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bstract

An efficient solid catalyst, hydroxyl-Fe-pillared bentonite (H-Fe-P-B), was successfully developed for photo-assisted Fenton reaction. The
haracteristics of the catalyst were detected by N2 adsorption/desorption, X-ray fluorescence spectroscopy (XRF), X-ray powder diffraction (XRD),
V–vis absorption spectra (UV–vis) and atom force microscopy (AFM). The catalytic activity of H-Fe-P-B was evaluated in discolouration and
ineralization of Orange II in UV-Fenton system. The effects of pH, Orange II concentration, UV light wavelength and temperature on Orange

I degradation were studied in detail. It was found that the catalytic activity of H-Fe-P-B for H2O2 came from Fe-polycations between bentonite
heets rather than Fe3+ or Fe2+ in tetrahedral or octahedral sheets of bentonite. As the leaching of iron from the H-Fe-P-B after treatment was
egligible, the H-Fe-P-B exhibited a high catalytic activity and good long-term stability in multiple runs in the discolouration and mineralization

f Orange II. Because of the strong surface acidity, the H-Fe-P-B acted as not only catalyst but also solid acid in UV-Fenton system, as a result,
lmost 100% colour removal and 95% TOC removal of 0.2 mM Orange II could be obtained at 40 and 120 min even if the initial pH of solution
as as high as 9.0. These results implied that the H-Fe-P-B was a promising catalyst for UV-Fenton system.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Photo-Fenton process, one of the advanced oxidant process
AOPs), has been widely studied as a promising way to treat
arious organic pollutants in wastewater [1–4]. In this system,
he free radicals (•OH) are considered as dominant species with
he potential ability to oxidize almost all organic contaminants
nto carbon dioxide and water in aqueous solution.

In homogeneous photo-Fenton system, the catalysts of iron
ons are dissolved in water. These homogeneous catalysts are
enerally very efficient for such reactions, but their removal
rom the treated water is difficult and costly and the use of
etallic salts as catalysts may induce additional pollution

5,6]. Furthermore, the homogeneous photo-Fenton process is

uffered from the tight range of pH 2–4 [7,8]. So the use of het-
rogeneous catalysts would be a good alternative in this system
nd developing of heterogeneous catalysts for photo-Fenton
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eaction has received increasing research interest in recent years
4–10].

The ideal heterogeneous catalyst should be cheap, suitable
or wide range of pH, as well as has good catalytic activity and
ow catalyst leaching. During the preparation of heterogeneous
atalyst, selection of catalyst support is the most important. At
resent, different materials including organic materials (such
s Nafion and resin) and inorganic materials (such as HY zeo-
ite, C fabrics, silica and clay) are selected as catalyst supports
5–10]. The Fe-pillared clay may be one of promising hetero-
eneous catalyst for photo-Fenton system because of its unique
haracteristics, abundance and low cost. For example, Feng et
l. [5,11] successfully developed �-Fe2O3-pillared bentonite
s a heterogeneous catalyst for UV-Fenton by calcining the
ydroxyl-Fe-pillared bentonite at 350 ◦C for 24 h. This cata-
yst showed high catalytic activity and good long-term stability
or Orange II discolouration and mineralization. However, the

atalytic activity of �-Fe2O3-pillared bentonite in UV-Fenton
ystem was sensitive to the pH of solution. When the pH of
olution increased from 3.0 to 6.6, the degradation rate con-
tant of 0.2 mM Orange II decreased from 0.193 to 0.077 min−1

mailto:zlz@zju.edu.cn
dx.doi.org/10.1016/j.jphotochem.2006.11.018
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Fig. 1. Chemical structure of Orange II.

nd the TOC removal decreased from 100 to about 63% corre-
pondingly [11]. The hydroxyl-Fe-pillared bentonite is another
onfiguration of Fe-pillared bentonite, which is also the pre-
ursor of �-Fe2O3-pillared bentonite. Without calcinations, the
ydroxyl-Fe-pillared bentonite contains mainly Brönsted acid
ites [12–14], which may provide additional acid for photo-
enton. As a result, using this cheaper catalyst may extend the
ange of pH for photo-Fenton process. Furthermore, discussing
he catalytic activity of hydroxyl-Fe-pillared bentonite will be
f benefit to understand the structure-property relationships of
e-pillared bentonite.

