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a b s t r a c t

Magnetic nanoparticles were synthesized by the co-precipitation of Fe2+ and Fe3+ using ammonium
hydroxide (NH4OH). The obtained nanoparticles were characterized by X-ray powder diffraction,
transmission electron microscopy, scanning electron microscopy, Fourier transform infrared (FT-IR) spec-
ccepted 19 March 2009
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troscopy and vibrating sample magnetometer. In order to prepare a biocompatible water-based magnetic
fluid, the nanoparticles were modified by dextran through a two-step method. The influences of dextran
molecular weight on the size, morphology, coating efficiency and magnetic property of magnetite/dextran
nanocomposite were investigated. The magnetite/dextran nanocomposite was dispersed in water to form
a magnetic fluid by ball milling. The rheological property of magnetic fluids was investigated using a
rotating rheometer.
extran

heological property

. Introduction

In the last decade, nanotechnology has quickly developed and
as become an important aspect in the fields of biomedicine and
iagnostics [1–4]. Among inorganic materials, magnetic nanoparti-
les (magnetite nanoparticles or maghemite nanoparticles, MNPs)
ith a diameter of about 5–20 nm have attracted much attention.

ince the biocompatibility of the MNPs has already been proven
5], their applications in biomedicine, such as: (a) cellular therapy
n cell labeling, separation and purification [6]; (b) protein immo-
ilization [7]; (c) contrasting enhancement in magnetic resonance

maging (MRI) [8]; (d) localized therapeutic hyperthermia [9]; (e)
iosensors [10], etc., become increasingly wide and deep in recent
ears.

In these applications, the MNPs must possess superparamag-
etism, high saturation magnetization, extra anisotropy contribu-
ions, high dispersibility and biocompatibility. Superparamagnetic
articles are of great interest to researchers, because the particles

o not display any overall magnetism after removal of external
agnetic field [11]. In addition, van der Waals force and magnetic

orce among MNPs will lead to aggregation. Therefore, the surface
odification of nanoparticles is indispensable and the particle sur-
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face should be modified using inorganic [12,13] or organic materials
[14–18]. Though the application of MNPs has been put into practice
for many years both in vitro and in vivo diagnostics [19], studies on
the surface modification of MNPs are still significant.

Coating organic polymers on the surface of MNPs endows
the particles some important properties that the bare particles
lack. Polymer coating could enhance the compatibility between
nanoparticles and aqueous medium, prevent particles from oxida-
tion, reduce toxicity, extend storage life and facilitate transport, etc.
Polymers for coating can be classified into natural and synthetic
substances. Natural polymers include dextran, chitosan, gelatin,
etc. Synthetic polymers include poly (ethyleneglycol) (PEG), poly
(vinylpyrrolidone) (PVP), poly (vinyl alcohol) (PVA) and polyacrylic
acid (PAA), etc. Dextran as natural polysaccharide, which is widely
used in the pharmaceutical field, has attracted much attention.
Dextran is water soluble, inert in biological systems and does
not influence cell viability [20]. In some research groups, mag-
netite/dextran nanocomposite was prepared by a one-step method,
in which dextran was linked with MNPs through van der Waals force
and hydrogen bond. In this case, when magnetic fluid is injected into
veins, the magnetic fluid will be diluted, leading to the precipita-
tion of the magnetic nanoparticles. In order to resolve the problem,
a two-step method was proposed in the present investigation to

bond dextran onto the surface of MNPs through chemical linkage.

