‘Green’ Denim
Abstract

Denim has an allure that extends across fashion borders. It holds the world in thrall in spite of the acute fashion diversities present. Introduced as work wear in the US in 1873, it has morphed into a world-wide fashion necessity. Fashion centres across the globe consider denim to be one of the stable pillars offering great commercial opportunity. 
Indigo is the dye used to colour denim. Although indigo is the oldest known plant-based natural dye, its synthetic counterpart is widely used in the industry. Commercial processes are being constantly modified to dye denim in a sustainable manner. Efforts are concentrated in reducing waste, effluent load and other consumables. However, a growing global market for denim dyed using natural indigo fosters current academic research. This paper reports the possible use of natural indigo on a commercial scale in a sustainable manner. It introduces the socio-economic benefits of cultivating indigo plants. The scope of benign auxiliaries and modern processes to improve dyeing with natural indigo is evaluated. Ideal dyeing parameters are outlined. The natural indigo dyeing concept envisaged is that a consensus among academia and industry would produce the popular blue denim that is truly ‘green’.
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Introduction

Denim and indigo, the dye responsible for its characteristic blue, have crossed and continue to cross the borders between geographical, cultural, linguistic, financial and even chronological entities Balfour-Paul, 2006()
. A crossing of geographical and linguistic borders gave us the words ‘denim’ and ‘jeans’. Denim is the American version of the French “serge de Nimes” which means “Serge from the Nimes”. The Italian sailors of Genoa of 1500’s, called “Genes” by the French, wore blue coloured cotton pants that have become familiar to us as jeans 
 ADDIN EN.CITE 
(Balfour-Paul, 2006, Sandberg, 1989, Jeanswest, Lohmann, 2000)
. Although denim trousers were popular durable garments in the 17th century, the version we are familiar with came into official existence with the grant of US patent number 139,121 to Levi Strauss and Jacob Davis on 20th May 1873 Jacob W. Davis, 1873()
. This was once again a result of cross-border collaboration between a Bavarian and a Latvian in America. Initially introduced as a hard wearing low-maintenance material for miners, blue jeans have crossed social borders to become a global haute-couture necessity. 
Indigo is the principal dye used in denim colouration. It has crossed all kinds of borders including that of time. Known to the ancients as the only dye for blue colour, source, processing and application methods of indigo were shrouded in mystery and kept secret. Records and proof of its use across the old world are widely available.  Blue cloth served as a mark of wealth in some cultures while in others it was used to mark the stages of life Balfour-Paul, 2006(, Buhler, 1951)
. Some of these beliefs and practices are still being followed around the world. Although many sources exist for indigo, the origin of the high yielding plant Indigofera tinctoria can be traced to India. The word “indigo” is derived from the Greek “indi-kon” standing for “from India”. The availability of this natural indigo to European dyers increased with the discovery of a sea-route to the East Indies by Vasco da Gama Vetterli, 1951()
. This in turn increased demand making it a popular crop in the colonies Alden, 1965()
. In some ways it shaped the world trade. Synthetic indigo, introduced in 1897 by BASF, continued this trend while natural indigo retained a cultural hold and is mostly used by hobbyists and craftsmen Fox, 1990(, Sandberg, 1989)
. Competition from other blue dyes has been met by the increasing popularity of denim, resulting in a global multi-billion dollar industry Mercer, 2010()
. Hence it can be claimed that indigo has crossed the border of time. 
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Figure 1 Indigo solubilising reaction

