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The present work is devoted to studying the effect of the synergistic action of Si-O-Si and
NH-CO groups on the flammability and thermal properties of polylactide (PLA). For this
purpose, using the Layer-by-Layer (LbL) technique, 5, 10, and 15 bilayers of chitosan (CS)
and nanosilica (NS) were deposited onto the surface of PLA and PLA/NS composite
(PLA/A200). More than a 20% reduction in flammability was achieved (sample (15BL)
PLA/A200). Studying the effect of LbL-deposited bilayers on two types of surfaces, an
identical relationship was found: the more layers adsorbed, the lower thermal stability, and
vice versa the more layers, the higher flame retardancy. In turn, the lower the thermal
stability, the faster the ability to form char, and the more solid residue, the lower the
flammability and longer the burning time. This means that the application of CS-NS
bilayers results in decomposition reactions in the condensed phase, which reduces the

amount of flammable gases released.

1. INTRODUCTION

The literature offers some examples of the use of organic-
inorganic hybrids as potential flame retardants (FR) for
biomaterials such as polylactide [1-9]. Leading the way are
systems of renewable compounds in combination with
phosphorus compounds [10-12].

However, phosphorus-containing systems have some
limitations. They are often solutions of phosphate salts,
making them difficult to introduce into the desired system,
especially at elevated temperatures. Secondly, phosphorus
compounds are expensive and the use of too small amounts (2-
3 wt.%) does not significantly change the flammability
characteristics of the tested materials [13, 14]. Finally, to
achieve a high class of fire resistance, it is necessary to use
them in combination with nitrogen compounds [15-18].
Therefore, new, low-cost and effective solutions dedicated to
polymeric biomaterials, especially biopolyesters, are currently
being sought.

Such a compound is chitosan (CS, a polyaminosaccharide)
produced mainly by partial deacetylation of chitin, which is
widely distributed in nature, mainly as a structural component
of crustacean exoskeletons. Chitosan is easily susceptible to
organic modification due to its ability to bind with fats,
proteins, or just metal ions. Microcrystalline chitosan is
characterized by high adhesion, antibacterial activity, high
chemical reactivity, and good miscibility with polymers [19-
21].

Many scientific reports have used the Layer by Layer (LbL)
technique to apply chitosan [22-25]. This is a simple technique
used for the growth of hybrid manufacures, mainly in the area
of biomaterials. The LbL technique offers several advantages
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over other thin film deposition methods. First, it is an
inexpensive deposition method. Unfortunately, it requires
much more time to cover a given surface than other methods.
There is a wide range of materials that can be deposited using
LbL. In addition, the technique is suitable for coating products
with complex geometries, especially those containing sharp
edges [26, 27]. Although deposition takes place at room
temperature and allows for a reduction in surface porosity, it
consumes rather large amounts of solvents and does not allow
for dimensional control of the applied particles [28].

In a paper of Ghavidel Mehr et al. [29], the addition of
chitosan via LbL was shown to be superior to the dip-coating
technique. In the work of Liu et al. [30], to improve fire
resistance, the LbL technique was used to deposit chitosan on
the surface of cotton fabrics coated with sodium phytate and
3-aminopropyltriethoxysilane deposition of sodium phytate,
chitosan and hydrolyzed aminopropyltriethoxysilane led to a
reduction in the rate of heat release, total heat release, total
smoke release and smoke generation rate. Ma et al. [31] have
shown that the phosphorylation and phosphoramidation
reactions of chitosan with phenylphosphory! dichloride and
tetraethylenepentamine, respectively, yield excellent flame
retardancy of PLA. Such synergism of action between
phosphorus compounds and chitosan towards reducing the
flammability of PLA was also confirmed by Vahabi et al. [32]
and Jing et al. [33], but it required the use of antipyrrole above
10% by weight.

Another promising component of the organic-inorganic
hybrid is nanosilica (NS). Nanosilica is characterized by the
high adsorption capacity of biomacromolecules including
proteins therefore ideally suited for the chitosan-nanosilica
system [34-38]. The development of new hybrid materials
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based on chitosan and nanosilica opens up the possibility of
combining both the favorable properties of silicas and the
attractive features of chitosan in a single material [39]. The
aforementioned synergy also lies in the mutual
interpenetration of phases because NS effectively fills the pore
structure of the chitosan network by which the thermal
properties of these structures are improved [40]. In addition,
CS especially in acidic environments has positive charges in
amine groups (single NH2 bond), which favor a number of
interactions with NS silanol groups [41, 42].

