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Abstract: This study investigated the removal of methylene blue (MB) by different UV, UV-catalyzed
H,0, (UV/H;0;) and UV-and-iron-catalyzed H,O, (UV/H,0,/ Fe?*)-based advanced oxidation
processes. At pH 6.0, the removal of MB (15 mg/L) was found to be 6.31% at 60 min for UV only.
However, the combination of HyO, (5 mM) with UV greatly enhanced the removal efficiency as 96.44%
degradation of MB was found in the UV /H;O; process at 60 min. Furthermore, the UV/H,0,/ Fe2*
process was observed to be even more efficient than UV /H,O,, achieving 99.11% MB degradation
at 30 min of treatment under the experimental conditions of [MB]y = 15 mg/L, [HyO;]p = 2 mM,
[Fe?*]p = 0.5 mg/L, and pHy = 3.0. Furthermore, the removal of TOC was found to be 59 and
71% for UV /H,0, and UV/H,0, /Fe?*, respectively. The pH did not change the efficiency of the
UV/H,0, process significantly; however, it greatly affected the efficiency of the UV/H,0O,/ FeZ*
system. The results demonstrate that both UV/H,0, and UV/H,0,/ Fe?* could be used for the
effective degradation and mineralization of MB.

Keywords: UV /H,O,; photo-Fenton; methylene blue; degradation; mechanism; water treatment

1. Introduction

Unquestionably, water is a priceless natural resource that is essential for the mainte-
nance of life. However, the world is facing the issue of restricted access to clean drinking
water due to water contamination. When environmental stressors in the form of chemicals
are introduced to water at concentrations beyond the maximum allowable level, pollution
of the water results. Water contamination or pollution is due to the presence of various
organic (dyes, hydrocarbons, pesticides, herbicides, phenols, fertilizers, biphenyls, oils,
greases, proteins, carbohydrates, pharmaceuticals and so on) and inorganic chemicals
(heavy metals and anions), as well as minerals from industry, agriculture and household
sources [1]. One of the main causes of surface and groundwater contamination is industrial
effluents. Due to rising urbanization and globalization, there is a rise in the demand for
goods produced with colors and heavy metals [2]. Pigments and dyes are often used as
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colorants in the food, textile and pharmaceutical sectors [3,4]. It is important to note that
some of these dyes are carcinogenic and mutagenic [5]. The dyeing industries, which rely
on synthetic pigments, have expanded globally, producing around 8105 tons of synthetic
dyes annually [6]. The textile sector comprises approximately 75% of the worldwide market
for dyestuffs. There are about ten thousand distinct types of dyes used to color and/or
print various forms of cloth [7]. However, some of the dyes do not adhere effectively to the
fabric or food; hence, the contamination of water results from the release of such industrial
wastes [8]. Color is one of the simplest pollutants to detect with the naked eye. Since
dyes are toxic, their removal from industrial effluents is necessary before their discharge
into water bodies [9]. Aquatic species suffer from decreased amounts of dissolved oxygen
due to the elevated chemical oxygen demand (COD) caused by dye contamination and
other toxicity-related effects. These wastes, discharged by these industries, mostly contain
synthetic colors, which hinder the photosynthetic processes of aquatic organisms due to
the reduced penetration of sunlight into water bodies, thereby increasing the biochemical
oxygen demand (BOD), and they have a detrimental impact on the food sources of aquatic
organisms [10]. In addition to interfering with plant photosynthetic processes, the release
of synthetic colors renders water unsuitable and undesirable on an aesthetic level [11].
Environmentalists and eco-toxicologists have already conducted research that has proven
the carcinogenic effects on humans [12].

Methylene blue (3,7-is (dimethylamino) phenothiazine chloride tetra methylthionine
chloride) is one of the most commonly used dyes in the textile industry [13,14]. It is used
in the dyeing of silk, wool, paper and cotton [15-18]. It is released into natural water
resources in high amounts by the textile industry, which is very harmful to animal and
human health [19]. Due to its high toxicity, MB dye poses a risk to human health above
certain concentrations [20]. Because of the toxicity of MB, its carcinogenic nature and its
resistance to biodegradation, it poses a major risk to the health of humans and adversely
affects ecosystems [21,22]. Several diseases, such as blindness and respiratory, mental and
digestive disorders, are caused by wastewater containing MB [23]. Moreover, other diseases,
such as increasing heartbeats, the death of new cells, eye and skin diseases, nausea and
diarrhea, can also be caused by contaminated water containing MB [24,25]. Therefore, it is
considered an industrial waste and hence should be removed from water bodies. Numerous
techniques have been suggested for the treatment of wastewater, including incineration,
reverse osmosis, ozonation, adsorption, solid-phase filtering and coagulation. However,
incineration produces toxic volatile byproducts and necessitates extended treatment times;
likewise, the stability of ozone is a cause for concern due to its sensitivity to changes in the
pH, salt concentration and temperature [26]. The other conventional techniques are also not
very efficient in the removal of water contaminants. On the other hand, advanced oxidation
processes (AOPs) can efficiently degrade organic contaminants [27-29]. The mechanism of
AQPs depends on the production of extremely reactive oxidant substances, particularly
*OH [3]. These oxidant species can interact with hazardous substances and cause their
destruction [30]. Among various AOPs, UV/H;0; and UV/H,0,/ FeZ* processes have
been largely studied for water decontamination due to their simplicity and efficient nature.
The UV /H,0,/Fe?* process is commonly known as the photo-Fenton process. Both the
UV/H,0, and UV /H,0,/Fe?* processes are capable of producing *OH in the reaction
system. In the photo-Fenton process, the HO, and Fe?* react with each other to produce
*OH [31]. The *OH reacts with organic pollutants, with the second-order rate constant
ranging from 10° to 10° M~! s~! non-selectively [32].

