STUDIES ON BIODEGRADABLE NONWOVENS AND
BIOCOMPOSITES PREPARED FROM NETTLE AND
POLY(LACTIC ACID) FIBERS

NAVDEEP KUMAR

DEPARTMENT OF TEXTILE TECHNOLGY
INDIAN INSTITUTE OF TECHNOLOGY DELHI
FEBRUARY 2017



©Indian Institute of Technology Delhi (IITD), New Delhi, 2017



STUDIES ON BIODEGRADABLE NONWOVENS AND
BIOCOMPOSITES PREPARED FROM NETTLE AND
POLY(LACTIC ACID) FIBERS

by
NAVDEEP KUMAR

Department of Textile Technology

Submitted

in fulfilment of the requirements of the degree of Doctor of Philosophy
to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

FEBRUARY 2017



Dedicated to my Mother and Sister



CERTIFICATE

This is to certify that the thesis titled *Studies on biodegradable nonwovens and
biocomposites prepared from nettle and poly(lactic acid) fibers', being submitted by
Mr. Navdeep Kumar to the Indian Institute of Technology Delhi, for the award of the degree of
Doctor of Philosophy, is a record of bonafide research work carried out by him. He has worked
under our guidance and supervision and fulfilled the requirements for submission of the thesis
which has attained the standard required for a Ph.D. degree of this Institute.

The results contained in this thesis have not been submitted, in part or in full, to any other

university or institute for the award of any degree or diploma.

Date: 17.02.2017 Dr. Dipayan Das

Place: IIT Delhi Associate Professor
Department of Textile Technology
Indian Institute of Technology Delhi

Hauz Khas, New Delhi 110016, India



ACKNOWLEDGEMENTS

Predominantly, 1 express my deep sense of gratitude to my supervisor, Dr. Dipayan
Das, for his perpetual guidance, technically and morally, during the complete journey of my
Ph.D. study. The way of his pilotage inspired me as well as helped me a lot during the time of

research and writing work.

I wish to express my sincere thanks to my research committee members, Prof. Apurba
Das, Prof. R. S. Rengasamy, and Prof. S. P. Singh for their valuable suggestions, constructive

criticism and deep discussion during the course of research work.

I would like to thank the Head of Department of Textile Technology, Prof. B. K.
Behera, for providing all necessary facilities to do my research work. | also wish to thank
former Head of Department of Textile Technology, Prof. R. Chattopadhayay for his support
and encouragement. | would like to express my appreciation to Prof. S. M. Ishtiaque for his
valuable advice and incitement during the course of research work. | also express my
gratitude to all other faculty members of Textile Technology Department of IIT Delhi for

their technical support and guidance.

I acknowledge the Council of Industrial and Scientific Research (CSIR), Govt. of
India, for providing necessary financial assistance through CSIR Project No.

22(0708)/16/EMR-I1.

I acknowledge the support received from the staff members of all the laboratories and
office of Textile Technology Department of T Delhi. 1 would like to mention and
acknowledge the kind cooperation extended by Mr. Amarjeet, Mr. A. K. Sehgal, Mr. B.
Biswal, Mr. Kuldeep, Mr. Manjeet, Mr. M. Kundu, Mr. Partap, Mr. R. Khattar, and Mr. Shiv
Upadhyay. Further, | express my noteworthy acknowledgement to Mr. Vikas Khatkar and

Mr. Subhash for their moralistic support during the course of this research study.



I sincerely acknowledge my seniors at IIT Delhi, Dr. A. K. Pardhan, Dr. Rashmi
Thakur, Dr. Vijay Yadav, Mr. Ramamurti and Mr. Rajat Baldua for their valuable assistance.
I would specially like to thank my juniors and colleagues, Abhijeet, Achintya, Ashwani Das,
Chanderjeet, Ghansham, Mahadev, Rahul, Sanchi, Surabhi Singh, Vijay, and Vikas Singh for
their kind support. My gratitude also goes to my friends, Anuj, Ashwani Sangwan, Ashwani
Sheoran, Janamajay, Mahipal, Manoj Lakra, Shashank Sharma, Saurabh Dixit, Subha
Sharma, Vikas Malik, and Yashvini, who through their motivation and best wishes helped me

to endeavour though the worriment phase during this tenure.

