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ARTICLE INFO ABSTRACT

Dioctylphthalate (DOP) was used as the surface modifier to modify the surface of Sb,O3 nanoparticles by me-
chanical ball milling in this paper. The surface properties of Sb,O3; nanoparticles were characterized by XRD,
Fourier transform infrared spectroscopy (FT-IR), surface contact angle measuring instrument, Zeta potenti-
ometer and transmission electron microscope (TEM). The surface structure of Sb,O3 nanoparticles and the ad-
sorption mode of DOP were studied, and the effects of different mass fraction of DOP on the dispersion and
stability of Sb,O3 nanoparticles were analyzed. The results show that DOP can successfully coat on the surface of
Sb,03 nanoparticle by using mechanochemical method and significantly improve the dispersion of the modified
Sb,03 nanoparticles. With increasing of the mass fraction of DOP, the dispersion of Sb,O3 nanoparticles was
gradually improved. When the mass fraction of DOP was 7 wt%, the average particle size of Sb,O3 nanoparticles
was the smallest, and was 48 nm. However, with the increase of the mass fraction of DOP, the absolute Zeta
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potential of Sb,O3 nanoparticles gradually decreased and then tended to be stable finally.

1. Introduction

Antimony trioxide (Sb;0O3), as an important inorganic flame-re-
tardant synergist, is widely used in polymer materials such as plastics,
textiles, rubber and coatings [1-3]. Especially in polymer composites
with halogen-antimony collaborative system, Sb,O3; can decrease the
mass fraction of the halogen flame retardants and reduce combustion
smoke amount of the composites. Meanwhile, the flame retardancy of
composites can be improved significantly. Some studies have shown
that the particle size of Sb,O3; has an obvious effect on the flame re-
tardancy of polymer composites. When the particle size of Sb,O3 is
reduced from the micron level to nanometer level, the flame retardancy
of the matrix material is improved significantly under the same con-
ditions [4,5]. However, the flame retardancy of nanocomposites is not
only affected by the particle size and synergistic effect with other flame
retardants, but also depend on whether the inorganic nanoparticles can
be uniformly dispersed in organic matrix materials. It is well known
that nanoparticles agglomerate easily due to their high surface energy,
resulting in decreasing of the dispersion degree of nanoparticles in or-
ganic matrix. The poor dispersion of nanoparticles makes the stability
of the composite system worse, and ultimately affects the product
performance of the composites. Therefore, it is particularly important to
enhance the dispersion and stability of nanoparticle in organic matrix.

According to DVLO theory [6], the properties of dispersed media and
the interactions between particles in the media can determine the sta-
bility of colloidal system, including van der Waals' force (V4) and
electric double-layer repulsive force (V). Therefore, researchers try to
improve the dispersion and stability of nanoparticles in the medium by
various methods. For example, under the action of mechanical force,
some reagents such as polyelectrolyte or surfactant can adhere to the
surface of nanoparticles, improve the electrostatic interaction or space
steric effect between particles and facilitate the dispersion of nano-
particles [7-9]. Nanoparticles can also be modified by various surface
modifiers. The surface modification of nanoparticles can reduce the
surface energy and improve the dispersibility of inorganic nanoparticles
in organic matrix [10].

Dioctylphthalate (DOP) is one of the main plasticizers for polymer
products. However, DOP migrates from polymer product easily, re-
sulting in serious pollution of the surrounding medium and the dete-
rioration of mechanical properties [11]. Due to high surface energy and
a large number of unsaturated bonds of atoms, nanoparticles can easily
bond with polar plasticizer DOP, which has been applied in some fields.
Some studies show that the polar bonds of DOP can be attracted by
inorganic nanoparticles, so the anti-migration properties of DOP can be
strengthened. For example, Yan Wen Zhou et al. [12] studies the effects
of nano-particles (nano-CaCOsz, nano-SiO, and MMT modified by
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organic modifier) on DOP migration and tensile properties of flexible
PVC sheets and found that the polar bonds of DOP can be attracted by
inorganic nanoparticles, so the anti-migration properties of PVC can be
strengthened. As a result, in flexible PVC products with DOP as plas-
ticizer, using DOP as surface modifier of inorganic filler can not only
improve the compatibility between inorganic filler and organic matrix,
but also improve the anti-migration properties of PVC. In this work, the
surface of Sb,Os; nanoparticles was modified by mechanical ball
grinding method using DOP as surface modifier. Surface structure of
Sb,03; nanoparticles were studied by XRD, transmission electron mi-
croscope (TEM) and infrared spectroscopy (FT-IR). And then the dis-
persion degree and stability properties of nanoparticles modified with
different mass fraction of DOP were analyzed basing on the surface
contact angle and Zeta potential.

