FINAL REPORT

DEVELOPMENT OF DURABLE WATER-REPELLENT JUTE GEOTEXTILES WITH
NATURAL ECO-FRIENDLY ADDITIVE FOR APPLICATION IN EROSION CONTROL
IN RIVER BANKS AND OTHER APPROPRIATE END USES

(MM 1V Projects 12 and 13)

Debasis Roy, Principle investigator
Basudam Adhikari, Co-Principle Investigator
Ramkrishna Sen, Co-Principle Investigator

sponsored by

National Jute Board
Ministry of Textiles
Government of India
3A Park Plaza, 71 Park Street
Kolkata 700016

June 4, 2013

Department of Civil Engineering
Indian Institute of Technology
Kharagpur 721302



EXECUTIVE SUMMARY

Free hydroxyl groups of the cellulose chains within jute fibers and fabric tend to attract water
molecules in moist environment causing the fibers to swell and causing the cellulose chains
undergo hydrolytic and oxidative degradation instigated by factors such as enzymatic
activities of microbes present in the environment, acidity, alkalinity, salinity or UV
irradiation. Because of their relative lack of degradation resistance lignocellulosic fibers such

as jute find limited use in the manufacture of industrial textiles, e.g., geotextiles.

In this research a chemical process has been developed for treating jute fibers and fabric
using an alkaline water-based emulsion of neem oil and plant based phenolic resin to enhance
their short-term tensile strength and degradation resistance without potential toxic leachate
generation. The process is inexpensive and not energy intensive and uses generic, non
hazardous and non toxic reagents derived by and large from plant biomass. The treatment
involves part transesterification of cellulose hydroxyl groups of fibers and fabric with neem
oil and blocking of hydroxyl groups with phenolic resin via hydrogen bond formation. Yarns
were spun manually and mechanically from treated jute fibers. Fabrics were also woven in a
commercial jute mill from the treated fibers to establish the industrial adaptability of the
process. Additionally, treatment was applied on geotextiles manufactured from untreated jute
fibers available in the market for similar end use. The treatment did not adversely affect
flexibility and filtration properties of the fabrics.

The treatment caused the short term fiber tensile strength to increase by 75 % for jute, the
water absorption to decrease from 255 % to 79 % (in terms of dry fiber weight) for jute.
Treated jute fibers retained, on an average, 80 % of their initial tensile strengths after 120-d
biodegradation. The corresponding tensile strength retention for untreated jute fibers were
only 10 %. After 120-day immersion into a 3 % saline environment, NO-resol treated jute
fibers retained 72 % of their initial tensile strengths, while untreated jute fibers retained only
6 %. Further the treated fibers and fabric manufactured from them were found to be stable

upon being exposed to pH ranging between 4 and 9.

The estimated field half-lives for the fabric manufactured from treated fiber, woven jute
fabric procured from a jute mill treated with the chemical process developed in this project
under microbial action, 1584 and 1080 days, respectively, exceeded the corresponding
estimate for untreated woven jute fabric (between 240 and 384 days) considerably. The
estimated field half-lives for fabric prepared from treated fibers was 1115 days and that for
treated fabric was 881 days in an installation directly exposed to sunlight and periodic drying
and wetting compared to only 294 days estimated for untreated fabric. Similarly, the
estimated field half-lives for the fabric manufactured from treated fiber, woven jute fabric
procured from a jute mill treated with the chemical process developed in this project for
underwater installations with 3 % salinity exposure, 887 and 1060 days, respectively, are also
very large compared to only 41 days estimated for untreated woven jute fabric.



The treatment costs for either fabric or fiber level treatment to be consistently in INR 17 to
INR 19 range per square meter of 700 g/m” woven jute fabric. It should be noted that the
costs are likely to come down further in larger scale manufacturing. The cost of bitumen
treatment — the alternative treatment approach being used to manufacture degradation-
resistant jute geotextiles — of around INR 35 per square meter of 700 g/m” woven jute fabric,
it appears that the treatment process developed in this research is relatively inexpensive.
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1. OBJECTIVES OF THE PROJECT

Free hydroxyl groups of the cellulose chains within jute fibers and fabric tend to attract water
molecules in moist environment causing the fibers to swell and causing the cellulose chains
undergo hydrolytic and oxidative degradation instigated by factors such as enzymatic
activities of microbes present in the environment, acidity, alkalinity, salinity or UV
irradiation. Because of their relative lack of degradation resistance lignocellulosic fibers such
as jute find limited use in the manufacture of industrial textiles, e.g., geotextiles.

A range of chemical treatments, quoting and blending strategies have been developed for
enhancing tensile strength, hydrophobicity and degradation resistance of jute and other
lignocellulosic fibers and fabrics manufactured from them. But many of the treatment
processes use expensive and hazardous chemicals and turn the treated fabric into a potential
source of toxic leachates. Complex process design and extensive energy requirements also
pose additional problems in using some these processes. Long term effectiveness of these
treatments in preventing chemical, biological, or physical degradations and potential toxicity
of the degradation products have also not been assessed systematically.

So, there is a need for a process for treating jute fibers and fabrics for manufacturing
degradation resistant geotextiles and a reasonably precise estimate of the long-term tensile
strength of the products. Additionally, the process should be economical adaptable in an
industry engaged in manufacturing technical textiles. The process should by and large be
based on the use of inexpensive, eco-friendly possibly plant-based reagents so that potential
degradation products are not harmful to the environment. Based on this scope the objectives

of the present research were set up as follows:

e Identification of suitable eco friendly polymers and natural additives to modify jute
geotextiles for enhancing its durability and strength

e Accelerated laboratory testing for assessing the resistance of treated jute fibers and fabric
against biological, chemical and UV and moisture related degradations

e Assessing adaptability of the treatment process in existing industrial set ups

¢ Final report submission and recommendations



2. LITERATURE REVIEW

In recent years natural fibers such as sisal (Sarsby, 2007), palm (Bhattacharyya et al. 2009),
bagasse (Dinu and Saska, 2007), flax (Rawal and Anandjiwala, 2007), hemp (English, 1995),
jute (Ranganathan, 1994) and coir (Subaida et al., 2008) have been used for manufacturing
geotextiles because they are inexpensive, renewable agricultural commodities unlike their
manmade, petroleum-based alternatives. Geotextiles based on jute fibers have a number of
additional application-specific advantages. For instance, swelling and water absorption of
jute fibers lead to reduction in runoff energy and improvement in filtration characteristics of
the fabric to provide better stability in an erosion control application. Further, they also
prevent extreme variations in soil moisture and temperature (Sutherland and Ziegler, 2007).

Despite their relative advantages, geotextiles based on natural fibers find limited use in many
engineering projects because of biological, chemical and physical degradations.
Consequently, they are mainly used to support vegetation growth, which, in turn, imparts
mechanical resistance of soils against erosion and sliding. The hydroxyl groups and ester
bonds of natural fibers, e.g., jute are susceptible to hydrolysis and oxidation often initiated by
biological and chemical actions and UV irradiation. Although hemicelluloses are the main
contributor to hydrophilicity of jute, cellulose and lignin may also cause the fibers to absorb
water and swell. This, in turn, lets water and hydrolytic or oxidative agents find an entry into

the interior of the fiber matrix accelerating their swelling and eventual disintegration.

A range of chemical treatments, quoting and blending strategies have been developed for
enhancing tensile strength, hydrophobicity and degradation resistance of jute and other
lignocellulosic fibers and fabrics manufactured from them. For instance, defibrillation
instigated by alkali treatment (mercerization) has been found to increase fiber surface area
(Bledzki et al., 1996) and removal of amorphous materials, the presence of which prevents
optimal load path development and tensile strength mobilization (Le Troedec et al., 2008).
Graft copolymerization (Montazer and Saheli 2008), acrylatization (Vasoya et al. 2008),
etherification (Rahman et al. 1996), acetylation (Andersson and Tillman 1989) or coating
with precondensate of cashew nut shell liquid formaldehyde (Mitra et al. 1998) have been
found to increase hydrophobicity of jute fibers. Biodegradation resistance and mechanical
strength on the other hand has been increased by photografting or graft copolymerization
under UV radiation (Hassan et al. 2005, Hassan et al. 2003, Hassan et al. 2002, Uddin et al.
1996). Attempts have been made to enhance the resistance of jute geotextiles against
biological degradation by coating them with bitumen (Dutta, 2007; Sanyal and Chakraborty,
1994) or antimicrobial benzothiazole chemicals (Sinha and Chakraborty, 2004). Geotextiles
have also been manufactured from jute fibers blended with synthetic fibers (Rawal and
Sawaswat, 2011; Basu et al., 2009) for durability enhancement. However, biodegradation of
untreated fibers within such geotextiles is likely to lead to disintegration of fabric structure.

Many of the treatment processes discussed above use expensive and hazardous chemicals and

turn the treated fabric into a potential source of toxic leachates (Basu et al., 2009). Details of
2



the efficacy and limitation of different jute treatment process were presented in Table 1.
Complex process design and extensive energy requirements pose additional problems in
using some these processes. Long term effectiveness of these treatments in preventing
chemical, biological, or physical degradations and potential toxicity of the degradation
products have also not been assessed systematically. For instance, in one of the river bank
stabilization projects described by Dutta (2007) and Sanyal and Chakraborty (1994), bitumen
coated jute geotextiles were found to lose as much as 70 % of their initial tensile strength
within two years of installation. Bitumen coating also adversely affects the flexibility,
porometry and drapability of geotextiles. Relative economy of the processes discussed in the
preceding and their impact on mechanical behavior and spinability of jute fibers, and their

adaptability to the industrial processes prevalent in Indian jute mills have also not been

established.

Table 1. Efficacy and limitation of previous jute treatment processes

Treatment Treatment efficacy Remarks

Acetic anhydride | e 8 % higher tensile strength e Use of hazardous chemicals

(Abdul and Ismail, [ e 30 % lower water absorption e Expensive process

2001) e Retained 80 % tensile strength | ¢ Untreatable crystalline cellulose
after 140-d biodegradation

Oleoyl chloride, e “Reduced” water absorption e Use of hazardous chemicals

pyridine, dichloro-
methane (Corrales

e “Decreased” biodegradation
susceptibility

e Expensive process
e Lower thermal stability

etal., 2007)
Acrylamide e 20 % higher tensile strength e Use of hazardous chemicals and
(Hassan et al., e “Reduced” water absorption organic solvent
2002) e Retained 66 % tensile strength | ® Expensive process

after 112-d biodegradation e Energy intensive
Acrylic acid (Patel | e 42 % higher tensile strength e Use of hazardous chemicals and
and Parsania, organic solvent
2010) e Expensive process

e Energy intensive

Butyl acrylate/ e “Remarkably reduced” water | e Use of hazardous chemicals and

sodium silicate
(Sahoo et al.,

absorption
e 46 % weight loss after 1-y

organic solvent
e Expensive process

2005) biodegradation e Energy intensive

MAPP, toluene e 72 % higher flexural strength | ¢ Use of hazardous chemicals
(Mohanty et al., e 61 % lower water absorption | ® Expensive process

2004) e Energy intensive

MA, BCFA /jute | e 24 % higher tensile strength e Use of hazardous chemicals
fabric 9Vasoy et e 32 % lower water absorption | ® Expensive process

al., 2008) o Energy intensive

Enzyme mix, o 18 % lower tensile strength e Use of hazardous chemicals and
cellulase organic solvent

(Zedorecki and e Expensive process

Flodin, 1985)

e Long treatment time
e Hydrolyses crystalline cellulose




Table 1. Efficacy and limitation of previous jute treatment processes. ..

Treatment Treatment efficacy Remarks
PF resin (Mitra et | o 83 % higher tensile strength e Use of hazardous chemicals and
al., 1998) e 50 % lower water absorption organic solvent

e Expensive process

e Long treatment time

o Hydrolyses crystalline cellulose
Lignin modified e Little increase in tensile e Use of hazardous chemicals and

resol (Sarkar and
Adhikari, 2001)

strength
e “Reduced” water absorption

organic solvent
Expensive process
Long treatment time

Bitumen (Sanyal
and Chakraborty,
1992; Dutta, 2007)

e Decrease in tensile strength
e “Reduced” water absorption

Use of non-renewable chemicals
Affects flexibility, filtration and
drapability of textiles

Less biodegradation but looses
up to 70 % of tensile strength
within 2 years of field use
Generate toxic leachate

Benzothiazole o Little decrease in tensile e Use of hazardous and toxic

Chemicals (Sinha strength chemicals

and Chakraborty, | e Retained 96 % of tensile e No adverse impact on

2004) strength after 21-d compost permeability and drapability
burial without replenishing e Generate toxic leachate
nutrients

Vegetable oil - e 80 % higher tensile strength e Mainly based on the use of plant

phenolic resin
(Saha et al. 2012,
this research)

e 62 % lower water absorption

e Treated products are stable in
pH between 4 and 9 and
salinity of typical sea water
(12.4 ppt)

e 60 % retention of tensile
strength 4 % weight loss after
120-d compost burial with
nutrient replenishment

based chemicals

Inexpensive process

Lower treatment time

No detectable leachate toxicity
No adverse impact on
permeability and drapability
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3. SUMMARY OF LITERATURE REVIEW

Jute geotextiles have a number of additional application-specific advantages. For instance,
swelling and water absorption of jute fibers lead to reduction in runoff energy and
improvement in filtration characteristics of the fabric to provide better stability in an erosion
control application. Further, they also prevent extreme variations in soil moisture and
temperature. Despite their relative advantages, geotextiles based on natural fibers find
limited use in many engineering projects because of biological, chemical and physical
degradations. Consequently, they are mainly used to support vegetation growth, which, in
turn, imparts mechanical resistance of soils against erosion and sliding.

Review of literature indicated that degradation resistance of jute fibers, yarns or fabric could
be enhanced by modifying the hydroxyl groups within the cellulose chains of jute fibers and
coating the fibers with hydrophobic and degradation-resistant, cross-linkable, non-leachable
resin. A range of chemical treatments, coating and blending strategies have been developed
for enhancing tensile strength, hydrophobicity and degradation resistance of jute and other
lignocellulosic fibers and fabrics manufactured from them. But many of these processes use
expensive or hazardous chemicals and turn the treated fabric into a potential source of toxic
leachates. Complex process design and extensive energy requirements also pose additional
problems in using some these processes. Long term effectiveness of these treatments in
preventing chemical, biological, or physical degradations and potential toxicity of the
degradation products has also not been studied. Their relative economy, impact on
mechanical behavior and spinability of fibers, and adaptability in jute textile manufacturing
industry are also not established. Thus there appears to be need for an alternative process
based on economical, eco-friendly non leachable reagents to impart hydrophobicity, which

can be easily adapted in jute textile manufacturing industry.



4. THE NEED ASSESSMENT AND MARKET SURVEY REPORT

The Need Assessment and Market Survey were carried out by IIT, Kharagpur in
collaboration with Roots & Yards, Kolkata. Details on the methodology adopted in this
assessment are provided in Appendix 1. The annual demand for jute geotextiles for erosion
control application in India has been estimated in this assessment to be INR 3.18 crore in
2012-13. Similarly the estimated global market size for JGT was INR 38 crore for erosion
control application in 2012-13. In comparison, the corresponding estimates obtained by
others for the Indian market were found to vary between INR 3.3 crore and INR 4.5 crore and
those for the global market size ranged between INR 38 crore and INR 65 crore.



5. METHODOLOGY OF RESEARCH AND DEVELOPMENT ACTIVITIES

This research involved:

e Treatment of jute fibers, yarns and fabrics with reagents prepared by combining a variety
of vegetable oils (e.g., neem oil and rice bran oil), fatty acid distillates and phenolic resins
(e.g., extract of Diospyros cordifolia plant, resorcinol, plant tannin, cashew nut shell

liquid) with known anti microbial characteristics in various proportions.

e Optimization of reagent compositions and reaction conditions (pH, temperature and
duration) were optimized for short-term tensile strength and biodegradation resistance of
treated products.

Jute fibers Untreated, machine Treated,
made jute geotextile machine
Treatment (~ 10 m* of UUMG-1 used made jute
Treat(T:g;[l g (Industry)l as control for FLMG and (~ 3000 m*
£ ~ 40 m* of UUMG-2 used of TIMG 2)
~ 100 kg treated < ~ 500 kg treated as control for FIMG or TIMG )
fiber T fiber
>
o . c Yarn Spinning
Spinning Spinning Y . )
(pilot plant) (manualy =| mPles - [(jute mil) _
v >
~ 500 kg yarn s
~ 90 kg yarn ~5kgyarn ~5kgyarn 9y @
(FLMY) (FLHY) (UUHY) 2
D> Water D Water L»-Water E
c ' c ' c .
@ qé absorption qé absorption cE; absorption g
= | o> Tensile wH»Tensile o> Tensile ©
[ [} [ (O]
"g-’ @ strength @ strength @ strength o= =
|y Modified  FiModified  H>Modified £F
= . . . . . ) >
5 soil burial soil burial soil burial S 9
‘E" H>Resistance to H»>Resistance to > Resistance to =3
salinity, acidity | salinity, acidity |  salinity, acidity
and alkalinity | and alkalinity | and alkalinity Treated L ,FO'; lati
> Resistance to " Resistance to 9 Resistance to geotextile lz:tsaariselrc'm
UV-moisture UV-moisture UV-moisture samples bank site
v v v for field_
~ 80 m’ ~ 500 m’ ~30 m> o Water evaluation
geotextile geotextile geotextile absorption/repe”ance
wFLMG) m(FIMG) . (TIMG) - Tensile
= Water = Water =P Water sl strength
g absorption/ Explanation for 4-character °E’ absorption/ °E’ absorption/ g Ly Vodified
§ ;fapelllence é?]mple naTir-}-g: | § :apelllence g ;fepelllence § soil burial
ks, Tensile aracter 1: Treatment application | {3y, Tensile ks, Tensile 4y Resist i
3| strength level (F = fiber, T=textle and U= | F| " strength g stength ¢ Sji:ﬁ;’;‘jdl‘fy
> Modified no treatment) , H Modified > Modified and alkalinity
soil burial EJharacterQ.Trriqtment Iocat|o_n (I sail burial soil burial ) Resistance to
> Resistance to | = atindustry, L=inlabandU=no | Ly Resistanceto [ Resistanceto | y.moisture
salinity, acidity | treatment) salinity, acidity salinity, acidity | o\
and alkalinity | Character 3: Yarn manufacture and alkalinity andalkalinty | C 0
> Resistance to | Process (H = handmade, M =1 L Registanceto [ Resistance to (FTIR) y
UV-moisture gr?acpa:gferrr]zfjgoduct oo (G = UV-moisture UV-moisture
—» Product Geotextile, Y = Yam) = Product —» Product
chemistry chemistry chemistry
(FTIR) (FTIR) (FTIR)

Figure 1. Methodology

e Use of the optimized process to treat fibers and fabrics

e Fabric making from treated jute
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e Testing treated and untreated fiber and fabric samples for assessing treatment efficacy
(resistance of treated products against degradation due to moisture or wetting, pH, salinity,
UV exposure and biodegradation)

e Analysis of test results

¢ Organization of workshops technology transfer.

e Schematic outline of these activities are presented in Figure 1.

6. DETAILED REPORT ON RESEARCH AND DEVELOPMENT ACTIVITIES
6.1. Materials

This study pertains to the treatment of jute (Corchorus olitorius) fibers. Sodium hydroxide
(NaOH) pellets, resorcinol, formaldehyde, commercially available neem oil (NO), cashew nut
shell liquid (CNSL) and commercial grade condensed black wattle plant tannin were used to
treat the fibers and fabric as discussed below.

6.2. Chemical Modification

Review of literature indicated that degradation resistance of jute fibers, yarns or fabric could
be enhanced by modifying the hydroxyl groups within the cellulose chains of jute fibers and
coating the fibers with hydrophobic and degradation-resistant, cross-linkable, non-leachable
resin. To this end, jute fibers, yarns and fabrics were treated with reagents prepared by
combining a variety of vegetable oils (e.g., neem oil and rice bran oil), fatty acid distillates
and phenolic resins (e.g., extract of Diospyros cordifolia plant, resorcinol, plant tannin,
cashew nut shell liquid) with known anti microbial characteristics. Reagent compositions
and reaction conditions (pH, temperature and duration) were optimized for short-term tensile

strength and biodegradation resistance of treated products.

The exercise led to the following definition of the optimized process (Figure 2):

e Dipping of Jute fibers or commercially available jute fabric were dipped for 24-h within
an aqueous emulsion prepared from sodium hydroxide, plant tannin, cashew nut shell
liquid, resorcinol, neem oil and formaldehyde in 1:10:8:2:6:4 proportion by weight with
pH of 8

Vegetable oil aqueous emulsion (VO) |[Aqueous solution of phenolic resin (PR)
(5 or 6 % by viv) (1g in 100 ml)
in 0.5% NaOH solution (pH: 8 to 8.5) and 0.5% NaOH solution (pH: 8 to 9)

Mixing in equal volumes

|Alkaline VO-PR emulsion (pH 8-9)|

16-h dipping of fiber/ fabric in emulsion at room temp.|
(fiber:emulsion :: 1:1 by vol.)

Squeezing of fibers/ fabric to remove exces
reagents and curing at 100-105 °C for 1-h

|Treated fibers/ fabric|

Figure 2. Process outlines



e Squeezing the recovered the fibers / fabric mechanically to recover unused reagents and
expelled amorphous matter, e.g., lignin, hemicelluloses and waxes

e  Curing the fibers / fabric in a convection oven at 105 = 5° C for 1 h.

6.3. Yarn Manufacture from Treated Fibers

To adapt the laboratory based chemical treatment process for jute fibers to industrial scale,
large amount of jute fibers were treated in laboratory (Figure 3) and in the industrial set up
(Figure 4) of KETex Pvt. Ltd. near Kharagpur. Minor difficulties were encountered in
applying the chemical reagents uniformly on the fibers, which affected the spinability of the
treated fibers slightly affected. The problem has since been sorted out by (a) reducing
reagent concentration, (b) controlled spraying of measured quantity of the reagent (Figure 3a)
and (c) squeezed after spraying (Figure 3b). These modifications appear to have led to the
lowering of treatment cost and an improved quality of treated fiber. The treated fibers were
characterized in terms of their mechanical strength and resistance against biodegradation.
Manual and machine manufacturing of yarn was attempted using 10 kg and 120 kg of treated
fibers, respectively.

Yarn could be handspun with treated jute fiber without the necessity of any softening,
moisture conditioning or batching oil application (Figure 5). Yarn (9 to 10 count) could also
be spun at the pilot plant operated by Indian Jute Industries’ Research Association (IJIRA) in
Kolkata. The machinery and processes in this case were very similar to the carding, 3-stage
drawing, and spinning activities of yarn manufacture in Indian jute mills. Figure 6 illustrates
the carding (sliver making) and drawing activities of the treated fibers at the IJIRA pilot
plant.

Figure 4. Treatment of jute fibers in KETex
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It was observed that the fibers were suitable for carding and drawing without the necessity of
moisture conditioning and batching oil application. However, spinning of fibers necessitated
(a) raising the gravimetric moisture content to 30 % and (b) minor modifications of spinning
machinery (essentially increasing the gage length of feed to cylinder and cylinder to doper,
and incorporating an additional scraper during spinning to overcome lapping of the treated
fibers). Since the treated fibers were more hydrophobic than untreated fibers, moisture
conditioning could be done after application a relatively minor amount of jute batching oil:
1 % of dry weight of treated fibers was needed in this case as opposed to 3 % normally
required in yarn making in a jute mill. Figure 7 illustrates the quality of handmade and
machine made yarns obtained in this evaluation. These yarns were assessed for their
mechanical strength and resistance against biodegradation.

Figure 6. Carding and drawing of treated fibers [JIRA

7. RESULTS OF RESEARCH AND DEVELOPMENT

Increase of tensile strength, hydrobhobicity and degradation resistance of the yarn
manufactured from treated fibers were investigated and reported in the following sections.

