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The physical characterization of a colloidal system of superficially modified magnetic nanoparticles (MNPs) is pre-
sented. The system consists of oleic acid-coated iron oxide nanoparticles (OAMNP) suspended in water. A structural
analysis is carried out by using standard physical techniques to determine the diameter and shape of the MNPs and also the
width of the coating shell. The colloidal stability and the polydispersity index of this ferrofluid are determined by using
Zeta potential measurements. Additionally, the magnetic characterization is conducted by obtaining the DC magnetization
loops, and the blocking temperatures are determined according to the ZFC—FC protocol. Finally, the values of power ab-
sorption density P of the ferrofluid are estimated by using a magneto-calorimetric procedure in a wide range of magnetic
field amplitude H and frequency f. The experimental results exhibit spherical-like shape of OAMNP with (20 +4) nm in
diameter. Due to the use of coating process, the parameters of the magnetization loops and the blocking temperatures are
significantly modified. Hence, while the uncoated MNPs show a blocking state of the magnetization, the OAMNP are su-
perparamagnetic above room temperature (300 K). Furthermore, the reached dependence P versus f and P versus H of the
ferrofluid with coated MNPs are clearly fitted to linear and quadratic correlations, respectively, showing their accordance

with the linear response theory.
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1. Introduction

In the last decades, the synthesis of iron oxide mag-
netic nanoparticles (MNPs) has gained much attention, !'-?! be-
cause of their applications in the biomedical area, and particu-
larly magnetic imaging!**# and hyperthermia therapy trials!>-6!
have been studied. In this scope, the magnetite (Fe3O4) and
maghemite (y-Fe;O3) are the most frequently used MNPs
due to their strong magnetic properties, low cytotoxicity, and
chemical stability.”8] Nevertheless, in order to carry out in
vitro or in vivo experiments using MNPs, it is necessary to
suspend them on biological media (i.e., cell culture medium,
phosphate buffer saline, isotonic solution, efc.) to ensure a rea-
sonable colloidal stability, thereby forming a stable ferrofluid
system. (9,101

Ferrofluids of MNPs with controlled diameters and
shapes, are typically produced by using the well-known chem-
ical co-precipitation procedure, where a base solution is added
to liquid saline solutions of Fe2t/Fe3t, under an inert envi-
ronment with adjustable temperature and pH.[!'=13] Further-
more, the surface of the MNPs must be coated with functional
groups to achieve the anchoring of targeting agents and pos-
sibly the transport of drugs to cells or tissues.!'®!”] For ex-
ample, ferrofluids with Fe3O,4 nanoparticles coated with poly-
acrylic acid have shown a good efficiency for possible cancer
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therapy applications.!'3! In the same way, the use of oleic acid
as stabilizing surface-ligand for aqueous dispersion is achiev-
able by the formation of a double-layer of oleic acid on the
surface of MNPs. The formation of a single layer will not
allow the MNPs to be dispersed in aqueous solvents, but a
large excess of oleic acid used in the synthesis method favors
the formation of a double-layer and provides the optimal wa-

(19201 Double-layer stabilized nanoparticles

ter dispersibility.
can be dispersed in polar and non-polar solvents, and this
dual lyophilic character allows us to have MNPs highly sta-

(2122 In another work, tiny nanopar-

ble in aqueous solvents.
ticles capped with oleic acid ligands have shown an innova-
tive application to industrial catalytic process, due to their high
polydispersity.[>]

Superficial modification of the MNPs produces many
physical changes, which are exploited to reach a good col-
loidal stability and diminish the internal dipolar interactions,
thus avoiding forming magnetic clusters. Nevertheless, the
magnetic properties and monodispersity of the MNPs should
not be dramatically modified after this functionalization pro-
cess. Thus, the main aim of this work is to evaluate the induced
changes in the structure and magnetic properties of Fe3O4
MNPs which are coated with oleic acid. Later, the power ab-

sorption density of the ferrofluid with OAMNP is analyzed
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to explore its expected performance in magnetic hyperthermia
experiment.

