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Photo-Fenton discoloration of the azo dye X-3B over
pillared bentonites containing iron
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Abstract

Both Fe pillared bentonite (Fe-B) and Al-Fe pillared bentonite (Al/Fe-B) were prepared and used as heterogeneous catalysts for the photo-Fenton
discoloration of azo dye X-3B under UV irradiation. The catalysts were characterized by XRD, BET and TEM. The effects of solution pH, H2O2

concentration, dye concentration and catalyst loading on the rate of discoloration were investigated in detail. The results indicate that the Fe-B and
Al/Fe-B have high BET surface area (114.6 and 194.2 m2/g, respectively). Both the heterogeneous photo-Fenton processes employing the Fe-B or
the Al/Fe-B as catalyst exhibit higher photo-catalytic activity compared to their corresponding homogeneous photo-Fenton process. The amount
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f Fe ions leached from the Al/Fe-B into the solution is much lower than that leached from the Fe-B during the reaction process.
2006 Published by Elsevier B.V.
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. Introduction

Fenton and photo-Fenton processes are considered as most
romising for the remediation of wastewaters containing a vari-
ty of toxic substances [1–5]. The processes involve the gen-
ration of highly reactive hydroxyl radical (•OH), which can
xidize and mineralize almost all the organic molecules owing
o its high oxidation potential (E◦ = +2.8 V) [6]. However, Fen-
on and photo-Fenton processes in homogeneous media require
he removal of the sludge containing Fe ions after wastewater
reatment, which is expensive in labor, reagents and time [7,8].
his drawback can be overcome by using supported Fenton cat-
lysts. Various supports used in heterogeneous photo-Fenton
eactions have been reported, such as zeolites [8,9], Nafion film
r Nafion pellet [10,11], polytheylene copylymers [12] and sil-
ca fabrics [7,13]. Deactivation of some heterogeneous catalysts
s often observed owing to Fe-ion leached from the catalysts
uring photo-Fenton reaction. Therefore, it is a very important
ssue to develop a heterogeneous Fenton catalyst with higher
atalytic activity and long-term stability at reasonable cost.

Pillared clay (PILC) represents a new class of microporous
aterials that have potential for the use as catalysts due to their

unique properties and structures as well as low cost [14,15].
Wastewater treatment by catalytic wet oxidation using H2O2
(CWPO) and pillared clays containing iron as heterogeneous
catalysts has been widely investigated [16,17]. Compared with
pillared clays containing Fe, mixed metal oxide pillared clays
(e.g. Al-Fe, Fe-Cr) usually exhibit enhanced surface area, sur-
face acidity [18] and more satisfaction results for organic com-
pounds total oxidant in water during CWPO [19,20].

In the present work, both Fe pillared bentonite (Fe-B) and
Al-Fe pillared bentonite (Al/Fe-B) were prepared and tested
as heterogeneous catalysts for the photo-Fenton discoloration
of azo dye X-3B. The photo-catalytic activity employing the
heterogeneous catalysts is compared with their corresponding
homogeneous Fenton reagents at the same experimental con-
ditions. Effects of parameters like solution pH, H2O2 concen-
tration, catalyst loading and initial X-3B concentration on the
rate of discoloration were studied in detail. In addition, the struc-
tural characteristics of the catalysts were also examined by using
XRD, BET and TEM.

2. Experimental
∗ Corresponding author. Tel.: +86 575 8341526; fax: +86 575 8342380.
E-mail address: liymj@mail.sxptt.zj.cn (Y. Li).

2.1. Materials

The used bentonite was primarily Na+-montmorillonite from
Mongolia Automony, China. The cation exchange capacity
304-3894/$ – see front matter © 2006 Published by Elsevier B.V.
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Fig. 1. Chemical structure of X-3B.

(CEC) of the bentonite is 105 meq per 100 g. Analytical grade of
H2O2 (30%, w/v), Fe(NO3)3·9H2O, AlCl3·6H2O, FeCl3·6H2O,
NaOH and Na2CO3 were purchased from Shanghai chemicals.
The dye of Reactive brilliant red X-3B (98%) was purchased
from Jining dye manufacture of Shandong, China, and used
directly without further purification. The chemical structure of
X-3B is shown in Fig. 1.

2.2. Catalysts preparation

Fe pillared bentonite was prepared by a procedure reported by
Feng et al. [21], after some modifications. Na2CO3 solution was
added dropwise to a vigorously stirred solution of iron nitrate
until the Na+/Fe3+ molar ratio was equal to 2, and the concen-
tration of [Fe3+] was equal to 0.2 mol l−1. After aging for 2 days
at room temperature, the solution was slowly added into 2 wt.%
aqueous suspension of the bentonite under stirring. The final
Fe/clay ratio was equal to 2 mol kg−1 of dry clay. The suspen-
sion was stirred for additional 2 h and aged 2 days at 373 K in
an autoclave. The precipitate was separated by centrifuging and
washed several times with deionized water, and then dried at
353 K. The dried solid was ground to 100 mesh and calcined at
673 K for 3 h. The obtained sample was as Fe-B.

