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We present a simple and efficient method for the fabrication of magnetic Fe,MO4 (M:Fe and Mn) acti-
vated carbons (Fe;MO4/AC-H, M:Fe and Mn) by impregnating the activated carbon with simultaneous
magnetic precursor and carbon modifying agent followed by calcination. The obtained samples were
characterized by nitrogen adsorption isotherms, X-ray diffraction (XRD), scanning electron microscopy
(SEM) and vibrating sample magnetometer (VSM), and the catalytic activity in heterogeneous Fenton
oxidation of methyl orange (MO) was evaluated. The resulting Fe,MnO4/AC-H showed higher catalytic
activity in the methyl orange oxidation than Fe;04/AC-H. The effect of operational parameters (pH, cat-
alyst loading H,0, dosage and initial MO concentration) on degradation performance of the oxidation
process was investigated. Stability and reusability of selected catalyst were also tested.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, the pollution of water resources by the dyes from the
textiles industries has become a serious environmental problem
attracting much more attention. Most of the dyes used in the tex-
tiles industries are azo dyes with one or more azo bonds (-N=N-)
in association with one or more aromatic systems [1]. The removal
of azo dyes from wastewater is a challenge to the textiles industries
because the azo dyes are difficult to destroy by biological and con-
ventional chemical treatments due to their toxicity and stability.
Recently, advanced oxidation processes (AOPs) based on the gener-
ation of a free hydroxyl radical (OH*) which degrades most organic
pollutants quickly and non-selectively, are reported as a potential
alternative for the treatment of industrial wastewater containing
non-biodegradable organic pollutants. Among these AOPs, Fenton’s
Reagent (H,0,/Fe2* or Fe3*) seems to be a promising one due to its
low cost and environmental benignity. However, the application of
Fenton processes based on homogeneous ferrous or ferric salts usu-
ally suffers several drawbacks. These include the need of recovering
iron after the catalytic treatment, the limited pH range (pH 2-3) and
the catalyst deactivation by some iron complexing agents such as
phosphate anions and some intermediate oxidation products, etc.
[2-5]. To overcome these drawbacks, the heterogeneous catalysts
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based on incorporating Fenton'’s catalyst onto surfaces of different
supports have been developed and employed. For example, the use
of zeolite-immobilized Fe ions [5-11], Fe pillared clay [12-16], or
polymer supported Fe [17,18] for the degradation of dyes or other
organic compounds. Unfortunately, most of them showed relatively
low activities or the requirement of UV light for photocatalysis or
strong iron leaching due to low pH and low chemical stability of
the supports [19-22].

Recent studies [23-25] have shown that magnetite is the most
effective heterogeneous Fenton catalyst compared to other iron
oxides, possibly because it is the only one that has Fe2* in its struc-
ture, thus enhancing the production rate of OH® [25]. In addition,
Costa et al. [26,27] reported that the introduction of Co and Mn
into magnetite structure to form Fe3_,Cox04 and Fe3_,Mnyx04 may
strongly promote both the H,0, decomposition and the degra-
dation of organic compounds in an aqueous medium. Due to
their low cost, wide availability, high specific surface area and
porosity, chemical inertness and thermal stability, activated car-
bons (ACs) may be good supports for producing this kind of low
cost, high performance catalyst. To incorporate magnetic parti-
cles on AC, several methods such as high-energy milling [28],
reducing [29] and chemical coprecipitation [30-32] have been
developed. However, the magnetic activated carbons obtained
using these methods are only able to retain a low portion of the
porosity of the activated carbon because the pore space of the
activated carbon was blocked by the presence of magnetic par-
ticles which have a low surface area and microporous volume,
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(CHy),N N=N SO3Na

Fig. 1. Chemical structure of methyl orange.

whereas the new pore structures of the activated carbon were not
built.

Herein, in the present work we report a novel and simple
method for fabricating magnetic Fe,MO,4 (M:Fe, Mn) activated
carbons with high retained porosity. This method involves
first impregnating commercial activated carbons with a solu-
tion mixture containing magnetic precursors (Fe(NO3)3-9H,0 or
Fe(NO3)3-9H,0 and MnSO4-H,0) and a carbon modifying agent
(HNO3 20%). The impregnated activated carbons were then dried
and calcined to form the magnetic Fe,MO4 (M:Fe, Mn) particles.
The catalytic effect of the obtained magnetic activated carbons was
investigated in the Fenton oxidation of MO. Stability and reusability
of the Fe,MnO4/AC-H were also tested.

