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Abstract The catalytic effect of NiO on thermal decom-
position of nitrocellulose (NC) has been investigated via
thermogravimetry—mass spectrometry (TG-MS) coupling
technique, and the residue of NC with 20% NiO reacted in
tubular furnace was analyzed by X-ray diffraction (XRD).
TG-MS analysis showed that adding 2% NiO to NC accel-
erated the thermal decomposition process and promoted the
generation of gaseous products. The catalytic mechanism
was based on the accelerated generation of NO,, which
further reacted with the radical to produce other gaseous
products. XRD analysis of catalyst residue showed that Ni
was formed during the catalytic reaction.
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Introduction

Nitrocellulose (NC) is widely used as chief ingredient in
the production of smokeless powders, blasting gelatin,
dynamites, single-base, and double-base gun and rocket
propellants [1]. The thermal characteristics of NC have
been widely studied. Bingke et al. [2] have studied the
melting process of NC. Shehata et al. [3] have studied the
effect of two novel polymeric compounds and their syn-
ergistic activity on the stability of NC. The effects of
nitrate content and particle size on the thermal decompo-
sition of NC were also individually studied [4, 5].
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The thermal decomposition can be investigated by many
thermoanalytical methods such as thermogravimetry (TG),
differential thermal analysis (DTA), and differential scan-
ning calorimetry (DSC). Compared to TG analysis alone,
which is only able to measure the total volatile as a single
group, thermogravimetry—mass spectrometry (TG-MS)
coupling technique is highly preferred [6], because TG-MS
is suitable for studying the mass change during the thermal
decomposition. TG-MS coupling technique has been used
in a wide variety of studies of the thermal decomposition of
energetic materials [7—10].

Nickel oxide (NiO) has received lots of attention for the
electronic, magnetic especially catalytic properties [10—16].
In this work, TG-MS analysis was applied to investigate the
catalytic effect of NiO on the thermal decomposition of NC,
and the catalyst residue was analyzed via X-ray diffraction
(XRD) method.

Experimental
Preparations
Preparation of NiO

All the reagents were analytical grade, and NiO was prepared
by the precipitation method. First, according to the molar
ratio of nickel nitrate hexahydrate (Ni(NOj),-6H,0) to
oxalic acid dihydrate (H,C,0,4-:2H,0) at 1:1, a stoichiome-
tric amount of Ni(NOj3),-6H,O and H,C,042H,O were
accurately weighed and dissolved in deionized water,
respectively. Then, the two solutions were mixed and stirred
with a magnetic stirrer at 60 °C. After the reaction was
complete, the precipitated powder was filtered off, washed
with deionized water, and dried in an oven at 80 °C. Then,
the powder was sintered at 400 °C for 2 h to yield NiO.
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Preparation of sample for TG-MS analysis

Nitrocellulose, which contained 12% of nitrogen, was from
Xi’an Modern Chemistry Research Institute. In order to
investigate the catalysis of NiO on the thermal decompo-
sition process of NC, the catalyst and NC were mixed with
the mass ratio of 1:49.

Preparation of sample for XRD analysis

As known, while using a thermal-analyzer, the sample
amount is limited. In order to investigate the composition
of catalyst residue, NC and NiO were mixed with the mass
ratio of 4:1, and the mixture was heated in a tubular furnace
from room-temperature till the reaction was finished in
nitrogen (and this temperature was around 210 °C). Then,
the catalyst residue was taken out immediately and ana-
lyzed via XRD method.

Instrumentation

A simultaneous thermal-analyzer (Mettler Toledo, model
TGA/SDTA 851e) coupled on line with a quadrupole mass
spectrometry  (Pfeiffer Vacuum, model Thermostar
GSD301T3) was applied for the TG-MS analysis on the
thermal decomposition process of NC. The mass spec-
trometer was operated with an electron impact ionizer with
energy 70 eV, and the mass scan speed is 1 a.m.u/s. The
connection between the TGA-SDTA apparatus and the
mass spectrometer was done by means of a quartz capillary
of 0.15 mm internal diameter, maintained at 150 °C.

The catalytic reaction was studied in the flowing argon
gas atmosphere  (purity, 99.99%; flowing rate,
30 mL min~'; atmospheric pressure) at the heating rate of
20 °C min~' when the sample quantum was about 1.00 mg
with Al,O; crucible as reference, and the sample was
placed in alumina crucible.

In order to ensure there was no air in the instrument and to
calibrate the analyzer, the apparatus was operated in argon
before the thermal decomposition process was performed.

X-ray diffraction measurements were performed on a
Bruker D8 Advance X-ray diffraction using CuKo radia-
tion to study the composition of catalyst residue, and the
diffraction angle (26) from 10° to 80° was scanned.

Results and discussion

TG-MS analysis on thermal decomposition of NC with
and without NiO

Figure 1 shows TG curves for NC with and without NiO.
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Fig. 1 TG curves of NC with and without NiO

It can be found that NiO is an effective catalyst for the
thermal decomposition of NC. With the catalysis of NiO,
the thermal decomposition of NC is accelerated and this
process becomes more acute.

In order to investigate the detailed changes of gaseous
products during the thermal decomposition process, the
mass spectrometer was applied.

The evolution curves of major gaseous products evolved
during thermal decomposition of NC with and without NiO
are exhibited in Fig. 2.

The MS curves are clearly associated to the TG curve
and the detection of H,O, HCN, CO, N,, HCHO, NO, CO,,
NO,, and HCOOH is observed.

According to the profile of MS curves, it can be seen
that with the catalysis of NiO, the ion currents of evolved
products attain the maximum intensity at lower tempera-
tures, and the MS curves becomes narrower and sharper.

There are two peaks on the MS curves for m/z = 46. It
is known that NO is the most intense fragment of NO,
according to the reference mass spectra in NIST database
[17], and HCOOH is the secondary product of gaseous
products [18, 19]. Therefore, the first peak on the MS
curves for m/z = 46 is attributed to the evolution of NO,
while the second is caused by the evolution of HCOOH
gas, which was detected later than other gaseous products.

The thermal decomposition mechanism of NC has been
widely studied [18-21]. It is known that during the thermal
decomposition of NC, fission of oxygen—nitrogen bond is
the first and rate-determining step [3], and this step leads to
the generation of NO,.

RO—N02 — RO. + N02

Then, NO, reacts with the radical to produce other gaseous
products.

According to Fig. 2, it can be found that the generation
of NO, is accelerated, while NC is catalyzed with 2% NiO,
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Conclusions

Via TG-MS method, it is found that with the catalysis of
NiO, the thermal decomposition of NC was accelerated and
the process became more acute. MS analysis showed that
after adding 2% NiO, the ion currents of gaseous products
attained maximum intensities at lower temperatures and
MS curves became narrower and sharper.

With the catalysis of NiO, the evolution of NO, was
promoted and its maximum ion intensity was obviously
increased in lower temperature. It means that adding NiO
to NC accelerates the fission of oxygen—nitrogen bond,
which is the first and rate-determining step, and then the
generated NO, reacts with radical to produce other gaseous
products. Therefore, the thermal decomposition of NC is
accelerated.

X-ray diffraction analysis of the catalyst residue showed
that Ni was formed, which indicates that NiO is not only a
catalyst in the catalytic reaction but also takes part in the
catalysis reaction.
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