2. Theoretical aspect

The interaction between alternant magnetic field and fer-
rofluid system can be modeled by using the linear response
theory. In this approximation, a linear relationship between
the induced magnetization M and H is assumed. Then, the
drained power density P on a volume V of ferrofluid is given
by Eq. (1).1>*1 As observed, P depends on its complex mag-
netic susceptibility ¥/, in addition to the frequency f, H?,
and the magnetic permeability of the empty space Ly = 47 X
1077 N/A?,

P=pomyf fH*. (1)

When a monodisperse suspended nanomaterial exhibits a su-
perparamagnetic ordering, the susceptibility xj can be ex-
pressed as a function of its effective relaxation time 7 and the
equilibrium magnetic susceptibility xp, obtaining Eq. (2),1>*]
where, xr is given by the typical magnetization of Langevin
equation g = /J,()VPMS2 /3K T, which is satisfied in the linear
regime of magnetization uoHV,M;s < kgT'?*! and sometimes
is called the linearity condition. This inequality includes the
core volume of an MNP V,, and the total saturation magnetiza-

tion Mj.
2rnft

1+ (2nf1)?
Under the assumption of a polydisperse distribution of sus-

P = mpoyrH> )

pended nanoparticles, equation (2) must be modified by intro-
ducing a distribution function of particle diameters where dif-
ferent magnetic susceptibilities and relaxation times must be
taken into account, thus becoming a more complicated expres-
sion. Nevertheless, equation (2) also represents an effective
mathematical model describing P of a macro-spin array, >
which possesses an effective diameter, equilibrium suscepti-
bility, and relaxation time.

Regarding the effective relaxation time 7, this parame-
ter takes into account both the Néel relaxation time (7y) and
the Brownian relaxation times (7g) as expressed in Eq. (3).
Thus, 7n includes the effective magnetic anisotropy constant
K. of the suspended MNPs through the Arrhenius law (see
Eq. (4)), where 1y is the characteristic length of time (typi-
cally 1 x 107 s). In addition, 75 includes the viscosity 1 of
the liquid medium and the hydrodynamic diameter Dy of the
MNPs, following the Stokes—Einstein law (Eq. (5))

™NTB

_ _INTB 3

B+ N )

= 4

TN = To eXp <K T 4)
3n 4x (Dy m]D%I

B=——75 |5 . 5
KgT 3 2 "~ 2KgT

When the energy of a nanomaterial exceeds its anisotropy bar-
rier (by applying H and T) and if the sampling time of the
magnetometer is the same as Ty (typically 100 s), the param-
eter K. can be approximated by Eq. (6) (Ref. [26]) which in-
volves the blocking temperature 7 = T and a critical core
volume V,, of the MNPs, and expressed as

25T8K;
K, = 2 TBKs ©)

Yo

In a physics laboratory, calorimetric trials are typically per-
formed to determine the drained power density on a ferrofluid
with density pr and specific heat Cy.[>”?8] For this purpose,
equation (7) can be applied. Thus, its specific absorption rate
SAR is initially measured and the parameters f and H are pro-
grammed to inductively heat the sample. Likewise, the SAR
is easily estimated from the heating rate varying with time of
the ferrofluid with the help of Eq. (8),?’-?°! which includes
the fraction of suspended magnetic nanoparticles MNP.

