ABSTRACT

HOLBERT, JR., RICHARD MOORE. Empirical and Theoretical Indigo Dye Models Derived from
Observational Studies of Production Scale Chain Rope Indigo Dye Ranges. (Under the direction of
Peter Hauser, Warren Jasper, Jon Rust, and Richard Gould.)

An observational study of production scale chain rope indigo dye ranges was conducted
using 100% cotton open end spun yarns to confirm previously published dye trends, investigate the
effects of dye range speed, and develop dye prediction models. To achieve these objectives, several
milestones were identified and systematically addressed. A comprehensive laboratory preparation
method was developed to ensure consistent yarn preparation. Equilibrium sorption experiments
were conducted to determine the functional relationship between dye bath concentration and pH to
indigo dye uptake in the cotton yarn. Additionally, the resulting shade from equilibrium sorption
data was expanded to create an innovative method of quantitatively characterizing indigo

penetration level of non-uniformly dyed yarns.

The following dye range set-up conditions were recorded for each observational point: yarn
count, number of dips, dye range speed, dwell length, nip pressure, dye bath indigo concentration,
dye bath pH, dye bath reduction potential, and oxidation time. All observations were conducted
after the dye range had been running for several hours and no feed rate adjustments were required.
Later the following measurements were taken to determine each response variable state: total
percent chemical on weight of yarn, percent of fixed indigo on weight of yarn, and Integ shade

value.

Analysis of data from the observational study confirmed most previously published dye
trends relating to dye uptake, shade, and penetration level. Notably, the percent indigo on weight
of yarn as a function of dye bath pH was not confirmed. Although it was noted this relationship may
be dependent on the pH range evaluated during the observational study and not the broader
general trend. All other general trends were confirmed. Additionally several new dye range set-up
conditions were determined to significantly affect dye uptake, shade, and/or penetration level. Yarn
count, speed, and dwell time were deemed significant in affecting dye uptake behavior. Increasing

yarn count to finer yarns resulted in greater percent indigo on weight of yarn, Integ, and penetration



level. Increasing dye range speed resulted in less percent indigo on weight of yarn, lighter Integ
shade, and lower penetration level or more ring dyeing. And, increasing dwell time resulted in

lighter Integ shade.

Using the dye range set-up conditions and measured response variables from the
observational study data, empirical and dye theory models were constructed to predict percent
indigo on weight of yarn, Integ shade, and the resulting penetration level. An independent
production scale indigo dye range, which was not included in dye model creation, was used to
validate of each model for accurate prediction of percent indigo on weight of yarn, Integ shade, and
corresponding penetration level. The dye model predictions were compared to actual production
scale indigo dyed cotton yarns. By making adjustments in yarn porosity values the dye theory model
outperformed the empirical model in predicting final Integ shade although both models accurately

predicted the total percent indigo on weight of yarn.
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1 Indigo Dyeing Principles: Review of Current Knowledge

Indigo is a vat dye which was probably one of the oldest known coloring agents and has
been used to dye fabric for thousands of years. In fact, it is thought that this ancient dye was the
first naturally occurring blue colorant discovered by primitive man. The origin of the name “indigo”
can be traced back to the word “Indic” which means of India. Indigo has also been greatly valued by
the Chinese. Egyptian Mummy cloths have been discovered that were dyed with the “ntinkon”, a

blue dye having all the properties of indigo.

Today, the indigo used in commercial dyeing of denim yarn is no longer of natural origin.
After 12 years of research by Adolf von Baeyer, a method of laboratory synthesis of indigo was
discovered in 1880. By 1897 the first commercial form of indigo based on Baeyer’s method
appeared on the market. After the turn of the 20™ century, synthetic indigo gradually replaced
natural dye worldwide. Over the last hundred plus years more indigo dye has been produced than

any other single dye.

Even though indigo is classified as a vat dye, it does not perform like other vat dyes because
it has little affinity for cotton. Compared to other vat dyes, indigo has inferior fastness properties.
But these poor performance properties are indeed the very nature of the dye which makes it so
popular. Due to the poor fastness properties, a desirable blue shade develops when indigo dyed

denim is laundered repeatedly.

If indigo was introduced today, not many dyers or chemists would be interested. In fact, it
might not even leave the lab compared to today’s requirements for commercializing a new dye.
Zollinger noted in 1988, “Were it not for the persistence of the denim fashion, indigo would hardly
be produced or used at all today.” This statement still rings true today. Given the extensive use of
indigo in commercial dyeing applications, one would speculate the literature would be filled with
fundamental experiments and knowledge of the use and driving properties of this important dye. At
last, until recently this is not the case. It wasn’t until the end of the 1980’s when the Southeastern
Section of the AATCC committee lead by investigations of J.N. Etters that significant research

revealed the physico-chemical mechanisms of the sorption of indigo by cellulosic materials.



1.1 Commercial Indigo Dyeing

Indigo dye (C.I. Vat Blue 1) is insoluble in water. In order to effectively be used it must be
reduced to the leuco-soluble form using a suitable reducing agent with an alkali such as sodium
hydroxide. There are three main types of dye ranges used in traditional indigo dyeing which are

summarized below and shown in figure 1-1.

1. The long chain or rope type dye range which is characterized by multiple dye boxes that
allows great production rate and flexibility.

2. The sheet or slasher dye range which can have multiple boxes but with reduced
production capability.

3. The looptex dye range which has a common dye box. This machine has limited number of
dip capability. Figure 1-1 graphically illustrates the three types of machines.
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Figure 1-1: Typical dye range equipment to apply indigo dye. !



The majority of denim yarns dyed with indigo utilizes the 6-dip (or more) continuous rope
dye range. A typical rope dye range will process 20 to 40 ropes of yarns at a time. The exact
number will be predetermined by machine layout and subsequent slasher restrictions. 300-400
individual yarns make up a single rope. The final number of ropes will equate to 2 to 4 slasher sets.
This characteristic allows the continuous rope dye range to produce uniformly dyed yarn at great

production rates in a variety of shades.

Before the cotton yarns can be dyed with indigo, the cotton must be prepared. The pre-
scouring process shown in figure 1-2 involves two main objectives. First the cotton is chemically
cleaned with a penetrant, sequestering agent, and sodium hydroxide solution. Typical sodium
hydroxide concentrations range from 10-25 g/l although higher levels (mercerization strength) are
used to create unique dye characteristics. The main purpose is to remove natural waxes and oils
from the cotton fibers. During this stage sulfur dyes are commonly added to enhance the final
indigo dye shade. Multiple wash boxes follow the scour box to rinse contaminants from the yarns.
The last benefit of the pre-scour section is to remove all excess air trapped in the yarns. Excess air in
the yarns will prematurely oxidize the reducing agent and possibly indigo in the dye boxes causing

the entire system to fall out of reduction.
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Figure 1-2: Pre-scour section on long chain indigo dye range. !



After the last wash box in the pre-scouring section, the yarns are immediately immersed
into the first indigo dye box. There are two main ways to “build” the amount of indigo on weight of
yarn. 1. Indigo concentration in the dye boxes. 2. The total number of dips. Each “dip” is
characterized by submerging the yarn into the dye liquor for 15-60 seconds with a “W” type thread-
up. Then excess dye liquor is squeezed from the yarns by using 4-5 ton nip which typically produces
70 — 90% wet pick-up. “Skying” after each nip allows natural air oxidation of the leuco indigo.
Typical sky times are 1+ minute. By chaining multiple dips together as shown in figure 1-3, the
indigo shade can be built to the final desired depth. Most commercial dye ranges have 4 to 8
successive dye boxes although some extreme new machines are being manufactured with 12 indigo
dye boxes. The maximum amount of indigo applied in any one dye box is approximately 2% of 20%

indigo paste. Therefore, approximately 6 dips are required to produce a “12%” indigo shade.
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Figure 1-3: Indigo dye boxes on long chain dye range. !

Following the dye boxes, the yarns are washed to remove excess alkali and any unfixed
surface dye. During this stage sulfur dye “tops” can be applied to further enhance the indigo shade.
Figure 1-4 shows washing begins with cool water around 80°F in the first wash box and the

temperature is gradually increased by 20 degrees in each subsequent box. The final wash box is



usually around 140°F. Just before drying begins, typically a beaming aid is applied to improve

beaming efficiency.

WaSH BOXES DRYING CAMS COILERS

Figure 1-4: Wash and dry section of long chain indigo dye range. !

Of course the main purpose of indigo dyeing is to apply indigo to the yarn. Indigo dyeing
occurs in an infinite bath condition because uniform dye concentration is maintained throughout
the dyeing process by the addition of make-up dye. Uniform dye concentration throughout all the
dye boxes is therefore paramount. Uniformity is achieved by re-circulating the dye liquor while
additional dye is metered into the range. Typical circulation system is shown in figure 1-5. Each dye
box is cross connected by 4 inch pipes located at the bottom of each box. Dye liquor is pulled from
the bottom of the vats by a circulation pump. The circulated liquor plus indigo and chemical feed
make-up is returned to each box near the top. Dye overflow is typically on the top of the first dye

box. This overflow is typically captured and re-used later.
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Figure 1-5: Re-circulation system on long chain indigo dye range to maintain dye box uniformity. !

Since dye liquor is circulated through the dye boxes to maintain uniform concentrations, the
indigo dye boxes can be modeled as one giant dye box. The conservation of mass principle for a

control volume undergoing a process can be expressed as equation 1-1.

Equation 1-1: First law of thermodynamics



The purpose of measuring the indigo concentration in the dye liquor is to maintain a
constant dye concentration so the net change in mass within the control volume equals zero.
Therefore the total mass entering equals total mass leaving the dye box. Total mass entering the
dye box is generally known. The concentration of indigo stock mix is predetermined and the feed
rate is measured by flow meters. The total mass leaving the system is divided into two components.
1. Indigo pick-up in the cotton yarns. 2. Indigo in the overflow from indigo dye box. Typical indigo
shades are expressed in terms of % indigo shades. This is calculated by dividing the pounds of indigo

per hour by the pounds of cotton per hour. For example:

3.75 pound/gallon indigo stock mix

78.3 gallons/hour indigo stock mix feed rate
293.6 pounds of indigo/hour feed rate

3673 pounds cotton/hour
293.6/3673=8.0% indigo shade

Equation 1-2: Example calculation of % indigo shade

The approach shown in equation 1-2 neglects the indigo mass component in the overflow.
For a more accurate % indigo shade calculation, the mass of the discharged indigo must be
considered. Additionally, unfixed indigo removed from the dye bath on the yarn but later removed
during the washing process must be accounted for. Due to the complexity of measuring these

discrepancies, many indigo dyers refer to equation 1-2 for its simplicity.

1.2 Indigo Chemistry

1.2.1 Indigo Reduction or Vatting

Reduced indigo is called leuco indigo and is yellow in color. Leuco indigo can dye cellulose
materials and will later be oxidized back to blue color. The traditional reducing agent is sodium
dithionite also called sodium hydrosulphite or simply hydro. Other reducing agents fill special

demands and have not gained large practical acceptance. Hydro is extremely sensitive to



atmospheric oxygen. Oxidation of hydro is accompanied by consuming sodium hydroxide, NaOH,

when atmospheric oxygen is present in the alkaline medium.

The reduction of indigo dye requires two chemical processes as shown in equation 1-3 and
figure 1-6. Caustic and sodium hydrosulfite react to liberate two hydrogen atoms which react with
the two carbonyl groups (C = O) on the indigo molecule. Additional sodium hydroxide reacts with C

— OH group to form C — ONa group which solubilizes the dye into leuco indigo.

+2 2 +2

Equation 1-3: Reaction of sodium dithionite and sodium hydroxide
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Figure 1-6: Oxidized and reduced form of indigo dye. !

The theoretical calculations of caustic and hydro in indigo stock mix are as follows. The
molecular weight of indigo, hydro, and caustic are 262.26, 174.11, and 40.01 respectively. From the
above two reactions 4 moles of 100% NaOH and 1 mole of 100% Na»S,04 (Hydro) are required to

completely reduce 1 mole of 100% indigo. In commercial operations, excess sodium hydroxide and



hydrosulphite are used to reduce indigo

table 1-1.

Table 1-1: Typical Stock Mix.

. An example of a typical indigo stock mix formula is given in

Asis Asis % OWI | 100% Total Theory | Excess Excess

#/Gal g/l o/l Moles Moles Moles o/l
Indigo 3.75 450 -- 90 0.343 0.343 -- --
Caustic | 1.50 180 40 112.5* 2.813 1.372 1.441 57.6
Hydro 0.60 72 16 64.8 0.372 0.343 0.029 5.1

* Includes the caustic present in the Indigo paste (5.2%).

The excess caustic and hydro are present to ensure complete reduction is reached and
maintained for the life of the mix. Additionally the excess chemicals will reduce the required
auxiliary chemical feed rates to maintain the desired pH during the dyeing process. In order to
maintain proper reduction of the indigo in the dye boxes, a total hydro consumption factor based on

the weight of the Indigo (OWI) would be approximately 32%.

