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Abstract: The need for sustainable alternatives to conventional plastic mulches in agriculture has
led to the development of various types of biodegradable mulches made from natural fibres and
biopolymers to reduce environmental pollution and mitigate soil pollution caused by conventional
plastic mulch usage. Degradation, impact on soil temperature and humidity, and weed suppression
properties of needle-punched nonwoven mulches of different mass per unit area, made of jute, hemp,
viscose, and PLA biopolymer, are investigated. Their biodegradation is determined by changes in
the mulch properties (mass per unit area, thickness, air permeability, tensile properties, microscopic
images, and FTIR analyses) during 300 days of exposure to the environmental conditions in the
period from May 2022 to February 2023. The change in mass per unit area, thickness, air permeability,
and tensile properties of nonwoven mulches did not show a tendency to degrade during exposure
to environmental conditions. The microscopic and FTIR analysis showed the degradation of the
fibres from the mulches during the exposure time to a certain extent. The environmental conditions
influence the change in the dimensions of the mulches (shrinkage and expansion)—which impact
periodically tested mass results per unit area—as well as their thickness and air permeability. The
nonwoven mulches provide higher temperatures compared to bare soil, though not as high as those

ﬁr;)e; ﬁtfé’sr observed beneath traditional agricultural foil. When comparing the humidity in bare soil and soil
Citation: Marasovi¢, P; Kopitar, D.; covered by mulches during the plant growth period (June to October), it was found that soil humidity
Brungek, R.; Schwarz, 1. Performance was higher beneath all mulches. The nonwoven mulches provide superior soil moisture retention
and Degradation of Nonwoven compared to conventionally used agrofoil. Almost all nonwoven mulches effectively suppressed
Mulches Made of Natural Fibresand  weed growth, except hemp mulches. The newly produced mulches have the potential to replace

PLA Polymer—Open Field Study. traditional agrofoil, offering improved conditions for plant growth, effective weed control, and faster
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1. Introduction

Mulching is a practice in modern agriculture and horticulture that improves soil
BY fertility, reduces weed growth, conserves moisture, and maintains optimal soil temperature.

Copyright: © 2023 by the authors.  In agriculture, low-density polyethylene foil mulches (LDPE foil) have been used for more
Licensee MDPI, Basel, Switzerland.  than 50 years. In agriculture, plastic products have increasingly come into use. Annually,
This article is an open access article  for agricultural applications, more than 2 million tons of plastic are used, whereas in
distributed under the terms and  Agia and Europe, particularly countries located in the Mediterranean basin, consume the
majority of these products. Polyethylene mulch foils, usually after two years of use, must
be removed from fields and disposed of, since they lose mulching properties (break down)
and do not naturally degrade on the soil [1].
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Removal of plastic agricultural mulch foils is time-consuming (about 16 h/ha) and,
despite the usage of machines, still requires hand labour [2]. Therefore, the need for sustain-
able alternatives to conventional plastic mulches in agriculture has led to the development
of various types of biodegradable mulches made from natural fibres and biopolymers.

Biodegradable mulches have the potential to reduce environmental pollution and
mitigate soil pollution caused by the use of conventional plastic mulches [3,4]. Conven-
tional plastic mulches have raised environmental concerns due to their non-biodegradable
nature and negative impact on soil health. The mulching foil residual, left in the field,
may interfere with the plant root development of the subsequent crop. On the contrary,
natural mulches maintain the soil’s organic matter, keep the soil loose, and provide food
and shelter for earthworms and other desirable soil biota [2]. In recent years, the usage
of nonwoven biodegradable mulch has gained popularity in agriculture and horticulture.
Biodegradable mulches are usually made from natural and renewable sources, such as jute,
flax, and hemp, and are designed to break down in the soil after use. Biodegradability is
a crucial aspect of these mulches, since by their degradation soil is enriched and waste
is minimised, eliminating conventional mulch’s environmental impact. Biodegradability
refers to the capacity of a polymer to break down with the assistance of living organisms
into fundamental components, such as water, carbon dioxide, methane, essential elements,
biomass, and humic matter [5]. The process of polymer degradation involves the reduction
of its molecular weight through chemical reactions such as oxidation, photodegradation,
and hydrolysis, facilitated by microorganisms in both aerobic and anaerobic environments.
As a result, the polymer experiences a loss of its physical, mechanical, and chemical prop-
erties [6]. In response to the negative impact of conventional plastic mulches, researchers
are exploring raw materials from natural and renewable sources to produce nonwoven
biodegradable mulches as a sustainable alternative.

Research has found that nonwoven biodegradable mulch made from bast fibres, such
as flax and hemp, can be an effective alternative to black polyethylene woven mulch for
outdoor composting. A study revealed that mulches made of bast fibres can improve
soil health, retain nutrients, reduce waste, suppress weeds, and increase plant yield. The
degradation of flax and hemp mulches depends on environmental factors such as humidity,
temperature, and UV radiation. Higher soil humidity and temperature result in faster
mulch degradation. Insects and worms were able to fully degrade the nonwoven fabric
made from hemp fibres coated with carbon black-based pigment, making it easy to slice
with a garden shovel [7]. Other studies revealed that jute nonwoven mulches increased
yield, suppressed weeds, increased moisture and available N, P, and K contents, the organic
carbon, available N, P,Os, and K,O to the plant and microbial population of the soil com-
pared to the conventional plastic agrotextiles. Due to providing the necessary microclimate
for plant growth by releasing all the mentioned minerals and chemical compounds, jute
nonwoven mulch outperformed rice straw and polythene mulches in increasing broccoli
yield. Compared with woven fabrics, nonwoven fabrics degrade faster than woven fabrics
and lead to faster growth of seedlings as well [8-10]. Among cellulose fibres, viscose fibre
has become increasingly popular for developing mulches and plant seedling products due
to its strong sorption capabilities and rapid biodegradability. Given its porous structure,
one of the primary advantages of viscose nonwoven mulch is that it improves soil moisture
retention. This is especially useful in dry or desert areas where water conservation is
essential for crop development and production. Also, there is evidence that modification of
viscose by dyeing, adding a PLA layer to the surface, and incorporating potassium nitrate
lead to better biodegradability achieved in terms of weight loss, ultimately eliminating the
issue of postharvest mulch disposal [11].

Using mulches, notably nonwoven mulches made from PLA biopolymer, boosts yield
and provides higher-quality crops [12-15]. Research in which PLA mulches were used
revealed greater soluble sugars and dry matter levels, and lower concentrations of nitrate
ions in tomatoes compared to the un-mulched tomato [12]. Investigation of microbes’ role
in PLA degradation obtained in compost and microorganism-rich soil showed that the
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fastest degradation occurs at elevated temperatures (45 °C and 50 °C). At slightly lower
temperatures (25 °C and 37 °C), the degradation rate was low or almost non-existent during
12 months of environmental exposure. The scientists stated that more research is needed to
identify the microbes responsible for the accelerated breakdown of PLA [16]. Puchalski et.
al. were on a similar track as far as the degradation of PLA biopolymer is concerned. An
investigation of the structural changes in PLA spun-bonded mulching nonwovens after two
years of outdoor composting showed that degradation of semi-crystalline PLA materials
using the outdoor composting method in various climatic conditions is not satisfying. PLA
spun-bonded mulching nonwovens degraded slowly and were affected by environmental
conditions. The addition of a nitrogen agent slightly accelerated degradation [17]. The
PLA nonwoven biodegradation tests performed under laboratory conditions showed that
PLA nonwoven fabrics are entirely biodegradable after 16 weeks of biodegradation, with
weight loss reaching 100%. The laboratory conditions simulated composting using the
mass loss method with constant process parameters, a temperature of 58 + 2 °C, pH 7, and
inoculum humidity W = 52.6%. The nonwoven fabrics subjected to biodegradation had
a mass per unit area of about 60 g/m?. SEM photos revealed a susceptibility to complete
biodegradation under simulated laboratory composting and maximum mass loss [18].

The microporous structure of organic nonwoven mulches allows for light, air, and
water to be transmitted to the soil, improving soil structure and enhancing soil nutrient
availability, resulting in increased crop yield and quality, unlike plastic film [19]. Aside
from raw materials and nonwoven fabric manufacturing technology, mass per unit area
and thickness influence soil temperature and humidity fluctuations [20,21]. The critical role
in air and water transmission through nonwoven mulch is fabric pore geometries. During
the exposure of nonwoven fabrics to external conditions, the fabric is degraded, which
changes its structure. Therefore, the positive impact of organic mulches on the soil during
a given period is hard to estimate.

