Effect of milling on the reactivity of lead dioxide

by Hidetsugu NAKAMURA*, Hiroyuki TANIGUCHI*, Miyako AKIYOSHI*

and Yasutake HARA*

In order to clarify the surface reactivity of -PbO,, thermal analysis, surface analysis and kinetic
analysis of the reaction of 8-PbO, with an aqueous solution of hydrazine were performed and the

following results were obtained.

The reaction rate of 8-PbO, with an aqueous solution of hydrazine was affected by its surface

reactivity. Kinetic analysis of the reaction of 3-PbO, with hydrazine shows that the Avrami-Erofeev
equation represents well a sigmoidal type of fractional reaction vs. time curves for 8-PbQ, without

milling, and that a surface reaction-controlled shrinking unreacted-core model is in good agreement
with the experimental results for milled 8-PbO,. Correlation between these results and surface reac-

tivity of 8-PbO, are discussed.

1. Introduction

Lead dioxide has long been used as an oxidant in pyro-
technic compositions, but pyrotechnic engineers found that
its activities as an oxidizer were often different from its
sources. This is because lead dioxide has a high activity
for absorbing reactive gases, losing oxygen and acquiring
some energy to change near its surface. For example, the
modifications, which include tetragonal lead dioxide
(B-PbO,) and orthorhombic (@-PbO,), have a very simi-
lar standard free energy of formation'’. In addition, a sig-
nificant structural changes between the a-form and 8-
form are known to easily occur during mechanical treat-
ment>¥.

We proposed that the surface reactivity of lead dioxide
as an oxidizer in pyrotechnic compositions could be esti-
mated by the activity of lead dioxide in its reaction with
an aqueous solution of hydrazine**®. In this paper, the
effect of milling on the surface properties of 8-Pb0O;, and
the reaction mechanisms of lead dioxide with aqueous hy-
drazine were discussed in order to clarify the surface prop-
erties of the lead dioxide.
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2. Experimental
2.1 Materials

The sample of B-PbO, was obtained from a commer-
cial supplier and contained 97.5 wt% lead dioxide deter-
mined from its active oxygen.

Mechanical treatment was performed using a labora-
tory vibro-mill (Tsutsui Scientific Instrumentation Co.,
Ltd.) consisting of a ceramic container and 15 ceramic
grinding balls. The vibrational frequency was 100 rpm
and grinding time ranged up to 100 hours.

2.2 Analysis

Active oxygen was determined by iodometry. Particle
size was measured using a Horiba Centrifugal Particle Size
Analyzer CAPA-500. Specific surface area was deter-
mined by a Shimadzu Automatic Surface Area Analyzer
2200. Thermal analysis was performed with a RIGAKU
DTA-TG simultaneous analyzer in an argon flow. TEM
analysis and electron diffraction were performed using a
Nippon Densi Analytical JEM 200 B transmission elec-
tron microscope.

2.3 Reaction of lead dioxide with aqueous hydrazine

50 ml of a 20 % aqueous solution of hydrazine was mixed
with 1 g of 8-PbO, in a reaction vessel which was main-
tained at a constant temperature and equipped with a
magnetic stirrer. In order to determine the reaction rate,
the volume of nitrogen gas evolved by the reaction of 8-
PbO, with hydrazine was measured with time using gas
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Fig.1 Effect of milling on surface area and mean particle
diameter of 8-PbO,
O: mean particle diameter
@; specific surface area
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Fig.2 TEM photographs and electron diffraction pat-
terns of milled 8-PbO,

burette. From preliminary experiments, the rotating speed
was determined to be 80 rpm, because of a constant reac-
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Fig.3 Effect of milling on X-ray diffraction patterns of
B"PboZ
Milling time; (1) 0 hr. (without milling), (2) 3 hrs,
(3) 12 hrs, (4) 24 hrs, (5) 50 hrs, (6) 100 hrs,
@: a-Pb0,, O; B-PbO,

tion rate above a rotating speed of 70 rpm, although the
gas evolution rate increased as the rotating speed increased
up to 70 rpm. '
3. Results and Discussion
3.1 Effect of milling on surface properties and thermal
reactivities of lead dioxide

