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Abstract

To develop a process of fine particle production by spray pyrolysis, spray combustion of W/O (water-in-oil) emulsion, of
which water phase was raw material solution and oil phase was fuel for heat source of high-temperature reaction field, was
investigated. In this study, nickel oxide particles, which were a preliminary step of the nickel fine particle production, were
synthesized and its structural characteristics were evaluated. Mixed solution of nickel nitrate and white kerosene was used
as raw material. W/O emulsions were prepared using ultrasonic homogenizer and stirring these raw materials adding a sur-
factant. These emulsions were burning in a high temperature furnace to produce nickel oxide particles. The mean particle
diameter of produced particles was less than 20 nm according to TEM observation. The diameter of the particles was much
smaller than the estimated value based on the size distribution of dispersed solution phase in the emulsions and its concen-
tration. Moreover, there is no effect of the concentration of the aqueous solution phase. On the other hand, X-ray diffraction
pattern showed that the produced particles were complex of metal nickel with nickel oxide.
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Wy Initial weight of sample (kg)
X Concentration of nickel salt solution (kmol m~>)
Pp Density of produced particle (kg m™)

Introduction

Spray pyrolysis is one of the methods for fine particle produc-
tion [1-3] and a droplet of precursor solution or slurry is a
template of a produced particle. Many studies for development
of fine particle production using the method have already been
reported. A spherical droplet of precursor solution or slurry
almost decides the size of the produced particle when these
droplets do not break and/or unite themselves. Therefore, spray
methods to produce fine and uniform droplets have been stud-
ied on and mass production methods of these droplets have
been developed. [4] Electrostatic spray [5—7], ultrasonic spray
[8, 9] and low-pressure spray methods [10, 11] are suitable
for uniform nano-particle production since fine and uniformly
sized droplets are obtained. On the other hand, it has been dif-
ficult to generate a large amount of fine droplets using these
spray methods. Therefore, there is a need to produce a large
amount of nano-particles more effectively and industrially.
Then, we proposed production method for the ultrafine parti-
cle by the combustion of W/O emulsion prepared by ultrasonic
homogenizer [12]. In this method, a large amount of W/O
emulsion that included fine and uniform droplets of a metallic
salt solution can be fed to a reactor at a time. The emulsion is
burned and high-temperature combustion field is formed in
the reactor. As a result, fine water phases of the aqueous solu-
tion are dried, decomposed and sintered by thermal energy of
combustion in a short time. Although particle production by
W/O emulsion combustion has already been reported [13—15],
the W/O emulsions have been prepared by simple stirring and
the size of water phases is not small enough for nano-particle
production of less than 1 m [16]. Furthermore, there has been
little reporting of the relationship between particle morphol-
ogy and water phase structure in the emulsion.

In this work, nano-particle production due to spray com-
bustion of a W/O emulsion prepared with an ultrasonic
homogenizer was performed to obtain the nickel oxide
ultrafine particle as the precursor of the nickel ultrafine par-
ticle. Based on microscopic observation of both the product
and the raw material, the influence of the characteristics of
the W/O emulsion and experimental conditions on the struc-
ture of produced particles was investigated.

Experimental

W/0 emulsion

As the raw material, Ni(NO;),-6H,0 (Kanto Chem. Co.,
Ltd.) was dissolved in water and an aqueous solution of a
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certain concentration was prepared. Kerosene dissolving
sorbitan mono-palmitic acid ester (Sigma-Aldrich Japan Co.,
Ltd.), which was a surfactant with 6.7 of hydrophilic-lipo-
philic balance (HLB) value, was added in the water phase.
The mass ratio of kerosene to aqueous solution was set to 7/3
and the surfactant was added 2.1 mass percent of aqueous
solution and kerosene mixture.

The mixture was sufficiently stirred using ultrasonic
homogenizer (Branson Digital Sonifier S-250D; 20 kHz,
150 W) and the W/O emulsion solution was prepared. The
distribution of water phase diameter measured by laser dif-
fraction particle size analyzer (Shimadzu SALD-300 V) is
shown in Fig. 1. Due to ultrasonic homogenizer, water phase
could be dispersed finer than conventional stirring. [17, 18]
Moreover, the distribution range of aqueous solution phase
is also narrower than that of droplet size using conventional
spray methods [19, 20]. Median diameter of water phase
based on this distribution was about 0.18 m.

