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a b s t r a c t
Haemin-functionalised magnetic iron(II, III) oxide (Fe3 O4 ) nanoparticles (Fe3 O4 /haemin) were synthesised by changing the acidity of a solution of the two compounds. The nanoparticles were characterised by
transmission electron microscopy, UV–vis absorption spectroscopy, X-ray diffraction, Fourier transform
infrared spectroscopy, measurement of magnetisation, and electrochemical techniques. The properties
of both haemin and Fe3 O4 were retained. Thus, Fe3 O4 /haemin nanoparticles exhibited pronounced electrocatalytic activity towards trichloroacetic acid (TCA) like haemin itself. Interestingly, electrocatalytic
activity towards TCA was affected by detection temperature, which was controlled via electrically heated
carbon paste electrodes. The maximal catalytic current was 5.8 times higher at 60 ◦ C than at room temperature (25 ◦ C). This proposed electrochemical sensor for TCA possessed a linear detection range of
5–80 M and a detection limit of 0.3 M at 60 ◦ C.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
In living organisms, haeme plays a vital role in various processes, including electron transfer to respiratory substrates by
cytochromes, transport and storage of oxygen by myoglobin and
haemoglobin, decomposition of hydrogen peroxide by catalase, and
so on. All of these functions are primarily due to the oxidationreduction properties of the ionic iron in haemin [1]. Haemin is
a porphyrin consisting of a ring containing four pyrrole moieties
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with an iron(III) atom in the centre (Scheme 1). Although haemin
has been widely studied in catalysis [2–4], complexation [5,6] and
enzyme mimicry [7,8], it is still important to explore and develop
new properties of haemin [9–13].
Magnetic iron(II, III) oxide (Fe3 O4 ) nanoparticles are widely
studied due to their magnetism, biocompatibility and ease of
preparation. They have important applications in separation
technologies, controlled drug release, immunology, medical diagnostics, magnetic resonance imaging, and biological catalysis [14].
Due to the chemical and biological inertness of Fe3 O4 , various
metal catalysts or enzymes have been combined with Fe3 O4
for many applications [15–17]. Recently, the novel of Fe3 O4 has
aroused increasing interest. Fe3 O4 microparticles were coated with
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Scheme 1. Chemical structure of haemin.

3-aminopropyltriethoxysilane and then bonded to haemin via an
amidation reaction. The resulting composite particles were used
to modify an electrode, which showed high sensitivity and fast
response in detecting O2 and H2 O2 , with a wide linear detection
range [18]. Fe3 O4 and haemin have also been coated with amorphous silica to form a peroxidase mimetic (Fe3 O4 –haemin/SiO2 ), by
combining reverse microemulsion and a modiﬁed Stöber method.
This system proved capable of detecting H2 O2 [19]. Although some
efforts have been made to obtain haemin-functionalised magnetic
nanoparticles, it would still be interesting and signiﬁcant to exploit
a novel, smart and easy fabrication strategy.
Here, composite haemin-functionalised magnetic Fe3 O4
nanoparticles (Fe3 O4 /haemin) were fabricated by changing the
acidity of a solution of the two compounds. In the process of fabrication, reversible transformation of haemin on the surface of Fe3 O4
nanoparticles was observed by adjusting pH. The electrocatalytic
behaviour of the prepared composite towards trichloroacetic acid
(TCA) was investigated using electrically heated carbon paste
electrodes (HCPEs) (Scheme 2). The maximal catalytic current
was 5.8 times higher at 60 ◦ C than at room temperature (25 ◦ C).
These results may be signiﬁcant for molecular design and for the
fabrication of more sensitive sensors.
2. Materials and methods
2.1. Reagents and instruments
Haemin was purchased from Sigma Chemical Company (St.
Louis, MO) and used as received. Hydrochloric acid, sodium hydroxide (NaOH), phosphates (NaH2 PO4 , Na2 HPO4 ) and phosphoric acid
(H3 PO4 ) were purchased from Shanghai Chemical Reagent Company. All other reagents were of analytical grade, were used without
further puriﬁcation, and were supplied by the Beijing Chemical
Reagent Company. 0.1 M phosphate buffer solutions (PBS) of various pH values were prepared by mixing stock solutions of NaH2 PO4
and Na2 HPO4 , and then adjusting the pH with 0.1 M NaOH and
H3 PO4 . Doubly distilled water was used in all experiments.
Electrochemical experiments were performed on a CHI 660B
electrochemical workstation (Shanghai Chenhua Instruments
Company, Shanghai, China) with a conventional three electrode
system with platinum wire as the auxiliary electrode, a saturated
calomel electrode (SCE) as the reference, and an electrically heated
carbon paste electrode (HCPE) as the working electrode. The buffer
solution was purged with highly puriﬁed nitrogen for at least
30 min, and a nitrogen atmosphere was maintained during all electrochemical measurements.

