Journal of Molecular Structure 1277 (2023) 134833

- 5 . . Journal of
Contents lists available at ScienceDirect MOLECULAR

STRUCTURE

Journal of Molecular Structure

journal homepage: www.elsevier.com/locate/molstr

Experimental and density functional theoretical analyses on n
degradation of acid orange 7 via UV irradiation and ultrasound
enhanced by fenton process

Sayiter Yildiz**, Gamze Topal Canbaz®, Savas Kaya®, Mikhail M. Maslov ¢

aSivas Cumhuriyet University, Engineering Faculty, Department of Environmental Engineering, 58140, Sivas, Turkey

b Sivas Cumhuriyet University, Engineering Faculty, Department of Chemical Engineering, 58140, Sivas, Turkey

¢Sivas Cumhuriyet University, Health Services Vocational School, Department of Pharmacy, 58140, Sivas, Turkey

d National Research Nuclear University “MEPhI”, Department of Condensed Matter Physics, Kashirskoe Shosse 31, Moscow 115409, Russia

ARTICLE INFO

Article history:

Received 23 November 2022
Revised 14 December 2022
Accepted 19 December 2022
Available online 20 December 2022

Keywords:
Fenton-like reaction
DFT calculations
Degradation

OH radical

ABSTRACT

In this study, Acid Orange 7 (AO7) removal from synthetic water by advanced oxidation processes was
investigated. Within the scope of the study, individual and different integrated applications of Fenton re-
action, photooxidation and sonication were examined. The effects of variables such as H,0,, Fe?*, reaction
time, pH and initial dye concentration on the removal performance were investigated. Three different UV
light sources, namely UV-A, UV-B and UV-C, were used. In order to study the effect of ultrasound addi-
tion, ultrasound with a frequency of 40 kHz and a power of 180 W was used. Effective AO7 degradation
was achieved by Fenton oxidation at optimum conditions of 100 mg L~! H,0,, 25 mg L-! Fe?*, 100 mg
L' dye concentration, 3 pH and 30 min. The removal efficiency of the Fenton process was 97.6%, while
it was for Fenton/UV-A, UV-B and UV-C light 97.6%, 96.97% and 97.35%, respectively. In the Fenton/US/UV
process with ultrasound addition, removal efficiencies of 97.45%, 97.52% and 95.95% were obtained in
UV-A, UV-B and UV-C lights, respectively. In Fenton/US process, the removal efficiency was 96.35%. In ad-
dition, in the Kkinetic study, it was determined that each process complied with the zeroth-order kinetics
with the highest R? values. This study is especially important in terms of demonstrating the synergistic
effect of these processes in an integrated reactor. Moreover, in such studies, the chemical reactivity analy-
sis of the studied dye is quite important. For this aim, Density Functional Theory (DFT) calculations were
performed. The study showed that Fenton processes can be used as an efficient and reliable method for
AO7 removal. In this study, the experimental results for AO7 degradation were supported by theoretical
calculations.

© 2022 Elsevier B.V. All rights reserved.

1. Inroduction

severe headache, nausea, water-borne diseases such as dermati-
tis and bone marrow loss leading to anemia [4]. Fig. 1 shows the

Azo dyes account for approximately 50% of the worldwide
dyestuff production [1]. Its main applications are dyeing wool, silk
and synthetic polyamide fibers [2]. More than 50% of textile waste
contains azo dyes with -N = N- bonds [3]. Since the related dyeing
process takes place in weakly acidic solution (pH 2-6), the term
acid dye is often used [2].

Acid Orange 7 (AO7) is a long known and inexpensive azo dye.
Like many other azo dyes, it tends to end up in industrial wastew-
ater and poses a serious health threat to humans. It is highly toxic
and may cause irritation to eyes, skin, mucous membranes and
upper respiratory tract. In addition, it may have effects such as
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chemical structure of the AO7 dye [5].