Natural and synthetic indigo are chemically similar with the latter having a higher degree of purity and the ability to be manufactured to specification. The dyeing of textile materials using indigo is complex and difficult as the dye is insoluble in water and most other commonly used dyeing solvents. Hence it is first converted to a reduced soluble form (leuco indigo) that is pale green in colour and then applied on the material. The blue colour develops in a subsequent oxidation process. The reaction is shown in Figure 1. Traditionally many methods of reduction have been followed across the world Buhler, 1951()
. In the dyeing process, a combination of sodium hydroxide and sodium hydrosulphite (hydros) is commonly used as the reducing or vatting agent. The textile material impregnated with the reduced indigo is exposed to air (skying) for oxidation. The process is repeated to obtain required depth of shade Agarwal, 2011()
. Variables in this process are the proportion of indigo to the reducing agents, the way that the reduced indigo is applied to the material, and the total amount of time involved Haller, 1951(, Roberts, 2011)
.
Some of the issues associated with the above industry process described here in. Hydros reacts readily with atmospheric oxygen, diminishing the degree of reduction of indigo. This is countered by further addition (topping-up) of hydros to the dye bath and the incorporation of glucose as a retarding agent. The constant control requires skill and experience to obtain a uniform shade Etters, 1992()
. The oxidation of hydros releases undesirable sulphur dioxide. In addition, sodium hydroxide is a strong alkali which needs to be handled and disposed-off carefully.
In recent decades, a growing awareness of the need to protect the environment has translated into consistent efforts to reduce the ecological impact of production processes. World-wide, consumers are also asking for goods with a natural tag. Responding to this trend, the denim industry is modifying in-house practices and encourages academic research towards a similar end. Methods to reduce the amount of water and chemicals required are being addressed Clariant, 2011()
. The reuse and recycling of denim has been investigated and encouraged Co., 2010()
. In one instance, waste denim has been put forth as a source of bio-fuel 
 ADDIN EN.CITE 
(R Arthe, 2008, Zabaniotou and Andreou, 2010)
. The re-introduction of indigo-yielding plants as an alternate crop in Europe has been evaluated. The findings indicate that such a move has socio-economic potential by providing continuous employment to farmers while using semi-arable land 
 ADDIN EN.CITE 
(Guinot et al., 2006, Angelini et al., 2007)
. 
Vat dyes are a class of dyes that behave similar to indigo in dyeing. One of the popular colouration processes of woven cotton fabrics with vat dyes in the industry  is the pad-steam process broadly described as pad (dye) ( dry ( chemical pad ( steam ( oxidize ( soap ( rinse ( dry Hussain, 2007


( ADDIN EN.CITE , Norris, 1996, Baumgarte and Schlüter, 1984)
. The present research examines utilising this vat dyeing process and using chemicals having lesser impact on the environment to dye cotton with indigo. The study compares the dyeing effectiveness in respect of synthetic and natural indigo. The desirable fastness properties of the dyed materials have been evaluated.
Experimental
100% cotton fabric with a twill weave sourced from Bruck Textiles Australia was used throughout the study. Kraftkolour, Melbourne supplied both natural and synthetic indigo. Acetic acid [Kraftkolour], dextrose [Impala], sodium carbonate [Ajax Finechem], sodium hydroxide [Chem Supply] and thiourea dioxide [Impala] were of laboratory reagent grade. Commercial grade sodium alginate [Alginate NVS from CHT] was used as anti-migrant. Delinol VB/LU [Impala] was employed as a dispersing agent. Standard soap from SDC was used for all washing procedures.

A two bowl padding mangle and laboratory scale steamer, both manufactured by Werner-Mathis was used in the study. A Royston drying chamber was used. 

A fresh solution containing 1 gram per litre (g/l) sodium alginate and 1 g/l delinol was made up and allowed to settle for three hours.  16 g/l of indigo (natural or synthetic), approximating a nominal 1.5% shade, was dispersed in this solution. 10 gram fabric samples were padded with above dispersion using 3-dip 3-nip technique with 80% padding expression at room temperature. The padded fabric was dried at ambient temperature for approximately 2 hours and stored under air-tight condition. 
	Chemical
	A (g/l)
	B (g/l)

	Dextrose
	10
	20

	Thiourea dioxide
	25
	25

	Sodium hydroxide
	12.5
	--

	Sodium carbonate
	--
	10


Table 1 Constitution of chemical pad bath
As shown in Table 1, two reduction baths for the indigo were made up based on equivalent requirements for exhaust dyeing. The fabric was next padded with either bath A or bath B using 3-dip 3-nip technique with 80% padding expression. This was immediately followed by steaming at 100○C and 100% RH. Steaming durations of 30, 60 and 90 seconds were evaluated when padding in bath A while steaming time was increased to 4 and 6 minutes for bath B. The extended steaming time was needed for the in-situ reaction between sodium carbonate and water (steam) to produce sodium hydroxide needed to solubilise the indigo.
On emerging from the steamer the pale green samples were allowed to oxidise at ambient temperature in an open atmosphere for 5 minutes. Samples padded with bath A were then neutralised (soured) in a 2 g/l solution of acetic acid. Neutralisation was not required when bath B was used. The next step was washing off in a 1 g/l solution of standard soap at the boil for 20 minutes. Samples were then rinsed in hot and cold water followed by oven drying at 70○C. The above process is shown schematically in Figure 2.
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Figure 2 Schematic diagram of pad-steam process sequence

