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ABSTRACT

The decolorization of Reactive Red 239 (RR239) dye using the Fenton method and photo-assisted
Fenton oxidation (photo-Fenton) was investigated. The effects of experimental parameters includ-
ing concentrations of Fenton’s reagents, pH, and light intensity on the decolorization efficiency and
initial rate constant of RR239 were evaluated. As the concentration of Fenton’s reagents increased,
the decolorization efficiency increased because of quick oxidation and Fe*-consumption. At pH 3,
complete decolorization of RR239 was attained in 10 min using Fe** and H,O, concentrations of
0.075 and 5 mM, respectively. Decolorization efficiency improved when using photo-assistance to
regenerate Fe* catalyst. At 2 min, both Fenton oxidation and photo-Fenton oxidation using 9 W
of UV light decolorized RR239 by 65%, but the initial rate constant was higher using 9 W photo-
assistance. Moreover, 18 W of UV yielded the highest RR239 decolorization of 72% at 2 min with an
initial rate of 28.01 mM™ min™. A further increase in UV light intensity from 18 to 27 W depressed
the initial rate constant. Chemical oxygen demand (COD) and total organic carbon (TOC) removals
were 60% and 30%, respectively, under 18 W-assisted oxidation on Fe* catalyst. The energy cost of
photo assistance was used to calculate the most efficient method for COD and TOC removal.

Keywords: Decolorization; Dye wastewater; Fe** consumption; Fenton oxidation; photo assistance;
Reactive Red 239

1. Introduction

Currently, colored substances are extensively discharged
by various industries, including the dye, textile, cosmetics,
printing, paper, food, and plastics industries [1,2]. Dyes can
be defined as a type of coloring particles that differ from
other particles in their chemical composition and are used
for coloring fabrics. Wastewater from dyeing and finishing
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factories is a significant source of environmental pollution
[3]. Dye discharged to aquatic systems can cause negative
effects such as (1) reduced light penetration, (2) decreased
photosynthesis rate by aquatic plants, (3) reduced dissolved
oxygen, (4) carcinogenic effects, and (5) the generation of
toxic compounds in aquatic environments due to the release
of harmful chemical compounds [2,4]. Dye contaminants
released into water bodies consume the dissolved oxygen
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that is needed for aquatic life. Finally, dyes are directly toxic
to the ecosystem and are resistant to treatment [2,5]. Azo
dyes, which account for more than 50% of total dyes used,
are very difficult to degrade due to their stable molecular
structure with at least one azo bond (-N=N-) linked to an
aromatic ring. The mono-azo dye Reactive Red 239 (RR239)
is well-known and has been intensively used in the tex-
tile industry for dyeing cotton and polyester fabrics [6,7].
The chemical structure and properties of RR239 are reported
in Table 1. The identified adverse effects of RR239 include
reduced embryonic survival and hatching rates of zebrafish
and high rates of morphological deformities [8]. Therefore,
the treatment of dye wastewater containing RR239 is
required before releasing it into an aquatic environment.
Previous studies have shown that several azo dyes can
be successfully treated using Fenton oxidation, which is
an Advanced Oxidation Process (AOP) technology used to
degrade a wide range of dye pollutants [9,10]. Several azo
dyes can be effectively degraded through Fenton oxidation
via the reaction between hydrogen peroxide (H,0,) and fer-
rous ions (Fe?) in acidic condition to produce highly reac-
tive hydroxyl radicals ("OH), which are a highly reactive
(E° = 2.8 V) and non-selective oxidant, leading to the deg-
radation of organic compounds. Advantages of the Fenton
process include fast reaction time, low cost, non-toxicity,
ease of controlling the reaction, and a high degradation rate
with effective removal [11,12]. The *OH produced in Fenton
oxidation preferentially attacks the -N=N- bond of an azo
dye molecule by cleaving the substituted and main groups
and producing small aromatic rings and inorganic products.
When treating dye wastewater containing an -N=N- group,
the objective is to decolorize the azo dye by destroying
the -N=N- group to increase the biodegradability and reduce
the COD. The degradation of aromatic organic compounds
by Fenton oxidation leads to the formation of simpler prod-
ucts such as maletic acid, oxalic acid, acetic acid, and finally
CQ, as the mineralization process progresses [13-15]. Stupar
et al. [14] reported that the aromatic ring of Acid Blue 111 was
opened by the cleavage of C(1)-N and C(4)-N bonds followed
by the formation of phthalic acid and 1,4 dihydroxybenzene,
which led to the formation of carboxylic acids, for example,
formic, acetic, and oxalic acids, and finally to CO, and water
[14]. Acid Blue 80 degradation by Fenton/ozonation was also
found to decompose the ring-opening intermediate prod-
ucts through oxidation to products with lower molecular
weight, finally resulting in oxalic acid, CO,, and water [15].
Nevertheless, a large amount of sludge (ferric hydroxide)
was produced during the process, and the high concentra-
tion of Fenton reagents may have caused a side effect that
consumed *OH [16]. The optimum treatment for wastewater
by Fenton oxidation therefore requires investigation because
the ferrous ions generated during the process need to be
reduced for an efficient reaction. To avoid those problems,
photo assistance of Fenton oxidation, namely photo-Fenton
oxidation, has been identified as having great potential to
improve Fenton oxidation and decrease its adverse effects.
Photo-Fenton oxidation contributes to the regeneration of the
Fe? catalyst and the production of *OH by photodegradation
of H,0, under UV light [17-19]. For the aforementioned phe-
nomenon, these mechanisms could facilitate the formation
of *OH and promote the degradation of organic compounds

and the degradation rate. In spite of its potential, however,
photo-Fenton oxidation is still seriously limited by its high
cost and energy requirement. To our knowledge, there is
little previous work on RR239 treatment via Fenton oxida-
tion, but there are reports of RR239 treatment by ozonation,
a kind of AOPs. The results of that treatment indicated that
50 mg L™ RR239 was decolorized more than 95% in 4 min
and COD removal was 62% after 25 min of the ozonation
process, but it consumed almost 40 mg L™ ozone [6].

