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SUMMARY

The aim of the study was to design and produce composite packaging using sheep wool
fibre. An important aspect was the development of fully biodegradable and thermally
insulated packaging as an ecological alternative to commonly used packaging materials such
as expanded polystyrene. The samples were produced by injection moulding and examined
under a digital microscope. The surface wettability and wetting angle were measured with a
goniometer; surface roughness was measured with a Hommel Tester T1000 profile meter
using a TH300 sensor and a filter according to 1SO 11562; and infrared spectroscopy analysis
was carried out on a Bruker Tensor 27 spectrometer. To evaluate biodegradability, four
samples were placed in soil in an ageing chamber with two ultraviolet lamps with an intensity
of 35 W/cm? for 48 h. Then the samples were taken from the soil and washed with distilled
water. One hour in the ageing chamber approximates 5,645 hours of exposure to natural
solar radiation, and thus 48 h was equivalent to 30 years. They were examined under a digital
microscope and with a goniometer, and they were tested for thermal insulation over 20 h. The
composite packaging showed similar thermal insulation characteristics to those of expanded
polystyrene packaging. The addition of wool fibre caused the wetting angle value to increase.
Surface roughness increased considerably with the wool content of the samples. No new
chemical bonds are formed in the material, as the IR spectrum was unchanged (for the wool
fibre composites, peaks were observed to be at the same locations as for pure polylactide
samples). The introduction of wool fibres accelerated the biodegradation process.
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INTRODUCTION

The ongoing development of civilization, demographic changes, and increasing environmental
pollution caused by polymeric materials motivate the introduction of biodegradable modifiers and
raw materials (e.g. natural fibres) in materials engineering. A particularly important group in
materials engineering is composites, with a wide range of properties and environmental impacts
(Blicharski, 2001). Together with polypropylene, polyethylene, poly (vinyl chloride) and
poly(ethylene terephthalate), polystyrene currently accounts for 71% of global production, of which
polyolefines account for as much as 46%. Over the last eight years the demand for plastics by the
packaging industry has increased by as much as 60% (Kozera-Szatkowska, 2019). A Plastics
Europe report found that the packaging industry takes the lead in plastics use at 39,9%. The
demand for plastics by European Union converters is 51,2 million tonnes, while the collected
plastic waste in the same year was 29,1 million tonnes, of which only 32,5% was recycled, 42,6%
was used for energy recovery, and as much as 24,9% is stored in landfills
(https://Iwww.plasticseurope.org). To safeguard the natural environment, there is growing interest in
the use of natural fibres as modifiers in biodegradable composites (Chandramohan and Marimuthu,
2011). Wool fibre is distinguished by unique physicochemical properties such as high thermal
insulation value; therefore, it can be used as a component of biocomposites, in line with the
strategies of bioeconomy and sustainable development (Molik and Potocka, 2019). Wool fibre
products can increase hydrophobicity and exhibit good insulation properties, and they are
biodegradable. The aim of the study was to design and produce composite packaging using sheep
wool fibre. An important aspect of the study was the development of a fully biodegradable and
thermally insulated packaging material as an ecological alternative to commonly used packaging
materials. It was designed for application in the medical and pharmaceutical sectors.

MATERIAL AND METHODS

The thermally insulated and biodegradable packaging was made with the wool of Polish
Mountain Sheep (white and black fibres) kept at an experimental station of the Department of
Animal Nutrition and Biotechnology, and Fisheries, Faculty of Animal Science, University of
Agriculture in Krakow. Wool fibres were cleansed of grease and dirt using natural methods (water
and natural soap). The water temperature did not exceed 40°C. After soaking, the samples were
rinsed and dried on trays at room temperature. Sheep wool was a strengthening and modifying
phase of the composite. Polylactic acid 2003D (NatureWorks, trade name Ingeo) was used as the
matrix of the composite. The study was conducted at the laboratories of the Department of
Biomaterials and Composites, Faculty of Materials Science and Ceramics, University of Science
and Technology in Krakow.

Methods of producing the composite using sheep wool

White and black wool from Polish Mountain Sheep was used to prepare the composite material.
To determine the effect of the presence of wool in the polylactide (PLA) matrix, composites with
different contents of the wool fibre modifier were made.