Experimental procedure

Schematic diagram of experimental apparatus is shown in
Fig. 2. The apparatus consists of an atomizer for W/O emul-
sion, a thermal decomposition furnace and a particle col-
lection device. The furnace consists of a stainless steel tube
with an inner diameter of 40 mm to which an electric heater
with a height of 1200 mm is attached and a combustion
chamber connected to bottom of the tube. Using the pres-
sure atomization nozzle, the emulsion was supplied to the
combustion chamber at 9.2 ml/min, which includes about
2.1 ml/min of the aqueous solution. To set fuel equivalence
ratio of 0.75, which is suitable for stable combustion of W/O
emulsion, oxygen-enriched air with an oxygen concentra-
tion of 26 vol % was supplied into the combustion chamber
at 65 I/min. Moreover, the temperature of the heater was
set to 973 K. Fine particles produced in the reactor were
collected using an electric precipitator. Temperature of the
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Fig. 1 Distribution of water phase size in W/O emulsion
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Fig.2 Schematic diagram of experimental apparatus

electric precipitator was maintained at relatively high tem-
perature conditions where water vapor does not condense.
The obtained fine particles were observed by scanning and
transmission electron microscopy (SEM: Hitachi Ltd. S 570,
TEM: Hitachi Ltd. H 800) and identified using X-ray diffrac-
tion pattern (XRD: Shimadzu XRD-6100).

Results and discussion
Thermogravimetric analysis

Before fine particle production by W/O emulsion combus-
tion, thermogravimetric analysis (Shimadzu TGA-50) for
Ni(NO;),-6H,0 was carried out to investigate the thermal
decomposition properties. These results are shown in Fig. 3.
Here, nitrogen, air, oxygen and hydrogen were used as car-
rier gas, respectively. The flow rates were all 50 ml/min.
Moreover, heating rate of all analyses was 1 K/min.
Weight loss of the hydrated metal salt progressed through
almost three stages in any condition. The first two steps
would be elimination reaction of hydration water since the
mass ratio of the water to the hydrated metal salt (37%) was
roughly consistent with the mass yield at the end of first two
steps. Furthermore, the weight loss rate at the end of sec-
ond step was almost same in any case. The third step would
be decomposition of the metal salt and especially reduction
reaction under hydrogen atmosphere. In fact, the mass ratios
of both nickel oxide and metal nickel to the hydrated metal
salt are 26 and 20%, respectively. These values were almost
same to the mass yield at the end of third step; it was found
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Fig.3 Thermogravimetric curves for Ni(NO;),-6H,0O

that nickel oxide and/or metal nickel would be produced by
decomposition and/or reduction reaction of the metal salt.
Moreover, weight loss hardly appeared over 600 K. Based
on these results, the above experimental conditions were
determined.

Production of nickel oxide particle by W/O emulsion
combustion

Due to combustion of W/O emulsion containing precursor
solution, particles synthesized in the reactor were obtained.
The appearance of these particles was not green, which is
the color of nickel oxide (II), but black and carbon deposi-
tion during the particle synthesis was supposed. SEM and
TEM micrographs of the obtained fine particles are shown
in Figs. 4 and 5, respectively. Here, SEM and TEM images
of particles made only from aqueous solution are also shown
in both figures. According to SEM observation, relatively
large spherical particles of more than 5 m diameter were
confirmed in produced materials using low concentration
solution. The size of spherical particles increases with
increase in the concentration of solution and these large par-
ticles appear to contain hollow particles. On the other hand,
particles made from high concentration solution (0.45 M)
were comparatively small and almost less than 5 m. These
large spherical particles were weakly agglomerated and
could be dispersed into primary particles in alcohol solvent.
In contrast, large spherical particles were hardly observed
when only aqueous solution was used. According to TEM
observation, to clarify the appearance of primary particles,
the diameter of particles produced from W/O emulsion was
almost 10 nm and it appeared that the particles included not
only spherical but also cubic shapes. Moreover, the size of
particles produced from W/O emulsions was almost same in
spite of different concentration of nickel salt solutions. Apart
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(b) 0.15 M, W/O emulsion

Fig.4 SEM photographs of produced nickel oxide particles

from overlapping of particles, several small black spots were
observed in these TEM images. These black spots could
indicate crystal of metal nickel according to a diffraction
image of the TEM. On the other hand, the particles produced
from aqueous solution were larger than those from W/O
emulsions and the diameters were approximately 500 nm.

