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a  b  s  t  r  a  c  t

The  magnetic  nanocomposites  of  (1 − x)Ni0.5Zn0.5Fe2O4/xSiO2 (x  =  0–0.2)  were  synthesized  by  the  citrate-
gel  process  and  their  absorption  behavior  of bovine  serum  albumin  (BSA)  was  investigated  by UV
spectroscopy  at room  temperature.  The  gel  precursor  and  resultant  nanocomposites  were  characterized
by  FTIR,  XRD,  TEM and  BET  techniques.  The  results  show  that the  single  ferrite  phase  of  Ni0.5Zn0.5Fe2O4

is  formed  at  400 ◦C,  with  high  saturation  magnetization  and  small  coercivity.  A  porous,  amorphous  silica
layer  is  located  at  the  ferrite  nanograin  boundaries,  with  the  silica  content  increasing  from  0  to 0.20,  the
average grain  size  of  Ni0.5Zn0.5Fe2O4 calcined  at 400 ◦C reduced  from  about  18–8  nm.  Consequently,  the
specific  surface  area  of  the  nanocomposites  ascends  clearly  with  the  increase  of silica content,  which  is
largely contributed  by  the  increase  in  the  thickness  of  the  porous  silica  layer.  The  Ni0.5Zn0.5Fe2O4/SiO2

nanocomposites  demonstrate  a better  adsorption  capability  than  the  bare  Ni0.5Zn0.5Fe2O4 nanoparticles

pecific surface area
dsorption
ovine serum albumin
rotein

for  BSA.  With  the increase  of  the  silica  content  from  0  to  0.05  and  the  specific  surface  area  from  about
49–57  m2/g, the  BSA  adsorption  capability  of  the Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites  calcined  at  400 ◦C
improve  dramatically  from  22 to 49 mg/g.  However,  with  a further  increase  of the  silica  content  from  0.05
to  0.2,  the  specific  surface  area  increase  from  about  57–120  m2/g, the  BSA  adsorption  for  the  nanocom-
posites  remains  around  49 mg/g,  owing  to the  pores  in the  porous  silica  layer  which  are  too  small  to  let
the  BSA  protein  molecules  in.
. Introduction

Magnetic nanoparticles (MNPs) have attracted interests based
n their fascinating superparamagnetic behavior, high saturation
agnetization and relaxation [1,2]. Now, the MNPs have been
idely applied to biological and medical areas [3–5], such as drug

nd gene delivery [6,7], the control of cells and cellular func-
ion [8,9], therapeutic hyperthermia [10,11], bioseparation [12,13],

agnetic resonance imaging [14–17],  and quantitative immunoas-
ay [18,19]. Beyond the biomedical area, interesting studies have
een reported on the use of MNPs for ferrofluids, data storage, and
atalysis [20]. Recently, some magnetic nanoparticles, such as CoPt
o1−xZnxFe2O4/SiO2 MnFe2O4, CoCrMo [21–24],  etc., have been
eported for biomedical applications.

Ni–Zn ferrites are one of the most versatile magnetic materials
s they have high saturation magnetization, high Curie tempera-

ure, chemical stability, low coercivity and biodegradability [25].

any researchers have studied the synthesis of Ni–Zn ferrites
1,26–29]. However, for bio-related applications, pure Ni–Zn ferrite

∗ Corresponding author. Tel.: +86 511 88791964; fax: +86 511 88791964.
E-mail address: shenxq@ujs.edu.cn (X. Shen).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.09.020
© 2011 Elsevier B.V. All rights reserved.

nanoparticles usually lead to problems associated with the for-
mation of large aggregates, the alteration of magnetic properties,
and their toxicity in the biological systems. The layer of protective
coating offers magnetic particles an opportunity both to maintain
their chemical stability and to reduce the potential toxicity without
making an obvious impact on their magnetic properties.

Silica has been considered to be one of the most ideal coat-
ing layers of coating for MNPs due to its characteristic including
high chemical stability, biocompatibility, and easy functionaliza-
tion, which make it suitable for conjugation with proteins and
in vivo applications [13,30–32].

