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1. 
Objectives of Project
A structure having more than one material component with integrated interfaces is called composites. Bio-composites, which are biodegradable in nature, are composed of natural fiber and a bio-polymeric matrix. Composites with these natural fibers have the potential to be attractive alternative to synthetic fiber composites. Currently, synthetic non-biodegradable polymers, such as polypropylene, polyester, etc., are being explored as matrix materials, for applications in sectors like automobiles and buildings. Use of biodegradable polymers to fabricate natural fiber composite is less available. With both matrix and fibers being biodegradable, bio-composites become attractive candidates from the environment point of view. Both fibers and matrix chosen are light, and in combination, they give composites a very high strength to weight ratio. By using proper techniques and resins, the natural fiber composites provide high strength with flexibility and resistance to impact. 

Existing jute based thermoplastic and thermoset composites seem to be economically flexible, although some environmental issues arise regarding their process materials and unsafe disposals. Mostly jute based existing composites are not fully biodegradable; so as their disposal in compost condition was not found to be safe enough for slow degradation rate and incineration of these products contribute to the total CO pool due to incomplete combustion. In most cases the consumed amount of carbon resources are not going back to the natural carbon cycle in safe form. So, now, in this present era one should feel for minimum carbon credit without much hampering the natural carbon cycle for sustainable environment. 

The objectives of this project are:

· To develop completely biodegradable jute composites
· To optimize the composite fabrication parameters

· To characterize the optimized composites
· To identify suitable applications for these biodegradable jute composites
2. 
Literature Survey
The growing environmental concern and increase in global warming have made plastics and plastic based composites a target of criticism due to their deficiency in degradability in general compost medium.  Plastic waste disposal management is now a great challenge due to non availability of free land for solid waste disposal in regions of high population density. Bio-composites can replace synthetic plastic products and make the environment free of plastic wastes. Over the last decade, research efforts have been directed towards making bio-resin based natural fiber reinforced composites. Natural fiber based bio-composites are already introduced in the market of USA, Canada, and UK as a part of green revolution. Renewability, low cost, biodegradability, low energy consumption, adequate specific properties, abundant availability of natural fibers brings about their utilization in diversified applications [1]. 

Natural fiber reinforced composites have good mechanical properties and low specific mass. However, hydrophilic character of natural fibers is the primary drawback leading to inadequate adhesion with the hydrophobic polymer matrices. Jute, abundantly available in eastern part of India and Bangladesh, has high tensile strength, high moisture sensitivity, low thermal and electrical insulation properties [2]. It is primarily composed of cellulose, hemicellulose and lignin. Lignocellulosic components present in jute help to prepare strong and rigid composites when they reinforce with either bio-resin or thermoplastic/thermoset resin. The hydrophilic nature of jute is a major drawback for its engineering application to prepare bio-composite with hydrophobic thermoplastic resin, but may be an advantage for preparing green composite with hydrophilic resins [2,3]. Worldwide researchers have already reported about poor bonding between jute and thermoplastic resins due to hydrophilic nature of jute fiber and hydrophobic nature of polymer [4,5]. Weak bonding of jute with hydrophobic polymer contributes to poor physical and mechanical properties of the concerned polymer reinforced jute composites [6]. Modification of fiber surface is, therefore, essential for better interfacial bonding between reinforcing fiber and polymer matrix. Surface modifications can be achieved by alkali treatment, cyanoethylation, silane treatment, esterification, acetylation, grafting, etc. based on polymeric matrix [7-10]. Mercerization as well as surface modification of fiber achieved by alkali treatment is a familiar method followed for better resin wettability [11]. 

Mwaikambo et al. [12] reported the partial removal of hemicellulose and lignin from natural fibers after alkali treatment which was reaffirmed by FTIR analysis. Improvement in tensile properties of the jute fiber by alkali treatment has been extensively studied. Ray et al. [13] have modified jute fiber surface by alkali treatment which increased the fiber specific properties. Mukharjee et al. [14] reported the removal of hemicellulose, after alkali treatment of jute fibers. They suggested that the inter fibrillar region is likely to be less dense and less rigid after exposure to alkali for which fibrils are more capable of rearranging themselves along the direction of tensile deformation. Wang et al. [15] studied the changes in composition and properties of jute fiber after alkali treatment. It was suggested that alkali treatment leads to removal of non crystalline structural components leading to closer packing of cellulose chains and improved mechanical properties [16]. Alkali treatment increases splitting of fibrils for better interfacial bonding between resin and fiber interface [17,18]. Researchers have reported about jute reinforced composites based on synthetic matrices like polypropylene, polyethylene [19], and vinyl ester [20]. These composites show good tensile strength but are not biodegradable. Most thermoplastic and thermoset resin reinforced jute based composites are not fully biodegradable, as their disposal in compost condition is not found to be safe enough for their slow degradation rate [21]. Incineration of these products contributes to the total CO2 pool in atmosphere due to incomplete combustion [22]. Bio-resin like soy protein concentrate (SPC), soy protein isolate (SPI) based jute composites are completely degradable and environment friendly [23]. Soy in the form of SPC, SPI, and soy oil has been used as matrix for development of natural fiber reinforced composites [24,25]. Aldehydes like formaldehyde, glutaraldehyde, glyoxal, furfuraldehyde have been used as crosslinking agents to improve the properties of soy resins [26]. Chabba et al. [24] prepared a fully biodegradable environment friendly green composite using glutaraldehyde and poly vinyl alcohol modified SPC reinforced with flax fabric. The fabric reinforced composites showed tensile strength of 50-55 MPa and modulus value around 1 GPa. These composite specimens also exhibited a fracture stress of 126 MPa, which is 20% higher than the unmodified SPC based composite. The composites made from modified SPC showed better thermal and mechanical properties and lower moisture absorption due to additional cross-linking provided by glutaraldehyde. Lodha et al. [25] have reported flexural stress and modulus value of 185 MPa and 13.9 GPa respectively for composites made using natural fiber and modified SPI resin. Because of the cross-linked IPN like structure the strength and modulus of the resin increased. Conventional soy resins in the form of SPI, SPC, and soy flour available commercially involve extra processing of soy seeds.  These bio-resins are of high cost and require some processing before their use as matrix [27]. High cost of these soy resins is a challenge to prepare low cost jute composite. So soy milk, a low cost and natural bio-resin has been used for jute composite fabrication in the present work. Soy milk, extracted from water soaked soy seeds, contains both protein and carbohydrate [28] which can be crosslinked with cellulose of jute. In this work, soy milk extracted directly from water soaked soy beans, was used as novel biodegradable resin along with crosslinking agent and jute as reinforcement. 
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4. 
Market Survey and Need Assessment
4.1.
 Introduction
Need Assessment and Market Survey in this project was done by a professional organization M/S Roots & Yards, Kolkata. The need assessment on jute reinforced biodegradable composite was first started with Indarsen Shamlal (P) Ltd, 27 Sarat Bose Road, 2nd Floor, Kolkata 700020, West Bengal. Few big infrastructure companies were also contacted and their needs were surveyed. 

4.2. 
Need Assessment and Market Survey

As a marketing professional, M/S. Roots & Yards categorized the project in two parts, viz., Need Assessment in one hand and Markey Survey on the other. In a market, every product has a potential to get sold irrespective of quantum.
A detailed and extensive Need Assessment and Market Survey have been conducted with focused vision and given time. It is evident that most of the companies from jute mills to the debutant exporters have shown their real interest in stretching hands towards further development in business with technological innovations. All the companies and export houses have shown their admiration for the research done by the IIT, Kharagpur and eagerly waiting for the next level development towards implementation of the technology with proper method and strategy. 

4.2.1. Need Assessment

We have interacted with various companies and it is very encouraging that most of the companies have shown their positive gesture to incorporate technology uplifting in their business line unless the price does not differ in big scale. The names of the surveyed companies are given in subsequent section of this report. The deforestation issue and global warming are everybody’s concern. Even the local plywood industries have shown their interest to initiate new project and introduce the jute composite in their existing set ups as they witness a fast growing new markets of composites around globe. According to a few exporters the technology uptake will enable them to export the biodegradable rigid composites in Europe and in the South American countries. A few companies have shown their willingness to have commercial trials in their existing production line. Some of the companies have taken composite samples and the resin for their buyers to present. A few of them have shared excellent ideas in the same line of technology intake and given samples to the IIT for prototype development using the technology. 

