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Abstract 

In recent years, environmental authorities in Sweden are reporting about high content 

of antimony in waste water that is discharging from polyester textile dyeing industries. 

It is known from available scientific publications that, antimony and its compound is 

harmful for both human and environment. While dyeing of polyester textiles have a 

commercial importance and in regards to the environmental issues, the industries are 

looking for the factors those results in high concentrations of antimony in their dyeing 

waste water. Dyeing of polyester textile requires high-temperature application in 

association with dyes and process aid chemicals. The waste water that is being 

produced after dyeing contains a complex mixture of chemicals, where antimony is one 

of that mixture. 

To comply with the industries interest, this master thesis work involved the exhaust 

dyeing of polyester fabrics/yarns and analyzing the dyeing waste water, to determine 

the amount of antimony diffusion. According to literature studies, the antimony 

compounds are widely used as catalyst for polyethylene terepthalate (PET) 

polymerization and hence antimony is present in polyester textiles. The entire 

experimental work intended to understand the variation of antimony concentration and 

the factors that are causing high antimony diffusion from polyester textiles during 

dyeing. The materials which are polyester yarn and fabrics were collected from 3 

different dyeing industries of Sweden and the materials were in 9 different types. From 

material analysis (before dyeing) it has been found there were variations in antimony 

concentration among the materials. The process parameters that have varied during 

exhaust dyeing were dyeing temperature, cycle time and process aid chemical (leveling 

agent) adding options. With the variation in process parameters, the dyeing has 

performed and the dyeing waste waters have analyzed through inductively coupled 

plasma sector field mass spectroscopy (ICP-SFMS). The expectations from the 

experiments were, under specific dyeing process and with same antimony 

concentration, the materials varying in filament/fiber diameter; big diameter 

filament/fiber will diffuse less antimony compared to the small diameter filaments. 

Also, process-wise the antimony diffusion ratio among the materials will accordingly 

follow the Fick’s diffusion model.  

To face the environmental issues with sustainability, entire thesis work could provide 

concentrated knowledge’s with literature evidence for the dyeing industries. As 

literature study indicates, the dyeing temperature, temperature ramp set and cycle time 

play major factor while comparing for the expected diffusion ratio. As a gentle process 

parameter, comparatively lower temperature and cycle time results lower antimony 

diffusion. The use of levelling agent could be reduced to a level with the 

appropriateness while added for dyeing. Also, a strong follow-up is needed in the 

supply chain, for lowering the initial antimony content in the materials. Overall, the 

findings of this thesis work also keep an importance to do further research on the 

polyester textile, as during the experiments most of the materials haven’t reacted 

accordingly as they were expected to react with the Fick’s diffusion model. 

Keywords: PET polymer, polymerization, di-antimony tri-oxide, polyester textiles, 

exhaust dyeing, antimony diffusion, waste water, health & safety, environmental 

issues. 



 

 

Popular Abstract 

Since the last couple of decades, the environmental concerns are getting highlighted in 

our everyday life. When it comes about the textile coloration industries waste water 

discharge, it even becomes more critical. During coloration of textiles a lot of water, 

chemicals, and energy are used; hence the waste water right after coloration looks like 

a strong poison for the aquatic nature. Now, this poisonous water is getting even more 

poisonous with the high rise of a known chemical that is already in that water. That 

chemical is called as antimony and that leach out from the polyester textiles during 

coloration. To get a polyester textile it is also necessary to use it in the beginning of 

production and so it sits in the textile until it exposes for coloration. The health and 

safety ensuring authorities have already declared it as harmful for human and also for 

nature. So, it becomes urgent for the polyester textile coloration industries to know the 

reasons that result in such high increase of leakage during coloration. 

This thesis work gives the insights of the reasons and differences of the antimony 

leakage among different polyester textiles. In the beginning of the research work, 

different polyester materials were collected and initially tested for antimony’s 

presence. Also, the collected polyester materials were different in shape thickness and 

outlook; they were mostly polyester yarns and fabrics. The method for finding out the 

reasons of leakage was the actual coloration that happens in the industries. Four 

different processes of coloration have applied for a single type of material. The 

processes were varied for the coloration temperature, coloration time and coloration 

recipe.  After every process, the waste water from each coloration process was 

collected and tested for antimony’s presence in that water. The expectations were 

thinner polyester textiles will give higher leakage compared to thicker polyester textiles 

for each process. 

After all coloration process, the results about the antimony’s presence in waste water 

haven’t shown the same phenomena that have expected. Most of the polyester textile 

has even lower leakage that was expected but still exceeding the common limits that 

have to be ensured. Higher coloration temperature and time are causing higher leakage 

compared to a little lower coloration temperature and time. Also without the presence 

of a color levelling chemical during coloration, it is showing lower antimony leakage 

for most of the polyester textiles. As, a conclusion of this research, the coloration 

industries can use the knowledge’s of the coloration process variations and can utilize 

them with a better planning. So, that the amount of antimony leakage could be lowered 

down and the nature will get less impacted with sustainability issues. 
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1. Introduction 

Since the civilization of mankind textile products has been an essential part of daily life. With 

a long run of time and for decades by decades the textile products has been modified a lot to 

give further attributes. When it comes to functional attributes to textile products, it started to 

introduce new raw materials which are petroleum based, commonly we know as synthetic 

textiles. Among all of the synthetic textile fibers, Polyesters were the first manufactured 

synthetic fiber back in 1930.In synthetic textile production, a polyester (PET) fabric holds the 

biggest numbers (in volume) that have been produced for delivering versatile properties. The 

fabrics produced from PET have a greater demand for apparel, home furnishing and for 

technical textile. The entire production process of such textiles materials start from the 

thermal melt process of raw PET polymer chips and ends in coloration process before it goes 

for further assembly process for the desired end uses. During raw PET polymerization 

process, main chemicals are used to obtain the formed polymers within its functionality. But 

for having a successful chemical reaction and speed up the reaction process it also needs to 

use a proper catalyst. For PET polymerization numerous catalysts are available, and in most 

often the commonly used catalyst is di antimony tri-oxide (Sb2O3). From polymer production 

end the antimony compound is important to use for facilitating the PET polymerization 

process. But, according to the recent environmental issues, it becomes a matter of fact to use 

such antimony compounds for PET polymerization. For the last couple of years the regional 

environmental authority of Västra Götaland province in Sweden, have noticed an increased 

presence of antimony concentration in textile waste water. The high increase of antimony in 

waste water stands as a problem for the municipal authority to treat them through a standard 

procedure in their waste water treatment plant. If the waste water is not treated with an extra 

process there is a risk of high antimony content for the discharged waste water. Discharging 

of such waste water with high content of antimony to the environment is toxic for the aquatic 

life and as well as for the human. In such basis and previously, there were not enough work 

has done in Sweden to identify the problems that related for antimony diffusion during 

dyeing. The polyester textile dyeing industries which actually generate this waste water are 

looking for probable reasons that are affecting for such high diffusion of antimony from their 

dyeing production.  

2. Literature Review: 

Each and every research work gets an initial foundation by reviewing relevant literature that 

is connected to a specific research problem. The literature review contributes condensed 

knowledge that gives this thesis work fundamental information’s that has considered while 

exploring further, in regards to the research problem. To dig into the topic and with the 

possible experiment selection, it was necessary to know about the PET polymer and its 

polymerization process. The following sections represent general information’s about PET 

polymer, polymerization process and the factors that have considered while PET polymer 

produced for the intended purpose. 

2.1 The PET Polymer and Polymerization: 
The abbreviation of PET stands for polyethylene terephthalate and by nature; it belongs to 

thermoplastic polymer group. Because of good balance in between performance and cost, 

PET polymer addressed rapid growth in global scale for as synthetic fibers among different 

types of fibers including natural fibers. Typical manufacturing methods for PET polymer 

includes- 
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I. DMT method: In this method the starting material for reactions are dimethyl 

terephthalate (DMT) and ethylene glycol (EG). The steps involved in this method are as 

follows: 

 

Step 1: 

 

 
 

 

Step2: 

 

 
Figure 1: Steps involved in PET polymerization for DMT method.  

 

 

II. TPA method: In this method the starting material for reactions are terephthalic acid 

(TPA) and ethylene glycol EG. 

 

Step 1: 
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Step 2: 

 

 
 

Figure 2: Steps involved in PET polymerization for TPA method. 

 

Since from the early beginning, DMT method was popularly used because of its simple 

refining processes such as distillation and re-crystallization compared to TPA which doesn’t 

have a boiling point, poor solubility and difficult for refining. It is also to be said that DMT 

method requires an extra process to replace the methanol. For manufacturing of PET, the 

main reaction comprises to transesterification (Ester Interchange reaction-EI) to form the 

intermediate bishydroxyethyl terephthalate (BHT or BHET) from DMT and EG. Also in the 

other way, BHT formed from TPA and EG in the first part and then the polycondensation 

reaction takes place to form PET polymer from BHT in the second part, this process also 

known as direct esterification  (DE) (Masatoshi and Yoichiro, 2016). Some processes are 

available to facilitate the PET polymerization reactions efficiently. The usual adopted process 

is dividing the system into a reaction tank for EI or DE reaction process and a reaction tank 

for polycondensation reaction. During EI reaction, DMT and EG are heated and made into a 

uniform phase in a reaction tank, and the reaction is facilitated by the presence of an 

appropriate catalyst (Masatoshi and Yoichiro, 2016). 

 

While manufacturing PET polymer through polycondensation reaction, an important factor, 

which is the molecular weight need to be optimized according to the end purposes. The 

molecular weight is a basic property of the polymer that has an influence on mechanical 

properties as well as process ability when used as fiber. The high molecular weight also 

dictates the durability of the formed polymer. But higher molecular weight also makes the 

polymer tougher for the thermoplastic forming process as it raises the viscosity and elasticity 

(entanglements). Hence it requires designing various grades in terms of molar mass and 

molar mass distribution for each thermoplastic forming process, such as blow and injection 

molding, .melt spinning etc. The thermoplastic processes together with the cooling conditions 

govern the morphology of the artifacts. The morphology, that provides the permeability and 

mechanical property to the formed products. For textile clothing, the mostly used average 

molecular weight of PET is approximately 20,000 (g/mol) with a degree of polymerization 

approximately 100 and the intrinsic viscosity about 0.62–0.65(Masatoshi and Yoichiro, 

2016).The used molecular weight here for textile clothing, can be found similar to the 

polyester film that is used for packaging or general industrial material applications. 

Compared to clothing, automobiles seatbelts molecular weight will be high as of 30,000 

(g/mol), the degree of polymerization in that case will be 150 or even higher as because of 

high strength requirements. 

