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ABSTRACT

The black magnetic nanoparticles (MNPs) of magnetite (Fe3O4) were synthesized by oxidative

alkaline hydrolysis of the atomized iron powder precursor. The synthesized particles prepared at different

precipitation temperatures were characterized using X-ray powder diffraction (XRD), the Brunauer–

Emmett–Teller (BET) method and transmission electron microscopy (TEM). Their magnetic properties

were examined using a vibrating sample magnetometer (VSM), measurement of the initial magnetic

susceptibility, acquisition of the isothermal remanent magnetization (IRM) and alternating field (AF)

demagnetization of the acquired IRM. The results showed that the sizes of MNPs depended upon the

precipitation temperature, which affected the magnetic susceptibility, magnetic hysteresis properties

and remanent properties of the synthesized MNPs. The maximum grain size, magnetic susceptibility

and magnetic hysteresis properties were obtained from the MNPs synthesized at a precipitation

temperature of 70°C. The MNPs prepared by this method exhibited a cubo-octahedral structure with

average particle sizes of 25-70 nm. Room temperature magnetic hysteresis properties confirmed the

ferromagnetic behavior of stable single domain particles with saturation magnetization of 11.64-77.45

emu/g, remanent magnetization of 1.28-15.769 emu/g, and coercivity of 112.42-158.03 G.
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INTRODUCTION

Magnetic nanoparticles (MNPs) have

attracted much interest in their applications in

various fields, not only in the field of medical care,

such as in drug delivery, magnetic hyperthermia

and magnetic resonance imaging (Gupta et al.,

2004; Yu et al., 2008; Kallumadil et al., 2009),

but also in environmental protection (Oliveira et

al., 2002; Wu et al., 2005). MNPs have been used

widely as a magnetic recording material.

For such practical uses of MNPs, the

particle sizes, magnetic properties, and surface

properties of the nanoparticles are of great

importance. These properties are reported to be

influenced by the method of synthesis employed.

MNPs have been prepared by various methods.

Most studies focused on the preparation of very

small nano-sized iron oxide particles with

superparamagnetic (SPM) properties. In general,

nanoparticles of iron oxides such as Fe3O4 and

γ-Fe2O3 with a diameter in the range of 2 to 20 nm
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are prepared by the common co-precipitation of

ferrous and ferric ions at the ratio of 1:2 in an

alkaline medium (Sun et al., 2004; Dutz et al.,

2007; Mürbe et al., 2008; Chomchoey et al., 2009).

Recently, a sol-gel method has been developed for

preparation of MNPs, because of their good

homogeneity and high purity (Chomchoey et al.,

2009). However, phase transformation in the sol-

gel method requires a vacuum oven that is not

available in many laboratories and makes the

method complicated and expensive for MNP

production.

The current research involved a detailed

investigation of the synthesis of Fe3O4

nanoparticles by oxidative alkaline hydrolysis of

the iron powder, and characterization and

determination of the magnetic properties of Fe3O4

particles of single domain size ranges that are

favorable for environmental applications because

of their high stability.

MATERIALS AND METHODS

Preparation of ferrous precursor
An analytical reagent (12M HCl; 100 ml)

was added into 20 g of iron powder AHC 100.29

contained in a 600-mL beaker. The mixture was

heated on a hot plate until it turned into a turbid

solution, which was heated further until it had

dried. The muddy solid obtained was called the

ferrous precursor and then used as the starting

material to synthesize the MNPs.

Preparation of the MNPs
The MNPs were prepared by dissolving

the ferrous precursor (10 g) in 300 mL distilled

water. This clear starting solution was heated and

maintained at a temperature of 25°C until the end

of process. Some 0.5 mol NaOH and oxidizing

agent were dissolved in 100 mL distilled water

and the mixed solution was added drop-wise into

the previous solution at a rate of 2.5 mL min-1 and

stirring was continued at 350 rpm until the pH of

the solution was raised to 13. The color of solution

turned to black indicating that a precipitate of the

MNPs had formed. The precipitates were filtered,

rinsed with 500 mL distilled water, collected and

then air-dried in an oven at 80oC for 3 h. Similar

processes were performed at various starting

solution temperatures of 50, 70 and 90°C,

respectively.

