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Novel activated alumina-supported iron oxide-composite as a heterogeneous
catalyst for photooxidative degradation of reactive black 5
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Abstract

A novel activated alumina-supported iron oxide-composite (denoted as FeAA-500) was prepared by so-called fluidized-bed reactor (FBR)
crystallization. X-ray powder diffraction (XRD), N2 adsorption/desorption, scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) were used to characterize the FeAA-500. The photo-catalytic activity of the FeAA-500 was evaluated in the photooxidative
degradation of 0.1 mM azo-dye reactive black 5 (RB5) in the presence of H2O2 and UVA light (λ = 365 nm) in a solution with a pH of 2.5. Complete
decolorization of the model pollutant RB5 was achieved; the total organic carbon (TOC) removal ratio was 95%, and a trace amount of leached
f ic activity;
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erric ion was detected following 75 min of reaction when 2.0 g/L FeAA-500 was used as a catalyst. FeAA-500 has high photo-catalyt
t is therefore a promising heterogeneous photocatalysis of the degradation of organic compounds.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Advanced oxidation processes (AOPs) are remediation pro-
esses that produce the highly reactive hydroxyl radical (•OH)
o degrade organic pollutants[1,2]. Since the 1990s, AOPs have
ttracted considerable attention in relation to wastewater treat-
ent [3–12]. One of the most important AOPs for generating

OH is the use of the Fe2+/H2O2/UV system, wherein the cat-
lytic ferrous ions are dissolved in water. This process is called

he homogeneous photo-Fenton process. In this system, Fe2+ in
olution acts as a homogeneous catalyst. The formation of•OH
nd the photo-reductive regeneration from Fe can be expressed
y the following equations[13].

2O2 + Fe2+ → Fe3+ + OH− + •OH, k1 = 40–60 M−1 s−1

(1)

e(OH)2+ hv−→Fe2+ + •OH, k2 = 2 × 10−3M−1 s−1 (2)

However, the homogeneous photo-Fenton process has a
arked shortcoming. It produces iron-containing waste sludge

whose disposal is difficult and expensive. This disadvantage
its the further application of the homogeneous photo-Fe
process in treating wastewater. Therefore, the heteroge
photo-Fenton or photo-Fenton-like processes, has been
oped by coating Fe ions in iron oxide onto porous solid
catalyst. It is called a heterogeneous catalyst because it do
dissolve in water[14–21]. For example, Fernandez et al.[14,15]
successfully prepared a Fe3+/Nafion membrane catalyst usi
a simple ion exchange reaction. They exploited the cataly
the photo-assisted Fenton degradation of Orange II. How
the Nafion-based catalyst is too expensive to be used in p
cal applications even though the catalyst can be separated
from solution. Accordingly, Feng et al.[19–22]utilized Laponite
RD, rather than the Nafion film. A search on the Internet reve
that the price of Nafion exceeds 2000 US$/kg, whereas th
Laponite RD is less than 40 US$/kg[20,21]. Therefore, hetero
geneous catalysts of the photo-Fenton reaction that are
cheaper than Nafion must be sought. Such a catalyst ha
only academic importance but also industrial applications.

In this work, an activated alumina-supported iron ox
composite was prepared by FBR-crystallization techn
∗ Corresponding author. Tel.: +886 6 2757575/62643; fax: +886 6 2344496.
E-mail address: ccy7@ccmail.ncku.edu.tw (C.Y. Chen).

[23–26], which is cost-effective and has been used full-scale in
industrial applications in Taiwan. Activated alumina-supported
iron oxide-composite was originally developed as a heteroge-
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neous catalyst of the degradation of RB5 in the presence of
H2O2 and UVA light. Decolorization efficiency, TOC removal
ratio and Fe leaching from the catalysts are discussed in detail
herein.

2. Experimental

2.1. Materials

RB5 (Color Index no. 20505), C26H21N5Na4O19S6, was pur-
chased from Aldrich Chemical Company (Amherst, NY, USA);
it was 55% pure, and had a molecular weight of 991.82. The
structure of RB5 is presented below. NaClO4 (Merck) and H2O2
(Union Chemical) were of analytical reagent grade and were
used without further purification. Activated alumina grain was
obtained from Alcoa Chemicals. Deionized and doubly distilled
water were used throughout this investigation.

2
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internal circulation of the FBR was controlled to maintain a
upflow superficial velocity of 40 m h−1 with a 50% bed expan-
sion.Fig. 1schematically depicts the apparatus. The bioeffluents
of tannery wastewater, H2O2 and FeSO4 were fed continuously
into the reactor bottom. The molar ratio of H2O2 to FeSO4 was
2:1. The pH of the solution, which was adjusted by adding dilute
aqueous solutions of NaOH or H2SO4, was maintained at 3, to
prevent the precipitation of Fe(OH)3 [27]. After the reaction had
proceeded for around 3 months, iron oxide was coated onto the
surface of the activated alumina grains to enable catalytic oxi-
dation. It was then dried overnight in air at 120◦C. Finally, the
dried solid was calcined at 500◦C for 24 h.