 

PET used in textile fiber form usually has melt viscosity and that can be stirred. Hence by 

melt polymerization and with specified molecular weight PET fibres for clothing can be 

manufactured. As mentioned above, PET’s of high molecular weight have an extremely high 
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viscosity, which inhibits uniform stirring of melts and the continuation during melt 

polymerization. To avoid the difficulty of stirring and high viscosity, a solid state 

polymerization (polycondensation) method which is after melt polymerization is used to 

increase further molecular weight (Masatoshi and Yoichiro, 2016). The SSP process involves 

heating of the starting material at the temperature between the Tg and Tm of partially 

crystalline pre-polymer.  Within the progress of reaction, an increase of molecular weight 

occurs between the chain terminal groups that are in the amorphous phase of the semi-

crystalline polymer (Izabela and Gabriel, 2013). In consideration of successful reaction, some 

factors that can affect the EI reaction rate includes the reaction temperature, the molar ratio of 

charged DMT and EG quantities and EI reaction catalysts.  

 

To achieve the quality of the end polymer, the catalysts have significant importance for a 

successful reaction. In polycondensation catalysis, the primary step that involved is the 

coordination of metal ion with the ester carbonyl bond, so that neuchlophillic attack is 

facilitated (L.W. Chen, 1999). The polycondensation reaction proceeds by the activated 

hydroxyl group on the carbon of the carbonyl group coordinated to the metal (L.W. Chen, 

1999). Metallic compounds which are different from EI catalysts are selected in many cases 

due to the restrictions including the consideration of thermal decomposition (Masatoshi and 

Yoichiro, 2016). 

 

2.1.1 The Polycondensation Catalyst 
There are several types of catalyst available for PET polymerization, each type of catalyst 

vary from each other in terms of capability to produce a specified grade of end polymer and 

have an importance on achieving high molecular weights. Most commonly known catalysts 

are- di antimony tri-oxide (Sb2O3), sodium titanium butylate, zinc acetate, cobalt acetate etc.  

Among all, di antimony tri-oxide (Sb2O3) is still the most widely used catalyst in the 

synthesis of PET and therefore it is also applied in SSP process (Izabela and Gabriel, 2013). 

Di antimony trioxide is a solid substance at room temperature (melting point is 655°C) and is 

also most often handled as a solid white powder, dry or in wetted form, pellets, or granules.  

From the available materials safety data sheet of di antimony tri-oxide producer, it is found 

that di antimony tri-oxide is odorless, insoluble in water but soluble in acidic medium.  

 

Use of antimony compound was already indicated in the initial patent by DuPont, which they 

had thoroughly searched for the catalyst at that time of development (Masatoshi and 

Yoichiro, 2016). Di antimony tri-oxide can contribute a high catalytic activity and chemical 

stability without catalyzing side reactions (Izabela and Gabriel, 2013). According to 

Kokkolas et al.(1995), during solid state, the rate constant of transesterification progress with 

a linear increase when di antimony trioxide (Sb2O3) concentration have used as catalyst. 

Kokkolas et al. (1995) also shows that molar mass of a PET pre-polymer with a Sb2O3 

content of 2000 ppm was increased from 18350 to 40800 after heating at 210 °C for 8 h 

under vacuum (2—3 Pa). At the early stage of polycondensation, antimony compounds 

combined by the coordination with hydroxyl groups cannot react with carbonyl groups of 

esters. Hence it becomes that the catalytic activity of antimony compound is less during a 

high concentration of hydroxyl end groups, as observed in the initial stage of polymerization. 

The rate constant for ester decomposition with antimony is smaller than that for 

polycondensation catalyzed by tetrabutyltitanate or zinc acetate (S.B Maerov, 1979). 

 

Antimony catalysts not only increase the rate of polycondensation, but also the rate of DEG 

(diethylene glycol) formation (L.W. Chen, 1999). The formation of DEG is an important side 

reaction, as the amount of DEG in PET molecules influences many important properties of 

the polymer; such as-light stability and melting point. During esterification stage and also 
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polycondensation stage, antimony catalyst increases the DEG formation. It is also observed 

that the activation energy of BHT monomer with antimony catalyst in DEG formation is 

lower than that of BHT monomer without the addition of antimony catalyst (L.W. Chen, 

1999). For the very high molecular weight of polyesters, titanium based catalysts such as 

sodium titanium butylate can be used. A combination of titanium with magnesium based 

catalysts leads up to 25 % time saving when SSP process is carried out at 190 °C with a 

selected molar ratio of titanium tetrabutoxide : magnesium acetate (1:1) (Izabela and Gabriel, 

2013). Also for a long time, it is known that titanium compound has 10-20 times more 

catalytic activity than antimony compounds for selected measuring parameters (Masatoshi 

and Yoichiro, 2016). On the other way, the catalysts such as zinc acetate/ Sb2O3 or cobalt 

acetate allow the synthesis of high molecular weight polyesters as well. The formed 

molecular weight of PET was as high as 65 000 (zinc acetate/Sb2O3) or 120 000 when cobalt 

acetate was used as a catalyst under different study conditions (Izabela and Gabriel, 2013). 

 

It is still said that antimony compounds are the predominant condensation catalysts that are 

used for PET, while having other catalysts as well. The other catalysts have been in the 

market for more than a decade, but have struggled to gain broad market acceptance, titanium 

(Ti), germanium (Ge) and aluminium (Al) are among the metal-based catalysts that have 

been demonstrated, to various degrees, to be viable alternatives to antimony (Sb)-based 

catalysts. With the reluctance to change and the enormity of the task, there is a concern about 

the impact of such catalysts could affect on PET resin colour yield and quality (Dan 

Weissmann, 2014). Hence di antimony trioxide became the preferred choice of catalyst for 

PET production. The factors about the balance of cost, catalytic ability and colour of the 

produced polymer have got the more priority while selecting an appropriate catalyst for 

commercial production (Kevin et al. 2014). According to, Lau et al. 2003, di antimony 

trioxide have other industrial uses, for examples as a component of flame retardant 

formulations. Flame retardant properties are also being imparted in certain textile products, 

though usually not in clothing products.  However, to date, the alternatives that have 

developed as a substitute have not succeeded in making a major commercial breakthrough 

and so antimony compounds remain by far as a dominant catalyst. 

 

2.1.2 Crystalline Behavior in PET 
With the regularity in chemical structures PET is a crystallizable polymer and so upon 

processing, it can be found either in semi-crystalline or in the amorphous state (Bilal et al. 

2013). The morphology and hence the properties of the polymers significantly can get 

affected by the crystallinity. Crystalline PET is still widely used to achieve barrier properties 

and mechanical strength. Highly crystalline PET polymers have a higher glass transition 

temperature (Tg), higher modulus, toughness, stiffness, tensile strength, hardness, resistance 

to solvents, but less impact strength. The crystallinity can be brought up by thermal 

crystallization and/or by mechanically induced crystallization, which commonly known as 

drawing (Bilal et al. 2013). Thermal crystallization occurs when the polymer is heated above 

Tg. For having spherulitic structure, the polymer turns opaque, which aggregates un-oriented 

polymers during thermal crystallization. In mechanical crystallization, stretching or 

orientation is applied to heated polymer and the polymer chains are rearranged in parallel 

fashion and so become closely packed. The whole process composed of nucleation and 

spherulitic crystallization, and may occur at temperatures above Tg but below the melting 

point (Tm). Quenching the melt polymers can results to a completely amorphous PET. 

Within the required end use, PET polymers are being manufactured with a process control for 

imparting the desired crystallinity to the polymer (Bilal et al. 2013). The widely used variety 

of PET products belongs to PET beverage bottles and packaging.  
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2.2 PET Products 
As long as the commercial production of PET globalized the demands have raised for 

numerous product development. The following sections give an overview of PET polymer 

based products that have the most commercial importance. 

 

2.2.1 PET Bottles 
With the development of PET back in 1940’s, it has played a role in the food and beverage 

packaging industry. During those days and till now the use of PET for carbonated beverages 

bottle has been studied wide extensively. In the beginning, PET bottles consisted of two 

pieces; the blown bottle section, and a separate cap section fitted over the hemispherical 

bottle base. For present days, PET bottles have been made with a self-standing petaloid-

shaped base but in one piece (Bilal et al. 2013). The property of PET material such as clear, 

lightweight,  high strength, stiffness, low flavor absorption, high chemical resistance, barrier 

properties and  low  price make  it  ideal  choice  for  carbonated  soft  drinks bottles.   

 

For having low cost, better aesthetic appearance, and better handling, PET is being preferred 

over polycarbonate (PC) polymers. The common manufacturing method of PET beverage 

bottle is done with a mold cavity through injection molding process. As in the bottle industry, 

the length of the PET chains is usually described by the resin IV (Intrinsic Viscosity). Most 

bottle grades of PET are copolymers that mean a few percent of a modifier has been 

incorporated into the polymer chain. Copolymers are easier to injection mold and to suppress 

the crystallinity behavior in PET (Masatoshi and Yoichiro, 2016). 

 

2.2.2 PET Textile Fibres 
In textile, the PET fibers are commonly called as polyester fibers. As of polymeric nature 

polyester fibers are very hydrophobic, therefore, they absorb only a very small amount of 

water and there is no significant change in their tensile properties when they are wetted. 

According to Moncriff et al, 1970, the moisture regains of polyester fiber is 0.4% at room 

temperature and with 65% relative humidity. Polyester materials dry quickly because of their 

very low water absorption. Nunn at el, 1979 says the tensile properties of polyester fibres 

vary with the working temperature; at 180°C, the fibre retains approximately half of the 

tenacity that it possesses at room temperature and its extensibility increases at that condition. 

Meanwhile, medium-tenacity yarns can shrink by approximately 6% in boiling water but 

only by 3% in hot air at the same temperature. Moncriff, et al 1970; have said polyester fibers 

will, however, take a permanent-set when distorted at a high temperature. Polyester fibers 

exhibit high initial modulus of elasticity, high resistance to bending deformations and good 

recovery from them. Moncriff, et al 1970; also says that, polyester can be exposed to sun 

light for 600 hours and the fiber strength will still stand around 60-70% of its original 

strength . 
 

The polyester fibers are mainly produced by the melt extrusion of PET polymer. The melted 

polymer is then passed through a spinneret plate, as in the form of continuous fibers 

(filaments). The spinneret plate may contain at least 1000 holes or more than 1000 holes 

according the required diameter of the extruded fibers (filaments). To get fine textile fibers 

the diameter of the spinneret plate hole can be only a few mils, where 1 mil corresponds to 

25.4 μm (Yasuhiro and Akihiko, 1994). To cope with the final yarn production calculations, 

the fiber industry has adopted the terms denier which express the linear density of the fiber. 

