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The oxidative degradation of Reactive Black 5 (RB5) in aqueous solution was
investigated using Fenton (FP), photo Fenton (P-FP), sono Fenton (S-FP), and
sono photo Fenton (S-P-FP) processes. Degradation experiments showed efficient
dye degradation for FP, P-FP, S-FP, and S-P-FP under optimal conditions. The
half-life values of the reaction calculated for first-order reaction kinetics showed
that the S-FP process is faster than the FP and P-FP processes. Using DFT calcula-
tions, the chemical reactivities of the studied chemical systems were analyzed.
Especially the calculated chemical hardness values reflect the reactivities of the
dye and the dye-Fe** complex. The calculated binding energy between the Fe’*
ion and RB5 of 15.836 €V is compatible with the prediction made in the light of
the principle of hard and soft acids and bases. The computed data supported the
experimental observations.
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1 Introduction Fe’* + *OH—Fe’* + OH™ )

According to Eq. (1), *OH production occurs in a quick reac-
tion. However, it can be oxidized because of the reaction of
Fe** with *OH [Eq. (2)] [31]. During the reaction, *OH rapidly
attacks organic substrates [32].

The reactive treatment of FP with UV light (photo Fenton)
directly affects the formation of *OH radicals, and can be an
alternative for dye degradation [33]. In the photo Fenton pro-
cess (P-FP), *OH formation occurs by the following reactions
(Egs. (3) and (4)) [34]:

Textile wastewater contains different types of dyes with low
degradability [1]. In the case of azo dyes, there is a significant
amount of residual dye in the wastewater due to losses in the
dyeing process [2]. Most azo dyes are carcinogenic to humans
and cause toxic effects in aquatic life [3]. Therefore, they must
be removed from the water so that it does not cause adverse
environmental and ecological effects [4]. However, convention-
al wastewater treatment plants cannot separate most of the
dyes found in industrial wastewater [5].

Reactive Black 5 (RB5) is an azo dye widely used in textile dye-
ing [6]. RB5 can be degraded by different methods, including
Fenton-like oxidation [7-10], photo-electrochemical process
[11], adsorption [12-16], coagulation/flocculation [17, 18], pho-
tocatalysis [19,20], ozonation [21], nanocomposites [22,23],

H,0, + UV —*OH + *OH 3)

membrane filtration [24], and activated carbon [25, 26].

Advanced oxidation processes (AOPs) rely on strong oxi-
dants such as hydroxyl radicals (*OH) and occur mainly in the
presence of hydrogen peroxide (H,0,), transition metal ions,
UV light, and an alkali or acid [27]. Fenton process (FP) effi-
ciency depends on different operating parameters [28]. In the
Fenton reaction, radical species (HO,®, *OH) are formed by the
reaction of H,0, and iron catalyst [29]. The main chemical
reactions in the formation of radical species are given in
Egs. (1) and (2) [30]:

H,0, + Fe’t > Fe*t + *OH + HO™ (1)
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Fe*t + H,0 + UV —>°OH + Fe?" + HT (4)

Combining FP with ultrasonic irradiation (sono-photo Fen-
ton) can accelerate the degradation reaction with the synergis-
tic effect it creates [35]. Sono-photo Fenton (S-P-FP) reaction
mechanisms are described by (Egs. (5)-(7)) [36].

H,0, + sonication wave —2°*OH (5)
02 + sonication wave —20° (6)
0° + H,0>2°0H %

In this study, the degradation performance of RB5 by Fen-
ton-like reactions was investigated under different reaction
conditions. The electronic structure was calculated using den-
sity functional theory (DFT). For process performance, the
variations in degradation efficiency due to variables such as
amount of Fenton reagents, reaction time, initial pH, different
UV light sources, and dye concentration were investigated.
This study is especially important in terms of examining the
interaction between Fenton reagents and dye molecules with
DFT. The novelty of this work is that the degradation of RB5
was studied comparatively and the degradation mechanism
was highlighted in the light of DFT computations.

2 Materials and Methods
2.1 Experimental Study

H,0, (35%) and Fe** (FeSO,-7H,0) were used to initiate Fen-
ton redox reactions and generate *OH radicals. Since RB5 is
one of the most widely used azo dyes in the textile industry [4],
it was chosen for this study. Synthetic wastewater was prepared
using RB5 obtained from Sigma-Aldrich. Fig.1 shows the
UV-Vis absorption spectrum and chemical structure of RB5
[37].

