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Abstract
The Super Paramagnetic Iron Oxide Nanoparticles (SPIONs) can bind drugs and act as drug-carriers. The magnetically active 
SPIONs can be used to deliver the drugs to the target through magnetic fields. The objective of the present work has been 
undertaken to study the stability, and binding behaviour of procaine with SPIONs and surfactant-coated SPIONs. Procaine 
is among the ester drugs and hydrolyses in the alkaline medium. The influence of SPIONs and surfactant-coated SPIONs on 
the rate of hydrolysis of procaine in alkaline medium may help to define the behaviour of the drug in the presence of these 
nanoparticles. The kinetic studies of procaine hydrolysis in the presence of SPIONs and surfactant-coated SPIONs were 
carried out spectrophotometrically. The concentrations of  OH− ions were taken in excess over [procaine] to keep the reac-
tion conditions under pseudo-first-order. The presence of SPIONs and the SPIONs coated with cetyltrimethylammonium 
bromide; CTABr and sodium dodecylsulphate; SDS surfactants displayed an inhibitive effect on the rate of hydrolysis of 
procaine. The synthesised nanoparticles were characterised using X-ray diffraction (XRD), scanning electron microscopy 
(SEM), vibrating sample magnetometer (VSM), transmission electron microscopy (TEM) and Fourier transform infrared 
spectroscopy (FTIR). The kψ-[surfactant] profile in the presence of SPIONs was discussed using the pseudophase model in 
which the reactants are considered to be distributed in the aqueous and micellar media. The rate constant for the procaine 
hydrolysis and the binding constants of procaine with coated and non-coated SPIONs have been calculated by analysing the 
data for the variation in the rate constant with the change in [surfactant], [SPIONs] and [surfactant-coated SPIONs].
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Graphic abstract
The studies on the rate of hydrolysis of procaine in the presence of SPIONs and surfactant-coated SPIONs shows inhibitive 
effects of NPs on the reaction. Procaine has good binding affinity with surfactant-coated SPIONs in comparison with the 
bare SPIONs.
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Introduction

Superparamagnetic iron oxide nanoparticles (SPOINs) 
are inert, almost inexpensive, biocompatible, having 
unmatched magnetic properties, and can be reused or recy-
cled using simple magnets [1–3]. SPIONs find applications 
in the fields of chemical catalysis, magnetic fluids, mag-
netic seals, data storage and various bio-applications like 
clinical diagnosis and therapy (such as MRI and MFH), 
biological labels, magnetic bio-separation and targeted 
drug delivery [4–9]. The SPIONs give the freedom to con-
trol the morphology, shape and size of the nanoparticles 
during the synthesis process, which can be used further in 
different applications [10–13]. The surface of iron oxide 
nanoparticles can be modified or coated as per need using 
various polymers, surfactants and inorganic materials like 
silica [14–18]. These nanocatalysts have successfully been 
used for catalysing the organic reactions like carbon–car-
bon coupling reactions, oxidations, epoxidation reactions 
and hydro-formylation reactions. [19–21]. Magnetic nano-
particles are synthesised using different methods like ther-
mal decomposition, microemulsion, and co-precipitation 
[22–24]. Among these methods, the co-precipitation of 
ferrous and ferric salts is the most widely accepted method 
because of its reliability, low cost, and high yield. The 
ability of surfactants to change the detergency, wettability 
and foaming behaviour of the solution makes it useful in 

the field of medicines, detergents, paints, coatings, home 
and personal care products, enhanced oil recovery and in 
pharmaceuticals [25]. When dissolved in polar solvents 
like water, surfactant molecules aggregate to form micelles 
above its critical micelles concentrations (CMC). The 
micelles provide a different microenvironment and affect 
the rate of hydrolysis reaction.