Therefore, as far as our assessment, a technology that would give cost benefit to the customers would be taken without doubt. There is need of low cost technology intervention in the construction business. It is hoped that this technology will be able to give a new direction to those companies as far as the commercial outlook is concerned. Some examples of agro fibre based composite products are shown in Table 1.  
Table 1. Existing agro fibre based composites in the market

	Product
	Fiber and matrix
	Manufacturer
	Market Products

	Hycoboard
	Wood strands/flakes, jute and synthetic resin (PF, UF, etc.)
	Suruchi Agroplast, Kolkata, W.B.


	Replacement of wood, Ply, E-glass board, PVC channel

	Juppboard
	Jute and polypropylene
	Birla Corporation Ltd. (Auto Trim Division ), Kolkata, W.B.
	Innovative car interiors

	Durosum
	Jute-Bamboo composites
	AB Composite, Kolkata,W.B.
	Replacement of wood furniture, doors, shelter roofs

	Tipwood
	Agro fiber reinforcement with synthetic resin
	Tipco Industries Limited, Andheri (West), Mumbai 53


	Ecofriendly doors and door frames

	Agroboards
	Mesta sticks as reinforcement in UF matrix
	Titan Agro Boards & Products Pvt. Ltd., Visakhapattanam.
	Particle boards and tiles

	Eco-wud
	Jute fiber reinforced thermoplastic composite
	Amarnath Enviroplast Ltd., Kolkata, W.B.
	Jute-thermoplastic composite as alternative to wood 
(doors, windows, etc.)

	Jute stick particle board
	Jute stick reinforced in UF matrix.
	M/s. Sreekanya Boards Pvt. Ltd.,  Srikakulam Dist , A.P.
	Particle boards


4.2.2. Market survey

An extensive market survey with knowledge based presentation has been conducted across India. That market behavior was enthusiastic and the companies are looking forward for the application of the technology with immediate effect. Most of the companies showed their willingness to have trials in their site itself. Many of them are in regular contact with us to come to IIT to have technical discussions with the project team. IIT has extended to do trials in two jute based composite manufacturing companies. From those trials it is evident that a demand may rise in the biodegradable jute composite sector. 
4.3. Views of Industry on ecofriendly/ biodegradable rigid jute composites
1. Indarsen Shamlal Pvt Ltd 

	Status of company
	Feedback from company

	Manufacturing and trading of jute products like jute promotional bags, jute shopping bags. Hessian cloth, geo textiles /soil saver, jute felt (non woven fabric), jute webbing & tapes.

Address and correspondence: 27 Sarat Bose Road, 2nd Floor, Kolkata 700 020.
Ph: (91)-(33)-24861481/2486-1481/82/83/24861483

Contact person: Mr B N Agarwal, MD

Cell +(91)-9830041561/9830889831
	Interested in biodegradable sapling pots.
Talks on technology transfer and industrial trial.


2. Greenply Industries Limited (GIL)
	Status of company
	Feedback from company

	A Rs. 1007 crore (consolidated) company, is now firmly established as India 's largest Interior Infrastructure Company. Greenply accounts for 25% of the organized plywood and 15% of the organized laminate market in India. Products range plywood, decorative laminates, decorative veneers, MDF and particle boards.  
Greenply Industries Limited

Nahar Park, Block A, Flat no 2B, 45/4A, Chakraberia Road, South, Kolkata 700 025.
Ph: 033 97877 43203, Executive Chairman: Mr S P Mittal

Person to contact: Mr Asutosh Jaiswal, MD, Cell ph: 09830068101
	--


3. AB Composites
	Status of company
	Feedback from company

	Designing and manufacturing Fibre Glass Pressure Moulded Precision Components for Indian Railways. Company Developed Natural Fibre Thermoset Composite (NFTC) -DUROSAM®. Customer base Indian Railways, PWD, CPWD, MES, BSNL and others. DUROSAM® Bamboo-Jute Composites Product for Indian Defence, CPWD and others.
	--


4. Ashim Kar & Industries Pvt Ltd
	Status of company
	Feedback from company

	Factory is equipped with the State-of-the-Art technology which includes latest jute yarn and fabric dying machines, automatic driers, power looms, handlooms, sewing machines, and printing machines, well-equipped laboratory, silkscreen printing and heat-transfer technology. We strive to make the world a beautiful place to live with our expertise in manufacturing 100% natural environmental friendly, bio-degradable products in accordance with international norms.

Address and correspondence: BE 380, Sector I, Salt Lake City, Kolkata 700 064, India. 

Ph: 91-33-23210554/23210555, Fax: 91-33-23342434/23210556

Contact person: Asim Kar, Cell: 919831182760, Email: ashimjute@vsnl.com
	Can come into diversification with rigid composite if price seems attractive.

Have queries from buyers abroad.

Biodegradability is secondary. 
Demanding low thickness (thin) products.


5. APL Polyfab Pvt Ltd
	Status of company
	Feedback from company

	Manufacturer & exporter of POLYFAB coated fabrics for toe puff and counters and RENOTEX Jute a new innovative environmental friendly board for insoles, foot beds and antistatic strobel safety footwear applications.                                                                                                                            Address: 5 Dr Rajendra Prasad Sarani, Kolkata 700 001, India                                                        Phone: 033 2230 5125. Contact person: Mr Mani Almal, MD,                                                                                         Cell: 09831010876 , Email: renotexjute@vsnl.net, polyfab@vsnl.com
	Interested to have trials in their set up.
Agreed to do commercial batch in situ.
Resin samples have been prepared and delivered.
Seen potentials in premium insoles with biodegradable properties.


6. Raigunj Plywood Industries

	Status of company
	Feedback from company

	One of the biggest plyboard industry in north Bengal. There is huge place and factory shade for modern machineries. More 50,00 MT capcity production from a single factory. In terms of quantity they produce plywood in a large scale. Their production equipments are modern. Plyboards are not water resistant but number of varieties in production from 4 mm to 18 mm. Raigunj

Person to contact: Dibyendu Dey
	--


8. Sarada Board Industries
	Status of company
	Feedback from company

	Address: Rupahar, Raigunj, Uttar Dinajpur

Contact person: Durjadhan Singha, 
Cell: 094340 22990.
	Shown good interest in composites.
Having composite particle board unit in Raigunj with jute stalk and UF resin.


9. Laxmi Plywood Industries
	Status of company
	Feedback from company

	Having 3 Veneer and plywood mills in Kaliagunj and raigunj area with a production of 50000 MT production per month. They produce plywoods from 4 mm to 12 mm thickness. There is huge market and demand for the plywood.

Address: Chandol, PS Kaliagunj, Uttar Dinajpur.
Contact person: Mihir Kundu, Director, Cell: 094340 58443.
	Looking for wood substitutes as
4-8 mm thick composites sheet.
Water absorbency is a concern.



10.  OSB Overseas Pvt Ltd
	Status of company
	Feedback from company

	JuteFabs as the name suggests is a forward thinking, environmentally company. It is an effort from OSB Overseas to create, redefine and reengineer the use of natural golden fiber, Jute. We put all our efforts for a pollution free world by manifesting eco-environment friendly products created from natural, bio-degradable and fascinating fibers. 

Address: 33A Jawahar Lal Nehru Road, 7th Floor, Suite A-7, Kolkata 700 071                                                       

Ph: 033 30288817, Fax: 033 3023 2970

Email: info@jutefabs.com, Contact person: Sandip Bhojgarhia, Cell: 09339523043
	Have land and keen to invest in diversification in composites. Checked the product thoroughly and tested.
Planned for production. 

Enquired supply chain management.
Investigate resin compound. Composite samples given. 

Soy resin supplied from IIT as per specification.


11.  Kamarhatty Company Limited
	Status of company
	Feedback from company

	One of the oldest functioning composite jute mills in the world and is a source of employment for over 5000 and above people. A state-of-the-art fine yarn export oriented unit (EOU), a bleaching and dyeing unit and in scaling up and modernization of existing capacity. 

Address: 16 – A, Brabourne Road, 8th Floor, Kolkata 700001, West Bengal. Phone: + 91 33 4021 1900, + 91 33 4021 1901

Fax: + 91 33 2221 5887

Email: jute@kamarhatty.com, Contact person: S K Agarwal
	1. Interest shown in the rigid composite.
2. Have buyers to sell composites.



