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ABSTRACT: The kinetics and mechanistic aspects of the oxidation of two beta-lactam antibiotics (A), ampicillin and flucloxacillin,
by alkaline hexacyanoferrate(III) (HCF(III)) were examined using spectrophotometry at a fixed temperature. The oxidation
reactions showed a 1:4 (A: HCF(III)) stoichiometry. The reaction kinetics were found to follow first-order dependence for the
oxidant and fractional first-order dependence for [A] and [OH−]. The enhancement of the ionic strength and dielectric constant was
found to increase the oxidation rates. Free radical tests of the reactions showed positive results. The addition of HCF(II) as a
predicted oxidation product did not considerably change the oxidation rates. Under the same experimental conditions, the oxidation
rate of ampicillin was found to be slightly lower than that of flucloxacillin. The acquired oxidation products were recognized using
spot testing and Fourier transform infrared spectra. A conceivable oxidation mechanism was suggested. A derived rate law expression
was found to be consistent with the experimental results. The activation parameters were assessed and discussed.

■ INTRODUCTION

Antibiotics, or antibacterials, are very significant drugs that are
utilized for treating infections in humans, animals, and plants.1

Although antibiotics are essentially required for humans, they
are foreign matters to the body and must be removed after
playing their medicinal action through a process called drug
metabolism that is carried out in the liver. In drug metabolism,
antibiotics undergo oxidation, reduction, hydrolysis, and so
forth, resulting in biotransformation of antibiotics in the body
so that they can be removed more easily. This process may
lead to a pharmacologically active, inactive, or toxic metabolite,
which is excreted into the environment.2−6 Because antibiotics
contain complex organic compounds in their structures that
they can transform biologically into other components and
may persist in the environment for prolonged periods without
degradation, they can be considered a serious pollution factor
in the environment;7−10 antibiotics can also have toxic and
negative impacts and disrupt the ecological balance. Thus,
there is a great need to identify effective green treatment
techniques for the removal of such residues to protect the
environment and human health.11−17 Unfortunately, normal

biological treatment methods do not satisfy all requirements
for degradation because of complicated antibiotic structures.18

Therefore, improved methods must be employed.18−21

Antibiotics are generally liable to oxidation, resulting in their
degradation and the termination of their action and/or their
removal from the body.22−29 Therefore, one of the most
favorable ways to achieve the decomposition of antibiotics is a
treatment process resulting in their oxidation.22−29 Through
such a process, oxidants may alter toxic compounds to less
harmful ones, leading to their safe discharge to the environ-
ment.28,29 An accurate literature survey illuminates little
detailed kinetic studies for the oxidative degradation of
antibiotics in an aqueous medium and/or such studies provide

Received: August 16, 2020
Revised: August 21, 2020
Accepted: August 24, 2020
Published: August 24, 2020

Articlepubs.acs.org/IECR

© 2020 American Chemical Society
16217

https://dx.doi.org/10.1021/acs.iecr.0c03956
Ind. Eng. Chem. Res. 2020, 59, 16217−16224

D
ow

nl
oa

de
d 

vi
a 

A
hm

ed
 F

aw
zy

 o
n 

Se
pt

em
be

r 
19

, 2
02

0 
at

 1
4:

46
:4

5 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahmed+Fawzy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Metwally+Abdallah"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nada+Alqarni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.iecr.0c03956&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c03956?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c03956?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c03956?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c03956?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c03956?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c03956?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c03956?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.0c03956?fig=abs1&ref=pdf
https://pubs.acs.org/toc/iecred/59/37?ref=pdf
https://pubs.acs.org/toc/iecred/59/37?ref=pdf
https://pubs.acs.org/toc/iecred/59/37?ref=pdf
https://pubs.acs.org/toc/iecred/59/37?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c03956?ref=pdf
https://pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org/IECR?ref=pdf


poor mechanistic information.24−29 The present investigation
aims to provide a mechanistic picture for the biotransformation
of antibiotics in the body as well as understanding how
oxidation of certain functional groups in these organic
molecules can affect antibiotic actions. In view of the forgoing
aspects, the kinetics and mechanistic aspects of the oxidative
degradation of two significant beta-lactam antibiotics,
ampicillin and flucloxacillin, were investigated using
hexacyanoferrate(III) (HCF(III)) as an efficient oxidant in
an alkaline medium.30−38