The properties of dye wastewater such as chemical structure
and resistance to light and chemical attack make them highly re-
sistant to microbial degradation [6]. Therefore, biological treatment
processes are ineffective in removing these dyes from wastew-
ater [7]. More powerful techniques are needed to treat dye-
contaminated wastewater [8]. Many advanced oxidation processes
(AOPs) are used to convert stubborn pollutants into biodegradable
compounds. From these processes there are the Fenton reaction
[9], direct ozonation [10], UV/hydrogen peroxide (H,0,) [11], and
UV/photocatalyst [12]. Fenton reaction using ferrous ions (FeZ*)
and hydrogen peroxide (H,0,) is suitable for treating organic pol-
lutants under acidic conditions with dual functions of oxidation
and coagulation [13-14].


https://doi.org/10.1016/j.molstruc.2022.134833
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.134833&domain=pdf
mailto:sayiteryildiz@gmail.com
https://doi.org/10.1016/j.molstruc.2022.134833

S. Yildiz, G.T. Canbaz, S. Kaya et al.

OH

(v

Fig 1. Chemical structure of AO7.

Physico-chemical methods such as adsorption, coagulation-
flocculation can be very effective in removing color from wastew-
ater [15]. Adsorption removal of AO7 is considered a simple and
economical method for its removal from water and wastewater.
Many studies have been carried out to reduce the AO 7 concentra-
tion by adsorption [16-17]. In addition, methods such as electro-
chemical oxidation [18], Wood-based biochar [19], Anaerobic treat-
ment [5], electro-Fenton process [20], ultrasound [21], and Photo-
catalytic degradation [22] were investigated for AO7 removal. An
integrated system using ultraviolet light (UV) and ultrasonic irra-
diation (US) in conjunction with Fenton has been studied in re-
cent years as a promising way to degrade pollution from water and
wastewater [23-24].

The 'Fenton reagent’ is a mixture of hydrogen peroxide and di-
valent iron salts (Fe2*/ H,0,), an effective oxidant for a wide va-
riety of organic compounds. The effects of reactive amounts of
FeZtand H,O0,, the dosage ratio of H,0, to Fe?* (H,0,/ Fe2*) or
other factors on organic degradation have been extensively inves-
tigated in previous studies on the Fenton reaction [25-28]. During
the degradation of H,0, catalyzed by iron salts, hydroxyl radicals
(OHe) are formed (Eq (1)) [29]. The production of OHe does not
involve the use of harmful chemical reagents that can be harm-
ful to the environment. So the process is environmentally friendly
for wastewater treatment and looks promising for the treatment of
water contaminated [30].

FeZ*+ H,0, — Fe3*+ OHe + OH- (1)

However, a disadvantage of the method is that the oxidative ac-
tivity of the Fe2*| H,0, system is significantly reduced when the
divalent iron becomes trivalent. Large amounts of sludge are also
formed from the precipitation of iron. If the trivalent iron is con-
verted back to the divalent state by light radiation (UV/VIS), the ef-
ficiency and effectiveness of the previous method can be increased
significantly (Eq (2)). The removal efficiency increases as a result
of the use of light due to additional OHe formation [31-32].

Fe3* 4+ H,0 + hv (A < 450 nm) — Fe?*+ OHe + H*t (2)

pH, iron concentration and H,0, concentration are the main fac-
tors affecting Photo-Fenton oxidation [33]. The Sono-Photo-Fenton
process requires a low amount of iron salt compared to Fen-
ton. This is of economic importance for Sono-Photo-Fenton. Sono-
Photo-Fenton can be explained by Eqs. (3)-(6) [24].

OHe + HOe; — Hy,0 + O, 3)

H0'2 + HO'Z — H202 + 02 (4)
By US,

He + H,0, — OHe + H,0 (5)

Fe3* + He — Fe?™ + H* (6)
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In this study, individual and different integrated applications
of Fenton reaction, photooxidation and sonication in AO7 removal
from synthetic water were investigated. The synergistic effects of
each process along with the removal efficiency were also exam-
ined. To our knowledge, only a few articles have been published
regarding the synergistic use of AOPs for color removal. The ef-
fects of variables such as the performance of the integrated system,
H,0,, Fe?*, reaction time, pH and initial dye concentration on the
oxidation process were investigated. This study is especially impor-
tant in terms of demonstrating the synergistic effect of these pro-
cesses in an integrated reactor. Experiments were performed three
times and the data presented are the mean values obtained in the
experiments, standard deviation (<4%) and error bars are indicated
in the figures.