Other typical indigo stock mixes follow formulas in table 1-2 and 1-3. Table 1-2 formula will
produce a 3.75 Ib/gal or 450 g/l indigo concentration. Vatting or reducing the indigo usually occurs
at 50° C in approximately 30 minutes. Properly vatted indigo is yellow or amber in color. The liquor

turns green in 12-15 seconds on clean glass as air oxidation begins.

Table 1-2: A typical indigo stock mix formula.!

Stock Mix concentration
Gallons Lbs Lbs/Gal oz/gal g/l
Indigo 20% Paste 320 3000 3.75 60 450
Sodium Hydroxide 50% 94 1200 1.50 24 180
Lig. Hydro 170g/I 340 3250 4.06 65 490
Water 46 382 - - -
Total Volume 800




Table 1-3: Additional indigo stock mix recipes.*®

Plant 20% Indigo 50% Caustic Hydro (g/1) 50% Caustic Hydro (%l)
Paste (g/1) Soda (g/l) Soda (%l)
1 450 143 68 31.77 15.11
2 414 140 54 33.77 13.09
3 382 140 71 36.79 18.55
4 400 118 60 29.5 15
5 450 136 69 30.02 15.33
6 420 121 64 28.17 15.33
7 450 150 75 33.33 16.67
8 381 120 63 31.49 16.54
9 400 270 64 67.5 16.5

1.2.2 Classification of Indigo Dye Species

. oxidized or keto indigo.
[l. Reduced nonionic acid leuco indigo.
[1l. Monophenolate ion of reduced indigo.
IV. Biphenolate ion of reduced indigo.

Indigo dye can exist as four species as shown in figure 1-7:

Both forms I and Il are highly insoluble compounds of unknown solubility and virtually no

substantivity for cotton. The solubility of the other species Il and IV can be calculated when given

the pKa’s of the reduced forms. These two ionic forms vary greatly with di-ionic form having the

higher solubility but lower substantivity. The mono-ionic form of indigo predominates in the lower

pH ranges of 11.

10



Figure 1-7: Various forms of indigo: | - Oxidized, Il - Reduced acid leuco, Il - Monophenolate, and IV - Biphenolate. v

Indigo can undergo a two-step ionization to produce the two ionic species: mono-ionic and
di-ionic or the monophenolate and biphenolate forms respectively. The relative amount of each
species is governed by the pH of the dye bath. The poorly water-soluble nonionic or ‘acid leuco’
form of reduced indigo can be abbreviated as H,l where H is hydrogen and | represents indigo. The
first ionization step produces the more soluble mono-ionic form of indigo, HI" as shown in equation

1-4.

© +

Equation 1-4: First ionization of indigo dye

11



The associated equilibrium ionization constant kj is given by equation 1-5.

Equation 1-5: First associated equilibrium ionization constant

The second ionization step produces the even more soluble di-ionic form of indigo, 1* by equation 1-
6.

© +

Equation 1-6: Second ionization of indigo dye

The associated equilibrium ionization constant k is given equation 1-7.

Equation 1-7: Second associated equilibrium ionization constant

The fractional distribution of each indigo dye form in figure 1-7 is governed by the pH and respective

pKa values. The functional relationship for each form is given in equations 1-8.

12



Equation 1-8: Indigo Fractional form calculation based on pH and respective pK values

A higher pKa value indictates weaker ionization. In fact, the autoprotolysis equilibrium of water has

a pKa = 14.00. The relatively high value of 14 indicates only a few water molecules are ionized.?

In 1993 the actual pK; and pK;, values for reduced indigo were unknown. Etters used the
values found for tetra-, tri-, di-, and mono- sulphonic acid forms of indigo. He states when these
data are extrapolated to the zero sulponic acid form, i.e. conventional reduced indigo, reasonable
estimates for pK; and pK, with 95% confidence limits are made.” Etters' reported pKa estimates

are: pKy; mean value is 7.97 (limits 7.19, 8.74) and pK, mean value is 12.68 (limits 12.23, 13.08).

The pKa’s of the first and second ionization steps of the acid leuco of indigo were later
measured to be pK; = 9.5 and pK = 12.7." By using these values it is possible to calculate the
fractional amount of each reduced species of indigo in the dye bath for a given pH. Figure 1-8
illustrates the mono-ionic form dominates at pH of 11.0 while the di-ionic form reins superior at pH
of 14.0. At traditional indigo pH dye ranges of 12.0 — 13.0, the mono-ionic to di-ionic form ratio is
basically 50/50.

13
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Figure 1-8: Fraction of leuco reduced indigo as a function of pH.15

1.2.3 Indigo dyeing Measurement Methods

Indigo concentrations in the dye box are measured by three different methods: visual versus

standard, Spectrophotometric analysis, or gravimetric analysis. All of the above methods are

affected to some degree by sulfur contamination in the indigo boxes when a sulfur bottom is

applied. However, results should be relative to previous measurements, therefore comparative.

By far the most widely accepted indigo measurement system in commercial operations is

the %T measurement. This technique is based on the transmittance values of a spectrophotometer

reading a diluted and oxidized dye sample. A known aliquot of dye is diluted to a fixed volume with

water and allowed to oxidize. Usually the resulting measurement is compared to a predetermined

standard. By using Beer’s Law: A=ebc; where A is absorbance, ¢ is concentration g/l, b is cell

thickness cm, and e is specific absorptivity L/gcm; the indigo dye concentration can be calculated.

14



The specific procedure is outlined in appendix A-1-2a. Since oxidized indigo is not water soluable,

the mixature must be constantly stirred to maintain uniform distribution.

Figure 1-9 graphically depicts the specific absorptivity of oxidized and reduced indigo. The

specific absorptivity is independent of concentration and cell thickness.
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Figure 1-9: Specific Absorptivity of oxidized and reduced indigo as a function of wavelength. 3

Caustic is necessary to dissolve the reduced indigo into the leuco-indigo form. Caustic is also
the regulator of the dyeing process. Excess caustic results in increase penetration making the shade
appear weaker. Not enough caustic results in poor crocking properties, increased ring dyeing,
streaked dyeing, and/or a precipitation in the vat. The total alkalinity caustic level can be measured

by titration method. The specific method is given in appendix A-1-2b.

Sodium hydrosulfite is required to reduce the indigo and keep the indigo dye boxes in the
proper dyeing condition. Excess hydro results in increased penetration, greener and brighter
shades, weaker dyeing, potential streaking, higher cost, and slower wash down. Too little hydro

results in increased surface dyeing, redder and duller shades, color of the dye liquor changing from

15



amber to green, and/or dyeings which are not fast to washing. Sodium hydrosulfite concentrations
can be determined by volumetric titration with iodine or with K3 [Fe(CN)s]. The end point is

determined either visually or potentiometrically.

The hydro level can be measured by four different methods: 1. lodine titration. 2.
Potassium Ferricyanide titration. 3. Vatometer. 4. MV measurement of the oxidation reduction
potential (ORP) which is a composite value based on indigo, caustic and hydro concentrations.
Reduced indigo dye bath can be titrated with sodium hypochlorite to produce the following
potential curve, figure 1-10. Starting from -890 mV to point A on the curve (-850 mV), the potential
depends on the concentration of sodium hydrosulphite in the dye bath. When all the hydro is
consumed, the potential undergoes a sudden increase to point B which is about -695 mV. As indigo
is insoluble in the aqueous dye bath, the potential of the solution is therefore the potential of leuco
indigo. At point C the leuco indigo molecules are oxidized and the potential quickly rises.
Electrochemical titration methods to measure Indigo and hydro use potassium hexacyanoferrate (l1I)

as the titrant.
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Figure 1-10: Redox potential curve of reduced indigo undergoing oxidation by sodium hypochlorite.46
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Several alternative methods have been developed over the years to measure and monitor
indigo and sodium hydrosulfite concentrations. Westbroek® used an electrochemical method using
multistep chronoamperometry. Photometric and spectrophotometric reflectance can be used to
determine indigo concentrations by potentiometric titration. However the system doesn’t
differentiate between unreduced indigo and leuco indigo in the dye bath. This is due to the
oscillation of potential used to remove indigo particles from the electrode. By applying a -0.90 mV

potential across the electrode, all indigo in the sample vessel is completely reduced to leuco indigo.

Sahin® describes a laser diode spectrometer for monitoring indigo concentrations. A laser
diode absorption spectrometer with monochromatic radiaton emmited at 635 nm to measure
oxidized indigo absorption at the shoulder of a broad absorption peak. A linear calibration curve
between 10 and 150 mg/I is shown in figure 1-11 which corresponds to indigo concentrations in the
dye bath from 0.8 to 12 g/I (diluted with aerated water by a factor of 80). Typical dye bath indigo
concentrations ranges are 1 to 3 g/l. Sahin claims no interference due to sulfur compounds present

in dye bath which is a problem with electrochemical titration methods but no supporting evidence is

provided.
3
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Figure 1-11: Calibration curve of Sahin laser diode spectrometer.>®
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Another method for monitoring indigo is the Flow Injection analysis (FIA)®. FIA is a Real-
time analytical technique for determining leuco indigo dye concentration in batch dye bath. 20 uL
sample was introduced in FIA and diluted with 5 different reducing agents. Absorbance
measurements are made at 406 nm (maximum absorption of leuco indigo) by fiber optic coupled

spectrometer. To prevent premature oxidation, nitrogen gas was continuously bubbled in.

While many automatic systems have been developed over the years, few have gained wide
acceptance. Most automatic methods have limited success due to poisoning of the system, either

build-up on potentiometric electrodes, blocking of valves, and/or peristaltic pumps failures.

Extraction of indigo on yarns and fabrics was historically carried out by pyridine reflux. A
given dyed sample of approximately 0.5 grams would have the indigo dye removed until the solution
siphoning from the fabric was colorless. The pyridine solution extract was then brought up to 250
ml in a volumetric flask. Absorbance of the solutions at 608 nm is measured on either a single beam
spectrophotometer or a dual-beam diode array spectrophotometer. This particular method of

indigo on weight of yarn measurement is no longer utilized.

Recently Hauser and Merritt*® demonstrated the effective use of ferrous
sulfate/triethanolamine/sodium hydroxide or Fe/TEA/OH as the extraction solvent. Approximately
0.5 gram dyed sample is placed in flask then 100 ml of pre-prepared Fe/TEA/OH solution is added.
(Fe/TEA/OH is prepared by adding 5 g/I ferrous sulfate, 50 g/l triethanolamine, and 10 g/I sodium
hydroxide (pellets) to distilled water.) The extraction is carried out at 45° C for 90 minutes on a
stirring hot plate. After 90 minutes the solution is cooled to room temperature, volume topped off
to 100 ml, and absorbance measured at 406 nm. The solutions once again follow Beer’s law with

dilutions made by additional reducing solution if needed.
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1.3 Characteristics of Indigo Dyed Yarns

To accurately describe and discuss the characteristics of indigo dyed yarn, a back ground
understanding of color measurement, shade, and ring dyeing is required. Color measurement and

shade are physical measurements one can make to qualify the amount of dye on a textile substrate.
1.3.1 Color Measurement and Representation
1.3.1.a Kubelka-Munk Color Evaluation

Most opaque colored objects illuminated by white light produce diffusely reflected colored
radiation by light absorption and scattering. A function based on this fact was developed by Kubelka
and Munk in 1931. These researchers theorized that the ratio of the coefficient of light absorption,
K, to the coefficient of light scattering, S, is related to the fractional reflectance of light Ry of a given

wavelength from the opaque substrate.

Consider the simple case of a light beam passing vertically through a very thin pigmented
layer of thickness dx in a paint film, figure 1-12. The downward (incident) and upward (reflected)
components can be considered separately by the absorption coefficient K and the scattering

coefficient S.

Surface of paint film

A

Substrate

Figure 1-12: Kubelka-Munk analysis of downward and upward components of light flux.’
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The downward flux (intensity I) is:
- decreased by absorption = -Kldx
- decreased by scattering = -Sldx

- increased by backscatter = +SJdx

To yield the change in downward flux, equation 1-9 is utilized.’

== - + =—( + ) +

Equation 1-9: Change in downward flux by Kubelka-Munk

The upward flux (intensity J) is:

- decreased by absorption = -KJdx
- decreased by scattering = -SJdx
- increased by backscatter = +Sldx

To yield the change in upward flux, equation 1-10 is utliized.’

=- - + =—( + ) +

Equation 1-10: Change in upward flux by Kubelka-Munk

Solution of these differential equations for an isotropically absorbing and scattering layer of infinite

thickness leads to the widely used Kubelka-Munk equation, equation 1-11.°

=1+ - - - +2 -

Equation 1-11: Kubelka-Munk reflectance equation

20



This equation can be solved for K/S and the widely used form of K/S results in equation 1-12.°

Equation 1-12: Kubelka-Munk equation for light absorbance and scattering

This is the most widely known form of the equation and most used by textile professionals
directly or indirectly through specialty software programs. For the equation to be of practical value
it is necessary for the equation to be corrected to take into account light reflectance properties of
the textile substrate. One correction to this equation accounts for the light reflectance (Rm) from a
mock-dyed substrate, i.e., a substrate that has been subjected to a dyeing process containing all the

chemicals other then dye.’