Many efforts have been made on the design and synthesis of
silica-coated magnetic nanoparticles (SMNPs) over the past few
decades [33,34]. As we  know, size and composition may influence
the property and application of magnetic nanoparticles in biology
and medicine, thus the controllable synthesis of well-defined silica-
coated magnetic nanoparticles is crucial to the investigation of their
magnetic properties and potential applications in biomedical sci-
ences.
Bovine serum albumin (BSA) is the first biomolecule that has
been used in biomedical applications, because it is a relatively
large biomolecule and usually has a tendency to accumulate at
the interface of solid surfaces [23,35,36],  and its adsorption on

dx.doi.org/10.1016/j.jallcom.2011.09.020
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:shenxq@ujs.edu.cn
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600 ◦C for 2 h. It can be estimated from Fig. 2 that the grain size of
the Ni0.5Zn0.5Fe2O4 in nanocomposites is about 10–20 nm.  These
ferrite nanoparticles are well dispersed and the porous amorphous
silica layer is located on the nanograin boundaries. The porous layer
ig. 1. XRD patterns of (1 − x)Ni0.5Zn0.5Fe2O4/xSiO2 nanocomposites with (A) silica
alcined  at 400 ◦C.

urface of the Ni0.5Zn0.5Fe2O4/SiO2 composite nanoparticles can act
s adsorption models for other biomacromolecules. In this work,
he magnetic Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites were synthe-
ized via the citrate-gel process, and effects of silica content on
he grain size, specific surface area and adsorption performance of
ovine serum albumin on the Ni0.5Zn0.5Fe2O4/SiO2 nanocompos-

tes were investigated.

. Experimental

The (1 − x) Ni0.5Zn0.5Fe2O4/xSiO2 (x = 0–0.2, in weight ratio) nanocomposites
ere prepared via the citrate-gel process, which was described in detail for the
ono-dispersed Ni–Zn ferrite nanopartices in our previous paper [37]. With reagent

rade Ni(NO3)2·6H2O, Zn(NO3)2·6H2O and Fe(NO3)3·9H2O, one mole of citric acid
or  one mole of metal and tetraethyl orthosilicate (TEOS) according to the various
eight ratios of silica in (1 − x)Ni0.5Zn0.5Fe2O4/xSiO2 from x = 0 to 0.20 were mixed

ogether in a beaker, and were dissolved in 100 ml  distilled water. The mixed solu-
ion was  magnetically stirred for 20–24 h at room temperature and the surplus water
as  removed in a vacuum rotary evaporator at 60–80 ◦C until a viscous liquid was

btained. Then, the viscous liquid was dried at 80 ◦C in an oven to obtain the dried
el  precursor, which was  calcined at various temperatures from 400 to 700 ◦C for

 h in air to form loose nanocomposites.
The structures, compositions and morphologies of the gel precursors and

he  nanocomposites obtained were investigated by Fourier transform infrared
pectroscopy (FTIR, Nexu670 spectrometer), X-ray diffraction (XRD, RIGAKU), trans-
ission electron microscopy (TEM, JEM2100). The specific surface area and the

ore size were measured by the Brunauere–Emmette–Teller (BET) method with
he instrument of NOVA 2000e. The adsorption of BSA on the Ni0.5Zn0.5Fe2O4/SiO2

anocomposites was measured with a UV spectrophotometer (UV2550) at room
emperature [37]. The adsorption capacity of BSA for the Ni0.5Zn0.5Fe2O4/SiO2

anocomposites can be calculated by the following equation [38]:

 = mBSA(ABSA − Amag)
mmagABSA

here I refers to the adsorbed BSA amount of the Ni0.5Zn0.5Fe2O4/SiO2 nanocom-
osites (mg/g), mBSA is the total weight of BSA (mg), mmag is the Ni0.5Zn0.5Fe2O4/SiO2

anocomposites weight (g), ABSA is the UV absorbance value of blank BSA solution,
nd  Amag is the UV absorbance value of BSA solution after adsorption.

