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ABSTRACT

In this paper, the effect of activated carbon (AC) on the photocatalytic degradation of dyes
using photo-Fenton process was investigated. Reactive Red 198 (RR198) and Reactive Red
120 (RR120) were used as model dyes. The surface characteristics of AC were investigated
using Fourier transform infrared. Photocatalytic dye degradation was studied using UV-Vis
spectrophotometer and ion chromatography. The effects of AC dosage, initial dye concentra-
tion, pH, and salt on dye degradation were investigated. Formate, acetate, and oxalate anions
were detected as dominant aliphatic intermediates, where they were further oxidized slowly
to CO,. Nitrate, chloride, and sulfate anions were detected as the photocatalytic mineraliza-
tion products of dyes. The results indicated that the AC/Fe could be used as an eco-friendly
material to remove dyes. In addition, AC has synergistic effect when degrading dyes from
colored wastewater using photo-Fenton process.
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1. Introduction

The removal of dyes from wastewater is a major
concern in the textile industry [1-5]. Synthetic dyes
are difficult to degrade due to their complex aromatic
structure. Some of them are known to be toxic [1,6].
Hence, degradation of dyes is necessary from the
point of view of public health and safety.

Several methods, such as adsorption [7], nanofiltra-
tion [8], ozonation [9], electrochemical [10], etc., were
used to remove dyes from wastewater.

Advanced oxidation processes (AOPs) that
produce strong oxidants, such as hydroxyl radicals

*Corresponding author.

(OH"), are an emerging technique to degrade pollu-
tants in water treatment. Hydroxyl radicals can be
produced from H,0, using homogeneous (e.g. Fenton
reaction) or heterogeneous catalysts (supported metal
catalysts, metal oxides, graphite, and activated carbon
AQ)) [11].

The photo-Fenton process, as one of the AOPs, is
widely studied. The detailed chemical mechanism of
photo-Fenton is proposed [12-14]. Hydroxyl radical is
produced by the cycle of oxidation and reduction
reactions that requires the presence of ferrous ions
(Fe*"), hydrogen peroxide (H,0,), and UV irradiation.
In the first step, ferrous ions are oxidized by H,O,,
generating hydroxyl radicals. In the second step, the
ferric ions (Fe’*) are reduced photochemically to the
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initial oxidation state (Fe®*) and additional hydroxyl
radicals are produced [12,15-17].

In some cases, the used concentration of iron in the
photo-Fenton system may exceed the limit established
by environmental legislation and may require removal
of ferrous or ferric ions at the end of the process.

AC is widely used as an adsorbent of pollutants
due to its porous nature and large specific surface
area [18-25]. Although AC adsorption method is effec-
tive for the removal of organic compounds, the AC
can get easily saturated in the process which requires
regeneration or complete replacement. Combining
both adsorption and heterogeneous catalysis into a
single process could offer an attractive alternative in
the wastewater treatment.

The literature review showed that the operational
parameters on dye degradation using photo-Fenton/
AC were not studied in detail. In this paper, the deg-
radation of dyes from colored textile wastewater by
photo-Fenton/AC has been investigated in detail.
Reactive Red 198 (RR198) and Reactive Red 120
(RR120) were used as model dyes. The surface charac-
teristics of AC were investigated using Fourier trans-
form infrared (FTIR). Photocatalytic dye degradation
was studied using UV-Vis spectrophotometer and ion
chromatography (IC). The effects of AC dosage, initial
dye concentration, pH, and salt on photocatalytic dye
degradation were investigated. In addition, dominant
aliphatic intermediates and photocatalytic mineraliza-
tion products of dyes were studied.

2. Experimental

Reactive Red 198 (RR198) and Reactive Red 120
(RR120) were used as model dyes. The dyes were pur-
chased from Ciba Ltd and used without further purifi-
cation. The chemical structure of the dyes is shown in
Fig. 1. All other chemicals were of Analar grade and
purchased from Merck (Germany).

FTIR spectroscopy (Perkin-Elmer Spectrophotome-
ter Spectrum One) for the AC in the range of 4,000
450cm ! was studied.

Experiments were carried out in a batch mode
reactor (Fig. 2). The radiation source was a UV-C
lamp (200-280 nm, 9 W Philips).