In this study, degradation of needle-punched nonwoven mulches of different mass
per unit area, made of jute, hemp, viscose, and PLA biopolymer, and their structural
changes during 300 days of exposure to an open field is investigated. Performance, i.e., the
nonwoven mulches’ impact on soil temperature and humidity, and their weed suppres-
sion properties are analysed. The possibility of conventional agrofoil replacement with
investigated biodegradable mulches is determined.

2. Materials and Methods

The field test was realised at Donji Laduc, Croatia (45°53' N, 15°44’ E), where the
climate is humid continental (Dfa) according to Képpen—Geiger’s classification. The ex-
periments were started on 25 April 2022 through the deposition of 7 nonwoven mulch
replication plots on the soil, where the last replication plot of nonwoven mulches was
collected in February 2023.

The nonwoven mulches were produced on the same technological line, with the same
production parameters. The line included a web forming on the card, and web bonding
using the needle-punching process (Table 1).

Table 1. Basic parameters of nonwoven mulch production.

Feeding Speed, m/min 12-22 (Depending on Mulch Mass per Unit Area)
Card speed, m/min 29

Cross-lapper speed, m/min 14.5

Number of web layers 6-16 (depending on mulch mass per unit area)
Pre-needling speed, m/min 4.5

Number of needles in the pre-needling board 7500

Needling speed, m/min 5

Number of needles in the needling board 15,500

Winding speed, m/min 4.6

Working width, m 15
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Mulches were produced from hemp, jute, and viscose fibres supplied by Derotex NA
and polylactide fibres, PLA fibres, from corn starch (NatureWorks BV, Plymouth, MN,
USA) in a nominal mass per unit area of 200 g/m? and 400 g/m?. The performance and
degradation of newly produced nonwoven mulches were compared with conventional
agrofoil that was included in the field experiment. The labelling of samples is shown in
Table 2.

Table 2. The nonwoven mulch labelling.

Label Fibre Type Nominal Mass per Unit Area, g/m?
CV 200 Vi 200
CV 400 1scose 400
Jute 400 Jute 400
Hemp 400 Hemp 400
PLA 200 L 200
PLA 400 PLA (polylactic acid) 400
Agrofoil Conventional agrofoil 28

The mass per unit area of nonwoven mulch made from hemp and jute was 470 g/m?,
that of regenerated viscose fibres was 200 g/m? and 410 g/m?, while the mass per unit area
of PLA biopolymer fibres mulch was 250 g/m? and 360 g/m?2. A commercially available
PE agrofoil mass per unit area of 28.17 g/m? and a control field (uncovered field) were
included in the field experiment to compare outcomes with traditionally used mulching
materials and un-mulched soil. The nonwoven mulches and agrofoil of 2.25 m? (1.5 m
x 1.5 m) were placed on the soil in randomly arranged blocks of seven replication plots,
including the control fields (Figure 1).

Figure 1. The field experiment with nonwoven fabric mulches.

The first four rows or replication plots of nonwoven mulches and PE agrofoil were
removed monthly (four months in a row, from June to September) and after that every
two months until the end of the experiment (from November to March) to evaluate the
nonwoven mulches’ biodegradation and weed suppression ratio during the field trial. In
total, the seven rows of nonwoven mulches were removed from the field in the explained
time sequence, and one row of mulches not subjected to weathering (zero samples) was
tested on performance and biodegradability. During 300 days of trial, soil temperature
and moisture beneath mulches on the field were recorded once per week. Degradation of
mulches was recorded throughout the physical-mechanical tests described below.
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2.1. Nonwoven Mulches Mass per Unit Area

Mass per unit area is tested according to the current standard for nonwoven textiles,
ISO 9073-1:2023 [22]. The five samples were sized to a dimension of 350 mm x 200 mm.
Using an analytical balance with a precision of +0.0001 g, the mass of the samples was
measured. The mass per unit area (g/m?) was determined according to the obtained mass
of nonwoven fabrics, expressed per square meter.

2.2. Nonwoven Mulch Thickness

The procedure for “normal nonwoven fabrics” thickness was used, that is, for nonwo-
ven fabrics that are compressible up to 20%. The pressure applied was 1 kPa. A total of ten
samples for each nonwoven sample were prepared and tested according to the standard
ISO 9073-2:2003 [23].

2.3. Nonwoven Mulches” Air Permeability

The air permeability of nonwoven fabric is measured as the speed of the airflow
passing vertically through a nonwoven fabric in specific and set conditions. The nonwoven
fabrics were measured on the Air Tronic device, (Mesdan S.p.A, Puegnago del Garda BS,
Italy), according to the ISO 9073-15:2008 standard [24]. A flow rate of 10 litres per minute
was used, regulating airflow until the desired pressure drops of 100 Pa were achieved,
using a circular test area of 10 cm?. Results were expressed in cm®/cm? /s, and statistically
processed. Five samples were tested for each type of nonwoven fabric.

2.4. Nonwoven Mulch Tensile Properties

The mulches’ breaking force and elongation at the break are determined according to
the standard for nonwoven fabric tensile strength and elongation at the break on wide strips
(ISO 9073-3:2023) [25]. The five samples per mulch type in the machine direction (MD) and
five samples in the cross-machine direction (CD), with dimensions of 350 mm x 200 mm,
were tested. The mulches were tested on tensile tester Tenso Lab 5000 (Mesdan S.p.A,
Puegnago del Garda BS, Italy). Tests were performed at a constant speed of 100 mm/min
with a pretension of 5 N.

2.5. Microscopic Images

The fibres taken from nonwoven mulches, unexposed and after exposure to the
environmental conditions, were analysed using a microscope equipped with a 5 MP digital
camera and an LCD monitor from Bresser, Germany. The analysis was conducted at
two magnification levels, i.e., X400 for jute and hemp fibres, and x1600 for viscose and
PLA fibres.

2.6. FTIR Analysis

The FTIR spectra of both control and fibre from the nonwoven mulches exposed to
environmental conditions were acquired using a Fourier-Transform Infrared Spectrometer
(Perkin Elmer Spectrum One, Waltham, MA, USA). The analyses were conducted at room
temperature and under ambient humidity conditions. The solid samples in their origi-
nal state were positioned on the ATR crystal, ensuring complete coverage and applying
pressure. Spectra were recorded within the range of 4000 cm ! and 650 cm !, utilizing a
resolution of 4 cm~!. Each spectrum was generated by averaging four individual scans.

2.7. Soil Temperature and Moisture beneath Nonwoven Mulches

The soil moisture percentage beneath mulches and on the control field (uncovered bare
soil) was measured using a PMS-714 soil moisture meter by Lutron Electronic Enterprise
Co., Ltd, Taipei, Taiwan, at a soil depth of 15 cm. The soil temperature beneath mulches
and on the control field was measured at the same depth with a LabTherm XL (Dostmann
electronic GmbH, Wertheim-Reicholzheim, Germany), a bi-metal dial thermometer with
a long probe made of waterproof stainless steel. From the nearest hydrometeorological
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station, the air temperature and humidity during the exposure of mulches to environmental
conditions were obtained.

2.8. Weed Suppression

The ability of the material to suppress weeds was evaluated by comparing the mass
of weeds collected on each nonwoven fabric type regarding the mass of weeds grown on
the control field, expressed as a percentage. From each nonwoven fabric type, at certain
time intervals (at 30, 60, 90, 120, 180, 240, and 300 days), weeds were cut directly above the
material (Figure 2), that is, above the soil in the control field.

Figure 2. Weed cutting above nonwoven mulches to determine weed suppression ratio.

The collected weeds were dried for the absolutely dry sample and then weighed on
an analytical balance. The mass of weeds on the control sample was taken as 100% of
weeding, where the percentage of weeding on each nonwoven fabric type and agrofoil was
calculated and expressed regarding the weeding of the control field.

3. Results and Discussion
3.1. Mass per Unit Area, Thickness, and Air Permeability of Nonwoven Mulches
The results of mass per unit area, thickness, and air permeability of nonwoven mulches

before exposure to environmental conditions (0 days) and after 30, 60, 90, 120, 180, 240, and
300 days of exposure are presented in Table 3.

Table 3. The mass per unit area, thickness, and air permeability of nonwoven mulches before (0 days)
and after 30, 60, 90, 120, 180, 240, and 300 days of exposure to environmental conditions.

