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Abstract The effect of the molecular weight of poly(ethylene glycol) (PEG) on
the physical properties of water-based magnetic fluids with sodium oleate and PEG
stabilization was investigated. The structure as well as magnetic, rheological, and
thermal properties of the obtained samples were studied using transmission electron
microscopy (TEM), photon cross correlation spectroscopy (PCCS), superconducting
quantum interference device (SQUID), and differential scanning calorimetry (DSC)
methods. The molecular weight of PEG had a strong effect on the rheological prop-
erties while the effect was rather insignificant on the particle size distribution and the
self-heating of the studied magnetic fluids. The heating ability of the PEG-stabilized
magnetic fluids was determined by calorimetric measurements of the specific absorp-
tion rate (SAR). The thickness of the PEG layer was calculated from the experimental
data of the temperature rise rates as a function of the magnetic field strength using the
Rosensweig theory.
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1 Introduction

Superparamagnetic iron oxide nanoparticles have been widely used for medical appli-
cations. Especially, in vivo applications of nanoparticles require highly biocompatible
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particle surfaces. Coatings can improve oxidation resistance, the ability to functional-
ize, phagocyte resistance, mechanical stability, and biocompatibility. Many synthetic
and natural polymers such as dextran, polyethylene glycol (PEG), or polyethylene
oxide (PEO) are biocompatible and may be used as coatings. Poly(ethylene glycol) is
a linear polymer consisting of repeated units of CH2−CH2−O, the number of which
depends on the molecular weight. Polyethylene glycol and related polymers cova-
lently bond to surfaces or are adsorbed on magnetic nanoparticles and can prolong
the circulation time in the bloodstream [1,2]. The immobilization of PEG on nano-
particles increases the amount of nanoparticle uptake into cancer cells in comparison
to unmodified nanoparticles [3]. These particles have found applications in magnetic
drug targeting [4,5] and magnetic hyperthermia [6,7]. The PEG-coated nanoparticles
could be used also as safe MR contrast agents [2,5].

The delivery of nanoparticles in the human body usually requires suspending the
nanoparticles in a water-based fluid, forming a homogeneous suspension, called a fer-
rofluid. Magnetic nanoparticles must remain suspended in the fluid and cannot form
aggregates due to van der Waals or magnetic interactions [1].

In this study, we investigated the effect of the addition of PEG as a surface mod-
ifier on the physical properties of nanoparticle suspensions, especially the effect of
the molecular weight of PEG on the physical properties of water-based magnetite
ferrofluids.

2 Sample Preparation

Poly(ethylene glycol) with average molecular weights of 400, 1000, 10 000, and 20 000
were provided by Sigma-Aldrich. Sodium oleate was obtained from Riedel-de Haën.
Typically, ferric chloride hexahydrate (FeCl3 · 6H2O), ferrous sulfate heptahydrate
(FeSO4 · 7H2O), and ammonium hydroxide (NH4OH) were used for magnetite syn-
thesis. The co-precipitation method of ferric and ferrous salts in an alkaline aqueous
medium was used to prepare spherical magnetite particles. In a typical synthesis, an
aqueous solution of Fe3+ and Fe2+ in a molar ratio 2:1 was prepared by dissolving in
deionized water. To the mixture of Fe3+ and Fe2+ ions, an excess of hydroxide ions
was added at room temperature with vigorous stirring. A black precipitate of magne-
tite nanoparticles was immediately formed. After washing the precipitate by magnetic
decantation and heating to 50 ◦C, the surfactant sodium oleate (C17H33COONa) was
added to the mixture to prevent agglomeration of the particles. This mixture was stirred
with heating until the boiling point was reached. Magnetite particles stabilized by an
oleate bilayer were dispersed in water. Agglomerates were removed by centrifuga-
tion (9000 rpm for 30 min). Finally, PEG was used to improve the biocompatibility of
the prepared magnetic fluid. PEG with molecular weights of 0.4, 1, 10, and 20 kDa,
dissolved in water, was added to the initial magnetic fluid at 50 ◦C. The mixture was
stirred for half an hour. A magnetic fluid—magnetite particles coated with sodium
oleate and PEG—was formed in this way [8]. Infrared spectroscopy and digital scan-
ning calorimetry measurements showed that after such a procedure, PEG adsorbs
on the magnetite [8,9]. All samples contained the same amount of PEG—20.69 mg
per mL of magnetic fluid. The magnetic fluid (denoted as MK) with only an oleate
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surfactant layer was also studied for comparison. The appropriate amount of distilled
water was added to this sample to obtain the same concentration of magnetic material.

