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a b s t r a c t

Fe3O4 magnetic nanoparticles (MNPs) with diameters about 10 nm were synthesized successfully and
used to remove phenol and aniline from aqueous solution. The results showed that phenol and aniline
could be eliminated easily from solution under acidic and neutral conditions in the presence of MNPs
and H2O2. When the concentrations of Fe3O4 MNPs and H2O2 were 5 g L−1 and 1.2 M, respectively, phenol
and aniline could be removed completely after 6 h of reaction at 308 K, and the total organic carbon (TOC)
eywords:
e3O4 magnetic nanoparticles
eroxidase-like activity
henol
niline

abatement efficiency for phenol and aniline were 42.79% and 40.38%. Some intermediates such as formic
acid, acetic acid, fumaric acid and hydroquinone were detected during reaction. Fe3O4 MNPs exhibited
good stability and reusability, also showed excellent catalysis ability to eliminate some substituted phe-
nolic and aniline compounds from solution. Fe3O4 MNPs had good superparamagnetism and was readily
separated from solution by applying an external magnetic field. Finally we proposed that phenol and ani-
line might be degraded by the hydroxyl free radicals (·OH) released from H2O2 in the presence of Fe3O4
MNPs as catalysts.

. Introduction

Many factories, such as coal conversion, petroleum refining, iron
nd steel, textiles, dyes, resins, plastics and agrochemicals, dis-
harge wastewater containing phenolic or aniline compounds [1,2].
hese compounds are harmful to human health, and suspected to be
arcinogens. Many techniques including physical adsorption [3–8],
lectrochemical oxidation [9–11], biodegradation [12–14], catalytic
et oxidation [15–17], and Fenton reagent oxidation [18–20] have
een adopted for the removal of phenolic and aniline pollutants.
hough practicable and effective these methods are, they also have
ome drawbacks, such as high cost, incomplete removal, more toxic
yproducts than original pollutants.

In recent years enzymes have been widely studied to remove
henolic and aniline compounds [21–25]. Horseradish peroxidase
HRP) and laccases are proved to be effective to eliminate phe-
ols, biphenols, anilines by catalyzing oxidation in the present of

2O2 to form phenol- or aniline-derived oligomers [26]. In order

o reduce the cost, enhance the stability, catalytic activity and
eusability of enzyme, immobilization of enzyme on various nat-
ral or synthetic supports has been introduced to remove phenol

∗ Corresponding author. Chinese Academy of Sciences, Research Center for Eco-
nvironmental Sciences, P. O. Box 2871, Beijing 100085, China. Tel.: +86 10 62849239;
ax: +86 10 62849182.
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and aniline [27–29]. Gao et al. have found that the Fe3O4 magnetic
nanoparticles (MNPs) can catalyze the reactions of the substrate
3,3,5,5-tetramethlbenzidine (TMB), di-azo-aminobenzene (DAB)
and o-phenylenediamine (OPD) in the presence of H2O2, corre-
spondingly, the colors of their solutions change into blue, brown
and orange respectively, indicating that the Fe3O4 MNPs have
peroxidase-like activity towards typical peroxidase substrates [30].
Based on the peroxidase-like activity of Fe3O4 MNPs, Wei et al.
have established an easy-to-make analytical approach to determine
H2O2 and glucose concentration through the colorimetric method
[31]. Since peroxidase has the ability to catalyze the oxidation of
organic substrates, Fe3O4 MNPs, as a kind of peroxidase mimetic
substance, may have the potential to be used in wastewater treat-
ment.

Heterogeneous Fenton-like systems, consisting of catalysts and
hydrogen peroxide, are effective for the degradation of organic
compounds [32,33]. Han et al. have proved that Au/hydroxyapatite
(Au/HAp) catalyst exhibits high activity and great potential for the
complete oxidation of organic pollutants in aqueous media by per-
oxidation. They have proposed that a redox process Au (0) ↔ Au (&+)
likely takes place during the wet peroxidation to produce hydroxyl
(·OH) and perhydroxyl radicals (·HO2) through catalytic decompo-

sition of H2O2. The hydroxyl radicals are robust oxidants to oxidize
organic substances into H2O and CO2 [34]. Zelmanov et al. have
used Iron (3+) oxide-based nanoparticles as catalysts in advanced
organic aqueous oxidation and gained high efficiency in the oxida-
tion of ethylene glycol and phenol [35].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:caiyaqi@rcees.ac.cn
dx.doi.org/10.1016/j.jhazmat.2009.01.024
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Fig. 1. TEM image of Fe3O4 MNPs befo

