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a b s t r a c t

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 Al2O3 as a heterogeneous catalyst in presence of H2O2 and
UV-A light. 25 and 15% FeSO4 loaded Al2O3 show the maximum efficiency in the degradation of DR 23
ccepted 17 May 2009

eywords:
eterogeneous photo-Fenton
irect Red 23
eactive Orange 4
errous sulfate

and RO 4 respectively. The effects of catalyst loading, H2O2 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(II) from the catalyst in each
run is less than 10% in the pH range 2–7.

© 2009 Elsevier B.V. All rights reserved.

l2O3

. Introduction

Though Fenton reactions were known for more than a century
1], it was reported as a method for wastewater treatment since
990s [2–5]. The photochemically enhanced Fenton reactions are
onsidered most promising for the remediation of wastewater con-
aining a variety of toxic chemicals [6–10]. The higher efficiency
f photo-Fenton reaction is due to the efficient recycling of Fe2+

han the thermal process [11]. Among the advanced oxidation pro-
esses, photo-Fenton process was reported to be more efficient
nd economical [12]. However, the use of Fe(II)/Fe(III) as a homo-
eneous catalyst has a significant disadvantage. The removal of
ludge containing Fe ions at the end of wastewater treatment is
ostly and needs large amount of chemicals and manpower. In this
ontext the photocatalytic degradation of organic contaminants
sing heterogeneous photo-Fenton catalyst will be more preferred.
number of heterogeneous catalysts developed by immobilizing

e(II)/Fe(III) ions on various supports had been reported in the lit-
rature [13–18].

Earlier we had investigated the photodegradation of various
yes using some modified semiconductor [19,20] and Fenton
14,21] photocatalysts. In this paper, we report the preparation and

harecterisation of Fe(II) loaded Al2O3 as heterogeneous catalyst
nd the photodegradation of two azo dyes, namely DR 23, RO 4
ith this catalyst using UV light.

∗ Corresponding author. Tel.: +91 4144 220572; fax: +91 4144 220572.
E-mail address: chemres50@gmail.com (M. Swaminathan).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.05.030
2. Experimental

2.1. Chemicals

The commercial azo dyes Direct Red 23, Reactive Orange 4
(Colour Chem, Pondicherry), AnalaR H2O2 (30%, w/w), FeSO4·7H2O
(Merck), neutral Al2O3 with the particle size 70–280 mesh (Loba
Chemicals), H2SO4, 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 Al2O3 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 Al2O3 catalyst was filtered and dried. These Fe2+ loaded
Al2O3 catalysts obtained by the addition of different concentration
of Fe2SO4 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 77 K on the basis of BET equation using
a Sorptomatic 1990 instrument. Scanning electron microscopic
(SEM) analysis was performed on platinum coated samples using a

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:chemres50@gmail.com
dx.doi.org/10.1016/j.cej.2009.05.030
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Fig. 1. Structur

EOL apparatus model JSM-5610 LV, equipped with an INCA EDX
robe for the energy dispersive X-ray micro-analysis (EDX). UV
pectral measurements were made using Hitachi U-2001 spec-
rophotometer. The pH of the solution was measured using HANNA
hep (Model H 198107) digital pH meter. The amount of ferrous

on present in the catalyst and amount of ferrous ion leached from
he catalyst in each run was determined using ELICO SL-176 model
tomic Absorption Spectrometer.

Heber multilamp photoreactor model HML-MP 88 was used for
hotoreaction. This model consists of eight medium pressure mer-
ury vapor lamps of 8 W set in parallel emitting 365 nm wavelength.
t has a reaction chamber with specially designed reflectors made
f highly polished aluminium and built in cooling fan at the bot-
om. It is provided with the magnetic stirrer at the centre. Open
orosilicate glass tube of 50 mL capacity, 40 cm height and 12.6 mm
iameter was used as a reaction vessel with the total radiation expo-
ure length of 330 mm. The irradiation was carried out using four
arallel medium pressure mercury lamps (32 W) in open-air condi-
ion. The light intensity was measured by ferrioxalate actinometry
22] and it is found to be 1.381 × 10−6 einstein L−1 s−1. The solu-
ion with Fe2+-Al2O3 with H2O2 and dye was continuously aerated
y a pump to provide oxygen and for complete mixing of reaction
edium.

