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Abstract: In this study, the effect of molarity on the structural, magnetic, and heat dissipation
properties of magnetite nanoparticles (MNPs) was investigated to optimise the parameters for
potential application in magnetic hyperthermia therapy (MHT). MHT works based on the principle
of local temperature rise at the tumour site by magnetic iron oxide nanoparticles (MIONPs) with
the application of an alternating magnetic field. MHT is a safe method for cancer treatment and has
minimal or no side effects. Magnetite (Fe3O4) is the best material among MIONPs to be applied in
local MHT due to its biocompatibility and high saturation magnetisation value. MNPs were prepared
by co-precipitation at varying molarity. Structural characterisation was performed via X-ray powder
diffraction (XRD) for crystalline structure analysis and field-emission scanning electron microscopy
(FESEM) for morphology and particle size analysis. Measurement of the magnetic properties of the
as-synthesised MNPs was carried out using a vibrating sample magnetometer (VSM). Power loss (P)
was determined theoretically. The increase in molarity resulted in significant effects on the structural,
magnetic, and heat dissipation properties of MNPs. The particle size and saturation magnetisation
(Ms) decreased with the gradual addition of base but increased, together with crystallinity, with the
gradual addition of iron source. M3 recorded the smallest crystalline size at 3.559 nm. The sample
with the highest molarity (M4) displayed the highest heat generation capacity with a p value of up to
0.4056 W/g. High p values at the nano-scale are crucial, especially in local MHT, for effective heat
generation, thus proving the importance of molarity as a vital parameter during MNP synthesis.

Keywords: Fe3O4; magnetite; magnetic hyperthermia therapy; molarity; nanoparticles

1. Introduction

Hyperthermia therapy in cancer treatment is well-established and is one of the most
promising biological applications of magnetite nanoparticles (MNPs) [1–3]. This treatment
induces heat into cancer tissues at a temperature ranging between 41 ◦C to 46 ◦C. Hyper-
thermia treatment will result in a phenomenal effect known as cell apoptosis and necrosis.
Cell apoptosis prevents further growth of cancer cells; it does not lead to death of cancer
cells but only places them in a stagnant state. Cell apoptosis typically occurs at ~43 ◦C.
Necrosis is the complete annihilation of cancer cells (most or complete death of all cancer
cells) and occurs at 45 ◦C and above [4,5]. In general, cancer cells have a selectively higher
sensitivity towards heat and smaller cooling effects than normal cells [6,7]. Hyperther-
mia therapy is an external approach that produces minimal side effects compared with
radiotherapy and chemotherapy [8].

The utilisation of magnetic iron oxide nanoparticles (MIONPs) in the biological field
has been a subject of interest in recent years [9–13], including in magnetic hyperthermia
therapy (MHT) [14,15]. In MHT, biocompatible MIONPs are introduced at the tumour site
by magnetic targeting, followed by heat generation by exposure to alternating magnetic
field [1,8,16–20]. MHT governs the conversion principle of electromagnetic energy into
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heat energy to stimulate a local temperature rise [14,21] This technology has managed to
increase the effectiveness of the treatment and has a reduced collateral damage on the
surrounding healthy tissues [22].

The selection of the correct and suitable MIONPs for local MHT is a crucial step to en-
sure their effectiveness in the biological field. Materials with high magnetic properties, such
as Co and Ni, are toxic and are unsuitable for medical application. Magnetite nanoparticles
(MNP) are a safe and promising candidate in MHT application due to its biocompatibility,
excellent magnetic property and stable magnetic response compared with the other types
of MIONPs [23–27]. Additionally, MNPs possess superparamagnetism, which means that
particles lose their magnetisation without magnetic field application, thereby reducing the
risk of particle aggregation [28]. Several studies have reported on the magnetic properties
and structure of MNPs doped with tin and magnesium. Doped MNPs can be experimented
in targeted drug delivery and magnetic resonance imaging contrast agents due to their
ultrafine crystalline size, low coercivity, and high saturation magnetisation [29]. However,
these materials are yet to be tested for in vivo applications, especially in MHT.