After conditioning for 24 hours at 65 ± 2 %RH and 20 ± 2°C, the colour of dyed samples was measured using a Datacolour 600 spectrophotometer. Fastness properties were assessed according to Australian standards AS 2001.4.15-2006 for washing, AS 2001.4.21-2006 for light fading, AS 2001.4.E04-2005 for perspiration and AS 2001.4.3-1995 for rubbing.
Results and discussion

The vat dyeing process sequence of pad (dye) ( dry( chemical pad ( steam ( oxidise ( soap ( rinse ( dry was found to be applicable for dyeing cotton fabric using either natural or synthetic indigo. A typical blue shade with a maximum absorption wavelength (λmax) of 620 nm was obtained in all cases. Typical reflectance curves for synthetic vs. natural indigo are shown in Figure 3. Both samples were reduced using bath A and steamed for 60 seconds. Shades of near equal depth were obtained as can be inferred from the curves. Figure 4 compares sodium hydroxide (bath A) vs. sodium carbonate (bath B) for natural indigo. Steaming time of 90 seconds for bath A and 6 minutes for bath B resulted in comparable shades. 
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Figure 3 Reflectance curve synthetic indigo vs. natural indigo
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Figure 4 Reflectance curve bath A vs. bath B for natural indigo
In the case of synthetic indigo and sodium hydroxide, darkest shade was observed at a steaming time of 60 seconds. When sodium carbonate was used, 4 minutes of steaming time was found to be ideal. On the other hand, compared with other steaming times examined, natural indigo performed best at 90 seconds and 6 minutes steaming durations for combinations with sodium hydroxide and sodium carbonate respectively. Figures 5 and 6 are graphical representations of this result.

It was observed that all samples exhibited a pale green colour when exiting the steaming chamber and regained a dark blue shade on oxidation.  The difference in shade became apparent after soaping off. It is postulated that at less than the observed optimum steaming durations the reduced indigo did not penetrate the substrate and remained on the surface. On the other hand with longer duration it could be that the reduced indigo migrated back to the surface. After oxidation the dye did not adhere to the fabric and was washed off.
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Figure 5 Effect of steaming time on colour strength (bath A)

a, b and c-synthetic indigo and d, e and f-natural indigo steamed for 30, 60 and 90 seconds respectively
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Figure 6 Effect of steaming time on colour strength (bath B)
g and h-synthetic indigo and i and j-natural indigo steamed for 4 and 6 minutes respectively

As expected, all samples dyed with indigo showed excellent fastness to light with an average rating of 4-5 against blue wool standards after 48 hours of light exposure. Colour change and/or staining in washing, rubbing and perspiration tests were evaluated using AATCC grey scales. Washing test results indicated a colour change of average to good with ratings ranging from 3.5 to 4.5. The results are as expected because indigo is known for fading with washing. Staining of the nylon and acetate components of the adjacent multi-fibre fabric (rated at 3 to 3.5) indicated that the dye released into the wash liquor behaved like a disperse dye as put forth by Etters Etters, 1993()
. Dry rubbing fastness was better than wet rubbing being rated as good to very good (4 to 4.5) as against average to good (3 to 4). The dyed samples had a rating of 5 when tested for fastness to perspiration under both acid and alkaline conditions. There was no change of original colour or staining of the adjacent fabric.
The above results indicate that the vat dyeing process modified in this study can colour cotton fabric with indigo in a manner similar to the current industrial processes. Thiourea dioxide does not oxidise on exposure to air as readily as hydros thereby avoiding constant topping-up of the dye-bath. The release of sulphur dioxide by the oxidation of hydros into the atmosphere can be avoided. This makes the process easy to control and friendly to the operators and environment. The substitution of sodium hydroxide with sodium carbonate facilitates safer chemical handling and disposal. The overall effect is a reduction of the environmental impact of the indigo dyeing process.
Conclusion

This research is in response to the current trend towards production processes with low environmental impact and natural materials. Our results indicate that both natural and synthetic indigo can be used to dye cotton by the pad (dye) ( dry( chemical pad ( steam ( oxidise process. As a reducing agent, sodium hydrosulphite (hydros) has been completely replaced by thiourea dioxide. The use of sodium carbonate increases the attraction of our process. Optimum steaming time for synthetic indigo reduced in the presence of sodium hydroxide was found to be 60 seconds while it was 90 seconds for natural indigo. When sodium carbonate was used as the alkali, the ideal steaming time was increased to 4 and 6 minutes for synthetic and natural indigo respectively. Samples dyed by this system exhibited comparable fastness ratings, in respect of light fading, washing, rubbing and perspiration, to those coloured using existing indigo dyeing methods. The success of using a combination of sodium carbonate and thiourea dioxide by the pad-steam process of vat dyeing could be considered as the crossing of another border, the ‘green’ border, by denim.
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		500		24.4		46.8		50.3		51.4		48.9		58.0		42.7		25.4		20.2		20.7		23.8		23.1		23.3		23.8		23.0		20.1		30.5		26.9		23.5		25.0		27.4

