath
(Ferrotek Equipments, Ghaziabad, India) to keep the temperature
constant at 37.0 ± 0.2 �C for 1 h to equilibrize the mixture. The
reaction initiated immediately after the introduction of NaOH into
the reaction vessel. The kinetic measurements were set in the spec-
trophotometer at a time gap of 300 s, and the reaction was tracked
until the completion of 3 half-life periods. The rate constants were
determined by the slope of the plot of ln (absorbance) versus time.
Multiple kinetic runs were repeated for every set of reaction to
minimize random errors, and the values of rate constants were
observed to be consistent under the error limit of ±5%.
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3. Results and discussion

3.1. Characterization of Surfactant-coated iron oxide nanocomposites

3.1.1. X-ray diffraction (XRD)
Fig. 1 represents the XRD patterns of the synthesised surf–IONs,

which confirm the crystalline nature of the nanocomposites. The
diffraction peaks are visible at 2h = 30.26� (2 2 0), 35.5� (3 1 1),
43.12� (4 0 0), 53.74� (4 2 2), 57.10� (5 1 1) and 62.92� (4 4 0).
The sharp peaks signify the ultrafine nature and high crystallinity
of the prepared surf–IONs having the cubic structure
(Mahadevan et al., 2007).
Fig. 2. FTIR spectra of the synthesised SDS-IONs (a), and CTABr-IONs (b).
3.1.2. Fourier transform infrared spectroscopy (FTIR)
Fig. 2 (a) and (b) show the FTIR spectra of SDS–IONs and CTABr–

IONs, respectively. The peaks arising at 3431 cm�1 in (a) and
3430 cm�1 in (b) are due to O–H stretching vibration arising by
the presence of moistures on the surfaces of Surf–IONs. The peaks
at 2922 cm�1 and 2854 cm�1 in (a) and at 2920 cm�1 and
2850 cm�1 in (b) are assigned to CH band vibrations of the –CH2

group of SDS and CTABr. The H-O–H bending of H2O appears at
1635 cm�1 and 1631 cm�1 in (a) and (b) respectively (Saranya
et al., 2015). The peaks at 1460 cm�1 in (a) and 1465 cm�1 in (b)
represents the –CH2 group bending vibration in SDS and CTABr.
The S = O stretching vibrations peak for SDS–IONs can be seen at
1220 cm�1. The peak at 964 cm�1 in (a), corresponds to the out-
of-plane bending vibration of C–H bond. The peaks at 547 cm�1

and 474 cm�1 in (a) and 566 cm�1 and 475 cm�1 in (b) are attrib-
uted to the Fe-O bond of Fe3O4 and the 2 peaks confirms the spinal
structure of Fe3O4 (Aliramaji et al., 2015). The differentiation in the
Fe-O bond length in magnetite molecule is the reason for 2 peaks
for Fe–O bonds.
3.1.3. Vibrating sample magnetometer (VSM)
The magnetic character of the Surf–IONs was studied using VSM

and the hysteresis curve of SDS–IONs and CTABr–IONs are shown
in Fig. 3. The saturation magnetisation for SDS–IONs was observed
Fig. 1. XRD patterns of the synthesised SDS-IONs (a), and CTABr-IONs (b).

Fig. 3. Hysteresis curves at room temperature.
at 25.28 emu/g and for CTABr–IONs at 55.94 emu/g (Lu et al.,
2002).
3.1.4. Thermogravimetric analysis (TGA)
The TGA curves (Fig. 4) provide the quantitative proofs for the

successful coating of surfactants on the magnetite nanoparticles.
The Surf–IONs were heated to 800 �C and a significant weight loss
occurred on increasing the temperature upto 800 �C. The weight
loss is attributed to the loss of organic material (surfactants) coated
on the nanoparticles (El-kharrag et al., 2011; Kavas et al., 2013).



Fig. 4. TGA curves of synthesised Surf-IONs.

K. Raees et al. / Journal of King Saud University – Science 32 (2020) 1182–1189 1185
3.2. Influence of PEG-Surfactant aggregates on the rate of ‘‘hydrolysis
of procaine”