P =pr-SAR, (7
dT

SAR = G . 8)
Myp dt

3. Materials and methods
3.1. Synthesis and preparation of ferrofluid

The ferrofluid of uncoated MNPs is prepared following a
co-precipitation methodology. First, 30 ml of deionized wa-
ter (previously deoxygenated with N») is deposited in a glass
test tube and 15-ml deionized water in another one, both are
isolated from the atmosphere to avoid absorbing oxygen. A
Schlenk flask is depressurized to 500 mm of Hg within 8 min
and then, it is filled with N,. Afterwards, 0.4867 g of FeCl3
(Sigma Aldrich) is dissolved in the first test tube and 0.417 g
of FeSO,4-7H,0 (Fermont) in the second tube. Subsequently,
both solutions are deposited in the flask. The blend is heated
at 30 °C under continuous stirring at 400 rpm. At this point
a chronometer is started in order to control the addition se-
quence of the reactants and heating periods. Right after 5 min,
3 ml of 5-M NH4OH is added by using a peristaltic pump at
a volumetric rate of 1.5 ml/min. After 15 min, a syringe nee-
dle is inserted into the septum of the flask. 30 min later, the
synthesis is finished. A blackish suspension is obtained, in-
dicating the formation of MNPs. The suspension of MNPs is
washed four times with deionized water to eliminate the re-
maining by-products of the synthesis. Finally, a ferrofluid of
MNP dispersed in water is obtained.

In the same sense, the procedure to obtain the ferrofluid of
OAMNPs includes the aforementioned steps, followed by the
addition of oleic acid. After 10 min, the dispersion is main-
tained at 80 °C for 10 min, and then, at 90 °C for 10 min.
Then, 300 pl of oleic acid (Fluka Analytics, reagent grade)
is added into the dispersion and kept stirring for 20 min.

100502-2



Chin. Phys. B Vol. 29, No. 10 (2020) 100502

Afterwards, the stirring is stopped, and a colloidal disper-
sion of OAMNPs is obtained. The excess of oleic acid is
eliminated by centrifugation at 1.2 x 10* rpm for 1 h and
10 °C. The supernatant is removed and the OAMNPs are re-
suspended in deionized water. The centrifugation and resus-
pension in deionized water steps are repeated four times, and
finally, the obtained ferrofluid of OAMNP is dialyzed by us-
ing a cellulose membrane (Sigma-Aldrich, MWCO 12 kDa,
1 Da = 1.66054 x 10727 kg).

3.2. Structural and magnetic characterization of ferrofluid

The core diameter of the MNPs is estimated through x-
ray diffraction (XRD) measurements by using a Panalytical
Empyrean system and its goniometer covers the angular dis-
placement 5° < 260 < 80°. Then, AO = 0.02° is the pro-
grammed angular increment and ¢ = 30 s is the sampling time
for data acquisition. For this purpose, dried samples with
50 mg of coated and uncoated MNPs are placed on specials
glass sample holders for XRD. Additionally, dried samples
are analyzed through Fourier transform infrared (FTIR) spec-
troscopy measurements by using a Thermo Scientific Nicolet
iS5 spectrometer in an ATR mode.

The scanning electron microscopy (SEM) measurements
are obtained by using an MIRA3 (LMU) device of TESCAN
company, with 1 nm of resolution capability. Samples are pre-
pared by diluting 10 pl of ferrofluid with coated and uncoated
MNPs in 1 ml of deionized water; subsequently, 10-pl aliquot
is placed on a carbon conductive tape (5 mm x 20 mm), which
is adhered to the special sample holder for SEM. During the
next 35 min, this sample is dried at 45 °C inside an oven and
then they are covered via gold sputtering.

In order to analyze the colloidal stability of water sus-
pended coated and uncoated MNPs, Zeta potentials are deter-
mined at different pH values by means of a Zetasizer SZ90
(Malvern) through using polystyrene folded capillary dispos-
able cells. First, a 0.01-M NacCl solution is prepared with
deionized water, then, 100 ul of MNP at 15 mg/ml is added
into 10 ml of NaCl solution. Afterwards, the pH of the dilu-
tions is adjusted to a desired value by adding NaOH or HCI.
Dispersions with pH values ranging from 2 to 11 are measured
three times to determine the mean values and standard de-
viation. Additionally, the corresponding Z-average hydrody-
namic diameter (Dy) and polydispersity index (PDI) are mea-
sured by using polystyrene disposable cuvettes (10-mm path
length, four clear sides).