The wool composite was made using an injection moulding method and a thermoforming
method. We designed one control sample containing polylactide alone (GO — 4 g of PLA) and eight
experimental samples of the composite containing sheep wool (G1 — 4 g PLA + 0,1 g of black wool
+ 0,1 g of white wool, G2 — 4 g PLA + 0,2 g of white wool, G3 — 4 g PLA + 0,2 g of black wool,
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G4 -4 gPLA +0,2 g of black wool + 0,2 g of white wool, G5 — 4 g PLA + 0,8 g of white wool, G6
—4 g PLA + 0,8 g of black wool, G7 — 4 g PLA + 1,2 g of white wool, G8 — 4 g PLA + 1,2 g of
black wool). The samples were obtained by the injection moulding method. Additionally, a 50x50
mm biocomposite box was made with wool fibre content of 85% =+ 4%.

An injection moulder (Zamak Mercator, Poland) was used to make the composite by the
injection moulding method. The injection moulding temperature was set at 225°C to prevent the
polylactide and wool from degradation. The injection moulding process was performed as soon as
possible after melting and homogenization of PLA and wool (homogenization in the extruder) to
avoid degradation of the wool fibre (2 min melting and plasticization of PLA matrix, 10 sec
injection moulding at a pressure of 10,000 N). The next stage of making the insulating plate from
natural and biodegradable components was the production of the packaging film. The polylactide
foil was made using a four-zone single-screw extruder (Zamak Mercator, Poland), which was filled
with polylactide granules. The temperatures in zones 1, 2, 3 and 4 were set at 173°C, 169°C, 170°C
and 170°C, respectively. The temperature in the joint between head and die was 170°C, and the
head temperature was 170°C. The extrusion process produced thin films that were subsequently cut
into pieces of about 16 cm. Next, the laminate was bonded with polylactide film. The polylactide
film was placed on the prepared wool layer, and then the two layers were bonded using a
temperature of 218°C until they were completely joined.

The composite laminate was made by high-temperature uniaxial thermoforming using a
hydraulic press (Werther, Germany).

Analysis of the composite made by injection moulding

The composite samples obtained by injection moulding were examined under a Keyence VHX-
900F digital microscope (Belgium). The surface wettability and wetting angle (contact angle) of the
samples were determined with a Kriiss DSA 10Mk2 goniometer (Germany). Ten measurements
were made for each sample. The results were used to calculate the average wetting angle for each
sample. The surface roughness of the materials and the Ra, Rt and Rz parameters were measured
with a Hommel Tester T1000 profile meter using a TH300 sensor and a filter according to I1SO
11562; the measuring range was 320 pm, the measuring length was 4,80 um, and the sampling
length was 0,8 mm. Infrared spectroscopy analysis was carried out on a Bruker Tensor 27
spectrometer. The analysis used the attenuated total reflectance (ATR) technique with a diamond
crystal in the middle infrared range of 4000-600 cm!, with a 4 cm resolution and 64 scans.

To evaluate the biodegradability of the composites, four selected samples (G 2, 3, 4, and 5)
were analysed. The samples were placed in a beaker in soil sampled in Krakow and the beakers
were placed in an ageing chamber with two ultraviolet lamps with an intensity of 35 W/cm? for 48
h. Then the samples were taken from the soil and washed with distilled water. One hour in the
ageing chamber approximates 5,645 hours of exposure to natural solar radiation, and thus 48 h was
equivalent to 30 years. Biodegraded samples were observed by microscopy (Keyence VHX-900F)
to assess changes that had occurred in the composites. Observations were made of samples exposed
to biodegradation in the soil as well as to those subjected only to ageing under UV radiation.

Analyses of the composite made by the thermoforming (hot pressing) method

The thermoformed composite (box) was subjected to thermal insulation tests. The hot-pressed
composite (50x50 mm in size and with a wool fibre content of 85% =+ 4%) was tested for thermal
insulation over 20 h. An expanded polystyrene container commonly used for transporting
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medicines was used as control packaging. Samples with water frozen at -80°C were placed in the
experimental packaging (wool composite) and the control packaging, and the temperature was
measured for 20 h.

RESULTS AND DISCUSSION

Analysis of the results for wetting angle in the samples obtained by injection moulding showed
that the addition of wool increased the wetting angle (Table 1). The wetting angle for the control
sample GO was lowest at 54,4°. The highest wetting angle was obtained for the samples G4 (97,1°)
and G1 (85,7°). Among the samples with added wool, the lowest wetting angle value was recorded
for sample G5 (79,0°) (Table 1).