7.1. Fourier transform infrared Spectroscopy (FTIR)

Chemical changes were investigated by studying FTIR spectrogram of untreated and treated
yarns (Figure 8). The peak spectral response at around 1740 cm™ representing C=0
stretching vibration for acetyl ester and carbonyl aldehyde groups of hemicellulose and lignin
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disappeared following alkali treatment (highlighted region, Figures 8) possibly because of
substantial removal of hemicellulose and lignin.

Absorbance

Wavenumber (cm™)

3500
3000 -
2500 ~
2000
1500 -
1000

Figure 8. FTIR spectrogram

Reappearance of the peak following the treatment could be because of new ester bond
formation (transesterification) between the hydroxyl groups in LCFs and vegetable oil
triglycerides as illustrated in Figure 9.

7.2. Tensile Strength and Hydrophobicity

Tensile strengths were found to increase by 43 % and 33 %, respectively, for handmade
(FLHY: explanation of four-letter sample designations can be found in Figure 1) and machine
made yarns (FLMY) spun from treated jute fibers compared to handmade yarn (UUHY) spun
from untreated jute fibers (Table 2). These increases were less remarkable than the increases
observed for fibers following chemical treatment. For instance, for FLMY the tensile
strength increased by only 33 %, whereas jute fibers exhibited 75 % increase in tensile
strength after chemical treatment. Considering the tensile strength of yarn made from short
fibers, e.g., jute is expected to be a strong positive function of frictional interlocking between
individual fibers, treatment-related fiber surface smoothening appears to be the explanation
for this relative lack of efficacy.
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Figure 9. Reaction mechanism of the treatment

Similarly water absorption and equilibrium moisture content (EMC) were reduced
remarkably for the yarns spun from treated fibers. However, in this case the proportional
reductions were similar to those observed for fibers following the treatment. The results also
indicate that the handmade yarns were marginally stronger and absorbed less moisture
compared to the machine made sample. Since the twist (number of turns per unit length) in
the handmade yarn is remarkably larger compared to the machine made sample, the short
fiber interlocking in FLHY is expected to be greater causing the sample to develop greater

tensile strength and water repellency.

Table 2: Properties of jute yarn

Yarn Tensile Elongation at Water EMC
strength (MPa) break (%) | absorption (%) | (%)
UUHY 105 0.60 170+30 12
FLMY 140 0.70 80+20 7
FLHY 150 0.65 75428 5

7.3. Biodegradation Resistance

FLMY and FLHY samples were found to retain 60 % and 62 % of their initial tensile
strengths, respectively, while UUHY retained only 12 % of its initial tensile strength after 90-
day in soil burial test (Figure 10) demonstrating remarkably higher biodegradation resistance
for yarns manufactured with treated fibers. Notably, the tensile strength retention observed in
this case is smaller than the corresponding retention for treated and untreated fibers. This can
also be explained by progressive loss of friction lock with the degradation of individual short
fibers, with which the yarns were manufactured. Better tensile strength retention in the
handmade yarn can be explained by its better short fiber interlocking.
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7.4. Salinity Related Degradation

FLMY and FLHY samples were found to retain 61 % and 74 % of their initial tensile
strengths, respectively, while UUHY retained only 5 % of its initial tensile strength after 90-d
immersion in 3 % aqueous solution of NaCl (Figure 11) demonstrating remarkably higher

1.5 : : 1.5
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jute yarn tensile strength
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©

Tensile strength divided by untreated
jute yarn tensile strength
Tensile strength divided by untreated

———fm e — e ———

% 30 60 90 % 30 60 90
Exposure time (days) Exposure time (days)
Figure 10. Yarn biodegradation resistance Figure 11. Yarn stability in saline solution

resistance for yarns manufactured with treated fibers. As in soil burial, the tensile strength
retention observed in this case is smaller than the corresponding retention for treated and
untreated fibers. Interpolation of these data indicates little degradation susceptibility of
treated products for salinity level of 2 % or lower.

7.5. Acidity or Alkalinity Related Degradation

Average tensile strength retentions for handmade and machine made yarns (FLHY and
FLMY) manufactured from treated fibers were about 70 %, 80 %, and 58 % of their initial
tensile strength in the solutions of pH 4, 7 and 9, respectively. Correspondingly, UUHY
retained only 7 %, 25 %, and 5 % of its initial tensile strength (Figure 12). The results also
indicate that the handmade yarn retained somewhat greater proportions of tensile strength
compared to the machine made sample. Additionally, yarns manufactured from treated fiber
exhibited greater susceptibility to degradation under elevated acidic and alkaline conditions
than under neutral conditions. As demonstrated earlier, treated fibers contained fatty acid
ester bonds. Since ester bonds are known for their susceptibility to hydrolysis under elevated
acidic and alkaline conditions, the yarns manufactured from treated jute retained smaller

proportion of tensile strength in acidic and alkaline conditions.
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Figure 12. Resistance of yarns against acidity and alkalinity
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8. PRODUCT/PROCESS STANDARDIZATION

Review of literature indicated that degradation resistance of jute fibers, yarns or fabric could
be enhanced by modifying the hydroxyl groups within the cellulose chains of jute fibers and
coating the fibers with hydrophobic and degradation-resistant, cross-linkable, non-leachable
resin. To this end, jute fibers, yarns and fabrics were treated with reagents prepared by
combining a variety of vegetable oils (e.g., neem oil and rice bran oil), fatty acid distillates
and phenolic resins (e.g., extract of Diospyros cordifolia plant, resorcinol, plant tannin,
cashew nut shell liquid) with known anti microbial characteristics. Reagent compositions
and reaction conditions (pH, temperature and duration) were optimized for short-term tensile
strength and biodegradation resistance of treated products.

The exercise led to the following definition of the optimized process:

e Dipping of Jute fibers or commercially available jute fabric were dipped for 24-h within
an aqueous emulsion prepared from sodium hydroxide, plant tannin, cashew nut shell
liquid, resorcinol, neem oil and formaldehyde in 1:10:8:2:6:4 proportion by weight with
pH of 8

e Squeezing the recovered the fibers / fabric mechanically to recover unused reagents and

expelled amorphous matter, e.g., lignin, hemicelluloses and waxes

e  Curing the fibers / fabric in a convection oven at 105 = 5° C for 1 h.
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9. REPORT ON PILOT SCALE / BULK SCALE TRIALS AND DISSEMINATION
WORKSHOPS

9.1. Pilot scale trail 1

About 80 m? jute geotextiles (FLMG) was manufactured by weaving yarns in a pilot plant of
IJIRA, Kolkata, India equipped with jute mill machinery. Similarly, around 500 m* of FIMG
fabric was manufactured at Kamarhatty jute mill in India (Figure 13). Tensile strength and
other physico-chemical properties of jute geotextiles were evaluated both for treated and
untreated jute geotextiles.

Figure 13. Weaving of FIMG at Kamarhatty Jute Mill

9.1.1. Manufacturers’ Feedback

Yarn (9 to 10 count) could also be spun at the pilot plant operated by Indian Jute Industries’
Research Association (IJIRA) in Kolkata. The machinery and processes in this case were
very similar to the carding, 3-stage drawing, and spinning activities of yarn manufacture in
Indian jute mills. It was observed that the fibers were suitable for carding and drawing
without the necessity of moisture conditioning and batching oil application. However,
spinning of fibers necessitated (a) raising the gravimetric moisture content to 30 % and (b)
minor modifications of spinning machinery (essentially increasing the gage length of feed to
cylinder and cylinder to doper, and incorporating an additional scraper during spinning to
overcome lapping of the treated fibers). Since the treated fibers were more hydrophobic than
untreated fibers, moisture conditioning could be done after application a relatively minor
amount of jute batching oil: 1 % of dry weight of treated fibers was needed in this case as
opposed to 3 % normally required in yarn making in a jute mill.

For the trial of the spinning process 400 m® of geotextile has been manufactured within the
commercial set-up of machinery present at Kamarhatty Company Ltd., Kolkata in February
2011. Approximately 500 m® geotextile (680 gsm, 12 1b/14400yard warp yarn and 23
1b/14400yard weft yarn) could be manufactured with the fibers treated with the technology
developed in this project for possible field trial. Following feedback was obtained from
Kamarhatty Co. Ltd. from the manufacturing process:

e During processing, one of the steps of carding has been avoided before spinning to
maintain the regularity and uniformity of the yarn
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e Avoiding one of the carding steps affected the quality ratio (QR) of the yarn. The QR for
yarn after spinning was marginally low for warp and weft direction

e The application of JBO or any other batching oil could be avoided for treated fibers, as
the fibers were already treated with vegetable oil

e No particular problem was encountered during weaving.

Further optimization of the spinning process is considered necessary before the viability of
manufacturing geotextiles with treated yarn at an existing jute mill can be assessed.
Kamarhatty authorities opined that they could optimize their spinning process and machinery
if approximately 2.5 t of treated jute fibers were available. However, NJB considered it more
practicable to apply the treatment on commercially available woven jute fabric if the
degradation resistance of treated fabric obtained in this manner is comparable to those
manufactured from treated jute fibers. Consequently, degradation resistance was assessed for
woven jute fabric manufactured from treated jute fiber and commercially available jute fabric
treated with the chemical process developed in this project as discussed later.

9.2. Pilot scale trail 2

Similar chemical treatment was applied on commercially available jute geotextiles in an
industrial set-up of Textile manufacturing unit KE Technical Textiles Pvt. Ltd. (KETex) near
Kharagpur. Approximately 30 m” of raw jute woven fabric (700 g/m? thickness: 1.63 mm)
supplied to us were treated with the mixture of a resin (1.25 %) and vegetable oil in alkaline
medium by dipping for 16 h in chemical vats. After that the water based resin was soaked and
excess resin was squeezed out. Then jute geotextiles was passed through a vertical oven
maintaining a temperature of the oven at 110° C for 20 min. The speed of fabric movement
was 1.49 m/min. The pressure of squeezing was 3.5 kg/cm®. The entire work was done in an
industrial set-up of KETex on June 27, 2011 (Figure 14).

9.3. Characterization of the geotextiles manufactured in pilot scale trials

Untreated and chemically treated geotextiles (UUMG, FLMG, TIMG, and FIMG) were
characterized for their degradation resistance and the results were discussed in the following

subsections. The specifications of the geotextiles are shown in Table 3.

9.3.1. Tensile Strength

The cross machine direction tensile strengths for TIMG was about 10 % higher compared to
UUMG?2 samples (control of TIMG) (Table 4). The increase was less remarkable than the
corresponding increases for jute fibers (75 %) and yarns (33 %, for FLMY). The loss of
efficacy is explained by loss of short fiber interlock within the fabric because of removal of
alkali hydrolysable fiber constituents, e.g., hemicelluloses and lignin, during NPRA treatment
of jute fabric.
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Final Report: Development of durable and water repellent jute geotextiles

Figure 14. Industrial treatment of Jute geotextiles at KETex

Table 3. Geotextiles specifications

Parameters UUMG FIMG TIMG Standard
Area density (g/m2) 700 690 620 ASTM D5261-10
Tensile strength (kN/m) 22 19 25 ASTM D751-06
Thickness (mm) 1.4 1.3 1.4 ASTM D5199-10
Yarn linear density (ktex) | 0.68% 0.99° [ 0.46%,0.46° | 0.68% 0.99° [ ASTM D861-07
Fabric mesh a 5 gb a 4 gb a q gb
(threads/mm) 5.5%3.9 7.1%,3.9 5.5%3.9 [S1963-81
lupl lup?2
Weave pattern dO\lz’ n doxI;)vn 1 up 1 down -
Oys (mm) 235 255 245 ASTM D4751-04
Permittivity (cm/sec) 0.083 0.09 0.083 ASTM D4491-99
Water repellence (%) 0 90 90 1S390-1975

#Machine direction
® Cross machine direction

Table 4. Short-term tensile strength and elongation at break of geotextiles

Tensile strength | Elongation at break (%) Water EMC
Sample (kN/m) + CL + CL absorption (%)
MD CD MD CD (%)
UUMGI 17+3 19+2 09+2 12+3 250+17 1607
FLMG 18+3 162 1242 104 87+12 10+05
UUMG?2 2246 21+5 11+1 08+2 270+35 19+06
TIMG 25+4 2343 13+4 09+2 120+30 13+03
FIMG 19+2 2143 1245 09+3 90+22 09+05
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Similarly water absorption and equilibrium moisture content (EMC) reduced remarkably for
the FLMG, FIMG, and TIMG. The proportional reductions in this case, were similar to those
observed for jute fibers following NPRA treatment. The results also indicate that the
geotextiles fabricated from treated fibers (FLMG and FIMG) exhibited marginally less water
and moisture affinity compared to a similar product obtained after fabric level treatment
(TIMG). Since the application of treatment on fabric prevents the reagents to penetrate into

the fiber surface, the efficacy of chemical treatment for TIMG is expected to be less.
9.3.2. Biodegradation Resistance

FLMG samples retained about 53 % of their initial narrow strip tensile strengths while
UUMGTI (control for FLMG) retained only 11 % (Figure 15) after 90-d MSBT. Similarly,
TIMG and FIMG samples retained 37 % and 48 % of their initial narrow strip tensile
strengths, respectively, while tensile strength for UUMG2 could not be measured beyond 90
days of exposure because of complete disintegration (Figure 16). More pronounced effect of
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Figure 16. Resistance to biodegradation jute geotextiles treated at industrial scale

biodegradation on UUMG?2 is apparent from the photographs presented in Figure 17. It also
appears from the figure that biodegradation affected the TIMG sample more remarkably than
FIMG. These results demonstrate a remarkably higher biodegradation resistance for jute
geotextile fabricated from treated fibers. Notably, the tensile strength retention observed in
this case is smaller than the corresponding retention for treated and untreated fibers. This can
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also explained by better effectiveness of chemical reaction for processes when applied on
treated fibers compared to that applied on fabric level.

Before exposure

After exposure

Figure 17. Photographs of jute geotextiles before and after 200 days soil burial test
9.3.3. Salinity Related Degradation

FLMG samples retained about 65 % of their initial narrow strip tensile strength after
remaining immersed in 3 % NaCl aqueous solution for 90 days (Figure 18). A similar
untreated fabric, UUMGI, retained only 28 % of its initial strength after an identical
exposure. In comparison, TIMG and FIMG samples retained 64 % and 82 % of their initial
narrow strip tensile strengths, respectively, after remaining immersed in 3 % NaCl aqueous
solution for 120 days (Figure 19). A similar untreated fabric, UUMG?2, retained only 17 % of
its initial strength after an identical exposure.
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degradation of FIMG, TIMG and UUMG2
9.3.4. Acidity and Alkalinity Related Degradation

Tensile strength retentions for FLMG were 53 %, 46 % and 33 % of their initial narrow strip
tensile strength upon being immersed in aqueous solutions with pH 4, 7 and 9, respectively
for 90 days. Samples of a similar untreated fabric, UUMGI, retained only 12 %, 22 %, and
5 % of their initial narrow strip tensile strength (Figure 20). In comparison, TIMG, and FIMG
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samples retained more than 60 % of their initial narrow strip tensile strengths upon being
immersed in aqueous solutions with pH between 4 and 9 for 120 days.

Samples of an untreated fabric, UUMG?2, retained only 15 % after an identical exposure
(Figure 21). The results also indicate that the geotextiles fabricated from treated fiber
exhibited greater susceptibility to degradation under alkaline conditions (greater than pH 9)
and under acidic conditions (less than pH 3).
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Figure 21. Tensile strength retention of industrially treated geotextiles as function of pH

9.3.5. UV and Moisture Related Degradation

After 500-h AAW, FLMG samples retained 65 % of its initial narrow strip tensile strengths,
respectively (Figure 22). In comparison, samples of a similar untreated fabric, UUMGI,
correspondingly retained only 22 %. Similarly, TIMG and FIMG samples were found to
retain 75 % and 80 % of their initial narrow strip tensile strengths (Figure 23). Samples of a
similar untreated fabric, UUMG?2, correspondingly retained only 33 %. Discoloration effect
was also found to more remarkable for UUMG2 compared to that of FIMG and TIMG after
AAW (Figure 24) possibly because of delignification.

9.3.6. Leachates Study

The treated and untreated fabrics were further characterized for potential toxicity of
degradation products. Result showed that the concentration of the toxic chemicals within the
22



post-degradation leachates were lower than the permissible limit (Table 5). Further details of
the tests can be found in Saha et al. (2012), a copy of which can be found in Appendix 2.

1.2

-
N

-

-
o

3 L 3
- | 5 |
5'70‘ 0.8 f------ | [ U 3 g 0.8 |------ T N |
3% L O 3% N :
2506F--—-- AR b= SO S M R Y — TN S NG A —
T o i i Yo i i |
£ 5 1 | £E 1 1 ] |
D504f----- }ommee s o\ SRR 2804 [------ pommme e jommesl e
oo 1 1 1 (L] 1 1 1 1
£8 i i i N %5 ! i | |
o . L S SR [ 2 20. I Y S .
7 ‘% 02 -O-UUMGH| | | | G .2.0 2 ﬁLTJ.L,f,.MGGz i | |
i |8 53 I S i o I N
0 100 200 300 400 500 0 100 200 300 400 500
Exposure time (h) Exposure time (h)
Figure 22. AAW-induced tensile strength Figure 23. AAW-induced tensile strength
degradation of UUMGI and FLMG degradation of UUMG?2, TIMG and FIMG
Before
After
Figure 24. Appearance of jute geotextiles before and after 500-h AAW
Table 5. Leachate characterization
Source FIMG TIMG
Formaldehyde” | Tannin” | Formaldehyde™ Tannin"
Soil burial 0.02 0.1 0.01 0.1
Salinity 0.02 0.1 0.02 0.2
AtpH 3, 7 and 10 0.01, 0.01,0.01 | 0.7,0.2,0.5 ] 0.01, 0.02,0.01 [ 0.5,0.3,0.8
AAW 0.02 0.1 0.02 0.2

Note. 1. Allowable limits in surface and groundwater: 0.05 mg/L (detection limit: 0.01
mg/L) for formaldehyde and 6 mg/L (detection limit: 0.01 mg/L) for tannin

9.3.7.Service Life Estimation

For this present investigation up three types of samples were used. Untreated B-twill jute
geotextiles (800 g/m?) sample was obtained from Indian Jute Industries’ Research
Association (IJIRA), Kolkata. This untreated sample was chemically treated with the process
developed at IIT, Kharagpur. Details of the chemical treatment process have been provided
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elsewhere. The untreated and treated geotextiles designated as UUMGI1, FLMG, UUMG2,
and FIMG were characterized for their susceptibilities to physical, chemical and biological
degradation. Another B-twill geotextile (700 g/m?), designated TIMG, manufactured by
blending approximately 15 % raw jute fibers with 85 % TD4 grade jute fiber treated with IIT

Kharagpur chemical treatment process was also similarly characterized.

Three types of geotextiles samples (untreated, treated and geotextiles manufactured with
treated fibers from JGN project) were exposed in the weather chamber (SUNTEST
XXL/XXL, ATLAS), and recovered after different time duration to evaluate the residual
mechanical strength, and water repellency. Specimens were exposed for 150, 300 and 500-h
duration under artificial weathering cycles using Xenon Arc light UV source in the
wavelength between 300 and 400 nm with 66 KJ/m*/h irradiation (AAW). The exposure is
coupled with repetitive cycles comprised of 90 minutes of drying in at 65 + 5° C sample
temperature and 50 + 5 % relative humidity and 30 minutes of water spraying. The loss of
tensile strength after 150, 300, and 500 hour of exposures was assessed according to ASTM
D-4595 (2005) for narrow strip geotextile samples.

Following Koerner et al. (2005), the estimate was scaled with the ratio of total AAW UV
irradiation to the yearly UV irradiation of eastern India obtained from Wypych (2008) to
obtain the field half-life. The time needed for 50 % loss of tensile strength found in the
laboratory — the sample half life — and the service life estimated from laboratory half life are
listed in Table 6. The water absorption of all the samples was found to increase with
exposure time during the accelerated physical weathering tests.

Half-life for geotextile samples (UUMGI, FLMG, UUMG2, FIMG, and TIMG) was
estimated by fitting the AAW data to Y = 4+ b¢, where Y is the narrow strip tensile strength
at time ¢ (days) and 4 and b are constants, and estimating the time of exposure for 50 %
degradation of the initial narrow strip tensile strength, the so-called half-life, from the best-fit
relationship. Subsequently the estimate was scaled with the ratio of total AAW UV
irradiation to the yearly UV irradiation of eastern India obtained from to obtain the field half-
life Koernar et al, 2005; Wypych, 2008). These results together with the correlation
coefficients presented in Table 4 indicate field half-lives for UUMGI, FLMG, UUMG?2,
FIMG and TIMG geotextiles to be 294, 619, 330, 1115 and 881 days, respectively, for
installations under direct sunlight.

Half-life for geotextile samples (UUMGI1, FLMG, UUMG?2, FIMG, and TIMG) was also
estimated by fitting the data obtained from 3 % salinity exposure to Y = A+ blog¢, where Y

is the narrow strip tensile strength at time ¢ (days) and 4 and b are constants, and estimating
the half-life from the best-fit relationship. In this case, the laboratory estimates are expected
to be similar to those representing field conditions although field salinity is likely to be
significantly smaller than the 3 % salinity used in the laboratory while testing and vary
seasonally.
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Table 6. Half-life of jute geotextiles

Expected half-
Sample Test Y (kN/m), A, b, r? life (d)
Lab | Field
AAW 9,18, -3.1x10-2, 0.98 14 294
UUMGT = urtal = 30 [ 240
AAW 9,17,-1.2x10-2, 0.99 30 619
FLMG Soil burial 98 784

3 % Salinity 9,1.19,-0.20, 1.00 887 887
AAW 11,21, -2.9x10-2, 0.99 15 330

UUMG2 [ Soil burial - 48 384
3 % Salinity 11, 1.23, -0.38, 0.98 41 41

AAW 12,24, -1.2x10-2, 0.99 41 881

TIMG Soil burial - 135 1080

3 % Salinity 12,1.10,-0.18, 0.99 1060 | 1060
AAW 10, 20, —7.9x10-3, 0.99 53 1115
Soil burial — 198 1584

FIMG

Consequently, the laboratory estimates are likely to be conservative. These results together
with the correlation coefficients presented in Table 6 led to field half-life estimates of 41,
887, 1060 days, respectively, for UUMG2, FLMG, and TIMG geotextiles installed under
water with 3 % salinity. Extrapolated tensile strength retention of untreated and treated
geotextiles at different years is presented in Table 7.

Table 7. Estimates of retained tensile strength (kN/m)

Sample Test sgleirtligtlh 1After b;ing n szrvice foz1 (years)5
UUMG {serbuir] 220 XD ND [ Nb | ND
FIMG Feitumr] 90 ey [T I e e
TIMG Fifburar] 2590 [ Tioo T Tos T1rs T 68

Laboratory observations indicate that for treated samples the rate of deterioration of narrow
width tensile strength beyond half life is substantially slower than that of raw sample.
Consequently, the service life for treated samples is expected to be higher than that estimated
above. On the other hand, the half-life estimates obtained by extrapolating laboratory
observations, during field installations, the fabric is expected to be exposed to an
environment with fluctuating water levels, seasonally variable microbial actions and
exposures to sunlight and activities of burrowing animals. Therefore the performance of
geotextiles in typical field environment needs to be evaluated to verify the estimate. It is
understood that such verification has been planned with TIMG-2.

