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ABSTRACT
We report a novel nanotechnology-based approach for the highly efficient catalytic oxidation of phenols and 
their removal from wastewater. We use a nanocomplex made of multi-walled carbon nanotubes (MWNTs) and 
magnetic nanoparticles (MNPs). This nanocomplex retains the magnetic properties of individual MNPs and can 
be effectively separated under an external magnetic fi eld. More importantly, the formation of the nanocomplex 
enhances the intrinsic peroxidase-like activity of the MNPs that can catalyze the reduction of hydrogen peroxide 
(H2O2). Significantly, in the presence of H2O2, this nanocomplex catalyzes the oxidation of phenols with high 
effi ciency, generating insoluble polyaromatic products that can be readily separated from water.
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Introduction

Given the global water crisis, it is highly necessary 
to develop new methods for water clean-up [1, 2]. 
Nanotechnology has become a promising approach 
toward this goal. Nanomaterials with different 
compositions, dimensions, and shapes have found 
applications in a wide range of areas [3 11]. In 
particular, complexes of nanomaterials not only 
combine advantages of individual nanomaterials 
but may lead to novel, otherwise unattainable, 
properties; these nevertheless have yet to be 
extensively exploited. Here we demonstrate that 
magnetic nanoparticles (MNPs) can be readily loaded 
on the surface of multi-walled carbon nanotubes 

(MWNTs), leading to a highly active peroxidase-
like nanocomplex that can effi ciently treat phenols in 
water (Fig. 1).

Phenols are the major pollutants in industrial 
wastewaters. Based on the finding that a natural 
enzyme, horseradish peroxidase (HRP) polymerizes 
phenols in plants [12], Klibanov et al. developed 
an enzyme-based method for water treatment via 
HRP-catalyzed removal of phenols, which has 
been regarded as an alternative to conventional 
chemically-, energetically- and operationally- 
intensive methods [13]. However, large-scale use of 
this enzyme-based method in wastewater treatment 
remains to be explored, partly because of high cost 
and limited stability of HRP.



Nano Research

618 Nano Res (2009) 2: 617 623

MNPs have proven particularly useful for various 
applications relying on their superparamagnetic 
properties [14, 15]. Interestingly, it was recently 
found that Fe3O4 MNPs possess intrinsic HRP-
like catalytic activity toward the reduction of H2O2 
[16]. This “artificial enzyme” is highly robust, 
offering unprecedented advantages in constructing 
peroxidase-l ike-based bioassays and phenol 
decomposition [17, 18]. Carbon nanotubes are a 
highly popular nanomaterial because of their unique 
mechanical, electronic, and catalytic properties [19
22]. Of particular interest is that the very high surface-
to-volume ratio of nanotubes makes them ideal 
vectors for the design of functional nanocomplexes. 
In this paper we report the preparation and 
properties of a nanocomplex of MNPs and MWNTs.

1. Experimental

1.1 Materials

Glucose oxidase (GOx) was purchased from Vector 
Laboratories, and horseradish peroxidase (HRP) 
and 3,3 ,5,5 -tetramethylbenzidine (TMB) were from 
Sigma-Aldrich. MWNTs (50 nm in diameter) were 
obtained from Shenzhen Nanotech Port Co. Ltd 
(Shenzhen, China). Other reagents were commercially 

available and of analytical reagent grade. Solutions were 
prepared with ultrapure water (resistivity of 18 MΩ·cm) 
from a Millipore Milli-Q water purifi cation system.

1.2 Pretreatment of MWNTs, chemical synthesis of 
MNPs and formation of the nanocomplex

The MWNTs were first suspended in a mixture of 
concentrated HNO3 and H2SO4 (v/v, 1:3) which 
was then heated to 80 °C for 6 h. The acid-treated 
MWNTs were centrifuged at 12,000 g for 30 min, and 
the precipitate was washed with copious amounts 
of water. The fi nal solution was centrifuged and the 
precipitate was dried in vacuum. Thus, obtained 
MWNTs were readily soluble in water (0.1 wt%).