Equation 1-13: Correction to Kubelka-Munk for light reflectance properties of mock dyed substrate

The range of applicability of the mock dyed corrected formula can be extended by
accounting for surface reflectance of the fabric. It is easily shown that as the dye content of a textile
substrate increases, less and less light is reflected from the substrate. However zero reflectance is
never achieved. Instead a low limiting value of reflectance is encountered that is insensitive to
further increases in concentration of dye in the substrate. This limiting value of reflectance is the
“surface reflectance”, Rs. By including R, the range of linearity is extended to higher concentrations

of dye. The final corrected K/S formula is given in equation 1-14.°
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Equation 1-14: Corrected Kubelka-Munk to account for surface reflectance.

Where Ry is the reflectance of light from the substrate containing a given concentration of dye, Ry, is

the light reflectance from a mock-dyed substrate, and R is the so-called “surface reflectance”.

It is found that the resulting corrected K/S can be shown to be a linear function of dye
concentration in the textile substrate.® In equation 1-15, "C" is the concentration of dye in the
substrate and “a” is the reflectance absorptivity coefficient. Since the reflectance absorptivity
coefficient is equal to the value of K/S that is obtained per unit concentration of dye in the
substrate, the reflectance absorptivity coefficient is a measure of the “color yield” that is obtained
for a given system?. As the value of “a” increases, the greater the depth of shade for a given unit of

fixed dye.

Equation 1-15: Relationship of K/S corrected to dye bath concentration.

The definition of reflectance absorptivity coefficient requires uniform dye distribution in the
cross section of the yarn. There is only one true reflectance absorptivity coefficient, “a;”, for a given
dye/fiber system. Etters has estimated that the value of “a;” for dyeings in which indigo is uniformly
distributed in the cross-section of the substrate is approximately 40 when the dye concentration is

expressed as grams of indigo per 100 g of fiber.*®

A useful description to represent an object's color was defined by the Committee of the
Society of Dyers and Colourists in 1976 as the CIELAB system. This system defined three parameters

that related the color value of an object. The L* represents the light to dark aspect, a* describes the
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red to green color shift, and the b* term describes the yellow to blue relationship. These values are
calculated using the equations in 1-16 that involve the tristimulus values which relate the measured
reflectance wavelength values, average observer, and the standard light source. All calculations

presented in this paper use a 10° observer and D65 standard light source. For more detailed review

please reference book 9 in the bibliography section: Colour Physics for Industry.

=116 — —16
=500 — — — ]
=200[ — - — ]

Equation 1-16: L*, a*, and b* equations based on the tristimulus values as defined by CIELAB.

where =

Another method of expressing the overall color value from a sample is the Integ shade
value, equation 1-17. In this calculation the K/S at each wavelength is scaled by the average
observer and standard light source. The resulting Integ value increases in value as the overall color

depth increases.

=5 - EC + +)

Equation 1-17: Calculation of Integ as a function of K/S values, average observer, and standard light source.*®
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1.3.1.b Determination of Surface Reflectance, R

Etters summarized a method for the determination of Rs in 1991.'% To determine the R
value, make successive linear regression analyses of K/Scorr Versus concentration for various values
of Rs until both a high value of R? and a statistically optimum zero value for the intercept are found.
Etters plotted the R?versus Rs values for blue, red, and yellow reactive dye on velour cotton in figure
1-13. Itis revealed the R?value for the blue dye is insensitive to surface reflectance with all the
values being greater than 0.99. On the other hand, R?for the red dye exhibits much greater
sensitivity to surface reflectance, with the maximum R? occurring at an Rs of about 0.01. R*for the
yellow dye has only limited sensitivity to surface reflectance, with the R?value reaching a maximum
between 0.020 and 0.025. The most important point made in figure 1-13 is that, for the present
series of dyes on the given velour substrate, the R?value that results from the use of an optimum

value of Rs is only slightly improved over that which is obtained with an Rs of zero.

R-Square

0.99 /,//\
0.98
X
0.97
1=Blue, 2=Red, 3=Yellow \

0.96F -

T

0.95

0.94 ' \

0'93 1 1 | 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03

Surface Reflectance

Figure 1-13: Calculated R-square values for blue, red, and yellow dyes at various surface reflectances.™®
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The intercepts of the linear regression lines obtained in the analysis of K/S¢or Versus
concentration are given as a function of surface reflectance in figure 1-14. The zero intercept for
the red and yellow dyes occur at about the same value of surface reflectance: 0.0166 and 0.0163.
However the zero intercept for the blue dye occurs at a surface reflectance of 0.0128. Yellow dye is

most sensitive to surface reflectance while the blue dye is the least.

Intercept

0.2r

0

-0.2 .
1=Blue, 2=Red, 3=Yellow ' \ \\
-0.4F— \ |
\3 N

_0-6 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03

Surface Reflectance

Figure 1-14: Calculated y intercepts for blue, red, and yellow dyes.18

From the R*and intercept analysis, Etters determined he could use a surface reflectance of
1.5% for each dye. Plots of K/S¢orr Versus concentration in which both zero surface reflectance and
the common value of 0.015 are given in figure 1-15. In each case the linearity is significantly
improved by accounting for surface reflectance. The reflectance absorptivity coefficient (line slope)
is increased in each case. Recall the R*analysis indicated only small improvement by accounting for
Rs would be expected. Yet, the surface reflectance had a dramatic visual impact on the correlation

of K/S versus concentration.
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Figure 1-15: Comparison of original K/S and corrected K/S for blue, red, and yellow dyes.18



1.3.1.c Investigating the Ring Dyeing Property of Indigo Dyed Yarn

Ring dyeing is characterized by the inner layer of fibers containing little to no dye while the
outer layer is highly pigmented. During indigo dyeing, the degree of ring dyeing can be regulated by
pH of the dye bath or pretreatments used during pre-scour section. Typically pH 11 displays better
ring dyeing, while pH 13 exhibits much greater penetration. Figure 1-16 illustrates the difference in
degree of ring dyeing between normal pre-scour and causticization as well as pH 13.3 vs pH 12.3.
Adsorption and absorption of dyestuff by textiles is strongly dependent on the nature, source, and

properties of the fibers and their surface activity.

Figure 1-16: Examples of limited ring dyeing on the left, medium in the middle, and high degree of ring dyeing on the
right picture.™

Indigo dyeing naturally produces a “ring dyed” effect where the dye concentration is greater
on the surface of the yarn then the interior or core of the yarn. This characteristic is a desirable part
of the indigo dyeing and produces the aesthetic high and low or uneven shade on the final product
after garment wet processing. As mentioned earlier, the ring dye effect can be further enhanced by
causticizing or even mercerization during the pre-scouring process. The figure 1-16 illustrates the
ring dye effect from a pre-scour and causticized warp yarn. The amount of caustic used during pre-
scouring also affects the %indigo pick-up on the cotton yarns. Figure 1-17 documents the change in

indigo pick-up or uptake given constant dye range parameters with only changes in the scour box.
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Indigo Pick-up vs. Caustic Concentration in the Scour Box

8
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W Mild Alkali O Causticizing B Mercerizing

Figure 1-17: Pre-scour caustic concentration effect of dye uptake.1

Typical % reflectance values for a 6 dip indigo shade are shown in figure 1-18. These were
measured from production dyeing on 6.3/1 open end 100% cotton yarn dyed at 31 m/min, 2.3 g/I,
11.9 pH, and 6 dips of indigo. When these % reflectance values are corrected for the mock
substrate, the K/S values as a function of wavelength can be calculated as demonstrated in figure 1-
19. Typically the wavelength of the minimum reflectance or the corresponding maximum K/S is
used for calculations. Color yield can be expressed as the depth of shade obtained for a given
amount of fixed dye. Color depth is usually expressed as K/S at the wavelength of minimum

reflectance.
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% Reflectance Values of Typical 6 Dip Indigo Dye Shade

% Reflectance

400 450 500 550 600 650 700
Wavelength (nm)

Figure 1-18: Typical reflectance values for indigo dyed denim yarn - 6.3/1 open end yarn at 31 m/min, 2.3 g/I, 11.9 pH,
and 6 dips.

K/S Corrected Values of Typical 6 Dip Indigo Dye Shade

K/S Corrected

400 450 500 550 600 650 700
Wavelength (nm)

Figure 1-19: Typical corrected K/S values for indigo dyed denim yarn - 6.3/1 open end yarn at 31 m/min, 2.3 g/I, 11.9 pH,
and 6 dips.
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As previously illustrated in figure 1-16, microscopy has revealed that for indigo dye baths
having the same level of alkalinity, but buffered to different pH’s; the resulting distribution of dye
exhibits more or less ring dyeing. When the buffered dye bath pH decreases from 13.0 to 11.0 the
denim yarn progressively becomes more and more ring dyed. Associated with the increased ring
dyeing is more color yield. When a given concentration of dye (expressed as percent on the weight
of the yarn) is located in progressively fewer and fewer fibers, the concentration of dye in each dyed
fiber increases. Reflected light from the surface of the dyed yarn is therefore lower. Etters
proposed the relationship between depth of shade (K/S) and ring dyeing for a given concentration of

dye may be approximated by accounting for dye distribution within the yarn.?

A
A 4

Figure 1-20: Distribution of indigo dye and penetration level in denim yarn.22
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The volume of a yarn can be defined as Vi, =ntr® 1, where the r is the yarn radius and using 1
as a unit length. The volume of yarn not occurred by dye when penetration is not complete (indigo
dyeing) can be expressed as V; = 1t (r — pr)? 1, where p is the penetration of the yarn expressed as a
fraction of the yarn radius, r. The volume of yarn that is occupied by dye then becomes Vg =V, - Vi.
For a yarn of unit radius and length this equation reduces to Vq =t p (2 — p) and the fractional

volume of yarn occupied by dye can be expressed as Vs =p(2 - p).

The effective concentration of dye in the yarn is related to the actual concentration from a
shade stand point by Ce = C4 / Vi, where Ce is the effective concentration of dye in the yarn and C, is
the actual concentration of dye in the yarn. When the fractional penetration of the yarn is 1.0, i.e.
uniform dye distribution in the cross section, Ce = C5. But as penetration becomes less the effective

concentration of dye becomes greater.

When dealing with indigo dyed yarn the shade values or K/S are related to the effective dye
concentration not the actual, the previously discussed K/S¢orr = a C can be adjusted for non-

uniformly distributed dye concentrations by substituting Ce.

Equation 1-18: Adjusting K/Scorr for non-uniformly distributed dye

Where a; in equation 1-18 is the true reflectance absorptivity coefficient for indigo that is
distributed uniformly in the cross section of the yarn (p=1). C, is the actual concentration of dye in

the yarn cross section, and “p” is the fractional penetration of the yarn by the fixed dye.
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1.4 Dye Theory

Numerous books and articles have been published on the topic of dye theory. This review is
intended to provide a fundamental background on key topics that are relevant to indigo-cotton dye
system. This discussion will start with basic sequence of events during dyeing, then Fick’s laws of
diffusion, next diffusional boundary layer, and ending with empirical simplifications. More in-depth

discussion can be found in Weisz® and McGregor®.
1.4.1. Fundamental Sequence of Events during Dyeing

Etters® defined four fundamental steps which outline the path of dye molecules from the

bath to the fiber as illustrated in figure 1-21.

1. Diffusion of the dye in the external medium (usually water) toward the diffusional boundary
layer at the fiber surface.

2. Diffusion of dye through the diffusional boundary layer that exists at the fiber surface.

3. Adsorption of the dye onto the fiber surface.

4. Diffusion of dye into the fiber interior by absorption.
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Figure 1-21: Basic sequence of events in dyeing fibers.?

The rate of sorption of dye by textile materials is controlled by several fundamental physico-

chemical parameters.

1. Denier of fiber, which is proportional to radius of the cylinder fiber.

Liquor ratio, the ratio of volume of dye bath to the volume of fiber mass.

3. Distribution coefficient or ratio of the equilibrium concentration of dye in both the
application medium and the fiber.

Diffusion coefficient of the dye in both the application medium and the fiber.
Fundamental nature of the dyeing system: infinite or finite bath condition.

6. Thickness of the diffusional boundary layer at the fiber surface.

o

o s

Rate of dyeing for a given system is inversely proportional to the denier of the fiber. As the

denier of a given fiber increases, the surface area decreases for a given mass of fiber available for
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dye sorption. Accompanying the increased surface area that is associated with decreasing fiber
radius is a decreased distance that the dye on the exterior fiber surface must diffuse to “fill” the
fiber to an equilibrium fixation level. Lengths to diameter ratios for useful fibers are usually greater
then 1000, so the surface area contributions from the ends of the individual fibers are relatively

small and usually ignored.