Chemical reactivity analysis is the prediction the behavior of
the atomic or molecular systems under certain conditions. For
chemical reactivity analysis, Density Functional Theory (DFT) and
its chemical reactivity related branch (CDFT) are widely preferred.
Moreover, in this study, we highlighted the nature of the chemical
interactions between studied chemicals using computational anal-
yses.

2. Material and methods
2.1. Experimental study

FeSO4-7H,0 (P 99%) and H,0, (P 35%) stock solutions were
used as Fenton reagents in the study. The pH of the solution was
adjusted by adding 0.1 N NaOH and 0.1 N H,SO4. After adjusting
the pH to the desired value, Fe2+ (as FeSO4-7H,0) and H,0, dos-
ing were carried out, respectively. After H,O, dosing, the reaction
time was considered to have started. Experiments were carried out
in 250 ml flasks with 100 ml liquid volume. Different wavelengths
of UV-A (365 nm), UV-B (302 nm), UV-C (256 nm) light were used
as UV source. A multi-parameter device (Adwa AD8000) was used
for pH measurements.

All chemicals applied in this study were of analytical standard.
AO7 with molecular formula C16H11N2NaO4S was provided by
Fluka Cas (no: 633-96-5). AO7 is a widely used anionic mono-azo
dye and was chosen as a model of the water-soluble phenyl-azo-
naphthol dye due to its resistance to biodegradation [22]. The AO7
stock solution was prepared by dissolving 1 g of AO7 with deion-
ized water in a 1 L measuring flask. To prepare 100 mg L1 of
AO7 sample, an appropriate amount of AO7 from the stock solu-
tion was diluted to 100 mL with deionized water. The color point
of the dye solution was determined using the UV-Visible Scanning
Spectrophotometer (Merck Spectroquant Pharo 300). Azo dye can
be analyzed simply and fast in UV-Vis spectroscopy. This is due to
the absorption properties of the azo dye both in the UV due to the
benzene rings and in the visible spectrum due to the chromophore
group (-N = N-) [34].

In the study, AO7 removal efficiencies were determined by ap-
plying Fenton reagents at different doses. While determining the
reagent amount ranges, the amounts used in previous studies were
taken into account [26,28]. The next experiment involved optimum
Fenton reagents with simultaneous use of UV irradiation. Finally,
the effect of more simultaneous removal by three methods was in-
vestigated by applying ultrasound at a frequency of 40 kHz and a
power of 180 W. The study was carried out in a custom-built reac-
tor (Fig. 2).

The AO7 decolorization efficiency was calculated according to
Eq. (7).

Decolorization efficiency % = (1 - C£> x 100 (7)
0
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Fig 2. Schematic view of sono-photo-Fenton reactor.

Here; C, is the initial concentration of AO7 (mg L~1) and C is
the concentration of AO7 at reaction time t (min) (mg L~1).

2.2. Details of density functional theory calculations

All calculations were performed using the Perdew-Burke-
Ernzerhof (GGA-PBE) exchange-correlation functional [35] and hy-
brid electronic basis set combining 6-31G(d) [36] for elements Na,
C, N, H, S, O and the 6-31G*-LDZ [37] for Fe. We used the graphics
processor-based TeraChem software [38-41|. Geometry optimiza-
tion was carried out with the efficient geomeTRIC energy min-
imizer [42]. The dispersion corrections D3 proposed by Grimme
[43] were also included to take into account the weak non-
covalent interactions. Conceptual Density Functional Theory (CDFT)
is one of the popular theoretical tools used in local and global re-
activities of the molecular systems. Conceptual DFT presents the
following mathematical relations for chemical potential (n), elec-
tronegativity (x), hardness (1) and softness (o). These relations
have been derived from the parabolic relation with total number
of the electrons of total electronic energy (E) [44].