A number of approaches can be used to obtain MHT-applicable MNPs by altering
their synthesis parameters. For example, the heat and pressure parameters of hydrothermal
method are tailored to obtain MHT-applicable MNPs [30]. Thermal decomposition has
very good control over nanoparticle shapes and leads to a very narrow size distribution of
nanoparticles to obtain the desired shape anisotropy, such as nanocubes and nanorods. The
shape design of MNPs is a major aspect in synthesis of various nanostructures with unique
biocompatibility and magnetic properties [31]. Co-precipitation is the most commonly used
method in the synthesis of MNPs because of its affordability and simplicity; in this method,
two separate iron sources are mixed simultaneously in the presence of a base [32,33].
Nevertheless, the molarity of iron source and base influences the structural and magnetic
properties of MNPs, significantly affecting the heat dissipation of MNPs in MHT. An
appropriate amount (molarity) of iron source and base should be identified to yield MNPs
with high heat generation capability for MHT.

In this study, MNPs were prepared by co-precipitation, where the molarity of iron salts
and base was varied to determine the effect on the structural, magnetic and heat generation
properties for potential application in local MHT. With the variations in molarity, high
power loss (P) values should be generated for excellent MHT. Results show that synthesis of
MNPs with the right molarity values for iron salts and base is important in the high-power
loss (P) by using a theoretical determination (as further discussed in the sections below)
through a vibrating sample magnetometer (VSM) for effective heat generation in MHT.

2. Methodology

MNPs were synthesised through co-precipitation of Fe2+ and Fe3+ at a molar ratio of
2:1. Sodium hydroxide (NaOH) was used as the base. The iron source was first prepared by
dissolving 1.28 M FeCl3·6H2O and 0.64 M FeCl2·4H2O into 0.4 M hydrochloric acid (HCl),
which was then diluted to 25 mL with deionised water. HCl was added to neutralise the
anionic charges. The base solution was prepared by dissolving 1.5 M NaOH into 250 mL
of deionised water under vigorous magnetic stirring and nitrogen gas (N2) atmosphere
protection in a reaction vessel. This step was done to create a non-oxidising atmosphere to
avoid the oxidation of the iron source. The prepared iron source was added dropwise into
the reaction vessel containing the base solution. The mixture was labelled as M1. The entire
reaction occurred under an N2 atmosphere, with a stirring rate of 1500 rpm and reaction
temperatures of 25 ◦C for 30 min. At the end of the reaction, the observed black precipitates
were collected and centrifuged at 4000 rpm for 15 min. The black precipitates were collected
and washed with ethanol and deionised water several times. The precipitates were then
dried in an oven at 70 ◦C overnight. The dried black granules were finely ground into
powdered form. The flow chart of the entire experiment is illustrated in Figure 1.
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Figure 1. Flowchart of the synthesis of core magnetite nanoparticles.

The entire process was repeated by varying (increasing) the molarities (M2, M3, and
M4) of the iron sources (FeCl3·6H2O and FeCl2·4H2O) and the base (NaOH). The detailed
molarity values are shown in Table 1a.

Table 1. (a) Molarity values of FeCl3·6H2O, FeCl2·4H2O, and NaOH for samples M1 to M4. (b) Mo-
larity values of FeCl3·6H2O, FeCl2·4H2O, and NaOH for samples C1 to C4.

(a)

Samples
Iron Source Base

FeCl3·6H2O FeCl2·4H2O NaOH

M1 1.28 0.64 1.5
M2 1.75 0.875 2.0
M3 2.00 1.00 2.5
M4 2.56 1.28 3.0

(b)

Samples
Iron Source Base

FeCl3·6H2O FeCl2·4H2O NaOH

C1 1.75 0.875 1.5
C2 2.00 1.00 1.5
C3 2.56 1.28 1.5
C4 3.2 1.6 1.5

The second batch of samples was prepared, where only the iron sources (FeCl3·6H2O
and FeCl2·4H2O) were varied while the base (NaOH) was kept constant. This batch of
samples was used to analyse whether iron source alone will affect the structural and
magnetic properties of MNPs and consequently influence the heat generation capacity,
which is crucial in MHT application. The step is important to determine the appropriate
molarity for producing potential MNPs for MHT application. The solution mixtures were
labelled as C1, C2, C3, and C4, and their molarity details are shown in Table 1b.