Control of the rheological property of magnetic fluids (MFs) is
very important during their applications [21–28]. Under an applied
magnetic field, these particles acquired an induced dipole moment
causing the particles to aggregate. The rheological property of MF

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:rhong@suda.edu.cn
dx.doi.org/10.1016/j.cej.2009.03.034
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Nomenclature

Cs solid content of MF (g)
H0 intensity of magnetic field (mT)
k consistency index of Herschel–Bulkley model

(kg s2n/m)
l length of surfactant chain (m)
n shear-thinning exponent
r radius of an aggregate (m)
r0 radius of a primary particle (m)
R distance between two particles (m)

Greek letters
� susceptibility of MNPs (m3/g)
ı distance between MNPs (m)
� shear rate (rps)
� viscosity (Pa s)
�c Carson’s viscosity (Pa s)
�0 susceptibility of vacuum
�s density of MNPs (g/cm3)

�0 yield stress (Pa)
�c Carson’s yield stress (Pa)
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� shear stress (Pa)
�H0 yield stress of MFs under applied magnetic field (Pa)

s influenced by the type and dosage of surfactants, the intensity of
xternal magnetic field and the concentration of solid particles. In
ur previous study, the rheological behavior of bilayer surfactant
tabilized MF [29] with and without external magnetic fields was
escribed using the Bingham, Carson or Herschel–Bulkley models,
nd suitble constitutive equations for shear stress and yield stress
hreshold were proposed [30].

In this paper, superparamagnetic MNPs were prepared by co-
recipitation and were surface modified by dextran via chemical
ond. The magnetite/dextran nanocomposite was dispersed in
ater to form MF. The influences of surfactants, magnetic field

ntensity and solid content on the rheological property of MF were
nvestigated using a rotating rheometer.

. Experimental

.1. Materials

Iron (III) chloride hexahydrate (FeCl3·6H2O), iron (II) sulfate hep-
ahydrate (FeSO4·7H2O), aqueous ammonia (25%), dextran with

olecule weight of 3000, 10,000, 20,000 and 40,000 (marked as T3,
10, T20 and T40, respectively), and 3-aminopropyltriethoxysilane
APTES) were employed. In all experiments, deionized water was
sed.

Aldehyde dextran was prepared using sodium periodate as
eported by Betancor et al. [31], and the reaction equation is shown
n Fig. 1. 3.33 g of dextran was dissolved in 100 mL of deionized
ater. 8 g of sodium periodate (NaIO4) was added, and the mixture
as stirred for 3 h in the dark at 25 ◦C. After reaction, purification
as performed by dialysis for 24 h to remove the formic acid pro-
uced in the process of oxidation. The deionized water used in the
ialysis process was replaced every 4 h.

.2. Preparation of magnetic nanoparticles
MNPs were prepared according to the method described pre-
iously [32]. A mixed solution of FeCl3 (0.5 M) and FeSO4 (0.5 M)
ith a molar ratio of 1.75:1 was sonicated for 30 min at room tem-
erature, and then some dosage of ammonia solution was quickly
g Journal 150 (2009) 572–580 573

poured into the mixture with vigorous stirring under argon pro-
tection, followed by slowly dropping additional ammonia solution
until the pH of the solution reached 9. Afterward, the solution was
stirred for 30 min in argon atmosphere and aged for 24 h. Finally, the
black precipitate was washed with deionized water and collected
by a magnet for several times, and dried under vacuum for 24 h.

2.3. Nanoparticles modified with amino-silane

6.0 mL of APTES (NH2(CH2)3Si(OCH2CH3)3), 1.0 g of the MNPs
and 50 mL of ethanol were added in a 250 mL three-necked round-
bottom flask. Under argon protection, the mixture was stirred for
5 h at 60 ◦C. After cooling to room temperature, the product was
washed with deionized water and methanol for several times, and
dried in vacuum at room temperature. After the above treatment,
the MNPs were modified with amino-silane. The reaction mecha-
nism was illustrated in Fig. 2.

2.4. Dextran-coated magnetic nanoparticles

1.0 g of aminated MNPs was dispersed in 50 mL of aldehyde dex-
tran solution in the argon atmosphere. The pH of the suspension
was adjusted to 3 with hydrochloric acid, and the reaction was
sustained at 60 ◦C for 24 h. Then, the pH was adjusted to 9 using
ammonia solution, and the suspension was allowed to react con-
tinuously for 4 h at 60 ◦C. The produced Schiff’s base was reduced
by adding 0.6 g of sodium borohydride at pH 9 in the dark for 24 h.
After centrifuging and washing with abundant deionized water, the
dextran-coated MNPs were obtained.

