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A Combined Study on Degradation Mechanism of Reactive

Orange 16 through Fenton-like Process: Experimental
Studies and Density Functional Theoretical Findings

Sayiter Yildiz,*® Gamze Topal Canbaz,*® Savas Kaya,*'? and Mikhail M. Maslov*®

In this study, the removal efficiency of Reactive orange 16
(RO16) azo dyes from aqueous solution with different Fenton
reactions (Fenton/photo-Fenton/sono-Fenton/ sono-photo-Fen-
ton) were investigated. For optimum conditions, the effects of
variables such as H,0, Fe’', reaction time, pH and dye
concentration on the oxidation process were investigated. In
addition, the interaction between Fenton reagents and the dye
molecule was revealed by Density Functional Theory (DFT)
calculations. Important quantum chemical parameters reflect-
ing the reactivity of the studied dye were calculated. Effective
RO16 degradation was achieved by Fenton oxidation at
conditions of 100 mgL™" H,0,, 10 mgL™" Fe*", 100 mgL~' dye
concentration, 3 pH and 30 minutes. While the degradation
efficiency with Fenton process was 97.77 %, it reached 98.78 %,

Introduction

Contamination of water with toxic dyes can cause significant
environmental problems." Waste waters from textile industries
affect aquatic flora and fauna after discharge into the receiving
environment. Azo dyes, which are among the micro-pollutants,
pose a great threat to the environment and public health due
to their toxic nature” Some azo dyes are known to be toxic
and carcinogenic.”’ Reactive dyes are water soluble, biodegrad-
able and form a strong complex (with salts or metals)* Reactive
orange 16 (RO16) is one of the most produced and used
reactive azo dyes among different dye types.”

Considering the negative impact of azo dye molecules on
the environment, it is important to remove these pollutants
from wastewater. For this, different techniques have been
proposed such as photochemical, electrochemical and photo-
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98.31% and 98.22% when UV-A, UV-B and UV-C lights were
applied respectively. In the sono-Fenton process application,
the degradation efficiency was determined as 97.96%. The
degradation of RO16 by sono-photo-Fenton was 96.12%,
96.13% and 96.83% under different lamps (UV-A, UV-B and
UV—C), respectively. In addition, in the kinetic study, it was
determined that each process complies with the zeroth-order
kinetics. To see the nature and power of the interaction
between hydroxyl radical and RO16, important quantum
chemical parameters of Conceptual Density Functional Theory
were calculated and their effects on degradation process were
discussed as detailed. Degradation mechanism was highlighted
in the light of DFT calculations.

catalytic processes,’*® biological treatment,'” adsorption,'™"

LED and ultrasound,” filtration," and Fenton reactions."*'®

Advanced oxidative processes (AOPs) are promising techni-
ques used to remove various organic compounds. Fenton
reaction, one of the AOPs, has been an interesting alternative
due to its high efficiency at room temperature, easy use, easily
accessible reagents, fast reactions and short treatment times.""”

Fe’™ and hydrogen peroxide (H,0,) are mostly used as
Fenton reagents due to their many advantages such as cost-
effectiveness, non-toxicity and homogeneous catalytic
structure.”** During the degradation of hydrogen peroxide
catalyzed by Fe’', hydroxyl radicals (*OH) are formed.”? This
process is environmentally friendly for treatment, as no harmful
chemical reagents that can be hazardous to the environment
are used for *OH production.”” When divalent iron becomes
trivalent during the reaction, the oxidative activity of the Fe**/
H,O, system is significantly reduced. If the trivalent iron is
converted back to the divalent state by light radiation (UV/VIS)
(photo Fenton), the efficiency and productivity of the method
can be significantly increased.””

Researchers have applied different methods for RO16
removal. Ruscasso etal.”” aimed at studying RO16 dye
biodegradation by the Antarctic yeast Candida sake 41E. Dye
decolorization reached 94.3% within 48 h. Ahmad et al.?® used
Micellar-enhanced ultrafiltration to remove RO16 from aqueous
solution, and achieved 99.6 % removal efficiency. Abdulhameed
et al?” preferred the adsorption method for RO16 removal. In
this work was used a hybrid nanocomposite biomaterial of
crosslinked  chitosan-tripolyphosphate/TiO2 nanocomposites,
and achieved 92.7% removal efficiency. The other research
work used carbon from Phyllanthus reticulatus plant to remove
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RO 16 from aqueous media. In this study, maximum dye
adsorption was found to be 85.10%.°® In a different study,
ozonation followed by biological treatment in an aerobic MBBR
was investigated for degradation of RO16. In the study, at least
97 % color degradation was achieved.”