X-ray powder diffraction (XRD) characterisation was carried out using a Bruker D8
Advance X-ray Diffractometer (XRD) with a 2θ angle of 10◦–80◦ and Cu-K α radiation
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(λ = 1.5406 Å) to identify the structure and phase of the synthesised MNPs. Field-emission
scanning electron microscopy (FESEM) analysis was conducted on Zeiss-MERLIN FESEM
to investigate the morphology and topology of the synthesised MNPs. The magnetic
properties of the synthesised MNPs were analysed using a Lakeshore 7404 vibrating
sample magnetometer (VSM) at room temperature under an applied magnetic field (H)
up to 14 kOe with a frequency (f ) of 80 Hz. The H was applied horizontally to the sample
(in-plane method).

Magnetic hysteresis loss (power loss of MNPs) was calculated via a theoretical ap-
proach using the M-H curve obtained from VSM. The amount of heat generated by the
synthesised MNPs can be calculated using the following equation [20].

P(W/g) = [f
∮

HdB] × 10−7, (1)

where f is the frequency, H is the applied magnetic field, and B is the magnetisation of
MNPs in H. The area of the hysteresis loop in H is expressed as

∮
HdB. Therefore, in our

calculations, the f value is 80 Hz, and the expression
∮

HdB is replaced for the area of the
hysteresis loop calculated under 14 kOe by using VSM.

3. Results and Discussion

The colour of the obtained samples prepared by co-precipitation was black (Figure 2).
This finding proved that the obtained samples were magnetite (Fe3O4) and not maghemite
(γ-Fe2O3), which has a brown appearance. Furthermore, the identifying colour of mag-
netite (Fe3O4) is black [25]. The colour of the obtained samples could be used for physical
determination of the synthesised samples. Akhirudin et al. reported that black precipi-
tates (magnetite) were oxidised, which resulted in a colour change from black to brown,
indicating the formation of γ-Fe2O3 (maghemite) saturated suspension [34].
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The synthesised MNPs possess magnetite characteristics (Figure 2), where the black-
coloured sample powder in the sample bottle became attracted upon contact with an
external magnetic field. This finding proved the ferromagnetism characteristics of the
synthesised black-coloured powder [25,35].

The yield significantly increased by up to 3.5 times by increasing the molarity from
M1 to M4 and by 1.8 times from C1 to C4. Hence, the base (NaOH) is a major contributing
factor towards the higher yield of MNPs.



Magnetochemistry 2022, 8, 161 5 of 13

Figure 3 shows the XRD patterns of the synthesised MNPs at increasing molarities
for M1 to M4 and C1 to C4, respectively. The main relative intensities and position of
all diffraction peaks at 30.10◦, 35.43◦, 42.99◦, 53.66◦, 57.29◦, 62.67◦, 67.62◦, and 75.80◦ (2θ
degree) with the planes of (220), (311), (400), (422), (511), (440), (531), and (622), respectively,
are in agreement with the standard pattern for JCPDS Card No. (19-0629) indexed magnetite
(Fe3O4) phase with an inverse spinel structure [36–40]. In the (311) plane, the synthesised
MNPs illustrate very broad peaks that indicate low crystallinity. This finding is in contrast
to bigger and well-crystallised samples that exhibit narrower peaks with higher intensity.
The XRD peaks are usually not well-developed compared with the bulk samples due to the
ultra-fine size of MNPs. As shown in Figure 3a, the crystallinity of MNP does increase as
the molarity of the reactant increases until M3. In M4, the crystalline peak formed starts
to deteriorate and too many particles are formed [25,28]. These excess particles distort
the angle formation of the crystalline structure [41,42]. The crystallite size continuously
grows in C1 to C4 (Figure 3b). These findings suggested that base, in this case, NaOH, is an
important factor in the crystalline growth formation of MNPs.
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C1 to C4.

The crystalline sizes of the synthesised MNPs were determined from the full-width
half-maximum (FWHM) for the main diffracted peak at (311) based on the Debye–Scherrer’s
equation [43–45].