Besides denier of the fiber, to express the filament size, in some cases denier per filament 

(dpf) is used. Typical textile fibers/filaments are produced in the range of 3 to 15 dpf 

according to the end use requirement. During melt spinning, the filaments are normally melt 

http://www.sciencedirect.com/science/article/pii/B978185573182050008X
http://www.sciencedirect.com/science/article/pii/B978185573182050008X
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drawn through the spinneret holes. The drawing which is actually stretching, normally takes 

place in 2 to 3 times of order than the extruded diameter of the filaments (Yasuhiro and 

Akihiko, 1994). Within such stretching parameter, the spinneret hole could be in between 50 

- 75% larger than the filament diameter when it gets cooled. Also post drawing/stretching 

known as cold drawing may also be used, so that the final filament diameter would be half or 

less than the diameter of the spinneret hole. There are several types of polyester yarns been 

produced to give final attributes through fabric construction. The extruded fiber/filaments 

diameter has a major importance over yarn spinning as well as with the fabrics. The table 

represents the linear density of fibers that are commonly used for textile yarn and their 

classifications- 

 

Table 1: Fibre count (linear density) and fibre type classification used for textiles. 

Fibre Count, (dtex/filament) Fibre Type 

>7.0 Coarser 

7.0-2.4 Medium finer 

2.4-1.0 Finer 

1.0-0.3 Microfiber 

<0.3 Super microfibers or nanofibres where cross 

within a range of nanometer. 

  

Within the requirement of end use, the polyester yarns can be produced in different types. 

Each type offers different attributes to the required fabrics. Also with the selection of yarn 

type fiber types also get selected for production of yarn. The types of polyester yarns that are 

widely produced to make a textile construction can be found in the following sections as a 

summary. 
 

2.2.2.1 Filament Yarns 
The filament yarns can be either in monofilament or multifilament forms. With the desired 

fabric construction the direction and amount of twists are decided for the production of 

filament yarn. The properties are also pre determined. There are various types of such yarns. 

The bright, regular tenacity polyester yarn which having light, stretch and sag resistance, are 

used for the production of sheer lightweight fabrics- tulle, voile and organdy. The regular 

tenacity of semi dull yarns is used for various apparels including lingeries. Its further dull 

version is used for shirts and blouses. Polyester filament yarns have high resistant to various 

chemicals, and micro organisms as that are produced from high tenacity fibers for the 

purpose of industrial uses.  

 

2.2.2.2 Textured Yarns 
These yarns are mainly consists of multifilament’s. Texturizing is either done during drawing 

process or afterward of drawing process. The main purpose of texturing filament yarns is to 

create bulky structures that are desirable for the following reasons: 

          - Create voids in yarns structure that can give good insulation properties. 

          -The voids in the structure can change the density of the material construction that 

makes it light-weight with good covering properties. 

          -The unorganized surface of the yarn gives dispersed light reflection which in turn 

gives a desirable mat appearance. 

          -The sponge-like structure feels softer compared to twisted flat yarn. 

These types of yarns are manufactured by texturizing from partially oriented yarn (POY) 

using high-speed texturizing machines. Polyester textured filament yarns (PTY) are draw 

textured or air textured. Polyester draw textured yarn (DTY) is a continuous filament yarn 

http://www.sciencedirect.com/science/article/pii/B978185573182050008X
http://www.sciencedirect.com/science/article/pii/B978185573182050008X
http://www.teonline.com/fibers-yarns-threads/filament-yarn.html
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texturized by heat setting in a twisted condition to give pleasing aesthetics as mentioned 

above.  

 

2.2.2.3 Partially Oriented Yarn (POY) 
The partially oriented yarn is produced by melt spinning. During the spinning process, the 

filaments are stretched or drawn as much as from their original size to orient the polymer to 

meet the desired evenness, strength, shrinkage, and elongation properties. Hence the term 

partially oriented yarn refers to multi-filament that is only partially stretched. POY generally 

have lower tenacity and less uniform than fully oriented yarn (FOY).  POY is mainly used in 

texturizing to make textured yarn and can be used in warping for weaving and warp knitting 

of fabrics.  

 

2.2.2.4 Fully Oriented Yarn (FOY) 
Fully oriented polyester yarn, actually manufactured by the similar process as it is for POY. 

As an exception in the process, the yarn is produced at higher spinning speeds than POY. The 

spinning coupled with the intermediate drawing which is integrated into the process itself. 

Such process allows high stabilization through fiber orientation and crystallization. FOY is 

mainly used as weft or warp in making fabrics. 

 

2.2.2.5 Spun Yarns (Staple Yarns) 
They are made of staple or cut PET fibers. The staple fiber may be bright, semi dull or dull 

and tenacity may be different as regular, mid or high. It may be polished to reduce crimp and 

to increase luster. It may either be spun alone or blended with other staple fiber from natural 

sources such as cotton, wool or rayon and then spun into yarn. 

 

The basic difference between the PET based bottle and fiber is the crystallinity of polymer 

chain orientation- Amorphous, Semi Crystalline & Crystalline and the manufacturing 

method. Non-crystalline PET is highly transparent while fully crystalline PET is opaque. 

Apart from the natural physical and chemical composition sometimes other type of functional 

property can be imparted on the textile fibers. The following section is a example of such 

functional property that can be develop into the fibers in terms of regulatory needs. 

2.2.3 Di antimony trioxide as a flame retardant for PET Textiles 
Flame retardancy is a special property that is imparted in textiles for creating additional 

performances of the textiles. This property has actually added in textiles to follow different 

international standards on fire safety issues. Like other European countries and rest of the 

world, In Sweden, there is regulation of fire protection. According to the Swedish Consumer 

Agency, there are a number of rules regarding textiles that are used as for home furnishing 

purpose (Annika Westling, 1999) - 

• KOVFS 1988:2- related to the ignition of the folded furniture, need to be ensured that 

they must not be ignited by a cigarette flame. 

• KOVFS 1990:1- applies to mattresses and seeks an assurance that they cannot be 

ignited by a cigarette. 

• KOVFS 1985:5- applies to lining textiles and indicates that they can catch fire 

quickly, could be within a second, but they should not burn too fast. 

There is also an EU directive in such case, so called the PPE Directive, which also includes 

firefighting and consists of several parts (Annika Westling, 1999)- 

    - The ignition- the material must not be ignited or melted by a small gas layer. 

    - Insulation protection, heat radiation must not be transported too fast through the material. 

    - Insulation protection, protection against open flame for a shorter period. 
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To ensure that a textile product have such high flame retardancy, different flame retardants 

are often added, otherwise the risk of fire may be very high at given temperatures of ordinary 

textiles. Flame retardants can be applied in several different ways (Annika Westling, 1999) - 

1)       Surface chemical treatment (Example- padding). 

2)       Impregnation with a functional finish which either reacts with the fiber 

molecules or is polymerized in the fiber cavities. (Example- Trevira CS) 

Di antimony trioxide, Sb2O3, usually used as a so-called brand inhibitor and the category 

synergist inhibitors. The synergist inhibitor means, they are used in combination with other 

compounds such as, halogen compounds (Chlorine). The purpose is to prevent ignition, but 

also to reduce the spread of the flame.  

 

As a summary of the above sections, it could be seen how PET and di antimony trioxide were 

related in terms of PET material composition. With regards to the research problem, it is also 

important to know how the polyester textiles get dyed and the conditions of dyeing.  The 

following section represents all necessary knowledge about polyester textiles dyeing. 

 

2.3 Dyeing of Polyester textiles 
For the dyeing of polyester textiles, it always requires a well precision of temperature and 

pressure control as the morphology of PET requires. It is difficult to dye the homogeneous 

polyester fiber within its glass transition temperature which is around 67- 81 °C (Aspland, 

1997). The glass transition temperature of polyester is close to the boiling point of water 

under normal pressure. To have a uniform dyeing and level of dyeing it is often required to 

dye the polyester fiber above their Tg.  

 
Figure-3:  Dye molecules in amorphous and crystalline region of polyester fibre during 

dyeing. 

The normally adopted temperature in polyester textiles dyeing industries is in between100-

135°C and the cycle time for dyeing depends on the expected color depth. So, higher the dye 

diffusion in the fiber higher the depth of color will be. If it is also looked over the polymeric 

structure it will be found that the PET polymers contain both crystalline and amorphous 

region in its polymer chain (figure 3). Without selecting a high temperature and pressure it is 

tough to dye, as in PET the amorphous part of the fiber get dyed only. It is also said that the 

Polymeric chains of polyesters are closely packed and held together by strong forces, so for 
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penetration of dye molecules, this forces must need to be overcome. Dye molecule can 

penetrate only when it finds space (void) in compact polymeric structure. Such voids are 

formed due to the thermal mobility of polymeric chains upon application of heat. So, higher 

the temperature, greater chance is for the mobility and void formation. For dyeing polyester 

fibers, in practical terms disperse dyes are selected as suitable. For having hydrophobic 

properties, these dyes are capable of penetrating into the similarly hydrophobic polyester 

fiber. According to Rouette, 2000; disperse dyes has poor solubility in water. For this reason, 

the dispersing agent is often added to the dyebath to maintain the dispersion stability, 

especially in the case of high-temperature dyeing (Burkinshaw, 1995).  

 

According to Murray&Mortimer, 1971 the four stages of the processing mechanism for 

disperse dyeing are as follows and can be represent through the figure number 4. 

i. Some of the dye dissolve (dispersion) in the water of the dyebath. 

ii. Molecules of dye (micelles) are transferred from solution to the surface of the fibre. 

iii.The solution in the dyebath replenished by the dissolution of more solid material from the 

dispersion. 

iv. The adsorbed dye diffuses in a monomolecular state to the fibre. 

 
Figure-4: Schematic diagram of dye dispersion and dye diffusion as described by A. 

Johnson, 1989. 

 

The transfer process from the aqueous solution to the fiber is comparable with the extraction 

of a solute from one solvent by a second. Here immiscible solvent and similar laws of 

partition are applicable. The rates of the first and second stages of the processing mechanism 

are governed by the solubility. It is well established that dyeing with disperse dyes is the 

transfer of dye molecules from a molecular dispersion into the fibre and because of the 

linearity of the isotherms obtained, the amount of dye adsorbed [D] 𝒶𝒹  relative to the 

concentration in the bath [D]s can be expressed by a partition coefficient K (A. 

Johnson,1989), i.e. 

 

[D]𝒶𝒹 /  [D]s  = K ……. (Equation-1) 
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As more dye is introduced into the system a point of equilibrium will be reached, at which 

the amount of dye in the dye bath exceeds the solubility. In the ideal case further additions of 

dye will not bring further change in the concentration of dye in solution, and hence no change 

will take place in the concentration of dye on the fiber. Dye molecules that have been 

adsorbed on the fiber surface and then diffused into fiber interior follow a simple mechanism, 

Fick’s equation (Patterson & Sheldon, 1959). So, at any point of the fibre surface, the rate of 

dye diffusion through the unit area is directly proportional to the concentration gradient of the 

dye. 

