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Mesoporous silica, SBA-15, supported Fe/SBA-15 catalysts were prepared by impregnation and tested for
adsorption and heterogeneous advanced oxidation of 2,4-dichlorophenol (DCP) in aqueous solution using
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H2O2. Characterisation indicated that Fe impregnation did not change the porous structure of SBA-15.
Fe/SBA-15 exhibits moderate DCP adsorption, however, Fe/SBA-15 is effective for DCP oxidation under
H2O2. The catalytic activity depends on Fe loading, H2O2 concentration, DCP concentration and solution
pH. Fe/SBA-15 can achieve 100% DCP conversion and 60% TOC removal at the conditions of 100 ppm DCP,
0.05 g 10%wt Fe/SBA-15, and 1000 ppm H2O2. This catalyst also shows stable performance with low Fe
dvanced oxidation
enton reaction

leaching.

. Introduction

Currently, many industrial processes produce wastewater con-
aining organic refractory compounds. These compounds can be
emoved by adsorption onto porous solids like activated carbon,
lays and mesoporous solids, but this process only transfers the
ontaminants from liquid phase to solid phase. Advanced oxida-
ion processes show advantages in complete decomposition and
emoval of these compounds [1].

It is well known that the oxidation process by the Fenton reagent
Fe2+/H2O2) is the most widely used technique in treatment of
rganic pollutants in aqueous solution. However, this process is
imited by acidic pH requirement (pH 2–4), high amount of sludge
n the coagulation step, and loss of Fe ions in water. Heterogeneous
enton oxidation provides an alternative to the homogeneous oxi-
ation for the reaction occurred at high pH and recyclable use of Fe
atalysts. In the past few years, attempts have been made to develop
arious Fe-based catalysts using oxides and supported oxides [2–8].

Since the discovery of ordered mesoporous silica materials
n 1990s, synthesis and applications of mesoporous solids have
eceived an intensive attention due to their highly ordered struc-
ure, larger pore size, and high surface area [9,10]. However, few

nvestigations have been reported in using mesoporous materials
or heterogeneous Fenton oxidation. Gokulakrishnan et al. [11] syn-
hesised mesoporous Fe-MCM-41 molecular sieves (Si/Fe = 25, 50,
5 and 100) by a hydrothermal co-condensation method and evalu-
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ated the behaviour in removal of citric acid from aqueous solution
by the wet peroxidation. They found that more mineralisation of
citric acid was achieved by heterogeneous catalysis with Fe-MCM-
41 with the percentage removal of total organic carbon (TOC) of
citric acid following the order Fe-MCM-41 (Si/Fe = 25) > Fe-MCM-
41 (Si/Fe = 50) > Fe-MCM-41 (Si/Fe = 75) > Fe-MCM-41 (Si/Al = 100).
Martinez et al. [12] investigated heterogeneous photo-Fenton
degradation of phenolic aqueous solutions over iron-containing
SBA-15 catalysts. Melero et al. [13] also reported a nanocompos-
ite of crystalline Fe2O3 and CuO particles with mesostructured
SBA-15 silica as an active catalyst for wet peroxide oxidation
processes. They found that the presence of copper prevents the
leaching of iron species and increases TOC degradation. Lim et
al. [14] reported a highly active heterogeneous Fenton catalyst
using iron oxide nanoparticles immobilised in alumina coated
mesoporous silica. Recently, Botas et al. [15] prepared different
iron-containing catalysts on mesostructured SBA-15 silica and non-
ordered mesoporous silica for the oxidation of phenol aqueous
solution in a catalytic fixed bed reactor in the presence of hydrogen
peroxide.

In the most previous investigations, Fe was loaded on meso-
porous solid by sol–gel co-condensation and phenol as a typical
pollutant, few works were reported on impregnation and other
organic compounds. In general, impregnation can achieve higher
loading of Fe on mesoporous supports. In addition, other organic

compounds may show different decomposition behaviours on
heterogeneous Fenton catalysts. The current work discusses the
loading of ferrous oxide on the mesoporous silica (SBA-15) and the
application of this material for combined adsorption and oxidation
of 2,4-dichlorophenol (DCP).

dx.doi.org/10.1016/j.cej.2010.08.061
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:shaobin.wang@curtin.edu.au
dx.doi.org/10.1016/j.cej.2010.08.061
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. Experimental

