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Abstract

In modern agriculture, effective water-saving irrigation and weed management are
crucial for ensuring the availability of water resources and maintaining soil health.
However, current management strategies are deficient regarding sustainability and
ecological impact. Agricultural plastic use is dominated by film and irrigation pipes,
which account for more than 90% of total consumption. For example, water-saving
irrigation methods faced challenges such as irrigation pipe recycling, waste of non-
renewable resources, and soil pollution. Weed control strategies were challenged with
issues like chemical resistance, soil microplastics, and non-targeted damage becoming
increasingly prevalent. Therefore, there is an urgent need to develop multifunctional
and fully biodegradable agricultural textiles that reduce plastic pollution and improve
agricultural efficiency. Jute fabrics have emerged as a promising option for agricultural
applications due to their durability, breathability, and biodegradability. However,
research on environmentally friendly jute fiber-based multifunctional materials for
agricultural applications remains limited. This study focuses on the development of
multifunctional integrated agricultural textiles through the strategic design of materials,

structures, and processing techniques in a simple and efficient manner.

Firstly, the basic characteristics of jute yarns before and after alkali treatment were
systematically investigated. Mechanical strength and water absorption increased with
longer treatment times. A sustainable composite seepage irrigation pipe based on eco-
friendly and abundant jute fiber was proposed to explore its potential to replace the drip
pipes. Jute fiber-reinforced polylactic acid (PLA) composites (JFPCs) and pipes were
fabricated through an integrated knitting process and simple thermoforming technique.
The adjustment of PLA content in JFPCs enhanced mechanical performance and

allowed precise control of the seepage rate with tailored PLA film porosity. When



increasing PLA content from 12.2 % to 40.8 %, JFPCs exhibited enhanced mechanical
strength (3.1 MPa) and improved thermal decomposition temperature (376.9 °C),
indicating better stability for maintaining material integrity or performance exposed to
high temperature conditions. Seepage tests demonstrated JFPC pipes achieved
controllable seepage rates ranging from 0 to 8.9 L/min with PLA film porosity adjusting.
Sustainable analysis and degradation tests (showing a maximum 20.2 % weight loss
after 3 months) confirmed the environmental suitability and biodegradability of JFPCs
for sustainable agricultural applications. A potential weed control fabric based on jute
fiber was also demonstrated that reduces weed growth and minimizes the level of water
evaporation. Structural and density modifications were applied to jute weed control
fabrics (JWCFs) to achieve different levels of porosity. The optimization of
microporosity improved the performance of the fabric in suppressing weeds and
retaining soil moisture. Field experiments with JWCFs revealed a reduction of
61 %~100 % in weed growth, an average decrease of 1.6~4.3 °C in soil heat
accumulation, 6.0 %~68.5 % suppression of water evaporation, and a 47.5 % weight
loss after 40 days of degradation. At last, a one-year field experiment successfully
verified the functional effectiveness of JWCFs in weed control, soil enhancement and
yield improvement. JWCF maintained 100 % weed suppression, improved soil
conditions, and reduced nutrient loss. JWCF-4 retained significantly more soil moisture
and minimized nutrient loss. Yield increased by 22.2 %, with a 102.7 % higher output
than the uncovered area, along with improved fruit quality and market value. JWCFs

exhibited durability for at least a year and biodegraded naturally, enriching the soil.

In summary, this work explored the feasibility of using jute-based fabrics as effective
solutions for both controllable irrigation and weed control, providing a sustainable
alternative to traditional irrigation and weed management methods. The work would
also significantly contribute to the expansion of natural fiber applications, enhance the

efficiency of agricultural production materials, and protect the soil environment.

II



List of Publications

Published Journal Paper:

1. Wang X, Zhao F, Cheung TW, Lee C, Li L. Enhancing hemp fiber performance:
insights into chitosan treatment and structural evolution. Textile Research Journal.
2024;94(21-22), 2341-2350.

2. Wang X, Zhang Q, Li L. Biodegradable fabric with efficient thermal-wet
management for eco-friendly weed control and water retention of soil. Industrial
Crops and Products, 2025, 225: 120586.

3. Wang X, Tian X, Tao YF, Li L. Biodegradable jute fiber-based composites with
controllable seepage for sustainable agricultural water-saving management.

Cellulose, 2025.

In preparation:

1. Wang X, Tian X, Li L. Effect of alkali treatment on microstructure and mechanical

properties of jute yarns.

Patent

1. LiL, WANG ZY, Wang X. Textile preparation method based on cross-linking, 2023.
Chinese patent (application number: 2023115807135)

2. Li L Wang X, Zhang TH. The preparation method of agricultural management
system for weed control and irrigation device.2024. Chinese patent (application

number: 202410554719.3)

Conference Poster Presentation

I



Wang X, Zhang Q, Li L. Biodegradable fabric with efficient thermal-wet management
for eco-friendly weed control and water retention. Conference Fiber 2025, Cologne,

Germany.

v



Acknowledgements

Firstly, I would like to express my sincerest gratitude to my supervisors Prof. Li Li and
Prof. Hong Hu for offering me such a precious chance to conduct my Ph.D. study in
their group. I would like to thank Prof. Li Li for long-term support, patient instructions,
and insightful enlightenment when I was lost. During the past three years, she taught
me how to think broadly and critically in the research work. Her positive attitude and
great enthusiasm toward scientific research inspire us for future study and work. I
would like to thank her for providing the opportunity to participate in the project, from
which I have gained a wealth of research experience, especially the planning of
experiments, problem-solving skills, and self-regulation of mentality, all of which will
benefit me a lot. I would also like to thank The Hong Kong Polytechnic University and

School of Fashion and Textiles for the financial support and research platform.

I would also like to express my great appreciation to technicians of the School of
Fashion and Textiles for the instrument operations: Dr. Samuel Lee, Mr. Calvin Tiu, Dr.
Hui Kevin, Mr. Marco Sze, Mr. Shui-wing Ng, Mr. Kwan-on Choi. I would like to thank
Dr. Xiao Tian, Dr. Fuwang Zhao for their valuable training, advice, and discussions
during my daily research activities. I would also like to thank my classmates and friends,
Ms. Yinshan Lau, Ms. Shuyang Li, Ms. Yanwing Tai, Ms. Poying Tam, Ms. Kwai Hing
Tang, Dr. Jinli Piao, Ms. Zixin Ju and Ms. Shanshan Dong for their kind help during

my research and life.

Finally, I would like to thank my boyfriend, Mr. Wei Liu, and my family members for
their heir encouragement and love in supporting me through the many difficulties and

disappointments over the past three years.



Table of Contents

F N 0] 1 v T SRS I
LiSt Of PUDIICALIONS ...ecueviieiiieciiieceeeee ettt et stae e et eeaaeesssae e sseeennneeenes I
ACKNOWIEAZEMENLS.......eiiiiiiiiiiiiecie ettt ettt ettt e aeebe e s e easeesnee e A%
Table Of CONENTS ......eeiiiiiiieie ettt ettt sae e s VI
LSt Of FIGUIES ...ttt et e XII
| BT A G 21 o) (<SSR XX
LiSt Of ADDIEVIATIONS. ... .eeuietieiieiiietieie ettt ettt et s sae e XXI
Chapter 1 INtrodUCHION ........iieeiiieiie ettt tee et e s e e e e e 1
1.1 BacK@round .......c..cocveeuiiiiiiiiniiieceetecee ettt 1
1.2 ReSEArCh ObDJECTIVES ....ueeuiieiiiieiieeiieeiie ettt ettt ettt ettt eaeeas 3
1.3 MEthOdOIOZY .....veeiiiieeiieeeiie ettt ettt re e et e e s e e sebeeesnneeenes 4
1.4 Research Significance and Value ............ccceveviiieiiieeiiiececceece e 7
1.5 Outline of the WOTK ......cc.cooiiiiiii e 7
Chapter 2 Literature REVIEW .......cccuiiiuiiiiiiiieciieiieee ettt 9
2.1 Agricultural MaterialS .........ccoeeciieeiiiieiieciecee e e e 9

VI



2.1.1 Crop protection mMaterialS..........cccvveeevireriieeriiieeeie e e 9

2.1.2 Water management materialS ..........cccveeriuieeniiieeniiieeecie e 10

2.2 Traditional Agricultural Materials and Limitations ...........cccceveveveeieneennnnne 10
2.2.1 Traditional agricultural materials............cccoeeveeiieniiieiienieciieeeeee 10
2.2.2 Limitations of traditional agricultural materials ..............ccccoeeeeeeneenne. 12

2.3 Sustainable Materials for Agricultural Applications..........ccccceevcueevieriieenncne 20
2.3.1 Natural plant fIDErs .........cccveevuieriiiiieiiieiiecieee e 20
2.3.2 Degradation POLYMETS.........cccuveriereiierieeiieniieeieenieeereeseeeereesaneeseenes 27

2.4 Preparation Methods of Agricultural Materials ..........ccccoooieviiiiieniiiiiene 36
2.4.1 Preparation of agricultural plastics ...........ccoceeviieniieiieniiiiieieeee 36
2.4.2 Preparation of agricultural textiles..........cccevviieriiieniieeniieriie e 38

2.5 Applications of Degradable Material in Agriculture Field ...................c....... 40
2.5.1 MUICRING ...ttt et 40
2.5.2 Water Management.........cccueeeiueeeriiieeniireeniieenieeesiteesieeesreeesbeeesaneeeans 48

2.0 CONCIUSION ...ttt ettt ettt s beesaeeens 50
Chapter 3 Characterization of the Basic Properties of Jute Yarns .........c.cccocevieenies 52

VIl



3.1 IEEOAUCTION ..o e e e e e e e e e e eeaeeeaeeeeeeeeeeanaas 52

3.2 EXPEriment SECHION ......uvieiiiieiiieeiieeeciie e et e eiteeeeeeeeteeeeteeesiraeesareeessaeeenneeas 54
3.2.1 MAterial ....eeuiiiiiiieiieiieeee e e 54
3.2.2 Alkali treatment Of JY'S c..ccvevuieiiirieniiiiecieeeeceeeeee e 55
3.2.3 CharacteriZation ..........c.eevueerieeiiienie ettt ettt 56

3.3 Result and DiSCUSSION ......cccueiiiieriiieiieiieeieeee et 58
3.3.1 Surface morphology Of JYS ...ccoveviiiiieiiieiieceeeeeeeee e 58
3.3.2 FTIR analyses Of JY S ..ccouiieiiiieiiieeiee et 60
3.3.3 Weight loss and residual gum content of JY'S .....cccoooeveiiieniinieennnnnnen. 62
3.3.4 Thermal and mechanical analysis Of JY'S.....cccccocveviriiniininicnicnenne. 63
3.3.5 Water absorption performance of JYS......ccoocvevviiiniiieniieinieeeee e, 65

3.4 CONCIUSION ...ttt ettt st 67

Chapter 4 Development and Fabrication of Jute/PLA Composites for Sustainable

Agricultural ITTIZatiON ......ccveeieiieeeiie et e e rre e e e e e eaae e s beeensaeeenes 68
4.1 INErOAUCTION ...ttt sttt st e e 68

4.2 Experimental SECHION .....cc.eeviiiiieiiieiieeie ettt et 71
4.2.1 MAterial .....oouieiiiiiiiieiieee e 71

VI



4.2.2 Preparation of JFPCs and the JFPC pipes.....cccccecvvevciieevciieeniieeeieens 72

4.2.3 CharacteriZation .........cccueeiuieeieeriieeieenite ettt ettt et st e st e e 75
4.3 Result and DiSCUSSION .....ceviiieriieiiiieeiiesieeieete sttt 78
4.3.1 Design, fabrication and characterizations of JFPCs ..........ccccccoeeunnee. 78
4.3.2 Thermal stability analysis Of JFPCs.......ccccovoiiiiiiiiiiiiiiiieeee 80
4.3.3 Mechanical analysis Of JEPCs ........cccooceniiniiiiniiniicncccccece 82
4.3.4 Water seepage performance of JFPC pipes......ccccocvevvveniiiciienieeneenne. 84
4.3.5 Sustainable and biodegradation of JFPCs........c.ccccceevvieviieciienieenenne, 86
4.4 CONCIUSION ..ttt ettt sttt st e 89

Chapter 5 Development and Fabrication of Jute Fabrics for Eco-friendly Weed Control

and Soil Water Retention ............coceoiiiiiiiiiiiiiiiee e 91
5.1 INErOAUCHION ..ottt ettt ettt 91

5.2 Experimental SECtION.........cccueviiiiiriiriiiiinieneeentese e 94
5.2.1 MALETIALS «..ieniiiiiiee et e 94

5.2.2 Fabrication of jute weed control fabric (JWCF).......cccceevevevviveennenn. 94

5.2.3 CharacteriZatiONS. .....c..eeueruterieeienieenieete ettt sttt sttt 96

5.2.4. Statistical analysiS.......cccecuieriiiiiiieiieiiieeeee e 100

IX



5.3  ReSult and DiSCUSSION. ... ceeieiieeeeeee et eeeeeeaeeeaeeees 100

5.3.1 Design, fabrication and characterizations of JWCFs........................ 100
5.3.2 Temperature changes and water retention performance ................... 103
5.3.3 Weed control €Xperiment ..........c.cccuveeveerueeeiieenieeiieeneeereeseeeveenineens 106
5.3.4 Soil-buried biodegradation experiment...........c..ccoceeverveeneenueneennenn 108

54 CONCIUSION ....eiitiiiiiiiie ettt ettt ettt e eas 111
Chapter 6 Long-term Field Evaluation of JWCF Performance ..............ccccooeeeennenne. 113
6.1 INEOAUCHION ..ottt 113
6.2 EXPErimMENt SECION ......ccuvieiieiiiieiieeie ettt etee ettt ee st e et sieeebeesneesaneesaeeens 113
6.2.1 Material .......cooiiiiiiiiieiee e e 113
6.2.2 Field eXperiment SETUP.......cccveerveeerieeerieeeiieeeireeeieeesneeesreeesneeenns 113

6.3 Result and DiSCUSSION ......cccuiiiiiiiiiiiiiiiieiiceieeeeee e 115
6.3.1 Weather CONAItIONS.......cc.eeriirieriiiieniieieeeee e 115
6.3.2 Weed control performance ...........ccceeecueereeeiieeniieniiienieeieesie e 115
6.3.3 S01l CONAITIONS ..uveeniiiiiieiieiieeee et 118
6.3.4 Honey pomelo yield and quality ........ccccceeeviieeiiieniieeeieccee e 121



6.3.5 Durability and biodegradation of JWCF .........ccccoeviiiiiiiiiiieieens 123

6.4 CONCIUSION ..ottt ettt ettt e s e st esaneens 124
Chapter 7 Conclusions and Suggestions for Future Research ............ccccoceeeviennnnnnen. 126
7.1 CONCIUSIONS ...ttt ettt 126
7.2 SUGZESTIONS ...ttt ettt sttt et sttt et sae et eaeesbeebesanenaeens 128
RETRIEIICES ...ttt et et 130

XI



List of Figures

Figure 1-1 Flowchart of the research methodology.

Figure 2-1 Conceptual diagram depicting the plastic degradation methods. (a) UV
radiation of photodegradation. (b) Photodegradation of (i) PE, (ii) PP and (iii) PET. (c)
Mechanical abrasion method of plastic degradation. (d) Overview of enzymatic plastic

degradation.

Figure 2-2 (a) Stages of LDPE plastic degradation under UV exposure. The LDPE
plastic curls into a pipe shape within two weeks and eventually became brittle and
disintegrates by the end of the degradation experiment. (b) SEM image of the shattered
rPP1 pellet surface after 2000 hours of UV radiation, with measurements in um of the
resulting fragments; yellow arrows indicate crack formation beneath the surface layer.
(c) Tensile strength at break point of LDPE, HDPE, PP and PS during different days of
UV exposure. (d) - (e) The optical microscope images of HDPE mulch film degraded

different time. (f) The variation of DEHP concentrations.

Figure 2-3 (a) Illustrative concept depicting the potential effects of micro- and
nanoplastic pollution on soil organisms. (b) Effects of residual traditional plastic films
on the soil environment in agriculture. (¢) Diagram illustrating the uptake and transport
of PS nanoplastics in maize plants. (d) i-iii, Images of transverse sections of a root (1),
stem (i1) and leaf (ii1) from a wheat plant treated with polystyrene beads labelled with
Nile blue (NB) and polystyrene (PS) beads labelled with 4-chloro-7-nitro-1,2,3-
benzoxadiazole (NBD-Cl). (e) i-iii , Images of transverse sections of the lettuce root (1),
petiole (i1) and leaf (iii) treated with PS beads labelled with NB or PS beads labelled
with NBD-CI.

Figure 2-4 Different natural plant fibers. (a) Leaf fibers, (b) seed fibers, (c) bast fibers

XII


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/optical-microscope

and (d) fruit fibers.

Figure 2-5 Structure model of cellulose molecule chain.

Figure 2-6 Jute fiber morphology (a) cross-section and (b) surface.

Figure 2-7 The mechanism of photodegradable.

Figure 2-8 (a) Design of backbone-degradable polymers through ROMP and SEM
image of the copolymer sample before and after 30min irradiation. (b) SEC
chromatograms depicting copolymer mass distribution after solar irradiation for 0 min,
30 min, 1 day, 4 days and 10 days. (c¢) Masked P1 films under natural sunlight (upper
left) and the resulting P1 films (others). A fluorescence image of P1-III was captured
after sunlight exposure and subsequent treatment with an aqueous methylene blue
solution. (d) SEC traces of P1-I before and after 14 days of sunlight exposure. (¢) Load-
displacement curves from nanoindentation, comparing the profiles of pristine P1-I and

masked P1-1.

Figure 2-9 Biodegradation steps of polymers.

Figure 2-10 (a) SEM and TEM images of the stable co-continuous PLA/PBAT (70/30)
blend with and without compatibilizers. (b) Stress—strain curves and (c) notch impact
strength of the PLLA/PBAT (70/30) blends with and without compatibilizers. (d)
Notched impact strengths and (e) stress-strain curves of PLA, PLA/PBAT and
PLA/PBAT/EMA-GMA blends.

Figure 2-11 Schematics of common plastic manufacturing techniques. (a) Extrusion

molding, (b) injection molding, (c) cast extrusion, and (d) compression molding.

Figure 2-12 (a) Preparation and photocatalytic process diagram of the Nano-

G/TiO2/PVC composite film and (b) weight loss after 30-hour UV exposure. (c) FTIR

XIII



spectra of LDPE and LDPE-T@CDIH before and after exposure to different durations.
(d) Carbonyl index of LDPE-T@CDIH before and after different illumination time.

Figure 2-13 (a) Grafting reaction mechanism involving BA, MMA, modified SO, and
starch. (b) Soil loss at different rainfall intensities on a terrace slope of 24°. (c) Mass
fraction of SOSA and LDPE films after degradation. (d) UV-vis spectra of
thermoplastic starch films. Symbols: (black filled triangle) TPSOMC, (blue colored
square) TPSIMC, and (red colored circle) TPSSMC. (e) Loss area observed during
composting assays of TPS and TPS composites. (f) Roots and stems growth during

agronomic assay.

Figure 2-14 (a) Actual image of proposed jute-based hybrid nonwoven fabric.
(b)Antibacterial tests of jute-based hybrid nonwoven fabric against S.aureus and E.coli..
Diurnal soil temperature and temporal variation of (c) soil temperature and (d) 5 cm
soil temperature. (e) Laying actual situation. (f) Weight loss of modified soy-based

nonwoven jute composites after different biodegradation periods.

Figure 2-15 (a) Stalk composite pipes (SCPs) with three cross-sectional sizes and (b)
their field laying of SCPs. (¢) Bulk density and porosity of the HMS and UMS soil
property. (d) Water retention capacity of unmodified soil and soil modified with

hydrogel.

Figure 3-1 Experimental procedures and performance tests.

Figure 3-2 Schematic diagram of the chemical treatment of jute yarn.

Figure 3-3 Optical and SEM micrograph of untreated and treated jute yarns.

Figure 3-4 Yarn diameter of untreated and treated jute yarns.

Figure 3-5 FTIR spectra of JYs before and after alkali treatment

XIvV



Figure 3-6 (a)Weight loss and (b)residual gum content of JYs after treatment with

different durations.

Figure 3-7 TGA(a) and DSC(b) curves of JY both before and after treatment.

Figure 3-8 Stress-strain curve(a) and tensile strength(b) of JY both before and after

treatment.

Figure 3-9 Water absorption behavior of JYs.

Figure 3-10 Effect of alkali treatment time on water absorption of JYs.

Figure 4-1 Schematic and working mechanism of the JFPC for sustainable water-
saving management. (a) Schematic illustration of the JFPC pipe application. (b) Raw
materials used to fabricate JFPCs with sandwich structure. (c) Comparison of soil
moisture movement patterns under traditional drip irrigation pipe or proposed drip

irrigation pipe.

Figure 4-2 Fabrication process of JFPCs and JFPC pipes. (a) Fabrication materials. Jute
yarn, a low-cost natural yarn with good mechanical properties, was used as a protective
layer. PLA filaments, with excellent water repellency and biodegradable properties,
were used as the water-blocking layer of the composites. (b) Pre-doubling technique for
PLA yarn. (¢) Sandwich structure. (d) Front and back effect of composite fabric. (e)
Compression molding method used to prepare JFPCs. (f) An actual photograph of
JFPCs. (g) Manufacturing process of JFPC pipe specimens.

Figure 4-3 Schematic of water control and measurement system of JFPC pipes.

Figure 4-4 Basic morphological and chemical characterizations. (a)Surface images of
jute fabric (JF) and jute fiber-reinforced PLA composites (JFPCs). Scale bar: 2 mm. (b)

Pore diameter. (c) FTIR spectra of different samples.

XV



Figure 4-5 Thermal properties (a) TGA and (b) DSC curves of JF and JFPCs with

different content of PLA.

Figure 4-6 Tensile fracture process of JFPCs.

Figure 4-7 Mechanical performance (a) tensile, (b) flexural, (c) bursting and (d) tearing
strength of JF and JFPCs with different PLA content. The same letter was used to

indicate statistically similar.

Figure 4-8 Water seepage performance of jute fabric pipe and JFPC pipes. (a)
Photographs presenting the water seepage behavior of different fabric pipes. The length

of fabric pipes is 20 cm. (b)Water seepage rate of jute fabric and JFPC pipes.

Figure 4-9 The sustainable and biodegradability performance of JFPCs. (a) Schematic
overview of the raw material sourcing, fabrication, and possible end-of-life pathways
of JFPCs. (b) Photographs of JFPCs degradation at different burial durations with

discoloration or mildew. (c) Weight loss of the JFPCs after three months degradation.