 

2.3.1 Dyeing parameters & auxiliary chemicals 
For each textile materials the dyeing process is dependent on numerous factors, such as water 

absorbency of the materials. Typically, synthetic textile materials, for example: polyester is 

hydrophobic in nature and thus requires different mechanism for dyeing, while comparing to 

natural textile materials. Also among synthetic materials the dyeing process parameters varies 

according to the polymeric nature of the material. As studied by Waters, 1950; polyester 

fibers dye very slowly at temperatures much below 100°C. Several factors affect the dyeing 

of polyester fiber with disperse dye such as the temperature of dyeing, pH of the dyebath, the 

particle size of the dye, dispersing agents and leveling agents. 

 

2.3.1.1 Temperature 
The adsorption and diffusion of disperse dyes on polyester fiber are greatly influenced by 

temperature selection during dyeing. With an increase in temperature the mobility of the 

polymer chains increases in the amorphous regions of the fiber. It was found that polyester 

fiber that has been dyed at low temperature is 700-1000 times slower than those measured for 

the same dyes on secondary cellulose acetate and nylon (Nunn, 1979). For dye-hydrophobic 

fiber system, the affinity of the disperse dye decreases with the increase of dyeing 

temperature (Bird et al, 1959 and White, 1960) while by increasing the temperature, the 

saturation value of the dye into fiber can be increased. 

 2.3.1.2 pH of Dyebath 

Generally, commercial dyeing of polyester with disperse dyes, is carried out between the pH 

range 5.5 and 6.5. For maintaining this pH, generally, acetic acid is used. At this pH, dye 

exhaustion is satisfactory. During color development, correct pH needs to maintain for 

superior color fastness and for stable color. S. Shakra at el. (1978), have studied that behavior 

of the dye and the magnitude of dye uptake greatly affected at different pH. 

2.3.1.3 Particle size in dispersion of the dyes 
According to Kenneth & Skelly,1973; the aqueous solubility of disperse dye particles in a 

dispersion increase with decreasing particle size. Thus an increase in the severity of milling 

accompanies a reduction in the particle size of the dye that enhances the solubility and 

adsorption of disperse dye. But, here a factor involved in terms of fastness while selecting the 

small particle sized dyes. With smaller particle size dye, it becomes easy for the dye to get 

penetrate into the fiber while dyeing, but after dyeing process, the fiber exhibits poor color 

fastness property, compared to big particle sized dyes. 

2.3.1.4 Dispersing agent   
Disperse dyes are slightly soluble in water and often crystalline while varying in particle size. 

These characteristics can cause uneven dyeing. In order to achieve the required particle size 

and distribution (Heimanns, 1981), the disperse dye is milled in the presence of a dispersing 

agent. The dispersing agents are anionic and chemical mixtures of lignin sulphonates or 

polycondensates of arylsulphonic acids combined with formaldehyde to facilitate milling by 

preventing agglomeration of the dye particles.  
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2.3.1.5 Leveling Agent 
Leveling agent used in the dyeing process as an aid for even dyeing process and hence an 

additional agent used during dyeing. The fundamental mechanisms that contribute to level 

dyeing are (S.K. Laga et al. 2014): 

• Controlling the exhaustion of dye for even take up. 

• Migration of dye for fiber sorption. 

Leveling agents can be either non-ionic or anionic surfactants, which can increase the 

solubility of the dye, thereby lowering the initial strike and overall rate of the dye uptake. The 

slower dye uptake can also cause a restraining effect resulting in a loss of color yield. 

According to the chemical structure leveling agent can be made from the following:  

• FattyAcid (Ethylene Urea) 

• Fattyalcohol (Sulphates) 

• Sulphated (Fattyamine) 

• Alkylaryl (Sulphonates) 

• Fattyalcoholethylene (oxidecondensate) 

Leveling agent also tends to slow down the dye uptake of the fibers that also helps to produce 

more uniform color in the textile fiber (S.K. Laga et al. 2014). That’s why they are also 

termed as retarding agents or retarders. The use of retarders is essential in the situation in 

which dye tends to rush on to the fiber and results unevenly colored textile material.  

2.4 Main methods of commercial polyester dyeing 
There are different dyeing methods available in terms of commercial importance. According 

to Waters 1950; the rate of dyeing may be raised to the level of commercial acceptability, 

either by raising the working temperature to the region of 130°C, or by dyeing at the boil in 

the presence of an accelerating agent. Not only from aqueous solution disperse dyes can also 

be transferred to polyester fibers under dry conditions. The dry processing includes 

impregnating the fibers with a suitable dispersion, then drying at a ratio and then baking at 

temperatures range 190-220°C (Ingamells,1993). Most widely used commercial dyeing 

method of polyester textiles have discussed in following sections. 

 

2.4.1 Carrier dyeing 
The term ‘carrier’ comes as the idea of the compound that could ‘carry’ the dye into the fiber, 

and will cause rapid dyeing. It is now known that the carrier is absorbed by the fiber by 

modifying the structure of the amorphous regions (A. Johnson, 1989). The Carrier is an 

organic compound that can dissolve or emulsify the dye in the dye bath. For the dyeing of 

polyester commonly used carriers are butyl benzoate, methylnaphthalene, dichlorobenzene, 

diphenyl and o-phenylphenol. It has been widely debated to understand the actual mechanism 

by which a carrier accelerates the dyeing and the probable mechanism could depend on the 

chemical type of the carriers. As a mechanism, when a carrier is added to a dye bath within 

the dyeing recipe the fibers absorb the carrier and results in swelling. The swelling can delay 

liquor flow in the yarn/ fabric packages and that can cause irregularities in dyed shade depth 

levelness. Lowering the polymers glass transition temperature (Tg) can promote the overall 

effect to polymer chain for movements and results in creating a free volume. According to 

the dyeing industries, the commonly used temperature for dyeing with carriers is between 90-

100°C. Previously, with carrier method the dyeing machine were only capable to work with 

the temperature 100°C. However, carrier dyeing has steadily declined in present days with 

the development of high-temperature dyeing machines for the dyeing of polyester. In high-

temperature dyeing method, previously used carrier have replaced with high pressure at the 
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temperature 130°C. Another reason for declining the carrier method is health and 

environment concerns for using the carriers.  
 
2.4.2 High-temperature dyeing 
Joonseok Koh, 2011, described high-temperature dyeing as the most widespread method of 

batch coloration. The temperatures (ca. 130°C) require pressurized equipment and impart 

increased diffusion of the dyestuff (and therefore increase the rate of dyeing) by reducing 

cohesion between polymer chains and increasing the kinetic energy of the dye molecules. 

The high-temperature dyeing machines actually represent the exhaust dyeing method. 

  

 
Figure 5: Phases in exhaust (HT) dyeing of polyester, as illustrated by Joonseok Koh 

(2011). 

 

A typical exhaust dyeing application sequence for polyester is showing in figure-5, the three 

main phases of the process including the heating or adsorption phase, the high temperature or 

diffusion phase, and the clearing phase. 

 

2.4.2.1 Adsorption phase 
According to Joonseok Koh, 2011; the heating or adsorption phase is the most critical in 

determining the levelness of the dyed fiber and it is essential therefore that the heating rate is 

appropriate to allow controlled adsorption of the dye. Although in the dyeing of polyester, 

leveling can occur through migration at top dyeing temperature, in rapid dyeing cycles the 

time at top temperature is minimal and it is even more critical to ensure dye is applied in a 

uniform manner during the adsorption phase. The adsorption behavior during dyeing is 

strongly influenced by a number of factors. The most important factors that considered are as 

the concentration of dye, temperature gradient, fiber type and auxiliary chemicals adding 

options. The rate of exhaustion of a disperse dye by polyester is controlled by the rate at 

which the temperature is raised. At some temperature between 80°C and 120°C the dyeing 

rate for that dye reaches a maximum. The temperature range over which the dyeing rate is at 

its maximum is known as the ‘critical dyeing temperature’ (CDT). High CDT belongs to the 

slow-diffusing and high-energy dyes, whereas more rapidly-diffusing dyes have a lower 

CDT. Specific values of CDT depend on the rate of temperature rise, dye concentration, 

liquor flow rate, liquor ratio and the substrate to be dyed.  

2.4.2.2 Diffusion phase 
The dyeing of polyester is often called as a diffusion-controlled process. This is because of 

the diffusion phases are shown in Fig. 5, including a convective transfer through the liquor 
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adsorption and molecular diffusion into the fiber, is the rate-determining step (Dawson 

&Todd, 1979). The time needed for the adsorption phase is largely influenced by the machine 

dye bath conditions. In the diffusion phase, the time required at top temperature is directly 

related to the diffusion characteristics. The diffusion characteristics are related to individual 

dyes and dyeing depth. In most cases, standard time is 10-20 minutes for the dyeing of pale 

shades, 20-30 minutes for medium shades and 30-35 minutes or even more for deep shades. 

In the high-temperature dyeing process, another important property of dyes can be observed 

which is dye-fiber migration, or their tendency to level out. This phenomenon is very 

important, in particular to the dyes that have been adsorbed in a non-uniform manner, 

perhaps due to inadequate liquor circulation or too rapid a heating rate. While the migration 

properties of disperse dyes may become a key factor if dyes are applied unevenly during the 

adsorption phase, the key parameter in the diffusion phase is the diffusion rate of the disperse 

dye. 

2.4.2.3 Clearing phase 
Because disperse dyes have such limited solubility in water, some particulate disperse dye 

may still be occluded on fiber surfaces after the dyeing phase is complete (Aspland, 1997).If 

not removed, this surface contamination can undermine the brightness of shade as well as the 

wash, sublimation, and crock fastness results. Commonly, the dyed polyester is cleared of 

surface-deposited dye as well as auxiliaries (e.g. carriers, surfactants) by means of treatment 

with detergent or reductive or oxidative treatments, in order to secure optimum fastness of the 

dyeing and also to improve the brightness of shade (Burkinshaw,1995).The usual treatment 

carried out, especially in heavy depth, is reduction- clearing, where the dyed fiber is treated 

in a strong reducing bath, usually made up of sodium dithionite and caustic soda. A treatment 

for 20 minutes at approximately 70-80°C, is often sufficient to clear the fiber surface, but the 

ease of removal varies from chromophore to chromophore groups and dye to dye. This 

clearing treatment destroys loose disperse dye through chemical reduction and provides a 

good wash fastness property to the fibers when used as for fabrics. 

