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Ferromagnetic carbon-coated Fe nanoparticles (core size of 15 nm,
saturated magnetization of M, = 218 emu g~' and coercivity of
H. = 62 Qe), fabricated at a mild temperature, demonstrate
a strong ability to effectively remove more than 95 wt% of Cr(v1) in
waste water via carbon shell physical adsorption, which is much
higher than the commercially available Fe NPs.

Metallic nanoparticles (NPs) of the iron group such as Co,' Fe? and
Ni? are of great interest due to their unusual magnetic properties* and
chemical catalytic properties® arising from their small size and high
specific surface area. Over the past decades, magnetic materials with
various shapes and sizes have demonstrated a wide range of potential
applications, for example in data storage.®” magnetic sensors,?
bio-medical® (i.e. drug delivery, magnetic resonance imaging and
hyperthermic treatment for malignant cells) and pharmaceutical
areas.'®! However, bare metal NPs are readily oxidized upon
exposure to air, or even ignite spontaneously at room temperature.'?
Hence, magnetic NPs with a protective shell are a prerequisite for
their potential applications and the reported shells include silica,'
polymer,” carbon,” and noble metals."™'>*” Compared to other
shells, carbon exhibits much higher stability in harsh environments
such as acidic or basic media'®'® and better biocompatibility.'* So far,
techniques to synthesize a carbon shell include magnetron and ion-
beam co-sputtering,® high temperature annealing of a mixture of
carbon-based materials and metal precursors,® catalytic chemical
vapor deposition,® and pyrolysis of organometallic compounds.?
But all these methods are costly, which limits their applications.”® An
economic method for large-scale fabrication of stabilized Fe NPs is
still a challenge.

Hexavalent chromium Cr(vi) is a commonly identified contami-
nant in soils and groundwater because of its high toxicity and
mobility.** The maximum permissible limit of total chromium in
drinking water has been recommended as 0.1 mg 1" by the US
Environmental Protection Agency (EPA).>* A variety of methods
have been developed to remove Cr(vi) from waste water such as
solvent extraction, ion exchange, osmosis, chemical precipitation,
membrane separation and adsorption.?*” Although these methods
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are efficient for Cr(vi) removal, the costs are relatively high.*®
Consequently, an alternative adsorption is desirable and feasible
because of its low-cost and high efficiency.?3*® Besides, adsorption
can effectively reduce the low concentrations of heavy metals in
wastewater when compared with chemical precipitation and elec-
trochemical methods.?** Activated carbon prepared from coconut
wood, lignin, petroleum, and coke is one of the adsorbents being used
to purify polluted water.**** However, activated carbon has not been
able to reduce the concentration of contaminants at ppb levels.®
Sun er al*® have reported on the removal of methyl orange by
carbon-encapsulated magnetic NPs, though the study on heavy metal
removal is very limited. Magnetic NPs with regular shape and narrow
size distribution are necessary to maintain the dispersion stability of
NPs in the wastewater. The large specific surface area of the carbon
shell will enhance the heavy metal adsorption. Additionally, the
mobility of magnetic NPs will enhance greatly when external
magnetic fields are introduced. This will facilitate recycling NPs after
treatment of the toxic heavy metals.

In this paper, a facile method utilizing a mild-temperature
annealing process is developed to fabricate crystalline Fe NPs
(see ESIt). Economic sodium chloride is used as the template/spacer
to prevent the NPs from agglomeration. The biodegradable and
water-soluble polyvinyl alcohol (PVA) is chosen as carbon precursor.
The structure and magnetic properties of Fe—C NPs are investigated
by TEM and 9-T physical properties measurement system (PPMS).
The surface functionality of NPs is studied with FT-IR. The removal
of Cr(vi) by Fe-C NPs is investigated and an adsorption mechanism
is proposed. Carbon-encapsulated magnetic NPs are justified as
a promising candidate for efficient removal of heavy metal ions from
wastewater.

Fig. 1(a) shows the TEM microstructures of the as-prepared NPs
with an average size of 15 nm. The clear lattice fringes in high-reso-
Iution TEM, Fig.1(b), indicate that the NPs consist of an Fe core

Fig. 1 TEM micrograph of the iron—carbon core—shell NPs.
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surrounded by carbon. The lattice fringe with a distance of 2.1 A,
depicting a highly crystalline structure, corresponds to the (1 1 0)
plane of a-Fe crystal.'>**° o-Fe originates from the reduction
between the formed iron oxide NPs*' and carbon.* The outer lattice
fringe with a calculated d-spacing of 2.0 A corresponds to the (0 0 2)
plane of graphite.*? The shell is relatively uniform and the thickness is
about 8§ nm. No pore is observed in the shell from HRTEM. The
BET results show an average surface area of 72.54 m? g~!, which is
much larger than that (23.5 m?> g') of the commercial Fe NPs
provided by the QuantumSphere Inc. and that (35 m? g™') of the
reported Fe NPs.*® This is due to the introduced carbon shell. EDAX
elemental analysis does not show any trace of NaCl, indicating that
NaCl does not diffuse into the Fe metal lattice during the NPs
fabrication. Without NaCl, the formed products are in the bulk form.
Thus, only products with sodium chloride as templates are selected
for characterization and heavy metal treatment (ESI, Fig S1+).