.4. Procedure

In all experiments 50 mL of reaction mixture was irradiated. At
pecific time intervals 1 mL of the sample was withdrawn and cen-
rifuged to separate the Fe2+-Al2O3 catalyst. NaOH solution was
sed to quench the oxidation by raising the pH to 10. At this pH

urther generation of hydroxyl radical is prevented. 1 mL of the sam-
le was suitably diluted and its absorbances at 306 and 503 nm

or DR 23 or at 285 and 489 nm for RO 4 were measured imme-
iately. The absorbances at 306 and 285 nm for DR 23 and RO 4
� → �* transition in naphthalene group) represent the aromatic

ontent of the dyes and the decrease at these wavelengths for var-
ous time intervals indicates the degradation of aromatic part of
yes. The evolution CO2 was tested by the formation of CaCO3
hen the gas evolved during the reaction was passed into lime-
ater.
R 23 and RO 4.

3. Results and discussion

3.1. Characterization of catalyst

The catalyst prepared with 25% FeSO4 loading was characterized.
BET surface area of Fe(II)-Al2O3 (25%) catalyst is 77 m2 g−1. Both Fe2+

loaded and bare catalyst have the particle 10 �m in size. Fig. 2 shows
the SEM images of Al2O3 and Fe(II)-Al2O3 (25%). Iron crystallites are
covered throughout the Al2O3 matrix (Fig. 2b). The EDX diagram of
the catalyst (Fig. 3) reveals the percentages of iron and aluminium
at one region. The FT-IR spectra of pure Al2O3 and Fe(II)-Al2O3 (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–O vibrations [23]. The peaks
3451 and 3426 cm−1 observed in Fig. 4a and b account for surface
bonded –OH stretching in Al2O3. A small broad peak at 1634 cm−1

corresponds to bending vibrations –OH in pure Al2O3. This peak is
narrowed down at 1644 cm−1 in Fe(II)-Al2O3 (25%). This and other
frequencies at 1401 cm−1 are due to the bending vibrations of OH
bound with Fe2+ present on the surface of Al2O3. The results reveal
the presence of Fe ion on the surface of Al2O3.

3.2. Primary analysis of DR 23 and RO 4

The photocatalytic activity of the Fe(II)-Al2O3 (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 Fe2+-Al2O3 (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 H2O2
and UV light decrease of dye occurs continuously (curve c). For
Fe2+/H2O2/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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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

Fig. 4. FT-IR spectra of (a) Al2O3 and (b) Fe2+ (25%)/Al2O3.
ig. 2. Scanning electron microscope images: (a) Al2O3 and (b) Fe2+ (25%)/Al2O3.

n Fe2+/H2O2/dark when compared to UV/H2O2 shows that the Fe2+

atalyzed decomposition of H2O2 is more than the UV catalyzed
ecomposition of H2O2. The quantum yield of formation of •OH

n UV/H2O2 is also dependent on the wavelength and intensity of
ight. The quantum yield of formation of hydroxyl radical at 365 nm
s low and hence low removal rate is observed. The trend observed
s the same under the above conditions for RO 4 (Fig. 6, curves
–d).

The dyes DR 23 and RO 4 on irradiation with heterophoto-Fenton

atalyst Fe(II)-Al2O3 (25%)/H2O2 undergo 100 and 75% degrada-
ions in 60 min respectively (Figs. 5 and 6, curve f). In order to
ompare the heterogeneous photo-Fenton reaction with that of
omogeneous system, we have taken same amount of Fe2+ present

Fig. 3. EDX diagram for Fe2+ (25%)/Al2O3.
eering Journal 153 (2009) 9–15 11

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 Fe2+-Al2O3 catalyst have been
investigated.