Scheme 2. Scheme of the HCPE: (A) Working electrode contact. (B) Connection to
AC heating device.

The morphology of Fe3 O4 was observed by transmission electron microscopy (TEM, JEM-1230) with an accelerating voltage
of 200 kV. The sample for TEM analysis was prepared by adding
drops of Fe3 O4 suspension onto a copper grid, followed by drying at room temperature. UV–vis absorption spectra were recorded
on a UV-2401PC spectrometer. A superconducting quantum interference device (SQUID) magnetometer (LakeShore 7307) was used
for magnetic measurements. All attenuated total reﬂection Fourier
transform infrared (FTIR) spectroscopic measurements were taken
on a Bruker model VECTOR22 Fourier transform spectrometer.
2.2. Synthesis of magnetic Fe3 O4 nanoparticles
Fe3 O4 magnetic nanoparticles were prepared as reported previously [20]. Brieﬂy, to prepare ∼25 nm magnetic nanoparticles, a
solution of 1,6-hexanediamine (6.5 g), anhydrous sodium acetate
(2.0 g) and FeCl3 ·6H2 O (1.0 g) in ethylene glycol (30 mL) was stirred
vigorously at 50 ◦ C to give a transparent solution. This solution was
then transferred into a Teﬂon lined autoclave and heated at 198 ◦ C
for 6 h. The nanoparticles were then rinsed with water and ethanol
three times to remove solvent and unbound 1,6-hexanediamine,
then dried at 50 ◦ C before characterisation and application. During
each rinsing step, nanoparticles were separated from the supernatant using a magnet.
2.3. Synthesis of haemin-functionalised magnetic Fe3 O4
nanoparticles
Haemin-functionalised
Fe3 O4
magnetic
nanoparticles
(Fe3 O4 /haemin) were prepared by the process shown in Scheme 3.
In a typical procedure, one milligramme of haemin was ﬁrst
dissolved in 5.0 mL NaOH aqueous solution (pH 12.0), and the
resulting transparent brown solution was mixed with 1.00 mL
of 1.0 mg mL−1 Fe3 O4 solution, giving a black solution shown in
Scheme 3a. When the mixture was subjected to a magnetic ﬁeld, the
black Fe3 O4 was separated from the solution, leaving a transparent
brown liquid, similar to an alkaline haemin solution (Scheme 3b).
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Fig. 1. Dependence of the HCPE temperature increase on the square of heating
current.

Subsequently, the Fe3 O4 was dispersed uniformly with ultrasound.
Then the pH of the solution was adjusted from 12.0 to 7.0 by adding
0.1 M hydrochloric acid solution dropwise with constant stirring.
When the resulting black mixture (Scheme 3c) was placed in a
magnetic ﬁeld, the black solid Fe3 O4 /haemin adhered on the side
wall of the vial, leaving a transparent white solution (Scheme 3d).

[24,25]. To use the electrically heated electrodes to quantitatively
evaluate the inﬂuence of temperature on sensor properties, the
temperature of the electrode’s surface after heating with a given
current must be known. Thus, the dependence of temperature on
the heating current was calibrated for each electrode based on
the well-known temperature coefﬁcient of the ferro/ferricyanide
couple [26,27]. The standard potential of this couple shifts approximately 1.56 mV K−1 in the negative direction. Measurements of the
open-circuit potential of this reversible redox couple during heating gave a linear relationship between the square of the heating
current and temperature, indicating that the temperature could be
adjusted reproducibly (Fig. 1). Following calibration, the applied
heating current can be used to directly infer the temperature at
the sensor’s surface. Moreover, a high reproducibility of the sensor
temperature and sensor heating sequences was achieved.

