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A B S T R A C T

Salvia hispanica (chia) essential oil was applied for successful production of magnetic nanorods. The influence of
several parameters, i.e. temperature of the reaction mixture, volume of the S. hispanica essential oil solution,
stirring speed of the reaction mixture, and flow rate of the N2 protective gas, on their axial length was studied. A
design of experiments (DOE) approach followed by the response surface methodology (RSM) identified the
optimal conditions for synthesis of ∼3 nm magnetic nanorods. The granulometric and magnetic properties of
these magnetite nanorods were analyzed using transmission electron microscopy (TEM), energy dispersive X-ray
scattering (EDX), selected area electron diffraction spectroscopy (SAED), X-ray diffraction (XRD), and super-
conducting quantum interference device (SQUID) magnetometer. These methods revealed that the produced
magnetic nanorods had a crystalline cubic inverse spinel structure with an average axial length of
43.4 ± 20.5 nm, diameter of 3.6 ± 0.9 nm, and aspect ratio of 12.1 ± 5.2 nm, and they suggested the pre-
sence of spin glass-like (mictomagnetic) behavior with both ferro- and antiferromagnetic interactions. In addi-
tion, attenuated total reflectance Fourier transform infrared spectroscopy (ATR FT-IR) was used to identify
functional groups of the organic compounds present in S. hispanica essential oil that were possibly responsible for
production and surface functionalization of the magnetite nanorods. The resultant magnetic nanofluid displayed
electromagnetic excitation when exposed to microwave radiation, and therefore it could be useful in microwave-
imaging of tissues.

1. Introduction

There is high scientific interest in the production and character-
ization of nanomaterials due to their unique optical, physicochemical,
mechanical, thermal, and magnetic properties [1]. Magnetic magnetite
(Fe3O4) nanostructures are commonly applied as adsorbents of dyes
[2], carriers of drugs in drug delivery systems [3], biosensors for DNA
detection [4], catalysts in chemical reactions [5], and as data storage
media in electronics [6]. They have also gained interest in the medical
field due to their potential use as anti-tumor agents in controlled
magnetic fluid hyperthermia [7] or contrast agents in magnetic

resonance imaging (MRI) [8]. In addition, Fe3O4 nanostructures are
biocompatible and hence they can be used in clinical procedures, which
makes them extraordinary appealing. Unfortunately, MRI techniques,
although popular, suffer from various drawbacks, including high costs,
low availability, and high rates of false results, especially in breast
cancer imaging [9]. For these reasons, additional interest is given to
improving diagnostic methodologies that involve Fe3O4 nanostructures
as contrast agents. Among them, microwave excitation of magnetite
nanostructures is particularly important because microwave radiation
provides essential information about the morphology of various tissues
[10,11].
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Several alternative and green synthesis methods for production of
magnetite nanostructures have been developed and described in the
literature [2,8,12–23]. These methods are environmentally friendly
because no toxic by-products are formed and no toxic substrates are
used for synthesis. In addition, most of them are fast and allow for the
production of nanostructures of tailored size and shape [2,8,12–23].
Nanostructures produced with the aid of the above-mentioned methods
facilitate their surface functionalization and biocompatibility, making
them a versatile tool in modern bionanotechnology. These methods rely
upon different natural products, i.e., plant extracts [2,14–17,19–23],
seaweed extracts [8,13,18,21], and sugars [12,15], for synthesis and
stabilization of magnetic nanostructures. To the best of our knowledge,
only a few studies attempted to optimize the reaction process by con-
sidering the influence of different experimental conditions, particularly
the reducing agent concentration [15,17], temperature [21], and pH
[21] of the reaction mixtures, on the size and magnetic properties of the
resultant nanostructures. Furthermore, most of methods cited above
focused on production of spherical [12–14,16,19–21,23], rectangular
[15], cubic [8], and irregular-shaped [17] magnetite nanostructures.
Little attention has been paid to the fabrication of rod-shaped Fe3O4

nanostructures [2,22]. The main advantage of magnetite nanorods, as
compared to magnetite nanostructures of other shapes, is their higher
specific absorption rate of radiation and better heating [24]. These
features make them exceptionally appealing in microwave-assisted
imaging because it could be expected that they might reveal improved
magnetic excitation for advanced breast cancer imaging [25].

Salvia hispanica, better known as chia, is normally grown for human
and animal feeding in several regions of the Americas. Chia seed oil is
also commonly used as a nutritional supplement and a beauty product
largely due to the high concentrations of omega-3 fatty acids [26] as
well as terpenes and sesquiterpenes, i.e., widdrol, globulol, γ-muur-
olene, β-pinene, β-caryophyllene, β-bourbonene, linalool, valencene, x-
τcadinol, α-humulene, and germacrene-B [27]. The composition of S.
hispanica essential oil, and its widespread availability, makes it an in-
teresting candidate as a reducing and capping agent in novel and eco-
nomically profitable green synthesis of biogenic magnetic nanos-
tructures, complementing the use of other plant extracts in the green
synthesis and surface functionalization of metallic nanoparticles
[28–33].