To determine the fraction of oleic acid covering the sur-
face of the MNPs, thermo-gravimetric (TGA) measurements
are realized with the help of a high-resolution Cahn Versa
Therm Analyzer and two sample containers with 1.5-g capac-
ity. A container is filled with 60 mg of dried coated MNPs
while the second container is filled with the same mass of un-
coated MNPs. Then, both samples are separately heated by

sweeping the temperature interval 40 °C < T < 850 °C, at
10 °C/min of heating rate. During the experiments, the un-
coated MNPs are always heated under an inert Np-atmosphere
(at 25 ml/min of flux) and the coated samples are heated
up to 750 °C under Nj-atmosphere, but in the last interval
(750 °C < T < 850 °C) the N3, is replaced by oxygen.

The magnetization loops (at room temperature 300 K)
of the MNPs are obtained using a VersalLab vibrating sam-
ple magnetometer (VSM) of quantum design. Hence, 5 mg
of dried coated and uncoated MNPs are placed into diamag-
netic containers and uniform magnetic fields from —30 kOe—
30 kOe (1 Oe = 79.5775 A/m) are applied. Magnetization
traces following the ZFC-FC protocol are registered estab-
lishing H = 100 Oe, while the temperature covers the interval
S0K < T <400 K.

To determine the power absorption density of the
OAMNP ferrofluid, a previously reported induction heater is

used.[?7:28

I The system is an alternating magnetic field gener-
ator equipped with a fluoroptic thermometer, which is used
to determine the ferrofluid heating. This generator is suit-
able for modifying the applied frequency covering the inter-
val 185 kHz < f < 530 kHz and the amplitude H can be in-
creased up to 35 mT. Three Eppendorf tubes, each with 2 ml
of capacity and 1 ml of ferrofluid (at 1 mg/ml each) are pre-
pared. The procedure to obtain the P of each sample begins by
placing them one at the time inside an adiabatic cavity in the
inner space of the induction coil where the magnetic field is
exactly uniform. Hence, while a sample is irradiated by fixing
f and H, its temperature is registered and stored using the ther-
mometer connected to a PC. Later, the temperature slope is an-
alyzed offline to estimate the SAR by applying Eq. (8), which
is substituted into Eq. (7) to determine the corresponding P.
Following a systematic increasing of f and H, the respective
dependence P versus f and P versus H can be determined.
In this work, the mean values of P are plotted using the mea-
surements of the three samples including their corresponding
standard deviations.

4. Results

The typical XRD spectra obtained from uncoated (dark
line) and OAMNP (gray line) samples are displayed in
Fig. 1(a), and both measurements show the characteristic
peaks of the magnetite structure. Thus, the Miller indices
(220), 311), (400), (422), (333), and (440)
are clearly distinguished, which correspond to the respec-
tive phases 20 = 30.16°, 35.52°, 43.17°, 53.56°, 57.10°, and
62.70° (JCPDS file, No. 19-0629). Using the Scherrer formula
(in radian units) o = kA (8(26)cos(8)) !, the estimated aver-
age crystallite sizes of uncoated o, and coated Goamnp sam-
ples are 6y = (13£ 1) nm and coamne = (154 1) nm respec-
tively. For this estimation a shape factor k = 0.94 is consid-
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ered, the x-ray wavelength is A = 1.54 x 10710 m, and the de-
termined parameters 3(20) and 6 are obtained from Fig. 1(b),
which represent the close-up of the main peaks displayed in
Fig. 1(a). In order to determine the standard deviation of oy
and cpaMNP, an experiment is performed three times, hence
an approximated increase of 13% is observed in the magnetic
core of OAMNP, these discrepancies can be attributed to ran-
dom effects of the preparation processes.

