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EXPLANATORY NOTES

Purpose and background

This OECD Emission Scenario Document (ESD) is intended to provide information on the sources,
use patterns, and potential release pathways of non-volatile chemicals used in textile dyes. The document
focuses primarily on the application of dyes to fibers, yarns and fabrics by batch or continuous processes.
The document presents standard approaches for estimating the environmental releases of and occupational
exposures to non-volatile chemicals used in dye formulations.

This ESD may be periodically updated to reflect changes in the industry and new information
available, and extended to cover the industry area in countries other than the lead (the United States). Users
of the document are encouraged to submit comments, corrections, updates, and new information to the
OECD Environment, Health and Safety Division (env.riskassessment@oecd.org). The comments received
will be forwarded to the OECD Task Force on Exposure Assessment (TFEA), which will review the
comments every two years so that the lead country can update the document. Submitted information will
also be made available to users within the OECD web site (http://www.oecd.org/env/riskassessment).

How to use this document

This document may be used to provide conservative, screening-level estimates of environmental
releases of and occupational exposures to non-volatile chemical components contained in dye
formulations. Such estimates might result in release and exposure amounts that are likely to be higher, or
at least higher than average, than amounts that might actually occur in real world practice.

The users of this ESD should consider how the information contained in the document emulates the
specific scenario being assessed. Where specific information is available, it should be used in lieu of the
defaults presented in this document, as appropriate. All input values (default or ESD-specific) and the
estimated results should be critically reviewed to assure their validity and appropriateness.

Coverage and methodology

The U.S. Environmental Protection Agency (EPA) developed this ESD using relevant data’ and
information on the use of textile dyes in the textile industry, including process descriptions, operating
information, types of dyes used, wastes generated, waste treatment, worker activities, and exposure
information. EPA supplemented the data collected with standard models® to develop the environmental
release and occupational exposure estimating approaches presented in this ESD. Non-occupational
exposures and environmental releases during consumer use are outside the scope of this document.

The primary sources of information cited in this ESD include information published by the U.S.
Census Bureau’s Economic Census and various EPA and other government sources (e.g. OECD and
regional or state pollution prevention organizations). Additionally, industry experts such as Dr. Warren
Jasper (North Carolina State University College of Textiles) and the Ecological and Toxicological

! Please refer to Section 8 for a list of the specific references used in developing this ESD.

2 EPA has developed a series of “standard” models for use in performing conservative release and exposure
assessments in the absence of chemical- or industry-specific data. Several of these standard models are described in
Appendix B to the ESD.
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Association of Dyes and Organic Pigments (ETAD) provided input for this ESD. Additional information
on the sources investigated and the references cited in this document are presented in Section 8.

The information in this document is based on U.S. data. Certain aspects of the application process of
dye products may differ in other countries; therefore, alternate assumptions and parameters may be
necessary in some applications of this emission scenario.

This ESD includes methods for estimating the environmental releases of and associated occupational
exposures to non-volatile chemical components used during the use of dye products in batch and
continuous processes. The scope of the ESD will only cover the industrial end use of textile dyes. The
manufacturing of the dyes, the formulation of dyestuffs, the use of the product manufactured with the dye
(e.g. use of textiles, fabrics), and end of life considerations are outside the scope of the ESD. Note that for
the purposes of the ESD, the use of dye in the textiles dyeing process is considered to be the dye
application to yarn, textile or fabric, and does not assess releases from subsequent finishing steps, which
may involve washing steps. Figure 1 provides an illustration of the scope of the ESD within the lifecycle of
a chemical of interest.

Manufacture of
Dye Chemical | = = = ===y
2 - |
o - | Industrial Use of
Blending o Dye Chemical in .
9 - ' Fabric Finishina
Chemical into Textiles Dyeing
Dye Formulation | | = 5
| | Commercial /

Consumer Use

Scope of the Scenario < __=

Disposal/Recycle

Figure 1. Textile Dye Chemical Life-Cycle Diagram

To estimate environmental releases for the dyeing process, this ESD assumes that chemicals used in
textile dyes are nonvolatile. EPA often assumes chemicals are nonvolatile if the vapor pressure is less than
0.001 torr (0.133 Pa). Nonvolatile chemicals result in negligible releases to air from volatilization and
negligible associated inhalation exposures (CEB, 1991). However, other air releases (e.g. dust generation)
from process operations may occur.

