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We present our recent results on the application oriented properties of nanofluid ferromagnetic graphite (NFMG)
with an average particle size of the order of 10 nm. The obtained high values of the Zeta potential (reaching
40.5 mV, 41.7 mV and 42.3 mV for pH levels equal to 6, 7 and 8, respectively) indicate a good stability of
the dispersed solution. A rather strong reactivity between nanofluid ingredients and the cationic surfactant was
evidenced by using the diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy. The measured
hysteresis curves confirm a robust ferromagnetic behavior of NFMG even at room temperatures. The observed
structure sensitive temperature oscillations of magnetization are interpreted as a strongly coherent thermo-
magnetic response of the nanofluid important for its biological applications.
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1. INTRODUCTION

The suspended colloids of nano sized iron oxide par-
ticles (Fe;O, or +-Fe,O;) are probably the most
recognizable magnetically controllable nanofluids (simul-
taneously exhibiting both fluid and magnetic properties).
At the same time, the important for applications bio-
compatible ferrofluids normally use water as a vehicle.
In order to prevent agglomeration, the magnetic nanopar-
ticles have to be stabilized by ionic interaction using some
kind of bioagent (like, e.g., fatty, aspartic and glutamic
acids or peptides). Alternatively, the co-precipitation of
ferrous/ferric ions can be obtained in the presence of
the appropriate biopolymer (such as polyvinyl alcohol or
polyethylen glycol). Several clinically important enzymes
and proteins (including, among others, bovine serum albu-
min, streptokinase, chymotrypsin, and glucose oxidase)
have been immobilized based on this method. Recently,
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quite a substantial progress has been made in develop-
ing suspended colloids of nano sized magnetic particles,
including carbon, graphite and graphene based nanofluids
and biocompatible ferrofluids (see, e.g., Refs. [1-19] and
further references therein). In particular, Parkansky et al.'*
successfully separated magnetic carbon particles (includ-
ing chains of nanospheres with diameters from 30 to
50 nm, and nanorods with lengths from 50 to 250 nm and
diameters from 20 to 30 nm) in the obtained solutions by
means of the bio-ferrography technique. At the same time,
Widenkvist et al.!” suggested a new method to produce
suspensions of graphene sheets (graphite flakes) by com-
bining solution-based bromine intercalation and mild sono-
chemical exfoliation. Since carbon is the most abundant
chemical element in living beings (including humans),
its magnetic modifications, undoubtedly, open new and
extraordinary possibilities for applications in medicine
and biology (especially given its unique biological and
physiological compatibilities). Several of these applica-
tions are closely related to bionanotechnology, which is at
the edge of the fast developing field of nanotechnology.
Some of the goals in this field include relevant improve-
ments in such important areas as drug delivery, medical
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diagnosis, therapy, molecular biology and bioengineering.
The nanosized systems become especially interesting and
important when they are constructed via biocompatible
magnetic nanoparticles.?23

Focusing on the possible biological applications of fer-
romagnetic graphite, we have developed a process for its
obtention in the form of a nanofluid ferromagnetic graphite
(NFMGQG). In the present paper, we present our latest results
on the structure, stability and some unique magnetic prop-
erties of room temperature NFMG.

2. EXPERIMENTAL DETAILS
2.1. Preparation

The chemically modified magnetic graphite (MG) reported
here was produced by a vapor phase redox reaction in
closed nitrogen atmosphere (N,, 1 atm.) with copper
oxide using synthetic graphite powder (Fluka, granular-
ity <0.1 mm). After obtaining the MG,**?® we have
prepared the nanofluid suspension (NFMG)? by dissolv-
ing graphite in acetone, adding a Cetyltrimethylammo-
nium bromide (CTAB) cationic surfactant, and bringing it
to an ultra sonic edge. The resulting homogeneous solu-
tion was separated in a centrifuge at 6000 rpm. After
five consequitive washes with acetone (to remove an
excessive surfactant), deionized water was added and the
solid sample was brought back to an ultra sonic edge
for 1 min. The above procedure provided the necessary
homogeneity and stability of the obtained solution. The
adsorption of active agents on the surface of the graphite
results from the favorable interaction between the surface
and species of the solid adsorbents. Various interactions
(such as electrostatic attraction, covalent binding, hydro-
gen binding, non-polar interactions and lateral interactions
between adsorbed species) can contribute to the adsorp-
tion processes, facilitating the aqueous suspension of
graphite.

