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We present here a novel and simple synthetic strategy for fabricating superparamagnetic nanomagnets
randomly dispersed in porous carbons. The method can be basically considered as a pyrolysis performed
inside the restricted volume formed by the pores of an activated carbon. Such magnetic porous materials
exhibit large surface areas (up to 1600 m2 g-1), high pore volumes (up to 1.0 cm3 g-1), and a porosity
made up of accessible pores. An additional advantage of this method is its versatility, which allows
composites with tunable magnetic properties to be obtained. In this way, it is possible to obtain
superparamagnetic composites that can be easily manipulated by an external magnetic field.

Introduction

Materials that contain nanomagnets have shown great
potential for use in advanced technological applications
because of their exceptional properties.1 Of special interest
are those materials that exhibit superparamagnetic behavior
at room temperature. In data storage applications, the
particles must have a stable, switchable magnetic state to
represent bits of information, a state that must not be affected
by temperature fluctuations. However, for applications such
as separation, the use of particles that present superpara-
magnetic behavior at room temperature (no remanence with
a rapidly changing magnetic state) is preferred.2 For example,
nowadays, polymeric adsorbents containing superparamag-
netic nanomagnets are used for the magnetic separation of
biocompounds, and they have also proved to be a cost-
effective way of removing transuranic elements from nuclear
waste streams.3

To fully exploit the unique characteristics of materials
containing superparamagnetic nanomagnets, it is necessary
to develop new strategies that are able to add new function-
alities to the resulting magnetic materials. In particular, the
development of superparamagnetic composites of a large

surface area and an accessible porosity would be a significant
advance to improve or even extend the applicability of the
magnetic separation technique in different fields (biomedi-
cine, catalysis, waste treatment, etc.). To attain this objective,
low-cost production strategies able to produce composites
with tunable magnetic properties must be developed. In our
opinion, a realistic strategy for the preparation of these
composites should be based on the following principles: (a)
the magnetic content should be provided by inexpensive,
stable, and nontoxic materials such as iron oxides (magnetite
or maghemite); (b) the magnetic properties of the resulting
composites should be tunable in order to optimize the
separation capacity by means of an electromagnet; (c) the
matrix should be provided by a low-cost and widely available
porous material. Commercial activated carbons (ACs) already
widely used as adsorbents and catalytic supports, because
of their low-cost, wide availability, and remarkable effective-
ness, appear as good candidates for producing this kind of
low-cost magnetic composite. ACs are often used in liquid
media to remove contaminants, to recover valuable products,
or to act as catalytic supports. Some examples of these
applications include the removal of heavy metals and organic
compounds in water, the extraction of gold complexes from
gold leach solutions, and as supports of noble metal catalysts
in hydrogenation processes.4 In many of these cases, the
separation of AC from the liquid medium is an essential step,
which normally involves complex and expensive procedures
such as filtration or centrifugation. The fabrication of
magnetically separable activated carbons would greatly
simplify the separation process, thereby making it more cost-
effective.
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To our knowledge, the methods so far reported for the
preparation of magnetic porous carbons do not satisfy all of
the aforementioned requirements.5 Thus, strategies based on
high-energy milling techniques or the carbonization of an
organic material (e.g., sawdust) impregnated with an iron
salt are only able to retain a low portion of the porosity of
the activated carbon.5a,5bStrategies based on the precipitation
of iron oxides over active carbon particles led to the
deposition of magnetic and nonmagnetic iron oxides made
up of large aggregates (>100 nm).5c The method reported
by Lu et al.,5d based on the deposition of metallic Co
nanoparticles (11 nm) over the outer surface of an ordered
carbon (CMK-3), has limitations due to the toxicity of cobalt
and to the complex multistep synthetic route. Recently, Lee
et al.5e,5f described a procedure for the preparation of
magnetically separable mesoporous carbon (CMK-3) con-
taining iron and iron oxide nanoparticles. This technique does
not permit a control over the size of magnetic nanoparticles,
and as a consequence, the resulting composite exhibits
remanent magnetization, which limits its applicability.