Table 1

Results of contact angle test for samples obtained by the injection method

Sample name Type of sample Contact angle [°]
GO - control 4gPLA 54,4
Gl 4 g PLA +0,1 g white wool + 0,1 g black wool 8,7
G2 4 g PLA + 0,2 g white wool 8,8
G3 4 gPLA +0,2 g black wool 84,2
G4 4 g PLA + 0,2 g white wool + 0,2 g black wool 97,1
G5 4 g PLA + 0,8 g white wool 79,0
G6 4 gPLA +0,8 g black wool 83,4
G7 4 g PLA + 1,2 g white wool 80,7
G8 4 gPLA + 1,2 g black wool 82,4

Surface roughness tests were performed for each sample based on three measurements, each of
which covered a different measuring length. This yielded the average Ra, Rt and Rz values for the
entire composite. The results showed that surface roughness increased considerably with the wool
content of the samples (Table 2).
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Table 2

Roughness results of samples produced by the injection method

Wool/PLA

Sample weight Ra Rt Rz Ragr oRa Rts oRt Rz oRz

name ratio [um]  [pm] [pm] [pm] [um] [pm] [pm]  [pm]  [pm]
013 228 091

GO 0,00 077 750 426 041 033 406 298 213 1,85
033 239 121
029 11,56 3,16

G1 0,05 081 1908 7,79 091 068 1648 426 7,03 3,55
163 1879 10,14
1,04 1653 8,09

G2 0,05 095 11,89 6,64 09 007 1222 416 6,72 1,33
090 823 543
013 1,11 0,68

G3 0,05 018 332 165 057 072 723 876 3,72 446
1,40 17,27 884
098 977 6,73

G4 0,1 1,04 1347 738 098 006 1184 189 7,39 0,67
093 12,29 8,06
082 13,07 7,75

G5 0,2 048 12,74 549 1,30 114 2045 13,06 12,16 9,66
2,61 3553 2324
142 1652 9,62

G6 0,2 151 1700 7,83 1,77 054 1828 264 11,09 4,20
2,39 21,32 1583
158 2216 12,14

G7 0,3 1,10 17,37 820 147 0,533 1763 441 1029 1,98
1,73 13,36 10,53
2,62 21,36 16,00

G8 0,3 1,00 2036 1049 19 085 2046 085 13,70 2,87
2,26 19,66 14,62

FTIR-ATR spectroscopy showed peaks at the same locations for the wool fibre samples and
pure polylactide samples. This means that no new chemical bonds were formed in the material.
FTIR spectra revealed no functional groups derived from wool fibre proteins, which demonstrates
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good coverage of the fibres by the polylactide (PLA) matrices. The presence of hydroxyl groups on
the fibres allows for good dispersion of fibres within the PLA matrix and prevents the
agglomeration of fibres (Figures 1a and 1b).
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Fig. 1a and 1b. IR spectrum for pure PLA and composite wool/PLA samples
Real model tests of thermal insulating power demonstrated that the packaging with sheep wool
fibre is effective at inhibiting temperature increase inside the packaging. The temperature

measurements recorded over 21 h revealed that the composite packaging has similar thermal
insulation characteristics to those of expanded polystyrene packaging (Figure 2).
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Fig. 2. Results of the thermal insulation test

Microscopic analyses of the samples before the ageing process showed that the fibres in the
samples obtained by injection moulding were arranged randomly. Importantly, in the samples with
high fibre content, the fibres were arranged in the direction of the injection moulding. The surface
of the samples was smooth and showed no defects, and the fibres were evenly distributed. The
addition of wool fibres accelerated the biodegradation process. Due to its hygroscopic properties,
the wool transported water to the composted sample and hydrolysed (broke down) the sample from
inside, as shown in microscopic photographs (Phot. 1).

Photo 1. A microscope photo of a sample containing 0,8 g (4,8 g sample weight) of wool (G6)
before the ageing process
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Microscopic observations after the ageing process revealed that the pure polylactide samples
and the composite samples with low wool content did not differ significantly in terms of
biodegradability. However, accelerated biodegradability was found for the samples with high wool
content (samples G7 and G8). This provides evidence that increased wool content accelerates this
process considerably (Phot. 2 and 3).

Photo 2. Advancement of the biodegradation process in wool/PLA sample subjected to 48-h ageing
in the ageing chamber (left G7, right G8)

Photo 3. Advancement of the biodegradation process in wool/PLA sample (G8)
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The present study showed that the addition of wool generally increased the wetting angle. This
provides evidence that the addition of wool makes the composite less wettable, which means that it
will provide better protection against moisture compared to pure polylactide. The laminates used
have very similar wetting angles, so the addition of wool fibre may influence the physical
properties of the surface irrespective of the testing technique (Andrzejewska and Topolinski, 2015).
The results showed that surface roughness increased significantly with the wool content. This
parameter describes the degree to which the surface of the biocomposites is uneven and how it is
affected by wool. According to literature data, the higher the roughness, the quicker the breakdown
of the packaging (Kaczmar and Pach, 2006). A rough surface and deep open porosity on the surface
is conducive to the attachment of fungi and microorganisms involved in biodegradation (Phot. 4).