Fig.1 shows the effect of milling on the mean particle
diameter and the specific surface area of 8-Pb0,. Mean
particle diameter markedly decreased up to a milling time
of 6 hours and thereafter shows a constant value of about
0.68 2m. On the other hand, specific surface area gradu-
ally increased with milling time and does not attain a maxi-
mum value, TEM images (Fig.2) shows that though the
B-PbO, without milling looks like a single crystal, milled
B-PbO, consisted of opaque polycrystalline particles,
which are primary particles that aggregate to form sec-
ondary particles. A large specific surface area compared
with a constant particle size implies that fine primary par-
ticles formed during milling begin to have surface
heterogeniety, an amorphous phase and many cracks along
with grain boundaries. The electron diffraction patterns
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Fig.4 DTA curves of B-PbO, and milled 8-PbO, in ar-
gon
milling time; (1) 0 hr, (2) 1 hr, (3) 3 hrs, (4) 12
hrs, (5) 24 hrs

in Fig. 2 showed that 8-PbO, without milling was a single
crystal but that milled 8-PbO, had a polycrystalline or
amorphous structure. This implies that mechanical en-
ergy consumed causes a structural destruction of the par-
ticle as well as subdividing.

X-ray powder diffraction data in Fig.3 indicated that
milling above 3 hours causes the formation of @-Pb0O,.
By using quantitative X-ray analysis, Schrader et al. re-
ported that 90 % of 8~Pb0, is transformed to ¢-PbO,
after 80 hours of milling®. Senna also reported ca. 60 %
B-a transformation over 20 hours of vibro-milling®. In
this experiment, milling over a period of 12 hours caused a
loss of 8 % of active oxygen and a change in the diffraction
intensities, decreasing to 25 % of their initial value.

DTA curves of 8-PbO, milled and without milling are
shown in Fig.4. The temperature at which the decompo-
sition commenced (decomposition temperature) varied
with milling time. That s, milling of 8-PbO, over 24 hours
lowered the decomposition temperature by ca. 100 °C as
compared with §-PbO, without milling.
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Fig.5 Effect of milling of 8-PbO, on its isothermal
reaction with an aqueous solution of hydrazine at
10C
Milling time ;0 hr(without milling), ;1 hr,
(:6 hrs, @;24 hrs

3.2 Reaction of lead dioxide with an aqueous solution
of hydrazine

Lead oxides which contained active oxygen reacted
quantitatively with an aqueous solution of hydrazine by
evolving nitrogen gas. By analysing the reaction, espe-
cially the initial reaction, we proposed that the surface re-
activity of lead dioxide and red lead could be estimated by
their activities with aqueous hydrazine. Reactions of red
lead or lead dioxide with an aqueous solution of hydra-
zine are described by the following chemical equations (1)
and (2).

2PbsO,+ N,H, > 6PbO+2H,0+N, (1)
2PbO,+N,H, — 2Pb0+2H,0+N, )

In this experiment, the amount of nitrogen gas evolved
by the reaction of 8-PbO, with an aqueous solution of
hydrazine agreed well with the amount calculated from
equation (2) within an experimental error of + 5%. The
extent of the reaction at any time or the fractional reac-
tion (x) for equation (1) or (2) can be determined from
the amount of evolved nitrogen gas divided by its final
amount.

Fractional reaction vs. time (t) curves for the reaction
of 8-PbO, milled and without milling are shown in Fig.5.
The intial reaction rate, obtained from the reciprocal of
the reaction time required to attain a given fractional re-
action was found to increase with increasing milling time
and corresponded well to the reactivity of the thermal de-
composition, although a quantitative comparison was not
made in this experiment. Figs.6 and 7 show the fractional
reaction vs. time curves for 8-PbO, milled (12 hours) and
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Fig.6 Isothermal reaction of 8-PbO, (without milling)
with an aqueous solution of hydrazine
Reaction temperature @;20°C,(;10C,O; 0°C
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Fig.7 Isothermal reaction of milled 8-PbO, (12 hrs) with
an aqueous solution of hydrazine
Reaction temperature @;20C,;10C, O:0°C

without milling at 0, 10 and 20 C. 8-PbO, without mill-
ing had a small reaction rate during the initial stage of the
reaction and showed a sigmoidal shape for the x-t curves,
On the other hand, milled 8-PbO, showed a large reac-
tion rate during the initial stages of the reaction and the
reaction rate decreased linearly as the reaction proceeded.