3 Measurements, Results, and Discussion

Obtained samples were tested using the following experimental methods of measure-
ment: superconducting quantum interference device (SQUID), differential scanning
calorimetry (DSC), transmission electron microscopy (TEM), photon cross correla-
tion spectroscopy (PCCS), and calorimetric measurements (CM). Also, the density
and viscosity of the samples were measured.

3.1 Magnetic Properties

Magnetic measurements of the samples were carried out with the aid of a SQUID.
A SQUID magnetometer was used to measure the magnetization curves from which
the volume concentration of the magnetite particles in magnetic liquids, the average
diameter of magnetite particles, and the particle size distribution function (PSD) were
determined. The magnetization curves for MK400 and MK20 000 samples measured
at room temperature are shown in Fig. 1a. The magnetic measurements in all samples
confirmed the superparamagnetic behavior of the nanoparticles with no hysteresis.
Figure 1b shows a magnetic core of the Fe3O4 particle size distribution function F(x)

extracted from magnetic measurements with the assumption that the magnetization is
the superposition of Langevin functions, L(ξ) = cothξ − 1/ξ [10],

M = Ms

∞∫

0

L(ξ)F(x)dx, (1)

where ξ = μ0 Md H Vm/ (kBT ) , μ0 is the permeability of free space, kB is the Boltz-
mann constant, Vm is the volume of magnetic core, and Md = 334 kA · m−1 (for
magnetite) is the bulk magnetization of the suspended particles. Ms = φMd is the
saturation magnetization, and φ is the volume concentration of magnetic particles.
A good fit of Eq. 1 to the measured magnetization data can be obtained using the
log-normal distribution as the particle size distribution function,

F(x) = 1√
2π Sx

exp

[−(ln x/D)2

2S2

]
. (2)

From the parameters of the distribution, D and S, the mean diameter 〈x〉 and standard
deviation of the particle size, σ , can be calculated.

The values of the magnetic parameters obtained for all studied samples are listed
in Table 1.
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Fig. 1 (a) Hysteresis loops M(H) for the MKPEG400 and MKPEG20 000 samples obtained from SQUID
data and (b) particle magnetic core size distributions calculated from Eq. 1

Table 1 Concentration of magnetic material, φm, concentration of PEG stabilizer, φPEG, saturation mag-
netization, Ms, parameters, D, S, of magnetic core size distribution, mean diameter of magnetic core, 〈x〉,
and standard deviation of magnetic core size, σ , for studied samples

Samples φm (g · L−1) φPEG (g · L−1) Ms (mT) D (nm) S 〈x〉 (nm) σ (nm)

MKPEG 400 80.31 20.69 6.52768 8.06 0.731 10.53 8.85

MKPEG 1000 79.50 20.69 6.46687 7.56 0,672 9.47 7.16

MKPEG 10 000 78.78 20.69 6.41933 8.10 0.734 10.57 8.87

MKPEG 20 000 78.66 20.69 6.39392 8.15 0.712 10.49 8.49
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3.2 Structure and Morphology of Magnetic Nanoparticles

The prepared samples were observed by transmission electron microscopy (TEM)
to obtain information about morphology and surface characterization of the nano-
particles. Figure 2 shows the TEM micrograph of magnetite/sodium oleate/PEG
composite nanoparticles. The TEM image showed that nanoparticles were nearly

Fig. 2 TEM images of (a) MKPEG10 000 and (b) MKPEG20 000
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spherical in shape and polydisperse with an average size of the magnetic core of
about 10 nm.