Photo 4. Photos of the PLA/sheep wool composite: left — freshly produced; middle — after
composting in moist soil; right — after exposure to UV light

The material roughness index affects the rate of biodegradation of the composite. The greater
the surface development, the more microorganisms will have access to the surface of the
composted material (Chandramohan and Marimuthu, 2011; Akcagun et al., 2017).

For the wool fibre composites, peaks were observed to be at the same locations as for pure
polylactide samples. This means that no new chemical bonds are formed in the material, as any new
bonds would be recorded as separate peaks in the spectrum. Owing to the presence of hydroxyl
groups in wool fibre, the PLA mixture is easily homogenized in processing technology (Qin et al.,
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2011). This is an important feature for the use of this biocomposite in industry, building
engineering, and agriculture (Azwa et al., 2013; Kim et al., 2015).

The tests for thermal insulating power (results in Fig. 2) demonstrated that the composite
packaging containing wool fibre had the same characteristics as the expanded polystyrene
packaging. The introduction of the wool felt modifier, which shows thermal insulation properties,
into the PLA matrix improved the thermal insulation of the designed and tested biocomposite as a
whole. Sheep wool and felt made from it have good thermal insulation properties (Mao and Russel,
2007; Mukherjee and Kao, 2011; Gieremek and Cie$la, 2012). Therefore, the use of this fibre
resulted in a composite with good thermal insulation properties. Thermal insulation and
biodegradability are important aspects of the composite. Microscopic observations revealed little
difference in the biodegradability of the pure polylactide samples and low-wool samples, whereas
the samples with high wool were biodegraded. This indicates that increased wool content
considerably accelerates this process. Today, due to packaging waste management problems, much
packaging waste does not enter the waste neutralization system (Latos-Brozio and Masek, 2020;
Ragaisiené et al., 2016). The composite produced and tested in the present study will decompose
completely without harming the environment, even if it does not reach the waste management
system. Composite materials with natural phases (wool fibre/biodegradable matrix) are not subject
to waste law and can be decomposed in compost bins, and when they reach a landfill they will be
reduced with time to H20 and CO: (Bledzki and Gassan, 1999; Getme and Patel, 2020).

CONCLUSION

Wool fibre, which has unique physicochemical characteristics, can be used as a component of
composite materials, in line with the strategy of bioeconomy and sustainable development. The
search for alternative solutions for mixed wool management may support sheep farming in Poland.
The present study involving sheep wool demonstrated that the hydrophobicity of a material
increases with the wool fibre content of the samples. The packaging containing sheep wool fibre
has good insulating properties and is biodegradable. The development of a composite technology
involving sheep wool for use in the construction industry, agriculture or medicine may help to put
this type of fibre to use in Poland. Furthermore, our study showed that the composite product is
biodegradable and may offer an alternative to the commonly used expanded polystyrene packaging.
The introduction of sheep wool fibre-reinforced composites will contribute to the economic
activation of mountain regions and have a positive environmental impact.

REFERENCES

1. Andrzejewska A., Topolinski T., (2015). Biodegradable polymers for biomedical applications.
Postepy Inzynierii Mechanicznej, 6(3): 5-12

2. Akcagun E., Bogustawska-Baczek M., Hes L. (2017). Thermal insulation and thermal contact
properties of wool and wool/PES fabrics in wet state. Journal of Natural Fibers, 16(2): 199-208,
https://doi.org/10.1080/15440478.2017.1414650

3. Azwa Z.N., Yousif B.F., Manalo A.C., Karunasena W. (2013). A review on the degradability of
polymeric composites based on natural fibres. Materials & Designe, 47: 424-442,
https://doi.org/10.1016/j.matdes.2012.11.025

4. Bledzki A.K., Gassan J. 1999. Composites reinforced with cellulose based fibres. Prog.
Polym. 221-274, https://doi.org/10.1016/S0079-6700(98)00018-5

66 ANIMAL SCIENCE AND GENETICS, vol. 18 (2022), no 3


https://www.sciencedirect.com/science/article/abs/pii/S0261306912007832#!
https://www.sciencedirect.com/science/article/abs/pii/S0261306912007832#!
https://www.sciencedirect.com/science/article/abs/pii/S0261306912007832#!
https://doi.org/10.1016/j.matdes.2012.11.025
https://www.sciencedirect.com/science/article/pii/S0079670098000185#!
https://www.sciencedirect.com/science/article/pii/S0079670098000185#!
https://doi.org/10.1016/S0079-6700(98)00018-5

Production of biodegradable packaging with sheep wool fibres for medical applications..