Nanosilica also has high barrier properties. The publication
of Ortenzi et al. [43] showed that the presence of NS
nanoparticles, contributes to a significant increase in
crystallinity and a decrease in permeability to O, and CO». The
0O, and CO; permeability values were reduced to 80% and 50%,
respectively, compared to pure PLA.

Based on all the literature reports mentioned above, the
purpose and scope of the experimental work were specified.
The purpose of this work was to study the effect of CS-NS
hybrid bilayers deposited by the LbL technique onto the
surface of PLA and PLA/NS composite, on the flammability
and thermal properties of the biopolymer matrix.

2. RAW MATERIALS

A polylactide (PLA, CAS No. 26100-51-6, My, = 116000
Da, PDI = 1.83 [44]) with the trade name Ingeo™ Biopolymer
3052D purchased from NatureWorks (Blair, USA) was used
to prepare reference samples. The polylactide composites were
filled with AEROSIL®200 hydrophilic flame nanosilica (NS,
A200, CAS No. 112945-52-5, 7631-86-9) from Evonik
Industries AG (Hamburg, Germany). High molecular weight
chitosan (CS, CAS No. 9012-76-4, reagent grade)
manufactured by Sigma Aldrich (Darmstadt, Germany) and
sold as a powder was also used to make the solutions.

3. ANALYTICAL METHODS

A JEOL JSM-6010LA analytical scanning electron
microscope (JEOL Ltd., Tokyo, Japan) was used to confirm
the adsorption of bilayers onto the surface of biomaterials.
Images were taken at an accelerating voltage of 10 kV and a
working distance of 10 mm. Before examination, each sample
was sputtered with a 4 nm thick layer of gold.
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PLA, PLA/A200 samples, and (BL)PLA and
(BL)PLA/A200 composites were characterized by the
following analytical methods.

Thermogravimetric (TGA) measurement was carried out on
a NETZSCH TG 209F1 Libra apparatus (Netzsch, Krakow,
Poland). The test was carried out on 5 mg samples in an
oxidizing atmosphere under the following conditions:
temperature range from 30 to 600°C; heating rate - 10°C/min.

The obtained biocomposites were examined for thermal
changes using differential scanning calorimetry (DSC) on a
Mettler Toledo DSC823e instrument (Mettler Toledo, Warsaw,
Poland). The test was carried out in an inert atmosphere on
samples of about 5 mg, according to the following temperature
programs:

o heating 30-200°C at a rate of 10°C/min,
e cooling 200-30°C at a rate of 10°C/min,
o heating 30-200°C at a rate of 10°C/min.

Microcombustion calorimetry (MCC) was carried out using
a Fire Testing Technology (FTT, East Grinstead, UK)
apparatus in accordance with ASTM D7309. Measurements
were carried out on 5 mg samples in the temperature range of
100-750°C at a heating rate of 1°C/s.

The UL-94 flammability test was conducted in UL94 HB
(horizontal burning) and UL94 VB (vertical burning) modes
in accordance with IEC 60695-11-10:1999/Amd 1:2003. In
both modes, the test was conducted for 5 samples.

The limiting oxygen index (LOI) was measured using the
Fire Testing Technology Oxygen Index apparatus (FTTOI,
East Grinstead, UK) in accordance with 1SO 4589-2:2017.

4. SAMPLE PREPARATION

A processing line consisting of a Brabender DR20 feeder
(RHL-Service, Poznan, Poland), a Haake Rheomex OS PTW
16/25 twin-screw extruder (RHL-Service, Poznan, Poland), a
Zamak W1500 cooling bath (Zamak Mercator, Skawina,
Poland) and a Zamak G-16/325 peletizer (Zamak Mercator,
Skawina, Poland) was used in the high-temperature processing
(Figure 1).

With this laboratory processing line, PLA and PLA/A200
samples containing 5 wt.% of filler were obtained. Standard
samples for LOI and UL94 testing were obtained using a P-
200 compression press (Zamak Mercator, Skawina, Poland).
All processing conditions are shown in Table 1.

Vo g
N g

PLA/A200

i\

15BL

Figure 1. Schematic showing how biomaterials are obtained from high-temperature processing to bi-layer deposition using the
LbL technique
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Table 1. High temperature processing conditions

Extrusion
Heating zones
Temperature [°C] 1 2 3 4 5 6 Die
210 | 220 | 220 | 230 | 235 | 240 | 240
Degassing - - - - | Yes| - -
Screws speed [rpm] 150
Feed capacity [%6] 5
Cooling bath
Temperature [°C] 25
Compression press
Temperature of stamps [°C] 235
Pressure [Bar] 230
Pressing time [s] 420

5. SOLUTION
DEPOSITION

PREPARATION AND LBL

To obtain a 0.5% (m/m) solution of chitosan (CS) and
nanosilica (NS), the raw materials were dissolved in 18.2 MQ
deionized (DI, CAS No. 7732-18-5) water (Hypernet, Poland).
All mixtures were stirred with a magnetic stirrer for 8 h, and
then their respective pH was determined. Using a 1 M
hydrochloric acid (CAS No. 7647-01-0) solution (Chempur,
Poland), the pH of the chitosan solution was set to 4.040.5,
while with a 1 M sodium hydroxide (CAS No. 1310-73-2)
solution (POCH, Poland) the pH of the nanosilica solution was
stabilized to 9.840.1. The literature reports that CS completely
adsorbs at acidic pH and NS at basic pH [45-49].

