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Abstract Encapsulated aluminum pigments were pre-
pared by sol–gel derived inorganic–organic hybrid
coatings. Aluminum pigments were first coated with
sol–gel film by using tetraethoxysilane (TEOS) and
vinyltriethoxysilane (VTES) as the precursor, followed
by free radical copolymerization of styrene (St), divi-
nylbenzene (DVB) and maleic acid anhydride (MAA)
with the vinyl group of the VTES. The as-prepared
encapsulated aluminum pigment was characterized by
Fourier transform infrared spectroscopy (FTIR), scan-
ning electron microscopy (SEM), and X-ray photoelec-
tron spectroscopy (XPS). Subsequently the stability of
the aluminum pigments in alkaline aqueous media was
examined. It was found that both the TEOS-and-
VTES-coated (TV-coated) and the TEOS–VTES–
St–DVB–MAA-coated (TVSDM-coated) aluminum
pigments were superior in the stability test over the
uncoated aluminum pigments. Furthermore, the corro-
sion protection efficiency of the TVSDM-coated
aluminum pigments reaches 99.8%, indicating that the
inorganic–organic hybrid composite layer on the
surface of the aluminum pigments can protect them
well.

Keywords Aluminum pigments, Encapsulated,
Sol–gel, Hybrid coatings, Stability

Introduction

Lamellar aluminum pigments (‘‘aluminum flakes’’)
have been used in solventborne metallic paints or inks
for many years1 due to their metallic appearance and

‘‘flop-effect.’’2 Recently, growing importance of envi-
ronmental considerations have led the paint and
coatings industry to the development of coating
systems with a reduced content of volatile organic
compounds (VOC).2,3 Waterborne coatings are the
preferred way to solve the problem. However, since
the waterborne coatings are mostly prepared in an
alkaline medium, the aluminum pigments react with
water:

2Alþ 6H2O! 2AlðOHÞ3 þ 3H2 "
ðUnder neutral or slightly alkaline media)

2Alþ 2OH� þ 6H2O! 2AlðOHÞ�4 þ 3H2 "
ðUnder strongly alkaline media)

resulting in severe deterioration of metallic luster and
dangerous pressure build up in the storage vessels.1–7

As mentioned above, aluminum flakes, as a kind of
metallic pigments, possess a bright, metallic luster.
Therefore, corrosion inhibition of aluminum pigments
must take care not to damage their appearance or shield
their luster. In regard to aluminum sheets, focus is given
to how to inhibit their corrosion in various conditions
regardless of the luster. Considering the difference
between corrosion inhibition of aluminum pigments and
sheets, the method adopted for aluminum pigments
stabilization in aqueous media can be divided into two
principal categories8: the adsorption of corrosion
inhibitors on the pigment surface1,3–7,9–18 and the
encapsulation of the pigment with a protective
coating.2,8,19–22 The encapsulation method is more
promising since the protective layer can insulate the
aluminum pigments from the corrosion medium. Inor-
ganic coatings, such as SiO2, show excellent mechanical
strength, but poor compatibility with resins and other
organic compounds contained in waterborne coatings.
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With regard to organic coatings, the poor adhesion of the
coating material to the aluminum surface greatly limits
their application. The combination of inorganic and
organic compounds for the encapsulation of the alumi-
num pigments may be more effective and promising, but
few reports have been found in this field until now.

The sol–gel process, involving the hydrolysis and
condensation of the metal alkoxide (typically tetraeth-
oxysilane (TEOS)), has been used for corrosion pro-
tection of aluminum8 by condensation of the sol–gel
film as a barrier layer on the aluminum surface. Silane
coupling agents can be incorporated into the sol–gel
network to enhance the adhesion between the inor-
ganic surface and the organic compound. One of the
well-known silane coupling agents is vinyltriethoxysi-
lane (VTES), which can readily react with themselves
and other metal alkoxides to form hybrid inorganic/
organic polymers.23 In addition, organic functional
group of the silane coupling agent can further poly-
merize with the organic monomers to form a polymeric
layer.

