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Abstract

A silica encapsulated carbon black has been prepared by a modified emulsion polymerization. After firing above 1000 °C, the product
shows high oxidation resistance up to 1200 °C and good stability in frit glaze at 950 °C. The intrinsic mechanism for the high thermal
stability is investigated by various techniques. SEM and TEM results show that carbon black nanoparticles are encapsulated by compact
amorphous silica and an embedded structure is formed. XPS and FTIR analyses indicate that C—Si—O chemical bonds are present
between carbon black and amorphous silica. The embedded structure with strong bonding can separate the carbon black from the
outside, reduce the negative effects of mismatch in thermal expansion and thus improve the thermal stability of carbon black.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Recently, assembly of two materials at micro/nanoscale has
attracted considerable interest for its use in the design and
fabrication of advanced materials [1,2]. The properties of the
as-generated materials, such as core—shell structures, cables
and capsules, can be optionally tuned or integrated by
tailoring the size and parameter of the components [3-6]. In
ceramic industry, encapsulation of colorants by a stable
matrix, zircon or silica, is a usual solution to produce high
temperature pigments, since these matrixes can effectively
protect the colorants against chemical reactions, e.g. SiOy—
Fe,O5 pigment [7], ZrSiO4CdS; _ ,Se, pigment [8].

The ceramic pigments with deep black hue are always
cobalt-containing and thus expensive. Meanwhile, the intro-
duction of cobalt also causes environmental problems [9].
Therefore, there are economic and ecological advantages to
find alternative materials. Carbon black (CB) is commonly
used as black pigment at room temperature ascribing to its
high tinting strength and low cost. Unfortunately, the applica-
tion of CB in ceramic seems to be impossible due to its
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oxidation above 600 °C. In literature, the dominant methods
for oxidation protection of carbon materials involve the use of
a coating [10,11] or surface treatment [12]. However, these
methods have met with limited success at high temperature
due to coating irregularities and mismatch in thermal expan-
sion. Wang et al. reported the preparation of silica coated
carbon black by a combustion method [13] but further efforts
are needed to understand the stabilizing mechanism and to
improve their thermal stability for industrial use.

This work reports a modified emulsion polymerization
method for the preparation of silica encapsulated carbon
black (SECB). The thermal stability of the SECB obtained
at varied temperatures was evaluated and the stabilization
mechanism was proposed based on morphological obser-
vations and chemical bonding analyses.

2. Materials and methods
2.1. Chemicals

Carbon black (JE-2105) with surface area of 179.2 m?*/g
was purchased from China Synthetic Rubber Corporation
and dispersed by polyvinylpyrrolidone (PVP-30). Tetraethyl
orthosilicate (TEOS, 98%) was used as the silica source.
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Hexadecyl trimethyl ammonium bromide (CTAB) was
selected as the surfactant and n-butanol as co-surfactant.
Ammonium hydroxide (NH; - H,O, 25-28 wt%) was adopted
to adjust the pH value. Distilled water was used in all pre-
parations.

2.2. Sample preparation

0.2 g CB was put into a beaker with 10 ml PVP solution
(6 x 10~* M). After stirring for 24 h, 1 ml NH;- H,O was
introduced, and then the suspension was added dropwise
to another beaker including 20 g TEOS, 5 g n-butanol, and
5g CTAB under vigorous stirring. Subsequently, the
mixture was ultrasonically treated for 5Smin to form a
gel. The gel was aged for 24 h, dried at 105 °C for 6 h and
heated at varied temperatures in air. During the heat
treatment, the furnace was held at different temperatures,
900 °C, 950 °C, 1000 °C, 1050 °C, 1100 °C, 1150 °C and
1200 °C. A platinum crucible with the dry gel was put into
the furnace chamber, soaked for 30 min, and taken out for
natural cooling. The samples obtained at these tempera-
tures were labeled H900, H950, and the like. The dry gel
was denoted as HO.

20 g homemade transparent frit (chemical formula: SiO,
45.5%, BaCO;3 4.0%, AI(OH); 17.0%, KNO; 9.5%,
Na,CO3 19.0%, MgCOj3 1.5%, Na,SiFg 2.4% and CaCO;
1.1%) and about 10 ml distilled water were mixed in a ball
miller to form glaze slurry. 0.1 g H1000 powder was added
into 1 g slurry and then the slurry was laid on porcelain
tiles. The tiles were fired to desired temperature at a rate of
40 °C/min and soaked for 5 min.