The present research set out to examine the effectiveness of the UV, UV/H,0, and
UV/H,0,/Fe?* processes for the removal of MB. The breakdown efficacy of MB was tested
at various pH values and at different initial concentrations of H,O,, MB and FeZ*. In
addition, the impact of inorganic anions such as CI~, NO; ™, CO52~ and HCO3 ™ on the
removal of MB was also studied. The degradation products (DPs) of MB were detected and
possible degradation pathways were established. Finally, the toxicity of the detected DPs
was determined by using a computational program called the Ecological Structure—Activity
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Relationships (ECOSAR) program. Density functional theory (DFT) was used to obtain
further insights into the reactive centers of MB molecules and to achieve a comprehensive
understanding of the degradation pathways of MB by hydroxyl radical-based AOPs.

2. Results and Discussion
2.1. Direct Photolysis

To produce hydroxyl radicals and aqueous electrons from water molecules via UV
light, photons with a wavelength of 185 nm are required [33]. According to previous
reports, for organic molecules to go through direct photolysis, two requirements must be
satisfied: (i) the organic molecules must absorb the light photons at the given wavelength
to produce electronically excited state molecules (Equation (1)) and (ii) the excited-state
molecules must undergo chemical decomposition (Equation (2)) at a higher rate than their
physical deactivation (Equation (3)) [34]. According to previous reports, UV 254 nm light
can excite the aromatic ring, so MB, being an aromatic compound, could be excited and
degraded by UV 254 nm light, as observed in the present study (Figure 1) [35].

Methylene blue + hv — Methylene blue’ (1)
Methylene blue” — Degradation products (2)
Methylene blue” — Methylene blue ©)]
1.00 -
0.98
S 0.96 -
@)
0.94 1
0.92
0.90 . . . .
0 20 40 60
time (min)

Figure 1. Photolytic degradation of methylene blue by UV radiation. Experimental conditions:
[MB]p =15 mg/L, pH = 6.0.

Applying the pseudo-first-order kinetics to MB photolysis, its degradation rate can be
written as

dMB]
@ k [MB] 4)
Upon integration, Equation (4) becomes
_lnm = kobst ®)

[MBJ,
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where [MB]j represents the initial concentration of MB, while [MB] represents the MB con-

centration at time “t". The molar extinction coefficient (ey5, M~! cm™) generally affects the

direct photolysis of the target compounds and hence their quantum yield (¢) in accordance
with Equation (6) [36].

10U, kops

Penms = evsIn(10)

(6)

where ks is in unit of min~—!, and Uy is the energy of one mole of photons (J Einstein ')
at the wavelength of UV radiation, i.e., 471,528 ] Einstein~! at 254 nm [36]. By using the
Beer-Lambert law (A = ¢ Ic), epp was determined by plotting the concentration versus
absorbance. ky,s was calculated from the slope of the plot of —In [MB]/[MB], versus
time. The slope was equal to e\g because the path length was 1 cm, and the intercept of
the plot was set as 0. The eyp and ¢\p values were calculated as 15,246 M1 em™ and
0.7833, respectively.

2.2. Removal of MB by UV/H,O; and UV/H,0,/Fe** Processes
2.2.1. Impact of H,O, Concentration

Both the UV/H,0, and UV/H,0, /Fe** processes produce *OH, as shown in reactions
(7)-(12) [37-39]. Therefore, these processes are known as hydroxyl radical-based AOPs.

H,0, + hv — 2 *OH (¢ =1.0) @)
H,0, + Fe?* — *OH + OH ™~ + Fe>* (8)
Fe®* + H,O, — Fe (OOH)** + H* ©9)
Fe (OOH)** — Fe** + OOH (10)
H,0, + Fe?* — *OH + Fel' (OH) (11)
Fe' (OH)** + hv — *OH + Fe?* (12)

The photo-Fenton system is able to work continuously via the regeneration of Fe?*
in accordance with reactions (10) and (12), and the catalytic reaction proceeds until the
consumption of all HyO, molecules.

In the present study, a set of experiments was performed with various H,O, concentra-
tions (1, 3, 5 and 10 mM) for the removal of MB by the UV /H,0O; technique at pH 6.0, using
15 mg/L of MB. The findings are depicted in Figure 2. The removal of MB was found to be
greatly improved when using the UV/H;O; process compared to that by direct photolysis.
The % degradation was found to be 70.28, 86.12 and 96.44% in the presence of 1, 3 and
5 mM of H,O, at 60 min of irradiation when employing [MB]y = 15 mg/L and pH = 6.0
(Figure 2a). The reason behind the increase in the degradation of MB is the production of
*OH in the UV /H,O, process, as shown in reaction (7). The rapid reaction of *OH, which is
highly reactive and non-selective, with MB led to its degradation. The removal process was
accelerated when the amount of H,O in the reaction solution increased, because a larger
amount of *OH is formed at a higher concentration of HyO,, which resulted in the increased
% degradation of MB. However, at a 10 mM H,O, concentration, the MB degradation was
noted to be 91.42%—lower than that at 5 mM H,O; (i.e., 96.44%)—suggesting that increases
in the H,O, concentration beyond 5 mM have a negative impact on the degradation effi-
ciency of MB. Higher concentrations of H,O, reduce the effectiveness of MB degradation
because H,O, scavenges *OH [36]. The values of ks were calculated to be 0.0285, 0.0371,
0.0556 and 0.0515 min™ at 1, 3, 5 and 10 mM of H,O,, respectively. The non-linear rela-
tionship between the initial H,O, concentration and ks could be due to the scavenging
effect of HyO,- at a higher concentration- for *OH, as shown in reaction (13) [40,41]. The
hydroperoxyl radical (HO,*)—produced during reaction (13)—has much lower oxidation
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capabilities than *OH [42]. HO,® can also consume *OH (reaction (14)), thereby inhibiting
the removal efficiency of MB [43].