Since dyeing on a continuous rope dye range is conducted under constant dye bath
concentrations, the process is defined as an infinite dye bath. Since the liquor ratio is infinitely high,
the exhaustion is zero.?® Under infinite dye bath conditions, since dye that is absorbed at the fiber
surface is in equilibrium with dye in the dye bath, diffusion of dye into the fiber interior will occur
from a constant surface concentration.?® From a mathematical standpoint, Etters has stated
“Sorption of dye from a constant surface concentration is a much simpler system from an
experimental and analytical point of view”.** Some argue diffusion coefficient of dye in a fiber is

really the same as it is in the surrounding aqueous medium.?

“Rate of dyeing” is controlled by the rate of diffusion of dye “in fiber” unless a significantly
thick diffusional boundary layer exists at the fiber surface. If a diffusional boundary layer exists,
then rate of dyeing is influenced by rate of diffusion of dye in dyeing medium and fiber which may

possess different diffusion coefficients.?

One problem related to indigo dyeing is when dye becomes immaobilized as diffusion
proceeds. When diffusion is accompanied by absorption, conventional equation of diffusion in one

dimension has to be modified to allow for immobilization.*®
1.4.2 Fick's Law of Diffusion
Any discussion involving diffusion should begin with the some basic definitions.

1. Absorption: the process of absorbing. Absorb: to take up and make part of an existent whole.

2. Adsorption: the adhesion in extremely thin layer of molecules to the surface of solid bodies or
liquids with which they are in contact.

3. Desorption: the reverse of absorption or adsorption.

4. Sorption: the process of sorbing. Sorb: to take up and hold by either absorption or adsorption.
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During the the indigo-cotton dyeing process, the following steps are assumed to occur. The
indigo dye molecules form a thin layer surrounding each cotton fiber. This process is adsorption of
dye to the fiber surface. Once the indigo dye molecules adhere to the fiber surface, indigo dye can
absorb into the fiber interior by absorption. This entire process can also be referred to as sorption
of indigo dye into the cotton fibers. If indigo dye is removed from the cotton fiber either from the
interior to the surface or from the surface to the surrounding bath, the process is referred to as

desorption.

Crank defines diffusion as the process by which matter is transported from one part of a
system to another as a result of random molecular motions.? Etters defines the diffusion coefficient
as a measure of the rapidity of movement of a molecule through a given medium. As the value of
diffusion coefficient increases, the speed of movement of a molecule through the medium also

increases.?

The complicated process of dyeing is modeled on the diffusion principles outlined by Fick.
Fick recognized the relationship between diffusion and heat transfer by conduction. He adopted the
mathematical equations derived by Fourier to quantify diffusion. Fick’s first law of diffusion for one

dimensional isotropic medium is written in equation 1-19.

Equation 1-19: Fick's first law of diffusion.’

Here F is the rate of transfer per unit area of section, C the concentration of diffusing substance, D is

the diffusion coefficient, and x the space coordinate measured normal to the section.
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Using Fick’s first law, Fick’s second law for diffusion in one dimension can be derived as

equation 1-20.

Equation 1-20: Fick's second law of diffusion.?

Furthermore, the equations can be expanded to multi-dimensions in cylindrical coordinate system

to describe diffusion in cylinders.

—_— - — _ 4+ — —-—— 4 — JE—

Equation 1-21: Expansion of Fick's second law of diffusion into cylindrical coordinate system.2

Here x=rcos 8 andy =r sin 8, where r, 6, and z are cylindrical coordinates. Equation 1-21 can be
solved by the method of separation of variables, method of Laplace transformation, or numerical

solutions when the diffusion coefficient can be assumed constant.

Modeling the dye process by considering diffusion in long circular cylinders reduces the 3-

dimensional equation to the following diffusion equation 1-22.

Equation 1-22: Reduction of Fick's second law of diffusion to radial component only. 2

36



This equation is one dimensional since diffusion progresses radially into the yarn and is constant
around the yarn. No diffusion occurs along the axis of the yarn. The non-steady state solution for
solid cylinder with constant surface concentration and uniform initial internal concentration that
possesses the boundary conditions: C=f(r), at O<r<a and t=0; and C=C,, at r=a and t=0, produces

equation 1-23.

= [--2—C ¥ (C ) I+—2 ¢ )y C )
gy O C)

Equation 1-23: Non-steady state solution to equation 1-212

Here ay, ‘s are the positive roots of J, which are the Bessel function of the first kind of order zero.
If the concentration is initially uniform throughout the cylinder than equation 1-23 reduces

to equation 1-24 and is graphically depicted in figure 1-22.

_:1__2%

Equation 1-24: Solution of diffusion from constant initial concentration.?

Here the C is the concentration within the cylinder, C is the initial uniform concentration within the

cylinder, and Cy is the constant surface concentration on the cylinder.
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Figure 1-22: Graphical solution of Fick's 2nd Law for Diffusion in long cylinders.2
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The sorption curves on figure 1-22 are defined by the dimensionless parameter Dt/a®.

Other formal solutions to the partial differential equation have been developed. However

there are certain limiting assumptions that must exist for the mathematical solutions to be valid.

1. Itis assumed the diffusion coefficient is constant and not dependent on concentrations.

2. Equilibrium distribution coefficient of dye between fiber and dye bath is linear for a wide
range of concentrations, i.e. linear sorption isotherms.

3. All fibers are morphologically stable, homogenous, and uniformly accessible endless
cylinders.

4. No diffusional boundary layer exists in the dye bath and no “skin-core” effect exists in the
fiber. This results in instantaneous equilibrium between dye on fiber surface and dye in the
bath.

|31

Given these assumptions Hill** has developed a solution for infinite dye bath conditions in the

absence of surface barrier effects, equation 1-25.

—=1-5—

Equation 1-25: Hill's solution of dye concentration under infinite dye bath conditions.*

Here the B,’s are the positive transcendental Bessel roots given by Jo Bn = 0 and — is the fractional

equilibrium uptake of dye at a given time M; and at equilibrium . An unfortunate limitation of
Hill’s infinite bath equation is that all of the four assumptions previously mentioned must be

present.

Newman® developed an alternative solution for infinite dye bath conditions that does not
require assumption #4. Namely, Newman’s solution is applicable in the presence of surface barrier
effects. Due to this fact, Newman’s equation (equation 1-26) is particularly useful for diagnostic or

analytical work.
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Equation 1-26: Newman's solution of dye concentration under infinite dye bath conditions that contain surface barrier
effects.™

Here the (B,’s are the roots of the transcendental equation: BnJi(Bn) - Ldo(Bn) = 0 in which Jp and J;
again are zero and first order Bessel functions, and the dimensionless parameter, L is defined by

equation 1-27.

Equation 1-27: Definition of L term utilized in Newman's dye concentration solution.

Here Dy, and Ds are the diffusion coefficients of the diffusant in the external medium and polymer
respectively, K is the equilibrium distribution coefficient of the diffusant between the external
medium and the polymer, r is the radius of the cylinder, and &p is the thickness of the diffusional

boundary layer.

The diffusional boundary layer is a mechanical characteristic that impedes sorption or
desorption and is inversely proportional to the rate of flow of the external medium past the surface
of the cylinder. When the rate of flow of the external medium is very high, the thickness of the
diffusional boundary layer approaches zero and the value of “L” approaches infinity. As the value of
“L” approaches infinity, the 2 /L drops out from Newman’s equation (equation 1-26) which then

becomes equivalent to Hill's equation (equation 1-25).

These solutions may not directly apply to indigo dyed cotton yarn due to several underlying
assumptions. Namely the constant initial uniform concentration within the cylinder only applies

before the first dip where C1=0. Also the diffusion coefficient may not remain constant through
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every dip of indigo. In fact it may be a function of the dye concentration within the yarn.
Furthermore, the “skin” of oxidized indigo dye on each yarn after the first dip may have a different

diffusion coefficient then the partially dyed cotton yarn.

In the absence of experimental data, the Othmer-Thakar™ correlation can be used to
estimate the diffusion coefficient, Ds, of various substances in dilute agueous solutions. The

Othmer-Thakar correlation was defined in equation 1-28.

10 =——

Equation 1-28: Othmer-Thakar relationship for diffusion coefficient in dilute aqueous solutions.

Here Uy, is the viscosity of water in centipoises and V, is the molal volume of the diffusing substance
in ml per gram-mole. With the Ds value the “apparent diffusional boundary layer”, ép, can be

determined.
1.4.3. Diffusional boundary Layer

The diffusional boundary layer, dp, potentially impedes dye uptake by the fiber. The
thickness of diffusional boundary layer is proportional to the thickness of the hydrodynamic
boundary layer and the thickness of the hydrodynamic boundary layer is inversely proportional to
velocity of flow of the bath past the fiber surface. Figure 1-23 illustrates the effect of dye bath
movement on fractional dye uptake. In case #4 of E=0 (infinite dye bath conditions), at low flow
rate 50% uptake occurs at 0.4 dimensionless time units. Whereas 50% dye uptake occurs almost at

0.2 dimensionless time units at the higher flow rate.
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Figure 1-23: Predicted fractional dye uptake as a function of dimensionless time at various flow rates.?®

Etters evaluated Newman’s equation on Disperse Red 11 in stabilized, 40 denier, 13 filament
nylon 66 tricot using desorption experiments. The results are presented in table 1-4. There was
variation in the desorption data leading to uncertainty in the computation of not only the diffusion
coefficient but also the L value. In response, the approximate L values and apparent diffusion

coefficients were determined by utilizing the % CV minimization technique.
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Table 1-4: Estimated diffusion coefficients for disperse Red 11 (D, cm?/sec x 10%).3

Time (min) 15 opm (L=2) 30 opm (L=80) 90 opm (L=o0)
0.50 4.72 5.38 4.81
1.00 4.17 4.89 4.38
2.00 5.06 3.84 5.03
3.00 4.29 4.11 4.56
4.00 3.04 4.75 4.50
5.00 5.31 4.39 4.89
10.0 5.06 4.63 4.34
15.0 5.14 5.08 4.20
Mean 4.60 4.63 4.59
%CV 16.33 10.94 6.38

The experimental data was plotted according to Newman’s equation using the mean value

of the diffusion coefficient for each value of L. When 1- — was plotted versus the square root of

time, an intercept on the root time axis was detected for lowest value of L, see figure 1-24. This
behavior is typical for systems in which a surface barrier exists in either the bath or the fiber. Itis
also important to note, since an L value of infinity is found for the highest oscillation rate, no skin-
core effect is detected for the nylon fiber. If the value of L had not increased very much as the
oscillation rate of the bath increased, an argument could be made that the effect was caused by a

barrier that existed in the fiber surface rather than in the bath itself.
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Figure 1-24: Red 11 dye desorption at various oscillating speeds.

1.4.4. Empirical Simplifications of Diffusion

The formal solution to Fick’s 2" law of diffusion is a grueling task even for a superior
mathematician. To simply the equations many empirical equations have been proposed over the

years. Three such exponential equations were compared for the efficacy in simulating the

functional relationship between — , Dt/r?, and L that is found by formal use of Newman’s equation

1-26.*' The equations that were examined are one, two, and three parameter exponential
equations. Vickerstaff suggested an empirical approximation using one parameter as shown in

equation 1-29.%

Equation 1-29: Vickerstaff one parameter approximate solution for dye distribution.
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Urbanik was the among the first to use the two parameter equation to describe dye uptake which is

provided in equation 1-30.%

Equation 1-30: Urbanik two parameter approximate solution for dye distribution.

Etters developed a three parameter equation to express the functional relationship as shown in

equation 1-31.%

—=[1- ]

Equation 1-31: Etters three parameter approximate solution for dye distribution.

Each of the three equations were fitted to data obtained by the use of formal solutions to
Newman’s equation for the — range of 0.05 to 0.95 at 0.05 intervals and associated values of Dt/r
for values of L ranging from infinity to 1.0. The goodness of fit is expressed as adjusted R®. Etters’

three parameter equation provides the best fit of the three empirical exponential equations over a

very wide range of L. Only at very low values of L does the two parameter equation perform as well.

For the three parameter equation to have empirical utility for a wide range of L values, it is
necessary to express the parameters a, b, and c as a function of L. Etters derived the following

expression for L at a range of 20 to infinity.
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Equation 1-32: Etters empirical fit equation to calculate parameters in three parameter approximate solution for dye
distribution when L is 20 to infinity.**

Here PV equals a, b, or ¢ in his three parameter equation for L range of 20 to infinity.
parameter a: qo=5.530554, 0;=160.58898, q,=-1750.616, q5=37.494042, q,=-374.48753
parameter b: qo=1.2479036, q;=27.400938, (,=88.43848, (5=33.90477, q4,=52.505626

parameter c: 9o=0.3798136, 0;=12.004462, q,=-6.8204581, 03=11.003091, ¢,=5.3552691

For L range from 20 to 1, the three equations shown in equations 1-33, 1-34, and 1-35

accurately express the parameter values of a, b, and ¢ which are utilized in equation 1-30.

