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Abstract The kinetics of oxidative degradation of two significant triazole antibiotics (A), viz. flu-

conazole (Flz) and voriconazole (Vcz), was examined using chromium (VI) oxide (CrVI) in sulfuric

and perchloric acid environments. The oxidation reactions were followed spectrophotometrically at

fixed ionic strength and at different temperatures. In both acidic environments, the oxidative degra-

dations of the two examined antibiotics were acid-catalyzed. The kinetics of the oxidative degrada-

tions in both acids were first order concerning to [CrVI] and fractional-first orders with regard to [A]

and [H+] during their alteration. The rates of oxidative reactions exhibited insignificant influences

upon disparity of ionic strengths and dielectric constants of the reactions’ media. No intervention of

free radicals was detected during the degradation reactions. Some activation methods like heat and
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addition of certain metal cations (Mg2+ & Ca2+) were also investigated. Under analogous exper-

imental circumstances, the degradation rates in perchloric acid environment were slightly higher

than those occurred in sulfuric acid one and the degradation rates of Flz were higher than those

of Vcz. The believable oxidative degradation mechanism consistent with the kinetic outcomes

was proposed. The derived rate-law expression was set to be in a good harmony with the acquired

results. The activation and thermodynamic parameters were computed and discussed. This study

announce a simple, safe and inexpensive promising procedure involving a double benefit for the

environment and human health: degradation of Flz and Vcz drugs and transformation of the extre-

mely toxic and carcinogenic CrVI oxide to a safe CrIII compound.

� 2021 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

Pharmaceutical drugs are chemical substances having proper-

ties for remedying or preventing diseases in human beings
[1]. Antibiotics, natural and synthetic, are considered as the
most important class of pharmaceutical drugs employed for

treatment of diverse infection diseases caused by bacteria
[2,3]. They have also a wide use in the prevention of diseases
and promotion of growth purposes for animals and aquatic.
Additionally, antibiotics are utilized extensively in agriculture

and in a variety of food applications [4]. Therefore, more than
20 million tons of pharmaceutical drugs are manufactured
every year all over the world [5]. However, antibiotics contain

complex organic compounds in their structures and they are
difficult biodegrade to simpler products that can persist and
bioaccumulate in the aquatic environments for long times

[6,7]. Also, about 10–20% only of the antibiotics which used
orally are metabolized, while the rest is ejected from the body
(in the urine) into the environment without metabolization as

active substances [8]. Antibiotic-related problem is ascribed to
the excretion of antibiotics or their metabolites into the envi-
ronment (soil, ground and surface waters, etc.). Antibiotics
enter the ecosystems across human and animal excreta after

antibiotic metabolization, wastewater treatment plants, wastes
coming from pharmaceutical industries, medical centers,
households and hospitals [9,10]. This is particularly with high

water soluble antibiotics, which makes their spread and toxic-
ity in the ecosystem faster [11]. Hence, big quantities of antibi-
otics and their metabolites have been found in the environment

[12] and these contaminations have been an issue of concern a
long time ago resulted from their toxic impacts on the humans
and natural life [13]. Furthermore, presence of these com-

pounds in different water resources can result in growth of
antibiotic-resistant bacteria, which destroy the natural aquatic
microorganisms needed for treating biological wastewater.
These contaminations are regarded as dangerous pollutants

for the human health and ecosystem and responsible for
uncompromising public health crisis in the globe [14].

Thus, a reasonable interest has been increased recently for

find the most suitable techniques for removal or degradation
of such pollutants to safeguard the environment and human
health [15]. Though, the principal restrictions of these tech-

niques are associated with their safety, cost, byproducts toxic-
ity in the treated effluents, etc. [16,17]. Numerous traditional
biological methods for treating antibiotic pollution still inef-
fective due to the complex nature of such antibiotics [18].

Lately, chemical oxidation for eliminating drug pollutants in
water resources and wastewater, which cannot be removed
proficiently by traditional biological methods, has been exten-

sively well-known [19,20]. Oxidation of medicinal drugs may
be a chief role in the interpretation of the metabolism of these
drugs, in pharmacokinetics investigation [21–23]. Chemical
oxidation has been considered as a high conceivable and pro-

fessional treating strategy for medicinal drugs by using partic-
ular oxidants, like chlorine, ozone, fenton reagent, hydrogen
peroxide, etc. [24]. Oxidizing agents were found to react favor-

ably with electron-rich functional groups, which converts the
toxic compounds to lower harmful ones that are safe to excrete
into the environment [25–27].