Deionized Water
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Figure 2. Diagram of the steps performed when applying
bilayers using the LbL technique

Before deposition of the layers by the LbL technique, the
surfaces of the materials were washed with DI. The samples
were vacuum dried at 80°C for 2 hours. All samples were
alternately immersed in a solution of nanosilica (NS) and
chitosan (CS) to increase adhesion the first immersion in NS
(1), CS (3) (Figure 2) was set for 5 minutes, but the subsequent
immersion lasted only 1 minute. After each adsorption step,

the materials were washed with DI for 1 minute to desorb
poorly adsorbed compounds and dried for 30 minutes at 80°C.
A schematic of the described procedure is shown in Figure 2.
Each cycle was repeated until 5, 10, and 15 bilayers (BL) were
built on each type of sample (e.g., (6BL) PLA means PLA with
5 bilayers deposited on the sample surface, and (10BL)
PLA/A200 means PLA/A200 nanocomposite with 10 bilayers
deposited by the LbL technique).

Figure 3 shows an SEM microphotograph of the surface of
a representative sample of (10BL)PLA/A200 at 500x
magnification. The surface was characterized by a solid
structure, and streaks and undulations with smooth edges were
noted on it, probably formed during processing. No obvious
defects of the applied material layers were observed in the
image.
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Figure 3. Microphotography of the surface of a
(10BL)PLA/A200 sample at 500x magnification

In addition, mapping of the surface of the depicted structure
was also performed to show the elements present on the
surface of the material. Figure 4 presents the result of the
aforementioned elemental analysis. The dependence of the
number of counts on the radiation energy made it possible to
indicate the elements present on the surface of the material
under study. During the analysis, carbon was detected at an
energy of 0.27 keV; nitrogen, 0.40 keV; oxygen, 0.52 keV;
silicon, 1.74 keV; and gold at energies of 1.67 keV, 2.13 keV,
and 2.43 keV. The occurrence of signals from N and Si suggest
that chitosan and nanosilica are present on the surface,
respectively.
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The presented maps of the distribution of elements on the
surface of the composite sample obtained with the X-ray
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Figure 5. Elemental distribution on the surface of the
(10BI)PLA/A200 sample obtained with an X-ray energy
detector (EDX): A) Silicon; B) Nitrogen; C) Carbon; D)

Oxygen
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energy detector (EDX) are the collective result of the intensity
of the radiation pulses and the pixel size of the maps over the
selected measurement area (Figure 5). The surface of the
material was uniformly covered with the elements detected
during the analysis. This shows that layers of nanosilica and
chitosan were applied regularly. The small agglomerations
seen in the Si image may be indicative of the non-uniform
dispersion of nanosilica during the extrusion of the composite
material or the formation of clusters of nanosilica during the
application of layers by the LbL method. In addition, the
distribution of Si and N elements in relation to C and O is
different which may indicate the different degree of dispersion
of nanosilica at submicron and nanometer levels, present both
in the matrix and on the surface of the sample.

6. RESULTS AND DISCUSSION
6.1 Thermogravimetry analysis (TGA)

The results of the thermogravimetric analysis illustrate the
two-stage degradation of the biomaterials (Figure 6). The
course of all thermograms is very similar to each other except
for the reference sample. It can be assumed that the effect of
CS and NS is small on the thermal properties of the biomatrix.
However, there are two areas where differences in the mass-
temperature relationship are noticeable. The first is the area
measured up to the Tse, point, where the thermal stability of
PLA is about 10°C lower than samples containing bilayers

(Table 2).
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Figure 6. DTG (A-B) and TGA (C-D) curves for PLA and PLA/A200 samples deposited with 5, 10 and 15 CS and NS
bilayers
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Table 2. TGA indices determined for PLA and PLA/A200 samples based on Figure 6

Sample Ts% [°C] T10% [°C] T20% [°C] Ts0% [°C] Twmax [°C] Residue at 600°C [%]