The surfactant-coated SPIONs present a different micro-
structure and may influence the rate of reactions in a manner 
different than the micellar aggregates. The micelles present 
the ionic or polar surface and non-polar core. The mole-
cules bind with the micelles from the stern region to the 
inner core, depending upon its polarity. The investigations 
on the rate of procaine hydrolysis by surfactant molecules 
encapsulating the SPIONs may help to establish the nature 
of binding between surfactant and procaine at the molecu-
lar level. Procaine (2-diethylaminoethyl-4-aminobenzoic 
acid) is among the most widely accepted ester-based local 
anaesthetic drug. Procaine hydrochloride injections have 
been used in infiltration anaesthesia, spinal anaesthesia, 
peripheral nerve block and some severe pain conditions 
such as Bell’s palsy, Scalenous Anticus syndrome, arthritis, 
and cerebral thrombosis. The primary issue with procaine 
is its lower shelf life while storage and its lower duration 
of action when injected in a patient’s body. Loucas et al. 
have reported a 90% decrease in the initial concentration 
of procaine in 11 days under refrigeration and just 2 days 
at room temperature [26]. Several researchers have made 
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efforts to increase the shelf life or stability of procaine using 
certain additives like surfactants, natural polymers or other 
drugs [27]. Here, we are trying a different method using 
SPIONs to lower down procaine’s rate of degradation and 
hence, increase its stability. The kinetics experiments in the 
presence of non-coated and coated SPIONs have been car-
ried out and presented here.

Experimental

Materials

Procaine hydrochloride with 98% purity was purchased from 
TCI, Tokyo, Japan. Ferric chloride (97%), ferrous chloride 
dihydrate (99%), SDS (99%) and CTABr (99%) were pur-
chased from CDH, New Delhi, India. Liquor ammonia 25% 
with a purity index of 99% was purchased from Thermo 
Fisher Scientific, Mumbai, India and sodium hydroxide with 
97% purity was purchased from Merck, Mumbai, India to 
perform the experiments.

The stock solutions of procaine hydrochloride were pre-
pared in 99.9% ethanol and used within a week, rest all other 
solutions were made in double distilled water.

Synthesis of SPIONs

The SPIONs used in the present study were synthesised in 
the research lab using the co-precipitation method by taking 
20.0 g of  FeCl3 (0.4 M) and 10.0 g of  FeCl2·2H2O (0.2 M) 
in a 1000 mL conical flask containing 300 mL double-dis-
tilled water. For CTABr- and SDS-coated SPIONs, 0.2 M 
of CTABr or SDS solutions were mixed during co-precipi-
tation of iron salts. The mixture was then de-oxygenated by 
purging  N2 gas and stirred vigorously for 60 min to ensure 
complete mixing of  Fe3+ and  Fe2+ ions. Co-precipitation of 
iron salts was carried out by adding 200 mL liquor ammonia 
(25%) dropwise in the conical vessel. An inert environment 
was maintained by continuously purging the  N2 gas in the 
reaction vessel and over the surface of the mixture to ensure 
the synthesis of magnetite  (Fe3O4). The pH of the reaction 
medium then rose to above 10 by adding 2 M of NaOH solu-
tion dropwise. The higher pH (10–14) ensures the complete 
precipitation of iron salts as well as decreases the size of 
nanoparticles. The temperature was then raised to 70 °C 
with continuous stirring and purging  N2 gas for 5 h. The pre-
cipitate obtained was then filtered, washed with acetone and 
double-distilled water until the pH comes to neutral, and then 
dried for 5–6 h at 70 °C in a hot air oven. The synthesised 
magnetite nanoparticles were black, possessing very high 
magnetic behaviour. The overall reaction can be written as:

Fe2+ + 2Fe3+ + 8OH−
→ Fe3O4 + 4H2O.

The synthesised nanoparticles were characterised by 
X-ray diffraction using ‘MiniFlex’ II X-ray diffractometer 
from Rigaku, Japan, having a radiation source of CuKα 
with λ = 1.5406 nm. FTIR Spectrometer ‘Nicolet iS50’ 
from Thermo Fisher Scientific, Madison, USA was used to 
record the FTIR data of the synthesised nanoparticles. The 
magnetic behaviour of nanoparticles was measured using 
Vibrating sample magnetometer (VSM) MicroMag-3900 
Princeton, USA.