		520		22.1		44.3		48.0		49.3		47.1		56.4		40.8		23.0		18.0		18.5		21.4		20.7		21.0		21.5		20.7		18.0		28.2		24.5		21.2		22.7		24.8

		540		19.2		41.6		45.3		46.9		45.0		54.4		38.5		20.0		15.5		15.8		18.5		17.7		18.2		18.6		17.9		15.3		25.5		21.6		18.4		20.0		21.8

		560		17.6		39.8		43.7		45.4		43.8		53.2		37.2		18.4		14.1		14.4		16.9		16.1		16.6		17.0		16.5		13.9		23.9		19.9		16.8		18.3		20.0
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		640		11.3		32.2		36.9		39.7		38.5		48.1		31.9		11.7		8.7		8.9		10.5		9.9		10.6		10.7		10.6		8.5		17.6		13.0		10.7		11.9		12.8

		660		10.8		31.5		36.3		39.5		37.9		47.8		31.3		11.3		8.4		8.6		10.0		9.4		10.1		10.2		10.1		8.1		17.1		12.5		10.3		11.5		12.2
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indigoreflectance

		Wavelength		Syn 16-11-NT4		Indigo wash CH3		Indigo wash CH6		Indigo wash CH9		Indigo wash SH9		Indigo wash SH6		Indigo wash SH3		Syn 16-11-NT6		Nat 16-11-NT6		Nat 16-11-NT4		Syn 16-11-CT3		Syn 16-11-CT6		Syn 16-11-CT9		Nat 16-11-CT3		Nat 16-11-CT6		Nat 16-11-CT9		Indigo wash NT6		SynW 09-12-NT4		NatW 09-12-NT4		NatW 09-12-NT6		SynW 09-12-NT6

		Wavelength		Syn 16-11-NT4		Indigo wash CH3		Indigo wash CH6		Indigo wash CH9		Indigo wash SH9		Indigo wash SH6		Indigo wash SH3		Syn 16-11-NT6		Sodium carbonate (bath B)		Nat 16-11-NT4		Syn 16-11-CT3		Synthetic indigo		Syn 16-11-CT9		Nat 16-11-CT3		Natural indigo		Sodium hydroxide (bath A)		Indigo wash NT6		SynW 09-12-NT4		NatW 09-12-NT4		NatW 09-12-NT6		SynW 09-12-NT6

		400		25.0		49.5		52.5		52.7		46.6		58.0		44.0		25.9		20.4		21.0		25.4		24.2		24.2		25.4		24.6		21.0		32.0		28.7		25.1		26.4		29.1

		420		30.2		55.3		58.1		57.8		53.0		62.9		49.8		31.2		25.0		25.7		30.5		29.3		29.4		30.5		29.9		25.7		37.3		33.7		29.8		31.2		34.4

		440		30.1		53.9		56.9		57.0		53.1		62.5		49.0		31.0		25.1		25.8		30.0		29.0		29.2		30.0		29.3		25.6		36.5		33.0		29.2		30.7		33.7

		460		28.5		51.2		54.4		54.8		51.7		60.8		46.6		29.5		23.8		24.4		28.1		27.3		27.5		28.1		27.3		24.1		34.5		31.1		27.5		29.0		31.8

		480		26.4		48.6		52.0		52.8		50.1		59.1		44.3		27.3		21.9		22.5		25.8		25.1		25.3		25.8		25.0		22.0		32.3		28.9		25.4		26.9		29.5

		500		24.4		46.8		50.3		51.4		48.9		58.0		42.7		25.4		20.2		20.7		23.8		23.1		23.3		23.8		23.0		20.1		30.5		26.9		23.5		25.0		27.4

		520		22.1		44.3		48.0		49.3		47.1		56.4		40.8		23.0		18.0		18.5		21.4		20.7		21.0		21.5		20.7		18.0		28.2		24.5		21.2		22.7		24.8

		540		19.2		41.6		45.3		46.9		45.0		54.4		38.5		20.0		15.5		15.8		18.5		17.7		18.2		18.6		17.9		15.3		25.5		21.6		18.4		20.0		21.8

		560		17.6		39.8		43.7		45.4		43.8		53.2		37.2		18.4		14.1		14.4		16.9		16.1		16.6		17.0		16.5		13.9		23.9		19.9		16.8		18.3		20.0