MNPs were synthesized in a partial reduction 
method based on the following equations:

SO3
2– +2Fe3+ +H2O→2Fe2+ +SO4

2– +2H+

2Fe3+ +Fe2+ +8OH–→Fe3O4 +4H2O

FeCl3·6H2O (12.98 g) was dissolved in 100 mL of 
water, and poured in a 500 mL three-necked flask. 
Freshly prepared sodium sulfi te (0.16 mol/L) solution 
(50 mL) was slowly added to the fl ask. After the color 
of the solution turned from red to yellow, 40 mL of 
diluted ammonia (24 mL of concentrated ammonia 
diluted with 16 mL of water) was rapidly injected 
into the flask, with vigorous stirring and under the 
protection of nitrogen. The reaction was kept at 60 °C
for 30 min, and then at room temperature for 2 h. 
After completion of the reaction, the black precipitate 
was collected under an external magnetic field and 
washed twice with sodium chloride solution and 
then with pure water. The MNPs were dispersed in 
0.01 mol/L hydrochloric acid solution with a loading 
of 0.5 wt%.

The stock solutions of MWNTs and MNPs were 
diluted by 25 times with Milli-Q water. Then, these 
two solutions were mixed to form the MNP/MWNT 
nanocomplex.

1.3    H2O2 reduction in the presence of magnetic particles

In a typical colorimetric assay, aliquots (50 μL) of 
different magnetic particles including micrometer-
sized magnetic particles, silica-coated MNPs, MNPs, 
and the MNP/MWNT nanocomplex were mixed 
with 50 μL of TMB stock solution (5 mmol/L) with 2 

Figure 1 Scheme for the MNP/MWNT nanocomplex-based 
catalysis. MWNTs serve as a concentrator that confi nes both MNPs 
and substrates in the nanoscale geometry, where MNPs catalyze the 
H2O2 reduction with enhanced activity
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mmol/L H2O2 in plastic tubes.
Kinetic assays were performed in 96-well plate 

at 40 °C. Aliquots (50 μL) of either nanocomplex or 
MNPs (50-fold dilution) were mixed with 50 μL of 
TMB (5 mmol/L) and 50 μL of H2O2 of a series of 
concentrations. The absorbance was monitored at 650 
nm using a Tecan microplate reader for 5 min. The 
Michaelis-Menten constant was calculated based on 
the Lineweaver-Burk plot: 1/v=Km/Vmax·C+1/Vmax, 
where v is the initial velocity, Vmax is the maximal 
reaction velocity, and C is the concentration of 
hydrogen peroxide.

In a glucose assay, glucose solutions of appropriate 
concentration (50 μL) and the glucose oxidase solution 
(50 μL) were mixed and incubated for 1 min, and then 
50 μL of TMB solution (1.6 mmol/L) and 50 μL of 
nanocomplex were added. The assay was performed 
in a 96-well plate at 25 °C, with the absorbance 
monitored at 650 nm.

1.4 Transmission electron microscopy characterization

Transmission electron microscopy (TEM) samples 
were prepared by drop casting the MNPs solution or 
MNP/MWNT nanocomplex solution onto carbon-
coated copper grids, with excess solvent evaporated. 
The TEM images were recorded using an FEI/Philips 
Tecnai G2 Bio TWIN TEM.

1.5 The X-ray diffraction analysis

The X-ray diffraction (XRD) analysis was performed 
with D/Max-2000 XRD diffractometer. The MNPs, 
MWNTs, and MNP/MWNT nanocomplex were 
separated from the solution and extensively washed 
with Milli-Q water. The samples were dried in 
vacuum before XRD patterns were recorded.

1.6 FTIR measurement

FTIR measurements  were performed with a 
PerkinElmer Spectrum™ 100 FTIR spectrometer 
for samples of MNPs, MWNTs and MNP/MWNT 
nanocomplexes.

1.7 Nanocomplex-assisted phenol removal

Phenol degradation was conducted in a plastic tube at 
room temperature. In each tube, the nanocomplex was 
mixed with 500 mmol/L H2O2 and phenol of various 

concentrations. At each checkpoint, the solution was 
magnetically separated and the supernatant was 
analyzed by UV Vis spectrophotometry (U-3010 
spectrophotometer, Hitachi).