3.3. Effect of Fe2+ loading on Al2O3

The effect of iron loading of Al2O3 has been investigated employ-
Fig. 5. Primary analysis of DR 23; [DR 23] = 5 × 10−4 M, Fe2+

(25%)/Al2O3 = 1 g L−1, H2O2 = 10 mmol L−1, pH = 3 ± 0.1, airflow rate = 8.1 mL s−1,
and I0 = 1.381 × 10−6 einstein L−1 s−1.
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rate is due to hydroxyl radical scavenging effect of H O (Eqs. (2)
ig. 6. Primary analysis of RO 4; [RO 4] = 5 × 10−4 M, Fe2+ (25%)/Al2O3 = 1 g L−1,
2O2 = 10 mmol L−1, pH = 3 ± 0.1, I0 = 1.381 × 10−6 einstein L−1 s−1, and airflow

ate = 8.1 mL s−1.

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

n
(

C0

C

)
= kt (1)

here k is the pseudo-first order rate constant, C0 is the initial con-
entration of dye and C is the concentration at time ‘t’. The rate
onstants were determined from the slope of the linear plots of
n(C0/C) vs. t. The variation of rate constants for the catalysts pre-
ared with different ferrous sulfate concentrations for the dyes DR
3 and RO 4 are shown in Fig. 7a and b.

The DR 23 removal increases with increase in FeSO4 loading from
5 to 25% and then decreases. For 25% FeSO4 loading the rate con-
tants for decolourisation and degradation are 0.03 and 0.02 min−1

espectively. In the case of RO 4, the dye removal increases with
ncrease in FeSO4 loading from 10 to 15% and then decreases. For
5% FeSO4 loading the rate constants of decolourisation and degra-
ation are 0.086 and 0.030 min−1 respectively. Hence under these
xperimental conditions 25 and 15% of FeSO4 were found to be
ptimum for efficient removal of DR 23 and RO 4 respectively.

.4. Effect of pH

The effect of initial pH on the Fe2+-Al2O3 degradation rate of DR
3 and RO 4 was investigated and the results are shown in Fig. 8a
nd b. In DR 23, increase of pH from 1 to 2 increases the pseudo-
rst order rate constant from 0.011 to 0.053 min−1 for degradation.
urther increase of pH above 2 decreases the rate constant. Hence
H 2 is optimum for heterogeneous photo-Fenton degradation of
R 23. In the case of RO 4, increase of pH from 1 to 3 increases

he pseudo-first order rate constant for degradation from 0.008 to
.031 min−1. Further increase of pH above 3 decreases the rate con-
tant. The maximum degradation of RO 4 is observed within 60 min
t pH 3. Hence in both dyes the maximum degradation efficiency
as observed at acidic pH similar to homogeneous Fenton process.

his indicates that the mechanism of degradation is same for both

eterogeneous and homogeneous degradations.

To find out the reason for the difference in efficiencies at dif-
erent pH, the experiment on adsorption of dye on the catalyst at
arious pH was carried out for both dyes. The percentages of adsorp-
ion of DR 23 on the catalyst are found to be 36, 48, 61, 57 and 4 at
Fig. 7. Effect of Fe2+ loading on Al2O3 for dye removal: dye = 5 × 10−4 M, cata-
lyst suspended = 1 g L−1, H2O2 = 10 mmol L−1, airflow rate = 8.1 mL s−1, pH = 3 ± 0.1,
I0 = 1.381 × 10−6 einstein L−1 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 H2O2 dosage

The degradation of DR 23 and RO 4 with Fe(II)-Al2O3 at differ-
ent H2O2 concentrations was studied. Addition of H2O2 from 5 to
10 mmol L−1 increases the pseudo-first order rate constants for the
degradation (0.015 to 0.025 min−1) and decolourisation of DR 23
(0.022 to 0.033 min−1) (Fig. 9a). Further increase of H2O2 above
10 mmol L−1 decreases the DR 23 degradation and decolourisation.