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Blicharski M., (2001). Introduction to Materials Engineering. Wydawnictwo Naukowo
Techniczne, Warszawa.

Chandramohan D., Marimuthu K. (2011). A review on natural fibers. International. Journal of
Research and Reviews in Applied Sciences, 8: 194-206,
www.arpapress.com/Volumes/Vol8lssue2/IJRRAS_8 2 09.pd

Getme A.S., Patel B. (2020). A Review: Bio-fibers as reinforcement in composites of polylactic
acid (PLA). Materials Today: Proceedings, 26(2): 2214-7853,
https://doi.org/10.1016/j.matpr.2020.02.457

Gieremek K., Cie§la W. (2012). Natural Wool Fabrics in Physiotherapy. Physical Therapy
Perspectives in the 21st Century — Challenges and Possibilities. Intech. Open. 177-194,
www.intechopen.com, ISBN 978-953-51-0459-9

Kaczmar J.W., Pach J. (2006). The use of natural fibers as fillers of polymer composites.
Polimery. 51; 10, 722-726

Kim J.H., Shim B.G., Kim H.S,, Lee Y.J., Min S.K., Jang D., Abas Z., and Kim J. (2015).
Review of Materials Nanocellulose for Sustainable Future. International Journal of Precision
Engineering and Manufacturing-Green Technology, 2: 197-213

Kozera-Szatkowska A. (2019). Plastics market - production, demand, waste management (in
Polsih). Polimery, 64: 11-12, https://doi.org/10.14314/polimery.2019.11.3

Latos-Brozio M., Masek A. (2020). Biodegradable Polyester Materials Containing Gallate.
Polymers, 2-18, doi: 10.3390/polym12030677

Mao N., Russell S.J. (2007). The Thermal Insulation Properties of Spacer Fabrics with a
Mechanically Integrated Wool Fiber Surface. Textile Researcher Journal. 77(12): 914-922,
https://doi.org/10.1177/0040517507083524.

Molik E., Potocka A. (2019). Selected issues related to the possibility of using sheep wool (in
Polish). Przeglad Hodowlany. 3: 31-33

Mukherjee T., Kao N. (2011). PLA Based Biopolymer Reinforced with Natural Fibre: A
Review. Journal of Polymers and the Environment. 19: 714-725,
https://doi.org/10.1007/s10924-011-0320-6

RagaiSiené A., Rusinavic¢iaité J., MilaSiené D., Ivanauskas R., 2016. Comparison of Selected
Chemical Properties of Fibres from Different Breeds of Dogs and German Blackface
Sheep.Fibres & Textiles on Eastern Europe. 5(119): 21-28, doi: 10.5604/12303666.1215522
Qin L., Qin J,, Liu M., Ding S. Shao S. Liang S., Li S., Zhang G. Zhao Y., Fu X. (2011).
Mechanical and thermal properties of poly(lactic acid) composites with rice straw fibre
modified by poly(butyl acrylate). Chemical Engineering Journal, 166 (2)15: 772-778

Plastics — the Facts 2021. An analysis of European plastics production, demand and waste.
https://www.plasticseurope.org

ANIMAL SCIENCE AND GENETICS, vol. 18 (2022), no 3 67


http://www.arpapress.com/Volumes/Vol8Issue2/IJRRAS_8_2_09.pd
http://www.intechopen.com/
https://www.springer.com/journal/40684/?msclkid=f3f61daec3bc11ec9f5a848f3ab26609
https://www.springer.com/journal/40684/?msclkid=f3f61daec3bc11ec9f5a848f3ab26609
https://doi.org/10.1007/s10924-011-0320-6
http://yadda.icm.edu.pl/yadda/element/bwmeta1.element.baztech-13039d10-8df9-48e3-90ad-74fa9a91bc83
https://doi.org/10.5604/12303666.1215522
https://www.sciencedirect.com/science/article/abs/pii/S1385894710011356#!
https://www.sciencedirect.com/science/article/abs/pii/S1385894710011356#!
https://www.sciencedirect.com/science/article/abs/pii/S1385894710011356#!
https://www.sciencedirect.com/science/article/abs/pii/S1385894710011356#!
https://www.sciencedirect.com/science/article/abs/pii/S1385894710011356#!
https://www.sciencedirect.com/science/article/abs/pii/S1385894710011356#!
https://www.sciencedirect.com/science/article/abs/pii/S1385894710011356#!
https://www.sciencedirect.com/science/journal/13858947
https://www.sciencedirect.com/science/journal/13858947/166/2

