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Zinc borate (4Zn0-B,03-H,0) nanowhiskers were synthesized via one-step precipitation reaction in aque-
ous solution of sodium borate (Na;B407-10H,0) and zinc nitrate (Zn(NOs ),-6H,0) with phosphate ester as
the modifying agent. The zinc borate nanowhiskers have the monoclinic crystal structure with diameters
of 50-100 nm, lengths of about 1 um, and the aspect ratios close to 10-20. Finally the thermal stability
of polyethylene has been shown to increase upon the addition of the nanowhiskers to it.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

During the past decade there has been a growing interest in
synthesizing whiskers as nanoreinforcement in polymer matrixes
[1-3]. The reinforced ability of the whiskers lies in their high sur-
face area and good mechanical properties [4-9]. The incorporation
of nanomaterials such as layered silicate clays, calcium carbonate
or other nanoparticles arranged on the nanometer scale with a high
aspect ratio and/or an extremely large surface area into polymers
improves significantly their mechanical performances. Combina-
tion of characteristics such as light-weight, corrosion resistance,
low to moderate cost, thermal stability and easy processability,
make them attractive for many applications especially in automo-
tive industry [10-12].

The uniform dispersion of nanofillers in the polymer matri-
ces is a general prerequisite for achieving desired mechanical and
physical characteristics. So the surface modification techniques had
been developed to improve the physical and chemical properties
of the nanosurfaces, with small organic molecules or polymers. It
was also found that the presence of chemical bonds between the
nanofillers and polymer matrices could improve greatly the thermal
and mechanical properties of the polymer nanocomposites [13-15].

Various processes have been explored to synthesize
nanowhiskers [16]. The preparation of the whiskers, however,
is still one of the biggest challenges in chemistry and materials
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science. For the past few years, different methodologies have been
developed for the preparation of nanowhiskers. Park et al. synthe-
sized single-crystalline cubic barium titanate (BaTiO3) whiskers
through sol-gel reactions of bimetallic precursors (BaTi(O,CCH3 )g),
in a hot organic solvent initiated by injection of aqueous H,0,
solution [17]. Until now, there have been still no literature reports
about synthesis of hydrophobic zinc borate whiskers via one-step
precipitation reaction.

In the course of our investigation of borate nanomaterials, we
have unexpectedly obtained hydrophobic zinc borate whiskers,
which require neither sophisticated techniques nor catalysts. The
higher aspect ratio products are successfully prepared through this
method. The hydrophobic products can be easily combined with
the polymer and showed the better thermal stabilities.

2. Experimental
2.1. Materials

All chemicals used in the synthetic procedures of this work were
purchased from Beijing Chemicals Co. Ltd., which were of analyti-
cal purity and without any further treatments. Distilled water was
applied for all synthesis and treatment processes.

2.2. Methods

In a typical procedure, 50 mL of 0.1 moldm—3 Na,B407-10H,0
aqueous solution and 1 mL of 0.002 mol dm~3 phosphate ester were
loaded into a 250-mL three-neck round-bottom flask equipped with
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a thermometer and a mechanical stirrer. The mixture was heated
to 70°C, to which 10.0 mL of 2 moldm—3 Zn(NO3),-6H,0 aqueous
solution was added over 0.5 h while being stirred [18,19]. The reac-
tion (pH 8.0) was then continued at the same temperature for about
7 h. The precipitate was collected and washed several times with
absolute ethanol and distilled water to remove the by-products,
and then dried at 60°C for 8 h to obtain the final white zinc borate
powders.

Afterwards, 10 g polyethylene (PE) was dissolved in the solvent
of 50 mL cyclohexane in another 250 mL three-neck round-bottom
flask equipped with a mechanical stirrer. A certain amount of syn-
thesized products were then added to the dissolved PE over 1 h. The
mixture was finally poured on a piece of clean glass to form a film.