2.5. Preparation of magnetic fluid

The obtained magnetite/dextran MNPs were dispersed in deion-
ized water by ball milling at 40 rpm for 3 h at room temperature to
prepare MF with different solid contents. The ball milling was per-
formed using a high-energy ball mill under sealing. The pots and
balls were made of agate.

2.6. Characterization

A conventional 2,4-dinitrophenylhydrazine method was intro-
duced to detect the aldehyde constituent after periodate oxidation
of dextran [33]. The procedure was described as follows: 3 mL of sul-
furic acid (0.3 mL) and ethanol (0.95 wt.%, 2.7 mL) mixted solution
was prepared. Fresh 2,4-dinitrophenylhydrazine solution was pre-
pared by dissolving 0.04 g of 2,4-dinitrophenylhydrazine into the
mixted solution, and the obtained solution was diluted to 10 mL
with water and filtered. Some dextran aldehyde was added into
2 mL of newly prepared 2,4-dinitrophenylhydrazine solution, and
the mixture was stirred for some time.

The efficiency of dextran oxidation was measured by testing the
released formic acid [34]. When the oxidation of dextran was fin-
ished, we sampled 25 mL of the solution and added 2 mL of ethylene
glycol to destroy excessive periodate. After some time, the released
formic acid was titrated with NaOH solution (0.1 M) using an end-
point titration method.

The functional groups of all samples were identified by a Nicolet
Avatar 360 Fourier transform infrared (FT-IR) spectroscopy. Mea-
surements were performed with pressed pellets that were made
using KBr powder as diluent. The FT-IR spectrum was collected
between the wavenumber of 400 cm−1 and 4000 cm−1.
The bare and dextran-coated MNPs were characterized by X-
ray diffraction (XRD) (D/Max-IIIC, Japan) using Cu-k˛ radiation
(� = 1.5406 Å). The crystal structure of the MNPs was determined
according to the JCDPS 5-0664 of International Center for Diffrac-
tion Data.
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Fig. 1. Reaction equation of hydrazine reagent with aldehyde.

xtran

w
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d
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Fig. 2. Synthesis route for the de
The surface of the bare and dextran-coated MNPs was observed
ith field emission scanning electron microscope (SEM, Hitachi

-570). The inner morphology of the two kinds of MNPs was
etermined by transmission electron microscope (TEM, Hitachi H-
00-II) with an acceleration voltage of 200 kV.

Fig. 3. Periodate oxida
-coated magnetite nanoparticle.
The size of particles/aggregates suspended in MF was deter-
mined by Malvern HPPS5001 dynamic light scattering meter
with the scanning range of 0.6–6000 nm. The samples were
dispersed in water completely with sonicate before measure-
ment.

tion of dextran.
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cubic inverse spinel structure of Fe3O4 crystal. The average crys-
tallite size D could be obtained using the Debye–Sherrer formula
D = K�/(ˇ Cos 	), where K is Sherrer constant, � the X-ray wave-
length, ˇ the peak width of half-maximum, and 	 is the Bragg
diffraction angle [32]. The crystallite size is calculated to be about
R.Y. Hong et al. / Chemical Engi

PerkinElmer TGA-7 was employed to perform the thermo-
ravimetric analysis (TGA). Dried samples (1–5 mg) were placed
n the TGA furnace and the measurements were carried out under
itrogen with a heating rate of 20 ◦C/min from 50 ◦C to 700 ◦C.

Measurement of magnetic property was performed using a
H-15 vibrating sample magnetometer (VSM, Imax = 50 A, P ≤ 6 kW,
max = 1500 Oe, sensibility between 4–5 × 10−5).