12. Nilkanth Jute Processing Pvt Ltd
	Status of company
	Feedback from company

	Two units of jute processing. Does innovations in processing. Interested in new project in diversified sector.

Address: AB 9/5, Deshbandhu Nagar, Baguihati, Kolkata 700 059                                                                                   Phone: 033 2576 7048, 033 2576 7049                                                                                                                                                  Fax: 033 2576 7049                                                                                                                                                                        Email: kalanoria_p@hotmail.com 
	Shown interest in rigid composite for plywood substitute. Price point is a concern. Cutlery seemed a potential product if price is competitive, hygienic, odor free and water resistant.


14. Raigunj Plywood Industries
	Status of company
	Feedback from company

	One of the biggest plyboard industry in north Bengal. There is huge place and factory shade for modern machineries. More than 50,00 MT capacity production from a single factory. In terms of quantity they produce plywood in a large scale. Their production equipments are modern. Plyboards are not water resistant but number of varieties in production from 4 mm to 18 mm. 

Raigunj

Person to contact: Dibyendu Dey
	--


15. Kaligunj Ply Pvt ltd

	Status of company
	Feedback from company

	Plywood unit
	Took good interest in the resin

2. If resin can substitute the PF, are ready to think forward 


16. Appolo Plywood Industries
	Status of company
	Feedback from company

	An ISO 9001-2000 & 14001:2004 Certified company. They have quality set up for ply manufacturing. Customer base is  big.
	Interested in diversification




17. Ginger: Ramsons Marketing
	Status of company
	Feedback from company

	Products line plywood, block board, film face plywood, flexy ply & flush door. Good retailer of branded companies like Green Ply and Kitply. 
2 Jabakusum House

34 hittaranjan Avenue, Kolkata 700 012

Phone: 033 3312 1450, 033 3251 6055

Person to contact: Bikash Jojodia, Cell: 098311 06810
	Shown interest in retailing of composites.
 Have customers and designers’ demand for composites.



4.4. 
Industrial Collaboration for Product Commercialization

Industrial collaboration for product commercialization is being carried out.  

1. Indrasen Shamlal Ltd. for biodegradable sapling pots
2. Synthetic Moulders Ltd., 16, Netaji Subhas Road. Kolkata 700001 for jute composite panels.
4.5.
 Conclusions
Market survey gave Roots Yards good airs to submit this report. It was an extensive survey with the jute, composite and plywood industries. There has been positive response for biodegradable jute composites. The infrastructure companies took interest to interact with IIT. Many such trials and interactions should carry on during the project life. It is hoped that this report would be helpful to proceed further towards commercial application of this technology and transfer of the same to the industries. Roots & Yards shall be happy to get associated with this and future projects with IIT and National Jute Board and deliver sincere services towards business. 

5. 
Methodology of R&D Activities
· Chemical modification of jute fiber

· Modification with alkali

· Characterization of modified jute fiber
· Biodegradable soy resin

· Preparation of soymilk
· Compounding of soy resin
· Characterization of soy resin

· Rigid biodegradable composites

· Preparation of composite

· Characterization of composites

6. 
Detailed Report on R&D
6.1. 
Materials

Jute non woven and woven felts were obtained from Gloster Jute Mills Limited, Howrah, West Bengal, India. Sodium hydroxide, Curing agents (Merck, India) and soy beans, resin modifiers were obtained from local market. 
6.2. 
Chemical Modification of Jute Fiber 

Nonwoven and woven jute felts were used for composite preparation. Alkali treatment was carried out which facilitated in proper defibrillation and chemically diversified fiber surface, intended for proper resin impregnation and hopefully better bonding with the soy resin. The treatments are as follows:

· Water washing for removal of dust, foreign particles and other water-soluble components of jute.

· Alkali treatment to dissolve out hemi-cellulose, other carbohydrates, and to increase the surface area of fiber. Alkali treatments have been done in different concentrations at different time intervals at certain temperature and relative humidity. 
· Alkali treatment was carried out to improve the mechanical properties of the fiber.
6.2.1. Modification with Alkali

Alkali treatment breaks the intra/intermolecular hydrogen bonding present between cellulose chains of jute leaving hydroxyl groups to react with the resin moiety. Schematic of such a reaction is shown in Figure 1.
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	Fig. 1. Plausible reaction between jute fiber and alkali


6.3. Biodegradable Soy resin

Phenol formaldehyde (PF) and urea formaldehyde (UF) have been continuously used as thermoset resins in composite industries throughout 1920s. Although the synthesis chemistry of these resin systems were not profitable on these days. 

Then in 1930s the protein glue technology was developed and much was used for its biosynthetic origin and less toxic nature. This technology worked out efficiently for manufacturing of interior grade soft plywoods till 1960s when a cheaper synthesis technology of different synthetic resins were being invented and commercialized. 

These petroleum based glue technologies were so cost effective and profitable to the business people that it grabbed the whole composite market in no time. Market of these resins has yet not lost its commercial grip till date though some disposal and degradation related environmental issues are continuously making debate against the usage of these resins. 

Therefore, the consumers are urged to procure products that have resin components with natural origin, environment suitability and safe disposability. Recent demands for natural resin based composites have opened up the door to renewable resin sources like soy resin; as it has typical acceptability to the consumers and environment as well
6.3.1. Preparation of Soymilk and Compounding Soy Resin
Soy seeds were soaked in water (1:2 by weight) for 6-7 h. Hulls of the soaked seeds were removed and the excess water decanted out. Soaked soy seeds were crushed in a mixer grinder using 1:1 (w/v) distilled water to get soy paste from which the soy milk was extracted by squeezing and filtering through nylon cloth. Filtered liquid was collected as soy milk leaving most of the insoluble carbohydrate part as filtered solid.  Soy milk was immediately made alkaline by adding ammonium hydroxide (NH4OH) (1 ml/100 ml soy milk) to save it from bacterial attack. Prior to the impregnation of soy milk on jute felt, additives like crosslinking agent, fillers were added in the resin for desired modification.

Soy resin was prepared at laboratory level and the process is illustrated in Figure 2.
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	Fig. 2. Schematic illustration of soy resin preparation


Added advantages of soy resin is that it is obtained from renewable resource, it is free of organic solvent as it is completely water based, it is ecofriendly and biodegradable. Some features of the soy resin system is schematically shown in Figure 3.
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	Fig. 3. Schematic representation of eco-compatibility of soy resin


6.4. Rigid Biodegradable Composites
Jute felts were dipped in prepared soy resin and dried in air oven at 70 oC for 2 h. These partially dried soy resin impregnated jute felts were put into compression mould at 120 oC and 15 ton pressure for 5 min. A schematic flow diagram of biodegradable rigid jute composite fabrication is shown in Figure 4a. Fig. 4b displays some photographs of resin preparation, compounding with additives and prepreg preparation in the laboratory. Fig. 4c shows photographs of hot compression molding of biodegradable composite panels and sunmica pasted on the same composite panels. Fiber content, resin formulation, process parameters were varied and the subsequent composite panels were characterized for optimum properties. Based on the additives added, composites were prepared in different subsequent phases.

6.4.1. Phase wise development of composites.

· Phase 1: Untreated jute + Soy milk + Curing agents (Composites C1 - C14, C27 - C33)
· Phase 2: Untreated jute + Soy milk + Fillers + Curing agents (Composites C15 - C20, C34- C38)
· Phase 3: Untreated jute + Soy milk + Resin modifiers + Curing agents (Composites C21- C24, C39 - C49)
· Phase 4: Chemically treated jute + Soy milk + Curing agents (Composites C25, C26 and C50)
· Phase 5: Untreated jute + Soymilk + Water soluble thermoset resin + Curing agent 3 (C51-C62)
· Phase 6: Untreated jute + Soymilk + phenolic resin + Curing agent 1-3 (C63-C65)   
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	Fig. 4a. Schematic flow diagram of biodegradable rigid jute composite fabrication
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	Fig. 4b. Some photographs of resin preparation, compounding with additives and prepreg preparation in the laboratory
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	Fig. 4c. Photographs of hot compression molding of biodegradable composite panels and sunmica pasted on the same composite panels


Specifications of jute soy rigid composite at laboratory level are included in Table 2.
Table 2. Laboratory scale specifications of jute soy rigid composite

	Formed mat size (cm x cm)
	20 x 20

	Trimmed board size (cm x cm)
	18 x 18

	Resin application
	Dipping process

	Jute resin ratio (wt/wt)
	65/35

	Final thickness (mm)
	1.0 -12.0

	Density (g/cc)
	0.95 – 1.5

	Press size (cm x cm)
	30 x 30

	Press Temp (˚C)
	120 -130

	Pressing time (min)
	10-15


 7. 
Results and Outcomes of R&D Activities
7.1. 
Characterization of untreated and treated jute felt
7.1.1. Water absorption test of jute felt
The water absorption study of jute fibers was done in accordance with ASTM D570-98.                                      
The water absorption was calculated using the equation1. 
   Water absorption (%)  =  [(w2 – w1)/w1] x 100 


(1)

Where, w1 is the initial weight of oven dried jute fiber before water absorption and w2 is the weight of jute fiber after water absorption. Water absorption test was carried out by immersion of jute felt in water for 24 h and was found to be (190 ± 11) %. Similarly jute felts were kept immersed in alkali solutions of varying concentrations for 24 h at room temperature and water absorptions of such alkali treated jute felts are shown in Table 3.
Table 3.  Water absorption study (ASTM D 570-98) of various alkali treated jute fibers after 24 h water exposure, at room temperature (33 oC).