The main objectives of the present study were to i) examine the
suitability of S. hispanica essential oil to serve as reducing and capping
agents in size-controlled synthesis of magnetic nanorods, and ii) eval-
uate the usability of the resulting magnetic nanofluids in microwave-
assisted imaging of tissues. Design of Experiments (DOE) followed by
response surface methodology (RSM) were applied for multivariate
optimization of the experimental conditions of green synthesis of
magnetite nanorods and selection of proper conditions under which
size-defined nanorods were produced. The response of the system was
the size of magnetic nanorods as determined in reference to their axial
length using dynamic light scattering (DLS). On the basis of the full
quadratic regression model, the experimental conditions producing
magnetic nanorods with an axial length of ∼3 nm were chosen. The
morphology and crystal structure of the magnetic nanorods were as-
sessed using transmission electron microscopy (TEM), energy dispersive
X-ray spectroscopy (EDX), selected area electron diffraction (SAED),
and X-ray diffraction (XRD). The magnetic properties of the resultant
magnetic nanorods were evaluated using a superconducting quantum
interference device (SQUID) magnetometer. Additionally, interactions
between S. hispanica essential oil and the surface of the synthesized
nanostructures were examined by attenuated total reflectance Fourier
transform infrared spectroscopy (ATR FT-IR). Finally, the thermal be-
havior of the obtained magnetite nanofluids in a microwave radiation
field was examined to reveal their response to dielectric heat.

2. Materials and methods

2.1. Reagents and solutions

All reagents were of analytical grade or better. Re-distilled water
was used throughout. Iron(III) chloride hexahydrate (FeCl3·6H2O) and
iron(II) chloride tetrahydrate (FeCl2·4H2O) were purchased from
Sigma-Aldrich (Steinheim, Germany). S. hispanica essential oil was
obtained from a local company. Pure (99.996%) N2 protective gas was
supplied by Messer (Wroclaw, Poland). Reaction mixtures were pre-
pared as follows. One gram of FeCl3·6H2O and half a gram of
FeCl2·4H2O were dissolved in three mL of re-distilled water, resulting in
a Fe(III) and Fe(II) ions ratio of approximately 1.5. The 3.0 mL resulting
solution was then mixed with an appropriate volume (3.0mL, 4.0mL,
5.0 mL) of S. hispanica essential oil, and re-distilled water was added up
to 8.0 mL.

2.2. Multiparameter optimization of magnetic nanostructures synthesis

To optimize the synthesis process of biogenic magnetic nanos-
tructures and to select appropriate parameters so as to achieve na-
norods of predefined sizes, DOE with RSM were applied. Accordingly,
the Box-Behnken response surface design was used to plan experimental
treatments for the system, considering the following four parameters at
three different levels (−1, 0, +1): reaction mixture temperature (A:
20 °C, 60 °C, 100 °C), S. hispanica essential oil concentration in the re-
action mixture (B: 37.5%, 50.0%, 62.5% [v/v]), stirring speed of the
reaction mixture (C: 0 rpm, 500 rpm, 1000 rpm), and the N2 (protective
gas) flow rate percolated through the reaction mixture (D: 0mLmin−1,
150mLmin−1, 300mLmin−1). Ranges of experimental parameters
were selected based on preliminary tests aimed at identifying the con-
ditions under which magnetic nanostructures were produced. The
planned response surface design included 27 randomized experimental
treatments, including three center points. The response of the system,
i.e., average size of the fabricated magnetite nanorods in reference to
their axial length, was measured by DLS and evaluated using Minitab18
software for Windows 7 (32 bit). All experimental treatments were
carried out in a single block. Actual and coded values of all experi-
mental parameters for the above-mentioned response surface design are
given in Table 1, along with established values of the response of the
system.

The synthesis was performed according to the conditions set in the
response surface design matrix. Following the mixing of S. hispanica
essential oil and the Fe(III)/Fe(II) ion solution, the synthesis of the
magnetic nanostructures took place at the interface of the two phases,
i.e., the aqueous solution and the organic essential oil. The reaction
mixtures were either stirred (500 or 1000 rpm) to mix both phases, or
left unstirred (Fig. 1). The time of synthesis was 10min and was arbi-
trarily selected, observing formation of magnetic nanorods (Fig. 1). The
synthesis was temperature-controlled by placing reaction vials into a
water bath having a temperature of 20, 60, or 100 °C (Fig. 1). The es-
sential oil phase was enriched with the produced nanostructures be-
cause its color turned black (as shown in Fig. 1), which is characteristic
for magnetic Fe3O4 nanofluids [34]. Freshly fabricated magnetite na-
nostructures were separated from the reaction mixtures by magnetic
decantation, then washed with water several times, and finally re-dis-
persed in water as reported elsewhere [35].

The DLS measurements were carried out approximately 50 h after
synthesis using a Photocor Complex device (Photocor Instruments,
Tallin, Estonia) supported by a 657 nm laser (power of 28mW) and a
288-channel autocorrelator. Scattering angle of the light beam was set
at 90°. All measurements of solutions containing magnetic nanorods
were performed using 148-mm round cells at surrounding air tem-
perature, i.e., 299 K (± 0.05 K). The results of these measurements,
including particle size distribution, were analyzed using DYNALS soft-
ware (version 2.8.3). The sizes of the synthesized magnetic nanorods in
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reference to their axial length were calculated on the basis on the
CONTIN algorithm [36].