= +—|In-+ -+ -

Equation 1-33: Etters empirical fit equation to calculate parameter a in three parameter approximate solution for dye
distribution when L is 1 to 20.*

Here: 00=4.098044891, ,=3.024653177, 0,=-2.49630292, 05=2.59232464

Equation 1-34: Etters empirical fit equation to calculate parameter b in three parameter approximate solution for dye

distribution when L is 1 to 20.*

Here: 0o=1.179748591, q,=-0.14496394, q,=0.094386506, 3=0.001282442
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Equation 1-35: Etters empirical fit equation to calculate parameter c in three parameter approximate solution for dye
distribution when L is 1 to 20.*"

Here: 00=0.916905399, ¢,=0.146475883, ¢,=-0.08873859, (5=-0.06737345

Etters supplied supporting evidence that the strength of the relationship is nearly as

accurate as the formal equation of Newman and can be used with confidence as an analytical tool.**

Regression analysis is made according to the following equation for various values of ¢ until,

simply through trial and error, a value of c is found which results in the highest degree of

1/c

linearization in a graphical plot of In {-In[1 — (—)"°T} versus In(Dt/r?) as shown in figure 1-25.
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Figure 1-25: M, / M., as a function of Dt/r? for various values of E..."
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As shown in Figure 1-25, the above technique results in a series of nearly straight lines

corresponding to various values of equilibrium bath exhaustion, E... The slope of each line defines

the parameter b and the line intercept | (at Dt/r?=1) gives the parameter a, a=e'. Table 1-5

summarizes the regression values for a, b, and ¢ for various E... For infinite dye bath conditions,

Ee= 0, table 1-5 gives the following values: a=5.3454, b=1.1299, and 1/c=2.3.

Table 1-5: Regression values for three parameter emphirical solution.™

Ee a b 1/c
0.995 13.4067 0.1150 0.0625
0.98 10.6394 0.1619 0.17
0.95 9.0635 0.2177 0.32
0.90 8.1074 0.2904 0.52
0.75 7.2074 0.4742 1.00
0.50 6.5849 0.7373 1.60
0.30 6.1410 0.9319 2.00
0.00 5.3454 1.1299 2.30

Rearranging Etter’s three parameter equation permits the direct calculation of the apparent

diffusion coefficient D as shown in equation 1-36.

Equation 1-36: Etters relationship for apparent diffusion coefficient and three parameter estimates.™

48



1.5 Indigo Dyeing Experiments

The methods and procedures used by various experimenters will be presented in one
section for direct comparison. The cotton yarn and fabric substrate from each experiment should be
noted as well as the dye procedure. Later the actual results from all experiments have been

grouped together. This will facilitate discussion of a particular topic based on all available analysis.
1.5.1. Previous Investigations and Methods on Indigo Dyeing
Southeastern Section of AATCC 1989 Experiment™

The Southeastern Section Research Committee published a paper in 1989 investigating the
effect of dye bath pH on color yield. This study used 8/1’s yarn knitted into tube form having a
flattened width of about 2 inches. The dye baths used 20% indigo paste, sodium hydrosulfite power,

sodium hydroxide pellets, and potassium phosphate buffered alkalis.

The dye baths were prepared by mixing the required amount of dye, 150 ml of the selected
type of stock alkali solution, and 15 grams of sodium hydrosulfite with 500 ml of water at 90° C for 2
minutes. The dye baths were then diluted to a volume of 3 liters with room temperature water and

cooled to room temperature of 25° C.

For each group of dyeings made at a measured dye bath pH, the indigo dye bath
concentrations consisted of 2.0, 1.5, 1.0, 0.5, and 0.2 g/I (based on 100% indigo). The concentration

of alkali (hydrated form) in stock solution is outlined in table 1-6.

Table 1-6: Concentration of alkali system.

Group A 60.1% Sodium hydroxide

Group B 37.0% Sodium hydroxide

Group C 37.5% Potassium Phosphate Buffer 1

Group D 36.0% Potassium Phosphate Buffer 2

Group E 39.3% Potassium Phosphate Buffer 3

Group F 39.2% Potassium Phosphate Buffer 4

Group G 37.7% Potassium Phosphate Buffer 5
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Lengths of tubing weighing 7.5 grams each were wet out in room temperature baths
containing 5 g/l of wetting agent and squeezed to 71% wet pick-up. These were then placed into a
three liter dye bath containing a specified dye concentration at a given pH. The dwell time in the
dye bath was 15 seconds, followed by a squeeze and skying time of 45 seconds. Each dyeing
consisted of five, 15 second dips in the dye bath followed by squeezing and 45 second aeration.
After all dyeings had been completed, the knitted tubes were rinsed together three times in a 90° C
water bath, squeezed by a padder after each rinse, and finally air dried. Since the liquor ratio from
which the dyeings were made was 400/1, dye uptake can be considered to be occurring from
essentially an infinite bath. Following this assumption, the concentration of dye at the fiber surface

does not change during the course of dyeing.

The dye on the knitted tubes was determined by hot pyridine extractions. The pyridine
extractions were diluted to 25 ml in a volumetric flask. The absorbance was measured on a
spectrophotometer at a wavelength of 612 nm. Using known absorbance versus concentration

data, the calculated dye content on the denim yarn was determined.

Reflectance values from 400 to 700 nm at 20 nm intervals were measured on all dyeings and
a mock dyed sample by a spectrophotometer with ultraviolet and specular reflectance contributions

using C2 illuminant.

The following was assumed for the analysis and results summarized in table 1-7.
1. There was sufficient reducing agent in the dye bath at all times to completely reduce all of the
indigo.

2. lonic strength is approximately constant over all dye bath conditions.
3. Solubility does not limit the concentration of any salt in the bath.
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Table 1-7: Etters 1989 data set.”®

Dyebath Dye in Fiber

Group pH (g/L) (9/1009) Reflectance | Crock

A 13.3 0.2 0.03 17.79 4
A 13.3 0.5 0.06 12.73 3
A 13.3 1 0.15 8.81 4
A 13.3 15 0.26 6.04 3
A 13.2 2 0.42 3.94 3
B 13.2 0.2 0.02 17.69 4
B 13.1 0.5 0.1 9.34 4
B 13.1 1 0.28 4.76 3
B 13.1 15 0.39 3.63 3
B 13.1 2 0.61 2.97 3
C 12.3 0.2 0.06 7.37 4
C 12.3 0.5 0.24 3.39 3
C 12.3 1 0.51 2.33 3
C 12.2 15 0.66 2.11 2
C 12.1 2 0.81 2.02 2
D 11.4 0.2 0.09 4.68 4
D 114 0.5 0.28 2.46 3
D 11.3 1 0.53 1.98 2
D 11.3 15 0.77 1.88 2
D 11.2 2 1.01 1.95 2
E 11.2 0.2 0.08 4.67 4
E 11.2 0.5 0.26 2.47 2
E 11.1 1 0.54 1.96 2
E 11 15 0.77 1.89 2
E 10.9 2 1.1 2.01 2
F 10.4 0.2 0.13 4.09 4
F 10.3 0.5 0.34 2.24 3
F 10 1 0.62 2.1 2
F 9.8 15 0.92 1.89 1
F 9.4 2 1.15 2.32 1
G 7.7 0.2 0.04 11.87 4
G 7.7 0.5 0.08 9.84 3
G 7.7 1 0.13 9.04 3
G 7.8 15 0.15 7.75 2
G 7.8 2 0.22 6.61 2
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Annis and Etter 1991 Experiment®®

In May 1991 Annis and Etters published results from an experiment designed to investigate
dye uptake and resulting color yield as influenced by dye bath pH. The same material, laboratory
simulations of indigo dyeing, and analytical techniques used by the Southeastern Section of AATCC

were used in this experiment except 0.25 g/l indigo concentration was used instead of 0.20 g/I. The

experimental results are summarized in table 1-8.

Table 1-8: Annis and Etters 1991 data set.’

pH Co Ct Ry pH Cp Cs Rq

9.3 1 0.63 0.02 12.8 1.5 0.27 0.034

8.5 0.25 0.05 0.12 9 0.5 0.15 0.04
12.1 0.25 0.08 0.063 11.9 2 0.6 0.022
13.1 2 0.62 0.03 11.2 2 1.06 0.017
10.5 2 1.18 0.017 13 2 0.52 0.028

11 1 0.53 0.021 12.5 0.5 0.13 0.056
11.2 0.25 0.11 0.038 13.3 1.5 0.285 0.044
13.1 1.5 0.405 0.036 13.3 1 0.15 0.088
11.3 0.5 0.265 0.026 7.8 1.5 0.18 0.076
11.8 2 0.8 0.019 7.8 2 0.22 0.06
12.3 2 0.84 0.02 12.2 0.5 0.24 0.031
12.3 1 0.47 0.024 13.3 2 0.44 0.031
12.8 1 0.2 0.046 11.1 1.5 0.78 0.018

7.7 0.25 0.048 0.18 9.8 2 1.18 0.018
10.3 1 0.64 0.02 10 0.25 0.165 0.037
10.8 0.5 0.27 0.025 11.4 1.5 0.76 0.019
10.8 0.25 0.108 0.04 10.4 1.5 0.885 0.019

7.7 1 0.15 0.048 12.3 1.5 0.63 0.022
13.1 0.5 0.09 0.1 11.3 1 0.52 0.02

7.7 0.5 0.08 0.099 10.3 0.5 0.335 0.023
13.3 0.5 0.065 0.159 9.5 1.5 0.9 0.019
13.1 1 0.26 0.046 7.7 0.25 0.044 0.191




Etters 1991 Experiment?®

In December 1991, Etters published results from an experiment investigating the effect of
pH and dye concentrations on fiber dye uptake under equilibrium conditions. 8/1’s cotton yarn
knitted into tubes was dyed with indigo, sodium hydrosulfite, and sodium hydroxide or proprietary
buffered alkali solution. Dye baths were prepared by mixing the required amount of dye with either
20 grams of NaOH to obtain dye bath pH of 13.1-13.3 or with 100 ml of buffered alkali solution to
obtain dye bath pH of 11.1-11.3. 10 grams of sodium hydrosulfite and 600 ml of de-ionized water at
80° C were then added to each mixture and stirred for 30 seconds to facilitate dye reduction to
leuco form. The total volume was then increased to 2 liters with de-ionized water at room
temperature. The following indigo dye concentrations were prepared (expressed as 100% pure

indigo): 0.05, 0.10, 0.175, 0.25, 0.375, 0.50, 0.625, 0.75, 1.00, 1.125, 1.25, 1.5, 2.00, and 2.50 g/I.

To perform the dyeings, the knitted tubes were wet out at room temperature in baths
containing 5 g/l wetting agent. The tubes were then rinsed three times in warm de-ionized water
and squeezed to 71% pick-up. A 1 g sample of the rinsed knit tube was attached to the sample
holder of the dyeing machine and placed into an 850 ml dye bath which contained the specified dye
amount and pH. Since the liquor ratio was 850/1, infinite dye bath conditions were in effect.
Preliminary experiments revealed that the mean relative dye uptakes for 0.1 and 1.0 g/ dye bath
concentrations at dyeing times of 2, 4, and 8 hours at 25° C were 0.978, 0.933, and 0.930
respectively. Eight hours appeared to be more than sufficient to achieve a close approximation to
equilibrium. Cross sections of yarn and fibers were examined to confirm complete penetration after
8 hours. So all dyeing was conducted over 8 hours with agitation at 25° C in covered cylinders. After
dyeing, the samples were exposed to air for 30 seconds to promote dye oxidation, rinsed with warm
de-ionized water, and squeezed to about 71% pickup. The samples were then dried overnight at 65°

Cin an oven.

Fiber dye content was determined by using pyridine extraction technique. 20 to 60 mg
dried sample from each dye condition was weighed, stored in a desiccator with anhydrous CaSO, for
24 hours, and weighed again. Dye was extracted using pyridine at about 80° C. The resulting dye
solutions were built to 25 ml in a volumetric flask and the absorbance of each solution was

measured at a wavelength of 610 nm using a spectronic colorimeter. Using known absorbance
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versus concentration data, the dye content was calculated. The results of the equilibrium sorption

experiment were summarized in table 1-9.

Table 1-9: Etters 1991 Equilibrium sorption of indigo on cotton obtained from different pHs in grams of dye per 100
grams of water(bath) or fiber.?

Co C{pH=13.2) | C{pH=11.2) Co C{pH=13.2) | C{pH=11.2)
0.005 0.075 0.316 0.075 0.635 1557
0.005 0.077 0.314 | [0.0875 0.649 1.679

0.01 0.139 0.553 0.0875 0.652 1.727
0.01 0.14 0.561 0.1 0.753 1.742
0.0175 0.195 0.69 0.1 0.729 1.837
0.0175 0.189 07| [o0.1125 0.81 2.098
0.025 0.296 0.933 0.1125 0.767 1.971
0.025 0.3 0.917 0.125 0.872 2.111
0.0375 0.361 1.047 0.125 0.838 2.147
0.0375 0.342 0.999 0.15 0.907 2.34
0.05 0.472 1.239 0.15 0.927 2.517
0.05 0.444 1.296 0.2 1.251 3.181
0.0625 0.513 1.409 0.2 1.191 3.024
0.0625 0.525 1.459 0.25 1.44 3.518
0.075 0.547 1.535 0.25 1.465 3.418

Etters 1994 Experiment?’