Al/Fe pillared bentonite was prepared according to reported
by Guo and Al-Dahhan [17]. NaOH solution was slowly
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Fig. 2. Schematic diagram of the experimental setup.

2.4. Photochemical experiments

The schematic diagram of the experimental setup is shown in
Fig. 2. Irradiation source was a 125 W Hg lamp (365 nm, Shang-
hai Yarning lamp factory) equipped with a quartz glass cooling
jacket with water circulation. In typical experiment, a solution
of 100 ml containing 10−4 mol l−1 X-3B and the Al/F-B or Fe-
B catalyst was held in a Pyrex glass vessel, the pH of X-3B
solution was adjusted to desired values with HCl and NaOH
solution, and the temperature was maintained at 25 ◦C. Prior to
irradiation, the suspension was magnetically stirred in the dark
condition for 30 min to establish the adsorption–desorption equi-
librium between the catalyst and X-3B. H2O2 was added to the
reaction solution at the beginning of the irradiation. Through-
out the experiment, the suspension was stirred to ensure a good
dispersion of the catalyst. At a given irradiation time intervals
(e.g. 0, 10, 20, 30 min, . . .), 3 ml aliquots were sampled, filtered
through a membrane of pore size 0.45 �m and then analyzed
with a 722 spectrophototneter (Shanghai Analytical Instrument
Factory).

2.5. Analytical methods

The X-3B concentration was determined by its absorbance
at 536 nm. The content of iron in the catalysts and the amount
of Fe ions leached from catalysts into the solution was deter-
m
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dded to the mixed solution containing 0.18 mol l AlCl3 and
.02 mol l−1 FeCl3 at 353 K until the OH/(Al + Fe) molar ratio
as equal to 1.9. The obtained solution was aged 2 days at room

emperature, and added dropwise to the 2 wt.% aqueous sus-
ension of the bentonite under stirring. The final (Al + Fe)/clay
atio was equal to 10 mol kg−1 of dry clay. The suspension was
tirred for additional 2 h and aged 1 day at room temperature,
hen separated by centrifuging and washed until total elimi-
ation of chloride ions. After drying at 353 K, the dried solid
hen was ground to 100 mesh. Finally, the powder was cal-
ined at 673 K for 3 h, while the obtained sample was labeled
l/Fe-B.

.3. Characterization of catalysts

The X-ray diffraction (XRD) patterns of the catalysts were
easured with a D/Max-III powder diffractometer equipped
ith Cu K� radiation, BET surface areas were obtained by mea-

uring the adsorption–desorption isotherms of N2 at 77 K using
Coutter Omnisorp 100 apparatus. JEOL/JEM-1011 transmis-

ion electron microscope was used for the TEM images of the
atalysts.
ined by AAS (Beijing Second Optical Instrument Factory,
FX-1F2B2). Chemical oxygen demand (COD) was measured

ccording to the standard methods for water and wastewater
22].

. Results and discussion

.1. Characterization results of catalysts

Table 1 gives the d001 spacing, BET surface area and percent-
ge of �-Fe2O3 for each sample. Compared with the original

able 1
hysico-chemical characterization of the samples

ample d001 (nm) SBET (m2/g) Fe2O3 (wt.%)

riginal bentonite 1.259 31.8 2.64
l/Fe-B 1.879 194.2 15.3
e-B 1.761 114.6 15.9
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Fig. 3. XRD patterns of the samples (a) original bentonite, (b) Fe-Al-B and
(c)Al/Fe-B.

bentonite, both the pillared bentonites exhibit much higher d001
spacing and BET surface area, especially in the Al/Fe-B. The
mass percentage of �-Fe2O3 in the Al/Fe-B is nearly as same as
that in the Fe-B.

In the XRD patterns of the Al/Fe-B and the Fe-B (Fig. 3), the
diffraction peaks at 2θ = 33.2◦, 35.7◦ and 54.0◦ are attributed
to the �-Fe2O3(hematite) crystallite. The TEM images of the
Al/Fe-B and the Fe-B display the particle of Fe2O3 was about
5 nm.