The interest of this study is focused on the UV-Fenton
rocess for discolouration and mineralization of azo-dye with
ydroxyl-Fe-pillared bentonite as catalyst. The catalytic activity
f raw bentonite was also detected to discuss the catalytic
bility of different iron configurations in hydroxyl-Fe-pillared
entonite. Orange II was employed as a model compound of
zo-dye, which is non-biodegradation and used extensively in
extile industry. The results demonstrated that the hydroxyl-Fe-
illared bentonite was an effective and stable catalyst for Orange
I discolouration and mineralization in UV-Fenton system.
he effects of initial pH, Orange II concentration, reaction

emperature and UV wavelength on UV-Fenton process were
tudied in detail. It was found that the hydroxyl-Fe-pillared
entonite acted as not only catalyst but also solid acid in
V-Fenton system, which led to high colour and TOC removal
f Orange II even if the initial pH of solution was as high
s 9.0.

. Experiment

.1. Materials

The bentonite used was primarily Ca2+-montomorillonite
rom Inner Mongolia Autonomous Region, China. Its chemical
ormula was Ca0.39Na0.02K0.02 (Si7.91Al0.09) (Al2.51Fe0.45

g1.10)O20(OH)4nH2O and its cation-exchange capacity (CEC)
as 108.4 mM 100 g−1. Bentonite was mechanically grinded
ith a mortar and pestle to less than 200-mesh (0.074 mm).
range II purchased from Shanghai Chemical Reagent Com-

any was of chemical reagent grade and used without further
urification. And its chemical structure was shown in Fig. 1.
2O2 (30% in H2O), Na2CO3, Fe(NO3)3, Na2SO3, KH2PO4,
I, NaOH and HCl were of analytical grade and obtained from
hanghai Chemical Reagent Company.

o
(
B
s
a
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.2. Synthesis and characterization of hydroxyl-Fe-pillared
entonite

The hydroxyl-Fe-pillared bentonite catalyst was prepared
y pillaring the bentonite through cation-exchange process.
irstly, Na2CO3 was added slowly as a powder into the solu-

ion of Fe(NO3)3 under magnetic stirring and N2 atmosphere,
ntil the molar ratio of [Na+]/[Fe3+] became 1:1. Then the
olution was aged at 60 ◦C for 1 d. Secondly, the intercalant
olution was added to the clay suspension under stirring.
he final [Fe3+]/clay ratio was equal to 10 mol kg−1 of dry
lay. The product was then filtered, washed with deionized
ater several times. Then the hydroxyl-Fe-pillared bentonite
as dried at 105 ◦C overnight, ground to less than 200-mesh

0.074 mm).
The d0 0 1-spacing was measured by XRD analysis on a

/max-2550 (Rigaku) diffractometer. Specific surfaces area was
etermined by N2 adsorption (BET method) on a NOVA2000e
nstrument. The samples were degassed at 473 K for 3 h before
he adsorption and the external and micropore surface area deter-

ined with the t-plot method. Atom force microscopy (AFM)
easurement was performed with SPM-9500J3 (Shimadzu) in

he contact mode. The element content of raw bentonite and solid
atalyst was analyzed by X-ray fluorescence (XRF) spectrome-
er (ZSX100e). The UV–vis absorption spectra were measured
y UV-2401 (Shimadzu) double-beam digital spectrophotome-
er equipped with conventional components of a reflectance
pectrometer (diffuse reflectance of BaSO4/diffuse reflectance
f sample).

.3. Degradation of azo-dye Orange II

The experiments were carried out in a photocatalytic oxida-
ion reactor, which is consisted of a 4.5 cm diameter quartz tube
nd 6.0 cm diameter glass column. In the center of the cylindrical
eactor, one 6 W UV light tube was used as light resource. The
emperature was controlled to 30 ◦C during the experiments. The
osage of catalyst was 1.0 g L−1 and the concentration of H2O2
as 10 mM. All experiments were carried out under constantly

tirring to make the catalyst good dispersion. Deionized water
as used throughout the work. Before reaction, the suspension

ontaining 1.0 g L−1 H-Fe-P-B or raw bentonite and Orange II
olution was stirred in dark for 1 h to achieve adsorption equilib-
ium. The reaction was initiated when the UV light was turned
n and H2O2 was added to the Orange II solution. The pH of the
ye solution was measured by using a Mettler Toledo pH meter
Seven multi).