Kinetic measurements

All kinetic measurements were made using a double-beam 
spectrophotometer ‘GENESYS 10S UV/VIS’ from Thermo 
Fisher Scientific, Madison, USA. A 3.0 mL quartz cuvette 
having 10 mm path length was used to measure the absorb-
ance of the samples. The temperature at 37.0 ± 0.3 °C was 
kept constant by placing in water bath from Ferrotek Equip-
ments, Ghaziabad, India. While performing the kinetic runs 
the reaction conditions were maintained under pseudo-first-
order by keeping [NaOH] > > [procaine], and a decrease in 
absorbance for the hydrolysis of procaine was followed at 
a wavelength of 291 nm as a function of time. The solution 
containing procaine and NaOH at a respective concentra-
tion of 5.0 × 10−5 mol dm−3 and 5.0 × 10−2 mol dm−3 was 
scanned repetitively and recorded at an interval of 5 min 
and are presented in Fig. 1. The required amount of reactants 
was taken into a round-bottom flask and held in a water bath 
for around 30 min so that the procaine can equilibrate with 
surfactants and SPIONs. The reaction was started (zero time 
was taken) with the introduction of sodium hydroxide into 
the reaction flask. The kinetic measurements were set in the 
spectrophotometer at a time interval of 5 min, and the moni-
toring of the reaction was performed until the completion of 
at least three half-life periods. All kinetic runs were repeated 
thrice to minimise the random errors, and the reproducibil-
ity found for the observed values was within the error limit 
of ± 5%. The values of rate constant were calculated from the 
slope of the plots of ln (absorbance) versus time.

Results and discussion

Characterization of SPIONs

Scanning electron microscopy (SEM)

The surface features of the SPIONs, CTABr-coated SPIONs, 
and SDS-coated SPIONs are clearly shown by the SEM 
images in Fig. 2a–c, respectively, which indicates the suc-
cessful synthesis of nanoparticles. The nanoparticles seem to 
have a nonspherical irregular shape in non-coated  Fe3O4 and 
spherical shape when coated with CTABr and SDS.
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Transmission Electron Microscopy (TEM)

Figure 2a′–c′ shows the TEM images of synthesised SPI-
ONs, CTABr-coated SPIONs and SDS-coated SPIONs, 
respectively. One thing that can be seen in the TEM images 
is that there is a kind of agglomeration in the non-coated 
SPIONs whereas in surfactant-stabilised SPIONs agglom-
eration is reduced to a certain extent.

X‑ray diffraction (XRD)

The XRD results (Fig. 3a–c) obtained, confirmed the crys-
talline nature of synthesised coated and non-coated SPI-
ONs. The diffraction peaks appeared at 2θ = 30.26°, 35.5°, 
43.12°, 53.74°, 57.10° and 62.92° , respectively, correspond 
to (220), (311), (400), (422), (511), and (440) planes. The 
broad peaks indicate the ultrafine nature and small crystal-
line size of the  Fe3O4 particles having the cubic structure 
[28].

Fourier transform infrared spectroscopy (FTIR)

Figure 4a–c shows the FTIR spectra of SPIONs, CTABr-
coated SPIONs and SDS-coated SPIONs, respectively. 
The peaks at 3424 cm−1, 3430 cm−1 and 3431 cm−1 in 
(a), (b), and (c), respectively, are due to O‒H stretching 
vibration arising from the hydroxyl group which is likely 
due to the adsorption of water molecules on the surface 

of SPIONs. The peaks at 2920 cm−1 and 2850 cm−1 in 
(b) and at 2922 cm−1 and 2854 cm−1 in (c) are attributed 
to CH bands’ vibrations of the –CH2 group in CTABr 
and SDS. The H–O–H bending of  H2O molecules is also 
localised at 1631 cm−1, 1630 cm−1, and 1635 cm−1 in 
(a), (b) and (c), respectively [29]. The peaks appearing 
at 1465 cm−1 in (b) and 1460 cm−1 in (c) correspond to 
the −CH2 group’s bending vibrations in CTABr and SDS. 
The peaks at 1220 cm−1 and 964 cm−1 in (c), respectively, 
correspond to S=O stretching vibrations and out-of-plane 
bending vibrations of C–H bond. The peaks at 585 cm−1 
and 435 cm−1 in (a), 566 cm−1 and 475 cm−1 in (b) and 
547 cm−1 and 474 cm−1 in (c) correspond to the Fe‒O 
bonds in magnetite and the two peaks affirm the spinal 
structure of magnetite nanoparticles [30]. The difference 
in the Fe‒O bond-lengths in  Fe3O4 molecules is the reason 
for two peaks for a single Fe‒O bond.

