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Challenges

* Annual fiber consumption: >120 M tons
— Doubled in 20 years

° Environmental impacts
— Fiber and chemical productions
— Slashing
— Wet Processing
— Waste and spent textiles

* Sustainability
— Reduce, Replace, Reuse and Recycle



Our Efforts
Fibers

— Non-traditional biobased fibers
Sizes
— Plant/animal proteins to replace PVA

Coloration

— Natural dyes from agricultural wastes

— Plant oil-aqueous dyeing systems
Complete recycling of dyes/salts and waste/used textiles

— Spent dyebath/rinse water
— Waste and used textiles



Biofibers

* Non-traditional natural and regenerated fibers
® Challenges

— Property and cost

* QOur efforts

— Lignocellulosics
* Crop stovers

— Proteins
* Distillers grains
* Oil seed meals
* Feathers

* Low quality/waste hair fibers



Worldwide Availability of Raw Materials
and Non-traditional Lignocellulosics

Raw Material

Availability, Million Tons

Source Fibers

Rice straw 580 116
Wheat straw 570 114
Cornstalk 320 64
Cornhusk 64 13
Soybean straw 214 43
Sorghum 59 12
Pineapple leaf 233 23
Sugarcane rind 29 3

Total 2069 388

*The potential fiber availability has been calculated based on 20% yield of fibers

(10% for pineapple leaf fibers and sugarcane rind fibers)




Stress-Strain Properties of Some Non-traditional Natural
Cellulose fibers compared with cotton and linen

Stress, g/denier

— Cornhusk — Cotton — Cornstalk
— Rice straw — Velvet leaf — Sorghum
— Linen Switchgrass —— Cotton stalks
/
0 2 4 6 8 10 12 14

Strain, %



Examples of Lignocellulosic Textiles
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Worldwide Availability of Raw Materials and
Potential Protein Fibers/Chemicals

Raw World Protein Potential Protein for

Material Production Content Biofibers/Chemicals
(Million tons) (Million Tons)

Soybeans 206.5 44 % 9.1*

Wheat 632.6 13% 8.2°%F

Corn 724.6 9% 6.5*

Milk 622.3 3% 1.9*

Peanut 30.2 27% 0.8*
Feather 3 ~100% 8.0%**

Total 2224 34

Wool <2

Silk <0.5

* Assumed 10% availability of proteins for biofiber/chemical production
** Assumed 100% availability for biofiber/chemical production



Fabrication of Regenerated Protein Fibers
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Properties of Plant Protein Fibers Compared to Wool

Breaking | Breaking Moisture
: : ; Modulus :
Fiber Tenacity | Elongation Regain
g/den
g/den % v/
Wheat Gluten 1.1 =0.07 | 23 +2.7 |34 + 2.2 18
Wheat Gliadin 1.2 = 0.9 25 =32 (29 +28 15
Soyprotein 10 =012 | 85+ 1.1 42+ 14 15
Zein 1.1 = 0.02 | 30.0 = 2.9 - -
Wool 1.2 -1.8 30-40 30- 45 16
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Comparison of feather keratin fibers and wool

Fiber source
Stress
(MPa)
Keratin fibers 110-145
Crosslinked
195-215

keratin fibers

Wool 150-190

30-40%

Dry Properties
. Toughness
Strain (J em?)
8-12% 17-19
16-22% 27-32

28-38

Wet Properties
Stress Strain Toughness
(MPa) (J cm™)
60-90 22-28% 22-28
120-140 27-35% 29-35
120-160 42-50% 33-40
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Size

* PVA for high-speed weaving
—COD

* Challenges

— High speed weaving efficiency

* Our efforts
— Plant and feather proteins
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Industrial Weaving Results
Using Sizes from Soy Protein Isolates

Relative weaving
efficiency, %

Slashing Add-on, %

PVA sizes

Soy protein isolate sizes

30/70
Poly/cotton

Modified starch sizes 14 90

PVA sizes 17 100

PVA sizes 7 100
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Desizing Performance