2.3. Characterization of granulometric properties of magnetic
nanostructures

The size, shape, and elemental composition of magnetic nanos-
tructures synthesized under optimal experimental conditions, as se-
lected on the basis of DOE and RSM, were determined using TEM
(Tecnai G220 X-TWIN, FEI, Hillsboro, OR, USA), supported by an EDX
instrument (FEI, Hillsboro, OR, USA). To perform TEM measurements,
one drop of synthesized magnetite nanofluid (50 µL) was placed onto a
Cu grid mesh (CF 400 Cu-UL, Electron Microscopy Sciences, Hatfield,
PA, USA) and evaporated in air. The axial lengths and diameters of the
nanorods were determined based on the measurements of 80 single
nanostructures using FEI software (version 3.2 SP6 build 421, FEI,
Hillsboro, OR, USA). These values were used to calculate their aspect
ratio (length to diameter).

To determine the crystalline structure of the nanostructures, SAED
and XRD were used. The SAED measurement was carried out during
TEM analyses, maintaining the above-described preparation procedure.
The XRD studies were performed in the symmetric Θ/2Θ Bragg-
Brentano geometry using a X-Pert Pro MPD diffractometer (Malvern
Panalytical, Malvern, United Kingdom) equipped with a CuK α radia-
tion source (λ=0.15406 nm). An appropriate portion of the magnetic
nanofluid was placed onto poly(methylmetacrylate) holder, and dried
in air.

2.4. Characterization of magnetic properties of magnetic nanorods

Temperature and magnetic-field dependencies of the magnetic na-
nostructures synthesized in optimal experimental conditions were

performed from 1.8 to 400 K in external magnetic fields up to 7 T with a
commercial SQUID magnetometer, Quantum Design MPMS-7 (San
Diego, CA, USA). In order to prevent physical motion of the powders,
obtained after evaporation of magnetic nanofluids, in response to the
magnetic field, they (30mg) were pressed into pellets that were later on
rigidly placed in a capsule, and suspended in a straw. The background
coming from the weakly diamagnetic sample holder was found to be
negligible as compared to the total magnetic signal measured, so its
subtraction was omitted.

2.5. The role of chemical compounds in synthesis of magnetic nanorods

ATR FT-IR spectroscopy was used to identify the chemical compo-
sition of S. hispanica essential oil, as well as to distinguish functional
groups that might be responsible for the synthesis, stabilization, and
surface functionalization of the magnetic nanostructures. ATR FT-IR
spectra of pure S. hispanica essential oil and the organic phase after
synthesis that contained used S. hispanica essential oil and the resultant
magnetic nanorods were recorded in the range from 4000 to 370 cm−1

with a resolution of 4 cm−1 and involved 64 scans. A Vertex 70v FT-IR
spectrophotometer (Bruker, Bremen, Germany) equipped with a dia-
mond ATR cell was used to acquire these ATR FT-IR spectra.

2.6. Thermal behavior of magnetic nanorods in the microwave radiation
field

An ERTEC 02-02 microwave reactor (Wroclaw, Poland) was used
and set to a power of 40W for 5min. The magnetic nanofluid (or water
as control) was diluted with re-distilled water to a final volume of
20mL. Then, it was introduced into a glass reaction chamber.
Microwave power delivered to the system and temperature of the
chamber was monitored on-line. Both variables were used in a

Table 1
The Box-Behnken response surface design matrix with actual and coded values of the experimental parameters for the synthesis of magnetic nanostructures, as well as
the response of the system, i.e. the average axial length as measured by dynamic light scattering (DLS). The following parameters were considered in the matrix:
reaction mixture temperature (A, in °C), essential oil volume added to the solution of magnetic nanorods precursors (B, in mL), stirring speed of the reaction mixture
(C, in rpm), and N2 flow rate passed through the reaction mixture (D, in mL min−1).

Run order Actual and (coded) levels of the experimental parameters Response (average size, nm)

A (in °C) B (in mL) C (in rpm) D (in mLmin−1)