Hexavalent chromium (CrVI) compounds are toxic materi-
als because of their oxidizing power. They act a substantial
function in the chemistry of biological molecules in the envi-
ronment due to their mutagenic and carcinogenic reactivities

[28]. Exposure to CrVI compounds can result in the risk of
developing lung cancer or asthma. Thus, CrVI compounds
are regarded as highly dangerous materials for biological sys-

tems, but CrIII compound are comparatively non-toxic [29].
Also, chromium(VI) can be found in the public water systems
and in drinking water [30]. On the other hand, CrVI is one of

the supreme multipurpose obtainable oxidizers employed for
oxidation of organic and inorganic compounds [31–38]. While
a great number of literature is presented on the kinetics of

chromic acid oxidation of different categories of compounds,
a slight attentiveness was directed to the oxidation reactions
using chromium trioxide oxidant [39–43] in spite of its lower
price, higher water-solubility, availability and higher oxidation

efficiency.
In biochemical reactions, kinetic understanding of medic-

inal drugs can be pointed to the optimization of the reaction

conditions for clarifying a distinct mechanistic model for
drug metabolism in the bio-systems. The rate constants of
oxidation reactions of medicinal compounds with oxidizers

may give information about the reactivity of such com-
pounds towards the treating method and can be beneficial
to demonstrate this method [21,22]. In this study, we are

presenting the kinetic, mechanistic and thermodynamic
aspects of oxidative degradation of two triazole drugs fam-
ily, viz. fluconazole (Flz) and voriconazole (Vcz), their struc-
tures are shown in Fig. 1. These two drugs are the most

commonly employed antifungals in clinical therapy and have
a comprehensive spectrum of activity and reduced toxicity.
The existing investigation was performed using CrVI oxide,

a potent oxidizing agent for oxidation of numerous organic
compounds [39–43], in both sulfuric and perchloric acidic

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1 Chemical structures of fluconazole and voriconazole

antibiotics.
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environments different temperatures. The chief goal of this

investigation was to develop and validate a simple, conve-
nient, low cost and safe method to be utilized for removal
or degradation of Flz and Vcz in acidic environments. In
this study, we planned to investigate the ability of the oxi-

dant for the oxidative degradation of both antibiotics, to
explore the influence of the nature of the acidic environment
on the reactions’ kinetics, the effect of various factors like

reactants’ concentrations, pH of the reactions’ medium,
etc. Furthermore, some activation methods like heat and
addition of certain metal cation catalysts (Mg2+ & Ca2+)

to activate the oxidative degradation of the examined antibi-
otics was also investigated. We aimed to evaluate the activa-
tion and thermodynamic parameters, to suggest a reasonable

oxidation mechanism and to derive a rate-law expression
consistent with the gained investigational kinetic outcomes.
This study announce a simple, safe and inexpensive promis-
ing procedure involving a double benefit for the environment

and human health: degradation of fluconazole and voricona-
zole drugs and transformation of the extremely toxic and
carcinogenic CrVI oxide to a safe CrIII compound.
2. Experimental section

2.1. Chemicals and solutions

Most of the chemicals employed in this investigation were
Sigma-Aldrich chemicals and their solutions were prepared

using bidistilled water. Fluconazole and voriconazole antibi-
otics (purity > 98%) were Sigma-Aldrich and their solutions
were prepared by dissolving their weights in DMSO and com-

pleting the required volumes with bidistilled water. A fresh
solution of chromium (VI) oxide was prepared with bidistilled
water and it was standardized by spectrophotometric tech-
nique. Stock solutions of sulfuric and perchloric acids (Merck)

were prepared (4.0 mol dm�3) by diluting a 99% H2SO4 and a
70% HClO4, correspondingly, with bidistilled water, and the
requisite concentrations were attained through dilution. Na2-

SO4 and NaClO4 (BDH) were utilized to fix the ionic strengths
(I) in sulfuric and perchloric acid solutions, correspondingly.
Other utilized chemicals in this investigation were of reagent

grade and their solutions were made by dissolving the requisite
quantities of their samples in bidistilled water.

2.2. Kinetic measurements

The oxidative degradation reactions were planned such that
they were of pseudo-first order kinetics in which the examined
antibiotics were inserted in a great excess regarding to the oxi-

dant chromium (VI) oxide. These measurements were con-
veyed out on a thermostated Shimadzu UV–VIS-NIR-3600
double-beam spectrophotometer. The advancement of these

reactions was followed by tracing the diminish in the absor-
bance of the CrO3 oxidant at its maximum absorption wave-
length (kmax = 349 nm) where other reactants did not absorb

substantially at such wavelength. First order plots, ln(Abs.)
vs. time plots, were found to be straight lines and the observed
pseudo-first order rate constant values (kobs) were estimated as
the gradients of these plots. The values of kobs were the aver-
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ages of at least two individualistic runs, which were repro-
ducible to within about ±3%. The reaction orders with regard
to the reactants in both acidic solutions were obtained from

the gradients of the double-log plots (log kobs vs. log conc.
plots) for the examined antibiotics and acids, whereas other
constituents were retained constant.