In this study, we attempted to obtain the optimum
decolorization efficiency of RR239 using Fenton oxidation
and photo-assistance of Fe?" catalyst. The decolorization
of RR239 by oxidation via Fenton and photo-Fenton pro-
cesses have rarely been reported. The main motivation for
this work is the application of the Fenton oxidation process
with the assistance of UV light and with Fe*" as the catalyst
for decolorization of RR239 in wastewater. The effects of
operating parameters such as Fenton reagents, pH, and UV
light intensity on RR239 decolorization and kinetics were
also investigated. We report the change in Fe?* concentration
overtime during the reaction and the energy consumption
of the treatment of RR239 for Fenton and photo-assisted
Fenton oxidation on Fe? catalyst.

2. Materials and methods
2.1. Chemicals and materials

Reactive Red 239 (RR239) was supplied by DyStar Thai
Ltd.,, Co., (Samutprakarn, Thailand). The properties of
RR239 are shown in Table 1. Hydrogen peroxide (H,0,, 30%
w/w, Merck, Germany), and ferrous sulfate heptahydrate
(FeSO,-7H,O, Qrec, New Zealand) were used for the Fenton
experiment. The pH was adjusted using either sulfuric acid
(H,SO,, Qrec, New Zealand) or sodium hydroxide (NaOH,
Carlo Erba, France). All chemicals used were analytical
grade with no further purification. Deionized water was
used throughout the study.

2.2. Fenton experiment

The experiments were conducted in a 1 L batch reactor
with a magnetic stirrer (Stuart, CB162, England). The reactor
was filled with 100 mg L™ of synthetic RR239 wastewater.
The initial pH of the solution was measured using a pH
meter (Denver Instrument, UltraBasic, USA) and adjusted
to the desired value using either H,SO, or NaOH. After pH
adjustment, a predetermined amount of FeSO, was added
as the source of Fe?. The Fenton reaction was then started
by adding H,O, into the reactor. At time points of 0, 1, 2,
5, 10, 20, and 30 min, 1 mL of sample was taken from the
reactor and immediately injected into a tube containing
4 mL of 0.0IN NaOH to stop the Fenton reaction.

2.3. Photo-Fenton experiment

During the photo-Fenton process, the initial concen-
tration of RR239 was again 100 mg L™ for all experiments.
The pH and FeSO, concentration obtained from the Fenton
experiment were also applied here. The H,O, was added
and UV-C lights were turned on at the same time to activate
the Fenton reactions. The synthetic wastewater containing
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Table 1
Reactive Red 239 property

Dye

Reactive Red 239

Code
Commercial name
Chemical formula

Chemical structure

Molecular weight (g mol™)
A (nm)

max

RR239
Reactive Brilliant Red 3BS

C,H,,CIN,Na.0,S
N ,}L,N SO,CH,CH;0803Na
S99

571976

RR239 was irradiated by UV-C lights (9 Watts) that were
installed outside of the reactor. Samples of 1 mL were taken
at the predetermined time intervals following the same
process as for the Fenton experiment.

2.4. Analytical method

The dye concentration was determined based on the
absorbance of the sample (A = 540 nm) measured by a
spectrophotometer. The standard curve of RR239 was used
to determine the concentration. The decolorization efficiency
(DE) was then defined by the following expression:

DE(%):[le]xloo (1)
C'0
where C; and C, are the concentrations at times 0 and ¢,
respectively.

The data concerning the first 5 min were used to estimate
the initial rate of RR239 decolorization (7):

r_A[RRm]_[[RR239]0—[RR23915 _k, [RR239] ()

At t,—t,

where [RR239], and [RR239], are the concentrations of RR239
in the solution at times 0 and 5 min, respectively, k, is the
degradation rate constant, and t, and ¢ are the reaction
times at 0 and 5 min, respectively.

The Fe?* concentration was determined using the phenan-
throline method [20]. The 1 mL sample was filtrated using
0.45 um of cellulose acetate membrane (Verticlean) to remove
the precipitates formed. The permeate sample was added
to 1,10-phenenthroline agent. Then, DI water was added to
obtain a volume of 50 mL before analyzing the sample with
a Genesis 20UV-VIS spectrophotometer (A = 510 nm).
DI water mixed with sample without phenanthroline was
used as a blank for every sample. The concentration was
interpolated from a standard curve.

The COD of treated dye wastewater was determined by
the closed-reflux titrimetric method based on the standard

methods [20]. Analysis of total organic carbon (TOC) was
performed using a multi N/C® 3100 TOC/TN analyzer
(Analytik Jena AG, Jena, Germany) with catalytic oxida-
tion on cerium oxide at 850°C. The carrier gas was air zero
with a flow rate of 200 mL min™. Calibration of the analyzer
was achieved with potassium hydrogen phthalate (99.5%,
Merck) as the standard for total carbon.

