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Abstract—The photochemically assisted Fenton reaction (photo-Fenton) is important because it may be
particularly effective for the degradation of harmful organic compounds in the environment using solar
light. The purpose of the present study was to determine the effectiveness of hydroxy Fe/Al-intercalated
montmorillonites (Fe/Al-Mt) as photo-Fenton catalysts. In particular, different Fe/Al molar ratios were of
interest as a means to vary catalytic activity. Intercalation was achieved via an ion-exchange method and
brilliant orange X-GN was the test compound for photodegradation by hydrogen peroxide (H2O2) under
visible-light irradiation (l > 420 nm) in the presence of Fe/Al-Mt. The Fe/Al-Mt materials obtained were
characterized by powder X-ray diffraction, N2 adsorption/desorption, X-ray fluorescence spectroscopy,
X-ray photoelectron spectroscopic analysis, and ultraviolet-visible spectroscopy. The decoloration
performance of Fe/Al-Mt was investigated using different experimental parameters, including the
synthesis method, the Fe/Al molar ratio of the intercalating solution, the catalyst dosage, the H2O2 dosage,
and the pH. The results of photo-Fenton reaction showed that the photocatalytic activity of Fe/Al-Mt was
enhanced significantly by the extent of hydroxy Al/Fe intercalation. For optimal reaction conditions,
99.92% degradation efficiency of X-GN was achieved after 140 min of reaction. To obtain further
information on the visible-light-assisted photo-Fenton process, a high-performance liquid chromato-
graphy-mass spectrometry method was applied to indentify the intermediate products and a degradation
pathway was proposed.
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INTRODUCTION

The tremendous range of synthetic dyes available

today permits their extensive use in a number of

industries such as textile, tannery, paint, plastics, and

paper. However, dye-containing effluent discharged

from these industries has become a major environmental

issue. Up to 10�15% of the dyes used is released into

the environment (Selvam et al., 2003) with a resulting

harmful effect on the environment and on human health

due to the low biodegradability and toxic effect on living

organisms of the dyes. Among various dyes available for

textile processing, those used most commonly are azo

dyes (van der Zee and Villaverde, 2005). In the present

work, reactive brilliant orange (X-GN), a type of azo dye

commonly used in China, which contains triazine as the

reactive group, was selected as a model commercial dye.

Among the techniques available, advanced oxidation

processes (AOPs) show significant promise for the

efficient treatment of different kinds of refractory

dyestuffs. An heterogeneous photo-Fenton process,

which is an emerging AOP, has attracted considerable

interest due to its excellent performance in the decom-

position of various pollutants. Thus far, many kinds of

solids have been proposed as catalysts or supports for

catalysts; among them, clays have become an attractive

alternative due to their accessibility and low cost (Dogan

et al., 2007; Carriazo et al., 2010; Ramirez et al., 2011).

The exchangeable cation located between the layers of

these layered silicate minerals can be replaced by a

variety of cations. Modification using different kinds of

cations results in modification of the properties such as

basal spacing, porosity, surface area, and surface acidity,

which could facilitate the adsorption performance as

well as catalytic features of the clays (Booij et al., 1996;

Moreno et al., 1999; Aouad et al., 2010). Previous

studies have shown that many kinds of clays modified by

polyhydroxy metals such as Al, Fe, or mixed complexes

are effective at oxidation of organic compounds in water

(Carriazo et al., 2008; Zuo et al., 2009; Caudo et al.,

2007). Recently, clays modified by the Fe/Al copolymer

have been studied extensively and are reported to show

potential application in the fields of adsorbents (Jiang et
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al., 2002) and catalysts that are active in the oxidation of

organisms (Ladavos et al., 1996; Guélou et al., 2003).

Fe/Al pillared clays can avoid the leaching of dissolved

Fe species (Barrault et al., 2000; Sanabria et al., 2009),

are less sensitive to pH (Catrinescu et al., 2003), and

simultaneously favor the generation of OH· radicals

(Molina et al., 2006).