		580		16.1		38.2		42.2		44.0		42.8		52.1		36.2		16.7		12.7		13.0		15.4		14.7		15.2		15.6		15.2		12.6		22.4		18.2		15.3		16.7		18.2

		600		14.3		36.2		40.4		42.5		41.3		50.7		34.7		14.9		11.1		11.4		13.5		12.8		13.5		13.7		13.5		11.0		20.6		16.2		13.6		14.9		16.2

		620		12.8		34.3		38.7		41.1		39.9		49.3		33.3		13.3		9.9		10.1		12.0		11.4		12.0		12.3		12.1		9.7		19.1		14.7		12.1		13.5		14.5

		640		11.3		32.2		36.9		39.7		38.5		48.1		31.9		11.7		8.7		8.9		10.5		9.9		10.6		10.7		10.6		8.5		17.6		13.0		10.7		11.9		12.8

		660		10.8		31.5		36.3		39.5		37.9		47.8		31.3		11.3		8.4		8.6		10.0		9.4		10.1		10.2		10.1		8.1		17.1		12.5		10.3		11.5		12.2

		680		12.8		33.6		38.2		41.1		38.7		48.7		32.1		13.4		10.1		10.4		12.2		11.4		12.0		12.2		11.7		9.8		18.9		14.7		12.3		13.5		14.6

		700		21.0		42.2		45.9		47.5		43.6		53.1		36.8		21.9		17.3		17.8		20.8		19.7		19.9		20.4		19.2		17.2		26.1		23.4		20.4		21.8		24.1
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		Syn 16-11-NT6						100				Syn 16-11-NT6				100						Syn 16-11-NT4		100.0

		Indigo wash CT2                                     39.63										Syn 16-11-NT4				105.17						Syn 16-11-NT6		95.1

		Indigo wash CT4                                     15.64										Nat 16-11-NT4				138.98						Nat 16-11-NT4		132.1

		Indigo wash CT6                                     10.95										Nat 16-11-NT6				142.7						Nat 16-11-NT6		135.7

		Indigo wash CT10                                     6.06										Syn 16-11-CT3				115.96						Syn 16-11-CT3		110.3

		Indigo wash NH3-2                                   21.44										Syn 16-11-CT6				124.85						Syn 16-11-CT6		118.7

		Indigo wash NH6-2                                   24.77										Syn 16-11-CT9				114.97						Syn 16-11-CT9		109.3

		Indigo wash NH9-2                                   23.37										Nat 16-11-CT3				113.82						Nat 16-11-CT3		108.2

		Indigo wash NH9                                     13.42										Nat 16-11-CT6				115.4						Nat 16-11-CT6		109.7

		Indigo wash NH3                                     15.65										Nat 16-11-CT9				149.3						Nat 16-11-CT9		142.0

		Indigo wash NH6                                     18.97

		Indigo wash CH3                                     21.43

		Indigo wash CH6                                     16.04

		Indigo wash CH9                                     13.33

		Indigo wash SH9                                     14.61

		Indigo wash SH6                                      8.17

		Indigo wash SH3                                     21.60

		Nat 16-11-NT4                                      138.98

		Nat 16-11-NT6                                      142.70												Indigo wash NT6                                     57.43

		Syn 16-11-NT4                                      105.17

		Syn 16-11-CT3                                      115.96

		Syn 16-11-CT6                                      124.85

		Syn 16-11-CT9                                      114.97

		Nat 16-11-CT3                                      113.82

		Nat 16-11-CT6                                      115.40

		Nat 16-11-CT9                                      149.30

		SynW 09-12-NT4                                      87.45

		NatW 09-12-NT4                                     112.45

		NatW 09-12-NT6                                      97.84

		SynW 09-12-NT6                                      90.39
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indigoreflectance

		Wavelength		Syn 16-11-NT4		Indigo wash CH3		Indigo wash CH6		Indigo wash CH9		Indigo wash SH9		Indigo wash SH6		Indigo wash SH3		Syn 16-11-NT6		Nat 16-11-NT6		Nat 16-11-NT4		Syn 16-11-CT3		Syn 16-11-CT6		Syn 16-11-CT9		Nat 16-11-CT3		Nat 16-11-CT6		Nat 16-11-CT9		Indigo wash NT6		SynW 09-12-NT4		NatW 09-12-NT4		NatW 09-12-NT6		SynW 09-12-NT6