In the study, UVA (365nm), UVB (302nm), and UVC
(256 nm) light sources and ultrasound with a frequency of
40kHz and a power of 180 W were used. Dye values were
determined with a spectrophotometer [38]. The dye degrada-
tion efficiency 774y. was calculated by Eq. (8) [39].

_C =G 00% (8)
C

Naye
7 0

where C, and C, are the initial RB5 concentration and the RB5
concentration at time ¢, respectively.

2.2 DFT Calculations

The Perdew-Burke-Ernzerhof (GGA-PBE) exchange-correla-
tion functional [40] and hybrid electronic basis set combining
6-31G(d) [41] and 6-31G elements and 6-31G*-LDZ [42] (for
Fe) were used in the calculations. TeraChem software [43-46]
was used as a graphics processor-based electronic structure
package. The efficient geomeTRIC energy minimizer was used
in geometry optimization. D3 dispersion corrections [48] were
included to account for weak noncovalent interactions. The
mathematical relations proposed for chemical potential u, elec-
tronegativity y, chemical hardness 7, and chemical softness o
in Conceptual DFT are given below (Egs. (9)-(11)) [49].

OF
m=-x= {67] ©
¥(r)
ou O’E
(2,
6N 'V(l') aNz 'V(r)
I an
n

To derive these relationships, a parabolic curve is used that
shows the connection between total electronic energy E and the
total number of electrons N of a

chemical system. To apply the fi-
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Figure 1. UV-Vis absorption spectrum and chemical structure of RB5
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nite differences approach to the
parabolic relationship, the afore-
mentioned identifiers are related to
the ionization energy I and electron
affinity A of the atomic and molec-
ular chemical systems (Eqgs. (12)-
(14)) [50, 51]:

I+A
u=—x= _(T) (12)
n=I—A (13)
1
o=—— (14)
700 800 500 I-A

Another popular parameter for
chemical reactivity analysis is the
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electrophilicity index w [52], which is mathematically pre-
sented as Eq. (15):

0="—==— (15)

The equations for the calculation of the electron-donating
power and electron-accepting power parameters introduced by
Gazquez and co-workers [53] are presented as Egs. (16) and
(17):

(31 +A)

161 - A) (16)
L (I+34)

T 16(I - A) (17

In this study, the aforementioned descriptors were calculated
for the studied chemical systems because dye degradation pro-
cesses are closely relevant to the chemical reactivity of the con-
sidered dyes. The Koopmans theorem [54] was used to esti-
mate the ionization energy and electron affinities of the
chemical systems used in the study.

3  Results and Discussion
3.1 Degradation of RB5

Degradation experiments on RB5 were carried out under (1)
dye + Fe** + H,0, (FP), (2) dye + Fe*" + H,O, + UV (P-FP),
(3) dye + Fe** + H,0, + US (S-FP), and (4) dye + Fe’" + H,0,
+ UV + US (S-P-FP) conditions (Fig. 2). In the study, Fe** con-
centration was 10 mg LY H,0, concentration 75 mg LY pH 3,
RB5 concentration 100 mg L™, and equilibrium was reached in
the first 30 min. A Fenton process occurs in two stages. The
first one is called the Fe**/H,0, stage and it breaks down the
azo bonds (N=N) by *OH very quickly, since they are easier to
destroy than aromatic ring structures. The second stage is the
Fe’*/H,0, stage. The oxidation rate in this stage is

lower than in the first stage. Therefore, complete

mineralization cannot be achieved in this stage 0.2
[55]. In the first stage of the Fenton reaction, Fe?* 0.18
reacts with hydrogen peroxide and turns into Fe’* 0.16
(561 0.14

The Naye value was 97.1, 98.24, 97.73, 97.93,
97.42, 96.22, 96.08, and 96.19% in FP, P-FP (for o 0-12
UVA, UVB, and UVC), S-FP, and S-P-FP (for L"l 01
UVA, UVB, and UVC), respectively. While 74y, © 0.08
was quite high in all processes, the highest efficien-
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Figure 2. Degradation of RB5 under different reaction condi-
tions.