2.2. Characterization

The structural characterization of NFMG was performed
by transmission electron microscopy (TEM) using Philips
CM-120 microscope. TEM analysis (see Fig. 1) reveals
a flake like morphology of NFMG. Relating the size of
the scale in Figure 1 with the size of the particle in the
nanofluid, the latter is estimated to be of the order of
[ =10 nm. To assess the presence of CTAB molecules on
the surface of NFMG, we performed micro Raman anal-
ysis with samples of graphite dried in vacuum at 60 °C
for 6 hours. As expected, the CTAB functional groups, the
hydrophobic (carbonic chain) and hydrophilic (cationic-
active agents with positive charge) parts of the surfac-
tant are found to correlate with the band structure of the
graphite. Since the hydrophilic part tends to bind with
the water molecules, its action results in stabilization of
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Fig. 1. TEM picture of nanofluid ferromagnetic graphite with resolution
of 50 nm, showing a flake-like structure of the aqueous suspension with
an average particle size of the order of 10 nm.
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Fig. 2. Raman spectra of the nanofluid ferromagnetic graphite. G and D
peaks are related to the in-plane phonon and the disorder activated modes,
respectively.

the nanofluid suspension. As it can be seen in Figure 2,
the Raman spectra of the NFMG samples present the tra-
ditional phonon-mediated G-band (seen also in MG sam-
ples) and the disorder activated D-band. The relationship
between the integral intensity of the D-band (I,) and
the G-band (I;) can be used to determine the graphite
nanocrystaline size [ through a simple equation:® [ (nm) =
(4.361;)/1,,. By applying this idea to the Raman spectra
measured in our samples, we have obtained [/ equal to
11 nm and 10 nm for MG and NFMG, respectively. These
values are in good agreement with those determined from
the TEM image, shown in Figure 1.

3. RESULTS AND DISCUSSION
3.1. Stability Issues

The important for applications question on stability of
NFMG was verified via Zeta potential (ZP) measurements
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of the nanoparticles under suspension using Zeta Sizer
Nano equipment.?’ Recall that ZP indicates the level of the
repulsion between particles similarly charged in dispersion
and it is directly related to their electrophoretic mobil-
ity. If the dispersed phase is formed by small particles,
then ZP value will indicate how stable the dispersion is.
This means that the higher is the ZP, the more the disper-
sion will resist aggregation, resulting in a longer period
of stability. More specifically,”” ZP values higher than
+61 mV lead to an excellent stability. Our preliminary
results reported earlier’® on ZP measurements for pH level
at a fixed value of 7 produced 41.3 mV for NFMG. Some
interesting dependencies of ZP on pH level for carbon
nanotube (CNT) dispersion have been reported by Xie and
Chen?! in the context of adjustable thermal conductivity of
CNT nanofluids. To test the sensitivity of ZP to pH level in
our nanofluids, we measured ZP of NFMG for 3 different
values of pH and obtained 40.5 mV, 41.7 mV and 42.3 mV
for pH =6, 7 and 8, respectively. The higher values of ZP
in the present nanofluid (even for pH = 7) are achieved by
improving the interaction between the graphite particles
and the liquid phase. To visualize these improvements, we
have performed diffuse reflectance infrared Fourier trans-
form (DRIFT) spectroscopy using a Bliicher spectropho-
tometer. For this characterization, the NFMG sample was
dried under vacuum at 60 °C for 6 hours. Notice that the
present DRIFT spectrum of NFMG (shown in Fig. 3) sig-
nificantly deviates from the one*® obtained for previously
measured nanofluid (especially, below 2000 cm™!). These
spectral changes are attributed to better functionalization
of the CTAB molecules on the edges of the nanographite
particles in a more stable solution. Since the primary bonds
between the carbon atoms in graphite act only in the
basal plane, no dangling bonds are generated when the
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Fig. 3. Diffuse reflectance infrared Fourier transform (DRIFT) spec-
trum of nanofluid ferromagnetic graphite.
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structure is sectioned parallel to the basal plane. As a
result, after the breaking of the secondary forces between
the basal planes, the graphite lamellas have superficial
energy significantly lower than materials in which dan-
gling bonds are generated on surface, as in the case of the
oxides.