The photo-Fenton reaction in an ultraviolet

(UV)/H2O2 system has been reported extensively and

proven to be efficient at dye degradation. Use of

artificial UV light is a disadvantage and the research

focus now is on utilizing solar energy and exploiting

effective photocatalysts that are highly sensitive to

visible light (sunlight) rather than UV light. According

to the recent literature, little research has been done on

the application of hydroxy Fe/Al clay as an heterogenous

Fenton catalyst under visible light. In the present study,

hydroxy Fe/Al-intercalated montmorillonite (Fe/Al-Mt)

was prepared at different molar ratios of Fe/Al and its

photo-Fenton catalytic properties were assessed under

visible-light irradiation. Furthermore, degradation pro-

ducts were identified to reveal details of the visible-

light-assisted photo-Fenton process.

MATERIALS AND METHODS

Materials

The calcium montmorillonite used here was obtained

from Nanhai, Guangdong Province, P.R. China, and was

purified and fractionated by the sedimentation method.

Reactive brilliant orange X-GN was purchased from

Advanced Technology Industry, Ltd. (Hong Kong, P.R.

China). AlCl3.6H2O, FeCl3.6H2O, Na2CO3, H2O2 (30%),

NaOH, and HCl were of analytical grade and purchased

f rom Guangzhou Chemica l Reagen t Fac to ry

(Guangzhou, P.R. China).

Synthesis of the catalysts

The hydroxy Fe/Al-intercalated montmorillonite was

synthesized by intercalating the montmorillonite via

cation exchange; the synthesis procedure was carried out

as follows. A polymeric Al solution was prepared

according to the method proposed by Zhu et al. (2009)

but with some modification: 1 M Na2CO3 was added

dropwise to a 0.5 M AlCl3 solution under magnetic

stirring; the temperature was kept at ~80ºC and the

molar ratio of [OH�]/[Al3+] was 2.4. A polymeric Fe

solution was obtained by adding Na2CO3 powder slowly

to a 0.2 M FeCl3 solution under vigorous stirring until

the molar ratio of [Na2CO3]/[Fe
3+] was 0.75:1 (Chen et

al., 2009). Both the polymeric Al and Fe solutions were

aged for 24 h at room temperature. The intercalating

solution was prepared by adding the polymeric Fe

solution slowly to the polymeric Al solution according

to different Fe/Al molar ratios. After aging for 24 h at

room temperature, the intercalating solution was added

to 2 wt.% montmorillonite suspension at an [Al+Fe]/clay

ratio of 10 mol/kg. In order to improve the dispersion of

montmorillonite in water, the suspension was placed in

an ultrasonic bath for 30 min. The resulting suspension

was stirred for a further 3�4 h and then aged for 48 h at

room temperature. The Fe/Al-Mt products were sepa-

rated by filtration and then filter washed several times

with distilled water. The samples were dried at 80ºC

overnight and ground to a particle size which would pass

through a 200 mesh sieve. The samples obtained with an

Fe/Al molar ratio of 0.1, 0.3, 0.5, 0.8, 1.0, and 1.2 are

denoted below as FeAl0.1-Mt, FeAl0.3-Mt, FeAl0.5-Mt,

FeAl0.8-Mt, FeAl1.0-Mt, and FeAl1.2-Mt, respectively.

For a comparative study of the effect of synthesis

method on the photocatalytic properties of the inter-

calated clay, another series of Fe/Al-Mt was synthesized

adopting a similar procedure, except that the aging

process for suspensions containing montmorillonite and

Fe/Al intercalating solution was carried out at a

temperature of 60ºC controlled by a water bath. The

samples of this latter series are denoted hereafter as

FeAl0.2-Mta, FeAl0.5-Mta, FeAl0.8-Mta, FeAl1.0-Mta, and

FeAl1.2-Mta.

Characterization methods

The X-ray diffraction (XRD) patterns of samples

were obtained using a Rigaku D/MAX-IIIA X-ray

diffractometer (Tokyo, Japan) with CuKa radiation

over the 2y range of ~3�70º.

Fourier-transform infrared (FTIR) spectra were

recorded by the KBr pellet (KBr/sample mass ratio

~100/1) technique using a PerkinElmer 1725X FTIR

spectrophotometer (Foster City, California, USA).

The chemical compositions of the samples were

determined using a PANalytical PW-4400 X-ray fluor-

escence spectrometer (XRF) (Amsterdam, The

Netherlands).

The surface areas of the materials were determined

by adsorption of nitrogen at 77 K on a Micromeritics

ASAP 2020 surface area and porosity analyzer (Atlanta,

Georgia, USA).