I am obliging to Shri Sudhish Agarwala of Indian Oil Corporation Ltd. and Shri
Saumen Bhattacharyya of TIT&S, Bhiwani for marvellous guidance and patronage. I am
indebted to Shri Sanjay Sharma of BMD Pvt. Ltd., Noida for prodigious motivation and
providing me the required time from the demanding job at BMD Pvt. Ltd. Their inspiration
have definitely put me a way forward.

I would especially like to pay high regards to my parents and convey thanks to Sonam
Phogat, my little angel sister, for their sincere encouragement and inspiration throughout my
research work. |1 am also grateful to my grandfather, Shri Rawat Singh Sheoran for his
marvellous support, positivity, love and care during the course of my study. Ultimately, 1
would like to express my special appreciation to my all-time class teacher Smt. Rajkala, my
mother and school teacher, who always encouraged and supported me throughout the tenure
of my Ph.D. study.

Finally, | thank the Almighty for giving me power to believe in myself and letting me

through all the difficulties.

Navdeep Kumar



ABSTRACT

A driving force for rising demand in bio-based products is the growing necessity of
biodegradable nonwovens and biocomposites in many engineering applications, such as civil,
geotechnical, automotive and others. These materials are prepared from naturally occurring bast
fibers such as jute, flax, hemp, kenaf, and ramie in combination with biofibers such as poly(lactic
acid). They offer high strength-weight ratio, controlled anisotropy in fiber orientation, and
enhanced biodegradability. Surprisingly, there is one more naturally occurring bast fiber - nettle -
which has hardly been used to prepare biodegradable nonwovens and biocomposites. As known,
nettle is a cellulosic plant fiber which is abundantly available in tropical wasteland areas around
the world. The nettle family, Urticaceace, contains around 500 species. Of them, Girardinia
diversifolia produces nettle fiber. This fiber is known to be very strong, but rigid and
inextensible. Though nettle plant is well known for its medicinal importance among the habitants
in the hilly areas, there is not much scientific information available on this fiber in literature.
Also, there was hardly any attempt made to use nettle and poly(lactic acid) fibers for
development of biodegradable nonwovens and biocomposites. It was therefore necessary to carry
out a scholarly research aimed at improving our understanding of nettle fiber and developing an
insight of biodegradable nonwovens and biocomposites prepared from nettle and poly(lactic
acid) fibers.

In this work, Himalayan nettle (Girardinia diversifolia) fibers were procured and
characterized comprehensively in terms of chemical, structural, physical, and mechanical
characteristics. This fiber was found to be composed of cellulose (90.25 %), lignin (1.99 %), wax
(0.18 %), ash (0.61 %), and moisture (6.64 %). The cellulose content in this fiber was

remarkably high. The moisture content of this fiber was found to be moderate. The fiber



possessed bumpy surface. It seemed to have impurities present on its surface. Its cross-section
deviated from circularity markedly. It was quite crystalline (66.81 %) and strong (tensile
strength: 3.33 g/den — 6.12 g/den) but less flexible (initial modulus: 105.65 g/den — 297.61
g/den) and less extensible (elongation-at-break: 1.14 % — 3.74 %).

The alkali treatment was carried out on nettle fibers in order to make them processable on
a range of textile machines. It was found to play a significant role in deciding the structure and
properties of nettle fibers. The alkali treatment did not result in reduction in cellulose content,
but, the amount of lignin and wax reduced by alkali treatment. However, the alkali treatment
resulted in increase of ash content, but, the increase in ash content was more in case of mild
alkali treatment as compared to severe alkali treatment. The severe alkali treated fiber showed
remarkably less moisture content than the untreated one, however, the mild alkali treatment did
not cause any appreciable change in moisture content of the fiber. The FTIR spectra indicated
breakage of hydrogen bonds of cellulose molecules and removal of lignin due to alkali treatment.
A mild as well as severe alkali treatment resulted in removal of surface impurities from the fiber,
therefore, the fiber surface looked cleaner after alkali treatment, however, the severe alkali
treatment caused structural damage to the fiber. The alkali treatment also resulted in higher
crystallinity of the fiber. Further, it yielded the shape of fiber cross-sections more deviated from
circularity. There was hardly any difference found between the widths of untreated and mild
alkali treated fibers, but the difference in width between untreated and severe alkali treated fiber
was too high. A similar trend was observed in case of linear density of the fiber. The mass
density of fiber increased due to alkali treatment and this effect was higher in mild alkali treated
fiber as compared to the severe alkali treated fiber. A mild alkali treatment resulted in increase of

tensile strength and elongation at break, without much changing initial modulus. On the other
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hand, a severe alkali treatment resulted in decrease of fiber strength and initial modulus without
much changing elongation at break. Simultaneous optimization of tensile properties was
achieved with 10 % alkali concentration, 61.5 °C alkalization temperature, 0.5 h alkalization
time, 30°C drying temperature and 48 h drying time. The optimum alkali treatment yielded about
30 % improvement in tensile strength, 71 % improvement in elongation-at-break, and 9 %
reduction in initial modulus as compared to those of untreated nettle fibers.