The phenol concentration was determined based on 
Emerson’s method [23]. A series of 200 μL aliquots of 
the above mentioned supernatants were added to wells 
of a 96-well plate. Then, 1 μL of ammonia was added to 
each well and mixed. Finally, 1 μL of 4-aminoantipyrine 
solution (2%) and 1 μL of potassium ferricyanide (8%) 
were added to the wells and mixed. The 96-well plate 
was incubated in the dark for 10 min. The absorbance 
at 510 nm of each well was recorded using a Tecan 
microplate reader. The “removal effi ciency” is defi ned 
as the percentage of phenol removed from solution 
under a given set of conditions.

2. Results and discussion

We employed water-soluble (OH-terminated surface) 
MNPs of ~15 nm diameter, and found that they 
were readily adsorbed on the surface of water-
soluble carboxylic-functionalized MWNTs, leading 
to a well dispersed MNP/MWNT nanocomplex 
in aqueous solution. TEM images of MNPs (Fig. 
2(a)), MWNTs (Fig. 2(b)) and the MNP/MWNT 
nanocomplex (Fig. 2(c)) showed that the MNPs were 
located on the surface rather than inside the MWNTs.  
FTIR measurements further confirmed the existence 
of the MNP/MWNT nanocomplex (Fig. 2(d)). This 
nanocomplex was very stable in solution for months. 
Under an external magnetic field, the nanocomplex 
could be readily separated from the bulk solution 
within seconds (Fig. 3).

Consistent with the previous report [16], MNPs 
could catalyze the reduction of H2O2, instantly 
leading to a blue color upon the addition of H2O2 and 
a co-substrate TMB, suggesting the HRP-like catalytic 
property of MNPs (Fig. 4). This catalytic activity is 
critically dependent on the particle size. In contrast to 
nanometer-sized MNPs, micrometer-sized magnetic 
particles did not show observable enzymatic-like 
activity. Also, silica-coated MNPs showed negligible 
enzymatic-like activity, suggesting that the presence 
of surface-confi ned iron was critical for the catalytic 
reaction.
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Table 1 Comparison of values of apparent Michaelis-Menten 
constant (Km ) and maximum reaction rate (Vmax) for different catalysts

Substance Km (mmol/L) Vmax (10-8 mol·L-1·s-1)

MNP 1.13±0.30 5.0±0.3

Nanocomplex 0.55±0.17 23±0.5

HRP 0.06±0.01 15±0.6

Figure 3 Magnetic separation of MNPs (left) and MNP/MWNT 
nanocomplex (right). Both can be easily magnetically separated 
under the external magnet (between the two tubes). As shown 
in the figure, however, the MNP/MWNT nanocomplex is more 
rapidly separated (within 30 s) while MNPs are not separated within 
this short period. This is possibly because the particle sizes of the 
nanocomplex are signifi cantly larger

Figure 4 Michaelis-Menten kinetics of the MNPs (open circles) and 
the nanocomplex (fi lled squares) in the presence of 1.6 mmol/L TMB 
and 3 mmol/L H2O2. Inset: Catalyzed H2O2 reduction in the presence 
of TMB. From left to right, micro-sized magnetic particles; silica-
coated MNPs; bare MNPs; MNP/MWNT nanocomplex

Figure 5 (a) Plot of H2O2 concentration versus the absorbance at 
650 nm for the nanocomplex-based catalysis; (b) Plot of glucose 
concentration versus the absorbance at 650 nm for a nanocomplex/
GOx-based glucose assay

Figure 2 TEM images of (a) MNPs, (b) MWNTs, and (c) MNPs/
MWNTs nanocomplex, (d) FTIR spectra for MWNTs (black), MNPs (red), 
and MNPs/MWNTs nanocomplex (green)

(a) (b)

(c) (d)