*OH + H,0, — HO,* + H,0 k=27x10 M 1ts! (13)
HO® + HOZ. — Oy, + H,O (14)
(a) 0.06
1.0 -~
‘5 004
g
08 < 00
v 061 000~ 1 305 10
© H,0, concentrations (mM)
0.4

02 -4 —— [H0,],=1mM
—o— [H0,],=3mM

—o— [H,0,],=5mM

0.0 1
—v— [H,0,],=10mM
T T T T
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time (min)
(b) 0.16 1
0.14 1
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Figure 2. Influence of initial concentration of HyO, on % removal of methylene blue (MB) by
(a) UV/H,0; and (b) UV/H,0, /Fe?*. Reaction conditions: [MB]y = 15 mg/L, [Fe>*]y = 0.5 mg/L,
pH = 6.0 for UV/H,0; and 3.0 for UV/H,0, /Fe?*.

Furthermore, the combination of *OH (reaction (15)) could also negatively impact the
degradation of MB at higher H,O, concentrations [44].

HO® + HO® — H,0, k=53 x10°M st (15)
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Reactions (13)—(15) show the consumption of *OH by means other than the reac-
tion of *OH with MB. Therefore, the oxidation of MB was decreased due to these un-
wanted side reactions at higher H,O, concentrations. Hence, determining the appropriate
amount of H,O is a crucial step in optimizing the procedure to prevent excess amounts of
reagent/oxidant, which could hinder the removal process.

The initial concentrations of H,O, in the UV /H,0,/FeZ* process were the same as
those examined in the UV/H,O, process, i.e., 1, 3, 5 and 10 mM. The % degradation of
MB was found to be 80.68, 91.06, 99.1 and 93.8% when using 1, 3, 5 and 10 mM of H,0O,,
respectively (Figure 2b). The initial concentration of MB was 15 mg/L, that of Fe?* was
0.5 mg/L and the pH was 3.0. An acidic pH is used to maintain optimal efficiency in the
photo-Fenton system. This is because the catalytic activity of Fe?* in activating H,O, has
been found to be the maximum at an acidic pH [40]. The values of ks were observed to be
0.0975, 0.1207, 0.150 and 0.1287 min~! when using 1, 3, 5 and 10 mM of HyO;, respectively.
The findings indicated that as the initial concentration was increased from 1 to 10 mM of
H,0O,, a similar trend was observed in this process as observed in the UV /H,O; process.

2.2.2. Effect of Initial MB Concentration

To evaluate the influence of the initial MB concentration on its % removal by the
UV/H,0, and UV/H,0,/Fe** processes, methylene blue degradation was studied at
an initial concentration of 5, 15 and 20 mg/L, while keeping [H,O»]p = 5 mM and
[Fe**]y = 0.5 mg/L. In the case of the UV/H;0O; process, the degradation of MB was
found to be 98.64, 96.96 and 82.39% at the irradiation time of 60 min when using 5, 10 and
20 mg/L of MB, respectively, and employing 5 mM of H,O, and pH 6.0 (Figure 3a). The
removal of MB followed the pseudo-first-order kinetics, with the values of ks being 0.0711,
0.056 and 0.0289 min™! at 5, 15 and 20 mg/L of MB, respectively. For UV/H,0,/Fe?", the
degradation was found to be 100, 99.10 and 89.34% after 30 min of treatment when the
concentration of MB was 5, 15 and 20 mg/L, respectively (Figure 3b), employing 5 mM
H0O,, 0.5 mg/L Fe?* and pH 3.0. The kqp,s values were found to be 0.1923, 0.1473 and
0.1021 min™! for 5, 15 and 20 mg /L of MB, respectively. These findings clearly show that the
degradation of MB is reduced when increasing the MB concentration in both the UV/H,0,
and UV /H,0, /Fe** processes. Since both of these processes are based on *OH and the
source of *OH (i.e., HyO;) is also the same in both processes, the reasons for the decreased
removal efficiency of MB in both processes could also be the same. There are several reasons
for the lower degradation efficiency of MB at a higher concentration. First, at higher MB
concentrations, the color of the solution is intense; it then acts as a filter for the UV light,
hence preventing the light from entering the solution. Second, the regeneration rate of
the Fe?* catalyst from Fe?* via reactions (10)—(12) decreases as the concentration of MB
increases due to the reduced penetration of UV light into the reaction solution. The reduced
penetration of UV light into the reaction mixture leads to a reduction in the activation of
H,0; molecules via reactions (7) and (8) and hence smaller quantities of *OH are produced
in the reaction solution. This ultimately leads to the lower degradation efficacy of MB at a
higher concentration. Another reason for the reduced removal efficacy of MB at a higher
concentration is the increased level of intermediate molecules (degradation products of
MB) at higher MB concentrations. These intermediate molecules compete with MB for *OH
and hence reduce the likelihood of *OH degrading MB, which ultimately results in the
lower removal efficiency of MB. The same results were also observed by El-Dein et al. [45]
and Navarro et al. [46].

However, the degradation rate of MB increased with an increasing initial concentration
of MB. As the initial concentration of MB was increased, a large number of MB molecules
were exposed to the reactive radicals, which led to the removal of a larger number of
MB molecules at a higher concentration. As a result, a larger number of MB molecules
underwent degradation per unit time at a higher MB concentration, which led to a higher
degradation rate of MB at a higher concentration [37,47].
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Figure 3. Impact of initial concentration of methylene blue on its % degradation by UV/H,0,
(a) and UV/H,0,/FeZ* processes (b). Reaction conditions: [HyOz]p = 5 mM, [FeZ*]y = 0.5 mg/L,
pH = 6.0 (in case of UV/H,0,) and 3.0 (in case of UV/H,0,/Fe?*).