3.3 Photon Cross Correlation Spectroscopy

After coating, the particle size increases. The diameter, dh , of the nanoparticle with
surfactant layer or layers is called the “hydrodynamic diameter.” It is greater than
the size of the magnetic core by a magnitude δ = 2(δo + δp) where δo denotes the
thickness of the first surfactant protective layer (sodium oleate) and δp is the thickness
of second surfactant layer—the PEG shell.

The mean hydrodynamic diameter of the poly(ethylene) glycol-coated magnetic
nanoparticle depends on the concentration and molecular weight of the PEG poly-
mer used for coating. The increase of δp with increasing concentration of PEG is
considered as the result of the increased amount of adsorbed polymer. This leads
to the development of polymer coils that form thicker and more compact adsorp-
tion layers on the surface of nanoparticles. The increase of the molecular weight of
PEG favors a rich structure with loop and tail conformations during PEG adsorption
[11]. Daou et al. [12] have shown that the average size of the coated nanocrystals
increases with the increase of the PEG molecular weight in a linear fashion up to
12 000 Da, before reaching a plateau for 22 000 Da. On the other hand, Ren et al.
[13] have shown that with the increase of the PEG molecular weight, the hydro-
philicity of a synthesized copolymer enhances, which leads to a smaller interfacial
tension between the polymer solution and water and gives rise to a smaller particle
size.

The distribution of the hydrodynamic size of the magnetic nanoparticles was mea-
sured by PCCS. The results are shown in Fig. 3. The average size is larger than that
found in the magnetic measurements. This is due to the fact that PCCS measurements
are mostly determined by large particles that are present in the sample. The PCCS
signal derived from nanoparticles with diameters far below the laser wavelength is
dominated by Rayleigh scattering in which the intensity of the signal depends on the
diameter of the particle, specifically the diameter raised to the power of six [14].

Figure 3 also shows that there is no distinct influence of the molecular weight of
PEG on the hydrodynamic size of the magnetic nanoparticles. Probably, the PEG with
a greater molecular weight gave a dense coating over the surface of the nanoparticles
[2], and therefore, the length of the PEG chain became an insignificant factor in terms
of the hydrodynamic size of nanoparticles.

3.4 Effect of PEG Coating on Density and Rheological Behavior
of Magnetic Fluids

The density of magnetic fluids was measured using an oscillating U-tube density meter
method. Figure 4 shows the experimental results for the density as a function of tem-
perature. The density of the suspension decreases with increasing temperature. The
density of the studied magnetic fluids depends on the PEG molecular weight. The
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Fig. 3 Distributions of the hydrodynamic size of the magnetic nanoparticles measured using PCCS
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Fig. 4 Density dependence on temperature for the studied samples. Inset shows the density as a function
of the molecular weight of PEG

density first increases with the PEG molecular weight, attains a maximum value for
10 000 Da, and then starts to decrease (Table 2).

The shear viscosity coefficient of the studied fluids was measured using a rotation
rheometer in a cone-plate geometry. Figure 5 shows the shear stress versus shear rate
flow curves. The linear flow curves were obtained for all samples. It means that in the
absence of a magnetic field, the magnetic fluids studied in this experiment behaved
as Newtonian fluids. This is in agreement with the finding that the magnetic fluids
show typical Newtonian behavior when the solid content is low and exhibit strong
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Table 2 Density and viscosity
of a magnetic nanoparticle
suspension in water before
and after the PEG coating
(T = 30 ◦C)

Samples Density ρ (kg · m−3) Viscosity η (mPa · s)

MK 1060.7 1.516

MKPEG 400 1061.5 1.400

MKPEG 1000 1062.3 2.564

MKPEG 10 000 1064.0 2.564

MKPEG 20 000 1061.3 3.552
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Fig. 5 Effect of the PEG molecular weight on shear stress versus shear rate flow curves

non-Newtonian behavior when the solid content is above 0.200 g ·mL−1 [15,16]. The
measured viscosity of the magnetic fluids before and after the addition of PEG is
plotted against the temperature in Fig. 6. In the absence of the magnetic field, the
viscosity increases with an increase of the PEG molecular weight and decreases with
temperature according to the Arrhenius equation.