3.2. X-3B discoloration by heterogeneous and
homogeneous processes

Fig. 4 shows the degradation of X-3B in the dark and under
UV light irradiation with Fe-B or Al/Fe-B catalyst, and the
degradation of X-3B in corresponding homogeneous photo-
Fenton processes. With H2O2 and Fe-B or Al/Fe-B but in the
dark (curve a and curve b), the decrease of X-3B concentration
is 4% and 6.7%, respectively. The result is mainly attributed
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Fig. 5. Fe concentration in solution as a function of time [X-3B] = 10−4 mol l−1;
[H2O2] = 10−2 mol l−1; pH 3.0; UV light.

to the adsorption of the dye on the catalyst surface, and also
matches very well with higher BET surface area on the Al/Fe-
B. In the presence of H2O2 and UV light, the X-3B degradation
processes over the Fe-B and the Al/Fe-B were presented in curve
c and curve d, which are quite fast and efficient processes, and
the percent of X-3B discoloration are all over than 98% after
100 min, whereas the removal of COD are about 68%.

In order to evaluate the extent of the homogeneous photo-
Fenton process leading to the discoloration of X-3B in the
heterogeneous catalysis by Al/Fe-B or Fe-B, we examined the Fe
ions concentration in the solution as a function of reaction time
by AAS, and the results are depicted in Fig. 5 (the final pH is 3.09
in both the reaction systems). The highest concentration of total
Fe ions leached from the Al/Fe-B and Fe-B is, respectively, 0.18
and 0.65 mg l−1. According to an estimation of the highest Fe
ions concentration, the amount of Fe ions leached is 0.33% and
1.1% of the total iron content in the Al/Fe-B and Fe-B, respec-
tively. The lower Fe ions leached from the Al/Fe-B is due to
the existence of a strong interaction between iron and aluminum
pillared [17,20]. The results also indicate that the long-term sta-
bility of the Al/Fe-B catalyst is superior to that of the Fe-B in the
photo-Fenton processes. The discolorations of X-3B in both the
homogeneous photo-Fenton processes with 0.18 or 0.65 mg l−1

Fe3+ concentration are displayed in curve e and curve f, respec-
tively. The comparison of the results in the heterogeneous photo-
Fenton and the corresponding homogeneous photo-Fenton pro-
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ig. 4. Comparison between the heterogeneous photo-Fenton processes with
orresponding homogeneous photo-Fenton process ([X-3B] = 10−4 mol l−1;
H2O2] = 10−2 mol l−1; pH 3.0) (a) in the dark but with 0.5 g l−1 Fe-B; (b) in
he dark but with 0.5 g l−1 Al/Fe-B; (c) with 0.5 g l−1 Fe-B and UV; (d) with
.5 g l−1 Al/Fe-B and UV; (e) with 0.65 mg l−1 Fe3+ and UV; (f) with 0.18 mg l−1

e3+ and UV.
esses (curves c and e, curves d and f), illustrates obviously
hat the discoloration rates of X-3B in the heterogeneous photo-
enton are faster than that of the homogeneous photo-Fenton
rocesses. The fact originates from two aspects: one is the oxi-
ation by OH radicals that come from the catalysis by the hetero-
eneous catalysts, and the other is the oxidation by OH radicals
ormed in the homogeneous photo-Fenton process [23]. But the
ontribution of homogeneous photo-Fenton catalysis to the over-
ll discoloration of X-3B in heterogeneous photo-catalysis is
imited. Furthermore, compared with the catalysis process on the
e-B, the contribution coming from homogeneous photo-Fenton
rocess for the total discoloration of X-3B on the Al/Fe-B
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Fig. 6. Effect of pH on the discoloration of X-3B under UV irradiation [X-
3B] = 10−4 mol l−1; [H2O2] = 10−2 mol 1−1; 0.5 g l−1 Al/Fe-B.

catalyst is less. Since the photo-assisted degradation of the dye
occurs predominantly on the photo-catalyst surface [24], the
Al/Fe-B having higher BET surface area, surface acidity and
adsorption capacity should exhibit better heterogeneous contri-
bution than the Fe-B during the photo-Fenton process. Hence,
Al/Fe-B was selected to be model catalyst for overall studied
process.

3.3. Effect of the experimental condition

3.3.1. Effect of pH
Fig. 6 shows the discoloration ratio of X-3B as a function

of the reaction time when aqueous solution pH is varied. The
optimal pH was found to be 3.0. The result is quite in agreement
with the homogeneous and heterogeneous photo-Fenton process
that has been observed for the discoloration of several organic
compounds [25].