Characterization
The crystallographic structure of the

as-synthesized MNPs was characterized by high

resolution powder X-ray diffraction (XRD,

D/Max-RA, Rigaku, Japan) analysis. The

crystallite size was calculated from the XRD

pattern using the Scherrer equation (Sun et al.,

2004) in Equation 1:

The equation uses the reference peak

width at angle θ, where λ is the X-ray wavelength

(1.54059 Å), B is the width of the XRD peak at

half height and K is a shape factor, about 0.90 for

magnetite and maghemite.

The specific surface area of the powders

was determined by the Brunauer–Emmett–Teller

method (BET) (Coulter SA3100, USA). A mean

particle size was estimated using Equation 2:

Where ρ is the density and As is the

specific surface area of the powders (Dutz et al.,

2007; Mürbe et al., 2008).

The surface morphology and grain size

of the powders was observed by transmission

electron microscopy (TEM, JEOL 2010, 200 kV,

Japan).

Several magnetic properties of the

synthesized MNPs were examined. The magnetic

susceptibility of the MNPs was measured using a

spinning Kappabridge (KLY-3S, AGICO, Czech

    Kλ (1)

B cos θ
dXRD   =

           6 (2)

  ρAs
dBET    =
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Republic) and the magnetic hysteresis properties

were measured at room temperature using a

vibrating sample magnetometer (VSM, Lakeshore

7400) with the inducing field sweeping from -10

to 10 kG. The isothermal remanent magnetization

(IRM) was progressively stepwise induced with a

strong magnetic field of 0-1 Tesla and was

measured at each inducing step using a spinner

magnetometer (JR-6, AGICO, Czech Republic).

The IRM acquisition curve of the MNPs can be

useful to distinguish among: 1) superparamagnetic

(SPM), single-domain (SD) or multi-domain (MD)

magnetic grains; and 2) the low and high coercivity

magnetic components. For example, the IRM of a

low coercivity magnetite (Fe3O4) reaches

saturation at a low inducing field of 30 mT,

whereas the IRM of a high coercivity hematite

(α-Fe2O3) and goethite (α−FeOOH) does not

saturate even at a high field of 1 T. The alternating

field (AF) demagnetization tests of IRM of the

MNP samples were performed using an AF

demagnetiser (Molspin, AC Shielded

demagnetizer, UK). The AF demagnetization

curve can be used to distinguish a high coercivity

phase (i.e. hematite, goethite) that can be co-

precipitated from the low coercivity magnetite

nano-particles, if the preparation conditions are

not appropriate.

RESULTS AND DISCUSSION

Phase study and morphology
The X-ray diffraction patterns of all the

samples synthesized at different precipitation

temperatures are shown in Figure 1. All diffraction

peaks of particles synthesized at temperatures of

70 and 90°C were indexed in the cubic spinel

structure (space group Fd3m, 227) for magnetite

(Fe3O4) (PDF no. 19-0629) and no additional

reflections were observed. The samples

synthesized at temperatures of 25 and 50°C were

indexed in the cubic spinel structure for magnetite

(Fe3O4), mixed with the orthorhombic structure

for goethite (α-FeOOH) (PDF no. 29-0713).

However, it was noted that the goethite peaks

disappeared at higher precipitation temperatures.

The reaction to produce MNPs was an

alkalization reaction of ferrous ions. The following
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Figure 1 XRD patterns of MNPs precipitated at 25, 50, 70 and 90°C.
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reactions for the mechanism of the formation of

magnetite (Fe3O4) were proposed.