No study has been found in the literature on the use of
different Fenton-like processes together and examining their
synergistic effects for RO16 removal. In addition, many studies
have examined the removal efficiency, but have not revealed
the interaction between Fenton reagents and dye molecules. In
such studies, the highlighting of degradation mechanism for
the studied dyes is quite important. For this aim, Density
Functional Theory (DFT) based calculations are widely pre-
ferred. Density Functional Theory considers the electron density
to describe the chemical reactivity of the studied chemical
systems. Conceptual Density Functional Theory is a useful tool
for the prediction of local and global reactivities of chemical
systems.

The aim of this study; i) To investigate the removal
efficiency of RO16 azo dyes selected as the target pollutant
from aqueous solution by different Fenton reactions (Fenton/
photo Fenton/sono Fenton/ sono photo Fenton) ii) To reveal
the interaction phenomenon between Fenton reagents and
dye molecule by making DFT calculations. For process perform-
ance, the effects of variables such as H,0,, Fe*"concentrations,
reaction time, pH and dye concentration on the oxidation
process were investigated. Moreover we calculated important
quantum chemical parameters reflecting the reactivity of the
studied dye and discussed the nature and power of the
interactions between studied dye and hydroxyl radical through
these parameters. This study is very important especially in
terms of revealing the synergistic effect of these processes in
an integrated reactor and examining the interaction between
Fenton reagents and dye molecules by DFT. In the study, the
experiments were performed three times and the average
values of the samples were taken. The data presented are the
mean values obtained in the experiments, standard deviation
(<3%) and error bars are indicated in the figures.

Results and Discussion
Optimization of the operating parameters

Initially, the experiments were carried out under the following
conditions: (i) dye +Fe’* +H,0, (FP), (i) dye + Fe’" +H,0,+ UV
(P-FP), (iii) dye+Fe’* +H,0,+US (S-FP), (iv) dye-+Fe’* +
H,0,+ UV +US (S—P—FP).

The degradation of the dye is mainly due to the hydroxyl
radical (*OH) produced by the chemical and photochemical
reactions of each process.”™® The *OH produced in Fenton
process (FP) results from the iron-catalyzed decomposition of
H,0, (Eq. 1).BY

Fe’* +H,0, — "OH + Fe’" + OH~ m
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In the photo Fenton (P-FP) process, in addition to
Equation 15, *OH formation also occurs with the reactions
given in Equations 2 and 3:2”

H,0,, UV — "OH + "OH )

Fe** + H,0 + UV — "OH + Fe’" + H* 3)

Sono photo Fenton (S—P-FP) is the process in which
ultrasonic (US), ultraviolet radiation (UV) and Fenton are used
together. In this process, *OH production in the aqueous
system increases with Fe’" regeneration. In addition to the
above reactions, the sono photo fenton process is defined by
Equation 4-6."

H,0,+))) — "OH + H’ (4)
0,+))) — 20° (5)
O’ + H,0+))) — 20H' (6)

Here “)))" represents the sonication wave.

Effect of pH

The pH of the solution is an important parameter for FP as the
*OH concentration controls the production rate and the iron
species in the solution.”™ To determine the effect of pH on the
degradation efficiency of RO16, the pH range of 2-7 was
investigated. Other parameters were; 10mglL™' Fe’",
100 mgL™" H,0,, 30 minutes of retention time and 100 mgL™"
of dye. The pH-dependent RO16 degradation efficiency results
are given in Figure 1.