FWHM (2θ) =
Kλ

L cosθ
(2)

where K is the Scherer’s constant (shape factor) (K = 0.89), λ is the wavelength (λ = 1.5406 Å),
L is the crystallite size (in nanometres), and θ is the Bragg’s angle (in radians). Table 2a,b
show the Bragg’s angle, FWHM, and crystallite size values for both sets of samples.

The FWHM values for both sets of samples were generated via Origin 2019b (9.65)
software. These results showed that the obtained MNPs are all in the nano-scale, with M3
recording the smallest value of 3.559 nm.

Figures 4 and 5 show the FESEM images of MNPs synthesised at increasing molarities.
In general, aggregates, rather than single-core MNPs, were formed due to agglomeration,
which will be discussed later in this section. In Figure 4, the aggregate morphology of the
MNPs becomes distorted with increasing molarities of the iron sources and base. Cubical
MNPs were observed in M2, M3, and M4, which lose their cubical shape as the molarities of
the iron sources and base increase. In Figure 5, the very same scenario was observed. The
aggregate morphology of the MNPs becomes distorted with increasing molarities of the
iron sources while keeping the base constant. C1 also possesses a cubical shape. Hence, the
molarity of the iron sources and base plays an important role in maintaining the aggregate
morphology of the MNPs.
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Table 2. (a) Brag’s angles, FWHM and crystallite sizes for samples M1 to M4. (b) Bragg’s angles,
FWHM, and crystallite sizes for samples C1 to C4.

(a)

Samples 2θ
(◦)

θ
(Rad) FWHM Crystallite Size

(nm) (h k l)

M1 35.56 0.3103 1.974 3.832 (3 1 1)
M2 35.52 0.3099 1.674 4.520 (3 1 1)
M3 35.45 0.3094 2.103 3.599 (3 1 1)
M4 35.69 0.3115 1.042 7.260 (3 1 1)

(b)

Samples 2θ
(◦)

θ
(Rad) FWHM Crystallite Size

(nm) (h k l)

C1 35.48 0.3096 1.859 4.070 (3 1 1)
C2 35.63 0.3109 1.604 4.716 (3 1 1)
C3 35.51 0.3099 0.9694 7.805 (3 1 1)
C4 35.52 0.3100 1.282 5.902 (3 1 1)
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In terms of aggregate size of MNPs, the average diameter of MNPs was calculated by
ImageJ software Version 1.53t. The error of margins was calculated in MS Excel 2019 by
using the following equation [46–48].

Margin of error = Confident.T(α, SD, N) (3)

where α is the confident percentage (set to be 95% or 0.05) and N is the number of val-
ues. The average diameters of MNPs for M1 to M4 are 1.236, 0.657, 0.426, and 0.915 µm,
respectively. In general, the aggregate size decreases with a gradual increase in molarity.
Similarly, Guo et al. [49] reported that the particle size reduces as the molarity of the base
NaOH increases.

In Figure 5, the average diameters of MNPs from C1 to C4 are 0.41, 0.79, 0.65, and
1.25 µm. In this case, the aggregate size of MNPs generally increases. With increasing
molarities of both iron sources, more materials are available for the growth phase, leading
to the synthesis of aggregates with larger diameters [39]. This trend is congruent with the
findings of Schwaminger et al. [50–52].

For M1 to M4, MNPs are mostly uniformly distributed (Figure 4). More intense
agglomeration of MNPs occurred in C1–C4 (Figure 5). This finding could be due to the
magnetic interaction, usually of a dipole nature between the nanoparticles [20]. In particular,
MIONPs are very prone to agglomeration in the absence of a capping agent. In the present
experiment, such an agent was not applied, so the efficacy level of bare MNPs can be
determined. The aggregate size of the synthesised MNPs is larger than those in other
reported works. The use of co-precipitation for synthesis has poor control over particle
distribution and is susceptible to agglomeration [53–56]. Felisa et al. and Zohreh et al.
utilised hydrothermal and thermal decomposition, respectively, which have good control
over the size of the synthesised particles [57,58]. However, these approaches are often
expensive and time-consuming. The ferromagnetism property from our technique is
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discussed later in this paper, which proves that the particles definitely exhibit nanoparticle
behaviour.