	Sample/Treatment
	Untreated jute felt
	1% NaOH
	2% NaOH
	3% NaOH
	4% 
NaOH

	Water absorption

(%) ± SD
	190 ± 11
	174 ± 8
	167 ± 10
	162 ± 9
	158±11


7.1.2. Contact angle study for assessment of hydrophobicity/hydrophilicity

Contact angle values of raw jute fiber and alkali treated jute fiber are shown in Table 4 and Figure 5, respectively. 

Table 4. Hydrophilic/hydrophobic behavior of jute after alkali treatment

	Contact angle 
	Raw jute fiber
	Alkali treated jute fiber

	 Contact angle (average) [degree]
	42.075
	56.664

	 Left angle [degree]
	42.075
	56.664

	 Right angle [degree]
	42.075
	56.664
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	Figure 5. Contact angle study of (a) raw jute fiber and (b) alkali treated jute fiber.


     Contact angle study of raw jute fiber and 2 %, 2 h alkali treated jute fiber reveals that alkali treated jute fiber is more hydrophobic compared to raw jute fiber (Table 4 and Figure 5).   
7.1.3. Change of weight after alkali treatment

Different forms of jute samples were treated with 2% alkali solution and the weight loss at regular intervals of time (2 h, 6 h, 8 h, and 12 h) were measured at room temperature (33 oC) [after neutralization of excess alkali from jute surface and partial oven drying at 53 oC for 5 h] and the results are shown in the form of histograms in Figure 6.

	[image: image16.png]% walght low

Heached  Juke cloth
Juke cloth

Jute et






	Figure 6. Weight loss of different jute varieties after treatment with 2% alkali. 



Jute felts were also treated with varying concentrations, viz., 1%, 2%, 3%, 4%, 5% alkali for 0.5 h, 1 h, 2 h, 3 h and 4 h respectively and the percentage weight loss was measured at same experimental condition as done in previous alkali treatment test. The variations of their weight loss versus alkali treatment times are shown in Figure 7. The weight loss might be due to the removal of hemicellulose and other soluble components by the action of alkali.
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	Figure. 7. Alkali treatment of jute felt with different alkali concentrations at varied time intervals.


7.1.4. Tensile properties of jute felt after alkali treatment 

Tensile strength of jute fiber obtained from jute felt after alkali treatment was determined by following ASTM D 3822-01 using Hounsfield 10K tensile testing machine. The obtained results were analyzed statistically by Weibull distribution method. 
This two-parameter semi-empirical distribution is given by
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(2)             

where, f(x) is the frequency distribution of the random variable x and m is a shape factor usually referred to as Weibull modulus. When Eq. (2) is plotted a bell shaped curve results, the width of which depends on m, as m gets larger the distribution narrows. Since here it was dealt with tensile strength, the random variable x is defined as σ ⁄ σ0, where σ is the failure stress and σ0 is a normalizing parameter.


Survival probability (S), i.e., the fraction of samples that would survive at a given stress level, can be calculated by replacing x by σ ⁄ σ0 in Eq. (2)
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(4)


Rewriting Eq. (4) as 1/S = exp (σ ⁄ σ0)m and taking logarithm of both sides twice yields
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Plotting – ln ln (1/S) versus ln σ a straight line with slope – m can be obtained and from the intercept and slope σ0 value can be calculated (Figure 8a). σ0 is the stress level at which S = 1/e = 0.37. A low value of the Weibull modulus indicates a high variability.

The tensile strength (σ0) of jute fiber was found to be increased after alkali treatment.  Raw jute fiber showed tensile modulus of 8 GPa. With increase in treatment time for all concentrations of alkali, tensile modulus enhanced to certain extent (up to 2 h), and then gradually decreased with further increase in alkali concentration (Figure 8b). This can be attributed to the loss of cementitious components like hemicellulose and pectin present in jute. Lower concentration of alkali (1-2%) partially removes hemicellulose and pectin from the inter fibrillar region. This helps in ordered arrangement of fibrils within the fiber due to which the tensile properties are improved. Alkali treatment defibrillates the fiber, also increasing the fiber aspect ratio. Jute fiber treated with 2% alkali for 2 h showed maximum tensile strength of 13 GPa and these treated fibers were used in composite fabrication. Jute fibers treated with higher alkali concentration resulted in stiffness and brittleness, thereby decreasing the fiber tensile strength.
The tensile strength at 80% probability (σ), i.e., the failure stress and Weibull modulus (m) achieved a maximum value after treatment with 2% alkali solution for 2 h (at ambient temperature). 
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	Fig 8. a) Weibull linear fit of 2% 2 h alkali treatment, b) Effect of alkali concentration and exposure time on tensile modulus of jute fiber 


Elongation properties of jute fiber obtained from felt after 1%, 2%, 3%, 4% alkali treatment for 2 h at room temperature (33 oC) marginally changed as shown in Table 5.

Table 5.  Elongation properties of jute fiber obtained from felt after 1%, 2%, 3%, 4% alkali treatment for 2 h at room temperature (33 oC).

	Sample property
	Untreated  jute felt
	1% NaOH
	2% NaOH
	3% NaOH
	4% NaOH

	Elongation at break (%) ± SD
	1.2 ± 0.40
	1.7 ± 0.23
	1.8 ± 0.38
	1.5 ± 0.31
	1.2 ± 0.49


7.1.5. Chemical characterization by FTIR spectroscopy

FTIR spectrum of untreated jute felt powder and alkali treated jute felt powder in KBr pellet was recorded. The spectrum was recorded from 400 cm-1 to 4000 cm-1 and infrared spectra of raw jute and 2%, 2 h alkali treated jute fiber are given in Figure 9. Before making KBr pellet the jute powder was dried under vacuum at 80 oC for 10 h. For raw jute and alkali treated jute fibers, a characteristic peak of OH group is observed at around 3200 - 3500 cm-1 which becomes less intense after alkali treatment, due to breaking of inter molecular hydrogen bonding. Intensity of peak at 1500 cm-1-1620 cm-1 reduced after alkali treatment which is due to breaking of hydrogen bonding between cellulose and lignin. The –O-H stretching peak at 3300 cm-1, –C-H stretching peak at 2930 cm-1, and the –C-O-C– stretching peaks at 1060 cm-1 and 1110 cm-1 are characteristic peaks of cellulose. These characteristics peaks are present in spectra of both raw and alkali treated jute indicating that cellulose remains unaffected. However, intensity of –C-H stretching vibration of hemicellulose at 2930 cm-1 decreases after alkali treatment indicating removal of hemicellulose. The peak observed at 848 cm-1 indicates the presence of the β-glycosidic linkages between the monosaccharides. This bond disappears in treated fiber as the monosaccarides are removed by alkali. In 2%, 2 h alkali treated jute fibers, ester linkage existing between the hemicellulose and lignin is cleaved and thus peak at 1750 cm-1 diminishes in alkali treated jute indicating removal of hemicellulose. 