2. Experimental
2.1. Materials

Commercial coconut shell based activated carbon was provided
by Tra Vinh, Viet Nam. The activated carbon was sifted to 50-60
meshes before being used. For impregnating activated carbons,
MnSO4-H,0 and Fe(NOs3)3-9H,0 (obtained from Xilong Chemical
Factory, Quangdong) were employed as the magnetic precursors.
Nitric acid (HNO3 65%), which was used as a carbon modifying
agent, was purchased from Merck. For the Fenton oxidation, MO
was chosen as the model organic pollutant. The structure of the
dye is presented in Fig. 1. Hydrogen peroxide solution (>30%) used
as the Fenton agent was purchased from the Shanghai Chemical
Company.

2.2. Fabrication of magnetic activated carbon materials.

First, 20 g activated carbon was impregnated into a 40 mL solu-
tion mixture of Fe(NOs3)3-9H,0 (0.25mol) and HNO3 (20%) or
Fe(NO3)3-9H,0 (0.17 mol) and MnSO4-H,0 (0.08 mol) and HNO3
(20%) at room temperature for 24 h. Then, the impregnated acti-
vated carbons were filtrated and naturally dried at ambient
temperature. Finally, the dried activated carbons were treated at
600°C for 1h in the presence of nitrogen to form the magnetic
activated carbon materials. The obtained materials are denoted as
Fe304/AC-H and Fe;MnO4/AC-H, respectively. The synthesis of a
blank AC-H sample followed the same procedure except that the
impregnation solution was without the magnetic precursors. The
actual Fe and Mn mass contents in the materials were determined
in an atomic absorption spectrometer (GBC, Avanta, Australia). The
determination result is listed in Table 1.

2.3. Characterization of magnetic activated carbon materials

The XRD measurement was carried out on an XRD diffrac-
tometer (D8 Advance, Brucker, Germany). The patterns with
the Cu-Ka radiation (1=1.54051A) at 40kV and 40mA were
recorded in the region of 260 from 5° to 75°. Nitrogen adsorp-
tion and desorption isotherms were performed at —196°C in a
Brunauer-Emmett-Teller (BET) sorptometer (model: BET 201-A).
The BET surface area was deduced by analyzing the isotherm in the
relative pressure range of 0.05-0.3. Micropore volume (V yjcro) Was
calculated after applying the Dubinin-Radushkevich (DR) equa-
tion to the N, adsorption isotherm. Total pore volume (V;) was

obtained from the amount adsorbed at a relative pressure of 0.99
and the mesopore volume (Veso) Was determined as the differ-
ence between these two values. SEM was carried out by means of a
Hitachi S-4800 Scanning Electron Microscope (Hitachi Co., Japan).
The magnetic properties of the materials were studied with a VSP
(PPMS6000, US) at room temperature, and the hysteretic loop was
obtained in a magnetic field that varied from —7 T to +7 T. The pH at
point of zero charge, pHpzc, was carried out according to the follow-
ing method. A 0.1 M solution of NaCl was prepared using distilled
water, which was degasified by boiling for 30 min. Eleven different
standards having pH ranging from 2 to 12 were made using such a
solution. 0.5 g of sample was added to 20 mL of each solution, and
stirred overnight to reach equilibrium. The final pH was measured,
and plotted as a function of the initial pH of the solution. pHpzc was
determined as the pH of the NaCl solution that did not change after
the contact with the catalyst sample. The result is listed in Table 1.

2.4. Catalytic oxidation of methyl orange by H,05

The heterogeneous Fenton oxidation of MO was carried out in
a cylindrical Pyrex vessel (500 mL) placed in a water bath with a
magnetic stirrer. The catalyst was introduced into 200 mL methyl
orange solution with magnetic-stirring to maintain a uniform sus-
pension. After allowing 15 min for the adsorption/desorption of MO
to reach equilibrium, H,O, was added into the reactor and time
logged. Throughout the reaction, the reactant solution was adjusted
to constant pH with dilute aqueous HC10.01 M or NaOH 0.01 M solu-
tions. Samplings were taken at a given time intervals during the
reaction. Then samples were analyzed immediately after filtration
through 0.2 wm Millipore membrane filters to remove suspended
particles. For TOC analysis, all the samples were immediately
treated with scavenging reagent (0.1 M Na,;SO3, 0.1 M KH;PO4,
0.1 M KI and 0.05M NaOH) to obtain accurate TOC values [33].