The dye degradation experiments were conducted
by mixing AC (0.010g for RR198 and 0.020g for
RR120) in 800mL of dye solution (100mg/L), Fe**
(2mg/L), and H,O, (40mg/L) at pH 2.9 and 25°C.
The solution pH was adjusted by adding a small
amount of H,SO; or NaOH. The solution samples
were withdrawn from the reaction medium at regular
time intervals. The suspensions were centrifuged by
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Hettich EBA20 and the change in absorbance at the
maximum wavelength (/) of dyes (520nm for
RR198 and 514 nm for RR120) was monitored by UV-
Vis spectrophotometer (Perkin-Elmer Lambda 25).

Ion chromatograph (METROHM 761 Compact IC)
was used to assay the appearance and quantity of ali-
phatic carboxylic acids (formate, acetate, and oxalate)
and inorganic anions formed during the degradation
and mineralization of dyes using a METROSEP anion
dual 2, flow 0.8mL/min, 2mM NaHCO;/1.3mM
Na,CO; as eluent, temperature 20°C, pressure
3.4MPa, and conductivity detector.

The effect of AC on photocatalytic dye degradation
was investigated by contacting 800 mL of dye solution
(100mg/L), Fe**t (2 mg/L), and H,O, (40mg/L) at
room temperature (25°C) and pH 2.9 for 60 min. Dif-
ferent amounts of AC (0, 0.005, 0.010, 0.015, and
0.020 g) were applied.

The effect of initial dye concentration on photocat-
alytic dye degradation was studied. The optimum
amount of AC (0.010g for RR198 and 0.020g for
RR120) was added to 800mL of different dye concen-
trations (100, 150, 200, and 250mg/L), Fe?* (2mg/L),
and H,O, (40mg/L) at pH 2.9 for 60 min.

The effect of pH (2.9, 5, 8, and 10) on photocata-
lytic dye degradation was investigated by contacting
800 mL of dye solution (100 mg/L), Fe** (2mg/L), and
H,O, (40mg/L) at room temperature (25°C) and opti-
mum amount of AC (0.010g for RR198 and 0.020 g for
RR120) for 60 min.

The effect of salt on photocatalytic dye degradation
was studied. 0.02mol of different salts (Na,SO,, NaCl,
NayCO;, and NaHCO;) was added to 800mL of dye
solution (100mg/L), Fe?* (2 mg/L), and H,O, (40mg/
L) at room temperature (25°C) with optimum amount
of AC (0.010g for RR198 and 0.020g for RR120) and
pH 2.9 for 60 min.

3. Results and discussion
3.1. Surface characteristics of AC

In order to investigate the surface functional
groups of AC, FTIR was used (Fig. 3). The FTIR spec-
trum of AC shows that the peak positions are at 3,409,
2,923, 2,845, 1,600, 1,171, 1,094, and 1,042cm '. The
band at 3,409 cm ' is due to O-H and N-H stretching.
The bands at 2,923 and 2,845cm ™! correspond to
asymmetrical and symmetrical aliphatic C-H stretch-
ings, respectively. While the band at 1,600cm™'
reflects C=C stretching of aromatic rings, whose inten-
sity is enhanced by the presence of oxygen atoms as
phenol or ether groups, the bands at 1,300-1,000 cm ™'
correspond to C-O stretching [26,27].
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Fig. 1. The chemical structure of dyes (a) RR198 and (b) RR120.

3.2. Effects of operational parameters on dye oxidation
3.2.1. Effect of AC

Adsorption of dyes on AC is a process that also
presents a low performance for dye removal from

4 solutions (1% for RR198 and 2% for RR120 after

60min of adsorption process) because of its high

5 ‘., \ 3 molecular size and relatively low affinity to the sur-
2 face of AC.

In this study, various dosages of AC were tested
on dye removal by photo-Fenton process (Fig. 4). The
oxidation with photo-Fenton process in the absence of
AC is 73 and 71% for RR198 and RR120, respectively
Fig. 2. Reactor (1) stirrer, (2) magnet, (3) quartz tube, (4) (Fig. 4). It was observed that the simultaneous use of
lamp, and (5) sample cell.
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Fig. 4. The effect of AC dosage on the photocatalytic dye

Wavenumber (cm™) degradation using photo-Fenton/AC (H;O,: 8.24mM for
RR198 and 9.19 mM for RR120, Dye: 100mg/L, Fe?™: 2mg/

Fig. 3. FTIR spectrum of AC. L and pH: 2.9).
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AC and photo-Fenton to a certain extent yielded a sig-
nificant improvement of dye degradation compared to
that of the photo-Fenton alone (Fig. 4). The synergistic
effect of AC on photo-Fenton was observed when the
optimum AC dosage was applied (Egs. (1)-(4)). AC
catalyzes the production of free radicals, such as
hydroxyl radicals, which are very active in degrading
pollutants in the aqueous phase [11,28-31]. The elec-
tron transfer from the surface of AC to Fe’* seems to
be involved in the corresponding mechanism, accord-
ing to a pathway similar to the Fenton reaction
(Fig. 5).