In conclusion, the molarity of iron sources (FeCl3·6H2O and FeCl2·4H2O) and base
(NaOH) plays a crucial role in the aggregate size of MNPs. The aggregate size of MNPs
is reduced with increasing molarity of the base (NaOH) but increased with increasing
molarity of the iron sources (FeCl3·6H2O and FeCl2·4H2O). The uniformly distributed
MNPs make them desirable in the biomedical field, especially in MHT applications [59].

The magnetic properties of the synthesised MNPs are illustrated in Figure 6a,b and
Table 3a,b. Figure 6a and Table 3a present MNPs from M1 to M4, whereas Figure 6b and
Table 3b present MNPs from C1 to C4. According to Figure 6a,b, all samples display
ferromagnetic properties. In both cases, the Ms values of all samples are lower than that of
the bulk magnetite (92 emu/g). This finding could be due to the disordered magnetic spins
on the surface of MNPs, which are caused by incomplete coordination number [20,38,60].
It could also be due to the breakdown of exchange bonds at a massive scale for surface
atoms [39]. Additionally, the aggregation of multiple crystallites forms large magnetic
core of MNPs that may have cation vacancies (formed during synthesis), thereby reducing
the Ms; by contrast, smaller MNPs constitute mainly from individual crystals, where the
amount of cation vacancies is reduced, leading to higher Ms values [36].

Table 3. (a) Magnetic properties and power losses of samples (M1−M4). (b). Magnetic properties
and power losses of samples (C1−C4).

(a)

Samples Saturation Magnetisation, Ms
(emu/g)

Coercivity, Hc
(Oe)

Retentivity, Mr
(emu/g) Power Loss, P (W/g)

M1 37.090 33.933 1.2623 0.1239
M2 41.095 33.313 1.2383 0.173
M3 34.318 32.532 1.1104 0.1169
M4 25.804 30.841 0.94617 0.4056

(b)

Samples Saturation Magnetisation, Ms
(emu/g)

Coercivity, Hc
(Oe)

Retentivity, Mr
(emu/g) Power Loss, P (W/g)

C1 22.977 39.165 0.49263 0.0946
C2 25.705 37.044 0.84604 0.15222
C3 31.411 41.741 2.1619 0.0703
C4 40.531 33.286 1.9561 0.1645

For samples M1 to M4, the Ms values decrease with a gradual increase in molarity
because of the thickening of the magnetically dead layer (non-magnetic interfaces) in
alkaline media (in this case NaOH) [38,39]. Based on Table 3a, the Ms values increase
from M1 to M2 and then start to decrease from M3 to M4. These trends show that M2
(NaOH = 2.0 M) is the Ms limit; starting from M3 onwards, the production of the non-
magnetic interface begins. This explains why the Ms value of M2 is greater than that
of M1.

Another main relationship that could be observed is that Ms values decease with
decreasing particle size because of the modified cationic distribution and disordered surface.
The disordered or canted spins on the surface of MNPs prevent the alignment of the core
spins along with the field direction, producing low Ms values for small-sized MNPs [61].

In both situations, the decrease in the particle size increases the surface-to-volume
ratio that triggers the production of non-magnetic interfaces. The total magnetisation of
MNPs reduces the particle size because of the increase in magnetic integral that finally leads
to superparamagnetism. At this state, each particle behaves like a big spin with quelled
exchange interaction between particles [38]. These reasons mainly explain the reduction in
magnetic moment resulting in low Ms values.
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Figure 6. (a) M−H curve of samples M1 to M4. (b) M−H curve of samples C1 to C4.

For samples C1 to C4, the Ms values increase with a gradual increase in the iron source.
This finding proves that iron source increases the magnetic property of MNPs. C3 has the
highest Hc value of 41.741 Oe and has the biggest crystalline size of 7.805 nm among all
the samples.

In both scenarios, the average particle sizes are in the nanometer range, resulting in
low Hc values. However, average magnetisation clearly shows magnetic saturation and
clear hysteresis, which is a clear sign of ferromagnetism. Among the magnetic properties,
the three magnetic properties that play a crucial role in MHT are magnetic anisotropy, Ms
value, and superparamagnetism. Magnetic anisotropy deals with the amount of magnetic
energy required to rotate dipoles varies depending on the direction. MNPs with high
anisotropy should be utilised in MHT. The magnetic anisotropy of the sample can be
evaluated by singular point detection (SPD), thermomagnetic measurement systems, and
torque magnetometers, which are out of our research scope [56].

