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SUSTAINABLE GREEN COATING FOR NATURAL FIBERS: A
FLAME RETARDANT APPROACH FOR PLA-BASED COMPOSITES
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Abstract

This study presents a sustainable approach to enhance the fire resistance of natural fiber-reinforced
poly(lactic acid) (PLA) composites. A bioinspired approach to functionalize the surface of flax (FF)
and basalt (BF) fibers with an innovative organic-inorganic hybrid flame retardant (FR) is proposed.
The fibers underwent a three-step coating method: first, ozone (O3) pretreatment enhanced their
surface reactivity by forming oxygen-containing functional groups that, in turn, enable the covalent
immobilization of gallic acid (GA) units. Ultimately, inspired by the bacterial iron acquisition
mechanism, iron phenylphosphonate was complexed with the phenolic groups of gallic acid units,
resulting in FR-coated fibers. The coated flax and basalt fibers were used to produce PLA-based
composite materials, named PLA/FF-FeP and PLA/BF-FeP, respectively. Thermogravimetric analysis
(TGA) results revealed that, despite the low loading (0.1 wt% as assessed by Microwave Plasma
Atomic Emission Spectroscopy - MP-AES) of the coating on the fiber surface, both composites
exhibited improved thermal stability. The cone calorimetry test (CCT) highlighted an extended time to
ignition (TTI), a reduced time to flame out, an 8% decrease in the peak of heat release rate (pHRR)
and a 15% decrease in Fire Propagating Index (FPI) for PLA/BF-FeP. Further, the PLA/FF-FeP turned
out to be smoke suppressant, showing a decrease in both total smoke release (TSR) and specific
extinction area (SEA) of about 87 and, 68%, respectively.

1. Introduction

In recent years, increased awareness of environmental issues has prompted the implementation of
various regulations, both locally and globally, aimed at directing industries toward reducing their
environmental footprint and promoting the use of renewable materials [1,2]. In response, both
industries and academic research are increasingly focusing on the development of high-performance
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materials from renewable origin. In this context, natural fiber-reinforced biopolymers have emerged as
a compelling sustainable alternative to traditional synthetic fiber reinforced polymer (FRP) composites
[3]. Among the polymer matrices derived from renewable feedstock, poly(lactic acid) (PLA), a
biodegradable aliphatic thermoplastic polyester, has received considerable attention [4]. Due to its
unique characteristics such as high stiffness and transparency [5], PLA has found applications in
various fields, from packaging to fiber production and composite manufacturing [6]. Numerous
studies have focused on reinforcing PLA with plant fibers to obtain composites with a favorable
combination of physical and mechanical properties [7]. The growing interest in these composites
arises from their valuable properties, cost-effective production, and eco-friendly nature. Consequently,
there is a growing demand for PLA composites reinforced with natural fibers in various industrial
sectors such as construction and automotive. However, despite their merits, significant concern with
biocomposite materials regards their limited fire resistance. Indeed, such biopolymers as PLA
inherently exhibit high flammability, which intensifies fire propagation, notably through the
generation of extended dripping [8]. Compared to synthetic reinforcing fibers, the incorporation of
natural fibers significantly exacerbates their already poor fire resistance [9]. This shortcoming is an
obstacle to the widespread commercial use of biocomposites, especially in the transportation sector,
where fire safety regulations are stringent [10]. Therefore, the use of flame retardants (FRs) is essential
to improve the flammability resistance of biocomposites. The predominant approach involves the
direct incorporation of FRs into the polymer matrix [11,12]. However, this method frequently leads to
compromised mechanical properties and leaching of the FR due to the inherent low compatibility
between the two components [13]. An alternative strategy involves the direct grafting of the FR onto
the surface of the reinforcing fiber. This approach avoids FR leaching and mitigates the "candlewick
effect" induced by the higher thermal conductivity of the fibers as compared to the polymer matrix
[14]. This method finds primary application in composites reinforced with plant fibers, exploiting their
functional groups to facilitate the bonding of appropriate FRs [15].