Other spurious uncertainties of the average ¢ can be in-
trinsically involved in the Scherrer equation when the sam-
ple has a polydispersed diameter below 10 nm and a crys-
tal structure with superficial strain.3°! The strain is impor-
tant if the synthesis method uses high energy and/or temper-
atures, but it can be neglected when the preparation is based
on chemical reactions or liquid-to-solid phase transitions!3!]
This last characteristic can explain no larger discrepancies in
the sizes reported for several polydispersed nanocomposites
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from XRD, SEM or TEM.[3234] Therefore, the SEM micro-
graph of OAMNP in Fig. 1(c) clearly shows that the clus-
ters possess almost spherical shapes, and that some small
clusters. The diameter sizes (n = 400) are extracted from
a set of SEM images and the distribution is represented in
Fig. 1(d). After fitting the data to a normal distribution func-
(20 £4) nm. Whereas,

for uncoated samples the corresponding SEM micrograph of

tion, the mean diameter is GoamNp =

Fig. 1(e) and its plotted distribution of diameters in Fig. 1(f)
indicate oy = (15.5+3) nm. By comparing the values of
coamnp and oy from XRD and SEM, the discrepancies of
25% and 16% are respectively evidenced, which are proba-
bly related to the polydispersion of the samples omitted in the
Scherrer equation. Moreover, 23% is the computed discrep-
ancy through the formula 100(1 — 6yc/Goamnp), and this dif-
ference is mainly related to the oleic acid shell.
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Fig. 1. (a) Typical XRD spectra of uncoated (dark lines) and OAMNP (gray lines) samples, (b) close-up of the main peaks, (c¢) SEM micrograph of the
OAMNEP, (d) size distribution plot fitted to a normal data regression, (¢) SEM of uncoated MNPs, and (f) corresponding plot including the data regression.
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In relation to the superficial modification of the MNPs,
the FTIR spectra of pure oleic acid, uncoated and coated
MNP are displayed in Fig. 2.

presence of Fe3Oy is corroborated due to the vibrations ob-

In the dark waveform, the

served at 577 cm~!' which corresponds to the Fe-O bond,
as well as those at 1622 cm™! and 3209 cm~! of the O-H
groups. [
istic signals at 3005 cm~! due to the CH stretch at C=CH,
2922 cm~! and 2853 cm™! associated with the asymmetric

1 Also, the spectrum of the OA shows its character-

and anti-symmetric stretch of the CH, groups, and an intense
signal at 1707 cm ™! due to the stretch of the group C=0. The

signal observed at 1284 cm™!

corresponds to the CO stretch;
the signals at 1457 cm~! and 935 cm™! are associated with
the OH stretch in the plane and out of the plane respectively;
the signal at 722 cm™! corresponds to the CH, balance and
the signal at 1412 cm™! refers to the vibration of the CHj
umbrella-like mode of oleic acid.[*>! In addition, the spectrum
of OAMNP clearly overlaps the last two FTIR spectra and no
other structural changes of magnetite are observed. It shows
two characteristic signals at 1428 cm™! and 1516 cm™! due
to asymmetric and symmetric stretches of the carboxyl group
(-COO™) respectively; other signal at 1705 cm™! is due to
stretch of group C=0, which corresponds to the characteris-
tic signal of the second layer on the magnetite nanoparticles
coated with oleic acid; and finally, the signals at 2847 cm™!
and 2915 cm™! are associated with the asymmetric and anti-
symmetric stretches of the CH, groups, respectively.!!*1%]
Accordingly, the spectra demonstrate a surface modification
of magnetite nanoparticles with an AO double layer coating.
Thus, it is expected that the diamagnetic organic coating de-
posited on MNPs may affect their magnetic properties in com-

parison with those of uncoated MNPs.
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Fig. 2. FTIR spectra of uncoated Fe3O4 nanoparticles (dark), pure oleic acid
(blue), and OAMNP (gray).