2.3. Characterizations

The structure and composition of products were analyzed by
X-ray powder diffraction (XRD) (SHIMADZU XRD-6000 diffrac-
tometer employing Ni-filtered Cu Ko radiation, at a scanning rate
of 6°/min with 26 ranging from 15° to 50°).

The morphology and the size of the samples were examined
using a Hitachi scanning electron microscope (SEM) with a field-
emission-scanning electron microscope (JEOL-6700F) and a Hitachi
H-800 transmission electron microscope (TEM), at an accelerator
voltage of 200 kV. The powders were dispersed in absolute ethanol
and ultrasonicated before SEM and TEM characterization.

Water contact angle of sample was measured by using a FTA
200 (USA) contact angle analyzer. IR spectroscopy of the samples
as powder-pressed KBr pellets were examined in the wave num-
ber range from 4000 to 500cm~"! at a resolution of 4cm~! using
a JIR-5500 (JEOL) spectrophotometer at room temperature. Ther-
mogravimetric analysis (TGA) was carried out using a DTG-60H
analyzer (SHIMAPZU).

3. Results and discussion
3.1. X-ray diffraction diagrams of zinc borate

The synthesized product is stable white powder at room tem-
perature. The XRD patterns of the as-synthesized samples can be
perfectly indexed to the pure phase of the monoclinic crystal struc-
ture of 4Zn0-B,03-H,0 [20,21].

The temperature was of great effect to the reaction as indicated
by the increased relative intensity of the XRD diffraction peaks
with increased temperature. The products had not been well crys-
tallized when the reaction temperatures were 30°C (Fig. 1a) and
50°C (Fig. 1b). The crystallization of 4Zn0-B,03-H,0 was signifi-
cantly improved when the reaction temperature was increased to
70°C (Fig. 1c). This was due to the rate of reaction being enhanced
when the reaction temperature was elevated.

3.2. TGA of the powders

To investigate as to whether the reaction products were the con-
figuration of 4Zn0-B,03-H;0 crystals, the products obtained were
tested by TGA. Fig. 2 shows TGA thermograms of weight as a func-
tion of temperature for modified zinc borate (Fig. 2a) and phosphate
ester (Fig. 2b) with a heating rate of 20°Cmin~! in the temperature
range from 50 to 900°C.

The initial weight loss for all the samples occurred at 100-200°C
due to the moisture evaporation and the second part of the weight
loss was phosphate ester decomposing when the temperature was
at 200-400°C, which could be showed in Fig. 2b. The major weight
losses were in the range of 400-600°C for modified zinc borate,
which might be correspondent to the crystal water.
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Fig. 1. XRD of products obtained at pH 8: (a) 30°C; (b) 50°C; (c) 70°C for 7 h with
phosphate ester.

Fig. 2a curve indicates that the weight loss was 4.44% from 400
to 600 °C, which corresponded to the loss of one molar equivalent
of the crystal water and could be compared with calculated value of
4.45% and formed 4Zn0-B,03-H,0. The TGA result was consistent
with the XRD result.

3.3. SEM micrograph of the powders

Fig. 3 shows a set of typical SEM images corresponding to the
samples obtained from the solution with pH 8.0 at different reac-
tion temperatures for 7 h. They were controlled by phosphate ester
except Fig. 3a. The products were irregular in Fig. 3a and b, which
were made at 70°C without phosphate ester and at 30°C with
phosphate ester, respectively. When the reaction temperature was
increased to 50°C, a few zinc borate nanowhiskers were formed
(Fig. 3c), and the whiskers were the major product as the reaction
temperature was increased to 60 °C(Fig. 3d). When the temperature
reached 70°C, 4Zn0-B,03-H,0 nanowhiskers were the only prod-
uct with 50-100 nm in diameter, about 1 wm in length, and 10-20
in the aspect (Fig. 3e). As will be discussed in the following section,
the products obtained through this method could be well dispersed
into polyethylene (PE).
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Fig. 2. TGA of: (a) the hydrophobic zinc borate (h-ZB) obtained at pH 8 and 70°C for
7 h with phosphate ester and (b) pure phosphate ester.
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Fig. 3. SEM images of samples prepared at pH 8 for 7 h: (a) at 70 °C without phosphate ester; (b) at 30 °C with phosphate ester; (c) at 50 °C with phosphate ester; (d) at 60°C
with phosphate ester; (e) low magnification at 70 °C with phosphate ester; (f) high magnification at 70 °C with phosphate ester.