Fe2+ +2OH- → Fe(OH)2 (I)

3Fe(OH)2 +1/2O2 → Fe(OH)2 +

2FeOOH

(goethite) +

H2O (II)

Fe(OH)2 +2FeOOH → Fe3O4

(magnetite) +

2H2O (III)

Therefore, in the synthesis of Fe3O4 with

ferrous ions alone, as in this case, Fe3O4 is formed

as a result of the dehydration reaction of ferrous

hydroxide and ferric oxyhydroxide (goethite,

reaction III), in which the latter compound is

produced by the partial oxidation of ferrous

hydroxide by O2 dissolved in the solution (reaction

II). This mechanism controls the transformation

of the iron hydroxide phases to the final phase of

magnetite. The alkalization reactions of the ferrous

ions have been extensively studied by Olowe and

Refait (Olowe et al., 1991; Refait et al., 1993).

The morphological properties of the

synthesized MNPs at different preparation

conditions are compared in Table 1. The crystallite

sizes (dXRD) as calculated with Scherrer’s equation

(30-40 nm) were not in agreement with those

determined by the BET method (dBET), because at

larger crystallite sizes of multi-layer crystals, the

dXRD is inaccurate and differs from dBET with a

larger degree of uncertainty. The TEM

micrographs of the synthesized MNPs precipitated

at 70°C showed a clear cubo-octahedral

morphology (Figure 2). At this precipitation

temperature, the average size of the MNPs

Table 1 Physical properties and magnetic hysteresis properties of the MNPs synthesized at different

precipitation temperatures.

Precip. As dBET dXRD k Ms Mr Hc Mr/Ms

Temp. (m2g-1) (nm) (nm) (µSI) (emu/g) (emu/g) (G)

25°C 47.862 25.07 39±1 10159±65 11.640 1.2830 112.42 0.1102

50°C 33.796 35.51 36±3 19412±32 26.145 3.7258 127.83 0.1425

70°C 17.510 68.53 33±2 52891±1469 77.450 15.769 158.03 0.2036

90°C 18.475 64.95 31±1 43726±799 70.843 13.123 144.93 0.1852
Note: As = specific surface area; dBET = particle size; dXRD = XRD crystallite size; k = magnetic susceptibility; Ms = saturation

magnetization; Mr = remanent magnetization; and Hc = magnetic coercivity.

Figure 2 TEM micrographs of the synthesized MNPs precipitated at 70°C; (a) at x25,000; and

(b) at x100,000 magnification.
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measured from the TEM image was about 60-70

nm, which was in agreement with those

determined from the BET technique.

Magnetic properties
The M–H relation or magnetic hysteresis

loops (Figure 3) of the MNPs prepared at different

precipitation temperatures show typical

ferromagnetic behavior with a trace of a high

coercivity phase that is interpreted as goethite (see

reaction III). The saturation magnetization (Ms)

of the MNPs increased when the precipitation

temperature increased and reached the maximum

Ms (77.45 emu/g) for the MNPs precipitated at

70°C. At a precipitation temperature of 90°C, the

Ms of the MNPs decreased to 70.843 emu/g. This

probably implies the effect of chemical

concentrations and a precipitation temperature that

inhibited the formation of magnetite (reaction III),

resulting in a reduction in the grain size of the

MNPs (Figure 4a) and a reduction in the total

magnetization of the MNPs (Figure 4c). It can be

concluded that the sizes of synthesized magnetite

MNPs depend on the precipitation temperature and

can be estimated from their values for k, Ms and

Mr (Figure 4).

The magnetic hysteresis studies of the

MNPs synthesized at 70°C in the present method

and synthesized by two other methods, namely,

the co-precipitation method (Chomchoey et al.,

2009) and the sol-gel method (Chomchoey et al.,

2009), are compared in Figure 5. The coercivity

(Hc) and the saturation magnetization (Ms) of the

MNPs increased with increasing particle size

(reported in Table 2 by Hc = 34.0, 21.1, and 158.03

G and Ms = 63.2, 52.2, and 77.450 emu/g for the

samples with dBET 11.48, 11.26 and 68.53 nm,

respectively).