The proposed study introduces a bioinspired protocol for the surface modification of flax fiber (FF)
and basalt fiber (BF) with a halogen-free phosphorus-based hybrid FR specifically tailored for flame
retardant applications in PLA-based biocomposites. FF and BF fibers were selectively chosen
considering their different surface reactivity properties. Ozone (O3) was selected as a safe oxidizing
agent for fiber pretreatment to enhance surface chemical reactivity by forming hydroxyl and carboxyl
groups for BF and FF, respectively. The new surface functional groups were exploited for the covalent
immobilization of renewable gallic acid (GA) units. Subsequently, taking inspiration from the
bacterial enterobactin-mediated iron acquisition mechanism [16], iron phenylphosphonate was
complexed to the GA phenolic groups. The modified fibers were thoroughly characterized using
Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA), scanning
electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS) and microwave
plasma atomic emission spectroscopy (MP-AES). The FR-coated fibers were used as reinforcement in
PLA-based composites, with fire resistance assessed through cone calorimetry tests (CCT); further, the
mechanical properties were preliminarily evaluated.
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2. Materials and Methods

2.1 Fiber coating

A Salinovo ozone generator, air-fed with a maximum diffusion rate of 0.5/h, was employed for fibers
ozonization. 20g of fibers were placed in a 500 cm® ozonation chamber. The treatment lasted for a
maximum of 7 hours. Gallic acid (GA) (34 g, 0.2 mol) and thionyl chloride (100 mL, 0.9 mol) were
introduced into a dried single-necked flask. The reaction mixture was heated to 80 °C for 3 hours.
After the reaction time, excess SOCI, was removed under vacuum. Crude galloyl chloride (36.9 g)
obtained was dissolved in tert-Amyl methyl ether (TAME) (270.6 g, 2.6 mol) to yield a 12% (w/w)
mixture. 30g of fibers were immersed in the mixture and stirred for 2 hours. The resulting sample was
washed with H>O and dried. 36 g of GA-functionalized fibers were mixed with 520 mL of deionized
water in a beaker. 130 mL of FeCl;-6H»O (0.82 g, 3 mmol) aqueous solution was added. After stirring,
PPA (0.96 g, 6 mmol), previously dissolved in 130 mL of H>O, was added dropwise over 6 hours. The
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reaction proceeded at room temperature for 12 hours. The resulting iron phosphonate-coated fibers
were washed with H,O and dried [17].

2.2 Composite Manufacturing

The composites were fabricated using Brabender-like equipment (Rheocord EC, Haake Inc.) and a lab
hydraulic press (Collin model P400E) to create 100 mm % 100 mm % 4 mm plates. The fibers were
mixed with PLA using a micro compounder set at 60 rpm and 180 °C for 5 minutes. Subsequently, the
PLA composites were compression-molded at 180 °C with a pressure profile of 2 min at 0 bar, 1 min
at 5 bar, 1 min at 10 bar, and 1 min at 20 bar. The cooling down to room temperature was performed
while maintaining the material at the maximum pressure of 20 bar. The fiber content was set at 20
wt%. The composite specimens suitable for tensile tests were prepared via injection molding (Haake
MiniJet II Pro, Thermo Fisher Scientific) with the loading cylinder at 190 °C and the temperature
mold set at 45 °C.

wn
-
P
L
-
Z
®)
Y

2.3 Characterization techniques

Fourier Transform Infrared spectra were acquired with a Bruker VERTEX 70 spectrometer equipped
with an attenuated total reflectance diamond (ATR) cell. The spectra were recorded in the mid-infrared
region (400-4000 cm™") collecting 128 scans, with a resolution of 4 cm™'. The morphology of the fiber
surface was examined with a Field Emission Scanning Electron Microscope (FE-SEM) coupled with
Energy Dispersive Spectroscopy (EDAX). Micrographs were acquired on a Tescan Mira3 system at 10
kV after having sputtered the samples with chromium. Thermogravimetric analysis was performed
with an SDT-Q600 thermoanalyzer (TA Instruments) in a nitrogen atmosphere (100 mL/min) with a
heating rate of 10 °C/min from room temperature to 800 °C. Differential scanning calorimetry (DSC)
analysis was conducted using a DSC 250 calorimeter (TA Instruments) with high-purity nitrogen
flowing at 40 mL/min and heating and cooling rates of 10 °C/min. Detection of iron content on FR-
coated fibers was carried out with an MP-AES 4210 instrument. Tensile tests were carried out on a
Zwick/Roell Z010 universal testing machine in accordance with ISO 527-2.