. Results and discussion

.1. Structural characterization of Ni0.5Zn0.5Fe2O4/SiO2
anocomposites

The X-ray diffraction (XRD) patterns of the Ni0.5Zn0.5Fe2O4/SiO2
anocomposites with silica weight content of 0.10 calcined at var-
ous temperatures for 2 h are shown in Fig. 1A. All the as-prepared
anocomposites show characteristic lines of Ni–Zn ferrite with

 spinel structure, which indicates that single phase Ni–Zn fer-
ites are formed even at 400 ◦C (Fig. 1A(a)). It is well known that
nt (x) of 0.10 calcined at various temperatures; (B) silica content (x) from 0 to 0.20

narrow lines width for XRD patterns indicate a high crystallinity
and a larger grain size. Fig. 1A(a–d) shows that with an increase in
the temperature, XRD peaks become sharper, suggesting that the
crystallinity is higher and the particles size is larger at a higher
temperature.

Fig. 1B shows the XRD patterns for the Ni0.5Zn0.5Fe2O4/SiO2
nanocomposites with silica weight content from 0 to 0.20 cal-
cined at 400 ◦C for 2 h. With the increase of silica weight content
(Fig. 1B(a–d)), because of the non-crystalline nature of silica, the
corresponding peaks become weaker and broader, which implies
the crystallinity is lower and the particles size is smaller at a high
silica content.

The average crystallite sizes of Ni–Zn ferrites can be calculated
from the value of full-width (FWHM) at half-maximum of (3 1 1)
plane using Scherrer’s formula [39]:

D = 0.89�

 ̌ cos �

where D is the crystallite size in nanometers, � is the radiation
wavelength (0.154056 nm for Cu K�),  ̌ represents the bandwidth
at half-intensity width of the relevant diffraction peak and � is the
corresponding diffraction peak angle. The results show that the
grain sizes of nanocrystallites increase with the calcination tem-
perature, while they descend from about 18 nm to 8 nm at 400 ◦C
with the silica content increasing from 0 to 0.20. The reasons for this
are that high temperature favors the atomic mobility and causes the
grain growth, on the contrary, silica prevents the atomic mobility
and causes the decrease of the grain size. The crystallite sizes show
that the synthesized Ni0.5Zn0.5Fe2O4 is nano-crystallites. Therefore,
the calcination temperature and the silica content are two  impor-
tant factors in controlling the synthesis of ferrite nanocrystallites.

Fig. 2 shows the TEM observations of the Ni0.5Zn0.5Fe2O4/SiO2
composite nanoparticles with silica content of 0.20 calcined at
has very fine pores about 0.5–1.0 nm and is mesoporous [40]. This
mesoporous amorphous silica layer will become thick with the sil-
ica content in the Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites, leading to
a high specific surface area.
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cal stretching vibrations of the carboxyl group, while the peak at
890 cm−1 is attributed to carbonyl group. The bands at 805 and
462 cm−1 characterize the silica network, as showed in Fig. 4a.
Fig. 2. HRTEM (a) and TEM (b) of (1 − x)Ni0.5Zn0.5Fe2O4/xSiO

.2. Magnetic properties

Fig. 3 shows the magnetic hysteresis loops of
1 − x)Ni0.5Zn0.5Fe2O4/xSiO2 nanocomposites calcined at 400 ◦C for

 h with various silica contents. As showed in Fig. 3, all the samples
ave a narrow loop, which is indicative of a soft ferromagnetism
ature. The saturation magnetization (Ms) values decrease from
7.3 Am2/kg to 11.5 Am2/kg with SiO2 content (x) increasing from

 to 0.2 or the crystalline size of the particles decreasing from 18
o 8 nm,  as expected, since this parameter depends on the total

ass of the magnetic phase ferrite. The lower value of Ms can be
ttributed to two reasons. First, the reduction of Ms is caused by the
oncolinearity of magnetic moments at the nanoparticles surface,
esulting in a decrease of the saturation magnetization for a higher
iO2 content [41]. The non-magnetic SiO2 can be considered as a
agnetically dead layer at the surface, thus affecting the uniformity

r the magnitude of magnetization due to quenching of surface
oments. The surface effects reduce the saturation magnetization
s with the decrease of the nanocrystallites’ dimensions, which

eads to a noncollinearity of magnetic moments on their surface
42]. Second, there are a lot of nonmagnetic SiO2 and pores existing
n the grain boundary as nonmagnetic gaps, which are not only
he magnetic dilution but also a cut-off of the magnetic flux path
n the nanocomposites. The ferrite nanoparticles are separated
y the mesoporous SiO2 layer and their interactions are reduced.

hese will result in smaller grain sizes and a lower value of Ms.
ue largely to the soft ferromagnetism nature and nanograins of
i0.5Zn0.5Fe2O4, there is almost no change in the small coercivity

ig. 3. Hysteresis loops of (1 − x)Ni0.5Zn0.5Fe2O4/xSiO2 nanocomposites calcined at
00 ◦C for 2 h with various silica contents (x=). (a) 0; (b) 0.05; (c) 0.1; (d) 0.15; (e)
.2.
composites with silica content (x) of 0.20 calcined at 600 ◦C.