1 20 (−1) 4.0 (0) 0 (−1) 150 (0) 344.0
2 20 (−1) 4.0 (0) 500 (0) 150 (0) 12.2
3 100 (+1) 4.0 (0) 0 (−1) 150 (0) 75.0
4 60 (0) 4.0 (0) 1000 (+1) 0 (−1) 73.2
5 60 (0) 3.0 (−1) 0 (−1) 150 (0) 309.5
6 20 (−1) 4.0 (0) 500 (0) 300 (+1) 55.5
7 60 (0) 3.0 (−1) 500 (0) 0 (−1) 19.6
8 100 (+1) 4.0 (0) 500 (0) 300 (+1) 63.6
9 60 (0) 4.0 (0) 0 (−1) 0 (−1) 4.4
10a 60 (0) 4.0 (0) 500 (0) 150 (0) 36.9
11 100 (+1) 4.0 (0) 1000 (+1) 150 (0) 31.4
12 60 (0) 4.0 (0) 0 (−1) 300 (+1) 10.2
13 20 (−1) 4.0 (0) 500 (0) 0 (−1) 34.5
14 100 (+1) 5.0 (+1) 500 (0) 150 (0) 19.6
15 20 (−1) 4.0 (0) 1000 (+1) 150 (0) 71.0
16 60 (0) 5.0 (+1) 500 (0) 0 (−1) 35.5
17 60 (0) 5.0 (+1) 0 (−1) 150 (0) 46.9
18 60 (0) 5.0 (+1) 500 (0) 300 (+1) 42.0
19 60 (0) 4.0 (0) 1000 (+1) 300 (+1) 32.8
20a 60 (0) 4.0 (0) 500 (0) 150 (0) 49.2
21 20 (−1) 3.0 (−1) 500 (0) 150 (0) 3.0
22 60 (0) 3.0 (−1) 1000 (+1) 150 (0) 8.4
23a 60 (0) 4.0 (0) 500 (0) 150 (0) 100.0
24 60 (0) 5.0 (+1) 1000 (+1) 150 (0) 30.6
25 100 (+1) 4.0 (0) 500 (0) 0 (−1) 13.5
26 100 (+1) 3.0 (−1) 500 (0) 150 (0) 38.4
27 60 (0) 3.0 (−1) 500 (0) 300 (+1) 38.3

a Center points (A=0, B=0, C= 0, D=0).
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simplified version of Newton’s law of heating/cooling, which links the
temperature of a heated liquid and the surrounding environment [37].
The thermal behavior of the system was assessed with the model de-
fined as: dT(t)/dt= k(h)× Δ T(t), where T(t) is temperature at given
time; k(h) is the heating rate (s−1), and ΔT(t) is a difference in tem-
perature over time t.

3. Results and discussion

3.1. Evaluation of the response surface regression model

To understand the effects of the studied parameters on the size
(axial length) of the magnetic nanostructures, the average size of the
magnetic nanorods was modeled with a complete quadratic function,
including the main and quadratic effects as well as two-way interac-
tions. To reduce complexity of the model for easier interpretation, in-
significant terms were eliminated using the backward-elimination-of-
terms algorithm. The equation of this model is as follows (given in
uncoded values):

= − − − + ×

+ × + ×

−

− −

average size (in nm) 602 1.98 A 88 B 1.03 C 2.00 10 C

2.87 10 AC 1.42 10 BC

4 2

3 1

Reliability of this model was tested by analysis of variance (ANOVA)
and the lack-of-fit test. Results of this analysis at α=0.10 are given in
Table 2. The established response surface regression model was statis-
tically significant and included the following terms: A (p=0.266), B
(p=0.411), C (p=0.027), C2 (p=0.063), AC (p=0.096), and BC
(p=0.043). Terms A and B were kept in the model due to hierarchy of
terms. The experimental parameter D, i.e., N2 flow rate that passed
through the reaction mixture, was found to be statistically insignificant
for the system. The R2 value of 49.1% was fair; its value measures how
close the response surface model fits the data but not its adequacy. The
p-value for the lack-of-fit test value was higher than α=0.10
(p=0.220) and hence, statistically insignificant. Therefore, it was
concluded that there was no reason to reject the model, and that it
adequately fits the data.

To verify the goodness-of-fit of this response surface regression
model, the residuals (differences between the measured values and the
values predicted by the model) were examined. Distribution of residuals
were equally distributed around zero (Fig. 2A). Residuals were not
correlated with the run order, and no unusual structures or patterns
were observed except for two outliers (nos. 1 and 9) (Fig. 2B). These
results confirmed the goodness-of-fit of the model with the empirical
data.

3.2. The effect of the experimental parameters and the selection of
experimental parameters providing the synthesis of small-sized nanorods

Fig. 3 shows the effects of the experimental parameters included in
the response surface regression model, i.e. reaction mixture tempera-
ture used for synthesis (A), S. hispanica essential oil volume (B), and
stirring of speed of the reaction mixture (C). Increasing the temperature
of the reaction mixture resulted in a linear reduction in the size of the
magnetic nanorods. This was likely due to higher temperature resulting
in faster and more effective reduction of the magnetic nanostructure
precursors at the interface of two phases. Increasing the volume of es-
sential oil added to the reaction mixture also resulted in a linear de-
crease in the size of the magnetic nanorods. Likely, this was due to an
increase in the amount of crystallization seeds at the interfacial layer
between the solution and essential oil. Finally, it was also observed that
low stirring speed or no stirring of the reaction mixture contributed to
the formation of smaller magnetic nanorods. Presumably, this was be-
cause capping and stabilizing properties of compounds included in S.

Fig. 1. (A) A schematic representation of the system used for S. hispanica
mediated green synthesis of magnetic nanorods. (B) The colour of the solution
after the synthesis process. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2
Analysis of variance (ANOVA) and lack-of-fit test for the response surface re-
gression model representing effects of experimental parameters on the axial
length of the magnetic nanorods. Statistically significant p-values are under-
lined.

