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Abstract: It has been shown that defect-free Stone-Wales (SW) free few-layer graphene (FLG) can
be obtained by carbonizing lignin under conditions of self-propagating high-temperature synthesis
(SHS). The obtained few-layer graphene was used as a modifying additive for pyrotechnic composi-
tions. It was found that the addition of 2.5 mass % of few-layer graphene synthesized from lignin to a
pyrotechnic complex based on porous silicon and fluoropolymer leads to a significant increase in the
combustion intensity of pyrotechnic compositions.
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1. Introduction

According to data from the International Lignin Institute (ILI, Lausanne, Switzerland),
using wood as a raw material for biochemical production leads to the generation of much
industrial waste, technical lignin, in amounts of millions of tons. Even though lignin (the
second most abundant natural polymer on earth) is extensively used in both the original
and modified forms [1-3], large-capacity processing and the utilization of technical lignins
remain problematic.

The main difficulty of processing large amounts of lignin lies in the high-energy
intensity of the techniques and the high costs of reagents used to modify technical lignins.
Therefore, the current research activities in the field of utilization of wood-processing
industry waste are focused on the search for new, cheaper, and less energy-intensive, lignin
processing methods, as well as for new applications of this material in both the original
and modified forms [4]. These methods will serve a dual purpose of utilizing lignin as an
industrial waste and of taking maximum advantage of the potential offered by technical
lignin for application as a raw material in new chemical technologies. Despite considerable
efforts undertaken by many research teams during a prolonged (nearly a century-long)
period, the problem of elimination of hydrolysis lignin waste dumps is still a long way
from being solved. In a review [5], the authors noted that the main reason for this is the
complex composition of lignin, the complexity of its processing, and the high equipment
cost. As a result, lignin-based products are too expensive and cannot compete with already
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suitable for use as a modifying additive in the creation of pyrotechnic compositions based
on promising fuel-porous silicon [9]. The addition of FLG increases the sensitivity of
pyrotechnic compositions to laser radiation based on porous silicon (por-Si). Porous silicon
as a fuel was chosen based on the results of publication [10], which showed that the charges
of the pyrotechnic composition (por-Si + Ca(ClOy),) were insensitive to laser radiation
from a laser diode with a constant flux q ~ 15 mW/m? (wavelength 450 nm, laser beam
diameter d = 2 mm). However, after adding few-layer graphene FLG (20-30 mass %) to the
pyrotechnic composition, laser initiation led to the ignition of charges with a strong sound
effect, which could be classified as a deflagration mode. Thus, these results motivated us to
use porous silicon as fuel in our work.

Modern stringent requirements for the reliability and safety of the initiation of py-
rotechnic compositions lead to research groups moving from initiation by dynamic shock
loads to initiation by laser radiation [11]. Successful experiments on laser ignition of pyro
compositions based on fluoropolymers are known [12]; moreover, tetrafluoroethylene-
based pyrotechnics are capable of both burning and detonating [13]. In the presented
work, copolymer of vinylidene fluoride with trifluorochloroethylene (SKF-32) was used
as a fluoroxidant in pyrotechnic compositions, which has a technological advantage over
fluoropolymers previously used in pyrotechnic compositions. Selected fluoroelastomer is
highly soluble in acetone, which makes it possible to simplify and secure the process of
preparing pyrotechnic compositions by replacing the mechanical mixing of fuel and oxi-
dizer powders with the ultrasonic mixing of fuel powders in a solution of a fluoroelastomer
in acetone.

2. Experimental Part
2.1. Materials and preparation
2.1.1. Materials

As a source material for the synthesis of few-layer graphene (FLG) lignin was taken.
Lignin was obtained from the waste of the long-term storage of the Arkhangelsk Pulp and
Paper Mill. Arkhangelsk Pulp and Paper Mill’s lignin was preliminarily dried to a constant
weight in a drying cabinet ShS-40-02 at 80 °C. The dried lignin powder was finally crushed
in a laboratory planetary mill LP-1-HT Machinery (Japan) and sifted through a sieve to a
particle sizes of about 100 pm (£10 pm).

2.1.2. Initial Pyrotechnic Compositions

Porous silicon (KDB-100, Russian Federation) with a porosity of ~80% was used as
the starting material for the synthesis of the pyrotechnic composition. Fluoroelastomer
(vinylidene fluoride copolymer with trifluoroethylene (SKF-32, GOST 18376-79)) was used
as a model fluoroxidizer for porous silicon. The structural formula of fluoroelastomer is
given below:

[(-CFp-CFCL-) (-CH2-CFp-)p 1

Fluoroelastomer SKF-32; m, p, n—coefficients.
Ammonium nitrate (NH4NO3, chemically pure, Sigma-Aldrich, St. Louis, MO, USA).