.1. Preparation of SBA-15 and Fe/SBA-15

The synthesis of mesoporous silica SBA-15 was prepared fol-
owing the procedure described by Zhao et al. [16] using a tri-block
opolymer, poly(ethylene glycol)-block-poly(propylene glycol)-
lock-poly(ethylene glycol) EO20-PO70-EO20 as the template agent
nd tetra ethlyl orthosilicate (TEOS) as a silica source, respectively.
n a typical synthesis, 12 g of tri-block copolymer and 13.44 g of KCl

ere dissolved in 360 ml of 2 M HCl solution with stirring at 40 ◦C
nd then 22.96 g of TEOS was added into the solution with vigorous
tirring for 8 min. The mixture was kept aging under static condition
or 24 h at the same temperature. The resulted mixture was trans-
erred to an autoclave and kept at 100 ◦C for 24 h. The SBA-15 silica
roduct was then filtered, washed with distilled water and dried at
0 ◦C. The polymeric structure-directing agent (EO20-PO70-EO20)
as removed by calcination at 550 ◦C for 5 h in air.

FeSO4 obtained from Sigma–Aldrich was used as the precur-
or of ferrous ion. During the preparation of Fe/SBA-15 catalysts, a
xed amount of the Fe precursor was dissolved in water to obtain
or 10 wt% Fe on the prepared SBA-15. The solution was firstly

ushed with nitrogen to remove any dissolved oxygen. Predeter-
ined amount of the prepared SBA-15 was then added to the

olution and the solution was stirred under nitrogen atmosphere
or 24 h for impregnation of Fe ions in SBA-15. The solution was then
eated to remove the solvent and was further calcined at 500 ◦C for
h.

.2. Characterisation of Fe/SBA-15 catalysts

The catalysts were characterised using several techniques to
dentify the structural and physicochemical properties. The crys-
alline form of the catalyst was identified by X-ray diffractometer
XRD) on a Bruker D8 advanced research XRD with Cu K� radia-
ion at a scanning rate of 2◦/min. N2 adsorption was used to obtain
urface area on a NOVA 1200 adsorption analyser (Quantachrome).
ourier transform infrared (FT-IR) analysis was done to identify the
unctional groups associated with the catalyst. FT-IR spectra were
ollected on a Perkin Elmer, Spectrum 100 spectrophotometer with
n attenuated total reflectance (ATR) technique. The spectrum was
canned from 400 to 4000 cm−1. The morphology of SBA-15 and the
atalyst was studied using SEM. Elemental composition was iden-
ified by EDX. Fe loading is analysed by digesting the catalyst in an
cid solution to remove the metal and measuring the concentration
f Fe ions using an ICP-MS (Agilent, 7700).

.3. Adsorption of 2,4-dichlorophenol on Fe/SBA-15

The adsorption tests were carried out in 30 ml bottles, wherein
fixed amount of the adsorbent (approximately 0.02 g) was added

o 2,4-dichlorophenol solutions with varying concentrations. The
dsorbate concentration was ranged from 50 to 500 ppm. The solu-
ion was filled exactly till the top of the sample bottles and sealed
roperly to prevent any evaporation loss. Preliminary tests showed
hat adsorption equilibrium could be reached in 1 d. The bottles
ere kept in an incubator shaker, set at the temperature of 25 ◦C

nd a speed of 200 rpm for 3 d to make adsorption longer enough
or adsorption equilibrium. One ml of sample was acquired from
he sample bottles using a syringe filter, and analysed by a HPLC
aving a UV detector at the fixed wavelength of 270 nm for all the

omponents. A blank sample without any adsorbent was also kept
ogether with the experimental samples to monitor any change of
oncentration due to evaporation or precipitation; however, the
nalysis of the blank sample showed negligible loss of the adsor-
ate.
Fig. 1. XRD profiles of SBA-15 and Fe/SBA-15.

2.4. Kinetic study of 2,4-dichlorophenol oxidative destruction

A batch reactor with 1 L was employed. For each run, 500 ml of
2,4-dichlorophenol (DCP) solution at varying concentrations was
added to the reactor and stirred at 200 rpm to homogenise the
solution. A fixed amount of Fe/SBA-15 catalyst was added to the
reactor, followed by the addition of hydrogen peroxide to start the
oxidation. The reactor vessel was suspended in a water bath to
maintain the reaction temperature at 25 ◦C. During the reaction,
1 ml sample was extracted at fixed intervals using a syringe fil-
ter and quenched with excess methanol to stop the reaction. The
samples were analysed for DCP concentration using a Varian HPLC
having a UV detector at 270 nm. The column used was C-18 and the
mobile phase was 30% CH3CN and 70% water with a flow rate of
1.5 ml/min. For TOC analysis, 1 ml sample was withdrawn at inter-
val of a fixed time, quenched with excess sodium nitrite and then
tested for the TOC on a Shimadzu TOC analyser (TOC-5000 CE).