X-ray photoelectron spectroscopy (XPS) measure-

ments were carried out using an ANELVA AES-430S

X-ray photoelectron spectrometer (Tokyo, Japan), with

AlKa radiation as the excitation source and a constant

pass energy of 40 eV, the binding energy (BE) of C 1s

was corrected to 284.6 eV as an internal reference.

Ultraviolet-visible (UV-vis) diffuse-reflectance spec-

tra were obtained using a Shimadzu 2501 PC UV-vis

spectrophotometer (Kyoto, Japan). The reference mate-

rial was BaSO4.

Evaluation of catalytic activity

The photocatalytic performance of the Fe/Al-Mt was

evaluated by the degradation of X-GN. The experiments

were carried out in a 500 mL vessel which was placed in

a water bath (with circulating water) to maintain the

temperature at ~30�0.5ºC. A Philips 300 W halogen
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lamp was used as a source of visible light, using a cutoff

filter to eliminate light of wavelengths of <420 nm.

Degradation of X-GN was conducted according to the

following procedure: the pH of 200 mL of solution

containing the desired X-GN concentration was adjusted

using HCl and NaOH. Then a given amount of catalyst

was added to the solution and the suspension was stirred

in the dark for 15 min to allow the establishment of

adsorption equilibrium. The photo-Fenton reaction was

started with the halogen lamp turned on and the desired

amount of H2O2 was added to the X-GN solution. At

given intervals of decomposition, 2 mL samples were

taken for analysis and each sample was filtered through a

0.45 mm filter membrane in the absence of visible light.

The degradation of X-GN was analyzed using a 2450

UV-vis spectrophotometer (Shimadzu, Kyoto, Japan) at

a wavelength of 479 nm, the maximum absorption

wavelength of X-GN. The Fe ions leaching from the

catalyst as a function of time were measured using a

Zeeman 2000 atomic absorption spectrophotometer

(Hitachi, Tokyo, Japan). Al ions leached also but were

not measured.

Chromatographic and mass spectrometry conditions

The intermediates formed during the photo-Fenton

reaction were identified by means of high-performance

liquid chromatography-mass spectrometry (HPLC-MS)

using an Esquire HCT PLUS Ion Trap Electro-Spray

Mass Spectromet from Bruker (Germany). During the

photo-Fenton process, samples were extracted from the

reactor and filtered in the absence of visible light (as

mentioned above), and then treated with 1 N NaOH to

halt oxidation reaction prior to analysis (Kavitha and

Palanivelu, 2004). The stationary phase was a C18 Luna

column (150 mm62.00 mm, 5 mm, Phenomenex, USA).

The mobile phase was an aqueous solution of acetoni-

trile, which was increased from 25% to 95% (acetoni-

trile/water, v/v) within 30 min and then kept for 10 min,

at a flow rate of 0.2 mL/min. The injection volume was

5 mL. The mass spectrometer was operated in negative

ion full-scan mode and in MS/MS mode, using an

electron spray ion (ESI) source.

RESULTS AND DISCUSSION

Catalyst characterization

The chemical compositions (Table 1) reveal that the

Al2O3 content in modified clays decreased, as expected,

with increasing Fe/Al molar ratio. The Fe2O3 concentra-

tion reached a maximum at Fe/Al = 0.8, however, and

then decreased slightly as the molar ratios reached 1.0

and 1.2. In intercalating solutions with smaller Fe/Al

ratios, Fe probably coexisted with the Keggin polyca-

tion, and would have contributed to the collapse of the

Keggin polycation with increasing Fe content. The latter

might have led to separate hydrolysis of Fe and Al and

competitive intercalation of Fe and Al into mont-

morillonite; thus the Fe content was decreased to a

small degree.

After intercalation, the signal for the 001 peak at

~1.54 nm shifted to higher values of between 1.58 nm

and 1.93 nm (Table 1), indicating that hydroxy Fe/Al

groups intercalated the montmorillonite successfully.

The 001 peak was broadened and its intensity weakened

by the incorporation of Fe/Al complexes (Figure 1),

indicating that the Fe/Al complexes were intercalated

randomly into the interlayers of montmorillonite

(Cristofara and Violante, 2001). The d001 values were

clearly much greater at a relatively small Fe/Al molar

ratio, while they decreased to 1.58 nm and 1.61 nm at

Fe/Al = 1.0 and 1.2, respectively, similar to previous

results in which an increase of the Fe content produced

materials with little increase in the basal spacing (Caudo

et al., 2007; Letaef et al., 2003; Luo et al., 2009).