Regardless, the extrapolated half-lives of treated samples — an approximate measure of the
service life of these fabrics — were found to be in the range between about 1100 and 1600
days. These estimates are several times longer than service lives of untreated jute geotextiles
of 1.5 to 10 months found in the literature.
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9.4. Bulk scale trial

An industrial treatment has been done to treat 3000 meters of jute geotextiles (700 GSM,
thickness: 1.63 mm) provided by NJB, Kolkata. The treatment was done by dipping the
Geotextiles in vegetable Oil-phenolic resin (solid content 1%) for 24 h. Subsequently the
geotextiles was squeezed and dried in a vertical oven at 110° C for 20 min. The entire work
was done in an industrial plant of KETex between March 7 and 11, 2013 (Figure 25). The
treated fabric is ready to be installed in a river bank for erosion control.

Figure 25. Industrial treatment of 3000 meters jute geotextiles

9.5. Dissemination Workshops

A workshop was organized for the evaluation of projects funded by JMDC on December 21,
2009 at Indian Institute of Technology, Kharagpur to provide an update to the stakeholders
(representatives of industrial organizations, marketing agencies, and research and
development organizations) on the status of technology development. Thirty one participants
from different governmental agencies, jute mills and companies were participated in this
workshop. The details of the participants were given in Appendix 3.

A second workshop was organized at the Kolkata Center of IIT Kharagpur on April 19, 2012
in Salt Lake City, Kolkata to apprise the stakeholders on process details and initiate possible
technology transfer. Forty two participants from different governmental agencies, jute mills
and companies were participated in this workshop. The details of the participants were given
in the appendix 3.

9.5.1. Workshop Interactions

The issues relevant to the jute geotextile project raised by the stakeholders present in the
workshop and the responses of the project team follow:

a) Determination of additional cost factor for compliance of OHSA & ASTM standards.
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e The process developed is OHSA and ASTM compliant.

b) Examining comparative suitability of treatment at the fiber/yarn/fabric stage.
e Technically a part of the treatment needs to be applied in the fiber stage for maximum

effectiveness. The treatment can be applied to the fiber/yarn/fabric stage (see section
B).

c) Confirmation regarding full/partial elimination of jute batching oil and the resultant
reduction in cost.

e [t appears that jute batching oil can be eliminated fully.

d) Confirmation regarding requirement of special machinery for the treatment. If so, the cost
involvement.
¢ A dipping tank, squeezer, and an oven capable of heating the treated fabric to 105 °C.

e) Confirmation regarding improvement of physical characteristic regarding spinability,
tensile strength etc.

e Physical characteristics of treated jute fibers have been extensively studied as outlined
in this report. As advised by the project reviewers, the focus was shifted from fiber-
level treatment followed by spinning and weaving of geotextiles to treating
commercially available woven jute fabrics. As a result, the issue of spinability does not
arise. However, feedback from the jute mill, where jute fibers treated with the process
developed in this project were spun into yarns and woven thereafter into a fabric,
indicated that with minor modifications of existing sinning machinery the treated fibers
can possibly be accommodated in the manufacturing process of the mill.

f) Quantification of water-repellence and durability in different water-ambience
(saline/sweet/turbid).
e Treated fibers and yarns manufactured from treated fibers were evaluated for their
resistance to chemical (pH and salinity), physical (UV) and biological degradations
extensively outlined in this report.

g) Availability of the developed fabric for pilot study. Dissemination of technology to
selected jute mills for production. Physical demonstration of the process technology

e Two pilot studies have been done for treatment of the industrial fabric.

h) Comparative analysis of properties vis-a-vis man-made geotextiles and conventional JGT

e Comparative analysis of the properties of fibers and yarn tensile strength is complete.

9.5.2. Industrial Interests

Representatives of jute mills participating in the workshops organized by IIT Kharagpur to
disseminate the information regarding technology development related to this research
project evinced keen interest in adopting the technology. More details on these workshops
are provided in Appendix 3. Their essential enquiry revolved about need for capital expense
and process equipment.
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They were informed that the technology is ready to be transferred on non-exclusive basis and
details such as process equipment particulars can be provided on a case-by-case basis. A
number of other organizations in the small-scale and medium-scale sectors have also shown
interest in manufacturing jute-based products using the treatment technology developed at IIT
Kharagpur. Specifics of these interests are summarized in Table 8.

Table 8. Name and contact detail of the NGO and company

Organization Description of the organization Contact
KE Technical Textiles Pvt. Industrial manufacturers of technical Mr. Sukumar Roy
Ltd, Rupnarayanpur, textiles. Intends to manufacture 03222291521,
Jakpur, Kharagpur 721301 geotextiles skr@ketex.com
Roots & Yards 79/1/A Hand spinning of yarns and manufacturer

of jute-based products, e.g., carpets and | Mr. Atis Chandra

AK Mukherjee Road
’ drapery. Intends to manufacture yarns 09836002746
Kolkata 700090 and weave them into fabrics
. Hand spinning of yarns and manufacturer Mr. Sanjoy
Triloc%gzpﬁ? (1\3/Ilggi’ni ur of jute-based products, e.g., carpets and Karak or Mr.
ng 731101 pur, drapery. Intends to manufacture yarns Rabindra Pandit
and weave them into fabrics 03222239950
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10. COST ANALYSIS / COST EFFECTIVENESS STUDY REPORT

Actual treatment costs incurred during trial manufacturing of jute geotextiles is summarized
in Table 9. The results indicate the treatment costs to be consistently in INR 17 to INR 19
range per square meter of 700 g/m”> woven jute fabric. It should be noted that the costs are

likely to come down further in larger scale manufacturing. Considering the cost of bitumen

treatment — the alternative treatment approach being used to manufacture degradation-

resistant jute geotextiles — of around INR 35 per square meter of 700 g/m” woven jute fabric,

it appears that the treatment process developed in this research is relatively inexpensive.

Further cost comparison of jute-based and other industrial textiles reported by Saha et al.

(2012), Appendix 2, also establishes relative economy of geotextiles treated with the process

developed in this research.

Table 9. Treatment costs in INR/ m* of different geotextile (700 g/m?)

Geotextile sample Reagent Capital Water | Manpower | Energy / Total
operation/ | Cost

logistics (INR)

FLMG (2011 costs) 7.20 3.20 0.03 2.2 5.6 18.23
FIMG (2011 costs) 7.00 2.70 0.03 1.8 5.5 17.03
TIMG (2013 costs) 7.80 3.00 0.01 1.13 7.1 19.04

Details of the cost calculation (for TIMG) have been provided in Table 10. It should be noted
that the machinery used during these treatments was not optimized for the treatment process.

Consequently the treatment cost is expected to be smaller than those indicated in Tables 9

and 10 once manufacturing begins at a facility optimized for the process.

Table 10. Details of the cost calculation

Items Details Cost
(INR/m?)
Reagents (resorcinol, 1 1 reagent mixture is needed to treat 1 m” of
formaldehyde, CNSL, ) . X 7.8
. . geotextiles. Cost of the mixture is INR7.8 per 1.
tannin and Neem oil)
Infrastructure (vat, stirrer) - 3.0
2 1 water is needed to treat 1 m” of geotextiles.
Water Cost of the water is 0.01 per lit (Kumar, 2003) 0.02
Man power cost for per h fabric treatment is INR
Man power 68. Within an hour 60 m” fabric can be treated 1.13
using KETex facility.
Energy / operation / Electricity cost is INR 0.88/ m” fabric treatment, 71
logistics gas flow cost is INR6.22/ m” fabric treatment )
Total cost 19.04
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11. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
11.1. Summary and Conclusions

In this research a chemical treatment process has been developed using an alkaline water-
based emulsion of vegetable oil and plant based phenolic resin for enhancing tensile strength,
hydrophobicity of LCFs to make them more resistant against biological, chemical, and UV-
related degradations. The process is mainly based on the use of inexpensive, non-hazardous
and non-toxic chemicals and adapted in existing industrial plants. The treatment was applied
to jute fibers leading to a demonstrable increase in their tensile strength, hydrophobicity and
resistance against biological, chemical, and UV-related degradations without affecting their
flexibility. These improvements appeared to be due to the removal of amorphous fiber
constituents (cellulose and lignin) known to prevent optimal load transfer, chemical
modification (transesterification) and blocking (attachment of phenolic compounds via H-
bonding) of some of the hydroxyl groups of fiber cellulose and changed crystallinity.
Industrial fabrics were manufactured from treated jute fibers at an existing jute mill although
the attempt indicated that the spinning and weaving processes optimized for untreated jute
fibers would require modification before using the fibers treated with the process developed
in this research. The treatment was also applied on a commercially available jute-based
industrial textile leading to improvements in degradation resistance and long term tensile
strength although the improvements in this instance were somewhat less remarkable
compared to the fabric manufactured from treated fibers. Indian Patent application has been
filled by joint ownership of IIT Kharagpur and NJB, Kolkata for patenting the technology
(Patent application No- 1263/KOL/2009, dated 4™ November, 2009).

The major findings from the industrial manufacture of woven fabric with jute fabric treated
with the process developed in this research, treatment application on woven jute fabric
procured from a jute mill and laboratory scale assessments of the treated products were:

e The treatment caused the short term fiber tensile strength to increase by 75 %, the water
absorption to decrease from 255 % to 79 % (in terms of dry fiber weight) for jute.

e The treated fibers could be spun into yarn in existing machinery facilities in jute mills,
however, the spinning process needs optimization to overcome the fibers lapping during

spinning process.

e Jute fibers treated with the chemical process developed in this research in an industrial

setup were manually and mechanically spun into yarns.

e The short term tensile strengths of handmade and machine made yarns were found exceed
the corresponding values for yarns manufactured from untreated fibers by 43 % and 33 %,
respectively.

e Several trials were done for treatment and manufacture of jute geotextiles in the industries

e Degradation resistance of the fabric manufactured from treated jute fibers in UV-moisture

were somewhat larger than that of the woven jute fabric treated with the process
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developed in this project. For instance, the estimated field half-life of the FIMG sample
(fabric manufactured from treated jute fibers) was 1584 days, while that for TIMG sample
(woven jute fabric treated with the process developed in this project) was 1080 days.
Correspondingly the half-lives for UUMG2, FLMG, and TIMG geotextiles to be 41, 887,
1060 days, respectively, for installations under immersion within water containing 3 %

saline.

e The performance of geotextiles in typical field environment needs to be evaluated to verify
the estimate. It is understood that such verification has been planned with TIMG-2

e The treatment process developed in this research is relatively inexpensive than the

alternative bitumen treatment approach.

e The leachates collected from fiber or geotextile degradation medium were tested for
presence of potential toxic chemicals and found that the concentrations of toxic elements

in leachate were within the maximum allowable limit for ground and surface water.

11.2. Recommendations

Jute-based industrial textiles can be prepared from treated fibers in the existing jute mills by
minor changing in the spinning and weaving processes. The treatment also can be applied on
the commercially available jute-based industrial textile leading to improvements in
degradation resistance and long term tensile strength although the improvements in this
instance were somewhat less remarkable compared to the fabric manufactured from treated
fibers. Regardless since it was apparent that the fabric level treatment process is more
feasible in being adapted at an existing jute mills, the fabric level treatment is recommended
at the present time.

The treated fabrics should be installed in full-scale river bank erosion control projects for
assessing the service life estimates and obtaining feedback from potential users. If the
performance of the treated products is found satisfactory and a favorable feedback is obtained
from potential users based on these performance studies setting of a dedicated geotextiles
manufacturing facility optimized to accommodate the more effective fiber level treatment

may be considered feasible.

11.3. Acknowledgements

The project team wants to acknowledge the critical reviews, suggestions, facilitation and
encouragements of the officials and consultants of NJB, Kolkata. The help received from
Mr. S.K. Roy, MD, KETex Technical textiles Pvt. Ltd. at various stages of the project work
is also appreciated. Critical help was also received from Mr. Sushant Agarwal, MD,
Kamarhatty Group, Mr. D.N. Singha of Kamarhatty Jute Mill and Mr. B.M. Thakkar of
Budge Budge Jute Mill, for which the project team is grateful. The project team also wants
to acknowledge the help and technical input received from Gloster and Ludlow jute mills
during the execution of the project.

31



REFERENCES FOR SECTION 9 AND 10

ASTM. 2005. ASTM D4595-05, Standard Test Method for Tensile Properties of Geotextiles
by the Wide-Width Strip Method, West Conshohocken, Pennsylvania, USA.

ASTM. 2010. ASTM D5261-10, Standard Test Method for Measuring Mass per Unit Area
of Geotextiles, West Conshohocken, Pennsylvania, USA.

ASTM. 2012. ASTM DS5199-12, Standard Test Method for Measuring the Nominal
Thickness of Geosynthetics, West Conshohocken, Pennsylvania, USA.

ASTM. 2007. ASTM D861-07, Standard Practice for Use of the Tex System to Designate
Linear Density of Fibers, Yarn Intermediates, and Yarns, West Conshohocken,

Pennsylvania, USA.

ASTM. 2012. ASTM DA4751-12, Standard Test Method for Determining Apparent Opening
Size of a Geotextile, West Conshohocken, Pennsylvania, USA.

ASTM. 2009. ASTM D4491-99a, Standard Test Methods for Water Permeability of
Geotextiles by Permittivity, West Conshohocken, Pennsylvania, USA.

BIS, 1981. IS 1963-81, Methods for Determination of Threads per Unit Length in Woven
Fabric, Bureau of Indian Standards, New Delhi, India.

BIS, 1975. IS 390-75, Method for determining the water repellency of fabrics by water spray
test, Bureau of Indian Standards, New Delhi, India.

Koerner, R.M., Hsuan, Y.G., Koerner, G.R., 2005. Geomembrane lifetime prediction:
unexposed and exposed conditions. GRI White Paper: 6.

Kumar S., 2004. Analyzing Industrial Water Demand in India: An Input Distance Function
Approach. National Institute of Public Finance and Policy Working Paper No. 12/2004.
http://dx.doi.org/10.2139/ssrn.552441

Wypych G., 2008. Handbook of material weathering. (4th Ed), ChemTec, Toronto, Canada.

32



Appendix 1

Need Assessment and Market Demand Survey



DIPU| O “JAOS) ‘SB|IX3)] JO Aysiuly DPUDY) YD Ysuy

(arN) panog ainr [puolbN pyns jluasosyd
. ey 1oy Aoy sisnqeq
$STTRT TTTE 16+ Xeq 40 i seiciong

9S¥ERT TCTE 16+ PL

urpw dSnmpan@)siseqap
BIPUT “GAA

T0£ 17, ‘mdFereyy
“Bojouypar, Jo smnsuy uepuy
SurauiBuy (A1) jo wsunreda
J10SS2J0I] IEIOSSY

Aoy siseqa(y

:00 apewl 2q Aewr duapuedsaiio))

:md3ereyy “Sojouyoar

JO mnsu] uerpuy Jo uoissiuLad

Joud 2t noym Knunod Lue ut ‘sueaw
Aue £q 10 w10} Aue U1 ‘pajejsuen 10
paadepe ‘pasnpoidar aq Aewr wonesgqnd
st jo ued oN ‘passasar sayFu [y

110z “erpuy ‘mdZereyyy
%Sofouypay, Jo SIMINSUT URIPU] G)

suonesi|ddy _ob.cou UOISO.T
NURQGUDALY Ul SB[13XD3093-93N( 104
K2AINS 193N "PUER JUSLISSISSY PISN




(44
1z
S
cl

cl
L1
01
01

o < o oC

—

UOISNPUO.)

$101908 21qNJ 2 Jo uoday Aoamg

(ID[) $[x1095) SN[ 10J WIWSSASY IMFEW {[1UEd 0T
$I[LX0I) JOJ IUIWSSISSY INIE (T HE] [0

ASojopotpapy

JUDISSISSY PIIN]

a[ux21028 mnf jo Lpiqeasyrews pue 1y IRy

15[ 30 sonddns ajqissod ay pue ASojouypai a1 Jo s1aye1 [ERUNO]
mdSereyy ‘111 Aq padopasp 15[ a1 jo samaeaj [esrsdyd pue sonaadoi g
JUDUOET,

MO] 552001 ]

samxa10a0) am | jo suonesrddy aandadsol g

I9[jo suonesrddy Funsixy

uononponuay

AzRUIUING 2ANNDIX

Tl

01

10 O N o8 o

-+

—~ & en

S1U2IU0)) JO [qE],

SuonEaNddy (01409 UOISOI3 YUEQIOAY U] SOIRXAI000-GIT 10} ASAINS JOIEW PUE UGUISSISSY PAON

]
eIEyjoy mdSereyy 117 andFexeyy 117
SPIER 3 SI00Y 21U UG SELNE SuaurBug par) jo wauneda(y
epURY) YO YSHY eqeg Jifussoryg Loy siseqq
11ozAm{ oz
RIOR LTANT R M

€1-Z 107 1824 2 10j 1O 10§ 1y Iew [eqofd o sarewnsd 1odar oy, ajqerediuod [aam a1am s1dqUNG
S JE] pUnOj pue sa0anos —uu..h_.—nmouuh [E12A3S WUOI] PaUTEIqO SIaquUUNU J[qQe[lese (I ,a..mo._nuﬁx.ur_.___UE
mo woyj paureiqo spqumnu A paredwos am ey Yy wodaa sup ur uaald ae {Sojopopaw
PUE $22INOS EIEP L JO S[TEIOP I, "PAISLInI0] sem 1O i paoepdar oq ued somxa10a8 onayauds
..;.EUL»»; _.—uhmnhuﬁ JO 0 Y J2JEI3Y ], 'SIDINOS EIEP I[(E[IEAE ] UO PASE] PAAE[NIED SEM [0NIU0D UOISOID
10} Pasn 2q Pnod $o[NXN02F JNIUAS U 212UM NI J2AL JO pFuI] 2 ‘satnunod aaneussaidal
Jo pdua) oyip (mon oy Sunewnss Yy sounumod swodul ydiy jo souoFoies o 10 sisdfeue
1Jew U>mnﬁu_.uuw.u&&e 21 nensnyr o1 GUmD_._U AIIM SALOUNOD 253 [, "SALOUNOD [BIAAS I I0OJ PAIBLINSY
SEA SOIP I2ALI D[qe[TeAE 21 Jo (pdud 1H[ Jo 1oIew A Isedaa0] 01 paxdope usaq sey pafreIsul
aq ued 1o anym eare uonedrdde eord& pue jenusiod jo uonewmss sy uo paseq AFojoporpaw y

“1ofoxd ypreasax pauGisse a1 Jo aandalqo-uns oy Jo suo sem 11 se Lodas s un pauasaid
_,_Uu_n.._ w.mﬂ_ —Q._.a._.—cu _.__UmmEU JUEq I2ALL UT 'H)_.uv.— JO JUDLUSSISSE PUELLIDP PUE PaoU 19IeLW 24 T .E“._U_Awt..vnm
Jo 2ud 1yrew 1eqojd jo Lupqeasut o 4q pavage st aoud su pue LpusLy-0d3 10U St U SE
‘Guneos wdwmnnq yum Anpqemp 10 Sutaoidui jo popaw Sunsixs aya 2ejdar o1 pue 10 jo Aipqenp
ay UUENCGU 01 poLiaw [earnuaiyd e QO_D../U_U 01 SEMm uuu.ns.n& snp Jjo U‘&_U.UU_F_C urewr ayg, .OHH.—% SE ons
$12Q1] [EANIBU M $I[IX21023 djqenp aamaoemuewt o1 andFeregyy 111 ‘SuunamBury jrain jo wswnredag
a1 Aq uayewapun seam (e1puy ‘g[N) pieog ain| [euoney woiy 132foid yoreasar papuny e ‘wajqoad
s m._.—m._nvﬂ._m:co 1ORUOd UOISOID YUE] J2ALL UL .—n.l.ﬁuEUHOU.-.w SE 251 S 810105 1PIgm ..vm.uu_._..—u..a._u.m.u.m_u hc_.wE
U S1 s19qY [eIMIEU JO AIQRINP 19MO] I2A2MOF] (so1s uonefreasut ur sauefd pue ajqeiadaa jo umosd
oy moje) onydorpAy (aredisunos suatpuds ayiqun Joyrew wnajonad [eqofd ap ya pamaye 1o0u
axe sooud) Snuoued A[PusLy [BIUIWUOIAUD 2IE S1qL [EMIeN] "s1edA maj 1sed 10§ Suiseanun usaq sey
s1aqu [eamaeu Jo as) Anpqemp pue yaduans ydng sit o1 onp sapnx10§ Fuumiemuew 1oj aweunuopaid
S1 SI2q1J DBAAUAS JO UONNALIUOD L, 'SIdQI [BIMIEU PUE DOIRUAS I JPEUI SIOXI] [EDMULD]
Jo pury [emads e s1$oMX1000) *$o1x21028 10 seare voneordde 1olew U Jo 2UO ST UOISOID YURQ DAY

Arewnung 2ANNOIXY T

%.B&uslﬁgaiigsi]gl




"TIOTID25 1531 PAIEAT NI UT PIAIISO SSITISTP DOBANS
.wC m_.m.m_mm ou PUE DIJED 1opuUn SHIUOL XIs Ja1je ._._:_Ur:-.ubﬁn_ A1 JO SsJuDWRmas u“ﬂﬁm—_m.dﬁ PaMmoLs s1msay
's124e] 2aseq qns pue apeidqns uamIaq J07eredds © SE S[RLD [EIIAIS UT PALN Sear 2[X21028 am [ “asmod
aseq aemnuead Jo sproa our [euatew apeadqns jo uonensuad o s;udaaid soteredos se pasn udsym dLIqE)
o “sopxa1028 ol Fursn pasoadun oq ued sf10s Jos uo pardnusuod siesmpeon Jo dueunopad oy,

ssuewrroysad Aempeorasordun oy roieredag sy @

Ty A ungam spas) sedordde e 1o[ jo 2d411ySia oy Jo uonaasur Aq parearoey
aq ued 1a1eMm Jo >Feurel(] Kpoq ([ S OIUT LM JO UOISNIUL s1 “RSusas 1eays Mo St Sapsaq [y
Aue jo uorsiadsip [eaate] jo asnes redourid sy [ [y AU 10 JUDUNUBQUID UE JO JUIWI[IIIS A SGIND [0
QUIIITOJUTHI [ESEQ B Sy "SapIfs [euonelol 1uaadid ued ‘s1ade) mendordde ur jusunyuequua ue unpim
paudsUl usYAL TO[ ‘ssansip i pausteaiyl £poq qros e JuruapSuons safestaus uoneziqels adojg

uonezipiqels adojg L]
Io[josuonedddy Supsixy g

e ——

SUORED1IGdY [01)003 UOISaI3 YUEGIGATY U SOIKRIOGB-GInF 10) AaAIN 1SXITH UE JUGWSSOSSY POON

J. iy, umden JusunuEqIE pue [0BUO.) UOISOIF I UL 15
mdﬂonuuﬁgﬂ Apms jo s1908§ snoweA jo HonEdwod e st 110da1 I MO, "PHOM I SSODE
SEQIE [BI5P0D PUB YuEq 1AL Ui poopy Jo Apus pa[IEIp a1e 21 pue U2NE U2aq st 30338 qnd ot L
WO} YoeqPad) STl [Earutyaa1 ut soruedton [EUONEITNU 2t Jo suejd JudumsIALT paaloid are 2o

‘pud szaddns atp wosy SYEqP3y 21¢ A, PAYSILIG U23q Apadoud sey JudwISSISSE padu pue faams

a1 Jo AB0[0pOERW ST, JONUOD UOISOID [10s J0j APAISnPX? st 11T 4q padojpasp 1onpoid o asneas
JORUOD) OISO [0S, U0 siseyduwo ue yum 101095 SupaumSud 1AL P Ul Ecnnuammu [X21008

JO seae snowreA oy sassedwonts £oATngG IYIELY PUE JUWSSISSY PaaN] Jo adods ap umpim 4

“u015012 [1os 3t 03 oddns uria1 Suo| 243 S2MsSUI puE pROUBAPE
¢ padopasp sey andSereyy 711 uouny c.an_Eu PUE [0NU0D UGISOID _._duuﬂ

—

“JUDUIIDIONIA pue Eo% ;

UOISOID 10 $[1X21023 Hn._.sua..u ST ;
PUE STUDURUELUD PUE [0HU0D uomﬂwuo —Ewu@. 4
pue uonedua £q A[PURNOI Pasn e PUE EIPU Ul E&ﬂm are. a_mmnuuﬂ

01 19PI0 U PAIONPUOD U2 &:abﬂuﬂmﬁvonn wuu ?oﬁuﬁg ojdures) Loams
Jo spenuatod puy of, “ssusurun st uonesofds jo 3doos 1nq Tey os paru L34 st 15( 30

S[qEIAUIA PUE STUSLINUBGILD 1AL JL UT UOISOID [10s 1udAaid o uonesrdde si1 pue mdSe
padoaaap ASojounpal ausunean ‘s1aqy anl paean o s (10)[) somxa10aF 2l jo g-ﬂﬂu
pue samSy puewap pavadxa 21 ‘Tenuaod 1oyrew o jo samSy pue s158) 21 JO NSISUOD Lodar sy,

*sIq Y J1soMIPoUSI| pue 1seq oyo put anl ‘ooqureq 10D “[ESIS IPNIUT SHLXAL
[exmenN ‘0alqns smx=108 o ur JueIsauod JusuTwoid € ST ANX21098 [EINIEU ‘SI[OXAY [ESMIPY U]

“nsnpuy
UBIpU] JO uoneIspajuoy) 4q pasiuedio [ (g IWIUNS eIpU] X3y, 7e Sunjeads ‘erpuy jo wpwminion
‘SoXaL, Jo Ansiuipy K1e2100¢ ‘UOUSW BN PreS 0Z0Z B wnuue 13d geST-g[ T PALWDS
2q ue> Ansnpur sa[OxAN [edruyda1 Jo pmord o ‘ysnd AsoremBas jo unoy ot ur 2oejd e sUODUIAINT
wauIA08 J1 2a0mo “suonuastaut Lorod Aue oy g0z [ wnuue 1ad 04,g-0 18 moad o3 Ay
st pue g1-z 10z [0 umuue 15d 9471 Jo yamoid e 1151821 01 pardadxa st Ansnpur sa[Ox1 (LMY A L,,

uomINponuy ‘[

iiii;i!gi‘il




p[noys 15[ 18yl pamsus aq 01 sarmbar a1 ‘oum sures a1p 1y duqe; o ssoxe Furdopaasp amssard 1940

[enuaagpauaaaid o1 amimuiad pue ssanySn pues, 21nsus 01 §1UoISoId yueq [onuod 01 yoeoxdde sy 1.