■ EXPERIMENTAL SECTION
Materials. The chemicals utilized in this study were

purchased from Sigma or Merck, and double-distilled water
was utilized in the preparation of their solutions. Stock
solutions of ampicillin and flucloxacillin were freshly prepared
by dissolving the prerequisite weights for the samples
(ampicillin and flucloxacillin sodium salts, Glentham Life
Sciences) in double-distilled water. A fresh solution of the
oxidant was prepared in double-distilled water and was
standardized using spectrophotometry. Solutions of NaOH
and NaClO4 were used to preserve and examine the influence
of the pH and ionic strength (I) of the reaction medium,
respectively. Tert-butanol was utilized to identify the influence
of the dielectric constant (D) of the reaction medium.
Kinetic Measurements. Kinetic experiments were carried

out under isolated conditions; that is, the antibiotic
concentration was in excess than that of HCF(III). All
experiments were carried out at a fixed ionic strength and
temperature. The absorbance spectra were acquired using a
UV−vis double-beam spectrophotometer (Shimadzu UV-
1800). The kinetics of the reactions were monitored by
recording the decay in HCF(III) absorbance versus time at
λmax = 420 nm. At least two freelance kinetic runs were carried
out, and the experimental outcomes showed a reproducibility
of approximately ±4%.

■ RESULTS AND DISCUSSION
Stoichiometry of the Oxidation Reactions and

Product Identification. The stoichiometry of the present
reactions in an alkaline medium was examined utilizing
spectrophotometry at λ = 420 nm. The median Δ[A]/
Δ[HCF(III)] ratio at constant [OH−] and ionic strength (I)
was determined to be 1:4. The experimental outcomes
revealed that 4 mol of HCF(III) was expended by 1 mol of
the antibiotic, as presented by the following equationwhere R

= for ampicillin and R = for

flucloxacillin, and compounds II and III are their characterized
oxidation products, the corresponding carboxylic acids and 5,5-
dimethyl-thiazolidine-2,4-dicarboxylic acid, respectively. The
products acquired from oxidation were characterized using
spot testing and Fourier transform infrared (FT-IR) spectra. As
a representative example, the FT-IR spectra for both ampicillin
and its acquired oxidation products are shown in the

Supporting Information in Figure S1a,b, respectively. A
broad band is observed at 3371 cm−1 in Figure S1b due to
carboxylic OH with N−H stretching, which is in accordance
with product III. The same figure shows vanishing of the
absorption band at 1770 cm−1 (for the amidic ketone CO
stretch) in the ampicillin spectrum, Figure 1a. Furthermore,

the sharp band is manifested at 1659 cm−1 due to carboxylic
CO stretching. The byproducts, ammonium ion and CO2,
were specified by spot tests.39 The same oxidation products of
ampicillin27,28 and flucloxacillin29 have been characterized
previously.

Spectral Changes. The spectral differences observed
during the oxidation of ampicillin (Amp) and flucloxacillin
(Flx) antibiotics by alkaline HCF(III) are presented in Figure
1a,b, respectively. The registered spectra in this figure show a
steady decay of the HCF(III) band at λ = 420 nm as the
reactions advance because of its reduction by antibiotic
molecules. This decay occurring during the oxidation of
ampicillin was found to be slightly lower than that obtained for
flucloxacillin oxidation under the same conditions.

Dependence of Oxidation Rates on the HCF(III)
Concentration. The influence of [HCF(III)] on the rate of
oxidation of ampicillin and flucloxacillin antibiotics in an
alkaline medium was explored by changing the HCF(III)
concentration while [A] and [OH−] remained fixed. The
acquired plots of ln absorbance versus time were found to be
linear, as shown in Figure 2 (for ampicillin as an example),
with no noteworthy differences observed in the slopes of such
plots (constancy of the first-order rate constant values, kobs) at
several [HCF(III)] levels, as recorded in Table 1. Such

Figure 1. UV−vis spectra measured throughout the oxidation of (a)
ampicillin (Amp) and (b) flucloxacillin (Flx) antibiotics by alkaline
HCF(III). [A] = 3.0 × 10−2 mol dm−3, [HCF(III)] = 7.0 × 10−4 mol
dm−3, [OH−] = 3.0 × 10−2 mol dm−3, and I = 0.1 mol dm−3 at 298 K.
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outcomes showed that the order with reference to [HCF(III)]
was unity.
Dependence of Oxidation Rates on Antibiotic