JF
h=-x= [aN} (8)
v(r)
., L]
n= [ =382 C)
N, LON*],,
o=1/n

Using the finite differences approach, for the calculation of the
aforementioned chemical descriptors, one can obtain the following
formulae based on ionization energy and electron affinities calcu-
lated at ground state [45].

p=-x= (I;A> (10)
n=I-A (11)
oc=1/(I1-A4) (12)

In especially organic chemistry, nucleophile and electrophile
concepts found important applications in the estimation of reac-
tion mechanisms and binding regions of molecules. In 1999, Parr,
Szentpaly and Liu derived the electrophilicity index (w) as [46-47]:

w = x?/2n = u?/2n (13)
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Fig. 3. Effect of Fe?* dosage on the AO7 degratation.

The following parameters called as electrodonating power (w™)
and electroaccepting power (w*) derived by Gazquez and his team
[48] provides important clues about the electron donating and
electron accepting capabilities of atomic and molecular systems

o™ = (31+A)?/(16(I — A)) (14)

ot = (I +3A)%/(16(I — A)) (15)

Conceptual Density Functional parameters are widely taken into
consideration in the studies regarding to the dye degradation be-
cause degradation process is closely related to the chemical reac-
tivity of the studied dye.

3. Result and discussion
3.1. Effect of Fe?* concentration

The effect of different concentrations of Fe?* (10, 25, 50, 75,
100, 200, 400 mg L-') was investigated with constant values of
dye concentration 100 mg L1, H,0, 100 mg L, time (t) 30 min
and pH 3 (Fig. 3). The dye removal efficiency was determined as
96.68% at the FeZtion concentration of 25 mg L~1. This result is
due to the increase in hydroxyl radical production, which can im-
prove the biodegradation of the dye [49]. However, with increasing
Fe2tconcentration, AO7 removal efficiency decreased. It decreased
to 82.99% with FeZ+concentration of 400 mg L-!. This is because,
due to the combination of the iron ion with the hydroxyl radi-
cal, the hydroxyl radicals are more inaccessible with a further in-
crease in Fe2tand the dye removal efficiency by the hydroxyl radi-
cals decreases [50]. This situation has also been reported in differ-
ent studies [51-52].

In general, the degradation of organics increases with increas-
ing Fe2t dosage. However, excess Fe2t can compete with organics
for OHe (Eq (16)) and leads to a reduction in the degradation ef-
ficiency [53]. Competitive effects can also occur in the presence of
excessive H,0, (Eq (17)). Therefore, the dosage rate is commonly
taken as an operating parameter in the Fenton reaction, according
to the OHe competition between Fe2tand H,0, [54].

Fe?™ + «OH — Fe3t 4+ OH- (16)
H,0, + 'OH—>H02°/0207 + H,0 (17)

3.2. Effect of addition of hydrogen peroxide

The results of the degradation of AO7 (100 mg L-!) using dif-
ferent concentrations of H,0, (10, 25, 50, 75, 100, 150, 200, 300,
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Fig. 4. Effect of H,0, dosage on the AO7 degratation.
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Fig. 5. Effect of AO7 concentraiton on degratation.

400, 500) are given in Fig. 4. The study was carried out under Fe2+
50 mg L1, t 30 min and pH 3 constant conditions. The removal ef-
ficiency increased with increasing H,0,, but the improvement was
not evident above 150 mg L~1.

Since H,0, is the source of OHe radicals formed by the Fenton
reaction, the process performance improves when the amount of
H,0, is increased up to a certain value. The fact that the amount
of H,0, increases further and moves away from the optimum level
both increases the cost of the process and leads to the formation
of HO, e (Eq (18)) with lower oxidation power by reacting between
excess H,0, and OHe [55].