JUAWDTEURUI TUDUDUEQLUD J0] PI[RISUI ST T O [ Y3 MO SMOYS T 2T 21 ]
*2011d 1oMO] 78 JONU0D UOISOID [10S OL1 10 95N I[EIMS JO 2q UED TO)[ parean oy et s1s988ns mdFereqy
“LIT “sopnx21098 jo suoneordde Aq swmsds jonuos uoisor ue jo uoistaoid a ST UODN[OS YT, A1
Jo sso pue Auxadoxd 01 aFeuwrep Sursnes wajqoid HpISPIE] SNOLIIS B SWO2I UED DUBSIU UOISOID [IOS Y

‘A[renure uoIf[I (7§ 153] 18 §1502 UOISOIA [10s Aq pasted aFeurep
U SUOE YS[] A UT 1Ry parewinsd sey swowduy jo diop Aunry g oyl "uonepeidop pue| apim
-plaoa Jo Apandadsariuaniad gz pue 1unaiad gg Inoqe 105 Ajqisuodsa s puis pire 101em Aq U0IS0I10 10

uoisoay yueg jonuo)) ol ipeorddy e

-asodmd ot oa10s
i mdSereyy 111 £q padoppasp £8ojorgpar ador) sn 1o “erpuy ‘norssipy Aojourpay, an| 1apun g
Aq 12load sup qum parsnnus usaq sey andFereyy 117 Apquedwons feuway Jusfpoxs aaey anl pue
usWInIIq A[[eIuspidu] “parn AJ[nyssanins pue punoj st JANRUIMIE J[QRIMS 2I0W € SWN DS [0 2ALppe
wepppdal-raresm e se ustIig Uo A[21 01 2AEL] ABLW A INq $11EM 01 2INSOdXD SNONUDUOD $11 I21JE UdAD
15[ Jo uonepeISHp PIEIT UED LI JANPPE 19119q 10§ UO ST yaIeag ajqeaderp ssaf pue piSu suqey oy

I — i

Suoea iy 1011407 UOISUI3 YUERIGATS Ul SOIKEI036-oJT 10} KGAIRS JAIEH PUE UOWISSaSSY POON

SOYEL LWL SB[ O[ Suneod 10§ [ELIATRW [EDPI L1 10U §I
JRAIML z._ :-.:EH.E_.M_ .hu..u.—umu}a (03] U._ﬂ._mcnmku .b,.._m wu—.Hm.. .:.H..u:.—n...uﬂ_rﬂm_ﬁ
suqe) otp 1uaAa1d 01 A1eSS200U I2A2MOY ST JLIQE] 21 1940
1fe] moutre uy ‘snedaidfe senueid jo siade) ayp ooepdas
feur aanrppe Juepdar-101em Jqelmns e (P paean 1o
UDAOM JO 10A®] ¥ Jonuod Anpenb Suispioxs ur parmunoous
san[moITp o woiy wrede Kmoygp sasod uayjo soredaiFe
hnﬁ.___u_.a...hwm .u—a.,.. }.u__.mﬂdmw>< .Luu_._-.w LW_—._._.HM.LHN —NCG.—UCU}—.—CU
.r..r_u ,ﬁ» U.._—.__..n_.._mnn.—.—m U>_Huu.mu...—acu UE.N LU.,EUL B SE 2AIDS5
UEed 15[ UDAOA "SHUEBQ [EUED PUR J2ALI JO UOIS0I2 Surjjonuod
ui Ajuonejsnes paunopad sey [0)[ usAom patean-usumig

sa[xa102x) 91nf jo suonesrddy sandadsosg ¢

101998
st o1 vonnjos Nendordde oy Sulq pmoys ASojouypx
S.LI1 20 oeam o1 amsodxo su pue juawdeidsp
ouqe; oy 1uaAa1d 01 ATeSSIO2U I9AIMOY] ST JLIQE] A I2A0
1dep mowire wy -soa1edoaffe remueid jo siade] ap soepdas
Aetu sanippe Juefadar 1oem d[qeams e (I parean [0
u2A0M JO J2Ae] 7 Joauod Anrenb Suispaaxa ur pamunosus
sanmoigip ap woay wede Kmorgp sasod uayo soeSai38e
remuesd jo Aiqeesy 10y Jenueld [EUODUIAUOD A JO
JIMINSYNS DALY 150D PUB 1D B SE IALIS ULD O UIAOM
“S[ELI JUDIBYIP UT $YUEQ [BUED PUE 1AL JO U010 Surjjonuo
ut Ajoiejsues paunojiad sey [o[ usaom paiean uswmrg

SHUE( [EULD PUL IIALI JO UOLINOL] @

"[10S JO AMATINPUOD DNEBIPAY YT DUEYUD
sdpay a1 se [epaUaq St anpisal [O[ 120210 vonepeidap
=01 U0 SaAIasad mw.—aﬁumﬁ.ﬁ_m: uodn MEID JOUu Op pue pig|
ST 11 UDIYM U0 [IOS U3 03 SIUSLINUODIW ppe Aew o[ ey
pauodar uoaq ospe sey 31 “sdorp urex jo AS1oud dnouny o
Aq parepossip sapnued [ros aip denua pue mop jo uondanp
21 01 S321LIRq OMIU AA15500NS Fursod it Aq ouna soepms
Jo Lapopaa o 2onpas sdfay 1o 2aeaa uado Jo uononnsuod
[euoTsUSWIP 221y T, 1O [ 2aeam uado £q paauaasid {pandaye
aq ued adojs e uo 10 punoid Je e uo ot f1os dol jo uoisory

[0AUOD WOISOIA [I0§ [EHING @

giii!ilgi!il




L 5 S900ud Juauneas) Jagi4

ydesfosoyd 1npayy ‘g amiyy

< 4
.

e 1]
=N W
w,-.

v eem

ey mof ssoosg g amiy

dwaj woou je
paasasaid ouqge)iaqly pajeasy

A

0,0L1-S01
0} dn Bupino jeay
|

[1aqi} 19m pajesi; uisal g (10|

uisai
- [o10uayd

3

uois|niua
110 ajqejaban

QUSUnESI-TTeyE]

lieqy mey| [puqe; mey|

¥ 28 € 2nE1g U sPA9]
SLIQE] O3 UL PUE SIDL S UL UMOLS ST $§3004] JU [, 7 MNSL] UT IDPUNIIDY UMEID ST MO[] SSI0L] Y],

MO §8001] ‘§

EIDISUT] U1 T parean fim
[E1 [OTUOD UOISOII [10§

qr amdig

TEILOT) UT [ parean s
[EL [OHU0D UOSOI 105
e amdig

‘qT pue e 2amSy ur umoys se [e3uag 15A) UT EID{SUR] PUE TEIUOL) UT SIS papoia [eard 1 osa ur 1oyf
parean yim mdFexery 117 4q N0 payIoM UDI( SEY UOTSOID [108 10] UOONOS [E2IULP 2[qeqoad oy 1251
Jjo sso pue £1adoxd o1 ofeurep Sursnes wopqoid sprspue] SNOLIDS B WO UL IIULSINU UOISOID [10S Y

uonaoad adojg

"[ONUOD UOISOID 10]
SUONIN[OS 153q AP SANSUD YPIYM [O( parean 1sod pue pateanaid jo uswdopasp spremor Lojouyda
e pajuaaut sey ndSereyyy ‘LI usunean o1 anp panage APSIAPE 10U 1€ L) A1 Jo pFuans
2[ISUD] PUE SAMIEIJ ILISWOIOd JEL 2INSUD 01 USYET 3q 01 ST ALY "UOHENIS [EWLIOU IpUn uone1adoa
30 paroad ypmb Sunmsoy Kaanonpuod snneapAy sitsaoadiur pue [10s yueq Sy YSENOU [[1m uonepesSap
s1t uo [0f ‘satnunod padoppasp ur pamoaey AFuiseanur Sundq st e yorordde SuussuiBua-oig
E STSIU T, "1U21X2 poo3 B 01 soaem pue Juaiin jo AG1oua aredisstp pue [1os yueq 2y 01 Sutp 240 oel [Iim
uoneladaa 10 jo uonepeidop uQ “>uqe; o jo Fuile] oye peards oq pnoys ssead/uoneaFos patoos
-doap eao Jo spass 1ep Euun.ﬁm_uu a1 Aq pastape Ajfuons sty Taypeam 01 amsodxo wanp s Jusaaad
01 sou01s moutte jo 1aie] e Aq paise[eq 2q o1 saxmbar [1os yueq paredoxd o 1240 prep 1oy[ oseap
A[PATIDIP ST 3T UM I2JEM PaUTENUD A1 pue patuaadid Appanueasqns st [1os yueq i jo uonelu
se pajjonuod st uoisory “(afeurep) 1o Aq pareijdey osfe st 1a1em Jo uorsiadsip [esare| ( ssomysn
pues,)) uonen[y Jo uonduny e A[ERuUdssd SIS ‘SuTed Oy SULIMp SIDAL [EUOLIAIPIUN UL PUE IIALL
[epn & ut sapn Yy oyp Sunmp Afensn [9A0] 191EM JO ISLI 01 NP [10S YUEQ I OIUT INEM JO UOISTLIIU] JO
1[1$21 & se paneasd anssaid 1940 21 Jo uonedissip SO1LIIOE] ‘SPO] [EDIURYII PUE JINEIPAY SNOIULLXD
Jo sadAy Juaaagytp sopun ssowySn pues Suumsud opym ‘1o[ Kaesd ogoads pansop o jo speLtew
TR[IUITS 1O NLIIE] DUOIS JO sise[eq pue s1apmoq papeid Sursudwos 1y semueld [puonusauod
a jo UHE_HMH——.—M ..m—.ﬂEE.WLOUU ue SE papuatuilundal si UoIsold uﬂﬂ.mﬂ._meh mﬁ_—.—gﬂou _..—._ .HUH U2A0M
JO 98] "SIPALI ABM-DUO 10§ SIEA 7 PUE SMO[J AEM-0M1 [IIM SIDATI [EPI 10§ S1ea4 $ 1582] 38 01 dn pSuans
uSrsap 2 ureans pue (15[ Jo AMIGRAIAING ) SISSINS UOME][LISUT PUBISALM 01 (AFUans 1UaDIns ssassod

suoyeayjddy |0U09 UOISOI] YUBGIBATY U) Sa|XB1086-a)nr 10} ABAING J3)IEYN PUE |UBWISSASSY Paay

suopeayjddy j04u0 UOIS0I3 NUBGIBATY U] S3||Ixaj0aB-aynr 10§ A3AING 1B PUB JUBWSSISSY PasN




oL 6
2 aseanun 01 dmas [ oy o adoods apdure st 219G IASMOR “S[[iw F [E Ul sajes Lodxa pue andSerey
ANSAWOP 10§ TO)[ I 10§ PIIEIO]JE ST 0, €-7 TBUYI LUAOYS Pey APas SI], *S[Iw moy o £q parmoeynurews LITJO SINs21 Paseq AI0ILI0QE] AR WOL PAEAPUL ST 12MO] 3G PNOM Aed152 3 pue 12y 1y
Ajremae st R 15[ 91 Jo 19332Au00 AJuo a1e s19110dxa 25011 JaAdMOY paresul a1am s1atodxs may v 11 £ 2q [[1A\ 1509 JUDUIERL D 2AIMOY LD udrom to dqedrddeaq ospe uedjudunean sy, - @
‘[ 30 paend JueAR, DU ST ISPUNDIAN S[[IUI INOJ AL} UOISE] SULWISAS pUe pafjonuod e ui Juumipdenueiu 1un Sunmpenuew
15[ uw pofeSus are oym soredwod pue s o ur saouapuodsaniod Sunanpuod pue foams 1y J01D2S [BANI UT UDAD 1O [ermsnpui-iums ‘erusnput ur paidope aq ues ssoooid sy e
IO[ 30 saarddns ajqissod a3 pue AFojourras 3y Jo s1aNeI [ERUANOT ‘L (o 002) 55 SO 3500 WK TN
“paniajstren st ASojouypal 1a1ye AJuo s1ayel parsarnur ap o1 andFeaegy 0021 [e301,
711 oy Aq papraoad aq Aeur uoHEASUOWIP ssanoad oy, -sindur [eoruypar Aressaoou e s dn 00°¢ 9 (€ @) 1500 FuruUNI PYIO pUE NSO
108 unsmo oy urgam mofg ssasoid 1odoad e dojpasp s sotsnpur reyp paradxe s1a1 Kjeqojd 1onpoad - =
a1 1TeW 01 S12s1 I A2y [IA JUDWNOOP [BIIULIA YT, "SI PAISIINUT YT 01 JUIWNIOP B 00°¢ shcialind 1.
U 1JSURL [[BYS TIT "SICI[ JO S101095 PIYISIIAIP 21 pue S[Iu 1 ut 15[ atp jo Furmadenuen 1 ul 00T 1sodeadery
ASojourpai 3ew jo uonesrdde st 225 01 231 pmom mdSexeyyy ‘711 Jo wsuntedop SupsomGua A ay T 00°6 1son3uafeayy
UOHSANP-1JaM PAM ‘UORKP deias P * EIEYIOY ‘PIT "0 HEYIRWRY Ul apEW ) TR0 VU] Ul pUmILnUEW ) 00T o o_nﬂ_uwu\/
(pam) 5570 (URAOM 00T ISND
op 0z-81 0L 0z | 1z ] ‘emiseo svo |z |ul zr | os | mmes 001 3pdyapreuiog
i bt (pam) 050 FRITONY 081 uruuey,
0 0zs1 o8 | st ]oz]| ‘pwsso so oo ] or | o9 | mwa 00°c R
001 wes ayg 0S'T Uﬁ_.xc._ﬁ%m umipog
ad | W | 1o wnosumi ajd | aw 1800 JUDUIIE]
(umg) | (o) Awoedes | ) | g0 yiSuans 0D waiy
seam soud | uvondiosqe | gBuans | opsuap - () (o) | (usd) | ouqwy (ws3 .) 2mx21023 jo wbs H{NT ur 3500 parewmsy T 2[qEL
uoneanddy | aanearpuy 1N apisual | onw Qupendy | ssawyaryy | spearyl | mpim | wgBam | joaddg

T mp— _ dnios ensnpur Sunsmo urojqeams sissaool] e
uaun sowmn gz 01dn paseasnui aq o1 pardadxa s1 o foueadxs
*Z S]QEL, UTUMOYS UdIQ JABY SOLIE] PIIBIL D1 JO suonesyads RIS RETRERR PRSP PIRIRENERIRIRNT. e

oy, -siosn 2 Aq pardonoe AySiy oq m ASojouypal ayp e pardadxo st 1 ‘s1aqy Jo JudunEN 10§ 191y e 01 303dsa1 A o (£ 01 dn pasueyuo s1aqy parean ajo Apiqem. @
3 2qISNSou $11500 [EUOIIPPE MU “$19q1f Pazean a1 Jo Surmd 10§ panmboi st jeap] “Suruuids 1oy pasmur uonepeadop feorwatp pue [eaisiyd ‘eoidojorq o1 juwsisaowoddq sidqL] e
st (Og[) 10 yoIEq JO 35N [IA] JAQL AL 18 DUOP ST IUIUNLIN P J] TLO[ JO IS03 A IZIWIUILU 01 1IPIO DU 1913 SIHQL ANEL JO B UE 5 0§ 01 dn aseanur siaqy o jo piusns enmy @

Ul [9A9] 1201 U 38 N0 paLiIed aq pinoys ssadoid Jusunean ap s15388ns 17 99A0MOF "u2A0M ST D[

o 1148 J0 Furuuids 210§2q [AI] J2qY A1 1L AUOP 2q ABW JUIUNEID YT, [0 PAILaLl OI DIMIDRNLITLL ogfsposmaprudamapumEn syl @

01 saupurgpew pue Jued Sunsio umo noyp asn Aew (7O 2y Jo swonpoid ap) syrw aml Ay JusunEan 213 Jo saFeIueApy
"[OU0D U001 105 03 SUOAN[OS PaImbai (3 21T 01 SUOSEI [E1ADS ‘uond9s FULMO[O) 21 UT USAIF OS]e STIUAUNIEIT

Buraey st yorym 15[ jo ASojourpar padojpaap sey mdFereyy] (L1130 waunedaq Funaauiduy A 2y a3 Jo SFequeApE Y], "] 'OU IR, UL SMO[[O] SE UDALT 1€ 150D JUDUNEIN PUE JUIUNEID I JO S[IEIP AT,
adSexeqy ‘111 4q padoppasp 10 2y3 jo saamyeay edrsdyd pue sonsadoag ‘9 Jusunes1, g

suofieayddy [0u0J U0JS0I3 YUBGIBALY U S3|NX0a8-aynr 10} A3AING 1IN PUE JUSWSSISSY PaaN suojjeayjddy jonu03 u0IS0I3 YURGIGALY U| Sa|1Ixa10aB-aynr 10 ABAING ja)IBY PUE JUSWSSASSY Paa




cl
om1 2 Jo afesoar ot (gp0z) uoIySnEUUO,) pUE JIEMLESOIY) SE [[oM SE (§007) [EUOLIELLIIIUT JONLOR
SSAUISNY] WOIJ I[QE[IBAE SBAM UOLBLLIOJUT 213U AL “SOI[ell Suisn § 9[qe], ur patesiput 21e s1ayrew Suiiown
S€ PAIEAT $ILOUNOD Oy ], “s1oyaewr (dwodur mop) FuSiows uasaidar 01 puewsp UBIpUT Y1 PUE SIYIRW
(swodur opppruw pue ySiy) srmew 1uasaadar 01 s>natpusoad 1oy puewap g ap Sunopisuod (8007)
uoySneuuoy) pue Aremyasor) pue (g0(g) [euonewau] Jonuopy ssauisng Aq paedasd Ansnpur
UOHONISUOD I U0 SHoddI [PNUUE WOl PIIRWLSD SUoudpsunl ¢§ Ul SIMIEW UOUDNISUOD I JO
az1s 211 01 SuTpI029€E Pafeds 184 uam (£007 ou] ‘dnoiny eruopaasg) s pue (andSexewy 111 jo Axmbun
sruoydapel pue ‘gQg SARXAL JO ADSIUTY) UPIPU] 3 10§ SHRIMPUASOIT JO PUBLIIP DN IEW PALWNS
ayL, smof[oj se Surpasord paureiqo s1om § D[R] U PIZURIILMS [O)[ IO SPUBLIDP PIIBLINSD T,

$a[Ix01009 0] JUDISSISSE INIRIAT ([ e [ 01
A3ojopoyrday 01

-ued 3511 Uy paureaqo
$o[x01028 Jo puewop ap Sunejodenxs Aq paiseddio) st [oRUOD UOISOI Yueq 1Au Ut uonesidde
10§ (1) somxn08 ol Jo ozis 1yrew a1 1ed PUOIDS UT SLAIDYM PITLWINSD ST SIUXN03F [[eI0A0
Jo 2z1s 3yzewr ot 1red asxyy uy “1odai stp ur siuawdas oma Ul paqudsap axe Aojopoau 2 jo s[reIsp
oy, somxa10ad jo azis 1yrew oy fuuenb o1 pardope uaaq sey ypeordde mou e Apras ussaad s
Ul IADMOF] "SIIPIUS [e32Ads Aq pantodal pue paiewms) sem saux21093 jo purewap 1ay1ew [eqof3 ay T

JUDLISSISSY PAN "6

"0TOT T84 51 10} 21010 ()G T T $Y JO 2zis 1y reut w1daload st pue sonx1058 10] 9471
JO 2181 (AMOIT [ENUUE U SHIBWNASD BIPU] JO JUILUUIIAOK) *SINXIL, JO ANSTUTH T0199§ ST U1 STUAUNSIAL
10y faumuoddo fenueisqns st 21911 pue SUISEANUT U9AQ SBY SIMXD] [EDIUYDI] J0] PUBWIDP INSIWO(]

"EOLIY PUE EDLIDWY (3N0S Jo sired pue ‘erjensny ‘eisy
‘adomy ‘eduoury yuoN papnput It pue 1sed 211 UT UL 1P PAIPIIS UIAQ SBY SIMNIEUI JO IZIS YT

*spaepues parmbai Sunaowr ur paisisse
aq usy poys s1npoad 1o s are oy s1onpoid sy 1, “Sunasw 01 anquuuod ues a1nl ey spasu
pue §15( Sunsixs 10§ enusiod uswidopasp paynuapI seY SINYIEW [EUONEU UI [DIEIS21 1941 PITEIa(]

*SIONJEUI ISOUI UT UAOUY [[oM ST1e1 s3onpoid Sunsixs jo aSuwer pagru e st a1y ],
*syonpoad 03Ut PaTe[SUen JIE IS 18 MOY puE synsualdeIeyd anbrun sa1 uo spuadap (pas) sspoue uoang
*S[ELIIEW [EANIEU IDIO PUE SIAIIUAS [AIA SS[PLIDIRW 110 Yim uonnaduwiod ug st ‘A suo uo “xn|

*2o1id 30 wiroy o sye1 uonnAdWon SYI PUE IYIOUE DUO 10)
P2ININSQNS 2 UEd AU 2ISYM S[ELIDIEL [EINIEU U92A19q Uonnadion st 210y DL, 'SYNIIUAS S8 yonuu
st spasu 100w ued A3 1aadiaym pajaad AjFuiseainut aJe sfeLIIEW [RIMEN "YS[) WOL) LRI 210w
10U §I SE YOI SE BUIYD) 0 BIPUT WOIf ] 9 01 A[3y1] ST11 pUe 150w 513 3gauaq o3 spuess susjidodijog
‘s1onpord [0NUOd UOISOId 10] SINIRUI I Ul AM0IT WO IJOUdq 01 PUEIS S[ELIIEW I [V

suojjeajjddy |01ju0Q U0jS0.3 HUBGIAAIY U] SB|[IX8Y0a6-3)Nr 10} ASAING J3)IEI PUE JUSWSSASSY PaaN