3. Results and discussion

3.1. Characterisation of SBA-15 and Fe/SBA-15

XRD patterns of SBA-15 and Fe/SBA-15 are displayed in Fig. 1.
It is clearly seen that SBA-15 shows three distinct peaks at (1 0 0),
(1 1 0) and (2 0 0) reflections, typical of hexagonally mesostructured
material. Fe/SBA-15 also shows the strong peak at (1 0 0), demon-
strating the similar mesoporous structure as SBA-15.

Fig. 2 presents a SEM photo and EDX profile of Fe/SBA-15. The
morphology obtained by SEM shows the uniform size particles with
elongated hexagonal structure. The particle size varies in a range of
0.85–1.5 �m. The EDX spectrum of Fe loaded SBA-15 confirms the
presence of Fe in the particles.

FT-IR spectra of SBA-15 and Fe/SBA-15 (Fig. 3) show major peaks
at 1074 and 1214 cm−1 representing the IR absorption of Si–O–Si.
The broad peak at 3409 cm−1 represents the O–H vibrations, which
could be due to the presence of silanol group or OH group of
adsorbed water molecule. The spectra of SBA-15 and Fe/SBA-15
were similar. This confirms that there was no significant change in
the functional groups due to ion loading on SBA-15 support.

3.2. Adsorption of 2,4-dichlorophenol on Fe/SBA-15
Fig. 4 shows the adsorption isotherm of DCP on SBA-15 and
Fe/SBA-15. As seen, SBA-15 exhibits higher DCP adsorption than
Fe/SBA-15. DCP adsorption increases with increasing equilibrium
concentration. At 500 ppm equilibrium concentration, the adsorp-
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Fig. 2. SEM photo and EDX
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Fig. 3. FT-IR spectra of SBA-15 and Fe/SBA-15.

ions of DCP on SBA-15 and Fe/SBA-15 are 25 and 18 mg/g,
espectively. Two isotherm models, Langmuir (Eq. (1)) and Fre-
ndlich isotherms (Eq. (2)), were employed to fit the experimental

ata.

= qmaxbc

1 + bc
(1)

= KF c1/n (2)

Fig. 4. Adsorption isotherm of DCP on Fe/SBA-15.
profile of Fe/SBA-15.

where q is the adsorption capacity (mg/g) at an equilibrium con-
centration and c is the equilibrium concentration (mg/L). qmax is
monolayer adsorption and b is the Langmuir constant. K is the Fre-
undlich constant and n is also a constant, related to adsorption
capacity and intensity of adsorption, respectively.

Fig. 4 shows the fitted curves of two isotherms and the param-
eters obtained are given in Table 1. As seen, the two isotherms
present similar curves to the experimental data, however, the Lang-
muir parameter for Fe/SBA-15 seems in practical.

Several investigations have been reported for 2,4-
dichlorophenol adsorption on different adsorbents as listed
in Table 2. As compared with activated carbons, SBA-15 and
Fe/SBA-15 exhibit lower adsorption and can have a comparable
adsorption with some agricultural waste derived carbons.

3.3. Kinetic study of 2,4-dichlorophenol oxidation

Fig. 5 shows the degradation of DCP at varying initial concen-
trations and it is seen that a complete decomposition of DCP will
take about 8–10 h depending on initial DCP concentration. At low
concentration of 50 ppm, DCP degradation is much faster with
complete decomposition at 400 min while the degradation shows
a slower rate at higher concentration. For DCP concentration of
200 ppm, degradation efficiency at 600 min is 85%.
Chaliha and Bhattacharyya [22] have conducted catalytic wet
oxidation of DCP in water with Mn(II)-MCM41 and H2O2. The
conversion of DCP on impregnated Mn(II)-MCM41 and directly
synthesised Mn(II)-MCM41 with H2O2 was 78.0% and 55.1%,

Fig. 5. DCP degradation at various initial concentration. Catalyst loading = 0.05 g.
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Table 1
Parameters of Langmuir and Freundlich isotherms for DCP adsorption on SBA-15 and Fe/SBA-15.