Peroxidase activity of Fe3O4 nanoparticles combined with its
nique characteristic, such as easy preparation, high stability and
onvenient separation from solution by external magnetic field,
rovides a promising method to remove phenolic and aniline com-
ounds from wastewater. The objective of our research is to degrade
nd mineralize organic pollutants in aqueous solution using the
atalytic property of iron oxide nanoparticles. Fe3O4 MNPs were
ynthesized and used to degrade phenol and aniline in solution.
he effects of Fe3O4 MNPs and H2O2 concentration, pH and tem-
erature on the removal efficiency and total organic carbon (TOC)
batement efficiency of phenol and aniline were investigated. In
ddition, the stability, reusability of Fe3O4 MNPs and its potential
o degrade some substituted phenolic and aniline compounds were
lso evaluated. Finally, the possible pathway for the degradation of
henol was discussed.

. Experimental

.1. Chemicals and materials

All reagents used in the experiment were of analytical reagent
rade and used without further purification. 30% (w/w) hydro-
en peroxide, phenol, o-chlorophenol, p-chlorophenol, aniline,
-toluidine, m-toluidine and p-toluidine were obtained from Bei-

ing Chemicals Corporation (Beijing, China). The stock solutions for
henolic and aniline compounds (10 mM) were prepared by dis-
olving suitable amount solid reagents in deionized water. Ferric
hloride (FeCl3·6H2O) and ferrous chloride (FeCl2·4H2O) were pur-
hased from Tianjin Jinke Chemical Reagent Corporation (Tianjin,
hina). HPLC-grade methanol and acetonitrile were obtained from
isher Scientific Corporation (Fair Lawn, NJ, USA). Ultrapure water
as prepared by using Milli-Q water purification system (Millipore,
edford, MA, USA).

.2. Preparation and characterization of Fe3O4 MNPs

Fe3O4 MNPs were prepared by the chemical coprecipitation
ethod. FeCl2·4H2O (2 g) and FeCl3·6H2O (5.2 g) were dissolved

nto 25 mL deoxygenated water followed by adding 0.85 mL of con-
entrated hydrochloric acid. The resulting solution was dropped
nto 250 mL of 1.5 M NaOH solution under vigorous stirring and

2 protection at 353 K. The obtained magnetic nanoparticles were
eparated from solution by a powerful magnet and rinsed with
0 mL deoxygenated water for two times. Finally the products were
ispersed into 55 mL deoxygenated water to get 40 mg mL−1 sus-
ension of Fe3O4 MNPs.

The morphology and size distribution of Fe3O4 MNPs were stud-

ed by using a transmission electron microscope (TEM) of H-7500
Hitachi, Japan) operating at 80 kV accelerated voltage. Magnetic
roperty of Fe3O4 MNPs was analyzed using a vibrating sample
agnetometer (VSM, LDJ9600). The crystal phase was investigated

y a Rigaku Dmax-RB X-ray diffraction (XRD) system.
and after (b, c) reaction with phenol.

2.3. Catalytic reaction experiment procedure

Batch tests were carried out in NaH2PO4–Na2HPO4 buffer solu-
tion. Fe3O4 MNPs and phenol or aniline solution were added into
the buffer solution in sequence, the final solution volumes were
20 mL. The suspensions were vibrated at a speed of 200 rpm at
308 K. The reaction was initiated with the addition of H2O2, and
0.5 mL H2O2 were added every 5 min until to the preconcerted con-
centration. After 6 h of reaction MNPs were separated by applying
an external magnetic field. The supernatants were filtered through
0.22 �m nylon membranes.

The concentrations of phenol and aniline compounds in
supernatants were analyzed by using DIONEX Ultimate 3000
high-performance liquid chromatography (HPLC) equipped with
Ultimate 3000 variable wavelength UV detector. An acclaim 120
C16 column (5 �m, 120 Å; 4.6 mm × 150 mm) was used as separa-
tion column. Samples were injected into a 20 �L loop, and mobile
phase for phenolic and aniline compounds were water–acetonitrile
(25:75) and water–methanol (30:70), respectively, with a flow rate
of 1 mL min−1. The wavelengths were set at 270 nm for phenolic
compounds and 280 nm for aniline compounds.