	[image: image23.png]70-(

Transmittance (%)
B
o

b)

(a)

l "
Lignin

30 l
Carbonyl
204 Hydrogen bonded
10 hydroxyl -OH Carboxyl
o T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wave number (cm”

1

500





	Figure 9. FTIR spectrum of untreated (a) and alkali treated (b) jute


7.1.6. X-ray diffraction study of jute felt and alkali treated jute felt
X-ray diffraction study was performed for the untreated jute felt and the alkali treated jute felt. The observed XRD patterns (Figure 10) of untreated jute felt and 2 h, 2% alkali treated jute felt have shown increase in crystallinity (Table 6) after alkali treatment, which might be due to removal of hemicellulose and breaking of intermolecular hydrogen bonding thereby facilitating in better packing of cellulose chains. 
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	Fig 10. X ray diffraction pattern of untreated and alkali treated jute fiber


Table 6. Results from XRD measurement

	Fiber
	Treatment
	Crystallinity 

index (%)
	FWHM
	Crystallite size (nm)

	Jute

Jute
	Untreated
	68
	2.8
	29

	
	Alkali treated
	71
	2.7
	31


7.1.7. Study of fiber surface of jute felt after alkali treatment by scanning electron microscopy

The surface morphologies of jute felt and alkali treated jute felt were studied under scanning electron microscope. Scanned photograph displayed that after alkali treatment, the raw jute fibers were split into fibrils and increase in the roughness of the fiber surface due to exclusion of different components like hemi-cellulose, other carbohydrate, partially lignin, etc. Increase in surface area can be observed by comparing Figures 11(a) and 11(b). The surface of raw jute fiber was smooth with multicellular nature, whereas rough surface morphology with fragments and better fibril separation were observed due to alkali treatment. The rough surface obtained after alkali treatment may improve the adhesion between fiber and matrix when used in reinforcing composite materials.
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	Figure 11(a). SEM of untreated jute felt

(MAG: 1.13 kx)
	Figure 11(b). SEM of 2% alkali, 2 h treated

jute felt (MAG: 1.08 kx)


7.2. 
Characterization of soy resin
7.2.1. Measurement of solid content of soy milk

To obtain the solid content of the soy milk, exactly weighed amount of soy milk was taken in a preweighed petridish. The petridish was kept in an oven at 90 0C for 30 min. After that petridish was kept in a vacuum desiccator at room temperature for 24 h and weighed again. The solid content was calculated as per the following formula:
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7.2.2. Measurement of specific gravity of soy milk  

Specific gravity of soy milk was measured using ASTM Standard D-854 and the specific gravity of prepared soy milk was found to be 1.133.

7.2.3. Measurement of pH of soy milk

The pH of soy milk was measured by using a digital pH meter PH 5652 (Electronic Corporation of India Ltd.).The pH of freshly prepared soy milk was found around 7.0 to 7.5 and for the preservation of soy milk, pH was maintained at 9.0 by adding ammonia.

7.2.4. Water absorption of cross-linked soy film

A film was cast from soy milk using different crosslinking agents on a glass petridish and after air drying heated at 140 oC for 20 min and water absorption test of the film was carried out by immersing in water for 48 h at 30 oC and the results are shown in Table 7.

Table 7. Water absorption of cross-linked soy resin film.

	Sl. No.
	Sample
	% weight change

	1
	Soy milk
	82.0

	2
	Soy milk + 0.5% CA1*
	76.8

	3
	Soy milk + 0.5% CA2*
	77.2

	4
	Soy milk + 1.0% CA1*
	75.2

	5
	Soy milk + 1.0% CA2*
	75.8


                                                   *CA – Crosslinking agent

7.2.5. Estimation of carbohydrate content in soymilk
The Anthrone-sulfuric acid method was adopted to determine total carbohydrate content in different soy samples (Table 8). Carbohydrates react with the anthrone reagent under acidic conditions to yield a bluish green color. The sample was mixed with sulfuric acid and the anthrone reagent, and then boiled until the reaction is completed. The solution was then allowed to cool and its absorbance was measured at 620 nm. There is a linear relationship between the absorbance and the amount of carbohydrate that was present in the original sample. This method determines both reducing and non-reducing carbohydrates because of the presence of the strongly oxidizing sulfuric acid. 
Table 8. Carbohydrate content in different soy samples
	Sl. No
	Soy
	Total carbohydrate content (mg/g of soy)

	1
	Soy bean with hull
	403 – 458

	2
	Soy bean without hull
	376 – 416 

	3
	Soy milk (extracted from soy bean without hull) 
(Solid content of 100 ml soy milk extracted from soy bean without hull is 18.5 g)
	328 –  368


7.2.6. Estimation of protein content in soymilk
Lowry’s method was adopted to determine total protein content in different soy samples (Table 9).. Lowry method is best used with protein concentrations of 0.01-1.0 mg/mL. This method combines the reactions of cupric ions with the peptide bonds under alkaline conditions (Biuret test) with the oxidation of aromatic protein residues (Folin-ciocalteau reaction). In the first step of the reaction protein binds to copper in alkaline medium and produces Cu++. In the second step, Cu++ catalyses oxidation of aromatic amino acid by reducing phosphomolybdotungstate to heteropolymolybdenum blue. This reaction produces strong blue color which is measured by absorbance at 750 nm.

Table 9. Protein content in different soy samples
	Sl. No
	Soy
	Total protein content

(mg/g of soy)

	1
	Soy bean with hull
	255 –  292 

	2
	Soy bean without hull
	264 – 302 

	3
	Soy milk (extracted from soy bean without hull) 

(Solid content of 100 ml soy milk extracted from soy bean without hull is 18.5 g)
	288 – 318


8. Product/process optimization

Composites were developed according to the process mentioned in Section 6.4 and characterized. Optimization of composite fabrication was established in terms of maximum strength and lower water absorption.
8.1. Phase 1: Effect of curing agent on composite properties
Effect of curing agent (CA1, CA2, CA3) on tensile and flexural properties of composites (C1-C21) are shown in Tables 10-12 respectively. It was found that tensile strength of composites increased with increase in curing agent content (1 to 5 wt%). Mechanical properties of composites improved due to effective crosslinking between jute and soy matrix. However, further increase in percentage of CA1 could not able to enhance the mechanical properties of composites, probably due to lack of available crosslinking sites in soy matrix (Table 10). Similar trend was observed for composites prepared with CA2 and CA3, respectively. Mechanical properties of composites with curing agent 3 (CA3) are presented in Figure 12. 
Table 10. Mechanical properties of phase 1 composites using curing agent (CA1)
	Sample
	Curing agent 1

(wt %)
	Tensile strength

(MPa)
	Tensile modulus

(MPa)
	Elongation at 
break

(%)
	Flexural 
strength

(MPa)
	Flexural 
modulus

(MPa)

	C1
	1
	26.2
	677
	8.5
	31.5
	1956

	C2
	2
	30.7
	715
	8.3
	29.5
	2045

	C3
	3
	31.8
	789
	7.9
	34.9
	2543

	C4
	4
	33.4
	821
	6.6
	36.1
	2260

	C5
	5
	35.6
	1087
	6.8
	37.2
	2947

	C6
	7
	32.4
	801
	9.2
	39.7
	3168

	C7
	10
	30.9
	717
	6.4
	28.6
	1720


Table 11. Mechanical properties of phase 1 composites using curing agent (CA2)
	Sample
	Curing agent 2

(wt %)
	Tensile strength

(MPa)
	Tensile modulus

(MPa)
	Elongation at 
break

(%)
	Flexural 
strength

(MPa)
	Flexural 
modulus

(MPa)

	C8
	1
	29
	596
	8.3
	31
	1757

	C9
	2
	30.6
	596
	9.3
	29.9
	2059

	C10
	3
	31.7
	586
	7.9
	33.8
	2543

	C11
	4
	34.4
	719
	6.8
	35.7
	2380

	C12
	5
	40.8
	1056
	11.1
	41.6
	3207

	C13
	7
	36.8
	878
	8.7
	38.5
	2797

	C14
	10
	37.3
	849
	9.3
	40.3
	3198


Table 12. Mechanical properties of phase 1 composites using curing agent (CA3)
	Sample
	Curing agent 3

(wt %)
	Tensile strength

(MPa)
	Tensile modulus

(MPa)
	Elongation 
at break

(%)
	Flexural 
strength

(MPa)
	Flexural 
modulus

(MPa)

	C15
	1
	22.18
	754
	4.46
	30.86
	2754

	C16
	2
	27.15
	793
	6.72
	38.92
	3949

	C17
	3
	31.49
	921
	6.10
	39.90
	4506

	C18
	4
	40.46
	1456
	6.16
	44.44
	5138

	C19
	5
	42.28
	1679
	6.46
	48.05
	5984

	C20
	7
	34.46
	1003
	6.36
	41.11
	5504

	C21
	10
	23.68
	698
	4.94
	33.67
	3315
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	Fig. 12. Mechanical properties of phase 1 composites with curing agent (CA3)


8.2. Phase 2: Addition of filler
To enhance the mechanical and impact strength of composites, inorganic and organically modified inorganic fillers were used. These fillers either intercalate or exfoliate in soy resin to improve the physical and mechanical properties of composites. The composite prepared combining organic modified inorganic filler and CA3 (C27) showed the maximum mechanical properties. The mechanical properties of these composites (C22-C27) are given in Table 13. 