We present here a novel, simple synthetic strategy for
fabricating superparamagnetic porous carbons with tunable
magnetic properties. The method consists of forming super-
paramagnetic nanoparticles of iron oxide ferrites, which are
highly dispersed throughout the porous structure of a widely
available commercial activated carbon. The preparation
procedure involves, first, filling the porosity of the activated
carbon with an appropriate amount of Fe(NO3)3‚9H2O
dissolved in ethanol and, then, impregnating the dried sample
with an organic reducing agent (ethylene glycol). Finally,
the impregnated sample is treated under nitrogen at a
moderate temperature in the 250-450°C range. Our criterion
for selecting the appropriate organic compound was based
on the synthesis of nanoparticles, using polyols (ethylene
glycol). Ethylene glycol is a reducing agent too weak to
reduce Fe(II) ions to metallic iron (there was no interest on
our part in preparing metallic iron nanoparticles because they
are unstable against corrosion in a porous matrix), but it can
reduce Fe(III) to give Fe(II) species essential for the
formation of iron oxide ferrites.6 Thus, the combination of
the type of reducing agent, the temperature of pyrolysis, and
the pore size of the carbon matrix may allow us not only to
produce superparamagnetic iron oxide nanoparticles but also
to control their size.

Experimental Section

Starting Materials. A commercial activated carbon (M30)
supplied by Osaka Gas (Japan) was used in these experiments. The
commercial activated carbon used in this work exhibits a large
Brunauer-Emmett-Teller (BET) surface area of 2350 m2 g-1, a
high pore volume of 1.47 cm3 g-1, and a porosity made up of pores
of up to 6-7 nm (distribution centered at around 2.5, see Figure 1,
inset). Basically, our method can be considered as a pyrolysis
performed inside the restricted volume formed by the pores of an
activated carbon. Under these conditions, it can be expected that
the growth of iron oxide nanoparticles will be partially limited by
the size of the pores, a size that is in the range for superparamagnetic
behavior at room temperature in iron oxide ferrites.7 For the
impregnation of activated carbon, Fe(NO3)3‚9H2O (Aldrich) was
employed as the iron source. Ethylene glycol (Aldrich), which was
used as a reducing agent, was purchased from Aldrich.

Fabrication of Magnetic Activated Carbon Materials. First,
the porosity of the active carbon was filled with a solution of iron
nitrate in ethanol. This was followed by drying at 90°C for 2 h. In
the preparation of the iron-impregnated active carbon samples, we
added the precise volume of solution required to obtain a product
with a 10 or 20 wt % Fe content. Once the iron salt was deposited
inside the porosity of the activated carbon, the sample was
impregnated with ethylene glycol up to incipient wetness (around
10 mmol of ethylene glycol per gram of carbon). The impregnated
sample was then subjected to heat treatment under nitrogen at a
temperature in the 250-450 °C range and maintained at this
temperature for 2 h. The product obtained was cooled under nitrogen
down to room temperature and was then exposed to a small stream
of air in order to stabilize it. The materials obtained are denoted as
Ex - y, x being the percentage of Fe andy the temperature of the
thermal treatment in degrees Celsius. This study was restricted to
samples with iron contents below 20 wt % and did not take into
account higher concentrations because the porous composites can
be readily manipulated by an external magnetic field (typically, a
square magnet of 1× 1 × 0.3 cm3 with a Br of 1 T) at these
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Figure 1. N2 sorption isotherms and pore size distributions (inset) of the
commercial activated carbon and samples containing 10% and 20% Fe.
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concentrations. Moreover, the addition of higher amounts of iron
causes a notable reduction of the surface area available for the
resulting composites.