On the other hand, the relative mass dependent temper-
atures of uncoated (dark line) and OAMNP (gray line) are

shown in Fig. 3(a). These measurements are obtained via TGA

analysis and two clear different behaviors are observed. After
a careful observation of the mass registers, the uncoated MNP
sample has 2.87% of mass loss at 39 °C < T' < 296 °C and also
has 0.45% of mass loss at temperatures above of 296 °C. This
decrease is caused by evaporation of water adsorbed on the
particle’s surfaces. Nevertheless, the sample of OAMNP de-
creases by 4.4% at 30 °C < T < 165 °C, followed by a 54.4-%
mass loss at 165 °C < T < 337 °C. Also, 6.5 % of mass loss at
338 °C < T < 576 °C is observed, and finally, a 3-% decrease
above 577 °C. At the end, 31.7% of iron oxide is reached
above 750 °C. In the same sense, the derivative of the rela-
tive mass loss is shown in Fig. 3(b), where the characteristic
peaks of the mass loss rate are highlighted. Hence, the peak at
77 °C of the OAMNP is associated with the water evaporation
(4.4% of mass loss), the peaks at 340 °C and 541 °C are related
to the boiling point of the oleic acid (60.9% of mass loss) and
the last peak at 758 °C to the oxidation of iron oxide (34.7%
of relative mass plus resultant material). With the change of
atmosphere at T > 750 °C, clearly can be corroborated the
expected phase transition from magnetite to hematite.**! By
analyzing the ratio of relative mass proportions between oleic
acid and magnetite, 4 nm is the estimated coating thickness.
Thus, 19.0 nm is the total diameter of OAMNP which matches
the mean value obtained from SEM in Fig. 1(d).
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Fig. 3. (a) Relative mass M versus temperature of OAMNP over the interval
30 °C < T < 850 °C and (b) corresponding derivative in the same tempera-
ture interval.

The measurements of Zeta potential over the pH interval
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2.2 < pH < 11 are displayed in Fig. 4(a). For OAMNP, an
initial negative decrease of the Zeta potential is observed to
reach a minimum value (—80 mV) at pH = §; this value in-
creases with the systematic increase of pH and it is maintained
below —45 mV for 9 < pH < 11. Thus, for pH > 4 a good
colloidal stability of the OAMNP ferrofluid is achieved. In
contrast, the ferrofluid with uncoated MNPs shows a low sta-
bility behavior for pH > 4, an incipient stability at 6 < pH < 7
and a good stability only for pH > 9. Additionally, the de-
pendence of hydrodynamic diameters Dy on pH is shown in
Fig. 4(b). In general, the higher Dy is observed in uncoated
MNPs.

registered at pH = 8, but the Zetasizer cannot determine the

Indeed, the largest diameter Dy ,, = 5720 nm is

corresponding Dy for pH > 8, even on its higher resolution
scale. When the ferrofluid of OAMNP is analyzed the be-

havior notably changes, because this parameter systematically
decreases with the increase of pH, reaching up to 140 nm at
pH = 11. The remarkable differences between the coamnp
via SEM and the cpoamnp Via Dy are explained by the forma-
tion of islands of OAMNP in the ferrofluid, which are prob-
ably due to electrostatic and Van Der Waals interactions. A
similar trend is observed on the PDI, where the higher values
are observed in uncoated MNPs (see Fig. 4(c)). Indeed, for
uncoated MNPs, the lowest value PDI,,,;;, = 0.6 is reached at
pH = 2, which indicates a completely polydisperse behavior
over the studied pH range. For OAMNP, the measured PDI
indicates some polydispersity for pH > 8 and pH = 6. Nev-
ertheless, an acceptable monodispersity is observed at pH < 6
and pH = 7.4; indeed, the best stability values are reached for
pH=4 (PDI=0.13£0.2) and pH="7.4 (PDI =0.18+0.2).
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Fig. 4. The pH-dependent (a) Zeta potential, (b) their corresponding hydrodynamic diameters, and (c) polydispersity index of water-suspended coated (open

circles) and uncoated (black circles) MNPs.
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Fig. 5. (a) Magnetization loops at room temperature of uncoated and coated MNPs, and (b) their corresponding ZFC-FC graphs using H = 100 Oe.