The rheological property measurement of MF was carried out
sing a rotating rheometer (LV DV-III+, Brookfield, USA). The rotat-

ng speed range is 0.01–250 rpm, while the viscosity range is from
cP to 2 McP. Water with constant temperature supplied by a

hermostatic chamber was used to control the temperature dur-
ng measurements. The control precision of temperature can be
chieved to ±0.1 ◦C. The spindle of rotating rheometer was chosen
ccording to the viscosity range of MF, normally within 30–70% of
he maximum torque. The torque during subsequent experiments
as all kept within this range. A large cone spindle (CPE-40, with
diameter of 48 mm and a cone angle of 0.8◦) and a small one

or low and high viscosity (CPE-52, with a diameter of 24 mm and
n angle of 3◦) suspensions, respectively, were employed in the
easurements. The volume of the sample used in each test was

.5 mL.

. Results and discussion

.1. Aldehyde constituent

Hydrazine reagent is one of the most important organic qual-
tative reagents for the detection of aldehyde in liquid samples.
n numerous hydrazine reagents, 2,4-dinitrophenylhydrazine has
een used as a standard reagent. 2,4-dinitrophenylhydrazine reacts
ith aldehyde compounds to form the hydrazone compound, as
resented in Fig. 3. Because the oxidation process produces dextran
ldehyde, a clear yellow-orange precipitate was observed. An exper-
ment for comparison was also carried out with the same conditions
or dextran without oxidation, and no precipitate was observed.
he phenomenon demonstrated the formation of aldehyde in the
xidation of dextran.

The percent of dextran oxidation was determined using NaOH
itration method. By calculation, it is found that oxidation percent
f dextran is 100%, which is also proved by a published article
35].

.2. FT-IR spectra

The FT-IR spectra of different samples are illustrated in Fig. 4.
rom the spectrum of Fe3O4 in Fig. 4a, one can find the characteristic
bsorption peaks of Fe–O bond at about 416.8 cm−1 and 563.4 cm−1.
he broad absorption peak at about 3195.1 cm−1 can be ascribed
o hydroxyls, which are originated from the water adsorbed on
he surface of MNPs [36]. The spectrum of Fe3O4 nanoparticles
reated by APTES (Fig. 4b) exhibits absorptions at 3401.3 cm−1,
860 cm−1, 1114.1 cm−1 and 1009.0 cm−1, which are characteris-
ic peaks of the stretching vibration of NH , CH2 , Si O C and
e O Si, respectively [8]. It indicates that the coupling agent APTES
as been grafted onto the MNPs’ surface. The reaction mechanism

s illustrated in Fig. 2. In Fig. 4c, one can find the characteristic
bsorption peak of C N stretching vibration at 1032.1 cm−1, imply-
ng that dextran (T20) has been grafted onto the surface of MNPs
37].
.3. X-ray diffraction

X-ray powder diffraction pattern of Fe3O4 nanoparticles is illus-
rated in Fig. 5a. It is found that there are a series of characteristic
eaks: 2.964 (2 2 0), 2.525 (3 1 1), 2.092 (4 0 0), 1.717 (4 2 2), 1.612
Fig. 4. FT-IR spectra of Fe3O4 nanoparticles (a), Fe3O4 nanoparticles treated by APTES
(b) and Fe3O4 nanoparticles modified by dextran (T20) (c).

(5 1 1), 1.478 (4 4 0) and 1.276 (5 3 3), which are well indexed to the
Fig. 5. XRD pattern of (a) Fe3O4 nanoparticles; (b) dextran-coated (T20) Fe3O4

nanoparticles.
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ig. 6. Relationship between weight loss and different molecular weight dextran.

9 nm. Fig. 5b shows the XRD pattern of dextran-coated (T20) MNPs,
emonstrating that the crystal structure of MNPs does not change
fter surface modification.

.4. Thermal analysis

In general, TGA illuminates the relative composition of mag-
etite core, dextran shell and solvent leftover (or water). Fig. 6
hows weight loss curves of magnetite/dextran nanocomposites
btained using a thermogravimetric (TG) analyzer. Because the TG
as performed under N2 atmosphere, the oxidation of magnetite
as greatly reduced. In the thermogram, two stages of weight

oss are observed. The first weight loss stage (below 130 ◦C) can
e ascribed to the evaporation of water molecules in the polymer
atrix, while the other stage beginning at about 220 ◦C is due to

he decomposition of dextran [8]. From the thermogram, we can
alculate the coating efficiency of dextran with different molecu-
ar weight (see Table 1) and the weight ratio of iron to dextran.
he results indicate that there is more dextran participated in the
ormation of magnetite/dextran nanocomposite with the increase
f molecular weight of dextran. Obviously, the reason is that the
extran with high molecular weight has more chance to react
ith magnetite/amino-silane. However, with the further increase

f molecular weight, the dextran chains are tangled around the
anoparticles, so the coating efficiency changes slightly.