3.2 Effect of pH on Degradation

To determine the effect of pH, degradation was investigated
in the pH range of 2-7 (Fe** 10mgL™, H,0, 75mgL™,
t = 30 min, and RB5 100 mg L™'; Fig. 3). Different studies have
shown that low pH promotes dye degradation [58,59]. pH is
an effective parameter in the formation of *OH [60]. An acidic
environment increases radical formation and oxidation [61].
H,O0, is also unstable and can decompose in alkaline solution,
losing its oxidation ability. Therefore, H,O, and Fe** ions have
difficulty forming an effective redox system. In this case, the
reagents become less effective in dye degradation [62].

In this study, the highest 74y, (97.1%) was obtained at pH 3.
The 74y, value for RB5 was 96.9 % at pH 2, 97 % at pH 4, 95.9
at pH 5, 94.7 % at pH 6, and 93.5 % at pH 7.

3.3 Effect of Dye Concentration on Degradation
The effect of initial dye concentrations on 74y, is given in Fig. 3.

The initial H,O, concentration was adjusted to 100 mg L™ and
that of Fe’* to 10mgL™". The degradation effect was investi-

0.06 RB5 (mgL1) b
cy of 98.24 % was obtained in P-FP with a UVA ’
lamp. Bhaumik et al. [57] studied the catalytic 0.04 "k—/
degradation of RB5 using Fe’/TiO, nanocompos- 0.02
ites, and the RB5 removal efficiency of the men- o !
tioned composite material was determined to be 3 4 5 & 7
97.33%. It is noteworthy that our method also pH
provides such high efficiency for the removal of
RB5. Figure 3. Effect of pH and RB5 concentration on degradation.
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gated by changing the RB5 concentration to 10, 25, 50, 100,
150, 200, and 400 mg LY. The Ndye values obtained for each
concentration were calculated as 97.1, 97, 97, 96.7, 90.6, 75.9,
and 67.8%, respectively. With increasing dye concentration the
number of dye molecules increases, but the rate of degradation
decreases, as the amount of *OH remains the same [33]. Also,
high concentrations block active catalyst sites, reducing the
production of active radicals. Different researchers have report-
ed similar results to those obtained in this study [63, 64].

3.4 Effect of Fenton Reagents on Degradation

The amount of reagents used in the Fenton-like process plays
an important role in terms of degradation efficiency [65]. The
effect of different H,O, concentrations (10, 25, 50, 75, 100, 150,
200, 300, 400 mgL’l) and Fe** concentrations (10, 25, 50, 75,
100, 200, 400) was investigated (Fig.4). Other conditions were
t = 30min, RB5 100mgL™", pH 3 and Fe** 50mgL™" in the
H,0, study, and H,0, 100 mg L™" in the Fe** study.

In the Fenton process, Fe** consumption occurs faster than
its reproduction [66]. For this reason, a sufficient amount of
Fe’" is required to ensure continuous *OH production [67]. In
addition, due to the scavenging effect [Eq. (2)] of Fe** at high
concentrations on *OH [Eq.(9)] [68],  decreases with Fe**
concentration [69]. The degradation efficiency was determined
to be 97.1% at 10mgL™" Fe** and this was the highest 774y, val-
ue obtained for Fe?*. The Naye Value was 97 % in 50 mg L™ Fe*,
90 % in 100mgL™" Fe**, 76 % in 200 mgL™' Fe**, and 67.8 % in
400 mgL™" Fe*".

The results showed that increasing the concentration of
H,O, partially increases the removal efficiency and then
decreases it. The highest degradation efficiency was 97.2% at
75 mg L! H,O,. The Ndye values for 10, 50, 100, 200, 300, and
400 mg Lt H,0, were 90, 96, 97.1, 97, 96.4, and 96 %, respec-
tively. This result is consistent with the data obtained in other
studies [70]. The effect of low concentrations of H,O, on the
system can be explained by the reduction in dye degradation
efficiency with the formation of small amounts of *OH radicals.

However, at high H,O, concentrations, undesirable parallel
reactions can occur, leading to the formation of H,O and O,
[71]. In addition, due to the large amount of H,0,, *OH radi-
cals are consumed to generate hydroperoxyl radicals (*OOH,
E° = 1.42V), which offer a lower reduction potential compared
to the *OH radical (E° = 2.80 V) (Eq. (18)), and thus adversely
affect the process [72].