Concentration. For both the examined antibiotics, the
oxidation rates were investigated at varying concentrations of
antibiotics, [A]0, with all other reactant concentrations fixed.
The acquired results showed that the rates of oxidation in the
reactions increased as the concentration of antibiotics
increased, as noted from the values of kobs given in Table 1.
The graphs of kobs versus [A], Figure S2 (Supporting
Information), show good straight lines with positive intercepts
on the kobs axes. Furthermore, as illustrated in Figure 3, when
the log [A] values were plotted against the log kobs values,
straight lines with slopes of 0.70 and 0.77 were obtained for
ampicillin and flucloxacillin, respectively, indicating that the
order of the reactions with regard to [A]0 was fractional-first.
Dependence of Oxidation Rates on OH− Concen-

tration. The hydroxyl-ion concentration was changed from

0.01 to 0.05 mol dm−3 while keeping all other conditions fixed.
The results obtained showed that as [OH−] increased, the
rates of the reactions also increased (Table 1). The plots of kobs
versus [OH−] (Figure S3 in the Supporting Information)
showed straight lines with positive intercepts on the kobs axes,
which suggested that the orders of the reactions in [OH−]
were less than unity. Furthermore, as illustrated in Figure 4,
when the log [OH−] values were plotted against the log kobs
values, straight lines with slopes of 0.55 and 0.78 were obtained
for ampicillin and flucloxacillin, respectively, validating the
fractional first-order dependence on the alkali concentration.

Dependence of the Oxidation Rates on the Ionic
Strength and Dielectric Constant. The impact of the ionic
strength of the reaction medium was explored for both
ampicillin and flucloxacillin antibiotics at a fixed reactant
concentration by varying the concentration of the Na2SO4

Figure 2. ln absorbance vs time graphs at several [HCF(III)] levels
during the oxidation of ampicillin (Amp) by alkaline HCF(III).
[Amp] = 3.0 × 10−2 mol dm−3, [OH−] = 3.0 × 10−2 mol dm−3, and I
= 0.1 mol dm−3 at 298 K.

Table 1. Influence of [HCF(III)], [A], [OH−], and I on the kobs Values during the Oxidation of Ampicillin and Flucloxacillin
by Alkaline HCF(III) at 298 K

104 kobs (s−1)

104 [HCF(III)] (mol dm−3) 102 [A] (mol dm−3) 102 [OH−] (mol dm−3) I (mol dm−3) Ampicillin Flucloxacillin

1.0 3.0 3.0 0.1 10.4 13.8
4.0 3.0 3.0 0.1 10.1 13.4
7.0 3.0 3.0 0.1 10.2 13.5
10.0 3.0 3.0 0.1 10.4 13.7
13.0 3.0 3.0 0.1 10.1 13.7
7.0 1.0 3.0 0.1 4.8 5.9
7.0 2.0 3.0 0.1 7.8 9.9
7.0 3.0 3.0 0.1 10.2 13.5
7.0 4.0 3.0 0.1 12.9 17.4
7.0 5.0 3.0 0.1 16.2 20.4
7.0 3.0 1.0 0.1 4.2 7.5
7.0 3.0 2.0 0.1 7.0 11.2
7.0 3.0 3.0 0.1 10.2 13.5
7.0 3.0 4.0 0.1 12.5 15.8
7.0 3.0 5.0 0.1 14.5 18.2
7.0 3.0 3.0 0.1 10.2 13.5
7.0 3.0 3.0 0.15 12.5 15.2
7.0 3.0 3.0 0.2 14.7 16.6
7.0 3.0 3.0 0.25 17.6 18.3
7.0 3.0 3.0 0.3 20.2 19.8

Figure 3. Graphs of log kobs vs log [A] during the oxidation of
ampicillin and flucloxacillin antibiotics by alkaline HCF(III).
[HCF(III)] = 7.0 × 10−4 mol dm−3, [OH−] = 3.0 × 10−2 mol
dm−3, and I = 0.1 mol dm−3 at 298 K.
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solution. The acquired results showed that with increasing
ionic strength, the reaction rates decreased, as noticed from the
values of kobs recorded in Table 1. The Debye−Hückel graphs
were found to be linear with positive slopes, as shown in Figure
5.