To investigate shade sensitivity as a function of pH, Etters designed an experiment at two
different pH levels and small permutations of pH were introduced. The experiment utilized 8/1’s
denim yarn knitted into tubes with a flattened width of 4.5 cm and weight of 7.2 grams per 30 cm

length.

The dye baths were three liters in total volume to ensure infinite dye bath conditions. Table

1-10 outlines the dye concentrations utilized in the experiment.
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Table 1-10: Dye concentrations required to yield equivalent shade at different pHs.27

K/S pH 11.0 pH 125
50 0.5 g/l 1.7 g/l
100 1.0/l 3.2/l
200 2.1/l 6.5 g/l

In addition to the indigo dye concentration, 2.0 g/1 of sodium hydrosulfite was maintained in all dye

baths. pH of 11.0 was obtained by using 50 g/l of commercial buffered alkali, Virco Buffer ID. A

nearly equivalent total alkalinity amount of sodium hydroxide was used to obtain 12.5 pH. The dye

bath pH was then adjusted downward with the addition of sodium bisulfite and upward with sodium

hydroxide.

The knitted tubes were wet out at room temperature in a solution containing 1.5 g/l sodium

dioctyl sulfosuccinate, wetting agent, and passed through a pad. The tubes were then rinsed with

de-ionized water and squeezed again. Finally the tubes placed into a fresh bath of de-ionized water

until needed.

To dye each tube, the excess de-ionized water was squeezed from the tube prior to

immersion into the dye bath at room temperature for 15 seconds. The excess dye liquor was then

squeezed from the tube to 70% pick-up and air oxidized for 45 seconds. This process was repeated

4 times on each tube to simulate a 5 dip dye range. After all dyeings were completed, the tubes

were rinsed together with warm water until the rinse water appeared to be colorless. After drying

all the tubes, reflectance measurements were collected using a LabScan 6000 spectrophotometer.

Corrected K/S values were calculated based on the 660 nm wavelength reflectance. The results are

summarized in table 1-11.
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Table 1-11: % reflectance and corrected K/S values for different dyebath concentrations and pH.27

Co (/1) | pH %R, KIS Co(9/l) | pH %R, K/S
0.5 10.6 2.52 48 1.7 12.1 2.29 62.2
0.5 10.8 2.5 48.9 1.7 12.3 2.38 55.8
0.5 11 2.48 50 1.7 12.5 2.47 50.5
0.5 11.2 2.51 48.4 1.7 12.7 2.59 44.8
0.5 11.4 2.53 47.5 1.7 12.9 2.74 39.3
1 10.6 2.01 97 3.2 12.1 1.9 123.9
1 10.8 2 98.9 3.2 12.3 1.95 110.1
1 11 1.99 101 3.2 12.5 1.99 101
1 11.2 2 98.9 3.2 12.7 2.05 89.8
1 11.4 2.01 97 3.2 12.9 2.12 79.6
2.1 10.6 1.77 184.1 6.5 12.1 1.7 248.9
2.1 10.8 1.75 198.9 6.5 12.3 1.72 226.2
2.1 11 1.75 198.9 6.5 125 1.75 198.9
2.1 11.2 1.76 191.2 6.5 12.7 1.78 177.5
2.1 114 1.77 184.1 6.5 12.9 1.81 160.2

Chong 1995 Experiment®

The material used in the experiment was 16/1’s yarn woven in a 2x1 twill with 78x50
construction. One standard dipping consisted of immersing the material into a leuco indigo dye
bath for 1 minute followed by immediate air oxidation for 3 minutes. 5 successive dips were chosen
as the standard procedure. After dyeing, the material was thoroughly rinsed and soaped at boil for
10 minutes in a soaping bath containing 1.5 g/l of Lissapol NX. The standard dye bath consisted of
the following formula.

Indigo dye — 2 g/I
Sodium dithionite — 6 g/I

Caustic soda—5 g/l
Sandozin NI -0.2 ¢/I

The reduction of indigo dye was carried out at 80° C for 10 minutes.

After each dyeing the color yield as expressed by Kubelka-Munk K/S at 660 nm was

calculated.
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Xin 2000 Experiment*

In 2000 Xin, Chong, and Tu studied the effects of indigo, caustic, and hydro concentrations,
immersion time, and number of indigo dips on the depth of shade. They used a 100% cotton 7/1’s
open end yarn loosely knitted into fabric as the dyeing substrate. The fabric was boiled for 30
minutes in a solution of Sandopan DTC (1 g/l, wetting agent) and caustic soda (1.5 g/I) with a liquor

ratio of 30:1. The fabric was then air dried.

The basic dye bath formula utilized 2 g/1 of 100% indigo, 4 g/1 of sodium hydrosulphite
(85%), and 4 g/l sodium hydroxide. The fabric was dyed at room temperature with each dip
immersed for 30 seconds. The excess liquor was removed by squeezing to 80% wet pick-up and air
oxidized for 2 minutes. Five dips were simulated for all experiments except on the effect of dips.

After dyeing each fabric was thoroughly rinsed with warm water.

To evaluate the dyed samples spectrophotometric analysis was conducted. The K/S value at

660 nm and an Integ value, expressed in equation 1-37, were used.

=5 - EC + +)

Equation 1-37: Calculation of Integ as a function of K/S values, average observer, and standard light source.*®

Here: E , spectral power distribution of illuminant and (x , +y » + ) is the standard observer
function. As the maximum absorption wavelength shifts to less than 660 nm for samples with high

shade depth, the Integ value was used instead of the traditional K/S values.

57



1.5.2. Discussion of Previously Published Experimental Results
1.5.2.a Oxidation Time Effect on Indigo Dye Uptake

To achieve the progressive build-up of indigo dye it is important to ensure adequate
oxidation time after each immersion. If complete oxidation is not allowed to occur, desorption of
indigo dye from the cotton yarn will result in weaker dye build-up. As part of Chong’s 1995
experiment the effect of oxidation time was evaluated. While the K/S values have not been
corrected, the results are still relative. Figure 1-26 shows the effect of oxidation time on the color
depth. Complete oxidation is achieved after 60 seconds. Oxidation times in excess of 60 seconds

are not required to completely develop the indigo shade.

Effect of Oxidization Time on Depth of Shade
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Figure 1-26: Effect of oxidation time on color.?
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1.5.2.b Amount of Reduction Agent Effect of Indigo Dye Uptake

The effect of excess hydro was investigated by Xin and the results displayed in figure 1-27.

Only a minor change in dye yield was observed between 0 g/l to 0.25 g/1 (excess). Greater excess
hydro concentrations beyond 0.25 g/1 had no appreciable impact on dye yield. There is of course
the limiting case, when excessive hydro actually doesn’t permit complete oxidation during the

skying phase. In this case, reduced indigo can be stripped from the yarn and the depth of shade

reduced.
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Figure 1-27: Effect of reduction agent concentration on shade.*
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1.5.2.c Immersion Time Effect of Indigo Dye Uptake

Xin's investigation into immersion time effects on indigo dye uptake is shown in figure 1-28.
Any immersion time greater than 20 seconds does not affect the dye yield significantly. Dye yield

had slight changes between 0 to 20 seconds. Typical indigo dye ranges have 20 to 30 seconds of

immersion time.
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Figure 1-28: Effect of immersion time on shade.*®

Chong?® also investigated the effect of increasing immersion time on color depth. In figure
1-29, an immersion time of 30 seconds appears to be adequate. Prolonged immersion time does
not increase the color depth because the oxidized indigo on the material may be re-reduced by the
reducing agents present and causes desorption of the indigo. These two separate experiments

support each other’s conclusions.
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Effect of Immersion Time on Depth of Shade
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Figure 1-29: Chong's effect of immersion time on uncorrected K/S.%

1.5.2.d Number of Dips Effect of Indigo Dye Uptake

As previously stated indigo dye has a low affinity for cotton. To increase the depth of shade
multiple dips are widely utilized. Xin explored the impact of multiple dips on the resulting shade
with results shown in figure 1-30. The effect of number of dye dips produced results as expected.

As the number of dips increased, the shade darkened. After the 8" dip the change in depth of shade
significantly decreases but does continue to darken. Also notice the cast shifts from greenish dark

blue to redder less blue shade as the number of dips increase.
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Figure 1-30: Relationship between number of dips and shade.*

10 dips

Since the color depth of indigo dyed yarns relies on the progressive build-up of color

through successive dipping and oxidation, the number of dips is the prime factor determining the

final color yield. As shown in figure 1-31, the optimum color yield is achieved after about 10 dips.

Chong® and Xin“® independently confirm the results.
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Figure 1-31: Chong's relationship between number of dips and uncorrected K/S.%

1.5.2.e Dye Bath Concentration Effect of Indigo Dye Uptake

The effect of dye concentration was studied by immersing knitted fabric into the simulated 5
dip method with varying dye bath concentrations by Xin*. The first graph in figure 1-32 illustrates a
rapidly decreasing L* value with increasing dye concentrations until ~2 g/l, after which the level of
decrease lightness slows down and tends to level off. The cast shift is displayed in the second graph
of figure 1-32 with the shade shifting more red and yellow as dye concentration was increased. The
final graph in figure 1-32 confirms the increasing depth of shade trend as indigo dye bath

concentration was increased.
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Figure 1-32: Relationship between dye bath concentration and shade.*

Chong?® examined the effect of indigo dye bath concentration on color yield as shown in
figure 1-33. The affinity of indigo dye is very low, as is its build-up property. Hence increased color

depth cannot be achieved solely by increasing the dye concentration. In fact the color yield remains

fairly flat after 3 g/I.
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Figure 1-33: Chong's relationship between dye bath concentration and uncorrected K/S.%

1.5.2.f The Affect of pH on Indigo Dye Uptake

Since leuco indigo is a weak acid, the pH of the dye liquor will have a significant effect on
dye yield. This can be explained by ionization which changes the substantivity of the dye to cotton
fiber. The highest substantivity of dye for the cotton fiber can be achieved at about pH 10.0. Thus
the degree of ring dyeing would be higher at pH 11.0 then more conventional pH region of 12.0-
13.0. The effect of pH on depth of shade and the corresponding cast shift is illustrated in figure 1-
34.
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Figure 1-34: pH effect of shade with other parameters held constant.*®

Although the maximum Integ shade in graph 3 of figure 1-34 reveal that color yield is much
greater for a dyeing conducted at pH 11 then it is for a dyeing conducted at pH 13, a more detailed
picture is given in figure 1-35. At a given indigo on weight of yarn concentration, the color yield will
be greater at lower pH. Maximum color yield occurs in pH range of 10.5 to 11.5 and decreases as
the dye bath pH is increased. It was suggested that it is owing to the higher affinity and lower

solubility of the monophenolate form of indigo present at this pH range.
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Figure 1-35: K/S shade vs % indigo on weight of yarn at various pH’s3°.

Etters & Hou have noted ring dyeing of cotton yarn can be caused by a high strike rate of the
dye for the cotton fiber in the yarn surface, i.e. the dye exhausts rapidly onto the fibers in the outer
zones of the yarn at the expense of fibers in the yarn interior. Vickerstaff has observed that ... the
diffusion rate cannot indicate the actual progress of dyeing in the initial stages, as this is determined
by the affinity of the dye. If two dyes are present in a binary mixture, the dye which is first adsorbed

by the fiber is that having the higher affinity, irrespective of their relative diffusion rates."

Affinity or substantivity of a dye for a fiber can be expressed in terms of an equilibrium
distribution coefficient or K, the ratio of concentrations of dye in fiber to dye in dye bath at
equilibrium. Relatively high values of distribution coefficient indicate relatively high substantivity or
affinity of the dye for the fiber. Figure 1-36 illustrates the ratio of dye in denim yarn to dye in an
infinite indigo dye bath as given from 5 dip laboratory dyeings conducted at pH 11 and 13. These
values may be regarded as technical quantities since they were not ohtained under equilibrium
conditions. Both pH ranges exhibit a linear relationship, but the slope of the lower pH line is much

steeper. This data suggest that either the “affinity” of the dye for the fiber is much higher at the
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lower pH or the diffusion of the dye into the fiber is much more rapid at the lower pH. Either way

the distribution coefficients are much higher at lower pH values than at higher pH values.
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Figure 1-36: Non-equilibrium Concentration of dye in fiber (g/100g) vs concentration of dye in bath (g/lOOg).20

Equilibrium sorption isotherms for indigo on cotton fiber were obtained at two dye bath pH
ranges (11.1-11.3) and (13.1-13.3) from 8 hour dyeings. These isotherms show a large difference in
technical parameters such as dye uptake, yarn penetration, and color yield. To clarify this point, the
equilibrium sorption data are plotted in figure 1-37. The indigo uptake is significantly higher for the
dyeings at the lower pH. Furthermore, the isotherms are not linear as were the non-equilibrium
isotherms given in figure 1-36. For the experimental conditions used, no obvious approach to a
limiting fiber saturation value is evident for dyeings at either pH range. The previously observed pH

effect on dye uptake appears to be caused by a real difference in apparent affinity.
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Figure 1-37: Equilibrium isotherm for dye concentration in dye bath and fiber (g/100g).°

When figure 1-37 is reconfigured on a logarithmic scale, an excellent linear correlation
between equilibrium concentration of dye in the fiber and dye in the dye bath is obtained as shown
in figure 1-38. This indicates that equilibrium sorption in both pH'’s are effectively described by the
Freundlich isotherm®. A Freundlich isotherm is characterized by the power function or linear

relationship on log by log scale.
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Figure 1-38: Logarithmic plot of equilibrium isotherms for dye concentration.?