2.4. Degradation intermediates and TOC

The degradation intermediates of phenol were also determined
with HPLC via a method previously described with slight modifica-
tion [33,36,37]. The chromatographic conditions were as follows:
acclaim 120 C16 column (5 �m, 120 Å; 4.6 mm × 150 mm); samples
were injected into a 20 �L loop; mobile phase was methanol–water
containing 5% H3PO4 (10:90) with a flow rate of 1 mL min−1. UV
detector wavelength was set at 215 nm.

A Shimadzu TOC-5000 Total Organic Carbon Analyzer was used
to test TOC of supernatant after reaction. Total carbon (TC) and inor-
ganic carbon (IC) were determined using the standard curve. TOC
value was calculated by subtracting IC from TC value.

3. Results and discussion

3.1. Characterization of Fe3O4 MNPs

Fig. 1 showed the TEM images of Fe3O4 MNPs before and after
use in catalytic degradation of phenol. It could be seen in Fig. 1(a)
that Fe3O4 MNPs before use were quasi-spherical in shape, and had
nearly uniform distribution of particle size with an average diame-
ter of about 10 nm. After use, there was no great change in particle
size for most Fe3O4 MNPs as shown in Fig. 1(b). But a few Fe3O4
MNPs with diameters much larger than 10 nm were also observed
as shown in Fig. 1(c). The same phenomenon was observed as Fe3O4

MNPs were used for aniline removal. The change of particle size
suggested that a small part of Fe3O4 MNPs agglomerated during
the reaction process, which might cause the decrease of particle
amount and surface area, and lead to the decrease of catalytic activ-
ity.
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ig. 2. VSM magnetization curves of as-synthesized Fe3O4 MNPs and Fe3O4 MNPs
), reaction solution put in a magnetic field for 2 min (b 2), and iron concentration i

The hysteresis loops of MNPs were investigated to check for
heir superparamagnetic behavior. Fig. 2(a) showed that there was
o hysteresis in the hysteresis loop, and remanence and coerciv-

ty were zero, illustrating that MNPs were superparamagnetic. The
aximal saturation magnetization of as-prepared MNPs, MNPs

fter use in catalytic degradation of phenol and aniline were 55.41,
7.28 and 66.19 emu g−1, respectively. For saturation magnetization
f 16.3 emu g−1 is enough for magnetic separation from solution
ith a magnet [38], the large saturation magnetization made MNPs

asily separated from solution by applying an external magnetic
eld. Fig. 2(b) showed that when the reaction solution was placed
djacent to a magnet it became limpid within a few seconds. To
est the leaching of iron from magnetic nanoparticles into aque-
us solution during reaction process, the supernatants of reaction
olutions both at pH 6 and pH 7 were acidized with nitric acid, and
ron concentrations were investigated using ICP-MS. As can be seen
rom Fig. 2(c) the iron concentrations leaching into the reaction
olutions at pH 7 were always below 0.1 mg L−1 with reaction time
ncreasing from 0.5 h to 8 h. At pH 6 the maximum iron concen-
rations was 0.46 mg L−1 when contact time is 1 h, and with time
ncreasing the iron concentrations decrease until below 0.1 mg L−1
t 6 h. The iron concentrations leaching into solutions are below
he maximum acceptable drinking water concentration for iron
0.3 mg L−1) set by the World Health Organization [39], so leach-
ng of iron in this system might not cause metal pollution in the
ater.
eaction with phenol and aniline (a), reaction solution of phenol removal at pH 6 (b
supernatants of reaction solution at pH 6 and pH 7 with reaction time (c).

The crystal phase of MNPs was investigated by XRD. The results
showed (date not shown) that there was no obvious difference
between as-prepared MNPs and MNPs after use in catalytic degra-
dation of phenol. Their patterns were found to match well with that
of cubic crystalline bulk magnetite.

3.2. Effect of Fe3O4 MNPs and H2O2 concentration

As shown in Fig. 3, with the increase of MNPs concentration,
the removal efficiency of phenol and aniline increased slowly, and
TOC abatement efficiency also increased. When the concentration
of MNPs reached to 5 g L−1, phenol and aniline could be removed
completely, but only about 35% TOC was abated.