Interestingly, we found that the activity of MNPs 
was significantly enhanced upon the formation of 
the MNP/MWNT nanocomplex. Importantly, the 
color change for the nanocomplex solution was much 
faster, and led to a more intense blue color than that 
with MNPs alone. We then performed kinetic studies 
to quantitatively evaluate the catalytic ability of this 
peroxidase-like nanocomplex. As shown in Fig. 4, the 
nanocomplex-based catalysis was kinetically faster 
than the MNPs-based one. While the activity of the 

nanocomplex is still lower than that of the natural 
HRP enzyme, it is much more active than MNP alone, 
with the maximum reaction rate (Vmax) increased by 
over four times, and the apparent Michaelis-Menten 
constant (Km) value decreased by half (Table 1). The 
activity of the nanocomplex showed a concentration 
dependence on the concentration of H2O2 (Fig. 5(a)). 

(a) (b)

We also tested the use of the nanocomplex in a 
coupled enzymatic reaction involving both HRP and 
glucose oxidase (GOx). In a conventional coupled 
reaction, GOx catalytically oxidizes glucose to 
gluconic acid, while in the meantime the substrate 
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oxygen is converted to H2O2. This H2O2 product can 
be catalytically reduced by HRP in the presence of 
TMB co-substrate, leading to the characteristic blue 
color.

Glucose+O2
GOx Gluconic acid+H2O2

HRPred+H2O2 HRPOX+H2O

When we replaced HRP with the nanocomplex in 
this coupled reaction, we found that the characteristic 
color change similarly occurred upon being 
exposed to glucose. Indeed, when we monitored 
the absorbance at 650 nm, we found that it was a 
function of the concentration of glucose in the range 
2 10 mmol/L (Fig. 5(b)). This experiment suggests 
that the nanocomplex can replace the natural HRP, 
and remain functional in real peroxidase-based 
applications.

We ascribe the activity enhancement of the 
nanocomplex relative to MNPs alone (Fig. 4 and Table 
1) to the concentrator effect of MWNTs. MWNTs 
possess high surface-to-volume ratios as well as high 
affi nity for hydrophobic molecules like TMB, which 
might increase the local concentration of the substrate 
and improve the catalytic effect. Indeed, when we 
added the nanocomplex to a TMB solution and then 
removed it magnetically, the remaining solution 
did not show the characteristic blue color upon 
the addition of HRP (data not shown), suggesting 
the nanocomplex attracts TMB on its surface and 
possesses high adsorption affinity for TMB. It is 
well known that the extraordinarily high catalytic 
efficiency of natural enzymes arises largely from 
the ability to bring substrates into proximity with 
their active sites [24]. The combined effects of MNPs 
and MWNTs in the nanocomplex resemble those 
in a real enzyme, that is, the nanocomplex confines 
both catalyzing species (MNPs) and the substrates 
in a nanoscale geometry (MWNTs), and the electron 
communication between MNPs and substrates 
is electrically “wired” due to the high electrical 
conductance of MWNTs [25]. These synergetic effects 
might lead to the observed high catalyzing activity.

We then tested the applicability of the nanocomplex 
for catalytic treatment of phenol-containing water. 
HRP oxidizes phenols to phenoxy radicals that 
polymerize phenols into insoluble polyaromatic 

products [13, 26]. When the nanocomplex, H2O2 
and phenol were mixed, the solution readily turned 
dark brown (Fig. 6), a phenomenon resembling that 
observed with HRP [13, 26]. We ascribe this phenol 
oxidation to a similar mechanism to that reported 
for HRP-mediated phenol degradation [26], which is 
shown as follows (“m” stands for an activated state 
of the nanocomplex, Ph• for the phenoxy radical and 
Ph–Ph for the dimeric product).

Nanocomplex+H2O2→Nanocomplex(m)
Nanocomplex(m)+Ph→Nanocomplex+Ph•

Ph• +Ph•→Ph–Ph

Although, unlike HRP, the nanocomplex itself has a 
light brown color, the color change was still clearly 
visible. This efficient phenol degradation can be 
ascribed to the catalytic properties of the nanocomplex, 
and the absence of leaching of iron ions. Indeed, when 
we magnetically separated the nanocomplex, the 
supernatant did not show significant catalysis as no 
visual color change was observed.