3.2. Structure-Sensitive Magnetic Properties

First of all, to prove ferromagnetic nature of our NFMG
sample, we have analyzed its magnetization as a function
of magnetic field (M—H hysteresis curves) at room tem-
perature (see Fig. 4). The measurements were performed
with a Quantum Design MPMS-5T SQUID magnetometer.
In addition to the fact that the hysteresis does not vanish
even at room temperature, we also observe non-zero values
for both the remnant magnetization and the coercive mag-
netic field. That is why we can safely conclude that the
nanofluid does not exhibit a conventional superparamag-
netic behavior (as, for example, in the case of iron oxides),
but instead it follows a verifiable and well defined ferro-
magnetic pattern (previously confirmed for another similar
sample?’).

Furthermore, to test the magnetic properties of NFMG
samples, we performed the standard zero field cooled
(ZFC) and field cooled (FC) measurements using the same
magnetometer. Figure 5 presents the temperature depen-
dence of the ZFC magnetization M showing a well-defined
Curie temperature around 300 K. Besides, like in our
previous measurements (with another sample),> above
100 K we observe very pronounced temperature oscilla-
tions of M which can be attributed to the local varia-
tion of the magnetization M(r) defined by the periodic
radial distribution function (also known as a pair corre-
lation function) g(kr) as follows* M (r) = M,g(kr), and
assuming that the wave vector k is temperature depen-
dent (see Ref. [32] for detailed discussion). More specif-
ically, we assume that k(7) [ = M,(T)/M,(T,,) where
T,, =100 K and M,(T) is the bulk spontaneous magne-
tization of the single ferromagnetic particle given by the
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Fig. 4. The room-temperature hysteresis curves of nanofluid ferromag-
netic graphite for low (a) and high (b) magnetic fields.
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Fig. 5. The structure-sensitive temperature oscillations of the ZFC mag-
netization observed in nanofluid ferromagnetic graphite.

Curie-Weiss expression (valid below the Curie temperature
T =300 K)

M,(T) = M,(0) tanh (%) ~1 (1)

As a result, the temperature dependence of the observed
magnetization of the magnetic nanofluid can be described
as follows®> 3

M(T) = <%) /0 " drM,g(kr) @)

where L = NI is an average cluster size with / being a
size of the single particle and N the number of particles
forming the cluster. The best fits (shown by the solid line
in Fig. 5) of the magnetization data using Eqs. (1) and (2)
revealed a hard-sphere type pair correlations® between
graphite particles in the nanofluid with g(kr) = sin(kr)/r?
and produced N = L/l = 15 for the number of particles
contributing to the observed oscillating behavior (which is
quite close to the number deduced from another sample’s
data®?).

4. CONCLUSION

We presented our recent results on preparation, characteri-
zation, and magnetic properties of a stable dispersed solu-
tion of room temperature ferromagnetic graphite which
are important for biological applications. The obtained
magnetic nanofluid has a flake-like structure of the aque-
ous suspension with an average particle size of the order
of 10 nm. The measured hysteresis curves confirmed a
robust ferromagnetic behavior of the nanofluid even at
room temperatures. The observed pronounced temperature
oscillations of magnetization have been attributed to man-
ifestation of strongly coherent thermo-magnetic response
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of the nanofluid (with a hard-sphere type pair correlations
between ferromagnetic particles) which could be useful for
its potential applications.
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