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Photoassisted Fenton mineralisation of two azo dyes Direct Red 23 (DR 23) and Reactive Orange 4 (RO
4) was studied in detail using a Fe(II) loaded Al,O3 as a heterogeneous catalyst in presence of HO, and
UV-A light. 25 and 15% FeSO4 loaded Al,03 show the maximum efficiency in the degradation of DR 23
and RO 4 respectively. The effects of catalyst loading, H,O, concentration, initial solution pH and initial
dye concentration on photodegradation were investigated and the optimum conditions are reported. DR
23 undergoes easy degradation when compared to RO 4. The difference is due to the presence of stable
triazine ring system in RO 4. The catalyst is reusable and the leaching of Fe(Il) from the catalyst in each
run is less than 10% in the pH range 2-7.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Though Fenton reactions were known for more than a century
[1], it was reported as a method for wastewater treatment since
1990s [2-5]. The photochemically enhanced Fenton reactions are
considered most promising for the remediation of wastewater con-
taining a variety of toxic chemicals [6-10]. The higher efficiency
of photo-Fenton reaction is due to the efficient recycling of Fe2*
than the thermal process [11]. Among the advanced oxidation pro-
cesses, photo-Fenton process was reported to be more efficient
and economical [12]. However, the use of Fe(Il)/Fe(Ill) as a homo-
geneous catalyst has a significant disadvantage. The removal of
sludge containing Fe ions at the end of wastewater treatment is
costly and needs large amount of chemicals and manpower. In this
context the photocatalytic degradation of organic contaminants
using heterogeneous photo-Fenton catalyst will be more preferred.
A number of heterogeneous catalysts developed by immobilizing
Fe(II)/Fe(IIl) ions on various supports had been reported in the lit-
erature [13-18].

Earlier we had investigated the photodegradation of various
dyes using some modified semiconductor [19,20] and Fenton
[14,21] photocatalysts. In this paper, we report the preparation and
charecterisation of Fe(Il) loaded Al,03 as heterogeneous catalyst
and the photodegradation of two azo dyes, namely DR 23, RO 4
with this catalyst using UV light.
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2. Experimental
2.1. Chemicals

The commercial azo dyes Direct Red 23, Reactive Orange 4
(Colour Chem, Pondicherry), AnalaR H,0, (30%, w/w), FeSO4-7H,0
(Merck), neutral Al,03 with the particle size 70-280 mesh (Loba
Chemicals), H,SO4, NaOH (Qualigens) were used as received.
The experimental solutions were prepared using distilled water.
The dye structures with their absorption maxima are given in
Fig. 1.

2.2. Preparation of catalyst

Five gram of Al, 03 and required percentage (15, 25, 35 and 45%)
of ferrous sulfate were added to ethanol/water mixture (60:40). The
suspension was stirred for 3—-4 h. Then the pale yellowish coloured
Fe2* loaded Al, O3 catalyst was filtered and dried. These Fe2* loaded
Al, 03 catalysts obtained by the addition of different concentration
of Fe,S04 were tested for their degradation efficiencies under the
same conditions.

2.3. Apparatus

The specific surface area of the catalyst was determined through
nitrogen adsorption at 77K on the basis of BET equation using
a Sorptomatic 1990 instrument. Scanning electron microscopic
(SEM) analysis was performed on platinum coated samples using a
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Fig. 1. Structures of DR 23 and RO 4.

JEOL apparatus model J[SM-5610 LV, equipped with an INCA EDX
probe for the energy dispersive X-ray micro-analysis (EDX). UV
spectral measurements were made using Hitachi U-2001 spec-
trophotometer. The pH of the solution was measured using HANNA
Phep (Model H 198107) digital pH meter. The amount of ferrous
ion present in the catalyst and amount of ferrous ion leached from
the catalyst in each run was determined using ELICO SL-176 model
Atomic Absorption Spectrometer.

Heber multilamp photoreactor model HML-MP 88 was used for
photoreaction. This model consists of eight medium pressure mer-
cury vapor lamps of 8 W set in parallel emitting 365 nm wavelength.
It has a reaction chamber with specially designed reflectors made
of highly polished aluminium and built in cooling fan at the bot-
tom. It is provided with the magnetic stirrer at the centre. Open
borosilicate glass tube of 50 mL capacity, 40 cm height and 12.6 mm
diameter was used as areaction vessel with the total radiation expo-
sure length of 330 mm. The irradiation was carried out using four
parallel medium pressure mercury lamps (32 W) in open-air condi-
tion. The light intensity was measured by ferrioxalate actinometry
[22] and it is found to be 1.381 x 10-% einsteinL~1s~1. The solu-
tion with Fe2*-Al,03 with H,0, and dye was continuously aerated
by a pump to provide oxygen and for complete mixing of reaction
medium.