Material Langmuir Freundlich

qmax (mg/g) b (L/mg) R2 K n R2

SBA-15 40.2 2.85 × 10−3 0.972 0.540 0.614 0.977
Fe/SBA-15 1.02 × 104 3.50 × 10−6 0.994 0.0386 0.988 0.994

F

r
i
a
H
M
5
2
s
[
o
e
s
r

d
d
i
d
1
d
p
w
r
o
f
r

H

T
A

after 10 h, however, the degradation efficiency will reach 100% at
4 h at catalyst loading of 0.1 g.

The effect of solution pH on DCP degradation using Fe/SBA-15
and H2O2 was also investigated and the results are shown in Fig. 9.
ig. 6. Effect of H2O2 concentration on DCP degradation. Catalyst loading = 0.05 g.

espectively, in 5 h. They further tested Fe(III)-, Co(II)- and Ni(II)-
mpregnated MCM41 for wet oxidative destruction of DCP in water
nd found that the DCP destruction in a 1:1 molar mixture with
2O2 was 12.6%, 19.7% and 35.4% with Fe(III)-, Ni(II)-, and Co(II)-
CM41, respectively, in 15 min of reaction time and was 38.6%,

5.1% and 50.4% in 300 min under 0.2 MPa, 80 ◦C, catalyst load of
g/L and DCP concentration of 5 × 10−3 M. Also the DCP conver-

ion decreased with increased DCP concentration [23]. Luo et al.
6] reported catalytic property of Fe–Al pillared clay for Fenton
xidation of phenol by H2O2. The heterogeneous Fenton reaction
xhibited an induction period due to an activation process of the
urface iron species followed by a fast oxidation of phenol. These
esults are similar to the observation of this investigation.

Fig. 6 shows the effect of H2O2 concentration on DCP degra-
ation. The increase in H2O2 concentration increases the rate of
egradation of DCP. However, excessive addition of H2O2 results

n a decrease in degradation rate. From Fig. 6, it is seen that DCP
egradation will achieve the maximum at H2O2 concentration of
000 ppm. When H2O2 concentration is higher than 1000 ppm, DCP
egradation rate is significantly reduced. Many investigations have
resented the similar observation that higher H2O2 concentration
ill suppress the degradation rate and efficiency of organics [1]. The

eduction in the reaction rate is due to the fact that excess amount

f H2O2 acts as a scavenger to the active hydroxyl radical as per the
ollowing reaction (Eq. (3)). The radical of HO2

• shows much less
eaction rate than OH•, resulting in low DCP degradation.

2O2 + OH• → H2O + HO•
2 (3)

able 2
comparison of DCP adsorption on various adsorbents.

Adsorbent Maximum monolayer
adsorption capacity (mg/g)

Refs.

Oil palm empty fruit
bunch carbon

232 [17]

Maize cob carbon 18 [18]
Palm pith carbon 19 [19]
Activated carbon fibre 372 [20]
KOH activated char 217–728 [21]
Fig. 7. Effect of Fe loading on SBA-15 on DCP degradation.

Fig. 7 displays the effect of Fe loading on SBA-15 on DCP degrada-
tion. As shown, higher loading of Fe on SBA-15 will significantly
increase DCP degradation rate and efficiency. At 4 wt% Fe, a com-
plete DCP degradation will take 10 h while at 10 wt% Fe, the
degradation will take 5 h. This is due to the higher activation rate
between Fe and H2O2 for OH• generation at enhanced Fe loading
on SBA-15.

Fig. 8 presents the effect of Fe/SBA-15 loading in solution on DCP
degradation. Increasing amount of the catalyst has dual significance
on the process of combined adsorption and oxidation. It provides
additional surface area for adsorption and also additional amount
of Fe for the formation of OH radicals. As seen in Fig. 8, increasing
the catalyst loading in solution enhances the DCP degradation. At
0.025 g, DCP degradation is slow with the removal efficiency of 20%
Fig. 8. Effect of Fe/SBA-15 loading in solution on DCP degradation.
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Fig. 9. Effect of solution pH on DCP degradation. Catalyst loading = 0.05 g.

he results indicate that pH has a significant influence on the reac-
ion rate. It is observed that an increase in the solution acidity from
H 6 to 3 increases the reaction rate and the reaction rate reaches
he maximum at pH 3. At further increased acidity of pH 2, DCP
egradation rate, however, gets significantly reduced. At pH 2, DCP
egradation efficiency is 80% at 500 min. While at pH 6, DCP shows
o significant decomposition after 10 h, suggestion no oxidation
eaction occurred. Oliveira et al. [24] investigated the oxidation of
,4-dichlorophenol with homogeneous Fenton’s reagent and have

ndicated the optimum pH to be around 3.5. This is similar to this
nvestigation.