PLA 315 332 344 360 364 0.00

(5BL)PLA 323 332 341 356 360 1.10

(10BL)PLA 326 335 345 359 363 1.27

(15BL)PLA 328 336 344 358 363 2.75

PLA/A200 328 336 345 360 362 5.39

(5BL)PLA/A200 327 336 345 359 363 3.96

(10BL)PLA/A200 328 336 345 360 362 3.20

(15BL)PLA/A200 326 335 345 359 363 2.80

In the area of highest mass loss, the thermograms almost transformations shown.
overlapped up to the Tenpser point. On the other hand, the R

second is the area of charring afterburning noted from the
Tenpser point to ~500°C. 1t is in this area that the real impact
of bilayers on the PLA combustion mechanism can be seen.
The differences are mainly due to the type of substrate used
and the number of deposited layers. Figures 6A and 6C show
graphs for PLA samples deposited with bilayers. The peak of
the second stage of decomposition for PLA was at 470°C, and
it shifted toward lower temperatures as the number of applied
layers increased. Homogenization of NS in the PLA melt
resulted in only a few degrees of shift in the peak point of the
mass loss rate (Figure 6B and 6D). In contrast, the increase in
the deposited layers tended to shift this peak toward higher
temperatures, reaching as high as 490°C. In other words,
adsorption of CS and NS bilayers onto the PLA surface leads
to acceleration of the material's charring process, while
adsorption of the same layers onto the PLA/A200 composite
surface promotes delayed char formation.

The form of the substrate as well as the amount of deposited
bilayers also affects the amount of carbon residue after
thermo-oxidative decomposition. Pure PLA burns completely
with the release of volatiles, yielding no residue. In contrast,
covering the surface of the biopolymer with 5 and 10 bilayers
leads to a solid residue of about 1%. A threefold increase in
the concentration of CS and NS on the PLA surface also results
in a nearly threefold increase in the char generation. Since pure
PLA decomposes completely into gaseous products, it can be
surmised that close to 5% of the decomposition residue of the
PLA/A200 composite comes from the 5% share of NS in PLA.
Meanwhile, as the layers applied onto the PLA/A200
biocomposite surface increase, the amount of carbon residue
at 600°C gradually decreases. The observed trend can be
explained by the effect of entrainment of light NS
nanoparticles, simultaneously by the stream of oxygen flowing
in the measurement chamber and escaping volatiles. Note that
NS has a specific surface area of 200 m?/g, an average particle
size of 12 nm, and a low bulk density of 50 g/l [50], making it
a highly dusty material, especially under fluctuating mass and
temperature conditions. Thus, the higher the concentration of
CS-NS on the PLA/A200 surface, the higher the residue loss.

6.2 DSC vs TGA

The objective of Differential Scanning Calorimetry (DSC)
was to study the effect of the number of adsorbed bilayers on
the phase transformations of the polylactide observed with a
constant rise in temperature. Importantly, DSC curves were
contrasted with TGA thermograms over the same
measurement range (Figure 7). This gives an idea of the scale
of mass loss during the occurrence of all the phase
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Figure 7. DSC curves for the samples: (A) PLA; (B)
PLA/A200; deposited with 5, 10, and 15 bilayers along with

the corresponding mass loss curves from 30-200°C

Heat flow curves for all analyzed biomaterials over the
entire measurement range were characterized by the dominant
phenomenon of energy absorption by the system. The
biomaterials showed a negative energy effect throughout the
entire cycle of the conducted test. As the number of bilayers
applied onto the surface of PLA and PLA/A200 increased, the
negative energy effect decreased relative to pure PLA. At 61-
64°C, the midpoints of inflection of the curves were recorded,
which were noted as the glass transition temperature of the
material (Table 3). The addition of NS to the biopolyester
matrix as well as the coating of the surface with CS and NS
layers had virtually no effect on the shift of the transition point
from the glassy state. However, the surface modification
carried out had a weak but noticeable effect on the energy
effect accompanying this transition. This means that covering
the surface of PLA, ten or more bilayers makes it more
difficult to melt the sample. In turn, to melt composite samples
covered with bilayers, less energy must be supplied than is the
case with the reference sample.