Fe’" + H,0, — OH* + OH™ +Fe*" (1)
Fe** + AC — Fe*" + AC* (2)
AC* +OH™ — OH® + AC (3)
Fe*" + H,0 — Fe*" + H" + OH" (4)
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3.2.2. Effect of initial dye concentration

Fig. 6 shows the dye removal using photo-Fenton/
AC at different initial dye concentrations. With the
increase in the dye concentration, the possible cause
could be the interference from intermediates formed
upon oxidation of the parental dye molecules. Such
suppression would be more pronounced due to insuf-
ficiency of oxidant (H,O,) concentration and the pres-
ence of an elevated level of oxidation intermediates
formed upon an increased initial dye concentration
[32].

3.2.3. Effect of solution pH

Since dyes can be degraded at different pH values
in colored effluents, comparative experiments were
performed at different pH values. The pH of a solu-
tion is an important parameter in the reaction taking
place on the material surface, since it influences the
surface charge properties of the photocatalyst.
The effect of pH on the oxidation of dyes using

Fe 2+

Fig. 5. The synergistic effect of AC on photo-Fenton process.

Fe 3+
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Fig. 6. The effect of dye concentration on the

photocatalytic dye degradation using photo-Fenton/AC
(H,O,: 8.24mM for RR198 and 9.19mM for RR120, Fe**:
2mg/L, AC: 0.1g/L and pH: 2.9).

photo-Fenton/AC is shown in Fig. 7. The maximum
photocatalytic dye degradation is obtained at pH 2.9.

The results showed that the dye oxidation using
photo-Fenton/AC increased by decrease in pH. The
amount of photoregenerated Fe(ll) is strongly affected
by the pH-dependent hydrolytic speciation of Fe(IIl).
At pH 29, Fe(lll) hydroxyl complexes are highly
soluble and Fe(OH)**, which has the highest photore-
activity, is the predominant form of the Fe(IIl)
hydroxy complexes. For pH values above 4, the
degradation strongly decreases as Fe(Ill) complexes
precipitate and the regeneration of Fe(Il) is reduced
[33].

In addition, it can be attributed to the superposi-
tion of several effects such as the increase in the rate
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Fig. 7. The effect of pH on the photocatalytic dye
degradation using photo-Fenton/AC (H;O,: 8.24mM for
RR198 and 9.19 mM for RR120, Dye: 100mg/L, Fe?*: 2mg/
L and AC: 0.1g/L).
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of the H,O, decomposition (via OOH™) with increas-
ing pH, the increase in the redox potential of H,O,
(and the resulting reactive oxygen species) with
decreasing pH, as well as possible changes in the
chemical properties of the AC surface [5,19-21].

3.2.4. Effect of salt

The occurrence of dissolved inorganic ions is
rather common in dyes containing industrial wastewa-
ter. These substances may compete for active sites on
the AC surface or deactivate the AC and, subse-
quently, decrease the oxidation rate of the target dyes
[32]. A major drawback resulting from the high reac-
tivity and non-selectivity of “OH is that it also reacts
with non-target compounds present in the background
water matrix, i.e. dye auxiliaries present in the dye
bath. It results in higher *OH demand to accomplish
the desired degree of oxidation, or complete inhibition
of advanced oxidation rate and efficiency [34].