Lb
“15ed U UT URL SIOYTRLT 20U ULIDAOD [IeIsa]
12)JeW Pa[IEIap enrdapun 01 Jueliodul Si 3] “UONNQLASIP PUR SIALLIEQ ‘SIN{IEW [UOnEU Jemonied
ur puewsp Jo soyads ay 3e Yoo 01 Jueioduwr st s1oyIeW 259U [[B U] “eduAWY pnog pue adomng
Aq pamoroy “ajqeredurod swiodaq sey eisy ‘so[ux21008 Jof 10yew Juenodun sow oy sutewws: ygn

a[x21003 onl yo Aprqeoysew pue IoyIe 8

"S|[IU G DU (A JeIA [eDURUY T [-(] 0 SULmp pasdme
SEAL SSOUIST TO)[ JO YLIOM UNE] 9 SY 1B SIS 11 SPIBE 29 S1I00Y Aq dUop AdAmms 213 01 Furpioooy

[P [ ot ut s1onpoad 21nl jo safes [e101
31 JO 04 ¢ UL DIOW PIIOXD 10U [[BYS T JO I[ES JO [LIOM 10U S ‘UONEDOSSY ST 210 [ werpuy 1ad sy
15[ 2y jo adoos ayp aa0jdxa 01 AHuafe Funayrew 28eFus Aew pue 15 jo 2doas Funoyrew sy Ajeranus
puy o1 1apafon s Aeuwr sfUr 2SIl 21 uonenfead 2 oy pasedaad uaaq sey uerd Sunayiew
JO WeIp B pue preog smn[ [euoneN 2 Aq paisofdns si esodord oyy, tsio10s sreand pue oygnd
atp ut aeds a8re| e s1 1o jo Sunayrew jo esodoid e jo uonenpeas ue Futop st [T Keam 2400930 pue
SnoLIds & ul 1O jo uonowosd pue Funoyiew syl 10§ S| DU Y3 IA[oAUT 01 Furdn uaaq sey Yy (]

"SIUAUINLIAOS 21815 pue [enuad Aq una s199(oad
JOTU0D UoIS0I 108 WP Ut ureyd Ajddns a1 01 swod Aew sjrur anl noy 252 T ST I UL s[RI
paambai 1o 117 4q padopasp £Sojourpan st 10g yoof S sjiw noj 259t Judwssasse o dad sy

(soruedwion oy yum suonoriaul [euosiad pue s[RIdURUL/WOD [oRUOdAaUOU MMM //:dNY :20m0g)

9t'0 %C 11-0102 9¢ Pi nf mMo[png ‘¢
08°0 %C 11-010T OF P11 0D Aneyrewey ‘¢
L % [1-010T 081 p1] uonelodio) ejiig'z
¥l . Y%t 11-010T SO'TL PYT S[ITAL @Inf J33s010) ']
(sajes oysamop pue % LOf Jo
ja0dxa wioay) anjeA ssouisnq Juasaly | pouag | Jasouwany Augdwo))

BIPUJ U [Of JO JAIMdBINUEW [ENUNOJ € JGEL

"MO[Iq € BT, UT UAOYS ST 51931 [ernuatod 2t Jo ssauisng Jo sumjoa auasaad
T, "2[qe[IEAR 210M BIEP pagnuenb prea ou asnesaq woda st ur uayel 1ou are sousodwod pue 1o
uodx oym s1o110dx2 pue 101295 PIYISIPAIP IDLI0 JWOS ATE AT, "BIPUT WO 15[ Jo 231y safes [e101
11 01 152500 2q 01 pariodar dIe S[[IL § I WO} SUONEULIOJUT ING PAIDRIAIUT Udq daey s[jiw 2nf tolew
(T 35E9[ 1y "SSLISUIYDRL PUE SIMIDNOSEIUT D1 UT suonesyrpow Lue mnoyia 9401 oadn uononpoid

suopeayjddy 101103 UOISOI3 YUBGIBATY U} SB||IXB}0aB-aynr 10) AGAING Ja3IEl PUE JUBWISSASSY PaaN




[ R TR Cut s R L
CPINIIN0I 34 0F " el
“2AN2[GNS PAIAPISUOD 2q PINOd pue ANunod e ut Ansnput
2 L Bl Ri o o e UOLDILISTOD U JO 91818 paatadIad a3 U0 paseq sea s1oyiew armyew pue FumSIown jo uonesyissep oy,
€ [4 8 9 9 £ VLIFIN : . ; i e
ol el ¥ ¥ oz cz SPUB[EAPRIN Apanoadsas ‘siyrew aamyewr pue Surown feardAs jo sanmuasarda og 01 pasapisuod Ajpandalgns
YL 2I2M SIDIEW G[) PUE UBTPUT AT, “JUSUISSISSE SII UT PIZI[IN UONBWLIOJUI JO 221nos ay uo Surpuadap
i 0% (43! IZ1 LL L9 UXIIN 9 00T SE YoNW Se AQ PILIEA SILIUNOI MIJ B 10} SISNIEW UOIINISUOD JO IZIS I JOJ SHLWDSI I,
€ 3 01 8 L ¥ a1 4
I I ¥ ¢ Fa Fa eAqr] Fummoroy o un paaySiySiy o1e 2501 ], o[qe], Ut pajudsaxd
I 1 2 ¢ 3 T vIae | 15[ 105 spuewnp paoafoxd pue parewnss a1 Ul ANADDIGNS pue AUTELIIUN J[qRIIPISUOD B ST T,
[ 1 ¥ £ 4 T reMITY
SIE €Ig 9%6 6£6 ¥Ss zTs uede( L5 Joy samipen puesiop riofioy ‘g Ay
€L (72 812 S1z 8Tl 611 Area '
L4 ¥ gl €1 L Z pepRI]
ST €1 S¥ 0¥ 9T (44 uely
0z 14 9 u | 6¢ visTuopU] e
8 98 L¥T 691 081 16 PIpu b
¥ € g1 6 8 S KreSunpy 7 BOLIBWY UHON
€ 3 6 6 S S Suoy Suoy \& _
€ 8T 89 €9 0¥ 0¢g 032195 eisejensny . uollI L5} SN
0¥ 1 3 v | 968 | 23t 0zt Kuewing Eistivice Rl
SBI LFAS 9SS ¥15 SCE 98¢ SoUELy
¥ ¥ €l €l L L PUEIH
1 ! € £ 4 1 L bt §
¥ € (4 6 6 ¢ 1047
S S ! 1 8 8 JTeua(y
4 6 9¢ LT [{4 ST doy Yz
S4C 04T 978 T18 £09 BEY v
ot 6 ¢ e kL St i eisejensny ol £Z asn
FII 8L ¥e FET 00T 0€1 EpEUR]) eILAWY YINog 2oLy =% 00} ‘8002
C T 9 ¥ € (3 eLeding
1Z 14 ¥1¢C FAv4 971 |11 ["Zexg 'q u.qﬂm__..m. U1 PAaedpul st pUELLIDP 211 JO UOTINGLIOSIP 251M .—.__Q_WUM—. 13 JeL [EUOnEWIIUI
] 6 Sz o7 ST Pl umidpg £007 101 (0O7) 1PUI0Y A PAILWINSD $IILYS — SINIIUAS02T 10] pueLap [[e1240 211 Jo Lpansadsa
0 0 1 i 1 1 ULIEyeg ‘04 €€ pue g4 $7 3¢ pafueypun urewns [ia s19u0a8 pur spufosd ‘soux1008 Jo e pue sanxo100F
]S ¥S B0 191 701 68 BI[EnSTY JO PUBWDP 11 I PILUNSSE ISYLINJ SBM 11 UOLBLINS) PURLDp [O[ J0 ‘1ayiew 10u0d3 pue pufoad
81 1 ec ¥ 1¢ ¥z BURUIDIY “5[X21093 21 JO Z (7 UTISOD JE[[OP JO SULID U 0y G JO SIBYS INIEUI B DAY Pnom [0 1ep uonduwmsse :
710 | 800C | 210z | 800z | z1oe 8002 241 U0 paseq paurEIqo seas Z [ 10§ arewnss Surpuodsanion sy [, “s1vamdejnuew Uepu] woy ssumbus
12u028 pue uo paseq aderey 177 Aq paureiqo aso pue zopz ‘[e 12 Asjdoys Aq pauasaid eiep o uo paseq
pradoad ‘amxaioan) SOOAIUASOIN) (asn vong) 718 1500 JE[[OP JO SWLId] UT g5 | 0IUT SAIR[SURD TRl (007 PuLy)) puewap 3[nx1008 jo sFeuuol jo suusy
(SN uoNIHY) SPUBWDP PAIBWINISH | 19)IBW UONIMLISUOD) Anunop Ul 04 7 NOQE st 10[ Jo areys o1 et SULIDPISUOD Pateiunsa sem 0 10§ PUBLIDP I §OOT UT A[Teur]
$o[nx21008 Jo dz1s 1y1ew [enusod osim Anuno)) “§ J[qe], AISNpUI HODINISUOD L JO 9Z1S I 1u2s21d21 01 PILINSSE SEM SIIBLIISD
suojeayjddy |01u0) uIS0I3 UBGIBAIY U} S3|)Xa}0aB-aInr 10j ABAING JaXNIB pUE JUBWSSESSY PIaN suopeajjddy 10:4u0Q U0|S0I3 YUBGIAALY Ul S3|[1X31086-aynr 10} AaAIng J3IE PUB JUBWSSASSY PIaN




9l
IO/ 913 JO UONBWIISI 1 IEW 11
10} PaJ1apIsSu0d 10U 21aMm W ()()§ UL
SSI[ [[BJUIEI DU YA SUOITDI ) pliom
I JO 1531 A Jo uondapps ap Fuum(g

*SILOUNOD WO 10y S1y 15110

10j pardde sem epeue)-ygn jo onel
| JI PUE SILOUNOD SWODUI I[PPILL-MO]

= SE 0Nl DWeS S 9 J[qeL, ul vuucuwu._m

. puE pABMO[Ed SEM PHOM I JO 15
© 7 pUE SILIUTOD AU JO 1591 10 INIRL DU
st SuImo[og “9 JqELJO § UW[od Ul S[x1035F 10 purwap § Ay Sutapisuod (800) uoayEneuuor)
PUE DIEMIJISOID) PUE ([UOYSI[TIXII025)/5NsST (] UE[/ATENUR(/] [()7/SoPDIY /WO PHOMI]IXIT MMM )
“(8007) saaEpossy AqSny praeq woy woda “zoOg ‘samxa1 [P Jof 1vpEw SN AL, “(8007)
[euonEWIDU] Jojuopy ssauisng Aq paredaid Ansnpur uononnsuod oy uo suodal [enuue sy woxy
parELLnS) sea [enusiod 1oyIeW SANXN00F plHoMm [[BI2AQ) "9 I[qEL, JO 7 uumod ur pauasaid st 1O jo
areys 19yrew [eqold asim uorday - (Junysonapudsoa-g £ ep6p)/Hodai/wor doysojur-apmama //:duy
102IMOS) EXLDWY IPENOS pue gy pnog ‘erqeasny ‘epeue) ‘odomyg ‘uede( ‘ygn ‘wisy
LB 2B PHOAA A 1240 [[e 1O 10§ stnjaew Fuidiown Furaey se pazopisuod seare enusiod 3sow oy,

(g 21qeL “9 uumoo) sydpunid
JA0(E A} UO Paseq PAIBLINSI SEM BPEUE)) PUE V§[) ‘Ysape[Sueg 1o 1ox1ew s Apeuig e [-210¢
1ea4 211 10§ 21010 §1°¢ WNT 2q [[i4 erput uttead sad 10[ 05 13rewr o saredrpun Yoty ‘ueds 1eak ¢ 10§
00ZS “0T6 “ST 24 [ BIPU J0j 3 Iew [0 (€303 94T, "0 UNI e TO[Jo zu 3ad o 238 9 pasapisuod
andexeyyy [LI1 TW FOTFS 1€ 29 PNOM BIPUT 10} [ JO PIdU [EI01 I3 DU 431U 9 3 P[noss
SO[IX91093 JO YIPIM U S[TEIUD 1B, "7 ST PaIopIsuod sem 2dofs o) pue SI9W ¢ - § SB PIILIUNSD
sea adojs yueq soau o dog Sy oy HoOz ‘samsesy pue ASojonuspidy oy uo ypreasxy 10§
anua)) jo uodai 2y uo paseq ‘sTeIA g Se PANBWINSD U] SBY SINIWIE[ED [eInieu i jo spouad Furumoas
ayy, spounad Suumoar jo siedd g IseI| I8 10J papaau o [ IO jo [Sud) ey, “[ONUOD UOISOI
ueq 1A ut uoneddde 15[ 10§ QEITEAL 2 [[L4 U 661 JO YIBUD] [£101 I3 I UDIS ST °G IR, WO

(8007 ‘PUeyD) 95 0T SE PAIIPISUOD SEA $A[NX2100F 10] YaSua] atp Jo no 3uswarmbaz 1o [ Ajfenusiod
P pue (£66] ‘WOS PUB [EYSOYD)) 04 G S¢ PAIvWINSd U2aq ey [ISUD] JUSUDURqWD [BI01 jO N0
yaSuay jo o8erunoin] ([uuysa[uxa10a0)/anssT qa ue([/Arenue(/| [(z/SOPLAY/ WO PHOMITINI MMM
‘6007 ‘ST ue[ ‘weaforg £19jeg 2924977 [BUONEN ® 10J UOIIBEPUIWWOIII
eI “IIWILH 6%00 d/s20opdny/Sio-epadejfueqmmar//:dny) -uodor 1ad se pojewmnss sem pua)
[£101 J0 N0 [Fua] waunjuequs enuaod jo sFeiuaniad syy, g J[qer, Jo £ UWN[Od UL UMOYS SE IS
19ALI JO Yurq Yo pue yueq 1yFu jo (pdusj aup Fuuopisuod parewnss sea aSua] 101 2t uat 1, (6007
‘g1 ure[ ‘ureafos g A19Jeg 99497 [EUONEN] B 0] UOHEPUILUILIOIAI JRI(] “BIPUT “UOISSILIIO.) JAIBA [B1UI))
‘IWLH 2070 ¥/.LH/s20pduy/Sio-epadeSueqama//:dny) a1oymasjy wo1j paureIqo uonEULIojul

suogeayjddy |0:3u0) UOISOI3 NUBGIBATY U] S8|[XY086-aynr Jo) KBAING JayIEly PUE JUBWSSSSY Pasy

Sl
atp 12d se palemo[ed S SEAIE [EISEOD-LIOU PUE [EISEOD 104 UT S3YIp 19411 suod poofy jo (pSuo| [e1o1 ayp

ISED PEI J0] “BPEUE)) PUE Y] 01 102dsa1 (RIM PAIBNO[ED U2dq Seyf SILIUNO0D dwiodut yaiy 10y 10y 1ew
15[ parewunss o pue ysope[Sueg puE BIPU] SE YONS SHLOUNOD U JO a1eys Injrew o3 Sunopisuod Aq
PAIEMO[ED U2Dq SBL| SILNUNOD SWOdUT Winipai/ao] 10 uonesrjdde jonuod uoiso1s 10y Ajuo sanxa1003
JO PUELLDP 1T PAIBUWITISI U T, "SMO[[O] SE PAUTEIQO SEM [OLUO0D UOISOI2 10} .H.OH hCu— UN.mw HUJ‘-NE Un._»H.

(1O[) somx21005) 210 [ J0J JUSWSSISSY INTEW (11T 701

*2an2lqns os[e st 1y Iew 10u00F
pue prSoad ‘sa[nx21093 211 JO 94 G INOQE 01 ISU [[1a Areys 1xew 10 [ 1ey vonduwmsse At *s1eak 3021 :
ur Sumpua st 1YIEW [BUONBUWINUI SY1 $1500 [earwatponad ur saseanu dieys a1 Jo asnesaq paadxa
st spnpoid paseq aqy [eanieu o1 ss>napuisoad paseq [eonusyponad woly ypams fenred e ySnoyapy

“UMOLB{UT
st AISNpUT UONITIISUOD JO 9ZIS S JO 1583210 S U0 Uone[easd 1500 ndur dreys uaan jo edun oy

‘sindut 1atpo pue speonuatponad jo sadud sy ot aseanun
daars 21 jo asnedaq UONE[EISI 1500 I IAPISUOD J0U $I0P $INPUAS0aF 10) puewap parvafoid ayy,

L6E LL¥ 0611 TEFT 698 TLL S42410)
S g ¥l i 01 8 WIERTA
Cl 6 LE 9T (44 F1 EENZIUIA
LTR 969 08%T 880T (41! 0911 sn
101 ¥6 F0€ [8C 841 9S1 AN
£l 6 8€ LT (14 SI V0
¥ ¥ 1T €1 8 L purprdl
¥ ¥ I 11 & 9 UeMIE],
8 8 €T £T £1 £1 Hapamg
(4] (4] LST SS1 6 98 uredg
95 £S £L91 6S1 86 88 B0 \Anog
9 ] A | ¥1 01 8 By 'S
¥ € 11 01 9 S a10deuig
ST [4! ¥ LE 9T 1C elqery 1pneg
9F £T £0T 0L £9 6¢ BISSITY 1
1T 8 (43 £T 61 £1 BIUBWIOY
5 4 ST L 6 ¥ )
L S [44 91 £1 6 o] 1
1 1 ¥ € £ G uewQ
10T 800¢ 10T 800T z10T 800T
19u023 pue
pufoad ‘omxaoon SONAIUAS02D) (s vonng) zrs
(SN uonny) spueWwap pajewnsy 1jRLI UONdNASUO) Anuno)

suogea)ddy josuog uoisos3 yuegqiany uj sa|jixajoali-ayng 10} A3AIng JaXely pue JUSWISSASSY paap




g | L U RN T o e

L
(e1-z107)
00'4T 00'8¢ 08¢ 001 MNI [HOL
050 90 9L z PHOM JO 353y
0£0 8€°0 8¢ [ vy
090 9L'0 9L z Tfensny
¢ 80F ¥ 80°FF 911 adommy
£ 8€'€ 8¢ 01 uede(
4 82T 877 9 BLAY §
Tunysdepy-D1eWID)-PHOAM /WO stey-arewipmma//:duy “sdepy arewny) [eqopo :2amog 00 7160 [A%3 v )
210D £ 76 716 7 vsn
210D O] 8S'ST 8581 1% YR ISy .
€1-210T E1-T10T Ut areys
llejuley [enuuy |e30L 3 : Ul gON 11 4q %01® (0D YNID) | (WD YND) | e
fw PAAIAINS 12TEW [ETIDY e 1of 1YIEL XN090) 9% ey
suonespdde jonuod volso oy 1O J0j MNLWNS IBPEW [EQO[D) "9 I|GEL
"(921qzL)

Asams uasard Aq pardope powaw a jo Aeamdoe JuestjuSts 3 SIIEPUI I IIAIMOH IYIEW [EqO[T
103 saepossy AqSny prae( £q s1eWns? 21 Jo 18 popaw s 111 10 ySiy AjreuiSrew st ajewnso ayy,

"$NEDOSSY AGEN prae( pue 010 ‘s Jo Ansmuiy o1 4q
panipaid siaquimu oy arm uawad18e pooT ur 219m PRIOAL L1 0] PUE BIPU] 0] SIAQUINU PIIBWINS AT,

*(99[qeL) € 1-7 107 Tea4 oy 10y uonedrdde jonuod uoiso 10§
2101 £7 YN S parewnsa sea [0 [eqo]3 10) 10yrew oy A[re[ruuig "¢ 1-g10¢ 62k 93 u1 2101 §°¢ MNI
patRWINS? U2aq sey| erput ut uoneddde jonuod uorso1s 105 saNX102F 21n( 10§ pUELIDP [ENULE J11 U]

1241 suoad poop jo qaduap ap jo 94 6 sarewns
i 42a1 suod pooy Jo BUI] A JO 94 £ SALWNS (O] X OOOT X 10 X PAPIA $ALX1098
Jo pduary , somx0ad Aq pammded aq ues ypFua) ajqearedan au jo g4 g e Sunopisuod

aorenba aypae - uny *bs gg9‘e moqe jo vare ue - uny g
noqe o13uaeamnba st sty T, -sa213ap () JO 2ZIs YsIu B LM 2BHNS s yLe 21 Sunnaod 1ou, AeuiFeun
ue 01 puodsaniod wep YSVII 4L “(VSVII) sisdpuy swaiskg panddy 10y smansug jeuoneussug

o Aq paysiqnd pue souresny A pue suetaa Y AqQ 1661 W paredaid ssourpnop pue uonendoaid
‘armesadwa jo sonfea Afuowt wesur 10§ eIep o paseq e a1y pauasaad sdewr sxeunp reqord oy

*110d21 91 JO s1sEq 21 U0 UMmEIp 3¢ ted 2By sanenuenb e os [onud oS0 01
SUONN[OS 153 A $2A1F [O[ “[onuod uorsold [10s 10§ pood a1mb stioyIeWw UeIpUT TRY pawmsse aq pnod
11 2I0J2IL I, "SIWM ()9 UL 2I0W POOJ PAIRJNS BISY 1SE [ANOS PUE BUIYY) “BIpu] J81P 1oda1 21 ut uaas
S11] *(£00Z-F£61 Woj) sread g Suump spoofj Jo 1DqUINT WNLINEW IAIISAO SILIUNOD UBISY 1SEH pue
BIPUT 1B U295 ST11 (ISEQEIRCT 21SBSI(] [EUONRWINU] (THYD/VAI0 THL IVA-WH) Aprus e funngoy

suojeajddy |0U09 UOISOI3 HUBGIAATY U] SB|1XBY09B-aynr 10} KBAINS JaNIEH PUE JUBISSISSY PION

99°0 0¥8¥99 ST¥ 7991 ££76 epeue))
#99 | 00¥8799 SS1¥ 17991 6£€76 vsn
0S'1 | ¥eszevt 981 ©TOFL LOETT ysopefdueg
81t | ¥OI¥BIE 0661 0962 (44814 ®Ipuy
(uNI (uny) sayIp 12a1 (ury)

aon) | p(wbg) | gy (uny) popasu | jo pduap ojqearedar | pBuap 2au

rep | Irew 1Of $I[IXN0I0) paewnsy suoxd poorg Anunop

(£1-2107) [0nU0d UOISOID Yurq J2AL UT $O[Nx02F Jnl 10) 3Iew parewnsy *g I[qe,

suojea)|ddy |0u0Q UDISOI3 NUBGIAAY U) SB]1IXa}0aB-aynr J0) AAINS J3)IE PUB JUBWSSASSY PaaN




[03IWO) UOISOIH YURY JIANY 0]
00°4T ATuo Jayrew soyewnsa mdSereqy 111
0059 TUEINSUO.) POOM]H
00°SF arewns) exeyq ‘OS[1
00°8¢ saenossy AqSnyy pue(g PHOM
[00U07) UOISOIT Yueg JIATY I0]
81'¢ Aquo 3yuew sogewnsa anddereyy 111
0s'e Apmas 1anuo(q
0S% 010 dwwnsd ‘erpuy *d[uxa], jo Answui Syedouyaar, | erpuy
€1-210¢ purwap
(MNI) 2101 sarewnsy uonezinedin R

uonesndde jonuos voisomn ut sapnx1028 sl 10§ 1yIEW paeWnsy */ J[qeL

£ "ou ajqe1 Summojjoy ap un uodar e o pamnBy pue 15[ 20§ 9718 10N IRL PAIRUITSD
ue paysiqeasa mdfereyy 111 “8ojopopaw dynuans € FULMO[O) PUE SATPIS [EIIADS JO SISEQ I 1)

“paxmbaz
210M $[NX093 voIIW ()OO FE T INOQE EPU] UT [UEUNS], JO INO Yealq A3 Jaye ey sdes wodas y

suofyeay ddy jonueg Bgilit—gil.«if.!