2.3. Characterization of FeAA-500

FeAA-500 was characterized using a powder diffractometer
(Rigaku RX III) with Cu K� radiation. The accelerating volt-
age and current were 40 kV and 20 mA. The specificsurface
area of FeAA-500 was measured by the BET method. The sizes
of the activated alumina grain support particles and the FeAA-
500 particles were obtained using a Hitachi S-400 SEM. The
atomic composition of the FeAA-500 surface was elucidated by
EDX using an Oxford INCA-400 spectrometer. The total iron
concentration was measured using an atomic absorbance spec-
trophotometer (Hitachi Z-6100).
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.2. Preparation of FeAA-500

A novel catalyst, iron oxide on a activated alumina supp
as prepared in the following manner[23]. Activated alumina
rains were packed in a 30 m3 FBR (2.1 m Ø× 9 m height). The

Fig. 1. Schematic diag
.4. Evaluating the photo-catalytic activity of the
eAA-500 catalyst

The model pollutant used to evaluate the FeAA-500 c
yst was an azo-dye RB5. This dye was chosen because
idely employed in the textile industry and is not biodegr
ble[28]. The photo-catalytic activity of FeAA-500 in degra

ng the RB5 solution in a batch photoreactor (Fig. 2) at room
emperature was evaluated under illumination at intensi
.8 mW cm−2. The irradiation source was a 15 W UVA lam

f the fluidized-bed reactor.
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Fig. 2. Schematic diagram of the photoreactor apparatus.

(UVP BL-15 365 nm) fixed inside a cylindrical Pyrex tube
(allowing wavelengthsλ > 320 nm to pass). This setup pre-
vented the formation of•OH radicals by the direct photolysis
of H2O2. The total volume of the solution was 1200 mL; the
initial concentration of RB5 was 0.1 mM. Specified amounts
of NaClO4 and H2O2 were dripped into the reactor. The pH
of the solution was altered by adding aqueous solutions of
NaOH or HClO4. The starting point of the reaction was defined
as the time when the UVA light was turned on and a certain
quantity of FeAA-500 was added to the photoreactor. Com-
pressed air was bubbled from the bottom at a flow rate of around
1800 mL/min and it was exposed to the ambient air effectively
to suspend the catalyst in the reactor and ensure good mixing.
Samples were periodically extracted from the reactor using a
pipe, and were immediately analyzed using a UV–vis spec-
trometer after they had been filtered through a 0.25�m syringe
filter made of poly-(vinylidene fluoride) to remove FeAA-500
particles.

The RB5 spectrum showed an absorption peak at 597 nm.
Therefore, the concentration of the RB5 solution was determined
from the absorption intensity at 597 nm, as determined using a
UV–vis spectrometer (Jasco Model 7850). Before the measure-
ment was made, a calibration curve was plotted using standard
RB5 of known concentrations. TOC was analyzed using a Shi-
madzu 500 TOC analyzer.

3
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Fig. 3. XRD patterns of the FeAA-500 catalyst.

Table 1
Surface atomic compositions and binding energy (BE) of FeAA-500 determined
by EDX

Element Atomic concentration (at.%) Binding energy (keV)

C 6.78 0.277
O 45.12 0.525
Al 1.34 1.487
Fe 46.76 0.628, 0.705, 6.404, 7.058

(hematite) crystallite. Accordingly, the XRD analysis demon-
strated that the FeAA-500 consists mainly Fe2O3 (hematite)
crystallite.

Table 1presents the surface atomic chemical compositions
of FeAA-500 and the binding energy of the detected elements,
obtained by EDX. The binding energies of Fe were determined
to be 0.628, 0.705, 6.404 and 7.058 keV.Fig. 4 shows the
SEM micrographs of the activated alumina grain support and
the FeAA-500 prepared using an FBR.Fig. 4a (100×) and
b (300×) demonstrate that the shape of the original activated
alumina grain support is irregular. It was smoother after the
reaction in the FBR had proceeded for 3 months, as displayed
in Fig. 4c (100×) and d (500×). The size of the FeAA-500 cat-
alytic particles, determined by SEM, ranged from 80 to 200�m.
Table 2 presents the other characteristics of the FeAA-500
catalyst.