		Wavelength		Syn 16-11-NT4		Indigo wash CH3		Indigo wash CH6		Indigo wash CH9		Indigo wash SH9		Indigo wash SH6		Indigo wash SH3		Syn 16-11-NT6		Sodium carbonate (bath B)		Nat 16-11-NT4		Syn 16-11-CT3		Synthetic indigo		Syn 16-11-CT9		Nat 16-11-CT3		Natural indigo		Sodium hydroxide (bath A)		Indigo wash NT6		SynW 09-12-NT4		NatW 09-12-NT4		NatW 09-12-NT6		SynW 09-12-NT6

		400		25.0		49.5		52.5		52.7		46.6		58.0		44.0		25.9		20.4		21.0		25.4		24.2		24.2		25.4		24.6		21.0		32.0		28.7		25.1		26.4		29.1

		420		30.2		55.3		58.1		57.8		53.0		62.9		49.8		31.2		25.0		25.7		30.5		29.3		29.4		30.5		29.9		25.7		37.3		33.7		29.8		31.2		34.4

		440		30.1		53.9		56.9		57.0		53.1		62.5		49.0		31.0		25.1		25.8		30.0		29.0		29.2		30.0		29.3		25.6		36.5		33.0		29.2		30.7		33.7

		460		28.5		51.2		54.4		54.8		51.7		60.8		46.6		29.5		23.8		24.4		28.1		27.3		27.5		28.1		27.3		24.1		34.5		31.1		27.5		29.0		31.8

		480		26.4		48.6		52.0		52.8		50.1		59.1		44.3		27.3		21.9		22.5		25.8		25.1		25.3		25.8		25.0		22.0		32.3		28.9		25.4		26.9		29.5

		500		24.4		46.8		50.3		51.4		48.9		58.0		42.7		25.4		20.2		20.7		23.8		23.1		23.3		23.8		23.0		20.1		30.5		26.9		23.5		25.0		27.4

		520		22.1		44.3		48.0		49.3		47.1		56.4		40.8		23.0		18.0		18.5		21.4		20.7		21.0		21.5		20.7		18.0		28.2		24.5		21.2		22.7		24.8

		540		19.2		41.6		45.3		46.9		45.0		54.4		38.5		20.0		15.5		15.8		18.5		17.7		18.2		18.6		17.9		15.3		25.5		21.6		18.4		20.0		21.8

		560		17.6		39.8		43.7		45.4		43.8		53.2		37.2		18.4		14.1		14.4		16.9		16.1		16.6		17.0		16.5		13.9		23.9		19.9		16.8		18.3		20.0

		580		16.1		38.2		42.2		44.0		42.8		52.1		36.2		16.7		12.7		13.0		15.4		14.7		15.2		15.6		15.2		12.6		22.4		18.2		15.3		16.7		18.2

		600		14.3		36.2		40.4		42.5		41.3		50.7		34.7		14.9		11.1		11.4		13.5		12.8		13.5		13.7		13.5		11.0		20.6		16.2		13.6		14.9		16.2

		620		12.8		34.3		38.7		41.1		39.9		49.3		33.3		13.3		9.9		10.1		12.0		11.4		12.0		12.3		12.1		9.7		19.1		14.7		12.1		13.5		14.5

		640		11.3		32.2		36.9		39.7		38.5		48.1		31.9		11.7		8.7		8.9		10.5		9.9		10.6		10.7		10.6		8.5		17.6		13.0		10.7		11.9		12.8

		660		10.8		31.5		36.3		39.5		37.9		47.8		31.3		11.3		8.4		8.6		10.0		9.4		10.1		10.2		10.1		8.1		17.1		12.5		10.3		11.5		12.2

		680		12.8		33.6		38.2		41.1		38.7		48.7		32.1		13.4		10.1		10.4		12.2		11.4		12.0		12.2		11.7		9.8		18.9		14.7		12.3		13.5		14.6

		700		21.0		42.2		45.9		47.5		43.6		53.1		36.8		21.9		17.3		17.8		20.8		19.7		19.9		20.4		19.2		17.2		26.1		23.4		20.4		21.8		24.1
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		Syn 16-11-NT6						100				Syn 16-11-NT6				100						Syn 16-11-NT4		100.0

		Indigo wash CT2                                     39.63										Syn 16-11-NT4				105.17						Syn 16-11-NT6		95.1

		Indigo wash CT4                                     15.64										Nat 16-11-NT4				138.98						Nat 16-11-NT4		132.1

		Indigo wash CT6                                     10.95										Nat 16-11-NT6				142.7						Nat 16-11-NT6		135.7

		Indigo wash CT10                                     6.06										Syn 16-11-CT3				115.96						Syn 16-11-CT3		110.3