Days
Mulch Parameter
0 30 60 90 120 180 240 300
Mass per unit area, g/m2 203.0 132.7 153.6 214.5 195.7 227.0 D D
CV 200 Thickness, mm 3.0057  2.0417 17710 27261 22607  2.5250 D D
Air permeability, cm3/cm? /s 77.5 108.5 86.1 86.6 92.7 82.9 D D
Mass per unit area, g/m? 410.8 338.1 320.9 342.4 287.4 308.8 289.2 333.2
CV 400 Thickness, mm 6.2356 41623 35085  3.6715  3.1298  3.3550  3.1417  3.8754
Air permeability, cm3/cm? /s 31.5 32.6 419 423 413 35.2 34.2 422
Mass per unit area, g/ m?2 468.8 407.5 387.1 387.8 357.9 358.1 D D
Jute 400 Thickness, mm 51865  6.0426  6.1834 55490 5.7218  5.3435 D D
Air permeability, cm3/cm? /s 126.5 162.8 148.3 223.2 175.0 157.8 D D
Mass per unit area, g/m? 473.4 377.5 374.1 393.0 367.4 4111 373.8 D
Hemp 400 Thickness, mm 41064 49731 46549 48516 51634  4.5602  4.9774 D
Air permeability, cm3/cm? /s 199.4 257.7 168.9 234.1 230.8 219.8 190.9 D
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Table 3. Cont.
Days
Mulch Parameter

0 30 60 90 120 180 240 300

Mass per unit area, g/ m?2 250.6 232.5 242.3 240.3 211.7 228.2 230.3 240.3
PLA 200 Thickness, mm 4.0878 4.0912 4.0752 3.9841 4.3793 3.7534 4.4299 4.2813
Air permeability, cm3/cm? /s 186.7 184.5 167.7 183.1 198.1 186.6 187.1 173.4

Mass per unit area, g/ m?2 363.9 333.9 351.5 374.8 333.3 363.8 368.1 364.9
PLA 400 Thickness, mm 5.3825 5.6741 5.7106 6.0134 6.0587 5.7648 5.7697 5.7665
Air permeability, cm3/cm? /s 113.3 118.6 121.9 119.4 119.2 116.4 118.5 111.7

Aerofoil Mass per unit area, g/m2 28.2 28.9 29.3 29.4 29.5 26.6 304 29.8
& Thickness, mm 0.0670 0.0657 0.0628 0.0589 0.0774 0.1391 0.1259 0.0862

Note: D—degradation

The mass per unit area and thickness of nonwoven mulch do not decrease linearly with
time, i.e., mass and thickness increase and decrease over time. Although it is assumed that
under the influence of weather conditions (temperature, humidity, precipitation) and soil
(microorganisms), the decomposition of fibres of the mulches should occur, the degradation
of nonwoven fabrics produced on the card and bonded by needle-punching cannot be
monitored by mass or thickness reduction. Environmental conditions influence changes
in the nonwoven mulches structure, i.e., dimensions, resulting in mulches shrinkage and
expansion. Due to nonwoven mulches’ structural changes, air permeability does not show
an expected increase due to mulches’ degradation as well.

Along with the change in structure, grains of soil, dried weed leaves, and stems are em-
bedded in the mulch structure, between the web layers, increasing the mass and thickness
of the nonwoven mulches. As mulches of the same dimensions, 2.25 m? (1.5m x 1.5 m),
were placed on the test field, after removing the mulches from the test site, the dimen-
sions of the mulches were measured, and the percentage of changes in length and width
(shrinkage or extension) was calculated (Table 4, Figures 3 and 4).

Table 4. The nonwoven mulch changes in length (%) and width (%) (shrinkage or extension).

Days
Nonwoven Mulch In Total
180 240 300

Direction of Production MD CD MD CD MD CD MD CD
CV 200 —6.7 +4.0 D D D D —6.7 +4.0

CV 400 -3.3 +3.3 +3.5 -10.0 —-6.3 -0.7 —-6.1 74

Jute 400 +4.7 2.7 D D D D +4.7 —2.7

Hemp 400 +0.7 -1.0 0.0 0.0 D D +0.7 -1.0

PLA 200 +0.7 -1.0 +2.0 +0.7 -0.3 +1.3 +2.4 +1.0

PLA 400 -1.7 +1.7 —-0.5 +0.3 +1.0 +1.5 -1.2 +3.5

Note: D denotes degraded mulches; — denotes shrinkage in % to initial dimension; + denotes extension in % to
initial dimension.

The trend of the dimension change in the mulches was not established. After 180 days
of exposure on the field to environmental conditions, the viscose mulches of 200 gm 2
shrank by 6.7% in the machine direction (MD) and extended in the cross-machine direction
(CD) by 4.0%, after which the mulch degraded (Table 4). The nonwoven viscose mulches of
400 gm 2 after 180 days have the same trend but with a lesser percentage change (mulch in
the MD shrank by 3.3% and extended in the CD by 3.3%). After 240 days, mulch extension
was 3.5% in the MD and 10.0% in the CD regarding initial dimension (1.5 m x 1.5 m),
meaning that after 240 days in total, nonwoven mulches in the MD extended by 6.7% and
shrank by 13.3% in the CD. After 300 days, the total change in nonwoven mulch dimensions
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regarding unexposed mulches to environmental conditions was shrinkage by 6.1% in the
MD and 7.4% in the CD.
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Figure 3. Nonwoven mulches” dimensional change (%) during exposure period in the MD.
Mulches made of bast fibres (jute and hemp) have the same trend, where after 180 days
nonwoven mulches from bast fibres extended in the MD (4.7%, 0.7%) and shrank in the
CD (2.7%, 1.0%). The change in dimension was more pronounced for jute mulches. After
240 days, the jute mulch degraded while the hemp mulch dimension changed to the initial
dimension, and finally degraded after 300 days. The dimensional change in PLA mulches
produced in different masses per unit area throughout testing differ, where dimensional
changes are up to 2.0%.
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Figure 4. Nonwoven mulches’” dimensional change (%) during exposure period in the CD.
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Dimensional changes in nonwoven mulches should be monitored throughout the
exposure period, as some mulches show both dimensional changes, shrinkage and expan-
sion (Figures 3 and 4). An example is viscose mulches of 400 g/m?, which after 180 days
extended in the CD, then significantly shrank after 240 days, and extended after 300 days
(Figure 4). In the case of nonwoven viscose mulches in the MD, the change is reversed, but
not so pronounced.

3.2. Tensile Properties of Nonwoven Mulches

The nonwoven mulches, produced on cards and bonded using the needle-punching
process, have a higher breaking force in the CD (cross-machine direction) than MD (machine
direction) due to the manufacturing process. The fibre alignment in the cross-machine
direction on cross-lappers provides better strength properties in the CD. Considering mass
per unit area, the lowest breaking force is in mulches made of viscose followed by jute,
hemp, and finally PLA fibres (Figures 5 and 6).

350

[ B ) b w
8 8 8 & 8

Breaking force in MD, cN

(%3]
o

30 60 90 120 180 240 300
Time, days
---A--- PLA200 —®— Hemp 400 —&— Agro foil —&— CV 400 Jute 400 ---#---CV 200

Figure 5. The breaking force of mulches in the MD.

After 30 days of environmental exposure, a significant increase in the breaking force of
all nonwoven mulches in both production directions is visible. The previously mentioned
nonwoven mulches’ structural changes influenced the breaking force in the MD and the
CD of tested mulches. For example, the mass per unit area and air permeability of mulches
made of PLA fibres slightly decrease while thickness slightly increases. Those structural
changes provide a higher breaking force of the PLA nonwoven mulch in the MD (315% for
mulch of 200 g/ m?; 217% for mulch of 400 g/ m?) and CD (284% for mulch of 200 g/ m2;
290% for mulch of 400 g/m?).

The greatest increase in breaking force after 30 days of exposure is visible for viscose
mulches of 400 g/ m? in both directions (MD for 640%; CD for 775%). Viscose mulches
of 200 g/m? have a breaking force increase of 156% in the MD and 148% in the CD. The
lowest breaking force increase after 30 days of exposure is visible for bast fibres, i.e., hemp
(MD for 57%; CD for 36%) and jute (MD for 23%; CD for 36%).

Besides mass per unit area and thickness, fibre type has a substantial impact on the
nonwoven fabric breaking force. The breaking force of nonwoven fabric is influenced by
fibre strength, flexibility, elongation, diameter as well as surface texture, and roughness
when a nonwoven fabric is produced using the same technological process and parameters.
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The impact of fibre arrangement on nonwoven fabric breaking force is pronounced, where it
should be noted that different fibre types are differently distributed in the fibrous web. The
friction and entanglement between fibres influence the nonwoven fabrics’ breaking force,
since some fibre types naturally interlock better, leading to improved breaking force. The
reason for the exposed nonwoven mulches’ breaking force increase could be found in the
influence of environmental conditions (air and soil temperature and humidity, precipitation)
on the structure. Considering the nonwoven mulch fibre types and properties, it can be
concluded that the finest viscose fibres (1.78 dtex) change the nonwoven structure after
30 days of exposure the most. Slightly coarser PLA fibres (6.84 dtex) follow viscose mulches,
where the coarse bast fibres hemp (58.54 dtex) and jute (31.02 dtex) nonwoven structure
changes are the smallest. The breaking force of agrofoil does not follow the trend of the
nonwoven mulches’ breaking force.