At given intervals of degradation, a sample was analyzed
y UV–vis spectroscopy (Shimadzu UV-2450) at a wavelength
f 484 nm, which is the maximum absorption wavelength
f Orange II [15,16]. The concentration of Orange II was
onverted through the standard curve method of dyes. Total
rganic carbon (TOC) was analyzed in a TOC analyzer

Shimadzu TOC-Vcph) to evaluate the mineralization of dyes.
efore analysis, all the samples were immediately treated with

cavenging reagent (0.1 M Na2SO3, 0.1 M KH2PO4, 0.1 M KI
nd 0.05 M NaOH) to obtained accurate TOC values [11]. The
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Table 1
The characteristic of bentonite and H-Fe-P-B

Samples BET surface area (m2 g−1) The main element content (wt%) XRD d0 0 1 (Å)

Specific surface area External surface area Micropore area Fe2O3 CaO Al/Si

Bentonite 55.4 25.2 30.2 4.71 2.75 0.32 15.2
H

o
a
t
w
7
fi
H

3

3

-Fe-P-B 138.3 43.8 94.5

rganic carbon content (foc) of catalyst was analyzed in a TOC
nalyzer (Shimadzu SSM-5000A). To evaluate the stability of
he catalyst, the iron concentrations in the solution versus time
ere determined by atomic absorption (Perkin-Elmer Aanalyst

00). And before analysis, all the samples were immediately
ltered through a Millipore filter (pore size 0.22 �m) to remove
-Fe-P-B particles.

i
o

Fig. 2. AFM height and 3D images of the
24.43 0.32 0.31 54.5

. Results and discussion

.1. Characterization of H-Fe-B catalyst
The main characteristics of bentonite and H-Fe-P-B are given
n Table 1. It can be seen from Table 1 that the BET surface area
f bentonite increased remarkably after pillaring. And the inter-

surface of bentonite and H-Fe-P-B.
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amellar distance (d0 0 1) of H-Fe-P-B was 5.45 nm while the
entonite was 1.52 nm, which was a criteria interlamellar dis-
ance of Ca2+-montomorillonite. These results indicated that the
ron ions intercalated the bentonite successfully. The content of
ron of H-Fe-P-B reached 17.1%, which was much more than
xpected from the CEC of the montmorillonite, conforming that
he Fe3+ was present as polycation (hydroxyl-Fe species). Typi-
al AFM height and 3D images for the bentonite and H-Fe-P-B
ere shown in Fig. 2. It can be seen that the surface roughness of
-Fe-P-B was higher than that of bentonite, which was in good

greement with their external surface area determined by BET
ethod (shown in Table 1). There are several possible reasons

or this phenomenon. One possibility is the Fe-polycations are
artly fixed on the surface of bentonite. Another possibility is
hat surface erosion of Al3+ octahedral sheet may occur during
he pillaring process, since the ratio of Al/Si of H-Fe-P-B is
lightly lower than that of bentonite.

.2. Catalytic degradation of Orange II by UV-Fenton

There are two different configurations of Fe in the H-Fe-P-
. One is the isomorphous substitution of iron ions for Si4+

n the tetrahedral layer or Al3+ in the octahedral; the other is
resented as hydroxyl-Fe species between bentonite sheets. To
etect the catalytic activity of bentonite for hydrogen peroxide,
he degradation of Orange II in the presence of bentonite and/or

2O2 under UV irradiation or in the dark was studied and the
esults were shown in Fig. 3. Degradation of Orange II was not
bserved over 2 h in the presence of H2O2 only (curve a) or in

he bentonite-H2O2 system (curve b). The results suggest that
range II is stable towards H2O2 and the raw bentonite shows
o catalytic activity for hydrogen peroxide in dark. The degrada-
ion of Orange II was significant and showed pseudo-first-order

ig. 3. Degradation of Orange II at an initial solution pH of 3.0 and
0 ◦C: (a) 10 mM H2O2, (b) 1.0 g L−1 bentonite + 10 mM H2O2, (c) 6 W of
VC + 1.0 g L−1 bentonite + 10 mM H2O2 and (d) 6 W of UVC + 10 mM H2O2.