In this article, aluminum pigments encapsulated by
novel inorganic–organic hybrid coatings were reported.
The structure and morphology of the encapsulation
was characterized by means of FTIR, SEM, and XPS.
Furthermore, the stability of the coated aluminum
pigments in alkaline aqueous media was also mea-
sured.

Experimental

Materials

Raw materials used are listed in Table 1. Aluminum
pigments (median particle size of 30 lm) were washed
with ethanol and distilled water before encapsulation,
then dried under vacuum at 50�C. TEOS and VTES
were purified by distillation prior to use. Styrene (St)
monomer was washed with 100 mol m–3 sodium
hydroxide solution to remove inhibitor and purified
by reduced pressure distillation. 2,2¢-azobis (isobuty-

ronitrile) (AIBN), used as an initiator, was recrystal-
lized prior to use. Absolute ethanol, ammonia solution,
maleic acid anhydride (MAA), divinylbenzene (DVB),
and N-methyl-2-pyrrolidone (NMP) were used as
received without further purification.

Encapsulation

Two grams of aluminum pigments and 50 mL of
ethanol were put into a four neck-round bottom flask
connected to a condenser, thermometer, and nitrogen
gas inlet/outlet. The solution was stirred at room
temperature for 1 h and then heated to 40�C. About
3 mL ammonia and 5 mL distilled water diluted by
30 mL ethanol, TEOS and VTES also diluted by
30 mL ethanol, were added drop-to-drop over a period
of 1 h to the solution simultaneously (the quantities of
TEOS and VTES used in the experiment are listed in
Table 2). The mixing solution was further stirred for
6 h. Then the solution was heated to 80�C. The
monomer mixture of St, DVB, and MAA (dissolved
in 10 mL ethanol) was dropped into the above-mixed
solution over a 1-h period. (The quantities of the
monomers used in the experiment are also listed in
Table 2.) Simultaneously, a solution of 1% (on mono-
mers, dissolved in NMP and diluted by 10 mL of
ethanol) AIBN was added. The post-reaction time was
24 h. The solution was subsequently filtered and
washed with ethanol. The resulting pigments were
dried under vacuum at 60�C for 5 h.

Table 1: Raw materials

Materials Grade Manufacturer

Aluminum pigments ‡99%, ~30 lm Tianlong Trade Co., Ltd.
Absolute ethanol ‡99.5% Union Chemical Industry Reagent Research Institute
Ammonia solution 25–28%a Donghong Chemical Co., Ltd.
Tetraethoxysilane ‡28.5%b Guanghua Chemical Co., Ltd.
Vinyltriethoxysilane ‡98% Kete Fine Chemical Industry Co., Ltd.
Styrene ‡99% Lingfeng Chemical Reagents Co., Ltd.
Maleic acid anhydride ‡99.5% Xingang Chemical Co., Ltd.
Divinylbenzene 55.2% Shengzhong Fine Chemical Co., Ltd.
2,2¢-azobis (isobutyronitrile) ‡99% Kermel Chemical Reagents Development Centre
N-methyl-2-pyrrolidone ‡99.8% Kermel Chemical Reagents Development Centre

a NH3 content
b SiO2 content

Table 2: Elemental content on the surface of aluminum
flakes

Sample Elemental content/%

Si Al O C

Uncoated Al 0 26.094 22.101 51.805
TV-coated Al 18.900 9.743 40.006 31.351
TVSDM-coated Al 32.730 0 50.660 16.610
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Characterization

Fourier transform infrared (FTIR) measurements were
carried out by using a Bruker Vector 33 spectrometer
to characterize the functional groups of the pigments.
The samples were ground with dried potassium bro-
mide (KBr) powder, and compressed into a disk. The
KBr disk was subjected to analysis by an IR spectro-
photometer. The scanning electron microscopy (SEM)
investigations were performed with a Philips FEI XL-
30 ESEM. X-ray photoelectron spectroscopy (XPS) is
a surface sensitive analysis technique. The XPS spectra
were obtained on a Kratos Axis Ultra (DLD) photo-
electron spectrophotometer with a magnesium anode
(Mg Ka 1253.6 eV). The pigments were irradiated with
photons from a soft x-ray source with a well-defined
energy. The survey scan was from 0 to 1100 eV to find
atoms of surface.