(Hc) of composite nanoparticles as the SiO2 content increases or
grain size decreases largely.

3.3. FTIR spectra of the gel precursor and Ni0.5Zn0.5Fe2O4/SiO2
nanocomposites

Fig. 4 shows the FTIR spectra of the gel precursor and the
as-prepared Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites in the range
400–4000 cm−1. The gel precursor shows characteristic vibrations
of silica and nitrate-citrates. Two broad bands at 3200–3700 and
1728 cm−1 are assigned to the O–H and H–O–H bending vibrations
of citric acid and absorbed water [43], while the bands at 579 and
1384 cm−1 can be assigned to the asymmetrical NO3

− stretching
vibration that is directly related to the residual nitrate groups in
the gel precursor [39]. The existence of the characteristic bands of
NO3

− indicates that the NO3
− as a group exists in the structure of

citrate gel during the gelation of the mixed solution formed from
nitrates and citric acid. The bands at 890, 1439 and 1612 cm−1 are
the characteristic peaks of the citrate where two peaks at 1439
and 1612 cm−1 correspond to the symmetrical and asymmetri-
Fig. 4. FTIR spectra of the gel precursor (a) and the (1 − x)Ni0.5Zn0.5Fe2O4/xSiO2

nanocomposites calcined at 400 ◦C for 2 h with various silica contents (x=), (b) 0,
(c)  0.05, (d) 0.10, (e) 0.15, (f) 0.20.
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acteristic peaks are detected, the BSA protein does not bond to the
Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites, and it is reasonably deduced
ig. 5. The specific surface areas of (1 − x)Ni0.5Zn0.5Fe2O4/xSiO2 nanocomposites w
arious  temperatures from 400 ◦C to 700 ◦C.

Fig. 4b–f shows the IR spectra of the Ni0.5Zn0.5Fe2O4/SiO2
anocomposites with various silica contents calcined at temper-
ture of 400 ◦C. Compared with Fig. 4a, the intensities of the broad
ands associated with the absorbed water are drastically weak-
ned. The peaks at 1728, 1612, 1439, 1384, 890, 840 and 579 cm−1

re disappeared. The new characteristic peak occurred in the region
f 572–579 cm−1 can be assigned to the stretching mode of Fe–O at
etrahedral sites in the spinel structure, indicating that the spinel
tructure is basically formed at this temperature [44,45]. Further-
ore, the ferrite-stretching band in Fig. 4b–f is shifted to higher
avenumbers and the intensity becomes weak with increasing sil-

ca content [46]. Meanwhile, it can be observed from Figs. 4c–f, with
he silica content (x) increasing from 0.05 to 0.2, the characteris-
ic peak at 2350–2370 cm−1 for Si–O bonds consequently becomes
tronger and the silica layer thickness also increases.

.4. Specific surface area of the Ni0.5Zn0.5Fe2O4/SiO2
anocomposites

The specific surface areas of the pure Ni0.5Zn0.5Fe2O4 and
i0.5Zn0.5Fe2O4/SiO2 nanocomposites were determined with the
runauer–Emmett–Teller (BET) method, which involves the use of
he BET equation [47].