nset: UV–vis absorption spectra of raw bentonite and H-Fe-P-B powders.
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inetics for the first 40 min irradiation in UV-H2O2 system (the
ate constant, kobs is 0.104 min−1) (curve d). The fast decrease
n the Orange II concentration is due to the generation of •OH
adicals by the direct photolysis of H2O2 (Eq. (1)) [3]. In the
V-bentonite-H2O2 system (curve c), degradation of Orange II
as slightly slower than that in UV-H2O2 system, and the rate

onstant decreased to 0.102 min−1. For the Fenton-like reagent,
he initial reactions could be expressed as Eqs. (2)–(9) [17,18].
nder light irradiation or not, an Fe(III)-hydroperoxo interme-
iate is formed as the first step via hydrolysis with no O O bond
f H2O2 broken (Eqs. (2) and (3)). Then the Fe(III)-hydroperoxo
ay homolyze at the Fe O bond, producing Fe(II) and •OOH

adical (Eq. (4)) or •OOH* radical under irradiation (Eq. (7)).
f the Fe(III)-hydroperoxo homolyzes at the O O bond, the fer-
yl or highly reactive Fe(V) species will form. The isomorphous
ubstitution of iron ions for Si4+ in the tetrahedral layer or Al3+ in
he octahedral layer block the generation of Fe(III)-hydroperoxo
ntermediate (Eqs. (2) and (3)). So the iron ions of raw bentonite
howed no obvious catalytic activity for hydrogen peroxide.

2O2 + UV
(λ<320 nm)−→ •OH + •OH (1)

e3+ + H2O2 → H+ + [FeIIIOOH]2+ (2)

e3+ + H2O2
hν−→H+ + [FeIIIOOH]

2+∗
(3)

FeIIIOOH]2+ → Fe2+ + •OOH (4)

FeIIIOOH]2+ → [FeIV O]2+ + •OH (5)

FeIIIOOH]2+ → [FeV O]3+ + OH− (6)

FeIIIOOH]2+∗ → Fe2+ + •OOH∗ (7)

FeIIIOOH]2+∗ → {FeIII O ↔ FeIV O}2+ + •OH (8)

FeIIIOOH]2+∗ → [FeV O]3+ + OH− (9)

In addition, degradation of Orange II in the UV-bentonite-
2O2 system (curve c) is also due to the generation of •OH

adicals by the direct photolysis of H2O2. As shown in Fig. 3
inset), the UV–vis spectra of raw bentonite showed a signifi-
ant absorption in the region 200–330 nm, which means that the
fficiency of direct photolysis of H2O2 will decrease slightly in
he present of bentonite, resulting the slight decrease of Orange
I degradation rate.

The discolouration of Orange II in the presence of H-Fe-P-B
nd/or H2O2 under UV irradiation or in the dark versus time was
llustrated in Fig. 4A. H2O2 and H-Fe-P-B composed a Fenton-
ike system (curve b). In Fenton-like system, the formation of
ydroxyl radical is due to catalytic decomposition of H2O2 with
e2+ (Eq. (11)), which is generated by reaction of Fe3+ and
2O2 (Eq. (10)) [9]. The rate of Eq. (10) is relatively low and

he hydroxyl radical generated from the decomposition of H2O2
ith Fe2+ was not enough, so the oxidation of Orange II by
ydroxyl radical could not be carried out effectively. When the

eaction was carried out in UV-Fenton system (curve d, with H-
e-P-B and H2O2 and UV), the fastest degradation of Orange II
as observed and the rate constant increased up to 0.175 min−1.
nder UV light irradiation, Fe2+ could be formed following Eq.
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Fig. 4. (A and B) Degradation and mineralization of Orange II at an initial
s
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olution pH of 3.0 and 30 ◦C: (a) 10 mM H2O2, (b) 1.0 g L−1 H-Fe-P-B + 10 mM

2O2, (c) 6 W of UVC + 10 mM H2O2 and (d) 6 W of UVC + 1.0 g L−1 H-Fe-
-B + 10 mM H2O2.