3. Results and discussion

3.1. Stoichiometry and product description

Various reactions’ mixtures with unlike ratios of [CrO3] / [A],

where [A] points to the antibiotic concentration, at constant
[H+] of 1.0 mol dm�3 and ionic strength (I) of 2.0 mol dm�3

at 303 K were let to react in closed vessels for about 24 h till

accomplishment of the reactions. The remaining (unreacted)
[CrO3] in both acidic environments were assessed spectropho-
tometrically which indicated depletion of 4 mol of CrO3 per
3 mol of antibiotic (in the two cases) to form the acquired oxi-

dation products as elucidated by the subsequent equations,
These stoichiometric equations (1) and (2) were in fully

accordance with the product description. The compounds (I),
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Fig. 2 Spectral variations for the oxidative degradation of fluconazo

acid, (b) & (d) perchloric acid solutions, respectively. [A] = 5.0 �
T = 303 K. Scan time intervals = 2 min.
(II) and (III), in equation (1), are fluconazole and its oxidation
products: 1-(2,4-difluorophenyl)-2-(1H-1,2,4-triazol-1-yl)
ethan-1-one and (1H-1,2,4-triazol-1-yl) formaldehyde, respec-

tively. The compounds (IV) and (V), in equation (2), are
voriconazole and its oxidation product (5-fluoropyrimidin-4-
yl) acetaldehyde, respectively, in addition to the product 1-(2

,4-difluorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (II).
The presence of carbonyl groups in the oxidation products
were indicated by the orange-yellow precipitates produced

via their reactions with 2,4-dinitrophenylhydrazine [44]. The
products of each examined antibiotic were split by chromatog-
raphy [45]. Then, the split products were identified by elemen-
tal examination using Schiff’s, Tollens (Ag(NH3)2OH)) and

sodium nitroprusside tests [46]. Moreover, the founding of
CrIII compounds was indicated by the reduction in the oxida-
tion rates after adding MnSO4 solution to the reaction mix-

tures [47].

3.2. Spectral changes

Fig. 2(a-d) shows the CrVI oxide absorption curves against
wavelength with 2 min time intervals through its reactions with
200 250 300 350 400 450 500
0.0

0.2

0.4

0.6

0.8

1.0

(b)Mixture

CrVIO3

Flz

A
bs

or
ba

nc
e

Wavelength, nm

200 250 300 350 400 450 500
0.00

0.12

0.24

0.36

0.48

0.60

(d)
Mixture

Vcz

CrVIO3

0.0

0.2

0.4

0.6

0.8

1.0

A
bs

or
ba

nc
e

Wavelength, nm

le (Flz) and voriconazole (Vcz) by CrVI oxide in: (a) & (c) sulfuric

10�2, [CrO3] = 5.0 � 10�4, [H+] = 1.0, I = 2.0 mol dm�3 and



Table 1 Impact of [CrVI], [A], [H+] and I on the values of kobs in the oxidative degradation of fluconazole and voriconazole by CrVI

oxide in sulfuric acid and perchloric acid solutions at 303 K.

104[CrO3] mol dm�3 102 [A]mol dm�3 [H+] mol dm�3 I mol dm�3 103 kobs s
�1

Fluconazole Voriconazole

Sulfuric acid Perchloric acid Sulfuric acid Perchloric acid

1.0 5.0 1.0 2.0 20.3 28.1 14.9 23.7

3.0 5.0 1.0 2.0 21.1 29.2 16.1 25.3

5.0 5.0 1.0 2.0 21.5 28.8 16.9 24.4

7.0 5.0 1.0 2.0 20.9 28.3 17.4 23.5

10.0 5.0 1.0 2.0 22.0 27.9 16.7 22.9

5.0 1.0 1.0 2.0 8.3 10.8 6.3 8.5

5.0 3.0 1.0 2.0 16.3 21.7 12.2 19.2

5.0 5.0 1.0 2.0 21.5 28.8 16.9 24.4

5.0 7.0 1.0 2.0 27.1 40.3 19.7 34.9

5.0 10.0 1.0 2.0 37. 9 48.2 25.9 46.2

5.0 5.0 0.2 2.0 8.2 9.7 5.9 8.2

5.0 5.0 0.6 2.0 15.9 20.8 11.8 17.4

5.0 5.0 1.0 2.0 21.5 28.8 16.9 24.4

5.0 5.0 1.4 2.0 25.7 38.0 21.2 31.3

5.0 5.0 1.8 2.0 31.8 45.5 24.3 39.7

5.0 5.0 1.0 2.0 21.5 28.8 16.9 24.4

5.0 5.0 1.0 2.5 21.5 28.8 16.9 24.4

5.0 5.0 1.0 3.0 21.5 28.8 16.9 24.4

5.0 5.0 1.0 3.5 21.5 28.8 16.9 24.4

5.0 5.0 1.0 4.0 21.5 28.8 16.9 24.4

Experimental error ± 4%.
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the examined antibiotics, fluconazole (Flz) and voriconazole

(Vcz), in sulfuric and perchloric acid solutions at: [A]
= 5.0 � 10�2, [CrVI] = 5.0 � 10�4, [H+] = 1.0,
I= 2.0 mol dm�3 and T = 303 K. These figures manifest

gradual decrease in the maximum absorption wavelength of
the CrVI band at 349 nm as the reactions progressed indicating
reduction of CrVI to CrIII ion by the examined antibiotics.