2.4. Temperature calibration of HCPE

3. Results and discussion

Electrically heated electrodes (HEs) are based on a symmetric
arrangement of electrodes and special equipment for applying a
high frequency alternating current, which has no disturbance to
the Faraday’s current [21–23]. The most prominent advantage of
HEs is that they can expediently maintain the surface temperature
of the electrode within a very narrow range, and with no increase
in electrolyte temperature. Electrically heated carbon paste electrodes (HCPEs) (Scheme 2) were fabricated as described previously

3.1. Rapid reversibility of haemin on Fe3 O4 nanoparticles

Scheme 3. Reversible transformation of haemin on the surface of Fe3 O4 nanoparticles by adjustment of pH.

The rapidly reversible attachment of haemin in the synthesis of
Fe3 O4 /haemin nanoparticles is shown in Scheme 3. First, haemin
was dissolved in NaOH solution. After mixing with a Fe3 O4 suspension, the colour of the solution changed from transparent light
brown to black (Scheme 3a). The mixture was then put into a
magnetic ﬁeld, and the Fe3 O4 separated, leaving a light brown

Fig. 2. TEM images of Fe3 O4 nanoparticles (A) and Fe3 O4 /haemin (B).
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Fig. 3. UV–vis spectra of (a) Fe3 O4 in water; (b) Fe3 O4 after separation from haemin
solution (pH 12.0); (c) haemin in solution (pH 12.0); (d) the mixture of haemin and
Fe3 O4 (pH 12.0); (e) haemin in solution (pH 7.0) and (f) Fe3 O4 /haemin in solution
(pH 7.0).
Fig. 4. XRD patterns of (a) pure Fe3 O4 and (b) Fe3 O4 /haemin.

solution similar to a solution of haemin (Scheme 3b). The results
suggested that haemin does not combine with Fe3 O4 in alkaline solution. Subsequently, the pH of the solution was adjusted
from 12.0 to 7.0 using hydrochloric acid, giving a black mixture
(Scheme 3c). When the solution was put into a magnetic ﬁeld,
the black solid separated and adhered to the walls of the vial,
leaving a transparent solution (Scheme 3d). It is well known that
haemin is much more soluble under alkaline than acidic conditions, due to its structure. Therefore, the conversion process
reﬂected different forms of haemin in environments of different pH. Haemin is also known as a large molecule with strong
adsorptivity [28]. Therefore, in the transformation process, haemin
will attach to the surface of Fe3 O4 (Fe3 O4 /haemin). When the pH
was adjusted from 7.0 to 12.0 using a NaOH solution with violent shaking, the mixture was restored into the state shown in
Scheme 3a/b, which illustrates that haemin redissolved in alkaline
solution. Interestingly, further experiments revealed that the states
shown in Scheme 3a/b and c/d could be reversibly interconverted
by adjusting the acidity of the solution. When Fe3 O4 was absent,
magnetic separation was not observed on changing the acidity,
which demonstrates the essential role of Fe3 O4 in the separation
process.
3.2. Characterisation
Fig. 2 shows representative TEM images of Fe3 O4 nanoparticles
and the Fe3 O4 /haemin composite, which exhibit irregular shapes
varying from ovals to spheres with the average size of ∼25 nm. The
Fe3 O4 /haemin composite nanoparticles do not show any obvious
change compared to Fe3 O4 . It is known that Fe3 O4 nanoparticles
have high speciﬁc surface area and high surface energy due to
their small radii. Thus, haemin tends to adhere to the surface of
Fe3 O4 , which was conﬁrmed by the rapid reversibility mentioned
above.
UV–vis (UV–vis) spectra can provide useful structural information about molecules. The UV–vis spectra of the investigated
system are shown in Fig. 3. No obvious absorption was observed
in a solution of Fe3 O4 (curves a and b), while solutions containing
haemin displayed a maximum absorption at ∼400 nm (curves c–f).
Obviously, the absorption peak was due to the Soret absorption
of haemin, which was sensitive to the surrounding microenvironment, and usually occurred at 409 nm at neutral pH. In the
Fe3 O4 /haemin system, no shift of the Soret band was observed,
suggesting that interactions between Fe3 O4 and haemin did not
inﬂuence the structure of haemin. In solutions of Fe3 O4 /haemin,
a characteristic peak was observed at 400 nm (curve f). The
UV–vis spectra suggested that the immobilised haemin retained
the natural optically active structure. Additionally, the spectra of