2.2.3. Effect of Inorganic Anions

Various inorganic ions are always present in actual water samples [48]. Therefore, the
degradation efficacy of a target contaminant by any AOP could be affected by these ions.
As a result, it is essential to understand the efficacy of the water treatment technology in
terms of the removal of the target contaminants in the presence of these ions before the
recommendation of the investigated technology for practical water treatment applications.
In this regard, the present work examined the effects of several inorganic anions, such as
chloride (C17), nitrate (NO3 ™), bicarbonate (HCO3 ™) and carbonate (CO3%™) ions, on the
removal efficiency of MB by the UV /H,0, process and UV /H,O, /Fe?* system. The find-
ings are depicted in Table 1. The addition of 5 mM Cl~ and NO3;~ reduced the removal of
MB from 96.44 (no ions) to 87.13 and 90.19%, respectively. Similarly, for the UV/H,O,/ Fe?*
process, the degradation was reduced from 99.11 to 80.56 and 87.46%, respectively, when



Catalysts 2024, 14, 906

8 of 20

5 mM of CI™ and NO3~ were added to the MB solution. These findings show that both CI~
and NO3; ™ have minor reduction effects on the removal of MB by UV /H,O,. Chloride ions
are supposed to be effective scavengers for *OH (reaction (16)) [49]. The lower inhibition
effect of C1~ on the removal of MB may be due to the reversibility of reaction (16), which
reproduces hydroxyl radicals in a reverse reaction with a slightly higher rate constant
(kr) than that of the forward reaction (scavenging of *OH). Moreover, the formation of
chlorine radicals (CI®* and Cl,°7), as a result of reactions (17) and (18), could also reduce
the inhibitory effect of CI~ due to the possible reactivity of MB with C1* and CI,*~.

Cl™ + *OH = CIOH®*~ kio43x10°M sk =61x100M1s™t  (16)
H* +CIOH*™ =CI* +H,0 k=26 x10"M1s 1 k=36x10°M1s ! (17)
Cl* +Cl~ — CL"*~ (18)

Table 1. Impact of Cl~, nitrate, carbonate and bicarbonate ions on % removal and ks of MB by
UV/H,0; and UV/H,0, /Fe?* processes. Reaction conditions: [MB]y = 15 mg/L, [HyO]p =5 mM,
[Fe?*]p = 0.5 mg/L, [NO;~] = [CI"] = [CO327] = [HCO;~] = 5 mM. pH was 6.0 for UV/H,0, and
3.0 for UV/H,0,/Fe?*. In the presence of CO3%~ and HCO3~, the pH was 8.2 for UV /H, 0.

Anion UV/H,0, UV/H,0,/Fe %*
% Degradation at % Degradation at
60 Min of kobs (min—1) 30 Min of Kobs (min—1)
Treatment Treatment
No scavenger 96.44 0.0556 99.11 0.155
Nitrate ions 90.19 0.0378 87.46 0.1053
Chloride ions 87.13 0.0361 80.56 0.093
Carbonate ions 98.12 0.0664 ——— e
Bicarbonate ions 97.55 0.0597 e e

Furthermore, the presence of FeZ* in UV /H,0,/Fe?* could also contribute to the
reduced removal of MB by Cl1~ (reaction (19)) [50,51].

Fe* + CIOH®™ — Fe** + CI~ + OH~ (19)

The effect of nitrate ions (NO3 ™) on MB degradation via the UV /H,0, and UV/H;0;/
Fe?* processes could also be explained by the fact that NO3~ could also act as an *OH
radical scavenger (reaction (20)) [48,52].

NO3;™ + *OH — “OH + NO3* (20)

However, CO32~ and HCO3~ were found to have positive impact on the degrada-
tion of MB (Table 1). The % degradation was increased from 96.44 to 98.12 and 97.55%
when 5 mM of CO;32~ or 5 mM of HCO3;~ was added to the solution, respectively, for
the UV/H0; system (Table 1). Some previous studies have also reported the higher
degradation of Acid Orange II (AO7) and basic fuchsin dyes by the UV /H,O; process in
the presence of CO32~ and HCO;~ [53,54]. This could be due to the activation of H,O,
by CO;32~ and HCO;~. Although CO32~ and HCO;~ can scavenge *OH, they could in
turn lead to the formation of carbonate radicals (CO3° ™) (reactions (21) and (22)). CO®; ™~ is
also considered a reactive species, with redox potential of 1.59 V, and hence can degrade
organic dyes [55]. It has been reported that CO3°~ reacts strongly with sulfur-containing
compounds and electron-rich compounds such as MB, with a second-order rate constant
in the order of 10°—108 M~! s~1 [56]. As a result, CO32~ and HCO3~ did not show any
negative effect on MB degradation by UV /H,O, but rather a positive effect, i.e., the higher
removal of MB was found in the presence of these ions. Another possible reason for the
higher removal of MB in the presence of HCO3 ™ is the formation of peroxymonocarbonate
ions (HCO4 ™) resulting from the reaction of HyO, with HCO3 ™ (reaction (23)) [56]. HCO4 ™,
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produced in situ, is highly unstable at room temperature and is split into reactive species
such as superoxide radical anions (O,°~). Due to its significant oxidizing ability in the
breakdown of contaminants, this O,°*~ has the potential to degrade the target dye— in this
case, MB [57]. Additionally, the recombination rate of CO3°~ is 275 times lower than that
of *OH, making it more available for the degradation of MB [56]. In conclusion, despite the
consumption of *OH by CO3%~ and HCO;~, the % degradation of MB was increased.