2. Experimental
2.1. Materials

Sb,03 nanoparticles were made by our laboratory and the range of
particle size is 50-100nm [13]. DOP was purchased from Laiyang
Shuangshuang Chemical Co., Ltd. (Shandong, China) and its average
molecular weight is 391.

2.2. Surface modification of Sb,0O3 nanoparticles

Sb,03 nanoparticles were modified by OM-3SP04 planetary ball
mill (Nanjing Laibu Science and Technology Industry Co., Ltd., China).
In this process, 5g Sb,0O3; nanoparticles, 20 ml ethyl alcohol and dif-
ferent mass fraction DOP will be mixed in ball milling jar and the mass
ratio of balls to powders was 24:1. The rotational speed was 400 rpm/
min and the milling time was 6h. The resulting samples and their
modification conditions were listed in Table 1. After ball milling, the
samples were washed with ethyl alcohol, and then filtered and dried for
12h in vacuum drying oven.

2.3. Characterization of Sb,0O3 nanoparticles

The phases of the sample were analyzed by XRD (Ultima IV, Japan
Science Corporation), where the 20 range is from 5° to 80° and the
scanning speed is 2°/min, using Cu-Ka radiation (A = 0.154nm) at
room temperature.

Fourier transform infrared spectrometer (FT-IR, NEXUS-670,
American Thermal Power Company) was used to characterize the sur-
face adsorption of Sb,O3; nanoparticles. Before measurement, 1 mg
particles sample was mixed with 200 mg KBr and then prepared by
pressing into slices. The spectral range was 4000-400 cm ™!, the scan-
ning speed was 4 cm ™! and the scanning frequency was 32 times.

The morphology and dispersion of Sb,O3; nanoparticles were ob-
served by transmission electron microscopy (TEM). Firstly, the nano-
particles were dispersed into ethyl alcohol by sonication to form par-
ticle suspension. Then, the mesh was immersed in the suspension for a
while and then taken out to dry in air. Finally, the mesh was put into
the TEM (JEM-210, Japanese Electronics Company) to characterize the
morphology and dispersion of modified and unmodified Sb,05

Table 1
Mass ratio of DOP and Sb,O3 nanoparticles.
Number Sample DOP/wt% Sby03/Wt%
1# P-Sb,04 0 100
2# 1% DOP-Sb,05 1 99
37 3% DOP-Sb,05 3 97
47 5% DOP-Sb,03 5 95
5% 7%DOP-Sb,05 7 93
6" 10%DOP-Sb,05 10 90
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Fig. 1. XRD pattern of experimental Sb,O3 nanoparticles.

nanoparticles. The software of Nano measurer 1.2 was used to calculate
Sb,03 nanoparticles sizes basing on TEM images.

A set of glass plate was treated by Sb,O3 nanoparticles and then the
contact angles formed by water against the glass plate surface were
measured by JGW-360A optical contact angle measuring instrument
(Xiamen Chongda Intelligent Technology Co., Ltd).

Zeta potential was determined by using a JS94H Micro electro-
phoresis (Shanghai Zhongchen Digital Technology Equipment Co.,
Ltd.). The pH value of the Sb,O3 nanoparticles suspension, which was
prepared as describe above, was adjusted as 7 when the Zeta potential
was measured.

3. Results and discussion
3.1. XRD of Sb,03 nanoparticles

Fig. 1 shows the XRD spectra curve of Sb,03 nanoparticles modified
with different mass fraction of DOP. It can be seen that there are some
very sharp diffraction peaks from 5° to 80° of 20 corresponding to
nature phases of Sb,03. Comparing with diffraction spectra of experi-
mental samples, it can be found that crystal structure of Sb,O3; nano-
particles modified with DOP doesn't change.