As seen in Figure1, while the highest degradation
efficiency was obtained at pH 3, there was no significant
change in other pH values. RO16 degradation efficiency was
94.3% at pH 2, 97.77% at pH 3, 95.27 at pH 5 and 94.41% at
pH 7. Some reduction in degradation above pH 3 is due to the
coagulation of the Fe’" formed during the reaction.®¥ As
precipitate Fe(OH); is formed when the pH is above 3, *OH
radical production decreases (Eq. 7). Following this precipita-
tion, Fe?™ production from Fe*" stops, and then the *OH radical
production decreases.”™ In addition, as the pH increases, the
self-decomposition rate of H,0, also increases (Eq. 8).°% At low
pH, the removal rate is limited due to the hydroxyl radical
scavenging effects of the H* ion (Eq. 9).5”

Fe*" + 30H ~Fe(OH), 7)
H,0, — 2H,0 + O, (8)
‘OH+H"+e — H,0 (9)
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Figure 1. Effect of pH and concentration on RO16 degradation.

Effect of dye concentration

To determine the effect of RO16 concentration on degradation
efficiency (Figure 1), different concentrations of the dye (25, 50,
100, 150, 200, 400 mgL™") was investigated with conditions of
10 mgL™" Fe’", 100 mgL™" H,0, t 30min, pH3. The °*OH
concentration formed in Fenton-like processes remains con-
stant for all dye concentrations in the medium. With an
increase in dye concentration, the rate of degradation
decreases under the constant *OH concentration. In the study,
the degradation efficiency was determined as 95.27% at
25 mgL™" concentration, 97.77% at 100 mgL™" concentration,
and 86.23 % and 76.54 % for 200 and 400 mgL™' concentration,
respectively. Decreased removal efficiencies were observed as
there would be fewer *OH radicals paired with an increased
number of dye molecules. A similar trend is observed in many
studies in the literatiire.***®

Effect of fenton reagents

Fe’* and H,0, are used as reagents in the Fenton process. In
the Fenton and Fenton-like oxidation process, the dosage of
Fenton reagent plays a very important role in the degradation
of organic matter and the overall cost of the process.”™ In the
study, different H,O, concentrations (10, 25, 50, 75, 100, 150,
200, 300, 400, 500 mgL™") and different Fe?" concentrations
(10, 25, 50, 75, 100, 200, 400 mgL™' was applied to determine
the effect of Fenton reagents on the degradation of RO16.
Other conditions were: t 30 min., dye concentration 100 mgL™",
pH 3 and Fe?* 50 mgL™" in H,0, study, H,0, 100 mgL™" in Fe**
study. The RO16 degradation efficiencies for different reagent
quantities are given in Figure 2.
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With the addition of H,0,, RO16 degradation started to
increase due to the increase in the °OH concentration.
However, the degradation efficiency did not change signifi-
cantly when the increase in the amount of H,0, continued. The
degradation efficiencies for 10, 50, 100, 300 and 500 mgL™"
H,0, were 73.21%, 88.04%, 97.21%, 97.4% and 97.46%,
respectively. The continuation of the increase in degradation
efficiency with increasing amount of H,0, is due to the
hydroxy! radical scavenging effect of H,0, (Eqs.10-11)*” and
recombination of hydroxyl radicals (Eq. 12).""

H,0, + "'OH — H,0 + HO,* (10)
HO," + ‘OH — H,0 + O, (11)
‘OH 4+ ‘OH — H,0, (12)

As can be seen in Figure 2, the degradation efficiency
decreased as the amount of Fe’" increased. The degradation
efficiency was 97.77% in 10 mgL™' Fe?*, 96.33% in 50 mgL™'
Fe’*, 80.36% in 200 mgL™' Fe’* and 60.68% in 400 mgL™'
Fe’*. As the Fe?* concentration increases, a higher amount of
*OH radicals will be produced. However, it is thought that such
a situation adversely affects the oxidation capacity of excessive
Fe?* concentration. It is known that higher Fe’* concentration
may cause consumption of *OH radicals and thus decrease the
degradation efficiency (Eq. 13).?