500

450

8 & 8 & 8

Breaking force in CD, cN
=
(%)
[an]

30 60 90 120 180 240 300
Time, days
---A--- PLA200 —®— Hemp 400 —&— Agro foil —— CV 400 Jute 400 ---+---CV 200

Figure 6. The breaking force of mulches in the CD.

After 60 days of exposure, the breaking force of viscose mulches decreases in both
production directions, and until the end of the testing period (altogether 300 days) slightly
decreases and increases. Between 180 and 240 days of exposure, the viscose mulch with a
nominal surface mass of 200 g/m? degraded to an extent that it could not be collected from
the field and subjected to testing. The decrease in the breaking force of viscose mulch mass
of 400 gm~2, after 300 days of exposure, is 10.0% in the MD and 27.2% in the CD.

Mulches produced from jute fibres degraded within a period between 180 and 240 days
of exposure. Contrary to viscose mulches, the breaking force of jute mulches, in both
production directions, just before degradation (tested on mulches after 180 days) was
higher than for jute mulches that were not subjected to environmental influences. The
above can be explained by the fineness and surface roughness of the jute and viscose fibres.
Unlike viscose smooth fibres, the coarser jute fibres retained the nonwoven structure until
considerable jute fibre decomposition.

Hemp mulches were decomposed throughout 240 to 300 days. After 30 days of
exposure and a significant breaking force increase, the decrease in hemp mulches’ breaking
force tends to decrease in both production directions until their degradation. The breaking
force decrease in hemp mulches in the time intervals and during 300 days of environmental
exposure is higher in the MD (from 8% to 42%) than in the CD (12% to 21%). The above can
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be explained by partially decomposed fibres and the frictional forces between the fibres
oriented in the CD that maintain the nonwoven fabric structure.

The mulches made of PLA fibres have a lower decrease in breaking force in both
production directions (from 1% to 10%). After 300 days of exposure, the breaking force
of PLA mulches is significantly higher than before exposure to environmental conditions
(from 261.6% to 323.3%) for both production directions. This can be explained by the
structural change in nonwoven mulches made of PLA fibres, where the mass per unit area
and air permeability did not change significantly and thickness slightly increased.

Average breaking force and elongation at break of the nonwoven mulches tested dur-
ing the period of exposure to the environmental conditions are presented in Tables 5 and 6.

Table 5. Average breaking force and elongation at break of nonwoven mulches in MD and CD before
and periodically during exposure to environmental conditions.

Breaking Force (N) and Elongation at Break (%) in the MD

Days 0 30 60 90 120 180 240 300
CV 200 N 10.80 27.60 18.50 29.30 21.00 27.12 D D
% 17.67 25.54 12.75 13.09 10.00 11.97 D D
CV 400 N 18.66 138.10 86.70 89.50 85.5 57.96 46.54 16.80
% 2227 36.08 29.16 23.26 19.92 4.68 6.91 4.89
Jute 400 N 29.90 36.80 61.20 57.20 45.50 39.78 D D
ue % 21.99 17.91 20.40 21.65 16.74 15.34 D D
Hemp 400 N 79.10 124.20 114.40 125.62 90.32 52.24 30.65 D
P % 40.85 32.87 28.76 27.50 22.03 10.60 6.10 D
PLA 200 N 53.96 224.10 229.40 215.22 194.46 201.58 180.44 207.70
% 80.99 86.74 80.06 74.26 7541 80.76 74.08 78.12
PLA 400 N 83.16 263.64 330.20 324.80 301.00 281.58 295.04 304.94
% 82.78 81.72 88.55 82.50 79.61 70.71 75.81 75.23
Aerofoil N 80.22 86.92 85.92 89.76 88.70 84.38 80.76 76.12
& % 197.80 105.62 7.35 5.68 6.00 8.37 5.91 5.91
Breaking Force (N) and Elongation at Break (%) in the CD
Days 0 30 60 90 120 180 240 300
CV 200 N 19.50 48.40 28.50 30.50 29.60 28.32 D D
% 21.67 14.78 8.48 10.69 7.12 7.30 D D
CV 400 N 26.24 229.50 130.20 131.40 126.90 57.98 56.08 19.10
% 15.13 22.85 12.20 10.31 8.29 6.94 4.65 4.00
Jute 400 N 42.50 57.6 66.40 68.10 55.60 49.28 D D
% 12.44 13.99 13.37 11.92 11.09 11.09 D D
Hemp 400 N 96.20 151.90 152.40 129.86 111.20 98.00 77.40 D
P % 20.84 19.85 18.57 19.08 13.15 14.89 6.23 D
PLA 200 N 76.76 295.00 328.140 300.60 295.40 293.36 289.42 277.58
% 65.09 77.49 7223 65.79 72.16 67.21 64.76 66.54
PLA 400 N 96.88 377.94 446.80 412.82 382.20 444.76 406.34 410.08
% 55.92 69.45 69.22 68.19 65.95 66.01 66.08 61.74
. N 133.34 135.82 126.92 118.30 112.30 104.74 89.48 99.16
Agrofoil

% 95.33 99.06 81.70 66.04 59.32 49.74 36.15 43.53
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Table 6. The standard error for breaking force and at break of nonwoven mulches in the MD.

Days 30 60 90 120 180 240 300
MD F € F € F € F € F € F € F € F €
CV 200 1.3 22 28 17 07 10 24 15 46 24 32 23 D D D D
CV 400 07 09 71 14 53 23 34 08 35 09 93 02 36 11 94 11
Jute 400 06 09 35 16 43 09 35 14 44 14 55 15 D D D D
Hemp 400 55 18 157 29 177 14 136 14 91 1.7 99 22 26 01 D D
PLA 200 13 34 44 16 148 30 26 26 73 34 55 20 197 55 29 29
PLA 400 38 42 87 21 64 19 63 20 88 15 56 14 144 19 83 38
Agrofoil 1.2 1162 11 974 13 03 12 04 06 01 06 07 21 05 16 05
Note: F is breaking force; ¢ is breaking elongation; D is degraded mulch.

Changes in the breaking strength of nonwoven mulches, that indicate structural
changes, follow the trends of their breaking forces explained previously.

After 30 days of environmental exposure, an increase in the breaking elongation of
viscose and PLA 200 nonwoven mulches in the MD is visible. In the CD, an increase is
visible for all mulches, except CV 200 and Hemp 400. This could be explained by the
orientation of the fibres within the nonwoven mulches’ structure, respectively; nonwoven
fabrics made on cards have a structure where fibres are mostly orientated in the CD. At
60 days of environmental exposure, change in nonwoven mulches’ elongation at break
decreased for almost all mulches, except Jute 400 and PLA 400. After 60 days of environ-
mental exposure, breaking elongation of nonwoven mulches, in both production directions,
tends to slightly increase and decrease. At the end of the field experiment, the breaking
elongation of all mulches, except mulches made of PLA fibres, significantly decreased in
both production directions.

Nonwoven mulches’ tensile properties were tested according to the available standard
ISO 9073-3:2023, where five samples were cut and tested in the MD (machine direction)
and CD (cross-machine direction). To evaluate the reproducibility of breaking force and
elongation at break of nonwoven mulches, the standard error is calculated and provided in
Tables 6 and 7.

Table 7. The standard error for breaking force and elongation at break of nonwoven mulches in the

CD.
Days 30 60 90 120 180 240 300
CD F 3 F € F 3 F € F 3 F £ F € F €
CV 200 06 21 19 04 19 08 21 06 57 11 54 04 D D D D
CV 400 16 14 67 06 49 06 91 05 84 04 117 05 86 09 22 01
Jute 400 26 07 29 11 46 04 57 06 84 10 65 11 D D D D
Hemp 400 85 18 194 16 205 17 121 19 102 12 117 11 141 1.0 D D
PLA 200 45 14 75 10 50 15 148 15 106 07 176 19 136 38 70 16
PLA 400 36 08 228 21 82 06 347 49 98 07 125 05 113 27 43 1.9
Agrofoil 1.8 71 1.8 7.8 14 39 13 41 55 66 23 22 49 67 70 80

Note: F is breaking force; ¢ is breaking elongation; D is degraded mulch.