In the treatment of water containing phenol and aniline with
HRP, the highest proportion of the cost is from the enzyme. In order
to reduce the treatment cost, some techniques, for example, addi-
tion of polyethylene glycol (PEG) to avoid inactivation of enzyme,
immobilization HRP on certain support, had been used to reduce
the amount of enzyme required. Compared with HRP, MNPs could
be easily prepared, hardly inactivated, and endure badly ambient
environment conditions. Gao et al. found that MNPs required a H2O2

concentration two orders of magnitude higher than HRP to reach
the maximal level of peroxidase activity [30]. This phenomenon was
confirmed in our study. Fig. 4 showed that the removal efficiency
of phenol and aniline increased rapidly with the addition of H2O2,
and slowed down gradually as the H2O2 concentration was higher
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ig. 3. Effect of MNPs concentration on removal efficiency and TOC abatement
fficiency of phenol and aniline. Control: [phenol/aniline]0 = 1 mM; [H2O2] = 1.2 M;
H = 6–7; temperature = 308 K; reaction time = 6 h. Error bars represent the range of
independent experiments.

han 0.5 M. The slowing down of the reaction rate may be caused by
he decrease of reactant concentration. When the concentration of
2O2 was in the range of 1.0–1.5 M, complete removal of phenol and
niline was gained. The TOC abatement efficiency showed similar
rend, but it was lower than phenol/aniline removal efficiency.

.3. Effect of pH

In batch experiments the effect of pH on removal effi-
iency of phenol and aniline was also examined in series of
uffer solution (pH = 3–6: Na2HPO4–citric acid buffer; pH = 6–8:
a2HPO4–NaH2PO4 buffer; pH = 9–11: Na2CO3–NaHCO3 buffer). It
as shown in Fig. 5 that most of the phenol and aniline were

emoved under acidic and neutral conditions, and the removal effi-
iency was low at alkaline conditions. The TOC abatement efficiency
as about 35% under acidic and neutral conditions, and when pH

bove 7, the TOC abatement decreased sharply until to about 5% at

H 11. This might be caused by two reasons: Firstly, H2O2 is not sta-
le in alkaline solution [40], and can be decomposed immediately
o produce H2O and O2 as shown in Eq. (1):

H2O2→ 2H2O + O2 (1)

ig. 4. Effect of H2O2 concentration on removal efficiency and TOC abatement
fficiency of phenol and aniline. Control: [phenol/aniline]0 = 1 mM; [MNPs] = 5 g/L;
H = 6–7; temperature = 308 K; reaction time = 6 h. Error bars represent the range of
independent experiments.
Fig. 5. Effect of pH on removal efficiency and TOC abatement efficiency of phenol
and aniline. Control: [phenol/aniline]0 = 1 mM; [MNPs] = 5 g/L; [H2O2] = 1.2 M; tem-
perature = 308 K; reaction time = 6 h. Error bars represent the range of 2 independent
experiments.

Secondly, under acid or neutral condition protonated sur-
face of iron oxide was beneficial to the formation of metal
oxide–phenol/aniline inner-sphere complexes, which would pro-
mote reaction, while under basic condition the combination of OH−

with Fe3+ and Fe2+ on the surface of the MNPs might separate the
reactants from surface metal centers. So the decrease in activity of
the oxide, as pH increases, could be caused by less favorable con-
ditions for the formation of the protonated inner-sphere complex
[32].

3.4. Effect of temperature

To check the effect of temperature on the removal efficiency and
TOC abatement efficiency of phenol and aniline, the reaction kinet-
ics experiments of the two compounds were conducted at 298 K,
308 K, and 318 K, separately. The kinetic curve in Fig. 6 showed that
with the temperature increasing from 298 K to 318 K, the time for
complete removal of phenol and aniline was decreased from 8 h
to 1.5 h, and TOC abatement efficiency increased from 35% to 45%
after 8 h reaction. However, the removal efficiency of phenol was
reduced with the increase of temperature because of the thermal
inactivation of enzyme in the HRP technique [26]. The reactivity
of Fe3O4 MNPs would not be affect under high temperature. Fur-
thermore, the thermal mobility of reactant could be accelerated at
high temperature, resulting in enhancement of reaction rate. So in
the treatment of wastewater containing phenol and aniline with
MNPs, high temperature could be taken to accelerate the removal
of these compounds. In this experiment, a temperature of 308 K was
selected for all the experiment.

3.5. Stability, reusability of MNPs and removal of some
substituted phenolic and aniline compounds

Fe3O4 MNPs stored for 40 days in sealing vessel under ambi-
ent conditions were used to remove phenol and aniline, and no
obvious decrease of the removal efficiency was observed, meaning
the excellent stability of MNPs. The reusability of MNPs was also
examined under the above optimized conditions. The MNPs sepa-
rated from the reactions solution were rinsed with 20 mL deioned
water and used in the next batch. The results showed that after
eight times of recycle, over 80% of phenol could be degraded, and

TOC abatement efficiency decreased from 39.56% to 28.83%, which
suggested that the reused MNPs still remained good activity. The
reduced removal efficiency might be caused by two reasons: firstly,
conglomeration of MNPs led to decrease of activation; secondly,
part of MNPs might be rinsed during discarding of supernatants.
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ig. 6. Effect of temperature on removal efficiency and TOC abatement effi-
iency of phenol and aniline. Control: [phenol/aniline]0 = 1 mM; [MNPs] = 5 g/L;
H2O2] = 1.2 M; pH = 6–7; reaction time = 6 h. Error bars represent the range of 2
ndependent experiments.