Figure 5-1 Schematic of the JWCF for sustainable weed control and water retention
management under sunlight and its working mechanism. (a) Schematic illustration of
the JWCF application and the abundant raw materials of JWCFs can be derived from
the stem of natural Corchorus plants. (b) Schematic illustration of the working
mechanism of JWCF for weed control management and evaporation control. (c) A
comparative analysis of JWCF-4 with the main performance characteristics of current

commercial WCFs.

Figure 5-2 (a) Coarse jute yarns were used as raw materials to prepare the JWCF. (b)
Schematic diagram of Stoll flat knitting machine. (¢) Two knit structures (Single jersey
and Sandwich) were used to change the porosity of JWCFs. (d) The photographs of

different jute weed control fabrics.Top panel: front effect of different JWCFs. Bottom

XVI



panel: back effect of different JWCFs.

Figure 5-3 A photograph of the experimental setup for temperature change and water
retention under sunlight. This setup is mainly consisted by a thermocouple data recorder,
a temperature and humidity recorder, and a weather station. The chamber of the soil
container is isolated from the surroundings by an Al film to reflect sunlight. The
temperatures of soil and fabric surface are real-time measured by thermocouples

recorder.

Figure 5-4 Photographs of the outdoor experiment condition to test the weed control
of different covering materials. All fabrics of size 500 mm * 500 mm were laid in an
outdoor experimental site with adequate sunlight in the campus of Hong Kong

Polytechnic University, Hong Kong, China (114.1795 °E, 22.3051 °N).

Figure 5-5 Fabrication and characterizations of JWCFs for weed control. (a) Optical
microscope photographs of JWCFs. Scale bar, 2mm. (b) Porosity of JWCFs, WCF-PE
and WCF-PP. Compared the (c) water vapor and (d) air permeability of different fabrics.
(e) Sunlight blocking by different covering materials in the wavelength range of 400-
700nm.

Figure 5-6 The photographs of WCF-PE and WCF-PP are shown for comparison. Scale

bar, 2mm.

Figure 5-7 Heat accumulation reduction and water conservation performance. (a)
Absorptivity of different WCFs. (b) A schematic of the custom-made device for
verifying the cooling effects of the JWCFs. (¢) Surface temperature and (d) soil
temperature recorded under covered of the JWCF and the three controls from 10:00 to
15:00. (e) Comparison of soil water evaporation loss under the JWCF application and
the three control conditions. The JWCF can reduce heat accumulation after covering

and achieve water-saving effect.

XVII



Figure 5-8 Environment conditions of the temperature and water-loss tests outdoor.
Left panel: temperature and relative humidity. Right panel: power of sunlight and wind

speed.

Figure 5-9 The weed control effects of the JWCFs compared with the WCF-PE, WCF-
PP and bare control. (a) Photographs presenting the physiological condition of weed
growth in the non-irrigation group and irrigation group after 70 days of coverage under
the four conditions and (b) the weed control rate of different materials under irrigation

or non-irrigation condition.

Figure 5-10 The biodegradability tests under moist soil of JWCF, WCF-PE and WCF-
PP. (a) Photograph of samples prepared to test the degradation performance of different
covering fabrics. The samples were placed in mesh bags (for easy sampling) and buried
in soil at a depth of 20 cm for natural biodegradation. (b) Photographs of the commercial
WCFs degradation after 40 days. Top panel: overall physical pictures of WCF-PE. Scar
bar: 3 cm. Bottom panel: overall physical pictures of WCF-PP. Scar bar: 3 cm. (c)
Photographs of the JWCF degradation after different burial times. Top panel: overall
physical pictures of JWCF. Scar bar: 3 cm. Bottom panel: Photographs of the jute yarn
with discoloration or mildew. Scar bar: 500 um. (d) Weight loss of the JWCF after

degradation from 10 days to 40 days.

Figure 6-1 Photographs of the actual covering of pomelo tree.

Figure 6-2 One-year (a) rainfall and (b) temperature statistics in the field experiment
area. (c) Photographs of the actual covering of pomelo tree. (d) Photographs of weeds

grown under different conditions in a 1-year long-term covering pomelo farm.

Figure 6-3 Soil conditions in honey pomelo tree area. (a) soil moisture, (b) soil
temperature, (c) soil pH and (d) soil nutrients (N, P, K) content under different fabrics

mulching and uncovered area.

XVIII



Figure 6-4 Honey pomelo yield and quality under different soil treatment. (a)Fruiting
of pomelo trees in different fabric coverage areas. (b) Total and (c) increased yield of
honey pomelo trees covered with different fabrics. (d) Comparison of the soluble solids

content in honey pomelo treated with JWCF-4 between the years 2023 and 2024.

Figure 6-5 (a) Photographs of the JWCF-4 covered after 8§ months and (b) photographs

of the JWCF-4 degradation after covered 1 year.

XIX



List of Tables

Table 2-1 Common agriculture materials and their main applications.

Table 2-2 Prevalence of microplastics in agricultural soil ecosystems.

Table 2-3 Main chemical components of common plant fibers.

Table 2-4 Comparison of the properties of natural plant fibers with synthetic fibers.

Table 2-5 Main degradable polymer and their applications.

Table 3-1 Different jute yarns before and after chemical treatment.

Table 4-1 The parameters of different samples.

Table 5-1 Detail parameters of JWCFs.

Table 6-1 Fertilizer applications in the experimental area.

XX



List of Abbreviations

PVC polyvinyl chloride

PE polyethylene

PP polypropylene

PLA polylactic acid

PET polyethylene terephthalate
LDPE low density polyethylene
PAEs phthalates

DEHP di (2-ethylhexyl) phthalate
BPA bisphenol A

NB Nile blue

PS polystyrene

XXI



NBD-CI 4-chloro-7-nitro-1,2,3-benzoxadiazole
PS-COOH carboxyl-modified

PS-NH; amino modified

OH hydroxyl groups

CHO aldehyde groups

OCH3 methoxy

C=0 carbonyl

UVB ultraviolet radiation b

1-SCs interfacial stereo complex crystallites
3D three-dimensional

PCL polycaprolactone

XXII




PHA polyhydroxyalkanoates

PGA polyglycolic acido

PA polyamide

PHB polyhydroxybutyrate

PBS poly(butylene succinate)

PBAT poly(butyleneadipate-co-terephthalate)
HDPE

high-density polyethylene

Uv

ultraviolet
FAO Food and agriculture organization
SEM scanning electron microscopy
TGA thermogravimetric analysis

XXIII




TEM Transmission Electron Microscopy
DSC differential scanning calorimetry
NJATM nonwoven jute agro-textile mulch
JHNF jute-polyester hybrid nonwoven fabric
SOSA bio-based hydrophobic liquid mulch film
CAGR Compound Annual Growth Rate
Nano-G nano-graphite

MC mica clay

PAR photosynthetically active radiation
TPS thermoplastic starch

pH potential hydrogen

XXIV




SCP stalk composite pipes

FTIR Fourier-transform infrared spectroscopy
S. aureus Staphylococcus aureus

E. coli Escherichia coli

NaOH sodium hydroxide

NaxSO3 sodium sulfite

JYs jute yarns

JFPC jute fiber-reinforced PLA composite
WCFs weed control fabrics

WCF-PE polyethylene weed control fabric
WCE-PP polypropylene weed control fabric

XXV




JWCF jute weed control fabric

N nitrogen
P phosphorus
K potassium

XXVI




Chapter 1 Introduction

1.1 Background

Agriculture serves as the foundation of the global economy and food security 2, yet it
faces pressing challenges, including inefficient resource utilization, low productivity,

and environmental degradation 7.

With the global population expected to reach 9.7
billion by 2050 %7, food demand is expected to rise by 70% *, making agricultural
innovation crucial—particularly in optimizing resource utilization, minimizing
environmental impact, and enhancing production efficiency. Unsustainable agricultural
practices have contributed to soil erosion, deforestation, habitat loss, and the
acceleration of climate change % '°. Moreover, stagnant agricultural productivity, the
constraints of traditional practices, and increasing water shortages have intensified food
security challenges, highlighting the urgent need for a transition to sustainable
agriculture. As an important innovation in modern agriculture, agricultural textiles
provide an effective solution to improve agricultural sustainability ''. These materials,
such as geotextiles, mulch films and shade nets, have the functions of regulating
microclimate, reducing water evaporation, inhibiting weed growth and protecting crops
from extreme weather '> 3, thereby increasing crop yields and resource utilization
efficiency. In the context of agricultural transformation, these materials are becoming

an important tool to promote sustainable agricultural development, playing a key role

in improving agricultural productivity and environmental friendliness.

Water scarcity in agriculture is becoming an increasingly critical issue, further
exacerbated by climate change and population growth '% 5. In arid and semi-arid
regions, limited water resources have emerged as a major constraint on agricultural
production '® 7. In this context, drip irrigation technology has gained widespread

recognition for its high efficiency and water-saving benefits '® . By precisely



delivering water directly to plant roots, it minimizes evaporation and wastage,
significantly enhancing irrigation efficiency and optimizing water resource utilization.
However, the commonly used materials in current drip irrigation systems, such as
plastics and polyvinyl chloride (PVC), while offering good durability, are often difficult
to degrade and recycle after their service life, leading to significant environmental
pollution. The release of plastic microparticles from these materials may pose potential
risks to soil ecosystems and agricultural product safety 2°. Therefore, developing
biodegradable, eco-friendly, and high-performance drip irrigation pipe materials has

become an urgent challenge that needs to be addressed.

Weeds present a persistent and significant challenge in agriculture by competing with
crops for important resources such as water, nutrients, and sunlight 2! 2. The
competition results in significant yield reductions and economic losses in agricultural
production ** 2%, Traditional weed control methods such as chemical herbicides,
mechanical weeding, and biological control are widely used to control weed growth
and protect crops. However, these methods have obvious limitations. For example,
chemical herbicides can cause environmental pollution and herbicide resistance 2°,
while mechanical weeding and biological control may not provide lasting effects or
damage crops. Many studies conducted around the world have reported the positive
effects of mulches on weed control, demonstrating that they are superior to pesticides
or manual weeding methods 6-2%. The use of polyethylene (PE) and polypropylene (PP)
weed control fabrics, as well as black film materials, in agricultural mulches has
increased dramatically worldwide due to their benefits, including effective weed control,
soil moisture retention, and temperature regulation 2% *°. However, the subsequent
disposal of synthetic plastic materials, usually landfill or incineration, has caused

serious pollution problems to the soil environment. Therefore, there is a growing

demand for more sustainable and effective mulching materials.



Natural plant fibers are promising choices as agricultural textiles, offering high specific
strength, sustainability, and biodegradability ' 32. Among various natural fibers such
as straw fiber, bagasse, bamboo fiber, and jute fiber, jute stands out due to its
affordability, widespread availability, excellent ductility, high modulus, and superior
specific strength, making it a preferred choice for diverse agricultural applications 2.
Traditionally, jute fiber has been primarily used to make ropes, coarse cloth, and
packaging materials **. In recent years, with growing emphasis on environmental
sustainability, jute fiber has been further developed into geotextiles, seedling containers,
and erosion control mats 3> ¢, demonstrating both eco-friendliness and economic
feasibility. Therefore, in order to address the challenges that are mentioned above, this
study explored composite pipes and weed control based on jute fabrics as sustainable
alternatives to conventional materials. By leveraging the inherent properties of jute fiber,
the study aimed to develop agricultural materials that provide effective solutions for
weed control and controlled irrigation while simultaneously minimizing environmental
impact. The performance, environmental benefits, and practicality of these materials

were evaluated through both laboratory tests and field experiments.

1.2 Research Objectives

The selection of weed-control mulching fabrics and controlled-irrigation pipes as the
two focal applications is based on their dominant contribution to agricultural plastic
consumption. Statistics indicate that plastic films and irrigation pipes together account
for over 90% of total plastic use in the agricultural sector, making them the primary
sources of waste accumulation and microplastic pollution. Addressing these two
categories therefore offers the greatest potential environmental impact. Building on this
rationale, this study aims to develop a fully biodegradable, multifunctional jute-based
material system that integrates controllable targeted irrigation, weed suppression, and

soil moisture regulation. By combining fiber modification, structural design, and textile



processing, this study proposes a new framework for natural fiber-based agricultural

materials with tunable performance and controllable degradation, which can

significantly reduce soil pollution while enhancing the performance and resource use

efficiency of agriculture materials. The specific objectives of this research are as

follows:

(a)

(b)

(©)

(d)

To study the basic characteristics of jute yarns before and after alkali treatment.
The surface morphology, mechanical and thermal properties, and water absorption

are systematically characterized.

To develop appropriate jute fiber-based composite preparation techniques,
optimizing porosity and pore distributions to enhance strength, durability, and
functional performance. The physical and seepage controllable performance of

composite pipes are demonstrated by mechanical and water seepage experiments.

To design and fabricate jute weed control fabrics with varying porosity by adjusting
the fabric structure and density. The functional effectiveness of jute-based fabrics
is evaluated through lab tests and small-scale outdoor experiments and compared
with commercial weed control fabrics to evaluate their suitability for agricultural

applications.

To demonstrate the field application of jute weed control fabrics. The long-term

weed control performance, soil conditions, and fruit yield are evaluated.

1.3 Methodology

To achieve the above research objectives, the study is conducted using the following

methodologies:

Exploration of the basic properties of jute yarn



The surface morphologies, thermal and mechanical properties, water absorption
performance of jute yarn were evaluated before and after modification treatment.
Specifically, scanning electron microscopy (SEM) was used to assess the surface
morphologies, while thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) was conducted to investigate the thermal properties. Mechanical
properties were determined through tensile testing to measure strength and elongation
at break. Additionally, the water absorption performance was examined by immersing
different yarns in water and measuring weight changes to evaluate their water

absorption capacity.

Design and fabrication jute/PLA composites with excellent mechanical properties

and controllable seepage performance

Sandwich-structured jute/ PLA composites were fabricated through simple knitting and
molding techniques. The resulting fabric incorporated jute yarn on one side and
polylactic acid (PLA) filament on the other. The jute layer provided enhanced
protection for external use, while the PLA inner layer ensured effective seepage
performance for the composite pipes. The content of PLA affected the porosities of
composites. To investigate the effect of porosity on the seepage controllability of
composite pipes, a variety of composites with different PLA contents were fabricated.
Comprehensive analyses, including surface morphology, thermal stability, mechanical
properties, water seepage behavior, and biodegradability, were conducted to evaluate

the influence of material composition on overall performance and functional efficiency.

Design and fabrication jute weed control fabrics with excellent weed control and

water retention

A multifunctional jute weed control fabric (JWCF) was designed and developed by

adjusting fabric structures and densities. A systematic comparison was performed to



evaluate the effectiveness of JWCF in comparison to two commercial weed control
fabrics. Various lab tests and field experiments were conducted, including basic
characterizations, temperature changes and water retention performance, weed control

and biodegradation to assess their overall performance in agricultural applications.

Field experiment

To verify the long-term effectiveness of jute fabric, a one-year field experiment was
conducted on an outdoor farm. The functionalities of jute-based fabric and commercial
weed control fabrics were compared. The data on soil environment was monitored
through sensors and final crop yield and durability were evaluated to evaluate their

effectiveness for agricultural applications.

Development of Sustainable and Functional Jute-based Fabrics
for Innovative Agriculture Applications
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Figure 1-1 Flowchart of the research methodology.

1.4 Research Significance and Value

Although much research has been carried out on the use of jute fibers in different fields,
the research for jute-based multifunctional agro-textiles is limited. Given superior
performance and complete biodegradability, the jute-based agricultural materials
proposed in this study show considerable promise as a viable alternative to traditional
polymer-based materials in agriculture. The sustainability implications of these
proposed materials are anticipated to be substantial. By using jute fiber to achieve
controllable seepage irrigation and suppress weed growth while reducing soil
environmental pollution, the proposed materials may advance the goal of promoting
sustainable agricultural practices. Effective water saving and weed management can
conserve vital resources and diminish the dependence on water-intensive irrigation and
chemical herbicides, thereby fostering the long-term development of sustainable
agriculture. This impact would contribute to protecting vulnerable ecosystems and
fostering the sustainability of natural resource management. The work would lead to
significant contributions to improving the efficiency of agricultural production
materials and protecting the soil environment. Moreover, this work provides novel
perspectives and innovative ideas for the application of cellulosic materials in
agriculture and contributes to an important significance for expanding the application

of natural fibers.

1.5 Outline of the work

This thesis is organized as follows:

Chapter 1 briefly introduces the research background of agricultural textiles and the

current issues towards this field. Considering the challenges, the research objectives,



methodologies and research significance and values of this study are described in detail.

Chapter 2 reviews the recent research progress of agricultural textiles, including
traditional materials and their limitations, sustainable materials, fabrication methods,

and applications.

Chapter 3 evaluates the basic characteristics of jute yarns before and after alkali
treatment. Surface morphologies, thermal and mechanical properties, water absorption

performance of jute yarn are systemically studied.

Chapter 4 develops a composite fabric based on jute yarn and PLA filament for
controllable seepage irrigation. Based on structural design and rational materials
configuration, composite seepage pipes are realized, including excellent mechanical
properties and water seepage performance. The morphology, mechanical properties,

and water seepage performance are studied.

Chapter 5 fabricates a multifunctional weed control fabric based on jute fiber. The
properties of jute weed control fabrics (JWCFs) are systematically evaluated. The
JWCFs not only has excellent weed control effects which are compatible with

commercial weed control fabrics, but also reduces soil moisture evaporation.

Chapter 6 conducts the field experiment to verify the effectiveness of the proposed

functional agricultural textile.

Chapter 7 summarizes the whole research project, states the existing limitations, and

discusses the future work in the field of jute-based agriculture textiles.



Chapter 2 Literature Review

2.1 Agricultural Materials

Agricultural materials are designed using material science to help crops handle
challenges such as pests, diseases, extreme weather, and limited resources 7. Their
primary goal is to tackle these agriculture challenges through physical, chemical, or
biological methods, with applications including weed management, water scarcity, pest
and disease control, and the optimization of crop growth environments. As essential
tools driving the rapid advancement of modern agriculture, agricultural materials play
a crucial role in enhancing crop yields, conserving resources, and reducing production

costs for farmers 3340,

2.1.1 Crop protection materials

Crop protection materials, as an essential component of modern agricultural system, are
designed to shield crops from adverse environmental threats, thereby enhancing
productivity and promoting sustainable cultivation through physical, chemical, or
biological mechanisms *'* >, Mulches, weed control fabrics, and agricultural nets are
widely used crop protection materials that help regulate soil microclimate and reduce
environmental stress. Mulches retain soil moisture and minimize evaporation*’, while
permeable weed control fabrics suppress weed growth without impairing soil
aeration—particularly advantageous in organic farming **. Agricultural nets, including
shade, insect-proof, and wind-proof types, further protect crops from adverse
conditions **. Typically made from high-strength, UV-resistant plastic materials, these

nets are known for their durability and resistance to aging.



2.1.2 Water management materials

Water management materials represent another important category of agricultural
materials designed to optimize irrigation efficiency, enhance effective water use, and
maintain soil structure. By controlling the flow and distribution of water, these materials
effectively address the growing global issue of water scarcity, particularly in arid or
semi-arid regions 6. In modern irrigation systems, water management materials are
tailored to different techniques, including drip drip, sprinkler, surface, and subsurface
irrigation ' 47, Among them, drip irrigation is recognized as one of the most efficient
methods, delivering water directly to plant roots while minimizing evaporation and
runoff. Recently, advances in water management material science have been

continuously developing to further improve irrigation efficiency and sustainability.

2.2 Traditional Agricultural Materials and Limitations

2.2.1 Traditional agricultural materials

In traditional agricultural production, a variety of materials are extensively utilized for
crop cultivation, irrigation, and soil protection. Table 2-1 presents common agricultural
production materials. Among these, plastics are among the most extensively utilized
due to their affordability, ease of processing, and durability *®. Plastics play a crucial
role in agricultural applications, particularly in mulching films, irrigation systems, and
packaging materials. According to FAO statistics, the global agricultural sector
consumes approximately 12.5 million tons of plastic annually, with PE accounting for
67%, PP for 21%, and PVC for 9% *°. Notably, plastic films and irrigation pipes

constitute more than 90% of this total consumption.

Table 2-1 Common agriculture materials and their main applications *°.



Agricultural materials Fiber type Use in agriculture

Mulch mat PP/PE Weeding control; Preserve moisture
Crop cover PP Protect crop from adverse climatic
Weeding fabric PP/PE Weed control
Sunscreen PE Protect crop from UV radiation
Anti-bird net PP/PE Protect crop from bird
Irrigation pipe PP/PE/PVC Transport water
Soil protection fabric Jutejli;‘;‘z)r?/PP Prevent soil erosion

Agricultural coverings, particularly ground films, are among the most commonly used
traditional agricultural materials. Plastic films, especially PE and PP films, are the most
widely utilized due to their effectiveness in regulating the crop growth environment.
These films help preserve soil moisture, suppress weed growth, retain soil heat, and

accelerate crop development, ultimately enhancing overall agricultural productivity >'.

In agricultural irrigation, plastic pipes—particularly those made of PE and PVC—are
extensively used due to their excellent corrosion resistance, pressure tolerance, and
cost-effectiveness. PE pipes offer flexibility and durability, allowing them to withstand

high water pressure over prolonged use while ensuring stable and uniform water
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distribution *2. Most drip irrigation systems utilize plastic materials such as high-density
polyethylene (HDPE) 3, which exhibit strong chemical resistance, adaptability to

diverse soil conditions, and reliability in maintaining efficient irrigation performance.

In addition to mulches and irrigation systems, plastic materials are also extensively
utilized in agriculture packaging, greenhouse construction, insect-proof nets, and other
applications >*. However, prolonged exposure to sunlight, moisture, and temperature
fluctuations can induce material aging, degradation, and fragmentation, leading to

environmental pollution and resource accumulation issues.

2.2.2 Limitations of traditional agricultural materials

Non-degradability of materials such as PE, PVC, and PP, commonly used in agricultural
textiles, has led to significant soil pollution. Research indicates that plastic mulch films
are one of the major sources of microplastics in agricultural soils >°>. The widespread
use of plastics in the agriculture field, coupled with low recycling rates, results in the
accumulation of plastic residues, which gradually degrade into micro-sized particles,

releasing harmful substances and negatively impacting the environment.