12) and the enhanced rate of reaction is due to the •OH rad-
cal generated from the decomposition of H2O2 with Fe2+ in
hoto-Fenton reactions. The results implied that the catalytic
ctivity of H-Fe-P-B for H2O2 came from hydroxyl-Fe between
heets rather than Fe3+ or Fe2+ in tetrahedral or octahedral
heets.

e3+ + H2O2 → Fe2+ + HOO• + H+, k1 = 0.02 M s−1

(10)

2+ 3+ • − −1
e + H2O2 → Fe + OH + OH , k2 = 58 M s

(11)

eIII
aq + UV → Fe2+ + •OH (12)

T
o
r
t

ig. 5. Effect of pH on degradation and mineralization of Orange II during
V-Fenton process: (a) pH 9.0, (b) pH 6.6 and (c) pH 3.0.

To verify whether Orange II was mineralized or just
iscoloured, the mineralization of Orange II in solution was
uantitatively characterized by TOC analysis. Fig. 4B illustrated
he changes of TOC value of the reaction solution versus time
nder different conditions. From the results, significant decrease
f TOC was obtained only in the UV-H2O2 (curve c) and UV-
enton system (curve d) and the TOC removal was much slower

han the colour removal. The azo-dye is characterized by nitro-
en to nitrogen bond (–N N–), and the absorption at 484 nm
s due to the colour of Orange II solution (n–p* transition in

N group). The results indicated that the azo bond of Orange
I is more active site for oxidative attack and some colourless
ntermediates were formed during the degradation of Orange II.
lthough 100% colour removal efficiency could be obtained at
0 min in the UV-H2O2 system, its TOC removal efficiency was
nly 41%. In UV-Fenton system (curve d), the TOC removals
ere 92 and 98% after 60 and 120 min irradiation, which
eans that the UV-Fenton process is a more effective tech-

ique than UV-H2O2 process for complete mineralization of
range II.

.3. Effect of initial pH on degradation of Orange II

The effect of initial pH of solution on discolouration and
ineralization of Orange II was presented in Fig. 5. The results

howed that the Orange II was degraded and mineralized most
fficiently by UV-Fenton at an initial pH of 3.0. As the pH
f solution increased from 3.0 to 6.6 to 9.0, the pseudo-first-
rder kinetic rate constants decreased from 0.175 to 0.138
o 0.129 min−1, respectively. However, almost 100% colour
emoval and 95% TOC removal could be obtained at 40 and
20 min even if the initial pH of solution was as high as 9.0.

his observation is the most important since it is well known that
ne major drawback of homogeneous photo-Fenton is the tight
ange of pH for this reaction. And the acidification is more costly
han the energy and oxidant used in Fenton degradation [19],
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Fig. 6. Titration curves of 1.0 g L−1 bentonite and H-Fe-P-B (or calcined) sus-
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of the Fe O bond. The results implied that the absorption
coefficient of H-Fe-P-B is relatively higher while the photore-
duction efficiency of H-Fe-P-B is lower at longer wavelength
(365 nm).
ended in 100 mL 0.01 M HCl solution with 0.1 M NaOH solution.

hich limits its practical industrial application of wastewater
reatment.

The phenomenon that the Pillared Clays (PILCs) could
xtend the range of pH values for Fenton-type oxidation was
lso reported by Catrinescu et al. [20], who argued that depend-
ng on the electronegativity of the pillared bentonite surface, the
ondensation reaction of iron ions between sheets of bentonite
ould be prevented or slowed down over a wide range of pH.
oreover, the surface acidity of pillared clay may be another

mportant reason. Pillared clays usually contain Brönsted and
ewis acid sites, which come from the pillars between the ben-

onite sheets. The H-Fe-P-B contains mainly Brönsted rather
han Lewis acid site [12–14]. After calcinations at a high tem-
erature, the hydroxyl-Fe species will be converted to oxide
illars through dehydration and dehydroxylation process and
he Brönsted acid sites of pillars will change into Lewis acid
ites [12–14].