Magnetic properties of uncoated and coated MNPs un-
der the action of static magnetic field are discussed now. In
Fig. 5(a), the curves of magnetization M versus magnetic field
of the uncoated MNP (dark line) and coated MNP (gray line)
are plotted, which are obtained at room temperature. The mag-
netic saturation of the OAMNP is clearly diminished, reaching
M, = 24 emu/g, which is 2.92 times lower than the same pa-
rameter obtained for the uncoated sample. Regarding to the

magnetic cohercivity Hc, a similar result is observed, reach-

ing 11 Oe and 25 Oe for coated and uncoated samples respec-
tively. Also, the low magnetic remanence M; = 0.25 emu/g
of OAMNP reaches up to 6.8 times less than the measured in
uncoated samples. Hence, those significant differences in the
magnetization loop are caused by the lower concentration of
magnetite in the OAMNP sample (only 31.7%), in addition,
the coating shell helps to diminish the internal dipolar inter-
actions between neighboring particles. Likewise, the depen-

dence of M on temperature following the ZFC-FC protocol
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(at H =100 Oe) is shown in Fig. 5(b). Notable differences be-
tween both curves can be clearly seen, but the ZFC trace of un-
coated samples does not exhibit any maximum value with null
slope, indicating the magnetic blocking state of M. Whereas
the magnetization of OAMNP exhibits a blocking tempera-
ture T3 = 303 K, evidencing a superparamagnetic ordering.
Despite a low H, observed on coated samples, the inset of
Fig. 5(a) shows some of ferrimagnetic ordering, but the ob-
tained 7p indicates a predominate superparamagnetic behavior
above room temperature. These mixed magnetic properties are
the consequence of the polydispersity of the samples, which
coincides with the measured PDI of Fig. 4(c). Several stud-
ies have reported the modulation of 73 as a consequence of

[37-401 because this po-

a decrease in the dipolar interactions,
tential energy is proportional to 7> and the thickness of the
shells increases the distance between nearby magnetic cores.
Thus, while the ZFC trace is registered, these weakened inter-
actions do not screen the thermal fluctuations originating from
the Néel relaxation of the magnetic moments.

Using the core size cpoamnp obtained via XRD and the
observed blocking temperature T, we can obtain k. ~ 9.1 x
10~* J/em® from Eq. (6), which is the estimated effective
anisotropy constant of OAMNP. In consequence, Ty ~ 88 s
is the effective Néel relaxation time, which is computed by
substituting k. into Eq. (4). Therefore, the reached Brownian
relaxation time 73 ~ 2.7 ms is computed from Eq. (5) under
the assumption of a water viscosity of 7 = 8.9 x 10* N-s/m?
and Dy ~ 200 nm. This value is four orders of magnitude
less than 7y, and then T ~ 5. Thus, the effective relaxation
time 7 described by Eq. (3) is dominated by the rotation of the
OAMNP.

The induced heating on the OAMNP ferrofluid is shown
in Fig. 6(a). In this experiment, H = 25 mT is the constant
amplitude applied during 2 min, while f has been increased
in five steps from 182 kHz to 530 kHz. The five traces of the
temperature increment over time exhibit an almost linear be-
havior, where the slope d7/d¢ systematically grows at each
frequency. Indeed, those slopes are computed using data lin-
ear regressions in the time interval 20 s <t < 40 s, and also
they are used to determine the dependence P versus time at
each value of f as displayed in Fig. 6(b). Moreover, the pa-
rameter P is determined first by computing the correspond-
ing SAR values from Eq. (8), which later is introduced into
Eq. (7). For these purposes, are used are the specific heat
Cy = 4.186 kJ/(K - kg), density p = 1000 kg/cm?, and the sus-
pended fraction of OAMNP my,, = 0.1. The delineated solid
line on the plot of Fig. 6(b) is the best linear data fit, which
reaches the slope m; = 0.047 +0.004 W/cm? per kHz and it is