Fe3 O4 /haemin solutions did not change with time, showing the
good stability of the composite.
X-ray powder diffraction (XRD) was used to characterise Fe3 O4
and Fe3 O4 /haemin (Fig. 4). For Fe3 O4 , the positions and intensities of all diffraction peaks matched those from the JCPDS card
(75-1610), suggesting good purity and a crystalline structure. After
haemin was attached to the surface of Fe3 O4 , the XRD spectra of
the hybrid showed no obvious impact of haemin on diffraction by
Fe3 O4 . Fig. 5 shows the FTIR spectrum of pure Fe3 O4 , haemin and
Fe3 O4 /haemin. There were additional weak absorption peaks from
1500 to 800 cm−1 for Fe3 O4 /haemin compared to pure Fe3 O4 , which
were similar to the absorption peaks of haemin. For magnetic materials, saturation magnetisation intensity is a pivotal property. The
curves for Fe3 O4 and Fe3 O4 /haemin are shown in Fig. 6. The saturated magnetic moment of Fe3 O4 /haemin was smaller than pure
Fe3 O4 , which implied that the attached haemin partly shields the
magnetic intensity of Fe3 O4 .
3.3. Electrochemistry of Fe3 O4 /haemin
Electrochemistry has been regarded as a versatile and powerful
technique for monitoring sensitive interfaces, and for investigating
the responsiveness of functionalised materials. For Fe3 O4 -modiﬁed
HCPE, no peak was observed in phosphate buffer solution (PBS).
However, a pair of redox peaks was observed, with a formal potential of 305 mV (Fe3 O4 /haemin modiﬁed HCPE), which was related to
the Fe(III)/Fe(II) redox process involving haemin (Fig. 7). Peak current increased linearly with scan rate from 20 to 700 mV s−1 , with a

Fig. 5. FTIR spectra of (a) Fe3 O4 nanoparticles, (b) haemin and (c) Fe3 O4 /haemin.
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Fig. 6. Magnetisation measurements as a function of applied magnetic ﬁeld for (a)
pure Fe3 O4 and (b) Fe3 O4 /haemin at room temperature.

correlation coefﬁcient of 0.9872, implying a surface-controlled process (Fig. 7 insert). Plotting the logarithm of peak current versus the
logarithm of scan rate gave a linear relationship, with a correlation
coefﬁcient of 0.9941. The slope was 0.9903, which is very close to
the theoretical value of 1 for thin-layer voltammetry.
Trichloroacetic acid (TCA) is an important organohalide pollutant that has been extensively used in agriculture and public health
programmes [29]. Urinary TCA is also considered a biomarker
of chronic exposure to nonvolatile haloacetic acids from chlorinated drinking water [30]. Normal TCA detection techniques have
adequate sensitivity, but they require expensive equipment, timeconsuming extraction processes and professional staff, making
them unsuitable for in situ monitoring [31]. To solve these problems, protein-based electrochemical biosensors have been used
for the detection of TCA [32,33]. However, proteins can easily be
deactivated. Haemin, the active centre of haeme-proteins, exhibits
distinct electrocatalytic reactivity to TCA, with better physicochemical stability than proteins [34]. Therefore, the development of a
haemin based sensor for TCA would be of great value.
The fabricated Fe3 O4 /haemin hybrid was used to modify an
HCPE for electrocatalysis of TCA (Fig. 7). Fe3 O4 -modiﬁed HCPE gave
no catalytic response to TCA, while Fe3 O4 /haemin-modiﬁed HCPE
displayed remarkable catalytic activity at a potential of −0.35 V,
which we ascribe to the presence of haemin. The cathodic peak
current increased with increasing concentrations of TCA, while the
anodic peak current decreased, indicating a typical electrocatalytic
reduction process.
The solution pH is known to cause changes in ligation state of
the iron centre of haemin and protonation state of the propionate
side chains [18,35]. And the proton is known to be necessary in the

Fig. 7. CVs of Fe3 O4 -modiﬁed electrode (a and b) and Fe3 O4 /haemin-modiﬁed electrode (c and d) in 0.1 M PBS (pH 5.0) containing no TCA (a and c) or 10 mM TCA (b
and d). The scan rate was 100 mV s−1 . Inset: Plots of Fe3 O4 /haemin-modiﬁed HCPE
cathodic and anodic peak current, with scan rate.