Under analogous experimental circumstances, the degradation
rates in perchloric acid environment were slightly higher than
those occurred in sulfuric acid and the degradation rates of
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Fig. 3 Impact of [Flz] on the values of kobs in the oxidative degra

perchloric acid solutions. [CrO3] = 5.0 � 10�4, [H+] = 1.0 and I = 2
Flz were higher than those of Vcz. This variance in the oxida-

tion rates of fluconazole and voriconazole may be ascribed to
the structural difference between these two antibiotics as illus-
trated in Fig. 1.

3.3. Reliance of the oxidative degradation on CrVI oxide

concentration

The impact of the concentration of CrVI oxide oxidant, [CrVI],
was clarified in both acidic environments by varying [CrVI], i.e.
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.0 mol dm�3 at various temperatures.
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Fig. 4 Impact of [Vcz] on the values of kobs in the oxidative degradation of voriconazole by CrVI oxide in: (a) sulfuric acid, and (b)

perchloric acid solutions. [CrO3] = 5.0 � 10�4, [H+] = 1.0 and I = 2.0 mol dm�3 at various temperatures.
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from 1.0 � 10�4 to 10.0 � 10�4 mol dm�3 at firm [A], [H+], I
and at constant temperature of 303 K. The gained plots of ln

Abs. vs. time provided straight lines (Figures not shown). Also,
the values of kobs were set to be unconstrained of the started
concentration of CrVI as presented in Table 1. These results

indicated that the oxidation rates are independent of [CrVI]
and the reactions order concerning to the oxidant is one.

3.4. Reliance of the oxidative degradation on antibiotics’
concentrations

The rates of oxidative degradation reactions were measured at
different concentrations of fluconazole and voriconazole (ab-

breviated [A]) in the range of (1.0–10.0) � 10�2 mol dm�3
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Fig. 5 Impact of [H+] on the values of kobs in the oxidative degra

perchloric acid solutions. [CrO3] = 5.0x10�4, [Flz] = 5.0x10�2 and I =
keeping the concentrations of other ingredients stable. The
acquired results at diverse temperatures (inserted in Table S1

in the supplementary information) designated that rising [A]
enhanced the reactions’ rates as also manifested from the val-
ues of kobs presented in Table 1 (at 303 K). Plots of kobs versus

antibiotics’ concentrations are illustrated in Figs. 3 (a,b) and 4
(a,b) for fluconazole and for voriconazole, respectively, in sul-
furic and perchloric acid solutions at diverse temperatures are

visibly linear with positive intercepts. These outcomes empha-
size that the orders of the degradation reactions in both acidic
media concerning to antibiotics’ concentrations are lower than
unity (0.64–0.72) (gained from the slopes of log kobs vs. log

[Flz] and log kobs vs. log [Vcz] plots offered in the supplemen-
tary information as Fig. S1.
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oxide in sulfuric acid solution. [CrO3] = 5.0 � 10�4, [A]

= 5.0 � 10�2, [H+] = 1.0 and I = 2.0 mol dm�3 at 303 K.
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3.5. Reliance of the oxidative degradation on pH

The impact of pH or [H+] of the reactions’ media on the
rates of the oxidative degradation was examined to clarify

some features in the oxidation mechanism. In this respect,
kinetic runs were performed at various [H+] (0.2 –
1.8 mol dm�3) with sulfuric and perchloric acids conserving

all other constituents stable. The obtained values of kobs at
different [H+] at 303 K only are listed in Table 1 and at dif-
ferent temperatures are listed in Table S1 in the supplemen-

tary information. Rising acids’ concentrations increased the
oxidation rates where the plots of kobs versus [H+] gave
straight lines with positive slopes as shown in Figs. 5 and
6 for Flz and Vcz, respectively, emphasizing fractional-first

order credence with accord to [H+]. Additionally, the plots
of log kobs versus log [H+] were also linear with slopes of
0.61 – 0.72, as presented in Fig. S2.