Based on these TEM images, particle size distributions
using W/O emulsion as raw materials were determined and
shown in Fig. 6. Moreover, median diameter of produced
particles based on this distribution is shown in Table 1. Here,
all lines were estimated from water phase diameter distribu-
tions in W/O emulsions (Fig. 1) and the concentration of the
aqueous solution, when it was assumed that one particle was
made from one dispersion solution phase. The calculating
equation is as follows:

xD3 M
Dp= 3 epm 1% (1)
p
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(d) 0.15 M, aqueous solution only

From these results, it is observed that the concentration
of nickel salt solution had little influence on the size distri-
bution of the synthesized particles although the predicted
distributions of particle size shifted to smaller particle size
with decrease in the concentration. In comparison with
the estimated distributions, it was found that all actual
distributions were proximate to the estimate based on the
most dilute concentration of aqueous solution. When the
concentration is high, solid phase such as metal salt will
rapidly precipitate in the solution droplet. It is supposed
that the solid phase may play a role in promoting evapora-
tion such as boiling stone. Therefore, the water phase in
the emulsion may explosively evaporate and cause second-
ary atomization both the emulsion and the water phase
[21, 22] with increase in the concentration. As a result, the
higher the concentration of the solution was, the smaller
both primary and agglomerated particle would become.
Moreover, crystals of nickel oxide (II) have face-centered
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(b) 0.15 M, W/O emulsion

Fig.5 TEM photographs of produced nickel oxide fine particles
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Fig.6 Particle size distribution of nickel oxide primal particles pro-
duced from W/O emulsions

(d) 0.15 M, aqueous solution only

Table 1 Median diameter of particles produced from W/O emulsions

Concentration
0.02M 0.15M 045M
Median diameter 12.0 12.4 14.6
(nm)
Estimated median 13.0 254 36.7

diameter (nm)

cubic structure and that is responsible for cubic shape par-
ticles observed by TEM.

The results of XRD analysis are shown in Fig. 7. Here,
XRD pattern of nickel oxide test reagent is also shown in
this figure. XRD pattern of produced particles was not only
consistent with that of the test reagent but also showed
the other peaks due to existence of metal nickel. From the
appearance of the obtained particles, it was suggested that
these particles included a mix of carbon substance, but the
analysis result of XRD did not show existence of carbon.
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Fig.7 X-ray diffraction pattern of produced fine particles (solution
concentration: 0.45 M)

Therefore, it appears that the carbon substance is probably
amorphous material. On the other hand, metal nickel con-
taining in the produced particles was confirmed even under
fuel lean combustion conditions. That indicates generation
of reducing gases around the produced particles and above-
mentioned explosive combustion of W/O emulsion could
account for instantaneous and local reducing atmosphere.
However, residence time in the reactor is very short less than
1 s and further investigation into detail is required to discuss
the reduction reaction of produced particles.

Conclusion

W/O emulsion combustion for production of ultrafine nickel
oxide particles was performed and the characteristics of pro-
duction method were investigated. As a result, the following
was clarified:

1. The diameter of primary particles produced from W/O
emulsion was approximately 10 nm based on TEM
observation. On the other hand, the size of agglomerated
particles was almost less than 10 m due to SEM observa-
tion. The form of the primary particles was spherical or
cubic.

2. The size distributions of primary particles were inde-
pendent of the concentration of nickel salt solutions.

3. Not only nickel oxide but also metal nickel particles
were produced by W/O emulsion combustion even under
oxidative atmosphere according to TEM observation and
XRD analysis.
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