CO3%~ +°*OH — ~OH + CO3*~ k=39 x 108M 157! (21)
HCO;™ + *OH — CO5*~ + HyO k=85x10°M 157! (22)
H,O, + HCO;~ — HCO4~ + H,O (23)

For the UV/H,0,/Fe?* process, however, the effects of CO52~ and HCO3;~ were
not evaluated because both of these ions render the reaction solution alkaline, and the
activity of Fe?" is negligible as a catalyst for H,O, activation due to the formation of ferrous
hydroxide at a higher pH in the solution [58].

2.2.4. Effect of pH

One of the most critical factors affecting the degradation efficiency of water treatment
methods is the pH. Hence, the efficiency of the UV /H,O, process was assessed at pH 3.0,
6.0 and 11 and that of UV/H,0,/Fe?* at pH 3.0 and 6.0. The findings showed that the pH
affected the degradation of MB by both processes (Figure 4a). The degradation efficiency
of UV/H,0, was found to be higher at pH 6.0, as evidenced by the 89.82, 96.44 and
77.62% degradation of MB at pH 3.0, 6.0 and 11, respectively, at irradiation time = 60 min,
[H203]o = 5 mM and [MB]y = 15 mg/L. Accordingly, k,,s was calculated to be 0.0468, 0.0556
and 0.0378 min~! at pH 3.0, 6.0 and 11, respectively. The relatively lower efficiency at pH 3
as compared to pH 6 could be due to the scavenging of *OH by Cl1~ (from HCI) at pH 3
(reactions (16)—(18)) [59]. Cl,°*~ has lower reactivity in comparison to *OH towards organic
compounds [60].

Furthermore, the reduced removal of MB at pH 11 is because of the dissociation
of H,O, to its conjugate base (HO,™) at a pH higher than 10 (pKa of H,O, = 11.62)
(reaction (24)).

H,O, - HO,™ + H* (24)

HO, ™, the conjugate anion of H,O,, reacts with an undissociated H,O, molecule to
produce oxygen molecules and water, rather than *OH, when exposed to UV light. As a
result, the concentration of *OH is lower than expected (reaction (25)) [46].

HO,” + H,O; — H,O + O, (25)

Moreover, the redox potential of *OH is reported to be 2.7 V at an acidic pH and 1.8 V
at a neutral pH [61]. Hence, the lower efficiency at an alkaline pH may be attributed to the
decrease in the redox potential of *OH.

Furthermore, the UV /H,0, /Fe?* process showed a strong dependence on the pH. In
contrast to the UV /H,0O; process, the removal efficacy of UV/H,O,/ FeZ* was found to
be higher at pH 3.0. The % degradation was found to be 99.11 and 82.91% at pH 3.0 and
6.0, corresponding to the k¢ values of 0.1550 and 0.0757 min—!, respectively (Figure 4b),
when employing 5 mM H,0,, 15 mg/L MB, 0.5 mg/L Fe?* and 30 min of treatment time.
The higher removal efficiency of UV/H,0,/Fe?* at pH 3.0 is due to the fact that the rate
of activation of H,O, by Fe?* is high at an acidic pH (reaction (26)). It has been reported
that the optimum pH for the degradation efficacy of organic pollutants by UV /H,0, /Fe?*
is 3.0. At a pH less than 2.5 and higher than 4.0, the catalytic role of Fe>* decreases [62].
This is because, at a higher pH, Fe(OH)3 is produced, which reduces the availability of
Fe?* to activate H,O, for *OH production. Furthermore, the presence of electron donor
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reagents such as Fe?* at a very low pH encourages H* to scavenge *OH, thereby inhibiting
the degradation of the target compound (reaction (27)) [37,63].

H,0, + Fe** — *OH + Fe>* + OH~ (26)
*OH + Fe** + HY — H,0 + Fe’* 27)
(a) BB % Degradation
7 [
100 96.44%
0556 min™ L 0.06
80 - 77.62%
%_’ 0.04 £
;? 7 Y- 5=
) 3
N
40
- 0.02
20 -
0= L 0.00
pH=3 pH=6 pH=11
(b) EXIX % Degrdation [ 0.20
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- 0.15
80 A
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S —~
g '
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Figure 4. (a) Influence of pH on % removal of methylene blue by UV/H,0O, process. Reaction
conditions: [MB]y = 15 mg/L, [HOz]p = 5 mM, time = 60 min. (b) Impact of pH on removal
efficiency of methylene blue by UV /H,0,/Fe?* process. Experimental conditions: [MB]y = 15 mg/L,
[H0,]p = 5 mM, [Fe?*]y = 0.5 mg/L, time = 30 min.

2.2.5. Influence of Initial Concentration of Fe?*

In this study, three initial concentrations of FeZ*, ie. 0.1, 0.2 and 0.5 mg/L, were
used to study the impact of the catalytic role of ferrous ions. The removal efficiency of
the UV/H,0O, /Fe** process was found to be enhanced at higher concentrations of Fe?+
(Figure 5). The % degradation was found to be 76.78, 93.77 and 99.11% after an irradiation
time of 30 min at 0.1, 0.2 and 0.5 mg/L of Fe?*, respectively, when employing 15 mg/L of
MB, 5 mM of H,O, and pH 3.0. In the same way, the values of k,,; were observed to be
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0.0719, 0.132 and 0.155 min ! at 0.1, 0.2 and 0.5 mg/L of Fe?*, respectively. The increase
in the % degradation with an increase in the amount of Fe?* could be due to the higher
concentration of *OH at higher concentrations of Fe?* via reaction (8) [50,62]. Additionally,
there was a linear relation between ks and the concentration of Fe?™.