Fig. 10 presents TOC variation at different conditions in DCP
egradation with Fe/SBA-15 and H2O2. One can see that TOC
hanges with Fe loading on SBA-15 and Fe/SBA-15 loading in the
olution. In general, high Fe loading will get higher TOC removal.
t 4 wt% of Fe on SBA-15 at 0.025 g in solution the TOC removal
ill be 12% at 10 h and reaches 20% at 25 h. Compared with DCP
egradation efficiency at the same conditions (Fig. 8), TOC removal
fficiency is lower than DCP degradation efficiency. This suggests
hat the intermediates produced during the decomposition of DCP
ould take a longer time to fully decompose and also could not be
ompletely removed. At 10 wt% of Fe on SBA-15 at 0.05 g in solu-
ion, TOC removal can be achieved at 30% and 60% at 10 and 30 h,
espectively. These are also lower compared with DCP degradation
fficiency.

Fig. 10. TOC removal during DCP degradation at varying catalyst loading.
Fig. 11. Performance of recycled Fe/SBA-15 in three catalytic tests.

Botas et al. [15] prepared iron-containing catalysts on
mesostructured SBA-15 silica and non-ordered mesoporous silica
with iron loadings between 10 and 15 wt%. They tested the cata-
lysts in phenol degradation and found that these catalysts exhibited
high catalytic performances with TOC reduction of 65% and 25%,
respectively. Our results are comparable to their observations.

Fig. 11 presents the performance of Fe/SBA-15 in DCP degrada-
tion after catalyst recycling with filtration and water washing. In the
second run, DCP degradation profile is much similar to the first test
and degradation of DCP shows a bit slow in the third run. This sug-
gests the stable performance of Fe/SBA-15 in heterogeneous Fenton
oxidation. Measurements of Fe ion in solution found undetectable
metal ion present in solution, indicating much less Fe leaching from
the catalyst.

Martinez et al. [12] investigated heterogeneous photo-Fenton
degradation of phenolic aqueous solutions at near UV–vis irra-
diation using Fe/SBA-15 prepared by co-condensation and found
much less Fe leaching. Sabhi and Kiwi [25] carried out the degrada-
tion of 2,4-dichlorophenol on Nafion-Fe (1.78%) in the presence of
H2O2 under visible light irradiation. The Nafion-Fe was seen to be
effective over many cycles without leaching out Fe3+ ions into the
solution. It was found that the degradation was controlled by mass
transfer at the surface of the Nation-Fe membrane. Luo et al. [6] also
reported Fe leaching from Fe-Al pillared clay in Fenton oxidation of
phenol by H2O2 with no obvious deactivation of recycled catalysts.

It has been proposed that heterogeneous Fenton oxidation
occurs at the surface via Fe oxide active sites with the formation of
peroxide complex species and then following a series of dissocia-
tion reactions to produce peroxide radical [12]. In this investigation,
XRD and FT-IR could not identify Fe oxide. However, EDX indicated
the presence of Fe species on Fe/SBA-15, which suggests the strong
binding of Fe with Si framework and much small particle size of
Fe in the inner pores. Thus the possible reactions involved can be
proposed as follows:

SiO2–Fe3+ + H2O2 → SiO2–Fe3+–H2O2
• → SiO2–Fe2+ + HO2

• (4)

SiO2–Fe2+ + H2O2 → SiO2–Fe3+ + 2OH• (5)

DCP + HO2
• → CO2 + H2O (6)

DCP + OH• → CO2 + H2O (7)
4. Conclusion

Impregnation of Fe oxide on SBA-15 will not significantly change
the mesoporous structure of SBA-15 support and Fe/SBA-15 shows
low adsorption of 2,4-dichlorophenol from aqueous solution.
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owever, Fe loaded SBA-15 produces promising results for hetero-
eneous activation of H2O2 for oxidation of 2,4-dichlorophenol in
ater. At pH 3, complete destruction of DCP can be obtained within

–8 h. Addition of 0.1 g of catalyst results in complete degradation
f DCP within 3 h. TOC analysis shows approximately 60 percent
ineralisation of DCP. Fe/SBA-15 also exhibits stable activity in

everal cycles with less Fe leaching.
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