Further, the optimum alkali treated nettle fibers were blended with poly(lactic acid) fibers
in different weight proportions to develop a series of biodegradable needle-punched nonwoven
geotextiles for potential slope stabilization application using bioengineering approach. The
nonwoven geotextiles were evaluated for their tensile strength, biodegradability, and
enhancement of soil fertility. The maximum tensile strength of 2.37 cN/tex was registered by 100
% PLA nonwoven, whereas the minimum tensile strength of 1.92 cN/tex was obtained with 100
% nettle nonwoven. The tensile strength of the nonwoven geotextiles was found to decrease with
addition of stronger nettle fibers. This behavior was explained in the light of theoretical tensile
mechanics of nonwovens. Further, the nettle fibers displayed higher biodegradability than the
poly(lactic acid) fibers, and when buried under soil, all the geotextiles exhibited loss in tensile
strength (30 % - 90 % after 40 days of burial in soil). Interestingly, the fertility of the soil was
remarkably improved after biodegradation of poly(lactic acid) fibers. The maximum soil fertility
index was obtained as 49.44 with the nonwoven geotextile prepared from 25 % nettle fibers and
75 % poly(lactic acid) fibers. Overall, the nettle/PLA needle-punched nonwoven geotextiles
showed high potential for slope stabilization application using bioengineering approach.

Furthermore, the optimum alkali treated nettle fibers were blended with poly(lactic acid)

fibers in different weight proportions to develop a series of fibrous biocomposites employing
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carding and compression-moudling processes. The biocomposites were evaluated for their static
and dynamic mechanical properties, thermogravimetric behavior, and biodegradability. The role
of carding process in determining the tensile strength of the biocomposites was analyzed. The
tensile, bending, and impact properties of the biocomposites were found to increase initially with
the increase of nettle fiber content and decrease afterwards. The maximum tensile strength
(50.82+0.82 MPa), elongation-at-break (2.45+0.10 %), Young’s modulus (3.34+0.04 GPa),
flexural strength (36.89+0.98 N/mm?), and impact strength (28.76+0.77 kJ/m?) were obtained at
equal weight proportion of nettle and poly(lactic acid) fibers. The thermogravimetric analysis
inferred that the biocomposites were enough thermally stable (half decomposition temperature ~
350 °C) and their thermal stability increased with the increase of nettle fiber content. The
dynamic mechanical analysis suggested that the biocomposites were extremely good in terms of
dynamic mechanical properties. It was interesting to note that an addition of 50 % nettle fibers
by weight to poly (lactic acid) resulted in remarkable enhancement of storage modulus from
2.427 GPa of pure poly(lactic acid) to 4.024 GPa of the biocomposite at 35 °C temperature.
Further, the biocomposites exhibited excellent biodegradability with as high as 25 % weight loss
and 97 % strength loss after 20 days of burial in soil. The biodegradability increased with the
increase of nettle fiber content. Overall, the biocomposite prepared with equal weight proportion
of nettle and poly(lactic acid) showed high potential for automotive dashboard panel application.
Also, a micromechanical model of tensile behavior of composites was formulated by
taking into account of stress-strain behavior of fiber and matrix, orientation of fibers in
composites, and relative space occupied by fibers and matrix in composites. A simple and easy-
to-use expression was obtained for predicting the tensile stress of composites. The model was

validated with a set of biocomposites prepared from nettle and poly(lactic acid) fibers. The
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experimental were compared to those predicted by the model and also to those predicted by the
well-known "rule of mixtures" equation. While the "rule of mixtures" equation was found to
highly overestimate the tensile stress, the model predicted the experimental results (SSE =

414.47 MPa) better than the "rule of mixtures" equation (SSE= 3270.12 MPa).
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