Fe** + 'OH — Fe** + OH~ (13)

© 2022 Wiley-VCH GmbH

858017 SUOWWOD BAITD) 8]qe! (dde 8y Aq peusenob ase Ssppie YO ‘8Sn Jo SNl 10) AriqT8UlUQ A8]1/M UO (SUORIPUOD-PUR-SWLBIALD" A3 1M AleIq Ul |Uo//Sdny) SUORIPUOD pue swie 1 8y} &8s *[220z/ZT/zz] uo Ariqiauliuo A8im ‘Aisieaiun BALNYWND Aq 262202202 1015/200T 0T/I0p/wW0d" A8 | Ake.djpul|uoadoine-Ansiweyd//sdny woij pepeojumod ‘sy ‘Z40Z ‘6¥S9G9€Z



Chemistry
Research Article Europe .
ChemistrySelect doi.org/10.1002/slct.202202292 Societes publiahing

100 T - i t

a0

80 100
i M

1]

30

Faemoval (%)
Femaoval (%)
B & & B

40

30

=

20 0 100 200 300 400
Fe' (mg L)

0 30 100 150 200 250 300 3350 400
HO; (mg L)

Figure 2. Effect of H,0, and Fe>* on RO16 degradation.

(Fe’™ 10 mgL™", H,0, 100 mgL™", pH 3 and concentrations of
the dye 100 mgL™") (Figure 3).

To determine the time dependent change of degradation, Degradation occurred rapidly from the first minute of the
Analyzes were also performed at 5, 10, 15, 20, 25, 30, 45, 60, 90,  reaction. Since the iron ion quickly catalyzes H,O, in the first
120, 180, 240 min. with keeping other conditions constant  step of the reaction to form *OH, faster degradation occurred.*”
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Figure 3. Effect of reaction time on the degratation.
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Figure 4. Effect of different Fenton like process on degratation.

After the 30th minute of the reaction, there was no significant
change in the degradation efficiency and the optimum reaction
time was determined as 30 minutes. While the degradation
efficiency was 90.83% at the 5th minute of the reaction, it
reached 97.5% at the 15th minute and 97.77% at the 30th
minute. As the reaction continued, the efficiency recorded
98.23% at the 60th minute and 98.46% and 98.42% at the
120th and 240th minutes, respectively. At the start of the
reaction, Equation (2) was quickly fulfilled. The *OH formed as a
result of the reaction was used for the degradation of RO16. In
the following time, since no additional Fenton reagent was
added to the system, the degradation slowed down.

Comparative study in FP, P—FP, S—FP, S—P—FP

P—FP, sono Fenton process (S—FP) and S—P—FP applications
were performed to examine the variation of RO16 degradation
under different oxidation processes. The study was carried out
using the optimum conditions obtained in the FP process (Fe’"

3

2) S
& \\) (\\\5

N x
& S

Q
xQ'

98.78%, 9831% and 98.22%, respectively. In S—FP, the
degradation efficiency was 97.96 %. No significant change was
observed in S—P—FP, where the processes were used together.
The highest synergy effect for degradation efficiency under
different lamps in S—P—FP was obtained in Fenton/US/UV—C
process (96.83 %).

Kinetic constants

Kinetic analysis of RO16 degradation was performed using
zeroth-order (Eq. 14), first-order (Eqg.15), and second-order
(Eq. 16) kinetic models.”® The resulted kinetic rate constants
(ko k; and k,) and correlation coefficients (R? of the equations
are summarized in Table 1.

C=C, — kot (14)

10 mgL™", H,0, 100 mgL~', pH 3, t 30 min. and concentration Table 1. Kinetic constants in Fenton processes.

100 mgL™). In RO16 degradation, P-FP (Fe**/H,0,/UV-A/B/C), Process Oth. Order Kinetic ~ 1st. Order 2nd. Order Kinetic

S—FP (Fe’*/H,0,/US) and S—F—FP (Fe’*/ H,0,/US/UV—A/B/C) Kinetic

was done to compare the individual and synergistic effects in oo Rk | Rk | R

the reactor. The degradation efficiency results of the dye for all (mgL.min ) (1 min ) (Lmg.min )

processes are given in Figure 4. Fenton 0.2017 0.51 0.0021 050 —2E-05 0.50
As seen in Figure 4, no significant change in degradation | Fenton/  0.3592 071 00038 070 -—4E-05 0.69

efficiency was observed in different Fenton applications. In the lFJ:r-:on/ 0.0867 090 0.0009 090 —SE-05 0.89