Characterization. X-ray diffraction (XRD) patterns were ob-
tained on a Siemens D5000 instrument operating at 40 kV and 20
mA, using Cu KR radiation (λ ) 0.154 06 nm). The cell parameters
were determined by a least-squares fit of the data using silicon as
a standard reference. The morphology of the powders was examined
by transmission electron microscopy (TEM; 2000 FX2, JEOL).
Nitrogen adsorption and desorption isotherms were performed at
-196 °C in a Micromeritics ASAP 2010 volumetric adsorption
system. The BET surface area was deduced by analyzing the
isotherm in the relative pressure range of 0.04-0.20. The total pore
volume was calculated from the amount of nitrogen adsorbed at a
relative pressure of 0.99. The pore size distribution was calculated
by means of the Kruk-Jaroniec-Sayari method.8 The magnetic
properties of the samples were recorded on a vibrating sample
magnetometer (MLVSM9 MagLab 9 T, Oxford Instrument). The
saturation magnetization (Ms) and coercivity field values (Hc) were
obtained from the hysteresis loops registered up to a field of 5 T.
Ms values were obtained from the law of approach to saturation.9

The dependence of magnetization on temperature was monitored
by zero-field-cooled (ZFC) experiments. The ZFC curve was
obtained by first cooling the system in a zero magnetic field. The
magnetic field was then applied (200 G), and the magnetization
was measured as the temperature increased.

Results and Discussion

Evidence of the formation of iron oxide nanoparticles with
a spinel structure (magnetite, Fe3O4, or maghemite,γ-Fe2O3)
was obtained by XRD (Figure 2). A typical microstructure
for composites with iron oxide spinel nanoparticles dispersed
throughout the carbon matrix is displayed in Figure 3. Particle
sizes obtained from the full width at half-maximum of the

(311) and (440) iron oxide spinel reflections by using the
Scherrer equation are all in the nanometric range (Table 1).
The size of the nanoparticles deduced from the XRD
measurements are in the range of the values estimated from
the TEM images (see Figure 3). It is worth noting that the
particle size distribution of the nanomagnets in the compos-
ites cannot be properly quantified from TEM because of poor
contrast. Information about the distribution of magnetic
nanoparticles in the porous matrix was obtained by chemical
analyses carried out with an energy dispersive spectrometry
in sections of different particles (Figure 4). This analysis
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Figure 2. XRD patterns of samples showing only diffraction peaks
associated with iron oxide with a spinel structure.

Figure 3. TEM images of (A) activated carbon and (B) the E20-400
composite showing the microstructure of samples (the dark spots correspond
to areas containing nanomagnets). The inset is a magnification that shows
that the porosity (bright spots) of active carbon is made up of disordered
and fully interconnected pores.

Table 1. Summary of the Main Characteristics of Magnetic Porous
Carbonsa

sample
dXRD

(nm)
a

(nm)b
SBET

(m2 g-1)
Ms

(emu g-1)
Hc

(Oe)

E10-300 7 0.8380 (9) 1600 5.7 0
E20-250 4 0.8358 (9) 930 2.6 0
E20-300 7 0.8384 (7) 1130 11.8 0
E20-400 8 0.8381 (3) 1230 12.8 0

a The data included are the particle size (dXRD) and cell parameter (a)
values estimated by XRD. We also included the values of the BET surface
area (SBET) and the values of saturation magnetization (Ms) and the
coercivity field (Hc) obtained at room temperature.b The standard deviation
of the cell parameters is shown in parentheses.
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shows a uniform distribution of Fe content from the surface
to the center of the particle.