The d001 values of FeAl-Mta ranged from 1.61 to

1.94 nm (Table 2), implying that the higher temperature

(60ºC) had no significant effect on the basal spacing

(Table 2). The increasing aging temperature does seem

to have weakened the negative impact of excessive Fe

loading on the basal spacing of the intercalated catalyst,

as d001 values did not decrease as sharply as those of

samples synthesized at room temperature. The intercala-

tion of hydroxy Fe/Al groups yielded intercalated

samples with greater specific surface areas of between

128 and 259 m2/g compared to the star t ing

Table 1. Characterization of montmorillonite and Fe/Al-Mt by chemical analysis (wt.%), XRD, and surface area.

Samples d001
(nm)

SBET, surface area
(m2/g)

SiO2 Al2O3 Fe2O3 MgO CaO Na2O

Mt 1.54 76 73.57 12.07 2.00 4.06 2.016 0.37
FeAl0.1-Mt 1.93 244 61.54 17.49 4.02 3.34 0.04 0.52
FeAl0.3-Mt 1.84 210 61.87 17.28 4.81 3.38 0.046 0.53
FeAl0.5-Mt 1.93 259 58.61 16.53 6.76 3.19 0.035 0.50
FeAl0.8-Mt 1.89 234 61.63 15.48 8.13 3.15 0.033 0.53
FeAl1.0-Mt 1.58 171 64.48 14.89 7.36 3.33 0.041 0.50
FeAl1.2-Mt 1.61 128 64.52 13.86 7.96 3.31 0.043 0.54

FeAlx-Mt with molar ratio of Fe/Al = x
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montmorillonite (76 m2/g) (Table 1). In addition, the

negative effect on the textural properties of Fe/Al-Mt

induced by excessive Fe content was also observed in

terms of the specific surface area, SBET, (Table 1) where

intercalation of the montmorillonite with Fe/Al molar

ratios >0.8 gave smaller specific surface areas. The XRD

results show that an intercalating agent with smaller Fe/

Al ratio can prop the superimposed layers apart

significantly, which facilitates the accessibility of the

pores by N2 and thus gives greater specific surface area,

while increasing the Fe content is ineffective.

The FTIR spectra of Fe/Al-Mt show that several

bands typical of montmorillonite (i.e. 3624 cm�1 for

O�H stretching of structural O�H groups, 1087 cm�1

for Si�O stretching, 914 cm�1 of Al�Al�OH deforma-

tion, 795 cm for Si�O stretching of cristobalite,

626 cm�1 for coupled Al�O and Si�O out-of-plane

stretching vibration, 519 cm�1 Al�O�Si deformation,

and 467 cm�1 of Si�O�Si deformation) are nearly the

same or the change in these bands is negligible after

modification (Figure 2). Major change was observed in

three areas of wavelength range, at ~3430 cm�1,

~1640 cm�1, and ~730 cm�1. The absorption at

~3430 cm�1 can be assigned to the symmetric O�H

stretching vibration of H-bonded water (Madejová et al.,

2002); the frequency shifted to a higher, then back to a

lower, wavenumber with increasing Fe/Al molar ratio.

Comparison between intercalated samples revealed that

Fe contributed to the decrease of hydrogen-bonding

strength in Fe/Al-Mt. Meanwhile, the H�O�H bending

vibration at 1642 cm�1 found in montmorillonite shifted

to 1637 or 1638 cm�1 after intercalation.

To further study the chemical and structural change

in montmorillonite by the intercalation process, XPS

analysis was carried out and high-resolution spectra of

the Fe 2p electron binding energies were recorded. The

main peak for montmorillonite due to the original

structural Fe species located in montmorillonite was

Figure 1. XRD patterns of montmorillonite and Fe/Al-Mt.

Table 2. d001 values for montmorillonite and Fe/Al-Mt
synthesized at a different temperature.

Samples d001 (nm) Samples d001 (nm)

Mt 1.54 FeAl1.2-Mt 1.61
FeAl0.1-Mt 1.93 FeAl0.2-Mta 1.81
FeAl0.3-Mt 1.84 FeAl0.5-Mta 1.94
FeAl0.5-Mt 1.93 FeAl0.8-Mta 1.71
FeAl0.8-Mt 1.89 FeAl1.0-Mta 1.69
FeAl1.0-Mt 1.58 FeAl1.2-Mta 1.61

a Fe/Al-Mt synthesized at 60ºC. Figure 2. FTIR spectra of montmorillonite and Fe/Al-Mt.
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present at 712.75 eV (Figure 3). Intercalation of Fe/Al

complexes brought new peaks for Fe, positioned at

~710 eV (assigned to Fe oxide), ~711 eV, and 712 eV

(the latter two assigned to Fe hydroxide).