The acid–base buffering capacities of these materials in
ater were different (shown in Fig. 6). As to hydroxyl-Fe-
illared bentonite, the Fe-polycations could be expressed as
Fen(OH)m(H2O)x](3n−m)+, which are the intermediate deriva-
ives between the primary hydrolyzed products and the insoluble
nes (such as Fe(OH)3 or FeOOH) [1,21,22]. In the alkaline
queous solution, most bases will be consumed by the Fe-
olycations in the bentonite interlayer. At the same time, part
f hydroxo edge (Fe-OH-Fe) of Fe polycation changed into
xo corner (Fe-O-Fe) (Eq. (13)). As a result, the pH of solution

ropped after dark adsorption equilibrium and the degradation
f Orange II could occur effectively by UV-Fenton process. This
ork can also lead to a better understanding of the photochem-

cal activity of Fe-polycation.

F
O
λ

hotobiology A: Chemistry 188 (2007) 56–64 61

(13)

.4. Effect of UV light wavelength on degradation of
range II

The influence of UV light wavelength on the discolouration
nd mineralization of Orange II in UV-Fenton system was illus-
rated in Fig. 7. It is obvious that the UV light wavelength
an strongly influence the degradation efficiency of Orange
I. Both TOC and colour removal efficiency increased when
he UV light wavelength decreased. In photo-Fenton reac-
ion, the discolouration and mineralization of dye is due to
he •OH radical generated from the decomposition of H2O2
ith Fe2+. The photoreduction of Fe3+ is the most important

eaction in the photo-Fenton system, since Fe2+ is generated
n this step and lead to Fenton reaction. It was reported that
he quantum yields of photo-reduction for Fe3+ to Fe2+ are
.017, 0.195 and 0.69 at 360, 313 and 254 nm, respectively
2,23,24]. The quantum yield for the photolysis of Fe3+ sig-
ificantly increases as the light wavelength decreases, which
eads to increase of colour and TOC removal of Orange II
n UV-Fenton system. From the UV–vis spectra of H-Fe-P-B
Fig. 3 (inset)), significant absorption shifted into the visible
egion and the maximum absorption wavelength of H-Fe-P-

was around 370 nm, belonging to the electrons transition
ig. 7. Effect of UV light wavelength on degradation and mineralization of
range II during UV-Fenton process: (a) λ = 365 nm, (b) λ = 310 nm and (c)
= 254 nm.
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Fig. 8. Effect of initial concentration of Orange II on degradation and miner-
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obtained by plotting −ln(Ct/Co) as a function of time t, and

T
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R
I

lization of Orange II during UV-Fenton process: (a) 0.1 mM, (b) 0.2 mM, (c)
.3 mM and (d) 0.4 mM.

.5. Effect of initial Orange II concentration on its
egradation

The effect of initial concentrations of Orange II on its degra-
ation in UV-Fenton system was depicted in Fig. 8. Based on
he data presented in Fig. 8, the rate constants and initial rates
t different Orange II concentrations were calculated and sum-
arized in Table 2. On the one hand, Orange II in solution can

trongly absorb UV light at 254 nm derived from aromatic rings
16], so the intensity of UV light decreased with the increase
f Orange II concentration and the •OH radical yield decreased
onsequently. As the initial concentration of Orange II increased
rom 0.1 to 0.4 mM, the value of kobs decreased from 0.303 to
.078 min−1. On the other hand, the adsorption of Orange II
nto the catalyst can facilitate the degradation of the dye by
V-Fenton process. As a result, the initial rate of Orange II
egradation varied slightly with the increase of Orange II con-
entration, and a peak value of 0.350 M min−1 is presented at
.2 mM Orange II.

The TOC values of Orange II solution as a function of reac-

ion time at different Orange II concentrations were depicted in
ig. 8 (inset). The results showed that the Orange II could be
ineralized effectively by UV-Fenton system, even if the initial

t
v
o

able 2
he pseudo-first-order rate constants and initial rates under different conditions

UV-H2O2 UV-bentonite-H2O2

obs (min−1) 0.104 0.102
2 0.994 0.995

nitial rate (M min−1) 0.021 0.020
ig. 9. Effect of temperature on degradation of Orange II during UV-Fenton
rocess: (a) 30 ◦C, (b) 40 ◦C and (c) 50 ◦C. Inset: Determination of pseudo-first-
rder rate constants for Orange II degradation under different conditions.

oncentration of the dye is as high as 0.4 mM. The mineralization
f Orange II by H2O2 could be written as Eq. (14) [24]. Accord-
ng to this chemical formula, when the initial concentration of
range II was 0.4 mM, the theoretically concentration of H2O2

hould be 16.8 mM. In this experiment, the concentration of
2O2 was 10 mM, which was lower than the theoretical value, so

he residual TOC of solution with a higher initial concentration
0.4 mM) reached 11.8 mg L−1 after 120 min treatment.