To explore the consequence of the dielectric constant (D) of
the reaction medium on reaction rates, the oxidation reactions
for ampicillin and flucloxacillin antibiotics were explored at a
variety of solvent percentages (vol %) of tert-butanol and water
at stable reactant concentrations. The acquired outcomes
revealed that kobs decreased with an increasing tert-butanol
percentage (i.e., a reduction in D), as shown in Table S1
(Supporting Information). The graphs of ln kobs versus 1/D for
both antibiotics were found to be linear with negative slopes, as
illustrated in Figure 6.
Dependence of Oxidation Rates on the Initially

Added Product, [HCF(II)]. The influence of the supplemen-
tation of various [HCF(II)] levels as a suggested product was
examined (from 1.0 × 10−4 to 13.0 × 10−4 mol dm−3) under
fixed conditions for other constituents. The investigational
outcomes verified that the addition of different concentrations
of HCF(II) did not alter the oxidation rates, as shown in

Figure S4 in the Supporting Information (for ampicillin as a
representative example).

Dependence of Oxidation Rates on Temperature.
The kinetics of the oxidation of ampicillin and flucloxacillin
antibiotics by HCF(III) were studied at five different
temperatures, from 288 to 328 K, with other conditions
fixed. The obtained outcomes revealed that increasing
temperature increased the rate of oxidation in the reactions,
as shown by the values of kobs recorded in Table S2
(Supporting Information). The activation parameters for the
second-order rate constant, k2, were calculated using Eyring
and Arrhenius graphs (Figure 7a,b, respectively) and are listed
in Table 2.

Test for Free Radicals. The sharing of free radical species
during the oxidation of ampicillin and flucloxacillin antibiotics
by HCF(III) was studied by the addition of definite
acrylonitrile quantities to the reaction mixture under the
conditions of an inert atmosphere for approximately 6 h. The
formation of a heavy white precipitate indicated that the
existing oxidation reactions proceeded via a mechanism
involving free radicals.

Suggested Reaction Mechanism. The observed increase
in the rate of oxidation in reactions with an increasing alkali
concentration as well as the structures of the examined
antibiotics suggests the deprotonation of antibiotic molecules
(A) according to eq 2

H Ioo+ +− −K
A OH A H O

1
2 (2)

Hence, the deprotonated form (A−) may be regarded as a
reactive species in the rate-controlling stage of the proposed
reaction mechanism.
The oxidation of the antibiotics by alkaline HCF(III) shows

a reaction stoichiometry of 4:1; that is, 4 mol of HCF(III)
require 1 mol of the examined antibiotic. The reaction order
for [HCF(III)] and [A] was first and fractional-first,
respectively. As [OH−] increases, the reaction rate also
increases with a fractional first-order dependence, suggesting
the deprotonation of antibiotics prior to the rate-controlling
stage, as represented by eq 2. The oxidation rates increased as
both I and D increased, suggesting that the existing oxidation
reactions occurred between two ions with a similar charge
sign,40,41 that is, between A− and [Fe(CN)6]

3− (HCF(III)).
Additionally, the acquired fractional order regarding the

Figure 4. Graphs of log kobs vs log [OH−] during the oxidation of
ampicillin and flucloxacillin antibiotics by alkaline HCF(III). [A] =
3.0 × 10−2 mol dm−3, [HCF(III)] = 7.0 × 10−4 mol dm−3, and I = 0.1
mol dm−3 at 298 K.

Figure 5. Debye−Hückel graphs during the oxidation of ampicillin
and flucloxacillin antibiotics by alkaline HCF(III). [A] = 3.0 × 10−2

mol dm−3, [HCF(III)] = 7.0 × 10−4 mol dm−3, and [OH−] = 3.0 ×
10−2 mol dm−3 at 298 K.

Figure 6. Graphs of ln kobs vs 1/D during the oxidation of ampicillin
and flucloxacillin antibiotics by alkaline HCF(III). [A] = 3.0 × 10−2

mol dm−3, [HCF(III)] = 7.0 × 10−4 mol dm−3, [OH−] = 3.0 × 10−2

mol dm−3, and I = 0.1 mol dm−3 at 298 K.
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antibiotics’ concentration suggested the construction of a
complex (C) between the two principal reacting species (A−

and [Fe(CN)6]3
−).