 
2.4.3 Thermosol dyeing process 
The thermosol dyeing process is an important continuous process for dyeing polyester and 

polyester/cellulose fiber mixture with disperse dyes, which is used mainly for woven and 

knitted fabrics (H. K. Rouette, 2000).A dispersion of the disperse dye is padded onto the 

polyester fabric. The padded fabric is then dried through a hot flue air dryer or by infrared 

radiation, the latter usually giving much less migration of the dye. Final drying of the padded 

fabric takes place using a heated cylinder and the fabric is then heated in air, or by contact 

with a hot metal surface. The temperature range for drying is between 190-220°C and the 

time for exposure is about 1-2min. The drying temperature and time are dependent on the 

fabric construction. In the hot air, as the fabric approaches the maximum temperature, the 

disperse dyes begin to sublime and the polyester fibers absorb their vapors (A. D. Broadbent, 

2001).Dyes of lower molar mass tend to sublime more readily, but they also suffer from low 

fastness and poor resistance to heat treatments. Dyes of higher molar mass have better 

fastness properties but are more difficult to apply. After thermal fixation a reduction-clearing 

treatment is necessary to remove loose dyes that are remaining on the fiber surfaces (R. M 

Christie et al, 2000). PET seatbelt webbing is typically dyed with disperse dyes and by using 

thermosol dyeing processes in which the webbing is dipped continuously into a dye solution 

and passed through a hot  (IR) chamber (220°C) for approximately 2–3 min. The dyestuffs 

can penetrate to the molecular chains of the fibres during their exposure conditions. This 

method has some advantages that could avoid a batch wise process (a conventional dyeing 

method), which is regarded as time-consuming and tedious, and would speed up the dyeing 

process. 
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2.4.4 Supercritical CO2 dyeing process 
Supercritical CO2 dyeing is a unique method to dye the polyester, which is currently used in 

few commercial industries. The dyeing method and the appropriate machine with it, is under 

commercialization by Dyecoo (www.dyecoo.com). In this dyeing method, instead of water 

CO₂ used as the dyeing medium in a closed loop process. As a method of dyeing, when 

carbon dioxide is heated above 31°C within a pressure of 74bar, it goes under a supercritical 

condition.  The term supercritical is the state that can be seen in between a liquid and a 

heavily compressed gas.  In this supercritical point CO₂ has a liquid-like density that helps to 

dissolve the hydrophobic dyes (example-disperse). Also gas-like low viscosities of CO₂ in 

this supercritical point, helps to dye-fibre diffusion, which leads to shorter dyeing times. By 

changing the temperature and pressure conditions in dyeing, it is possible to extract the 

spinning oil and the removal of excess dye from the fabric in one plant. In CO₂ dyeing, 

drying of the fabrics is not required as in the end of the process CO₂ released in gaseous state. 

Also after dyeing, the used CO₂ can be recycled up to 90% after collecting in a separator, and 

this can be done through the closed loop system. The CO₂ dyeing technology requires 100% 

pure dyes and no process chemicals needed in this process.  Also with this process, it is 

possible to achieve a dye uptake of more than 98%. During the supercritical condition of 

CO₂, the dyestuff penetrates deep into the fibres which can create colors with excellent shade 

depth and can provide excellent quality. Since there is no need of process chemicals and 

water in this process hence no need of waste water treatment. Efficient color absorption, short 

cycle time, and no waste water treatment make this process as energy saving and low 

operating cost tag for polyester fabric dyeing.  

 

The sections in above, tell about the general information’s about PET (polyester) textiles and 

its available dyeing process. It was also noticeable from the beginning of the literature review 

(section 2.1.1) that antimony becomes an integral part of the PET polymer for being used a 

polymerization catalyst. Also, during dyeing of the polyester materials, several mechanisms 

take place to diffuse the dye molecules into the fiber. So, in regards to the research problem, 

it was anticipated that the dyeing has an influence in terms of diffusion. But, only to review 

the diffusion mechanism it was necessary to have further information’s from similar type of 

diffusion studies. The following section 2.5 gives an indication on how antimony diffuses 

from the PET trays into the food stimulants under particular time and temperature conditions.  
 
2.5 Antimony diffusion studies on PET  
In recent days the antimony diffusion has been studied by so many PET packaging industries 

to understand the release of some extent within an exposure condition and duration. The most 

important parameters for the prediction of the migration of a chemical compound are the 

concentration of the migrant in the material, the diffusion coefficient of the chemical species 

in the polymer as well as the partition coefficient between the polymer and the contact media. 

The partition coefficient, however, plays in the case of PET a minor role because the 

equilibrium is not reached assuming typical a shelf life of beverages. This is due to the low 

diffusivity of the extracted PET polymer (Franz and Welle 2008), which means that for the 

prediction of the chemical compounds migration the diffusion coefficients are the most 

important factors. A study has conducted by Swiss federal office of public health, for 

determining the antimony diffusion from PET trays. In that study, the coefficients for 

antimony diffusion were determined within the exposure (time & temperature) durations. The 

results of that study indicate that the migration of antimony follows a behavior as it shows on 

Ficks 2nd Law of diffusion. The Fick’s 2nd law states that, the change in concentration with 

time in a particular region is proportional to the change in the concentration gradient at that 

point in the system. So, the equation for such diffusion ratio can be written as: 

http://www.dyecoo.com/
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Here- Mr is the amount of extracted antimony as diffused; Mc is the antimony concentration 

in the PET trays, l is the thickness of the PET trays, D is the co-efficient of diffusion, and t is 

the time; which have considered as hour in this experiment. The total antimony concentration 

in the PET trays was measured by ICP-MS and XRF was 357 ± 8 mg/kg and 326 ± 6 mg/kg, 

respectively, which represents an excellent agreement in terms of diffusion.  

 

Table-2: Co-efficient of diffusion with the variation in temperature as described in 

Haldimann et al, 2013  

Diffusion Co-efficient of antimony in PET 

Temperature (°C) Diffusion Co-efficient (cm² s ̄ ¹) 

45 1.4 X 10  ̄ ¹⁶ 

60 1.0 X 10  ̄ ¹⁵ 

75 9.1 X 10  ̄ ¹⁵ 

90 2.7 X 10  ̄ ¹³ 

105 4.7 X 10  ̄ ¹² 

120 3.0 X 10  ̄ ¹¹ 

135 2.5 X 10  ̄ ¹⁰ 

150 3.0 X 10  ̄ ⁹ 

 

 

 
Figure-6: Illustration for determining the co-efficient of diffusion (D), as described by 

Haldimann et al. 2013. 

Long-time experiments were performed which is more than 40hours at 150 °C. After such 

exposure experiments it was revealed that the fraction antimony available for migration (Mc) 

was about 60% of the initial concentration. The actual amounts of antimony in the food 

simulant (Mr) were measured at three different times (t) in the temperature range from 45 °C 

to 150 °C. A linear relationship between Mr/Mc and t0.5 was obtained for temperatures above 

90 °C (Figure 6), which confirms the hypothesis of a diffusion following the Fick’s law. The 

figure shows after a certain time, the antimony concentrations of the individual solutions 

have plotted against square root of time. From the linear correlation, the diffusion coefficient 

was determined according to the equation-2. 
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Figure 7: Antimony diffusion ratio with square root time described as results in 

Haldimann et al, 2013. 

 

The results (figure-7) shows migration modeling based on Fick’s law gives a prediction of 

about the migration of antimony concentration within the square root of time. Satisfactory 

agreement can be placed in between model results and experimentally measured food data 

that was obtained. That demonstrates the validity of the model and its inputs with 

temperature profiles within an extraction time for a monolayer structure. 

 

2.6 Research Problem Description:  
The Polyester fabric production (weaving/knitting) follows a stepwise process upon receipt 

of yarn from spinning industry. Ultimate fabric production is dependent on the end users 

specification and hence the same cycle is continued within the backward linkage, which is the 

yarn production by the spinning industry. For polyester yarn spinning it is mostly the melt 

spinning and other additional processes to have the desired appearance in the final yarn for 

weaving, the type of yarn can be as discussed in literature review. Once the fabric is been 

produced from weaving it is been sent to the wet processing unit. This can be noted 

sometimes the industry becomes as composites that mean all production unit belongs under 

one shed excluding the raw material production, but it depends on the territory or producing 

country to country.  

 

After the weaving production process, the fabric needs to be sent for wet processing, which is 

dyeing and finishing of the fabrics. Sometimes, instead of fabric, yarns need to be dyed for 

weaving, in the case of producing a different design of fabrics (jacquard). But, in the case of 

both yarn and fabric, the dyeing method doesn’t change; it remains same as long as with the 

method. From the above literature review it can be seen for polyester dyeing is often require 

the high temperature (above tg) and pressure with the selection of other parameters for 

example ph, dye and chemical selection along with the cycle time (from 30 -90 min) until the 

dyeing equilibrium is reached or the expected color depth is achieved. The following graph 

can show a hint on the relation of time and temperature for a single shade the dye uptake 

level – 
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Figure 8: Relation between temperature and cycle time in PET dyeing. 

As the process parameters facilitate the dyeing and coloration of the fabrics for a pleasant 

attributes, but on the other end it opens another problem. Polyester fibre polymerization 

process done within the presence of appropriate catalyst di antimony tri-oxide (Sb2O3), so the 

final form of polymer still contains the catalyst embedded in the polymer matrix. After 

polymerization and melt spinning, it doesn’t receive extreme thermal exposure until dyeing. 

Hence during dyeing the so called antimony compound leach out from the fibres polymeric 

chain, when the temperature and bath condition helping the dye molecules to get in to the 

fibre surface. The leached amount of antimony during dyeing is problematic for the 

environment as well as for the human.  

Recently, environmental authority in different European (producing) countries, including 

Sweden has found a high rise in contamination of antimony in the waste water that is 

supplied from the textile wet processing (dyeing) industries. In terms of Sweden, Vastra 

Götaland county’s environmental authority ‘Lansstyrelsen’ have reported about the high 

content of antimony in the waste water of dyeing industries that are situated in this county. 

The report were published in 2016, as “The environmental reports” (Miljörapporter) by 

Lansstyrelsen. As textile waste water treats in the municipality’s sewage treatment plants, so 

there was a limit value have set by the municipality’s authority. This limit is usually 0.1 mg 

Sb/litre. As mentioned on the report, industry-wise, the amounts of antimony in discharged 

waste water have noticed as alarming. 

In 2012 German Federal Institute for Risk Assessment (BfR) tested antimony content at 433 

samples of clothing fabrics. In investigation also includes different high Polyester content 

that easily purge able with the contaminant by sweat essence. The measured antimony 

concentrations on that clothing material were ranged between 87 to 147 mg/kg, whereas by 

sweat essence diffused antimony value was in the middle of the range from 0.33 and 

4.57mg/kg. According to Oeko-Tex standard, the measured value was significantly lower 

than the determined limit value of 30mg/kg and that is necessary to reach the signet and is 

therefore inoffensive. Nonetheless, inhalation studies of antimony compounds over 

laboratory rats have provided the evidence of increased tendency for lung tumors. The reason 

for such mechanism has not completely cleared yet (1: Hrg:Hans-Werner, Vohr: Toxikologie 

Band 2–Toxikologie der Stoffe, S. 9). 
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4 years ago, high levels of antimony were reported by Greenpeace in wastewater that were 

discharged from a polyester textile manufacturing facility in Indonesia (Greenpeace 2013a). 