Source DF Adjusted SS Adjusted MS F-valuea p-value

Model 6 83,496 13,916 3.22 0.022
Linear 3 34,058 11,353 2.62 0.079
A 1 5674 5674 1.31 0.266
B 1 3050 3050 0.71 0.411
C 1 24,535 24,535 5.67 0.027
Square 1 16,697 16,697 3.86 0.063
C2 1 16,697 16,697 3.86 0.063
2-way interaction 2 33,434 16,717 3.87 0.038
AC 1 13,156 13,156 3.04 0.096
BC 1 20,278 20,278 4.69 0.043
Error 20 86,498 4325
Lack-of-fit 18 84,260 4681 4.18 0.220
Pure error 2 2238 1119
Total 26 169,994

DF: Degree of freedom. SS: Sum of squares. MS: Mean of squares. A: Reaction
mixture temperature (in °C). B: Essential oil volume added (in mL). C: Stirring
speed of the reaction mixture (in rpm).

a The value of the F-test for comparison of variance of the model with var-
iance of residuals.
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hispanica essential oil were much better when it was not homo-
geneously dispersed in the solution.

Considering the developed model, it was established that magnetite
nanorods with axial length of 3.0 nm, as measured by DLS, could be
produced under the following conditions: A= 91 °C, B=4.8mL, and
C=0 rpm.

To validate this prediction, the synthesis of magnetic nanorods was
independently carried out, maintaining optimal experimental condi-
tions established on the basis of the developed response surface re-
gression model, i.e., using 4.8mL of essential oil, keeping the reaction
mixture temperature at 91 °C, and leaving the reaction mixture un-
stirred. Magnetite nanorods produced using the mentioned experi-
mental conditions were collected by magnetic decantation, and then
subjected to analysis by DLS to acquire the average size in reference to
their axial length. A very good agreement between the mean value
(n=3) of the measured size of the magnetic nanorods synthesized in
these conditions and the value obtained at optimal conditions predicted
on the basis of the model was achieved. The relative error between both
values was 15%.

3.3. Characterization of the granulometric properties of magnetic nanorods
synthesized under optimal experimental conditions

TEM was used to assess the granulometric properties of the mag-
netic nanorods produced under the optimal experimental conditions.
The resultant magnetic nanostructures were well dispersed with visible
grain boundaries (Fig. 4A–C). As was expected, all nanostructures
synthesised in these conditions were rod shaped (Fig. 4A–C). The
average axial length and diameter were 43.4 ± 20.5 nm and
3.6 ± 0.9 nm, respectively. The aspect ratio (length to diameter) of the
synthesized nanorods was 12.1 ± 5.2 nm. EDX analysis was conducted
to reveal the elemental composition of the synthesized magnetite na-
norods (Fig. 4D). Presence of Fe and O was confirmed. Furthermore, C
(from the sample holder), Cu (from the Cu grid), and Cl (from magnetic
nanorods precursors) were detected as well.

To confirm formation of crystalline magnetite nanostructures, SAED
and XRD measurements were carried out. As shown in Fig. 5A, the ring
SAED pattern was detected with d-spacing values of 2.797, 2.614,
2.053, and 1.724 Å. These d-spacing values corresponded to (2 2 0),
(3 1 1), (4 0 0), and (4 2 2) Miller indices and were characteristics for
Fe3O4 nanostructures [38,39]. A d-spacing value of 2.780 Å, which
corresponds to the (3 2 1) plane of γ-Fe2O3 magnetic nanostructures,
was not detected in the acquired SAED pattern. This pointed out that
the fabricated magnetic nanostructures were Fe3O4 and not Fe2O3 [38].
Similar conclusions were drawn from the XRD pattern. As seen in
Fig. 5B, reflection peaks at 2Θ values of 31.0, 35.3, 43.1, and 53.2°,
corresponding to diffractions of (2 2 0), (3 1 1), (4 0 0), and (4 2 2), can
be identified [20]. The measured XRD pattern of the resultant magnetic
nanostructures additionally matched the pattern of the Fe3O4 standard
(JCPDS, card no. 19-0629). Additional peaks that were identified, i.e.,
at 20.8° of 2Θ, were likely associated with the presence of polyphenols
from the S. hispanica essential oil. Additionally, the several peaks that
occurred at 23-26° of 2Θ were possibly related to the presence of iron
oxohydrooxide (FeOOH) formed by oxidation of Fe(II) ions during the
synthesis of magnetite nanostructures [14]. Based on the SAED and
XRD measurements, it was concluded that Fe3O4 nanorods (with a cubic
inverse spinel structure) were produced by green synthesis with S.
hispanica essential oil.

3.4. Characterization of magnetic properties of magnetic nanorods
synthesized under optimal experimental conditions

To examine the magnetic properties of the nanostructures produced
under the optimal experimental conditions, SQUID measurements were
carried out. The temperature dependence of the inverse magnetic sus-
ceptibility (right-hand side axis) and magnetic susceptibility (left-hand
side axis) of nanocrystalline Fe3O4 nanorods in a weak applied external
magnetic field µ0H=50 Oe are presented in Fig. 6A. Above ∼25 K, the

Fig. 2. (A) A frequency distribution graph of residuals, and (B) a scatter plot of
residuals versus the run order.

Fig. 3. The effect of the significant experimental parameters along with the optimal conditions for production of ∼3 nm magnetic nanorods. (A) Reaction mixture
temperature (in °C). (B) Essential oil volume (in mL). (C) Stirring speed of the reaction mixture (in rpm).
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conventional Curie-Weiss law (χ(T)= C/(T−Θp)) was obeyed with a
Curie constant (C) of 25.57× 10−3 emu K g−1 and paramagnetic Curie
temperature (Θp) of 12.65 K.