The removal efficiency of several substituted phenolic and
niline compounds by this system, including o-chlorophenol,
-chlorophenol, 2-toluidine, m-toluidine, p-toluidine, was inves-
igated. The results (data were not shown) showed that these
ompounds could be eliminated completely, indicating that not
nly phenol and aniline but also their derivatives could be removed
rom solution by catalytic oxidation of MNPs.
.6. Possible reaction mechanism

Comparative study showed that there was no obvious loss of
henol in the absence of both Fe3O4 MNPs and H2O2 after incuba-

ig. 7. Chromatograms of (a) standard solution containing some short chain acids
nd hydroquinone and (b) degradation solution of phenol.
Scheme 1. Possible pathway for phenol mineralization.

tion for 6 h at 308 K. Without Fe3O4 MNPs or H2O2 in the reaction
solution, only 3.31% or 12.6% of phenol was removed. In order to
rule out the possibility that the loss of phenol was caused by the
so-called Fenton reactions, MNPs were soaked into buffer solu-
tion (pH 4) for 4 h, then separated by external magnetic field,
and the supernatants were used as reaction medium to degrade
phenol. The results showed that only 13.1% phenol was removed.
These results suggested that the removal of phenol was not mainly
based on adsorption by Fe3O4 MNPs, direct oxidation by H2O2 or
Fenton reaction, furthermore the oxidation of phenol by molec-
ular oxygen was not operative which took place only under high
pressure and temperature [41]. So the loss of phenol was caused
mainly by catalytic oxidation of Fe3O4 MNPs in the presence of
H2O2.

In order to investigate degradation intermediates of phenol, the
reaction solution was analyzed by HPLC after 4 h of reaction. The
chromatogram was compared with chromatograms of some short
chain acids and hydroquinone. As shown in Fig. 7, intermediates
including formic acid, acetic acid, fumaric acid and hydroquinone
were detected.

For the existence of mineralization and intermediates detected,
the degradation of phenol and aniline should be divided into two
stages: breakage of benzene ring and oxidation of chain organic
compound. When excessive H2O2 were added into the reaction
solution, as shown in Eqs. (2) and (3) a redox process Fe (2+) ↔ Fe
(3+) on MNPs surface took place to produce hydroxyl (·OH) and
perhydroxyl radicals (·HO2) [42,43]. The hydroxyl radicals could
destroy benzene ring and finally convert them into H2O and CO2.
Based on these results, we proposed degradation process of phenol
as follows:

(2)

(3)

Ph + •OH → organicacid (4)

Organicacid + •OH → CO2 + H2O (5)

Here Ph represented for phenol. Based on the intermediates
detected and the literature about ·OH breaking benzene ring [34],
the breakage of benzene ring could be illustrated as Scheme 1.

To confirm the existence of hydroxyl free radical, tert-butanol,

a strong radical scavenger [44], was added into the solution just
before reaction. Fig. 8 showed that the presence of tert-butanol
remarkably decreased the reactive rate and removal efficiency of
phenol and aniline, indicating that the hydroxyl free radicals were
mainly responsible for the removal of the two compounds. The
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ig. 8. Effect of addition of tert-butanol on removal efficiency of phenol and
niline. Control: [phenol/aniline]0 = 1 mM; [MNPs] = 5 g/L; mole ratio of [tert-
utanol]/[H2O2] = 0.5; pH = 6–7; temperature = 308 K. Error bars represent the range
f 2 independent experiments.

esults suggested that MNPs could catalyze H2O2 to form ·OH rad-
cals.

. Conclusions

In this study Fe3O4 MNPs had been successfully synthesized and
sed as catalysts to remove phenol and aniline from aqueous solu-
ion. The results showed that both phenol and aniline could be
liminated completely under optimized conditions. Fe3O4 MNPs
ad good stability and reusability, and could be separated from
olution by applying an external magnetic field for their super-
aramagnetism. Based on the experiment results, a reasonable
echanism had been proposed to interpret the degradation process

f phenol.
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