2.4. Procedure

In all experiments 50 mL of reaction mixture was irradiated. At
specific time intervals 1 mL of the sample was withdrawn and cen-
trifuged to separate the Fe2*-Al,03 catalyst. NaOH solution was
used to quench the oxidation by raising the pH to 10. At this pH
further generation of hydroxyl radical is prevented. 1 mL of the sam-
ple was suitably diluted and its absorbances at 306 and 503 nm
for DR 23 or at 285 and 489 nm for RO 4 were measured imme-
diately. The absorbances at 306 and 285 nm for DR 23 and RO 4
(mr — r* transition in naphthalene group) represent the aromatic
content of the dyes and the decrease at these wavelengths for var-
ious time intervals indicates the degradation of aromatic part of
dyes. The evolution CO, was tested by the formation of CaCO;
when the gas evolved during the reaction was passed into lime-
water.

3. Results and discussion
3.1. Characterization of catalyst

The catalyst prepared with 25% FeSO4 loading was characterized.
BET surface area of Fe(I1)-Al, 03 (25%) catalyst is 77 m? g~ 1. Both Fe2*
loaded and bare catalyst have the particle 10 wmin size. Fig. 2 shows
the SEM images of Al, 03 and Fe(Il)-Al, 03 (25%). Iron crystallites are
covered throughout the Al, 03 matrix (Fig. 2b). The EDX diagram of
the catalyst (Fig. 3) reveals the percentages of iron and aluminium
atone region. The FT-IR spectra of pure Al, 03 and Fe(Il)-Al, 03 (25%)
are shown in Fig. 4a and b. The major peaks appearing in the FT-IR
spectra may be related to the following: (i) -OH stretching vibra-
tions of the surface bonded (or) adsorbed water, (ii) —OH stretching
vibrations of structural water corresponding to M-OH stretching,
(iii) —~OH bending vibrations of structural water, corresponding to
M-OH bending and (iv) Al-O and Fe-0 vibrations [23]. The peaks
3451 and 3426 cm~! observed in Fig. 4a and b account for surface
bonded -OH stretching in Al,03. A small broad peak at 1634 cm™!
corresponds to bending vibrations -OH in pure Al,0s3. This peak is
narrowed down at 1644 cm~! in Fe(Il)-Al,03 (25%). This and other
frequencies at 1401 cm~! are due to the bending vibrations of OH
bound with Fe2* present on the surface of Al,0s3. The results reveal
the presence of Fe ion on the surface of Al,05,

3.2. Primary analysis of DR 23 and RO 4

The photocatalytic activity of the Fe(Il)-Al,03 (25%) was evalu-
ated by the degradation of two different azo dyes, namely DR 23, RO
4. Controlled experiments under different reaction conditions were
carried out for both dyes and the results are displayed in Figs. 5 and 6
for DR 23 and RO 4 respectively. It is clear that both dyes are resis-
tant to direct photolysis by UV-A light (Figs. 5 and 6, curve a). There
is no decrease in the concentration of dyes when they are treated
with FeZ*-Al, 05 (25%)/dark.

Irradiation of DR 23 in the presence of ferrous ion alone gives
about 10% removal (Fig. 5, curve b). In the presence of H,0,
and UV light decrease of dye occurs continuously (curve c). For
Fe2*|H,0;/dark (curve d), 22.5% of degradation in DR 23 was
observed at the time of 20 min irradiation. A higher dye removal
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Fig. 2. Scanning electron microscope images: (a) Al,03 and (b) Fe?* (25%)/Al,0s.

in Fe2*/H,0,/dark when compared to UV/H,0, shows that the Fe2*
catalyzed decomposition of HyO, is more than the UV catalyzed
decomposition of H,0,. The quantum yield of formation of *OH
in UV/H,0, is also dependent on the wavelength and intensity of
light. The quantum yield of formation of hydroxyl radical at 365 nm
is low and hence low removal rate is observed. The trend observed
is the same under the above conditions for RO 4 (Fig. 6, curves
b-d).