Measured χ(T) variation did not show any clear anomaly or kink
associated with Verwey transition for bulk magnetite expected at
Verwey temperature (TV) 120 K [39]. The observed behavior of χ(T)
was in concert with that of the σ(H) isotherm taken at a temperature of

40 K (Fig. 6C). It implied that the nanorods displayed paramagnetic (or
superparamagnetic) character when studied at high temperatures. The
positive value of the Θp parameter points suggests predominantly fer-
romagnetic-like correlation between the magnetic moments in the
material. This hypothesis was supported by the following two ob-
servations: i) distinct differences between curves collected in zero-field
(ZF) and zero-field-cooling (FC) regimes (Fig. 6B) and ii) the narrow

Fig. 4. Morphology of the magnetic nanostructures produced under the optimal synthesis conditions. (A–C) Representative TEM micrographs. (D) The EDX spectrum.

Fig. 5. Structural properties of the magnetic nanorods determined using (A) SAED and (B) XRD.
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and tall magnetic hysteresis, with small remanence of 0.013 emu g−1,
in field dependence of magnetization up to about 55 kOe at a tem-
perature of 1.8 K (Fig. 6C). According to the literature [39], this type of
magnetic interactions in magnetite arises from an imbalance of octa-
hedral and tetrahedral sublattices of iron cations in their inverse spinel
structure. The morphology of magnetic nanorods strongly affects the
magnetic properties of the material, for which maximum nanoparticle
sizes are about 38–54 nm [39,40]. For the magnetic nanorods char-
acterized here, with average length of 43.4 ± 20.5 nm and diameter of
3.6 ± 0.9 nm, the axial length was at the border of the characteristic
length for single domain particles. At this base, one could expect mul-
tiple domains separated by domain walls with magnetic moments
aligned to one direction inside each domain. Indeed, at a low tem-
perature regime, where deviation χ(T)−1 from the Curie-Weiss law is
observed, one could find a couple of characteristic features of magnetic
behavior (Fig. 6B). At temperatures higher than the bifurcation tem-
perature (Tbf) of 18 K, no difference between ZFC and FC magnetic
susceptibility curves was observed. Both curves were independent of
magnetic history of the material; that is, both curves were identical on
heating and cooling in the same applied field within experimental error.
At Tm=21 K, magnetic susceptibility χ(T) formed a sharp cup-like
feature, which resembled what occurs, for example, in spin-glass, su-
perparamagnetic, mictomagnetic, and simply AFM systems [41,42].
Previously, a similar in shape anomaly at higher temperatures of 28 K
and 92 K was reported for 5–7 nm diameter magnetite nanostructures
coated with oleic acid and a silica shell, respectively, and described as a
fingerprint of superparamagnetic behavior [43,44]. However, this
anomaly is sharp and quite asymmetric for the nanorods characterized
here, unlike the typical broad anomaly owing to transition of isolated
magnetic moments, for which clustering [45] or long-range correlation
can be ignored [41,42]. Finally, below Tmax, the FC curve did not

saturate as could be expected for simple spin-glass systems, but instead
it significantly dropped. This suggested strong collective anti-
ferromagnetic correlation typical for short-range spin glass-like (mic-
tomagnetic) states or simple AFM orderings [41,42]. Consistently, the
magnetization curve σ(µ0H), taken at a temperature of 1.8 K with in-
creasing (full symbols) and decreasing (open symbols) magnetic field
strength, exhibited nearly linear behavior up to 10 Oe (referred to as Tm

in Fig. 6C), followed by metamagnetic-like features in stronger mag-
netic fields.

To support the presence of the antiferromagnetic correlation hy-
pothesis, it is worthwhile recalling that all inter-atomic interactions in
magnetite are antiferromagnetic and that the value of the exchange
constant J predominantly depends on the bond angle Fe–O–Fe, which
can be strongly affected by finite-size and surface effects [39]. Fur-
thermore, strong dependence of the antiferromagnetic sticking force
due to coating of a surfactant on particles having a large surface area to
volume ratio have recently been demonstrated for Na-oleate coated
Fe3O4 nanoparticles by means of electron paramagnetic resonance
(EPR) [46].

Signatures of nonergodicity were clearly observed below the bi-
furcation temperature Tbf=18 K, where both ZFC and FC curves were
split from each other and behaved in dissimilar manners upon further
cooling (Fig. 6B). With decreasing temperature, the ZFC curve firstly
became nearly featureless with a value of 1×10−3 emu g−1, then it
rapidly dropped off at temperature ∼4.8 K to a value of
0.6× 10−3 emu g−1. On the contrary, FC data started to gently in-
crease with decreasing temperature, then finally at 10 K it showed some
tendency to saturate at an enhanced value of about
1.7×10−3 emu g−1. This feature clearly indicated a magnetic origin of
the observed anomaly at 4.8 K, pointing to some rearrangement or
freezing of the magnetic moments [47]. On the other hand, considering
the extensive homogeneity range for nanorods, an extrinsic nature of
the anomaly at 4.8 K could not be completely excluded. Neutron-dif-
fraction or Mossbauer experiments would be necessary to clarify the
origin of the observed feature.