3.4. TEM micrograph of the products

Fig. 4 shows the internal framework of low-magnification image
(Fig. 4a) and high-magnification image (Fig. 4b) of the hydropho-
bic zinc borate (h-ZB), respectively, which proved the results of the
SEM either. The lattice in an electron diffraction pattern appeared
due to the diffracted electron beam from a set of lattice planes in
the crystallites present in the sample satisfying the Bragg diffrac-
tion condition. Using this selected-area electron diffraction (SAED)
technique, hydrophobic zinc borate nanowhiskers were revealed to
be perfectly single-crystalline and grew along the [002] and [2 3 0]
directions (inset in Fig. 4b).

3.5. Contact angle of the hydrophobic zinc borate

The contact water angle was widely used as a criterion for
evaluating surface hydrophobicity. In order to study the surface

characteristics, the zinc borate powder was analyzed to measure
the relative contact angle. Fig. 5 presents the changes of the contact
angle containing the unmodified products (without added phos-
phate ester) and the modified products (with added phosphate
ester) from the low synthetic temperature to the high synthetic
temperature. The pure products had the smallest contact angle
(Fig. 5d). When the synthesis temperature was enhanced from 30
to 70°C (Fig. 5a-c), the wettability of products was decreased. The
biggest contact angle was 115.26° when the whiskers were synthe-
sized at 70°C for 7 h. From the results, we could deduce that the
contact angle was increased while the synthesis temperature was
increased.

3.6. FT-IR spectrum of the composite nanowhiskers

FT-IR was used to determine which functional groups are pre-
sented in the samples. Fig. 6 shows that the products without



Y. Zheng et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 339 (2009) 178-184 181

p— 200 NmM

—

Fig. 4. TEM of the prepared hydrophobic zinc borate with phosphate ester at 70 °C and pH 8 for 7 h: (a) low-magnification image and (b) high-magnification image (inset the

SAED).

(Fig. 6a), with phosphate ester (Fig. 6b) and the pure phosphate
ester had different frameworks. There were CH, bands at 910 and
1400 cm~1,P-O-Cband at 1003 cm~!, and PO, asymmetric stretch-
ing band at 1329 cm~! (Fig. 6b). So the phosphate ester was bonded
to the surface of zinc borate.

3.7. SEM micrograph of the polymers
Many properties of materials would be affected by their

morphology. Fig. 7 shows the comparable SEM micrographs of
the fractured surface of PE without (Fig. 7a) and with h-ZB

(Fig. 7b). A number of discontinuous blocks had created large
voids, which was unexpected in the macromolecule materials
(Fig. 7a). On the other hand, the micrograph of composite PE
after compounding with 50% (w/w) the hydrophobic zinc borate
(Fig. 7b) illustrated that the fracture surface appeared to be
homogeneous and continuous. There were no obvious blocks of
PE observed. Furthermore, the interface was not clear and the
gaps in the polymers had disappeared. This improved interfacial
adhesion might be caused by the compatible effect of compos-
ite, which could be explained by the hydrophobicity of zinc
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Fig. 5. Contact angle of samples prepared at pH 8 for 7 h: (a) at 30°C with phosphate ester; (b) at 50 °C with phosphate ester; (c) at 70 °C with phosphate ester; (d) at 70°C

without phosphate ester.
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Fig. 6. FT-IR spectra of the powders were prepared at 70°C and pH 8 for 7h: (a)
without phosphate ester; (b) with phosphate ester; (c) pure phosphate ester.