Table 3. DSC indicators where: melting temperature (Tm), melting enthalpy (AHm), change in the heat capacity (ACp), cold
crystallization temperature (Tcc), and glass transition temperature (Tg)

Sample  Tq[°C] ACp [J/(gK)] Tec [°C] Tm1 [°C] Tm2 [°C] AHm [J/g]
PLA 64 0.50 122 - 153 2312
(5BL)PLA 64 0.50 117 - 156 2843
(10BL)PLA 62 0.54 113 151 154 2718
(15BL)PLA 63 0.56 113 151 154  26.80
PLA/A200 61 0.47 121 - 153 2259
(SBL)PLA/A200 63 0.41 116 - 155  26.72
(10BL)PLA/A200 62 0.48 109 150 154 2549
(15BL)PLA/A200 63 0.53 104 148 154  24.79
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Figure 8. Heat release rate versus temperature and time for: A) PLA deposited by 5, 10 and 15 bilayers; B) PLA/A200
composites PLA deposited by 5, 10 and 15 bilayers

With a further increase in temperature, cold crystallization
appeared. This phenomenon observed in polyester materials,
among others, is associated with a rather delayed response of
the material to changes in its environment. The fact is that with
the number of applied bilayers, there is a shift in the peak of
cold crystallization by up to several tens of degrees towards
lower temperatures. This may be a rationale for supposing that
the presence of CS microparticles and NS nanoparticles not
only within the condensed phase but also on its surface, may
contribute to the nucleation of crystalline phases within the
near-surface layer rather than the core of the sample
(accelerating the occurrence of the cold crystallization effect
at lower temperatures).

A further phase transformation observed was the melting of
the samples. PLA and PLA/A200 samples containing 10 and
15 bilayers on the surface were characterized by two
characteristic melting peaks, the others by only one. PLA can
crystallize in three crystalline forms [51-56]. The most
common and stable polymorph is the a form, which is most
often formed when PLA crystallizes from a melt. The § form
can be obtained using high tensile and high-temperature
conditions. The y form can be obtained by epitaxial
crystallization on a hexamethylbenzene substrate. Focusing on
the crystallization of PLA from the melt as we have in this case,
PLA can also crystallize into a disordered crystal called o'.
This o' metaphase has an identical conformation to the o form,
but looser packing and lower density [57, 58]. When
crystallization occurs at below 115°C both o and o' phases are
formed. At the same time, if cold crystallization occurs below
110°C the dominant phase is the o phase, while when
crystallization occurs at temperatures of 110-115°C the
dominant phase is the metastable o' phase [58, 59]. According

to the thesis, deposition above 10 bilayers onto PLA promotes
nucleation of the dominant o' metaphase, while adsorption
above 10 bilayers on the PLA/A200 surface mainly results in
nucleation of the stable o phase. The number of applied
bilayers or the type of substrate used does not affect the
melting temperatures of these phases.

Itis also worth referring to the mass loss in the measurement
range in question. Pure PLA, with a constant increase in
temperature, loses mass linearly until it reaches 1.3% at 200°C,
which may be related more to moisture loss and small initial
degradation of the sample. Adsorption of bilayers on PLA
initially promotes a small loss of mass, followed by a small
increase in mass in the melting and degradation range. This
swelling effect was observed only for PLA samples (the
greater adsorption, the greater swelling). PLA/A200
composites practically in the range up to 200°C were stable in
terms of mass (AM=0.3%), and the number of deposited layers
did not affect its loss.

6.3 Micro Combustion Calorymetry (MCC)

Measurement of the Heat Release Rate (HRR) as a function
of time and temperature (Figure 8) is characterized by several
indicators (Table 4): PHRR - the peak of the HRR curve, TTI
- Time To ignition, TOF - Time Out Flame.

The PHRR for PLA was 584 W/g. The addition of 5 wt.%
NS to PLA resulted in a 16% loss of PHRR. Virtually the same
effect can be obtained by applying 10 bilayers of CS and NS
onto the PLA surface. The LbL technique used a 10 times
lower weight of NS than during homogenization in the melt.
Interestingly, adsorption of 5 and 10 bilayers on PLA/A200
did not affect the flammability of the composite sample at all.
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The best PHRR reduction effect was obtained for all samples
coated with 15 bilayers (22% flammability reduction).

Table 4. Summary of basic flammability indices for

PLA/A200 samples

sample PHRR TTI TOF Combustion Time
[Wig] [s] [°C] [s] [°C] [s]
PLA 584 313 350 364 400 51
(5BL)PLA 505 297 344 355 401 58
(10BL)PLA 495 307 348 364 404 57
(15BL)PLA 458 305 346 368 407 63
PLA/A200 490 304 352 357 405 53
(5BL)PLA/A200 492 310 348 369 406 59
(10BL)PLA/A200 492 306 348 366 407 60
(15BL)PLA/A200 454 301 348 362 408 61

The presence of CS and NS also affected the flash point and
quench point of the burned samples. All of the samples with
bilayers ignited faster than PLA and generally extinguished
later. Thus, the consequence of lowering PHRR relative to
PLA was to increase the combustion time of biomaterials. No
less the effect of the number of layers applied on the
combustion time was small, as very similar results were
obtained for both (5BL) and (15BL) samples. However, it is
worth noting that much better results were obtained by the LbL
technique deposition than by homogenization of the nanofiller
in the biopolymer melt.