2.5. Analytical methods

The concentration of MO was analyzed on UV-vis spectropho-
tometer (UV-1800, Shimadzu, Japan) with its adsorption at 465 nm
for samples that had pH>3 and at 500 nm for samples that had
pH < 3. To evaluate the mineralization of the MO, total organic car-
bon (TOC) was measured using a Shimadzu TOC-Vcpy Analyzer.
The leaching concentrations of Fe and Mn in the solution were
measured by an atomic absorption spectrometer (GBC, Avanta, Aus-
tralia).

3. Results and discussion
3.1. Characterization of samples

Fig. 2 shows the nitrogen adsorption and desorption isotherms
and the pore size distribution (inset) obtained for AC-H,
Fe304/AC-H and Fe;MnO4/AC-H. The mesopore and micropore size
distributions were calculated using the Dollimore-Heal (DH) and
Horvath-Kawazoe (HK) methods. The isotherms exhibit a feature
of type H4 hysteresis loop [34], this type of the hysteresis loop is
often associated with narrow slit pores and include pores in the
micropore region [35]. The DH and HK pore size analysis also shows
that for all samples the pore size distribution contains pores in
both micropore (<2 nm) and mesopore (2-20 nm) region (see Fig. 2,
inset).

The textural characteristics of the ACF-H, Fe304/AC-H and
Fe,MnO4/AC-H determined according to the isotherms are given
in Table 1. It is noteworthy to mention that in spite of the presence
of Fe304 particles which have a relatively small surface area and
pore volume compare to ACs, textural properties of the Fe304/AC-
H including specific surface area and total volume, mesopore and
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Table 1
The Fe, Mn contents, textural properties and pHpzc of the samples.
Sample Fe (wt%) Mn (Wt5%) Sger (m? g~1) Ve (cm3g1) Vinicro (cm® g~1) Vineso (cm?® g~1) PpHpzc
AC-H - - 919.53 1.0044 0.4759 0.5285 8.0
Fe304/AC-H 3.120 - 999.68 1.0365 0.5184 0.5181 9.0
Fe;MnO4/AC-H 2.647 0.933 806.30 0.8665 0.4150 0.4515 9.9
Fe304 ~72 - 291.30 0.3933 0.1562 0.2371 -
Fe;MnO4 ~48 ~24 82.38 0.3265 0.0434 0.2831 -

micropore is higher than those of AC-H. This is probably due to the
oxidation action of Fe(III) salt which plays a role as an activating
agent for carbon materials [36-41]. Oliveira et al. [41] found that
AC obtained with ferric salt as activating agent shows high spe-
cific surface area even at lower activation temperatures (280 °C).
Back to Fig. 2 (inset), another observation is that the mesopore size
distribution of the Fe304/AC-H is slightly wider than that of the AC-
H, which provides further evidence for the activating role of Fe(III)
salt. However, in the case of the Fe;MnO,4/AC-H, its textural proper-
ties slightly decrease. Compared with Fe304/AC-H, Fe,MnO4/AC-H
has much lower porosity. This probably has two causes. First, it
is attributed to the lower Fe(lIll) salt amount, leading to the pore
space built by the activating agent not being sufficient to cover
space blocked by the magnetic Fe,MnO4 particles. Second, it is
thought as Fe,MnOy4 particles have much smaller surface area and
pore volume compare to Fe304 particles. The first cause is less
likely because the difference in Fe contents of the Fe304/AC-H and
Fe,MnO4/AC-H is not significant (less than 5%). To study the sec-
ond cause, here we prepared Fe;04 and Fe;MnO,4 powder by using
coprecipitation method. 0.2 mol FeCl3 and 0.1 mol FeCl, or 0.1 mol
MnSO4 were dissolved in 100 mL of distilled water. Under vigorous
magnetic-stirring, raised the pH by adding 50% NaOH solution to
around 11. The suspension was heated at 100°C for 1h. The pre-
cipitate was washed several times with distilled water and dried
in a vacuum oven at 80°C for 5h. The dry material was crushed
and then calcinated at 350°C for 1h. The crystal phase structure