1
W

· P

P0
= 1

WmC
+ C − 1

WmC
· P

P0

In this equation, W is the weight of the gas adsorbed at a relative
ressure P/P0 and Wm is the weight of the adsorbate constituting a
onolayer of the coverage, the term C is the BET constant.
Fig. 5a shows the specific surface areas of the

i0.5Zn0.5Fe2O4/SiO2 nanocomposites with various silica con-
ents calcined at 400 ◦C, which indicates that the specific surface
reas increase with the increase of silica content. When the silica

ontent is 0.20, the specific surface area reaches 119.3 m2/g.
owever, with the calcination temperature increasing from 400 ◦C

o 700 ◦C, the specific surface areas of the Ni0.5Zn0.5Fe2O4/SiO2
anocomposites decrease, as showed in Fig. 5b. Therefore, in
rder to enhance the BSA adsorption for the Ni0.5Zn0.5Fe2O4/SiO2
anocomposites, it is advisable to calcine the Ni0.5Zn0.5Fe2O4/SiO2
anocomposites at 400 ◦C with silica content of 0.20. Meanwhile,
hey also have a high Ms value as showed in Fig. 3.
) silica content (x) from 0 to 0.20 calcined at 400 ◦C, (b) silica content (x) of 0.20 at

3.5. BSA adsorption of Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites

FTIR spectroscopy is a widely used technique to study protein
conformation, and the different amide bond orientations within
peptide backbone can be attributed to various secondary structures
such as �-helix, �-sheets, �-turns and unordered structures [48].
The FTIR spectra of the bare Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites,
Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites adsorbed BSA and pure BSA
are shown in Fig. 6. In the FTIR spectrum of pure BSA (Fig. 6c),
the peak at 3438 cm−1 is ascribed to the –OH vibration stretch-
ing, the amide A′ band is located at 3419 cm−1, the broad bands at
1600–1700 cm−1 are assigned to the amide I region and the amide
II region [38], and the bands at 1100–1200 cm−1 belong to C–O and
C–N bond stretching [49]. Fig. 6a for the bare Ni0.5Zn0.5Fe2O4/SiO2
nanocomposites actually is the same as Fig. 4f. While, the FTIR spec-
trum of the Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites adsorbed BSA
(Fig. 6b) is characterized with a combination of characteristics in
Fig. 6a and c. Compared with Fig. 6a, it is obvious that the charac-
teristic peaks of BSA (the amide I region and the amide II region)
occur in Fig. 6b, which indicates that BSA is adsorbed onto the
Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites. In addition, as no new char-
Fig. 6. FTIR spectra of (a) the pure Ni0.5Zn0.5Fe2O4 nanoparticles, (b) the
Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites adsorbed BSA, (c) BSA.
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Table 1
Effects of calcination temperature, grain size, specific surface area on BSA adsorption
of  bare Ni0.5Zn0.5Fe2O4 nanoparticles.

Calcination
temperature (◦C)

Grain size
(nm)

Specific surface
area (m2/g)

BSA adsorption
(mg/g)

400 14 49.0 22.0
500 24 59.6 33.9
600  33 39.9 10.5
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700  45 18.8 7.8

hat they are combined by the hydrogen bond and van der Waals
orce.

Table 1 shows the BSA adsorption of the pure Ni0.5Zn0.5Fe2O4
anoparticles calcined at various temperatures from 400 ◦C to
00 ◦C with ferrite grain sizes. With the temperature increase,
hough the ferrite grain sizes ascend from 14 to 45 nm,  the
SA adsorption is not clearly reduced, with a maximum value
3.9 mg/g for the pure Ni0.5Zn0.5Fe2O4 nanoparticles calcined at
00 ◦C with a grain size of 24 nm.  Since bovine serum albumin
re a globular protein with a prolate spheroid of dimensions of

 nm × 4 nm × 14 nm [50], the possible reason for this phenomenon
s that the Ni0.5Zn0.5Fe2O4 nanoparticles about 24 nm have a higher
io-affinity for BSA.

The BSA adsorptions for the Ni0.5Zn0.5Fe2O4/SiO2 nanocompos-
tes calcined at 400 ◦C with various silica contents are presented
n Table 2. It can be seen that the Ni0.5Zn0.5Fe2O4/SiO2 nanocom-
osites exhibit a much better adsorptivity for BSA compared
ith the pure Ni0.5Zn0.5Fe2O4 nanoparticles as represented in

able 1. With a very small amount of SiO2 (x = 0.05) in the
anocomposites, the BSA adsorption is dramatically increased from
2.0 mg/g for the pure Ni0.5Zn0.5Fe2O4 nanoparticles to 49.2 mg/g.
owever, with the further increase of SiO2 (x = 0.05–0.2) in the