3. Results and discussion
3.1. Effect of pH

The initial pH of the reaction is an important factor for
RR239 decolorization. It is well-known that Fenton reac-
tions have the highest efficiency when the pH is around 24
due to the solubility of Fe*. For this experiment, the pH of
RR239 synthetic dye wastewater was adjusted to 2, 3, 5, and
6.25 (initial pH of RR239 solution), as shown in Fig. la. At
0-5 min, the RR239 was decolorized and Fe?" was degraded
very rapidly because of the Fenton reaction in which Fe?*
reacts with H,O, very quickly to generate hydroxyl radicals
("OH) [21]. Then, RR239 molecules could be oxidized by
*OH, as shown in reactions (3) and (4) [17,19,22].

Fe’" +H,0, >Fe’ +‘OH+OH (k=40-80M"'s")  (3)

‘OH + organic — products (4)

The results showed that the RR239 was completely
decolorized at pH 3 after 10 min, while the RR239 was
decolorized only 10%—25% at pH 2, 5, and 6.25. At pH < 3,
the proton (H") acts as a scavenger of *OH in solution to
react with hydrogen peroxide (H,0,) and form an oxonium
ion (H,O;), making the H,O, electrophilic and reducing its
reactivity with Fe?" [23]. At lower pH, the decolorization
efficiency is decreased because *OH is scavenged by hydro-
nium ions, causing decomposition of H,O, into O, and H,O
[24] as shown in reactions (5) and (6).

H,0,+H" > H,0O; )
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Fig. 1. Effect of pH on decolorization of RR239 under ini-
tial concentration of RR239 = 100 mg L, Fe*" concentration =
0.15 mM, and H,O, concentration = 5 mM: (a) removal of
RR239, and (b) remaining of Fe** during Fenton oxidation.

*OH+H' > H,0 ©6)

The above results suggest that the Fenton’s reaction
was feasible at the unchanged pH; nevertheless, the RR239
decolorization efficiency decreased significantly when the
initial pH increased from 3 to 6.25, as presented in Fig. 1a.
The RR239 decolorization was only 24% at pH 6.25. This was
because Fe?, which is the substrate for the Fenton process,
is not stable at pH 5 [25] and forms into Fe(OH)*, Fe(OH),,
and Fe(OH), [26]. Moreover, the generated hydroxide
could decompose and finally became oxygen, leading to
decreased production of *OH at higher pH values [27,28].
When the pH was increased to a near-neutral condition,
the "OH was not strong compared to acidic conditions [29].
This precipitation can also lead to an increase in the tur-
bidity of the RR239 solution, resulting in less Fenton oxi-
dation. It was concluded that the RR239 cannot be treated
effectively by the conventional Fenton process at either low
or high pH. The residual of Fe*" was measured over time,
and the results found that the remaining Fe?" after 20 min
was constant, as illustrated in Fig. 1b, related to the RR239
decolorization. It was observed that almost all Fe** was con-
sumed or degraded to Fe* within 2 min after the Fenton
oxidation started. During the Fenton reaction for all pHs,
the Fe?" consumption rates were 0.03-0.11 mM min™ in the
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Fig. 2. Effect of Fe* concentration on decolorization of RR239
under initial concentration of RR239 = 100 mg L7, initial pH
3.0, and H,O, concentration = 5 mM: (a) removal of RR239, and
(b) remaining of Fe* during Fenton oxidation.

first 2 min, which decreased to 0.002 to 0.009 mM min™' for
the remaining reaction period, leading to increased ‘OH
generation to oxidize the RR239. The Fe*" consumption at
the final step was highest at pH 3 (0.009 mM min), which
accordingly supported the maximum RR239 decolorization.
In contrast, at pH values 2, 5 and 6.25, the RR239 decol-
orization dropped later in the reaction period, possibly
because the generation of *OH was low and the Fe* unsta-
ble in the RR239 solution. A study by Matira et al. [30] also
reported that Fe* decreased sharply within 3 min leading
to quick removal of dimethyl sulfoxide (DMSO) by ordi-
nary Fenton and fluidized-bed Fenton processes due to the
transformation of Fe? to Fe*, then the remaining Fe? in the
system was negligible.

3.2. Effect of initial Fe** concentration

The initial Fe?* concentration is one of the main important
parameters that influence the RR239 decolorization, as shown
in Fig. 2a. Keeping the other parameters constant, the RR239
was completely decolorized with Fe?" concentrations of 0.05,
0.075, 0.100, and 0.150 mM after 10, 20, 2, and 1 min, respec-
tively. RR239 wastewater was decolorized by the *OH radi-
cals produced by Fenton process Eqgs. (3) and (4), resulting
in the color change from red to yellowish. This enhancement
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was due to the acceleration in H,O, consumption caused by
the reaction with the Fe*" catalyst. In contrast, incomplete
decolorization (80%) of RR239 took place in 30 min under
0.025 mM H,O, due to the limitation of *OH generation.
The consumption of Fe** was constant after 20 min because
the RR239 degradation was complete and the remaining
H,O, would removal due to the addition of H,O, at once at
the beginning, while the highest Fe** consumption to stim-
ulate the Fenton oxidation was 0.075 mM. It can be seen
from Figs. 2a and b that the RR239 decolorization and the
decomposition of Fe** during the Fenton oxidation could
be divided into two steps. After HO, was added to the
RR239 solution, the color of RR239, and the concentration
of Fe?" decreased immediately (Step 1) for approximately
2 min. Subsequently, RR239 and Fe?" gradually decreased
(Step 2). This result was similar to a previous finding
that the decolorization of Reactive Black 5 by the Fenton
process increased with increased Fe?" concentration [31].