The ratio Mr:Ms and the Hc of the MNPs

prepared by the co-precipitation and sol-gel

methods were very low, indicating a large

proportion of superparamagnetic (SPM) grains

consistent with an average grain diameter of 11

nm by the BET method. The ratio Mr:Ms (0.2)

and the Hc (158 Oe) of the MNPs prepared using

the present method (in the current study) at a

precipitation temperature of 70°C were high,

indicating that they possessed the magnetic
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Figure 3 Magnetic hysteresis loop of the synthesized MNPs precipitated at temperatures of 25, 50, 70

and 90°C.
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Figure 4 Relationship between the physical properties and magnetic properties of the MNPs; (a) dBET

versus precipitation temperature; (b) k versus dBET; (c) Ms versus dBET; and (d) Mr versus

dBET.

Table 2 Comparison of physical and magnetic properties of the MNPs prepared by different methods.

Method As dBET dXRD k Ms Mr Hc Mr/Ms

(m2g-1) (nm) (nm)  (µSI) (emu/g) (emu/g)  (G)

Co-precipitation 104.49 11.48 12.70   69986±1333  63.2 2.4 34.0 0.0387

Sol-gel 106.50 11.26 12.23 113207±2413 52.2 1.3 21.1 0.0258

Present method 17.51 68.53 31-35   52891±1469 77.450 15.769 158.03 0.2036
Note As=specific surface area; dBET=particle size; dXRD=crystallite size; k=magnetic susceptibility; Ms=saturation magnetization;

Mr= remanent magnetization and Hc= coercivity.
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properties of single domain (SD) grains. This

agreed with the MNPs grain size measured by

TEM (60-70 nm) and by the BET technique of

68.5 nm. Several experimental studies have

confirmed a critical size of dSPM < 30 nm for SPM

grains (McNab et al., 1968; Dunlop and Bina,

1977) and single domain cubic magnetite particles

have been experimentally observed below 60 nm

(Dunlop, 1973), and theoretically below 84 nm

(Enkin and Dunlop, 1987; Enkin and Williams,

1994).

Figure 6 shows the IRM acquisition

curves for typical MNPs samples prepared by the

three different methods. In general, with increasing

applied magnetic field, all samples were easily

saturated in their IRM at a low inducing field

(under 0.3 T). The saturation IRM (SIRM) of

samples prepared by the co-precipitation, sol-gel

and present methods were 94.881, 50.842 and

940.909 A/m, respectively, indicating the presence

of a magnetically soft ferromagnetic phase,

interpreted as magnetite. This result was consistent

with the results of the AF demagnetization of IRM

shown in Figure 7. It was found that an AF field
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Figure 5 Magnetic hysteresis loop of the MNPs

prepared by three different methods.
Figure 6 IRM acquisition curves of the MNPs

prepared by three different methods.

Figure 7 AF demagnetization of IRM of the

MNPs prepared from the three

methods.
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of 30 mT can demagnetize almost totally the SIRM

(>95%) of all samples. This indicates no high

coercivity magnetic phase (i.e. goethite and

hematite) was formed in the synthesized MNPs in

all three methods.
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CONCLUSIONS

Magnetite nanoparticles (Fe3O4) with

cubo-octahedral crystal structures and an  average

particle size of 25-70 nm were successfully

synthesized by oxidative alkaline hydrolysis of

atomized iron powder (AHC 100.29). The

precipitation temperature was the important factor

controlling the particle sizes of the MNPs. The

magnetite MNPs sized 68 nm were the biggest

prepared by this method at a precipitation

temperature of 70°C.

The morphology, magnetic hysteresis

properties and remanance properties of the MNPs

prepared using the present method indicated that

they possess magnetite nanoparticles of single

domain grains with a saturation magnetization of

77.450 emu/g, a remanent magnetization of 15.769

emu/g, a coercivity of 158.03 G and a saturation

IRM of 940.909 A/m. Moreover, the analysis

showed that magnetic hysteresis properties can be

used as an alternative tool to estimate the average

size of the single domain magnetite grains, because

their magnetic properties are observed to be

linearly proportional to their particle sizes (dBET)

with the R2 values equal to 0.9857, 0.9995 and

0.9895 for the susceptibility value, saturation

magnetization and remanent magnetization,

respectively.
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