Table 13. Mechanical properties of phase 2 composites
	Sample
	Additive
	Tensile 
strength

(MPa)
	Tensile 
modulus

(MPa)
	Elongation 
at break

(%)
	Flexural 
strength

(MPa)
	Flexural 
modulus

(MPa)

	C22
	Inorganic filler + CA1
	39.6
	981
	8.4
	41.2
	2264

	C23
	Organic modified inorganic filler + CA1
	45.7
	1128
	9.3
	44.7
	2661

	C24
	Inorganic filler + CA2
	42.4
	1081
	8.2
	43.1
	2168

	C25
	Organic modified inorganic filler + CA2
	52.5
	1245
	8.6
	53.1
	2568

	C26
	Inorganic filler + CA3
	51.40
	1426
	4.74
	54.30
	9700

	C27
	Organic modified inorganic filler + CA3
	54.7
	1383
	7.06
	64.0
	7209


8.3. Phase 3: Resin modification

Soy resin was further modified with phenolic additives (resin modifier 1 and 2) to reduce the water absorption of composites (water absorption properties discussed in Table 16). The composite prepared combining resin modifier 2 and CA2 (C31) showed the maximum mechanical properties. The mechanical properties enhanced probably due to effective crosslinking between functional groups of jute and modified soy matrix. Mechanical properties of these composites (C28-C32) are given in Table 14.
Table 14. Mechanical properties of phase 3 composites
	Sample
	Additive
	Tensile 
strength

(MPa)
	Tensile 
modulus

(MPa)
	Elongation 
at break

(%)
	Flexural 
strength

(MPa)
	Flexural 
modulus

(MPa)

	C28
	Resin modifier1 + CA1
	47.5
	1181
	8.1
	48.2
	2764

	C29
	Resin modifier2 + CA1
	52.7
	1228
	9.2
	54.7
	2661

	C30
	Resin modifier1 + CA2
	55.0
	1287
	9.4
	56.3
	2763

	C31
	Resin modifier2 + CA2
	58.2
	1381
	9.2
	57.2
	2968

	C32
	Resin modifier1 + CA3
	52.6
	1013
	6.64
	57.8
	4455


8.4. Phase 4: Surface modification of jute
To improve mechanical properties and to reduce water absorption of jute-soy composites jute surface was modified using diluted alkali. Mercerization was done for better interfacial bonding between reinforcing fiber and polymer matrix. The composite prepared combining alkali (2%) treated jute, soy resin and CA2 (C34) showed the maximum mechanical properties. The mechanical properties enhanced probably due to effective crosslinking between functional groups of jute and soy matrix. Mechanical properties of these composites (C33-C35) are given in Table 15.
Table 15. Mechanical properties of phase 4 composites
	Sample
	Raw materials
	Tensile strength 
(MPa)
	Tensile modulus 
(MPa)
	Elongation 
at break (%)

	C33
	2% alkali treated jute + 
Soy resin + CA1
	40
	962
	6.4

	C34
	2% alkali treated jute + 
Soy resin + CA2
	48
	1220
	7.7

	C35
	2% alkali treated jute + 
Soy resin + CA3
	41.59
	834
	6.74


8.5. Phase 5 composites: Thermoset resin blended with soy resin

High water and moisture absorption of jute composite reduces its application area. So in order to improve hydrophobicity of composites novel soy resin system was adopted. A water soluble thermoset resin (WSTR) was synthesized in laboratory and used in different proportion with soy milk and crosslinking agent to prepare novel resin. This novel resin mixture was used as matrix for preparing jute composites. Tensile properties of phase 5 composites were tested according to ASTM D 638. Formulations of the phase 5 composites are shown in Table 16. Tensile properties of these composites (C36-C44) are presented in Figure 13. C41 (Soy :WSTR=50:50) based composite showed reasonable mechanical properties such as 60.6 MPa of tensile strength, 1680 MPa of tensile modulus and 8.64% of elongation at break. Similarly for flexural properties, composite specimens were tested according to ASTM D790 and shown in Figure 14. C41 composite showed flexural strength of 84.7 MPa and flexural modulus of 6536 MPa.

	


Table 16. Composite formulation for phase 5 composites
	Composite
	Soy: WSTR
	Composite
	Soy: WSTR
	Composite
	Soy: WSTR

	C36
	0:100
	C39
	30:70
	C42
	60:40

	C37
	10:90
	C40
	40:60
	C43
	70:30

	C38
	20:80
	C41
	50:50
	C44
	80:20
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	Fig. 13. Tensile properties of phase 5 composites
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Fig. 14. Flexural properties of phase 5 composites
8.6. Phase 6: Water resistant resin blended with soy resin

Soy resin was blended with water resistant resin to prepare jute soy composites with competitive properties at low cost. Composites were prepared using curing agents CA1, CA2, CA3 and are designated as C45-47 respectively keeping the soy:water resistant resin ratio 50:50.

Tensile and flexural properties of phase 6 composites were measured according to ASTM D638 and ASTM D790 respectively and phase 6 composites have tensile strength at around 35 MPa. These composites showed improved flexural strength and flexural modulus property indicating high load bearing capacity. 
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	Fig. 15. Mechanical properties of phase 6 composites


8.7. Water absorption of composites 
Composites have been optimized based on their mechanical properties. The optimized composites are C5, C12, C19, C27, C31, C35, C41, and C46. Table 17 summarizes the water absorption properties and equilibrium moisture content of the optimized composites. Water absorption of these composites was tested according to ASTM D 570-98. It is found that the C46 have low water absorption and equilibrium moisture content as compared to others.
Table 17. Water and moisture absorption of optimized composites

	Phase
	Optimized composites
	Water absorption* (%)
	Equilibrium moisture content* (%)

	Phase 1
	C5
	68
	7.3

	
	C12
	65
	6.0

	
	C19
	63
	5.1

	Phase 2
	C27
	59
	5.0

	Phase 3
	C31
	54
	4.2

	Phase 4
	C35
	65
	6.2

	Phase 5
	C41
	27
	3.4

	Phase 6
	C46
	16
	2.6


      * Water absorption and equilibrium moisture contents were determined following ASTM D 570-98 and ASTM E 104-02 respectively
8.8.  Accelerated weathering test of composites
The accelerated weathering test of the composite samples was done to study the effect of harsh weather conditions on the properties of prepared composites. Samples were exposed under UV radiation (340 nm) at 50 °C for 0.5 h, followed by 20 min water sprinkling in an accelerated weatherometer chamber (Atlas, Suntest XXL). Each cycle was repeated for six times and the total duration of exposure was 5 h. Measurements like dimension change, weight change were measured and tabulated in Table 18.

Table 18. Change in volume and weight after accelerated weathering test

	Sample
	Volume change (%)
	Weight change (%)
	Remarks

	 C31
	24
	38
	Bent after conditioned to room temperature

	C41
	27
	39
	

	C46
	24
	36
	


Measurements of mechanical properties of the composites after accelerated weathering test are under progress. 
8.9. Limiting oxygen index (LOI) testing of the composites
Limiting oxygen index (LOI) is the measure of fire retardancy of a material. Composite specimens were tested according to ASTM D 2863 and estimated LOI values are shown in Table 19. The LOI value of the prepared composites lies within the range of 24 – 37 implying that these composites are not highly inflammable.