3.5 Hyperthermic Effect

The suitability of the PEG-stabilized magnetic fluids in hyperthermic therapy was
determined by calorimetric measurements carried out in the experimental setup
described earlier [17]. Figure 7 shows the rate of the temperature rise in the
MKPEG20 000 sample as indicated by 	T/	t at t ≈ 0 for different values of the
amplitude of an alternating magnetic field, H0, and for the frequency, f = 450 kHz,
of the field variations. An obvious heating effect can be observed. However, the rates
of the temperature rise and the maximum temperatures attained were at moderate
levels.

The self-heating of the magnetic fluids under the influence of the ac external mag-
netic field is a result of absorbing energy from the field and converting it into heat

123



648 Int J Thermophys (2012) 33:640–652

290 295 300 305 310 315

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

η,
 m

P
a·

s

T, K

 MK
 MKPEG 400
 MKPEG 1000
 MKPEG 10000
 MKPEG 20000

Fig. 6 Temperature dependence of the shear viscosity for the magnetic fluid samples. Solid lines represent
the fits of the Arrhenius-type equation, η = AeB/(kBT ), to the experimental data
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Fig. 7 Temperature versus time for the MKPEG20 000 sample for different values of the alternating mag-
netic field and for the frequency f = 450 kHz

by means of three mechanisms: eddy current losses, hysteresis losses during reversal
of magnetization, and relaxation losses during the re-orientation of magnetization.
The eddy current losses are negligible since a magnetic fluid has very low electrical
conductivity. The samples tested showed no hysteresis (Fig. 1a), so there is no energy
loss due to hysteresis. Thus, the only contribution to the magnetic field energy loss in
the studied fluids comes from relaxation losses. For the polydispersive magnetic fluid
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with a particle size (diameter) distribution F(x), the heat dissipation due to relaxation
losses can be expressed as [18]

P = πμ0 H2
0 f

∞∫

0

χi
3

ξ

(
coth ξ − 1

ξ

)
2π f τ

1 + (2π f τ)2 F(x)dx, (3)

where χi = μ0φM2
d Vm/(3kBT ) is the initial susceptibility. There are two mecha-

nisms by which the magnetization of a magnetic fluid may relax after removing the
applied magnetic field: the Brown and the Néel mechanisms. The Brown mechanism
involves rotations of the entire nanoparticle relative to the surrounding medium, with
its magnetic moment locked in an axis of easy magnetization. Its relaxation time is
given by the following relationship:

τB = 3ηVH

kBT
. (4)

where η is the viscosity of the surrounding liquid and VH = (1 + δ/R)3Vm is the
hydrodynamic volume of the magnetic nanoparticle. In the case of the Néel mecha-
nism, the magnetic moment may reverse direction within the particle by overcoming
the energy barrier and its relaxation time can be expressed by the relation,

τN = τ0 exp

(
K Vm

kBT

)
. (5)

where τ0 = 10−9 s and K = 23 kJ · m−1 (for magnetite) is the magnetocrystalline
constant. Since Brownian and Néel processes occur in parallel, the effective relaxation
time is given by

1

τ
= 1

τB
+ 1

τN
(6)