3.2. FT-IR of Sb,03 nanoparticles

Fig. 2 shows the FT-IR spectra curves of Sb,O3; nanoparticles ex-
perimental samples. For sample 1%, it can be seen that the peaks at
3430cm ™! and 1631cm™! can be respectively attributed to the
stretching vibration and bending vibration of hydroxyl bond (-OH)
[14]. Comparing these infrared spectra of samples 1#, 3# and 5%, it is
found that the hydroxy stretching vibration peak and bending vibration
peak of sample 3* are weaken significantly, and the hydroxy stretching
vibration peak and bending vibration peak of sample 5 almost dis-
appears. At the same time, a new carbonyl absorption peak appears
near 1728 cm ™!, and the new peak falls within the theoretical value
range of 1730 cm ™~ '-1700 cm ™, which indicates the formation of hy-
drogen bonds between the carbonyl and the Sb,Os; nanoparticles.
Therefore, it can be explained that DOP and the hydroxyl group on the
surface of Sb,03 nanoparticles take place hydrogen bond adsorption. In
addition, there are three new characteristic absorption peaks in the
infrared spectra of samples 37 and 5%. The peak at 2918 cm ™! is as-
signed asymmetric stretching vibration peak of alkyl group. The peak at
1443 cm ! is associated with skeleton vibrational peak of benzene ring
and the peak at 1285 cm ™! is belonged to ether bond absorption peak.
The disappearance of characteristic absorption peaks and appearance of
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Fig. 2. FT-IR spectra of experimental Sb,O3 nanoparticles.

new peaks indicate that DOP is successfully attached on the surface of
Sb,05 nanoparticles. Comparing the infrared spectra of samples 3% and
5%, these new absorption peaks of sample 5% are stronger than that of
sample 3%. It indicates that the hydroxyl groups on the surface of
modified Sb,O3 nanoparticles are gradually replaced by DOP. And the
higher the mass fraction of DOP, the more completely hydroxyl groups
on the surface of Sb,O3 nanoparticles are replaced.

3.3. Surface contact angle of Sb,O3 nanoparticles

Fig. 3 shows the surface contact angle of unmodified and modified
Sb,03 nanoparticles. Dispersion of inorganic particles fillers in organic
matrix is related to the particles surface wettability and good surface
wettability can promote inorganic fillers and organic matrix form uni-
form dispersion system. The surface wettability of nanoparticles can be
estimated indirectly by measuring surface contact angle [15]. A smaller
contact angle formed on the sample surface reflects to a better wett-
ability of the liquids with sample.

As can be seen from Fig. 3, the surface contact angle of sample 17 is
11.8°, the contact angle of sample 2% is 65.5°, the contact angle of
sample 37 is 70.1°, the contact angle of sample 47 is 82.7°, the contact
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angle of sample 57 is 93.3° and the contact angle of sample 6 is 90.7°.
In general, the hydrophobic surface has a lower wettability. A contact
angle with 0° means complete wetting and a contact angle with 180°
means complete nonwetting. The particle surface has wettability when
its contact angle is less than 90°. And the particle surface has unwett-
ability when its contact angle is more than 90° [16]. The higher the
contact angle, the lower the surface energy [17]. Therefore, decreasing
the contact angle can enlarge the hydrophilicity of the particle surface.
From the above results, the surface of Sb,O3 nanoparticles modified by
DOP has obvious hydrophobic surface which surface energy of in-
organic particle decrease. It can be found that the contact angle of
nanoparticles increases with increasing of the mass fraction of DOP,
which modified the surface of Sb,O; nanoparticles. DOP is hydro-
phobicity because it contains ester group. Therefore, when the mass
fraction of DOP increases, the hydroxyl group adsorbed on the surface
of Sb,O3 nanoparticles is replaced completely, and the amount of DOP
covered on the surface of Sb,O3 nanoparticles is increased. However, it
can be seen from samples 5% and 67 that when the mass fraction of DOP
exceeds a certain value, the influence of the mass fraction of DOP on
Sb,03 nanoparticles decreases. This is because the DOP absorbed on the
Sb,03 nanoparticles is limited. Therefore, when the mass fraction of
DOP is lower than 7 wt%, with the increasing of mass fraction of DOP,
the larger the contact angle measured by Sb,O3; nanoparticles is.
Namely, the lower the surface energy of the particles, the better the
wettability of Sb,O3 nanoparticles. When it exceeds 7 wt%, the contact
angle of Sb,03 nanoparticles doesn't change obviously.