H;0, + OH®* — H;0 + HO;e (18)

As seen in Fig. 4, while the dye removal efficiency was 69.13% in
the use of 10 mg L~! H,0,, it was determined as 95.04% in 100 mg
L-1 H,0, and 97.17% in 500 mg L' H,0,. There was no significant
change in the removal efficiency in the use of H,0, over 100 mg
L1

3.3. Effect of initial AO7 concentration

From a practical standpoint, it is important to examine the de-
pendence of the removal efficiency on the initial concentration of
the dye. The efficiency of dye removal using the Fenton process
was investigated by varying the concentration of AO7 at a constant
values of 25 mg L~! Fe?*, 100 mg L' H,0,, t 30 min, and pH 3
(Fig. 5). Increasing the concentration of pollutants can reduce the
removal efficiency of pollutants [56].

In Fig. 5, it is seen that the color removal efficiency decreases
as the initial dye concentration increases. While the removal effi-
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Fig. 6. Effect of H,0, dosage on the AO7 degratation.

ciency was 97.8% at the initial concentration of 50 mg L, it de-
creased to 86.4% and 72.9% at 200 and 400 mg L~! concentrations,
respectively. This is due to the constant OHe radicals in solution
despite the increasing concentration of the dye molecule. In this
case, more radical consumption occurs during the oxidation pro-
cess [57]. The decrease in removal efficiency with increasing dye
concentration has been reported by different researchers [58-59].

3.4. Effect of the initial pH

To determine the effect of pH on the degradation efficiency of
AOQ7, the pH range of 2-7 was applied. Other parameters were con-
stant as 25 mg L~! Fe2t, 100 mg L' H,0,, t 30 min and AO7
concentration 100 mg L~!. The results showed that the pH of the
solution had no direct significant effect on AO7 removal Fig. 6).
Studies have reported that the most effective pH value for Fenton
and Photo-Fenton processes is generally close to 3.0 [33]. In this
study, while the removal efficiency was 89.3% at pH 2, the high-
est removal efficiency of 97.6% was obtained at pH 3. At lower pH,
hydroxyl radicals are used by H* ions and the rate of removal de-
creases. Also, H,0, is electro-fugitive and can take up a proton at
low pH and convert to H30,", which is a reason to reduce decol-
orization (Egs. (19)-(20)) [60].

OH + H* + e - H,0 (19)

H,0,+ HT — H30," (20)

3.5. Effect of reaction time

The effect of the reaction time on the removal efficiency of AO7
was investigated at constant values of 25 mg L~! Fe?+, 100 mg L-!
H,0,, pH 3, AO7 concentration at 100 mg L~! with different times
(5, 10, 15, 20, 25, 30, 45, 60, 90, 120, 180, 240 min). According to
the results, the most dye removal occurred in the first few min-
utes and did not show a significant change from the 15th minute
(Fig. 7).

As seen in Fig. 8, the removal efficiency at the 30th minute
of the reaction was 97.6%, while it was 97.61% and 97.96% at the
60th and 240 th minute, repectively. The short time required for
degradation indicates the presence of easily degradable organic
substances, while the opposite situation indicate the existence of
hard-to-degrade organic substances [61].
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Fig. 7. Effect of reaction time on the AO7 degratation.

3.6. Photo fenton / sono-fenton/ sono-photo fenton

Photo Fenton (Fenton/UV), sono-Fenton (Fenton/US), and sono-
photo-Fenton (Fenton/UV/US) degradation of AO7 were carried out
at constant values of H,0, (100 mg L-1), Fe2* (25 mg L 1),
and pH (3), which were determined in the first stage of this
study. To investigate the properties of different processes; Fen-
ton/UV (Fe2*/H,0,/UV-A/UV-B/UV-C), Fenton/US (Fe?+| H,0,/US)
and Fenton/US/UV (Fe?*| H,0,/US/ UV-AJUV-BJUV-C) was con-
ducted to compare the individual and synergistic effects in a batch
reactor. Fig. 8 shows the results demonstrating the dye removal ef-
ficiency for all methods.