The mean technical distribution coefficient is calculated by dividing the indigo concentration
in yarn by indigo concentration in dye bath. In figure 1-39 the relationship between dye bath pH
and technical distribution coefficient, K, and the coefficient of variation of %CV are given. The
technical distribution coefficient decreases with increasing pH and the %CV increases. This means
substantivity associated with ring dyeing and color yield become more variable with increasing pH.
Although this information is based on laboratory dyeings according to Etters®, the results from
commercial dyeings tend to confirm the constancy of substantivity of indigo for denim yarn when

dye bath pH is maintained within the range of 10.8 to 11.2.
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Figure 1-39: Mean technical distribution as a function of dyebath pH.30

Ring dyeing of yarns can be increased by dyeing conditions that promote a very fast initial
strike of the dye for the fiber surface. The rapid exhaustion of the dye onto the fibers in the exterior
regions of the yarn will lead to decreased dyeing of the fibers in the yarn interior. Recall the
expression derived by Etters, K/S = a{[C¢/(2p — p)]; where a; is the true value of the reflectance
absorptivity coefficient, i.e., the value for uniform distribution of dye in the yarn cross-section, Cs is
the concentration of dye in the yarn, and p is the fractional penetration of fixed dye in the yarn
cross-section. This equation will hold approximately unless a severe concentration gradient exists
within the dyed ring or colorant layer becomes translucent. The values of p have been roughly
estimated by microscopy to be 0.65, 0.33, 0.20, and 0.20 for pH ranges 13, 12, 11, and 10

respectively®.
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Etters' equation makes use of the true reflectance absorptivity coefficient. However in
practical indigo dyeing processes true reflectance absorptivity coefficients must be replaced by
apparent coefficients. The relationship between apparent reflectance absorptivity coefficient and
dye bath pH is illustrated in figure 1-40. As the dye bath pH decreases from 13 to 11 there is more
ring dyeing and an increasing apparent reflectance absorptivity coefficient. It has been found that

between pH 10.8 and 11.2, the greatest color yield is achieved.
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Figure 1-40: Apparent reflectance absorptivity coefficient vs pH.30

Figure 1-41 illustrates the apparent reflectance absorptivity coefficients of figure 1-40
plotted as a function of the technical distribution coefficients with additional data points added
from other dye bath pH’s. As the distribution coefficient increases, the color yield also increases. It
may be concluded from figure 1-41 that the yarn ring dyeing phenomenon is highly correlated with
increasing substantivity and strike of indigo for cotton fiber that is associated with lower pH dye

baths. The fact that the apparent reflectance absorptivity coefficients found in these experiments
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are pH dependent can be explained by the effect of pH on the distribution of dye in the cross-

section of yarn. As the degree of ring dyeing increases so does the apparent absorptivity coefficient.

Reflectance Absorptivity Coefficient
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Figure 1-41: Reflectance absorptivity coefficient as a function of mean technical distribution coefficient.®

Etters' proposed the effect of pH on distribution coefficient and apparent absorptivity
coefficient is due to the ionized form of the dye molecule in the dye bath. The fraction of reduced

indigo that exists as the mono-ionic form is given by equation 1-38.

Equation 1-38: Mono-ionic fraction form of indigo dye as a function of pH.15
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Here pKy and pK» are the pKa values associated with the two step ionization of reduced indigo™.
Mean values of mono-ionic form are plotted in figure 1-42 as a function of dye bath pH. Itis noted
above pH 11.5 the fraction of indigo that exists as a mono-anion begins to drop off rather severely
and continues to decrease as pH increases. This is due to more of the mono-ionic form ionizing
further to produce the more soluble di-ionic form. At dye bath pH of 12.7 about half of the indigo

exists as mono-ionic and half has di-ionic form.

Mono-ionic Fraction

0.1 4 * : :
11 11.6 12 12.6 13 13.5
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Figure 1-42: Relationship of Mono-ionic species of indigo and pH.*

The mean technical distribution coefficients are plotted as a function of the mean fraction of
reduce indigo that exists as a mono-ionic form at various dye bath pH’s, figure 1-43. There is an
exceptionally high linear correlation between the substantivity of indigo for cotton fiber and the
fraction of indigo that exists in mono-ionic form. Etters™ concluded that the mono-ionic form of

indigo has a much higher substantivity for cotton fiber then does the di-ionic form.
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Figure 1-43: Relationship between mean technical distribution coefficient and fraction of indigo existing as mono-ionic
form.*

Recall reduced indigo can exist in two forms: monophenolate ion or biphenolate ion. Shade
depth for a given amount of fixed dye is shown to be highly correlated with the fractional amount of
indigo that exists as a monophenolate ion in dye bath. The correlation is explained as an increased
apparent affinity of the mono anion form. As the affinity increases, the strike rate of the dye for the

yarn surfaces increases, leading to a more ring dyed yarn.

It is readily seen that the fractional amount of the mono-ionic form is maximum near the
region of maximum reflectance absorptivity. By converting the apparent reflectance absorptivity
into a fractional form and superimposing on top of the fractional amount of mono-ionic form as a

function of pH, the relationship becomes clearer, figure 1-44. Only at low pH values does this
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relationship break down. This can be explained by the superficial staining of the yarn by the acid
leuco form (I1). Based on these results, it is reasonable to postulate that the mono-ionic form is the

principal species absorbed by the cotton. Or at least mono-ionic form has the highest apparent

affinity for cotton.
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Figure 1-44: Correlation of fractional distribution of apparent absorptivity coefficient and mono-ionic form of indigo as a
function of pH."
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1.5.2.g Interrelationship of Dye Concentration and pH on Shade

Given the strong effect dye bath concentration and pH independently have on the resulting
dye uptake, penetration, and shade; a more in-depth discussion is warranted. Figure 1-45
demonstrates the mean indigo concentration in the dye bath needed to produce a given shade
depth (K/S) at various dye bath pH values. For example the indigo concentration required to
produce a rather dark shade (K/S = 100) is about 3 g/l at pH 12.5. But only 1 g/I of indigo in dye bath
is required to produce the same shade depth at pH 11.0. This is the result of dye distribution within

the cross section of yarn.

Indigo Conc. in Bath (g/L)

1
WS =20 = WS =860 TKS =100

Dyebath pH

Figure 1-45: Indigo concentration in dye bath required to produce a given shade depth at various pH’s from a 5 dip
laboratory dyeing™.

When the dye uptake data is plotted vs. dye bath pH, the following relationship develops,
figure 1-46. Itis shown the maximum uptake at a particular pH depends on the concentration of
dye in the dye bath. Maximum uptake occurs between pH 9.25 — 10.5. As the concentration of dye
in the dye bath increases the maximum uptake occurs at lower and lower pH values within the

specified range. It could be that all of the dye extracted from the knitted yarn tube was not in fact
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“taken up” by the fiber. Some of the dye may have been merely precipitated within the knitted yarn
bundle.
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Figure 1-46: Effect of dye bath concentration and pH on dye uptake.15

In figure 1-47 dye uptake is shown to increase linearly with increasing concentration of dye
in the dye bath. The linear relationship holds for all dye bath pH values but the slopes of the lines
are shown to increase as dye bath pH decreases from 13.3 to ~10 range. As pH continues to

decrease to the 7.7 range, the dye uptake slopes drop sharply.
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Figure 1-47: Yarn dye uptake as a function of dye bath concentration and pH.15

The linear relationship between K/S and concentration of dye in the substrate is illustrated
in figure 1-48. The slope of each pH range corresponds to the various apparent reflectance
absorptivity coefficients. The apparent absorptivity coefficients increase as the pH is decreased
from 13.3to ~ 11.0 pH. As the pH is further decreased to 10.0 the absorptivity coefficients
decrease. And as the pH is reduced to 7.7 the line slope decreases to the extent that is

superimposed on the line slope obtained at pH 13.3.
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Figure 1-48: Corrected depth of shade as a linear function of indigo concentration in yarn and dyebath pH.15

Since less indigo dye bath concentration is required at lower pH values to achieve a desired
shade, less indigo is washed off of the yarn at the conclusion of dyeing. In figure 1-49 the
concentration of unfixed indigo has been estimated by Etters*® as a function of both concentrations
of dye in the dye bath and dye bath pH. As the dye bath pH decreases, the amount of oxidized
indigo that is trapped between the fibers in the denim yarn is decreased. Therefore, less dye is

available to be washed off of the yarn.
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Figure 1-49: Estimated concentration of unfixed indigo on yarn at corresponding dye bath concentration and pH.30

1.5.2.h Empirical indigo dye model

The Holy Grail for indigo dyers worldwide would be a dye model relating indigo on weight of
yarn and shade to various controllable dye range parameters. This one equation has not yet been
derived. But an empirical model based on a 5 dip laboratory experiment has been proposed by
Etters®. In this model the dye bath indigo concentration and pH is used to predict the distribution

coefficient, indigo on weight of yarn, and subsequently the final yarn shade.

The empirical model is based on the Southeastern Section® and Annis research®. The data
obtained from both investigations is based on 5 dip, 15 second immersions of knitted denim yarn
tubes as previously outlined. By analyzing these two data sets, Etters* developed the following

mathematical model.

The technical distribution coefficient, K, is defined in equation 1-39 to equal the
concentration of dye in the fiber, Cs, divided by the concentration of dye in the dye bath, C,. The

concentrations are expressed in terms of grams of dye per 100 grams of fiber or water.
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Equation 1-39: Definition of technical distribution coefficient.”*

A regression analysis explains 86% of the variability of K in terms of the variability of pH and the

relationship was defined in equation 1-40.

=+ (C )

Equation 1-40: Approximation for the technical distribution coefficient as a function of dye bath pH.21

Here the components are defined: a=0.9623 and b = -0.000331.

Given the pH and dye concentration of the dye bath, one can calculate the technical distribution

coefficient, K, and subsequently the dye concentration in the fiber, Cs.

The second part of the empirical model is based on the relationship between pH and the
apparent reflectance absorptivity coefficient, a. Recall K/S¢orr = a Ct. A regression analysis explains
94% of the variability of apparent reflectance absorptivity in terms of variability around pH. The
empirical model for apparent reflectance absorptivity coefficient was defined by Etters in equation
1-41.

Equation 1-41: Empirical model of apparent reflectance absorptivity coefficient.”!

Here i=-46.3280, b=6.4373, c=0.4733, d=-0.0905, and e=0.0030.

Given the dye bath pH one can calculate the apparent absorptivity coefficient, a. Using the

calculated value for a and Cs, one can estimate the shade of the dyed fabric in terms of K/S¢orr.
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1.6 Summary of Key Developments and Identification of Deficiencies

The head indigo dyer responsible for daily production quality is always relentlessly searching
for new methods, procedures, and technology to reduce variability in the indigo dyeing process.

Their shade control war chest includes some basic qualitative rules of thumb for indigo dyeing.

1. If the shade drifts green and light, reduce the hydrosulfite.

2. If shade drifts red, reduce caustic and/or slightly increase hydro.

3. If changing green and dull, increase caustic.

4. If drifting red and dull, increase hydro.

5. A gradual increase or decrease in depth, if on cast, is corrected by changing the indigo feed rate.

6. If increase in depth is accompanied by bronzing, increase hydro and/or decrease dye feed rate.

While these qualitative measures can not be forgotten, further improvements in shade control and

prediction can only be made with definitive quantitative measures.

To the aim of reducing the art of dyeing and increasing the science of dyeing, much
improvement has been made over the last 20+ years. Through many laboratory experiments we
now have a much greater understanding of indigo dye uptake, penetration distribution, and
corresponding shade as it relates to dye bath concentration, pH, and number of dips. Finally an
empirical model has been proposed to relate the desired dye outcome to measurable and
controllable dyeing parameters. Unfortunately the head indigo dyer cannot take these relationships

directly to production environment due to the key underlying assumptions.

Let’s begin the discussion with where all the indigo dye goes from a macroscopic scale. It
may sound elementary, yet no model has been published to accurately account for all the indigo
dye. We know how much indigo is fed to the range. But how much is removed during washing? At
the overflow? Current indigo dye terminology expresses % indigo on weight of yarn as a function of
pounds per minute of indigo and pounds per minute of cotton. This relationship does not account
for either. Attempts have been made to explain the amount of dye removed during washing yet

these have not been substantiated with actual production data.
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No attempt has been made to relate classical diffusion theory to the experimental data for
dyeing denim yarn with indigo. Many of the expressions and terms have been employed but not the
actual diffusion solutions. In as such, the diffusion coefficient for the indigo-cotton dye system has
not been completely explored or expressed. More specifically the potential dependence on dye
bath pH, dye concentration in the dye bath, dye concentration in the yarn, boundary layer, and/or

other yet unknown parameters is not fully understood.