Table 19. LOI values of jute composites
	Composite
	LOI value
	Composite
	LOI value
	Composite
	LOI value

	C1
	24.5
	C17
	34.5
	C33
	34.7

	C2
	24.6
	C18
	35.2
	C34
	32.9

	C3
	25.7
	C19
	35.6
	C35
	30.5

	C4
	25.2
	C20
	36.8
	C36
	29.9

	C5
	23.8
	C21
	35.2
	C37
	30.2

	C6
	26.8
	C22
	35.6
	C38
	30.6

	C7
	24.2
	C23
	36.7
	C39
	32.6

	C8
	25.6
	C24
	35.9
	C40
	32.2

	C9
	24.2
	C25
	29.5
	C41
	33.1

	C10
	25
	C26
	29.8
	C42
	32.8

	C11
	25.3
	C27
	30.2
	C43
	29.2

	C12
	26.5
	C28
	30.4
	C44
	29.3

	C13
	27.2
	C29
	31.6
	C45
	31.8

	C14
	27.3
	C30
	31.2
	C46
	30.6

	C15
	32.8
	C31
	32.4
	C47
	31.7

	C16
	33.1
	C32
	32.7
	
	


8.10. Biodegradation of jute-soy composites (Phase 1-6)
Following tests have been done so far.

· Biodegradation of composite via soil burial test.

· Biodegradation of composite via direct culture method using known fungal culture (BIS 1623:1992).

8.10.1. Weight and tensile loss after biodegradation

Weight loss and tensile property loss after different biodegradation periods are reported in Table 20. Composites show almost complete loss of tensile strength after 30 days biodegradation and become fragile for further tensile testing after 30 days degradation. 

Table 20. Loss in weight and tensile strength of composites after biodegradation

	Composite
	After 7 days
	After 15 days
	After 30 days
	After 45 days

	
	WL (%)
	TL (%)
	WL (%)
	TL (%)
	WL (%)
	WL (%)

	Phase 1
	29.1
	58.2
	40.2
	85.6
	54.6
	67.8

	Phase 2
	28.7
	56.7
	43.6
	86.7
	57.9
	63.5

	Phase 3
	22.4
	57.3
	42.2
	84.6
	56.1
	60.9

	Phase 4
	17.5
	51.7
	33.5
	73.3
	52.6
	56.2

	Phase 5
	18.1
	50.6
	32.8
	70.2
	52.1
	57.2

	Phase 6
	14.3
	38.2
	22.1
	62.7
	37.2
	45.3


         (WL- Weight loss, TL- Tensile loss)

8.10.2. SEM analysis of biodegraded composites

Biodegraded composite specimens were analyzed through scanning electron microscopy (SEM). Figure 16(a) and (c) show the SEM photographs before biodegradation while 16(b) and 16(d) show photographs after 30 days soil burial biodegradation. From SEM photographs of 16(b) 16(d), it is observed to contain canal like cavities, pits, grooves and the soy matrix is found to be uprooted at many places as compare to photographs of 16(a) and 16(c) proving the degradation of composites.
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Fig. 16. Composites before degradation (a,c) and after biodegradation (b,d)


8.10.3. Life cycle analysis

Product realization of biobased fiber composite materials requires a complete LCA (Life Cycle assessment). LCA is an elaborate and accepted methodology for assessing environmental sustainability. In LCAs, usually a large number of environmental factors are analyzed to assess and evaluate process chains. Common environmental indicators are resource depletion, global warming, acidification, ozone depletion, human toxicity, and ecotoxicity; however, these are often not studied simultaneously in one study. A simplified LCA study approach of jute rigid composites has been illustrated in Figure 17. 
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	Fig. 17: Life cycle analysis of biodegradable jute-soy composites


Biobased polymers are considered as promising candidates for sustainable development for a variety of reasons, with the most important being the following:

· Substitution of renewable resources for depletable petrochemical resources

· Closure of organic carbon loop in natural carbon cycle through contribution in total earth biomass pool by manufacturing safe disposable and biodegradable composites

· Possibly lower production cost (or lower system cost) due to cheaper raw materials and shorter process chains

· Opportunities for growth and employment in agriculture and the chemical industry

9. Industrial Field Trial for Product Development
9.1. 
Identification of Products

Based on the consumer interests, composite panels and biodegradable sapling pots were identified as profitable products for jute rigid composites.

9.2. Development of rigid jute composite panels

Composites with maximum tensile strength were fabricated and sunmica sheets were pasted using fevicol on the composite surface (Figure 18)
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Fig. 18: Rigid jute composite panels
9.3.  Development of biodegradable jute sapling pots
Jute biodegradable sapling pots can be used for seeding, transportation, planting etc. As per the demand for sapling pot (Figure 19) from biodegradable raw materials, a design was made with jute as reinforcement and soymilk as resin. Both jute and soymilk are of natural origin and are eco friendly. Pots made from these raw materials are expected to degrade completely in compost conditions within 2-3 months. Hence the saplings can be planted into the soil along with the pot. These biodegradable pots allow room for root development, which can be placed directly into the soil without disturbing the tender sapling (Figure 20).

According to the requirement of the client we designed a mold with both male and female parts along with a heating arrangement. Dimensions, material and other specifications of the mold required by the client were elaborately suggested.

Jute felts 250-400 gsm (grams per square meter) and soy resin with 20% solid content along with some curing chemicals is recommended for the preparation of thermoset biodegradable sapling pot.

Processing steps are resin preparation from soy seeds, jute variety selection, soaking of jute in soy resin, drying of soaked jute felts so that soy resin impregnated jute felts contain 15% moisture followed by hot pressing in designed mold. All these processing steps were recommended to the client.
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	Fig. 19: Biodegradable sapling pots
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	Fig. 20: Plant growth in biodegradable jute sapling pots


10. 
Cost Analysis/Cost Effectiveness Study Report
10.1. Identified products and its applications

Projected applications and advantages of jute fiber reinforced cement concrete developed in this investigation are focused in Table 21.   

Table 21: Potential applications and advantages of jute fiber reinforced cement composites
	Identified products
	Application areas
	Advantages

	Rigid jute composite panels
	Office cubicles, Interior furniture, Computer cabinets
	Biodegradable, no use of formaldehyde, good mechanical properties

	Biodegradable sapling pots
	Sapling pots
	Good export product, Helps as manure to plant growth after degradation, holds water for efficient better growth of plants


10.2. Cost analysis of identified products

10.2.1. Cost analysis of rigid jute composite panels
Cost of biodegradable jute soy rigid composites is given in Table 22. Production cost value of jute soy composite may change according to the density of composite and the commercial grade of chemicals. The cost analysis of composites with varying thickness and density of 0.98 g/cc is given. Raw materials and cost of final product will vary with density.

Table 22. Cost of jute felt composites with varying thickness

	Thickness
(mm)
	Jute felt cost
(Rs)
	Soy resin cost
(Rs)
	Process cost*
(Rs)
	Cost of rigid 
jute composite (Rs/m2)
	Cost of rigid 
jute composite
(Rs/ft2 )

	1
	48
	32
	24
	105
	10

	2
	72
	49
	36
	157
	15

	3
	96
	65
	48
	209
	19

	4
	120
	81
	60
	262
	24

	6
	192
	130
	97
	419
	39

	8
	240
	163
	121
	523
	49

	9
	288
	195
	145
	628
	58

	10
	312
	211
	157
	680
	63

	12
	384
	260
	193
	837
	78


*Process Cost (Labour + Power + Machineries depreciation + Overheads) = 30% of cost of raw materials.

10.2.2. Comparison of cost with commercial products
Cost of commercially available plywood and jute composites are given in Table 23. Jute soy composites are of reasonable cost and good wood substitute.

Table 23. Comparison of product cost (in rupees) of jute-soy composite with a branded commercial product available in the market

	Thickness of plywood available in the market
	Century ply PF (BWR Grade) (in Rs per sq.ft)
	Jute- Soy composite 

(in Rs per sq.ft)*

	4 mm
	39
	24

	6 mm
	53
	39

	8 mm
	 -
	42

	9 mm
	65
	58

	12 mm
	82
	78

	16 mm
	107
	90

	19 mm
	125
	 105


10.2.3. Comparison of properties with commercial products
Properties of top grade plywood, local plywood and jute soy composites are given in Table 24.  Jute composites possess reasonably good properties and can be used as wood substitute. 