The residual Fe*" over time was observed after the
addition of H,O,. It was observed that Fe* was consumed
quickly, within 2 min after the start of the Fenton reaction.
During the Fenton reaction, the Fe** consumption rates were
0.034-0.13 mM min™ in the first 2 min and decreased to
0.01-0.03 mM min™ after 30 min. It was also observed that
at 0.75 mM of Fe*, the RR239 decolorization was complete
in 20 min but the consumption of Fe?" was highest compared
to other concentrations, indicating an effective Fe?' reaction
with H,O, resulting in quick decolorization due to the effec-
tive *OH reaction. This result was similar to the decrease of
Fe* over time observed for the treatment of o-toluidine by
Fenton oxidation in that the Fe* consumption rate at an ini-
tial step was faster than that of the final step [32]. According
to the results, the addition of excess Fe*" not only increases
the operational costs and the accumulation of sludge but
also facilitates the scavenging effect of *OH by Fe?" in reac-
tion (7), which has a negative effect on Fenton oxidation
[19,33]. Thus, it was necessary to establish the optimum
loading of Fe?" to oxidize RR239.

Fe’* +"OH —Fe’ + OH (k=25-5x10"M's™) @)

The Fe?* concentration of 0.075 mM was selected as the
optimum condition for further studies due to the complete
RR239 decolorization and the lowest amount of residual
Fe? after Fenton oxidation.

3.3. Effect of initial H,0, concentration

Optimization of H,O, is another critical factor in decol-
orization of RR239 that is important to investigate. In this
study, the effect of initial H,0, concentration on the decol-
orization of RR239 by the Fenton process was examined
over the range of 1-5 mM, and the results are given in
Fig. 3. The results showed that an increased H,0, concen-
tration could promote RR239 decolorization and that the
RR239 was completely decolorized after 30 min. The decol-
orization of RR239 was accomplished rapidly given a high
initial H,O, concentration. The RR239 was rapidly decol-
orized in the first 10 min under an H,0O, concentration of
5 mM; in contrast, the complete decolorization of RR239

a)
1.0 =

b)
1.0 L

=
o0
!

o
(=}
I

[Fe**]/ [Fe*],

e
IS
.

02 +

0.0 + t + t + } + t t t t t
0 5 10 15 20 25 30
Time (min)

Fig. 3. Effect of H,0, concentration on decolorization of RR239
under initial concentration of RR239 = 100 mg L, initial pH 3.0,
and Fe* concentration = 0.15 mM: (a) removal of RR239, and
(b) remaining of Fe** during Fenton oxidation.

under 2-4 mM of H,0, occurred after 20 min, as shown in
Fig. 3a. At an initial H,0, concentration of 1 mM, the RR239
was decolorized only 84% after 20 min of Fenton oxidation,
which was slower than that at 2-4 mM. The efficiency of
RR239 decolorization also fell to 94% at 1 mM. This signif-
icant difference was due to the abundance of ‘OH gener-
ated by the Fenton reaction in the presence of a higher H,0,
concentration, in accordance with Egs. (2) and (3). It can
be explained by the fact that as the concentration of H,O,
increased, more molecules of H,O, were available to react
with Fe*, which increased the number of *OH, leading to
oxidation of RR239. As with Fe?, an excessive concentra-
tion of H,0, also presented a negative effect by competing
with *OH to oxidize organic compounds in reaction (8) [19].

H,0,+'OH > H,0+"0H (k=17-25x10°Ms™) (8

Fig. 5b shows the consumption of Fe* during the
decolorization of RR239 by Fenton oxidation. The H,O,
concentrations higher than 3 mM were highly consumed
within the first 5 min. It was observed that almost all of the
Fe* was consumed or degraded very quickly within 2 min
after the reaction started. The Fe** consumption rates in
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Fig. 4. Effect of UV light intensity on decolorization of RR239
under initial concentration of RR239 = 100 mg L™, pH 3.0, Fe*
concentration = 0.075 mM, and H,O, concentration = 5 mM:
(a) removal of RR239, and (b) remaining of Fe* during Fenton
and photo-Fenton oxidation.

the first 2 min were 0.04-0.07 mM min™, compared with
0.007-0.02 mM min™ after 60 min. This observation was
supported by the rapid RR239 decolorization in step 1 of
the Fenton reaction. This occurs because H,O, reacts readily
with Fe* to generate *OH, followed by the oxidized RR239.
This result is similar to the removal of aniline from waste-
water using the electro-Fenton process, where the remain-
ing Fe* increased with excess H,O, after 10 min due to the
reduction of Fe* from Fe? regeneration on the cathode side
[13]. An optimum dosage of H,O,, therefore, is necessary
for RR239 decolorization via Fenton oxidation, as excess
H,0, is not encouraged.

3.4. Effect of UV lights

The light intensity is also an important factor that
affects the performance of photo-assisted Fe?" catalyst oxi-
dation. The experimental conditions of initial Fe* and
H,0O, concentrations of 0.075 and 5 mM, respectively, at pH
3 obtained from the Fenton experiment were selected to
study the effect of light intensity on RR239 decolorization.
Light intensities of 9-27 W were supplied. Fig. 4a reveals
that the decolorization efficiency of RR239 under a light
intensity of 9 W was as high as Fenton oxidation for the
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Fig. 5. Effect of UV light intensity on rate constant (k) under
initial concentration of RR239 = 100 mg L7, initial pH 3.0,
Fe?* concentration = 0.075 mM, and H,O, concentration = 5 mM.

first 5 min of the reaction, followed by complete decolor-
ization after 30 min. However, the decolorization efficiency
of RR239 in the first 5 min was increased to 72% with an
increase in light intensity to 18 W. This was because the UV
irradiation could regenerate the Fe** and produce *OH by
photoreduction of Fe(OH)*, according to Eq. (9) [17-19]. In
addition, UV illumination could also increase the produc-
tion of *OH, as shown in Eq. (10) [17,18,29], and the pho-
tolysis of a complex of Fe** with some oxidation product
could lead to the regeneration of Fe*, as in Eq. (11) [34,35].
Thus, RR239 decolorization increased when exposed to
UV. This could significantly reduce the amount of sludge
produced due to the lower dose of iron required for Fenton
oxidation.