Microplastic generation mechanism

The generation of soil microplastics is a complex environmental issue driven by multi-
source inputs and multi-process interactions. Agricultural plastics are commonly in
direct contact with or near soil environments. Exposure to environmental factors such
as ultraviolet radiation, temperature fluctuations, and mechanical stress can cause the
degradation of plastics, leading to the release of microplastic particles into the
environment %7 (Figure 2-1). Ultraviolet radiation (UV) is a key factor in the
decomposition of agricultural plastics into microplastic particles, primarily through the

induction of peroxidation and molecular chain scission ¥ (Figure 2-1a). During the



early stages of degradation, plastic films with high molecular weight exhibit significant
resistance to microbial degradation ¢! %2, UV radiation utilizes high-energy photons to
break molecular bonds, initiating polymer chain scission and cross-linking %, which
renders the material photochemically brittle and leads to the in-situ degradation of bulk
plastics ®* 9. Carbonyl groups in PE can function as chromophores, initiating Norrish
Type I and II reactions that cause main-chain scission . The generated free radicals
react with oxygen, forming peroxy radicals that break down into highly reactive species
(Figure 2-1bi). PP is more susceptible to degradation than PE because its tertiary carbon
is prone to oxygen attack ®’. Under UV exposure, impurities in PP form radicals,
resulting in chain scission, cross-linking, and the production of lower molecular weight
degradation products - (Figure 2-1bii). PVC undergoes dehydrochlorination under
UV radiation, forming conjugated double bonds that degrade further. Chromophores of
PVC generate free radicals through UV radiation, which lead to hydroperoxides that
break the backbone chain into smaller products " !, Photodegradation of PET breaks
ester bonds, producing CO, CO», terephthalic acid, and other degradation products .
It also undergoes radical-induced degradation, where hydroperoxides form from CH:
groups and react with aromatic rings, leading to hydroxyterephthalate groups and

possible cross-linking 7> 7 (Figure 2-1biii).

In addition of UV radiation, mechanical abrasion is another significant factor
contributing to plastic material degradation (Figure 2-1c). The shearing effect of
farming machinery and the friction between soil particles work synergistically to
accelerate the breakdown of materials ’*. Moreover, biological degradation mechanisms
play a crucial role in the breakdown of plastics. Soil microorganisms, including bacteria
and fungi, can colonize the material's surface and secrete enzymes that break down
spolymer chains. White-rot fungi, for example, produce lignin-degrading enzymes like
laccase, which can depolymerize plastics such as PE and PP (Figure 2-1d). Additionally,

the activity of soil animals, such as earthworms, has a dual effect: it accelerates plastic



fragmentation while their intestinal enzymes enhance biodegradation.
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Figure 2-1 Conceptual diagram depicting the plastic degradation methods. (a) UV
radiation of photodegradation 7. (b)Photodegradation of (i) PE, (ii) PP and (iii) PET
9. (c) Mechanical abrasion method of plastic degradation 4. (d) Overview of

enzymatic plastic degradation 7°.

Mustafa Dogan "’examined UV-induced degradation of LDPE using a fluorescence
lamp and sunlight exposure. Results revealed progressive polymer breakdown,
structural fragility, and slight color changes (Figure 2-2a). Edgars Kuka et al. ’®

investigated UV-induced photodegradation in five recycled plastics, revealing that
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degradation varied more by waste source than polymer type. SEM confirmed
microcracking in degraded samples, highlighting their potential for microplastic
formation (Figure 2-2b). Ainali et al. ”showed through UV aging experiments that
prolonged exposure to UV-B radiation led to the formation of cracks and holes on the
surface of plastic films (LDPE, HDPE, PP, PS), resulting in a significant reduction in
both ductility and strength (Figure 2-2c). A simulation study by Da et al. ™
demonstrated that agricultural practices significantly accelerate the transformation of
residual agricultural films into microplastics through mechanical wear, simultaneously
releasing plasticizers such as phthalates (PAEs). The results revealed significant wear
on the HDPE mulch film, with smaller fragments and an increase in submicron particles
as abrasion time progressed (Figure 2-2d and Figure 2-2¢), leading to exponential
microplastic generation (Figure 2-2f) and the complete disintegration of the thinnest

films (0.008 mm).
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Figure 2-2 (a) Stages of LDPE plastic degradation under UV exposure. The LDPE

plastic curls into a pipe shape within two weeks and eventually became brittle and
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disintegrates by the end of the degradation experiment ’’. (b) SEM image of the
shattered rPP1 pellet surface after 2000 hours of UV radiation, with measurements
in um of the resulting fragments; yellow arrows indicate crack formation beneath the
surface layer ’®. (c) Tensile strength at break point of LDPE, HDPE, PP and PS during
different days of UV exposure ”°. (d)—(e)The optical microscope images of HDPE

mulch film degraded different time 7*. (f) The variation of DEHP concentrations 7.

Environmental impact

Agricultural plastic materials, such as ground film and drip irrigation pipes, are
designed for long-term durability, often exceeding their actual usage needs and leading
to persistent environmental pollution. While ground film is typically used for 3—6
months, LDPE as the common material of film, has a soil half-life of 10-30 years *°.
Similarly, PP drip irrigation pipes retain high tensile strength even after prolonged use
81 Moreover, PVC greenhouse frames, when exposed to ultraviolet radiation and humid
heat, release substantial amounts of DEHP, resulting in accumulated concentrations of

hundreds of micrograms per kilogram in the surrounding soil %

. These 1ssues highlight
the failure of traditional agricultural plastics to account for their long-term
environmental impact, posing risks of soil and water contamination from residual

substances after use.

Microplastics pose a threat to soil ecosystems through three main pathways: physical
disturbance, biological toxicity, and chemical release *. These impacts further disrupt
soil nutrient cycling, hinder plant growth, and alter overall soil properties, as illustrated
in Figure 2-3a and Figure 2-3b. Microplastics can significantly impact soil
physicochemical properties, such as porosity, bulk density, and water-holding capacity,
thereby affecting soil aeration and nutrient cycling ®. In addition, microplastics can

serve as vectors for pollutants, adsorbing heavy metals, organic contaminants, and other


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/optical-microscope

hazardous substances, thereby posing a potential risk to soil microbial diversity and
inhibiting plant root development and nutrient absorption ®> %, Wang et al. 87 reported
a progressive decline in soil enzyme activity and microbial diversity with increasing
plastic film residue, particularly when residual levels exceeded 450 kg/hm?.The
degradation of microplastics can lead to the release of plasticizers, monomers, and other
additives, such as PAEs and bisphenol A (BPA) % 3% thereby facilitating the
accumulation of organic pollutants and exacerbating their complex adverse effects on

the environment %°.
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Figure 2-3 (a) Illustrative concept depicting the potential effects of micro- and
nanoplastic pollution on soil organisms °!. (b) Effects of residual traditional plastic
films on the soil environment in agriculture °>. (c) Diagram illustrating the uptake

and transport of PS nanoplastics in maize plants *>. (d) i-iii, Images of transverse
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sections of a root (i), stem (ii) and leaf (iii)) from a wheat plant treated with
polystyrene beads labelled with Nile blue (NB) and polystyrene (PS) beads labelled
with 4-chloro-7-nitro-1,2,3-benzoxadiazole (NBD-CI).(e) i-iii , Images of transverse
sections of the lettuce root (i), petiole (ii) and leaf (iii) treated with PS beads labelled

with NB or PS beads labelled with NBD-CI %4,

The spatial distribution of plastic residues in agricultural environments exhibits
significant regional variation. An assessment of microplastic pollution in farmland

% as shown in Table 2-2. In

ecosystems reveals serious contamination in many areas
southwestern Poland, 93% of cultivated soils contain microplastics, with loam soils
exhibiting an abundance of 1,540 + 912 particles per kilogram *°. In Liaoning Province,
China, the 0-10 cm soil layer contains 7,183-10,586 microplastic particles per
kilogram. Farmland and riparian forest soils around Dianchi Lake in China show
microplastic concentrations ranging from 7,100 to 42,960 particles per kilogram °’.
These minuscule plastic particles can be absorbed by plant roots and transported via
cracks **, increasing the risk of human exposure through the food chain and posing
potential ecological and health hazards °%. Sun et al. > investigated the foliar uptake
and translocation of carboxyl-modified (PS-COOH) and amino-modified (PS-NH3)
polystyrene nanoplastics in maize seedlings. Results showed that vascular bundle was
the main pathways for leaf-to-root translocation of nanoplastics (Figure 2-3c).
Nanoplastics entered leaves through stomatal openings and were transported to roots,
though aggregation limited root translocation, particularly for PS-NH2. Li et al.
%4demonstrated the uptake and translocation of 0.2 um fluorescent polystyrene beads in
wheat and lettuce using confocal microscopy. The beads accumulated in root
intercellular spaces, vascular tissues in stems, and xylem in leaves, highlighting their
systemic transport from roots to shoots (Figure 2-3d and Figure 2-3¢). These findings
together underscore the pervasive accumulation of agricultural plastic residues in both

soil and organisms. This highlights the urgent need to develop biodegradable and



environmentally friendly materials for agricultural applications to mitigate the long-

term impact of microplastics on soil ecosystems, promote the sustainable use of soil

resources, and safeguard ecological health.

Table 2-2 Prevalence of microplastics in agricultural soil ecosystems °.

Microplastic concentration  Soil depth Size range
Area ) R Polymer type
(items kg™) (cm) average (mm)
) 2030+1310
Spain 0-30 PP, PVC 0.15-0.25
5190+2 630
Mauritius 420.0 +244.0 10-20 PP /
Australia 2 800-2 900 / / /
Chile 600 + 10400 0-25 LDPE, PVC around 2
Germany 340 £ 360 0-5 PE, PS, PP 1-5
Switzerland around 593 / PS, PE, PVC less than 0.5
Canada 4400-14900 / / less than 0.5
China
503 £2760 0-10 PE, PP around 1
Hangzhou
Xinjiang 308 £138.1 0-40 PE 5



78.00 +£12.91 0-3

Shanghai
anghat 62.50 + 12.97 3-6 PE, PP around 1
Shaanxi 1430-3410 0-10 PP, PE around 0.49
Wuhan 320-12560 0-5 PP, PA, PS around 0.2

2.3 Sustainable Materials for Agricultural Applications

The widespread use of agricultural materials, particularly agricultural plastic films, has
greatly enhanced productivity and output in densely populated countries. As
technological advancements continue, agricultural inputs are evolving toward high-
performance, low-pollution, and biodegradable alternatives, in response to the growing
demand for sustainable agricultural practices. Biodegradable materials, seen as a
sustainable alternative to traditional agricultural plastics, have the potential to reduce
soil microplastic pollution. These materials are primarily categorized into natural fibers

and biodegradable polymers.

2.3.1 Natural plant fibers

Natural plant fibers are renewable cellulose-based materials derived from various plant
sources. Owing to biodegradability, abundance, and environmentally friendly, they are
widely utilized in textiles, composites, construction, and agriculture *>°°. Based on their
origin within the plant, these fibers are classified into leaf fibers (e.g., sisal and
pineapple leaf fibers), seed fibers (e.g., cotton fibers), bast fibers (e.g., hemp, flax, ramie,

and kenaf), and fruit fibers (e.g., coconut husk fibers), as shown in Figure 2-4.
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Figure 2-4 Different natural plant fibers. (a) Leaf fibers, (b) seed fibers, (c) bast
fibers, and (d) fruit fibers.

Natural plant fibers primarily consist of cellulose, hemicellulose, lignin, and pectin,
among other components. The content of these components varies based on the fiber
type, plant growth conditions, and extraction methods. Table 2-3 provides a detailed
breakdown of the main chemical compositions of various natural plant fibers along with

their respective content ranges.

Table 2-3 Main chemical components of common plant fibers ',

Natural Cellulose ~ Hemicellulose Lignin Pectin Wax
fiber (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
Flax 71 18.6-20.6 22 23 1.7

Hemp 70.2-74.4 17.9-22.4 3.7-5.7 0.9 0.8
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Jute 61-71.5 13.6-20.4 12-13 0.2 0.5

Ramie 68.6-76.2 13.1-16.7 0.6-0.7 1.9 0.3
Sisal 67-78 10.0-14.2 8-11 10 2
Bamboo 26-43 30 21.31 - -
Coir 36-43 0.15-0.25 41-45 3-4 -
Cellulose

Cellulose serves as the predominant component in plant fibers, exerting significant
influence on the physical and chemical properties of natural fibers. Variations in
composition and structure arise in plant fibers due to differences in plant species, plant
parts and growth conditions '*!. X-ray studies have demonstrated that in plant fibers,
cellulose molecules are interconnected mainly by van der Waals forces and hydrogen
bonds, forming two aggregation state structures, crystalline and amorphous regions 2,
as shown in Figure 2-5. Many properties of cellulose are related to the ratio of
crystalline and amorphous regions, for example, physical properties such as fiber
strength and elasticity depend on the size of the crystalline region; whereas the swelling
capacity, permeability, and reactivity of fibers depend on the size of the amorphous
region ', Four crystalline variants of solid cellulose have been found, of which
cellulose I is the natural crystalline form; and cellulose I1, III, IV, and X are transformed

from cellulose I under different conditions ', For example, cellulose II is a crystalline
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variant obtained by regeneration of cellulose I via alkali solution and this
transformation is the main source of cellulose IT '%. In addition, the cellulose molecule
cellulose 1V is a high-temperature crystalline variant that is transformed from several

other crystalline variants at different high-temperature conditions.

Hydrogen bonding between
Crystal model of Cellulose * L , cellulose molecular chains

s=103 1

Figure 2-5 Structure model of cellulose molecule chain '%°.

Hemicellulose

Hemicellulose is one of the associated components of cellulose and another major
component of plant fibers. Compared to cellulose, hemicellulose is a much smaller
polymer with significantly lower mechanical and chemical stability 7. This is mainly
due to the fact that hemicellulose contains a significantly higher content of reducible
end groups, such as hydroxyl groups (OH) and aldehyde groups (CHO). Consequently,
it displays chemically unstable characteristics, making it prone to hydrolysis, acid
degradation, oxidation, and other chemical transformations. The content of
hemicellulose has a significant impact on the properties of natural fibers, whereby

higher hemicellulose content is associated with lower fiber strength '%,

23



Lignin and other impurities

Lignin is an amorphous polymer compound with aromatic properties. Lignin
macromolecules contain methoxy (OCH3), hydroxyl (OH) and carbonyl (C=0) groups.
The methoxy group (OCH3) contained in lignin is formed by phenolic hydroxyl group,
which is difficult to decompose and remove. Pectin is a complex of acidic, highly
polymerized, gelatinous carbohydrates, a substance consisting of a mixed chain
containing glucuronic acid units. It is distributed between fibroblasts, between
fibroblasts and non-fibroblasts, and also fills the voids of the primary wall, acting as a
bond '%. Pectin in general is easier to remove, but insoluble pectin binding between

single fibers is stronger and not easily removed.

The application of natural plant fibers in agriculture offers both resource recycling and
ecological benefits. It is estimated that 2.8 billion tons of crop residue production are

generated globally each year '1% !

. Improper disposal of this waste can lead to
environmental pollution and carbon emissions. Converting natural plant fibers into
functional materials, such as slope protection nets and biodegradable mulch films, helps
reduce the ecological burden caused by open-air burning or landfilling, while
simultaneously improving soil quality through material circulation. Research has
shown that plant-fiber slope protection nets can increase soil porosity, reduce surface
soil loss by over 90 %, and enhance soil structure through the humic acid released
during fiber degradation, improving both water and air permeability ' 112, Moreover,
the degradation of plant fibers does not produce toxic by-products. These fibers are rich
in essential nutrients, including nitrogen, phosphorus, potassium, and minerals like
calcium and magnesium ', Through microbial mineralization, they can replenish the
soil's nutrient pool and mitigate soil compaction caused by prolonged fertilizer use. For

instance, a rice straw return experiment showed that applying rice straw increased soil

porosity by 8.8 %, reduced soil aggregate destruction rates by 34.3 %, and significantly
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improved the structure of the tillage layer !'*. Therefore, the use of natural plant fibers
not only establishes a sustainable, closed-loop system but also provides an
economically and ecologically resilient solution for the sustainable development of

agriculture by regulating biogeochemical processes.

Natural properties of jute fiber

Jute fiber is a natural bast fiber extracted from jute plants (Corchorus capsularis L. and
Corchorus olitorius L.) and represents a significant cellulose-based bioresource. Jute is
considered a valuable crop in Asia, particularly in Bangladesh, Pakistan, and India 5.
As one of the most important long-fiber crops globally, jute ranks second only to cotton
in terms of production and cultivation area, while being more cost-effective than cotton
116 This economic advantage, combined with its high strength, excellent hygroscopicity,
and biodegradability, has led to increasing interest in its use for sustainable and eco-
friendly applications. Jute bundle fibers consist of multiple single-cell fibers bonded
together by an intercellular matrix primarily composed of pectin. The fiber cross-
section exhibits an irregular geometry ''’, while the surface morphology is typically
rough and characterized by randomly distributed micropores (Figure 2-6). Variations in
fiber diameter and maturity across different parts of the jute plant contribute to surface
morphology differences. A lower density of micropores generally indicates an

immature fiber structure '3,
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Figure 2-6 Jute fiber morphology (a) cross-section and (b) surface '!’.

Hierarchical structure of jute fibers consists of cellulose microfibrils embedded within
a hemicellulose-lignin matrix, providing an optimal balance of strength, flexibility, and
durability . As shown in Table 2-4, jute fibers, due to their low raw material cost and
superior mechanical properties, make them widely utilized in industrial textiles, ropes,
and environmentally friendly packaging materials. Cellulose is the predominant
component of jute fiber, characterized by a structure comprising both amorphous and
crystalline regions '?°. The amorphous regions exhibit high flexibility and strong
interactions with water molecules, imparting jute fiber with excellent hygroscopic and

121 This allows it to effectively regulate soil moisture and

desorption properties
temperature, making it particularly advantageous in agricultural applications.
Conversely, the crystalline regions contribute to the mechanical strength and durability

of jute fiber 12

, reinforcing its suitability for agricultural mulch, geotextiles, and
irrigation system components. Additionally, its biodegradability has garnered
significant attention in agriculture and environmental protection, particularly as a

sustainable alternative to petroleum-based plastics and synthetic materials. Compared

to other natural fibers, jute requires lower energy consumption during production and
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generates minimal environmental pollution, further solidifying its potential as an ideal

material for sustainable development.

Table 2-4 Comparison of the properties of natural plant fibers with synthetic fibers.

. .. Elongation  Tensile Tensile Specific Specific
Fiber  Density
vhe (g/em’) at break strength  modulus strength modulus
P g (%) (MPa)  (GPa) (MPa-emg) (GPa-cm¥/g)
Cotton 1.5 7.0~8.0 287~597 5.5~12.6 191~398 3.7~-8.3
Hemp 1.5 1.6 690 / 460 /

Ramie 1.5 3.6~3.8 400~938 61.4~128  267~625 40.9~85.3

Sisal 1.5 2.0~2.5 511~635  9.4~22 341~623 6.3~14.7
Flax 1.5 2.7~3.2  345~1035 27.6 230~690 18.4
Jute 1.3 1.5~1.8 393~773 26.5 302~595 20.4
PET 1.38 25~40 370~571 9.8 268~421 7.1

2.3.2 Degradation polymers

Degradable polymers are materials that can be broken down into non-toxic substances
through a series of physical, chemical, and biological processes mediated by

microorganisms, fungi, or enzymes in the natural environment. Unlike traditional
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synthetic polymers, degradable polymers contain hydrolysable side groups such as

ethers, esters, amides, and carbonates '23. These groups enhance the flexibility of the

polymer chain and facilitate interaction with the active sites of enzymes, thus imparting

biodegradability to the polymer. This characteristic is crucial for reducing plastic

pollution and improving resource utilization. With advancements in technology, a

variety of biodegradable plastics with functional properties comparable to those of

commercial-grade plastics have been developed, offering a promising alternative to

non-degradable plastic materials, as detailed in Table 2-5.

Table 2-5 Main degradable polymer and their applications.

Type Degradation Issues Industrialization ~ Fields of application
PLA  Hydrolysis + Poor flexibility High Packaging, textile
microbial industry, agricultural
degradation films and biomedical
polymers
PHA  Enzymatic Poor thermal Moderate Low Medical field, food
degradation  stability; poor packaging and other
+ Microbial ~ machinability; high-value-added
degradation High cost; fields
PHB Moderate Low Medical field, food
packaging and other
high-value-added
fields
PBS Enzymatic Poor Moderate high Packaging films,
degradation mechanical tableware, foam
+ Microbial  properties; High packaging materials,
degradation bottles for daily
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+ Hydrolysis cost; necessities, medicine
bottles, agricultural
films, slow-release

materials for
pesticides and
fertilizers

PBAT High Agricultural film,
packaging, garbage
bags

PBSA Moderate Agricultural film,
packaging

PGA Hydrolysis + Extremely high Low High-value-added
microbial cost medical fields such as
degradation drug slow-release
materials, tissue
engineering materials,
surgical sutures

PCL  Enzymatic Moderate Medical field, food
degradation packaging and other
+ microbial high-value-added
degradation fields
+ (weak)
hydrolysis

Currently, degradable polymers can be broadly classified into three categories based on
their primary degradation mechanisms: photodegradable polymers, biodegradable

polymers, and dual-degradable polymers (photo-biodegradable polymers).

Photodegradable polymers
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Photodegradable polymers are polymers that can undergo partial or complete
degradation over time when exposed to light, oxygen, temperature, and other
environmental conditions '?*. The two most common types of photodegradable
polymers are synthetic and additive types. Typical synthetic photodegradable polymers
include vinyl ketone copolymers, carbon monoxide and ethylene copolymers, among
others '?°. These polymers achieve photodegradability through the incorporation of
photosensitive groups, such as -C=0, during the copolymerization process. Research
has demonstrated that the incorporation of appropriate photosensitizers into degradable
polymers can significantly enhance the photodegradation process '%°. These polymers
are classified as additive photodegradable polymers. The choice of photosensitizer can

influence the photodegradation efficiency of the material.

Photodegradable polymers primarily undergo degradation under the influence of UV
light (200nm—300nm), where UV-induced bond cleavage and free radical oxidation
reactions lead to polymer degradation '’. The specific degradation mechanism involves
the reaction of molecular chains under controlled oxygen, temperature, and humidity
conditions, causing the long polymer chains to break down into peroxides '*® (Figure
2-7). The degradation process of photodegradable polymers is highly dependent on
adequate light exposure; however, most film materials cannot remain exposed to natural
light for extended periods after use, limiting their ability to effectively interact with
ultraviolet radiation and hindering photodegradation '?°. Furthermore, low-molecular-
weight residual plastics and additives, such as photosensitizers, may persist in the
environment after the degradation process, potentially exerting negative effects on

subsequent crop growth.