Compared with montmorillonite, the UV-vis spectra

of Fe/Al-Mt showed a significant absorption shift to the

visible region (Figure 4). The adsorption edge of

montmorillonite was observed at ~350 nm and expanded

to ~590 nm after intercalation, making possible the use

of visible light by the intercalated catalyst. The starting

montmorillonite displayed a band centered at 247 nm,

arising from the presence of structural Fe(III) species

(Fe(III)O) either tetrahedrally or octahedrally coordi-

nated in the montmorillonite framework (Rao et al.,

2005; Chmielarz et al., 2007; Fejes et al., 2002; Ali et

al., 2009). When the Fe content of the samples

increased, a broad band appeared with comparable

absorption intensity at ~350 nm, with this band assigned

to FeOx species (Bachari et al., 2007; Chmielarz et al.,

2007) or oligomeric clusters (Schwidder et al., 2005).

The shoulder band at 481 nm appeared as Fe content

increased gradually and can be assigned to symmetrical

and spin-forbidden d�d transitions of Fe3+ (Chmielarz et

al., 2007).

Catalytic activity of Fe/Al-Mt

Effect of synthesis method and Fe/Al ratio. A compara-

tive study of effects of the synthesis method and the Fe/

Al molar ratio on the photo-Fenton catalytic perfor-

mance of the intercalated samples was conducted under

the same experimental conditions. The degradation

efficiency order was as follows: 0.5a > 1.0 > 1.2a >

0.8a > 0.8 > 0.5 > 1.2 > 1.0a > 0.3 > 0.2a > 0.1 (the

number represented the Fe/Al molar ratio used in the

Figure 3. High-resolution XPS analysis for Fe 2p (BE = binding energy) in montmorillonite and Fe/Al-Mt.

Figure 4. UV-vis diffuse reflectance spectra of montmorillonite

and Fe/Al-Mt.

470 Li et al. Clays and Clay Minerals



preparation of catalyst; Figure 5). The best result in

terms of degradation efficiency was FeAl0.5-Mta at

98.68%. The results for the next four samples

(FeAl1.0-Mt, FeAl1.2-Mt, FeAl0.8-Mta, and FeAl0.8-Mt)

were between 96.43% and ~95.47%, showing that the

difference in degradation efficiency was not significant.

The impact of aging temperature on the photocatalytic

performance of the catalyst with the same Fe/Al ratio

was notable. As the temperature increased from 30 to

60ºC, the degradation efficiency of the samples prepared

at Fe/Al ratios of 0.5 and 1.2 was increased by 3.9% and

3.3%, respectively; at an Fe/Al ratio of 0.8, almost no

change in the efficiency occurred, while for a ratio of

1.0, the efficiency decreased by 3.3%.

To select a catalyst for further study of the catalytic

behavior of Fe/Al-Mt, three essential factors were

considered: crystal structure (large basal spacing and

large specific surface area), photocatalytic performance

(efficiency at dye degradation), and practical issues

(samples that are synthesized readily at room tempera-

ture were preferred). Based on characterization, analysis,

and photocatalytic experiments, FeAl0.8-Mt was chosen

for further investigation.

Decoloration of X-GN by different reaction processes.

Degradation experiments were carried out under differ-

ent conditions to assess the effectiveness of the Fe/Al-Mt

catalyst in photo-Fenton degradation of X-GN. The

degradation efficiency was only 4.54% for the experi-

ment in the presence of H2O2 and visible light

(Figure 6), proving that the amount of hydroxyl radical

generated under visible-light irradiation is rather small.