As the report also included the findings of Duh 2002, Lacasse & Baumann 2004, that the 

polyester fabrics contain di antimony trioxide which has used in their polymerization, and the 

residue from such manufacturing containing up to 300 mg/kg antimony. Residues of 

antimony have also been reported in clothing articles containing polyester fibers, with 

concentrations in the range 1 - 200 mg/kg (Laursen et al. 2003, Greenpeace 2012c, Kemi 

2013). Also, Andrewes et al. 2004, Patterson et al. 2003 said, antimony shows many 

similarities in its chemistry and toxicity to arsenic. Unlike arsenic, there are relatively few 

studies concerning the toxicity and ecotoxicity of antimony and its compounds. Those studies 

that are available indicate that the toxicity of antimony depends greatly on its particular form 

(i.e. its oxidation state). Trivalent antimony, such as is present in antimony trioxide, is the 

more toxic state, whereas its pentavalent form is far less toxic (Patterson et al. 2003, De 

Boeck et al. 2003). Antimony compounds have been associated with dermatitis and irritation 

of the respiratory tract, as well as interfering with normal function of the immune system 

(Kim et al. 1999). Where released to the aquatic environment, toxicity has been reported for a 

range of aquatic organisms (Nam et al. 2009 and references therein). There is evidence for 

the formation of organic antimony compounds following the disposal of antimony containing 

wastes to landfill (Andrewes et al. 2004, Filella et al. 2002). Also, there is some evidence that 

inorganic antimony compounds, if ingested, can be converted to organic compounds or 

reduced to the more toxic trivalent forms in the body (Andrewes et al. 2004). 

In addition, antimony trioxide has listed by the International Agency for Research on Cancer 

(IARC) as ‘possibly carcinogenic to humans’ (group 2B), with inhalation of dust and vapors 

the critical route of exposure (IARC 1989). The assessment found sufficient evidence for the 

carcinogenicity of antimony trioxide in experimental animals, though there is inadequate 

evidence in humans due to human carcinogenicity data being difficult to evaluate given the 

frequent co-exposure to both antimony and arsenic. Antimony trioxide has been classified 

under the Globally Harmonised System (GHS) as the suspect of causing cancer (H351). As 

the grrenpeace2013a studies also say about the inhalation exposure to antimony which is 

more common in occupational settings. Till now no exact regulations exist that can prohibit 

the use of antimony compounds in textile manufacture, despite the availability of alternative 

catalysts for polyester manufacturing. Within the EU, the Ecolabel Regulation, which aims to 

promote products with a reduced environmental impact compared with other products in the 

same product group, requires that the antimony content in polyester fibers does not exceed 

260 mg/kg for articles bearing the Ecolabel (EC 2009).  

Also as reported by TWD fibres (www.twd-fibers.de) on their product brochure, polyester 

textiles contain a certain amount of antimony in the fiber surface. When such textile is worn 

then by human sweat essence it could be diffused from the textiles and that can be absorbed 

via respiratory tract or skin. They can cause irritation of eyes, skin, and lungs, especially at 

sensitive people.  

Within the above findings and claims by ‘Greenpeace’ on this particular subjetc, it could be 

found that antimony compounds are toxic and harmful to both human and environment.  As 

long as the antimony compound cannot be replaced immediately as because until today there 

is no successful commercial substitute to antimony in sight, even though some of the 

described development catalysts were tried on an industrial scale and are also available in 

semi commercial amount (Ulrich, 2001). The risk to change the catalyst of a large 

continuously running polyester plant would be high. As the changes of catalyst would also 

http://www.twd-fibers.de/
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cause the change of the connections, which is in between the downstream processing 

performance of textiles and other products processing. Therefore it may see as a prolonged 

development phase until one could introduce a new polyester catalyst that can successfully 

introduce to the industry. Within the concern of antimony diffusion problem from polyester 

textiles dyeing several fibre/yarn producers are introducing antimony free polyester yarns. As 

an example, Diolen ® Hypoallergenic of TWD fibres can be mentioned. 

 

Upon reviewing the above literatures, it comes about the research questions that need to be 

investigate for the possible explanations of the identified problems. 

 

2.7 Research Questions: 
With the above trails of information and associated environmental problems within the 

polyester textile dyeing, the following research question could be a point of interest: 

 

Research question 1: What level of antimony concentration could be found in polyester 

textiles and the diffusion % from dyeing waste waters?  

This research question inquires about the variation of antimony content in different polyester 

fabrics that are available because of polymer manufacturing and after dyeing process 

procedure what proportion of such contained antimony will be extracted from the textiles 

materials. 

 

Research question 2: What are the factors that affect polyester textiles (yarn/fabric) for high 

antimony diffusion during dyeing? 

Dyeing of polyester requires some parameters to maintain as a condition of the process. 

Hence, it requires an investigation, if the parameters also play a role to diffuse the antimony 

from the materials. If the parameters play a role for diffusion, in such case, the diffusion 

model from the experimental analysis. 

 

3. Experimental Work 
 

According to the section 2.4 polyester textiles (yarns or fabrics) is possible to dye by 

different dyeing methods. Among all of the possible method, the chosen dyeing method for 

this thesis work was high temperature based exhaust dyeing. The reason to choose such 

dyeing method was that of the affiliated industries with this thesis work, those are using this 

method in their production facility. The information and the idea about the selection of 

process parameters for polyester dyeing were suggested from one of our affiliated industry- 

FOV fabrics. 

The main purpose of the experimental work was to study the antimony diffusion from 

different polyester material (yarns/fabrics) during different dyeing parameters. To investigate 

the impact of exhaust dyeing over the materials (yarns/fabrics) process parameters were 

varied in terms of temperature, cycle time and recipes. The whole experimental works can be 

described in the following sections with materials (3.1) and methods (3.2). 

3.1 Materials  
For the experimental analysis, the selected commercially available materials were 100% 

polyester and used to produce woven fabrics. Besides conventional polyester intended for 

clothing also inherently flame retardant polyester (Trevira CS) intended for the home interior 

design were included. In Total, 9 different material samples were collected from 3 different 

industries, where 7 were yarns and 2 were fabrics (symmetrical in yarn dtex number, but 

from 2 different suppliers).  The reason to pick the most of the experimented material in the 
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form of yarn is that they consist of a fabric with another type of yarn, for example- yarn count 

and filament numbers. As most of the polyester fabrics have found as weaved with 2 different 

types of yarn in terms of strength and end use performance requirements. So, for quantifying 

the accurate results and for comparing them according to their physical composition it could 

be problematic, if the materials are being processed as in the form of fabrics. The general 

information of the collected material can be listed as follows; 

 

Table-3: List of the collected materials and their general description. 

Industry 

Code & 

Material 

Number 

Material Material Specification Number    

of filament 

(if multi) 

End use 

FOV (1) Yarn Count- 

83/144 (dtex) 

Draw textured yarn (DTY), 

multifilament Yarn, texturized 

from partially oriented yarn 

(POY). 

144 Apparel 

clothing. 

FOV (2) Yarn Count- 

110/144 (dtex) 

Draw textured yarn (DTY), 

multifilament Yarn, texturized 

from partially oriented yarn 

(POY). 

144 Apparel 

clothing 

FOV  (3) Yarn Count- 

167/48 (dtex) 

Draw textured yarn (DTY), 

multifilament Yarn, texturized 

from partially oriented yarn 

(POY). 

48 Apparel 

clothing 

FOV (4) Yarn Count -

167/30 (dtex) 

Draw textured yarn (DTY), 

multifilament Yarn, texturized 

from partially oriented yarn 

(POY). 

30 Apparel 

clothing 

Ludvig 

Svensson 

(5) 

Yarn (Count-3.9 

dtex) 

Trevira CS, Chenille, spun 

staple fiber yarn. 

N/A Home 

furnishing 

and curtains. 

Almedahls 

(6) 

Fabric Q-1 

(34X34 / 54X36) 

Yarn Count- 34 

dtex. 

Trevira CS, spun staple fiber 

yarn. 

N/A Home 

furnishing 

and curtains 

Almedahls 

(7) 

Fabric Q-2 

(34X34 / 54X36) 

Yarn Count- 34 

dtex. 

Trevira CS, spun staple fiber 

yarn. 

N/A Home 

furnishing 

and curtains 

Ludvig 

Svensson 

(8) 

Yarn (Count- 

84/2 dtex) 

Trevira CS, spun staple fiber 

yarn. Fiber count-1.3 Dtex. 

N/A Home 

furnishing 

and 

curtains 

Ludvig 

Svensson 

(9) 

Yarn  Count -

167/64 dtex) 

Trevira CS, fully oriented yarn 

(FOY) and textured 

multifilament yarn.  Fiber 

count-2.6 Dtex. 

64 Home 

furnishing 

and curtains 
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3.1.1 Dyes & Chemicals 
Dyeing of polyester material requires suitable dyes and chemicals that have specially 

developed for polyester. The commercially available dyes and chemicals just varied in brands 

and with the intended finishing types. So, here in the dyeing experiments, the selection of 

dyes and chemicals have considered as the same commercial dyestuff and chemicals that are 

currently used in the industries for polyester dyeing. As a main chemical dispersing agent has 

used and chemically it was anionic aromatic polyether sulfonate, supplied in liquid form. 

Other than the dispersing agent that have used in the dyeing experiments: 

 

I. Levelling Agent- It was used as auxiliary chemicals to get an even 

coloration in the materials. As a chemical mixture, the used levelling agent 

has a mixture of the following component with different concentration and 

is supplied in liquid form- 

• 2- [2- (2-butoxyethoxy) ethoxy] ethanol 

• Benzyl benzoate 

• 3,6,9,12-tetraoxahexadekan-1-ol 

• Isotridecanolethoxylate. 

II. Buffering agent- Chemically, it has a mixture of acetic acid (25-35%) and 

ammoniumhydrogen sulfate (3-5%), also supplied in liquid form. The 

buffering agent widely used in polyester dyeing for maintaining the dye 

bath with acidic condition, which is one of the essential conditions for 

polyester dyeing. 

 

III. Dyes- Disperse Dye, having a pH value of 9. It was supplied in powder 

form. The gross color of the dyes was dark navy blue. The reason to select 

dark color was, to identify physical changes in terms of diffusion when the 

process gets changed during the experiments. 

 

IV. Dyeing recipe:  The standard dyeing recipe that was suggested by the 

industries as they follow in their dyeing production.  