3.3. Microscopic Images

Since the physical-mechanical properties of the nonwoven mulches do not show the
expected changes due to decomposition, and the change in structure dimension during
exposure is evident, microscopic images of the mulches’ fibres (unexposed and after
90, 180, and 300 days of exposure) were made to investigate the biodegradation of the
fibres themselves. The fibres for microscopic images were taken from nonwoven mulches,
respectively, from unexposed mulches and after 90, 180, and 300 days of exposure to
environmental conditions (Figure 7).
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Figure 7. Unexposed nonwoven mulch samples and samples after 300 days of exposure to environ-
mental conditions.

Morphological analysis and a comparison of the fibre surfaces, as depicted in Figures 7-12,
reveal significant degradation after 300 days of exposure to environmental conditions.

Control

180 days 300 days

Figure 8. Images of viscose fibres taken from 200 g/m? unexposed nonwoven mulches and those
exposed for 90, 180, and 300 days (x 1600 magnification).
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180 days 300 days

Figure 9. Images of viscose fibres taken from 400 g/m? unexposed nonwoven mulches and those
exposed for 90, 180, and 300 days (x 1600 magnification).

Viscose fibre consists of 100% cellulose and exhibits hygroscopic properties, absorbing
moisture from the environment. Due to the low degree of polymerisation, weaker orien-
tation, and reduced crystallinity, the fibres tend to characteristically swell and stiffen in
the wet state (Figures 7 and 8). Images of unexposed viscose fibres show characteristic
longitudinal striations on the fibre surface caused by surface wrinkling during the chemical
spinning process, filament hardening, and pulp regeneration. After exposure of viscose
mulch of 200 g/ m? to environmental conditions, numerous defects become visible on the
viscose fibre surface and more pronounced surface cracking and scars are observed after
300 days of exposure (Figure 8). After 90 and 180 days, the protective “skin” created during
the spinning process of viscose fibres begins to wrinkle in certain places.

Unexpected results were obtained when comparing viscose fibres from the nonwoven
mulches of 200 g/m? and 400 g/m? mass per unit area. Viscose fibres from the 400 g/m?
mulches exhibit more significant wrinkling that becomes increasingly pronounced with
time exposure to environmental conditions (Figure 9). During the viscose fibre preparation
for microscopy, it became evident that there was no need to adhere to the prescribed
microscopy procedure, i.e., cutting the fibres. During the nonwoven mulch handling, the
fibres from the mulch began to disintegrate, suggesting significant fibre degradation due to
exposure to environmental conditions.
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180 days 300 days

Figure 10. Images of jute fibres taken from 400 g/m? unexposed nonwoven mulches and those
exposed for 90, 180, and 300 days (<400 magnification).

The exposed mulch degradation is particularly noticeable for hemp and jute mulches,
attributed to the higher moisture absorption capacity of the fibres, which creates favourable
conditions for microorganism development. The images of hemp and jute fibres taken from
the nonwoven mulches of 400 g/m? exhibit surface damage, roughness, and prominent
cracks compared to the control fibres (Figures 10 and 11).

Hemp and jute, as bast fibres, are technical fibres consisting of numerous elementary
fibres held together by internal pectin, which is a favoured food source for microorganisms.
Since hemp fibres have a lower amount of lignin and pectin, which act as protective
layers, compared to jute fibres, it can be assumed that the degradation of hemp fibres
started first (Figure 10). The release of elementary fibres from the internal pectin in hemp
fibre started after 90 days of exposure to the open field. After 300 days of exposure,
hemp fibres predominantly exist as elementary fibres due to microorganism attacks on the
internal pectin.
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180 days 300 days

Figure 11. Images of hemp fibres taken from 400 g/m? unexposed nonwoven mulches and those
exposed for 90, 180, and 300 days (<400 magnification).

Before exposure to environmental conditions, the PLA fibres from the nonwoven
mulches of 200 g/m? and 400 g/m? (Figures 12 and 13) exhibited smooth and clean sur-
faces. Comparing the PLA fibres from the 200 g/m? needle-punched nonwoven mulches
exposed to environmental conditions for 90 days with the control sample, several cracks
were observed on the fibre surfaces, indicating degradation. As the exposure duration
extended to 180 and 300 days, the PLA fibres displayed increasing roughness and a higher
concentration of cracks on their surfaces as a degradation consequence. Similar behaviour
was observed with PLA fibres from the 400 g/m? needle-punched nonwoven mulches, but
cracks appeared after 90 days of exposure, increasing with time of exposure to environmen-
tal conditions.

3.4. FTIR Analyses of Nonwoven Mulches

From the results of mass per unit area, thickness, permeability, and breaking force, it is
notable that the determination of nonwoven mulches’ degradation in time is difficult. Due
to the nonwoven mulch structure, the obtained results do not show mulch degradation,
just the opposite. To determine to what extent the nonwoven structure impacted the
results and degradation of fibre within nonwoven fabric structures occurred, FTIR analysis
was performed. The fibres from nonwoven mulches were subjected to Fourier transform
infrared spectroscopy, which can provide insights into the changes occurring in the chemical
structure of fibres after exposure to environmental conditions (Figures 14-20). Comparing
the FTIR spectra of the fibres taken from control mulches with nonwoven mulches exposed
to environmental conditions, alterations in functional groups and chemical bonds can be
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Control

identified, indicating progress and extent of degradation. Upon exposure to environmental
conditions in an open field, organic material undergoes degradation, resulting in alterations
to its chemical composition. Degradation can decrease the intensity of characteristic
peaks observed in the FTIR spectra, indicating changes in functional groups or molecular
vibrations. After degradation, characteristic peaks of the viscose fibres may increase, while
others can remain unchanged, indicating significant alterations in the chemical structure of
the fibres.

180 days 300 days

Figure 12. Images of PLA fibres taken from 200 g/m? unexposed nonwoven mulches and those
exposed for 90, 180, and 300 days (<1600 magnification).

Viscose fibres, primarily composed of cellulose, in the 3200-3600 cm ! range exhibit
a characteristic peak, representing the stretching vibrations of hydroxyl (OH) groups.
Peaks within 2800-3000 cm ! correspond to the stretching vibrations of carbon-hydrogen
(C-H) bonds within the aliphatic sidechains of cellulose molecules, while the range of
1000-1200 cm ™! reveals stretching vibrations associated with C-O bonds. Additionally,
peaks at 1420-1470 cm~! signify the bending vibrations of C-H bonds in the aliphatic
sidechains of cellulose. These distinctive peaks not only indicate the presence of cellu-
lose but also provide specific wavenumbers and intensity information that can signal
degradation in viscose fibres exposed to environmental conditions [26,27].

A decrease in peaks of exposed viscose fibres at higher wavenumbers (3333 cm ™!,
2915 cm ™) signifies modifications or loss of certain functional groups, resulting in changes
in molecular vibrations during degradation (Figures 14 and 15).
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Figure 13. Images of PLA fibres taken from 400 g/m? unexposed nonwoven mulches and those

exposed for 90, 180, and 300 days (x 1600 magnification).
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Figure 14. FTIR spectra of CV fibres taken from unexposed nonwoven mulches of 200 gm 2 and
those exposed for 90, 180, and 300 days.
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Figure 15. FTIR spectra of CV fibres taken from the unexposed nonwoven mulches of 400 g/m? and
exposed for 90, 180, and 300 days.
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Figure 16. FTIR spectra of jute fibres taken from the unexposed nonwoven mulches of 400 g/m? and
those exposed for 90, 180, and 300 days.
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Figure 17. FTIR spectra of hemp fibres taken from the unexposed nonwoven mulches of 400 g/m?
and those exposed for 90, 180, and 300 days.
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Figure 18. FTIR spectra of PLA fibres taken from the unexposed nonwoven mulches of 200 g/m?
and those exposed for 90, 180, and 300 days.
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Figure 19. FTIR spectra of PLA fibres taken from the unexposed nonwoven mulches of 400 gm 2
and those exposed for 90, 180, and 300 days.
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Figure 20. FTIR spectra of unexposed PE agrofoil and PE agrofoil exposed for 90, 180, and 300 days.
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Slight changes appear at lower wavenumbers (2916 cm~ 1, 2730 cm 1, 2541 em 1),
suggesting the formation of new functional groups within the fibre structure. Minor
changes observed at lower wavenumbers (under 1000 cm ') may be attributed to signals
from other molecules in this region. The region around 3000 cm !, where the hydroxyl
band shows changes, is particularly interesting. These changes are linked to alterations
in the crystalline structure, indicative of the degradation of the fibres. Analysing viscose
fibres from nonwoven mulches of 400 gm~2 mass per unit area, a characteristic peak at
2915 cm ™! is observed (Figure 15).