The methods for estimating the following facility operating parameters and the releases and exposures
to chemicals used during the application of dye products onto fibers, yarns, or fabrics are discussed in this
ESD, including:

o Number of sites in the United States applying dyes containing the chemical of interest onto
various substrates;
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e Releases of chemicals during transfer from the container into the process (storage or mixing
vessel);

o Releases from transport container residue (via container cleaning or direct disposal of empty
containers);

e Releases from disposal of spent dye bath;
e Releases from equipment cleaning operations;

e Number of workers that may come into contact with the dye product during the textile dyeing
process;

e Inhalation and dermal exposures during container unloading;
e Inhalation and dermal exposures during container cleaning and disposal;
o  Dermal exposures during dye machine operation;

o  Dermal exposures during disposal of spent dyebath.

The estimation methods in this ESD apply to any dye component, regardless of its function within the
dye formulation.

How this document was developed

EPA, with support from Eastern Research Group, Inc. (ERG), has developed this ESD on the use of
textile dyes. The scope of the ESD is designed to serve the needs of both OECD programs as well as EPA.
In the United States, the Risk Assessment Division (RAD) of EPA’s Office of Pollution Prevention and
Toxics (OPPT) is responsible for preparing occupational exposure and environmental release assessments
of chemicals for a variety of programs under the Toxic Substances Control Act (TSCA), including
Premanufacture Notice (PMN) reviews. While OECD ESDs traditionally focus on the potential releases of
chemicals from industrial processes, this document also describes approaches for estimating potential
occupational exposures to chemicals used in the use of textile dyes. The occupational exposure methods
are included so that the ESD may be used to fully support EPA’s chemical review programs.

This ESD supersedes EPA’s 1992 Use of Textile Dyes Generic Scenario. This ESD is considered an
additional ESD that covers a portion of the textile finishing industry and is not meant to supersede the 2004
OECD ESD on the Textile Finishing Industry. This ESD has been revised and expanded to meet EPA’s
revised quality standards for generic scenarios (EPA, 2014). Differences between the previous and
updated scenario include:

o  General facility estimates (e.g. daily use rate, number of sites, operating days);

e  Degree of fixation or exhaustion for each dye;

e  Occupational exposure and environmental release estimates.

10
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A Draft ESD was developed in June 2011 and has been revised multiple times based on internal CEB
comments. The July 2011 revision applied the mass fraction of main dyestuff used per day to the daily dye
formulation use rate, based on information in OECD’s 2004 Emission Scenario Document on Textile
Finishing Industry (OECD, 2004). The July 2012 revision updated the number of exposure days from 250
to 148, based on information reported in PMN submissions from 2006 through 2011, specified default
fixation/exhaustion rates for unknown dye types, and added exposure estimates from container cleaning.
The March 2013 version characterized the U.S. textile production of 9,100 kg/site-day as a typical value
(range of 3,520-50,000 kg/site-day). The June 2013 version was a minor update that provided a summary
of updates from EPA’s 1992 scenario. This update includes further information from O’Neill et al. (1999)
for dye fixation ranges (Table 1-2). The April 2015 revision updated the number of exposure days from
148 to 157, and also provided a range of operating days based on information reported in PMN
submissions from 2006 through 2014.

This document is published under the responsibility of the Joint Meeting of the Chemicals Committee
and the Working Party on Chemicals, Pesticides and Biotechnology of the OECD.

11
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1 INDUSTRY SUMMARY AND BACKGROUND

1. The textile industry is comprised of a diverse, fragmented group of establishments that produce
or process textile-related products (fiber, yarn, fabric) for further processing into apparel, home
furnishings, and industrial goods. Textile establishments receive and prepare fibers; transform fibers into
yarn, thread, or webbing; convert the yarn into fabric or related products; and dye and finish these
materials at various stages of production. The process of converting raw fibers into finished apparel and
nonapparel textile products is complex; thus, most textile mills specialize in specific products. Little
overlap occurs between knitting and weaving, or among production of manmade, cotton, and wool fabrics
(OECA, 1997).

2. Textiles are manufactured beginning with raw fibers. Textile fibers can be harvested from natural
sources (e.g. wool, cotton) or manufactured from regenerative cellulose materials (e.g. rayon, acetate), or it
can be entirely synthetic (e.g. polyester, nylon). After the raw natural or manufactured fibers are shipped
from the farm or the chemical plant, they pass through four main stages of processing (OECA, 1997):

e Yarn production;

e  Fabric production;

o Wet processing; and

e  Garment Manufacturing.