3.8. Thermogravimetric analysis of the composites

TGA is widely used to investigate the thermal decomposition of
polymers and to determine the kinetic parameters such as activa-
tion energy and order of reaction. These parameters can be used
to give a better understanding of the thermal stability of polymer
blends.

The thermal stabilities of the h-ZB/PE with different amounts of
the hydrophobic zinc borate added in PE are compared with that of
the pure PE in Fig. 8, respectively. The thermal stabilities of h-ZB/PE
nanocomposites were improved with the addition of h-ZB as the
thermal stabilities of pure PE which were lower than the h-ZB/PE
composites (Fig. 8).

Fig. 9 summarizes the percentage weight loss at different addi-
tion of h-ZB in PE at 600 °C taken from the TGA thermograms (Fig. 8).
It could be seen that (from the thermograms) h-ZB/PE composites
lost about 67% of the total weight at 422 °C at addition of 50% h-ZB
in PE.

Fig. 10 summarizes the degraded temperature at different addi-
tion of h-ZB/PE taken from the TGA thermograms (Fig. 8). It could be
seen that the degraded temperature of h-ZB/PE polymers had been
420°C when the accretion reached 47%. And then, the degraded
temperature had not presented biggish changes along with the
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Fig. 8. TGA of PE with various amount of the hydrophobic zinc borate (h-ZB).

increasing percentage of h-ZB. The results showed that the addition
of the nanowhiskers could improve the degraded temperature of
organic polymers (PE) from 317 to 422 °C. It indicated that the addi-
tion of the h-ZB nanowhiskers had improved the thermal stabilities
of the organic polymers.

3.9. The mechanism of synthesis

In principle, crystal growth and crystal morphology are gov-
erned by extrinsic and intrinsic factors, including the degree
of supersaturation, the diffusion of the reaction, the surface
and interfacial energy, and the structure of the crystals. On the
basis of experimental data obtained previously, there are at least
three factors that are responsible for the shape and size of the
47n0-B,03-H,0 crystals. The first is the surfactant phosphate
ester, which plays an important role in the present synthesis
of hydrophobic zinc borate nanowhiskers. In a parallel experi-
ment, if no phosphate ester was added into the reaction mixture,
nanowhiskers would not be obtained (Fig. 3a). Phosphate ester and
metal ions formed a strong electrovalent bond with the raise of reac-
tion temperature, resulting in modified products with hydrophobic
properties.

According to the Gibbs—Curie-Wulff theorem, the growth rates
on different surface facets are dominated by the surface energy.
When a particle grows, the facets tend toward low-energy planes
to minimize the surface energy. The 4Zn0-B,03-H;0 crystals nucle-

100nm WD 6.1mm

SEI 8.0kV  X33.000

Fig. 7. SEM images of samples: (a) pure PE and (b) h-ZB/PE.
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Fig. 9. Influence of the amount of the hydrophobic zinc borate (h-ZB) on the weight
loss of PE.

ate and grow on the surface of the Zn-phosphate ester complexing
template. The intrinsic crystal growth is modulated extrinsically
by phosphate ester adsorption on certain crystallographic facets
that inhibit the growth of some crystal planes and results in differ-
ent growth rates during particle growth, thus tailoring the crystal
shapes. Finally, the modified products were hydrophobic.

The other two factors are the reaction temperature and pH.
When the reaction temperature was increased to 70°C, the mode
of phosphate ester chains and crystal growth were affected. On
the basis of the previous work and our experimental observa-
tion, phosphate ester in the present synthetic method was to
generate large numbers of whiskerlike micelle in aqueous solu-
tion, which might act as soft-templates for the formation of 1D
nanostructures. In addition, the temperature would significantly
influence the aggregation state of surfactant in solution. From
Fig. 3b-d, the number of zinc borate whiskers apparently increased
with the increasing temperature, which might be explained that
the reaction had been a kinetic-driven process at higher tem-
peratures. Thus, these hydrophobic zinc borate nanowhiskers
crystals were the only product when the temperature reached 70°C
(Fig. 3e).