Fe(OH)" +hv —Fe® +"OH(k=0.00125") )
H,0, +hv—2°0H(k=05s") (10)
Fe(RCO,)" +hv - Fe* +CO, + k" 11)

Fig. 4b shows the profile of Fe*" remaining during the
Fenton and photo-Fenton processes. The results found that
Fe** was quickly consumed by the reaction with H,O, to
generate *OH during the first 2 min, as presented in Eq. (3).
Then, under UV irradiation for photo-Fenton, after 2 min
Fe* fluctuated due to the regeneration and the instability
of Fe?'. Moreover, the amount of remaining Fe* did not
differ depending on the completeness of RR239 decoloriza-
tion. It was observed that the Fe* remaining in the Fenton
oxidation gradually decreased, whereas, for the Fenton oxi-
dation assisted by a 9 W light intensity, the Fe*" remaining
at 5 min (0.99 mM) was higher than that at 2 min (0.664).
During the first 5 min of the reaction, Fe*" consumption rates
were 0.49, 0.131, 0.157, and 0.096 mM min™* for the ordinary
Fenton and the 9, 18, and 27 W photo-Fenton oxidations,
respectively, which decreased to only 0.020-0.024 mM min™.
This observation is also related to the RR239 decolorization
in step 1 of the oxidation. The amount of Fe** was highest for
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27 W, which was higher than the initial concentration due to
the high supporting light intensity.

It was noted that the light intensity had a negative effect
on the RR239 decolorization by the photo-Fenton reaction.
This phenomenon was attributed to the scavenging effect, as
explained in Egs. (9) and (11). The increase of light intensity
from 18 to 27 W could result in faster regeneration of Fe*,
and Fig. 4b illustrates that a higher Fe?" concentration was
observed under higher light intensity, thereby enhancing Fe?"
abundance for *OH production. As a result, the RR239 decol-
orization was decreased from 100% to 67% when light inten-
sity increased from 18 to 27 W after 10 min. Additionally, the
complete decolorization of RR239 under 27 W took 30 min
compared to 10 min in other reactions.

A more detailed analysis of the individual COD and
TOC profiles during the treatments highlights the differ-
ent performances of the Fenton process and the photo-as-
sisted Fenton process with different light intensities. It can
be seen in Table 2 that all of the Fenton oxidations com-
pletely decolorized RR239 and decreased COD. The COD
was reduced by more than 50%, being slightly higher for the
photo-Fenton process with 9 W. This result indicates that the
photo-assisted oxidation on Fe? catalyst is more efficient
at decolorizing RR239 compared to the ordinary Fenton
oxidation. This was due to the increased Fe* regeneration
under photo-assistance, which can increase the amount of
*OH produced as in Eq. (9). Moreover, the removal efficien-
cies for TOC in the photo-Fenton reactions with 9 and 18 W
were 39% and 36%, respectively. These phenomena show
that the organic compounds (by-products) were efficiently
mineralized with the assistance of UV light. The presence
of UV radiation contributed to the reduction of Fe®** to Fe?,
resulting in a cycle of Fenton oxidation and strongly increas-
ing COD and TOC removals. However, the TOC removal
by the photo-Fenton oxidation with 27 W was only as high
as the traditional Fenton (30%) due to the scavenging effect
of Fe?'. As a consequence, the amount of residual Fe*" and
the rate of Fe*" consumption under 27 W were higher than
under 9 and 18 W, leading to an insufficient amount of H,O,
to utilize the Fe*. This means that the Fe** was consumed
slower than it was produced. This was the same result pre-
viously seen for the use of electro-Fenton for the regenera-
tion of Fe* for aniline wastewater treatment. The results of
that work found that the amount of Fe*" remaining in the
solution was increased after electricity was applied, after

Table 2

which the aniline, COD, and TOC removal rates increased
[36]. The COD and TOC removals were possibly due to
both photolysis and *OH oxidation during photo-Fenton
oxidations. In addition, *OH preferentially attacks the azo-
bond (-N=N-), and the optimal molar ratio of [H,O,]/[Fe*]
for RR239 decolorization was 67:1 but the theoretical molar
ratio should be 11. However, the optimal molar ratio is dif-
ferent for decolorization of different azo dyes. For instance,
the optimal molar ratio of [H,O,]/[Fe*] was 50:1 with pH
3 for 50 mg L™ Reactive Black 5 [31] and 11:1 at pH 3 for
300 mg L™ Drimaren Orange HF 2GL [37]. This was possibly
due to the fact that RR239 contains not only an azo group
but also several sites such as hydroxylate biphenyl and ben-
zene rings that might take part in competing *OH reactions.
Nevertheless, it was important to note that the [H,0,]/[Fe*]
molar ratio did not interfere with the RR239 degradation, as
the *OH was consumed to degrade the target compound at
all times. It can be concluded that Fenton oxidation alone is
not sufficient to oxidize both COD and TOC from RR239-
contaminated wastewater. In summary, photo-assisted oxi-
dation is expected to play an important role in enhancing
RR239 degradation in Fenton oxidation owing to the accel-
eration of Fe* to Fe? by the energy provided, resulting in
increased *OH generation and decreased Fe* input.

