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Adsorbent/ferrite composites can adsorb and degrade organics in the organic wastewater treatment. In
this study, a rice hull/MnFe, 04 composite (RHM) was prepared via calcination under nitrogen atmosphere
and was used to treat organic wastewater with the assistance of microwave radiation. Rice hull was
pyrolysed to a porous substrate that consisted of silica and activated carbon under high temperature.
Monodisperse spinel MnFe, 04 nanoparticles whose mean diameter is around 59 nm are distributed on
the substrate. With the assistance of microwave radiation, RHM was motivated to a hotspot of adsorption
and catalysis which could remove more than 70% COD of wastewater within 6 min. The maximum COD
removal was 73.5% when the concentration of RHM was 15 mg mL-! and the irradiation time of microwave
radiation was 6 min. Although the BET surface area and iodine value of RHM are half of rice hull ash (RHA),
the COD removal of RHM is 7-20% higher than that of RHA. It is attributed to the presence of MnFe; 04,
which enhances the catalytic activity of RHM. RHM can be regenerated via water washing. However,
the surface area and the maximum COD removal of RHM decrease for each regeneration cycle. With the
advantages of low cost and rapid processing, this novel rice hull/MnFe, 04 composite could gain promising
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application in wastewater treating-agent.
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1. Introduction

Chemical oxygen demand (COD) is a main parameter widely
used to estimate the organic content of wastewater; high COD
values suggest high organic pollutions in aqueous systems [1].
Developer wastewaters produced from printed circuit board (PCB)
industry are rich in organic matter and thus have high COD values of
1000-20,000mg L. They are difficult to treat and toxic to aquatic
life and humans [2,3]. Conventional treatments for these organic
wastewaters include biodegradation [4,5], acidification [6], electro-
chemical technologies [7], chemical precipitation [8,9], adsorption
by activated carbon [10,11], ozonation and oxidation [12-14] and so
on. Nevertheless, these technologies are limited by high operating
costs, low treatment efficiencies, or sensitive operating conditions.

Due to its porous structure and special surface reactivity, acti-
vated carbon is well used as adsorbent in air and water purification
and catalyst in the chemical and petrochemical industries [15]. It
has advantages of chemical stability and facile usage [16]. Many
carbonaceous materials, such as petroleum coke, sawdust, lignite,
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coal, peat, wood, charcoal, nutshell, and fruit pits, can be used
for the manufacture of activated carbon. Rice hull, in particular,
is the milling byproduct of rice and is a major waste material of
the agricultural industry [17]. Dry rice hull contains 70-85% of
organic matter and the remainder consists of silica. The abundance
and low cost make rice hull as good precursor candidate for acti-
vated carbon. For instance, rice hull will transform to rice hull ash
that consisted of silica and activated carbon when pyrolysed under
inert atmosphere [18,19]. Moreover, the silica can be removed from
rice hull via acidification or alkali treatment, resulted in pure acti-
vated carbon. Both rice hull ash and activated carbon can effectively
adsorb heavy metals and organics in wastewater treatment and can
economically yield high quality water [20-22]. However, the disad-
vantages of limited treatment capacity and long processing period
restrict the applications of activated carbon.

Microwave is a form of electromagnetic energy with associated
electric and magnetic fields. Since World War II, there have been
major developments in the use of microwaves for heating selec-
tive materials. Compared with conventional heating techniques,
microwave heating has advantages of rapid heating, ease of control,
enhanced chemical reactivity, reduced equipment size and waste,
and soon [23,24]. The spinel ferrites, MFe, 04 (where M = Co, Ni, Mn,
Mg, etc.), is a well-known microwave ferrite material with a partial
inverse spinel structure. When the microwaves are applied to spinel
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Table 1
Characteristics of COD-rich wastewater.