0] . Sunlight ..
P-P(Plastic macromolecules)—2—> POO —— POOH OUIEN . po+:OH

e

PH
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Figure 2-7 The mechanism of photodegradable '?%,

Huang et al. 13°

successfully designed cyclic acylsilane monomers for ring-opening
metathesis  polymerization, demonstrating efficient copolymerization and
photodegradation under 390 nm irradiation (Figure 2-8a). Do et al. *'developed a
photodegradable vinylic polymer by incorporating a cyclic monomer (C3) via ring-
opening polymerization. UVB exposure triggered cyclobutane cleavage, leading to
polymer degradation, with sunlight inducing significant breakdown within 10 days
(Figure 2-8b). Chae et al. '3? established a living cationic ring-opening polymerization
of hetero Diels—Alder adducts using the reversible addition-fragmentation chain
transfer method, resulting in polymers with unique thermal properties and enhanced
photodegradation rates. Sunlight exposure caused a color change and increased
hydrophilicity, confirmed by fluorescence contrast with methylene blue (Figure 2-8c).

SEC analysis showed a molecular weight drop from 16.4 kDa to 2.2 kDa (Figure 2-8d),

while nanoindentation indicated increased hardness and modulus (Figure 2-8e).
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Figure 2-8 (a) Design of backbone-degradable polymers through ROMP and SEM
image of the copolymer sample before and after 30min irradiation '*°. (b) SEC
chromatograms depicting copolymer mass distribution after solar irradiation for 0
min, 30 min, 1 day, 4 days and 10 days '*!. (c) Masked P1 films under natural
sunlight (upper left) and the resulting P1 films (others). A fluorescence image of P1-
IIT was captured after sunlight exposure and subsequent treatment with an aqueous
methylene blue solution. (d) SEC traces of P1-I before and after 14 days of sunlight
exposure. (e) Load-displacement curves from nanoindentation, comparing the

profiles of pristine P1-I and masked P1-I '3,
Biodegradable polymers

Biodegradable polymers encompass natural polymers, synthetic polymers, and their
blends. Natural polymers originate from biomass resources, including starch, cellulose,
and lignin, whereas synthetic biodegradable polymers are chemically synthesized, such

as polylactic acid (PLA), polycaprolactone (PCL), polycarbonate, and polyphenolic

32



compounds. Owing to their environmentally favorable characteristics, these polymers

hold significant potential for applications in sustainable materials.

The degradation of biodegradable polymers involves microbial and enzymatic activity,
breaking them down and integrating them into natural biogeochemical cycles, reducing
environmental impact '33. This process occurs in two stages (Figure 2-9): extracellular
enzymes and abiotic factors depolymerize long-chain polymers into oligomers, often
accompanied by the hydrolysis of readily degradable components like starch, forming
a porous structure that facilitates further degradation ** 135 In the next stage, bacterial
and enzymatic catalysis induce hydrolysis or oxidative cleavage of the polymer
backbone, producing low-molecular-weight fragments that undergo microbial
assimilation and biomineralization, ultimately converting into mineralized end products

under aerobic or anaerobic conditions.

- Aembic. — CO,/H,O
biodegradation . .
Residue/biomass
Abiotic :P (}%{.\o
degradation
— .;9 —
2 degradation
Extracellular
enzymes ._om

Polymer (HMW) Short chains (LMW)
Anaerobic CO,/H,0/CH,
biodegradation Residue/biomass

Figure 2-9 Biodegradation steps of polymers '°.

PLA is a representative bio-based degradable polymer, synthesized through the
fermentation of starch from plant-derived resources such as corn and wheat, followed

by polymerization of lactic acid '¥7.

It exhibits excellent biodegradability,
biocompatibility, and non-toxicity, making it widely applicable in agriculture,
horticulture, biomedicine, and other fields !3¥'%°. Studies indicate that under

composting conditions, PLA can undergo substantial degradation within approximately
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30 days, with the degradation rate influenced by environmental factors and microbial
activity '*!. As a degradable polymer, PLA holds significant potential in supporting
sustainable development and environmental conservation. Chen et al. '*?developed a
biodegradable polymer blend of PLA and PBAT with a stable co-continuous
morphology at an asymmetric 70/30 ratio (Figure 2-10a), achieved through interfacial
stereo complex crystallites (i-SCs) via reactive blending. The incorporation of i-SCs
significantly enhanced the material’s mechanical properties, including tensile strength,
ductility, and impact resistance, as shown in Figure 2-10b and Figure 2-10c. Wu and
Zhang '*¥developed highly toughened PLA/PBAT multicomponent blends through
reactive melt-blending with EMA-GMA. The optimized blend exhibited a remarkable
notched impact strength of 61.9 kJ/m? (Figure 2-10d) and an elongation at break of 278%
(Figure 2-10e), demonstrating exceptional toughness. These results underscore the
potential of PLA/PBAT/EMA-GMA blends for applications in packaging and

agricultural films.
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Figure 2-10 (a) SEM and TEM images of the stable co-continuous PLA/PBAT
(70/30) blend with and without compatibilizers. (b) Stress—strain curves and (c) notch
impact strength of the PLLA/PBAT (70/30) blends with and without compatibilizers

142 (d) Notched impact strengths and (e) stress-strain curves of PLA, PLA/PBAT and
PLA/PBAT/EMA-GMA blends '*.

Photo-biodegradable polymers

Photo-biodegradable polymers are composite materials created by incorporating
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photosensitizers into biodegradable polymers, enabling both photodegradation and
biodegradation '**. The degradation process is typically initiated by the absorption of
UV light, which breaks the chemical bonds within the polymer, leading to a reduction
in molecular weight and the formation of reactive sites. These changes enhance the
polymer's susceptibility to microbial degradation. Matson et al. '4> synthesized a bio-
and photodegradable. The resulting films exhibited tunable mechanical properties and
thermal stability up to 273 °C. UV exposure induced photodegradation via Norrish

photocleavage, leading to complete mechanical loss.

2.4 Preparation Methods of Agricultural Materials

The preparation methods of agricultural materials vary significantly based on their type
and intended function. Depending on the chemical composition and functional
requirements, the preparation methods of agricultural materials can be broadly
categorized into two main groups: the preparation methods of agricultural plastics and

the preparation methods of agricultural textiles.

2.4.1 Preparation of agricultural plastics

Agricultural plastics are typically derived from synthetic or bio-based polymers, such
as polyethylene and polylactic acid, and rely on thermoplastic processing techniques,
including extrusion, blow molding, and injection molding, to achieve morphological
transformation in the molten state. These methods are primarily used for producing

materials like biodegradable films and irrigation systems.

The extrusion molding method is a fundamental preparation technology, which is
typically used as a preparatory step before injection molding '#6. The process relies on
a single or two-screw extruder as the core equipment, where polymer particles such as

PE, PP, or biodegradable materials (e.g., PLA/PBAT) are heated and melted 4. The
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molten material is then extruded through a mold, cooled, and solidified (Figure 2-11a).
This mature and well-established process ensures stable, long-term production while

maintaining product consistency and quality.
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Figure 2-11Schematics of common plastic manufacturing techniques. (a) Extrusion

molding, (b) injection molding, (c) cast extrusion, and (d) compression molding 43,

The injection molding method for agricultural plastics is an efficient process in which
molten polymer is injected into a closed mold under controlled pressure, then cooled
and solidified to form the final shape '#*1°° It is widely utilized for the mass production
of complex structural components such as seedling trays, irrigation pipes, and
biodegradable flowerpots. This process employs an injection molding machine as the
core equipment, where polymers are heated to a molten state and injected into the mold
cavity under high pressure, driven by the advancement of a screw. The molded product
is then demolded after pressure maintenance and cooling (Figure 2-11b). The high
production efficiency and precision of this method allow for precise control over

product details and performance, meeting the specific needs of various agricultural
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applications. However, the process entails high investment in molds and equipment, as

151

well as high-energy consumption °°, which makes it less suitable for small-scale

production of agricultural plastic products.

The cast film extraction method is a prevalent technique in which molten polymer is
extruded onto the surface of a cooling roller through a flat-slot die, and gravity or
mechanical stretching is used to form a film '>2. This method is primarily employed in
the production of film-type agricultural plastic products, such as agricultural covering
films, greenhouse films, and packaging materials. By controlling the flow rate, cooling
rate, and pulling speed of the melt, this process enables the production of films with
uniform thickness, high transparency, and a smooth surface, effectively meeting the
requirements for film materials in the agricultural sector !> (Figure 2-11c). However,
the high equipment investment, stringent process requirements, and limited scope of

application mean that this method is primarily used for the production of film products.

Compression molding is a closed-forming technology that enables precise control over
product dimensions and surface quality through mold design and applied pressure
(Figure 2-11d). This method offers distinct advantages in the manufacturing of
agricultural plastic products, particularly for high-strength components with complex
geometries. However, its relatively long production cycle and stringent mold quality

requirements limit its suitability for high-efficiency, large-scale production.

2.4.2 Preparation of agricultural textiles

Agricultural textiles use natural fibers or synthetic fibers as structural units, forming
porous networks through physical processes such as knitting, weaving, or needle
punching. These textiles are primarily used in applications such as weed control,
moisture retention, and other related agricultural functions, with woven, knitted, and

non-woven fabrics being commonly used.
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The weaving method involves interlacing warp and weft yarns at right angles, creating
a structured and repetitive pattern in the fabric construction '>*. During the weaving
process, warp yarns are typically kept in a straight alignment, while weft yarns interlace
over and under them at right angles. This interwoven structure provides excellent
dimensional stability in both directions, ensuring durability and strength '°°.
Additionally, woven fabrics exhibit low shear stiffness, enhancing their adaptability to
various applications. Due to these characteristics, woven fabric technology is widely
utilized in agricultural textiles, including weed control fabrics, shade nets, windbreak
barriers, and high-strength greenhouse coverings. These textiles are designed to offer
superior mechanical performance, resistance to environmental conditions, and

functional properties such as tensile strength, weather resistance, and breathability,

making them well-suited for modern agricultural applications.

The knitting method involves creating a unique interlocking loop structure, which
offers excellent stretchability and drape, allowing fabrics to conform to complex shapes
136 The exceptional formability of the fabric enables the creation of precise shapes,
including intricate and curved geometries. These advantages make them highly
adaptable for various applications, such as plant support nets, shading fabrics, and
protective covers. Additionally, knitted fabrics offer several key benefits, including
superior flexibility, high impact resistance, enhanced interlayer bonding, efficient
molding capabilities, and the ability to achieve high production efficiency with short

processing cycles 6.

The nonwoven method involves bonding fibers together through mechanical, thermal,
or chemical processes, and the resulting fabrics are commonly used in agricultural
applications, particularly in mulch fabrics, geotextiles, and biodegradable crop covers.
The two primary methods for producing these nonwoven fabrics are needle punching

and hydroentanglement. Nonwoven fabrics, while cost-effective and versatile in
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applications, typically exhibit lower strength and durability due to their random fiber
orientation and bonding methods. This often limits their performance in applications

requiring high tensile strength and long-term reliability.

2.5 Applications of Degradable Material in Agriculture Field

The application of degradable materials in agriculture has gained significant attention
as a sustainable alternative to conventional synthetic materials. The global
biodegradable materials market was valued at approximately US$5.732 billion in 2023
and is projected to reach US$27.703 billion by 2030, reflecting a compound annual
growth rate of 21.73% '*7. This rapid expansion highlights the transition of green
agriculture from technical exploration to large-scale implementation. By replacing
conventional plastics and enhancing resource efficiency, biodegradable materials have

demonstrated remarkable advantages.

2.5.1 Mulching

As the global use of plastic mulches continues to rise, the market for degradable soil
mulches is also expanding '>®. The global market for soil degradable mulches was
valued at $62.7 million in 2022 and is projected to grow at a CAGR of 7.6%, reaching
$83.6 million by 2026 '*. Unlike traditional plastic mulches, which must be removed
after use, degradable soil mulches are designed to be incorporated into the soil at the
end of the planting season %% 16! Once tilled into the soil, these mulches break down
through microbial activity under both aerobic and anaerobic conditions, converting into
microbial biomass, carbon dioxide, and water ®'. Therefore, soil degradable mulches

present a more sustainable and cost-eftective alternative to polyethylene mulches.

Photodegradable mulch materials
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Zhang et al. '%? explored the development of a photodegradable Nano-G/TiO./PVC
composite film by incorporating nano-graphite (Nano-G) and TiO: photocatalysts into
PVC. The resulting composite film demonstrated significantly enhanced
photodegradability, with a weight loss of 17.24% after 30 hours of UV irradiation, in
contrast to only 2.12% for pure PVC. The optimal nano-graphite doping level was
determined to be 1 wt%. Nano-graphite facilitated the migration and separation of TiO:
photogenerated electrons, thereby improving the photodegradation rate of PVC (Figure
2-12a and Figure 2-12b). Zheng et al. ! developed photodegradable plastics by
incorporating a photocatalyst into LDPE. The results showed that after 120 hours of
light exposure, the weight loss rate was 1.0 pg/h and the carbonyl index increased
significantly (from 0 to 0.47). This approach provides an efficient and sustainable
solution to plastic pollution by achieving controlled photodegradation only after

exposure to light (Figure 2-12¢ and Figure 2-12d).
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Figure 2-12 (a) Preparation and photocatalytic process diagram of the Nano-
G/TiO2/PVC composite film and (b) weight loss after 30-hour UV exposure 62, (c)
FTIR spectra of LDPE and LDPE-T@CDIH before and after exposure to different
durations. (d) Carbonyl index of LDPE-T@CDIH before and after different

illumination time '3,

Biodegradable mulch materials

Biodegradable mulch is typically composed of natural polymers, such as starch, PLA,
PHA, or their composite materials. It undergoes decomposition into harmless
byproducts, offering significant environmental benefits. Li et al. '%* developed a bio-
based hydrophobic liquid mulch film (SOSA) made from waste soybean oil, starch and
acrylate monomers. The soybean oil was oxidized into epoxy groups, then reacted with
acrylic acid to increase the reactivity, followed by free radical polymerization with
acrylate monomers to form a three-dimensional polymer network (Figure 2-13a).
Studies have shown that the SOSA film effectively reduces soil erosion, enhances
moisture retention and promotes crop growth, with soil loss reduced by 80.6 % and
yield increased by 57.4 % (Figure 2-13b). SOSA exhibited excellent biodegradability,
showcasing a biodegradation rate of 81.7 %, notably surpassing that of LDPE film
(8.1%) (Figure 2-13c). Passaretti et al. ' prepared the biodegradable mulching film
derived from thermoplastic starch (TPS) reinforced with mica clay (MC) particles. The
incorporation of MC into the TPS matrix results in a significant reduction in the
transmission of photosynthetically active radiation (PAR), which is effective in
inhibiting weed growth (Figure 2-13d). The inclusion of mineral particles enhances
mechanical integrity of the TPS films, thereby improving durability throughout the crop
cycle. Preliminary agronomic assessments demonstrated favorable crop growth (Figure
2-13f), suggesting that these composite films offer a promising, environmentally

sustainable alternative to conventional non-degradable mulching materials.
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Figure 2-13 (a) Grafting reaction mechanism involving BA, MMA, modified SO,
and starch. (b) Soil loss at different rainfall intensities on a terrace slope of 24°. (¢)
Mass fraction of SOSA and LDPE films after degradation ', (d) UV—vis spectra of
thermoplastic starch films. Symbols: (black filled triangle) TPSOMC, (blue colored
square) TPS1MC, and (red colored circle) TPSSMC. (e) Loss area observed during
composting assays of TPS and TPS composites. (f) Roots and stems growth during

agronomic assay .

Additionally, PLA and/or PBAT, along with their composite biodegradable films, have
demonstrated comparable effects to traditional plastic films in the cultivation of

168 and corn '®°. Several studies have explored the

tomatoes ', lettuce 7, strawberries
use of kelp, sodium alginate, and chitin to produce environmentally friendly mulch
films, further confirming that biodegradable films can serve as effective substitutes for
plastic mulch in agriculture'’® 17!, However, the degradation rate of these biodegradable
films is influenced by environmental factors such as temperature, humidity, and pH, as
well as material composition, making it challenging to precisely control the rate of
degradation. Furthermore, improvements in the physical properties of biodegradable

films, including strength, moisture resistance, and weather durability, are necessary to

enhance their performance in mechanized mulching practices.

Cellulose fiber-based mulch materials

The mulches mentioned above contain non-biodegradable components, which may
result in the persistence of fragments during the degradation process. To address this
issue, researchers have proposed fully biodegradable cellulose-based mulches,
designed to ensure more complete degradation and prevent the formation of residual
waste. Common types of cellulose-based mulches include cellulose-based mulch

fabrics, fibers, papers, and sprayable cellulose-based mulches.
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Cellulose fiber-based mulches have a positive impact on soil health and moisture
retention and can increase crop yields while improving crop quality '2. Another
essential application of these covers is weed control, achieved by blocking light
transmission and inhibiting photosynthesis. This method reduces the reliance on
chemical herbicides, decreases labor requirements for weed management, and enhances
the growing environment for crops. Hemp canvas produced plant yields comparable to
plastic mulch while promoting soil health through its homogeneity and biodegradability
properties 2. Tan et al. ' used waste plant fibers (ramie and cotton fibers) and
biodegradable polymer PVOH to prepare composites of agricultural mulch film. The
physical properties and degradability tests showed that the mulch film had good

physical properties and biodegradability. Tan et al. '

employed the solution casting
method to prepare PVOH/kenaf fiber composite materials for biodegradable mulch
films with the additional function as fertilizer carriers. The composites exhibited good
water solubility and controlled release properties. Baheti and Militky '"utilizied jute
fibers at different scales to reinforce biodegradable composites and evaluates their
effects on the mechanical properties of the composite films. The results showed that the
composite films containing nanofibrils exhibited the highest increase in elastic modulus
(65.21 %), followed by microfibrils (25.40 %) and millifibers (13.04 %) compared to
neat PLA film. Cao et al. '’® developed biodegradable nonwoven mulch mats from end-
of-use cotton garments, which effectively suppressed weeds, improved water
infiltration, and biodegraded faster than plastic mulches. The mats performed well in
controlling soil temperature and moisture retention, depending on soil texture, and

offered a sustainable solution to textile waste in agriculture. Liu et al. '7’

exploited
recyclable natural fibers to develop a biodegradable mulch film with crop yields similar
to those of plastic mulch, while providing better insulation and weed suppression. The

film degrades after 90 days, highlighting its potential for sustainable agricultural use.

Jute fiber, a natural and abundant plant fiber material, is renowned for its environmental
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benefits. It is widely utilized across various industries due to its biodegradability, air
permeability, and high mechanical strength. Initially, jute fiber was predominantly used
in traditional products such as ropes, twine, sacks, and burlap '>. However, with the
growing emphasis on sustainable agriculture and eco-friendly materials, its application
in agriculture has expanded. Leveraging its inherent physical properties, jute fiber is
now used in the production of agricultural mulches, geotextiles, irrigation systems, and
plant protect nets. These applications contribute to enhancing crop growth
environments, facilitating complete degradation post-use, and preventing residual
waste. Furthermore, during its degradation process, jute fiber can enrich soil organic
matter and improve soil structure. The effectiveness of jute agro-textiles has been

demonstrated in soil protection and slope stabilization.

A field experiment in Eastern India showed that nonwoven jute agrotextile mulch
significantly improved broccoli productivity, soil moisture retention, microbial
population, and nutrient content, while effectively suppressing weeds !’8. Manna et al.
Pfound that residual 400 gsm nonwoven jute agro-textile mulch (NJATM)
outperformed rice straw and black polythene in enhancing maize yield, soil fertility,
moisture retention, and microbial activity in lateritic soil. It achieved the highest grain
yield (6.90 t ha™!), improved microbial populations, and significantly suppressed weeds.
Additionally, 400 gsm NJATM maximized soil moisture and nutrient content, making
it the most effective option for sustainable maize cultivation. Shahid et al. ¥ explored
the development of jute-polyester hybrid nonwoven fabric (JHNF) for packaging
applications (Figure 2-14a). The JHNF exhibited strong antibacterial activity (Figure
2-14b), high mechanical strength, water repellency, and low thermal conductivity,
demonstrating it to be a promising thermally insulative and eco-friendly packaging.
Mridha et al. '¥! demonstrated that jute-based nonwoven mulch, particularly 650 gsm
pure jute, significantly improved soil moisture retention, temperature regulation,

microbial growth, nutrient uptake, and water use efficiency compared to no mulch and
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plastic mulch in summer tomato cultivation (Figure 2-14c and Figure 2-14d). The 650
gsm jute mulch increased tomato yield by 84 % over no mulch and 28 % over plastic
mulch, highlighting its potential as a sustainable alternative for eco-friendly tomato
production. Chattopadhyay et al. ¥2 demonstrated that jute geotextiles offer a cost-
effective and practical drainage solution, enhancing construction safety and efficiency
(Figure 2-14e). Behera et al. '®*developed modified soy-based nonwoven jute
composites for sapling pots, which effectively promoted plant growth. Degradation
analysis revealed an 80% mass loss after 90 days (Figure 2-14f), demonstrating the high
biodegradability of the pots and highlighting their potential as a sustainable alternative

to plastic pots.
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Figure 2-14 (a) Actual image of proposed jute-based hybrid nonwoven fabric. (b)
Antibacterial tests of jute-based hybrid nonwoven fabric against S.aureus and E.coli.
180 Diurnal soil temperature and temporal variation of (c) soil temperature and (d)
5 cm soil temperature '8!, (e) Laying actual situation. (f) Weight loss of modified soy-

based nonwoven jute composites after different biodegradation periods '*°.

2.5.2 Water management

The application of degradable materials in agricultural water management provides
innovative solutions for sustainable resource utilization, effectively reducing plastic
pollution while improving water resource efficiency. Zai et al. '%* conducted field tests
to study seepage rate and uniformity of stalk composite pipes (SCP) in subsurface
irrigation (Figure 2-15a and Figure 2-15b). Seepage rate decreased with pipeline length
but increased with diameter, while irrigation volume had no clear effect. Uniformity
declined with length, showing ambiguous trends for other factors. Das et al. '%
developed a biodegradable hydrogel using NaCMC and HEC crosslinked with citric
acid to enhance soil water retention. The hydrogel-modified soil improved porosity and
reduced density (Figure 2-15c), and increased water use efficiency by 25.25 %—45.52 %
(Figure 2-15d). Growth studies on cucumber, tomato, and mung bean showed enhanced
seedling viability, plant growth, and photosynthetic ability. The findings suggest that
hydrogel modification optimizes water and nutrient absorption, promoting plant growth
in water-limited conditions. Hiskakis et al.!®¢ investigated the feasibility of
biodegradable rigid pipes made from Mater-Bi materials for drip irrigation systems.
Biodegradation assessments revealed that Mater-Bi materials decomposed within 6 to
12 months in soil. The study highlighted the potential of biodegradable drip irrigation
systems as a sustainable alternative to conventional plastic-based systems, while also
identifying technical challenges and proposing future research directions for

optimization.
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Figure 2-15 (a) SCPs with three cross-sectional sizes and (b) their field laying of
SCPs 34, (¢)Bulk density and porosity of the HMS and UMS soil property. (d) Water

retention capacity of unmodified soil and soil modified with hydrogel '*°.