The fire behavior was evaluated utilizing an oxygen consumption cone calorimeter (CCT) (Fire
Testing Technology Limited FFT Cone Calorimeter model and Noselab instrument (Nova Milanese,
Italy) following the ISO 5660 standard.

3. Results

3.1 FR-coated fibers characterization

The effectiveness of O3 pretreatment in the surface functionalization of flax fibers (FF) with
carboxylic groups and basalt fibers (BF) with -OH groups was checked through FT-IR analysis.
Pretreated FF showed a new signal at 1731 cm™ associated to carboxylic C=O stretching [18], while
BF exhibited new absorptions at 3365 cm™ and 1637 cm’!, attributed to adsorbed water and Si-OH
stretching, respectively [19]. TGA analysis of the ozonated FF indicated a marginal decrease in the
lignin degradation temperature, attributed to O3 improved reactivity toward phenols and polyphenols
[20]. Pretreated BF exhibited increased weight loss between 200 and 300 °C, likely due to the
depletion of surface hydroxyl groups [21]. FT-IR analysis of the fibers, following functionalization
with GA units, revealed signals corresponding to O-H stretching of the phenolic ring, C-C stretching
of the aromatic ring, C-O stretching, and O-H bending. These signals confirm the presence of GA
units bound to the surface of both fibers [22]. The successful functionalization is further corroborated
by a noticeable morphological change observed on the fiber surface, as depicted in SEM micrographs
(Figure 1). In Figures 1b and le, the previously clean and smooth surface of the untreated fibers
(Figure 1a and 1d) is replaced by a new rough layer, attributed to the immobilization of GA units. The
phenolic groups of GA units were then exploited for iron phenylphosphonate complexation. SEM
analysis of the resulting coated fibers (Figures 1c and 1f) revealed the occurrence of a distinct globular
coating on the fiber surface. EDS analysis confirmed the presence of phosphorus (P) and iron (Fe),
validating that the material adhered to the fiber was indeed iron phenylphosphonate. MP-AES analysis
revealed an iron loading of 0.1 wt% on both coated fibers, indicating a reduced amount but significant
complexation of Fe''-gallic acid units on their surfaces. TGA analysis of FR-coated BF showed two
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distinct stages of weight loss occurring in temperature ranges of 170-270 °C and 270-400 °C,
respectively. The 1.8 wt% decrease in the lower range is attributed to the decomposition of gallic acid
units [23] and phenyl moiety of FR complex, while the 5.4 wt% reduction at higher temperatures is
ascribed to the breakdown of C-C, C-H, and C-P bonds present in the structure of the
phenylphosphonic units [24]. FR-coated FF exhibited a maximum decomposition rate temperature
(Tmax) of 309 °C, which is lower than that of untreated FF (354 °C), and a second degradation step in
the temperature range from 400 °C to 520 °C. This can be attributed to the presence of the FR
complex; the shift to lower Tmax temperatures is ascribed to the degradation of gallic acid and
phosphonate phenyl moieties, which degrade at about 250-260 °C. Subsequently, the iron
phenylphosphonate undergoes a secondary stage of thermal degradation at temperatures above 420 °C,
associated with the decomposition of the organic constituents of the coordination complex and/or
dehydration of the H,PO4 and HPO4 groups formed during the thermal degradation process [25].
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Figure 1. SEM-EDS analysis of (a) neat FF, (b) GA unit-functionalized FF, (c) FR-coated FF, (d)
neat BF, (e) GA unit-functionalized BF and (f) FR-coated BF