Vibrating sample magnetometer (VSM)

The magnetic behaviour of the SPIONs and surfactant-
coated SPIONs has been studied using VSM. The satu-
ration magnetisation of nanoparticles was observed at 
71.82 emu/g in non-coated SPIONs (Fig. 5), which indi-
cates a very high saturation magnetisation and superpara-
magnetic behaviour [31].

Fig. 1  Repetitive scans for the 
alkaline hydrolysis of pro-
caine at an interval of 5 min. 
Reaction conditions: [pro-
caine] = 5.0 × 10−5 mol dm−3, 
[NaOH] = 5.0 × 10−2 mol dm−3, 
Temperature = 37 °C
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Hydrolysis of procaine in aqueous medium

The rate of procaine hydrolysis catalysed by  OH− ions to yield 
N,N-diethyl amino-ethanol and p-amino-benzoate anion in the 
aqueous medium is given by the following rate equation [32]:

where k1 is the first-order rate constant. The rate of reaction 
depends upon [ OH− ] and is independent on [procaine]

(1)rate = −
d
[

procaine
]

dt
= k1

[

procaine
]

[OH−
],

(2)or, Rate = kobs

[

procaine
]

T
.

The values of kobs are related to the second-order rate 
constant (k2) as given by Eq. (3).

The plot of kobs against [NaOH] gave straight line 
(Fig. 6), a similar trend was observed following the earlier 
studies [33, 34], and the value of k2 was obtained from the 
slope of the plot.

(3)kobs = k2[NaOH].

Fig. 2  a, b and c are SEM 
and (a′), (b′) and (c′) are TEM 
images of synthesised  Fe3O4, 
CTABr-coated  Fe3O4- and SDS-
coated  Fe3O4 nanoparticles
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Influence of micelles on the rate of hydrolysis 
of procaine

The [SDS] and [CTABr] varied in the concentration range 
from 1.0 × 10−2 mol dm−3 to 5.0 × 10−2 mol dm−3, and their 
influence on the values of rate constants was studied. The 
rate constant values found to decrease with increase in 
the concentration of surfactants (Figs. 7, 8). SDS showed 
more significant inhibition on the rate of hydrolysis than 
CTABr. At a concentration higher than the CMC values, 

these surfactant molecules exist in the associated form 
(micelles), and procaine gets distributed between the 
micellar and aqueous pseudophases. The relative amount 
of procaine in these two phases (called binding constant 
‘ Ks ’) depends upon the nature of the drug and the charge 
on the micelles. The hydrolysis of procaine by NaOH in 
micellar solutions is assumed to occur in both micellar as 
well as in aqueous pseudophases. The following Scheme 1 
represents the mechanism of the hydrolysis reaction in the 
micellar media:where, k′

w
 and k′

m
 , respectively, denote the 

Fig. 3  X-ray diffraction patterns 
of the synthesised  Fe3O4 (a), 
CTABr-coated  Fe3O4 (b), and 
SDS-coated  Fe3O4 (c) nanopar-
ticles
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first-order rate constants for the reaction taking place in 
aqueous and micellar pseudophases; Sw is the equilibrium 
concentration of procaine in aqueous phase; Sm represents 

the concentration of the drug in micellar phase, and Dn rep-
resents the concentration of micelles. The reaction rate cor-
relates with Scheme 1 is given by Eq. (4):

Fig. 4  FTIR spectra of the 
synthesised  Fe3O4 (a), CTABr-
coated  Fe3O4 (b), and SDS-
coated  Fe3O4 (c) nanoparticles
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The cationic (CTABr) and anionic (SDS) micelles are 
found to inhibit the hydrolysis of procaine. The hydrolysis 
reaction was initiated when the carboxyl carbon of the ester 
group was attacked by the  OH− ions, forming the tetrahe-
dral intermediate. The local concentration of  OH− ions in 
the micellar regions of CTABr and SDS plays an important 
role on the reaction rate. The  OH− ions are present around 

(4)rate =
k
�

w
+ k

�

m
Ks

[

Dn

]

1 + Ks

[

Dn

]

[

ST

]

= k�

[

ST

]

,

(5)where k� =
k
�

w
+ k

�

m
Ks

[

Dn

]

1 + Ks

[

Dn

] .