As seen in Fig. 8, there was no significant change in AO7 re-
moval efficiencies for different AOPs applications. In the Fenton ap-
plication, high removal efficiencies were obtained in a very short
time (97.6%) with the addition of reagents. This high removal effi-
ciency reduced the effects that may occur as a result of the use
of UV and US. The Fenton reaction produced very good results
for AO7 removal even when used alone. The removal efficiency
of UV-A, UV-B and UV-C lights in the photo Fenton process per-
formed with different light sources was 97.6%, 96.97% and 97.35%,
respectively. In the Fenton/US/UV process with ultrasound added,
removal efficiencies of 97.45%, 97.52% and 95.95% were obtained

Journal of Molecular Structure 1277 (2023) 134833

Table 1
Kinetic constants in Fenton processes.

Process Oth. Order Kinetic 1st. Order Kinetic 2nd. Order Kinetic

ko ky ky

(mg L.min~') R? (1 min~') R2 (L mg.min~!) R?
Fenton 0.1558 0.70 0.0016 0.70 —2E-05 0.69
Fenton/UV-A 0.1598 0.7 0.0016 0.72 -2E-05 0.71
Fenton/UV-B 0.1607 0.76 0.0017 0.75 —2E-05 0.75
Fenton/UV-C 0.1741 0.62 0.0018 0.61 —2E-05 0.61
Fenton/US 0.136 0.70 0.0014 0.70 —2E-05 0.69

for UV-A, UV-B, UV-C, respectively. In the Fenton/US process, the
removal efficiency was 96.35%.

3.7. Kinetic study

In this study, zeroth-order (Eq (21)), first-order (Eq (22)), and
second-order (Eq (23)) kinetic models were tested to investigate
the degradation of AO7 by different AOPs [27]. The obtained kinetic
constants and R? values are given in Table 1.

C=Cy—ko.t (21)
InC=InCy — kq.t (22)
1 1

E = C—b + kz.t (23)

Here; Cy initial AO7 concentration (mg L~1); C is the concen-
tration of AO7 (mg L-!) at any given time; kg, k; and k, of the
kinetics of the zeroth, first and second order reaction kinetic con-
stants, respectively; and t represents reaction time (minutes).

As shown in Table 1, the R? values were very close for each
process. However, it was determined that each application of the
Fenton process fit the zeroth-order kinetics with the best R? val-
ues as a function of AO7 concentration. In the 2nd degree kinetic
calculation, the k, coefficient could not be calculated because the
values were too small. According to the Fenton process, a slight
increase was observed in the k constants in the photo Fenton pro-
cesses performed under UV light. While the kq value was 0.1558 in
the Fenton process, it was calculated as 0.1598, 0.1607 and 0.1741

Removal (%)
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Fig. 8. Effect of different AOPs on the AO7 degratation.
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(c)
Fig. 9. AO7: atomic structure (a), HOMO (b), and LUMO (c).
Table 2
Calculated electronic characteristics as a result of interaction Fe2+ and H,0, with AO7.
Dipole moment HOMO LUMO X 5} w~ w* Binding
Name (Debye) (eV) (eV) n (eV) (eV) (eV) (eV) (eV) Energy (eV)
AO7 6.932 —4.471 -2.672 1.799 3.57 3.54 8.98 5.41 -
AO7/Fe%* 8.383 -11.342 -11.173 0.169 11.25 374.94 755.52 744.27 16.53
AO7/H,0, 7.017 —4.922 —2.982 1.940 3.95 4.02 10.14 6.19 1.43

in the UV-A, UV-B and UV-C processes, respectively. This can be
explained by the relative increase in temperature with the use of
UV light [62].