3.3.2. Effect of H2O2 concentration
The effect of initial H2O2 on the discoloration of X-3B is

illustrated in Fig. 7. In the presence of Al/Fe-B and UV with-
out H2O2, the decrease of X-3B concentration is very limited
except that the dye is adsorbed on the Al/Fe-B catalyst sur-

F
i

Fig. 8. Effect of Al/Fe-B dosage on the discoloration of X-3B under UV irradi-
ation [X-3B] = 10−4 mol 1−1; pH 3.0; [H2O2] = l0−2 mol l−1.

face. As the H2O2 concentration increase from 1.0 × 10−3 to
1.0 × 10−2 mol l−1, the discoloration of X-3B is also increased.
But the discoloration of X-3B slows slightly down beyond
1.0 × 10−2 mol l−1. The fact is due to the increase hydroxyl
radical concentration as the addition of H2O2, but at higher
H2O2 concentration, the decrease in discoloration is due to the
hydroxyl radical scavenging effect of H2O2 (Eqs. (1) and (2))
and recombination of hydroxyl radicals (Eq. (3)) [26].

H2O2 + •OH → H2O + HO2
• (1)

HO2
• + •OH → H2O + O2 (2)

•OH + •OH → H2O2 (3)

3.3.3. Effect of the Al/Fe-B catalyst loading
The effect of Al/Fe-B catalyst loading on the discoloration

of X-3B is shown in Fig. 8. In the presence of UV and H2O2
without Al/Fe-B, the discoloration ratio of X-3B reaches about
40% in 100 min owing to the oxidation of X-3B by •OH rad-
ical from the direct photolysis of H2O2 under UV irradiation.
The discoloration ratio of X-3B increases with the catalyst load-
ing up to 0.5 g l−1, and decreases when the catalyst loading is
larger than 0.5 g l−1. This phenomenon is in agreement with the
case observed typically in heterogeneous photo-catalysis reac-
tion [24,27]. The increase of the Al/Fe-B catalyst loading will
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ig. 7. Effect of H2O2 concentration on the discoloration of X-3B under UV
rradiation [X-3B] = 10−4 mol 1−1; pH 3.0; 0.5 g l−1 Al/Fe-B.
ncrease the amount of Fe ions involved in the photo-Fenton
rocess, which in turn, increase the number of hydroxyl radical,
ut the solution will become more turbid as the catalyst dosage
ncreases, which will decrease the penetration of UV light and
he number of hydroxyl radical.

.3.4. Effect of initial X-3B concentration
Fig. 9 depicts the effect of initial X-3B concentration on its

iscoloration. The result clearly reveals that the increase of X-3B
oncentration will decrease its discoloration. The results cor-
espond to those from literature [24]. As X-3B concentration
ncreases, the absorption of UV light by X-3B solution also sig-
ificantly increases. As a result, the number of photons penetrat-
ng solution is decreased, and the hydroxyl radical concentration
owered. Whereas, it should be noted that even at a high initial
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Fig. 9. Effect of the initial concentration of X-3B on the discoloration ratio
under UV irradiation [H2O2] = 10−2 mol l−1; pH 3.0; 0.5 g l−1 Al/Fe-B.

Fig. 10. Repetitive discoloration ratio of X-3B under UV irradiation [X-
3B] = 10−4 mol l−1; [H2O2] = 10−2 mol l−1; pH 3.0; 0.5 g l−1 Al/Fe-B.

concentration of X-3B, for example, 3 × 10−4 mol l−1, the dis-
coloration ratio can also be achieved about 88% after 100 min.

3.4. Recycling of the Al/Fe-B catalyst

Fig. 10 shows the discoloration nature of X-3B on the Al/Fe-
B in three consecutive photo-Fenton experiments. After each
experiment, the catalyst was separated from the solution by fil-
tration, washed with deionized water, and then X-3B and H2O2
were added before the next experiment. It is clearly seen that the
Al/Fe-B catalyst has an ideal long-term stability, as the photo-
catalysis activity is not significant difference during these three
reactions. This result also coincides with the low Fe ions leached
from the Al/Fe-B presented in Fig. 5.

4. Conclusion

Both Fe pillared bentonite (Fe-B) and Al-Fe pillared ben-
tonite (Al/Fe-B) were used as heterogeneous photo-Fenton cat-
alysts for the discoloration of azo dye X-3B. The results show
that both the heterogeneous photo-Fenton catalysis employed

Fe-B or Al/Fe-B as catalyst exhibit higher photo-catalytic activ-
ity compared to their corresponding homogeneous photo-Fenton
process. Complete discoloration of the dye solution can be car-
ried out in the heterogeneous photo-Fenton processes at the
optimal condition. The amount of Fe ions leached from the
Al/Fe-B into the solution is much lower than that leached from
the Fe-B during reaction process even though the photo-catalytic
activity is not significant difference between Al/Fe-B and Fe-B.
In addition, the Al/Fe-B catalyst is easily recovered and regen-
erated, and it also possesses excellent long-term stability.
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