Fig. 5  Hysteresis curves of coated and non-coated SPIONs at room 
temperature

Fig. 6  Plot of observed values of rate constant (kobs) versus [NaOH]. 
Reaction conditions: [Procaine] = 5.0 × 10−5 mol  dm−3, tempera-
ture = 37 °C

Fig. 7  Plots of kψ versus [CTABr] in the absence and presence 
of  Fe3O4. Reaction conditions: [procaine] = 5.0 × 10−5 mol  dm−3, 
[NaOH] = 5.0 × 10−2 mol dm−3 and temperature = 37 °C

Fig. 8  Plots of kψ versus [SDS] in the absence and presence of 
 Fe3O4. Reaction conditions: [procaine] = 5.0 × 10−5 mol  dm−3, 
[NaOH] = 5.0 × 10−2 mol dm−3 and temperature = 37 °C

Scheme 1  .
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CTA + micelles as the counter ions by displacing some of the 
 Br− ions, depending upon the values of the equilibrium con-
stant for the exchange of ions, KOH

Br
. The following Eqs. (6–7) 

give the equilibrium distribution of  OH− ions on the micellar 
surface.

The subscript w represents the  OH− ions in the aqueous 
and m represents the  Br− ions in the micellar pseudophases. 
The values of rate constant with respect to the total concen-
tration of  OH−, CTABr, and second-order micellar ( km ) and 
aqueous ( k2 ) rate constant, is given by Eq. (8):

where mOH represent the molality of hydroxide ions bonded 
with surfactant as a counter ion. The value of mOH is 
obtained on solving the quadratic Eq. (9). The values of 
β (= 0.8) were taken from the literature [35], and different 
values of KOH

Br
 were regressed to determine the mOH which, 

further, gave the values of Ks and km [Eq. (8)] with least 
standard deviation values. The values of Ks and km are given 
in Table 1

 
The inhibitive effect shown by SDS is because the pro-

caine molecules get partitioned in the anionic micelles and 
aqueous pseudophases. The organic moieties of procaine 
drag the molecules more in the region of lower polarity (i.e. 
in the micellar pseudophase) than the polar aqueous pseudo-
phase, whereas, the concentration of  OH− ions is expected 

(6)OH−

w
+ Br−

m
⇌ OH−

m
+ Br−

w
,

(7)Or, KOH
Br

=

[

OH−

m

][

Br−
w

]

[

OH−

w

][

Br−
m

] .

(8)k� =
k2

[

OH−

T

]

+
(

kmKs − k2

)

mOH

[

Dn

]

1 + Ks

[

Dn

] ,

(9)

m
2
OH

+ mOH

[

[OH−

T

]

+KOH
Br

[

Br−
T
]

(

KOH
Br

− 1
)[

Dn

]
− �

]

−
�
[

OH−

T

]

(

KOH
Br

− 1
)[

Dn

]
= 0.

to be low in the region of  DS− micellar surface and more in 
the aqueous phase. The similar charges on the  DS− micel-
lar surface and  OH− ions cause the dilution of  OH− ions 
on the micellar surface region. Since the procaine mainly 
hydrolysed in the aqueous phase, therefore, the pseudophase 
model is applied to get the following Eq. (10).

The Ks and k′

m
 have been obtained from the plot of 1

k
�

w
−k�

 

versus 1

[Dn]
 and are given in Table 2. On increasing the con-

centration of surfactants, the amount of micelles also 
increases, causing a decrease in the procaine concentration 
in aqueous pseudophase, and thus, the rate of reaction 
decreases.