*OH + H,0, — *00H + H,0 (18)

3.5 Degradation Kinetics

The kinetics of the degradation of RB5 by Fenton-like reactions
was investigated for zeroth-order, first-order, and second-
order reactions according to time-dependent degradation
(Egs. (19)-(21)) [73,74].

Zeroth-order kinetics:

Ct - CO = kot (19)

First-order kinetics:

C
In (é)) =kt (20)

Second-order kinetics:

1 1
— — — =kt 21
ok (21)

where ko, ki, and k, are the apparent kinetic rate constants of
zeroth-, first-, and second-order reaction kinetics, respectively.
For first order reaction kinetics, the half-life of the reaction
t,» was calculated (Tab.1). The t,/, values indicate that S-FP
(t12 = 103 min) was faster than the other Fenton processes
(t1/ = 247-630 min).
RB5 degradation can be better explained by a zeroth-order
kinetic model, for which the highest R? values are obtained. An
increase in k was observed in processes using
ultrasound (S-FP, S-P-FP). While the k, value was

02 0.122mgLmin”" in FP and 0.130, 0.104, and
0.18 0.35 0.127mgLmin™" in the UVA, UVB, and UVC
0.16 03 processes, respectively, it was calculated to

00'25 0.601 mngin’l in S-FP. In S-P-FP, on the other
0.14 ["'3_ g[:lé hand, for different UV lamps it was 0.238, 0.261,
0.12 v 0l and 0.241 mgLmin™', respectively. The highest
L..? 0.1 0.05 first-order kinetic constant k; was obtained with S-
¥ o FP (0.0067). The fact that the S-FP is a faster pro-
0.08 0 100 200 300 400 cess as determined by the #;/, calculation and the
0.086 Fe* (mg LY increase in k; can be explained by the increase in

0.04 temperature with the use of ultrasound [74].

- . - ——
0.02 o
o | 3.6 DFT Calculations
0 100 200 300 400

H;0; (mg L)

Figure 4. Effect of Fenton reagents.
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In this study, the effect of Fe®* ion and H,0, mole-
cules on the geometry and electronic structure of
RB5 was analyzed. The obtained results show that
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Table 1. Kinetic constants.

Process Zeroth-order kinetics First-order kinetics ~ Second-order kinetics t1/> [min]
ko [mgL min”'] R ki [min™'] R? k [mgL min'] R?
FP 0.122 0.85 0.0013 0.84 -1x107° 0.84 533
P-FP (UV-A) 0.130 0.60  0.0014 0.59 -1x107° 0.58 495
P-FP (UV-B) 0.104 0.69  0.0011 0.69 -1x107° 0.69 630
P-FP (UV-C) 0.127 0.68  0.0013 0.67 -1x107° 0.67 533
S-FP 0.601 0.76  0.0067 0.74 -7x107 0.72 103
S-P-FP (UV-A)  0.238 096  0.0025 0.96 -3x107° 0.96 277
S-P-FP (UV-B)  0.261 0.98 0.0028 0.98 -3x107° 0.98 247
S-P-FP (UV-C) 0.241 0.97 0.0026 0.97 -3x107° 0.96 266

the Fe ion distorts the structure of RB5 more strongly than hy-
drogen peroxide (see Figs. 5-7), and this can lead to further
degradation. Fe** binds to the carbon atom belonging to the
six-membered ring and oxygen atoms from the SO;Na group.
The H,0, molecule is located closer to the SO;Na group,
weakly binding to the oxygen atom, and practically does not
distort the carbon rings. In addition, the ion facilitates charge
transfer by changing the electronic structure of the dye. It also
significantly reduces the gap between the frontier orbitals (see
Tab.2). Note that the lowest unoccupied molecular orbital
(LUMO) is localized just near the iron ion. In addition, the
binding energies of Fe’" and H,0, were calculated according to
Eqgs. (22) and (23).

Ey, = E(Fe*") + E(RB5) — E(RB5/Fe*") (22)

E, = E(H,0,) + E(RB5) — E(RB5/H,0,) (23)

As can be seen from the binding energies Ey, listed in Tab. 2,
the Fe’* ion binds much more strongly to RB5 than to H,0,.