Table 2
Properties of the FeAA-500 catalyst

Parameter Value

Total iron content of catalyst (g kg−1) 346.4
Bulk density (g cm−3) 1.19
Absolute (true) density (g cm−3) 3.85
Specific surface area (m2 g−1) 154.6
T 3 −1

C

. Results and discussion

.1. Characterization of the FeAA-500 catalyst

Fig. 3depicts the XRD pattern of the AA-Fe-500. The m
iffraction peaks at 2θ = 33.1◦ and 35.6◦ are assigned to Fe2O3
otal pore volume (cmg ) 0.109
ation-exchange capacities (meq g−1) 0.43
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Fig. 4. Scanning electron micrographs of original activated alumina grain support: (a) 100×; (b) 300× and iron oxide; (c) 100×; (d) 500×.

3.2. Evaluation of the photo-catalytic activity of the
FeAA-500 catalyst

Numerous investigations have revealed that the solution pH
can dramatically influence the heterogeneous photoassisted Fen-
ton degradation of organic compounds. The optimal solution pH
has been found to be approximately 3.0[15,17]. Fig. 5plots the
effect of pH on the degradation of RB5 under UVA light irradia-
tion in the FeAA-500/H2O2 system. The figure reveals that a pH
of up to 4.5 can be used with FeAA-500 as a catalyst. Moreover,
reducing the solution pH from 4.5 to 2.5 considerably promotes

F 5.

the degradation of RB5. The FeAA-500 catalyst was most effi-
cient at a pH of 2.5. Hence, the following experiments were
undertaken at pH 2.5 to evaluate the photo-catalytic activity of
the FeAA-500 catalyst.

Fig. 6 plots the RB5 concentration against irradiation time,
under various conditions. Without H2O2 and FeAA-500 catalyst,
but with only 15 W UVA (curve a), the RB5 concentration barely

Fig. 6. RB5 concentration as a function of the reaction time under various con-
ditions: (a) without H2O2 and iron oxide but with 15 W UVA; (b) without iron
oxide but with 5.88 mM HO and 15 W UVA; (c) without HO but with 2.0 g
o
a
5
U
ig. 5. Effect of the solution pH on the photooxidative degradation of RB
2 2 2 2

f FeAA-500 catalyst/L and 15 W UVA; (d) in the dark but with 5.88 mM H2O2

nd 2.0 g of FeAA-500 catalyst/L; (e) with 5.88 mM H2O2, 2.0 g of FeAA-
00 catalyst/L, and 15 W UVA; (f) with 0.3 ppm Fe3+, 5.88 mM H2O2 and 15 W
VA.
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declined, indicating that the degradation of RB5 by photolysis
is very limited.

Without a catalyst, but with 5.88 mM H2O2 and 15 W UVA
(curve b inFig. 6), the decolorization of RB5 is very limited
(<5%) after 90 min of reaction. The decrease in the concentration
of RB5 may be caused by oxidation by•OH radicals, which were
generated by the direct photolysis of H2O2 under UVA.

Without H2O2 and 15 W UVA, but with only 2.0 g of FeAA-
500/L (curve c), the RB5 concentration decreased to approxi-
mately 70% in 90 min, because RB5 was physically adsorbed on
the surface of the FeAA-500 catalyst. The point of zero charge
(PZC) of Fe2O3 is around 6.2[29], so reducing the pH (<6.2)
causes the surface to become positively charged, favoring the
adsorption of anionic azo-dye RB5.

Without 15 W UVA but with 5.88 mM H2O2 and 2.0 g FeAA-
500 catalyst/L in the dark (curve d), after 5 min, the rate of
decolorization of RB5 dramatically exceeds that indicated by
curve c, because of adsorption and the Fenton-like reaction at
the surface of the FeAA-500 catalyst. RB5 is initially adsorbed
onto surface of the FeAA-500 catalyst and then oxidized by
the •OOH. After some of the intermediates have redissolved
from the surface of the catalyst into the solution, the residual
RB5 continues to be adsorbed and oxidized. RB5 is degraded
fastest in the presence of 2.0 g FeAA-500 catalyst/L, 5.88 mM
H2O2 and 15 W UVA (curve e inFig. 6). However, the degra-
dation of RB5 is accelerated by the FeAA-500 catalyst itself or
t chin
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u n be
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5.88 mM H2O2 and 15 W UVA, was performed to quantify the
contribution of the catalyst to the degradation of the RB5, curve
f in Fig. 6 shows the results. A careful comparison between
the curves clearly indicates that the degradation of RB5 is cat-
alyzed in comes from two perspectives. One is the catalysis from
the FeAA-500 catalyst. The other is the catalysis from the Fe
ions that leach from the catalyst. However, it should be pointed
out that the main contribution is from the FeAA-500 catalyst
instead of Fe ions in solution because the initial degradation
rate of RB5 (curve e inFig. 6) is much higher when the FeAA-
500 catalyst is used. Accordingly, FeAA-500 exhibits high
photo-catalytic activity in the degradation of RB5 but we also
believe that Fe ion in solution can accelerate the degradation of
RB5.