Effect of SPIONs on the hydrolysis of procaine

The addition of SPIONs into the reaction mixture of NaOH 
and procaine cause a dip in the rate of reaction. The kinetic 
studies carried out at 0.2% and 0.4% (w/v) SPIONs with vary-
ing concentration of sodium hydroxide ranging from 2.0 × 10−2 
mol dm−3 to 1.0 mol dm−3 (Fig. 6) reveal that the values of  kobs 
increased on increasing the [NaOH]. The influence of varying 
quantity of SPIONs [from 0.02% to 0.40% (w/v)] on the rate 
of reaction was studied at four different NaOH concentrations 
(i.e. 5.0 × 10−2 mol dm−3; 2.0 × 10−1 mol dm−3; 4.0 × 10−1 
mol dm−3; and 6.0 × 10−1 mol dm−3). At each [NaOH], the 
values of rate constant are lower at different amount of  Fe3O4 
as given in Fig. 9. Based on these experiments, it is inferred 
that the presence of  Fe3O4 slows the rate of reaction. The low-
ering in the velocity of procaine hydrolysis in the presence of 
SPIONs may be due to the adsorption of procaine,  OH− ions 
or both on the surfaces of SPIONs, causing an inhibitive effect 
on the reaction. The  Fe3O4 adsorbs  OH− ions and procaine 
through the lone pairs of electrons available on the oxygen 
of ester group. The adsorption of  OH− ions on the surface of 
SPIONs occurs through the electrostatic bonding, whereas the 
adsorption of procaine takes place through the oxygen atom 
of SPIONs to the ester carbon atom via coordinate bonding. 
The adsorption of procaine on the SPIONs surface through 

(10)
1

k
�

w
− k�

=
1

k
�

w
− k

�

m

+
1

(

k
�

w
− k

�

m

)

Ks

[

Dn

] .

Table 1  Fitting values of Ks and km obtained from the plots of k� ver-
sus 

[

D
n

]

 for CTABr

Reaction conditions: [procaine] = 5.0 × 10−5 mol  dm−3, 
[NaOH] = 5.0 × 10−2 mol dm−3 and temperature = 37 °C

Kinetic parameters Values

K
OH

Br
14

β 0.8
10

4
k
2
  (mol−1  dm3  s−1) 8.76

Ks 1800 ± 20
104 km  (mol−1  dm3  s−1) 7.94 ± 0.6

Table 2  Values of Ks and km 
obtained from the plots of 1

k
�

w
−k�

 

versus 1

[Dn]
 for SDS

Reaction conditions: [pro-
caine] = 5.0 × 10−5 mol  dm−3, 
[NaOH] = 5.0 × 10−2 mol  dm−3 
and temperature = 37 °C

Kinetic parameters Values

Ks 3690
105 km  (s−1) 5.41
R2 0.957
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the ester carbon atom makes it unavailable for the  OH− ions’ 
attack and thereby decreases the rate of reaction. The mecha-
nism similar to Scheme 1 can be proposed to describe the 
reaction in the presence of SPIONs in the following Scheme 2.

The increase in  OH− ions makes the SPIONs’ surfaces more 
saturated and neutralised due to which the tendency of SPIONs 
to form complex with ester carbon of procaine decreases. The 
increase in SPIONs shifts the equilibrium more towards the 
formation SPIONs–procaine complex and, therefore, the rate 
of reaction decreases on increasing the [SPIONs]. The rate 
Eq. (11), corresponding to the mechanism in Scheme 2, was 
used to calculate the equilibrium constant (Ke) for the binding 
between procaine and SPIONs

The values of the rate constant ( k′

SPION
 ) and equilibrium 

constant (Ke) for the hydrolysis of procaine in the presence 

(11)
1

k
�

w
− kSPION

=
1

k
�

w
− k

�

SPION

+
1

(

k
�

w
− k

�

m

)

Ke[SPIONs]
.

of SPIONs were calculated from the plot of 1

k
�

w
−kSPION

 versus 
1

[SPIONs]
 and the values obtained are shown in Table 3. The 

table clearly shows that the equilibrium constant values 
decrease with increase in  [OH−] ions and therefore, the reac-
tion rate increases with an increase in  [OH−] ions. These 
observations are in a similar line to the earlier studies, in 
which the adsorption to the various metal oxides causes a 
decrease in the rate of reactions [36].