Fenton study, high removal efficiencies were obtained in a very UV-B

short time with the addition of reagents (97.77%). With the Fenton/ 0.1531 0.72 0.0016 071 —2E-05 0.71

addition of UV (P—FP) RO16 degradation efficiency slightly | UV-C

increased. Efficiency for UV—A, UV—B and UV—C lamps was Fenton/US 11663 079 00139 078 —0.0002 076
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InC =InC, — ki.t (15) and then, Chattaraj and Sengupta introduced the Minimum
Polarizability Principle. This principle states that “the natural
1T 1 P direction of evolution of any system is towards a state of
Efc_o_‘_ 2t (16) " minimum polarizability. Some researchers supported that di-

Here; C, initial concentration (mgL™"); C is the concentration
of RO16 (mgL™") at any time; k, (mgLmin™"), k; (1 min~") and k,
(Lmgmin~") are the zeroth, first, and second order reaction
kinetic constants, respectively; and t represents reaction time
(min).

The highest correlation coefficient was obtained for the
zeroth-order model (R*>>0.90). Therefore, RO16 degradation
can be better explained by a zeroth-order kinetic model.
Compared to other processes, an increase in k constants was
observed in the S-FP application with US. The k, value was
calculated as 0.2017 in the Fenton process and 0.3592, 0.0867
and 0.1531 in the UV-A, UV-B and UV—C processes, respec-
tively, while it was calculated as 1.1663 in Fenton/US. The
highest k, and k, constants were obtained in the Fenton/US
process with 0.0139 and —0.0002, respectively. This can be
explained by the relative increase in temperature with the use
of US.H¥

The Result of DFT calculations regarding to reactant and
product

Chemical reactivity analysis is to predict the behaviors of
chemical systems against certain chemical species and under
certain conditions. It is well-known that Conceptual Density
Functional Theory is the branch aiming simply prediction of the
chemical reactivities of atoms, ions and molecules of DFT. For
that reason, we will start giving detailed information about
popular electronic structure principles like Hard and Soft Acid-
Base Principle,”™ Maximum Hardness Principle™® and Minimum
Polarizability Principle.*”” Chemical hardness***? is known as
the resistance against the polarization of electron cloud of
atomic and molecular systems. This parameter is quite useful in
the explaining the power and nature of the interactions
between chemical systems. According to Hard and Soft Acid
Base (HSAB) Principle of Pearson, Lewis acids and bases are
classified into three groups as hard, soft and bonderline. HSAB
Principle states that hard acids prefer to coordinate to hard
bases and soft acids prefer to coordinate to soft bases because
hard-hard and soft-soft interactions are mainly powerful
interactions. Another electronic structure principle about
chemical hardness concept is Maximum Hardness Principle
highlighting the strong linkage between hardness and chem-
ical stability. According to Maximum Hardness Principle,®”
“there seems to be a rule of nature that molecules arrange
themselves so as to be as hard as possible” It can be easily
understood that chemical hardness is a measure of the stability
and hard chemical systems exhibit higher stability than soft
ones. It is clear from the definition of chemical hardness
concept that there is an inverse relation between chemical
hardness and polarizability. The mathematical studies proving
this inverse relation were published by Ghanty and Ghosh®"

ChemistrySelect 2022, 7, €202202292 (6 of 11)

pole moment can be considered as a measure of the polar-
izability of the chemical systems. For that reason, we calculated
dipole moment values also of studied chemical systems. In the
light of Maximum Hardness and Minimum Polarizability
Principles, Kaya®® derived a new lattice energy equation and
imparted to the science the Kaya's composite descriptor (m/V,,,"”
%) based on chemical hardness and molar volume (V,,) of the
chemical systems. In a recent paper, within the framework of
Kaya's composite descriptor, Szentpaly and Kaya introduced
Maximum Composite Hardness Rule. In Table 2, calculated
quantum chemical descriptors for the products and reactants
in degradation mechanism of RO16 dye. It can be seen from
the calculated data that RO16 dye is quite reactive and exhibit
good nucleophilic character and is a good electron donor
because its low hardness and higher HOMO energy values. In
some recently published research papers noted that °*OH
radical is a powerful electron acceptor.®™

There is a fairly large difference in electronegativity values
of *OH radical and RO16 dye. This situation implies that there
will be a high rate of electron transfer between this radical and
the dye. According to Electronegativity Equalization Principle,®*
when two systems with different electronegativities interact,
electron transfer between them continues until their electro-
negativities are equal to each other. It can be noted Fenton-like
Process is useful for the degradation of the dyes with low
electronegativity, low hardness and high reactivity. Product
atomic structure is given in Figure5 and reactant atomic
structure is given in Figure 6.