Other agricultural applications of biodegradable materials, such as seedling containers,
have also shown potential in reducing plastic waste and improving root growth.
represent an innovative solution aimed at fostering sustainable gardening and
agriculture. Constructed from degradable materials, including plant fibers, starch-based
polymers, and other environmentally friendly composites, the degradable seedling
containers offer substantial benefits over conventional plastic containers!®’"!%° By
addressing the environmental concerns associated with traditional seedling pots,
providing an optimal environment for root development while mitigating the waste and

190 As plants mature, these pots

ecological impact typically linked to plastic products
gradually degrade in the soil, eliminating the need for post-harvest removal and

reducing plastic waste in landfills.
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2.6 Conclusion

This chapter provides a comprehensive overview of the current status of agricultural
materials, the environmental impact of traditional materials and the need for sustainable
alternatives. From a materials perspective, the extensive use of traditional materials
(especially plastics) in agricultural practices is a growing problem in terms of the
microplastic pollution they generate. Therefore, there is an urgent need to explore and
develop sustainable and degradation materials for agriculture. The preparation methods
of agricultural materials and the application of degradable materials in agriculture are
discussed. To maximize their applicability and effectiveness, appropriate fabrication
techniques should be selected based on the specific functional properties required.
Degradable polymeric materials have been widely used in agriculture; however, the
problems of their complex degradation process, uncertainty of degradation rate and
stability under different environmental conditions still exist. In particular, the
degradation performance of polymeric materials is often not as good as expected under
some extreme conditions such as high humidity, low temperature or strong light, which
poses a challenge for their long-term application in agriculture. In contrast, natural
fibers, especially jute fibers, can effectively contribute to green and sustainable
agricultural production due to their good inherent properties. The use of natural fibers
in agricultural applications such as erosion control and crop protection has received
much attention. However, research on its application in areas such as water-saving
irrigation and weed management is still relatively limited compared to other areas of
application. With the increasing demand for sustainable agricultural development, the
potential of natural fibers in water-saving irrigation systems and weed management
needs to be further explored. In addition, the performance of these materials in practical
agricultural applications, including weed control, moisture and temperature
management, and crop protection, requires further investigation to fully evaluate their

long-term effectiveness and impact on crops and soil health. Through in-depth research
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on the physical and chemical properties of natural fibers, combined with advanced
preparation and processing technologies, natural fibers are expected to become a key
material in future agricultural production, driving agriculture in a more environmentally

friendly and efficient direction.
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Chapter 3 Characterization of the Basic Properties of Jute Yarns

3.1 Introduction

Jute fiber, derived from the bast of Corchorus capsularis L. and Corchorus olitorius L.,
is a significant cellulose-based bioresource with widespread agricultural and industrial
importance!®!. Predominantly cultivated in South Asia, particularly in Bangladesh,
India, and Pakistan'®?, jute is one of the most extensively grown long-fiber crops
worldwide, ranking second only to cotton in terms of production and cultivation area'®*
194 Notably, jute offers a more cost-effective alternative to flax and other comparable
natural fibers, enhancing its economic viability for various applications. The physical
properties of jute fibers, characterized by high tensile strength due to their high

cellulose content and low microfibrillar angle!'®> 1%

, along with moderate stiffness,
excellent moisture absorption, biodegradability, and environmental sustainability, make
them highly suitable for applications in textiles, agriculture, construction, and

composite materials'? 17 198,

Similar to other cellulosic fibers, jute fiber consists of approximately 50 %~70 %
cellulose, along with non-cellulosic components such as hemicellulose, lignin, and
pectin!!® 1 The distinctive physical and mechanical properties of jute fibers to the
composition and relative proportions of cellulose, hemicellulose, and lignin, which
facilitate stress transfer by linking cellulosic microfibrils?®* 2°!. However, excessive
proportion of non-cellulosic components also affects their interfacial adhesion,
moisture absorption, and overall performance in various applications?*> 2%, The
removal of non-cellulose components is a crucial step in enhancing performance and
broadening application potential, which could enhance the surface properties of fibers

and strengthens their interaction. Surface modification treatment of jute fibers through

1204, 205 1206

various chemica and physical®™ methods is necessary to use to properly remove
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impurities. Among the various surface modification techniques, alkali treatment is
recognized as one of the most effective methods for enhancing the properties of natural
fibers?®”> 2%, This treatment removes hemicellulose, lignin, and surface impurities,
leading to improvements in fineness, flexibility, and mechanical strength, which in turn
enhances the suitability of the fibers for a wide range of industrial applications?®-21°,
Kaysar et al.!”* treated jute fibers from Corchorus olitorius (tossa) and Corchorus
capsularis (white) with different sodium hydroxide (NaOH) concentrations (1-6 wt%)
and found that a 5% NaOH treatment enhanced cellulose content, crystallinity, and fiber
strength. Ghosh et al. 2!! explored alkali-treated jute fibers for quilt thermal insulation.
The treatment improved fiber crimp and reduced thermal conductivity, with the highest
crimp and lowest conductivity achieved under specific conditions. SEM images
revealed the removal of lignin, resulting in individualized, bulky, and porous fiber

morphology. Tiwari et al. 2!

studied alkali-treated Grewia Flavescens fibers, finding
that 5 % NaOH treatment for 45 minutes significantly improved cellulose content,
tensile strength, crystallinity, and thermal stability. SEM revealed a rougher fiber
surface after treatment, indicating impurity removal. It is well established that the
deformation of natural fibers depends to a large extent on the relationship of the
elementary fibers in the yarn. Yarn, composed of fibers, is the primary determinant of
functional behavior in textile applications. The structure of yarn influences not only the
processability but also the properties and performance of the final textile product.

Therefore, understanding the basic characteristics of jute yarn, as well as the properties

of alkali-treated jute yarn, is essential to evaluate the practice performances in fabrics.

In this study, the basic characteristics of jute yarn (JY) were investigated, and alkali
treatment was applied to JYs. The effects of different treatment durations on the
properties of JY's were then evaluated. Morphological and structural changes induced
by alkali treatment were analyzed to understand fiber surface modification and

compositional alterations. Additionally, the influence of treatment time on the tensile
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strength, thermal stability, and moisture absorption behavior of JY's was systematically
evaluated. The findings from this study provide insights into understanding the basic
properties of JY's and the effects of alkali treatment conditions on the performance of

JYs.

3.2 Experiment Section

Surface treatment experiments on JY's were conducted to investigate the effect of alkali
solution treatment duration on the properties of JYs, as shown in Figure 3-1. Firstly,
JY's were treated different times to obtain experimental samples using mixture solution
(NaOH & NaxSOs3). The morphology, mechanical properties, thermal stability, and
water absorption of the yarns under different conditions were then carried out, thereby

the effects of alkali solution treatment times on the properties of JY's were evaluated.

Experimental Procedures Performance Tests
FTIR
Jute yarn Chemical solution
1 ] SEM
Y
P Tensile property
cthing —
90 °C immersion with different times Thermal stability
L
I 1
Setting 2 | 16a | | Dbsc
Cleaning + 50°C oven drying Water absorption

Figure 3-1 Experimental procedures and performance tests.

3.2.1 Material

JYs were purchased from Taobao commercial recourses. All chemicals, including

NaOH (Dieckmann, China) and Na>SOj3 (Dieckmann, China) used in this study and
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obtained from commercial sources, were of analytical grade and were used without

additional purification.

3.2.2 Alkali treatment of JY's

The chemical treatment procedure for JY follows the work route as shown in Figure 3-
2. JYs were treated with a 2.0 wt% NaOH solution and a 0.25 wt% sodium bisulfite
solution at a 1:30 fiber-to-solution ratio, heated to 90 °C to enhance the removal of non-
cellulosic components. The alkali treatment was carried out for varying durations—o0.5,
1.0, 1.5, and 2.0 hours—to evaluate the effect of treatment time on the degumming
process of JYs. After treatment, the yarns were thoroughly washed with distilled water
to neutralize the residual chemical and remove dissolved impurities, then dried in an

oven at 50 °C for 6 hours and stored under controlled conditions at 25 °C and a relative

humidity of 60 %.
ot 7 ot
NaOH NazSOs / Jute yarns N Distilled water

/ ~

- - _—
Distille{' . -
water .

Mixture solution Treated 0.5h,1.0h,1.5h, 2.0h Clean treated yarns Dry at 50 C for 6 hours

Figure 3-2 Schematic diagram of the chemical treatment of JYss.

Table 3-1 Different JYs before and after chemical treatment.

Treated time (h)

JY (jute yarn) 0
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JY-0.5h 0.5

JY-1.0h 1.0
JY-1.5h 1.5
JY-2.0h 2.0

3.2.3 Characterization

Dry samples of JY's, both untreated and treated, were mounted on SEM stubs and gold-
coated with platinum before being examined using a ZEISS Sigma 300 SEM (Carl Zeiss
AG, Germany). Surface characteristic photographs of the samples were captured

randomly.

FTIR spectra of JY and alkali-treated JY with varying treatment times were recorded
using a Vertex 70 FTIR spectrometer, with a resolution of 4 cm™!. The measurements

were taken within the wavenumber range of 650 ~ 4000 cm™.

The weight loss of dry samples before and after treatment were measured and calculated

using the formula (3-1):
w=""1%100% (3-1)
Wo

Where, wj is the initial weight of JY, g. wyis the weight of JY after treatment, g.

The residual gum content of JYs was tested according to GB/T 18147.2-2008. The
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degreased sample was treated with 150 mL of a 20 g/LL sodium hydroxide solution for
3 hours. The sample was then reacted with 30 mL of a 72 % sulfuric acid solution for
24 hours, followed by repeated washing and filtration until the filtrate was free of
sulfate ions. Finally, the sample was dried to a constant weight and reweighed. The

residual gum content was then calculated using the formula (3-2):

G = Gl + GZ (3-2)
G, = % X 100 (3-3)
0
G, = % x 100 (3-4)
0

Where, Gis residual gum content of samples, %. G;is the weight of pectin and
hemicellulose, %. G, is the weight of lignin, %. m, is the weight after extraction of
waxes, g. my is the weight of the sample after extraction of waxes and weighing bottle,
g. m, is the weight after extraction of waxes, hemicellulose, pectin and weighing
bottle, g. ms is the dried weight of glass core crucible, g; m, is the total dried weight

of the sample lignin and glass core crucible, g.

The yarns were conditioned in a constant temperature and humidity chamber for at least
24 hours before testing. For each sample, yarns with length of 20.0 cm were selected
and their tensile properties were measured using an Instron 5566 Universal Testing
Machine (Instron, United States) according to ASTM D2256. The results are presented

as the average of the five measurements for each sample to minimize uncertainties.

Thermal stability of JY was analyzed using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). TGA measurements were performed on a
TGA4000, (PerkinElmer, United States) by heating the samples from 30 °C to 600 °C

at a rate of 15 °C/min under a nitrogen flow of 20 ml/min. DSC analyses were
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conducted using a DSC8000 thermal analyzer (PerkinElmer, United States) with
approximately 4 mg samples sealed in aluminum pans and tested under constant
nitrogen flow of 50 ml/min. The temperature program was set in the range of 30 °C to

500 °C at a heating rate of 15 °C/min.

The water absorption rate of JY was evaluated after water exposure. Initially, the sample
was dried in an oven at 50 °C for 24 hours and then cooled to room temperature in a
desiccator. After recorded the dry weight of the sample(M;), the sample was then
immersed in distilled water at 23 °C for 24 hours. The sample was removed, and excess
surface water was gently blotted off with filter paper. The weight of the sample (M>)
was measured within one minute of removal. The water absorption rate was then

calculated using the formula:

L= (My/M,)/M; x 100% (3-5)

where M; was the weight of the original dried JY and M> was the wet weight of JY after
immersion. The measurement was carried out in three parts each time, and the average

value was taken.

3.3 Result and Discussion

3.3.1 Surface morphology of JYs

Figure 3-3 shows optical and SEM images of untreated and treated JYs. Untreated JY
shows a loose appearance with more hairiness. However, after chemical treatment for
varying durations, the fiber packing of JYs became significantly tighter, likely due to
the removal of impurities. This alteration in packing density led to a noticeable
reduction in yarn diameter shown in Figure 3-4. Yarn diameters were slightly reduced

from 0.9 mm to 0.6 mm, which is in agreement with the results obtained in previous
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studies 2!*2!4, Significant differences in the surface morphologies of JY were observed
in SEM images after alkali treatment with different duration. SEM images show that
there were visible impurities on the fiber surface of JY which related to the presence of
natural waxes, lignin, and hemicellulose. Alkali surface treatment removed above
impurities and improved the fiber surface smoothness 2%. In addition, the surface of
jute fiber exhibited grooved and folded appearances after alkali treatment, as similarly
observed by other researchers 2'°. Impurities (hemicellulose, lignin, glue, etc) are
sensitive to alkali solutions and could be readily removed during alkali treatment, which
caused fibrillation of individual fibers within the yarn. These changes in morphology

indicated that chemical solution can effectively improve the surface properties of JYs.

Figure 3-3 Optical and SEM micrograph of untreated and treated JY.
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Figure 3-4 Yarn diameter of untreated and treated JY's.

3.3.2 FTIR analyses of JY's

FTIR spectra confirm the functional groups and chemical structure changes of JYs
treated with alkali solution. Figure 3-5 shows the FTIR spectra of JYs both before and
after treatment with different durations. All the JY's exhibited a similar pattern with key
absorption bands corresponding to the primary components of jute fibers, including
cellulose, hemicellulose, and lignin. The peak observed at 3430 cm™ corresponds to O-
H stretching vibration of cellulose and hemicellulose *'°. Similar broad double bands at
2922 and 2850 cm’!, primarily attributed to stretching of -CH3 and -CH> groups in
cellulose 2! 218, The peak at around 1742 cm™' corresponds to the C=O stretching

219 The peak observed at

associated with pectin, waxes, and hemicellulose
1593 cm™! represents the C=C stretching vibrations in lignin 22, which contribute to the
structural rigidity of plant cell walls. The absorption band at 1156 cm™! is attributed to
the C—O—-C asymmetric stretching of glycosidic linkages in cellulose and hemicellulose,

indicating the presence of polysaccharide structures 2?!. Meanwhile, the peak at 1027
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cm™! corresponds to the C—O stretching vibrations in cellulose, hemicellulose, and
lignin, reflecting the complex network of oxygen-containing functional groups in jute

fibers.

Comparing the FTIR spectra of untreated and treated JY's, the intensity of the double
peaks at 2922 cm! and 2850 cm'! significantly increased in the treated JYs, indicating
more cellulose structure exposed in the JYs after treatment due to effectiveness of
degumming process in impurities removal. Similarly, the peak intensity at 1156 cm™
increased, reflecting the increased presence of cellulose as lignin and hemicellulose
were removed. Conversely, with the alkali treatment time increased, the peak intensity
at 1593 cm™! gradually decreased, indicating the progressive degradation or removal of
lignin ?*2. The above changes of spectral confirm the effectiveness of chemical
treatment in selectively eliminating impurities while preserving and exposing more of

the cellulose framework in jute fibers.
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Figure 3-5 FTIR spectra of JYs before and after alkali treatment.
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3.3.3 Weight loss and residual gum content of JY's

The weight loss and residual gum content of JYs were measured to assess the
effectiveness of alkali degumming. Figure 3-6a shows the weight loss of JY's subjected
to alkali treatment for varying durations. As the alkali treatment duration increased, a
significant reduction in yarn mass was observed. JY-2.0h exhibited a 16.7 % weight
loss compared with JY, indicating the effective removal of impurities such as pectin,
hemicellulose, and lignin, which contribute to the overall mass of the yarn. Meanwhile,
the experiment analysis of residual gum content further demonstrated the gradual
removal of non-cellulose components, as shown in Figure 3-6b. Specifically, the gum
content of JY was 32.8 %, and after alkali treatment, it significantly decreased to 22.3 %
in JY-2.0h. This reduction highlights the effectiveness of the degumming process in
removing non-cellulosic components, contributing to improved fiber purity and

structure.
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Figure 3-6 (a)Weight loss and (b) residual gum content of JYs after treatment with

different durations.
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3.3.4 Thermal and mechanical analysis of JY's

The discernible influence of JY's with distinct alkali treatment durations can be evident
in the thermogram. This thermogram, recorded at a heating rate of 15 °C/min, is
illustrated in Figure 3-7. The initial mass loss of all samples occurred around 100 °C
(Figure 3-7a), primarily attributed to the evaporation loss of water content 23, The
degradation weight loss of JYs both before and after treatment was observed around
296.5 °C and 311.6 °C, respectively. primarily due to the decomposition of
hemicellulose, the breaking of cellulosic glycosidic bonds, and the cleavage of a and
ether bonds in lignin ** 2%, The DSC results shown in Figure 3-7b align well with the
TGA findings. The small endothermal peaks appeared in the temperature range of 100
— 150 °C, mainly due to the dehydration of absorbed water from the intercellular region
of the fibers 2?6, The thermal decomposition temperature of JYs increased from 349.4 °C
to 368.7 °C after alkali treatment with duration ranged from 0 h to 2.0 h. The increased
degradation temperature was attributed to the removal of non-cellulosic components,
such as hemicellulose and a portion of lignin, which further enhanced the thermal
stability of JY's. Compared to non-cellulosic components, the thermal degradation of
cellulose, which is more exposed after treatment, is influenced by its crystallinity and
typically occurs at higher temperatures. These results together confirm that alkali
treatment is an effective method of removal easily hydrolysable substances including

hemicellulose and lignin to improve the thermal stability of JYs.
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Figure 3-7 TGA (a) and DSC (b) curves of JY both before and after treatment.

To analyze the tensile behavior of JYs before and after treatments, yarn tensile test was
conducted using Instron machine. Figure 3-8 illustrates stress-strain curves, the tensile
strength of JYs treatment with alkali solution in varying times. From Figure 3-8a, an
increase in tensile stress and strain of JYs was observed after alkali treatment. JY
exhibited a relatively lower tensile strength of 69.5 MPa and a tensile strain of 2.2 %,
which is similar with previous studies 2*”??®, These lower mechanical properties are
primarily attributed to the inherent brittleness of jute fibers, the presence of non-
cellulosic components such as hemicellulose and lignin, and the natural irregularities
in fiber structure. Compared with JY, JY-2.0h showed a 25.4 % increase of tensile
strength with an increase of strain at ultimate strength of 17.1 %, which may be due to
the improvement in the packing order of cellulose chains. Alkali solutions are
commonly used to remove impurities from fiber surfaces and eliminate hemicellulose
from the interfibrillar region, resulting in excessive fibrillation and improved fiber
packing order. It can be seen from Figure 3-8b that the tensile strength of JY samples
increased as the treatment time increased. Among them, JY-2.0h sample presented
superior tensile strength with values around 95.4 MPa. Under tensile loading, the

elementary fibers within the JYs realign and orient themselves parallel to the yarn’s
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length. Alkali treatment reduced the spiral structure of cellulose microfibrils, promoting
the rearrangement of cellulose chains and enhancing fiber packing. This structural

modification alleviated internal stress, ultimately improving both strength and

elongation.
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Figure 3-8 Stress-strain curve (a) and tensile strength (b) of JY both before and after

treatment.
3.3.5 Water absorption performance of JYs

The interaction between alkali-treated JY's and water can be explained as a competition
between the hydroxyl groups (mainly from cellulose and non-cellulosic components
such as hemicellulose and lignin) for hydrogen bonds formation with the water
molecules or water clusters 7. Water penetrates into the fiber, disrupting secondary
interactions between cellulose macromolecules, which are then adsorbed into the fiber

via hydrogen bonding, resulting in fiber swelling **°, as shown in Figure 3-9.
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Figure 3-10 shows the water absorption of different JYs. JY sample exhibited the
absorption rate of 79.5 %. The alkali treatment considerably increased the water
absorption rate of JYs. It can be observed that the water absorption of alkali-treated JY's
increased with longer treatment times. Notably, the JY-2.0h sample exhibited the
highest water absorption with a value of 131.3%, which represents a 65.2% increase
compared to the JY absorption rate. This significant increase in water absorption can
be attributed to the enhanced hydrophilicity of the fibers after alkali treatment. The
treatment promotes the removal of non-cellulosic components and disrupts the
crystalline structure of cellulose, allowing more water to be absorbed into the fiber. The
improved fiber structure and higher surface area facilitate greater interaction between
the hydroxyl groups of cellulose and water molecules, leading to the observed swelling

and increased water uptake.
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3.4 Conclusion

This study investigated the basic characteristics of jute yarn and examined the effects
of alkali treatments with varying durations on the properties of JYs. SEM analysis
revealed the removal of impurities, with grooved and folded surface features observed,
accompanied by a 30.6 % reduction in yarn diameter. As the treatment duration
increased, JY-2.0h showed a 16.7% weight loss and a reduction in gum content from
32.8 % to 22.3 %, enhancing fiber purity and structure. The results of the mechanical
performance testing indicate that the JY-2.0h sample achieved the maximum tensile
strength of 95.4 MPa, exhibiting a relative increase of 17.1 % compared to JY. The TGA
and DSC analyses showed that the thermal stability of alkali-treated jute fibers was
improved. The water absorption of jute fibers was improved after alkali solution
treatment. Among them, JY-2.0h showed a 65.2 % increase in absorption rate compared

to JY.
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Chapter 4 Development and Fabrication of Jute/PLA Composites for

Sustainable Agricultural Irrigation

4.1 Introduction

Water is fundamental to human development, agricultural production and ecosystem

sustainability>3® 23!