All of the experimental data presented in the literature are based on laboratory dyeings.
While this research certainly explains the relationship of variable effects on measurable responses, it
does not directly provide quantitative relationships on production dye equipment. There are four

fundamental issues that may affect the results.

The substrates used in the experiments have been some form of fabric either knitted tubes
or woven twills. In either case, the interlacing or interloping of yarns may affect the amount of dye
uptake. This is due to where the two yarns cross; dye is not allowed to contact the yarn surface. As
a result, the measured dye concentration in fiber will probably be less than the results on actual
production yarns. Furthermore, the fabric structure makes any measured shade values (K/S)
depend on the substrate. While these are probably relative to each other, the shade values will not

directly correlate to production dyed denim yarns.

In all of Etters non-equilibrium experiments, a 15 second immersion time was used. While
this is a viable dwell time for indigo dyeing, not every dye range matches this time exactly. Chong®
and Xin*® have demonstrated the significant effect immersion times less than 30 seconds have on
the resulting shade. Any indigo dyer with immersion times different than 15 seconds must proceed

cautiously when applying Etters’ relationships.

The vast majority of indigo dyed cotton experiments have been conducted with simulated 5
dip dye range set-up. While 5 dip dyeing may represent a significant amount of the denim yarn
dyed, it is certainly not the only set-up. In fact the majority of denim shade spectrum produced falls
within the 2 to 8 dip range. Once again, Chong® and Xin“® have demonstrated the significant affect

number of dyes has on the resulting shade. Since indigo dye uptake and/or degree of penetration
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may be affected by previous dye applications (i.e. previous dip), relationships derived from 5 dip

simulations may not translate to more or fewer dips.

The movement of dye bath during the simulated laboratory experiments may affect the final
dye uptake and penetration. More specifically, no discussion of agitation during dyeing experiments
was mentioned. Dye bath agitation has been well documented to have a significant effect on
disperse dye uptake on polyester. While the same relationship may not hold true for indigo-cotton
system, the contrary has not be demonstrated. Furthermore, it may not be possible to recreate real

world boundary layer development in the laboratory.

Etters’ empirical indigo dye model appears to accurately predict yarn shade and dye uptake
given certain dye range parameters, specifically dye bath concentration and pH. However this
model is derived from very specific laboratory conditions involving: substrate, number of dips,
immersion time, and agitation (boundary layer development). Furthermore, the indigo penetration
is modeled as a step function. All of these issues may have some affect on Etters’ empirical indigo
dye model. More importantly since no actual production data was given for comparison or

compared to classical diffusion theory, at the very least it raises some doubt.
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Figure 3-28: Equilibrium sorption power function coefficients as a function of monophenolate ionic form of indigo.

These linear equations for component A and B as a function of monophenolate ionic indigo

dye fraction which were actually a function of pH were used in the general power function to relate

%IOWY to dye bath concentration under equilibrium sorption. The specific results were given in

equation 3-14.

% =

= 0.016492 + 0.003465
= —0.244296 + 0.816158

Equation 3-14: General relationships between indigo dye bath concentration and pH to resulting %IOWY under
equilibrium sorption.
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Figure 3-29 shows the results of theoretical %IOWY at 11.2, 12.2, 12.8, and 13.2 pH. The
curves at various pH levels were the theoretical values based on equation 3-14. The individual data
points were all available points of equilibrium sorption as a function of dye bath pH and
concentration. While equation 3-14 was certainly not the only possible solution from regression to
fit the data available, it possesses certain elegance by combining the characteristic nature of

Freundlich isotherm and monophenolate ionic fraction into one equation. This represents the
maximum amount of dye pick-up under equilibrium sorption (M) that can be achieved given these

two important chemical dye range parameters.
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Figure 3-29: Comparison of calculated and measured %IOWY under equilibrium sorption laboratory dyeing conditions as
the dye bath concentration and pH were varied.
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The shade of the yarns as a function of %IOWY can now be investigated. The relationships
were later used to determine the penetration level for each dye range set-up observation. The
Integ shade value of a particular yarn was converted into the corresponding %IOWY from
equilibrium sorption. Then the penetration level was calculated when compared to the actual
%IOWY. The specific Integ shade values from each yarn count as a function of %IOWY from
equilibrium sorption is featured in figure 3-30. The %IOWY and Integ relationship starts off linear at
low %IOWY values. As the %IOWY increased the resulting change in Integ shade value had less
effect. Therefore the %IOWY and Integ relationship is non-linear but does possess unique values
over the entire range of %IOWY. The best model fit resulted in equation 3-15 that would allow Integ

shade calculations based on the %IOWY under equilibrium sorption.
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Figure 3-30: Relationship of Integ shade value for various yarn counts as %lIOWY from equilibrium sorption.
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= 4560937 + (592.19421 % ) — (99285539 (% —0.045773) ) +
(183538 (% —0.045773) ) — (152245 (% —0.045773) ) + (4.27080
(% —0.045773) )

Equation 3-15: Calculation of Integ shade based on %IOWY under equilibrium sorption conditions.

The inverse relationship was actually required in order to calculate the penetration level.
Switching the independent and dependent variables produced the relationship for calculating the
%IOWY on the outside surface as a function of Integ shade value. The relationship is displayed in

figure 3-31 and resulting equation listed as equation 3-16.
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Figure 3-31: Relationship of %IOWY on the outside surface for various yarn counts as Integ from equilibrium sorption.

% = —0.02646 + (9.5386 ) + (1.3593 ( —55.2088) ) +
(3.909 ( —55.2088) ) + (2.4244 ( —55.2088) ) + (6.4303
( —55.2088) )

Equation 3-16: Calculation of surface %IOWY from Integ shade values.
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As previously discussed K/Sgsonm cannot be used for %IOWY conversion involving equilibrium
sorption data. The relationship was not only non-linear but it was non-unique as shown in figure 3-
32. In fact most researchers who have used K/Sgeonm have adjusted or "corrected" the curve to
create a linear relationship. However, the correction was based on slope at very low dye
concentrations and projected to about 3.0 %IOWY. While this correction was certainly an
acceptable manner to handle the non-linearity at low %IOWY values, it was apparent at much higher
%IOWY values the correction loses all meaning. For this reason the researcher has decided to use

Integ shade value instead of K/Ssgonm-

K/S at 660nm as a Function of %IOWY
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Figure 3-32: Shape of K/S at 660 nm as a function of %lOWY from equilibrium sorption experiments.
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3.4 Observational Indigo Study: Establishing Breadth of Dye Conditions and Convergence Test to

Determine Conclusion of Study

The dye range conditions consist of two different attributes: mechanical parameters and
chemical parameters. Mechanical parameters were the yarn count, dye range speed, immersion
dye bath thread-up length, oxidation thread-up length, nip pressure, and number of dye bath dips.
The chemical parameters were the indigo dye bath concentration, pH, and reduction potential.
When a set of yarn skeins was processed in the dye range, each parameter was measured and
recorded. As previously discussed, the response variables were %COWY, %IOWY, Integ shade, and
penetration level. The range of each parameter must be understood prior to beginning the study
and a game plan developed to justify ending the study. Table 3-12 lists the specific parameters

available from all bulk production dye range conditions at this researcher's disposal.

Table 3-12: Observational study parameters and potential range of values

Parameter Minimum Value Maximum Value
Yarn Count 6.3/1 12.0/1
Speed (m/sec) 26.5 36.6
Immersion Length (meter) 8.6 11.4
Oxidation Length (meter) 36.0 37.0
Number of dips 1 7

Dye concentration (g/1) 0.75 3.25

pH 11.0 13.0
Reduction potential (mV) 720 900

Nip Pressure (psi) 40 75

The dye range speed was set to match the specific dye range set-up sheet by the operator.
The magnitude was controlled and maintained by ABB digital drive control system. The immersion
length was determined by multiplying speed and immersion time. The immersion time of each yarn
skein was measured with a stop watch. Immersion time was defined to be from liquor surface to nip
point at the squeeze rolls and was averaged from 10 different measurements each time data was
collected. The dye concentration was measured according to accepted industry methods. The %T

was measured and converted into g/l concentrations by using calibration equations. The %T
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method is given in Appendix A-1-2a. The reduction potential and pH were measured by respective

probes.

If a traditional 3 level full factorial design of experiment was planned, this would result in 3°
or 19683 trials to cover 3 levels on 9 parameters. As previously discussed, such an experiment isn't
possible. But if it were possible, the levels would look like table 3-13. Here the yarn count, number
of dips, and nip pressure were removed. Also oxidation thread-up length was assumed to be
sufficient to result in complete oxidation and therefore inconsequential. The first values in table 3-
13 for each parameter were the target value and the numbers in ()'s were the acceptable ranges to

fall within that group. These were grouped for each yarn count and each dip for analysis.

Because every possible combination of parameters were not processed in production, a
certain prime data set was defined which covers an acceptable range of parameters. Specifically
yarn skeins were processed targeting the following parameters and response variables measured
accordingly. The percent range of span from minimum to maximum value was calculated. Dye bath
concentration appears to vary over a large range. Likewise, the immersion length and speed change
by 30%. The pH does not appear to vary a great deal. This was not unexpected given this particular

dye house does not utilize dye bath pH buffering systems like those discussed by Etters and others.

Table 3-13: Prime data set in the observational study

Parameter Low Value Middle Value High Value Range in Percent
Immersion Length (m) | 8.6 114 33%

Speed (m/min) 29 (26.5-31) 32 (31-34.5) 35 (34.5-36.6) 37%

Dye Conc. (g/1) 1.1(0.7-1.5) 1.9 (1.5-2.3) 2.7(2.3-3.1) 342%

pH 11.3(11-11.6) | 11.8(11.7-12) 12.3(12-12.6) 18%

mV 740 (700-780) | 820 (780-850) 880 (850-900) 27%
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The prime data set was created by assigning all possible production variations to one of the
groups in table 3-13. Once all possible production variations had been assigned, it was time to

collect data from the observational study. The actual value for each parameter in the prime data set

was illustrated in figure 3-33. Across each parameter the three ranges were demarcated.

Scatterplot of Observational Study Dye Range Set-up Conditions and Interactions
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Figure 3-33: Range of observational study dye range set-up conditions and interactions.
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Once all data was collected for the prime data set, ANOVA analysis was conducted to
determine significance of each parameter. Unlike traditional design of experiments, analysis of
observational studies incorporate the actual parameter value measured during the study instead of
the target value. An effects screening test was conducted and the standard error recorded for the
parameters at each response variable for 6.3/1 yarns after one dip of indigo. Then more data,
defined to be the replicated data set, was collected at the same dye range set-up conditions.
Although the dye range set-up conditions were replica of the prime data set, the actual measured
dye range variables were not the same. As each new data set was collected, the data was fed into
the effect screening test and ANOVA analysis was repeated. The new standard error was recorded.
This process was repeated for each replicated dye range condition until the standard error reached
a point of diminishing return. At this point, the addition of more data would not further improve

the model and the observational study was concluded.

Figure 3-34 demonstrates the diminishing improvement of standard error for dye bath
concentration parameter with the addition of replicates. "0" replicates on the x axis represents the
original prime data set. As each replicate data set was added, the new standard error was
calculated. In figure 3-34 the standard error of indigo dye bath concentration parameter affect on
%COWY, %IOWY, Integ, and Penetration level was monitored. Dye bath concentration was chosen
since it was the most statistically significant parameter on all response variables. The curves for
each response variable were a second order polynomial fit with projected trajectory of 5 imaginary
replicates. After 11 replicates the standard error of %lIOWY, Integ, and Penetration Level appear to
reach their minimum value. In fact the last additional 6 data sets have a standard error average of
1.56e-4, 9.8e-1, and 1.66e-2 for %IOWY, Integ, and Penetration level respectively. The last four
replicate data sets had an average standard error of 2.82e-3 for %COWY with the last data set
having a value higher than the previous three data sets. Since the standard error was no longer
improving, the observational study was concluded. For completeness, this convergence test based
on parameter standard error was repeated after the official dye model was constructed and

redisplayed later.
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Additional Replicates Affect on Standard Error

Standard Error of Indigo (g/1)
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Figure 3-34: Affect of additional replicated data sets on standard error of indigo dye bath concentration parameter and
four response variables after one dip of indigo.

Data analysis was conducted on all available data sets. After all data had been collected, the
data was then compared to Fick's law of diffusion to calculate the diffusion coefficients.

Additionally, cause and effect and the mechanism for dye pick-up were determined.

The final step in traditional design of experiments is simulation. Since true simulation isn't
possible, model predicted dye responses were compared to data sets from an independent dye
range. The simulation data sets were collected from a third indigo dye range from a different dye
house in a different country. Use of the third dye house guaranteed zero affect in developing the
model. The %COWY, %IOWY, penetration level, and final indigo shade from the third dye range
were compared to calculated values from the indigo dye models. The final simulation and validation

are shown in Chapter 5.
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