C—N bond break degradation mechanism

We analyzed the effect of the OH™ anion on the mechanism of
covalent bond cleavage. Schematically, the potential energy
profile for the reaction of anion with the RO16 dye and further
degradation is shown in Figure 7. The OH™ anion covalently
binds to the six-membered carbon ring of the dye, and then
the process of isomerization and decay occurs through the
transition state. In this case, the barrier for breaking the bond is

Table 2. Calculated quantum chemical descriptors for products and

reactants.

CyH7N3Na,0;;S; Reactant Product
HOMO (eV) —1.850 —1.415
LUMO (eV) —0.628 —-0.514
n 1.222 0.901

o 0.818 1.109
X% 1.239 0.964
o, 0.628 0.516
o, 0.950 0.807
[N 0.713 0.606
[ 1.952 1.571
AEbackrdonation —0.305 —0.225
Dipole moment (Debye) 11.494 12.768
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Figure 5. Reactant: atomic structure (a), HOMO (b), and LUMO (c).

quite high and amounts to 3.4 eV. As a result, the covalent C—N
bond is broken and the anion covalently binds to nitrogen.

Conclusion

In this study, degradation of RO16 in aqueous solution was
investigated by FP, P—FP, S—FP and S—P-FP applications under
different experimental conditions. In order to determine the
optimum conditions, variables such as pH, dye concentration,

ChemistrySelect 2022, 7, €202202292 (7 of 11)

H,0, dose, Fe’* dose and reaction time were examined.
Effective RO16 degradation was achieved by Fenton oxidation
at conditions of 100 mgL™' H,0,, 10 mgL™" Fe?*, 100 mgL™'
dye concentration, 3 pH and 30 minutes. While the degradation
efficiency with FP was 97.77 %, it reached 98.78 %, 98.31 % and
98.22% when UV-A, UV-B and UV-C lights were applied
respectively. In the S-FP application, on the other hand, the
degradation efficiency was 97.96 %, while it decreased in the
S—P-FP applications to 96.12%, 96.13% and 96.83% under
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Figure 6. Product: atomic structure (a), HOMO (b), and LUMO (c).

different lamps (UV-A, UV-B and UV-C) respectively. In
addition, in the kinetic study, it was determined that each
process complies with the zeroth-order kinetics. The results
revealed that RO16 degradation occurs in high efficiency by
Fenton and Fenton-like processes. This process can be
considered as a promising and effective method for removing
the dye from water and wastewater. DFT calculations perform-
ing to see the degradation mechanism supported the Exper-
imental observations.

ChemistrySelect 2022, 7, €202202292 (8 of 11)

Experimental Section

In the study, FeSO,.7H,O (P 99%) and H,0O, (P 35%) stock solution
was used as Fenton reagent. The pH of the solution was adjusted
by adding 0.1 N NaOH and 0.1 N H,SO,. Fe** (as FeSO,.7H,0) and
H,O, were added to the solution, respectively. Experiments were
carried out in a volume of 100 ml of liquid. UV—A (365 nm), UV-B
(302 nm), UV—C (256 nm) light sources were used in the P-FP study.
S—FP and S—P—FP studies were performed by applying ultrasound
at a frequency of 40 kHz and a power of 180 watts. pH measure-
ments were made with Adwa AD8000 brand device.