The kinetics of the hydrolysis of procaine was performed in the
copresence of 0.5% (w/v) PEG and at different concentrations of
CTABr and SDS, ranging between 1.0 � 10�2 mol dm�3 to
5.0 � 10�2 mol dm�3. The rate of hydrolysis decreased in the pres-
ence of PEG on increasing the concentrations of surfactants. The
rate constant values for the hydrolysis of procaine in the absence
and presence of PEGs at different [surfactants] are compared in
Tables 1 and 2. The rate of hydrolysis is found to be higher when
the PEG is present the at respective surfactant concentration
(Figs. 5 and 6). The enhancement in the rate of hydrolysis is due
to the exclusion of procaine from the PEG-surfactant phase to the
aqueous phase. The micellar aggregates formed by surfactant-
polymer interaction is much smaller in size than the respective
surfactant micelles (Shaban Ansari et al., 2018). The Necklace
model suggests that the spherical structure of surfactant-polymer
aggregates is compact, and polymer strands are bound with surfac-
tant molecules (Nikas and Blankschtein, 1994). The surfactant-
polymer aggregates provide a less binding opportunity for the sub-
strate. The increase in [surfactant] in the presence of PEG excludes
more and more substrates from the micellar aggregates to the
aqueous phase. The increase in the chain size of PEG makes the
PEG-surfactant structure more compact and results in a decrease
Table 1
Values of rate constants in the presence of CTABr and CTABr-PEG.

[CTABr] (102 mol dm�3) (104 kw (s�1))

CTABra CTABr and PEG1500b CTA

1.0 3.08 3.11 3.1
2.0 2.17 2.42 2.4
3.0 1.89 2.11 2.1
4.0 1.43 1.62 1.7
5.0 1.07 1.19 1.4

Reaction conditions: [Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 � 10�2 mol dm�3

a Reference No. 36.
b Present Work.
in the binding ability of surfactants with procaine (Mészáros
et al., 2005). It is evident from the data presented in Tables 3 and
4. As the PEG and surfactant are being present in the solution,
the reaction media can be divided into three distinct but homoge-
neous microscopic phases, namely; PEG-surfactant, micellar and
aqueous pseudophases. The hydrolysis is assumed to occur in all
these pseudophases. The mechanism of hydrolysis of procaine is
presented in Scheme 1.

In this Scheme 1, kp is the first-order rate constant for the
hydrolysis of procaine when the PEG-surfactant aggregate is being
present, [Sp] is the amount of procaine attached with PEG-
surfactant aggregate, OH�

p is the amount of OH– in the PEG-
surfactant pseudophase. Similarly, the notations with subscripts
‘w’ represent the aqueous pseudophase and ‘m’ represent the micel-
lar pseudophases. The corresponding rate equation for Scheme 1 can
be represented by Eq. (1):

Rate ¼ kw Sw½ � þ kp Sp
� �þ km Sm½ � ð1Þ

The micelles and PEG-surfactant aggregates are dynamic. They
are continually aggregating and disintegrating to give PEG-
surfactant aggregates in equilibrium with the surfactant mono-
mers. The surfactant molecules in the presence of polymers remain
aggregated together through the cooperative binding between
them through the hydrophobic interactions. It is evident from
the neutron scattering studies that the surfactant molecules are
located at the surface at the surface of polymer aggregates
(Claesson et al., 2000; Mészáros et al., 2003). These surfactant
molecules are associated with the polymers as monomers rather
than in the form of micelles. Based on above theories, it is pre-
sumed that approximately the whole quantity of surfactants exists
in the complexed state with PEG and an almost negligible amount
of free micelles exist in the presence of PEG (Ghosh and Pandey,
1999; Rahman and Rafiquee, 2019). This observation is supported
by the results obtained at different concentrations of PEG (from
0.5% to 2.5% (w/v)), in which the values of rate constant was
almost in the similar range (Table 5). Thus, the Eq. (1) takes the
form of Eq. (2):

Rate ¼ kw Sw½ � þ kp Sp
� � ð2Þ

In the presence of PEG and surfactants, equilibrium exists
between the procaine molecules associated with PEG-surfactant
(Sp) and free procaine molecules distributed in the aqueous phase
(Sw). This equilibrium distribution can be represented by Eq. (3) as
follows:

Sw½ � þ PDn½ ��Kp
Sp
� � ð3Þ

Here, [PDn] is the micellized surfactant with PEG.
Kp is the equilibrium constant and given by Eq. (4).

Kp ¼ ½Sp�
½PDn�½Sw�

ð4Þ
Br and PEG4000b CTABr and PEG6000b CTABr and PEG8000b

5 3.22 3.29
9 2.69 2.78
8 2.44 2.57
4 1.98 2.13
1 1.78 1.91

, PEG = 0.5% (w/v) and Temperature = 37 �C.



Fig. 5. Plots of kw versus [CTABr] in the presence of PEGs. Reaction conditions:
[Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 � 10�2 mol dm�3, [PEG] = 0.5% w/v
and Temperature = 37 �C.

Fig. 6. Plots of kw versus [SDS] in the presence of PEGs. Reaction conditions:
[Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 � 10�2 mol dm�3, [PEG] = 0.5% w/v
and Temperature = 37 �C.

Table 2
Values of rate constants in presence of SDS and SDS-PEG.