The dyes DR 23 and RO 4 on irradiation with heterophoto-Fenton
catalyst Fe(Il)-Al,03 (25%)/H,0, undergo 100 and 75% degrada-
tions in 60 min respectively (Figs. 5 and 6, curve f). In order to
compare the heterogeneous photo-Fenton reaction with that of
homogeneous system, we have taken same amount of FeZ* present

in heterophoto-Fenton catalyst. Initially up to 40 min the homo-
geneous photo-Fenton process is fast (Figs. 5 and 6, curve e). The
percentages of degradation for both homogeneous and heteroge-
neous processes at 60 min are almost same. But the heterogeneous
photo-Fenton catalyst has the advantages of easy removal and
reusability. The effects of various parameters on photo-Fenton
degradation of DR 23 and RO 4 with Fe%*-Al, 03 catalyst have been
investigated.

3.3. Effect of Fe?* loading on Al,O3

The effect of iron loading of Al, O3 has been investigated employ-
ing different concentrations of ferrous sulfate by weight. The
catalysts prepared with 15, 25, 35 and 45% ferrous sulfate were used
for the degradation of both dyes. 50 mg of these catalysts was used
for photodegradation of DR 23 and RO 4. The degradation follows

%Transmittance

T T 1 T T
2500 2000 1500 1000 500
Wavenumber (cm™)

T T
4000 3500 3000

Fig. 4. FT-IR spectra of (a) Al,03 and (b) Fe?* (25%)/Al,05.
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Fig. 3. EDX diagram for Fe2* (25%)/Al,0s.
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Fig. 5. Primary analysis of DR 23; [DR 23]=5x10"*M, Fe?
(25%)/Al,03=1gL"!, H,O,=10mmolL-!, pH=3+0.1, airflow rate=8.1mLs™',
and Ip=1.381 x 10-® einstein L1 s~1.
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Fig. 6. Primary analysis of RO 4; [RO 4]=5x 104 M, Fe?* (25%)/Al,0s=1gL"",
H,0;=10mmolL~!, pH=3+0.1, Ip=1381x10%einsteinL-'s~!, and airflow
rate=8.1mLs .

the pseudo-first order kinetics (Eq. (1)):

In (%) —kt (1)

where k is the pseudo-first order rate constant, Cy is the initial con-
centration of dye and C is the concentration at time ‘t’. The rate
constants were determined from the slope of the linear plots of
In(Cy/C) vs. t. The variation of rate constants for the catalysts pre-
pared with different ferrous sulfate concentrations for the dyes DR
23 and RO 4 are shown in Fig. 7a and b.

The DR 23 removal increases with increase in FeSO4 loading from
15 to 25% and then decreases. For 25% FeSO,4 loading the rate con-
stants for decolourisation and degradation are 0.03 and 0.02 min~!
respectively. In the case of RO 4, the dye removal increases with
increase in FeSO,4 loading from 10 to 15% and then decreases. For
15% FeSO4 loading the rate constants of decolourisation and degra-
dation are 0.086 and 0.030 min~! respectively. Hence under these
experimental conditions 25 and 15% of FeSO4 were found to be
optimum for efficient removal of DR 23 and RO 4 respectively.

3.4. Effect of pH

The effect of initial pH on the Fe?*-Al,03 degradation rate of DR
23 and RO 4 was investigated and the results are shown in Fig. 8a
and b. In DR 23, increase of pH from 1 to 2 increases the pseudo-
first order rate constant from 0.011 to 0.053 min~! for degradation.
Further increase of pH above 2 decreases the rate constant. Hence
pH 2 is optimum for heterogeneous photo-Fenton degradation of
DR 23. In the case of RO 4, increase of pH from 1 to 3 increases
the pseudo-first order rate constant for degradation from 0.008 to
0.031 min~!. Further increase of pH above 3 decreases the rate con-
stant. The maximum degradation of RO 4 is observed within 60 min
at pH 3. Hence in both dyes the maximum degradation efficiency
was observed at acidic pH similar to homogeneous Fenton process.
This indicates that the mechanism of degradation is same for both
heterogeneous and homogeneous degradations.

To find out the reason for the difference in efficiencies at dif-
ferent pH, the experiment on adsorption of dye on the catalyst at
various pH was carried out for both dyes. The percentages of adsorp-
tion of DR 23 on the catalyst are found to be 36, 48, 61, 57 and 4 at
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Fig. 7. Effect of Fe?* loading on Al,03 for dye removal: dye=5 x 10~4 M, cata-
lyst suspended=1gL-!, Hy0, =10mmolL-!, airflow rate=8.1mLs~!, pH=3+0.1,
Ip=1.381 x 10-S einstein L~ s~1, (a) DR 23 and (b) RO 4.

pH 1, 2, 3, 4 and 6 respectively. In case RO 4, the percentages of dye
adsorption are 2,7,25,22,and 12, at 1, 2, 3, 4, and 6 respectively. The
adsorption of DR 23 is more than that of RO 4. Since the adsorption
of dye is maximum at pH 3, more degradation occurs at this pH.