of prepared Fe304 and Fe;,MnO4 powder was confirmed with XRD
analysis (data not shown) and their textural properties were char-
acterized by nitrogen adsorption isotherms. The result is showed
in Fig. 2 and Table 1. As expected, Fe,MnO4 powder has a rela-
tively small surface area and microporous volume (82.38 m2g!
and 0.0433 cm?3 g1, respectively), whereas Fe304 powder has arel-
atively high surface area and microporous volume (291.30 m2 g~!
and 0.1562 cm?3 g1, respectively). Compared with the Fe304 pow-
der, the surface area of the Fe,MnO4 powder was observed to
reduce about 71.7%. This value is much higher than the 19.3% value
corresponding to reduction of the surface area of the Fe,MnO,4/AC-
H compared with Fe304/AC-H. This may be due to the difference in
Fe/Mn ratio of the Fe,MnO,4 powder and Fe;MnO4/AC-H samples
as well as the activating role of Fe(Ill) salt. The decrease in poros-
ity of the Fe,MnO,4 powder and Fe,MnO,4/AC-H may be also due to
using MnSO4.H;0 as the magnetic precursors, lead to the deposit
of SO42~ ions that are not yet removed inside the wormhole chan-
nels which would contribute to an increase of skeletal density and
a concomitant loss of void space, effectively lowering the surface
area per gram. This will be the aim of future work.

Fig. 3 shows XRD patterns for the Fe304/AC-H and Fe, MnO4/AC-
H samples. The AC matrix shows, for all samples, an amorphous
halo. The formation of the ferrite and manganese ferrite spinels was
confirmed from the XRD patterns for Fe304/AC-H and Fe,MnO4/AC-
H by comparison with JCPDS files 251402 and 100319 for Fe304 and
Fe,MnOQy, respectively.
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Fig. 3. XRD patterns of (a) Fe304/AC-H and (b) Fe,MnO4/AC-H samples.

The morphology of the samples was investigated by SEM and
shown in Fig. 4. It can be seen that the magnetic particles deposited
and formed new pores on AC. These pores may be a reason for
improving or maintaining the high surface area and porosity of
activated carbon in the presence of the Fe30,4 or Fe,MnQO4 particles

Fig. 5 and Table 2 show the room temperature magnetization
curves and the magnetization property data of the Fe304/AC-H
and Fe,MnO4/AC-H samples. The results obtained show, for both
samples, a similar behaviour in magnetic property. The saturation
magnetization (Ms), coercive field (Hc) and remanent magnetiza-
tion (Mr) of both Fe304/AC-H and Fe,MnO4/AC-H are lower than
those reported for bare Fe304 nanoparticles (Ms=58.94emug-!,
Hc=160.10e, Mr=7.4emug!) [42] and bare Fe,MnO,4 nanopar-
ticles (Ms=70emug-!, Hc=2000e, Mr=17emug-!) [43]. The
decrease could result from the existence of AC and the smaller size
of magnetic particles. The lower Hc values imply that they can be
separated easily by a magnet or an applied magnetic field. More-
over, after separating, they can be easily re-dispersed in a solution
for reuse due to their low Mr values. These results show that the
Fe304/AC-H and Fe;MnO4/AC-H materials can be manipulated by
an external magnetic field, such as a magnet (Fig. 5, inset), thus pro-
viding a potential advantage for the separation, recovery and reuse
of catalysts.

3.2. Degradation of MO by Fe,MO4/AC-H

First, the influence of the adsorption processes was determined
in experiments carried out without H,0,. As shown in Fig. 6, the
adsorptive balance of dye on all samples could be achieved in
the first 15 min of the process. Based on this result, the time for
adding H, 0, in the further tests was selected to be 15 min after the
addition of MO into reaction solution. The difference in the adsorp-
tion capacities of three samples is not significant. After reaching
equilibrium, about 34%, 30% and 28% of MO were adsorbed on
Fe,MnO4/AC-H, Fe304/AC-H and AC-H, respectively. Although the
Fe,MnO4/AC-H has a lower porosity as compared to the Fe304/AC-
H, its adsorption capacity is higher than that of Fe304/AC-H. This
can be associated with their pHpzc. pHpzc of the Fe;,MnO4/AC-H
was 9.9 (Table 1), higher than that of Fe304/AC-H (9.0) and so at

Table 2

The magnetic property of Fe304/AC-H and Fe;MnO4/AC-H samples.
Sample Hc (Oe) Mr (emug') Ms (emug1)
Fe304/AC-H 108 1.1 6.2
Fe;MnO4/AC-H 108 0.85 6.2

«2.00k SE(M,LAD)

)

DEVI) 11 /12009

Fig. 4. SEM images of (a) AC-H, (b) Fe504/AC-H and (c) Fe,MnO4/AC-H. The inset
shows the higher resolution images.

pH 4, the Fe,MnO,4/AC-H exhibited higher positive surface charge
compared to the Fe304/AC-H. Thus it attracted the C;4H14N303S~
anions stronger.