0.16
0.14
1.0 1 ~ 0.12
= 010
E 008
0.8 - & 006
0.04
0.6 0.02
5 07 0.00
8 0.1 0.2 0.5
04 Fe?" Concentrations (mg/L)
02— I
—— [Fez‘
—v— [Fe”
0.0 -
0 10 20 30
time (min)

Figure 5. Impact of Fe>* concentration on % removal of methylene blue by UV/H,0, /Fe?* process.
Reaction conditions: [MB]y = 15 mg/L, [HyO,]p =5 mM, pH = 3.0.

To better illustrate the efficiencies of the AOPs studied in this work in comparison
with similar AOPs reported previously for the degradation of MB, we present Table 2.
Table 2 serves to enrich the existing knowledge on the removal of MB by the UV /H;0O,
and UV /H,0, /Fe?* processes.

Table 2. Comparison of methylene blue removal by UV/H,0, and UV/H,0, /Fe?* processes.

Concentration of

Time

kobs

Degradation

2+
Method Methylene Blue (mg/L) [H>02lo [Fe™lo  PH  (in)  (min-1) (%) Reference
UV/H,0, 15 5mM 6 60 0.0556 96.44 This work
UV/H,0,/Fe* 15 5mM m%’?L 3 30 0.150 99.1 This work
UV/H,0, 50 12.5 mM 3 90 91 [64]
UV/H,0, 10 15 mL (30% — 80 00082 - [65]
HyO3)
UV/H,0, 10 4mL/L — 90 0.0770 [66]
15 mL (10%
UV/H,0 10 — e 60 99.90 67
/HyO, H,0) [67]
UV/H,0,/Fe* 20 70 mM 4mM = 3 e e 97.8 [68]
UV/H,0,/Fe* 50 8 mM 5mM [ E— 100 [69]
UV/H,0,/Fe* 20 70 mM 4mM 3 30 e 98.8 [70]

2.2.6. Determination of Degradation Products and Possible Degradation Pathways

The degradation products (DPs) of MB produced during UV /H,0O; treatment were

identified by GC-MS. It is extremely helpful to identify the possible reactive sites of MB
where *OH could attack via addition or hydrogen abstraction reactions before discussing
the experimentally detected DPs of MB. Therefore, the possible reactive sites of MB towards
*OH addition or hydrogen abstraction reactions were identified by performing density
functional theory (DFT) calculations using the Gaussian 09 program. In this regard, the
B3LYP/3-21g basis set was used for the optimization of MB, whereas the B3LYP/6-311g
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basis set was used for energy calculations. In order to forecast the positions in the MB
molecule where *OH could readily go through addition or hydrogen abstraction reactions,
the frontier electron densities (FEDs) and point charges of the MB atoms were calculated
using the Gaussian 09 program. The calculated values of the FEDs and point charges of
MB are given in Table 3. According to published reports, *OH could attack via addition
reactions on atoms with high values of (FED?tomo + FED? umo) [47], while hydrogen
could be abstracted by *OH from atoms whose point charge values are high [47,71]. Keeping
these information in mind, N18 could be the first site to be attacked by *OH via an addition
reaction due its large (FED?yomo + FED?Lupmo) value (i.e., 0.18067) (Table 3). However,
according to basic rules of chemistry, the second shell of a nitrogen atom can accommodate
a maximum of eight electrons. When *OH attacks at N18, the number of electrons in the
valance shell of nitrogen increases from eight to nine, which nitrogen cannot accommodate.
The case of N11 is similar, with the next (FED?omo + FED?Lumo) value of 0.18066 (Table 3).
Therefore, *OH could preferentially attack N4 via an addition reaction. The next sites of
*OH attack via addition reactions are C3 and C4 based on their (FED?omo + FED?Lumo)
values, i.e., 0.07854 and 0.07853. Meanwhile, S1 has the highest point charge due to the
existence of a positive charge on the sulfur atom (S) resulting from the ionization of the MB
molecule. However, 51 has no hydrogen atom to be abstracted by *OH. Similarly, C15 and
C8 have the next highest point charge values, but they also do not have hydrogen atoms
for abstraction. In addition, C3 and C5 have point charge values of 0.10003 and 0.10002,
respectively, and C2 and C6 have the next highest values of —0.1019, but, again, these
atoms cannot be attacked by *OH for hydrogen abstraction because these atoms also lack
hydrogen to be abstracted. Therefore, the possible hydrogen abstraction sites are proposed
to be C17 and C10, as well as C16 and C9, which have the lowest negative values (i.e.,
relatively large values) of point charges among the atoms bearing hydrogen atoms.

Table 3. Frontier electron densities and point charges of MB atoms calculated by Gaussian 09 program.

19 13
CH, CH;
N N 12
H3C/ 18 11\CH3
20

Atom FEDZHOMO + FEDZLUMO Charge Atom FEDZHOMO + FEDZLUMO Charge

S1 0.0847 0.39728 N11 0.18066 —0.3592
C2 0.06067 —0.1019 C12 0.00193 —0.3701
C3 0.07854 0.10003 C13 0.00186 —0.3716
N4 0.16829 —-0.3478 C14 0.04223 —0.2880
C5 0.07853 0.10002 C15 0.05691 0.25335
Ceé 0.06067 —0.1019 C16 0.04907 —0.2408
c7 0.04223 —-0.2880 C17 0.03981 —0.1077
C8 0.05691 0.25335 N18 0.18067 —0.3592
9 0.04906 —0.2408 C19 0.00186 —0.3716
C10 0.03981 -0.1077  C20 0.00193 —0.3701