Finally, as can be inferred from Fig. 6C, at low temperatures,
magnetization σ(µ0H) curves did not fully saturate even in the strongest
magnetic field applied. It might be thus concluded that the magnetic
moments of the magnetic nanostructures were not perfectly parallel to
the applied magnetic field. At 1.8 K and µ0H=70 kOe, magnetization
reached a value of ∼83 emu g−1 that was much larger than, for ex-
ample, magnetization of previously reported magnetite nanostructures
(66.2 emu g−1) [48], one-dimensional Ag-Fe3O4 core-shell hetero-
nanowires (5.7–26.4 emu g−1) [49], or single-crystalline nanowires of
Fe3O4 with a diameter of 35 nm and a length of about 0.48 nm (about
47 emu g−1) [50]. On the other hand, the established value of magne-
tization was comparable to other Fe3O4 nanorods (82.6 emu g−1) [50]
and only slightly smaller than this obtained for bulk magnetite
(92–100 emu g−1) [39]. In particular, comparable values of magnetic
saturation of Fe3O4 nanorods described here and elsewhere [50] in-
dicated negligible mass of the reducing and capping agents originated
from S. hispanica essential oil used here. In turn, the open hysteresis
loop up to 50 KOe suggested a large spin disorder (spin canting) at the
surface with multiple stable configurations, as was previously observed
for nanoparticles such as NiFe2O4 and (Fe0.26Ni0.74)50B50 [51,52].

3.5. The role of chemical compounds in the synthesis of magnetic nanorods

ATR FT-IR spectroscopy was used to identify chemical compounds
in S. hispanica essential oil that might contribute to the formation and
stabilization of magnetic nanorods, as well as to evaluate interactions
between functional groups of these components and the surface of
produced magnetite nanostructures. ATR FT-IR spectra for pure S. his-
panica essential oil (Fig. 7A) and for magnetic nanorods synthesized
under optimal synthesis conditions (Fig. 7B) were compared.

In the ATR FT-IR spectrum of S. hispanica essential oil, stretching

Fig. 6. (A) Temperature dependence of magnetic susceptibility (left-hand side
axis) and inverse magnetic susceptibility (right-hand side axis) of the Fe3O4

nanorods measured in the field of µ0H=500 Oe. The solid line is the
Curie–Weiss fit described in the text. (B) Low-temperature magnetic suscept-
ibility data taken upon cooling the material in zero (ZFC) and applied (FC)
fields. (C) Magnetic field variation of magnetization measured at 1.8 K and 40 K
with increasing (filled symbols) and decreasing (open symbols) magnetic field
strength. The straight dashed lines emphasize linear behavior of σ(µ0H) at
1.8 K.
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and deformation vibrations of the main functional groups were iden-
tified and assigned to the presence of typical terpenoid derivatives
(Fig. 7A, Table 3). The intense absorption band at 3396 cm−1 was as-
sociated with the symmetric stretching vibrations ν of the –OH group of
water molecules [53]. Intense absorption bands at 2926 cm−1 and
2856 cm−1 were associated with symmetric and asymmetric stretching
vibrations ν of the aliphatic methylene group of terpenes such as β-
pinene and β-caryophyllene [54–56]. The intense absorption band at
1454 cm−1 was assigned to C–H stretching vibration ν of terpenes such
as β-pinene and camphor [54,55]. The absorption band at 1373 cm−1

was associated with deforming vibrations δ of methyl and methylene
groups of β-pinene [57]. Twisting and wagging out-of-plane bending
vibrations γ of the methylene group of β-caryophyllene were identified
on the basic of the absorption band at 887 cm−1 [55,58]. The absorp-
tion band at 1741 cm−1 was associated with C]O stretching vibration
ν of the ester functional group, and might be associated with the pre-
sence of monoterpenes like β-thujone [54,57]. All together, these bands
might suggest the occurrence of terpenes such as β-pinene, β-car-
yophyllene, camphor, and β-thujone in the S. hispanica essential oil and
its solutions [54]. In the solution of magnetic nanorods, a band at
555 cm−1 was identified and likely corresponded to the metal–oxygen
Fe-O bond [59] (Fig. 7B, Table 3). This bond is characteristic for
synthesis of magnetite nanostructures [8,59,60], and confirms the
production of magnetic nanorods. Furthermore, in this case, symmetric
stretching vibrations (ν) of the OH group at 3203 cm−1 were detected in
addition to the bending vibrations of the –OH group corresponding to
the one excessive peak at 1621 cm−1. The latter is related to the
bending vibration of the adsorbed water molecule in the amorphous

portion of the magnetite surface [53].
Overall, the ATR FT-IR spectra suggested that terpenes such as β-

pinene, camphor, β-thujone, and β-caryophyllene present in the S.
hispanica essential oil were responsible for the synthesis and surface
functionalization of magnetic nanorods.