The removal of MO by adsorption and oxidation on the
Fe;MO4/AC-H with Hy0, is shown in Fig. 7. For AC-H, the MO
elimination is mainly attributed to the adsorption, but in the
case of FeoMnO4/AC-H and Fe304/AC-H, it is mainly attributed
to the catalytic degradation. The Fe,MnO4/AC-H has a much
higher MO degradation efficiency compared to the Fe;04/AC-H.
The Fe,MnO4/AC-H exhibited 100% MO degradation efficiency
within 90 min of reaction (after adding H,0,) while the degrada-
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Fig. 5. Hysteresis loops of (a) Fe304/AC-H and (b) Fe,MnO4/AC-H samples, the inset
shows photograph of the sample attracted by a magnet.

tion efficiency of Fe304/AC-H was 55%. However, the low activity
of Fe304/AC-H may not be solely attributed to low or high iron
loading because, in fact, we prepared Fe;04/AC-H samples with
low iron loading (1.6wt% and 2.6 wt%) and with relatively high
iron loading (5wt% and 9wt%) obtained by using the impregna-
tion with heating at 100°C to remove water vapor are still lower
than that of Fe,MnO4/AC-H. After 90 min of reaction, only about
46%, 51%, 56% and 58% of MO were degraded by Fe304/AC-H with
1.6 wt%, 2.6 wt%, 5wt% and 9wt% of Fe, respectively. The reason
for the increase in activity of the Fe,MnO4/AC-H for the Fenton
reaction is not yet clear, but may be explained by possible electron
transfer processes within the Fe,MnO,4 particles during the reac-
tion [26,27]. According to Costa et al. [26,27] the reduction of Mn3*
by Fe2* is thermodynamically favourable as shown by the following
equations:

Fe’t +1e” — Fe?t  E%= 0.77V (1)

1.0
—A— AC-H
—#%—Fe; 0,/AC-H
—&— Fe,MnO,/AC-H
0.8
c>0A6—
Q
©)
0.4 -
0.2
0.0 +————7— L L R

—— ——
0 20 40 60 80 100 120 140 160 180 200

t (min)
Fig. 6. MO removal by adsorption on AC-H, Fe304/AC-H and Fe,MnO4/AC-H sam-
ples. Experimental conditions: MO 50 mgL~", catalyst 2.5gL~!, T=302.0+ 1.0K and
pH4.0+0.1.
E0= 1.51V (2)

EC= 0.73V (3)

Mn3* + 1e” — Mn2*
FeZt + Mn3t — Fe3t + Mn2*

This reduction could take place by an electron transfer pro-
cess within the semiconductor oxide structure. Magnetite is a high
conductivity semiconductor with a narrow band gap (0.1 eV) with
almost metallic character (ca. 102-10% Q-1 cm~1) [44,45] which
is also important for electron transport. Therefore the efficient
regeneration of the surface Mn?* species by this process would be
responsible for the remarkable increase an activity of H, O, decom-
position and organic oxidation.

3.3. Effect of pH

The effects of pH on the MO removal by both Fe,MnO4/AC-
H and Fe304/AC-H were determined at a pH range of 3-7. The
results obtained (Fig. 8) show that for both samples used, the MO

1.0
—A— AC-H

i —#—Fe;0,/AC-H

—@—Fe,MnO /AC-H

T

0.6

C/CO

0.4
Reaction

Adsorption

0.2

0.0+

— T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180
t (min)

Fig. 7. MO removal by adsorption and oxidation on AC-H, Fe3;04/AC-H
and Fe;MnO4/AC-H samples. Experimental conditions: MO 50mgL-!, H,0,
1.8 x 1072 mol L1, catalyst 2.5gL~1, T=302.0+ 1.0K and pH 4.0 +0.1.
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Fig. 8. pH effect on the degradation of MO solution using Fe304/AC-H and
Fe;MnO4/AC-H. Experimental conditions: MO 50 mgL~!, H,0, 1.8 x 102 mol L,
catalyst 2.5gL~" and T=302.0+ 1.0K.