                                                          L:R – 1:40 (1gm of material : 40ml Liquor) 

                                                          Dye – 5% (on the weight of material) 

                                                          Levelling agent – 1.5 g/L 

                                                          Dispersing agent- 1.0 g/L 

                                                          pH buffering  agent- 1.5 g/L 

                                                          Material: 3 gram 

                                                          Total liquor: 120 ml 

                                                          Amount of water in total liquor: 119 ml 

In commercial dyeing industries, the normal liquor ratio (L:R) is between 1:3 to 1:10 

depending on the type of dyeing machinery. But, here in this thesis work, the L:R have taken 

higher than the commercial standards to ensure uniform circulation of the material and 

dyeing liquor during dyeing. 

3.1.2 Dyeing machine 
For the dyeing of the yarns and the fabrics Roaches lab dyeing machine- Pyrotec MB2 was 

used. With this machine, it was possible to dye the materials up to 135°C and for the desired 

cycle time. The highest heating and cooling rate with this machine was 3°C and this was 

followed during all of the dyeing experiments. So, to reach from 20°C to 110-130°C it would 
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take 30-37 minutes. The machine has 2 dyeing compartment with 6-8 dyeing vessel. The 

heating system is based on infra-red heating system and temperature control is visible 

through the machine display. 

In following the method sections contains all of the methods that have carried out as of 

experiments. 

3.2 Methods 

After the collection of the materials and reagents, the experiments have proceeded within the 

pre-determined methods. The materials were collected from the commercial production batch 

and the diameter of the yarns filaments/fibres haven´t been specified on the batch labels.  

Hence, within the interest of experiments with analysis, it was necessary to know about the 

filaments/fibres diameters. Also, without measuring the diameters it was tough to consider 

the result simulations. 

 

3.2.1 The diameter measurement (microscope) 
There are several mathematical ways to determine the fiber/filament diameters of a yarn. 

Among all methods, the microscopic observation has used here for the calculation of filament 

and staple fibre diameter that were actually considered as materials. The reason to use the 

microscope as it is convenient and gives accurate data with the help of computer aided 

programs. To detect the diameter of an individual fiber under the microscope, low to the high 

power of magnification have used.   

 

Figure 9: Filament/fibre diameter measurement under microscope. 

For the diameter analysis, a parallel optics type stereo microscope has used- Nikon 

SMZ800N. The microscope was capable with zoom ratio of 8:1 and a total magnification of 
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5-480 x (10-80X) from standard set. The lenses working distance is within 78mm. During the 

diameter analysis high power magnification was set to 80 times bigger than the naked eyes 

visibility. The measuring scale for taking the reading was set as μm. To take the 

measurements, the scale has put in several fibers which are at the core of the yarn and also 

protruding on the yarn surface. At least 10 measurements have taken for the fibers of the yarn 

and that gives a higher to lower diameters of the fibers. The individual fibers measurement 

has taken and then the average diameter has calculated by the calculating software, which is 

associated with the microscope within a computer control unit. Figure- 9 represents as the 

method of diameter calculation within the use of a microscope. 

After diameter measurement, the materials were sent to the contracted laboratory for 

determining the antimony concentration. The analyzing method for both antimony 

concentrations in the material and the diffused amount of antimony in waste water (after 

dyeing) is a sophisticated process which requires well precision as well as availability of 

instruments. With considering all the technical factors, the analysis of antimony 

concentration of the material and also the waste water were performed in a SWEDAC 

accredited commercial lab. The microscopic observation and the dyeing experiments were 

performed at the university lab facility. The following sections describes about the performed 

experiments and analysis methods.  

3.2.2 Analyzing of antimony content in the materials  
The antimony content (concentration) analysis methods over the materials were performed 

according to the standards of- 

I. SS EN ISO 17294-1:2006; which is a standard method for the 

determination of water quality by the application of inductively coupled 

plasma mass spectroscopy (ICP-MS). 

II. SS EN ISO 17294-2:2016; which is an additional standard method of the 

standard SS EN ISO 17294-1:2006, that stands for the determination of 

selected elements including uranium isotopes and within the application 

of inductively coupled plasma mass spectroscopy (ICP-MS). 

III. Environmental Protection Agency (EPA) method 200.8: that also stands 

for the detection of water quality by the application of inductively 

coupled plasma mass spectroscopy (ICP-MS).  

Among the above standards, standard I was used as the general guideline for the analysis, 

which describes the principles of inductively coupled plasma mass spectroscopy (ICP-MS) 

and information on isotope selection, interferences and instrument optimization. Standards II 

have used here as it describes how to calibrate the instrument and how to implement quality 

control measures. Standard III is an American standard which is actually the predecessor to 

the method I & II. So, the analysis results that will be achieved in the end will be accepted as 

it has fulfilled both ISO & EPA standards. 

 3.2.2.1 Working procedures 
According to the above standards the steps that were maintained as working method were: 

-As a sample preparation, well-mixed aliquot (sample), homogeneous aqueous or solid 

sample need to weigh accurately for processing.  

 

-For the total recoverable analysis of a sample, that also contain other elements need to be 

solubilized by gentle refluxing with nitric and hydrochloric acids (or as specified in the 
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analysis standard manual). The digestion process is done on autoclave or ultra clave 

instrument using appropriate condition such as heating for particular hours. Upon cooling the 

sample is then need to make up to a volume where it centrifuged overnight prior to analysis 

for having a good mixture.  

 

-The determination of dissolved analytes in filtered aqueous sample aliquot, where sample 

turbidity is less than 1 NTU, the sample is ready for analysis by the appropriate addition of 

nitric acid, and then diluted to a predetermined volume and blended before analysis.  

 

-For the multi-element determination of trace elements by inductively coupled plasma mass 

spectroscopy (ICP-MS), sample material in solution need to be introduced by pneumatic 

nebulization into a radiofrequency plasma, where energy transfer processes cause dissolution, 

atomization and ionization.  

 

-The ions that are extracted from the plasma through a differentially pumped vacuum 

interface and separated on the basis of their mass to-charge ratio. Having a minimum 

resolution capability of 1 amu peak width at 5% peak height the mass spectrometer shows the 

separation of the ions. The transmitted ions through the quadrupole are then detected by an 

electron multiplier or Faraday detector within a detection level. The ions information’s are 

finally processed by a data handling system.  

 

The reason for applying the standards is to achieve highest accuracy in collecting the data and 

to make the result acceptable from a legal background. During the analysis the standards 

were followed from the sample preparation until the application of inductively coupled 

plasma mass spectroscopy (ICP-MS). In particular of this polyester materials analysis, 

inductively coupled plasma sector field mass spectroscopy (ICP-SFMS) was applied, ICP-

SFMS belongs to the same mass spectroscopy instruments, but enables direct analysis of 

certain difficult sample types which is initially clarified by conventional inductively coupled 

plasma mass spectroscopy (ICP-MS). The main difference of such application is in the 

assembly of mass filtration system that separates the isotopes or elements of different mass. 

For ICP-SFMS, magnetic and electrostatic sectors been used whereas in ICP –MS 

quadrupole instruments been used for having corresponding functions. A sector instruments 

can separate particles of very small mass differences (as in the range picogram/litre) 

compared to quadrupole instrument and so this technique is therefore called high resolution 

inductively coupled plasma mass spectroscopy (HR-ICP-MS). The high resolution makes it 

possible to avoid clog that can occur in certain samples for example- waste water. For 

samples which are not affected by such clogs in ICP-MS, but with ICP-SFMS’s low 

resolution it is possible to detect such small mass. In case of these polyester materials, first 

the ICP-MS have applied for higher detection limits (1mg/kg), but when expected to have the 

analysis with a lower detection limit it was not possible to detect with ICP-MS. Hence the 

ICP-SFMS have introduced and the detection limit for the analysis was set to 0.1 mg/kg. 

According to the standards and measuring instruments (ICP-SFMS), this the lowest detection 

limit that is possible to analyze and quantify the substance that were targeted. Also the lowest 

detection can give the most accurate results through even with small fractions. The ultimate 

results are the results that have analyzed with ICP-SFMS. The accuracy percentage of all of 

the analyzed materials results have considered in between (+/-) 13-14%. 

3.2.3 The Dyeing of the materials 
To understand the diffusivity of antimony from the materials, the dyeing process was 

necessary to perform. So, after dyeing the waste water was analyzed to get the diffused 
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antimony content. As discussed in the beginning of section-3, among all of the possible 

polyester dyeing methods, the exhaust dyeing method has used here, which was in regards to 

the affiliated industries. The dyeing was necessary to determine the diffused amount of 

antimony from respective yarn/fabrics to waste water that can be found after dyeing. As 

stated in the table 4 & 5, the exhaust dyeing method has followed with predetermined high 

temperature and cycle times. The predetermined temperature and cycle time were actually the 

mostly used dyeing parameter in the industries.  Each of the collected materials has been 

treated with 4 different processes which have divided into 2 groups according to the material 

types: 

Table-4: Process table for apparel clothing (regular polyester) materials. (Group-1) 

Process 

Number 

Process Parameters 

1 Treating at 130°C for 60 minutes, without the presence of dyes 

and chemicals. 

2 Treating at 130°C for 60 minutes, without the presence of 

leveling (from recipe) agent only. 

3 Treating at 130°C for 60 minutes, with the standard recipe. 

4 Treating at 125°C for 30 minutes, with the standard recipe. 

Table-5:  Process table for home furnishing (Trevira CS) materials. (Group-2) 

Process 

Number 

Process Parameter 

1 Treating at 115°C for 60 minutes, without the presence of dyes 

and chemicals. 

2 Treating at 115°C for 60 minutes, without the presence of 

leveling (from recipe) agent only. 

3 Treating at 115°C for 60 minutes, with the standard recipe. 

4 Treating at 110°C for 30 minutes, with the standard recipe. 

In the dyeing experiments, process 1 has used here to identify the temperature impact only, 

the materials have treated at their highest temperature as they are commonly been treated in 

the industries and with an average cycle time. To understand the absence of leveling agent 

from standard recipe, the materials have treated through process 2 at their highest 

temperature and with an average cycle time. From the chemical mixture of such levelling 

agent, it was anticipated the levelling agent works as a plasticizer during the dyeing process. 

Process 3 & 4 have considered for understanding the temperature and cycle time impact 

while using a standard chemical recipe as mentioned in section 3.3.1. The materials have 

treated at their highest and comparatively a bit lower temperature. In this process, the cycle 

time has also been changed in regards to the temperatures. Here the temperature 130°C, 

125°C and 60, 30 minutes cycle time has applied for the polyester materials that are used for 

apparel. Also, the temperature 115°C, 110°C and 60, 30 minutes cycle time has applied for 

Trevira CS. 

As listed under section 3.1 and table 3, for a total of 9 materials, dyeing have carried out for 

above 4 parameters and after dyeing all of the materials a total of 36 waste water samples 

have achieved. As advised by the affiliated industries, their yarn producer of Trevira CS and 

regular polyester has recommended the highest temperature for dyeing as 115°C & 130°C in 



 
27 

terms of better process ability and to maintain the desired property for the desired end-use. 