Initial After neutralization
pH 0.28 9.33 11.33
COD value 2088 +20mgL! 2050 +25mgL! 2052 + 18 mgL!
Acrylic acid epoxy resin 562 +12mgL-! 560 +10mgL-! 563 +=10mgL-!
Trimethylolpropane triacrylate 307 +7.5mgL! 310 +9mgL-! 308 +6mgL!
N-vinyl pyrrolidone 150 £5mgL! 150 £6mgL! 153 £10mgL!
Polyether 29+02mglL! 3.0+03mgL! 29+02mglL!
EDTA-4Na 270 +12mgL! 272 +8mglL! 276 +15mgL!

ferrites, the dipoles align and flip around since the applied field is
alternating. Subsequently, the ferrites are selected heated rapidly.
On the other hand, spinel ferrites have excellent structural stability
and catalytic ability because the ferrite can be reduced to a cation-
excess composite AFe;04_5 (§<1) and re-oxidized to initial while
keeping its spinel structure [25,26]. Ferrite catalysts have been
employed in various reactions such as organic dehydrogenation,
catalytic oxidation, fenton reaction, and CO, reduction [27-30].
Therefore, ferrite will be selectively heated and show excellent cat-
alytic ability when heated by microwave radiation.

In the past years, many researches have focused on the adsor-
bent/ferrite composites to obtain wastewater treating-agents with
both adsorption and catalytic abilities. For example, Suzuki and co-
workers synthesized an active carbon-supported lithium ferrite via
high temperature treatment and applied it as catalyst in oxidative
dehydrogenation of ethylbenzene [31]. Ikenaga et al. prepared an
activated carbon-supported zinc ferrite for hot-gas cleaning [32,33].
Furthermore, CuFe;04/activated carbon has been prepared and can
adsorb and catalytic degrade acid orange Il in the wastewater treat-
ment [34].

In this study, we reported a novel rice hull/MnFe,04 compos-
ite (RHM) which composed of activated carbon, silica, and spinel
manganese ferrite. Under the assistance of microwave radiation,
RHM will be selectively heated to be hotspots of adsorption and
catalytic degradation for organics. As a result, more than 70% COD
of wastewater will be removed within 6 min.

2. Materials and methods
2.1. Materials

Ethanol (C;H50H, CAS number 64-17-5, AR), manganese nitrate
50% solution (Mn(NO3),, CAS number 10377-66-9, AR) and ferric
nitrate (Fe(NOs3)3-9H, 0, CAS number 7782-61-8, AR) were supplied
by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and
were used without further treatment. Rice hull was obtained from
Quzhou, Zhejiang province and was washed thoroughly to remove
impurities before usage. The organic wastewater was supplied by
YanTat Printed Circuit Co., Ltd. (ShenZhen, China). It was a pho-
toresist developer wastewater produced from printed circuit board
(PCB) industry, with initial COD concentration of 2088 mgL~! and
acid concentration of0.52 mol L~! (pH 0.28). The main organic com-
ponents of this wastewater are photosensitive resin and EDTA-4Na.
The wastewater was neutralized by calcium hydroxide (Ca(OH),)
before using. The pH value was greater than 7 and the COD value
and compositions of wastewater were kept invariant after the neu-
tralization (Table 1).

2.2. Preparation of RHM and RHA

In a typical procedure, 11.8 mLMn(NO3), 50% solution
(0.05mol) and 40.4gFe(NO3)3-9H,0 (0.1 mol) were dissolved
in 200mL ethanol under continuous stirring. The mixture was
poured onto 50 g rice hull and vigorously stirred for 15 min. Then
the product was dried at 70°C in a temperature-controlled oven

and calcined at 950°C for 2 h under a nitrogen atmosphere with a
heating rate of 30 °Cmin~". After cooled to room temperature, rice
hull/MnFe,04 composite (RHM) was obtained. For comparison,
rice hull was directly calcined at 950°C for 2 h under a nitrogen
atmosphere with a heating rate of 30°Cmin~'. The product was
named rice hull ash (RHA).

2.3. Treatment of organic wastewater

We used RHM and RHA to treat organic wastewater, and inves-
tigated the effects of sample dosage and microwave heating on the
COD of wastewater. The detailed processes are described as follows.

Sample dosage: a certain amount of RHM or RHA was added into
100 mL wastewater. The wastewater was heated by a WP700(21)
domestic microwave oven (Galanz, China) with microwave fre-
quency of 2450 MHz and output power of 700 W for 6 min without
other treatments. The dosage of samples varied from 5mgmL-! to
30 mg mL~1. The experiment was repeated for three times. The COD
value of wastewater was measured after each treatment.