1 − x)Ni0.5Zn0.5Fe2O4/xSiO2 nanocomposites, the BSA adsorptions
end to keep around 49 mg/g and are not obviously affected
y the silica content when the nanocomposite contains a rel-
tively high silica content. From the above FTIR analysis, the
i0.5Zn0.5Fe2O4/SiO2 nanocomposites absorbing of BSA is largely
ue to the hydrogen bond and van der Waals force, and thus it
hould be related to the specific surface area and Si–OH groups on
he silica surface. However, referring to Fig. 6a and Table 2, the
SA adsorption of the (1 − x)Ni0.5Zn0.5Fe2O4/xSiO2 (x = 0.05–0.2)
anocomposites is basically not affected by the specific surface area
hich is clearly increased with the silica content. This phenomenon

an be explained by the silica porous layer structure located at
he boundaries of the Ni0.5Zn0.5Fe2O4 nanoparticles as showed in
ig. 2a and the calculated pore sizes as showed in Table 2. The sil-
ca porous layer with a very high specific surface area is yielded
ecause of the TEOS decomposition, and this porous layer becomes
hicker with the increase of silica content, which leads to a higher
pecific surface area for the nanocomposites. But the pores in the
orous layer are too small to let the BSA in as it has a larger size of

 nm × 4 nm × 14 nm [50]. Therefore, the measured BSA adsorption
f the (1 − x)Ni0.5Zn0.5Fe2O4/xSiO2 (x = 0.05–0.2) nanocomposites
s not related to the specific surface area and it will be enhanced by

ailoring the pore size to suit entrance of BSA.

able 2
ffects of silica content (x), specific surface area and average pore size on BSA adsorp-
ion of (1-x)Ni0.5Zn0.5Fe2O4/xSiO2 nanocomposites calcined at 400 ◦C.

Silica content (x) 0 0.05 0.10 0.15 0.20

Specific surface area (m2/g) 49.0 57.1 67.1 104.4 119.3
Average pore size (nm) 6.5 4.5 3.5 5.8 6.6
BAS  adsorption (mg/g) 22.0 49.2 47.1 51.0 48.9

[

[

[
[
[

[

[

[

mpounds 511 (2012) 163– 168 167

4. Conclusions

(1) The (1 − x)Ni0.5Zn0.5Fe2O4/xSiO2 (x = 0–0.2) nanocomposites
have been successfully prepared by the facile citrate-gel pro-
cess. The single phase of spinel Ni0.5Zn0.5Fe2O4 is formed at a
low calcination temperature of 400 ◦C.

(2) The grain size of Ni0.5Zn0.5Fe2O4 in nanocomposites is largely
influenced by the calcination temperature and silica content.
With the calcination temperature increasing from 400 to 700 ◦C,
the average ferrite grain size ascends, while it decreases with
the silica content increasing from 0 to 0.20. Therefore, the
Ni0.5Zn0.5Fe2O4/SiO2 nanocomposite with SiO2 content of 0.2
calcined at 400 ◦C is characterized with nanograins about 8 nm,
a higher saturation magnetization and a smaller coercivity.

(3) The specific surface area of the (1 − x)Ni0.5Zn0.5Fe2O4/xSiO2
(x = 0–0.2) nanocomposites calcined at 400 ◦C increases with
the increase of the silica content largely due to the formation
of silica porous layer at the nanograins boundaries. It reaches
119.314 m2/g when the silica content is 0.20.

(4) The Ni0.5Zn0.5Fe2O4/SiO2 nanocomposites have an efficient
adsorption of bovine serum albumin, with the BSA adsorp-
tion of about 49 mg/g, which is two  times over the pure
Ni0.5Zn0.5Fe2O4 nanoparticles.

(5) The BSA adsorption of the Ni0.5Zn0.5Fe2O4/SiO2 nanocompos-
ites is mainly caused by the hydrogen bond and van der Waals
force. The adsorption capability is influenced by the specific sur-
face area and the pore size for the nanocomposites. Although
the specific surface area for the Ni0.5Zn0.5Fe2O4/SiO2 nanocom-
posites increases obviously with the silica content increasing
from 0.05 to 0.2, the BSA adsorption basically remains around
49 mg/g, which can be ascribed to the pore sizes, which are too
smaller to let the larger protein molecules into the silica porous
layer.
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