[SDS] (102 mol dm�3) (104 kw (s�1))

SDSa SDS and PEG1500b SDS and PEG4000b SDS and PEG6000b SDS and PEG8000b

1.0 0.91 2.17 2.34 2.75 2.81
2.0 0.65 1.61 1.81 1.87 1.91
3.0 0.53 1.07 1.16 1.19 1.26
4.0 0.44 0.86 0.95 0.97 1.03
5.0 0.27 0.57 0.78 0.86 0.91

Reaction conditions: [Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 � 10�2 mol dm�3, PEG = 0.5% (w/v) and Temperature = 37 �C.
a Reference No. 36
b Present Work

Table 3
Values of Kp and k

0
p obtained from the plots of 1

k
0
w�kw

versus 1
½PDn � for 0.5% (w/v)

polyethylene glycol of different molecular weights in the presence of SDS.

Molecular weight of PEG Kp 104 k
0
p (s�1)

1500 1050 1.10
4000 887 1.27
6000 620 1.42
8000 432 1.40

Reaction conditions: [Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 � 10�2-
mol dm�3 and Temperature = 37 �C.
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The rate of reaction in terms of total procaine ½ST� (= Sw½ � þ ½Sp�) is
given by Eq. (5).

Rate ¼ Kw þ kpKp½PDn�
1þ Kp½PDn� ½ST� ¼ kW½ST� ð5Þ

Or,

kW ¼ Kw þ kpKp½PDn�
1þ Kp½PDn� ð6Þ

For PEG-CTABr aggregates

KOH
Br ¼ ½OH�

p �½Br�w�
½OH�

w�½Br�p �
ð7Þ

The rate Eq. (7) in terms of Kp, kw and kp can be written as (Eq.
(8)):

kw ¼ k2 OH�
T

� �þ kpKp � k2
� �

mOH½PDn�
1þ Kp½PDn� ð8Þ

The values of kpandKp were determined by the iterations
method as described in the literatures (Menger and Portnoy,
1967; Raees et al., 2019; Rodenas and Vera, 1985) and the obtained
values are given in Table 1.
Eq. (9) relates the rate of hydrolysis of procaine occurring in the
copresence of PEG-SDS system:

1

k
0
w � kw

¼ 1

k
0
w � k

0
p

þ 1

k
0
w � k

0
p

� �
Kp½PDn�

ð9Þ

In Eq. (9), k
0
w and k

0
p are the first order rate constant for the

hydrolysis of procaine in the aqueous and PEG-SDS pseudophases,
respectively. [PDn] denotes the equilibrium concentration of PEG-

surfactants complex. The values of k
0
p and Kp were acquired by

the plot of 1
k
0
w�kw

versus 1
½PDn �, and presented in Table 2.



Fig. 7. Plots of kobs versus [CTABr-IONs] in the presence of PEGs. Reaction
conditions: [Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 � 10�2 mol dm�3,
[PEG] = 0.5% w/v and Temperature = 37 �C.

Scheme 1.

Table 4
Fitting values of Kp and kp obtained from the plots of kw versus ½PDn� for CTABr in the
presence of 0.5% (w/v) polyethylene glycol of different molecular weights. Kinetic
parameters used for calculations, KOH

Br = 14, b = 0.8, and k2 = 8.76� 10�3 mol�1 dm3 s�1.

Molecular
weight of PEG

Kp 104 kp (mol�1 dm3 s�1) cmc

104 (mol dm�3)

1500 1680 8.72 9.0
4000 1600 9.01 9.2
6000 1000 10.60 9.3
8000 850 10.80 9.4

Reaction conditions: [Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 �
10�2 mol dm�3 and Temperature = 37 �C.
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3.3. Influence of surfactant-coated iron oxide nanocomposites (Surf-
IONs) on the ‘‘hydrolysis of procaine” in the copresence of PEGs

The introduction of Surf-IONs during the reaction of procaine
with NaOH lowered the rate of hydrolysis of procaine. A fall in
the rate of hydrolysis was observed more pronounced in the pres-
ence of Surf-IONs than bare Fe3O4. The alkaline hydrolysis of pro-
caine in the copresence of PEGs of molecular weight 1500, 4000,
6000 and 8000 was performed at varying amount of Surf-IONs
(from 0.02% to 0.40% w/v), at fixed [NaOH] (5.0 � 10�2 mol
dm�3) and fixed [PEGs] (0.5% w/v). Figs. 7 and 8 show that the val-
ues of rate constant decreased on increasing the [Surf-IONs]. It was
observed that the rate constants were comparatively higher in the
presence of PEG than in the absence of PEG at fixed [Surf-IONs],
which might be due to the hydrophobic interaction between the
PEG and coated surfactant molecules. It makes it difficult for pro-
caine molecules to cross the bulky PEG molecules, and therefore,
procaine largely remains in the aqueous phase. The binding and
adsorption of procaine with Surf-IONs become difficult, and so
the higher rate of reaction is observed when the PEG is present.
Following is the mechanism (Scheme 2) that describes the reaction
in the copresence of Surf-IONs and PEG:
Table 5
Values of rate constants obtained at varying concentration of PEGs at fixed surfactants co