Reaction in the presence of catalysts and visible light led

to ~7.35% decoloration; a similar result was observed in

previous work done on Fe-pillared clay (Chen et al.,

2009). In a homogeneous Fe3+ solution and visible-light

system, only a small amount of Malachite Green was

photodegraded (Wu et al., 1999), suggesting that

degradation of X-GN due to adsorption of the catalyst

and oxidation of hydroxyl radicals generated by reaction

of Fe with water under visible-light irradiation was quite

limited. The Fenton process, conducted in the presence

of a catalyst and H2O2 in the dark, showed a notable

change in terms of decoloration of X-GN and achieved a

degradation efficiency of 45.46% after 140 min. As

visible light was applied to the Fenton reaction, the

degradation efficiency improved to 95.47%. The photo-

Fenton catalytic activity of the intercalated clay was,

therefore, attributed to its potential to utilize visible

light. The band gap of montmorillonite and FeAl0.8-Mt

was determined by means of the Kubelka-Munk

formalism (equation 1) using UV-Vis spectra. The

band gap of montmorillonite was 3.5 eV, while the

Figure 5. Comparative degradation profiles of X-GN in the

presence of (a) Fe/Al-Mt and (b) FeAl-Mta. [X-GN]0 = 100 mg

L�1, pH = 3.0, FeAl-Mt/FeAl-Mta = 0.4 g L�1, T = 30ºC, [H2O2]0
= 3.92 mmol L�1. Error bars denote 95% confidence intervals.

Figure 6. Decoloration of X-GN through different processes:

(a) FeAl-Mt/H2O2/visible light, (b) FeAl-Mt/H2O2, (c) FeAl-

Mt/visible light, and (d) H2O2/visible light. [X-GN]0 = 100 mg

L�1, pH = 3.0, FeAl0.8-Mt = 0.4 g L�1, T = 30ºC, [H2O2]0 =

3.92 mmol L�1
. Error bars denote 95% confidence intervals.
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value was 2.1 eV for FeAl0.8-Mt (Figure 7). The band

gap shifted into the visible-light range meaning that the

catalyst became more excitable under visible-light

irradiation and thus could increase the degradation

efficiency (Herrera et al., 2003) (equations 2�4).

FðRÞ ¼ ð1� RÞ2
2R

ð1Þ

where R is reflectance (%).

X-GN + Fe3++hn?X-GN+ + Fe2+ (2)

Fe2+ + H2O2 ?Fe3+ + OH· (3)

X-GN+ + OH· ? degradated products (4)

The concentration of total Fe in solution measured by

atomic absorption spectroscopy (AAS) revealed that the Fe

was leached from the catalyst quite slowly (<4.4610�3 mg

L�1 min�1) (Figure 8), indicating that the intercalated clay

was very stable during the oxidation process. The

maximum Fe concentrations in the photo-Fenton and

Fenton processes were found to be 0.52 mg/L and

0.26 mg/L, respectively, for t = 120 min, which then

decreased to 0.32 and 0.11 mg/L, respectively, due to

adsorption of the catalyst, corresponding to 1.4% and

0.48% of the Fe loading of 0.08 g Fe/Al-Mt, respectively.

The low Fe-leaching concentration suggests that the

degradation of X-GN is mainly attributed to the hetero-

geneous photo-Fenton process. During the reaction,

desorption and adsorption of Fe may take place at the

same time, indicated by the increase and decrease in Fe

concentration in the reaction time. Because the pH and

intermediates that affected the desorption-adsorption pro-

cess changed as the reaction proceeded, the Fe leaching

became complex and did not simply increase gradually.

Effect of catalyst dosage

The degradation efficiency after 140 min was limited

(95.47%) at low catalyst dosage (0.4 g L�1) (Figure 9),

due to the small adsorption quantity of the catalyst and

lack of Fe species to act with OH· radicals. As the

catalyst dosage increased to 0.5 g L�1, almost complete

removal of the dye removal could be achieved (99.92%)

at 140 min. However, further increase in catalyst dosage

led to a decrease in degradation rate, i.e. though nearly

50% degradation efficiency was obtained within 10 min

using an added catalyst amount of 1.0 g L�1, the final

efficiency was <0.5 g L�1. High density of clay tended

to cause clay particles to agglomerate even under

magnetic stirring, resulting in poor visibility in the

solution and fewer active sites provided for decomposi-

tion of H2O2. The reduced rate of degradation with

increased catalyst dosage may have arisen from less

Figure 7. Determination of the (Kubelka-Munk) band gap

between montmorillonite and FeAl0.8-Mt.
Figure 8. Fe leached from catalysts into solution under different

processes: (a) FeAl-Mt/H2O2/visible light, (b) FeAl-Mt/H2O2,

and (c) FeAl-Mt/visible light.