2.3. Characterization

The crystalline phases of raw CB, sample HO and H1200
were identified by X-ray diffractometer (PANalytical
X’pert PRO, Almelo, Netherlands), using CuKa radiation,
with a step size of 0.033° and scan step time of 5.08 steps/s.
Thermogravimetry (TG) and differential scanning calori-
metry (DSC) were performed using a Netzsch Model 449C
instrument for raw CB, HO and H1200. Approximately
7 mg sample was heated with 10 °C/min in air flow, using
Al,O; as the reference material. The thermal stability of
CB in all samples was evaluated by the L* (luminance)
value according to CIE 1976 (L*a*b*) coordinates, which
was measured by a colorimeter (X-rite 8200, Grand
Rapids, Michigan), with the Dgs illuminant, 10° angle
vision and ZrSiO4 glaze as white reference. The micro-
structure of CB, HO, H900, H1000 and H1200 was
observed using a scanning electronic microscope (SEM,
ZEISS EVO 18, Oberkochen, Germany) with operating
voltage 10 kV and working distance 10 mm, and transmit-
tance electronic microscope (TEM; JEM 2010, JEOL,
Tokyo, Japan) with operating voltage 200 kV. The chemi-
cal compositions and chemical bonds of HI1000 were
identified by an X-ray photoelectron spectroscopy (XPS;
Axis Ultra DLD, Kratos, UK). Prior to XPS analysis, the

composite powder was ground to break the encapsulation
structure. The C 1s (284.5e¢V) peak was used for the
calibration of the spectrum and binding energy values were
corrected for the charging effect. Furthermore, the reac-
tions between the components were studied by fourier
transform infrared spectroscopy (FTIR; Vector33, Bruker,
Germany) using KBr pressed disk technique. Raw CB,
sample HO and H1000 were selected for comparation.
Before FTIR analysis, HO was calcined at 550 °C for 2 h to
remove the residual CTAB.

3. Results and discussion
3.1. Phase composition and thermal analysis

Fig. 1 shows the XRD patterns of raw CB, sample HO
and sample H1200. In Fig. la, the XRD pattern can be
readily indexed to carbon (PDF 26-1076). In Fig. 1b, the
crystal phase of HO can be matched to residual CTAB
(PDF 25-1588). A broad background peak comes from the
hydration product of TEOS, possibly a mixture of
Si(OH)4, Si—O-Si and SiO,, depending on the extent of
hydration [14,15]. In Fig. 1c, the XRD pattern of H1200
shows a broad peak of amorphous structure, revealing that
the crystallization process which will probably result in
apparent morphological changes has not occurred at
1200 °C.

The TG-DSC curves of raw CB, sample HO and H1200
are shown in Fig. 2. Fig. 2a reveals that CB begins to
oxidize at 650 °C, and burns out at about 800 °C. In
Fig. 2b, the TG curve of HO exhibits several mass loss
features. The endothermal peaks with slight mass loss at
80 °C can be explained as the removal of the reabsorbed
water. The two exothermic peaks centered at 550 °C and
740 °C are attributed to the oxidation of residual organics
and CB, respectively. The endothermal peaks at 480, 690
and 780 °C are probably due to the decomposition of
TEOS hydration product. In Fig. 2c, the TG curve shows a
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Fig. 1. XRD patterns of (a) raw carbon black, (b) HO and (c) H1200.
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Fig. 2. TG-DSC curves of (a) raw carbon black, (b) HO and (c) H1200.

weak mass loss from room temperature to 1200 °C,
indicating a slow oxidation process of CB in the sample
H1200.

3.2. Thermal stability

According to CIE (1976) standard, L* value ranges from
0 to 100, corresponding to dark black and bright white. L*
value of pure CB at room temperature is 14.68. L* value of
the composite powder basically depends on the remaining
amount of CB. As a result, the thermal stability of the
samples can be evaluated by measuring L* value after
calcination. Fig. 3a shows L* values of the samples
obtained at different temperatures. As the temperature
increases, L* values of the samples rapidly decreases at
first, but slowly increases after 1000 °C. In these samples,
L* values are dominated by the co-effect of the rate of CB
oxidation and formation of SiO, encapsulation. At 900 °C,
L* value is up to 98.04 since CB is exposed to air and
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Fig. 3. (a) Luminance values of the samples obtained at different
temperatures; luminance values of (b) H1000 and (c) H1200 calcined at
different temperatures for 30 min in air.

quickly burns out. At 1000 °C, L* value is drastically
reduced to 32.54. We suppose that compact encapsulation
is formed and the oxidation is effectively prohibited at this
temperature. The slight decrease at 1200 °C is probably
attributed to the positive effect of quick formation of SiO,
encapsulation. Fig. 3b and ¢ shows L* values of sample
H1000 and H1200 calcined at different temperatures. Both
of the L* values gradually increase with increase in
temperature, indicating slow oxidation of CB in the
composites, which is consistent with thermal analysis.

It is known to us that the alkali and alkaline-earth
components in glaze can destroy SiO, encapsulation and
depress the thermal stability of CB. We evaluated the
thermal stability of SECB in homemade frit glaze and the
result is shown in Fig. 4. In Fig. 4a, the glaze surface is
dark black with a surface L* value of 36.25, close to the L*
value of sample H1000, indicating that the protection of
CB is almost not affected by glaze at 950 °C. While
sintered at 1000 °C, the surface is gray in color with a
surface L* value of 53.73, which is considerably higher
than that of sample H1000, demonstrating the corrosion
effect of glaze on SiO, encapsulation. Although the SECB
powders can withstand high temperature calcination, the
thermal and chemical stability still needs to be improved
for industrial application.