		Indigo wash NH3-2                                   21.44										Syn 16-11-CT6				124.85						Syn 16-11-CT6		118.7

		Indigo wash NH6-2                                   24.77										Syn 16-11-CT9				114.97						Syn 16-11-CT9		109.3

		Indigo wash NH9-2                                   23.37										Nat 16-11-CT3				113.82						Nat 16-11-CT3		108.2

		Indigo wash NH9                                     13.42										Nat 16-11-CT6				115.4						Nat 16-11-CT6		109.7

		Indigo wash NH3                                     15.65										Nat 16-11-CT9				149.3						Nat 16-11-CT9		142.0

		Indigo wash NH6                                     18.97

		Indigo wash CH3                                     21.43

		Indigo wash CH6                                     16.04

		Indigo wash CH9                                     13.33

		Indigo wash SH9                                     14.61

		Indigo wash SH6                                      8.17

		Indigo wash SH3                                     21.60

		Nat 16-11-NT4                                      138.98

		Nat 16-11-NT6                                      142.70												Indigo wash NT6                                     57.43

		Syn 16-11-NT4                                      105.17

		Syn 16-11-CT3                                      115.96

		Syn 16-11-CT6                                      124.85

		Syn 16-11-CT9                                      114.97

		Nat 16-11-CT3                                      113.82

		Nat 16-11-CT6                                      115.40

		Nat 16-11-CT9                                      149.30

		SynW 09-12-NT4                                      87.45

		NatW 09-12-NT4                                     112.45

		NatW 09-12-NT6                                      97.84

		SynW 09-12-NT6                                      90.39





		





		






_1385830325.xls
Chart1

		g

		h

		i

		j



Relative strength (%)

100

95.0841494723

132.1479509366

135.6850812969



indigoreflectance

		Wavelength		Syn 16-11-NT4		Indigo wash CH3		Indigo wash CH6		Indigo wash CH9		Indigo wash SH9		Indigo wash SH6		Indigo wash SH3		Syn 16-11-NT6		Nat 16-11-NT6		Nat 16-11-NT4		Syn 16-11-CT3		Syn 16-11-CT6		Syn 16-11-CT9		Nat 16-11-CT3		Nat 16-11-CT6		Nat 16-11-CT9		Indigo wash NT6		SynW 09-12-NT4		NatW 09-12-NT4		NatW 09-12-NT6		SynW 09-12-NT6

		Wavelength		Syn 16-11-NT4		Indigo wash CH3		Indigo wash CH6		Indigo wash CH9		Indigo wash SH9		Indigo wash SH6		Indigo wash SH3		Syn 16-11-NT6		Sodium carbonate (bath B)		Nat 16-11-NT4		Syn 16-11-CT3		Synthetic indigo		Syn 16-11-CT9		Nat 16-11-CT3		Natural indigo		Sodium hydroxide (bath A)		Indigo wash NT6		SynW 09-12-NT4		NatW 09-12-NT4		NatW 09-12-NT6		SynW 09-12-NT6

		400		25.0		49.5		52.5		52.7		46.6		58.0		44.0		25.9		20.4		21.0		25.4		24.2		24.2		25.4		24.6		21.0		32.0		28.7		25.1		26.4		29.1

		420		30.2		55.3		58.1		57.8		53.0		62.9		49.8		31.2		25.0		25.7		30.5		29.3		29.4		30.5		29.9		25.7		37.3		33.7		29.8		31.2		34.4

		440		30.1		53.9		56.9		57.0		53.1		62.5		49.0		31.0		25.1		25.8		30.0		29.0		29.2		30.0		29.3		25.6		36.5		33.0		29.2		30.7		33.7

		460		28.5		51.2		54.4		54.8		51.7		60.8		46.6		29.5		23.8		24.4		28.1		27.3		27.5		28.1		27.3		24.1		34.5		31.1		27.5		29.0		31.8

		480		26.4		48.6		52.0		52.8		50.1		59.1		44.3		27.3		21.9		22.5		25.8		25.1		25.3		25.8		25.0		22.0		32.3		28.9		25.4		26.9		29.5

		500		24.4		46.8		50.3		51.4		48.9		58.0		42.7		25.4		20.2		20.7		23.8		23.1		23.3		23.8		23.0		20.1		30.5		26.9		23.5		25.0		27.4

		520		22.1		44.3		48.0		49.3		47.1		56.4		40.8		23.0		18.0		18.5		21.4		20.7		21.0		21.5		20.7		18.0		28.2		24.5		21.2		22.7		24.8