.5. Scanning and transmission electron microscopy

Fig. 7 shows the SEM images of bare and modified MNPs after the
rying of diluted MF. Comparing the two micrographs, one can find

hat the aggregation remains even after the coating of the dextan
T20).

Fig. 8 illustrates the TEM images of the two kinds of nanopar-
icles after drying. Fig. 8a shows that most of the bare Fe3O4

able 1
oating percentage and weight ratio of iron (II and III) to dextran.

olecular weight of dextran Coating percentage Weight ratio of
iron to dextran

3 16.2% 1:0.270
10 38.2% 1:0.850
20 41.8% 1:0.990
40 44.3% 1:1.10
Fig. 7. SEM of (a) Fe3O4 nanoparticles; (b) dextran-coated (T20) Fe3O4 nanoparticles.

nanoparticles are quasi-spherical and their diameter is about
20 nm, in accordance with the result of X-ray diffraction analysis.
Due to large specific surface area and high surface energy, some
nanoparticles aggregate. Fig. 8b shows the TEM image of the sur-
face modified MNPs, and one can find that aggregation is almost the
same, resulting from the intertwisting of the coated dextran (T20)
[38].

3.6. Particle size distribution

From Table 2, one can see that the mean size of nanocomposite
increases gradually with the increasing dextran molecular weight.
This phenomenon illuminates that the larger the molecular weight
of dextran, the thicker the coating layer. Besides, one can also find
that the size of nanocomposites obtained by dynamic light scatter-
ing is much larger than that obtained by TEM. This can be explained

that MNPs do not exist as individual particles and some primary
particles aggregate due to the magnetism of nanoparticles and the
entanglement of long chains of dextran [38].

Table 2
Size distribution of magnetite/dextran nanocomposite. The size distribution was
measured using a Malvern HPPS5001 dynamic light scattering meter.

Sample Fe3O4/T3 Fe3O4/T10 Fe3O4/T20 Fe3O4/T40

d(0.99)num (nm) 77.80 121.4 156.2 192.1
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b) dextran-coated (T20) Fe3O4 nanoparticles.
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Table 4
Analyzed results using Carson model of MF with dextran (T20) without magnetic
field.

Solid content, cs (wt.%) 5.00 10.0 15.0 25.0 35.0
Fig. 8. TEM of (a) Fe3O4 nanoparticles; (

.7. Magnetic property

The hysteresis loops of bare and dextran-coated MNPs are shown
n Fig. 9. The two kinds of MNPs demonstrate superparamagnetism,
hile the saturation magnetization of the magnetite/dextran MNPs
anocomposite is lower than that of bare MNPs. The reduction of
aturation magnetization is due to the nonmagnetic coating layer.
t is found in Fig. 9 that the saturation magnetization of all samples
s above 20 emu/g. Moreover, with the increase of the molecular

ig. 9. Magnetic hysteresis loops for magnetite nanoparticles and mag-
etite/dextran nanocomposites, (1) Fe3O4, (2) Fe3O4/T3, (3) Fe3O4/T10, (4)
e3O4/T20, (5) Fe3O4/T40.

able 3
nalyzed results using Bingham model of MF with dextran (T20) without magnetic
eld.