3.4. Zeta potential of Sb,03 nanoparticles

Fig. 4 shows the relationship curve between Zeta potential of Sb,05
nanoparticles and the mass fraction of DOP. Zeta potential is a physical
property which is showed by particles in suspension. It can be used to
optimize the formulations of emulsion and suspension. There are many
origins of surface charge depending on the nature of particles and its
surrounding medium. The absolute potential reflects the potential sta-
bility of the colloidal system. If all the particles in the suspensions show
a large positive or negative potential, there is a repulsion interaction
between the particles, and the tendency of agglomeration between the
particles will be reduced because of the repulsive effect. Some studies
show that the surface charge polarity of nanoparticles is closely related
to the acidity and alkalinity of suspension [18]. The Sb,Os; nano-
particles are in the equipotential state when the pH value is about 4.
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Fig. 3. Contact angle of Sb,O3 nanoparticles (a) 17; (b) 2%; () 3%; (d) 4%; (e) 57; () 67.
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Fig. 4. Zeta potential of Sb,O3 nanoparticles.

When the pH value of suspension is more than 4, the adsorbed hydroxyl
group on the surface of Sb,0O3 nanoparticles loses H*, and Sb,03 na-
noparticles show electronegativity. When the pH value of suspension is
less than 4, the adsorbed hydroxyl group on the surface of Sb,O3 na-
noparticles obtains H*, Sb,03 nanoparticles show electropositive.

It can be seen from Fig. 4 that Zeta absolute potential value of SboO3
nanoparticles gradually decreases with increasing of the mass fraction
of DOP. This is because as the mass fraction of DOP increases, the ad-
sorbed hydroxyl group on the surface of Sb,O3 nanoparticles is gra-
dually replaced by DOP, which makes DOP cover the surface of Sb,O3
nanoparticles, thus making the negative charge on the surface of Sb,O3
nanoparticles offset. Therefore, the decreasing of Zeta absolute poten-
tial value indicates that DOP is successfully adsorbed on the surface of
Sb,03 nanoparticles. However, when the mass fraction of DOP is 10 wt
%, Zeta potential absolute value of the Sb,O3; nanoparticles has little
change compared with that of 7 wt%. This is because the specific sur-
face area of nanoparticles is constant, so the DOP that can be coated is
also constant. Therefore, when the DOP exceeds a certain amount, the
particle potential value tends to be stable.

3.5. Morphology and particle size distribution of Sb,03 nanoparticles

Fig. 5 shows some TEM images and particle size distribution map of
experimental Sb,O5 nanoparticles. It can be seen from sample 17 that
the unmodified Sb,O3 nanoparticles have irregular shape and their
particle size is not uniform, and there are some aggregates indicating
taking place aggregation of unmodified Sb,O3; nanoparticles. Because
the surface of unmodified Sb,03; nanoparticles has a lot of adsorption
hydroxyl groups in different states, these nanoparticles can be ag-
gregated by weak hydrogen bond polymerization. The average particle
size of sample 1% is 56 nm. It can be found from the samples of 2%, 3%,
4% and 57 that the dispersion of modified Sb,O3 nanoparticles is sig-
nificantly improved, the agglomeration phenomenon is significantly
reduced, and the modified Sb,O3 nanoparticles are covered with thin
films. Comparing the samples of 2%, 3%, 4% and 5%, it can be seen that
the dispersion degree of Sb,O3; nanoparticles gradually improves with
increasing of the mass fraction of DOP. Their average particle sizes are
respectively 53 nm, 52 nm, 50 nm and 48 nm. There are two reasons for
good dispersion states of modified Sb,O3 nanoparticles. One is me-
chanical ball milling effect. It can activate the surface of the nano-
particles to produce free radicals or ions which can promote the che-
mical adsorption between the modifier and the surface of nanoparticles
[7,19]. Meanwhile, mechanical ball milling effect can break up ag-
glomerates to be secondarily dispersed. In the process of modification,
the mechanical force continuously provides new surface and energy for
the nanoparticles and the modifier, resulting in full physical and
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Fig. 6. General schematic of the modification of Sb,O3 nanoparticles.