. However, water scarcity has emerged as a global challenge,
particularly in arid and semi-arid regions*** 2*3. Agriculture is a major contributor to
water consumption, and the efficient use of water resources is crucial for ensuring food
security and fostering sustainable development?** 23 Therefore, the implementation of
comprehensive and effective water-saving irrigation strategies is essential for the
sustainable management of water resources and the enhancement of crop yields. Drip
irrigation technology is currently regarded as one of the most effective water-saving
methods and has gained widespread adoption worldwide?**2*®, The global agricultural
drip irrigation pipe market was valued at USD 63 million in 2023 and is projected to
grow at an annual rate of 11.8% by 2030 >*. Drip irrigation technologies significantly
enhance the efficiency of water usage in irrigation, leading to notable improvements in
crop yields >**-2*!, However, traditional materials used in drip irrigation systems, such
as rubber, plastic and PVC, contribute to significant environmental pollution due to
their difficulty in being recycled at the end of their lifespan®** %3, Consequently, there

is an urgent need to develop and implement sustainable, water-saving irrigation

strategies that not only conserve water but also minimize environmental impact.

Natural fiber reinforced composites, as a new type of environmentally friendly material,
have attracted much attention as a substitute for traditional metal and plastic materials
due to their good biodegradability, renewability and low cost 2**2%°_ Chatterjee et al.>*®

investigated the tensile properties and thermal behavior of the jute fiber-reinforced PP
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composites. Results showed that the mechanical properties of the composites improve
up to two plies and then deteriorate. Jute/PP composites show potential for applications

in the automotive industry and building components. Zolfakkar et al.>4’

investigated the
mechanical properties and erosion resistance of natural fiber-reinforced epoxy
composites with natural fibers (flax, jute, and luffa). The results show that jute-epoxy
composites exhibited superior tensile and flexural strength, as well as erosion resistance,
highlighting the potential for various applications due to their high strength and

durability. You et al.?*®

presented a method for making wood fiber/polyamide
composites by removing hemicellulose from wood fibers through hydrothermal
pretreatment. This process enhanced the mechanical strength and thermal stability of
the composites without the need for chemical additives. The resulting composites
exhibited high flexural strength and thermal stability while maintaining low density,
making them suitable for a range of lightweight, high-strength engineering applications.
The main applications of natural fiber-reinforced composites are focused on the

automotive industry, as well as their use in construction and consumer products*** 23,

To date, reports on the use of natural fiber-reinforced composites in sustainable
agricultural applications have remained relatively limited. Additionally, the non-
degradability of polyolefins (e.g., PP and PE), PVC, and polyamides, which are

commonly used in natural fiber composites®'

, limits their potential as sustainable
agricultural materials. Therefore, the development of green fiber-reinforced composites
with good mechanical properties, controlled leakage, degradability and sustainability
for agricultural irrigation through the use of innovative structural designs,

environmentally friendly materials and sustainable manufacturing techniques is clearly

not yet fulfilled.

Herein, a kind of green jute fiber-reinforced PLA composite (JFPC) pipes based on

abundant and eco-friendly jute fiber and PLA was proposed. The JFPC is tailored for
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water-saving seepage irrigation without chemical use, achieving sustainable
agricultural irrigation management (Figure 4-1a). Jute fiber and PLA are chosen to
construct the JFPCs with sandwich structure as they are eco-friendly and abundant
availability 2> (Figure 4-1b). Raw jute fiber is derived from cellulosic material found
in plant stems, while PLA is a biodegradable polymer derived from renewable plant
starches. Both materials can biodegrade after use without causing pollution 23323,
Through optimizing the porosity through the adjustment of PLA content, JFPC not only
exhibits enhanced mechanical properties and thermal stability but also effectively
regulates water seepage rate. In addition, traditional drip irrigation typically follows a

single circular diffusion pattern>® 2%

, whereas the proposed irrigation design generates
multi-sector circular diffusion, enhancing water resource utilization efficiency by
increasing horizontal spread and reducing deep water leakage (Figure 4-1c). The
synergistic effect of these properties of JFPCs has led to significant results in

sustainable irrigation management, further enhancing their potential for agricultural

applications.
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Figure 4-1 Schematic and working mechanism of the JFPC for sustainable water-
saving management. (a) Schematic illustration of the JFPC pipe application. (b) Raw
materials used to fabricate JFPCs with sandwich structure. (c) Comparison of soil
moisture movement patterns under traditional drip irrigation pipe or proposed drip

irrigation pipe.

4.2 Experimental Section

4.2.1 Material

PLA filament (150D, 1.25 g/cm?) was supplied by HI-TECH Fiber Group Corporation.
Jute yarn (8lbs, 1.45 g/cm®) was obtained from Anji Zhenxing Lianma Spinning and
Weaving Co., Ltd. These materials were directly used to prepare the composites without

undergoing any additional processing.
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4.2.2 Preparation of JFPCs and the JFPC pipes

JFPCs were developed using PLA filaments and jute yarns due to their inherent
durability and biodegradability (Figure 4-2a). Different finenesses of PLA yarns
obtained using the pre-doubling technique (Figure 4-2b) were used to optimize the
structural integrity and porosity of JFPCs. A sandwich structure was selected for the
fabric fabrication shown in Figure 4-2c on CMS530 automatic flat knitting machine
from STOLL (Reutlingen, Germany). The knitting density of fabrics was adjusted
through pre-tests and finalized at 12.5G to ensure a uniform and compact yarn
arrangement which is essential for the performance of the final composite. The distinct
surface functionalities were achieved through a sandwich structure comprising jute on
one side and PLA on the other (Figure 4-2d). The jute layer provides mechanical
reinforcement and surface protection, while the PLA film enables controllable water
seepage by regulating its porosity. This bilayer design allows precise tuning of water-
seepage performance without compromising the overall strength and flexibility of the

composite.

After knitting the composite fabric, JFPCs were oven-dried to remove moisture and
then hot-pressed between Polytetrafluoroethylene (PTFE) films to prevent impurities
and facilitate demolding (Figure 4-2e). Based on preliminary optimization trials, the
hot-pressing parameters were set at 190 °C under 3 MPa for 2 minutes (Table 4-1),
which provided adequate consolidation without thermal degradation. After hot pressing,
the composites were allowed to cool naturally before removal in the equipment to room
temperature with a cooling duration of l1h. The fabricated JFPCs (Figure 4-2f and
detailed parameters shown in Table 4-1) were cut into required dimensions for different

mechanical and other related tests.

Additionally, the pipe samples were fabricated for seepage rate testing (Figure 4-2g).
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Steel tubes used mandrels to fabricate the JFPC pipes, with the hot-pressed fabric
swiftly removed from the mold and tightly wrapped around the tube. The application
of mold release agents significantly facilitated the removal of the JFPC pipes from the
mandrel. The fabric wale orientation relative to the pipe axis was set at 6 = 90°. The
joints were bonded using PLA material to form a continuous tubular structure. The
specimens were then consolidated by curing at room temperature for 10 days, after

which the pipes were easily demolded.

I 2
¥ g
PLA filament Jute yarn Front effect
'g.‘
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Figure 4-2 Fabrication process of JFPCs and JFPC pipes. (a) Fabrication materials. Jute

yarn, a low-cost natural yarn with good mechanical properties, was used as a protective
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layer. PLA filaments, with excellent water repellency and biodegradable properties,

were used as the water-blocking layer of the composites. (b) Pre-doubling technique for

PLA yarn. (¢) Sandwich structure. (d) Front and back effect of composite fabric. (e)

Compression molding method used to prepare JFPCs. (f) An actual photograph of

JFPCs. (g) Manufacturing process of JFPC pipe specimens.

Table 4-1 The parameters of different samples.

Yarn count (Tex)

Weight
Weight  Thickness
Code Material ratio of
(g/m?) (mm)
0
Jute yarn PLA PLA (%)

JF Jute yarn - - 408.25 2.36
JFPC -2 33.14 12.18 414.75 1.90
JFPC -4 67.86 21.99 523.25 1.93

Jute yarn
280.72
JFPC -6 & 102.95 27.18 560.75 2.05
PLA
JFPC -8 138.78 34.39 622.25 2.12
JFPC-10 171.10 40.77 689.25 2.24

74



JF: jute fabric; JFPC: jute fabric-reinforced PLA composite. JFPC-X refers to JFPCs
with varying PLA content, where X indicates the number of PLA yarns used in the pre-

doubling process before hot pressing (JFPC-2, JFPC-4, JFPC-6, etc.).

4.2.3 Characterization

The surface morphologies of jute fabric and JFPCs were observed under a Leica

DM2500 light-emitting diode optical microscope.

The pore size distribution and maximum pore diameter of fabrics were measured using
a capillary flow porometer (CFP 1500, PMI, USA). Before testing, the samples were
fully saturated with isopropanol to ensure complete filling of the pores. During the
measurement, the sample was placed in the test chamber, and a controlled air pressure
was gradually applied to displace the liquid from the pores. The pore diameter (D) was

measured three times for each sample, which was calculated using the equation (4-1):

D = 4ycos@/P 4-1)

Where y is the surface tension of isopropanol, 6 is the contact angle, and P is the

pressure required to expel the liquid from the pore.

FTIR spectra of JF and JFPCs were conducted by a Vertex 70 FTIR spectrometer
(Bruker, United States) with a resolution of 4 cm™, covering the wavenumber range of

600—4000 cm™!. Each sample was conducted three times to ensure consistency.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) was
employed to examine thermal properties of JFs and JFPCs, which is essential for
materials durability under fluctuating outdoor temperatures. A TGA4000 instrument
(PerkinElmer, United States) was using to measure the weight change of various

samples within temperature increased from 30 °C to 600 °C at a heating rate of

75



20 °C/min and a nitrogen flush rate of 20 ml/min. DSC analyses were conducted by a
DSC8000 thermal analyzer (PerkinElmer, United States) within temperature increased
from 30 °C to 500 °C at a heating rate of 20 °C/min and a nitrogen flow rate of 50
ml/min. Each characterization test was conducted three times to guarantee the reliability

of the results.

Mechanical property tests were conducted to evaluate the structure strength to ensure
suitability for agricultural use. The tensile performances of JFPCs were tested using an
electronic universal testing machine (Instron 5566, United States) according to ASTM
D3039 standard. The three-point flexural test was performed following the GBT1449-
2005 standard using the same machine at a testing speed of 2 mm/min. Standard sample
strips measuring 50 mm * 25 mm were prepared for testing. The ball bursting
experiment was conducted in compliance with the GB/T19976-2005 standard. The
bursting strength test was carried out using the Instron 5566 (Instron, United States)
with a 25 mm diameter spherical plunger at a speed of 300 mm/min. The tearing test
was performed using the Instron 5566, with the initial jaw separation of the upper and
lower grippers set to 100 mm in accordance with the HG/T2581.1-2009 standard. Prior
to the experimental tests, the specimens were humidified under standard atmospheric
conditions. Each property was measured five times, and the mean value of these

measurements was taken.

Seepage performance tests assessed the controlled water seepage behavior, which is
essential for efficient seepage irrigation systems. A water flow control and measurement
system was designed to test the seepage performance of the JFPC pipe (Figure 4-3).
The system was divided into four parts, including water supply system, flow
stabilization system, water collection system and water level height test system. The
water flow passed through a horizontally placed composite pipe at a fixed velocity, and

then the water leakage volume was recorded and measured by a vertically placed water
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level height sensor inside the test container. The pipe sample with a length of 20 cm
was installed in the container. The seepage rate of JFPC pipes was measured and

recorded for two-minute after stabilizing the water flow at a constant rate of 1.2 L/min.

( YA /
Sensor \ 'J = ’E\\ Peristaltic
: Water tank (/ aiEga | —
; \‘
ofe /4 4
z [

g = e e el e m e e e e 3] e )
‘ ‘ <+ <
Container

Figure 4-3 Schematic of water control and measurement system of JFPC pipes.

Biodegradation tests were conducted to verify the environmental compatibility of the
materials after their service life, aligning with the goal of reducing plastic waste in
agriculture. Biodegradation tests on JFPCs were conducted through outdoor soil burial
in the Hong Kong Polytechnic University, Hong Kong, China (114.1795° E, 22.3051°
N), where was loamy soil with a pH of 6.2. Rectangular specimens (5 cm * 5 cm) were
placed in yarn nets (6 cm * 6 cm) for ease of sampling and buried approximately 15 cm
below the soil surface. Samples were collected from the soil every 30 days, gently
cleaned using distilled water, and then dried at 50 °C to a constant weight. Dry samples
were photographed and measured the weight loss to evaluate the biodegradability of

JFPCs. The experiment was conducted three times, and the average value of the

measurements was calculated. Weight loss is calculated using the equation (4-2):

W, =22 X 100% (4-2)

L

Where, W, is the weight loss of JFPCs after degradation (%); W; is the initial weight
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and W, refers to the final fabric weight after degradation, g.

4.3 Result and Discussion

4.3.1 Design, fabrication and characterizations of JFPCs

The schematic diagrams of JFPCs and pipes fabrication are shown in Figure 4-2. JFPCs
were developed using coarser jute yarns and PLA. The sandwich structure was selected
for the fabric fabrication to design with a distinct functional surface effect. The outer
jute layer provided reinforcement and surface protection, enhancing durability under
agricultural conditions, while the inner PLA layer allowed for porosity adjustment to
control water seepage behavior. This design enabled a balance between durability and
controllable seepage performance, meeting the practical demands of agricultural

irrigation systems.

The surface morphology and pore size of the JFPCs were observed using an optical
microscope. Figure 4-4a shows that there are obvious surface differences in the
composites with different PLA contents. The surface of the JF exhibited numerous
fabric and yarn pores, along with abundant fine pores and surface hairiness. After heat
treatment, a PLA film was observed on the surface of the JFPC. As the PLA mass
proportion increased, the surface of the composite became smoother and more uniform,
with a gradual reduction in pore size, eventually leading to the complete disappearance
of pores. The change in surface morphology, particularly the reduction in pore size, is
evidenced by the measurements of pore diameter. As depicted in Figure 4-4b, JF
exhibited the largest average pore diameter of 162.8 pm. With increasing PLA content,
the pore structure of JFPCs changed significantly. The average pore size progressively
decreased from 135.4 pm in JFPC-2 to 32.1 pm in JFPC-10, indicating that the PLA
matrix effectively filled the fabric pores. Moreover, the minimum standard deviation of

pore size decreased by 88.4% compared with that of JF, suggesting improved
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uniformity in pore distribution. These results together confirmed that the higher PLA
matrix contributed to the formation of smaller and more uniform pores of composite

fabric.

As shown in the FTIR spectra (Figure 4-4c¢), the characteristic peaks corresponding to
main components in jute fibers (cellulose, hemicellulose, and lignin) were observed,
including O-H stretching vibration at 3,200~3,600 cm™ 2°%, C-H stretching at around
2893 cm™! ?°. The FTIR spectra of the JFPC samples exhibited characteristic features
confirming the incorporation of PLA. A broad peak appeared around 2800-3000 cm’!
corresponding to the C-H stretching vibrations from CH3 and CHz groups from PLA 6%
260 C=0 stretching vibration in hemicelluloses, pectin and waxes were shown at 1738
cm™ 2!, The C=0 band became more pronounced and shifted to slightly higher
wavenumbers at 1784 cm™! with increasing PLA content, indicating enhanced carbonyl
presence. The distinct peak at 1263 cm™ could be assigned to O-C stretching of
carboxylic acid groups and their derivatives 2. Additionally, the presence of PLA was
also confirmed by the bands at around 1142 cm™ (C-O-C stretching vibration) 2%, These
bands were completely absent in the FTIR spectra of pure jute fibers. No additional
chemical interaction occurred during composite formation, which is in correspondence

with the literature.

79



(=2

ol e
160 I

JFPC-8
140 -

B
=
= [0
5 e JFPC6
3 120+ S 2
§ 1o} £
- B E JFPC-4
o 80 c
g T "_.E 1234
< 60 ) JFPC-
2 4r I 142 s
2ok JF
oL . ) ) ) N - ~~738, . 289, X
JF JFPC2 JFPC-4 JFPC6 JFPC-8 JFPC-10 1000 1500 2000 2500 3000 3500 4000

Wavenumbers (cm)

Figure 4-4 Basic morphological and chemical characterizations. (a)Surface images of
jute fabric (JF) and jute fiber-reinforced PLA composites (JFPCs). Scale bar: 2 mm. (b)

Pore diameter. (c¢) FTIR spectra of different samples.

4.3.2 Thermal stability analysis of JFPCs

The thermal behavior of JFPCs with varying PLA contents is illustrated by the
thermograms (Figure 4-5). All samples exhibited an initial mass loss around 100 °C,
primarily due to the moisture evaporation associated with the hydrophilic nature of jute
fibers 2%4. The main decomposition occurred between 300 °C and 380 °C (Figure 4-5a),
corresponding to the thermal depolymerization of cellulose glycosidic bonds and the

decomposition of the PLA molecules 2%°. Pure PLA showed a degradation onset at
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334.4 °C, followed by a rapid thermal decomposition resulting in negligible residue.
The degradation temperature of JFPCs increased progressively with the higher PLA
content, indicating improved thermal stability consistent with the study conducted by
Sang et al 266, The improved thermal stability can positively affect durability of pipes
under fluctuating environmental temperatures and prolonged exposure to sunlight,

which may induce localized heating.

The DSC results showed a shift in the melting temperature of JFPCs (Figure 4-5b). This
is primarily attributed to the improved crystallization behavior of PLA due to the
incorporation of jute fibers 27> 28, Pure PLA showed two distinct melting peaks at
172.81 °C and 178.18 °C, related to crystallization and recrystallization processes 2%%
270 In contrast, JEPCs exhibited a single, broadened melting peak between 170~180 °C,
with intensity increasing with PLA content. This shift indicates a more uniform
crystalline morphology within the composites, which is beneficial for enhancing the
thermal resistance and dimensional stability of the pipes under agricultural field

conditions.
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Figure 4-5 Thermal properties (a) TGA and (b) DSC curves of JF and JFPCs with

different content of PLA.
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4.3.3 Mechanical analysis of JFPCs

The mechanical fracture processes are shown in Figure 4-6. The JFPCs shown in Figure
4-61 initially exhibited elastic deformation under tensile loading. However, as tensile
loading continued, the PLA matrix in the composites experienced crack initiation due
to the brittleness of JFPCs, as illustrated in Figure 4-611. With further tensile loading,
these cracks propagated along the tensile direction (Figure 4-6III), leading to
progressive debonding at the interface and the fracture of the most vulnerable jute fibers.
At the sites of major cracks, the JF acted as the primary load-bearing structure. As
depicted in Figure 4-6IV and Figure 4-6V, the jute yarn was stretched along the
direction of the knitted coil, ultimately resulting in complete fracture failure under
continued tensile stress. This behavior followed a typical fiber damage pattern, where
weaker fibers fractured randomly, and the load initially borne by these broken fibers

was transferred to the remaining intact fibers.

Figure 4-6 Tensile fracture process of JFPCs.

Figure 4-7 presents the mechanical performance of JFPCs with different PLA content,
including tensile, flexural, bursting and tear strength and the modulus was calculated
based on the tensile strength to characterize the stiffness and load-bearing capacity of
the composites. The significance differences between PLA content and mechanical

strengths were evaluated using one-way analysis of variance (ANOVA), with Tukey’s
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test applied post-hoc to identify specific differences at a 5% significance level. The
ANOVA results revealed that the PLA content had a significant effect on the mechanical
strength of the composites (p <0.05), including tensile strength, flexural strength,
bursting strength and tearing strength. Post-hoc analysis further revealed the specific
pairwise differences among the groups, with letter groupings above the bars to clarify

the significance of differences.

Tensile strength of JFPCs with higher PLA content exhibited a significant increase
compared with that of lower PLA content (Figure 4-7a). JFPC-10 exhibited highest
tensile strength and modulus of 3.1 MPa and 11.3 MPa, respectively. This significant
enhancement (p < 0.05) can be attributed to the formation of a continuous PLA matrix
that effectively facilitated stress transfer between the jute fibers and the polymer matrix,

thereby reinforcing the overall mechanical performance of the composite.

Flexural strength (Figure 4-7b) exhibited a more consistent and linear improvement
with increasing PLA content. with JFPC-8 reaching a bending strength of 6.7 MPa.
Further increases in PLA content led to a decline in the flexural performance of the
JFPCs. This reduction is attributed to the increasingly matrix-dominated nature of the

composite, wherein the brittleness of PLA reduced the overall flexural resistance.

The bursting strength of fabrics exhibited initially increased before decreasing trend
(Figure 4-7c), with a significant increase was observed in JFPC-6 compared to JF.
Similarly, tearing strength showed a pattern of initial increase followed by a subsequent
decrease with the rise in PLA content as shown in Figure 4-7d. JFPC-4 demonstrated
the maximum tearing strength, with a 69.1% improvement over JF, which primarily due
to the additional structural reinforcement provided by PLA matrix. Moreover, the
tearing failure mode of JFPCs evolved with varying PLA content. Jute fabric-dominated

tearing failure manifested as tensile fracture in the wale direction of knitted structure at
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lower PLA content. With PLA content increasing, improved interfacial adhesion and

matrix continuity led to a transition toward a tearing-dominated failure mode.
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Figure 4-7 Mechanical performance (a) tensile, (b) flexural, (c) bursting and (d) tearing

strength of JF and JFPCs with different PLA content. The same letter was used to

indicate statistically similar.

4.3.4 Water seepage performance of JFPC pipes

The seepage performance of the JFPC pipes was evaluated by direct seepage

measurements through the designed water flow system (Figure 4-3). JFPC pipes of 20

cm length with different PLA contents were placed in the water measurement system

and the results were compared with pure jute fabric pipe as a control. The photographs

in Figure 4-8a showed the seepage behavior of JF and JFPC pipes. JF pipe,
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characterized by their abundant porosity, facilitated continuous water penetration
through the tube walls, forming a water column under pressure that fully entered the
test container. In contrast, the addition of PLA resulted in a reduction of the seepage
volume in the JFPC pipes. The water seepage behavior transitioned from an initial

columnar flow to droplet leakage, ultimately leading to complete seepage inhibition.

Statistical analysis demonstrated a strong correlation between fabric porosity and
seepage rate (P<0.05), which explained the significant variation in seepage controllable
performance among different fabrics. which explained the significant variation in
seepage controllable performance among different fabrics. Variation in PLA loading
induced corresponding changes in the porosity of the composite pipes. JFPC pipes with
higher porosity (lower PLA content), such as JFPC-2 and JFPC-4, exhibited higher
seepage rates. In contrast, JFPC pipes with lower porosity (higher PLA content), as seen
in JFPC-6, JFPC-8, and JFPC-10, significantly reduced water seepage and even
achieved complete cessation of seepage (100% non-seepage). These results indicated
that adjusting PLA content provided a simple and effective means to precisely tune the
porosity of pipes and thereby tailor their water seepage performance. This flexibility
offered a promising strategy for developing customizable irrigation materials capable

of meeting diverse water delivery requirements in agricultural applications.
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Figure 4-8 Water seepage performance of jute fabric pipe and JFPC pipes. (a)
Photographs presenting the water seepage behavior of different fabric pipes. The length

of fabric pipes is 20 cm. (b)Water seepage rate of jute fabric and JFPC pipes.