In the case of RO 4, addition of H2O2 from 5 to 15 mmol L−1

increases the pseudo-first order rate constants for degradation from
0.025 to 0.031 min−1 and the rate constant value for decolourisa-
tion increases from 0.083 to 0.1262 min−1 at the time of 40 min
(Fig. 9b). Further increase of H2O2 above 15 mmol L−1 decreases the
RO 4 degradation and decolourisation. Hence 10 and 15 mmol L−1

of H2O2 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 H2O2 dosage above optimum level the decrease in removal

2 2

and (3)) [13]:

H2O2 + •OH → HO2
• + H2O (2)

HO2
• + •OH → H2O + O2 (3)
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run is high (39%) but the decrease in the third run is only 11%. The
decrease in efficiency may be due to leaching of Fe2+ 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 pH 2 pH 5 pH 7

I 0.49 (7.3%) 0.33 (4.93%) 0.29 (4.33%)
II 0.45 (6.72%) 0.32 (4.78%) 0.26 (3.88%)
ig. 8. Effect of solution pH for dye removal: dye = 5 × 10−4 M, cat-
lyst suspended = 1 g L−1, H2O2 = 10 mmol L−1, airflow rate = 8.1 mL s−1,

0 = 1.381 × 10−6 einstein L−1 s−1, (a) DR 23 and (b) RO 4.

.6. Effect of initial dye concentration

Many researchers have investigated the effect of initial con-
entration on the degradation of dyes in solution. Increase of the
nitial concentration of both dyes from 3 to 6 × 10−4 M decreases
he degradation from 0.055 to 0.018 min−1 in DR 23 and 0.0609 to
.01509 min−1 in RO 4 at the time of 40 min (Fig. 10a and b). At
igh dye concentrations dye molecules may absorb a significant
mount of 365 nm light and this reduces the absorbance of light by
he catalyst. The increase in dye concentration also decreases the
ath length of photon entering this solution. It should be pointed
ut that even at a high initial concentrations of DR 23 and RO 4
6 × 10−4 M) about 65 and 58% removal could be achieved respec-
ively in 40 min. This indicates that Fe(II)-Al2O3 catalyst can also
ork well at high initial concentrations of dyes.

.7. Effect of UV light intensity

The effect of UV power on decolourisation and degradation of
R 23 and RO 4 is shown in Fig. 11a and b. The light intensity was
aried using 2, 4, 6, 8 lamps of 8 W each. Increase of UV power from
6 to 64 W increases the decolourisation and degradation in Fe(II)-
l2O3 processes. The UV power is mainly used for (i) photolysis of

2O2 (Eq. (4)), (ii) photoreduction of ferric to ferrous ions. Since
ll these processes are strongly dependent on wavelength and light
ntensity, photodegradation increases with increase in UV power.
t is found that the UV power tested in our study lies in the linear
Fig. 9. Effect of H2O2 dosage for dye removal: dye = 5 × 10 M,
catalyst suspended = 1 g L−1, airflow rate = 8.1 mL s−1, pH = 2 ± 0.1,
I0 = 1.381 × 10−6 einstein L−1 s−1, (a) DR 23 and (b) RO 4.

range and all photons produced are effectively used:

H2O2 + h� → •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
III 0.43 (6.42%) 0.30 (4.48%) 0.26 (3.88%)

Catalyst suspended = 1 g L−1, irradiation time = 60 min airflow rate = 8.1 mL s−1,
I0 = 1.381 × 10−6 einstein L−1 s−1, DR 23 concentration = 5 × 10−4 M, Fe2+ = 15%, and
H2O2 = 10 mmol L−1.
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Fig. 11. Effect of light intensity on the dye removal: catalyst suspended = 1 g L−1,
airflow rate = 8.1 mL s−1, I0 = 1.381 × 10−6 einstein L−1 s−1. (a) DR 23; pH = 2 ± 0.1,
Fe2+ = 25%, and H2O2 = 10 mmol L−1; (b) RO 4, pH = 3 ± 0.1, Fe2+ = 15%, and
H2O2 = 15 mmol L−1.
ig. 10. Effect of initial dye concentration on the dye removal: catalyst sus-
ended = 1 g L−1, airflow rate = 8.1 mL s−1, (a) DR 23: pH = 2 ± 0.1, Fe2+ = 25%,
2O2 = 10 mmol L−1, and I0 = 1.381 × 10−6 einstein L−1 s−1; (b) RO 4: pH = 3 ± 0.1,
e2+ = 15%, H2O2 = 15 mmol L−1, and I0 = 1.381 × 10−6 einstein L−1 s−1.

e(II)-Al2O3 (25% ferrous sulfate loaded) was found to be 6.69 ppm.
he percentage of Fe ion leached from the catalyst was around 7% at
H 2 and it was less than 5% at pH 5 and 7 in each run. The leaching

s slightly higher at acidic condition (pH 2) and it is minimum at pH
and 7. The Fe ion leaching decreases in each run and after the third

un the leaching is not significant. Fe ion leaching decreases with
ncrease in pH. Since the trend observed in leaching is the same
s in catalytic efficiency, the decrease in efficiency for three runs
s due to leaching. As there is no leaching and change in efficiency
fter third run, the catalyst is reusable.