removal decreases when increasing the pH. This observation is con-
sistent with previously reported results [46,47]. In addition, the
Fe,;MnO4/AC-H catalyst is more active than the Fe304/AC-H one at
any pH studied (between 3 and 7). For example, at pH 3, about 97%
and 100% of MO are degraded by the Fe304/AC-H and Fe,MnO4/AC-
H catalysts respectively after 60 min of reaction. Fig. 8 also shows
the best results of the MO degradation for both catalysts at pH 3.
However, for Fe,MnO4/AC-H catalyst, its catalytic activity is still
kept up over pH 4. This is an important advantage because it is well
known that one major drawback of homogeneous Fenton process is
the narrow pH range (pH < 3) which is unfavourable in practice due
to the costs of acidification during processing and neutralization
after treatment. For these reasons, further experiments will be car-
ried out at pH 4 using the most promising catalyst, Fe,MnO4/AC-H.

3.4. Effect of catalyst loading

The impact of Fe;MnO4/AC-H dosage on the degradation of MO
was investigated in the range of 1.25-3.75gL~!. As shown in Fig. 9,
the degradation efficiency increased with the catalyst dosage up
to 2.5gL~1, and then slightly decreased upon further addition of
the catalyst. The same phenomenon has been reported by Liao
et al. [48]. The inhibition effect of iron and manganese species is
considered as the reason for this decrease because the scavenging
of hydroxyl radicals or other radicals will occur when presenting
excessive metal species, which can be expressed by the following
equations [48-51].

=M"+°*0OH - =M"+OH~  (M:FeorMn) (4)

=M" 4+ *OOH — =M"' + OOH~ (5)
3.5. Effect of H,0, dosage

Fig. 10 shows the effect of H,0, dosage in the range of
5.0 x 1073-3.7 x 10~2 mol L~! on the degradation of MO. The degra-
dation efficiency of MO increased with increasing concentrations of
H,0, from 5.0 x 103 molL~! to 1.8 x 10~2 mol L. The enhance-
ment of the degradation rate by addition of H,0, is due to an
increase in *OH radicals. However, it should be pointed out that
when the concentration of HO, was over 1.8 x 10~2 mol L1, the

1.0
—A—125gL"
—m—25gL’
0.8 —e—375gL"
0.6+
Reaction
[}
<
“ 049 5
=
=}
3
<
0.2+
0.0
— 77— 77—

0 20 40 60 80 100 120 140 160 180
t (min)

Fig. 9. The influence of Fe;MnO4/AC-H catalyst loading on the degradation of MO.
Experimental conditions: MO 50mgL-1!, H,0, 1.8 x 10-2molL~!, T=302.0+ 1.0K
and pH 4.0 +0.1.

degradation of MO decreased. This can be explained by the scaveng-
ing of *OH radicals at a higher H,0, dosage, leading to a decrease
in the number of *OH radicals in solution (Eqgs. (6) and (7)) [52].

H,0, + *OH — H,0 + *O0H (6)
*O0H + *OH — H,0 + 0 (7)

3.6. Effect of the initial MO concentration

The influence of various initial concentrations of MO on the
degradation process was investigated between 30mgL-! and
60 mgL~! MO solutions. The results obtained (Fig. 11) shown that
the degradation rate is decreased by increasing initial concen-
trations as expected, because the increase in dye concentration
will increase the number of dye molecules and competition with
the number of *OH radicals in the solution. It should be noted
that even at a high initial concentration of MO, for example,
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Fig. 10. Effect of H,0, concentration on the degradation of MO. Experimental con-
ditions: MO 50 mg L1, Fe,MnO4/AC-H 2.5g L1, T=302.0+ 1.0K and pH 4.0 £0.1.
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Fig. 11. Effect of the initial-concentration of MO on the degradation rate.
Experimental conditions: H;0, 1.8x1072molL"!, Fe;MnO4/AC-H 2.5gL",
T=302.0+1.0Kand pH4.0+0.1.

60 mol L1, the degradation can also be achieved at about 100% after
90 min.