3.5. Degradation kinetics

Rapid, almost complete decolorization of RR239 was
observed in the first 2 min; therefore, the data collected in
the first 2 min of the Fenton reaction were used to calcu-
late the degradation rate. Three different kinetic models,
including zero-order, first-order, and second-order, were
used to fit the experimental data obtained from the decol-
orization by Fenton oxidation. The results indicated that
a second-order reaction exhibited the highest correlation
coefficients, while the fits of the zero-order and first-or-
der models were not good due to low R2 Therefore, the
second-order model was used to describe the kinetics.
Eq. (2) can be simplified to Eq. (12) and the relationship of
In1/[RR239] vs. time plotted to generate a straight line, as
presented in Fig. 5, and the value of the initial second-order
reaction rate constant can be obtained from the slope.

(12)

1
In [M‘J . kobst

RR239 decolorization and rate constant of RR239 in Fenton and photo-Fenton oxidations

Process RR239 decolorization COD removal TOC removal Initial rate” R? Energy cost
efficiency” (%) efficiency’ (%) efficiency’ (%) (mM! min™) (kW hkg' COD)

Fenton 67 51.8 30.5 20.68 0.9812 7,257

Photo-assisted on Fe* catalyst

IW 67 60.2 39.3 32.53 0.9964 6,346

18W 72 56.2 36.6 28.01 0.9964 6,915

27 W 53 52.6 29.8 5.95 0.7189 7,532

"2 min of Fenton oxidation.
30 min of Fenton oxidation.
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The initial rate constant and RR239 decolorization
were calculated for the first 2 min and are summarized
in Table 2 with the correlation coefficient (R?). The results
indicated that the RR239 decolorization efficiency in the
first 2 min was highest (72%) for photo-Fenton at 18 W; in
contrast, the lowest efficiency was obtained for the pho-
to-Fenton at 27 W at 53%. Moreover, ordinary Fenton oxida-
tion had an initial rate of 20.68 mM min™. Photo assistance
at light intensities of 9 and 18 W was able to increase the
initial rate constant by 1.57 and 1.35 times that of ordinary
Fenton oxidation, respectively. This was mainly due to the
fact that the light intensity could promote the decoloriza-
tion efficiency during the photo assistance by enhancing
the regeneration of Fe* followed by reaction with H,O,
to generate *OH. In contrast, the initial rate constant of
photo-Fenton at 27 W was lowest at 5.95 mM min™. This
means that the RR239 decolorization was slower compared
to the other reactions and that complete decolorization
took a longer time. As mentioned before, the scavenging
effect of high loading of Fe** competed with H,O, for the
generation of *OH to decolorize RR239.

From the overall study of Fenton oxidation and photo
assistance, it can be seen that initial pH, initial concentrations
of Fenton’s reagents, and UV light intensity were import-
ant parameters for achieving the highest RR239 decoloriza-
tion and COD and TOC removals. It was obvious that the
assistance of UV light could reduce both the needed input
of Fe* and the oxidation time substantially. In addition,
photo-assistance could reduce the amount of sludge pro-
duced in the form of Fe*, providing an additional benefit of
photo-Fenton over ordinary Fenton oxidation.

Hence, the initial degradation rate constant decreased
and H,O, was not efficiently used. The energy costs for the
Fenton and photo-Fenton oxidations were discussed and
are reported in Table 2. The operating costs of Fenton oxida-
tion include chemicals and materials, energy consumption,
and disposal costs, but the energy consumption is the main
cost. The equation applied to calculate the energy cost is
presented in Eq. (13):

E £(KW h/ke COD _(thxl,OOO)FO+(thx1/000)UV
nergy cos ( g )_ o2

(13)

where P is the rated power (kW), V is the volume (L) of
wastewater, t is the reaction time (h), ACOD is the differ-
ence between the initial COD of RR239 and the final COD
after treatment, FO is the electrical power used in the Fenton
oxidation to operate the magnetic stirrer (500 W), and UV
is the light energy used in each photo-assisted oxidation
on Fe?" catalyst.

According to Eq. (11), the energy cost increases when
the light intensity applied increases. The energy cost should
be considered when applying photo-Fenton oxidation.
The results found that photo-assistance could reduce the
energy required to remove 1 kg of COD. The energy con-
sumption of the photo-Fenton reaction with 9 W was more
efficient than that with 18, 27 W, and ordinary Fenton.
Consequently, the energy cost should be one factor to con-
sider when applying photo-assisted oxidation on Fe?
catalyst to reduce the operational cost.

4. Conclusions

In this work, high efficiencies of ordinary Fenton and
photo-assisted Fenton oxidation on Fe*" catalyst for decolor-
ization of RR239 were obtained. In the case of the ordinary
Fenton process for decolorization of RR239, the parame-
ters that affected the reaction performance include the ini-
tial concentrations of Fe** and H,O, and pH. Fe* catalyst
contributed with H,O, was very effective for decolorizing
100 mg L RR239 dye solution. Complete decolorization of
RR239 was achieved within 30 min, but Fe?* still remained
in the system. The initial concentrations of the Fenton’s
reagents were the main important factors for the Fenton oxi-
dation. The RR239 decolorization efficiency increased with
the concentrations of Fenton reagents, while pH 3 was the
best condition for oxidation. In the case of photo-Fenton,
RR239 decolorization efficiency was increased and faster
than ordinary Fenton oxidation due to the facilitation of Fe?'
regeneration. RR239 was quickly decolorized at the initial
step of the reaction together with the consumption of Fe*.
The initial rate constants for RR239 decolorization by pho-
to-Fenton (9-18 W) were 1.35-1.57 times higher than the rate
for ordinary Fenton oxidation. At the light intensity 27 W,
the complete decolorization of RR239 slowed to 30 min
and the initial rate constant decreased to less than 0.29
times the rate for ordinary Fenton. The highest COD and
TOC removals achieved with Fenton oxidation were 60%
and 39%, respectively, in the presence of 0.075 mM Fe* and
5 mM H,O, at pH 3 with 18 W UV light assistance. Under
these conditions, energy consumption was highly efficient.