3.2 PLA-based composites characterization

Fibers coated with the developed flame retardant (FR) complex were employed as reinforcement for
fabricating PLA-based composites. Both composites reinforced with coated fibers (PLA/FF-FeP and
PLA/BF-FeP) and those reinforced with uncoated fibers (PLA/FF and PLA/BF) were subjected to
thermal characterization. The PLA/BF composite exhibited a temperature corresponding to 5% weight
loss (Ts) at about 328.5 °C, a temperature for 10% weight loss (Tio%) at approximately 338.7 °C, and
a maximum decomposition temperature (Tmax) of roughly 358.1 °C. Conversely, PLA/BF-FeP
demonstrated slightly higher temperatures, with values of about 337.8 °C, 345.1 °C, and 365.6 °C for
Tsv%, Tio%, and Tmax, respectively. A marginal increase in temperature was also observed for PLA/FF-
FeP compared to PLA/FF. Specifically, PLA/FF recorded Tsv, Tio%, and Tmax values at roughly 308.4
°C, 319.4 °C, and 350.9 °C, while PLA/FF-FeP showed slightly higher readings at approximately 318.8
°C, 331.3 °C, and 359.1 °C, respectively. Therefore, despite the low load on the fiber surface, the
developed coating appears to be promising for improving the thermal stability of PLA composites.
DSC analysis revealed a peak of cold crystallization temperature (T..) at about 118.8 C for PLA/FF-FeP
and approximately 119.8 °C for PLA/FF. Conversely, no significant differences were observed between
PLA/BF and PLA/BF-FeP. To gain deeper insights into the impact of the flame retardant on the thermal
properties of the composite, DSC analyses were performed by incorporating the as-synthesized iron
phenylphosphonate into neat PLA at a concentration of 1 wt.% (PLA-FeP). The results revealed a
reduction in T, for PLA-FeP (about 111.0 °C) compared to neat PLA (about 115.2 °C), as well as a
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significant 65% increase in the degree of crystallinity. This suggests that the FR complex promotes the
nucleation phase of the PLA crystallization process.

Cone calorimetry tests were conducted on the composites to evaluate the flame-retardant properties of
the developed FR coating complex. PLA/FF-FeP compared to PLA/FF exhibited a slight increase in
time to ignition (TTI), a 7% reduction in the peak heat release rate (pHRR), and, most significantly, a
remarkable reduction in both specific extinction area (by about 68%) and total smoke released (87%),
hence highlighting the high smoke suppressant activity exerted by the treated fiber. In addition, a
reduction of 15% in the Fire Propagating Index (FPI = pHRR/TTI ratio) was recorded. When
comparing PLA/BF-FeP to PLA/BF, a slight increase in TTI was observed, along with reductions of
13%, 8%, and 14% in the time to flame out, pHRR, and FPI, respectively. Despite its minimal
presence on the fiber surface, the designed FR coatings acted as high efficient flame retardants.
Finally, some preliminary tensile tests were conducted to assess the impact of FR coating on the
mechanical properties of the composites. PLA/FF-FeP and PLA/BF-FeP exhibited a 5% and 17%
reduction in tensile strength, respectively, compared to PLA reinforced with the corresponding
untreated fibers. This decrease may be attributed to the presence of the organic-inorganic hybrid
coating, potentially acting as a stress concentrator [26]. Furthermore, the non-uniform distribution of
the coating on the fiber surface might have exacerbated this effect. Conversely, PLA/FF-FeP and
PLA/BF-FeP exhibited an increase in stiffness by 15% and 8%, respectively. This finding is likely to
be due to the enhancement of fiber stiffness resulting from the presence of the hybrid coating, thereby
leading to an increased Young's modulus for the composite. Further characterizations are needed to
validate these hypotheses.
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4. Conclusion

A sustainable method of coating basalt and flax fibers with an organic-inorganic hybrid flame
retardant has been successfully devised. This bioinspired coating process facilitates the immobilization
of iron phenylphosphonate on the fiber surface, utilizing moderate reaction temperatures and eco-
friendly solvents such as TAME and H»O. Comprehensive characterization analyses including SEM-
EDS, FT-IR, TGA, and MP-AES attest to the efficacy of the coating process, confirming the
successful grafting f the flame retardant onto the fiber surface.