With both viscose samples (200 and 400 g/m?), it is evident that after 30 days of
exposure to external conditions, there was no significant drop in the intensity of the
FTIR signals, which were very similar to the zero sample. Increasing the exposure time,
this peak changes and decreases slightly, suggesting the progressive degradation of the
molecular structure associated with it. Two additional peaks at 2848 cm ! and 2730 cm !
are present in the control sample but disappear in the exposed fibres, signifying significant
alterations in the molecular vibrations or functional groups. These FTIR spectral changes
provide evidence of the chemical transformations occurring in the viscose fibres during the
degradation process (Figures 14 and 15).

Cellulose is the primary structural component of bast fibres such as hemp and jute,
along with a smaller amount of hemicellulose and various other non-cellulosic components.
The non-cellulosic components, including lignin, pectin, fats, waxes, water, pigments,
minerals, and ashes, are present in varying proportions. In the FTIR spectrum of bast
fibres, characteristic peaks associated with cellulosic features appear, such as OH stretching
(around 3300-3600 cm 1), CH stretching (around 2900 cm~1!), and CH, bending (around
1200 cm~!). In the FTIR spectra of hemp and jute fibres, characteristic peaks typically reflect
unique chemical compositions and molecular structures. The exact positions and intensities
of the peaks can vary depending on factors such as cultivars, agroecological growing
conditions, fibre extraction, mechanical processing, and differences in chemical composition
and structure. It is important to note that bast fibres may also contain hemicellulose
and lignin, which can introduce additional peaks in the FTIR spectra. The presence and
intensity of these peaks can vary depending on the amount of pectin and lignin. It is also
necessary to be careful when interpreting the characteristic peaks of lignin and pectin,
as they can be closely situated. The characteristic peaks of lignin are typically found
in the range of 1600-1700 cm~!, representing aromatic ring stretching vibrations, and
830-900 cm—!, indicating C-H aromatic bending vibrations. The pectin’s peaks may
encompass O-H stretching in the range of 3200-3600 cm~! and C-O stretching in the range
of 1000-1200 cm . To discern between the mentioned compounds, it is essential to identify
the specific functional groups associated with each peak. Lignin, for instance, contains
aromatic rings, leading to characteristic peaks related to aromatic C=C bonds. Conversely,
pectin contains carboxyl groups (C=0), so peaks in the range of 1700-1750 cm~! might
indicate the presence of pectin with the fact that lignin’s aromatic ring stretching peaks are
usually more intense and prominent compared to pectin’s peaks.

The FTIR spectra of jute and hemp fibres following exposure to environmental condi-
tions reveal noticeable changes in the positions of characteristic peaks and a reduction in
peak intensity, indicative of degradation processes (Figures 16 and 17). Changes signify
chemical and structural alterations within the fibres, i.e., reduction can be attributed to the
breakdown and loss of cellulose chains.

The hemp fibres exhibited a higher reduction in peak intensity, particularly at 1025 cm !
and 1745 cm ™!, which can be attributed to the higher cellulose content (approximately
70%) and lower lignin content (approximately 6%) compared to jute fibres (55-65% of
cellulose and around 12% of lignin) [28,29]. The most significant decrease in peak intensity
was observed in the FTIR spectrum of hemp fibres after 300 days of exposure to environ-
mental conditions. The decrease is particularly evident in the peaks at 1025 cm~! and
1745 cm ™!, which are characteristic peaks of pectin and lignin, which signify a reduction
in the concentration of these chemical components. A similar trend was observed in the
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FTIR spectrum of jute fibres, with the highest reduction in peak intensity occurring after
180 days of exposure to environmental conditions [30-32].

The FTIR analysis of jute and hemp fibres exposed to environmental conditions
reveals significant changes in characteristic peaks, reflecting the degradation and chemical
modifications to the fibres. The differing responses of hemp and jute fibres can be attributed
to variations in cellulose, lignin, and other components’ content [27,33,34].

Several characteristic peaks were identified in the FTIR analysis of the unexposed
nonwoven mulch produced from PLA fibres of 200 and 400 g/ m? (Figures 18 and 19) [35,36].
The peaks at 3742 cm~! and 3751 cm ™! correspond to the stretching vibration of hydroxyl
groups (O-H), and the peak at 1750 cm ™! (both samples) corresponds to the stretching
vibration of the carbonyl group (C=0) in the ester linkage of PLA. In addition, there is
a peak at 2997 cm~! and 2998 cm ™!, corresponding to the stretching vibration of C-H
bonds in the methylene (CH,) groups of PLA, and peaks at 1180 cm~! and 1179 cm ™!
corresponding to the stretching vibration of C-O bonds. After fibre exposure of 90, 180,
and 300 days to environmental conditions, minimal changes in characteristic peaks were
observed, typically considered insignificant and indicative of minor changes in chemical
structure. The FTIR spectra of these samples exhibited a slight decrease in peak intensity,
suggesting the beginning of fibre degradation.

The main characteristic feature of PE is the intense band associated with the stretch-
ing vibration of the methylene (CH;) groups. The peak is typically observed around
2916-2848 cm . The second distinctive peak corresponds to the bending vibrations of
CH, groups, which appear around 1470-1465 cm~!. The PE polymer also has CHj groups,
and their stretching vibrations reveal a peak around 1375 cm ™. Peaks associated with the
stretching vibrations of carbon—carbon (C-C) and carbon-hydrogen (C-H) bonds in the PE
polymer chain can be found in the range of 1100-1200 cm~!. These characteristic peaks in
the FTIR spectrum of PE agrofoil are the result of its polymer structure, primarily consisting
of long chains of carbon and hydrogen atoms. Analysis of the FTIR spectrum of PE agrofoil
in this research reveals the absence of significant changes in FTIR peaks (Figure 20). This
suggests that even after exposure to environmental conditions for 90, 180, and 300 days,
discernible degradation in the PE agrofoil was not obtained. This behaviour is consistent
with the known resistance of PE to any environmental conditions, owing to its chemical
stability. Additionally, the relatively short exposure time may not have been adequate for
the noticeable degradation in agrofoil.

3.5. Performance of Nonwoven Mulches—Soil Temperature and Moisture, and Weed Suppression

From May 2022 to February 2023, the soil beneath the conventional agrofoil was
higher than on the bare control field from 0.1 °C to 1.4 °C on average (Table 8). Only in
February 2023 was the temperature beneath the agrofoil 0.4 °C lower than on the control
field. Comparing temperatures beneath the agrofoil and mulches, it is evident that the
temperature beneath the nonwoven mulches was mostly lower. An exception was recorded
in June for viscose (0.8 °C, 1.7 °C), jute (1.5 °C), and hemp (0.8 °C) mulches; in November
for hemp mulches (3.7 °C); and in December for PLA mulches (0.3 °C, 0.4 °C). It can be
concluded that nonwoven mulches generally provide higher soil temperatures compared
to bare soil, but not as high as beneath conventional agrofoil.

From July to December of 2022, the relative soil humidity was higher beneath the
mulches than conventional agrofoil (Table 9). Lower soil relative humidity beneath the
mulches regarding agrofoil, considering the period from May 2022 to February 2023, was
obtained in May for all nonwoven mulches (from 0.6% to 1.7%), in June for mulches made
of PLA fibres (0.6%; 0.5%), in January 2023 for viscose mulches (0.3%) and jute mulches
(0.5%), and February for jute (2.3%), hemp (1.0%), and PLA mulches (1.2%).
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Table 8. The average monthly temperature (°C) of soil on the control field and beneath mulches in
the period of May 2022 to February 2023.