Microwave treatment: 2 g RHM or RHA was added into 100 mL
wastewater. The wastewater was heated by 700 W microwave
radiation for 1-12 min. For comparison, 100 mL wastewater was
treated by 2g RHM or RHA for 3 min under room temperature
without microwave radiation, and another 100 mL wastewater was
heated by microwave radiation for 1-12 min without RHM or RHA
added. By adjusting the microwave power from 120W to 700 W,
the influence of microwave power on the COD of wastewater was
investigated by heating 100 mL wastewater for 6 min with 2 g RHM
added. Each treatment was repeated for three times. The COD value
of wastewater was measured subsequently.

2.4. Regeneration

For regeneration, RHM was washed by tap water for three times
and dried at 60°C for 5 h in a temperature-controlled oven.

2.5. Characterization of samples

The phase purity and crystal structure of the samples were deter-
mined by a D/max 2550 X-ray diffractometer (Rigaku, Japan) with
Cu Ka radiation (A =0.15406nm) at a scan rate of 0.02°s~1. The
operation voltage and current were maintained at 40 kV and 34 mA,
respectively. The surface morphologies of the samples were stud-
ied by an S-4800 scanning electron microscope (Hitachi, Japan) at
an accelerating voltage of 5.0 kV. Surface areas of the samples were
measured by nitrogen adsorption at 77 K using a Coulter OMNISORP
surface area and pore analyzer. Bulk density was determined using
the following method: a 50 mL cylinder was filled to a specified
volume with the samples that had been dried in a temperature-
controlled oven at 80 °C overnight. The cylinder was tapped for at
least 1-2 min to compact the samples, and then weighed. The bulk
density was calculated as:

_ weight of dry sample (g)
"~ volume of packed dry sample (cm3)

bulk density (gcm3)
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Fig. 1. XRD patterns of rice hull ash (RHA) and rice hull/MnFe; 04 composite (RHM).

The particle size and iodine value of RHM and RHA were deter-
mined according to the China National Standard GB/T7702-1997.
The COD of the wastewater was determined according to the China
National Standard GB11914-89 - “Water quality — Determination of
the chemical oxygen demand - Dichromate method.”

3. Results and discussion
3.1. Characterization of as-synthesized samples

To identify the crystalline structure and compositions of the
samples, XRD analysis is performed on RHM and RHA (Fig. 1). As
seen in Fig. 1, Bragg reflections for RHA can be indexed to a pure
cristobalite phase (SiO;, JCPDF# 82-0512). No other phases includ-
ing carbon can be found in the XRD pattern of RHA, suggesting that
the organics of rice hull has been carbonized to amorphous car-
bon that cannot be detected by X-ray diffraction. Compared with

RHA, RHM yield an XRD pattern that contains additional diffrac-
tion peaks at 260 =17.9°,29.6°, 34.9°, and so on, which can be steadily
indexed to jacobsite (MnFe;0g4, JCPDF# 74-2403). Calculated from
the manganese ferrite (31 1) peak corresponding to 26 =34.936°,
the Scherrer analysis [35] indicates that the average grain size of
MnFe;04 particles is ~22 nm.

Fig. 2A-C shows the SEM images of RHM and RHA. Many pores
pervade the surface and inner part of RHA, varying from 0.3 pm to
30 wm in diameter and slit-like to ellipsoidal in shapes (Fig. 2A).
These pores are formed by the decomposition and carbonization of
organics under high temperature treatment with nitrogen atmo-
sphere. Because the preparation conditions of RHA and RHM are
identical, the surface morphology of rice hull-based substrate in
RHM should be similar with RHA. However, the appearance of
RHM is largely different from RHA (Fig. 2B). The surface of RHM
is smooth and merely shows several holes with ~5 wm in diame-
ter. It is attributed to the fact that the pores that generated from
the decomposition and carbonization of rice hull were filled by
the simultaneously formed MnFe,04. MnFe,0,4 nanoparticles with
various diameters are densely distributed on the surface of rice
hull-based substrate (Fig. 2C). The size distribution pattern of these
particles (Fig. 2, right bottom) indicates that 73% particles are less
than 100nm in diameter. The maximum, minimum, and mean
diameters are 904 nm, 17 nm, and 59 nm, respectively. These nano-
scale MnFe,04 particles will enhance the chemical activity and
catalytic ability of RHM due to the surface effect of nanomateri-
als.