characterized by the quality factor y> = 0.94. This statistical
parameter evidences good accordance with P corresponding to
the linear response model Eq. (1). Then, P ~ 22 W is the max-
imum power dissipated by OAMNP to 1 cm? of water when
H =25mT and f = 530 kHz. This magnitude is a very impor-
tant parameter for future applications in the induction heating

of biologic agents.
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§ ]
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=
o

12 x?=0.94154
8 m = 0.047340.0008
6 (b)
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Fig. 6. Time dependent (a) temperature increment during 2 min applying
H =25 mT with five values of f, and (b) power density.

In other assays, the OAMNP ferrofluid is heated using
the constant frequency f = 330 kHz, whereas the amplitude
H is increased from 10 mT to 30 mT in steps of S mT. In
Fig. 7(a), the five traces of the temperature increment during
2 min are shown and the gradual increase of d7'/dt with H is
evidenced. The same procedure described above (Fig. 6(a)) is
used to determine the dependence of P on H and it is displayed
in Fig. 7(b). There, the solid line is the best quadratic data fit

estimated using the formula P = my, - H 2 where
mp, = (0.0237 +0006) W /cm® per (mT)?

is the best computed parameter with quality factor ¥ = 0.99.
Hence, a good concordance between the experimental mea-
surements and the parameter P of Eqgs. (1) and (2) can be en-

sured. In this experiment, P =~ 21 W is the maximum power
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dissipated by OAMNP to 1 cm? of water, when f = 330 kHz
and H =30 mT.

The linearity condition for P is given by the expression
UoHV,Ms < kgT, and this inequality can be computed using
the employed parameters

toH =35 mT, V, = (4/m)-3(7.5n0m)*,
T=315K, M;=24emu/g;

with Mgy = 52.45 kAm~' converted to MKS units as
M (CGS) = p - M (MKS). Also, the total density of dried fer-
rofluid p is determined by using the fractions of uncoated mag-

netite and oleic acid, that is,

p = 0.609 - pojeicacid +0.317 - PMagnetite
=2185.5 kg/cm’,

where Poreicacid = 895 kg/em® and Pyagnetite = 5175 kg/em?.
Thus, considering the maximum applied amplitude H and
the reached maximum temperature, 0.2677 x 10721 < 4.21 x
1072! is evaluated the inequality of the linear regime condi-
tion, which shows concordance with the previous computed

quality factor x2.

12
X 1 10 mT
E 10 4 015 mT
9] 420 mT
g o] ~25mT
& 30 mT
5 ]
R
[0} 61 &
- a y 4
= /af
[o ] y: M p x,g&(%w;\::ﬁ'
g 24 /f ;o':a‘—""”{’ -
5} & PP ——
0] / e (a)
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4 @ experimental data
T 201
3]
L ]
% 16
~
= ]
i
B 124
=]
9] i
el model: slope
g 87 x*=1.03342
g 1 R?=0.99139
oW} 4 m = 0.02372+0.00058
] (b)
O T T T T T
10 15 20 25 30

Magnetic field/mT

Fig. 7. (a) Temperature increment during 2 min applying f = 330 kHz with
five steps of H, and (b) the dependence P versus H with the corresponding
quadratic data regression.

5. Conclusions

In this work, the physical changes of a ferro-colloid sys-
tem of superficially modified iron oxide MNPs are analyzed.
Three principal changes must be highlighted as a consequence
of the oleic acid coating, i.e. the high colloidal stability related
to a low polydispersity index, the modulation of the magnetic
properties which leads the magnetization to go up to a super-
paramagnetic ordering, and the good accordance of its power

absorption density with the linear response theory.
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