It seems surprising that nanoparticles of about 8 nm (i.e.,
E20-400) are obtained inside a porous network made up of
pores below 6 nm (see Figure 1, inset). On the basis of the
observations of the TEM images obtained for nonimpreg-
nated (see Figure 3A) and impregnated (see inset in Figure
3B) samples, we believe that it is probably due to the fact
that the porosity of carbon is made up of disordered and
fully interconnected pores, which facilitates the growth of
the iron oxide nanocrystals in all directions. Consequently,
the size of the formed nanoparticles is not strictly limited
by the nominal pore diameter of the activated carbon. A
similar phenomenon has been observed in relation with the
formation of large metal oxide nanostructures within the
porosity of mesostructured silica materials with intercon-
nected pores (i.e., SBA-15).10 By contrast, when metal oxides
are synthesized within the porosity of a material with
noninterconnected pores (e.g., MCM-41), the growth of the
nanoparticles is strictly limited by the size of the pores.11 It
should also be pointed out that the increase in particle size
with temperature (Table 1) is in agreement with arguments

based on the nucleation theory; that is, particle sizes increase
with temperature.12 Finally, it is important to emphasize that,
in samples treated at 450°C, the resulting iron oxide
nanoparticles had similar sizes (8 nm) to those obtained at
400 °C. This suggests that the restricted volume formed by
the pores of the activated carbon exert some restriction over
the growing of the iron oxide nanoparticles.

Even though the difference between the magnetic moments
of magnetite and maghemite are only about 15% in bulk,
and for separation applications the use of either of these two
phases or their solid solutions is equivalent, we accurately
measured the cell parameters of the samples to discern the
nature of the iron oxide present in the composites (Table 1).
Magnetite has an inverse cubic spinel structure with oxygen
forming a closely packed face-centered-cubic arrangement
and Fe cations occupying interstitial tetrahedral and octa-
hedral sites. Maghemite has a structure similar to that of
magnetite and only differs in that all of the Fe is in the
trivalent state. Cation vacancies compensate for the oxidation
of Fe(II) cations. Logically, there exists a series of intermedi-
ate structures between magnetite and maghemite that differ
in the number of their Fe(II) cations. Thus, even though both
maghemite and magnetite have similar XRD patterns, their
unit cell parameters are different (a ) 0.834 nm for
maghemite and 0.839 for magnetite).6b Consequently, if the
cell parameters of the samples are measured accurately, it is
possible to discern the nature of the iron oxide present in
the composites. All of the samples (Table 1) have cell
parameters between those of maghemite and magnetite,
which suggests that the iron oxide phase present in the
samples could be considered as a solid solution between
magnetite and maghemite.6b In support of this assumption,
sample E20-250 (having iron oxide of a smaller particle size
and, thus, less stability against oxidation) has a cell parameter
closer to maghemite, while the other samples have cell
parameters closer to magnetite (Table 1). The fact that the
cell parameters of all of the samples except E20-250 were
similar suggests that magnetic nanoparticles above a certain
size are stable against oxidation (this stability was confirmed
by measuring the cell parameters of the samples 3 months
after preparation, and it was found that the parameters were
similar to those obtained immediately after the preparation
of the samples).

The formation of iron oxide nanoparticles inside the porous
structure of the active carbon causes a reduction of the
porosity, which depends on the amount of iron oxide (see
Figure 1) and the size of the nanoparticles. Thus, the BET
surface area and pore volume values expressed on a carbon
mass basis (normalized to carbon content) are, for E10-300,
1870 m2 gC-1 and 1.15 cm3 gC-1 and, for E20-300, 1580
m2 gC-1 and 0.96 cm3 gC-1, respectively. These results show
that, although some of the pores of active carbon are blocked
by the presence of nanoparticles, the composites still retain
a large BET surface area and a high pore volume. It should
also be noted that the BET surface area of the composites
increases with the size of the nanoparticles (see samples E20-
250, E20-300, and E20-400 in Table 1). This is probably
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Figure 4. Iron distribution obtained by energy dispersive spectrometry in
sections of two different particles (sample: E20-300). The noisy line
represents the iron content. The continuous line represents the selected line
for analysis, and the discontinuous line represents saturation of the signal
(in our case, we are always below saturation, so the analysis is adequate).
The iron content represented by the noisy line is constant in all of the profiles
(from surface to center of the particle); that is, the iron oxide nanomagnets
are equally distributed. (Bar length) 20 µm and scanning resolution∼ 1
µm.)
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because the smallest pores, which make a large contribution
to the surface area, are preferentially blocked by the smallest
nanoparticles.