All chemicals used in this study were of analytical standard.
Industrially used RO16 dye was used in the study. RO16 was
provided by Sigma-Aldrich (Cas: 12225-83-1). Reactive dyes are
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Figure 7. Potential energy profile for OH™ initiated degradation of RO16 dye via the C—N bond cleavage mechanism.

water-soluble, biodegradable, and stable because they form a
strong complex.”! The chemical formula of RO16, which is a reactive
dye, is CyH;,N5Na,0,,5;,%¥ and its chemical structure is given in
Table 3.°¢ Values of the dye solution were determined with the
Spectrophotometer (Merck Spectroquant Pharo 300) using a direct
photometric method according to Standard Methods.®” Experi-
ments were repeated three times and mean values are presented.
The standard deviation (<4 %) and error bars are indicated in the
figures.

The percent color removal at any time was obtained using
Equation 17.

Co

C
%Removal = =2

x100 (17)

Here, C, is the initial concentration, C is the concentration at any
time, and % Removal is the percent removal.

Details of density functional theory calculations

All calculations were performed using the Perdew-Burke-Ernzerhof
(GGA-PBE) exchange-correlation functional® and 6-31G(d) elec-
tronic basic set®™ for all elements. We used the graphics processor-
based TeraChem software.**®* Geometry optimization was carried
out with the efficient geomeTRIC energy minimizer®” The
dispersion corrections D3 proposed by Grimme®' were also
included to take into account the weak non-covalent interactions.
Transition state was obtained in the frame of nudged elastic band
(NEB) technique® as it was implemented in TeraChem. In the
Conceptual Density Functional Theory (CDFT), electronic structure
parameters are defined as the derivatives with respect to number
of electrons at a constant external potential, electronic structure
parameters are defined as the derivatives with respect to number
of electrons (N) of total electronic energy (E) at a constant external
potential, v(r). In the given equations, v(r) represents the constant
external potential. CDFT presents some useful and simple formulae
to compute well-known quantum chemical parameters such as
chemical potential (u), electronegativity (y), hardness (n) and

softness (o). These mentioned formulae are given as (Eq. 18-20):*"

Table 3. Chemical structure and absorbance of the dye.

Name Chemical structure Amax (nm)
ﬁ
S——ONa
i I
—=N
RO16 HsC N NT 492
3 N T,
OH ﬁ ﬁ
ﬁ_/\o—ﬁ—()Na
(0] (0]
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OE This parameter based on the absolute hardness of chemical system
U=-x= {8_N} (18) s calculated as (Eq. 30):
v(r)
_ (92E AEback—donation = _77/4 (30)
1= |on2 " (19)
o=1/y 20) Conflict of Interest

It is important to note that in the given formulae E and N stand for
total electronic energy and total number of the electrons of the
studied chemical system. It can be seen from the relations given
above that electronegativity is the negative of the chemical
potential. Within the framework of the finite differences approach,
for the aforementioned descriptors, the following formulae (Eq. 21—
23) based on ground state ionization energy () and electron affinity
(A) of the studied chemical system.”®

I+ A
U=—-x= —(T) (21)
n=I1-A (22)
1

Koopmans Theorem® is an alternative method for the approx-

imately prediction of ground state ionization energy and electron
affinities from frontier orbital energies. According to the theorem,
ionization energy and electron affinity of any chemical system are
approximately equal to the negative values of HOMO and LUMO
orbital energies, respectively. In the light of this theorem, we can
write the following relations (Eq. 24-25).

I'= —Epomo (24)
A= —Eumo (25)
First electrophilicity index (w,) based on the absolute electro-

negativity and absolute hardness of atomic and molecules system
is introduced by Parr, Szentpaly and Liu” and is given as (Eq. 26):

w, = (1+A?/8(1—A) = x* /2y = u? /27 (26)

Recently, Szentpaly and Kaya”" advocated that second electro-

philicity index (w,) given via the following equation (Eq.27)
provides more compatible results with Minimum Electrophilicity
Principle introduced by Chattaraj and coworkers.”?

w, =1A/(I—A) (27)
To predict the electron donating power (o) and electron accept-

ing power (0w ") of compounds, Gazquez and coworkers”® derived
the following equations (Eq. 28-29).

w” = (314 A)*/(16( - A)) (28)
o = (I+3A)?/(16( - A)) (29)
Back-donation energy (AE,,cqonation) IS @ Useful parameter giving

information about the chemical reactivities of chemical systems.
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