3.5. Effect of H,0, dosage

The degradation of DR 23 and RO 4 with Fe(Il)-Al, 03 at differ-
ent H,0, concentrations was studied. Addition of H,0; from 5 to
10 mmol L1 increases the pseudo-first order rate constants for the
degradation (0.015 to 0.025min~!) and decolourisation of DR 23
(0.022 to 0.033min~') (Fig. 9a). Further increase of H,0, above
10 mmol L1 decreases the DR 23 degradation and decolourisation.

In the case of RO 4, addition of H,0, from 5 to 15 mmolL~!
increases the pseudo-first order rate constants for degradation from
0.025 to 0.031 min~! and the rate constant value for decolourisa-
tion increases from 0.083 to 0.1262 min~! at the time of 40 min
(Fig. 9b). Further increase of H,0, above 15 mmol L~! decreases the
RO 4 degradation and decolourisation. Hence 10 and 15 mmol L~!
of H,0, are the optimum concentrations for the degradation and
decolourisation of DR 23 and RO 4 respectively. The increase in
degradation efficiency is due to increased production of *OH radi-
cals.

At H,0, dosage above optimum level the decrease in removal
rate is due to hydroxyl radical scavenging effect of H,0, (Egs. (2)
and (3)) [13]:

H;05 +°*OH — HO,* + H,0 (2)
HO,* + *OH — H,0 + O, (3)
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3.6. Effect of initial dye concentration

Many researchers have investigated the effect of initial con-
centration on the degradation of dyes in solution. Increase of the
initial concentration of both dyes from 3 to 6 x 10~4 M decreases
the degradation from 0.055 to 0.018 min~! in DR 23 and 0.0609 to
0.01509 min~! in RO 4 at the time of 40 min (Fig. 10a and b). At
high dye concentrations dye molecules may absorb a significant
amount of 365 nm light and this reduces the absorbance of light by
the catalyst. The increase in dye concentration also decreases the
path length of photon entering this solution. It should be pointed
out that even at a high initial concentrations of DR 23 and RO 4
(6 x 10-* M) about 65 and 58% removal could be achieved respec-
tively in 40 min. This indicates that Fe(II)-Al,O3 catalyst can also
work well at high initial concentrations of dyes.

3.7. Effect of UV light intensity

The effect of UV power on decolourisation and degradation of
DR 23 and RO 4 is shown in Fig. 11a and b. The light intensity was
varied using 2, 4, 6, 8 lamps of 8 W each. Increase of UV power from
16 to 64 W increases the decolourisation and degradation in Fe(II)-
Al, 03 processes. The UV power is mainly used for (i) photolysis of
H,0, (Eq. (4)), (ii) photoreduction of ferric to ferrous ions. Since
all these processes are strongly dependent on wavelength and light
intensity, photodegradation increases with increase in UV power.
It is found that the UV power tested in our study lies in the linear
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Fig. 9. Effect of H;0, dosage for dye removal: dye=5x10"*M,

catalyst suspended=1gL", airflow rate=8.1mLs™", pH=2401,
Ip=1.381 x 105 einsteinL~' s~1, (a) DR 23 and (b) RO 4.

range and all photons produced are effectively used:

H202 +hv— *OH + OH™ (4)

3.8. Long-term stability

The stability and reusability of the heterogeneous photo-Fenton
catalyst were tested for DR 23 removal and the results are shown
in Fig. 12. About 92% DR 23 removal takes place at 60 min in the
first run. The same catalyst was separated, dried and used again.
In the second run 53% of dye was removed at 60 min. Third run
gave 42% dye removal. The initial decrease in efficiency in second
run is high (39%) but the decrease in the third run is only 11%. The
decrease in efficiency may be due to leaching of Fe%* in each run.
Amount of Fe2* leached for the degradation of DR 23 in each run at
different pH was measured using Atomic absorption spectrometer
and the results are presented in Table 1. Amount of total Fe2* in

Table 1

Amount of Fe2* ion leached for the degradation of DR 23 in each run at different pH.
Run pH2 pH5 pH7

I 0.49 (7.3%) 0.33 (4.93%) 0.29 (4.33%)
11 0.45 (6.72%) 0.32 (4.78%) 0.26 (3.88%)
il 0.43 (6.42%) 0.30 (4.48%) 0.26 (3.88%)