Fig. 8. Relationship between the peak current from reduction of TCA and solution
pH. The scan rate was 100 mV s−1 .

reduction process of TCA by haemin [31,36]. Signiﬁcantly, catalytic
activity was dramatically affected by the acidity of the electrolyte
(Fig. 8). The cathodic peak current decreased with an increase in pH
from 3.0 to 8.0. When pH was higher than 8.0, the electrochemical
activity of haemin was weakened due to partial dissolution. These
results indicate that the highest detection sensitivity towards TCA
is achieved at lower pH values. In consideration of the stability of
the sensor, an electrolyte pH of 5.0 was selected in the following
studies.
The effect of temperature on sensor performance was investigated by HCPE, as depicted in Fig. 9. Initially, current increased
with the rise in electrode temperature. When the temperature was
higher than 60 ◦ C, current started to decrease. The maximum current was 5.8 times higher at 60 ◦ C than at room temperature (25 ◦ C).
The results may be attributed to an increase in mass transfer of
TCA, and an increase of haemin’s catalytic activity with temperature
near the electrode surface [37,38]. However, higher temperatures
resulted in reduced current. The optimal temperature for this sensor was thus 60 ◦ C.
Chronoamperometry is a sensitive detection technique. Fig. 10
shows the current-time responses of various electrodes after injecting the same amount of TCA at a working electrode potential of
−0.35 V. The response to TCA was obvious and rapid for haemincontaining sensors. In addition, the current at 60 ◦ C was higher than
at room temperature for a given TCA concentration. The rate of
decay in current at 60 ◦ C was slower than at room temperature,
which we attribute to the increased mass transfer rate. At room
temperature, there was a linear response in the range of 5–55 M

Fig. 9. Response current of TCA in PBS at different electrode temperatures. Conditions: TCA, 10 mM; PBS (0.1 M, pH 5.0); scan rate, 100 mV s−1 . (Inset) CVs of
Fe3 O4 /haemin-modiﬁed electrode in PBS containing (a) 0 mM and (b) 10 mM TCA at
an electrode temperature of 60 ◦ C.
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Fig. 10. Amperometric response as a function of TCA concentration (per 5 M)
(background electrolyte: 0.1 M PBS (pH 5.0)). (a) HCPE, (b) HCPE/Fe3 O4 , (c)
HCPE/Fe3 O4 /haemin (room temperature), (d) HCPE/Fe3 O4 /haemin (60 ◦ C). Inset:
calibration curve of c and d.

TCA, with a correlation coefﬁcient of 0.9950 and a detection limit
of 1 M (Fig. 10). The linear response range at 60 ◦ C was 5–80 M,
with a correlation coefﬁcient of 0.9806 and a detection limit of
0.3 M: lower than at room temperature. Sensitivity and linear
range were superior to those reported previously [34].
Speciﬁcity is a vital criterion for evaluation of every analytical
tool. Our results indicated no obvious interference from ions such
as K+ , Na+ , Ca2+ , Fe2+ , NH4 + , Cl− , CO3 2− , SO4 2− , NO3 − , at concentrations ten times higher than TCA. However, when the concentration
of Fe3+ or CrO4 2− was increased to twice as high as TCA, peak
current changed by approximately 8.0%. In addition, the present
of oxygen or H2 O2 would produce sizeable interference with the
TCA signal. Hence, anaerobic conditions were necessary for these
experiments.
This sensor exhibits good stability and reproducibility. In PBS
at pH 5.0, HCPE/Fe3 O4 /haemin could maintain a constant current
value after 50 continuous scans from +0.2 V to −0.7 V at a scan
rate of 100 mV s−1 . Immobilised Fe3 O4 /haemin lost only 3.2% of its
initial activity after more than 30 successive measurements. Nine
determinations of 30 M TCA produced a relative standard deviation of 4.3% for one sensor. The sensor was stored in 0.1 M PBS at pH
5.0, or in air at 4 ◦ C, and catalytic ability was examined periodically
by checking the response to 30 M TCA. After 3 months, the sensor
showed a 13.0% loss of activity for PBS, and 16.2% for air.
4. Conclusion
The rapid convertibility of haemin in Fe3 O4 nanoparticles has
been studied. The Fe3 O4 /haemin composite obtained combined the
magnetism of Fe3 O4 with the electrocatalytic activity of haemin.
This was expediently used for the determination of TCA, controlling
the detection temperature using electrically heated carbon paste
electrodes. This proposed sensor for TCA combines the stability of
Fe3 O4 , the sensitivity and selectivity of haemin, and the convenient
temperature control afforded by HCPE.
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