6.4 MCC vs TGA

Using ASTM D7309, additional flammability indices such
as fire growth capacity (FGC) and heat release capacity (1c),
specific heat released (hc also known as Total Heat Released -
THR), pyrolysis residue, and specific heat of combustion
gases were determined. The values of these indicators are
summarized in Table 5.

The addition of NS to the polyester melt did not
significantly change the start fire ability, but the application of
5, 10, and 15 bilayers onto the surface of PLA and PLA/A200
increased this ability twofold. This confirms the previously
stated characteristic of the bilayers to ignite earlier than the
core of the sample. At the same time, all samples showed a
reduced heat release capacity compared to PLA. The higher
the number of applied layers, the lower the n¢ values. As a
result, a nearly 25% reduction in nc was recorded for the
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(15BL)PLA and (15BL)PLA/A200 samples. An identical
relationship was observed during hc analysis. With the
application of 15 bilayers (regardless of the substrate) resulted
in a 20% reduction in hc relative to PLA.

Table 5. Flammability factors for polylactide biomaterials
calculated according to ASTM D7309 standard

Sample Tswe T FGC 1 he  hegas Yp
[s] [K] [s] [K][)/gK][I/gK][kJ/g] [kI/g] [%]
PLA 243552495811 179 650 22.90 22.90
(5BL)PLA 285604356675 321 555 18.52 18.52 0
(10BL)PLA 290603362675 317 540 18.46 14.79 20
(15BL)PLA 298611364676 340 500 18.29 14.56 20
PLA/A200 230549388712 192 539 18.99 3.18 83
(5BL)PLA/A200 296607367677 341 541 19.48 19.48 0
(10BL)PLA/A200294609363677 336 540 18.7318.73 0
(15BL)PLA/A200292612360679 328 492 18.13 15.94 12
As indicated by thermogravimetric studies, PLA

decomposes completely into gaseous products, leaving no
solid residue. The incorporation of NS nanoparticles into the
biopolymer resulted in the highest recorded values of the solid
residue after thermo-oxidative decomposition. Also, the
results of the MCC analysis confirm the previous relationship.
With that said, a 6-fold increase in the heating rate of the
PLA/A200 composite generates a 16-fold higher solid residue
after combustion. Covering the surface of PLA and PLA/A200
biocomposite with 5 bilayers of CS and NS is ineffective, as
these samples also burn completely to gaseous products along
with which light NS particles leave the system. Similar
conclusions were made for the (LOBL)PLA/A200 sample. The
most effective solution turned out to be covering both surfaces
with 15 bilayers of CS and NS. In both cases, there was a
change in the combustion mechanism of the continuous phase
and the generation of solid char. This may mean that the real
impact on the formation of solid char has not only the
synergistic action of Si-O-Si and NH-CO groups alone but de
facto their respective amounts.

One of the most important characteristics of a material that
controls its fire properties is the amount of gas phase and
condensed phase released. Reducing the amount of gas phase
released is one of the most effective approaches to blocking
combustion. Increasing carbonization reduces the amount of
gas and condensed phase released and increases the amount of
residue. Chitosan is mainly responsible for the charring that
occurs, which was also confirmed in a publication [60].
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Figure 9. Reaction Rate calculated from TGA and MCC results for A) PLA deposited by 5, 10, and 15 bilayers; B) PLA/A200
composites PLA deposited by 5, 10, and 15 bilayers
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Figure 9 shows the decomposition reaction rates (RR)
determined for PLA and PLA/A200 composites based on
MCC and TGA measurements. The differences between the
observed peaks of the RR curves for the different measurement
techniques are no more than 20°C. This means that regardless
of the measurement method used, and the heating rate of the
sample, all materials undergo complete decomposition in
virtually the same temperature range. In contrast, the presents
of filler and applied bilayers manifests a slight variation in
these values.

Comparison of the results obtained from the two
measurement methods (TGA and MCC), is also possible by
determining the values of Overall Thermal Stabilization Effect
(OSE) and Overall Flame Retardancy Effect (OFRE) in the
same temperature range using the following Eqgs. (1) and (2)
[61-63]:

OSE

600

((mass percent of polymer material;)
T=150
— (mass percent of polylactideT))
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OFRE
600
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Figure 10. Overall Thermal Stabilization Effect (OSE) and
Overall Flame Retardancy Effect (OFRE) for all tested PLA
materials

The resulting OSE and OFRE ratios relating to the reference

sample are summarized in Figure 10. Studying the effect of
LbL-deposited bilayers on two types of surfaces, pure PLA
and PLA/A200 nanocomposite, an identical relationship was
found: the more layers adsorbed, the lower the OSE, and vice
versa the more layers, the higher the OFRE. In contrast, the
lower the thermal stability, the faster the ability to form char,
and the more solid residue, the lower the flammability and
longer the burning time.