		540		19.2		41.6		45.3		46.9		45.0		54.4		38.5		20.0		15.5		15.8		18.5		17.7		18.2		18.6		17.9		15.3		25.5		21.6		18.4		20.0		21.8

		560		17.6		39.8		43.7		45.4		43.8		53.2		37.2		18.4		14.1		14.4		16.9		16.1		16.6		17.0		16.5		13.9		23.9		19.9		16.8		18.3		20.0

		580		16.1		38.2		42.2		44.0		42.8		52.1		36.2		16.7		12.7		13.0		15.4		14.7		15.2		15.6		15.2		12.6		22.4		18.2		15.3		16.7		18.2

		600		14.3		36.2		40.4		42.5		41.3		50.7		34.7		14.9		11.1		11.4		13.5		12.8		13.5		13.7		13.5		11.0		20.6		16.2		13.6		14.9		16.2

		620		12.8		34.3		38.7		41.1		39.9		49.3		33.3		13.3		9.9		10.1		12.0		11.4		12.0		12.3		12.1		9.7		19.1		14.7		12.1		13.5		14.5

		640		11.3		32.2		36.9		39.7		38.5		48.1		31.9		11.7		8.7		8.9		10.5		9.9		10.6		10.7		10.6		8.5		17.6		13.0		10.7		11.9		12.8

		660		10.8		31.5		36.3		39.5		37.9		47.8		31.3		11.3		8.4		8.6		10.0		9.4		10.1		10.2		10.1		8.1		17.1		12.5		10.3		11.5		12.2

		680		12.8		33.6		38.2		41.1		38.7		48.7		32.1		13.4		10.1		10.4		12.2		11.4		12.0		12.2		11.7		9.8		18.9		14.7		12.3		13.5		14.6

		700		21.0		42.2		45.9		47.5		43.6		53.1		36.8		21.9		17.3		17.8		20.8		19.7		19.9		20.4		19.2		17.2		26.1		23.4		20.4		21.8		24.1





indigoreflectance

		



Sodium carbonate (bath B)

Sodium hydroxide (bath A)

Wavelength (λ) nm

Reflectance (%)



Sheet2

		



Synthetic indigo

Natural indigo

Wavelength (λ) nm

Reflectance (%)



		

		Syn 16-11-NT6						100				Syn 16-11-NT6				100						Syn 16-11-NT4		g		100.0

		Indigo wash CT2                                     39.63										Syn 16-11-NT4				105.17						Syn 16-11-NT6		h		95.1

		Indigo wash CT4                                     15.64										Nat 16-11-NT4				138.98						Nat 16-11-NT4		i		132.1

		Indigo wash CT6                                     10.95										Nat 16-11-NT6				142.7						Nat 16-11-NT6		j		135.7

		Indigo wash CT10                                     6.06										Syn 16-11-CT3				115.96						Syn 16-11-CT3		a		110.3

		Indigo wash NH3-2                                   21.44										Syn 16-11-CT6				124.85						Syn 16-11-CT6		b		118.7

		Indigo wash NH6-2                                   24.77										Syn 16-11-CT9				114.97						Syn 16-11-CT9		c		109.3

		Indigo wash NH9-2                                   23.37										Nat 16-11-CT3				113.82						Nat 16-11-CT3		d		108.2

		Indigo wash NH9                                     13.42										Nat 16-11-CT6				115.4						Nat 16-11-CT6		e		109.7

		Indigo wash NH3                                     15.65										Nat 16-11-CT9				149.3						Nat 16-11-CT9		f		142.0

		Indigo wash NH6                                     18.97

		Indigo wash CH3                                     21.43

		Indigo wash CH6                                     16.04

		Indigo wash CH9                                     13.33

		Indigo wash SH9                                     14.61

		Indigo wash SH6                                      8.17

		Indigo wash SH3                                     21.60

		Nat 16-11-NT4                                      138.98

		Nat 16-11-NT6                                      142.70												Indigo wash NT6                                     57.43

		Syn 16-11-NT4                                      105.17

		Syn 16-11-CT3                                      115.96

		Syn 16-11-CT6                                      124.85

		Syn 16-11-CT9                                      114.97

		Nat 16-11-CT3                                      113.82

		Nat 16-11-CT6                                      115.40

		Nat 16-11-CT9                                      149.30

		SynW 09-12-NT4                                      87.45

		NatW 09-12-NT4                                     112.45

		NatW 09-12-NT6                                      97.84

		SynW 09-12-NT6                                      90.39
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Relative strength (%)