To evaluate the effect of the encapsulation de-
scribed in this article, the stability test was carried out.
About 0.6 gram of the encapsulated or unencapsulated
aluminum pigments were dispersed in sodium hydrox-
ide solutions at pH 11 in 60 mL glass bottles and stored
at room temperature for 720 h. The hydrogen evolved
was collected to estimate the effect of the encapsula-
tion. The pH was adjusted to 11 if necessary. The
corrosion protection efficiency (P, %) was calculated
using the following equation:

P ¼ Vunenc � Venc

Vunenc
� 100%

where the Vunenc and Venc are the evolved hydrogen
volume of the unencapsulated and encapsulated alu-
minum pigments in the stability tests, respectively.

Results and discussion

Encapsulation process

The flowchart for preparation of the hybrid inorganic
and organic coatings is given in Fig. 1. The ethoxy
group of the TEOS and VTES hydrolyze and condense
in the ethanol/water media under catalysis of the
ammonia solution. On the other hand, there is a layer
of aluminum oxide on the surface of the aluminum
pigments due to its exposure to the air. The surface of
the aluminum oxide layer in a humid or moist
environment has a significant population of hydroxyl
groups.24 These surface hydroxyls can participate in
the sol–gel condensation reaction of the TEOS and
VTES to form a chemical linkage, Si–O–Al, between
the aluminum and the silicon sol–gel film. This chem-
ical bond formation produces the strong interaction of
the sol–gel layer with the aluminum surface. Moreover,
the vinyl radical of the VTES can further polymerize
with the St, DVB, and MAA. Herein, the DVB was
used as crosslinker.

The FTIR spectra of pure VTES, St–DVB–MAA
copolymer, untreated aluminum pigments, TEOS- and
VTES-coated (TV-coated) pigments and TEOS–
VTES–St–DVB–MAA coated (TVSDM-coated) pig-
ments are shown in Fig. 2. In the spectrum of
TV-coated pigments, the new characteristic peaks near
1125 and 1082 cm–1 appeared, which are assigned
to the asymmetric stretch of the Si–O group.25,26 This
indicates that TEOS and VTES deposited on the
surface of aluminum pigments. The shift of the band
position near 1105 cm–1 (pure VTES) to 1125 cm–1

(TV-coated pigments) suggests the reaction of TEOS
and VTES in the sol–gel process. The band near
3434 cm–1 is assigned to the vibration modes of the Si–
OH group,27 which demonstrates that ethoxy group of
TEOS and VTES hydrolyzed in the sol–gel reaction. In
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Fig. 1: Flow chart for the preparation of the TVSDM-coated
aluminum pigments
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the spectrum of TVSDM-coated pigments, the new
bands near 1608, 1496, 760, and 698 cm–1 are assigned
to the vibration modes of St and DVB,28,29 while the
bands near 1712 cm–1 refer to the vibration modes of
MAA.30 To further demonstrate the copolymerization
of St with VTES, the FTIR spectra of pure VTES, St–
MAA–DVB copolymer and TVSDM-coated alumi-
num pigments are shown in Fig. 3. The absorption
peak near 1600 cm–1 is attributed to stretch of C=C
group.25,27 As seen from Fig. 3c, it is obvious that the
peak of C=C bond disappeared, indicating further
polymerization of St–MAA–DVB copolymer with
vinyl group of VTES.