The Avrami-Erofeev equation or autocatalytic rate
equation represents well a sigmoidal type of fractional re-
action vs. time curve. The results for Fig.6 are in good
agreement with the Avrami-Eroefeev equation (3), as is
shown in Fig. 8.

x=1—exp(-Bt*) 3)

On the other hand, the results of Fig.7, which deals
with milled 8-PbO,, fit well with a surface reaction-con-
trolled shrinking unreacted-core model represented by
equation (4).

kt=1-—-(1—-x)" . (4)
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Fig.8 Avrami-Erofeev plots for the reaction of 8-PbO,
(without milling) with an aqueous solution hydra-
zine
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Fig.9 Plots of a surface reaction-controlled shrinking
unreacted-core model in the reaction of milled 8-
PbO, with an aqueous solution of hydrazine
Temperature @;20°C,®;10C,O; 0C
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As previously stated, milling of lead dioxide increased
surface heterogeniety such as the amorphous phase in the
neighborhood of the surface and produced many cracks
along with grain boundaries on the lead dioxide. Because
this surface heterogeniety results in surface activation of
the lead oxide, both its thermal reactivity and reactivity
with hydrazine increase with increasing milling time. Itis
found out from the results of Fig.6 and Fig.7 that the
mechanisms for the reaction of lead dioxide with an aque-

* ous solution of hydrazine differ with the milling time. This
can be interpreted as follows, ‘

From the TEM observations it was found out that 8-
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PbO, without milling was like a single crystal, while milled
B-PbO, consisted of fine primary particle aggregating to
form secondary particles. Therefore, the surface layer of
milled lead dioxide has an enormous number of active sites

which become germ nuclei to start the reaction. The rate-

determining step for the reaction with aqueous hydrazine
is a surface reaction step of lead dioxide with reactant hy-
drazine which has diffused to the surface of the unreacted
core. On the contrary, lead dioxide without milling has
fewer active sites on its surface because of its cleanliness
around the surface layer and this causes the nucleation step
to be rate determining. Though the initial reaction being
slower, a feature of the reaction of 8-PbO, which was
milled for 6 hours resembled to that for 12 hours. But 8-
PbO, milled for 1 hour reacted autocatalytically like as
that without milling. On the other hand, 8~PbO, milled
for from 2 to 4 hours showed an intermediate reaction fea-
ture between autocatalytic and surface reaction controlled.

The thermal reaction of a pyrotechnic composition
which contains metallic oxide as an oxidizer usually pro-
ceeds in the solid state because of its high melting point
compared with oxysalts. Lead dioxide in pyrotechnic mix-
tures which are brought about in thermally induced cir-
cumstances also causes a thermal reaction with reducing
agents in the solid state. Surface reactivity as will described
later has a remarkable effect on the solid state reaction,
especially in the early stage of its reaction.

The solid state reaction is affected by surface reactivity,
which depends upon both the intimacy of contact and sur-
face heterogeneiety of the ingredients. The former mainly
depends on particle size which is generally considered as
an index of the surface reactivity. The latter depends on
crystallinity, disorder, oxygen deficiency, contamination,
adsorbed gases, etc. in the vicinity of the surface, and also
affects the reaction because of its high instability. But it is
difficult to determine separately the effect of particle size
or surface heterogeniety on surface reactivity.

As previously stated, vibro-milling also caused an in-
crease in surface heterogeniety by accumulating mecha-
nochemical energy on the surface layer in addition to an
increase in surface area. Estimation of surface reactivity

of lead dioxide by the kinetic analysis of its reaction with
aqueous hydrazine is an excellent method to evaluate the
surface properties because this method makes it possible
to estimate the total surface reactivity of lead dioxide as
an oxidizer in a pyrotechnic composition. This method
can be used to evaluate the effect of particle size and sur-
face heterogeniety on surface reactivity at the same time.
4. Conglusion '

The reaction rate of 8-PbO, with an aqueous solution
of hydrazine is affected by its surface reactivity. Kinetic
analysis shows that when 8-PbO, that has not been milled
is used, the Avrami-Erofeev equation can well represent a
sigmoidal type of fractional reaction vs. time curves. When
B-PbQ, is milled a diffusion-controlled shrinking
unreacted-core model is in good agreement with the ex-
perimental results.

When B-Pb0, is vibro-milled, mechanical energy is
partly used for reducing particle size and partly for
accumulation in the surface layer which results in an in-
crease in surface heterogeniety. Surface heterogeniety re-
sults in production of many germ nuclei of the reaction of
B-PbO, with aqueous hydrazine solution. In this case,
vibro-milled 8-Pb0,, which has many reaction nuclei on
its surface reacts with aqueous hydrazine shrinking from
the surface to the core. On the other hand, 3-PbO, with-
out milling shows a small reaction rate in the initial state
of the reaction because of a scarcity of germ nuclei to start
the reaction.
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