Table 24. Properties of commercial products and jute soy composites
	Property
	Top grade plywood
4 mm
	Local plywood
4 mm
	Biodegradable jute soy composite
(value range)

	Density (g/cc)
	0.85
	0.63
	0.95 - 1.2

	Tensile strength (MPa)
	35
	18
	32 - 65

	Tensile modulus (MPa)
	1102
	445
	950 - 4000

	Elongation at break (%)
	10.16
	4.52
	4.5 - 8.3

	Flexural strength (MPa)
	63
	38
	50 - 68

	Flexural modulus (MPa)
	5747
	2745
	6000 - 9000

	Water absorption (%)
	9
	23
	10 - 15

	Equilibrium moisture content (%)
	4.5
	6
	2 - 5

	LOI value (%)
	20 - 25
	15 - 20
	25 - 40


10.2.4. Potential application of rigid jute composites

Potential applications and advantages of jute rigid composites are shown in Table 25. 

Table 25. Application areas of rigid jute composites
	Application areas
	Advantages

	Automobile industries  

· Door panels

· Seat backs

· Headliners,

· Dash boards

· Trunk liners
	· Lighter in weight

· Lesser raw material

· Cost economic

· Serviceable mechanical properties

· Use of renewable resource

	Building Component

· Door

· Window

· Wall partition

· Ceiling

· Floor 
	· Better physical properties

· Fire, termite resistance properties

· Available at semi finished / finished state, i.e., reduced labor & finishing cost

	Transport Sector (railway coach & vehicle)

· Flooring

· Ceiling

· Seat & backrest 
	· Better physical properties

· Fire, termite resistance properties

· Available at semi finished / finished state, i.e., reduced labor & finishing cost

	Furniture and decorative

· Table

· Chair

· Kitchen cabinet, etc.

· Pot
	· Better physical properties

· Fire, termite resistance properties

· Available at semi finished / finished state, i.e., reduced labor & finishing cost

	Cutleries


	· Lighter in weight

· Aesthetic values

· Better physical properties


10.3. Machineries for rigid composites
Table 26: Model composite plant

	Plant units
	Machineries and  equipments

	A. Resin dipping unit
	1. Feeder creel for felt







2. Resin bath-1







3. Squeezer rolls (two, counter-rotating) 




4. Resin bath-2







5. Squeeze rolls (two, counter-rotating)




6. Excess resin recycling system through pump




7. Caterpillar type conveyor for drawing the resin-dipped felt
8. Hot-air circulating oven for semi-drying the felt



9. Two caterpillar type conveyors



10. Movable high-speed circular blade for cutting felt with a definite length

11. Conveyor system for carrying semi-dried felt to the next stage

	B. Curing unit
	1. Compression molding machine





2. Multi-daylight compression mould having proper hot-oil circulating and cooling system

3. Conveyor system


	C. Post-molding operation
	1. Trimming and finishing

	D. Quality and inspection
	1. Inspection and measuring devices

	E. Packaging
	1. Shrink wrapping machine for moisture proof packaging

2. High quality corrugated carton packaging or additional packaging as required


	F. Dispatch and shipment
	1. Crane and conveyor system

	G. Auxiliary machineries and equipments
	1. Crane, chain pulley and hoist


2. Air compressor unit


3. Cooling tower


4. Water pump


5. Chilling plant


6. Tools, jigs and fixtures


7. Trolley


8. Water softening plant


9. Fire and safety equipments


10. Recycling, conversion and disposal system



11.  Patents, Workshop Organized, Publications & Human Resource Development
11.1. Patents

1. “Biodegradable and rigid natural resin matrix jute fiber reinforced  composites” Ajaya K. Behera, Sridevi A.N., S. R. Chowdhury, R. K. Basak, P. K. J. Mohapatra, R. Sen and B. Adhikari. Indian Patent Application No. 1136/KOL/2010, Oct. 11, 2010
11.2. Conferences 

1. 
“Effect of nanoclay on eco-friendly resin based natural fiber composites”, Ajaya K. Behera, Sridevi A.N., R. Sen, and B. Adhikari, APM 2010, CIPET Bhubaneswar, Orissa, India (International conf)

2. “Jute based bio-composites using eco-friendly resin system ”  Ajaya K. Behera, Sridevi A. N., S. Roy Chowdhury, R. K. Basak, B. Adhikari and R. K. Sen, APST 2010, NIT Hamirpur, H.P., India (National Conf) 

3.  “Nanoclay based bio-composite: Characterization and biodegradation analysis” Ajaya K. Behera, Sridevi A. N., R. K. Sen,  and  B. Adhikari, PSE 2010, Chandigarha, India (International conf)  

4. “Effect of nanoclay as reinforcement filler on the properties of jute composites”  Ajaya K. Behera, Sridevi A. N., R. K. Basak, R. K. Sen, and  B. Adhikari, MACRO 2010, IIT Delhi, India (International conf) (Best poster awarded)

5. “Jute reinforced biodegradable composite using novel eco-friendly resin” B. Adhikari, Ajaya K. Behera, Sridevi A. N., S. R. Chowdhury and R. K. Sen, CIRFA 2010, National research centre, Cairo, Egypt  (International conf)

6. “Jute reinforced biodegradable CNSL based soy resin composites” Sridevi. A.N. , A. K. Behera,     R. K. Basak, R. K. Sen, and B. Adhikari, MACRO 2010, IIT Delhi, India (International conf) 

7. “Jute reinforced nanoclay modified soy composite: Bio-material for engineering application” Ajaya K. Behera1, Sridevi. A. N., R. K. Basak, R. K. Sen, and B. Adhikari, APM 2011, CIPET Chennai, India (International conf)
11.3. Workshop

1. 
A workshop on ‘Research and development focus on jute MM IV Projects’, was organized by Departments of Civil and Mechanical Engineering and Materials Science Centre of Indian Institute of Technology Kharagpur. It was held on 21st December, 2009 at Gargi Hall, IIT Kharagpur, West Bengal. 

2. 
A Technology Transfer Seminar was organized by National Jute Board, Kolkata during 8-9 November, 2011 at Hotel Stadel, Kolkata. In this seminar we presented the progresses of all the JTM projects assigned to IIT, Kharagpur.

3. 
A project review seminar was held on 19th April, 2012 organized jointly by Indian Institute of Technology, Kharagpur and National Jute Board, Kolkata at IIT, Kharagpur Extension Centre, Salt Lake City, Kolkata.  The whole project team (of six different JTM projects of Mini Mission IV) of Indian Institute of Kharagpur were present in the seminar. The presentation given by the Co-PI of this project, Prof. S. Basu Majumder, on the topic, ‘Jute fiber reinforced cement concrete composites’, received good responses. The delegates gave their valuable suggestions.

1. 11.4 Journal Papers

2. Fabrication and characterizations of biodegradable jute reinforced soy based green composites, Ajaya Kumar Behera, Sridevi Avancha, Ratan Kumar Basak, Ramkrishna Sen, Basudam Adhikari, Carbohydrate Polymers, 88, 2012, 329-335
3. Development and characterization of plasticized starch-based biocomposites with soy pulp as reinforcement filler, Ajaya Kumar Behera, Sridevi Avancha, Ramkrishna Sen, Basudam Adhikari, Journal of Applied Polymer Scienc, doi: 10.1002/app.38077
4. Physical and mechanical characterization of jute reinforced soy composites, Sridevi Avancha, Ajaya Kumar Behera, Ramkrishna Sen, Basudam Adhikari,Journal of reinforced plastics and composites, Accepted
5. Effect of nanoclay on physical, mechanical properties and microbial degradation of jute reinforced soymilk based nano-biocomposites, Ajaya Kumar Behera, Sridevi Avancha, Ramkrishna Sen, Basudam Adhikari, Polymer engineering and Science, Accepted
11.5. Cumulative Reports
Cumulative reports and flier on the project ‘Development of jute fiber reinforced cement concrete composite’ were submitted during May, 2008 – Dec, 2012.

11.6. Manpower trained

Research Scholars: Three research scholars were involved in this developmental research for their doctoral research works leading to Ph. D. degree.

Four job assistants were also trained in this project work.

12. Achievements and future scope

Completely biodegradable eco-friendly jute rigid composites were developed. Pre-treatment of jute fiber was achieved by alkali. Biodegradable soy resin was developed. Composite fabrication process and parameters were optimized at the laboratory level and discussed elaborately in this and earlier cumulative reports. Industrial collaborations for pilot trial were initiated and will be carried out at Synthetic Moulders Ltd, Kolkata and Indrasen Shamlal Ltd, Kolkata. 
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