.8.1. Dye degradation mechanism
Based on the above results the following mechanism is proposed

or heterogeneous photo-Fenton degradation of dyes using Fe2+-
l2O3:

e2+on the non-reactive surface of Al2O3 + H2O2

→ Fe3+on the non-reactive surface of Al2O3

+•OH (solution)+−OH

ye + •OH (solution) → reaction intermediates
→ CO2 + H2O + mineral acids

e3+on the non-reactive surface of Al2O3 + H2O2 + h�

→ Fe2+ + •OH2 + H+

Fig. 12. Catalyst efficiency at different runs: [DR 23] = 5 × 10−4 M, catalyst sus-
pended = 1 g L−1, H2O2 = 10 mmol L−1, airflow rate = 8.1 mL s−1, pH = 3 ± 0.1, and
I0 = 1.381 × 10−6 einstein L−1 s−1.
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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 × 10−4 M) Decolourisation (%) Degradation (%)

DR 23a 86.95 72.99
RO 4b 67.23 54.84
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atalyst suspended = 1 g L , airflow rate = 8.1 mL s , and
0 = 1.381 × 10−6 einstein L−1 s−1.

a pH = 2 ± 0.1, Fe2+ = 25%, and H2O2 = 10 mmol L−1.
b pH = 3 ± 0.1, Fe2+ = 15%, and H2O2 = 15 mmol L−1.

e3+on the non-reactive surface of Al2O3+H2O+h�

→ Fe2++•OH+H+

Initially Fe2+ on Al2O3 reacts with H2O2 producing hydroxyl
adicals. The OH radicals attack dye, giving rise to reaction interme-
iates. Finally, the reaction intermediates are mineralised into CO2
nd H2O. Fe3+ formed on the reactive surface reacts with H2O2 or
2O regenerating Fe2+ and •OH2 or •OH radicals. Hence the reaction

s continuous.

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

A complete degradation of DR 23 occurs in 60 min where as
O 4 takes 90 min for complete removal under optimum condi-
ions. The results of decolourisation and degradation of 5 × 10−4

ol L−1 of DR 23 and RO 4 by Fe2+-Al2O3 catalyst under optimum
onditions at the time of 20 min irradiation are given in Table 2.
he decolourisation and degradation with Fe2+-Al2O3 catalyst is
ore efficient in DR 23 than RO 4. These results indicated that
R 23 could be easily degraded when compared to RO 4. This is
ue to the difference in the structure of these dyes. RO 4 has a
ore stable triazine ring and so the degradation efficiency is less

n RO 4.

. Conclusions

The present investigation illustrates that the ferrous sulfate
oaded in non-reactive surface of neutral Al2O3 is efficient in the
egradation of DR 23 and RO 4 in the presence of H2O2 and UV

ight. 25% of Fe(II)-Al2O3 and 15% Fe(II)-Al2O3 are found to be highly
hotoactive in the degradation of DR 23 and RO 4 respectively. The
ther optimum conditions for higher efficiency are: (i) pH 2 for DR
3 and 3 for RO 4, (ii) H2O2 concentration—10 mmol L−1 for DR 23
nd 15 mmol L−1 for RO 4. The degradation increases with increase
n UV power and decreases with the increase in dye concentration.
he catalyst is reusable but the efficiency of the used catalyst is
ess than the fresh catalyst. The decrease in efficiency of the used
atalyst is due to leaching Fe ion from the catalyst. Based on the
esults, a mechanism has been proposed. Fe(II)-Al2O3 catalyst is
ound to be a viable and reusable catalyst for the treatment of dye

astewater.
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