In light of the acquired kinetic outcomes and product
description, a conceivable oxidation reaction mechanism was
hypothesized, involving the deprotonation of the antibiotic
reductant to form a more reactive species. This is followed by
the complexation of the deprotonated species with the oxidant
to construct a complex (C), as exemplified by the following
equation

H Ioo+ [ ] [ − ] +− − − −K
A Fe(CN) A Fe(CN) (C) CN6

3 1
5

3
(3)

Complex construction was also verified kinetically by the
observation of positive intercepts in the graphs of 1/kobs versus
1/[A],42 as shown in Figure 8a. Then, the constructed
intermediate complex (C) is gently decayed in the rate-

controlling stage to yield an antibiotic free radical in addition
to HCF(II), as represented by the following equation

[ − ] ⎯ →⎯⎯ + [ ]− − −A Fe(CN) A (free radical) Fe(CN)
K

5
3

slow 5
31

(4)

In subsequent fast stages, the antibiotic free radical reacts
with other HCF(III) ions to form the final oxidation products,
as elucidated in Scheme 1.
According to the proposed reaction mechanism, the rate law

expressions were derived as follows (Appendix A in the
Supporting Information)

=
[ ][ ][ ]

+ [ ] + [ ]

−

− −
k K K

K K K
rate

A HCF(III) OH
1 OH (III)H

1 1 2

1 1 2 (5)

Under isolated circumstances

= − [ ] = [ ]
t

krate
d HCF(III)

d
HCF(III)obs (6)

Through the comparison of eqs 5 and 6, we can obtain the
following equation

=
[ ][ ]

+ [ ] + [ ][ ]

−

− −k
k K K

K K K
A OH

1 OH A OHobs
1 1 2

1 1 2 (7)

By rearranging eq 7, the following relationships (8 and 9) can
be obtained

Figure 7. (a) Eyring graphs and (b) Arrhenius graphs of k2 during the
oxidation of ampicillin and flucloxacillin antibiotics by alkaline
HCF(III). [A] = 3.0 × 10−2 mol dm−3, [HCF(III)] = 7.0 × 10−4

mol dm−3, [OH−] = 3.0 × 10−2 mol dm−3, and I = 0.1 mol dm−3.

Table 2. Activation Parameters of k2 during the Oxidation of
Ampicillin and Flucloxacillin Antibiotics by Alkaline
HCF(III)a

antibiotic
ΔS⧧

J mol−1 K−1
ΔH⧧

kJ mol−1
ΔG298

⧧

kJ mol−1
Ea
⧧

kJ mol−1

ampicillin −133.0 36.0 75.6 38.7
flucloxacillin −124.7 37.2 74.3 37.5

a[A] = 3.0 × 10−2 mol dm−3, [HCF(III)] = 7.0 × 10−4 mol dm−3,
[OH−] = 3.0 × 10−2 mol dm−3 and I = 0.1 mol dm−3.

Figure 8. Verification of the derived rate law in the form of (a) eqs 8
and (b) 9 during the oxidation of ampicillin and flucloxacillin
antibiotics by alkaline HCF(III). [HCF(III)] = 7.0 × 10−4 mol dm−3

and I = 0.1 mol dm−3 at T = 298 K.
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According to eqs 8 and 9, the graphs of 1/kobs versus 1/[A]
and 1kobs versus 1/[OH

−] should be linear and were set to be
so, as illustrated in Figure 8a,b, respectively. The values of the
rate constants of the rate-controlling stage (k1) and the
equilibrium constants (K1 and K2) were computed from the
slopes and intercepts of these graphs and are listed in Table 3.

Activation Parameters. The acquired activation parame-
ters given in Table 2 were set to be in good accord with the
anticipated oxidation mechanism, where the high negative
entropy of activation, ΔS⧧, specified the compression of the
produced complexes (C).43 The positive values of both
enthalpy, ΔH⧧, and the free energy of activation, ΔG⧧,
indicated that the formation of the complexes was endothermic
and nonspontaneous, respectively. Additionally, the higher
activation energy, Ea

⧧, indicates that the rate-controlling stage
involved the decomposition of the constructed complexes.

■ CONCLUSIONS

1) The kinetics and mechanism of oxidation of ampicillin
and flucloxacillin antibiotics by alkaline HCF(III) were
explored.

2) Under the same experimental circumstances, the
oxidation rate of ampicillin was found to be slightly
lower than that obtained for flucloxacillin.

3) A conceivable oxidation mechanism was suggested.
4) A derived rate law expression was found to be consistent

with the investigational outcomes.
5) The activation parameters were assessed and discussed.
6) The present study can be regarded as a promising

treatment technique for the degradation of antibiotics to
protect the environment and human health.
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