Figure 9. Effect of Fe/Al-Mt dosage on the degradation of X-GN.

[X-GN]0=100 mg L�1, pH = 3.0, T = 30ºC, [H2O2]0 = 3.92 mmol

L�1. Error bars denote 95% confidence intervals.
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oxidation (which may have competed with the photo-

degradation of X-GN) of more intermediate products

generated at the beginning of the photo-Fenton process.

Effect of initial concentration of H2O2

The effect of initial concentration of H2O2 was

evaluated by varying its concentration between 0.98 and

5.88 mmol L�1 (Figure 10). The rate of degradation

increased with increasing H2O2 dosage, because the

quantity of OH· was increased, thus enhancing the rate

of degradation.

Effect of pH

The effect of pH on the photo-Fenton reaction, using

Fe/Al-Mt as an heterogeneous catalyst, was examined

here to assess performance in milder (pH>3) conditions.

Many attempts have been made to find a novel catalyst

that can work at pH 7. Fenton oxidation may work over

an expanded pH range using modified clays as hetero-

geneous catalysts (Sanabria et al., 2009; Luo et al.,

2009; Kasiri et al., 2008). In the present study, however,

as pH was increased from 3.0 to 4.0, the degradation

efficiency declined abruptly from 99.93% to 25.93%

(Figure 11). As the amount of catalyst used in the

experiment was small, the total adsorption equilibrium

could be established at t = 10 min with prior stirring in

the dark for 15 min. Degradation of X-GN for periods

between 10 and 140 min depended mainly on the photo-

Fenton reaction. The slow increase in degradation

efficiency between 10 min and 140 min from 16.42%

to 25.93% suggested that the amount of X-GN which

degraded predominantly via photo-Fenton reaction was

very small. Meanwhile, the pH may also influence the

adsorption of X-GN. As the pH of the system increased,

the number of negatively charged sites increased, which

does not favor the adsorption of dye anions, due to

electrostatic repulsion (Özcan and Özcan, 2004).

Investigation of the X-GN degradation pathway in

photo-Fenton reaction

The UV-vis spectra of X-GN solution using 0.5 g L�1

catalyst dosage illustrated the transformation of X-GN

during the photo-Fenton reaction under visible light

(Figure 12). The change in spectra was similar to that

from a previous study of degradation of X-GN (Chen et

Figure 10. Influence of initial concentration of H2O2 on the

degradation of X-GN. [X-GN]0 = 100 mg L�1, pH = 3.0, T =

30ºC, FeAl0.8-Mt = 0.5 g L�1. Error bars denote 95% confidence

intervals.

Figure 11. Effect of pH on the degradation of X-GN. [X-GN]0 =

100 mg L�1, [H2O2]0 = 3.92 mmol L�1, T = 30ºC, FeAl0.8-Mt =

0.5 g L�1. Error bars denote 95% confidence intervals.

Figure 12. UV-vis spectra of X-GN solution during the photo-

Fenton process in the presence of FeAl0.8-Mt. [X-GN]0 = 100mg

L�1, pH = 3.0, [H2O2]0 = 3.92 mmol L�1, T = 30ºC, FeAl0.8-Mt =

0.5 g L�1.
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al., 2009). In the previous study, Fe-containing mont-

morillonite was used in which the photodecoloration of

X-GN occurred firstly after breakage of �N=N� bonds

(479 nm) and then after destruction of the long

conjugated p* systems (298 nm) in the naphthalene

ring. To understand intermediate products better, a

liquid chromatography-mass spectrometry/mass spectro-

metry (LC-MS/MS) method was applied to identify the

possible degradation products. Eight species of inter-

mediate products were identified and reported with

retention times on HPLC as well as the main fragments

of the MS/MS spectra (Table 3).

Based on UV-vis spectra and information about

intermediates derived from LC-MS/MS, a degradation

pathway can be proposed (Figure 13). The results reveal

that the attack of OH· radicals occurred not only at the

�N=N� bond but also on the benzene and naphthalene

rings, at different positions, due to the non-selective

nature of OH·. The reaction seems to have been initiated

by OH· radical attacks on the azo bond and NH�C,

Table 3. Intermediate products of X-GN identified using LC-MS/MS during the photo-Fenton process.