16H11N2NaO4S + 42H2O2

→ 16CO2 + 42H2O + 2HNO3 + NaHSO4 (14)

.6. Effect of reaction temperature on degradation of
range II

The effect of temperature on degradation of Orange II was
tudied and the results were shown in Fig. 9. Based on the
seudo-first-order equation, the rate constants (kobs) could be
he results were shown in Fig. 9 (inset). It is clear that the
alue of rate constant was positive relative to the temperature
f reaction solution. According to Arrhenius equation, the

UV-Fenton (initial Orange II concentration)

0.1 mM 0.2 mM 0.3 mM 0.4 mM

0.303 0.175 0.102 0.078
1.000 0.997 0.989 0.990
0.030 0.035 0.031 0.031
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ig. 10. Degradation and mineralization of Orange II during UV-Fenton process
s a function of time up to the third cycle.

eaction activation energy could be calculated, and the value is
8.6 kJ mol−1. The result implied that some activation energy
s required during the oxidation of Orange II in UV-Fenton pro-
ess, although this value is smaller than that of ordinary thermal
eactions.

.7. The stability of H-Fe-P-B catalyst

Stability is an important property for effective catalyst.
ig. 10 illustrated the repetitive Orange II discolouration and
ineralization in 120 min cycles. After each recycling, the cat-

lyst was treated by centrifugation, dried and reused. Compared
ith the results displayed in Fig. 10, it could be found that

he kinetics and efficiency of the Orange II degradation var-
ed slightly. The organic carbon content (foc) of catalyst was
nalyzed before use (or reuse) and the values were 0.3, 2.0 and
.9 mg g−1, respectively. The slight difference in the Orange II
egradation may due to the sorption of organic intermediates on
he catalyst.

Fe ions significantly leached out from the catalyst will lead
o decrease of catalytic activity as well as additional metal ions
ollution. To detect the Fe leaching from the H-Fe-P-B, the con-
entrations of iron ions versus time in solution were measured
y atomic absorption in each recycling as shown in Fig. 11. After
h dark adsorption experiments, the concentrations of Fe were
.1, 0.2 and 0.2 mg L−1 at the start of light experiment, con-
orming that the catalyst is very stable. During the degradation
f Orange II, the iron ions concentration increased firstly and
eached peak values (around 3.0 mg L−1) at about 30 min, then
ecreased to around 0.6 mg L−1 after 120 min reaction. Accord-
ng to the EEC regulations, the iron concentrations in wastewater

−1
nd drinking water must not exceed 5 and 2 mg L , respec-
ively [6,25]. The additional environmental pollution could be
voided by using this catalyst in the UV-Fenton system. These
esults imply that the catalyst has a good long-term stability and
ctivity.
ig. 11. Concentration of Fe ions in solution during the degradation of Orange
I as a function of time up to the third cycle.

. Conclusions

Hydroxyl-Fe-pillared bentonite was successfully developed
s a catalyst for UV-Fenton discolouration and mineralization
f azo-dye. The catalyst was characterized by N2 adsorp-
ion/desorption, XRF, XRD, UV–vis and AFM. The results
howed that the BET surface area, interlamellar distance (d0 0 1)
nd iron content of H-Fe-P-B increased remarkably compared
ith raw bentonite. The H-Fe-P-B exhibited a good long-term

tability and high catalytic activity in discolouration and miner-
lization of Orange II. And the catalytic activity of H-Fe-P-B for
2O2 came from Fe-polycation between bentonite sheets rather

han Fe3+ or Fe2+ in tetrahedral or octahedral sheets of ben-
onite. The Orange II concentration, UV light wavelength and
emperature were the main factors that influence the degradation
f Orange II during the UV-Fenton process. It was found that the
ange of pH for UV-Fenton could be extended up to 9.0 by using
-Fe-P-B as catalyst. Under this condition, almost 100% colour

emoval and 95% TOC removal of 0.2 mM Orange II could be
chieved after 40 and 120 min irradiation.
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