Figure 6 (a) UV monitoring of phenol treatment: 0 h (solid line); 
0.5 h (dashed line); 2 h (dotted line). Inset: Photographs of the phenol 
treatment. Nanocomplex alone (left), H2O2 alone (center), and mixture 
of nanocomplex and H2O2 (right). (b) Variation in removal effi ciency 
for phenol (0.25 g/L, 30 min) with the concentration of nanocomplex

(a)

(b)
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We further studied the phenol 
removal efficiency by UV Vis 
monitoring at 280 nm [23]. After 
treatment with the nanocomplex 
and H2O2, the characteristic peak 
at 280 nm for phenol disappeared 
within 30 min and a new broad 
peak appeared at ~370 nm (Fig. 
6 ( a ) ) ,  c o r re s p o n d i n g  t o  t h e 
absorbance of oxidation products. 
This new peak increased gradually 
w i t h  t i m e  ( 2  h ) ,  s u g g e s t i n g 
higher polymerization degree 
with elongated treatment time. 
The removal efficiency increased 
with nanocomplex concentration 
in the range 0.01 0.12 mg/mL 
(Fig. 6(b)). Within a short-period 
treatment (30 min), the removal 

Figure 7 (a) XRD patterns of MNPs, MWNTs and MNPs/MWNTs nanocomplex. MWNTs are 
characterized by a peak at 24°, 2θ, while MNPs give a peak at 36°, 2θ. The MNPs/MWNTs 
nanocomplex possessess both peaks, confirming the formation of the complex. (b) XRD 
analysis of the MNPs/MWNTs nanocomplex before and after phenol oxidation catalysis. 
After the nanocomplex was employed for catalysis, both peaks were retained, suggesting 
that the nanocomplex was still intact. The peak at 36°, 2θ decreased in intensity however, 
implying that MNPs were partially oxidatively degraded during the catalysis. Of note, MNPs 
were of 50-fold excess in (a) as compared to MWNTs in this XRD measurement to obtain high 
resolution XRD; while MNPs:MWNTs=5:1 in (b) to mimic the real catalysis conditions

adsorbed at the surface of MWNTs, forming a 
nanocomplex that resembles natural HRP and can 
efficiently treat phenol-containing wastewater. 
This nanocomplex has several attractive features. 
First, the nanocomplex formation enhances the 
intrinsic peroxidase-like activity of MNPs, making 
it a highly efficient catalyst for the oxidation of 
phenols. Second, the nanocomplex retains the 
superparamagnetic property of MNPs, and thus it 
can be easily separated from treated water under a 
magnetic force. Third, the separated nanocomplex 
is reusable, which may reduce the cost for water 
treatment. Finally, compared to natural HRP, this 
inorganic nanocomplex is chemically stable and can 
be mass-produced. Given the high efficiency, low 
cost, easy operation, high stability and reusability 
offered by this novel nanocomplex, we expect that it 
might be a promising tool in the area of wastewater 
treatment.
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effi ciency of phenol (0.25 g/L) was as high as ~80% 
with 0.12 mg/L nanocomplex. The phenol removal 
efficiency could reach ~99% after a prolonged 
treatment time (10 h). This efficiency was slightly 
lower for a higher concentration of phenol of 1 g/L 
(~97%). These data show that the nanocomplex 
serves as a highly effi cient catalyst for the treatment 
of phenol-containing water.

After the treatment of phenol-containing water, 
both the catalytically formed products and the 
nanocomplex could be easily separated. The resulting 
dark-brown colored polyaromatic product could 
be separated from the solution by sedimentation 
and filtration. Under an external magnetic field, 
the nanocomplex could be magnetically separated 
from the solution. We found that this separated 
nanocomplex could still catalyze the oxidation 
of phenols, leading to a dark-brown mixture. 
The recycled nanocomplex retained ~60% of its 
catalytic activity (i.e., removal efficiency decreased 
by ~40 %). The activity loss is possibly due to the 
oxidative degradation of MNPs (as also confi rmed by 
XRD analysis, Fig.7).

3. Conclusions

We have demonstrated that MNPs are readily 

(a) (b)
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