chemical reaction between the nanoparticle and the modifier [20,21].
Another reason is that DOP modifies Sb,O3; nanoparticles to form a
coating which can weaken or shield the agglomeration of nanoparticles.
Because of the space steric effect of the coating, it is difficult for
modified Sb,03; nanoparticles to agglomerate again. However, a small
amount of DOP can't completely replace hydroxyl groups on the surface
of the Sb,O3; nanoparticles and form a complete coating layer on the
surface of the nanoparticles. Therefore, the higher the mass fraction of
DOP, the better the dispersion effect of the modified Sb,O3; nano-
particles will be. In addition, it can be found by comparing 5% and 6*
that Sb,O3 nanoparticles are flocculent particles, which indicates the
agglomeration phenomenon takes place between the nanoparticles,

39

when the mass fraction of DOP is 10 wt%. The reason is that the excess
DOP molecules can cause flocculation of nanoparticles by means of
bridging action of saturation coating with the increasing of the mass
fraction of DOP.

3.6. Modification mechanism of Sb,O3 nanoparticles

Fig.6 shows the general schematic of the modification of Sb;O3
nanoparticles. Combined with FT-IR, it can be found that there are a
large number of adsorbed hydroxyl groups on the surface of Sb,O;
nanoparticles. Because the oxygen atoms of ester group in DOP have
lone pair electrons and the hydrogen atoms in hydroxyl group have
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vacant orbits, the two structures can provide conditions for the for-
mation of hydrogen bonds. There are three situations when DOP modify
Sb,03 nanoparticles. The first one is that when the mass fraction of DOP
is low, each DOP molecule can absorb Sb,O; nanoparticles to the
maximum extent, as shown in Fig. 6(a). At this time, the surface of
Sb,03; nanoparticles is not completely coated by DOP. The second is
that the single molecule of DOP is adsorbed by the active atom of the
surface of the Sb,O3; nanoparticles to form a complete coating layer
with increasing of the mass fraction of DOP. At this time, the molecule
of DOP plays a role of steric hindrance, as shown in Fig. 6(b). The last
one is that when the mass fraction of DOP increases to saturation, the
excess DOP molecules will cause flocculation of Sb,O5; nanoparticles
through bridging action, as shown in Fig. 6(c). This is consistent with
the results of Zeta potential, surface contact angle and TEM char-
acterization.

4. Conclusions

In this work, the Sb,O3; nanoparticles modified by different mass
fraction of Dioctylphthalate (DOP) were characterized and the fol-
lowing conclusions were drawn from the study:

(1). DOP can be successfully adsorbed to the surface of Sb;O3; nano-
particles by means of surface modification. The higher the mass
fraction of DOP is, the more complete the hydroxyl substitution
connection is, and the more complete the coating layer is on the
surface of Sb,0O3 nanoparticles.

Compared with the unmodified Sb,03; nanoparticles, the wett-
ability of modified Sb,O3; nanoparticles was significantly im-
proved. The higher the mass fraction of DOP, the greater the
contact angle of Sb,0O53 nanoparticles. As a result, particles have the
lower surface energy and the better wettability. However, the in-
fluence of DOP on surface contact angle became very humble when
the mass fraction of DOP exceed 7 wt%.

The absolute value of Zeta potential of modified Sb,0s; nano-
particles is smaller than that of unmodified Sb,O3; nanoparticles.
The more DOP is used, the smaller the absolute potential value is,
and it tends to be stable.

The dispersion of modified Sb,O3 nanoparticles was significantly
affected. With the increasing of the mass fraction of DOP, Sb,03
nanoparticles appeared agglomeration-dispersion-reagglomera-
tion state.

2.

(3.

4.
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