61
“UTBANO’T P SDIBIISIDATU)SISSII] T[] sa23sesi(] Jo Adojoruapids] sy uo ypreasay] 10§ 23uU3)) SIOAOL]
d ‘WS q ndeg-eyno (7 "SPQUINN AL, [E00TFLET SIISESI(T [EMEN JO s1eag Ly, :0mog

05< 0 o0995. B Si-L MW 0 siesesip pajejes pue pooy) Jo Jequiny

£00Z-7261 :A1unoo Aq sis)sesip paje|al pue SWIIDIA JO Jaquunpy

009< M 009-1S. W 0SL-L W O 000'001 Jed SWHoIA JO JaquInN

£00Z-v.61 ‘Sluelqeyul 000'00} Jed
SIS)SESIP pPajejal PUB pooj) JO SLWNDIA JO JaquinN

"UONE[TO[Ed SHAWLILIE O Joypue 01 T[] padjpy Apris siy [ "e00Z-$26 [ SI91SeSI(] [BIMEN] JO STBIA ()8
pUE 1B PHOAA patpms sey mdSereqy ‘L] ‘onuo,) uosors yueg 19ATy 10] JIBWNSD DU JAIYIE O],

SuOREaNddy 107109 UOISOI3 NURGIaANY U] SaIIIXG}0S-aInf 10} AGAINS 3N PUE JUGWISSasSY




spooy 10j Jqesauma 21e ypojq mduwedyg
ur ueAereudimy sSODE SURQ JIARY “SAWNPS LSO P Ut M JO 1405 peysueg
15[ J0 [e1 21 10} ssouBunias SMOYS PEYSHE BNZ YEIMOH | “YeIMOH ‘PeysUE] BIZ | eIZ ATe1010g F
*samadoxd anbum st soj EIpUT JO '1A05)
uonezZINqEIs 2dofs pue JUUN{UEQWS UT Pasn 3q A[uo ued 15| ‘aAmdo Sugpmd [ ysoyn ¥ ¥ €
*BIPU] UI SEIE [RISEOD JIIO PUE SUBQIEPUNG
ot ut s193(01d TWIUN{URQUID ST UT JAT  JELLIN[E UE ST aMm
3 SUI0D UED EH P2 21052121 [, .MEEU.—._.—._TE JuauUEqLUY 40 11A05) nu_._uﬂ.E.wnﬁUQ
AeM DATIDIYD YO
L, L[ JAIE SYOO] IO [EIULYIN Y "SHUNPUASOIT 11im M pue T ‘(1afoig
© UT SUOIS0ID YUEQ IDALI JO UONN|os a1 spremol 1duwnne pood e aq 1S sonx21008 pauiquion spremol : ? ? . ;
DIIS2I LDNS JO UONBHIUL 9U T, "PISLI §53] 2q [[Im SI[1X2100F 21q1 [eINIBU PUE DNIIUAS UdIMIq SIDLLIE] ssaooad Japun st s1pwoR g/ Ut 12foad JuduRUEqUID JO uoRINISUODYY
U1 puE NUTUOD 01 Pa1adxa s $IMXMN0K) Paseq ] Pue 2m [ “2'1 ‘sferaewr Suimiquiod jo puain sy, Yuom 2101 zeos sy dwiwreaord uononnsuodal yung 0§ JUAUR UG yieN
K£2AIMS 211 Jo 1021 D11 UT SIMST I[QRIISIP DAIIYIE 01 S[O01 IUIIIYIP JO adoos e sey 0 "By 2o1e paruswddur 210m $HUAIUASOID) ueqIepung) JUAS | WHEl] BRIy 7
CC_uﬂ—.—mﬂEOU —.NummOH ESEM OISO T "S20IN0S uCUuu.ﬁm.W woay w.UUEUhU.WE [E12a28 .f.n— paioyoue aom M,m—.u_._.—:w._wnvh
rearo pue sonewoayrew jo siseq o uo suonduwnsse oy, “e1ep 2[qeadraq swos aed s101s aneaud ‘pafuere
pue anqnd 2 ur Loaans spdures ay 1, “sajSue WUADHIP WOy APNIS IANPACULT UB PUE DIUIIS B SEM 1] *[] 2q ues uoneuRWR[dur A JO oWR( Uy ¢ gF LAy
e .HD-U—, 103 H—._UEmmumé IIEW Uﬁ—d ul ﬁumm_.._.uv.__ﬁﬁ _.—UUﬁ_ mm_.— tha U.u_u.r_u U_.—.un.mc .hMO—Cﬂ-Cr_HUE AT, SPIER 29 ‘68 HN rﬂ@Oﬂm m_._._._.uumuﬁﬂ 01 PLIEYPUL], {EIE Y1 0M JO U&Oum
S100Y] (s panesoqe[jod mdSesety] ‘LI1 Aq N0 PaLLIEd 219m A9AING IYIE PUE JUILUSSISSY PIIN T, d oad g
‘sTein ui quads aq wed Yye) 0F sy 122load oy uawojdun o1
(6007 22quRAON “TAN) ‘TyreIeseye e1a3(] £q  SO[BXAY, [EAIPIL, sey aarddns 1of a1 Inq sfELn 10§ puny st 19T, “UONEZIIGEIS
Ul IMOID) SIDIPIL] INSIUTY UBIPUL, ‘321008 JL1 W01} PauTelqo SEM UODEULIOJUL DU, pPuesp id Suey d
oy [y 03 Aunuoddo aydu 295 [ 1o 2uay pue aoed aaasey yonuw 1e moad o3 APy st purwap UIOIS013 108 10§ A 3q 134309 1] Jo viogec (tp0) Bug dug
JMSIWOP Y], “BIPU] [BISEOD DU UT $2u0PA apdupnuw pue rwreunsy, oy soye A1oud qaim swod 01 Ay 105 sutjapm earddy ou sey ssaxfuoy peoy uerpuy ySnoyp | epuy jo 400 TIOW | “Bueres v 1
2IE [ONUO UOISOII PUE SUDUINUBUID UT $9[1X1028 Jo puetua(q 1jrewr 152881q su Sulaq uoneuodsuen sis[eue yoeqpasg adaq JweN
yua ‘gooz wr somow arenbs woru 9¢ asnl wox dn ‘groz AqQ sanaw arenbs wonpw o1 O
Jeak e w2 1ad ¢z asearnur o1 panafoad st sonatuAsoad 1oy puewap ey parels sey wodar Ansnpur uy S101308 SR S UL Adamg "8 AqEL
e 107 Aqauan 1ad 7T Jo mer oy 1e mord g 2[qEL, Ur UoAIS
01 pardadxa st $a[0x21003 10§ puetuap oy [ erpu] ut winuwe 12d 1u2d 1od (OZ-GT 1940 Jo el e 1e MoIT 01 axe auaIPdap S WO SPEGPIdy MY ISP I [5y( parean padojaadp L1191 A1 01 s1saaut 1o
Ay st uondumsuod sa[nx21058 Ansnpuy prE 2215UIH0)) JO SISGUIBYL) UBIPUT JO UONEIIPA] 211 od sy umoys pey ssusuniedsp pauraduod sy, ‘siupuntedac] 2qng Sy Ul o pared sem Adams ajdures y
suormpued "Il §10320 1[qng Ay Jo Modoy amgy  TT
FEPRIPESIAN 1911903 FAIO010 NN AL M S-S0 i) 0L SE IEAS B v S Suofyeayjddy |01U0 UOIS0I3 NUBGIOALY U] S3I[IX2}00B-21NF 10) AGAINS 1aWEY PUE JUGWISSISSY POON




4 €

68/ 98/-25/ (T00T) ¥ IuswaSeuey [EISE0D) PUR UBID(Q) S Toyd19[] "W ‘e1dnny
“UTBANO ] (] “$988521 T “s1asesi(] jo AFojorwoprdy oy uo yoreasay] 10§ anux) “H(0T

o ‘sexpepy ‘LT “SumomSug uead joada( depung A Jorg
“SIDQUIMU S :€00Z-F26 [ SINSESIP [BIMEU Jo s1ead AUy,  ‘stodoy] pue “(q ‘midrey (1 ‘ndeg-eynn SEIPEIN LT SHRR0MSUH TEP0 { TEPURS A JOUI *SHANSVAW NOLLOELOYd

TVLSVOD NO SHIANLS SV ‘SMAVZVH TVISVOD TVINIVN LSNIVOV NOLLOHLOYd

"BIpUL
‘YA LI —800T SUPAOM-UOU PLUE SIHINI] [EDILILII] LO 3DUAIJUOD U] “204] *[S[] JO SHUOPD SUMAOM
-uou pue sauxa1008 21l uo siseydwa Y so[uxal [eatuyda Jo wadsorg "gOOT S ‘urwyey g Koy

[e8uag 1594 JO IUDWUIAOL) ‘JudumIeda(] sAemIdres
pue uonediu] ‘qg/Z ON 28eyrg Penuo) (NOLIVOIATIVAD-THd) SAIY MOd NOLLV.LIANI

[eduag 15374 Jo JUsMWIIIAAOD) “‘qusunIeda(] sABMIdIBAL

"900T ‘T T 12quad3(] “SIIXAL [EIMAL, UO [UNOD) AI0SIAPY [ELONEN
pue uoneduy /g -:oN 28expeg penue) (NOLIVOETTVAD-T¥d) SAIE Y04 NOLLVIIANI

Y] UT UONEIUISII] 'S[OX21033 JO 3N 21 UO SO0 "9 "BIPUT JO WUDWILIDAOK) ‘SA[IXIT, JO ANSTUT]A
(6007 3qUIDAON] ‘T AN “Tyreaeseireg [e1aa(q Aq nsnpuy usaom-uopN

PAWPS VSN
‘[N oAy d[ppes 12dd ‘woneonpy vosiedg onayuksosd yua FuuBisaq "g00T WY HPuROY wieAenoy] A1ISI0AIU ) PUED) BUNEUR[Y ‘SEWOL | NqES *S21q1 [BINIEU UO paseq satisodwod s[uxay,
‘€1T-€61 T "SOUBIQUIDIIOIN) PUE SH[HXII0ID) "HOHEN[EAY PR ‘HOE ‘exdno eynny “Sandadsiod 10Iew UBIpU] Uy -UONEN[Y 10 SI[AXIT.

IMUOUODF pue 2Fesn JO 2181§ -BIPUT UT SOURIQUIDWOT pUE sIMX090) ‘g66T "N “WOg “'y Teysoyn
10X MAN “snenossy pue Faog ueky ‘Siag yf uedy :sondpuison

Uy $RPUASod-¢ £ 06py/Hodar/wor doysoyu
Spmam//:dny oy JjqeEAy €107 01 HBAPUASOID PHOM ‘6007 ] ‘dnoxn eropadig “erpuy

IYPCT AN “$$213U00) proy UBIPU] (SIUAWIAR] AqIXa] JO uSisop A 10§ sauIppID,, (1007) L€ OUI
6007 ‘ST ue[ “waisAs 2249] 2jqera puedrqnd paajoaur

uy STHN wody ssarfuo)) o1 uodary CweiSos] A125eg 29497 [BUONEN] € J0J UONEPUILITIOI 1eI(] 6007 PqUIRAON
‘voday [eul] Guowdopad pur JUSWUONAUY I0] 21U TUIWSSISSY [EDOG PUE [EIUIWUOIALL

N ‘uopuor] ‘Sunmsuon) wswRSeue )y
uopSue| sme( "§007-£007 UOmONNSUOd pogy "800z [ ‘woiySneuuory pue (] ‘swemipsorr) se(] euredy ‘ourg 10foi]

saypreasoy Junox ‘sueqrepung ul siudsunjuequiy jo Sunig sjqeurelsng ySnodyy, uononpay ysny
‘s1adsosd eprauwwos pue fenumod feswypa

—sa[ux21058 a1n( vo doysyaom ug 201 “amxa10a8 a1l jo Anpiqeasyrewt pueINIE "800T A PUBRYD R0T-€£0T ‘PAYSTqN TV ‘BIVB[Y “SONIAUASOID) UO IDUMIJUO)) [EUONEBLIANU] 19 sTuIpaddoi]

. “Quawaniogul 1qy P sadofs yared jo uonezmqeis (8661) S°'A MM pur H'D K080
M UOPUOTT RUOLBUINUT JONUO

ssautsng -s1oyrew [eqo[§ ¢ 103 suodar smnanseur Anuno) "g07 [PUOHEUINUT JOJUOR SSAUTSTIY "BOTT -££06T Vi “TUOS[O “2IInsu] SRIPUAS0ID) TouId0Y “ Moqoy

§7 "OU W  SYIOM JUSUDUBGUWIF, [ F UONIIS ‘68T '0u 3Te “ROOT PQUISAON ([ “AIBI01011(] “uy Surysigng ssoy [ ‘SuuomBury [Ed1UYd21095) JO [BELINO [EUOHEUIIU]

(speoyt) Md ‘PSudg 19M JO 0D ‘60-800T SHOM 23pug puE Proy 10§ SEY JO ANPIPS o ‘ :
600¢ Arenure( Sup‘dnoss eruopaaig AL AQ paysiqng ‘£ 10 PUE 710 01 S1SE10 $H0Iuks0d0)

‘erpuy ‘ysopeadeaypuy ‘uny, 01 wrereaewIey(] ‘SHN 10§ [ea Sutureaay EuEMM“HMHHuHMMmM PHOM I[B¥2L :3AREWAY A35000) Y $AXI03D J0pH 2apnoaxy ‘ddimy Sm(
Fue wny gOAELR 14/2€£8 14/#00/dam0p/Bio-oeymmm//:dny ury gam

nAA OBIY “uay)) Uty ung ‘ry ury Sueno Ag :Sunpouifuy [EIUSWUONAUY PUE [IAID UT SIHAIUASOID) “dewy yprepy ‘rewmo( Suauius punon ‘amaeN 01 yorg (e866T) “H [ Y Prus
Q00T 19qOI()  BIPU] UT $3[11X21020) U0 umisodwAg [euonewIuy, s, -0 UOPUO'] PUE BAIUIE) ‘211U SPE]. [EUODEUIN]

TYSIEATE] 14T ‘(e1seUteg ¥ § 3T TEpUNS A JO17 *£00T AN £1-9T *£00T TAWAD “TWtmSTJO S19555] SUOREN PN ‘SR0en anf eung ‘sopeonddy ammosn “(661) “H:- L ¥ oy
atp Supnpour samseapy voneSniy pue up[qoly [eiseor) uo doysyiop uedef opuy jo sSurpaasoig $90U2I5Y

suofeayjddy [04u0Q UO[SOI] YUBGIBAY U] SAIX2)0a6-34nr 10) ABAINS JSNIEI PUB JUBWISSISSY PaaN

suopjedjjddy jonuog uoisos3 Nueqisaly uj sajixajoel-aynr 10§ A3AIng 3B PUE JUBWSSISSY PaaN




mdSexeipy ‘117 GuEIMSUOD) “Yeseg) |

DIpU| ‘M ‘Z0E L Z£ ndBoapyy) amdSerewy ‘117 Guesissy 100[01] TeyeuLEy °§
BuuesuiBug j1a1) jo "ydeg

ABojouypaj jo apnjiisu] unipuj

andSereqy ‘111 Guesissy 19(01] 9yS S
andSereyy ‘111 ueasissy 19lo1] repumlepy §

h—.—&ﬁﬂ.—ﬁﬂ—%— .“:~ JUEISISSY UDIBISY ..wma S
amdSereyy] ‘LI IULISISSY [DILISIY BUUEN °S

M F 8 8 N @

and3eaeyy ‘111 ASojourpatorg jo -3da( ‘uag Y |
adSereyy ‘111 onua) 20UDG sfeLe “Daloig apjo [J-0D ‘UeIYpY g T
Juowdpopmompy

‘0102 ‘62 1ady poopy ag [, - yeapegSueg ‘oeurgry eilemg iq Sunureg




i

Appendix 2

Research papers



Carbohydrate Polymers 87 (2012) 1628-1636

journal homepage: www.elsevier.com/locate/carbpol

Contents lists available at SciVerse ScienceDirect

Carbohydrate Polymers

Durability of lignocellulosic fibers treated with vegetable oil-phenolic resin

Prosenjit Saha?, Suvendu Manna?, Ramkrishna SenP, Debasis Roy“*, Basudam Adhikari?

a Materials Science Centre, Indian Institute of Technology, Kharagpur, West Bengal 721302, India
b Department of Biotechnology, Indian Institute of Technology, Kharagpur, West Bengal 721302, India
¢ Department of Civil Engineering, Indian Institute of Technology, Kharagpur, West Bengal 721302, India

ARTICLE INFO

Article history:

Received 10 August 2011

Received in revised form 25 August 2011
Accepted 23 September 2011

Available online 29 September 2011

Keywords:
Lignocellulosic
Transesterification
Biodegradation

ABSTRACT

Jute and sisal fibers were treated with an aqueous emulsion of neem oil and phenolic resin at ele-
vated temperature for enhancing their tensile strength, hydrophobicity and resistance against biological
and chemical degradations. The process was found to lead to the transesterification of cellulose chain
hydroxyl groups and increased crystallinity. Treatment efficacy was evaluated by characterizing fibers
by exposing them to biological and chemical degradations. The results indicate that the short-term ten-
sile strength increased by 61-75% following treatment. After biodegradation, treated fibers were found
to retain 63-70% of their initial tensile strength, while untreated fibers retained 28-32%. Treated fibers
retained 52-60% of tensile strength after 90-day exposure to 3% salinity and 48-55% of tensile strength
after similar exposure to pH between 3 and 10. For untreated fibers the corresponding figures were 9-13%

Tensile strength and 10-12% respectively.

Vegetable oil

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The major impediments in high performance industrial applica-
tions of lignocellulosic fibers (LCFs) are that they are mechanically
weak and are highly susceptible to chemical and biological degra-
dations vis-a-vis many man-made fibers. LCFs are composites of
cellulose, hemicelluose and lignin with small amounts of pectin and
other chemical constituents. Crystalline cellulose mainly imparts
mechanical strength and ductility to the LCFs. Hemicellulose
molecules are attached to crystalline cellulose through hydro-
gen bonding forming an amorphous matrix (Jayaraman, 2003).
Although lignin and pectin enhance primary dimensional stability
of the LCFs, they are brittle and often prevent efficient transfer of
mechanical load. The free hydroxyl and other oxygen-containing
groups of the LCFs exhibit a tendency to attract water molecules
through hydrogen-bond formation causing the fibers to swell. As
a result, the cellulose molecules are exposed to microbial attacks,
which degrade the cellulose and cause strength loss. Exposure to
chemical environment similarly results in loss of tensile strength
because of hydrolysis, oxidation or dehydration reactions. Thus,
one of the possible strategies to minimize microbial degrada-
tion and increase long term mechanical strength would be to
make the LCFs less hydrophilic by blocking the free hydroxyl
groups.

Chemical modification of hydroxyl groups of LCFs by graft
copolymerization with methyl methacrylate, saturated fatty

* Corresponding author. Tel.: +91 3222 283456; fax: +91 3222 282254.
E-mail address: debasis@civil.iitkgp.ernet.in (D. Roy).

0144-8617/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2011.09.070

acid, subtilisin Carlsberg solvent and silane coupling (Montazer
& Salehi, 2008; Pickering, Abdalla, McDonald, & Franich, 2003;
Vaca-Garcia, Thiebaud, Borredon, & Gozzelino, 1998; Zhang & Fan,
2010) have also been reported to enhance hydrophobicity and
mechanical strength. Resistance of LCFs against biodegradation
could be increased by UV acrylamide photografting or boric acid
or acetic anhydride treatment (Hassan, Islam, & Khan, 2002;
Lyon et al, 2007; Teramoto, Urata, Ozawa, & Shibata, 2004).
Transesterification of LCF hydroxyl groups with n-butylacrylate
and pyridine led to the development of a greater resistance
against biological and chemical degradations (Samal, Acharya,
Mohanty, & Ray, 2001). Hydrophilicity of LCFs has been reduced
by applying natural rubber (Jacob, Varughese, & Thomas, 2005),
phenolic resin (Medeiros de, Agnelli, Joseph, Carvalho, & Mattoso,
2005), fatty acid derivative such as oleoyl chloride (Corrales et
al., 2007), and pentafluorobenzoyl chloride (Cunha et al., 2007)
on fiber surface. Similar application of vegetable oil and phe-
nolic cross-linking agents reportedly increased the mechanical
strength of LCFs and dimensional stability of LCF-based particle
boards (Wang, Wasylciw, & Guoliang, 2007). Surface application
of chitosan (Lim & Hudson, 2004), and neem (Azadirachta indica)
seed extract with cross linking agents on cotton-polyester fabric
(Joshi, Ali, & Rajendran, 2007) has led to an enhanced resistance
against microbial degradation. Enhancement of hydrophobicity,
durability and tensile strength of LCFs in all the reported literature
was based on the chemical modification such as coating with
phenolic resin, grafting with methyl methacrylate, esterification
and transesterification with synthetic or toxic chemicals.

In this study an alternative, non-hazardous and inexpen-
sive process has been developed for treating LCFs to enhance
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their hydrophobicity, mechanical strength and resistance against
biological and chemical degradations using a water-based emul-
sion of vegetable oil and phenolic resin (resol). As demonstrated
later, vegetable oil treatment transesterified the fibers, while appli-
cation of plant-based resol coated the fiber surface and increased
process efficacy. It should be noted that the fatty acid triglycerides
present in vegetable oil utilized here for durability enhance-
ment are completely different from those in the process based
on neem seed extracts described by others. Further, vegetable
oils have not been used in a chemical process involving solvent-
free transesterification of LCFs as has been accomplished in this
research.

2. Experimental
2.1. Materials and chemicals

This study pertains to the treatment of jute (Corchorus olitorius)
and sisal (Agave sisalana) fibers. Sodium hydroxide (NaOH) pellets
(assay >97%), resorcinol (assay>99%), formaldehyde (37%), com-
mercially available 40% oil extracted from neem seed (A. indica)
and kernel, Neem oil (NO) or 20% rice bran oil (RBO) extracted from
inner husk of rice (Oryza sativa), cashew nut shell liquid (CNSL) and
commercial grade condensed black wattle plant tannin were used
to treat the fibers as discussed below.

2.2. Chemical treatment

The LCFs washed with distilled water were oven dried at
8542°C until obtaining a constant weight. These fibers were
dipped in 0.5% (w/v) NaOH solution for 24 h at 3042 °C according
to the procedure described earlier by our group (Saha et al., 2010).
The alkali-treated fibers were then cooled, washed and neutralized
at pH 7+ 0.5 with distilled water.

A mixture of phenolic compounds was prepared by mixing
resorcinol, CNSL and condensed tannin proportioned 1:4:5 by
weight. Base catalyzed phenol-formaldehyde resin (resol type)
was prepared following Singh and Gupta (2005) by mixing the
above phenolic composition with formaldehyde in 1:1.3 ratio
(by weight) at 28 +£2°C. Solid content of this resol was adjusted
to 1+0.2% (w/v). The diluted resol resin was found to be stable
up to 12h without any agglomeration. An aqueous emulsion
was prepared by mechanically mixing 4-7% (by volume) of NO
or RBO and 0.01% (by weight) of sodium dodecyl sulfate (SDS)
surfactant. Stability of this emulsion was also evaluated via
emulsification index (Kodali, Das, & Sen, 2009) and found to be
satisfactory. The vegetable oil emulsion was mixed with the resin
solution in 1:1 proportion (by volume) to get a final reagent
within 12h from resin preparation. Amount of vegetable oil in
the final reagent was 2-3.5% (by weight) and subsequently the
solid content of the resol was 0.5+0.1% (by weight). The final
reagent was found to be stable for several days. Finally the reagent
mixture was sprayed over the alkali-treated fibers maintaining
a fiber to liquid ratio of 2:1 (by weight). Subsequently, the fibers
were mechanically squeezed to recover excess reagent. Finally,
the fibers were cured in an air circulating oven at 105+5C
for 1h.