To consider how the presence of dissolved inor-
ganic anions affects the oxidation rate of dyes
using photo-Fenton/AC, different salts, such as
Na,S0,, NaCl, Na,CO3;, and NaHCO;, were chosen.
Fig. 8 shows the effects of salts on the oxidation of
dyes. The presence of these salts could inhibit
H,0O, oxidation through their scavenging effects on
the OH" radicals. To generate a sufficient level of
OH"® for oxidation of dyes in the presence of high
levels of these anions, a higher oxidant dose
should be used [8,32-35]. Carbonate and bicarbon-
ate have buffer capacity, and so they can prevent
OH" forming. Chloride ions react with OH" and
oxidize to Cl,, and decomposition mechanism of
dye is ineffective.
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Fig. 8. The effect of salt on the photocatalytic dye
degradation using photo-Fenton/AC (H;O,: 8.24mM for
RR198 and 9.19mM for RR120, Salt: 0.02M, Dye: 100 mg/
L, Fe**: 2mg/L, AC: 0.1g/L and pH: 2.9).
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3.3. UV—-Visible spectrum studies and aromatic ring
degradation

Changes in the dyes absorptions at 250nm <
A< 600nm during the oxidation at different time inter-
vals were studied. With oxidation time elapse of
30min, the maximum absorbance in the visible region
of UV-Vis spectra decreased, which indicates that
chromophores in dyes are the most active sites for oxi-
dation attack (Fig. 9). Also, absorbance measurements
of the samples at 254 nm were taken as an indication
of the aromatic compound content in the solution [36].
The lack of absorbance in 254 nm after 180 min of pho-
tocatalytic degradation of RR198 and RR120 indicates
the aromatic rings’ destruction (Fig. 10).

3.4. Carboxylic acid intermediates and mineralized products

During the oxidation of dyes, various organic
intermediates ~ were  produced. = Consequently,
destruction of the dye should be evaluated as an over-
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Fig. 9. The changes in UV-Vis spectra of dyes during the
photocatalytic dye degradation using photo-Fenton/AC (a)
RR198 and (b) RR120) (H,O,: 8.24mM for RR198 and
9.19mM for RR120, Dye: 100mg/L, Fe?*: 2mg/L, AC:
0.1g/L and pH: 2.9).
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Fig. 10. Absorbance of the samples at 254nm as an
indication of the aromatic compound content during the
photocatalytic dye degradation using photo-Fenton/AC
(HyO;: 824mM for RR198 and 9.19mM for RR120, Dye:
100mg/L, Fe**: 2mg/L, AC: 0.1g/L and pH: 2.9).

all oxidation process, involving the oxidation of both
the parent dye and its intermediates.

Further hydroxylation of aromatic intermediates
leads to the cleavage of the aromatic ring, resulting
in the formation of oxygen-containing aliphatic
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Fig. 11. Formation and disappearance of aliphatic

carboxylic acids during the photocatalytic dye degradation
using photo-Fenton/AC (a) RR198 and (b) RR120) (H,O:
8.24mM for RR198 and 9.19mM for RR120, Dye: 100 mg/
L, Fe**: 2mg/L, AC: 0.1g/L and pH: 2.9).
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compounds [32]. Formate, acetate, and oxalate anions
were detected as important aliphatic carboxylic acid
intermediates during the oxidation of dyes (Fig. 11).
Carboxylic acids can react directly with reactive spe-
cies, such as hydroxyl radicals, generating CO..

Also, the photocatalytic mineralization of dye
implies the appearance of inorganic products, mainly
anions, since hetero-atoms are generally converted
into anions in which they are at their highest
oxidation degree.

The dye degradation leads to the conversion of
organic carbon into harmless gaseous CO, and that of
N and S heteroatoms into inorganic ions, such as
nitrate and sulfate ions, respectively [1,32]. Mineraliza-
tion of dyes is reported for an irradiation period of
180 min. The formation of NOj, SOﬁ*, and Cl™ from
the mineralization of RR198 and RR120 was detected.

4. Conclusions

In this paper, the effect of AC on the degradation
of dyes using photo-Fenton process was investigated.
Reactive dyes were used as model dyes. The surface
morphology of AC was investigated using FTIR.
While selecting the optimum amount of AC dosage,
the synergistic effect of AC on photo-Fenton was
observed due to the catalytical performance of AC for
the production of hydroxyl radicals, which are very
active in oxidation reactions in the aqueous phase.
Formate, acetate, and oxalate anions were detected as
important aliphatic carboxylic acid intermediates dur-
ing the oxidation of dyes. The formation of NOj,
SOi_, and Cl™ from the mineralization of RR198 and
RR120 was detected. Hence, the photo-Fenton/AC
technique may be a viable method for treatment of
large volumes of aqueous colored dye solutions.
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