In the present work, three DPs of MB were identified experimentally by GC-MS, namely 2-
amino-5-dimethylamino-benzene sulfonic acid (ADABSA), 4-(dimethylamino)aniline (DMA)
and hydroquinone (HQ) (Scheme 1). The *OH could attack at N4 due its high FED?1omo
+ FED?1 ymo, producing a sulfoxide group (not detected), but this is supposed to be a
tentative product [72]. Due to the low bond energy of 70.8 kcal/mol, during the attack of
*OH, demethylation occurs, followed by its oxidation to produce HCHO or HCOOH [73,74].
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The further oxidation of MB resulted in the breakdown of the nitrogen—sulfur heterocycle,
resulting the generation of ADABSA (m/z = 215) [75]. The oxidation of ADABSA results the
generation of DMA (m/z = 136). The subsequent demethylation and deamination reactions
and further oxidation by *OH finally lead to the production of HQ (m/z = 110) [73,76].
The mentioned three DPs have also been detected by other researchers while studying the
degradation of MB [75,76]. Yu and Barker [49] detected ADABSA through heterogeneous
catalysis under visible light irradiation. Ag-Cu,O was used as a photocatalyst. Similarly,
DMA was detected in [72] by the bio-electro-Fenton coupled with microbial desalination
cell process. A compound with an m/z value of 110 was detected in [75,76].

l Methylene Blue

Hs (m/z = 284) Ho

@@\

7 |
CH, e} CH3
SO;H
Hs l 2-Amino-5-dimethylamino benzenesulfonic acid
(ADABSA) (m/z=215)

Q

Hs 4-(Dimethylamino)aniline (DMA)

(m/z = 136)

: LOH
HO

Hydroquinone (HQ)
(m/z=110)

-~

Scheme 1. Proposed degradation mechanism of methylene blue by UV /H,O; process. The product
in square brackets was not detected here but is supposed to be a tentative degradation product.

2.2.7. Toxicity Evaluation

The basic aim of water treatment techniques is to achieve clean and pure water, i.e.,
toxicant-free water. To check whether the toxicity of the treatment mixture was reduced dur-
ing the degradation of MB, the aquatic toxicity of the identified DPs towards fish, daphnia
and green algae was determined using the ECOSAR program (Version 2.2) (Table 4) [77,78].
Surprisingly, DMA, one of the detected DPs, was found to have higher acute toxicity
towards daphnia and higher chronic toxicity towards both daphnia and fish than MB.
Therefore, it can be concluded that researchers should not only focus on the removal of
target compounds while dealing with the removal of dyes. Rather, the toxicity of the treated
solution should be determined before, during and after the treatment so as to ensure a



Catalysts 2024, 14, 906

14 of 20

reduction in its toxicity. Moreover, the treatment time should be prolonged such that the
treatment technology not only degrades/removes the target pollutant but also the DPs, i.e.,
until complete mineralization is achieved.

Table 4. Aquatic toxicity of malachite green and its identified DPs (unit = mg L~1).

Acute Toxicity Chronic Toxicity
. Green . Green
Compound b h (LCsp) D(i%h“)‘a Algae  Fish (ChV) D("E:P}f“‘,‘)‘a Algae
20 (ECs0) (ChV)
MB 5.79 3.88 5.72 2.38 0.599 2.16
ADABSA 82,500 225 1150 4130 1.90 1590
DMA 45.1 2.20 6.52 0.616 0.025 2.42
HQ 669 347 179 58.2 26.4 38.4

2.2.8. Total Organic Carbon Analysis

The detected degradation byproducts (i.e., ADABSA, DMA and HQ) of MB are organic
in nature and can be harmful to both humans and aquatic organisms. Therefore, the removal
efficiencies of both processes (i.e., UV/H;0O;, and UV/H,0,/ Fe?*) were investigated for the
removal of total organic carbon (TOC). It is noted that TOC removal requires more time than
that required for the degradation of MB. Furthermore, the TOC analysis was carried out
at pH 7.0 and pH 3.0 for the UV /H,0, and UV/H,0,/Fe?* processes, respectively. After
360 min, UV /H,0, was able to remove 59% of the TOC, while UV/H,0,/Fe?* removed
71% of the TOC (Figure 6). The higher TOC removal efficiency of UV /H,0,/Fe?* could
possibly attributed to the higher redox potential (2.7 V) of *OH at an acidic pH than at a
neutral pH (1.8 V) [79]. Furthermore, in UV/H,0,/ Fe?*, H,O, could be activated by both
Fe* and UV light, while it could be activated by UV light only in the UV /H,0O, process.
Hence, more *OH was expected to be produced by UV/H,0,/Fe?" than that produced by
the UV /H;0O; process, which led to higher TOC removal. In addition, FeZ* catalyzed the
*OH formation from HyO; (reaction (26)), which could be associated with the higher TOC
removal efficiency of UV/H,O,/ Fe?*.

1.0 -
0.8 -
=3
@
@)
B 06
O
@)
F
0.4 -
0.2 -
—a— UV/H,0,
—e— UV/H,0,/Fe’”
OO T T T T
0 100 200 300 400
time (min)

Figure 6. Removal of TOC by UV/H,;0, and UV/H,0,/ FeZ* processes. Reaction conditions:
[MB]p =15 mg/L [HyOz]p =5 mM, [FeZ*]y=0.5 mg/L, pH = 6.0 (in case of UV/H,0;) and 3.0 (in
case of UV/H,0, /Fe%*).
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3. Chemicals and Methods
3.1. Chemicals

Methylene blue dye and hydrogen peroxide (H,O,) (30% purity) were obtained from
Sigma-Aldrich, Darmstadt, Germany. Sodium hydrogen carbonate (NaHCO3), sodium
carbonate (NapCO3), potassium chloride (KCl), ferrous sulfate heptahydrate (FeSO407H,0)
and sodium nitrate (NaNOj3) were purchased from BDH. Hydrochloric acid (HCI) (37%
purity) and sodium hydroxide (NaOH) were purchased from Merck, Darmstadt, Germany.