2.3. Testing and characterization

Untreated and treated fibers were characterized for their
mechanical strength and flexibility, hydrophilicity, surface char-
acteristics, chemical composition, crystallinity, and suscepti-
bility to biological and chemical degradations as described
below.

2.3.1. Mechanical strength and flexibility

Single fibers were manually separated from fiber bundles for
assessing their uniaxial tensile strength. To ensure fiber separation
and measure fiber diameter Leica DMLM microscope (at 10x) was
used. For tensile strength measurement of each fiber, a maximum
load of 100 N with the crosshead speed of 3 mm/min was applied
and a gage length of 25 mm was maintained. Tensile strength of
50 fiber samples was measured following ASTM D 3822-01 (ASTM,
2001) using Hounsfield H10KS universal testing machine maintain-
ing 25 + 2 mm gage length and 3 mm/min crosshead speed. For each
batch tested, the average and standard deviation of these measure-
ments were used as the estimates of the uniaxial tensile strength
and its variability, respectively.

2.3.2. Hydrophilicity estimation

Steady state water absorption, equilibrium moisture con-
tent (EMC), and contact angle were measured to estimate the
hydrophilicity of LCFs before and after treatment. These param-
eters were determined on triplicate samples of bundle of 10 fibers
and the average is reported in this study.

The steady state water absorption was obtained after immers-
ing oven dry LCF specimens in distilled water at 30 & 2 °C following
Alvarez and Vazquez (2006). A portion of the specimens was taken
out from the distilled water bath after fixed time periods. It was
carefully wiped with an absorbent paper to remove surface water
and weighed to determine the steady state water absorption. The
exercise was continued for longer immersion periods until obtain-
ing a constant value of water absorption.

The EMC was determined according to ASTM D 4442-07 (ASTM,
2007). Before testing, the LCF specimens were oven dried until
obtaining a constant weight.

A fiber bundle washed with ethyl alcohol was placed on a glass
slide and a drop (1-2 1) of Millipore water was carefully placed on
the fiber bundle using a micro syringe. The contact angle between
the drop and the fiber bundle was estimated at 30 & 2 °C from digital
photographs following Alix et al. (2009).

To evaluate the swelling property and the effect of charge den-
sity on the hydrophilicity of LCFs, apparent zeta potential (£) was
measured using Zetasizer ZS90, Malvern Instrument System at
30 + 2 °C following Pothan, Simon, Spange, and Thomas (2006). For
this, samples were prepared by manually cutting LCFs maintaining
1-2 mm length, dispersing 10 + 2 mg of the LCF sample in 1 x 103
M NaCl solution and sonicating the liquid for 15 min. Zeta potential
was determined for 5 fiber powder samples and their average is
reported in this study.

2.3.3. Surface characteristic

Surface characteristic of the LCF specimens was investigated
through scanning electron and atomic force microscopy.

LCF powder samples for scanning electron microscopy (SEM)
were prepared by washing LCFs with ethyl alcohol and manu-
ally cutting 5+ 1 mm long pieces of LCFs. 1-2 mg of sample was
coated with a thin layer of gold by a plasma sputtering apparatus
and examined with TESCAN VEGA| sy scanning electron microscope
operated in the high vacuum mode with secondary electron detec-
tor and with accelerating voltage between 5 and 10kV.

The surface topography of LCF samples was examined with
Nanonics Multiview 1000 atomic force microscope at 70+5%
relative humidity and at 30+ 2°C following Pietak, Korte, Tan,
Downard, and Striger (2007). The microscope was equipped with a
silicon nitride tip and was operated in the contact mode. LCFs, pre-
washed with ethyl alcohol, were cut into 1-2 mm long pieces and
24 0.5 mg of these pieces was dispersed in 50 ml distilled water
by sonicating the liquid for 30 min. About 1.5 pl of the suspen-
sion was extracted with a micro tip and placed on a glass slide for
examination with the microscope.
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Table 1
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Mechanical properties and hydrophilicity of untreated and treated fibers.

Fibers Treatment Water absorption (wt% increase) = COV? EMCP (wt%) TS¢ £ COV? EB (%) + COV?
6h 12h 24h 48h 72h

Jute Untreated 186 + 23 216 £ 20 256 + 23 252 £ 21 255 + 18 14 + 06 370 + 68 1.4 + 048
Resin 130 + 30 103 + 21 106 + 17 98 + 10 95 + 07 09 + 02 518 £ 55 1.2 +£0.30
6% NO 127 £ 12 141 + 14 145 + 05 147 £ 10 146 + 15 11+ 04 594 + 84 1.5 +£ 0.52
5% RBO 105 +£ 19 128 + 12 131 £ 09 133 £ 12 134 + 06 10 + 04 528 + 68 1.6 £ 0.22
NO-resin 62 + 09 76 £ 10 78 £ 10 78 £ 12 79 £ 16 07 + 02 648 + 94 1.5 +£ 046
RBO-resin 82 + 11 101 £ 13 103 + 07 102 + 03 103 + 04 9402 606 + 70 1.5 £ 0.15

Sisal Untreated 156 + 17 176 £ 12 182 + 13 186 + 9 185 + 11 12 £ 03 471 £ 49 1.5+ 0.26
Resin 120+ 14 111 + 16 102 £ 19 101 £ 03 98 +13 07 + 02 564 + 72 1.3+ 034
5% NO 90 + 11 103 +£ 12 113 + 08 112 +£ 16 115+ 13 06 + 03 796 + 91 1.7 £ 0.56
5% RBO 130 + 08 127 £ 17 136 + 15 135 + 11 135+ 10 10 £ 02 752 + 64 1.6 £ 0.35
NO-resin 56 + 09 63 + 08 62 + 11 61+ 10 62 + 08 05 + 02 759 + 78 1.5+033
RBO-resin 70 + 21 77 £13 75 + 06 78 + 07 78 + 06 08 + 01 708 + 58 144024

4 COV: standard deviation/mean, was calculated based on 50 observations.
b Equilibrium moisture content expressed in wt% increase.

¢ TS: tensile strength in MPa unit.

d EB: elongation at break.

2.3.4. Fourier transform infrared (FTIR) spectroscopy

Changes in fiber chemistry were assessed from FTIR spectra
of LCFs obtained using a Thermo Nicolet, Nexus 870 spectropho-
tometer operated at 35 + 2 °C. Samples for FTIR spectroscopy were
prepared by cutting LCFs, pre-washed with ethyl alcohol, into pow-
der form and oven drying them at 105+2°C for 1h. The spectra
were recorded for wave numbers ranging between 4000 cm~! and
400 cm~! using 32 scans for each sample comprised of 10+ 2 mg
of LCFs mixed with 100+ 10mg of potassium bromide (KBr)
pellets.

2.3.5. Quantitative elemental analysis

Elemental analysis was carried out to investigate the chemical
changes of LCFs after chemical modification. The mass percentages
of carbon, hydrogen, oxygen and nitrogen of LCFs were analyzed
following the method described elsewhere (Phan et al., 2006 ). LCFs,
pre-washed with ethyl alcohol, were cut into small pieces and
340.5mg of them was tested with EURO EA Elemental Analyzer
in triplicate.

2.3.6. X-ray diffraction (XRD)

RIGAKU X-ray diffractometer (ULTIMA III) operated at room
temperature was used to characterize the crystallinity of LCFs
as changes in crystallinity partly affect the tensile strength and
hydrophilicity of the fibers. LCFs were cutinto 5 + 1 mm long pieces,
1+0.5g of which was subjected to XRD. The diffractogram was
obtained using Cu-Koa radiation source for 26 range between 10°
and 50° and at a scanning speed of 2° min~!. According to Buschle-
Diller and Zeronian (1992), the degree of crystallinity is given by
the equation, Cr=(Iy25 —I185)/l22.5, Where I, 5 and I1g5 are the
intensities at 20 values of 22.5° and 18.5°, respectively.

2.3.7. Durability assessment

Resistance to biodegradation of LCFs was assessed from soil
burial test by exposing LCFs to a composting environment. The sus-
ceptibility to chemical degradation was evaluated by exposing LCFs
to elevated (3% by weight) saline solutions and alkaline-acidic pH
conditions.

The compost for soil burial tests was prepared by mixing organic
(black) garden soil, sand and cow dung in 2:1:1 ratio (by weight) as
specified in BIS (BIS, 1992). The compost was changed once every
seven days for simulating the fiber degradation in an open envi-
ronment. Further, the fibers were exposed to biodegradation up
to 90 days instead of the 21 days duration specified by BIS. Three
specimens of LCF bundle were tested for each category. The ratio of

LCF fiber bundles to soil was kept 1:100 (by weight) as suggested
by other researchers (Di Franco, Cyras, Busalmen, Ruseckaite, &
Vazquez, 2004). Soil pH was maintained within 6 and 7 by adding
dilute hydrochloric acid or dilute sodium hydroxide as needed and
the moisture content of the soil was kept at 65 + 5% over the entire
duration of biodegradation. The compost-LCF system was kept in a
vented glass enclosure, which, in turn, was stored within an incuba-
tor at 35+ 5°C and 85 + 5% relative humidity during the test. Fiber
samples were periodically recovered, washed and tested for tensile
strength.

The chemical stability of LCFs was investigated by immersing
them within an aqueous solution of 3% sodium chloride (by weight)
and aqueous solutions of hydrochloric acid and sodium hydrox-
ide with pH ranging between 3 and 10 for 90 days duration. These
tests were conducted at 35 4 5°C maintaining fiber to liquid ratio
as 1:100. LCF specimens were periodically recovered, oven-dried
and tested for tensile strength.

3. Results and discussions

3.1. Tensile strength and elongation at break

Maximum increase in uniaxial tensile strength of jute and sisal
fibers was observed when they were treated with 5-6% of NO or
RBO in the absence of phenolic resin. Upon treatment with NO
the tensile strength was found to increase by 69%, while for the
RBO treatment the increase was 60% (Table 1). For treatment with
phenolic resin without vegetable oil, on the other hand, uniaxial
tensile strength increased up to 40% and 20%, respectively, for jute
and sisal fibers when the fibers were treated with a resin with 1%
solid content. Tensile strength was found to increase up to 75% and
64% when jute fibers were treated with NO and RBO, respectively,
in the presence of resin emulsion. For sisal fibers, corresponding
increases were 61% % and 50%, respectively.

The covariance (standard deviation divided by sample mean) of
tensile strength and elongation at break for vegetable oil-phenolic
resin treated LCFs was found to be less compared to corresponding
values of untreated fibers (Table 1). This demonstrates a reasonable
repeatability of treatment outcome.

Treatment of LCFs with phenolic resin led to a reduction in
the elongation at break for the LCF specimens. Other treatments
resulted in marginal increase in this parameter. Enhancement of
uniaxial tensile strength and marginal reduction of brittleness of
vegetable oil-resin treated LCFs shows that the effectiveness of this
treatment is more than that of others.
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Fig. 1. (a) Measured contact angle (CA) values for untreated and treated LCFs (RBO: rice bran oil and NO: neem oil); (b) variation of Zeta potential (¢) of untreated and treated

LCFs with time.
3.2. Hydrophilicity

Water absorption and EMC of the treated LCFs with vegetable
oil only, phenolic resin only and combination of oil and resin were
measured and the results have been presented again in Table 1. It
was observed that the hydrophilicity for the combined treatment
with vegetable oil (NO and RBO) and resin was reduced to the max-
imum extent. NO-phenolic resin treatment was found to reduce
water absorption on an average from 255% to 79% for jute fibers and
185-62% for sisal fibers. While the contact angles for untreated jute
and sisal fibers were found to be 42° and 52°, respectively. The cor-
responding values following NO-resin treatment were 74.4° and
86.3° and RBO-resin treatment were 72° and 85.1° (Fig. 1a).

The covariance of water absorption and EMC for vegetable
oil-phenolic resin treated LCFs was found to be less compared to
corresponding values of untreated fibers demonstrating a reason-
able repeatability of treatment efficacy.

Continuous reduction of the {-potential with time for untreated
LCFs was observed as shown in Fig. 1b. In comparison, for treated
LCFs the ¢-potential was found to decrease up to about 60 min and
remained relatively unchanged thereafter, also shown in Fig. 1b.
It has been suggested by others (Bismarck, Springer, Mohanty,
Hinrichsen, & Khan, 2000) that such reductions in ¢-potential is
due to moisture absorption and consequent swelling of dissociable
groups, e.g., uronic acid in hemicelluloses, other weaker acids in
lignin and free hydroxyl groups in cellulose, and removal of water
soluble constituents such as hemicelluloses and pectin. Thus the
results obtained in this research appears to indicate that while
untreated LCFs continued to swell over the 160 min exposure to
NacCl solution, treated LCFs did not swell appreciably beyond the
initial 60 min of exposure. For treated fibers the water soluble con-
stituents and lignin were substantially removed and dissociable
groups were partially blocked by vegetable oil treatment leading
to a reduction in swelling tendencies.
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RBO-resin

Fig. 2. SEM and AFM photomicrographs of untreated and treated LCFs. (i) untreated jute fibers, (ii) alkali treated jute fibers, (iii) neem oil (NO)-resin and rice bran oil
(RBO)-resin treated jute fibers, in AFM topographic images, (iv) untreated jute, (v) neem oil-resin treated jute fibers, (vi) untreated sisal, and (vii) neem oil-resin treated

sisal fibers.

From water absorption, EMC, contact angle and ¢-potential
measurements it can be inferred that chemical treatments led to
a reduction of hydrophilicity of LCFs and the maximum reduc-
tion of hydrophilicity was achieved with NO-resin treatment
only.

3.3. Surface morphology

SEM photomicrographs of untreated and alkali-treated jute
fibers, Fig. 2(i) and (ii), indicate that the surface roughness has
increased and the fiber cross sectional area has become smaller
following alkali treatment. The observed changes in the surface
morphology and fiber cross section appears to be due to the
partial removal of surface impurities, non-cellulosic materials,
inorganic substances and waxes and fiber separation follow-
ing alkali treatment. Vegetable oil-resin treatment was found to
lead to the development of a smoother surface (Fig. 2(iii)). Sur-
face smoothing in morphology for sisal fibers were also same
as jute fibers (figures not given). Smoothening of surfaces of
sisal fibers has been reported by Megiatto, Hoareau, Gardrat,
Frollini, and Castellan (2007) after modification with furfuryl alco-
hol and polyfurfuryl alcohol. AFM topographic images, shown
in Fig. 2(vi) and (vii), of jute and sisal fibers show similar
smoothening in surface morphology following alkali and NO-resin
treatment.

3.4. FTIR spectroscopy

Since the peak in the 3200-3450 cm~! region in FTIR spectra of
LCFsis often deemed to represent the OH stretching vibration of cel-
lulose molecules or N-H stretching (Tornc et al., 2007), weakening
of the intensity of the peak in this region following vegetable oil-
resin treatment provides evidence of chemical alteration of some of
the hydroxyl groups (Fig. 3). The corresponding reduction of inten-
sity for resin-only and vegetable oil-only treatments was found to
be less significant indicating relative inefficiencies of these treat-
ments in hydroxyl group blocking.

The peaks in the FTIR spectra in the 1734cm~! region for
untreated jute fibers and that in the 1650cm~! region for
untreated sisal fibers representing C=O stretching vibration
for aryl ester of hemicellulose and lignin (Frisoni et al., 2001;
Navarro et al., 2003) were found to disappear following alkali
treatment indicating substantial removal of hemicellulose and
lignin in the process (Abraham et al., 2011). Surface roughening
due to removal of hemicellulose and lignin of LCFs was observed
from photomicrographs obtained from SEM and AFM after alkali
treatment. Reappearance of the peak following vegetable oil-resin
treatment could be interpreted as indicators of a new ester bond
formation due to transesterification of the hydroxyl groups in
LCFs with triglycerides in vegetable oil. Similarly, the peaks in the
1230-1250cm~! and 1150-1160cm~! regions for both jute and
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Fig. 3. FTIR spectra of LCFs (RBO: rice bran oil and NO: neem oil).

sisal fibers correspond to glycosidic C-O-C and C-O stretching
of ester groups of lignin and hemicellulose (Peng et al., 2011;
Bessadok et al., 2009) disappear after alkali treatment and reap-
pear following vegetable oil-resin treatment. This observation also
indicates transesterification of hydroxyl groups in LCFs.

FTIR response in the 2800-2950cm~! region representing
C-H stretching vibration of LCFs (Ibrahim, Dufresne, Zawaway, &
Agblevor, 2010) was found not to amplify or de-amplify signif-
icantly following alkali treatment. The response becomes more
intense following vegetable oil and resin treatment due to the
attachment of long aliphatic chain of vegetable oil triglyceride to
cellulose (Pasquini, Belgacem, Gandini, & Curvelo, 2006) after trans-
esterification.

The FTIR spectra of LCFs treated with vegetable oil only also
indicate similar chemical transformation. In contrast, for the LCFs
treated with phenolic resin only no transesterification could be
inferred from FTIR spectroscopy. However, the FTIR response in
the 2800-2950cm~! region was found to intensify in the resin-
only treatment because of attachment of polymeric side chain of
phenolic resin to the LCF cellulose.

3.5. Elemental analysis

The results of elemental analysis show the enhancement of the
relative weight percentages of carbon, hydrogen, nitrogen and the
lowering of relative weight of oxygen in LCFs following vegetable
oil-resin treatment (Table 2). Increase of weight percentages of
carbon and hydrogen could have resulted from the attachment of
long hydrocarbon side chain of vegetable oil triglycerides to free
hydroxyl group of cellulose or hemicellulose unit following transes-
terification. Mass percentage of nitrogen increases possibly because
of nitrogenous impurities in vegetable oil. Similar improvement

Table 2
Elemental composition of fibers.

Fibers Treatment Experimental values (wt%)
C H (0] N Residue
Jute Untreated 45.00 6.20 46.30 0.20 2.30
NO-resin 57.55 8.10 32.30 0.70 135
RBO-resin 53.30 6.60 38.20 0.80 1.10
Sisal Untreated 43.30 5.20 48.20 0.30 3.00
NO-resin 53.40 8.10 36.00 0.60 1.9
RBO-resin 52.10 7.30 38.40 0.80 1.40

of weight % of carbon and hydrogen and reduction of oxygen was
reported by Pasquini et al. (2006) in case of surface esterification
reaction of microcrystalline cellulose with ethanol/water mixture
in heterogeneous condition.

Increase of weight percentages of carbon and hydrogen for
NO-resin treatment was found to be more pronounced than that
in RBO-resin treatment. This observation indicates that RBO-resin
treatment was relatively ineffective in inducing chemical modi-
fication in LCFs. As has already been pointed out, enhancements
in tensile strength and hydrophobicity were more pronounced in
NO-resin treatment compared to RBO-resin treatment. The obser-
vations suggest transesterification of OH groups is a major cause
for enhancements in tensile strength and hydrophobicity of LCFs.

3.6. Crystallinity

In x-ray diffractograms, all the diffraction peaks for LCFs were
observed of the 26 angles around 16.3°, 22°, and 35°, which repre-
sented the cellulose-I structure (Liu, Han, Huang, & Zhang, 2009).
Apparent increase in inferred crystallinity of jute and sisal fibers
following alkali treatment, Table 3, is possibly because of partial
removal of amorphous hemicellulose, lignin and pectin. Inferred
crystallinity was found to increase further following vegetable
oil-resin treatment for jute fibers. In contrast, for sisal fibers
inferred crystallinity reduced marginally after vegetable oil-resin
treatment. The reduction is possibly due to the damage in fiber
crystals induced by the attachment of long aliphatic chains. Other
researchers observed similar reductions in crystallinity in chemical
grafting of cellulose with isocyanates (Siqueira, Bras, & Dufresne,
2010). Improved crystallinity resulted from the ordered orienta-
tion of fiber crystal following alkali treatment partially imparts

Table 3
Crystallinity (%) of fibers.

Fiber Treatment Crystallinity index (%)
Jute Untreated 67.90

Alkali 71.30

NO-resin 73.00

RBO-resin 72.20
Sisal Untreated 49.70

Alkali 69.00

NO-resin 68.10

RBO-resin 66.80
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Fig. 4. (a) Degradation of tensile strength upon exposure to composting environment in soil; (b) degradation of tensile strength of LCFs upon exposure to elevated salinity
of 3% (by wt) sodium chloride solution; (c) degradation of tensile strength of LCFs upon exposure to different pH environment (pH 3-10).

enhanced tensile strength and hydrophobicity in LCFs (Jacob,
Thomas, & Varughese, 2004).

3.7. Durability

Durability of the transesterified fibers was investigated both
by exposing the fibers to a composting environment, elevated
salinity levels and alkaline and acidic pH conditions. Tensile
strength degradation resulting from 90-d exposure to a compost-
ing environment is presented in Fig. 4a. These results indicate
that vegetable oil-resin treated fibers retain between 70% (for
jute) and 63% % (for sisal) of their initial tensile strengths. The
corresponding tensile strength retention for untreated fibers was
only 28% or less. In fact, the residual tensile strengths for veg-
etable oil and resin treated fibers exceeded the corresponding
initial tensile strengths of untreated fibers by 43% (for jute) to 25%
(for sisal).

Tensile strength degradation resulting from 90-d exposure to
elevated salinity level is presented in Fig. 4b. These results indicate
vegetable oil-resin treated fibers retain between 60% (for jute) and

52% (for sisal) of their initial tensile strengths. The corresponding
tensile strength retention for untreated fibers was only 13% % or
less. In fact, the residual tensile strengths for vegetable oil and resin
treated fibers exceeded the corresponding initial tensile strengths
of untreated fibers by 31% (for jute) to 19% (for sisal). Strength loss
of LCFs upon saline exposure was resulted from the penetration of
NacCl into the void space of fibers (Rowell, 2005).

The LCFs were exposed to series of aqueous solution of different
pH ranges from 3 to 10 for 90-d. Degradation was accelerated for
LCFs in higher and lower ranges of pH solution (Fig. 4c). Reduction
of tensile strength was found to be less prominent for vegetable
oil-resin treated LCFs compared to untreated and other treat-
ments. Susceptibility to degradation of LCFs treated with vegetable
oil-resin was maximum in solution higher than pH 9. High alkaline
pH hydrolyses the ester bond formed in transesterification reaction
and results reduction of uniaxial tensile strength. Enhanced degra-
dation in lower pH environment (pH lower than 3) may be due to
the presence of higher number of carboxyl groups present on the
LCFs surface as stated by Park, Furuno, and Uehara (1996) for wood
composites.
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Fig. 5. Schematic representation of probable chemical alteration (transesterification) of fibers during chemical process.

3.8. Inferred chemical changes in LCFs

A schematic mechanism of probable transesterification reaction
of LCFs has been shown in Fig. 5. Results obtained from -potential
measurement, FTIR-spectroscopy, and elemental analysis were
found to point consistently towards possible transesterification
of hydroxyl groups in LCFs with triglycerides fatty acid of veg-
etable oil. The presence of phenolic resin serves its purpose as a
coating agent as well a potential antimicrobial agent when used
with vegetable oil. Resol coating provides an additional protec-
tion to the transesterified fiber surface against the exposure to
biological and chemical environments. Hence the durability of
the LCFs shows maximum improvement when both vegetable
oil along with phenolic resol were used. Less improvement of
tensile strength, hydrophobicity and durability of LCFs follow-
ing phenolic resin treatment only indicates the non-occurrence
of the transesterification. It can therefore be proposed from the
underlying evidences that transesterification would be the reason
for enhanced tensile strength, hydrophobicity and durability for
LCFs.