The addition of surfactants (CTABr and SDS) into the 
reaction mixture comprising, procaine, NaOH, and SPIONs 
caused a decrease in reaction rate. The surfactants’ concen-
trations were varied in the range from 2.0 × 10−3 mol dm−3 
to 5.0 × 10−2 mol dm−3 at 0.2% and 0.4% (w/v) SPIONs. 
Under these reaction conditions, the reactant procaine 
is now distributed into aqueous and micellar phases and 
also adsorbed to SPIONs surfaces. Consequently, a slight 
edge on the inhibition of the rate of procaine hydrolysis is 

Fig. 9  Plot of observed values 
of rate constant (kobs) versus 
 [Fe3O4] at different NaOH 
concentrations. Reaction condi-
tions: [procaine] = 5.0 × 10−5 
mol dm−3, temperature = 37 °C

Scheme 2  .

Table 3  Values of  Ke obtained 
from the plots of 1

k
�

w
−k

SPION

 versus 
1

[SPION]
 at different [NaOH]

Reaction conditions: [pro-
caine] = 5.0 × 10−5 mol  dm−3 
and temperature = 37 °C

102 [NaOH] 
(mol dm−3)

Ke

5.0 10.20
20 5.37
40 2.75
60 0.73
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observed in the case of CTABr (Fig. 7). It is also likely that 
CTABr enhances the extent of adsorption to the SPIONs 
surface through binding of the oxygen of the ester group 
with quaternary ammonium of CTABr molecule, which 
results in the shift of equilibrium towards the formation of 
the SPION–procaine complex. The synergistic effect of the 
surfactant molecules in binding the procaine with SPIONs 
surfaces further decreases the rate of hydrolysis.

Contrary to the effect of CTABr on the hydrolysis rate, 
the variation in [SDS] at fixed [NaOH] increased the rate of 
hydrolysis in the presence of 0.2% and 0.4% (w/v) SPIONs 
(Fig. 8). The rise in the rate of reaction in the presence of 
SDS–SPIONs is supposed to be due to the weak binding 
of procaine with SDS–SPIONs surface. The lower binding 
ability for procaine with SDS–SPIONs shifts the equilib-
rium more towards the aqueous medium, and therefore, an 
increase in the hydrolysis rate is observed. The lower bind-
ing of procaine with SDS–SPIONs may also be due to the 
more competitive binding of  OH− ion with anionic SDS-
coated SPIONs, and thus, procaine remains mostly in the 
aqueous phase.

To study the binding behaviour of surfactant (CTABr and 
SDS) at the molecular level, these surfactant-coated SPIONs 
(in different amounts) were added to the reaction mixture 
containing procaine and NaOH. Figure 10 shows a steep 
decrease in the rate of hydrolysis on increasing the quantity 
of surfactant-coated SPIONs in the reaction mixture. The 
maximum inhibitive effect observed for the SPIONs coated 
with SDS. The results treated in light of Scheme 2 and 
Eq. (11), and the obtained values of equilibrium constant 
are presented in Table 4. The equilibrium constant value for 
the binding of procaine with SDS was found to be higher 

than with CTABr. It may be likely that the SDS–SPIONs at 
the molecular level in the absence of micelles adsorb more 
procaine through hydrophobic interactions.

Conclusion

The rate of hydrolysis of procaine depends linearly on 
the concentration of NaOH in the absence and presence 
of SPIONs but was found to be independent on the initial 
[procaine]. The addition of surfactants (CTABr and SDS) 
decreased the rate of hydrolysis of procaine in the presence 
of SPIONs. The SPIONs coated with CTABr and SDS also 
decrease the rate of hydrolysis of procaine. The adsorption 
of procaine to the SPIONs and surfactant-coated SPIONs’ 
surfaces causes a fall on the rate of hydrolysis. The binding 
constants for procaine–SPIONs were determined based on 
the pseudophase model and were found to be higher for the 
surfactant-coated SPIONs than bare SPIONs.
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