4.3.5 Sustainable and biodegradation of JFPCs

While the characteristics and water seepage of JFPCs have been demonstrated, their
environmental impact at the end of life remains an important factor that requires
thorough consideration. Figure 4-9a illustrates the production and application stages of
JFPCs, beginning with the cultivation of renewable biological sources such as
corn/straw and Corchorus plants. Raw materials are often extracted from these

renewable resources and spun into filaments and yarns. Composite fabrics are
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fabricated through knitting or weaving and subsequently processed into pipes via heat
molding, curing, and demolding. At the end of their use phase, disposal pathways
include landfilling, incineration, mechanical or chemical recycling, composting, or
reuse, underscoring efforts toward environmental sustainability 272’2, Some previous
studies indicated that PLA exhibits a substantially lower carbon footprint as low as 0.5
kgCOy/kg, representing a remarkable 75% reduction compared to most traditional
plastics 27*27* Therefore, PLA and jute fibers hold potential as sustainable alternatives

for fossil-based materials.

The biodegradability of JFPC-2, JFPC-6 and JFPC-10, which represented three
different levels of PLA content, was measured in an outdoor soil environment. JFPCs
showed noticeable surface discoloration over time caused by mould and mildew growth
H7.275(Figure 4-9b). JFPCs experienced a significant mass reduction after degradation,
especially JFPC-2 with 20.2 % weight loss after three months of soil buried (Figure 4-
9¢). Comparison of the degradation of different JFPCs revealed that increasing PLA
content decreased the overall degradation rate. This is primarily attributed to the relative
lower biodegradability of PLA compared to jute fibers. As PLA content increased, more
jute yarns became encapsulated within the PLA matrix, limiting microbial access to
more jute fibers and thereby relatively slowing down the overall degradation process of

composites.
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Figure 4-9 The sustainable and biodegradability performance of JFPCs. (a) Schematic
overview of the raw material sourcing, fabrication, and possible end-of-life pathways
of JFPCs. (b) Photographs of JFPCs degradation at different burial durations with

discoloration or mildew. (c) Weight loss of the JFPCs after three months degradation..

4.4 Conclusion

In this work, a green jute fiber-reinforced composite was proposed for sustainable

controllable irrigation while reducing soil pollution. The key findings include:

o Increasing the PLA content in JFPCs enabled effective pore regulation,
significantly reducing average pore size and enhancing the uniformity of the
internal structure.

« The thermal analysis demonstrated that increasing PLA content in JFPCs
progressively enhanced thermal stability.

« The incorporation of PLA significantly influenced the mechanical behavior of
JFPCs, with moderate PLA content enhancing tensile, flexural, bursting, and
tearing strengths. However, excessive PLA led to a decline in mechanical
resistance owing to matrix brittleness and poor interfacial bonding.

. The seepage experimental results demonstrated that the seepage rate of JFPCs
could be precisely adjusted by varying the PLA content.

« JFPCs exhibited a maximum weight loss of 20.2 % after 3 months of soil burial.

Therefore, these results together demonstrated that JFPC pipes hold promise for
advancing sustainable agricultural practices by enabling efficient, water-saving seepage
irrigation. Given the current experimental limitations, future research will focus on
further enhancing the composite mechanical properties to expand their application in
high water pressure environments without compromising biodegradability. Moreover,

long-term field evaluations will be conducted to fully assess the durability,
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environmental impact, and practical performance of JFPCs in diverse agricultural
applications. These biodegradable natural composites not only reduce reliance on non-
renewable materials and water-intensive irrigation methods but also mitigate end-of-
life issues associated with conventional plastics. Moreover, this work offers approaches
for integrating natural fiber-reinforced composites into agriculture, supporting the

wider adoption of sustainable materials.
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Chapter 5 Development and Fabrication of Jute Fabrics for Eco-

friendly Weed Control and Soil Water Retention

5.1 Introduction

Weeds compete with cultivated plants for essential resources such as nutrients, water,
light, and space, and also serve as hosts for plant pathogens that may led to diseases in
cultivated crops 27% 277, Weeds cause huge losses in global crop production 27825,
Therefore, implementing comprehensive and effective weed control strategies is
essential to maintaining healthy crops and ensuring sustainable agricultural practices.
Currently, various weed control methods, such as chemical herbicides 2*!, mechanical

282-284

weeding and biological control 87 are widely used to manage weed growth

and protect crops 28!, However, these methods have significant limitations 2% 2% For
instance, chemical herbicides can lead to environmental contamination and herbicide

290-294

resistance , while mechanical weeding and biological control may not provide

long-lasting effect or damage crops 34,

Weed control fabrics (WCFs)—which spontaneously inhibit weed growth by blocking
sunlight transmission while simultaneously keeping soil moisture—have opened an
important avenue for weed management 2> 26, Over the past few years, petroleum-
based WCFs, such as polyethylene weed control fabric (WCF-PE) and polypropylene
weed control fabric (WCF-PP), have been rapidly developed in weed management due
to the significant effects in controlling weeds >°7 2%, However, their extensive use has
also posed challenges such as microplastic contamination, reduced soil permeability,
heat accumulation and difficulties in disposal and recycling >** 2°. Weed control
management should not conflict with the basic needs of environmental protection.

Therefore, there is an urgent need to develop sustainable weed control strategies that
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can significantly control weed cover while minimizing the impact on the soil

environment.

The primary mechanism by which WCFs suppress weeds is through physical barrier to
blocking weeds upward growth and sunlight deprivation to disrupt weeds
photosynthesis 3% 3! Therefore, the proposed covering material, while providing a
basic physical cover, must block almost all sunlight (400-700 nm) that facilities weed
photosynthesis. In addition, moderately air permeability of the coverings is needed to
transfer heat flow to the surroundings and outer space °2. This prevents excessive heat
accumulation after covering, thereby reducing the risk of soil overheating and potential
damage to plant roots **. Water permeability ability is also required to prevent root
suffocation and waterlogging, ensuring adequate oxygen supply and drainage, which
are essential for healthy plant growth and nutrient uptake 2. In addition, the
appropriate porosity design can reduce the evaporation of soil moisture while meeting
the above-mentioned water permeability and air permeability functions ***. Hence, the
above primary mulch material properties design enables weed control and water saving,
thereby reducing competition for nutrients and ensuring a favorable soil environment

for healthy plant growth.

Herein, a kind of WCF based on abundant and eco-friendly jute fiber was demonstrated.
The jute weed control fabric (JWCF) is tailored to reduce weed cover and water
evaporation without energy consumption, achieving sustainable weed control
management. Jute fiber is chosen to construct the WCF as it is eco-friendly and
abundant availability. Raw jute fiber is derived from natural lignocellulosic material
that exists extensively within plant stems, which can biodegrade after use without any
pollution (Figure 5-1a) 2°*23* Through the coverage and the optimal adjustment of

porosity, JWCF not only reduces the transmission of sunlight for inhibiting weed
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growth, but also effectively regulates water evaporation, thereby enhancing soil
moisture retention (Figure 5-1b). In addition, the JWCEF, due to its excellent
hygroscopic properties 3% 3%, absorbs water from the environment and release it into
the soil to maintain the stability of soil moisture. The porosity adjustment allows JWCF
to control water evaporation while retaining the necessary air permeability 37 3% thus
providing a suitable growing environment for plants in the soil. The synergistic effect
of these properties of JWCF has led to significant results in weed control and moisture
management (Figure 5-1c), further enhancing their potential for agricultural
applications. Therefore, the JWCF shows promise as viable, scalable and eco-friendly
substitute for traditional weed control and water conservation methods, contributing to

worldwide carbon neutrality objectives.
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Figure 5-1 Schematic of the JWCF for sustainable weed control and water retention
management under sunlight and its working mechanism. (a) Schematic illustration of
the JWCF application and the abundant raw materials of JWCFs can be derived from
the stem of natural Corchorus plants. (b) Schematic illustration of the working
mechanism of JWCF for weed control management and evaporation control. (¢) A
comparative analysis of JWCF-4 with the main performance characteristics of current

commercial WCFs.

5.2 Experimental Section

5.2.1 Materials

Jute yarn used in the study was purchased from Anji Zhenxing Lianma Spinning and
Weaving Co., Ltd., China. Two conventional WCFs made from polyethylene (WCF-

PE) and polypropylene (WCF-PP) were purchased from Taobao commercial sources.

5.2.2 Fabrication of jute weed control fabric (JWCF)

The sustainable JWCFs were fabricated using different knitting structures on a STOLL
CMS530 computerized flat knitting machine (Stoll Machine, Germany), with a
machine gauge of 7, constant machine settings, and uniform tension. The materials and

photographs of JWCFs are presented in Figure 5-2 and Table 5-1 for further details.
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JWCEF-1

JWCEF-2

JWCEF-3

JWCF-4

Single jersey

100%

jute yarn

Sandwich

12.25

12.25

12.25 & 13.5

12.25

235

235 & 368

2.832

5.764

5.932

6.016

5.2.3 Characterizations

WCF-PE and WCF-PP were used as performance comparators to assess the

effectiveness of JWCF. Both fabrics (WCF-PE and WCF-PP) were black in color,

primarily functioning to absorb sunlight, thereby reducing light penetration to the soil

and effectively suppressing weed growth. All fabrics were placed in a controlled room

at (20.0£2.0) °C and (65.0+4.0) % relative humidity for 24h prior to testing.

The microscopic picture was captured by optical microscope (Leica DM2500 LED).

The fabric surface image was binarized using MATLAB software, where black pixels

represent the areas occupied by yarns, and white pixels indicate the pore regions.

Surface porosity was then calculated using equation (5-1):
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P = % x 100% (5-1)

Where, P represents the fabric surface porosity (%); @, denotes the number of white
pixel pointes on the fabric surface; and @, indicates the total number of pixel points

on the fabric surface.

The moisture permeability test of the fabric was performed according to ASTM E96
standard. Circular samples with diameter of 9.3cm were prepared. Water vapor

permeability is calculated according to equation (5-2):

244Am,
Axt

WVT = (5-2)

Where, WVT represents the water vapor permeability per square meter per day
g/(m? - 24h); Am, is the difference between two weighing’s of the same test

combination(g); A denotes the effective test area(m?).; and t is the test duration(h).

Air permeability measurements of WCF fabrics were conducted by using an YG(B)
461G automatic air permeability tester. Light blocking effect of fabrics was evaluated
according to AATCC TM203-2021. The transmissivity and reflectivity within the UV,
visible (Vis), and near-infrared (NIR) spectrums were conducted by a UV-Vis-NIR
spectrometer (Lambda 1050+, PerkinElmer) with a 150 mm integrating sphere

(InGaAs). Barium sulfate was used as a reference for the UV-Vis-NIR measurement.

Both pots covered with different WCFs and uncovered pots were exposed under
sunlight for 4 hours, as shown in Figure 5-3. The weather conditions were monitored
and documented by an automatic weather station (TOLAISI, TS-G1). K-type
thermocouples (FLUKE,1586A Super-DAQ) were used to measure and record the

temperatures of fabric surface and soil in real time. Water loss was measured by an
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electronic balance (LICHEN, JA3003). Each container initially contained 80 g of dry
soil and 80 g of water (mwi). The masses of the containers were measured before and
after exposure, providing the initial (mi) and final (me) masses for calculating the water

loss rate as (mi — me)/mwi*100%.
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Figure 5-3 A photograph of the experimental setup for temperature change and water
retention under sunlight. This setup is mainly consisted by a thermocouple data recorder,
a temperature and humidity recorder, and a weather station. The chamber of the soil
container is isolated from the surroundings by an Al film to reflect sunlight. The
temperatures of soil and fabric surface are real-time measured by thermocouples

recorder.

All WCFs of size 500mm * 500mm were laid in an outdoor experimental site with
adequate sunlight in the campus of Hong Kong Polytechnic University, Hong Kong,
China (114.1795° E, 22.3051° N). The positionings of different WCFs are shown in

Figure 5-4. Two groups, the non-irrigation group and the irrigation group
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(1000ml/piece/day), were set up to investigate the impact of moisture on the weeding
effect of fabrics. Both groups were covered continuously for 70 days, with weed growth
in the experimental areas photographed every 7 days to compare the weed control
performance of each fabric. The proportion of green pixels (Pg) in images of the same
size was calculated using a MATLAB program combined with a clustering algorithm.

The weed control efficiency was then determined as 100%-Pg.

Figure 5-4 Photographs of the outdoor experiment condition to test the weed control
of different covering materials. All fabrics of size 500 mm * 500 mm were laid in an
outdoor experimental site with adequate sunlight in the campus of Hong Kong

Polytechnic University, Hong Kong, China (114.1795 °E, 22.3051 °N).

Biodegradation tests on WCFs were carried out by soil burial tests. Rectangular
specimens of size 10 cm*10 cm were prepared and fixed in yarn nets of 12 cm*12 cm
(convenient for sampling). The samples were buried about 20cm below the soil surface,
exposing to the indigenous microorganisms presented in the natural soil. The samples
were taken from the soil at regular 10-day intervals and were gently cleaned with
distilled water. The samples were then dried at temperature 50 °C in an oven to a

constant weight, photographed and weighted to determine the mass loss of WCFs.
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Weight loss is calculated according to equation (5-3):

Wy = 222X 100% (5-3)
Where, W, represents the weight loss of WCFs after degradation (%); W; is the initial
weight of the fabrics(g); and W, indicates the final weight of the fabrics after

degradation.
5.2.4. Statistical analysis

Statistical analyses were performed to evaluate the significance of the factors on the
differences in weed control efficiency. One-way analysis of variance (ANOVA) was
used to assess significant difference, with Duncan’s multiple range test applied post-
hoc to identify specific differences at a 5 % significance level. The same letter was used
to indicate statistically similar. Spearman’s correlation coefficient was used to evaluate
the correlation between variables. All statistical analyses were performed using SPSS

Statistics 25.0 (IBM Corp., USA) software, with statistical significance set at p < 0.05.
5.3 Result and Discussion
5.3.1 Design, fabrication and characterizations of JWCFs

The schematic diagrams of the development of JWCFs are shown in Figure 5-2. JWCFs
were developed using coarser jute yarns with lower energy consumption, mainly
because of the relatively low precision required for the processing of soil cover
materials. Two fabric structures, single jersey and sandwich structure, were selected for
the fabric fabrication. Single jersey structure, known for its simplicity 3*°, demonstrated

excellent moisture permeability and breathability, promoting soil aeration and plant
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growth while covering the soil. The multilayer sandwich structure demonstrated
enhanced durability, making it suitable for areas with varying soil conditions and

extreme climates.

The optical microscope pictures of JWCFs are presented in Figure 5-5a. It shows that
JWCFs had porous structures with abundant hairiness on the jute yarn *!. This feature
was attributed to the use of relatively coarse jute yarns, which tend to have more
exposed fibers due to larger fiber bundles, lower twist and the inherent roughness of
jute fibers. WCF-PE exhibited a tight fabric structure with no discernible fabric pores,
whereas WCF-PP displayed a porous structure with multiscale pores throughout its
surface and interior (Figure 5-6). As depicted in Figure 5-5b, WCF-PP demonstrated
the highest porosity at 56.3%. Through the variation of fabric structure and density, four
JWCFs presented different porosity levels, which were 126.2%, 76.0%, 79.5%, and
45.5% more porous than WCF-PE, respectively. The differences in porosity directly
influence the functional properties of the fabrics, particularly in their capacity for water
and air permeability. WCF-PP, with its highest porosity, exhibited the highest water
vapor transmission rate of 800 g/m?/day and air permeability of 1541.8 mm/s (Figure
5-5c and Figure 5-5d). WCF-PE showed the poorest water-vapor transmission rates and
air permeability due to the compactness of the fabric structure. Gradual decreases in
moisture permeability and air permeability of JWCFs were observed with reducing
fabric porosity, consistent with findings from other research studies*!!*'2. The inherent
hollow structure of jute fibers, along with the porous nature of fabrics, provided
adequate water vapor permeability and breathability *'*. The measured light-blocking
rates of different JWCFs, WCF-PE and WCF-PP are presented in Figure 5-5e,
respectively. WCF-PE, characterized by its black color and lowest porosity, achieved
an average light-blocking efficiency of 99.98 % across the sunlight visible wavelength

range favorable for photosynthesis (400 nm-700 nm). In contrast, WCF-PP, with its
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highest porosity, exhibited the lower shading efficiency. Unstained JWCFs
demonstrated comparable light-blocking rates to that of WCF-PE except of JWCF-1,
reducing levels of sunlight effective for weed photosynthesis. The above experimental
results confirmed that JWCFs not only provided efficient channels for the natural
diffusion and convection of air and water vapor, but also effectively block sunlight,
making them ideal soil mulching materials for controlling weed and promoting healthy
plant growth. Furthermore, the varying porosities of JWCFs allowed for the selection
of the materials that balance effective sunlight blocking with good water and air

permeability based on specific needs.
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Figure 5-5 Fabrication and characterizations of JWCFs for weed control. (a) Optical
microscope photographs of JWCFs. Scale bar, 2mm. (b) Porosity of JWCFs, WCF-PE
and WCF-PP. Compared the (c) water vapor and (d) air permeability of different fabrics.
(e) Sunlight blocking by different covering materials in the wavelength range of 400-

700nm.

Figure 5-6 The photographs of WCF-PE and WCF-PP are shown for comparison. Scale

bar, 2mm.

5.3.2 Temperature changes and water retention performance

The measured optical spectra of JWCFs, WCF-PE and WCF-PP are presented in Figure
5-7a. The WCF-PE and WCF-PP featured high absorptivity of 91.5 % and 86.5 %
respectively in the entire sunlight wavelength range, while JWCFs exhibited the lowest
absorptivity with the minimum absorption of 7.9 %, which effectively rejected sunlight
by reflection. Thus, it was expected that JWCFs would reduce heat accumulation and
water evaporation in the covered area. The temperature changes and water retention
performance of JWCFs were estimated by outdoor temperature and water loss
experiments. WCF-PE, WCF-PP and an uncovered case were used as controls (Figure
5-7b). Experimental analysis of the surface temperature of JWCFs and the three
controls (Figure 5-7¢) under weather conditions (Figure 5-8) showed results as expected
for the fabric absorption property. WCF-PE, with its high solar radiation absorptivity

and low air permeability, resulted in substantial heat accumulation, leading to a sharp

103



increase in surface temperature to about 63.9 °C. The porous surface of WCF-PP
enhanced heat dissipation, effectively mitigating the rise in fabric temperature, with a
maximum recorded temperature of 58.2 °C. In contrast, although the surface
temperature of JWCFs exposed to sunlight also increased, they were lower than those
of WCF-PE and WCF-PP by about 11.2 °C and 5.5 °C, respectively. It is worth noting
that changes in the surface temperature have a significant effect on the soil temperature
in the covered area, determined mainly by the thermal absorption properties, thickness,
and the breathability and water permeability of the fabric. Analysis of the soil
temperature with different covering showed basically consistent with the changes of
fabric surface temperature (Figure 5-7d). JWCFs produced lower soil temperature of
average 40.3 °C, which is 4.3 °C and 1.6 °C than those under the WCF-PE and WCF-
PP, respectively. This indicated that JWCFs exhibited relatively thermal regulation
properties, effectively maintaining soil temperature stability. In addition, the inherent
thickness of JWCFs allowed them to retain heat in the covered area, resulting in soil
temperatures that were 0.4~1.7 °C higher than that under no cover scenario. The slight
rise in temperature could help maintain a more stable soil temperature conductive to
plant growth, especially in cooler conditions. JWCFs reduced water evaporation from
the soil, where JWCF-4 slowed soil moisture evaporation by 6.0 %, 38.6 % and 68.5 %
compared with WCF-PE, WCF-PP and no cover, respectively (Figure 5-7e). These
results together confirm that the JWCFs exhibited the best water conservation effects,

crucial for supporting plant growth in dry regions.
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Figure 5-7 Heat accumulation reduction and water conservation performance. (a)
Absorptivity of different WCFs. (b) A schematic of the custom-made device for
verifying the cooling effects of the JWCFs. (¢) Surface temperature and (d) soil

temperature recorded under covered of the JWCF and the three controls from 10:00 to
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15:00. (e) Comparison of soil water evaporation loss under the JWCF application and
the three control conditions. The JWCF can reduce heat accumulation after covering

and achieve water-saving effect.
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Figure 5-8 Environment conditions of the temperature and water-loss tests outdoor.
Left panel: temperature and relative humidity. Right panel: power of sunlight and wind

speed.

5.3.3 Weed control experiment

The weed control performance of the JWCFs was demonstrated by direct weeding
measurements. JWCFs, WCF-PE and WCF-PP were mulched in outdoor grassland with
dimensions of 50*50 cm and the results were compared with open field weeds as a
control (Figure 5-4). The photographs in Figure 5-9a showed the physiological states
of weeds grown under the JWCFs, WCF-PE, WCF-PP and no cover scenario with or
without irrigation over a period of 70 days. Weeds growing under JWCFs, WCF-PE
and WCF-PP showed inhibited growth compared to those in the open area,
demonstrating that all fabrics had a certain level of weed control effectiveness. JWCFs
(JWCF-2, JWCF-3 and JWCF-4) exhibited weed control effectiveness comparable to
that of WCF-PE by blocking sunlight effective for weed photosynthesis. In contrast, the

larger porosity of JWCF-1 and WCF-PP allowed certain wavelengths of visible sunlight
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to penetrate, resulting in inferior weed control effect in the covered area after 70 days.
In addition, comparing the physiological status of weeds in the non-irrigation group,
irrigation further improved the weed suppression of JWCF-1. However, it had minimal
impact on the effectiveness of WCF-PP, which can be attributed to its excessive porosity,
allowing more sunlight and moisture to reach the soil and thereby promoting weed
growth. Weed control rate analysis based on the photographs showed in Figure 5-4a.
The results demonstrated that the JWCF-4 and WCF-PE in non-irrigation group had the
best weed control rate of 100 %, which was 39.0 %, 3.6 %,9.8 % and 11.1 % higher
than those under the JWCF-1, JWCF-2, JWCF-3 and WCF-PP (Figure 5-9b). The weed
containment effectiveness of JWCFs in the irrigation group were improved by 25.5 %,
3.7 % and 10.8 % greater than that achieved in the non-irrigation group under the
JWCEF-1, JWCF-2 and JWCF-3, respectively. Prolonged wet conditions with condition
of sunlight lackage can lead to oxygen deprivation in shallow weed roots, further

accelerating root decomposition and necrosis >,
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Figure 5-9 The weed control effects of the JWCFs compared with the WCF-PE, WCF-

PP and bare control. (a) Photographs presenting the physiological condition of weed

growth in the non-irrigation group and irrigation group after 70 days of coverage under

the four conditions and (b) the weed control rate of different materials under irrigation

or non-irrigation condition.