3.6. Reliance of the oxidative degradation on the ionic strengths

and dielectric constants

In order to illuminate the signs of the reacting species in the
rate-controlling step of the degradation reactions, the impact
of the ionic strength (I) of the reactions’ media on the

degradation rates was examined. This can be attained by
varying of I via supplement of definite concentrations of
Na2SO4 and NaClO4 (as inert electrolytes) in sulfuric acid
and perchloric acid environments, correspondingly, at stable

concentrations of other reactions constituents. The gained
results signified that the degradation rates persist noticeably
unaffected in both cases telling that either antibiotic or oxi-

dant was uncharged.
In addition, the impact of dielectric constant of the degra-

dation media was inspected by varying the acetic acid - water

ratios in these media with all other conditions being stable. The
rate constants were found to changed insignificantly with
reducing the dielectric constants of the reactions’ media.
3.7. Reliance of the oxidative degradation on [MnII] and [CrIII]

For inspection of interfering of CrIV as an expected intermedi-
ate during the progress of the degradation reactions, different

MnII concentrations (2–10 � 10�2 mol dm�3) were added to
the reactions’ media in both acidic environments at constant
concentrations of all reactions’ constituents and at a tempera-

ture of 303 K. The experimental outcomes designated that the
degradation rates reduced with increasing [MnII] as manifested
in Fig. 7 (for both antibiotics in only 1.0 mol dm�3 sulfuric

acid solution as an illustrative example).
Moreover, the reliance of the degradation rates on the pri-

marily added CrIII ion, as a described reduction product of
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CrVI oxidant, was studied within the concentration range of
CrIII ion of (2.0 � 10�4–10.0 � 10�4 mol dm�3) at fixed other
variables. The acquired results (not shown here) indicated that

adding various concentrations of CrIII ion did not alter appre-
ciably the degradation rates in both acidic environments.

3.8. Reliance of the oxidative degradation on certain metal
cation catalysts

The influence of certain environmentally safe metal cation cat-

alysts, viz. Mg2+ and Ca2+ on the rates of oxidative degrada-
tion of the examined antibiotics, the degradation rates were
recorded in the presence of different concentrations of Mg2+

and Ca2+ at constant other reactions’ constituents. The gained
experimental results (illustrated in Fig. 8) showed that the
degradation rates were enhanced with rising the concentrations
of the added metal cations.

3.9. Reliance of the oxidative degradation on temperature

The rates of the degradation reactions were carried out at sev-

eral temperatures, 293, 303, 313 and 323 K at numerous con-
centrations of the examined antibiotics and the acids at
stable [CrVI] and I. The investigational results (Figs. 3–6 and

Tables 1 and S1) indicated that rising temperature enhanced
the degradation rates.

3.10. Test for free radicals intervention

To examine the intervention of free radicals throughout the
oxidative degradation reactions, known quantities of acry-
lonitrile were initially supplemented to the reaction mixtures

in both acidic environments and were kept for about 2 h in
an inert atmosphere. The results showed absence of white
precipitates in the reactions’ mixtures indicating that there

was no free radicals intervention in the investigated reac-
tions [48].
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3.11. Mechanism of the oxidative degradation

It was stated [39–43] that CrIII oxide (CrO3), as one of the sub-
stantial CrVI compounds, is regarded as a powerful oxidizing
agent for several organic substrates. In water, CrO3 is hydro-

lyzed to produce chromic acid as indicated by the following
equilibrium [49,50],

CrO3 þH2O�H2CrO4 ð3Þ
Also, it has been reported that oxidation reactions utilizing

CrVI compounds proceeds by transfer of either one-electron

with an interference of CrV intermediate [51] or two-electron
with an interference of CrIV intermediate [32]. In the present
work, the absence of free radicals intervention in the reactions

(polymerization tests) omitted the idea of an interference of
CrIV intermediate. Furthermore, decreasing the degradation
rates on inserting MnII to the reactions mixtures supports this

point because if CrIV species present in the reactions media,
MnII will trapped CrIV species leading to a decrease in the
degradation rates [52].

The existing oxidative degradation reactions between CrVI

oxide and the investigated antibiotics (fluconazole and
voriconazole) in both sulfuric and perchloric acid environ-
ments illuminated a stoichiometry of a 3: 4 (antibiotic: CrO3)

with a first order dependence in [CrVI] and lower-than unit
orders regarding to both hydrogen ion and antibiotics’ concen-
trations. The augmentation of the rates of the oxidative degra-

dations by rising acids’ concentrations with lower-than unit
orders in [H+] can be deliberated as a proof of protonation
of antibiotics as signified by the following equilibrium,

Antibiotic Að Þ þHþ �
k1

ProtonatedAntibiotic� AHþ� � ð4Þ
The protonated antibiotics may be considered as more reac-

tive species, which act as the major role in the kinetics of the
degradations reactions. The lower-than unit orders reliance
on antibiotics’ concentrations may be ascribed to complexes
formation prior to the slow (rate-controlling) stage of the
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oxidative degradation mechanism. Complexes formation was
also supported kinetically [53] by the gained non-zero inter-
cepts of the plots of 1/kobs vs. 1/[Flz] (Figs. 9 and 10) and 1/

kobs vs. 1/[Vcz] (Figs. 11 and 12). Furthermore, increasing
the degradation rates as a result of addition of different con-
centration Mg2+ and Ca2+ can be discussed in the light of

complexation between antibiotic and these metal cations in
acidic environments as reported earlier [54–56].