The incorporation of these coated fibers into PLA-based composites resulted in improvements in
thermal stability and flame retardancy, despite the low loading of the FR coating on the fiber surface.
Cone calorimetry tests revealed such improvements as a slight increase in Time to Ignition (TTI), a
5% reduction in Peak Heat Release Rate (pHRR), and substantial decreases of 87% in Total Heat
Release (THR) and 68% in Smoke Evolution Area (SEA) for PLA/FF-FEP. Similarly, PLA/BF-FeP
exhibited an extended TTIL, reduced flame out time, an 8% decrease in pHRR, and a 15% decrease in
Fire Propagation Index (FPI) compared with neat fiber-reinforced composite.

However, PLA reinforced with FR-coated fibers showed a decrease in tensile strength compared to the
counterparts reinforced with unmodified fibers, likely due to the effect of the hybrid complex that
could act as a stress concentrator. Nonetheless, an increase in Young's modulus suggests a potential
influence of FR coating on fiber stiffness.

Acknowledgments

Financed by the European Union - NextGenerationEU (National Sustainable Mobility Center
CN00000023, Italian Ministry of University and Research Decree n. 1033 - 17/06/2022, Spoke 11 -
Innovative Materials & Lightweighting).

References

[1] A. Hejna, Renewable, Degradable, and Recyclable Polymer Composites. Polymers, 15(7): 1769,
2023.

[2] C.Bohringer. The Kyoto protocol: a review and perspectives. Oxford Review of Economic Policy,
19(3): 451-466, 2003.

[3] G.Rajeshkumar, S.A. Seshadri, G-L. Devnani, M.R. Sanjay, S. Siengchin, J.P. Maran, A.R. Anuf.
(2021). Environment friendly, renewable and sustainable poly lactic acid (PLA) based natural

©2024 | 3_PANTALEONI_Alessia_LWHCC.pdf:5



ECCM21

02-05 July 2024
Nantes - France

[3]
[6]
[7]

[10]

[11]

[20]

[21]

Proceedings of the 21st European Conference on Composite Materials
Volume 3 - Material and Structural Behavior — Simulation & Testing

fiber reinforced composites—A comprehensive review. Journal of Cleaner Production,
310:127483, 2021.

P. McKeown, M. D. Jones. The Chemical Recycling of PLA: A Review. Sustainable Chemistry,
1(1): 1-22,2020.

A. Sudamrao Getme, B. Patel. A Review: Bio-fiber’s as reinforcement in composites of polylactic
acid (PLA). Materials Today: Proceedings, 26:2116-2122, 2020.

R. Siakeng, M. Jawaid, H. Ariffin, S. M. Sapuan, M. Asim, N. Saba. Natural fiber reinforced
polylactic acid composites: A review. Polymer Composites, 40(2): 446-463, 2029

M. N. M. Azlin, S. M. Sapuan, R. A. Ilyas, E. S. Zainudin, M. Y. M. Zuhri. Natural Polylactic
Acid-Based Fiber Composites: A Review. Advanced Processing, Properties, and Applications of
Starch and Other Bio-based Polymers, 21-34, 2020.

W. S. Chow, E. L. Teoh, J. Karger-Kocsis. Flame retarded poly(lactic acid): A review. Express
Polymer Letters, 12(5): 396-417, 2018.

M. W. Chai, S. Bickerton, D. Bhattacharyya, R. Das. Influence of natural fibre reinforcements on
the flammability of bio-derived composite materials. Composites Part B: Engineering, 43(7):
2867-2874, 2012.

N. K. Kim, S. Dutta, D. Bhattacharyya. A review of flammability of natural fibre reinforced
polymeric composites. Composites Science and Technology, 162: 64-78, 2018.

F. Shukor, A. Hassan, M. Saiful Islam, M. Mokhtar, M. Hasan. Effect of ammonium
polyphosphate on flame retardancy, thermal stability and mechanical properties of alkali treated
kenaf fiber filled PLA biocomposites. Materials and Design, 54: 425-429, 2014,

L. Shumao, R. Jie, Y. Hua, Y. Tao, Y. Weizhong. Influence of ammonium polyphosphate on the
flame retardancy andmechanical properties of ramie fiber-reinforced poly(lactic acid)
biocomposites. Polymer International, 59(2): 242-248, 2010.