2.2. Methods
2.2.1. Synthesis of Few-Layer Graphene (FLG)

Synthesis of few-layer graphene (FLG) was carried out under the conditions of a
self-sustaining high-temperature synthesis process (SHS). To obtain FLG, lignin powder
was mixed with an oxidizing agent (ammonium nitrate) in a ratio of 1:1, and the resulting
mixture was placed in the reactor and heated to a temperature of 220 °C using an oil
bath. The detailed synthesis procedure is described in [14]. The model of 2D nanocarbon
formations in the SHS process is shown in Figure 1. Under the combination of extremely
high temperatures and an aggressive gaseous environment, lignin degrades to asphaltene
primitives, which organize into graphene structures.
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Figure 1. Schematic representation of lignin carbonization.
The product yield was 44 mass % (based on the initial amount of lignin).

2.2.2. Electron Microscopy

Electronic images of the few-layer graphene (FLG) sample were obtained using a TES-
CAN Mira-3M scanning electron microscope (SEM) (operated at 20 kV) and a FEI Tecnai
G2 30 S-TWIN transmission electron microscope (operated at 50 kV). For transmission elec-
tron microscopy (TEM) analysis, a suspension of the FLG sample in toluene (concentration
0.05 mass %) was prepared, applied to a carbon grid and dried in a drying cabinet at 60 °C.

2.2.3. Dispersion Measurement

The laser diffraction method with a Mastersizer 2000 device, USA was used to
study the dispersion of the synthesized material. A suspension of FLG particles in water
(0.05 mass %) was prepared by sonication, an ultrasonic bath «Sapphire» (50 W, 22 kHz),
for measurement purposes.

2.2.4. X-ray Diffraction

X-ray phase analysis was carried out using a Shimadzu XRD-7000 diffractometer
(Cu Ko = 0.154051 nm). The scanning rate was 1 deg/min.

2.2.5. Raman Spectroscopy

Raman spectroscopy was carried out on a Confotec NR500 instrument (532 nm, SOL
Instruments, Minsk, Belarus). For measurement purposes, a suspension of the FLG sample
in toluene (concentration of 0.05 mass %) was prepared, applied onto a silicon plate, and
dried in a drying cabinet at 60 °C.

2.2.6. Specific Surface Area Measurement

The specific surface area of the FLG sample was measured using ASAP 2020 instru-
ment, USA, by the Brunauer-Emmett-Teller (BET) method. Before measurement, the FLG
sample was dried for 2 h at 300 °C under vacuum.
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2.2.7. Determination of Stone-Wales Defect Concentration (S-W)

To quantitatively determine the concentration of S-W defects in the synthesized sample,
the original method based on the 2,4-diene synthesis reaction was used [15]. A mixture of «-
methylstyrene and o-xylene in equal proportions was added to the suspension of few-layer
graphene in toluene. o-methylstyrene was chosen as a conjugated diene because, unlike
classical dienes, such as cyclopentadiene and styrene, it is not subject to homopolymeriza-
tion. The progress of the reaction was monitored by the controlled gas chromatography
method of x-methylstyrene decrease in the reaction mixture. O-xylene was used as a stan-
dard (gas chromatograph Clarus 500, manufactured by Perkin-Elmer). The investigation
parameters are as follows: column temperature—145 °C; detector temperature—250 °C;
evaporator temperature—250 °C; gas rate—30 mL/min. Commercial single-walled carbon
nanotubes (SWCNT) (OSiAl, RF) were used as a reference sample.

2.2.8. Synthesis of the Pyrotechnic Composition

The starting porous silicon (por-Si) powder was mixed with FLG powder in a “drunken
barrel’ type homogenizer for 30 min to obtain a homogeneous mixture. The FLG concentra-
tion was 1.25, 2.5, 5, and 10 mass %. The obtained mixtures were added to a 5% acetone
solution of fluoroelastomer SKF-32 (fluorine content 54-56%) and mixed in an ultrasonic
field (ultrasonic bath ‘Sapphire’, 50 W, 22 kHz) for 30 min at room temperature. As a
result, samples of energy-saturated composite por-Si/FLG/SKF-32 were obtained with
the following ratios: 50/1/25/48.75,50/2.5/47.5,50/5/45, and 50/10/40. A pyrotechnic
composition with a 50/0/50 ratio of components was used as a reference sample. The
introduction of a composite filler into the polymer solution volume led to the formation of
a high-viscosity system, which can be attributed to the effective immobilization of polymer
macrochains on the surface of composite filler particles. To eliminate the porosity of the
obtained energy composite, it was dried in air at room temperature for 24 h in the first
stage. Finally, the solvent was removed by holding it in an air thermostat for three hours at
a temperature of 70-85 °C and for three hours at a temperature of 120-135 °C. The dried
composition was a thin brown film (Figure 2).