6.5 UL-94 test

Table 6 shows the results of the UL-94 test in the vertical
mode. When this measurement was carried out, there was a
decrease in the viscosity of the biomaterial due to the rapid
increase in temperature. As a consequence, hot melt sprang
from all the tested samples without exception, which ignited
the cotton placed under the samples. The base sample burned
for less than a minute, and the addition of 5 wt.% nanofiller
extended the average burning time of the composite by only
30 s relative to PLA. In general, as the number of applied
layers increased, the combustion time of biomaterials
increased. Applying 15 bilayers onto the PLA surface resulted
in a doubling of the combustion time of the samples. Although
among PLA/A200 composites the adsorption of 15 bilayers
also proved to be the best, it did not achieve the same effect as
on the PLA surface. The classification carried out quite
transparently shows that in the case of composite samples
containing applied bilayers, it was not possible to classify into
any of the given standard categories. Based on this summary,
it can be concluded that the adsorption of CS and NS in the
form of layers did not reduce the flammability class of both
polylactide and biocomposite materials.

The vertical orientation of the sample promotes rapid
movement of the flame from the bottom to the top. Virtually
all of the heated pure PLA flows with the flame onto the fabric
beneath it. The sudden temperature change reduces the
viscosity of the melt, which lacks the additional forces that
maintain the geometry of the sample. The use of NS prolongs
the cohesion effect but is still not sufficient to effectively
counteract gravitational forces. The presence of bivariate
layers on the PLA/A200 sample or 10BL and 15BL on the
PLA, leads to visible effects in a relatively short time. As the
number of falling droplets decreases, the burning time of the
samples increases. This is because the NS particles in the CS
combination form a physical insulator of the sample core
against access to the flame. When the fabric is heated, both the
biomatrix and low-molecular-weight organic compounds are
rapidly decomposed into gaseous products. The gaseous
products cause the mineral layer in between to clump together,
creating temporary scaffolds that hold the sample geometry
together for a much longer time.

Table 6. Measurement results using the UL-94 VB mode

Sample Average Combustion Time [s] Fabric Inflammation Standard VB Classification
PLA 54+2 FV-2
(5BL)PLA 5342 FV-2
(I0BL)PLA 7342 FV-2
(ISBL)PLA 11942 YES FV-2
PLA/A200 83+2 FV-2
(5BL)PLA/A200 90+2 -
(10BL)PLA/A200 90+2 -
(15BL)PLA/A200 96+2 -
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Table 7. Measurement results using the UL-94 HB mode

Average Combustion  Average Combustion

Sample

Average Length of the

Average Number Standard HB

Time [s] Rate [mm/min] Burned Section [mm] of Drops Classification

PLA 6712 25.0740.01 28+ 148+ FH-2-28.00 mm/min
(5BL)PLA 12642 31.2240).01 51+ 371+ FH-3-37.50 mm/min
(10BL)PLA 14842 28.5040.01 75+ 4724+ FH-3-31.69 mm/min
(15BL)PLA 15942 23.3440).01 75+ 556+ FH-3-35.71 mm/min
PLA/A200 13642 34.454).01 75+ 88+1 FH-3-39.47 mm/min
(5BL)PLA/A200 12942 34.8040.01 75+ 78+ FH-3-35.16 mm/min
(10BL)PLA/A200 13442 33.9240.01 75+ 84+ FH-3-38.14 mm/min
(15BL)PLA/A200 1452 31.5540.01 75+ 93+ FH-3-35.71 mm/min