Popular chemical parameters of Conceptual DFT provide
great facilities to theoretical chemists in terms of reactivity
analysis. Chemical hardness is the resistance of compounds to
electron cloud polarization and is an important indicator of
stability [76,77]. According to the principle of hard and soft
acids and bases (HSAB) [78], “hard acids prefer to adapt to
hard bases and soft acids to soft bases.” Soft chemicals exhibit
high polarization and tend to undergo covalent interactions.
The maximum hardness principle [79] states that “it is a law of
nature that molecules arrange themselves to be as rigid as pos-

Table 2. Calculated electronic characteristics.

sible”. FP is thus useful to investi-
gate the degradation of soft com-
pounds, e.g., reactive dye. In stable
states, polarizability is minimized
while chemical hardness is maxi-
mized. The dipole moment is a
measure of polarizability. It is clear
from the calculations that RB5 is a
soft dye (7 = 1.434eV). As a result
of the interaction of RB5 with Fe*",
a softer system with a chemical
hardness of 0.113 is formed. In this
way, the degradation process gets
easier. The atomic structure, high-
est occupied molecular orbitals
(HOMOs), and LUMOs of the
calculated chemical systems are

Figure 5. RB5: atomic structure (a), HOMO (b), and LUMO (c).

System Dipole moment [Debye] HOMO [eV] LUMO [eV] 7 [eV] x [eV] w [eV] w” [eV] o [eV] E, [eV]
RB5 10.948 -4.993 -3.559 1.434 4.276 6.38 14.98 10.70 -
RB5/Fe**  9.977 -9.750 -9.617 0.133 9.684 352.52 709.89 700.21 15.836
RB5/H,0, 21.533 -4.996 -3.703 1.293 4.350 7.32 16.89 12.54 0.941
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Figure 6. RB5/Fe** complex: atomic structure (a), HOMO (b),
and LUMO (c).

Y ‘v.b
S 3
Figure 7. RB5/H,0, complex: atomic structure (a), HOMO (b),
and LUMO (c).
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shown in Figs. 5-7. The theoretical results are in good agree-
ment with the experimental results. The calculated binding
energies support the HSAB principle.

4  Conclusion

Degradation of RB5 was carried out under different experimen-
tal conditions. Fenton oxidation was carried out under opti-
mum conditions of 75 mg L™ H,0,, 10mg L™ Fe**, 100 mg L™
RB5, pH 3, and ¢ = 30 min. The 774y, value in FP was 97.1 %. In
P-FP, in which UVA, UVB, and UVC light were used, Ndye val-
ues of 98.24, 97.73, and 97.93 %, respectively, were obtained. In
S-P-FP, the 54y, values for UVA, UVB, and UVC light were
96.22, 96.08, and 96.19 %, respectively. In S-FP, the removal
efficiency was 97.42 %. Also, the calculated t;/, values showed
that the S-FP process (t;,, = 103 min) was faster than the FP
and P-FP processes (t1/, = 495, 533, 630 min). The computed
Conceptual DFT parameters are in good agreement with the
experiments. The results support the maximum hardness prin-
ciple and HSAB principle. Fenton-like processes could be a
very promising technology for removing RB5 dye from waste-
water. In the light of the comparisons with the papers pub-
lished in the literature, it can be said that the experimental
method used here provides high efficiency for the removal of
RB5.

The authors have declared no conflict of interest.

Symbols used

A [eV] electron affinity

C; [mg L RB5 concentration at time ¢
Co [mgL™] initial RB5 concentration
E [eV] total electronic energy

E° v] reduction potential

E, [eV] binding energy

I [ev] ionization energy

ko [mgL min~'] zeroth-order rate constant
k, [min™ first-order rate constant
k, [mgL min”'] second-order rate constant
N [-] total number of electrons
tiya [min] half-life

Greek letters

Ndye [%] dye degradation efficiency
n [eV] chemical hardness

u [eV] chemical potential

o [eV] chemical softness

X [eV] electronegativity

) [eV] electrophilicity index

w” [eV] electron-donating power
" [eV] electron-accepting power
Abbreviations

AOP advanced oxidation process

DFT density functional theory
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FP Fenton process
HOMO  highest occupied molecular orbital
HSAB hard and soft acids and bases
LUMO  highest occupied molecular orbital
P-FP photo Fenton process
RB5 Reactive Black 5
S-FP sono Fenton process
S-P-FP sono photo Fenton process
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