C. Yargici Kovanci, M. Nofar, A. Ghanbari. Synergistic Enhancement of Flame Retardancy
Behavior of Glass-Fiber Reinforced Polylactide Composites through Using Phosphorus-Based
Flame Retardants and Chain Modifiers. Polymers (Basel), 14(23): 5324, 2022.

K. E. Decsov, B. Otvés, T. T. T. Nguyen, K. Bocz. The Effect of Cellulose Fibre Length on the
Efficiency of an Intumescent Flame Retardant System in Poly(lactic acid). Fire, 6(3): 97, 2023.

D. P. Ferreira, J. Cruz, R. Fangueiro. Surface modification of natural fibers in polymer
composites. Green Composites for Automotive Applications, 3-41, 2018.

K. N. Raymond, E. A. Dertz, S. S. Kim. Enterobactin: An archetype for microbial iron transport.
Proceedings of the national academy of sciences, 100(7): 3584-3588, 2003.

A. Pantaleoni, F. Sarasini, P. Russo, J. Passaro, L. Giorgini, I. Bavasso, M.L. Santarelli, E.
Petrucci, F. Valentini, M.P. Bracciale, A. Marrocchi. Facile and Bioinspired Approach from
Gallic Acid for the Synthesis of Biobased Flame Retardant Coatings of Basalt Fibers. ACS omega,
9(17): 19099-19107, 2024.

B. Fathi, M. J. Harirforoush, Mr. R. Foruzanmehr, S. Elkoun, M. Robert. Effect of TEMPO
oxidation of flax fibers on the grafting efficiency of silane coupling agents. Journal of Materials
Science, 52(17): 10624-10636, 2017.

S. H. Kim, S. M. Park, S. J. Park. Role of dry ozonization of basalt fibers on interfacial properties
and fracture toughness of epoxy matrix composites. Nanotechnology Reviews, 10(1): 710-718,
2021.

Y. Rosen, H. Mamane, Y. Gerchman. Short Ozonation of Lignocellulosic Waste as Energetically
Favorable Pretreatment. Bioenergy Research, 12(2): 292-301, 2019.

L. Zhang, V.U. Kiny, H. Peng, J. Zhu, R.F. Lobo, J.L. Margrave, V.N. Khabashesku. Sidewall

functionalization of single-walled carbon nanotubes with hydroxyl group-terminated moieties.
Chemistry of Materials, 16(11): 2055-2061, 2004.

©2024 | 3_PANTALEONI_Alessia_LWHCC.pdf:6

wn
-
P
L
-
Z
®)
Y




ECCM21

02-05 July 2024
Nantes - France

[22]

[23]

[24]

Proceedings of the 21st European Conference on Composite Materials
Volume 3 - Material and Structural Behavior — Simulation & Testing

I. Mohammed-Ziegler, F. Billes. Vibrational spectroscopic calculations on pyrogallol and gallic
acid. Journal of Molecular Structure, 618(3): 259-265, 2002.

Z. Aytac, S. I. Kusku, E. Durgun, T. Uyar. Encapsulation of gallic acid/cyclodextrin inclusion
complex in electrospun polylactic acid nanofibers: Release behavior and antioxidant activity of
gallic acid. Materials Science and Engineering C, 63: 231- 239, 2016.

P. Bhanja, K. Ghosh, S. S. Islam, A. K. Patra, S. M. Islam, A. Bhaumik. New Hybrid Iron
Phosphonate Material as an Efficient Catalyst for the Synthesis of Adipic Acid in Air and Water.
ACS Sustainable Chemistry & Engineering, 4(12): 7147-7157, 2016.

B. Bujolv, P. Palvadeau, J. Rouxel. Synthesis of New Lamellar Iron(III) Phosphonates,”
Chemistry of Materials, 2: 582-589, 1990.

Z. Cao, C. Ren, Z. Wang. Copper phenyl phosphonate for epoxy resin and cyanate ester
copolymer with improved flame retardancy and thermal properties. e-Polymers, 23(1):20230004,
2023

©2024 | 3_PANTALEONI_Alessia_LWHCC.pdf:7

wn
-
P
L
-
Z
®)
Y