According to the aforementioned attributes, the plausible

oxidative degradation mechanism involves complexation
amongst the protonated antibiotic (AH+) and the hydrolyzed
CrO3 (chromic acid, H2CrO4) to produce an intermediate com-
plex (C) as represented by the subsequent equilibrium,

AHþ þH2Cr
VIO4 �

k2
Intermediate Complex Cð Þ ð5Þ

This step was supported by the insignificant impacts of the
changes of both ionic strengths and dielectric constants of the
degradation media which were found to be in accordance with
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Fig. 10 Plots of 1/kobs versus 1/[Vcz] in the oxidative degradation

perchloric acid solutions. [CrO3] = 5.0 � 10�4, [H+] = 1.0 and I = 2
the reactions occurring between an ion with a neutral molecule
[57,58], i.e. amongst AH+ and H2CrO4. This intermediate
decays in the rate-controlling step to produce antibiotic inter-

mediate as a primary degradation product and CrIV

intermediate,

Intermediate Complex !k1
slow

IntermediateOxidation Product

þHCrIVO�
3

ð6Þ
The created intermediate product was rapidly reacted with

another H2CrO4 molecule leading to production of the first-

final degradation products of the antibiotic and also CrIV

intermediate as clarified Eq. (7),

Intermediate oxidation productþH2Cr
VIO4

� !
fast

First - final oxidation productsþHCrIVO�
3 ð7Þ
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of voriconazole (Vcz) by CrVI oxide in: (a) sulfuric acid, and (b)

.0 mol dm�3 at various temperatures.
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Subsequently, another molecule of antibiotic was further
oxidized by additional two molecules of H2CrO4 to produce
the second-final degradation products of antibiotic and two
CrIV species. Finally, the produced four CrIV intermediate spe-
Table 2 Values of k1 (x 102) at various temperatures in the oxidati

sulfuric acid and perchloric acid solutions. [CrO3] = 5.0 � 10�4 and

Acidic medium Fluconazole

Temperature (K)

293 303 313

Sulfuric acid 3.41 4.54 6.37

Perchloric acid 4.45 6.25 9.09

Experimental Error ± 4%.
cies are quickly attacked the third molecule of antibiotic to
give rise to the last-final degradation products of the antibiotic
as well as CrIII species as the last reduction product
of CrVI [48].
ve degradation of fluconazole and voriconazole by CrVI oxide in

I = 2.0 mol dm�3.

Voriconazole

Temperature (K)

323 293 303 313 323

9.52 2.98 3.70 4.65 5.88

14.28 4.34 5.56 7.14 9.35



Table 3 Values of K1 and K2 at various temperatures in the oxidative degradation of fluconazole and voriconazole by CrVI oxide in

sulfuric acid and perchloric acid solutions. [CrO3] = 5.0 � 10�4 and I = 2.0 mol dm�3.

Acidic medium Equilibrium Constant (dm3 mol�1) Fluconazole Voriconazole

Temperature (K) Temperature (K)

293 303 313 323 293 303 313 323

Sulfuric acid 102 K1 7.57 6.48 5.26 4.23 5.70 4.24 3.52 2.72

Perchloric acid 8.69 7.22 6.02 5.15 8.01 6.81 5.29 3.40

Sulfuric acid 10�2 K2 2.94 3.14 4.49 5.25 3.04 4.50 6.14 8.07

Perchloric acid 2.25 2.46 2.71 2.83 1.92 2.40 3.21 4.28

Experimental error ± 4%.

Auspicious water treatment approach. Oxidative degradation of fluconazole and voriconazole antibiotics by CrO3 in different acidic environments 11
3.12. Rate law expressions

The suggested oxidative degradation mechanism guides to the
subsequent rate-law expressions (see Appendix A),

Rate ¼ k1K1K2½CrVI�½A�½Hþ�
1 þ K1½H þ � þ K1K2½A�½H þ � ð8Þ

In pseudo-first order statuses,

Rate ¼ �d½CrVI�
dt

¼ kobs½CrVI� ð9Þ

Association of Eqs. (8) and (9) led to,

kobs ¼ k1K1K2½A�½Hþ�
1 þ K1½H þ � þ K1K2½A�½H þ � ð10Þ

Readjusting Eq. (10), the following two fundamental equa-
tions are developed,

1

kobs
¼ 1þ K1½Hþ�

k1K1K2½Hþ�
� �

1

½A� þ
1

k1
ð11Þ

1

kobs
¼ 1

k1K1K2½A�
� �

1

½Hþ� þ
1

k1K2½A� þ
1

k1
ð12Þ
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Fig. 13 (a) Arrhenius, and (b) Eyring plots of k1 in the oxidative degr

(b) perchloric acid solutions. [CrO3] = 5.0 � 10�4, [Flz] = 5.0 � 10�2,
Equations (11) and (12) required that the illustrations of 1/
kobs vs. 1/[A] at stable [H+] and 1/kobs vs. 1/[H

+] at stable [A]
offer linear graphs with positive intercepts, as were experimen-

tally gained in both acidic environments (Fig. 9(a,b) & 10(a,b),
and 11(a,b) & 12(a,b), correspondingly) approving the author-
ity of the proposed degradation mechanism and the derived

rate laws. The values of k1, K1 and K2 at four different temper-
atures were evaluated from these graphs and were presented in
Tables 2 and 3, correspondingly.