Superparamagnetic behavior (i.e., zero coercivity field) at
room temperature was detected in all of the samples (Table
1, Figure 5). The influence of the iron oxide particle size on
the magnetic properties of the porous composites is reflected
in the values of the saturation magnetization, which in ferrite
nanoparticles are strongly dependent on particle size.13 In
particular, spin-canting phenomena produce a reduction of
the saturation magnetization values, as the particle size
decreases.7 In our samples, this trend is clearly visible when
samples of similar iron content and different ferrite particle
size are compared (samples E20-250, E20-300, and E20-
400 in Table 1). Here, it should be pointed out again that
the difference between the magnetic moments of magnetite
and maghemite are only about 15% in bulk. According to
the XRD measurements, composites E10-300 and E20-300
contain iron oxide of similar particle size and crystallochemi-
cal characteristics. So, the Ms values normalized to the iron
oxide content must be expected to be similar, as can be seen
from Table 1 (sample E10-300 has about half the iron oxide
content of sample E20-300, so its magnetization without
being normalized to the iron oxide content will also show
about half this value).

Similar results to those obtained from the Ms analysis were
derived from the ZFC magnetization process (Figure 6). As
expected, there is an increase in the temperature at which
the ZFC peak reaches its maximum,TM, with the increase
in particle size (compare samples E20-250, E20-300, and
E20-400 in Figure 6). More significant, however, is the shift
to higher temperatures ofTM when the iron oxide concentra-
tion in samples of a similar particle size and crystallochemical
characteristics is increased (compare samples E10-300 and
E20-300 in Figure 6). Interparticle dipolar interactions also
affect the effective anisotropy energy and change the

temperature at which a particle becomes superparamagnetic.14

Normally, there is a shift of the maximum temperature to a
higher temperature as a result of an increase in the relaxation
times.14b Thus, the magnetic properties of these composites
must be the result of competition between the intrinsic
anisotropy energy and interparticle dipolar interactions. It is
also worth noting that the smoothness of the peaks in all of
the samples could reflect some broad particle size distribution
of the nanomagnets, though dipolar interactions between
nanomagnets and their possible intrinsic disorder could also
be the basis for the observed smoothness.

Conclusions

We have illustrated a procedure for successfully fabricating
superparamagnetic porous carbons through the synthesis of
iron oxide magnetic nanoparticles inside the pores of a
commercial activated carbon. This method suggests a simple
route for the synthesis of magnetically separable active
carbons. Such magnetic porous materials exhibit large surface
areas (up to 1600 m2 g-1), high pore volumes (up to 1.0
cm3 g-1), and a porosity made up of accessible pores. An
additional advantage of this method is its versatility, which
allows the obtainment of superparamagnetic composites that
can be easily manipulated by an external magnetic field
(typically, a square magnet of 1× 1 × 0.3 cm3 with a Br of
1 T). Furthermore, because it is possible to functionalize the
carbon surface by inserting a polymeric phase inside the
porous network of the composite,15 these materials could be
used for advanced applications in areas such as the selective
separation of biomolecules or the fabrication of high-
performance catalysts.
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Figure 5. Magnetization curves of the samples. The inset shows a
magnification of the low-field magnetization curve, in which the absence
of remanence (zero coercivity) is clearly observed.

Figure 6. ZFC magnetization curves of samples as a function of
temperature with an externally applied field of 200 Oe. The two curves
illustrate the effect of particle size (E20-250, E20-300, and E20-400) and
iron oxide concentration (E10-300 and E20-300), that is, an increase in the
temperature at which the ZFC peak reaches its maximum as the particle
size and iron oxide concentration increase.
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