Table 7 shows the results of the UL-94 test in the horizontal
mode. The reason for the incomplete combustion of PLA was
the entrainment of the flame by detaching parts of the polymer
melt. The pure polylactide sample was the only one that
showed a tendency to flow during the conducted measurement.
The visual evaluation made it possible to compare the tested
materials in terms of combustion behavior in the very first
seconds of the measurement and to draw the first conclusions.
Looking at the results in Table 7 for PLA, one might be under
the mistaken impression that the biopolymer has the best
flammability rating because it self-extinguishes shortly after
the flame is removed. Nothing could be further from the truth.
Polylactide has very low viscosity at elevated temperatures. A
biopolymer sample suspended at an appropriate height,
containing a moving heat source at the end, was elastically
deformed in the direction of gravity. The absence of any
physical forces binding the polymer chains together, located
within the burned material, and the increasing temperature
were the reasons why parts of the test material detached rather
quickly along with the flame. As a result, the flame was not
extinguished but moved with the melt making the material
very dangerous and susceptible to initiation of other ignition
points as evidenced by the high value of the flame spread
factor (PHHR/TTI). In general, the polylactide materials were
characterized by a large number of small droplets of burned
material falling off during the test. As in other measurements,
the burning time of PLA samples generally increased as the
number of applied bilayers increased, which may suggest that
the presence of interlaced Si-O-Si and NH-CO groups impedes
flame propagation. In contrast, the number of droplets
decreased significantly for the composite samples, but they
were much larger than for the polylactide materials. It can be
assumed that it is mainly due to the presence of NS
nanoparticles also in the composite structure. Flammability
classification according to this method depended mainly on
the length of material burned and the speed of combustion.
Because the biopolymer matrix still does not lose its tendency
to form bubbles during combustion, but the presence of the
NS-CS system allows the movement of inorganic particles in
the matrix in such a way that a temporary structure is formed
on the surface of the sample, bonding the entire geometry by
cutting off the core's access to oxygen. As a result, the fewest
droplets are detached, which, if they fall, do not contain an
open source of flame.

6.6 Limited Oxygen Index (LOI)

Measurement of the limiting oxygen index started with PLA,
for which 19.3% was chosen as a reference point. Figure 11
shows the LOI values obtained for all biomaterials tested.

The literature reports showed, that PLA is a flammable
biopolymer with an LOI of 19% [64]. NS is mainly responsible
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for the formation of the epidermal barrier layer. The use of a
nanoadditive with high thermal conductivity can increase the
rate of heat dissipation from a burning biocomposite [65]. The
addition of 5 wt.% NS increased the LOI by less than 1%. It
can be said that applying 5 and 10 bilayers to a PLA surface
results in the same effect. In turn, the adsorption of 5 layers
onto the composite surface has virtually no effect on LOI
values. Although covering both surfaces with 15 bilayers of
CSand NSyields anearly 1.7% increase in LOI, these samples
still tend to ignite in oxygen deficiency. This means that by
covering the surfaces of PLA and PLA/A200, it was possible
to reduce the ignition susceptibility of these biomaterials under
reduced oxygen concentration, but the achieved shift of the
ignition limit is still too small.

22+

21

n
o
NI

LOI [% oxygen]

Sample

Figure 11. LOI values for all tested biocomposites

7. CONCLUSIONS

The application of the LbL technique for layering chitosan
(CS) and nanosilica (NS) has made it possible to achieve a
reduction in the flammability of polylactide composites and
the biopolymer itself, with a low concentration of adsorbates.
The presence of Si-O-Si groups in the vicinity of NH-CO
promotes the formation of solid char at temperatures above
350°C. This suggests that by combining natural compounds
containing these groups, char-forming flame retardant can be
produced. As the applied bilayers, and thus the concentration
of Si-O-Si and NH-CO groups on the surface of the
biomaterials, increased, the amount of carbonization formed
increased. Thus, the mechanism of combustion of the
biopolymer visibly changed, where, in addition to the gas and
condensed phase, the solid residue appeared. The increased
ability to coke at temperatures above 350°C resulted in a heat
released rate that was more than 20% lower than that of PLA.



Thus, the charred layer becomes an insulator that divides the
internal structures of the material before energy and mass
exchange. One of the most important characteristics of a
material that controls its fire properties is the amount of gas
phase and condensed phase released. Reducing the amount of
gas phase released is one of the most effective approaches to
blocking combustion. Increasing carbonization reduces the
amount of gas and condensed phase released and increases the
amount of residue. The consequence of lowering the PHRR
was an increase in combustion time, also confirmed by UL-94
testing. In addition, the adsorbed CS-NS bilayers protected the
core of the sample from direct flame exposure by shifting the
LOI limit by nearly 2% upward.

In conclusion, promising results have been obtained,
opening new paths toward the use of bio-flame retardant
hybrids dedicated to polylactide and other biopolymers, as
well as drawing attention back to the potential of layers
deposition using a.o. the LbL technique. In the long term,
using the knowledge gained so far, we should focus on
designing hybrid multilayer systems that will achieve
flammability at least twice as low as that obtained in this
publication. It is also worth mentioning that the PLA/A200
composites obtained can also be pyrolyzed at high
temperatures, again obtaining a pyrolyzed filler. The circle of
life of the filler is then closed. Unfortunately, the yield of NS
obtained by pyrolysis is dictated mainly by the concentration
of the additive in the input composite.
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