3.13. Activation and thermodynamic parameters

The activation parameters associated to the rate constant k1
(for the rate-controlling step in the proposed degradation reac-

tions mechanism) were estimated by application of both
Arrhenius and Eyring equations (Figs. 13 & 14 (a) and (b), cor-
respondingly) and are presented in Table 4. Also, the thermo-

dynamic parameters of the equilibrium constants (K1 and K2

appeared in the reactions’ mechanism equations) were calcu-
lated from van’t Hoff illustrations as shown in Figs. 15 & 16

(a) and (b), correspondingly and are inserted in Table 5.
The estimated activation parameters were set to obey the

proposed degradation mechanism and the derived rate-laws.
The obtained positive values of DG– and DH– indicated
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adation of fluconazole (Flz) by CrVI oxide in: (a) sulfuric acid, and

[H+] = 1.0 and I = 2.0 mol dm�3.
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Fig. 14 (a) Arrhenius and (b) Eyring plots of k1 in the oxidative degradation of voriconazole (Vcz) by CrVI oxide in: (a) sulfuric acid, and

(b) perchloric acid solutions. [CrO3] = 5.0 � 10�4, [Vcz] = 5.0 � 10�2, [H+] = 1.0 and I = 2.0 mol dm�3.

Table 4 Activation parameters of k1 in the oxidative degradation of fluconazole and voriconazole by CrVI oxide in sulfuric acid and

perchloric acid solutions. [CrO3] = 5.0 � 10�4, [A] = 5.0 � 10�2, [H+] = 1.0 and I = 2.0 mol dm�3.

Acidic medium Fluconazole Voriconazole

DS–

(Jmol�1K�1)

DH–

(kJ mol�1)

DG–
303

(kJ mol�1)

Ea
–

(kJ mol�1)

DS–

(Jmol�1K�1)

DH–

(kJ mol�1)

DG–
303

(kJ mol�1)

Ea
–

(kJ mol�1)

Sulfuric acid �182.90 24.28 79.69 26.89 �221.98 15.21 82.48 17.79

Perchloric acid �174.59 27.35 80.25 29.93 �211.18 17.46 81.45 20.12

Experimental error ± 4%.
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that the constructed intermediate complexes were solvated
and their construction was non-spontaneous and endother-

mic, respectively. Additionally, the high negative values of
DS– indicated production of inflexible associative intermedi-
ate complexes and such activated complexes are assumed to

be more ordered than the reactants themselves as a result of
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Fig. 15 Van’t Hoff plots of the equilibrium constants: (a) K1, and (b)

in sulfuric acid and perchloric acid solutions. [CrO3] = 5.0 � 10�4, [F
loss of degrees of freedom (�DS–) [59,60]. Moreover, the
higher values of Ea

– designated that the decomposition of

constructed intermediate complexes into the degradation
products is suggested to be slow step (rate-controlling
step), where the higher the Ea

–, the slower the reaction

will be.
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K2 in the oxidative degradation of fluconazole (Flz) by CrVI oxide

lz] = 5.0 � 10�2, [H+] = 1.0 and I = 2.0 mol dm�3.
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Fig. 16 Van’t Hoff plots of: (a) K1, and (b) K2 in the oxidative degradation of voriconazole (Vcz) by CrVI oxide in sulfuric acid and

perchloric acid solutions. [CrO3] = 5.0 � 10�4, [Flz] = 5.0 � 10�2, [H+] = 1.0 and I = 2.0 mol dm�3.

Table 5 Thermodynamic parameters of K1 and K2 in the oxidative degradation of fluconazole and voriconazole by CrVI oxide in

sulfuric acid and perchloric acid solutions. [CrO3] = 5.0 � 10�4, [A] = 5.0 � 10�2, [H+] = 1.0 and I = 2.0 mol dm�3.