Figure 2. Appearance of the composition por-Si/FLG/SKF-32.

2.2.9. Investigation of Pyrotechnic Compositions

To investigate the effect of FLG addition on the properties of pyrotechnic composition,
the obtained por-Si/FLG/SKF-32 mixtures were irradiated with a laser diode beam (power
1 W, wavelength 450 nm, and pulse time ~10 ms). The process of films burning from
pyrotechnic compositions during laser ignition was recorded by the main camera of the
Honor 10 smartphone (16 MP, aperture f/1.8), frame rate 720 fps (or 480 fps).

3. Results and Discussion

Figure 3 shows the electronic images of the synthesized FLG sample obtained by
scanning electron microscope (SEM) and transmission electron microscope (TEM) methods.

As seen in Figure 3, the synthesized particles have a few-layer structure and linear
dimensions of up to several tens of microns, which is confirmed by the results of the particle
size distribution analysis using the laser diffraction method (Figure 4).
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Figure 3. SEM and TEM images of FLG nanoplates synthesized from lignin. (a) SEM image, linear
scale 20 um, (b) TEM image, linear scale 2 pum.
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Figure 4. Results of FLG particles size distribution measurements. (a) Particle size distribution by
volume; (b) Distribution of particle size by particle count.

To determine the number of layers in the synthesized FLG sample, an X-ray diffraction
study was carried out, and the results are shown in Figure 5.
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Figure 5. X-ray diffraction pattern of the FLG sample.

Based on the position of the 002 peak and its FWHM, the size of the crystal (L) was
calculated using the Scherer formula [16], which was found to be 14.9 A. The number of
graphene layers in the sample was then calculated using the formula N = L/d, where N is
the number of graphene layers in the sample and d = 3.65 A is the interplanar distance. As
a result of the calculation, it was found that the number of graphene layers in the sample
does not exceed five.

Figure 6 shows the Raman spectrum of the synthesized FLG sample. As it can be
seen in Figure 6, the synthesized sample demonstrates a typical Raman spectrum for
graphene nanostructures.
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Figure 6. Raman spectrum of the FLG sample.

The intensity ratio of the D and G peaks is 0.96, which is similar to the Raman spectra
observed in [17]. In [18], the authors linked the mutual overlap of the 2D and D + G peaks
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in the 2500-3500 cm™ region with the wavy structure of the samples, the presence of many
edges, and the different directions of graphene layers overlapping.

The results of evaluating the defectiveness of the synthesized sample of few-layer
graphene are presented in Table 1.

Table 1. Specific concentration of Stone-Wales defects in FLG.

Stone-Wales Defects,

ip 2
Nanocarbon Specific Surface Area, m/g Csw X 10° (mol/m?)
SWCNT 300 11
FLG 320 0

As seen in Table 1, unlike the reference sample (SWCNT), the FLG sample does not
contain S-W defects within the instrument’s sensitivity.

Figure 7 shows the maximum geometric dimensions of the flame of burning por-
Si/SKF-32 and por-Si/FLG/SKF-32 films, which served as a criterion for the intensity of
the flame in the process of combustion of pyrotechnic compositions in this work. The
duration of burning of pyrotechnic compositions after their laser ignition was an additional
comparative criterion.

Figure 7. Maximum flame intensity of films. (a) Reference composition without FLG; (b) Composition
with 1.25 mass % FLG; (c) Composition with 2.5 mass % FLG; (d) Composition with 5 mass % FLG;
(e) Composition with 10 mass % FLG.