5.3.4 Soil-buried biodegradation experiment

Having demonstrated the excellent weed control and water conservation performances

of JWCFs, biodegradability at the end of life is another crucial issue that should be

given full consideration. The biodegradation performance of JWCF, WCF-PE and

WCF-PP were measured in actual natural soil environments (Figure 5-10a). The
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changes in the physical appearance of fabrics were observed through photographic and
optical microscope images. WCF-PE and WCF-PP exhibit notable resistance to bio-
aggressive degradation, with the fabric remaining intact and showing any discernible
surface alterations of degradation in the fabric (Figure 5-10b). In contrast, JWCF
exhibited significant physical changes, with the degree of surface discoloration
increasing over time, possibly due to the mold and mildew growth ''7-27°  The natural
decomposition process, driven by microbial activity, moisture, and exposure to soil
environmental conditions, resulted in the breakage of the fabric matrix, ultimately
leading to the disintegration of the plant-based fibers. Experimental analysis of the
weight loss after degradation revealed that JWCF experienced a significant reduction
in mass, with 47.5 % weight loss after 40 days of soil buried (Figure 5-10b). Therefore,
it offered a sustainable weed control method that minimized soil environmental impact

by naturally degrading over time, ultimately contributing to improved soil health.
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Figure 5-10 The biodegradability tests under moist soil of JWCF, WCF-PE and WCF-
PP. (a) Photograph of samples prepared to test the degradation performance of different
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WCFs degradation after 40 days. Top panel: overall physical pictures of WCF-PE. Scar
bar: 3cm. Bottom panel: overall physical pictures of WCF-PP. Scar bar: 3cm. (c)
Photographs of the JWCF degradation after different burial times. Top panel: overall
physical pictures of JWCF. Scar bar: 3cm. Bottom panel: Photographs of the jute yarn
with discoloration or mildew. Scar bar: 500um. (d) Weight loss of the JWCF after

degradation from 10days to 40days.

5.4 Conclusion

In this work, a jute fiber-based weed control and water retention strategy was proposed
for sustainable weed management while simultaneously minimizing soil environment
pollution. A comprehensive investigation was conducted to analyze and evaluate their
properties compared with two commercial WCFs (WCF-PE and WCF-PP). JWCFs
with different porosities had excellent moisture permeability, air permeability, and
effectively blocking visible sunlight required for photosynthesis. The weeding
experimental results showed that JWCFs notably impeded weed growth (61 %~100 %),
which approached or even exceeded the weed control rate of WCF-PE and WCF-PP.
The weed control efficiency of JWCFs was improved 3.7 %~25.5 % under irrigated
conditions compared with non-irrigation group. Field tests demonstrated that JWCFs
reduced soil temperature (average 1.6~4.3 °C) compared to traditional mulching
materials, which also decreased water evaporation (6.0~68.5 %) compared to both
conventional covering materials and the uncovered scenario. Degradation tests showed
a 47.5 % weight loss of the JWCF after 40 days of soil buried, indicating the
biodegradability and suitability for sustainable agricultural applications. In summary,
based on the superior performance achievements and the completely biodegradable
advantage, the proposed JWCFs demonstrated significant potential as a promising

substitute for conventional polymer-based WCFs. The sustainability implications of the
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JWCFs are anticipated to be significant. By utilizing plant fiber to impede weed growth
while reducing soil environmental pollution, the JWCF may advance the goal of
promoting sustainable agricultural practices. Effective weed management and reduced
water evaporation can conserve vital resources and diminish the dependence on
chemical herbicides and water-intensive irrigation, thereby fostering the long-term
development of sustainable agriculture. This impact would contribute to safeguard
vulnerable ecosystems and foster the sustainability of natural resource management.
Moreover, this work provides novel perspectives and innovative ideas for the
application of cellulosic materials in agriculture and contributes to an important

significance for expanding the application of natural fibers.
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Chapter 6 Long-term Field Evaluation of JWCF Performance

6.1 Introduction

This chapter focuses on the long-term field evaluation of JWCF-4 to assess its
effectiveness and durability under real agricultural conditions. The study aims to
investigate its weed suppression performance, impact on soil conditions and crop yield,
and biodegradation over an extended period. By conducting field experiments under
actual environmental conditions, this chapter provides valuable insights into the
practical applicability of JWCF-4, offering a comprehensive understanding of its long-

term effects and potential for sustainable agricultural practices.

6.2 Experiment Section

6.2.1 Material

JWCF-4 used in the study was prepared as described in the above chapter. Two
conventional WCFs made from polyethylene (WCF-PE) and polypropylene (WCF-PP)

were purchased from Taobao commercial sources.

6.2.2 Field experiment setup

Based on the results of a small outdoor weed control experiment conducted at the Hong
Kong Polytechnic University campus, JWCF-4 demonstrated 100% weed control
efficiency under both irrigation and non-irrigation conditions. Therefore, it was selected
for a one-year field trial in Meizhou, Guangdong, to evaluate its long-term weed
suppression performance. After pomelo harvesting, the experimental area was cleaned
through basic weeding, lime disinfection, and other farm maintenance tasks, followed

by the installation of JWCF-4, WCF-PE, and WCF-PP under the pomelo trees to
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observe and compare the weed control effectiveness of different covering materials in
a natural environment (Figure 6-1).The total laying area of JWCF-4, WCF-PE and
WCF-PP was 80 m?, respectively. A diverse range of weed species was identified in the
field, including Commelina communis (L.), Bidens alba (L.), Setaria sp., and Arctium

sp., with Commelina communis emerging as the dominant species.

Figure 6-1 Photographs of the actual covering of pomelo tree.

To meet the nutritional requirements of honey pomelo, multi-element water-soluble
fertilizers were applied four times during the entire period of honey pomelo growth
(Table 6-1). Each fertilizer application was carried out according to the specific growth

stages of the honey pomelo (e.g. budding, flowering, fruit expansion).

Table 6-1 Fertilizer applications in the experimental area.

Date Type Fertilizer amount per tree

Multi-element water
2023.9-2023.10 soluble fertilizer+ Skg

microbial agent
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2024.02-2024.03 Skg

Multi-element water
2024.05-2024.06 Skg
soluble fertilizer

2024.07-2024.08 Skg

6.3 Result and Discussion

6.3.1 Weather conditions

The one-year field experiment evaluated the effects of seasonal precipitation and
temperature variations on soil moisture, nutrient dynamics, and plant health.
Precipitation exhibited significant monthly variability (Figure 6-2a), with eight months
experiencing over 15 days of rainfall, including a peak in June (29 days). Rainfall
exceeding 50 mm, particularly during the rainy season (April-May 2024), significantly
influenced soil moisture at 20-25 cm depth. Temperature trends ranged from 5 °C to
35 °C, with winter months (January—March 2024) frequently dropping below 10°C.
These low temperature in winter months caused frost damage to pomelo trees, evident
in yellowing, wilting, and defoliation, particularly affecting new shoots and buds. From
spring onward, temperatures rose steadily, exceeding 35 °C in summer, which likely
accelerated material degradation and affected soil moisture dynamics (Figure 6-2b).
These seasonal fluctuations highlight the important relationship between environmental

conditions, soil conditions, and plant health during the study period.

6.3.2 Weed control performance

JWCF-4, which demonstrated 100 % weed control efficiency under actual short-term
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experiment conditions, was selected for one-year field application to evaluate the long-
term weed suppression performance in Meizhou, Guangdong (Figure 6-2c). JWCF-4
could consistently maintain weed management effectiveness comparable to commercial
WCFs, achieving 100 % weed suppression for a long time under natural conditions
(Figure 6-2d). In contrast, the control group without mulching exhibited rapid weed
proliferation, particularly during rainy periods, resulting in significantly higher weed
density compared to treatment groups using WCFs. These results together confirmed

that the JWCFs had excellent weed control effect under any conditions.
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area. (c¢) Photographs of the actual covering of pomelo tree. (d) Photographs of weeds

grown under different conditions in a one-year long-term covering pomelo farm.

6.3.3 Soil conditions

The soil moisture content varied significantly across treatments, as illustrated in Figure
6-3a. JWCF-4 demonstrated superior soil moisture retention, particularly under low
precipitation, by reducing evaporation and enhancing moisture regulation. Its unique
water-absorbing and slow-release properties, combined with good air permeability,
allowed it to prevent soil over-wetting during rainfall below 50 mm and maintain
balanced moisture levels. In contrast, WCF-PE, due to poor water and air permeability,
caused soil waterlogging and prolonged water stagnation under heavy rainfall,
impairing root respiration and growth. WCF-PP, while highly porosity, led to rapid
water penetration and evaporation, resulting in unstable soil moisture levels similar to
bare soil. Overall, JWCF-4 exhibited effective moisture regulation under varying
precipitation conditions, maintaining stable soil moisture and promoting healthy root
growth. In contrast, WCF-PE and WCF-PP showed limitations in moisture management,
with WCF-PE prone to over-wetting during periods of excessive precipitation and
WCEF-PP ineffective in moisture retention during drought. These findings highlight the
advantages of JWCF in maintaining optimal soil moisture for long-term field

applications.

Appropriate soil temperatures enhance root growth, nutrient uptake, and microbial
metabolic processes. Mulching materials are commonly used to regulate surface
temperature, reduce evaporation, and stabilize soil conditions. Figure 6-3b illustrates
soil temperature variations at a depth of 20-25 cm under different mulches. Soil
temperature fluctuations lagged ambient temperature changes due to soil's higher heat

capacity, with smaller variations observed at deeper depths. During winter, ambient
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temperatures dropped below 10 °C, but soil temperatures in the root zone remained
above 10 °C, ensuring continued nutrient uptake and metabolic activity. Notably, no
significant differences in soil temperature were observed between mulched and un-
mulched treatments at 20-25 cm depth, indicating that the influence of surface mulching
diminished with increasing soil depth. This lack of significant variation can be
attributed to strong thermal buffering capacity of soil and the moderating effect of soil

moisture.

The nutrient root system of pomelo trees requires an optimal soil pH range of 5.5-6.5
for healthy growth, as the slightly acidic environment facilitates nutrient uptake and
microbial activity. Figure 6-3c illustrates the variation in soil pH at this depth during
the experimental period, showing stable pH values around 6, which aligns with the ideal
conditions for pomelo cultivation. No significant fluctuations were observed, regardless
of the mulch type (JWCF-4, WCF-PE, or WCF-PP), indicating that none of these
materials significantly influenced soil acidity or alkalinity. The partial degradation of
JWCF-4 primarily affected the surface soil condition, while PP and PE fabrics retained
structural integrity, contributing to their minimal impact on soil pH at this depth.
Additionally, the inherent buffering capacity of soil also played a key role in
maintaining pH stability at deeper layers. These findings suggest that mulch type,
degradation extent, and soil buffering influence stable pH conditions during the

experiment.

Throughout the growth cycle of pomelo, key nutrients such as nitrogen(N),
phosphorus(P), and potassium(K) at 20-25 cm nutritional root play an important role,
directly affecting the health of the tree and the quality of the fruit. Therefore,
maintaining appropriate levels of N, P and K throughout the year is particularly critical
for the continued health of the pomelo tree and high fruit yield and quality. Figure 6-3d

illustrates the changes in soil nutrient content (N, P, and K) across different
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experimental treatments (JWCF-4, WCF-PE, WCF-PP, and Control). The JWCF-4
covering area exhibited significantly higher nutrient levels during spring and summer,
demonstrating that JWCF-4 eftectively reduced nutrient losses, particularly nitrogen
volatilization. By regulating water penetration, JWCF-4 minimized soil nutrient loss,
especially during the rainy season. In contrast, the WCF-PE covering area consistently
showed lower nutrient levels, primarily due to its poor water and air permeability. This
hindered effective water and fertilizer infiltration and led to water accumulation and
nutrient leaching during heavy rainfall. In addition, limited soil-air exchange and
suppressed microbial activity further reduced nutrient availability. WCF-PP, due to
good water and air permeability, exhibited nutrient dynamics similar to those of the
bare soil control group, with rainfall significantly influence on nutrient changes. These
results demonstrated the superior nutrient retention capacity of jute fabrics compared

to synthetic mulches.
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Figure 6-3 Soil conditions in honey pomelo tree area. (a) Soil moisture, (b) soil

temperature, (c) soil pH and (d) soil nutrients (N, P, K) content under different fabrics

mulching and uncovered area.

6.3.4 Honey pomelo yield and quality

Changes in the soil environment significantly influence fruit tree fruiting, with

optimized soil moisture, nutrient availability, aeration, and biological activity playing
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crucial roles in enhancing fruit production. Figure 6-4a illustrates the fruiting
performance of pomelo trees across different experimental treatments. The JWCF-4
treatment group demonstrated a significant improvement in fruiting capacity compared
to the control group, attributed to the positive feedback between efficient water and
nutrient cycling. The consistent and adequate supply of water and nutrients in the
JWCF-4 zone improved photosynthetic efficiency and root vitality, thereby promoting
enhanced flower bud differentiation and fruit formation. In contrast, other treatment
groups exhibited unstable water and nutrient availability, leading to nutrient imbalances

or water stress, which ultimately reduced fruit yield.

The honey pomelo in the test area was harvested in September 2024 after one year of
laying experiments. From the statistics of yield shown as Figure 6-4b, the yield of
pomelo in the test area reached 3697 kg, which was 22.2 % increase compared to the
yield in 2023. The experimental area with JWCF-4 showed a significant increase in
pomelo yield compared to the other experimental groups with an increase of 226 kg,
which was 38.7 %, 32.6 % and 102.6 % higher compared to the WCF-PE, WCF-PP and
no-mulch experimental areas, respectively (Figure 6-4c). This may be related to the
advantages of jute fabric in regulating soil moisture and fertilizer retention. Additionally,
pomelos in the JWCF-4 treatment group exhibited a sugar level of around 13 °Brix,
representing an average increase of 1 °Brix compared to 2023, along with fuller flesh
and enhanced flavor (Figure 6-4d). In contrast, the WCF-PP and WCF-PE treatment
groups yielded fruit with lower quality, likely due to insufficient soil moisture retention

and nutrient regulation.
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Figure 6-4 Honey pomelo yield and quality under different soil treatment. (a)Fruiting
of pomelo trees in different fabric coverage areas. (b) Total and (c) increased yield of
honey pomelo trees covered with different fabrics. (d) Comparison of the soluble solids

content in honey pomelo treated with JWCF-4 between the years 2023 and 2024.

6.3.5 Durability and biodegradation of JWCF

During the first eight months of the experiment, JWCF-4 showed good durability,
maintaining overall integrity with only slight surface discoloration, as shown in Figure
6-5(a). However, in the later stages, the harsh weather conditions (high temperatures,
frequent rainfall, and occasional localized flooding) in Meizhou, Guangdong Province
had a more pronounced impact on their durability. significantly accelerating the

degradation process (Figure 6-5b). Prolonged exposure to moisture led to gradual
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decomposition and a subsequent loss of structural integrity. The results indicate that
under normal climatic conditions, jute fabrics exhibit good durability, maintaining
structural integrity and functionality over extended periods. However, under extreme
climatic conditions such as high temperature and flooding, the degradation of jute
fabrics accelerated significantly, limiting the service life to approximately one year.
During this period, jute fabrics effectively suppressed weed growth and contributed to
the regulation of soil health. After use, jute fabrics could be conveniently managed by
plowing them into the soil instead of removal. In contact with soil moisture and
indigenous microorganisms, the cellulose fabrics undergo gradual microbial attack and
ultimately mineralize into harmless byproducts such as carbon dioxide, water, and
humic-type organic matter *!°. This natural decomposition process has been shown to

have a beneficial influence on jute-fabric residue on soil physical and biological

316,317

properties according to relevant literature

Figure 6-5 (a) Photographs of the JWCF-4 covered after 8 months and (b) photographs

of the JWCF-4 degradation after covered 1 year.

6.4 Conclusion

In this work, a one-year field experiment successfully verified the functional

effectiveness of JWCFs. The covering experiment demonstrated that JWCF can
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maintain 100 % weed control efficiency over a long and consistent period. Soil
indicators recorded by sensors in the nutrient root zone located at 25 cm showed that
the jute fabric covering was effective in improving the soil environment and reducing
soil nutrient loss. JWCF-4 coverings conserved 29.6 % and 82.8 % and 56.6 % more
soil moisture compared to that covered under WCF-PE, WCF-PP, and uncovered
scenarios, respectively. JWCF-4 proved to be notably efficient in mitigating soil
nutrient depletion, maintaining soil nutrient levels consistently at their highest levels.
The yield analysis indicated a 22.2 % increase in the 2024 test area compared to 2023,
with a 226 kg rise observed in the JWCF-covered area, representing a 102.7 % higher
yield enhancement compared to the uncovered control area. The sugar content of the
honey pomelo under JWCF-4 covering also increased by approximate 1 °Brix,
subsequently contributed to a higher market value of the fruit. Long-term field trials
have further demonstrated the viability of JWCFs for a minimum duration of one year.
Post-use, the JWCFs could be integrated into the soil during soil turnover, decomposing
into carbon dioxide, water, and organic compounds, thereby augmenting soil nutrient

levels.

125



Chapter 7 Conclusions and Suggestions for Future Research

7.1 Conclusions

Through an overview of the current developments and research progress of agricultural
materials, key challenges and limitations in this field were proposed. To address these
challenges, sustainable agricultural textiles with multifunctional integration were
developed through the selection of materials, structural design, and preparation
strategies. The properties of jute-based fabrics were thoroughly assessed to explore
their viability as sustainable alternatives to conventional agricultural plastics through

lab and outdoor experiments. The main conclusions are summarized as follows:

1) In chapter 3, the fundamental properties of jute yarns were systematically
investigated. Alkali treatment was employed as the primary method for modifying the
jute yarns. SEM analysis demonstrated that alkali treatment removed surface impurities
followed by a maximum 30.6 % reduction in yarn diameter. The JY-2.0h sample
exhibited a 17.1 % increase in tensile strength and a 65.2 % improvement in water

absorption.

2) In chapter 4, a green jute fiber-reinforced composite (JFPC) pipe was proposed for
sustainable irrigation management. The study examined the influence of PLA film
porosity on the properties of JFPCs. The results showed that the combining jute fiber
with PLA enhanced thermal stability and mechanical properties. The controllable
seepage rate of JFPC pipes could be achieved by adjusting PLA film porosity to meet
specific irrigation requirements. Life cycle and degradation tests demonstrated that
JFPCs had a lower environmental impact compared to conventional plastic pipes and
exhibited promising biodegradability (20.2 % weight loss after 3 months of soil burial).

These findings highlight the potential of JFPC pipes as a sustainable alternative for
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agricultural 1irrigation, providing controlled water seepage while minimizing

dependence on non-renewable resources and mitigating end-of-life plastic waste.

3) In chapter 5, a jute fiber-based strategy was proposed to promote sustainable weed
management and reduce soil pollution. The study demonstrated that jute-based weed
control fabrics (JWCFs) either outperformed or matched the effectiveness of
commercial polymer-based fabrics (WCF-PE and WCF-PP) in blocking sunlight and
inhibiting weed growth (61 %—100 %). Under irrigated conditions, JWCFs showed
improved weed control efficiency (3.7 %—-25.5 %). Field tests indicated that JWCFs
reduced soil temperature by 1.6-4.3 °C and decreased water evaporation by 6.0 %—
68.5 %. Degradation tests revealed a 47.5 % weight loss after 40 days of soil burial,
underscoring their biodegradability and suitability for sustainable agriculture. These
findings suggest that JWCFs, with their superior performance and environmental
benefits, offer a promising alternative to conventional plastic-based weed control
fabrics, supporting the advancement of sustainable agricultural practices and resource

conservation.

4) In chapter 6, a one-year field experiment confirmed the functional effectiveness of
JWCFs in sustainable weed control and soil improvement. JWCF maintained 100 %
weed control efficiency over an extended period. Soil sensor data at a 25 cm depth
indicated improved soil conditions and reduced nutrient loss. JWCF-4 coverings
retained 29.6 %, 82.8 %, and 56.6 % more soil moisture than WCF-PE, WCF-PP, and
uncovered plots, respectively, while effectively mitigating soil nutrient depletion. Yield
analysis showed a 22.2 % increase in 2024 compared to 2023, with a 226 kg gain in
JWCF-covered areas—102.7 % higher than the uncovered control. Additionally, sugar
content of honey pomelo increased by approximately 1 °Brix, enhancing fruit market
value. Long-term trials confirmed the durability of JWCFs for at least one year, with

their post-use incorporation into the soil facilitating natural decomposition.
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In summary, this study developed and systematically evaluated jute fiber-based
materials for multifunctional agricultural applications, effectively overcoming the
limitations of traditional non-degradable materials. The results demonstrate that jute
fiber-based systems hold great promise as sustainable alternatives to conventional
agricultural plastics. By integrating weed suppression, water retention, and irrigation
functionalities with intrinsic biodegradability, these materials offer an environmentally
responsible pathway toward reducing plastic pollution, enhancing agricultural

performance, and promoting soil health and resource sustainability.

7.2 Suggestions

Although this study successfully prepared multifunctional jute-based agricultural
materials, there are still some limitations that need to be improved in future work. For

instance:

1) Future research will focus on a systematic evaluation of their long-term effects on
soil quality. This includes long-term monitoring of key soil indicators such as organic
matter content, microbial biomass and their activity. These parameters will help to
comprehensively understand how biodegradable jute-based fabrics influence soil

fertility and ecosystem balance during and after degradation.

2) Given the current experimental limitations, future research can further optimize the
composite mechanical properties to ensure their application in high-pressure conditions
without compromising biodegradability. Moreover, long-term field evaluations will be
conducted to fully assess the durability, environmental impact, and practical

performance of JFPCs in diverse agricultural applications.

3) The scalability of the proposed forming method of composite pipe under industrial

production conditions has not yet been explored. While the potential for scalable
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production has been demonstrated, the current equipment remains at the laboratory
scale with limited production speed. Future efforts should focus on optimizing the
production process and equipment design to enhance automation, thereby establishing

a foundation for large-scale manufacturing.

4) To achieve reasonable large-scale industrial production, it is necessary to explore
cost-effective methods to balance performance and production efficiency. Although
mass production is still in its infancy, the commercialization of multifunctional

integrated natural agricultural textiles shows great potential.
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