3.7. The analysis of reaction products in degradation process

The absorption spectra of MO were scanned in the range
190-700 nm, as given in Fig. 12. Regarding the MO spectrum, it
is characterized by one band in the ultraviolet region located at
270nm and by one band in the visible region located at 465 nm.
The UV band is attributed to the 7 — 7* transition of the aromatic
rings in the MO molecule is the characteristic of two adjacent rings,
whereas the band in the visible region originates from a conjugated
structure formed by the azo bond under the strong influence of
the electron-donating dimethylamino group [53]. Obviously, both
bands located at 465 and 270 nm decreased rapidly following reac-
tion time and tended to disappear after 120 min of reaction, without
the appearance of new adsorption bands in the visible region. This
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Fig. 12. UV-vis spectral changes of the 50 mgL-! MO solution in degradation pro-
cess as a function of reaction time in the presence of 2.5gL~' Fe,MnO4/AC-H,
1.8 x 1072 molL~! H,0; at T=302.0+ 1.0K and pH 4.0+ 0.1.
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Fig. 13. Comparison of MO and TOC removal of 50mgL-' MO obtained using
2.5gL! Fe;MnO4/AC-H and 1.8 x 10-2molL~! H,0, at T=302.0+1.0K and pH
4.0+0.1.

reflects that the degradation of the MO was practically complete.
However, the spectrum in the range of 190-250 nm shows that
the MO was not completely mineralized, even though the absorp-
tion intensity was reduced within the range. The conclusion was
further confirmed by TOC result. As shown in Fig. 13, the TOC reduc-
tion was significantly lower than MO degradation. After 120 min
the MO degradation reached 100% while the TOC reduction only
reached around 59%. The result implies that significant amounts of
intermediates still remain in the solution.

3.8. Stability and reuse of catalyst

Fig. 14 shows the MO degradation on the Fe,MnO4/AC-H in
three consecutive experiments. Between each experiment, the cat-
alyst was separated from the solution by filtration, washed with
deionized water, and dried at 100°C over night. It is seen that
the initial catalytic activity of Fe,MnO4/AC-H decreased gradu-
ally during these three runs. This initial loss of activity may be
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Fig. 14. Reuse of catalyst. Experimental conditions: MO 50mgL-!, H,0,
1.8 x 102 mol L1, Fe;MnO4/AC-H 2.5gL~1, T=302.0+ 1.0K and pH 4.0+ 0.1.
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due to the difficulty in completely removing residual by-products
and reactants from active catalytic sites using the washing and
drying processes. The catalyst deactivation can also be explained
by the decay of active catalytic sites caused by small amounts of
leached iron and manganese from the catalyst surface [10,54,55].
The concentrations of leached iron and manganese after each recy-
cling were found to be about 0.47 mgL-',0.30mgL~!,0.26 mgL!,
0.22mgL-1, and 0.23mgL-! and 0.20 mgL~1, which corresponds
to around 0.71wt%, 1.28 wt%, 0.26 wt%, 0.95wt%, and 0.35wt%
and 0.87 wt% of the actual loss percentage of leached iron and
manganese after each recycling, providing evidence for this expla-
nation. However, when a mixture containing 0.5mgL~! Fe3* and
0.5mgL-! Mn?* ions was employed as a homogeneous catalyst
for the Fenton reaction under the same condition, the MO was
not significantly decomposed within 20 min. Therefore the MO
degradation is considered as, essentially, a heterogeneous Fen-
ton reaction. Further research is necessary to enlighten the causes
of catalyst deactivation in order to diminish this problem and to
develop some efficient regeneration procedure.

4. Conclusions

In summary, we have presented a simple and efficient method
for the preparation of magnetic Fe,MO,4 (M:Fe and Mn) activated
carbons by impregnating the activated carbon with simultaneous
magnetic precursor and carbon modifying agent followed by cal-
cinations. The obtained magnetic activated carbons thus exhibit
high surface areas and porosities and can be manipulated eas-
ily by an external magnetic field. The Fe;MnO4/AC-H exhibited
enhanced activity in Fenton oxidation of methyl orange compared
with the Fe304/AC-H sample. It was found that 100% degradation
and 59% TOC removal of 50 mgL~! MO could be achieved by using
Fe;MnO4/AC-H in 120 min of reaction. Stability of the catalyst was
demonstrated in up to three consecutive experiments showing that
the reaction is essentially heterogeneous. An additional advantage
of this method is using HNO3 as a carbon modifying agent which
is possible to functionalize the carbon surface by forming carboxyl
groups [56-59] and these magnetic activated carbons thus could
be used for advanced applications in areas such as the fabrica-
tion of high performance catalysts or the selective separation of
biomolecules. On the other hand, the modification also makes bind-
ing between the magnetic particles and carbon become stronger.
This may be a reason for low Fe and Mn leaching.
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