Magnetic properties

The NPs show a tendency to be attracted to a permanent magnet and
the black aqueous solution of suspended NPs turns transparent
within seconds when it is placed nearby (insert of Fig. 2). This indi-
cates that the carbon shell has protected Fe NPs from oxidation or
dissolution during acid washing. Fig. 2 shows the room temperature
hysteresis loop of the Fe-C NPs. The magnetization does not reach
saturation even at high field. The extrapolated saturation magneti-
zation (My)* of the NPs is 218 emu g (based on Fe), which is
comparable to that of the bulk Fe (222 emu g~ ")*>° and higher than
that of polymer or carbon coated Fe NPs.** Higher M is desirable
for most applications such as biomedical or ferrofluid areas.*

The coercivity (coercive force) is observed to be 62 Oe, which is
much larger than that (5 Oe) of the bare Fe NPs with a comparable
size.®> Fe NPs become magnetically harder after being coated with
a carbon shell. The increased coercivity is due to the introduced
carbon shell, which results in a reduced inter-particle dipolar inter-
action, arising from the increased nonmagnetic interparticle
distance.” The observed ferromagnetic behavior of the as-prepared
Fe-C NPs is in good agreement with the reported ferromagnetic
behavior of the Fe NPs with an average size of 13 nm.>
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Fig. 2 Magnetic hysteresis loop of Fe-C NPs. Left insert: (a) NPs
redispersed in water and (b) attraction of the NPs to a permanent magnet;
right inset: the enlarged partial hysteresis loop.

Adsorption removal of heavy metals

Fig. 3(a) shows the standard absorbance curve at 540 nm vs. the
concentration of Cr(vi) by the 1,5-diphenylcarbazide (DPC) method.
With the increase of the Cr(vi) concentration, the absorbance
increases linearly. By correlating the UV-vis absorption of the reacted
solution to the established standard absorption line, the concentra-
tion of residue Cr(vi) is determined, which will be sequentially used to
calculate the removed amount of Cr(vi). Fig. 3(b) shows an absor-
bance of 0.086 for wastewater solution after treatment, which
corresponds to a removal of 95 wt% Cr(v1) in water and is well below
the limit of EPA (Cr(vi) < 100 pg L"). During the reaction, no
bubbles are observed in the solution, which indicates that the carbon
shell effectively prohibits the Fe cores from reacting with protons.
The Cr(vi) removal is found to take about 2 h and further reaction
does not lead to further removal of Cr(vi). The NPs still can be
attracted to a magnet after 2 h adsorption in acid solution. The
adsorption capacity of Cr(vi) on the carbon-encapsulated Fe NPs is
estimated to be 1.575 ml of wastewater with a lower Cr(vi) concen-
tration of 400 pg L' per mg NPs, which is equal to a 630 pg Cr(vi)
per g NPs and lower than the reported capacity of 84.4-109.3 mg
Cr(v) per g NPs* for pure Fe NPs with a size of 60 nm due to the use
of polluted water with a much higher Cr(vi) concentration (42.83 +
0.52 mg L"). As a comparison, the commericial Fe NPs with an
average size of 20 nm from QuantumSphere Inc. have also been
tested for heavy metal removal. With excess NPs, the Cr(vi) can only
be removed by 86% and some bubbles are observed due to the redox
reaction between the Fe NPs and protons.

Adsorption mechanism

Bare iron particles have been used to treat the Cr(vi) from polluted
water by reduction mechanism.** However, the Fe cores in the
synthesized NPs are not accessible to Cr(v1). It is reported that carbon
can greatly adsorb Cr(vi) from aqueous solutions.?***>% Therefore
when core-shell NPs are added into the solution, the carbon shells
effectively adsorb Cr(vi) onto the shell surface without sacrificing the
magnetic core, which is indicated by the attraction to a magnet after
excess acid and subsequent wastewater treatment. After 2 h immer-
sion in Cr(vi) solution, the NPs are collected by a magnet and
analyzed by EDAX. The result shows Cr coexisting with Fe and C,
demonstrating that Cr(vi) is adsorbed onto the surface of carbon
shell. The attraction to a magnet indicates a solid structure of the
carbon shell, which prevents Cr(vi) going through the shell and
contacting the iron core for etching. This nature of the NPs helps to
recycle NPs after treatment with Cr(vi). The high adsorption removal
percentage of Cr(vi) is due to the carboxylic functional group, which
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Fig. 3 (a) The standard curve for DPC method quantification of Cr(vi);
(b) UV-vis absorption of the solution after 2 h reaction.
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is consistent with the observations that the carboxylic functional
groups present on the surface of carbon benefit the adsorption of
heavy metals.’*” This explains the high removal percentage of Cr(vr)
with a Cr(vi) concentration of 400 ug L. Besides, for adsorption of
Cr(v1), the contact time has a pronounced effect on the removal of
pollutant species from aqueous solutions in the first 2 h, which means
a rapid removal at the initial treatment stages. However, a further
increase in time has a negligible effect on the removal of Cr(vi) and
the removal percentage attained maximum at “equilibrium”.>* Hence,
the process was conducted for 2 h.

In summary, we have demonstrated a facile method to fabricate
carbon-coated iron NPs. The economic sodium chloride is found to
effectively serve as a solid spacer to disperse the iron precursor and to
prevent the NPs from agglomeration. The TEM result shows that the
prepared NPs have microstructures of a Fe core with a diameter of
around 15 nm coated with a thin carbon layer. The NPs exhibit room
temperature ferromagnetic behavior with a high saturated magneti-
zation of 218 emu g~ and large coercivity of 62 Oe. The high satu-
ration magnetization is desirable for various applications. These
hybrid magnetic NPs have a certain amount of carboxylic functional
groups on the carbon surface. The iron—carbon core-shell NPs have
effectively adsorbed Cr(vi) with a removal percentage of 95 wt%
without sacrificing the Fe cores.
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