No. Structure Retention time
(min)

Molecular weight Main fragments (m/z) in MS/MS
(relative abundance)

I1 22.9 431 170 (50), 281 (34), 332 (26) 359 (41),
371 (23), 386 (22), 387 (100), 388
(35), 389 (42), 413 (33), 431 (48)

I2 25.5 545 481 (100), 281(0.5), 331(0.4),
170(0.25), 361(0.3), 461(0.3),
485(0.3), 500(0.3), 525(0.3), 526(0.4)

I3 27.3 283 283 (100)

I4 27.8 531 170 (22), 219 (17), 269 (39), 281
(100), 331(68), 282 (13), 381(28), 443
(20), 493 (11), 531 (26)

I5 30.2 311 150 (60), 151(4), 171(3),184 (37), 185
(20), 309 (100), 247 (4), 311 (19)

I6 32.5 325 171 (6), 184 (86), 185 (22), 325 (100)

I7 34.9 340 171 (5), 184 (100), 184 (21), 186 (7),
196 (5), 198 (51), 275 (5), 339 (76)

I8 39 256 171 (28), 211 (17), 213 (11), 237 (52),
239 (13), 252 (13), 252 (12), 253
(100), 254 (11), 256 (68)
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leading to the formation of several kinds of degradation

products that can be classified into two major groups,

one retaining the azo bonding and the other not. The

hydroxyl radical attack on the azo bond and on the

NH�C bond may give rise to the formation of

compounds S1, S2, S3, and S4. These compounds were

undetectable using the LC-MS/MS method, possibly

because they are transient in the reaction. Oxidation,

desulfonation, deamination, and hydroxylation reactions

occurred, followed by breaking of the azo and NH�C

bonds, leading to the formation of I1, I3, I5, I6, I7, and

I8 (where I denotes intermediate products identified and

S denotes putative intermediate products). In the cases of

compounds I6 and I7, OH· radicals probably attacked

the hydroxyl group contacts to the naphthalene ring and

caused the loss of hydrogen. Finally, aromatic rings were

destroyed, confirmed by the decrease in absorbance at

~298 nm.

CONCLUSIONS

Hydroxy Fe/Al intercalated montmorillonite was

synthesized and applied as an heterogeneous photo-

Fenton catalyst. The XRD results showed that the

montmorillonite interlayer can be intercalated by the

hydroxy Fe/Al species. A larger surface area was

obtained after the intercalating process compared to

the unmodified clay, which is beneficial for enhancing

the adsorption quantity of the catalyst and facilitating

the photocatalytic performance. Photocatalytic experi-

ments were carried out under visible light: 99.92%

degradation efficiency of X-GN was achieved under the

following optimal conditions: [X-GN]0 = 100 mg L�1;

[FeAl0.8-Mt] = 0.5 g L�1; [H2O2]0 = 3.92 mmol L�1; pH

= 3.0; and T = 30ºC. The present study demonstrated that

Fe/Al-Mt is of practical use in the photo-Fenton

degradation of X-GN, assisted by visible light.

ACKNOWLEDGMENTS

The present work was supported financially by the
Program for National Natural Science Foundation of China
(Grants No. 41073058, 40973075, 40730741); Research
Fund for the Doctoral Program of Higher Education of
China (No. 20100172110028); New Century Excellent
Talents Program, Ministry of Education, China (Grant No.
NCET-06-0747); Science and Technology Plan of Guang-
dong Province, China (Grants No. 2006B36601004,
2008B30302036, 2009B050900005); Natural Science
Foundation of Guangdong Province, China (Grants No.
06025666, 9351064101000001); and the Fundamental
Research Funds for the Central Universities, SCUT

Figure 13. Proposed degradation pathway of X-GN by photo-Fenton reaction under visible light.

Vol. 59, No. 5, 2011 Photo-Fenton catalytic activity of hydroxy Fe/Al-intercalated montmorillonite 475



(Grants No. 2009ZZ0048, 2009ZZ0073, 2009ZM0202).
The authors are grateful to the Analytical and Testing
Center of South China University of Technology.

REFERENCES

Ali, I.O., Ali, A.M., Shabaan, S.M., and El-Nasser, K.S. (2009)
Isomorphous substitution of Fe in the framework of
aluminosilicate MFI by hydrothermal synthesis and their
evaluation in p-nitrophenol degradation. Journal of

Photochemistry and Photobiology A: Chemistry, 204,
25�31.

Aouad, A., Anastácio, A.S., Bergaya, F., and Stucki, J.W.
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