Author contributions

All authors proposed the study and participated in this
research and in manuscript preparation. PS and KS carried
out and processed the experiment. SS designed the exper-
iment and analyzed the results, including the effects of
parameters on RR239 decolorization and kinetic studies. AK
analyzed the photo-assisted Fenton oxidation experiments.
This research was advised by PP. The manuscript was writ-
ten with contributions from all authors. All authors read
and approved the final manuscript.

Funding

This work was supported by Grants for Development
of New Faculty Staff, Ratchadaphiseksomphot Endowment
Fund, Chulalongkorn University, Thailand under contract
No. RGN_2559_026_07_23.

Acknowledgments

The authors gratefully thank the Department of Environ-
mental Science, Faculty of Science, Chulalongkorn Uni-
versity, Thailand for the experimental facilities provided.

References

[1] M.R. Sohrabi, A. Khavaran, S. Shariati, S. Shariati, Removal of
carmoisine edible dye by Fenton and photo Fenton processes
using Taguchi orthogonal array design, Arabian J. Chem.,
10 (2017) S3523-53531.



(2]

(3]

(4]

(5]

6]

(7]

(8]

(%]

[10]

(11]

(12]

(13]

(14]

[15]

[16]

(17]

(18]

[19]

[20]

A. Khrueakham et al. / Desalination and Water Treatment 207 (2020) 437445

J-H. Sun, S.-H. Shi, Y.-F. Lee, S.-P. Sun, Fenton oxidative
decolorization of the azo dye Direct Blue 15 in aqueous solution,
Chem. Eng. J., 155 (2009) 680-683.

M. Karatas, Y.A. Argun, M.E. Argun, Decolorization of
antraquinonic dye, Reactive Blue 114 from synthetic wastewater
by Fenton process: kinetics and thermodynamics, J. Ind. Eng.
Chem., 18 (2012) 1058-1062.

M.A. Behnajady, N. Modirshahla, F. Ghanbary, A kinetic model
for the decolorization of C.I. Acid Yellow 23 by Fenton process,
J. Hazard. Mater., 148 (2007) 98-102.

N. Mirzaei, M. Hadi, M. Gholami, R.F. Fard, M.S. Aminabad,
Sorption of acid dye by surfactant modificated natural zeolites,
J. Taiwan Inst. Chem. Eng., 59 (2016) 186-194.

N.C. Dias, J.P. Bassin, G.L. Sant’Anna, M. Dezotti, Ozonation
of the dye Reactive Red 239 and biodegradation of ozonation
products in a moving-bed biofilm reactor: revealing reaction
products and degradation pathways, Int. Biodeterior.
Biodegrad., 144 (2019), doi: 10.1016/j.ibiod.2019.104742.

A. Banaei, M. Farokhi Yaychi, S. Karimi, H. Vojoudi, H. Namazi,
A. Badiei, E. Pourbasheer, 2,2’-(butane-1,4-diylbis(oxy))
dibenzaldehyde cross-linked magnetic chitosan nanoparticles
as a new adsorbent for the removal of reactive red 239 from
aqueous solutions, Mater. Chem. Phys., 212 (2018) 1-11.

W. Jungtanasombut, P. Preeprem, S. Kovitvadhi, U. Kovitvadhi,
S. Hannongbua, Effect of Reactive Red 239 on developing
zebrafish (Danio rerio) embryos, Kasetsart J., 48 (2014) 619-628.
M. Munoz, G. Pliego, Z.M. de Pedro, J.A. Casas, ].J. Rodriguez,
Application of intensified Fenton oxidation to the treatment
of sawmill wastewater, Chemosphere, 109 (2014) 34-41.

M. Mehrjouei, S. Muller, D. Moller, A review on photocatalytic
ozonation used for the treatment of water and wastewater,
Chem. Eng. J., 263 (2015) 209-219.

P. Bautista, A.F. Mohedano, M.A. Gilarranz, J.A. Casas,
J.J. Rodriguez, Application of Fenton oxidation to cosmetic
wastewaters treatment, J. Hazard. Mater., 143 (2007) 128-134.
M.H. Zhang, H. Dong, L. Zhao, D.X. Wang, D. Meng, A review
on Fenton process for organic wastewater treatment based
on optimization perspective, Sci. Total Environ., 670 (2019)
110-121.

J. Anotai, C.C. Su, Y.C. Tsai, M.C. Lu, Effect of hydrogen
peroxide on aniline oxidation by electro-Fenton and fluidized-
bed Fenton processes, ]. Hazard. Mater., 183 (2010) 888-893.
S.L. Stupar, B.N. Grgur, M.M. Radisicc A.E. Onijia,
N.D. Ivankovic, A.V. Tomasevic, D.Z. Mijin, Oxidative
degradation of Acid Blue 111 by electro-assisted Fenton
process, ]. Water Process Eng. 36 (2020), doi: 10.1016/j.
jwpe.2020.101394.