3.2. Photodegradation

The photochemical reactor was a 100 mL beaker containing 50 mL of the reaction
solution, irradiated by UV radiation. The UV radiation source was a 35 W mercury
(Hg, Philips, Warszawa, Poland) lamp that emitted light at A = 254 nm. The selected
concentration of MB was 15 mg/L, if not stated otherwise. The initial pH was adjusted
with (HCl) and NaOH in the case of pH 3.0 and 11.0, respectively. The irradiated samples
were taken at various time intervals (pre-determined) for quantification analysis. The
experiments were repeated three times, and the errors bars represented the standard
deviations of the results.

3.3. Analytical Methods

The concentration of MB was monitored using a UV-vis spectrophotometer (Perkin
Elmer, Waltham, MA, USA) by measuring its absorbance at 664 nm. The degradation
products (DPs) of MB were analyzed by gas chromatography (GC, model 8890, Agilent,
Santa Clara, CA, USA) using a mass-spectrometric detector (MS, model 5977, Agilent)
equipped with a HP-5 capillary column (30 m x 0.25 mm, 0.25 um film thickness). The
oven temperature was programmed as follows: 80 °C (hold for 2 min), which was then
elevated to 200 °C at a rate of 10 °C/min (hold for 2 min) and finally ramped to 280 °C
at a rate of 10 °C/min (hold for 3 min). The temperatures of the injector and MS detector
were set at 250 °C and 300 °C, respectively. MS analysis was performed in electron impact
ionization mode at 70 eV, with the MS scan range from 50 to 450 m/z. The carrier gas
was He, set at a flow rate of 1.0 mL/min. The DPs were extracted from the treated water
samples by dichloromethane. A Shimadzu VCSH-ASI TOC analyzer (5868781) was used
for the measurement of TOC removal. For the TOC analysis, 25 mL of the sample volume
was used.

Equation (28) was used to determine the degradation efficacy of MB [80].

(Co—Cy)

% Degradation = [ Co

} x 100 (28)

3.4. Frontier Electron Density and Point Charge Calculations

To find the reactive sites/centers in the MB molecule where *OH could preferentially
attack, the frontier electron densities (FEDs) of the molecular orbitals of MB and the point
charges of the C- and N-atoms were calculated using the Gaussian 09 program. FED
calculations were performed for both the highest occupied molecular orbitals (HOMOs)
and the lowest unoccupied molecular orbitals (LUMOs). Initially, the geometry of MB
was optimized using density functional theory with the B3LYP/3-21g basis set. Thereafter,
the energy calculations for FED and point charge determination were performed with
the hybrid B3LYP method of density functional theory (DFT) with the 6-311g basis set
(B3LYP/6-311g).

3.5. Toxicity Investigation

The tool known as Ecological Structure-Activity Relationships (ECOSAR) was utilized
in order to determine the acute and chronic toxicities of MB, as well as its degradation
products (DPs). ECOSAR is supposed to be an excellent method for the prediction of the
aquatic toxicity of hazardous contaminants [49]. The ECOSAR program can be used to
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evaluate both the chronic and acute toxicities of compounds with toxicity towards fish and
daphnia, as well as green algae. This program evaluates the acute toxicity in terms of the
LCsp and ECgy. The LCs is the toxicant concentration that can cause the death of 50% fish
and 50% daphnia after 96 and 48 h exposure, respectively. The ECs is the concentration
of the toxicant responsible for the 50% growth inhibition of green algae after an exposure
time of 96 h [79].

4. Conclusions

The aim of this study was the degradation of MB, a toxic dye discharged by the
textile industry, through the UV/H,0, and UV/H,0,/Fe?* techniques. Only 6.318%
MB degradation was observed after 60 min under UV alone. The impact of the initial
concentrations of HyO, and Fe?* was evaluated regarding the degradation of MB by
adding various concentrations of H,O; (1, 3, 5 and 10 mM) and 0.1, 0.2 and 0.5 mg/L of
Fe?* to the 15 mg/L MB solution. The degradation efficiency was synergistically increased
in both the UV/H,0, and UV /H,0, /Fe?* processes. After 60 min of treatment, 96.44%
degradation was achieved using the UV /H,O, process, whereas 99.11% degradation was
achieved for the UV/H,0, /FeZ* process. FeZ* was found to accelerate the degradation
of MB, especially at pH 3.0, resulting in a photo-Fenton system. Inorganic anions such as
NO3~ and CI™ reduced the degradation of MB by UV /H,O; from 96 to 90.19 and 87.13%,
while, in the case of UV/H,0,/Fe?*, the degradation was reduced from 99.11 to 87.46
and 80.56% in the presence of 5 mM of each ion. However, CO32~ and HCO; ™~ enhanced
the removal of MB by UV/H;0, due to the formation of CO3°*~ and other secondary
radicals, which play important role in the degradation of MB. The computational aquatic
toxicity study on three aquatic organisms (fish, daphnia and green algae) showed that
DMA (one of the detected DPs) was more toxic than MB. Furthermore, the UV /H,0O, and
UV /H,0,/Fe?* processes showed significant TOC removal efficiencies of 59% and 71%,
respectively. The present study reveals that MB can effectively be degraded by hydroxyl
radical-based AOPs; however, researchers should also ensure the complete removal of
its DPs so that the toxicity of the treated water does not increase due to the formation of
toxic DPs.
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