Table 2 shows the physical characteristics of RHA and RHM.
The relatively high surface area (433.90m2 g~ ') and iodine value
(325mgg~!), and low bulk density (0.19gcm—3) of RHA indicate
that RHA is a porous material with good adsorption capacity, coin-
ciding with the SEM observations. The surface area and iodine value
of RHM are half of RHA. However, the bulk density of RHM is twice
than RHA, and the particle size of RHM is higher than that of RHA.
These results indicate that the presence of MnFe,04 will help to
retain the initial morphology of rice hull and increase the density of
products. More importantly, the presence of MnFe, 04 will decrease
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Fig. 2. SEM patterns of (A) rice hull ash (RHA) and (B and C) rice hull/MnFe,04 composite (RHM). The right bottom pattern is the size distribution of MnFe;O4 particles that

calculated from (C).
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Table 2
Physical characteristics of RHM and RHA.

Samples Bulk density (gcm—3) Particle size (mm) Iodine value (mgg') BET surface area (m? g 1)
RHA 0.19 + 0.01 0.24 + 0.01 325+3 43390 + 9.17
RHM 0.39 £+ 0.01 0.31 + 0.01 151+ 4 214.54 + 5.20
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Fig. 3. Variations of the COD removal of wastewater as a function of sample dosage.
The wastewater was treated by RHM or RHA with microwave radiation for 6 min.
The initial COD of wastewater was 2050 mgmL~".

the adsorption ability of RHM because of the decreased BET surface
area and iodine value.

3.2. Effect of sample dosage on the COD of wastewater

Fig. 3 shows the effect of sample dosage ranging from 5 mg mL~!
to 30 mg mL~! on the COD removal of wastewater. The COD removal
increases significantly with the dosage of RHM or RHA when the
dosage was less than 20 mg mL~!. Thereafter, its removal changes
slightly and maintains at 73% (RHM) or 66% (RHA). Compared with
RHA, the COD removal of RHM is higher at identical dosages. For
instance, the COD removal of RHM is around 18% higher than that
of RHA when the sample dosage is 5 mg mL~!. The maximum COD
removal of RHM (73.5%, at dosage of 15mgmL-1) is around 7%
higher than that of RHA (66.5%, at dosage of 25 mgmL~1). In addi-
tion, we investigated the adsorption abilities of RHM and RHA to the
COD removal for wastewater by impregnating 2 g RHM or RHA into
the organic wastewater without microwave-assisted. The results
show that after impregnated for 2.5 h, both RHM and RHA will reach
their maximum COD removals by adsorption, which is 46.5% for
RHM and 64.2% for RHA. This result coincides with the surface area
and iodine value of RHA (433.90 m2 g~!) and RHM (214.54m? g~ 1),
indicating that RHA present stronger adsorption ability than that
of RHM. Therefore, the catalytic ability of RHM is much stronger
than that of RHA, attributed to the presence of MnFe;04. Organics
were adsorbed to the surface of RHM and then catalytic degraded by
the ferrite nanoparticles during the wastewater treatment, which
is consistent with former researches [31,34].

3.3. Effect of microwave treatment on the COD of wastewater

Fig. 4 shows the variations of the COD of wastewater as a func-
tion of microwave heating time. When the wastewater was treated
by 20mgmL-! RHM or RHA without microwave heating, the COD
removal is less than 7%, which is attributed to the inadequate con-
tract between RHM and organics. When the microwave radiation
was added, the COD removal increases considerably in the first
3 min, from 41% to 72% for RHM and 19% to 60% for RHA. Thereafter,
it changes little and maintains at around 73% for RHM and around

Microwave heating time (min)

Fig. 4. Variations of the COD removal of wastewater as a function of microwave
heating times. The wastewater was treated by 20 mg mL~' RHM or RHA. The initial
COD of wastewater is 2050 mg mL~!. “0 min” represents for wastewater treatment by
20 mg mL~! RHM or RHA for 3 min at room temperature without microwave heating,
while other conditions were kept invariant. The bottom line represents the COD
removal of wastewater that without RHM or RHA added.