Year 2022 2023
Month May June July August September October November December January February
Air T, °C 17.7 224 229 224 15.9 13.0 7.2 3.9 3.7 3.3
CV 200 16.7 22.6 20.6 19.8 16.9 14.2 12.3 5.1 45 3.7
CV 400 16.0 23.5 20.2 19.9 16.8 14.0 11.8 47 42 3.2
Jute 400 17.7 23.3 21.7 20.6 17.2 14.1 12.0 4.9 4.4 3.7
Hemp 400 17.9 22.6 21.5 20.7 17.3 14.3 16.3 5.1 45 3.7
PLA 200 18.4 21.3 20.6 20.1 17.2 14.3 125 5.5 4.6 3.9
PLA 400 18.3 21.2 20.5 20.3 17.4 144 12.7 5.4 4.6 3.8
Agrofoil 18.8 21.8 22.0 20.9 17.6 14.6 12.6 5.1 47 4.0
CF, °C 18.6 20.4 20.9 20.1 16.6 13.8 11.8 48 4.5 44
Note: Air T is the average air temperature in °C; CF is the control field.
Table 9. The average relative humidity of soil (%) on the control field and beneath mulches in the
period of May 2022 to February 2023.
Year 2022 2023
Month May June July August September October November December January February
RH, % 93.0 90.0 90.0 91.0 94.0 94.0 96.0 97.0 97.0 96.0
P, % 53.9 52.0 69.0 222 280.0 27.9 119.5 132.3 171.0 27.6
CV 200 24.1 22.6 16.5 15.6 18.7 23.0 23.4 221 22.2 20.0
CV 400 241 23.5 17.6 16.8 19.3 23.7 24.3 22.7 20.9 19.9
Jute 400 23.8 23.3 17.7 15.3 19.0 232 23.6 219 20.7 17.3
Hemp 400 23.4 22.6 18.2 15.9 19.4 24.0 23.9 225 21.2 18.6
PLA 200 23.0 21.3 15.2 13.7 17.4 229 21.0 21.7 21.3 18.4
PLA 400 23.1 21.2 15.5 16.7 18.1 22.6 20.9 21.4 224 21.2
Agrofoil 24.7 21.8 12.7 12.1 16.2 20.3 19.9 21.0 21.2 19.6
CF 251 20.4 13.8 14.5 17.2 20.6 22.1 232 24.6 21.8

Note: RH is average relative humidity of air, %; P is average monthly precipitation in %; CF is the control field.

In months when plants are growing, higher relative soil humidity provides a better
climate for plant development and growth. Considering bare soil humidity and soil
humidity beneath the mulches, higher soil humidity was found beneath all mulches in the
period of plant growing (June to October) except in May. The produced nonwoven mulches
showed better soil humidity maintenance than conventionally used agrofoil.

Sustainable mulches should have similar performance to conventional agrofoil related
to weed suppression. To determine the nonwoven mulches” weed suppression ability,
weeds under the mulches and on the control field were collected, dried, and weighed. The
percentage of weeds that passed through the mulch relative to weeds grown on the control
field was determined (Table 10).

From June to October, weeds only passed through nonwoven mulches produced from
bast fibres, where the percentage of weeds that passed through jute mulches was low
(up to 2.2%). Relative to the control field, 14.3% of weeds passed through the nonwoven
mulches made of hemp fibres. From October, a low percentage of passed weeds were
found on viscose and PLA mulches of 400 gm~2. In December, the percentage of weeds
that passed through the viscose nonwoven mulches increased (10.3%). Considering the
obtained results, it can be concluded that the produced nonwoven mulches provided good
weed suppression, except the hemp mulches.
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Table 10. Mulches’ weed suppression ability relative to the control field in the period from May 2022
to February 2023.

Days
Mulch
June July August October December February

CV 200, % - - - - D D

CV 400, % - - - 2.0 10.3 -
Jute 400, % 0.5 1.7 22 1.6 D D
Hemp 400, % 1.6 124 14.3 2.0 343 D

PLA 200, % - - - - - -

PLA 400, % - - - 1.0 1.0 -

Agrofoil, % - - - 0.2 0.2 -
Control field, % 100 100 100 100 100 100

Note: D—degraded mulches.

4. Conclusions

The mass and thickness of nonwoven mulch do not decrease linearly with time,
making it challenging to monitor the degradation of nonwoven fabrics produced via
needle-punching solely through mass or thickness reduction. Air permeability also does
not exhibit the expected increase as mulches degrade. Environmental conditions lead to
structural changes in nonwoven mulches, including both shrinkage and expansion.

The breaking force in nonwoven mulches is higher in the cross-machine direction due
to fibre orientation during production, with viscose mulch having the lowest breaking
force, followed by jute, hemp, and PLA fibres. The trend of breaking force changes during
300 days of exposure remains undetermined. However, the breaking force decreases
after an initial increase and eventually reaches degradation. After 240 days, viscose and
jute mulches degrade, while hemp mulch degrades after 300 days. PLA mulches exhibit
significantly higher breaking forces after 300 days of exposure.

Microscopic and FTIR analyses revealed fibre degradation to varying extents depend-
ing on fibre type. Viscose mulches showed enhanced structural integrity and mechanical
properties due to crosslinking reactions. Jute and hemp fibres experienced noticeable
changes, signifying chemical and structural alterations. Minimal changes were observed in
PLA fibres after 300 days.

Changes in mass, thickness, air permeability, and tensile properties of nonwoven
mulch did not exhibit a clear degradation trend during exposure to environmental condi-
tions. The layered structure of nonwoven mulches and environmental factors influenced
dimensional changes, affecting the mass, thickness, and air permeability results.

Nonwoven mulches maintained higher soil temperatures than bare soil but not as
high as conventional agrofoil. Soil humidity beneath the mulches was higher during
the growing season (June to October) compared to that of bare soil. Nonwoven mulches
generally suppressed weeds effectively, except for hemp mulches.

Newly produced nonwoven mulches have the potential to replace conventional agro-
foil, providing better growing conditions, effective weed suppression, and faster degrada-
tion without environmental pollution.

Author Contributions: Conceptualisation, D.K. and P.M.; methodology, D.K. and P.M.; validation,
D.K,; formal analysis, PM. and R.B.; investigation, D.K., PM. and R.B.; resources, D.K., R.B. and L.S.;
writing—original draft preparation, D.K., R.B. and PM.; writing—review and editing, D.K., R.B., PM.
and L.S.; visualisation, D.K. and PM.; supervision, D.K.; project administration, I.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research has been supported by the European Union from the European Structural
and Investment Funds: the Operational Programme Competitiveness and Cohesion, the European
Regional Development Fund under the project KK.01.2.1.02.0270.

Institutional Review Board Statement: Not applicable.



Polymers 2023, 15, 4447 25 of 26

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Francioni, M.; Kishimoto-Mo, A.W.; Tsuboi, S.; Hoshino, Y.T. Evaluation of the mulch films biodegradation in soil: A methodolog-
ical review. Ital. J. Agron. 2022, 17, 1936. [CrossRef]

2. Subrahmaniyan, K.; Ngouajio, M. Polyethylene and biodegradable mulches for agricultural applications: A review. Agron.
Sustain. Dev. 2012, 32, 501-529.

3. Farooq, M.; Jabran, K.; Cheema, Z.A.; Wahid, A.; Siddique, K.H. The role of allelopathy in agricultural pest management. Pest
Manag. Sci. 2011, 67, 493-506. [CrossRef] [PubMed]

4. Amare, G; Desta, B. Coloured plastic mulches: Impact on soil properties and crop productivity. Chem. Biol. Technol. Agric. 2021, 8,
4. [CrossRef]

5. Hartikainen, S.H. Biodegradability of Nonwoven Fabrics. Biodegradability of Nonwoven Fabrics. Bachelor’s Thesis, Enviromental
Engeneering-Tampere University of Applied Science, Tampere, Finland, May 2015.

6. Wang, X.L.; Yang, KK.; Wang, Y.Z. Properties of Starch Blends with Biodegradable Polymers. J. Macromol. Sci. Part C Polym. Rev.
2003, 43, 385-409. [CrossRef]

7. Miao, M.; Pierlot, A.P; Millington, K.; Gordon, S.G.; Best, A.; Clarke, M. Biodegradable mulch fabric by surface fibrillation and
entanglement of plant fibers. Text. Res. J. 2013, 83, 1906-1917. [CrossRef]

8.  Debnath, S. Jute-Based Sustainable Agrotextiles, Their Properties and Case Studies. In Roadmap to Sustainable Textiles & Clothing,
1st ed.; Muthu, S., Ed.; Springer: Singapore, 2014; pp. 327-355.

9. Manna, K.; Kundu, M.C.; Saha, B.; Ghosh, G.K. Effect of nonwoven jute agrotextile mulch on soil health and productivity of
broccoli (Brassica oleracea L.) in lateritic soil. Environ. Monit. Assess. 2018, 190, 82. [CrossRef]

10. Parasar Das, S.; Bera, M,; Sen, J.; Ghosh, G.K.; Saha, B.; Debnath, S.; Roy, S.B.; Das, D.; Mondal, S.; Biswas, PK.; et al. Efficacy of
Geotextile Jute Mulches on Yield, Soil Nutrient Dynamics and Weed Suppression in French bean (Phaseolus vulgaris L.)-Capsicum
(Capsicum annum L.) Cropping System. Int. ]. Bio-Resour. Stress Manag. 2017, 8, 057-063.