Y.J. Shen, Q.H. Xu, D.D. Gao, H.R. Shi, Degradation of an
anthraquinone dye by ozone/Fenton: response surface approach
and degradation pathway, Ozone Sci. Eng., 39 (2017) 219-232.
S. Mohajeri, H.A. Aziz, M.-H. Isa, M.].K. Bashir, L. Mohajeri,
M.N. Adlan, Influence of Fenton reagent oxidation on minerali-
zation and decolorization of municipal landfill leachate,
J. Environ. Sci. Health., Part A, 45 (2010) 692-698.

X.C. Liu, Y.Y. Zhou, J.C. Zhang, L. Luo, Y. Yang, H.L. Huang,
H. Peng, L. Tang, Y. Mu, Insight into electro-Fenton and photo-
Fenton for the degradation of antibiotics: mechanism study
and research gaps, Chem. Eng. J., 347 (2018) 379-397.

M.D.G. de Luna, M.L. Veciana, ].I. Colades, C.C. Su, M.C.
Lu, Factors that influence degradation of acetaminophen by
Fenton processes, ]. Taiwan Inst. Chem. Eng., 45 (2014) 565-570.
A.V. Vorontsov, Advancing Fenton and photo-Fenton water
treatment through the catalyst design, J. Hazard. Mater.,
372 (2019) 103-112.

APHA, Standard Methods for the Examination of Water and
Wastewater, 18th ed., American Public Health Association,
Washington, DC, 1992.

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

[34]

(35]

[36]

(37]

445

C.C. Su, M. Pukdee-Asa, C. Ratanatamskul, M.C. Lu, Effect of
operating parameters on the decolorization and oxidation of
textile wastewater by the fluidized-bed Fenton process, Sep.
Purif. Technol., 83 (2011) 100-105.

C.P. Bai, WS. Xiao, D.X. Feng, M. Xian, D. Guo, Z.X. Ge,
Y.S. Zhou, Efficient decolorization of Malachite Green in
the Fenton reaction catalyzed by [Fe(Ill)-salen]Cl complex,
Chem. Eng. J., 215 (2013) 227-234.

L.C. Chavaco, C.A. Arcos, D. Prato-Garcia, Decolorization
of reactive dyes in solar pond reactors: perspectives and
challenges for the textile industry, J. Environ. Manage.,
198 (2017) 203-212.

J.F. Bai, Y. Liu, X.H. Yin, H.T. Duan, ].H. Ma, Efficient removal of
nitrobenzene by Fenton-like process with Co-Fe layered double
hydroxide, Appl. Surf. Sci., 416 (2017) 45-50.

S.G. Centinkaya, M.H. Morcali, S. Akarsu, C.A. Ziba, M. Dolaz,
Comparison of classic Fenton with ultrasound Fenton processes
on industrial textile wastewater, Sustainable Environ. Res.,
28 (2018) 165-170.

J.A. Park, HL. Nam, JJW. Choi, J. Ha, S.H. Lee, Oxidation
of geosmin and 2-methylisoborneol by the photo-Fenton
process: kinetics, degradation intermediates, and the removal
of microcystin-LR and trihalomethane from Nak-Dong River
water, South Korea, Chem. Eng. J., 313 (2017) 345-354.

C.P. Bai, W.Q. Gong, D.X. Feng, M. Xian, Q. Zhou, S.H. Chen,
Z.X. Ge, Y.S. Zhou, Natural graphite tailings as heterogeneous
Fenton catalyst for the decolorization of rhodamine B, Chem.
Eng.]J., 197 (2012) 306-313.

M.G. Alalm, A. Tawfik, S. Ookawara, Degradation of four
pharmaceuticals by solar photo-Fenton process: Kinetics and
costs estimation, J. Environ. Chem. Eng., 3 (2015) 46-51.

A. Babuponnusami, K. Muthukumar, Advanced oxidation of
phenol: a comparison between Fenton, electro-Fenton, sono-
electro-Fenton and photo-electro-Fenton processes, Chem.
Eng.]., 183 (2012) 1-9.

E.M. Matira, T.C. Chen, M.C. Lu, M.L.P. Dalida, Degradation
of dimethyl sulfoxide through fluidized-bed Fenton process,
J. Hazard. Mater., 300 (2015) 218-226.

S. Sairiam, P. Thuptimdang, P. Painmanakul, Decolorization
of Reactive Black 5 from synthetic dye wastewater by Fenton
process, EnvironmentAsia, 12 (2019) 1-8.

N. Masomboon, C.W. Chen, J. Anotai, M.C. Lu, A statistical
experimental design to determine o-toluidine degradation by
the photo-Fenton process, Chem. Eng. J., 159 (2010) 116-122.

S. Karthikeyan, A. Titus, A. Gnanamani, A.B. Mandal,
G. Sekaran, Treatment of textile wastewater by homogeneous
and heterogeneous Fenton oxidation processes, Desalination,
281 (2011) 438—445.

Y.H. Huang, Y.F. Huang, P.S. Chang, C.Y. Chen, Comparative
study of oxidation of dye-Reactive Black B by different advanced
oxidation processes: Fenton, electro-Fenton and photo-Fenton,
J. Hazard. Mater., 154 (2008) 655-662.

C.Segura, C. Zaror, H.D. Mansilla, M.A. Mondaca, Imidacloprid
oxidation by photo-Fenton reaction, J. Hazard. Mater.,
150 (2008) 679-686.

J. Anotai, S. Sairiam, M.C. Lu, Enhancing treatment efficiency
of wastewater containing aniline by electro-Fenton process,
Sustainable Environ. Res., 21 (2011) 141-147.

N. Degermenci, G.D. Degermenci, H.B. Ulu, Decolorization of
reactive azo dye from aqueous solutions with Fenton oxidation
process: effect of system parameters and kinetic study,
Desal. Water Treat., 169 (2019) 363-371.