Superparamagnetism is also another magnetic property that plays a crucial role in
MHT application. Nevertheless, in our case, we successfully managed to synthesise MNPs
that are applicable to MHT, even though they were in the ferromagnetic regime, similar
to the study of Iacovita et al. [36]. A high Ms value also contributes to efficient MHT
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application. However, the obtained Ms values seem to not have any correlation with the
obtained p values, which is congruent with the findings of Goya et al. [62].

The shape and size of the hysteresis loop is significant. The area within a hysteresis
loop is the magnetic energy loss. This energy loss is expounded as heat energy that is
contained within a magnetic sample (in this case, MNPs) and is competent in generating
heat (rising the temperature) [38]. The enhanced power loss (P) values in the ferromagnetic
regime are ascribed to the synergistic contribution from the susceptibility and hysteresis
loss [63]. This concept is of utmost importance for application in the biomedical field,
especially in MHT.

Figure 6a,b show the magnetisation curves of the synthesised MNPs at room tem-
perature within an H value of ±14 kOe as the applied magnetic field. The values of the
power losses (P) were calculated according to Equation (1), where f is 80 Hz, and H is
14 kOe were tabulated in Table 3a,b. Based on Equation (1), f is directly proportional
to P. Hence, the f value does have a significant impact on P, as proven by Nguyen and
Kim [64]. In general, the obtained p values are low as compared to p values obtained by
other studies [20,57,58], where the applied f ranges from 100 to 300 kHz. This finding is
mainly due to a low-frequency value (80 Hz) applied during the VSM measurement that
could not be varied and fixed.

Tong et al. used a frequency value of 325 kHz to obtain P at 1026 W/g [63]. Similarly,
if f value of 300 kHz was utilised on sample M4 and by applying it to Equation (1), the
obtained p value is 1521 W/g, which is nearly 1.5 times higher at the reduced frequency of
25 kHz. This calculation has proved that the obtained MNPs would definitely be able to
deliver such p value at the kHz range. In another similar work, Cervadoro et al. used a
frequency range in between 0.2 and 30 MHz [65]. The safe in vivo (application within the
human body) range of the used frequencies values for MHT application ranges typically
between 100 kHz to 300 kHz [16,53,66].

The synthesised MNPs M1 to M4 possess higher p value than C1 to C4. This could
be due to the increment in base molarity (NaOH), which proves to be a great contributing
factor towards the generation of heat in MNPs. M4 possesses the highest p value at
0.4056 W/g, making M4 the best candidate among all the other seven samples for the
application in local MHT.

4. Conclusions

The structural, magnetic, and heat generation (power loss) properties of as-synthesised
MNPs were successfully investigated for potential application in local MHT. As the molari-
ties of the reaction are increased for the first set of experiments, the crystallinity limit of
MNPs seems to increase until M3 only. In the second set of an experiment, the crystallinity
of the synthesised MNPs continuously increases from C1 to C4. The particle size of MNPs
reduces with the increasing base while increases together with the iron source. More uni-
formly distributed MNPs are formed as well with an increasing base. The Ms values of the
synthesised MNPs decrease with increment in base, whereas they increase with increasing
iron source. In terms of heat generation (power loss), the MNPs synthesised in the first
set of the experiment (M1–M4) have higher p values than the samples synthesised in the
second set of the experiment (C1–C4). Among all of the eight synthesised samples, M4
possesses the best heat generation capacity with a p value of 0.4056 (W/g).

In conclusion, the molarity of the iron source and the base does affect the crystallinity,
morphology, particle size, Ms, and p values of MNPs, which are essential parameters in
biomedical applications, especially for local MHT. The selected potential candidate for
application in local MHT is M4 due to its uniformly distributed particles and high p value.
Based on the obtained p values in Table 3a,b, higher p values are generated with higher
molarities of both iron and base. Therefore, future researchers should apply higher amounts
of iron source (C4) and high amount of base (M4) to synthesise MNPs that generate high p
values. MNPs with large p values have to be synthesised to ensure better heat dissipation
for local MHT.
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