Fig. 8 plots the changes in the UV–vis spectra during the
degradation of RB5 in the presence of the FeAA-500 catalyst and
H2O2 under UVA light irradiation at pH 2.5 (spectra 1–6). RB5
exhibits characteristic absorption bands at 597 and 391 nm. The
absorption peak diminished and disappeared under UVA irradi-
ation, revealing the decolorization of RB5. No new absorption
band appeared both in either the visible or the ultraviolet region,
indicating the destruction of conjugated structure.

Complete decolorization does not imply that the dye was
completely oxidized into CO2, H2O and inorganic ions. Reac-
tion intermediates are usually formed and enter solution dur-
ing degradation. Although identifying the intermediates is very
i tion
o n of
R ive
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p only
e the
e as,

T

F on in
H n;
s 5.
he presence of Fe ions in the solution, because of Fe lea
rom the catalyst in an acidic environment, remained to be d
ined. Accordingly, the change in the concentration of Fe io

he solution with reaction time was determined using an at
bsorbance spectrophotometer.Fig. 7 presents the results. T
raph shows that no Fe ion was present in the solution d

he first 15 min, and the Fe concentration increased betwe
nd 75 min. At the end of the reaction, the Fe concentration
lmost stable at under 0.3 mg/L when 2.0 g of FeAA-500/L
sed at pH 2.5, revealing that the FeAA-500 catalyst ca
sed in industry. Furthermore, an additional experiment, inv

ng the degradation of RB5 in the presence of 0.3 ppm F3+,

Fig. 7. Fe concentration in solution vs. reaction time.
g
-

5
s

mportant in determining the reaction path of the degrada
f RB5, this study focuses on the extent of mineralizatio
B5 with a view to industrial application. Although alternat
ethods of evaluating the extent of the mineralization of org
ollutants may be available, the removal of TOC is comm
mployed in the wastewater treatment industry to specify
xtent of mineralization. The TOC removal ratio is defined

OC removal ratio=
(

1 − TOCt

TOC0

)
× 100%,

ig. 8. UV–vis absorption spectral changes of the RB5 (0.1 mM) soluti

2O2 (5.88 mM)/FeAA-500 (2.0 g L−1) dispersion under 15 W UVA irradiatio
pectra 1–6 denote the reaction time 0, 5, 15, 30, 60 and 75 min at pH 2.
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Fig. 9. TOC vs. time under different conditions: (a) without H2O2 and iron oxide
but with 15 W UVA; (b) without iron oxide but with 5.88 mM H2O2 and 15 W
UVA; (c) without H2O2 but with 2.0 g of FeAA-500 catalyst/L and 15 W UVA;
(d) in the dark but with 5.88 mM H2O2 and 2.0 g of FeAA-500 catalyst/L; (e)
with 5.88 mM H2O2, 2.0 g of FeAA-500 catalyst/L, and 15 W UVA.

where TOCt and TOC0 are the values of TOC at reaction times
t and 0, respectively.

Fig. 9 plots the measured TOC removal ratio against irra-
diation time under various conditions. The figure reveals three
important conclusions. First, without the FeAA-500 catalyst but
with 5.88 mM H2O2 and 15 W UVA (curve b inFig. 9), only
around 1.5% of TOC is removed after 75 min of reaction, reveal-
ing that the amount of•OH generated directly by the photolysis
of H2O2 by UVA light is very small. Second, the difference
between the extent of TOC removal indicated by curve c and tha
indicated by curve d was only approximately 7% after 75 min,
revealing that the•OOH generated by the Fenton-like reaction of
Fe3+ on the surface of the FeAA-500 catalyst cannot effectively
mineralize RB5 into H2O and CO2. The authors made similar
observations in another study[30]. Third, when the 15 W UVA
light was turned on (curve e inFig. 9), significantly increased the
rate of TOC removal, especially after 5 min of reaction. Compare
curves e (light) and d (dark) reveal that approximately 95% and
75% TOC, respectively, are removed after 75 min reaction time
indicating that the presence of UVA light effectively promotes
the mineralization of RB5.

4. Conclusions

A novel FeAA-500 catalyst was prepared by fluidized-bed
r the
F l-
l ative
d
l B5
w OC
r this

study demonstrate that the FeAA-500 catalyst exhibits not only
high photo-catalytic activity but also high stability in an acidic
environment. Therefore, FeAA-500 has potential as a hetero-
geneous catalyst of the photooxidative degradation of organic
compounds.
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