65% for RHA. On the other hand, extremely low COD removals were
obtained when the wastewater was heated by microwave radia-
tion without RHM or RHA added. The COD removal is below 1% in
the first 4 min. Thereafter, because the wastewater was heated and
started to boil, the COD removal starts to increase and reaches 6.3%
after 12 min.

As described in the above section, both RHM and RHA will reach
their maximum COD removal by adsorption after impregnated for
2.5h without microwave-assisted. However, as observed in the
microwave treatment, RHM and RHA will reach their maximum
COD removal within 6 min under the assist of microwave radiation,
and the resulting COD removals (73.7% for RHM and 66.5% for RHA)
are much higher than that of by impregnating for 2.5 h (46.5% for
RHM and 64.2% for RHA). It is contributed to two reasons. First,
microwave radiation will selectively heat and motivate some spe-
cial materials such as active carbon and magnetic materials to be
hotspots [36], which will adsorb and catalytic degrade the organics
of wastewater rapidly. Second, the quantum energy of microwave
can motivate the rotation of molecules and decrease the activa-
tion energy of reactions, which facilitates the breaking of chemical
bonds and the adsorption of RHM or RHA for organics [37,38]. The
microwave power affect significantly on the adsorption and cataly-
sis efficiency of RHM. As shown in Fig. 5, the maximum COD removal
increases almost linearly with the microwave power, suggesting
that microwave provides the energy to enhance the adsorption and
catalytic abilities of RHM and increase the contract between RHM
and organics. Note that RHM reaches its maximum COD removal
earlier than RHA does and the COD removal of RHM is higher than
that of RHA at all periods, indicating that RHM is easier to be heated
by the microwave radiation. It is still attributed to the presence of
MnFe;04.

3.4. Regeneration of RHM

Regeneration of RHM is necessary so that it can be reused for
repeated COD removal. In this study, we regenerated RHM via wash-
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Fig. 5. Effect of microwave power on the COD removal of wastewater when
microwave heated for 6 min with 20 mg mL~! RHM added.
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Fig. 6. Variations of the COD removal and BET surface area of RHM as a function of
regeneration cycles.

ing, and investigated the variations of COD removal and BET surface
area of RHM as a function of regeneration cycles (Fig. 6). The BET
surface area of RHM decreases as the number of regeneration cycle
increases. The extent of this decrease is greatly for the first three
regeneration cycles, from 214 m2 g~ to 120 m2 g~!. Thereafter, the
surface area changes slightly and maintains at around 115 m2 g~!
after regenerated for five times. The COD removal of RHM varies
with its surface area. The COD removal decreases greatly from
72.4% to 60.6% for the first three times, and maintains at around
60% afterwards. Because active carbon is difficult to regenerate and
the regeneration conditions are commonly severe, water washing
should be the most economical method to regenerate RHM.

4. Conclusions

In conclusion, we prepared a rice hull/MnFe,04 composite
(RHM) which composed of activated carbon and ferrite. The sub-
strate of RHM is pyrolytic rice hull, where monodisperse MnFe; 04
nanoparticles distributed. This novel composite can remove more
than 70% COD of wastewater within 6 min under the assistance of
microwave radiation, and it can be used repeatedly. Because the
resources of RHM including rice hull, manganese nitrate, and fer-
ric nitrate are extensive, and theirs costs are low, RHM is a feasible
wastewater treating-agent with advantages of low production cost
and facile usage. Nevertheless, there are still some limitations. For
instance, the treating efficiency of RHM is limited with maximum
COD removal of 73.5%, and the COD removal mechanism of RHM has

not been proved. In the following studies, researches on the prepa-
ration conditions of RHM, wastewater treatment of RHM assisted
by such as UV/O3 oxidation, biodegradation and electrochemical
methods will be preferred. It is hoped that RHM will be an econom-
ical and effective wastewater treating-agent after resolved these
problems.

Acknowledgements

The authors are grateful to Dr. Zhang Wei-Rui for his help. We
also thank YanTat Printed Circuit Co., Ltd. for providing the COD-rich
wastewater and research funding.

References

[1] Z.Hu, D. Grasso, Water Analysis: Chemical Oxygen Demand, 2005, pp. 325-330.