[PEG] %(w/v) (104 kw (s�1))

CTABr and
PEG1500

SDS and
PEG1500

CTABr and
PEG4000

SDS a
PEG4

0.5 1.2 0.57 1.21 0.78
1.0 1.5 0.63 1.43 0.83
1.5 1.43 0.50 1.53 0.61
2.0 1.45 0.71 1.51 0.82
2.5 1.36 0.77 1.47 0.75

Reaction conditions: [Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 � 10�2 mol dm�3
The increase in [Surf-IONs] to the solutions containing procaine
and hydroxide ions decreased the rate of reaction progressively.
This observation supports the compartmentalization of reactants
into two different pseudophases i.e. procaine is associated with
Surf-IONs while hydrophilic OH– ions remains in aqueous phase.
Therefore, the Eq. (9) based on the pseudophase model has been
used in the form of Eq. (10) to determine the equilibrium constant
(Ke) for the binding between procaine and Surf-IONs.

1

k
0
w � kSurf�IONs

¼ 1

k
0
w � k

0
Surf�IONs

þ 1

k
0
w � k

0
m

� �
Ke½Surf � IONs�

ð10Þ

The values of the rate constant (k
0
Surf�IONs) for the hydrolysis of

procaine in the copresence of Surf-IONs and PEG were calculated
from the plot of 1

k
0
w�kSurf�IONs

versus 1
½Surf�IONs�. The values of equilibrium

constant (Ke) were obtained from the slopes of the above plots.
These values are given in Tables 6 and 7.

A close observation from the Figs. 7 and 8 displays that the
increase in the molecular weight of the polyethylene glycol
increases the rate of reactions for both the nanoparticles (CTABr–
IONs and SDS–IONs). The values of Ke, (given in Tables 6 and 7)
decreases on increasing the molecular weights of the PEG in the
copresence of CTABr–IONs and SDS–IONs. The higher molecular
weights PEG wraps the CTABr–IONs and SDS–IONs more
ncentration.

nd
000

CTABr and
PEG6000

SDS and
PEG6000

CTABr and
PEG8000

SDS and
PEG8000

1.88 0.86 1.91 0.91
1.61 0.61 1.56 1.01
1.57 0.73 1.44 1.06
1.57 0.62 1.44 0.98
1.72 0.64 1.52 0.86

, [surfactants] = 5.0 � 10�2 mol dm�3 and Temperature = 37 �C.



Fig. 8. Plots of kobs versus [SDS-IONs] in the presence of PEGs. Reaction conditions:
[Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 � 10�2 mol dm�3, [PEG] = 0.5% w/v
and Temperature = 37 �C.

Scheme 2.

Table 6
Values of Ke obtained from the plots of 1

k
0
w�kCTABr�IONs

versus 1
½CTABr�IONs� in the presence of

PEGs of different molecular weight.

CTABr-IONs with PEG Ke 105 kCTABr-IONs

PEG1500 22.1 7.53
PEG4000 16.7 7.94
PEG6000 14.1 7.82
PEG8000 10.9 6.82

Reaction conditions: [Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 � 10�2 mol
dm�3, [PEG] = 0.5% w/v and Temperature = 37 �C.

Table 7
Values of Ke obtained from the plots of 1

k
0
w�kSDS�IONs

versus 1
½SDS�IONs� in the presence of

PEGs of different molecular weight.

SDS-IONs with PEG Ke 105 kSDS-IONs

PEG1500 112.0 6.85
PEG4000 72.6 7.44
PEG6000 42.0 7.08
PEG8000 38.4 7.80

Reaction conditions: [Procaine] = 5.0 � 10�5 mol dm�3, [NaOH] = 5.0 � 10�2-
mol dm�3, [PEG] = 0.5% w/v and Temperature = 37 �C.
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compactly and favours the equilibrium concentration of procaine
molecules more into the aqueous phase and therefore, the higher
rate constant values are observed.
4. Conclusion

The introduction of polyethylene glycols with molecular weight
1500, 4000, 6000 and 8000 to the reaction mixture having surfac-
tants/surfactant coated iron oxide nanocomposites suppressed the
rate of hydrolysis of procaine. The pseudophase ion-exchange
model is validated to determine the kinetic parameters in the cop-
resence of PEG-CTABr aggregates. The hydrolysis in the copresence
of PEG-SDS aggregates followed the pseudophase model. The val-
ues of binding constant decreased on increasing the molecular
weight of PEGs. Surf-IONs in the presence of PEG displayed higher
values of the rate of hydrolysis than the rates of reactions obtained
in the absence of PEG. The rate of reaction increased with the
increase in the molecular weight of PEG.
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