3. Dyeing may occur in several of these stages, but is primarily completed during the Wet
Processing (also called Finishing) stage. This is described in more detail in Section 2.

1.1 Textiles Dyeing Process within the Textile Industry

4. The textiles dyeing process falls under two North American Industrial Classification System
(NAICS) industries: Broadwoven Fabric Finishing Mills (NAICS Code 313311) and Textile and Fabric
Finishing (except Broadwoven Fabric Mills) (NAICS Code 313312). Table 1-1 presents the number of
establishments and production workers reported in the 2011 Economic Census for each of these industries.
The majority of these establishments are geographically concentrated in the state of California, followed by
New York and North Carolina. The sales of all textiles generated 5.2 billion dollars revenue in 2011, which
represents a market decline of 21% domestically since 2007 (USCB, 2007).

15
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Table 1-1. Number of Sites and Production Workers in the Textile Finishing Industry

Code Establishments | Employees
313311 Broadwoven Fabric Finishing Facilities 480 11,289
313312 "\I'/Iei>|<|tslle and Fabric Finishing (except Broadwoven Fabric) 438 12,264

Source: USCB, 2011
1.2 Types of Dyes
5. Dyes may be classified in several ways (e.g. according to chemical constitution, application class,

or end-use). The primary classification of dyes is based on the fibers to which they can be applied and the
chemical nature of each dye (OECA 1997).

6. Reactive and direct dyes are most commonly used for cotton dyeing; disperse dyes are used
typically for polyester dyeing. Reactive dyes react with fiber molecules to form chemical bonds. Direct
dyes can color fabric directly without the aid of an affixing agent. Direct dyes are the simplest dyes to
apply and the cheapest in their initial and application costs, although there are tradeoffs in the dyes’ shade
range and wetfastness. A variety of auxiliary chemicals may be used during dyeing to assist in dye
absorption and fixation into the fibers. Disperse dyes require additional factors, such as dye carriers,
pressure, and heat, to penetrate synthetic fibers. Disperse dyes are dispersed in water where the dyes are
dissolved into fibers. Vat dyes, such as indigo, are also commonly used for cotton and other cellulosic
fibers (OECA, 1997). Each dye has a certain fixation rate which determines the percentage of dye that
adheres to the substrate. Fixation rates for various dyes are summarized in Table 1-2 at the end of this
section.

7. In the United States, it is estimated that reactive dyes account for 20-25% of all dyes consumed in
the textile industry, followed by disperse at 20%, acid dyes at 15-20%, and fluorescent whitening agents at
10-15%. Cotton/rayon accounts for 60% of all dye consumption, followed by polyester at 15-20% and
nylon at 15-20% (IHS, 2014).

8. The following subsections discuss the different types of dyes in more detail. Table 1-2 at the end
of this section lists the major dye classes, fixation rates, and the types of fibers for which they have an
affinity. Factors that companies consider when selecting a dye include: the type of fibers being dyed,
desired shade, dyeing uniformity, and fastness (desired stability or resistance of stock or colorants to
influences such as light, alkali, etc.) (OECA, 1997).

1.2.1 Acid Dyes

9. Acid dyes are water-soluble anionic compounds applied to nylon, wool, silk, and some modified
acrylic textiles in an acidic medium. Some acid dyes are also used for coloring food and paper. However,
they exhibit little affinity for cellulosic or polyester fiber. Colors generally are bright, and the material
exhibits good to excellent fastness properties. Acid dyes have one or more sulfonic or carboxylic acid
groups in their molecular structure. The dye-fiber affinity is the result of ionic bonds between the sulfonic
acid part of the dye and the basic amino groups in wool, silk, and nylon fibers (ORD, 1996).
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10. Mordants can be used to improve wetfastness and perspiration fastness of acid dyes, although
shades tend to be duller. Mordants include Cr, Sn, Cu, and Al. Because of environmental concerns
surrounding mordants, their use in acid dyeing in the United States has essentially ceased (ORD, 1996).

1.2.2  Azoic Dyes (Napthol Dyes)

11. Azoic dyes, also known as naphthol dyes, are used on cellulosic fibers (particularly cotton) but
may also be applied to rayon, cellulose acetate, linen, jute, hemp, and sometimes polyester. Azoic dyes are
made up of two chemically reactive compounds, which are applied to the fabric in a two-stage process. The
reaction of the two compounds in the fiber produces the colored azo chromophore. During dyeing, the
azoic dye forms inside the fibers (ORD, 1996).