olid content, cs (wt.%) 5 10 15 25 35

iscosity, �0 (mPa s) 2.2 5.20 8.1 10.3 21
ield stress, �0 (Pa) 1.6 3.5 0.0 −0.33 −1.1
orrelation coefficient (%) 97.7 97.4 97.6 97.5 89.3
Carson’s viscosity, �c (mPa s) 2.14 4.80 8.18 10.3 23.8
Carson’s yield stress, �c (Pa) 0.0 0.300 0.0 0.0 1.80
Correlation coefficient (%) 99.3 99.4 98.9 98.7 97.5

weight of dextran, the saturation magnetization becomes smaller.
This could be explained that the higher the coating efficiency, the
lower the MNPs content.
3.8. Rheological property of magnetic fluid

Based on the unique magnetic property and biocompatibility,
MNPs offer a high potential for several biomedical applications,

Fig. 10. Viscosity versus shear rate of MF (stabilized by T20 dextran) with and with-
out magnetic field (T = 23.5 ◦C).
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Table 5
Analyzed results using Herschel–Bulkley model of MF with dextran (T20) without magnetic field.

Solid content, cs (wt.%) 5.00 10.0 15.0 25.0 35.0

Herschel–Bulkley coefficient, k (kg sn−2/m) 3.22 6.30 7.50 9.54 14.3
Y 0.200 0.310 0.420 0.530
n 0.970 1.00 1.03 1.08
C 100 99.9 100 99.9
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Table 7
Analyzed results using Carson model of MF with dextran (T20), H = 17 mT.

Solid content, cs (wt.%) 5.00 10.0 15.0 25.0 35.0

Carson’s viscosity, �c (mPa s) 0.380 0.410 4.59 0.870 12.5
Carson’s yield stress, �c (Pa) 4.13 6.13 2.74 0.970 1.53
Correlation coefficient (%) 90.2 90.9 96.1 87.0 93.2

Table 8
Analyzed results using Herschel–Bulkley model of MF with dextran (T20), H = 17 mT.

Solid content, cs (wt.%) 5.00 10.0 15.0 25.0 35.0

stress increases linearly with the increasing solid content. This is in
accordance with the results of our published article [30]. When an
external magnetic field is applied, the yield stress becomes com-
paratively high and increases with the increasing solid content,
just as the case in Table 8. So, for the MFs prepared in the present
ield stress, �0 (Pa) 0.0
0.940

orrelation coefficient (%) 100

uch as drug targeting, magnetic cell separation, magnetic hyper-
hermia and enzyme immobilization. The applications are based
n the magnetic fluid, which could be easily injected into the body
ia subcutaneous or intravenous injection. After injection, a mag-
et is usually applied to concentrate the magnetic fluid around an
ffected part of the body. Therefore, high magnetism and proper
uid stabilization are required for the biomedical applications. It is
ecessary to investigate the rheological behavior of magnetic fluid
ith or without an external magnetic field.

.8.1. Viscosity under magnetic field
The MNPs were coated with the dextran (T20), and the prepared

F has the solid content of 20%. A magnetic field with the intensity
f H = 17 mT was applied between the spindle and cup of the rotating
heometer. The intensity of magnetic field was measured using a
all-effect sensor. The viscosity of MF with and without magnetic
eld was illustrated in Fig. 10, showing that the external magnetic
eld has obvious effect on the viscosity of MF. The reason is that:
he viscosity of water is determined by the interaction among water

olecules. For water-based MF, the viscosity is determined by the
iscosity of water and the interaction among MNPs and surfactants.
he external magnetic field enhances the interaction among MNPs,
herefore, the viscosity of MF increases under magnetic field. On
he other hand, the external magnetic field can also rearrange the

NPs, leading to the formation of orderly microstructures. As the
hear rate increases, the microstructures are destroyed under the
hear stress. Thus, the viscosity of MF with external magnetic field
escends more rapidly with the increasing shear rate.

.8.2. Constitutive equations with and without an external
agnetic field

There are three kinds of rheological models for suspensions
hat are usually used: (1) The Bingham model, taking account of
he yield stress of fluids, adopts the following form, � = �0 + �� . (2)
he Carson model, taking account of both the yield stress and the
hear-thinning behavior, uses the form,

√
� = √

�c + √
�c� . (3) The

erschel–Bulkley model also takes account of both the yield stress
nd the shear-thinning. This model usually can be simplified as:
= �0 + k�n and � = k�n−1, where, �0 is yield stress, k consistency

ndex and � is viscosity. That is to say, when � < �0, the mate-
ial remains rigid; otherwise, the material flows as a power-law
uid.