3.6. Thermal behavior of magnetite nanorods in dielectric heat

Magnetic nanostructures respond to an electromagnetic field by
aligning along field lines, which leads to enhancing heat transfer [61].
For this reason, it was expected that the synthesized nanorods could
reveal an improved magnetic response when exposed to concentrated
microwaves that would be quite a valuable feature, for example, in
breast cancer imaging. Because magnetic excitation strongly influences
the temperature of magnetite nanofluids, the thermal behavior of the
magnetite nanofluid synthesized under the optimal experimental con-
ditions was determined and compared to this assessed for water. Fig. 8
displays the recorded temperature changes observed for water and the
magnetic nanofluid resulting from irradiation with an electromagnetic
field of microwave radiation.

Water, due to its dipole momentum, is considered a very good ab-
sorber of microwaves. Despite that, as can be seen in the Fig. 8, the
solution containing magnetic nanorods displayed a larger temperature
increase in response to microwave radiation as compared to water.
Accordingly, the magnetic nanofluid reached a temperature of 43 ˚C,
whereas water reached a temperature of just 35 ˚C. Importantly, mi-
crowave heating of the nanostructures resulted in a faster rate of
heating, referred to as k(h) (see Section 2.6.). Values of k(h) of the

Fig. 7. (A) The ATR FT-IR spectrum of pure S. hispanica essential oil. (B) The
ATR FT-IR spectrum of the solution of magnetite nanorods synthesized under
optimal experimental conditions.

Table 3
Absorption bands identified in the ATR FT-IR spectra.

Band assignments S. hispanica essential oil [cm−1] S. hispanica essential oil with Fe3O4 nanorods [cm−1]

Symmetric stretching (ν) vibration of O–H 3396 3203
Asymmetric and symmetric stretching vibration (ν) of C–H 2926 2960

2859 2929
Stretching vibration (ν) of C]O 1741 1727
Bending vibration of O–H 1621
In-plane bending vibrations (δ) of CH2 and CH3 1454 1450
In-plane bending vibration (δ) of CH2 1373 1374
Stretching vibration (ν) of the C–O or C–C 1244 1246

1166
Bending vibration (δ) of C–O–H 1094 1051
Wagging (ω) vibration of the CH2 887 886
Stretching vibration (ν) of Fe–O 555

521

Fig. 8. Microwave-induced changes in the temperature of water and the syn-
thesized magnetic nanofluid.

A. Dzimitrowicz, et al. Journal of Magnetism and Magnetic Materials 480 (2019) 87–96

94



magnetic nanofluid and water were 12.2×10−3 s−1 and
8.4×10−3 s−1, respectively. These observations indicated that the
synthesized magnetic nanofluid was indeed electromagnetically ex-
cited. Moreover, it was consistent with literature reports [10,25], where
magnetite nanoparticles were indicated as very convenient contrasting
agents for breast cancer microwave imaging due to ease of electro-
magnetic excitation. Based on these data, it was presumed that the
magnetite nanorods synthesized here might also be useful for this
medical purpose.

4. Conclusions

DOE along with RSM were applied to evaluate the contribution of
selected experimental parameters on the granulometric properties of
magnetic nanorods produced with the aid of S. hispanica essential oil. It
was found that the reaction mixture temperature, the volume of es-
sential oil, and the stirring speed had significant impacts on the size of
the produced magnetic nanorods. Under optimal experimental condi-
tions (reaction mixture temperature of 91 °C, essential oil volume of
4.8 mL, and a speed of stirring of 0 rpm) that provided production of
∼3 nm nanostructures, the nanostructures exhibited an average axial
length of 43.4 ± 20.5 nm, diameter of 3.6 ± 0.9 nm, and an aspect
ratio of 12.1 ± 5.2 nm. The elemental composition of the resulting
magnetic nanorods was estimated by EDX, while their crystalline
structure was determined by SAED and XRD, respectively. It was con-
firmed that magnetite nanostructures were formed with a crystalline
cubic inverse spinel structure. These nanorods exhibited complex
magnetic behavior with coexistence of ferr- and antiferromagnetic and
spin-glass-like behavior, typical for mictomagnets. Based on ATR FT-
TR, it was established that terpenes-like compounds were likely in-
volved in the green synthesis and surface functionalization of the
abovementioned magnetite nanorods. It was also shown that the syn-
thesized nanostructures were susceptible to microwave-excitation.
After appropriate adjustments, they might be useful as a contrast agent
for microwave-imaging of tissues.

We believe that this procedure allows for the production of defined
materials not only for the bioengineering applications described within
the manuscript, but also for biotechnology applications including, for
example, magnetic drug targeting. In this case, the magnetic nanoma-
terials should be as small as possible to improve tissular diffusion, and
should be stabilized by biocompatible capping agents [62]. The mag-
netic nanorods produced within this work have these properties, i.e.
there are small in size (an average axial length of 43.4 ± 20.5 nm,
diameter of 3.6 ± 0.9 nm, and aspect ratio of 12.1 ± 5.2 nm), their
surface is functionalized by several terpenes such as β-pinene, β-car-
yophyllene, camphor, and β-thujone origining from S. hispanica essen-
tial oil, and they exhibit glass-like (mictomagnetic) behavior with both
ferro- and antiferromagnetic interactions. In future work, it would be
interesting to examine whether the use of essential oils isolated from S.
hispanica grown to different maturity stages influences the properties of
the produced nanorods.
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