12. The Colour Index (CI) refers to the components used in azoic dyeing as Cl Azoic Coupling
Components and Cl Azoic Diazo Components. The coupling components are mostly derived from beta-
naphthol and are available in powder or liquid form, while the diazo components are available as free bases
(fast color bases) and diazonium salts (fast color salts). The depth of shade is determined by the extent to
which the coupling component is absorbed when the diazo component is applied to the fiber (ORD, 1996).

13. Azoic dyes produce bright and dark shades of yellow, orange, red, maroon, navy blue, brown,
and black. The dyes exhibit good lightfastness and fastness to peroxide and other bleaches. They can be
applied in a variety of ways (e.g. continuously or using yarn, jet, beck, or jig dyeing processes). Use of
azoic dyes has declined over the years, however, because of application costs and concerns about the
possible presence of carcinogenic naphthylamines in wastewater effluents (ORD, 1996).

1.2.3 Basic (Cationic) Dyes

14. Basic dyes were the first synthetically manufactured dye class. They were initially used to dye
silk and wool (using a mordant), but they exhibited poor fastness properties. Modified basic dyes were
developed and are now used exclusively to color synthetic fibers such as acrylic, modacrylic, and modified
nylons and polyesters, in which their fastness is acceptable. Basic dyes are rarely used on natural fibers,
both because of their poor light-and washfastness and because of the need for mordants (ORD, 1996).

15. Basic dyes have limited water solubility and are applied in weakly acidic dyebaths. lonic bonds
are formed between the action in the dye and the anionic site on the fiber. As a class, basic dyes are among
the brightest dyes available. In addition, they have unlimited color range and good fastness properties
(except in natural fibers, as noted above). Good preparation (scouring) is necessary to remove the surface
additives applied for knitting and weaving. Basic dyes are strongly bound and do not migrate easily;
therefore, temperature must be used to carefully control exhaustion to ensure level dyeing (ORD, 1996).

1.2.4 Direct Dyes

16. Direct dyes are water-soluble, anionic compounds used extensively for coloring paper but also
for dyeing cotton, rayon, linen, jute, hemp, silk, and nylon fibers, as well as mixtures of fibers and leather.
The term “direct dye” refers to the fact that these dyes can be applied directly to cellulosics without
mordants. The dyes are absorbed into hydrophilic fibers as the fibers expand in the water solution. Sodium
chloride or sodium sulfate salts are added to the dyebath to counteract the slightly negative charge
cellulosics have in agueous solution. The molecular structure of direct dyes is narrow and flat, permitting
these molecules to align with flat cellulose fibrils, where the dye molecules are held in place through Van
der Waals forces and hydrogen bonds (ORD, 1996).

17. Although direct dyes yield bright, deep colors, they vary greatly in light fastness. They are widely
used to color cellulosic materials including those that need high fastness (e.g. upholstery and drapery
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fabrics). Also, they are limited in washfastness and their ability to withstand exposure to moisture (e.g.
perspiration) unless the fabric is after treated with a chemical fixative in a common procedure called after
fixing. These fixatives react with the dye, holding the dye molecules in place. Direct dyes are more
economical than reactive or vat dyes, but their use has declined in recent years as reactives with superior
end use properties have gained popularity (ORD, 1996).

1.2.5 Disperse Dyes

18. Because of the growing world dominance of polyester fibers in textile use, disperse dyes are the
largest volume dye class used today (IHS, 2014). Disperse dyes have a very low water solubility, and are
applied as a dispersion of finely ground powders in the dyebath. The particles dissolve at low
concentrations in the aqueous dyeing medium but transfer into the synthetic fiber polymer because of their
higher solubility in the substrate. High temperatures and superatmospheric pressures are sometimes used
for application. This reduces the need for chemical accelerants (e.g. dye carriers), which are required at
lower temperatures (ORD, 1996).

19. Disperse dyes are used for oleophilic fibers (polyester and other synthetics) that do not accept
water-soluble dyes. They are used largely for synthetic fibers, mainly polyester but also cellulose acetate
rayon (also called regenerated cellulose fibers), nylon, and acrylic fibers. For polyesters, disperse dyes
offer a full shade range. Because of the limited buildup properties and poor washfastness in dark shades,
however, disperse dyes are used mostly to obtain pastel shades in nylons and acrylics. Disperse dyes tend
to have good fastness to light, perspiration, laundering, and dry cleaning. They also have good resistance to
color transfer by contact or rubbing (crocking) (ORD, 1996).