As to pH, the infection could be explained using the following
three equations:

B407% +7H,0 « 4H3BO3 +20H" (1)

440
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Fig. 10. Influence of the amount of the hydrophobic zinc borate (h-ZB) on the ther-
mal stability of PE.

Zn?* + 40H" < Zn(OH),2~ (2)
47n(OH)4%~ +2H3B03 — 4Zn0-B,03-H,0 + 6H,0 + 80H~  (3)

The nanowhiskers could not be obtained at a pH other than 8.
These experiment results indicated that the starting pH of the
current reaction system had a significant role in the formation
of the final products. The initial pH controlled the speciation of
ions, with Zn(OH)42~ being significantly affected, whereas the
existing amount of Zn(OH)42~ was crucial for the fabrication of
47Zn0-B,03-H,0. At lower pH, OH~ was insufficient and could not
promote the equilibrium reaction (2) to the right, resulting in the
unavailability of Zn(OH)42~ in the reaction system, and therefore,
47n0-B,03-H,0 could not be formed. When the higher pH existed
in the reaction system, the chemical equilibrium 2 shifted to the
right, and 4Zn0-B,03-H,0 was intended to be formed. When an
excess of OH~ existed in the solution (pH > 8), the chemical equa-
tion 1 shifted to the left, and there was not enough H3BO3 to be
used to form the 4Zn0-B,03-H,0 in equilibrium 3.

3.10. The mechanism of performance

The interface of polymers was not clear, and there were many
gaps in the polymers. The interstices had disappeared with the
addition of inorganic particles. The interfacial adhesion improved
and then the compatible of polymer could be enhanced, which
could be explained by the addition of h-ZB. The h-ZB could disperse
in the polymers better than the other unmodified inorganic parti-
cles. The h-ZB spread around the polymers to fill up the interspaces
and then improved their thermal stability.

Furthermore, the presence of the nanoparticles filler led to
prodigious changes in thermogram. In particular, the degradation
temperatures of both h-ZB and PE were increased at small weight
loss values. These results confirmed quantitatively that at weight
loss values lower than 20% the nanoparticles were able to increase
PE thermal stability.

The weight loss step occurred from 400 to 600 °C and reflected
the occurrence of thermal-oxidative degradation of the char. This
process was slowed down for h-ZB nanocomposites, suggesting an
increased stability. Moreover, the partially desquamated nanocom-
posite showed an increase in the temperature of the maximum
decomposition rate, indicating improved stabilization against the
oxidative process with respect to the intercalated composite. It was
reasonable to hypothesize that the presence of the nanoparticles
retarded the thermal transfer, and hindered the oxygen diffusion
into the polymer bulk.

In the curves (Fig. 8), the weight loss had not increased along
with the addition of the h-ZB. The reason may be described that
the h-ZB/PE had been saturated when the amount of h-ZB reaches
41%, and then, some assembled nanoparticles had prevented the
weight of h-ZB/PE lost.

4. Conclusions

47n0-B,03-H,0 nanowhiskers were successfully obtained by
Na;B407-10H,0 and Zn(NOs3),-6H,0 as raw materials via one-step
precipitation reaction, and phosphate ester as the soft template.
XRD analysis indicated that the product was highly pure and mono-
clinic. SEM analysis indicated that the morphology of products only
displayed nanowhiskers with diameters of 50-100 nm, lengths of
about 1 pm, and the aspect ratios of 10-20. The products were well
dispersed into polyethylene. These results demonstrated that the
presence of phosphate ester and the change of temperature were
crucial for the preparation of zinc borate nanowhiskers, consistent
with the suggested formation mechanism.
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