[2] G.]Jungclaus, V. Avila, R. Hites, Organic compounds in an industrial wastewater:
a case study of their environmental impact, Environ. Sci. Technol. 12 (1978)
88-96.

[3] M. Pera-Titus, V. Garcia-Molina, M.A. Banos, J. Gimenez, S. Esplugas, Degrada-
tion of chlorophenols by means of advanced oxidation processes: a general
review, Appl. Catal. B 47 (2004) 219-256.

[4] M. Bajaj, C. Gallert, ]J. Winter, Biodegradation of high phenol containing syn-
thetic wastewater by an aerobic fixed bed reactor, Bioresour. Technol. 99 (2008)
8376-8381.

[5] TM. Lapara, J.E. Alleman, Thermophilic aerobic biological wastewater treat-
ment, Water Res. 33 (1999) 895-908.

[6] H.Q. Yu, H.H.P. Fang, Thermophilic acidification of dairy wastewater, Appl.
Microbiol. Biotechnol. 54 (2000) 439-444.

[7] G.H. Chen, Electrochemical technologies in wastewater treatment, Sep. Purif.
Technol. 38 (2004) 11-41.

[8] Z.Q.Jia, Y.Li, S. Lu, H.Z. Peng, ].Y. Ge, S.D. Chen, Treatment of organophosphate-
contaminated wastewater by acidic hydrolysis and precipitation, J. Hazard.
Mater. 129 (2006) 234-238.

[9] N.Wright, M. Potter, N. Bains, M. Goosey, A new method for destroying organic
contaminants and recycling waste water from printed circuit board manufac-
turing process effluent streams, Circuit World 29 (2003) 34-41.

[10] R.R.Bansode, J.N. Losso, W.E. Marshall, R.M. Rao, RJ. Portier, Pecan shell-based
granular activated carbon for treatment of chemical oxygen demand (COD) in
municipal wastewater, Bioresour. Technol. 94 (2004) 129-135.

[11] X. Wang, N. Zhu, B. Yin, Preparation of sludge-based activated carbon and its
application in dye wastewater treatment, J. Hazard. Mater. 153 (2008) 22-27.

[12] P.R. Gogate, A.B. Pandit, A review of imperative technologies for wastewater
treatment I: oxidation technologies at ambient conditions, Adv. Environ. Res. 8
(2004) 501-551.

[13] J.L. Gong, Y. di Liu, X.B. Sun, O3 and UV/O3 oxidation of organic constituents of
biotreated municipal wastewater, Water Res. 42 (2008) 1238-1244.

[14] S.Meric, D. Kaptan, T. Olmez, Color and COD removal from wastewater contain-
ing Reactive Black 5 using Fenton’s oxidation process, Chemosphere 54 (2004)
435-441.

[15] K.P. Gadkaree, Carbon honeycomb structures for adsorption applications, Car-
bon 36 (1998) 981-989.

[16] R.C. Bansal, J.B. Donnet, F. Stoeckli, Active Carbon, Marcel Dekker, New York,

8

[17] M. Fang, L. Yang, G. Chen, Z. Shi, Z. Luo, K. Cen, Experimental study on rice
husk combustion in a circulating fluidized bed, Fuel Process. Technol. 85 (2004)
1273-1282.

[18] A. Daifullah, B.S. Girgis, H. Gad, Utilization of agro-residues (rice husk) in small
wastewater treatment plans, Mater. Lett. 57 (2003) 1723-1731.

[19] L.G. Markovska, L.A. Lyubcheyv, A study on the thermal destruction of rice husk
in air and nitrogen atmosphere, J. Therm. Anal. Calorim. 89 (2007) 809-814.

[20] O. loannidou, A. Zabaniotou, Agricultural residues as precursors for activated
carbon production—a review, Renew. Sust. Energ. Rev. 11 (2007) 1966-2005.

[21] M. Soleimani, T. Kaghazchi, Agricultural waste conversion to activated carbon
by chemical activation with phosphoric acid, Chem. Eng. Technol. 30 (2007)
649-654.

[22] Y.P. Guo, J.R. Qi, S.E. Yang, K.E. Yu, Z.C. Wang, H.D. Xu, Adsorption of Cr(VI) on
micro- and mesoporous rice husk-based active carbon, Mater. Chem. Phys. 78
(2003) 132-137.