For MF, when the shear rate is low, the disordered arrangement
f MNPs increases the resistance of flow, so the fluidity of MF is
educed. When the shear rate increases, MNPs begin to arrange

heir orientation along with the shearing direction. This kind of
rrangement leads to the decrease of viscosity. The three rheo-
ogical models are used to describe the rheological property of
ighly concentrated MF with and without an external magnetic

able 6
nalyzed results using Bingham model of MF with dextran (T20), H = 17 mT.

olid content, cs (wt.%) 5.00 10.0 15.0 25.0 35.0

iscosity, �0 (mPa s) 1.45 2.40 2.57 8.34 16.5
ield stress, �0 (Pa) 5.35 7.10 5.68 5.61 4.53
orrelation coefficient (%) 80.7 83.3 81.8 91.9 80.3
Herschel–Bulkley coefficient, k 5.19 8.04 13.2 16.7 23.7
Yield stress, �0 (Pa) 1.35 1.68 2.35 4.66 5.46
Shear thinning exponent, n 0.820 0.850 0.850 0.880 0.860
Correlation coefficient (%) 98.9 99.9 95.2 97.0 96.2

field. By correlating the experimental results using the software
provided by the Brookfield (Brookfield, 2006), the model param-
eters of the three constitutive equations are obtained, as listed in
Tables 3–8.

By comparing the Bingham, Carson and Herschel–Bulkley equa-
tions with the experimental results, it could be found that the
Bingham constitutive equation is not recommended since it does
not take account of the shear-thinning effect. On the other hand,
the difference between the Herschel–Bulkley equation and the
experimental results is the least. Therefore, the Herschel–Bulkley
equation is recommended as the suitable constitutive equation for
MFs with and without an external magnetic field.

From Table 5, one can see that there is a yield stress threshold
when there is no magnetic field, even though it is small. The yield
Fig. 11. Viscosity versus solid content of MF (stabilized by T20 dextran) with and
without magnetic field (T = 23.5 ◦C) based on the theoretical calculation and exper-
iment.
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nvestigation, the Herschel–Bulkley model should be modified to:

= �0 + �H0 + k�n (1)

here, �0 is the yield stress threshold without magnetic field which
s related to the solid content, and �H0 is the additional yield stress
hreshold under magnetic field which is determined by both the

agnetic property of MF and magnetic field intensity. The �H0 ,
hich takes the following form, is derived in detail in reference

30]:

H0 = r3
0 cs�0r�2H2

0 cos2� sin �

12(r0 + l)3[�s(1 − cs) + cs](2r + ı)
(2)

The results calculated using Eq. (2) are shown in Fig. 11. It is
ound that the theoretical model for the yield stress threshold is in
ccordance with the experimental results.

. Conclusions

By chemical synthesis and physical characterization in the
resent investigation, the following conclusions can be drawn.
1) Magnetite/dextran nanocomposite was prepared through a
wo-step method. This route consists of the first introduction of
mino-silane group onto the magnetite surface and the second
oupling of oxidized dextran via formation of Schiff’s base. (2)
he molecular weight of dextran plays an important role on the
ize, morphology, coating efficiency, and magnetic property of
NPs/aggregates. (3) The surface modification of MNPs with dex-

ran is propitious to the stability of MF. The viscosity of MF increases
ith the increasing molecular weight of dextran. (4) An external
agnetic field can enhance the interaction among MNPs, there-

ore, the viscosity of MF increases under the external magnetic field.
he magnetic field could also rearrange the MNPs, leading to the
ormation of orderly microstructures. When there is no magnetic
eld, the viscosity of MF increases linearly with the solid con-
ent. If an external magnetic field is applied, the viscosity increases
uadratically with the solid content. (5) Our previously proposed
onstitutive equation is recommended for describing the rheolog-
cal property of the water-based MF containing dextran-coated

NPs.
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