3.3. Morphological observation

The morphology of the obtained samples was observed
by SEM (Fig. 5). It can be seen in Fig. 5a that the CB
particles are about 50 nm in size and well dispersed by
PVP. In Fig. 5b, sample HO is composed of many spheres
which aggregate to clusters. The spheres are about 500 nm
in diameter, much larger than CB particles. When calcined
at 900 °C, the decomposition of TEOS hydration product
into amorphous SiO, makes the particles porous and
apparently coarse in SEM image (Fig. 5¢). At 1000 °C,
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Fig. 4. Photographs of the SECB frit glaze sintered at (a) 950 °C and (b) 1000 °C.

Fig. 5. SEM images of (a) PVP dispersed CB, (b) HO, (c) H900, (d), (¢) H1000 and (f) H1200.
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Fig. 6. (a) and (b) TEM images of H1000 and (c) schematic diagram of the structure.

the particles become smooth, indicating the formation of
compact encapsulation by vitrification (Fig.5 d and e).
This gives a direct evidence of why sample H1000 shows
the lowest L* wvalue. At 1200 °C, the particles look
smoother and fuse together to a considerable extent
(Fig. 5f), due to the surface diffusion driven by the
pressure difference at high temperature [16]. Although
the spheres severely aggregate at this temperature, CB
particles are still effectively encapsulated by SiO,.

The morphology of HI000 was also observed by TEM
(Fig. 6a). The particles show dark contrast because they
are too thick to be penetrated by an electron beam. In the
enlarged image (Fig. 6b), a contrast difference between the
rim and the center like core—shell structures is not
observed. According to SEM results, the SiO, spheres
are much larger than CB particles. We think that SiO,
spheres encapsulate many CB nanoparticles simulta-
neously, as illustrated by schematic diagram of the struc-
ture in Fig. 6c. Such an embedded structure is useful to
eliminate the thermal expansion mismatch in thermal
cycles since the thermal stress can be homogeneously
scattered. Based on these morphological observations,
we can conclude that the compact SiO, encapsulation on

CB nanoparticles with embedded structure is formed by
vitrification above 1000 °C.

3.4. The mechanism for the high thermal stability

To study the intrinsic mechanism for the thermal
stability, XPS analysis was carried out to examine the
chemical bonding of H1000. The XPS survey spectrum
(Fig. 7a) indicates the peaks of all the elements from CB
and SiO,, i.e. Si, C and O. Fig. 7b and c¢ shows XPS
narrow scans of Si 2p and C 1s. Based on previous studies
[17,18], the Si 2p spectrum can be decomposed into two
peaks corresponding to O-Si—-C (101.6eV) and Si-O
(102.7 eV), while the spectrum of C 1s is fitted with two
peaks corresponding to C-Si-O (283.5¢V) and C-C
(284.6 ¢V). This result demonstrates that C—Si—O chemical
bonds are present between CB and SiO, encapsulation.

The samples were further analyzed by FTIR. For
comparison, raw CB, HO and H1000 were selected and
the results are shown in Fig. 8. The bands at 3440 cm ~'
and 1640 cm ' arise from the O—H bond stretching modes
of absorbed water. The bands at 1100 cm ' and 470 cm ™'
belong to asymmetrical stretch vibration and bending
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Fig. 8. FTIR spectra of (a) raw carbon black, (b) HO calcined at 550 °C
and (c) H1000.

vibration of Si-O-Si. The band at 950 cm~' which
disappears after heating at 1000 °C results from the stretch
vibration of Si—-OH. It should be noted that the band at
800 cm ™' is detected. This band is due to the incorporation
of oxygen atoms in Si—-C bonds which shifts from
780 cm ! [17,19]. FTIR result further confirms the pre-
sence of C-Si—O chemical bonds between CB and SiO,
encapsulation. The embedded structure with strong bond-
ing can separate the carbon black from the outside, reduce
the negative effects of mismatch in thermal expansion and
improve the thermal stability of CB.

4. Conclusions

In summary, silica encapsulated carbon black has been
prepared by a modified emulsion polymerization method.
After firing above 1000 °C, the product shows high oxida-
tion resistance up to 1200 °C and good stability in glaze at
950 °C. The embedded structure and the strong chemical

bonding between the SiO, encapsulation and CB are
thought to be responsible for their excellent thermal
stability. The results of this work demonstrate the possi-
bility of SECB as high temperature pigment but the
thermal stability needs to be further improved for indus-
trial application. In addition to the encapsulation of CB,
this method might be useful for the fabrication of
advanced materials which need to go through a high
temperature process.
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