[23] K.E.Haque, Microwave energy for mineral treatment processes—a brief review,
Int. J. Miner. Process. 57 (1999) 1-24.

[24] D.A. Jones, T.P. Lelyveld, S.D. Mavrofidis, S.W. Kingman, NJ. Miles, Microwave
heating applications in environmental engineering—a review, Resour. Conserv.
Recy. 34 (2002) 75-90.

[25] X. Ge, ].Q. Chen, H.L. Zhang, Preparation, characterization and catalytic activity
of the spinel ferrites, Chin. J. Inorg. Chem. 15 (1999) 727-731.

[26] Y. Tamaura, M. Tahata, Complete reduction of carbon dioxide to carbon using
cation-excess magnetite, Nature 346 (1990) 255-256.

[27] K. Faungnawakij, Y. Tanaka, N. Shimoda, T. Fukunaga, R. Kikuchi, K. Eguchi,
Hydrogen production from dimethyl ether steam reforming over composite
catalysts of copper ferrite spinel and alumina, Appl. Catal. B 74 (2007) 144-151.



S. Lv et al. / Journal of Hazardous Materials 171 (2009) 634-639 639

[28] O.A. Fouad, K.S. Abdel Halim, M.M. Rashad, Catalytic oxidation of CO over syn-
thesized nickel ferrite nanoparticles from fly ash, Top. Catal. 47 (2008) 61-65.

[29] C.S. Hwang, N.C. Wang, Preparation and characteristics of ferrite catalysts for
reduction of CO,, Mater. Chem. Phys. 88 (2004) 258-263.

[30] T. Valdés-Solis, P. Valle-Vigén, S. Alvarez, G. Marban, A.B. Fuertes, Manganese
ferrite nanoparticles synthesized through a nanocasting route as a highly active
Fenton catalyst, Catal. Commun. 8 (2007) 2037-2042.

[31] M. Sugino, H. Shimada, T. Turuda, H. Miura, N. Ikenaga, T. Suzuki, Oxidative
dehydrogenation of ethylbenzene with carbon dioxide, Appl. Catal. A 121 (1995)
125-137.

[32] N. Ikenaga, N. Chiyoda, H. Matsushima, T. Suzuki, Preparation of activated
carbon-supported ferrite for absorbent of hydrogen sulfide at a low temper-
ature, Fuel 81 (2002) 1569-1576.

[33] N.Ikenaga, Y. Ohgaito, H. Matsushima, T. Suzuki, Preparation of zinc ferrite in
the presence of carbon material and its application to hot-gas cleaning, Fuel 83
(2004) 661-669.

[34] G.S. Zhang, J.H. Qu, HJ. Liu, A.T. Cooper, R.C. Wu, CuFe,04/activated carbon
composite: a novel magnetic adsorbent for the removal of acid orange II and
catalytic regeneration, Chemosphere 68 (2007) 1058-1066.

[35] B.D. Cullity, ]JW. Weymouth, Elements of X-ray diffraction, Am. ]. Phys.
25 (1957) 394.

[36] A. Kakirde, B. Sinha, S.N. Sinha, Development and characterization
of nickel-zinc spinel ferrite for microwave absorption at 2.4GHz,
Bull. Mater. Sci. 31 (2008) 767-770.

[37] X.L. Zhang, D.O. Hayward, Applications of microwave dielectric heat-
ing in environment-related heterogeneous gas-phase catalytic systems,
Inorg. Chim. Acta 359 (2006) 3421-3433.

[38] JW. Tang, T. Zhang, D.B. Liang, H.H. Yang, N. Li, LW. Lin, Direct decom-
position of NO by microwave heating over Fe/NaZSM-5, Appl. Catal. B
36(2002) 1-7.



	Rice hull/MnFe2O4 composite: Preparation, characterization and its rapid microwave-assisted COD removal for organic wastewater
	Introduction
	Materials and methods
	Materials
	Preparation of RHM and RHA
	Treatment of organic wastewater
	Regeneration
	Characterization of samples

	Results and discussion
	Characterization of as-synthesized samples
	Effect of sample dosage on the COD of wastewater
	Effect of microwave treatment on the COD of wastewater
	Regeneration of RHM

	Conclusions
	Acknowledgements
	References