It was shown that the composition that does not contain FLG ignites under laser
irradiation (Figure 7a); however, the burning process of the composition immediately
stopped after the irradiation was completed. The obtained result can be explained as
follows: under the influence of coherent radiation, fluoroelastomer SKF-32 undergoes
destruction, releasing fluorine oxidizers into the gas phase. At the ignition temperature of
the pyrotechnic composition, laser diode radiation oxidizes porous silicon to SiF4 with HF
according to the equation

Si (solid) + 4HF (g) — SiFy (g) + 2H,SiF,

SiF, is also formed upon the influence of gaseous CF, on porous silicon:

2CF; (g) + Si (solid) — SiF4 (g) +2 C
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As a result of the ongoing redox reactions, the flame temperature is obviously below
the optimum and ranges, apparently, from 200 °C to 320 °C (Figure 7a); therefore, only a
portion of the fluoroelastomer undergoes degradation and depolymerization. Obviously,
the entire amount of CF, and HF produced by laser radiation during the laser pulse interacts
with the porous silicon, and the burning of the composite stops after the laser is turned off.

The laser diode initiation of por-Si/FLG/SKF-32 energy-composite films in the entire
studied range of graphene content led to the excitation of the pyro-compositions combus-
tion processes. Adding 1.25 mass % FLG to the por-Si/SKF-32 composition increased its
burning intensity compared to the pure por-Si/SKF-32 mixture (see Figure 7a,b). Obviously,
the phenomenon of photo-sensitization of polymer destruction by graphene served as
the reason for the increase in the intensity of burning of the sample. It is known that
under the influence of external factors, such as thermal heating or electric field, graphene
nanostructures can serve as a source of electrons, allowing them to be used as emitter
materials [19,20]. However, as shown in [21], the presence of S-W defects in graphene
nanostructures significantly decreases their electrical and thermal properties. Previously,
we have shown that FLG synthesized under SHS conditions from starch can be used as
a cathode material for obtaining low-threshold field emission [22]. Based on the absence
of S-W defects in FLG (see Table 1), it can be assumed that FLG can serve as a source of
electrons. Consequently, due to the transfer of an additional electron to the SKF-32 macro-
molecule, it loses its thermal stability, more easily undergoes destruction, and more HF and
CF, are formed. The critical stage of these processes is the transfer of charge generated by
an external radiation source from the photocatalyst to the SKF-32 macromolecule, leading
to the formation of a metastable anion radical capable of decomposing and initiating the
process of accelerated polymer degradation.

It is also possible that the mechanism por-Si particle activation by FLG particles occurs
during the oxidation processes of the pyrotechnic compositions. This assumption is based
on the fact that porous silicon has areas with increased surface energy, with which FLG,
probably due to sorption processes (physical or chemical), forms, which is associated with
photocatalytic activity [23,24].

The burning intensity of films with FLG content of 2.5 mass % and mass 5% was
higher than that of previously studied films Figure 7a,b (Figure 7c,d). It should be noted
that only these two films of energy composites continued to burn after the end of exposure
to the laser beam. For example, Figure 8 shows a photo of the combustion of a composition
containing 2.5 mass % FLG 5 ms after laser irradiation.

Figure 8. Burn intensity of a film with 2.5 mass % FLG 5 after the laser beam was turned off.

Thus, in these compositions, the processes of SKF-32 polymer destruction and the
formation of gaseous fluorinating agents proceed so intensively during laser irradiation;
some amount of HF and CF; remains after the laser exposure is terminated, and the
burning process of porous silicon continues for some time until the fluorinating agents are
completely consumed. Based on Figure 7, the optimal catalytic effect of FLG in the studied
pyrotechnic composition (as a photosensitizer) was observed with its 5 mass % introduction
into the system due to the SKF-32 polymer. A further increase in the amount of graphene
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in the composite to 10 mass % led to a decrease in the flame intensity and combustion time
of the composition compared to those obtained in experiments Figure 7c,d (Figure 7e).

Consequently, the optimal catalytic effect of FLG as a photosensitizer in the studied
pyrotechnic composition was observed when it was introduced in an amount of 5 mass %
into the system at the expense of the SKF-32 polymer (Figure 7).

4. Conclusions

It was found that lignin can serve as a cheap and practically inexhaustible source
of raw materials for synthesizing large volumes of few-layer graphene (FLG) under the
conditions of the SHS process. It was experimentally shown that due to the absence of
Stone-Wales defects in the synthesized few-layer graphene, it can be used as an effective
additive in creating model pyrotechnic compositions of porous silicon/SKF-32 polymer
with laser irradiation. The additive is already 2.5 mass % FLG, which made it possible to
significantly increase the intensity of combustion of the pyrotechnic composition, which
continued even after the cessation of laser irradiation. A possible mechanism for the
influence of FLG on the properties of pyrotechnic compositions based on the decrease in
thermal stability was proposed.

The article has only scientific value and the obtained results cannot be used in practice.
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