11.  Gabry’s, T.; Fryczkowska, F.; Grzybowska-Pietras, J.; Binia’s, D. Modification and Properties of Cellulose Nonwoven Fabric—
Multifunctional Mulching Material for Agricultural Applications. Materials 2021, 14, 4335. [CrossRef]

12.  Zawiska, I; Siwek, P. The effects of PLA biodegradable and polypropylene nonwoven crop mulches on selected components of
tomato grown in the field. Folia Hortic. 2014, 26, 163-167. [CrossRef]

13. Siwek, P; Libik, A ; Kalisz, A.; Zawiska, I. The effect of biodegradable nonwoven direct covers on yield and quality of winter leek.
Folia Hortic. 2013, 25, 61-65. [CrossRef]

14. Siwek, P; Domagala-Swiatkiewicz, I.; Bucki, P.; Puchalski, M. Biodegradable agroplastics in 21st century horticulture. Polimery
2019, 64, 480-486. [CrossRef]

15. Siwek, P; Kalisz, A.; Domagala-Swiatkiewicz, I. The influence of degradable polymer mulches on soil properties and cucumber
yield. Agrochimica 2015, 59, 108-123.

16. Karamanlioglu, M.; Robson, G.D. The influence of biotic and abiotic factors on the rate of degradation of poly(lactic) acid (PLA)
coupons buried in compost and soil. Polym. Degrad. Stab. 2013, 98, 2063—2071. [CrossRef]

17.  Puchalski, M.; Siwek, P; Panayotov, N.; Berova, M.; Kowalska, S.; Kruciniska, I. Influence of Various Climatic Conditions on the
Structural Changes of Semicrystalline PLA Spun-Bonded Mulching Nonwovens during Outdoor Composting. Polymers 2019, 11,
559. [CrossRef]

18. Gutowska, A.; Jo6zwicka, ].; Sobczak, S.; Tomaszewski, W.; Sulak, K.; Miros, P.; Owczarek, M.; Szalczyniska, M.; Ciechariska, D.;
Kruciniska, I. In-Compost Biodegradation of PLA Nonwovens. Fibres Text. East. Eur. 2014, 22, 99-106.

19. Bakshi, P.; Kumar Wali, V.; Igbal, M.; Jasrotia, A.; Kour, K.; Ahmed, R.; Bakshi, M. Sustainable fruit production by soil moisture
conservation with different mulches: A review. Afr. J. Agric. Res. 2015, 10, 4718-4729.

20. Zhu, G.; Kremenakova, D.; Wang, Y.; Militky, ]. Air permeability of polyester nonwoven fabrics. Autex Res. . 2015, 15, 8-12.
[CrossRef]

21. Abdel-Rehim, Z.S.; Saad, M.M.; El-Shakankery, M.; Hanafy, I. Textile fabrics as thermal insulators. Autex Res. ]. 2006, 6, 148-161.

22. IS0 9073-1:2023; Nonwovens—Test methods—Part 1: Determination of Mass per Unit Area. International Organization for
Standardization: Geneva, Switzerland, 2023.

23.  ISO 9073-2:2003; Textiles—Test Methods for Nonwovens—Part 2: Determination of Thickness. International Organization for
Standardization: Geneva, Switzerland, 2003.

24.  ISO 9073-15:2008; Textiles—Test Methods for Nonwovens—Part 15: Determination of Air Permeability. International Organization
for Standardization: Geneva, Switzerland, 2007.

25.  ISO 9073-3:2023; Nonwovens—Test Methods—Part 3: Determination of Tensile Strength and Elongation at Break Using the Strip
Method. International Organization for Standardization: Geneva, Switzerland, 2023.

26. Comnea-Stancu, I.R.; Wieland, K.; Ramer, G.; Schwaighofer, A.; Lendl, B. On the Identification of Rayon/Viscose as a Major

Fraction of Microplastics in the Marine Environment: Discrimination between Natural and Manmade Cellulosic Fibers Using
Fourier Transform Infrared Spectroscopy. Appl. Spectrosc. 2017, 71, 939-950. [CrossRef]


https://doi.org/10.4081/ija.2021.1936
https://doi.org/10.1002/ps.2091
https://www.ncbi.nlm.nih.gov/pubmed/21254327
https://doi.org/10.1186/s40538-020-00201-8
https://doi.org/10.1081/MC-120023911
https://doi.org/10.1177/0040517513483861
https://doi.org/10.1007/s10661-017-6452-y
https://doi.org/10.3390/ma14154335
https://doi.org/10.1515/fhort-2015-0008
https://doi.org/10.2478/fhort-2013-0007
https://doi.org/10.14314/polimery.2019.7.2
https://doi.org/10.1016/j.polymdegradstab.2013.07.004
https://doi.org/10.3390/polym11030559
https://doi.org/10.2478/aut-2014-0019
https://doi.org/10.1177/0003702816660725

Polymers 2023, 15, 4447 26 of 26

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Geminiani, L.; Campione, EP,; Corti, C.; Luraschi, M.; Motella, S.; Recchia, S.; Rampazzi, L. Differentiating between Natural and
Modified Cellulosic Fibres Using ATR-FTIR Spectroscopy. Heritage 2022, 5, 4114-4139. [CrossRef]

Mohapatra, H.S.; Malik, R K. Effect of Microorganism on Flax and Linen. J. Text. Sci. Eng. 2015, 6, 1000229.

Park, C.H.; Kang, YK.; Im, S.S. Biodegradability of Cellulose Fabrics. J. Appl. Polym. Sci. 2004, 94, 248-253. [CrossRef]

Stelea, L.; Filip, I; Lisa, G.; Ichim, M.; Drobota, M.; Sava, C.; Mures, A. Characterisation of Hemp Fibres Reinforced Composites
Using Thermoplastic Polymers as Matrices. Polymers 2022, 14, 481. [CrossRef] [PubMed]

Sawpan, M.A.; Pickering, K.L.; Fernyhough, A. Effect of various chemical treatments on the fibre structure and tensile properties
of industrial hemp fibres. Compos. Part A Appl. Sci. Manuf. 2011, 42, 888-895. [CrossRef]

Shahinur, S.; Hasan, M.; Ahsan, Q.; Sultana, N.; Ahmed, Z.; Haider, J. Effect of Rot-, Fire-, and Water-Retardant Treatments on
Jute Fiber and Their Associated Thermoplastic Composites: A Study by FTIR. Polymers 2021, 13, 2571. [CrossRef]

Boukir, A.; Mehyaoui, I; Fellak, S.; Asia, L.; Doumeng, P. The effect of the natural degradation process on the cellulose structure
of Moroccan hardwood fiber: A survey on spectroscopy and structural properties. Mediterr. ]. Chem. 2019, 8, 179-190. [CrossRef]
Sun, X.F; Xu, F; Sun, R.C.; Fowler, P.; Baird, M.S. Characteristics of degraded cellulose obtained from steam-exploded wheat
straw. Carbohydr. Res. 2005, 340, 97-106. [CrossRef]

Miros-Kudra, P.; Gzyra-Jagieta, K.; Kudra, M. Physicochemical Assessment of the Biodegradability of Agricultural Nonwovens
Made of PLA. Fibres Text. East. 2021, 29, 26-34. [CrossRef]

Urbaniak-Domagala, W.; Krucinska, I.; Wrzosek, H.; Komisarczyk, A.; Chrzanowska, O. Plasma modification of polylactide
nonwovens for dressing and sanitary applications. Text. Res. J. 2016, 86, 72-85. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/heritage5040213
https://doi.org/10.1002/app.20879
https://doi.org/10.3390/polym14030481
https://www.ncbi.nlm.nih.gov/pubmed/35160470
https://doi.org/10.1016/j.compositesa.2011.03.008
https://doi.org/10.3390/polym13152571
https://doi.org/10.13171/mjc8319050801ab
https://doi.org/10.1016/j.carres.2004.10.022
https://doi.org/10.5604/01.3001.0014.2398
https://doi.org/10.1177/0040517515581586

	Introduction 
	Materials and Methods 
	Nonwoven Mulches Mass per Unit Area 
	Nonwoven Mulch Thickness 
	Nonwoven Mulches’ Air Permeability 
	Nonwoven Mulch Tensile Properties 
	Microscopic Images 
	FTIR Analysis 
	Soil Temperature and Moisture beneath Nonwoven Mulches 
	Weed Suppression 

	Results and Discussion 
	Mass per Unit Area, Thickness, and Air Permeability of Nonwoven Mulches 
	Tensile Properties of Nonwoven Mulches 
	Microscopic Images 
	FTIR Analyses of Nonwoven Mulches 
	Performance of Nonwoven Mulches—Soil Temperature and Moisture, and Weed Suppression 

	Conclusions 
	References