The SEM micrographs of the aluminum pigments are
shown in Fig. 4. The surface of the uncoated aluminum
pigments is basically smooth except for some granules,
which are tiny fragments of the aluminum pigments.
Comparing the surface of the TV-coated aluminum
pigments with that of uncoated aluminum pigments, it
is clearly seen that many granules, which are congeries
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Fig. 2: FTIR spectra of (a) untreated pigments, (b) pure
VTES, (c) TV-coated pigment, (d) St–DVB–MAA copolymer,
and (e) TVSDM-coated pigments
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Fig. 3: FTIR spectra of (a) pure VTES, (b) St–DVB–MAA
copolymer, and (c) TVSDM-coated aluminum pigments

Fig. 4: SEM micrographs of aluminum pigments: (a)
untreated pigments, (b) TV-coated pigments, and (c)
TVSDM-coated pigments
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of the hydrolysate of TEOS and VTES, appear on the
surface of the aluminum pigments. As seen from
Fig. 4c, the polymeric layer is obviously observed for
the TVSDM-coated aluminum pigments.

Figure 5 presents the results of XPS measurements
for further quantitative analysis of the elements and

components on the surface of aluminum flakes. The
spectrum of the bare Al flakes (Fig. 5a) shows signals
due to the presence of oxygen (531.32 eV, O 1s);
carbon (284.32 eV, C 1s) and aluminum atoms
(73.32 eV, Al 2p). The characteristic peaks of Si 2s
and Si 2p in Fig. 5b reveal that the presence of Si
element on the surface of the particles is evident, which
suggests that TEOS and VTES have been successfully
bonded onto the Al flakes. In Fig. 5c, the characteristic
peaks of Si 2s and Si 2p become more obvious
compared with those in Fig. 5b; at the same time, the
peak corresponding to Al element cannot be detected.
Furthermore, the specification of elemental contents
on the surface of the Al flakes is shown in Table 2. It is
found that on the surface of the TVSDM-coated Al,
the content of Al is zero, which also further demon-
strates that the encapsulation of aluminum pigments
was successfully prepared in our experiment.

Stability tests

Figure 6 shows the time dependence of the hydrogen
evolution for TV-coated and TVSDM-coated alumi-
num pigments. For comparison, the time dependence
of the hydrogen evolution for the untreated aluminum
pigments is also shown. Within about 100 h, the
untreated aluminum pigments evolve hydrogen slowly.
However beyond 100 h, the corrosion reaction accel-
erates and more hydrogen evolved. Within 120 h, the
untreated pigments react completely. Within 720 h,
both the TV-coated and TVSDM-coated pigments
evolve much less hydrogen than the untreated pig-
ments do, which reveals that the encapsulation layer
formed on the surface of the aluminum pigments can
protect them effectively. The comparison of the time
dependence of the hydrogen evolution of the TV-
coated pigments with that of the TVSDM-coated
pigments shows the superiority of the latter.
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Fig. 5: XPS characterization of aluminum pigments:
(a) untreated pigments, (b) TV-coated pigments, and
(c) TVSDM-coated pigments
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Comparison of the hydrogen volumes evolved with-
in 720 h for both TV-coated and TVSDM-coated
aluminum pigments is shown in Fig. 7. There is a
relationship between the hydrogen volume evolved
within 720 h and the content of the TEOS or MAA in
the polymeric network: the evolved hydrogen volume
decreases with the increase of the content of the TEOS
or MAA. The #5 and #8 (see Table 3) encapsulated
aluminum pigments show best stability in the alkaline
aqueous media of pH 11, the corrosion protection
efficiency of which is both 99.8%.

Conclusions

The investigation shows that the sol–gel method can be
used to encapsulate aluminum pigments. However,
specific conditions are necessary to achieve good
stability in alkaline aqueous media. The most impor-
tant factor is to form a protecting layer on the surface
of the aluminum pigments. It was found that in the sol–
gel process, the TEOS and VTES could condense on
the aluminum pigments surface as a barrier layer and

further copolymerize with St, DVB, and MAA mono-
mers to form a compact protecting layer. The stability
test shows that the sol–gel derived inorganic–organic
hybrid coatings can give the aluminum pigments
significantly improved storage stability in alkaline
aqueous media.
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