Acidic

medium

Equilibrium Constant

(dm3 mol�1)

Fluconazole Voriconazole

DHo

(kJ mol�1)

DGo
303

(kJ mol�1)

DSo

(Jmol�1K�1)

DHo

(kJ mol�1)

DGo
303

(kJ mol�1)

DSo

(Jmol�1K�1)

Sulfuric acid K1 �15.33 �2.86 �41.15 �18.71 �0.72 �59.37

Perchloric acid �13.53 �3.49 �33.14 �22.03 �3.35 �61.65

Sulfuric acid 10�2 K2 16.05 �24.60 134.16 25.44 �25.51 168.15

Perchloric acid 6.17 �23.98 99.50 21.20 �23.92 148.91
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4. Conclusions

The kinetics of oxidative degradation of fluconazole and

voriconazole was examined spectrophotometrically using
chromium (VI) oxide in sulfuric and perchloric acid environ-
ments. In both acidic environments, the oxidative degrada-

tion of the two examined antibiotics were acid-catalyzed.
Under analogous experimental circumstances, the oxidation
rates in perchloric acid environment were slightly higher than
those occurred in sulfuric acid and the oxidation rates of flu-

conazole were higher than those of voriconazole. The believ-
able oxidative degradation mechanism consistent with the
kinetic outcomes was proposed. The derived rate-law expres-

sion was set to be in a good harmony with the acquired
results. The activation and thermodynamic parameters were
computed and discussed. This study announce a simple, safe

and inexpensive promising procedure involving a double ben-
efit for the environment and human health: degradation of
fluconazole and voriconazole drugs and transformation of
the extremely toxic and carcinogenic CrVI oxide to a safe

CrIII compound.
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Appendix. A. Derivation of the rate-law expression:

The proposed oxidative degradation mechanism led to derivate

the rate-law expression as indicated from the following
equations,

According to Eq. (4) in the suggested mechanism,

K1 ¼ ½AHþ�
½A�½Hþ� ; thus : AHþ� � ¼ K1 A½ �½Hþ� ðA1Þ

where A and AH+ point to antibiotic and its protonated spe-

cies, respectively.
Also, concerning to Eq. (5),

K2 ¼ ½C�
½AHþ�½CrVI� ðA2Þ

The connection between Eqs. (A.1) and (A.2) leads to,

C½ � ¼ K2½AHþ�½CrVI� ¼ K1K2 A½ �½CrVI�½Hþ� ðA3Þ
Equation (6) directs to the following rate-law,

Rate ¼ �d½CrVI�
dt

¼ k1½C� ðA4Þ

Replacing Eq. (A.3) in Eq. (A.4) imparts to,

Rate ¼ k1K1K2 A½ �½CrVI�½Hþ� ðA5Þ
The total concentration of the antibiotic is donated by,

½A�T ¼ ½A�F þ AHþ� �þ C½ � ðA6Þ
where ‘T’ and ‘F’ refers to the total and free.

Replacing Eq. (A.1) into Eq. (A.6) gives,

½A�T ¼ ½A�F þK1 A½ �½Hþ� þK1K2 A½ �½CrVI�½Hþ� ðA7Þ

½A�T ¼ ½A�Fð1þK1½Hþ� þK1K2½CrVI�½Hþ�Þ ðA8Þ
Accordingly,

½A�F ¼ ½A�T
1 þ K1½H þ � þ K1K2½CrVI�½H þ � ðA9Þ

Due to the very low concentration of CrVI used, the term
K1K2[Cr

VI][H+] in the denominator can be ignored. So,

½A�F ¼ ½A�T
1 þ K1½H þ � ðA10Þ

[CrVI]T is donated by,

½CrVI�T ¼ ½CrVI�F þ C½ � ¼ ½CrVI�F þ K1K2 A½ �½CrVI�½Hþ� ðA11Þ

½CrVI� ¼ ½CrVI�Fð1þ K1K2 A½ �½Hþ�Þ ðA12Þ
Then,

CrVI
� �

F
¼ CrVI½ �T

1þ K1K2 A½ � Hþ½ � ðA13Þ
The high [H+] consumed in the current study directs to the
following proposal,

Hþ½ �F ¼ Hþ½ �T ðA14Þ
Replacing Eqs. (A10), (A13) and (A14) into Eq. (A6) (and

forgetting ‘T’ and ‘F’ subscripts) gives,

Rate ¼ k1K1K2½CrVI�½A�½Hþ�
1 þ K1½H þ � þ K1K2½A�½H þ � ðA15Þ

In pseudo-first order statuses,

Rate ¼ �d½CrVI�
dt

¼ kobs½CrVI� ðA16Þ

Linking the two Eqs. (A.15) and (A.16), the following equa-
tion is gained,

kobs ¼ k1K1K2½A�½Hþ�
1 þ K1½H þ � þ K1K2½A�½H þ � ðA17Þ

Readjusting Eq. (10), the following two fundamental equa-
tions are developed,

1

kobs
¼ 1þ K1½Hþ�

k1K1K2½Hþ�
� �

1

½A� þ
1

k1
ðA18Þ

1

kobs
¼ 1

k1K1K2½A�
� �

1

½Hþ� þ
1

k1K2½A� þ
1

k1
ðA19Þ
Appendix B. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jscs.2021.101396.
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