Catalyst suspended=1gL-!, irradiation time=60min airflow rate=8.1mLs',
Ip=1.381 x 105 einsteinL~' s~!, DR 23 concentration=>5 x 10~4 M, Fe?*=15%, and
H,0,=10mmol L.
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Fe(11)-Al,03 (25% ferrous sulfate loaded) was found to be 6.69 ppm.
The percentage of Fe ion leached from the catalyst was around 7% at
pH 2 and it was less than 5% at pH 5 and 7 in each run. The leaching
is slightly higher at acidic condition (pH 2) and it is minimum at pH
5and 7. The Fe ion leaching decreases in each run and after the third
run the leaching is not significant. Fe ion leaching decreases with
increase in pH. Since the trend observed in leaching is the same
as in catalytic efficiency, the decrease in efficiency for three runs
is due to leaching. As there is no leaching and change in efficiency
after third run, the catalyst is reusable.

3.8.1. Dye degradation mechanism

Based on the above results the following mechanism is proposed
for heterogeneous photo-Fenton degradation of dyes using Fe2*-
Al, 03:

FeZ*on the non-reactive surface of Al;03 +H,0,
— Fe3*on the non-reactive surface of Al,0;

+°OH (solution)+~OH

dye + *OH (solution) — reaction intermediates

— CO, +H30 + mineral acids

Fe3*on the non-reactive surface of Al,O3 +H;0, + hv

— Fe?* +°*0H, +H*
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Fig. 11. Effect of light intensity on the dye removal: catalyst suspended=1gL"",
airflow rate=8.1mLs™!, I[p=1381x 106 einsteinL~'s~'. (a) DR 23; pH=2+0.1,
Fe2*=25%, and H,0,=10mmolL-'; (b) RO 4, pH=3+0.1, Fe?*=15%, and
H,0,=15mmol L.
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Table 2
Comparison of photo-Fenton degradation of DR 23 and RO 4 under optimum condi-
tions for 20 min irradiation.

Dye (5 x 104 M) Decolourisation (%) Degradation (%)
DR 232 86.95 72.99
RO 4P 67.23 54.84
Catalyst suspended=1gL""!, airflow rate=8.1mLs™’, and

Ip=1.381 x 10 % einsteinL-1 s 1.
a pH=2+0.1, Fe?* =25%, and H,0, =10 mmol L-1.
b pH=3+0.1, Fe?* =15%, and H,0; =15mmol L1,

Fe3*on the non-reactive surface of Al,03+H,0-+hv
— Fe?*+*OH+H"*

Initially FeZ* on Al,03 reacts with H,0, producing hydroxyl
radicals. The OH radicals attack dye, giving rise to reaction interme-
diates. Finally, the reaction intermediates are mineralised into CO,
and H,0. Fe3* formed on the reactive surface reacts with H,0, or
H, 0 regenerating Fe2* and *OH, or *OH radicals. Hence the reaction
is continuous.

3.9. Comparison of photo-Fenton degradation of DR 23 and RO 4

A complete degradation of DR 23 occurs in 60 min where as
RO 4 takes 90 min for complete removal under optimum condi-
tions. The results of decolourisation and degradation of 5 x 10~4
mol L1 of DR 23 and RO 4 by Fe%*-Al,03 catalyst under optimum
conditions at the time of 20 min irradiation are given in Table 2.
The decolourisation and degradation with Fe2*-Al,03 catalyst is
more efficient in DR 23 than RO 4. These results indicated that
DR 23 could be easily degraded when compared to RO 4. This is
due to the difference in the structure of these dyes. RO 4 has a
more stable triazine ring and so the degradation efficiency is less
in RO 4.

4. Conclusions

The present investigation illustrates that the ferrous sulfate
loaded in non-reactive surface of neutral Al,0s is efficient in the
degradation of DR 23 and RO 4 in the presence of H,0, and UV
light. 25% of Fe(I1)-Al, 03 and 15% Fe(II)-Al, O3 are found to be highly
photoactive in the degradation of DR 23 and RO 4 respectively. The
other optimum conditions for higher efficiency are: (i) pH 2 for DR
23 and 3 for RO 4, (ii) H,0, concentration—10 mmol L~! for DR 23
and 15 mmol L~! for RO 4. The degradation increases with increase
in UV power and decreases with the increase in dye concentration.
The catalyst is reusable but the efficiency of the used catalyst is
less than the fresh catalyst. The decrease in efficiency of the used
catalyst is due to leaching Fe ion from the catalyst. Based on the
results, a mechanism has been proposed. Fe(Il)-Al,03 catalyst is
found to be a viable and reusable catalyst for the treatment of dye
wastewater.
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