1.2.6 Reactive or Fiber-Reactive Dyes

20. Fiber reactive dyes are water-soluble, anionic dyes that provide high wetfastness and require
relatively simple dyeing methods. In terms of volume, they are currently the second-largest dye class in the
world just behind disperse dyes (IHS, 2014). They are mainly used for dyeing cellulosic fibers such as
cotton and rayon but are also sometimes used for wool, silk, nylon, and leather. Fiber reactive dyes have
largely replaced direct, azoic, and vat dyes and are the largest dye class (in commercial value) in the United
States. Because of the bright shades available, particularly orange, scarlet, and turquoise, they are popular
choices for color fashion apparel (ORD, 1996).

21. Fiber reactive dyes form covalent chemical bonds with the fiber and become part of the fiber,
giving excellent fastness properties. Because of their solubility, leveling takes place rapidly before fixation,
which provides flexibility in dye application methods. To exhaust the dyes, however, large amounts of salt
are generally necessary, and substantial amounts of dye can remain unfixed at the end of the process. After
dyeing, the fabric is afterwashed with an anionic surfactant to remove unreacted dye (ORD, 1996).

22. Some improvements in fixation of fiber reactive dyes have been made, particularly with the
introduction of bifunctional reactive dyes. Bifunctional dyes have two reactive groups, which increases the
efficiency of dye fixation. Low-bath-ratio equipment can also be used to reduce salt requirements, and pad-
batch dyeing using cold reactive dyes that require no salt is a viable alternative (ORD, 1996).

1.2.7 Mordant Dyes (Chrome Dyes)
23. Mordant dyes are used mainly in wool dyeing, although they also are used to dye silk and nylon
and to print wool, silk, and cellulosic fibers. In general, mordant dyes have fair to good fastness properties.

These dyes usually contain a ligand functionality capable of reacting strongly with salts of aluminum,
chromium, cobalt, copper, nickel, or iron to give differently colored metal complexes. Mordants are now
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used infrequently in the United States because of concern about toxic metal salts in the wastewater effluent
(ORD, 1996).

1.2.8 Sulfur Dyes

24, Sulfur dyes are mainly used for dyeing cotton and rayon substrates. They may also be used for
dyeing blends of cellulosic and synthetic fibers, including nylons and polyesters, and are occasionally used
for dyeing silk (ORD, 1996).

25. The synthesis of sulfur dyes is based on the reaction at high temperature of organic compounds
containing nitro and amino groups with sulfur or sodium sulfide. The dyes contain sulfur both as an
integral part of the chromophore and in polysulfide pendant chains (ORD, 1996).

26. Sulfur dyes are reduced with sodium sulfide to a water soluble form before application to the
fiber. In their reduced form, sulfur dyes are soluble and have an affinity for cellulose. Sulfur dyes color by
absorption, like direct dyes, but with exposure to air they oxidize to re-form the original insoluble dye
inside the fiber. This makes them very resistant to oxidizing bleaches (e.g., peroxide) and resistant to
removal by washing (ORD, 1996).

217. Sulfur dyes have good to excellent washfastness and moderate to good light fastness. They are
relatively inexpensive compared with other dyes. Although they encompass a broad shade range, sulfur
dyes are mostly used for dark shades because lighter shades have poorer resistance to light and laundering.
The shade range for sulfur dyes includes brick reds, browns, burnt oranges, and blacks. Sulfur dyes tend to
be dull compared with other dye classes. Deep indigo denim colors are often obtained by applying indigo
dyes over a sulfur “bottom” (ORD, 1996).

28. Sulfur dyes have decreased popularity in the United States, Western Europe and Japan because of
environmental concerns associated with the dye manufacturing process; however, sulfur dyes are still
popular in other parts of the world where environmental regulations are less stringent (IHS, 2014).

1.2.9 Vat Dyes

29. Vat dyes are the oldest and among the more chemically complex dyestuffs. They are used most
often for dyeing and printing cotton and cellulosic fibers, and for end uses that require good fastness
properties, such as toweling, industrial uniforms, military uniforms, and tenting. Although most commonly
used for cottons and cellulosics, they can also be applied to nylon and polyester/cellulosic blends and are
sometimes used for dyeing wool and acetate (ORD, 1996).

30. Vat dyes have excellent fastness properties when properly selected, and are often used on cotton
and cellulosic fabrics that will be subjected to severe conditions of washing and bleaching (e.g. sewing
threads). Vat dyes can be used on all fi