4. Conclusions

A process for transesterifying jute and sisal by treating
them with a combination of rice bran oil and neem oil with
resorcinol-tannin-cashew nut shell liquid based phenolic resin
(resol type) at elevated temperature has been developed for
enhancing their hydrophobicity, tensile strength and durability.
The treatment involving neem oil and resol caused water absorp-
tion to decrease from 255% to 79% for jute fibers and from 185%
to 62% for sisal fibers. Correspondingly, short term tensile strength
increased by 75% and 61% for jute and sisal fibers. Treatments with
combinations of rice bran oil and resol, neem oil or rice bran oil
withoutresol, and resol without neem oil or rice bran oil were found
to be relatively less effective.

Neem oil and resol treated jute and sisal fibers were, on an aver-
age, found to retain 70% and 63% of their initial tensile strengths,
respectively, upon being exposed to biological degradation in a
composting condition over 90 days duration. The corresponding
tensile strength retention for untreated jute and sisal fibers were
only 28% and 32%, respectively.

After 90-day exposure to 3% aqueous saline solution of NaCl,
neem oil and resol treated jute and sisal fibers retained 60% and
52% of their initial tensile strength, while untreated jute fibers
retained only 9% and sisal fibers 13%. Tensile strength retention
for neem oil and resol treated jute and sisal fibers were 48% and
55%, respectively, after 90-day exposure to pH between 3 and 10.
In comparison, untreated jute fibers only retained 12% and sisal
fibers 10% of their initial tensile strengths.
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A process for transesterifying jute fibers or textiles using reagents largely derived from natural sources
has been developed for enhancing the long-term tensile strength and water repellence of fiber or textile
samples. Geotextiles woven from treated jute fibers (JG1) and geotextiles treated at the fabric level (JG2)
using the process developed in this study were found to retain 50% of their initial tensile strengths after
remaining immersed in aqueous solutions with pH between 4 and 9 for 120 days. Correspondingly
untreated jute geotextiles (JGU) retained only 15% of its initial tensile strength. Upon being immersed in
3% NaCl solution for 120 days, JG1 retained 82% of its initial tensile strength, while JG2 and JGU retained
64% and 17%, respectively. JG1 samples are estimated to loose 50% of their initial tensile strength after
1115 and 1584 days, respectively, because of UV and moisture related weathering and biodegradation in
tropical outdoor environments. The corresponding estimates for JG2 were 881 and 1080 days, respec-
tively. These estimates were about 3—5 times higher than those for JGU. Additionally, degradation of
treated fiber or fabric did not produce toxic or hazardous leachate. These enhancements may make jute
geotextiles useful in earthworks requiring temporary reinforcement before insitu processes, e.g., vege-
tation growth, filter cake formation, and development of weak cementation due to biogenic and other
processes strengthen the soil obviating further need for reinforcements.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years natural fibers such as sisal (Sarsby, 2007), palm
(Bhattacharyya et al. 2009), bagasse (Dinu and Saska, 2007), flax
(Rawal and Anandjiwala, 2007), hemp (English, 1995), jute
(Ranganathan, 1994) and coir (Subaida et al., 2008) have been used
for manufacturing geotextiles because they are inexpensive,
renewable agricultural commodities unlike their manmade,
petroleum-based alternatives. Geotextiles based on jute fibers have
a number of additional application-specific advantages. For
instance, swelling and water absorption of jute fibers lead to
reduction in runoff energy and improvement in filtration charac-
teristics of the fabric to provide better stability in an erosion control
application. Further, they also prevent extreme variations in soil
moisture and temperature (Sutherland and Ziegler, 2007).

Despite their relative advantages, geotextiles based on natural
fibers find limited use in many engineering projects because of
their relatively low tensile strengths and their susceptibility to

* Corresponding author. Tel.: +91 3222 283456; fax: +91 3222 282254.
E-mail address: debasis@civil.iitkgp.ernet.in (D. Roy).

0266-1144/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.geotexmem.2012.07.003

biological, chemical and physical degradations. Consequently, they
are mainly used to support vegetation growth, which, in turn,
imparts mechanical resistance of soils against erosion and sliding.

Attempts have been made to enhance the resistance of jute
geotextiles against biological degradation by coating them with
bitumen (Sanyal and Chakraborty, 1994) or antimicrobial benzo-
thiazole chemicals (Sinha and Chakraborty, 2004). These tech-
niques are expensive and turn the coated fabric into a potential
source of toxic leachates (Basu et al., 2009). In addition, bitumen
treatment adversely affects the flexibility and drapability of geo-
textiles. Geotextiles have also been manufactured from jute fibers
blended with synthetic fibers (Rawal and Sawaswat, 2011; Basu
et al., 2009) for durability enhancement. However, biodegradation
of untreated fibers within such geotextiles is likely to lead to
disintegration of fabric structure.

Fiber level and fabric level chemical modification without
compromising flexibility appears to be a better alternative than the
processes used so far to enhance the resistance of jute geotextiles
against degradation. The objectives for this study are to (a) develop
a chemical treatment process for jute fibers and fabric for
manufacturing more durable biomass-based geotextiles, (b) quan-
tify the long term tensile strength of the product as functions of
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durations of exposure to controlled chemical, biological and
accelerated physical weathering environments in the laboratory,
and (c) study the leachate characteristics.

2. Geotextiles

Jute (Corchorus olitorius) fibers of TD4 grade (BIS 271, 2003) and
commercially available jute fabric with specifications listed in
Table 1 were dipped for 24-h within an aqueous emulsion
prepared from sodium hydroxide, plant tannin, cashew nut shell
liquid, resorcinol, neem oil and formaldehyde in 1:10:8:2:6:4
proportion by weight with pH of 8. A similar emulsion was used
by Saha et al. (2012) to treat lignocellulosic fibers for enhancing
their tensile strength, water repellence and degradation resis-
tance. Subsequently, the fibers and fabric were recovered,
mechanically squeezed and cured in a convection oven at
10545 °C for 1 h. Particulars of the fabric treated in this manner
are summarized in Table 1. Using treated jute fibers 500 m? of
geotextile was manufactured at a commercial jute mill. Specifi-
cations of the fabric manufactured from treated jute fibers are
listed in Table 1 as well.

Production costs of geotextiles manufactured from treated jute
fibers and from treating commercially available fabric are pre-
sented in Table 2. The comparison shows that the production costs
of JG2 (jute geotextiles chemically modified at the fabric level) and
JG1 (geotextiles woven from chemically modified jute fibers) are
lower than those of bitumen coated and HDPE blended jute geo-
textiles and JG2 and JG1 costs are only marginally higher than that
of untreated jute geotextiles (JGU).

3. Filtration characteristics

The apparent opening size, Ogs, and permittivity at 500 mm
constant water head of samples of untreated fabric (JGU), fabric
manufactured from treated fiber (JG1) and treated fabric (JG2) are
presented in Table 1. These results are not indicative of any adverse
impact of chemical treatment on fabric porometry. Bitumen treat-
ment, on the other hand, has a remarkably adverse impact on the
filtration characteristics geotextiles (Correia and Bueno, 2011). For
jute geotextiles, Ogs decreases by as much as 50% and permittivity
by as much as 60% following bitumen treatment.

4. Short-term tensile strength

Geotextiles samples, 25 mm in width and 150 mm in length,
were subjected to tensile loading in a universal testing machine
(Hounsfield H10KS) maintaining a deformation rate of 300 mm)/
min for estimating the “narrow strip” tensile strengths following
ASTM D751 (2006). Five specimens each from ]JG2, JG1, and JGU

Table 1
Geotextile specifications.
Parameter JGU JG1 JG2 Standard
Area density (g/m?) 700 690 720 ASTM D5261-10
Thickness (mm) 14 1.3 14 ASTM D5199-11
Yarn linear density ~ 0.68,% 0.99" 0.46,2 0.46° 0.68,% 0.99® ASTM D861-07
(ktex)
Fabric mesh 55239° 71,239 55339°  BIS 1963-81
(threads/mm)
Weave pattern Tupl Tup2 Tupl
down down down
Ogs (um) 235 255 245 ASTM D4751-04
Permittivity (cm/sec) 0.083 0.090 0.083 ASTM D4491-99

2 Machine direction.
b Cross machine direction.

fabrics were tested in both machine and cross-machine directions
and the average of the tensile strength has been reported along
with the 95% confidence interval. Elongation at break for the
samples was also reported similarly.

The short-term narrow strip tensile strengths and elongation at
break for JGU, JG1 and JG2 samples are summarized in Table 3.
These results do not indicate any adverse impact of the chemical
treatment on tensile strength and flexibility of the geotextiles.

5. Long-term tensile strength
5.1. Chemical degradation

Impact of chemical degradation was investigated by keeping
geotextile samples immersed within an aqueous saline solution
with 3% by weight of NaCl, and aqueous solutions with pH of 3, 4, 7,
9 and 10 for 120 days and determining the tensile strength reten-
tion by testing samples recovered periodically. These data indicate
that JG1 and JG2 samples retained 50% of their initial narrow strip
tensile strengths when immersed in solutions with pH between 4
and 9, while JGU retained only 15% in similar conditions (Fig. 1).
Loss of narrow strip tensile strength was more prominent at pH less
than 4 and above 9. JG1 and JG2 samples exposed to aqueous
environments of elevated salinity levels, on the other hand,
retained 82% and 64% of their initial tensile strengths, respectively,
after 120 days (Fig. 2). The corresponding tensile strength retention
for JGU was only 17%. Data presented in Fig. 2 indicate that the rate
of decrease of narrow strip tensile strength of JG1 and JG2 slows
down with increasing duration of exposure to salinity and little
reduction is observed when the duration of exposure exceeds 60
days.

5.2. Biological degradation

Effect of biological degradation on narrow strip tensile strength
was assessed by burying geotextile samples within a medium
prepared by mixing organic black garden soil, sand and cow dung
in 2:1:1 ratio (by weight) with 30% water content as suggested in
BIS 1623 (1992). A similar approach described in ASTM G160
(1998) is used internationally for assessing biological degrada-
tion. However, compared to the 21-d exposure suggested in BIS
(1992) and exposure duration of 60-d or more suggested in
ASTM (1998) the geotextile samples in this assessment were kept
buried for up to 200 days. Also, for tests continuing for more than
7 days, geotextile samples were recovered once every week
without inflicting physical damage before reburying them within
freshly prepared soil cow dung mixture to simulate an open
biodegradation  environment better. Six samples of
250 mm x 40 mm size from each of the three batches of jute
geotextiles (JGU, JG1 and JG2) were exposed to biodegradation
maintaining 1:100 sample-to-compost ratio (by weight) as sug-
gested by Di Franco et al. (2004). The experiment was carried out
within an incubator at 354+ 5 °C and 85 + 5% relative humidity
following BIS (1992) and ASTM (1998). Samples were periodically
recovered, washed and tested for narrow strip tensile strength
following the procedure discussed earlier. Degradation of JGU
sample were found to be more remarkable compared to JG1 and
JG2 samples and the resistance of JG2 samples against biodegra-
dation was not as pronounced as that of JG1 (Fig. 3). After 200-
d exposure JG1 and JG2 samples retained 48% and 37% of their
initial narrow strip tensile strength, respectively, while the tensile
strength for JGU could not be measured beyond 90 days of
exposure because of complete disintegration (Fig. 4).
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Table 2
Pros and cons of jute geotextiles.

Geotextiles Estimated cost Advantages Disadvantages
(USD/m?)

HDPE 1.5-1.6% 1. 100 to 200 year service life? 1. Non renewable raw materials

2. High strength and productivity 2. Non swelling and water repellent:

possibly inferior filtration characteristics
HDPE blended jute 1.5-1.7¢ 1. Service life must be higher than 1. 50% non renewable raw materials
that of 100% jute geotextiles 2. Raw jute will degrade within a year

2. Moderate strength limiting service life

Jute (JGU) 1.2-1.3% 1. Raw materials are renewable 1. Low strength
and eco-friendly 2. Less than 1year service life

2. Good filtration, supports vegetation
Bitumen coated jute 1.7-1.8¢ 1. Service life is up to 3—4 years® 1. Bitumen is a non renewable material and

2. Moderate strength and productivity its cost is susceptible to petroleum cost

fluctuations
2. Inferior filtration characteristics
3. Generates toxic leachates

Treated jute fabric (JG2) 14-15 1. Inexpensive relative to alternatives 1. Limited service life of 4 years

2. Renewable resource 2. Low tensile strength relative to HDPE

3. No toxic leachate
Fabric manufactured 13-14 1. Inexpensive relative to alternatives 1. Limited service life of 5 years

from treated jute fiber 2. Renewable resource 2. Low tensile strength relative to HDPE
(JG1) 3. No toxic leachate

2 Estimated using Basu et al. (2009) data and historical spot price trend of HDPE in Asia.

b Estimate of Gerard and van Santvoort (1994).

€ Estimated using Sanyal and Chakraborty (1994) data and crude oil spot price trend in the Indian market.

5.3. Physical degradation

Effect of accelerated physical weathering on geotextiles samples
was evaluated using a computer-controlled artificial weather
chamber (Suntest XXL/XXL+, Atlas GmbH) following ASTM G-155
(2005) maintaining environmental parameters listed in Table 4.
Samples recovered after 150, 300 and 500 hours of exposure were

Table 3
Short-term tensile strength and elongation at break.

Sample  Tensile strength (kN/m) + CL* Elongation at break (%) + CL
MD" CD* MD CD

JGU 22 +6 21+£5 11 +1 08 +2

JG1 19+2 2143 12+5 09 +3

JG2 25+4 23+3 13+4 09 +2

¢ 95% Confidence limit.
> Machine direction.
€ Cross machine direction.
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Fig. 1. Residual narrow-strip tensile strength as functions of pH.

tested for narrow strip tensile strength as discussed earlier. Jute
geotextiles were found to lose a significant proportion of their
initial narrow strip tensile strength after AAW. After 500-h AAW
JG1 and ]JG2 samples were found to retain 80% and 75% of their
initial narrow strip tensile strengths (Fig. 5). In comparison JGU was
retained only 33% only.

6. Water affinity

Water affinity was estimated by immersing 40 mm x 40 mm
geotextile samples in distilled water form 24 h, determining the
weight of absorbed water and expressing it as a percentage of the
initial sample dry weight (Alvarez and Vazquez, 2006). These data
indicate that JGU, JG1 and JG2 absorbed 270%, 90% and 120% water,
respectively, in terms of their initial dry weight (Table 5). The
chemical treatment appears to make the fabrics less hydrophilic
with the fiber level treatment showing greater efficacy than the
fabric level treatment.
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Fig. 2. Salinity-related tensile strength degradation.



72 P. Saha et al. / Geotextiles and Geomembranes 35 (2012) 69—75

Before exposure

JG2

After exposure

Fig. 3. Photograph of jute geotextiles.

7. Chemistry

Pellets prepared from dried fibers (1-2 mm long) extracted
from JGU, JG1 and JG2 fabrics and potassium bromide (KBr) in ratio
1:100 (w/w) were subjected to FTIR spectroscopy in a spectropho-
tometer (Thermo Nicolet, Nexus 870) for assessing fabric chemistry.
Wave numbers between 4000 cm~! and 500 cm~' were covered
using 32 scans in the investigation. Baseline corrected (for CO, and
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Fig. 4. Biological degradation of tensile strength.

H,0 molecules) data recorded in the transmittance mode were
normalized by dividing the apparent intensities at wave number of
1050 cm~! because FTIR response at this wave number represents
C-O stretching vibration, which is relatively insensitive to chem-
ical, biological and physical changes.

For JG1 transmittance in region A of Fig. 6 were less intense
compared to that of JGU. Since the response in this region repre-
sents OH stretching (Tornc et al., 2007), chemical treatment
appears to have altered some of the OH groups of jute fiber cellu-
lose chains. FTIR data also indicate that intensification was more
pronounced for JG2 compared to JG1 possibly indicating the extent
of OH group alteration was less in the fabric level treatment rep-
resented by JG2 samples.

FTIR spectral transmittance in regions B and C of Fig. 6 was most
intense for JGU, absent for alkali treated JGU and reappeared rela-
tively more prominently for JG1 and somewhat less prominently
for JG2. The responses in these regions representing C=O0
stretching (region B, Fig. 6) and C—O—C and C—O stretching of ester
bonds (region C, Fig. 6) disappeared following alkali hydrolysis of
JGU samples and reappeared in JG1 and JG2 samples because of

Table 4

AAW testing conditions.
Parameter Condition
Irradiance at 290—400 nm (W/m?) 140 + 10
Black standard temperature (°C) 65+ 5
Relative humidity (%) 60 + 5
Water spray/dry cycle (min) 102/18
Water temperature (°C) 23+3
Water pH 7+1
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Table 5
Water absorption.

Sample Water absorption (% by wt.) + CL
Initial 120-d saline exposure  500-h AAW  200-d soil burial
JGU 270 £35 280 +52 310+ 71 287 + 58
JG1 90 + 22 110 + 20 170 + 21 140 + 20
JG2 120 £30 150 + 34 210 + 35 176 + 22

CL: 95% confidence limit.

transesterification of some of the OH groups due to the chemical
treatment (Saha et al., 2012).

Transesterification of jute fiber cellulose chains inferred from
FTIR data is confirmed by hydrolyzing the geotextile samples in an
alkaline medium. For this JGU, JG1 and JG2 samples were first
washed thoroughly with 70% ethanol to remove excess oil and
residual chemicals. They were then hydrolyzed in 1% NaOH solution

(pH 9) maintaining 1:10 geotextile to solution ratio (by weight) for
1 hour at 100 °C. Spectral responses obtained using a UV spectro-
photometer (Systronics model 150) of the hydrolyzate filtrate of
JG1 and JG2 showed absorption maxima at 310 nm and 320 nm,
which closely matched with the absorption maxima of standard
oleic and stearic acids. Since oleic and stearic acids are the main
active ingredients in neem oil used in the chemical treatment of
this study, their presence in the hydrolyzate filtrate confirms the
inference of transesterification reaction. Similar absorption
maxima were not observed for JGU hydrolyzate filtrate.

8. Crystallinity

XRD data were obtained by subjecting 1 0.5 g of fibers, each of
5 4+ 1 mm length, collected from geotextiles to Cu-Ka radiation for
20 ranging between 10° and 50° at a scanning speed of 2° per
minute using a RIGAKU X-Ray diffractometer (ULTIMA III) operated
at room temperature. Crystallinity index, G, estimated from the
data using C; = (Irp5 — I1g5)/lh25, where 55 and ;g5 are the
intensities at 26 values of 22.5° and 18.5°, respectively (Segal et al.,
1959) are presented in Table 6. The average crystallite size, D,
estimated from D = kA/(Bcos 0) for 26 of 22.5° (Gumuskaya et al.,
2003), where k is the Scherrer constant (usually ranges between
0.8 and 1 with a value of 0.84 often used for lignocellulosic fibers;
Mohkami and Talaeipour, 2011), 1 is the x-ray wavelength (equal to
1.54 nm for Cu-Koa radiation), and B is the integral breadth of
a reflection (in radians), is also reported in the table.

These results indicate an increased crystallinity index for JG2
and JG1 compared to JGU with the increase for JG1 being more
prominent. The average crystallite size also showed a small
increase particularly for JG1. The increased crystallinity and crys-
tallite size therefore appears to correlate with the increased tensile
strength and resistance against chemical, biological and physical
degradation of geotextiles.

9. Leachate characteristics

Leachates collected periodically from the experiments, where
geotextiles were exposed to salinity, pH and AAW were
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Table 6

X-ray diffractometry.
Parameter JGU JG1 JG2
Gl (%) 54 63 58
Crystallite size (nm) 28 32 30

characterized using Systronics 150 UV spectrophotometer to assess
possible leachate toxicity due to the presence of free tannic acid and
formaldehyde. In the UV spectral response absorption maxima
were not detected at around 700 nm (representing free tannic acid)
and 434 nm (representing free formaldehyde). No other toxic
chemical species are expected to be present in the leachate origi-
nating from the geotextile samples.

10. Service life estimation
10.1. AAW half-life

Half-life for JG1 and JG2 geotextile samples was estimated by
fitting the AAW data (Fig. 5) to Y = A + bt, where Y is the narrow
strip tensile strength at time t and A and b are constants, and
estimating the time of exposure for 50% degradation of the initial
narrow strip tensile strength from the best-fit relationship.
Following Koerner et al. (2005), the estimate was scaled with the
ratio of total AAW UV irradiation to the yearly UV irradiation of
eastern India obtained from Wypych (2008) to obtain the field half-
life. These results indicate field half-lives for JGU, JG1 and ]JG2
geotextiles to be 330, 1115 and 881 days, respectively, for installa-
tions under direct sunlight (Table 7).

10.2. Biodegradation half-life

The environment within which geotextile samples were buried
in the laboratory-based biodegradation study were more severe
compared to typical field installation environments. For instance,
laboratory biodegradation experiments indicate complete disinte-
gration of JGU in about 90 days (Fig. 4). In comparison, untreated
jute geotextiles comparable to JGU installed in a riverbank envi-
ronment takes about eight times as long to disintegrate (Ingold and
Thomson, 2007). Consequently, the biodegradation-related field
half-life was estimated by scaling the half-lives observed in the
laboratory-based biodegradation study up by a factor of 8.
Accordingly, field half-lives of 384, 1584 and 1080 days were ob-
tained for JGU, JG1 and G2 geotextiles, respectively (Table 7). Since
the field work of Ingold and Thomson (2007) was performed in
a tropical environment, use of these field half-life estimates ob-
tained in this study in environments with smaller average ambient
temperatures is expected to be conservative (Schwarz, 2001).

Table 7
Half-life of jute geotextiles.
Sample Test Y (kN/m), A, b, 1* Half-life (d)
Lab Field
JGU AAW? 11,21, -2.9 x 102,099 15 330
Soil burial - 48° 384
JG1 AAW? 10, 20, —=7.9 x 1073, 0.99 53 1115
Soil burial - 198 1584
JG2 AAW? 12,24, -1.2 x 1072,0.99 41 881
Soil burial - 135° 1080

3 UV irradiation in 500-h AAW = 250 M]J/m?. Solar UV irradiation in eastern India
in 1 year =210 MJ/m?. Consequently, 1-d AAW exposure is equivalent to about 21-
d outdoor exposure in eastern India. Different scaling factors will be needed for
locations with other values of solar UV irradiation.

b Read off Fig. 4.

11. Conclusions

A chemical process has been proposed for enhancing the resis-
tance of jute geotextiles against chemical, biological and physical
degradation. The process mainly uses non hazardous, non toxic,
plant-based ingredients. Investigation into the chemistry of treated
fabric indicated that the process leads to partial transesterificaton
of some of the hydroxyl groups present within jute fibers. The
treatment led to increased fiber crystallinity. The treated fabrics
were less hydrophilic and more resistant to degradation. In addi-
tion, the treatment did not adversely affect flexibility, tensile
strength and filtration characteristics of the fabrics.

Samples of commercially available untreated jute geotextiles
and jute geotextiles manufactured from jute fibers treated with the
proposed process were subjected chemical (pH and salinity), bio-
logical and physical degradation in the laboratory. Commercially
available jute geotextiles were also treated with the proposed
chemical process and subjected to similar investigations. Based on
these results it is estimated that geotextiles manufactured from
treated jute fibers would lose 50% of their initial tensile strength in
about 1115 and 1584 days, respectively, due to UV and moisture
related weathering and biodegradation in a tropical field installa-
tion environment. The corresponding estimates for chemically
treated geotextiles were 881 and 1080 days, respectively. These
half-lives are about 3—5 times longer than those reported for
untreated jute geotextiles. Characterization of the degradation
products of geotextiles manufactured from treated jute fibers and
treated jute geotextiles did not reveal any toxicity or chemical
hazard.
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