Desizing efficiency, %

Fabric

95.0+2.1

Polyester 100 100 94.5+2.6

*Three rinses at 90 ©C, liquor/fabric = 5/1
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Biodegradation-COD
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Cost Comparison:

Soy protein, Soymeal vs PVA

Cost of
protein

Cost of
sizes

price of sizes

Cost of
Cost of sizes

meal
$655-1020 per

$400-550

soy protein

soy meal PVA
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Traditional Coloration

* Salt and dye in the spent batch dyebath

— Mainly reactives

* Challenges

— Environmental problems

* Our efforts

—Dual liquid system
* Water: fiber inner phase
* Oil: outer phase
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Our Approach

Using plant oil/water dyeing system
— High dye fixation
— No salt

Excellent levelness
— Controlled dye sorption rate

Reuseable dyebath

Low costs
— No need for 100% recycling of solvent
— No need for equipment modification
Environmental responsibility
— Plant oils are safe to use
— Plant oils are easily degradable by activated sludge currently used
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Principles

* Increased chemical potential of dye in external phase, thus increased
affinity of dyes to fabric

Dye in oil

Dye in water Mo

Chemical Potential
r4

Dyeing medium Fabric




Potential Problems and Solutions

* Fast dye sorption rate

— Problem
* Uneven dyeing

— Solution
* Controlled dye sorption rate
* Controlled dye migration and diffusion

* Strong oil sorption on/in fibers
— Problem
* Complete removal of oil from fabrics

— Solution
* Fill capillaries with water to prevent oil entrance
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High Dye Uptake and Fixation-Ball milling

Aqueous dyeing Ball-milling
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Aqueous dyeing Oil water dyeing Aqueous dyeing
3% owf dye 3% owf dye 5% owf dye

100 g/L salt K/S 16 100 g/L salt
K/S 12 Fixation 92% K/S 16
Fixation 71% Fixation 67%
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3% (owf) of Reactive Red 120, ratio of oil to fabric: 20:1.
100% owf water content. Cottonseed oil
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High Dye Uptake and Fixation-Emulsion

Aqueous dyeing Emulsion dyeing
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20:1. 100% owf water content Cottonseed oil

23



Coloration with Natural Dyes

* Challenges
— Cost
— New environmental concerns

®* Our efforts

— Natural dyes from agricultural wastes

* Hulls and peels of grains and fruits
— Sorghum Hulls
— Orange Peels
— Chlorophyllin
— Granatum
— Banana Peels
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Advantages of Natural Dyes from Wastes

* Low cost comparing to planting just for dyes
* No additional environmental problems
* Large availability
* Unique properties
— Antibacterial

— UV blocking
— Fluorescent
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Some Examples
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Orange Peels Chlorophyllin

Sorghum Hulls



Dye Removal from Spent Dyebath

* Challenges
— Costs
— New environmental issues

* Our efforts
— High sorption capacity
— High regeneration capability
* Jonic interaction with minimal van der Waals attractions

— Environmental responsibility

* Non-toxic in production and regeneration
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Efficient Dye Removal and Sorbent Regeneration

* Dyestuff sorption capacity
— Tg/g hydrolyzed Reactive Blue 19

* Sorbent regeneration
— Concentration factor: 19 with 99% dye desorption efficiency.

* Easy salt and dye reuse
— 8% reduction in dye sorption with 5 g/I. NaCl
— 12% reduction in dye sorption with 10 g/L. NaCl
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Recycling of Dyes and Fibers from
Apparels and Carpets

* Challenge

— Dye removal from textiles without damages
— Costs

* QOur efforts

— Systems for complete dye removal and fiber separation
* Elimination of dye affinity to textiles
* Dissolution of dye and fiber polymers

* Selective sorption/desorption and precipitation for dye and fiber separation and
purification
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