3.8. The result of DFT calculations

We analyzed the effect of the Fe2t jon and H,0, molecule
on the geometry and electronic structure of the AO7. Both the
Fe ion and the hydrogen peroxide molecule strongly distort the
AOQ7 structure (see Figs. 1-3), which leads to further destruction.
It can be seen that geometrically the ion is located exactly above
the center of the six-membered ring, and the hydrogen peroxide
molecule is located closer to the sodium atom, weakly binding to
oxygen atoms. In addition, the presence of the ion significantly
changes the electronic structure of AO7, facilitating charge trans-
fer and significantly reducing the gap between the frontier orbitals
(see Table 2). The binding energies of the Fe2* and H,0, were ob-

tained according to the following formulae, respectively Eqs. (24)-
(25).

E, = E(Fe**) + E(AO7) — E(AQ7/Fe**) (24)

E, = E(H;0;) + E(AO7) — E(AO7/H,0,) (25)

The results show that the ion binds to AO7 much more strongly
compared with the H,0,. The values of the corresponding binding
energies are presented in Table 2.

Before the mentioning from the relation with chemical reactiv-
ity of the dyes studied of Fenton process, let us mention from pop-
ular electronic structure principles like Maximum Hardness Princi-
ple [63]. According to this principle, chemical hardness reported as
the resistance towards electron cloud polarization of atomic and
molecular systems is a good measure of the stability of molecules
[64-65]. It should be reported that in stable states, chemical hard-
ness is maximized. The inverse relation between hardness and
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(b)

©

Fig. 10. AO7/Fe?* complex: atomic structure (a), HOMO (b), and LUMO (c).

polarizability was highlighted by Ghanty and Ghosh [66]. If so,
it is not difficult to predict that stable states correspond to the
minimum value of the polarizability. Some researchers noted that
dipole moment can be considered as a measure of the polar-
izability. According to Hard and Soft Acid-Base Principle (HSAB)
[67] “hard acids prefer to coordinate to hard bases and soft acids
prefer to coordinate to soft bases.” It should be noted that Fenton
process is quite useful to work the degradation of the dyes with
low hardness and high polarizability, namely reactive dyes. From
the calculated chemical hardness and dipole moment values, it can
be reported that our dye AO7 is quite reactive and soft molecule.

Some authors noted that OH radical acts as a good electron accep-
tor [68]. After the interaction with Fe?*ion of AO7 dye, it is clear
that chemical hardness of the system decreases, namely reactivity
of the system increases. In this way, degradation of the reactive
system with OH radical happens more easily. As a result, it can
be said that the result of the theoretical analyses performed are
in good agreement with experiments made. Figs. 9 and 11 visually
presents the atomic structure, HOMOs and LUMOs of the calcu-
lated chemical systems. The binding energy calculated for the in-
teraction with AO7 of Fe?* is 16.53 eV. This interaction supports
the HSAB Principle.
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(b)

Fig. 11. AO7/H,0, complex: atomic structure (a), HOMO (b), and LUMO (c).

4. Conclusion Color removal using the Fenton process was affected by the main
variables such as pH, initial dye concentration, H,0, dose, FeZ+

In this study, the degradation of AO7 in aqueous solution dose and reaction time. Effective AO7 degradation was achieved by
was investigated by Fenton, photo-Fenton, sono-Fenton and sono- Fenton oxidation at optimum conditions of 100 mg L- H,0,, 25 mg
photo-Fenton processes under different experimental conditions. L1 Fe2t, 100 mg L1 dye concentration, 3 pH and 30 min. Three
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different light sources, namely UV-A, UV-B and UV-C, were used
in the photo Fenton process. In addition, AO7 removal efficiencies
were investigated by using Fenton and photo Fenton processes
together with US source (Fenton/US and Fenton/UV/US). In ad-
dition, with the best R? values obtained in the kinetic study, it
was determined that each process complied with the zeroth-order
kinetics. Moreover in this study, the chemical reactivity analysis
of the studied dye was performed. For this aim, DFT calculations
were performed. Theoretical calculations supported the experi-
mental observations. The results revealed that the Fenton-like
process is a suitable process with high removal efficiency of AO7
removal from aqueous solutions. This process can be considered as
a promising and effective method for removing dyes from water
and wastewater.
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