The above equations show that the Brownian relaxation time relies on the hydrody-
namic particle size. Thus, from a comparison of the experimental results of the initial
rate of the temperature rise, (	T/	t)t = 0, with the predictions of Eq. 3, the thickness
of the surfactant layers can be calculated. Figure 8 shows the experimental results of
the temperature rise rate against the magnetic field strength together with the theoreti-
cal values calculated using Eq. 3 (solid lines). To calculate the rate of temperature rise
from the magnetic field power dissipation, the following formula was used:

(
	T

	t

)
t = 0

= P

ρcp
(7)

where cp is the heat capacity. The specific heat capacity of a nanoparticle suspen-
sion before and after PEG coating was measured using DSC. The dependence of the
specific heat on temperature for all samples studied is shown in Fig. 9.
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For MKPEG400, MKPEG1000, and MKPEG10 000 samples, the best agreement
between experimental and theoretical values was obtained for δ = 5 nm as the total
thickness of both sodium oleate and PEG layers. For the MKPEG20 000 sample, the
best agreement was obtained for δ = 3 nm. Assuming the thickness of sodium oleate
layer to be 2 nm, one obtains the value of 3 nm for the thickness of the PEG layer
in the case of MKPEG400, MKPEG1000, and PEG10 000 samples and the value of
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Table 3 SAR values of PEG-stabilized magnetic nanoparticles calculated from Eq. 8

MK MK400 MK1000 MK10 000 MK20 000

Cp (J · g−1 · K−1) 3.94135 4.06638 4.02313 3.99884 4.05432

ρ (g · cm−3) 1.0624 1.0631 1.0641 1.0655 1.063

mm 0.05656

SAR (W · g−1)

(450 kHz, 5 kA · m−1)
9.49±0.26 10.47±0.34 9.39±0.46 9.80±0.23 10.66±0.40

SAR (W · g−1)

(450 kHz, 10 kA · m−1)
by extrapolation

37.98±1.05 41.89±1.37 37.58±1.83 39.20±0.92 42.62±1.59

1 nm for the thickness of the PEG layer in the case of MKPEG20 000. These find-
ings agree with small angle neutron scattering (SANS) measurements carried out by
Feoktystov et al. [19]. According to their evaluation, the thickness of the PEG shell
around magnetite nanoparticles was not more than 3 nm. A similar dependence of the
thickness of the PEG layer on the molecular weight was observed in the experiment
carried out by Zdyrko et al. [20] where the PEG chains of different molecular weights
were attached to the silicon substrate via the PGMA primary layer by grafting from
the melt at 110 ◦C. The maximum thickness of the attached film was dependent on
the length of the polymer chains being grafted. The higher thickness (8 nm to 11 nm)
was achieved for the shorter chains ((2700, 5000, and 10 000) g · mol−1). The higher
molecular weights ((24 000, 42 000, and 100 000) g · mol−1) were grafted at smaller
thicknesses (5 nm to 6 nm).

To compare the heating properties of the magnetic fluid samples with different
molecular weights of PEG, the specific absorption rate (SAR) was calculated. The
SAR is defined as the amount of heat released by a unit weight of the magnetic mate-
rial mm per unit time:

SAR = cpρ

mm

(
	T

	t

)
t = 0

. (8)

The values of SAR calculated according to Eq. 8 are listed in Table 3. As is seen
from the table, the additional biocompatible layer has not been found to exert any
influence on the calculated values of SAR.

4 Conclusions

The magnetic measurements confirmed the superparamagnetic behavior of the mag-
netic nanoparticles, and magnetic hysteresis was not observed in the studied samples.
The TEM image showed that nanoparticles were nearly spherical in shape and consti-
tuted a polydispersed system with a log-normal particle size distribution and a mean
magnetic core diameter of about 10 nm. The molecular weight of PEG, which was used
as biocompatible coatings, had an effect on the density and rheological properties of
water-based magnetic fluids but did not significantly affect the thermal properties of
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the studied samples, including their self-heating in the alternate magnetic field. The
thickness of the PEG layer calculated from the experimental data of the temperature
rise rates as a function of magnetic field strength appeared to be dependent on the PEG
molecular weight.
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