As preparatory steps for dyeing the materials, dyes and chemicals were weighed. For the 

process description, the following dyeing curve can be presented- 

 
Figure-10: Dyeing Curve for experiments. 

Figure-10 represent the dyeing curve that has been followed to carry out the dyeing for all of 

the materials, except the dyeing temperature varied according to the material type which is 

between 100-130°C. The starting temperature of the dyeing machine is 20°C and for all of 

the dyeing experiments the program has set on the machine according to material type and 

process parameter. Also, at 20°C the measured amount of water from the recipe has been 

kept on the dyeing machine. During machine program selection the temperature ramp has set 

as 3°C/minute, as this is the highest limit of the dyeing machine. As in the figure-10, when 

the temperature of the machine reaches at 40°C the dye liquor (dyes & chemicals mixture) 

with the material has been put in the machine. During the dosing time, the pH has been 

checked with a litmus paper. As the recipe has been set with the desired pH for dyeing the pH 

was in between 5-6 during all of the materials dyeing. For this material, dye liquor dosing 

and pH check required a fast process to avoid heat loss from the machine and to have uniform 

dye liquor circulation from the dosing time.  

While the material and dye liquor dosing have done the machine again continued to run with 

the temperature ramp to reach up to the programmed dyeing temperature. It took 23-30 

minute to reach the dyeing the temperatures from the starting temperature. During this ramp 

sets and within that times the glass transition temperature have reached and the adsorption 

phase take place. During the adsorption phase the dye particle starts to diffuse into the fiber. 

When the programmed dyeing temperature (100-130°C) was reached, the machine runs the 

dyeing process for the programmed dwell or cycle time. During dwell period the machine 

display was showing the exact temperature that was being run. After completion of the cycle 

time, the machine automatically activated the cooling cycle also at 3°C/minute. When the 

temperature goes down to 40°C, the materials have taken out from the machine. The dyed 

materials then hand soaked to expel excess liquor in the surface and dried at room 

temperature for overnight (7-8 hours).  
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Figure- 11: A dyed polyester fabric after drying. 

The temperature (40°C) for both material loading and unloading, on and from the machine 

has performed according to the commercial standard. After drying all of the materials have 

preserved without reduction cleaning, which is an after dyeing process to remove excess dye 

from the fabric/yarn surface. As these dyeing experiments were intended only to quantify the 

diffused amount of antimony during dyeing process only, so the reduction cleaning process 

has omitted. After the removal of the materials from the dyeing machine the resulted waste 

water was preserved in a contamination free plastic (poly carbonate) container. 

 

3.2.4 Dyeing waste water analysis 
Once the dyeing process was finished the waste water was collected and sent to the 

commercial lab to determine the amount of antimony content of that water. The method, 

working principle and instrument for this analysis was same as it was for the analysis of the 

material (section 3.2.2).  But, here one extra standard as well as instrument has been applied, 

in terms of more accuracy and in regard to the supplied material for being measuring the 

waste water quality. So, the ultimate standards and instruments that have been used for 

analyzing the waste water were- 

I. SS EN ISO 17294-1:2006; which is a standard method that stand for the 

determination of water quality by the application of inductively coupled plasma 

mass spectroscopy (ICP-MS). 

II. SS EN ISO 17294-2:2016; which is an additional standard method of the 

standard SS EN ISO 17294-1:2006, that stands for the determination of selected 

elements including uranium isotopes and within the application of inductively 

coupled plasma mass spectroscopy (ICP-MS). 

III. EPA method 200.8: that also stands for the detection of water quality by the 

application of inductively coupled plasma mass spectroscopy (ICP-MS). 

IV. SS-EN ISO 11885:2007: This is also the standard for determination of other 

elements for measuring the water quality by the application of inductively 

coupled plasma atomic emission spectroscopy (ICP-AES). 

Since, analyzing for the initial antimony concentration of the material, ICP-SFMS instrument 

has been applied to the standards (I-III). Also for analyzing dyeing waste water same 

standards (as followed for materials) I-III have applied, with a detection limit 0.1mg/l. But, 
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when it was expected for the detection with the smaller mass, then it needed to introduce the 

standard IV. The standard IV includes general guidelines for the analysis, which describes the 

principles of inductively coupled plasma atomic emission spectroscopy (ICP-AES) and 

information on isotope selection, interferences and instrument optimization. Inductively 

coupled plasma atomic emission spectroscopy (ICP-AES), falls under the instrument 

category of optical emission spectroscopy with inductively coupled plasma. In this 

instrument, the plasma is formed by flowing argon gas through a radio frequency field and 

then held in a partially ionized state. More clearly the flowing gas containing electrically 

charged particles. It then reaches a very high temperature, which is up to about 10,000 ° C. 

As in this high temperature, most elements emit the light of the characteristic wavelengths 

which can be measured and used for the assay. The sample that needs to be analyzed is 

passed into the plasma as an aerosol of fine liquid droplets. Then different elements will emit 

the lights and are divided into separate wavelengths by means of a grating and intercepted by 

the light sensitive detectors. By following the wavelengths it is possible to determine of up to 

40 elements simultaneously and hence ICP-AES is, therefore, a multi-element detecting 

technique. The sensitivity corresponds to ICP-AES is largely flame atomic absorption, and 

therefore the detection limits typically lie at the level nanogram/ml in aqueous solution. For 

analyzing the dyeing waste water analysis the detection limit was set to 0.1μg/L as with the 

industries request. The accuracy level of the analysis results has been stated by the laboratory 

as +/- 18% for all of the waste water analysis. 

4. Results & Discussion  

This section represents all the numerical data as results that have achieved after analyzing 

with the materials and dyeing waste waters. From the contracted laboratory, the results were 

given in bigger units and for a bulk volume. But, in below table-6, the results have arranged 

in micro units to make a similar impression for all of the materials and for dyeing 

experiments.  

Table-6 (Results):  Diameter of the materials, antimony concentration of the materials 

(before dyeing) and waste water (after dyeing). 

Exp. 

number 

Materials 

linear 

density/ 

filament 

number 

Filament/ 

fibre 

diameter of 

the materials 

(μm) 

Antimony 

content 

(before 

dyeing) 

 (μg / 3gm) 

Dyeing  

chemicals 

Dyeing 

temperature 

and time 

Antimony 

in waste 

water (after 

dyeing) 

(μg / 120ml) 

1 

 

83/144 10.53 181.8 Without 

Dyes & 

Chemicals 

130°C  for 

60 minutes 

18.36 

2 83/144 10.53 181.8 Without 

Levelling 

agent 

130°C  for 

60 minutes 

17.28 

3 83/144 10.53 181.8 Standard 

Recipe 

130°C  for 

60 minutes 

18.24 

4 83/144 10.53 181.8 Standard 

Recipe 

125°C  for 

30 minutes 

12.84 

5 110/144 14.69 441 Without 

Dyes & 

Chemicals 

130°C  for 

60 minutes 

166.8 
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6 110/144 14.69 441 Without 

Levelling 

agent 

130°C  for 

60 minutes 

160.8 

7 110/144 14.69       441 Standard 

Recipe 

130°C  for 

60 minutes 

165.6 

8 110/144 14.69 441 Standard 

Recipe 

125°C  for 

30 minutes 

128.4 

9 167/48 21.57 396 Without 

Dyes & 

Chemicals 

130°C  for 

60 minutes 

108 

10 167/48 21.57 396 Without 

Levelling 

agent 

130°C  for 

60 minutes 

89.88 

11 167/48 21.57 396 Standard 

Recipe 

130°C  for 

60 minutes 

92.4 

12 167/48 21.57 396 Standard 

Recipe 

125°C  for 

30 minutes 

71.16 

13 167/30 25.63 498 Without 

Dyes & 

Chemicals 

130°C  for 

60 minutes 

103.56 

14 167/30 25.63 498 Without 

Levelling 

agent 

130°C  for 

60 minutes 

76.44 

15 167/30 25.63 498 Standard 

Recipe 

130°C  for 

60 minutes 

84.6 

16 167/30 25.63 498 Standard 

Recipe 

125°C  for 

30 minutes 

81.12 

17 3.9 13.63 462 Without 

Dyes & 

Chemicals 

115°C  for 

60 minutes 

180 

18 3.9 13.63 462 Without 

Levelling 

agent 

115°C  for 

60 minutes 

136.8 

19 3.9 13.63 462 Standard 

Recipe 

115°C  for 

60 minutes 

135.6 

20 3.9 13.63 462 Standard 

Recipe 

110°C  for 

30 minutes 

89.88 

21 34 (Q-1) 14.45 528 Without 

Dyes & 

Chemicals 

115°C  for 

60 minutes 

60.24 

22 34 (Q-1) 14.45 528 Without 

Levelling 

agent 

115°C  for 

60 minutes 

36.72 

23 34 (Q-1) 14.45 528 Standard 

Recipe 

115°C  for 

60 minutes 

45 

24 34 (Q-1) 14.45 528 Standard 

Recipe 

110°C  for 

30 minutes 

26.16 

25 34 (Q-2) 14.49 879 Without 

Dyes & 

Chemicals 

115°C  for 

60 minutes 

85.44 
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26 34 (Q-2) 14.49 879 Without 

Levelling 

agent 

115°C  for 

60 minutes 

61.8 

27 34 (Q-2) 14.49 879 Standard 

Recipe 

115°C  for 

60 minutes 

69.96 

28 34 (Q-2) 14.49 879 Standard 

Recipe 

110°C  for 

30 minutes 

51.84 

29 84/2 15.93 477 Without 

Dyes & 

Chemicals 

115°C  for 

60 minutes 

193.22 

30 84/2 15.93 477 Without 

Levelling 

agent 

115°C  for 

60 minutes 

135.6 

31 84/2 15.93 477 Standard 

Recipe 

115°C  for 

60 minutes 

163.2 

32 84/2 15.93 477 Standard 

Recipe 

110°C  for 

30 minutes 

90.12 

33 167/64 17.91 621 Without 

Dyes & 

Chemicals 

115°C  for 

60 minutes 

252 

34 167/64 17.91 621 Without 

Levelling 

agent 

115°C  for 

60 minutes 

220.8 

35 167/64 17.91 621 Standard 

Recipe 

115°C  for 

60 minutes 

266.4 

36 167/64 17.91 621 Standard 

Recipe 

110°C  for 

30 minutes 

148.4 

 

The results about antimony concentration for both materials (3 gram) and dyeing waste water 

(120 ml) have given in relation to the amount that has been used during the experiments. 

Also the materials diameter and their dyeing experiments data have arranged according to the 

dyeing process (1-4). The experiment number 1-16, represents the results for regular 

polyester (apparel) materials and 17-36 represents the results for Trevira-CS materials.  

To simplify the data analysis from the table-6, the following sections (4.1 & 4.2) has been 

presented. The sections actually contain figures that can be considered for result analysis and 

have acquired after each experiment. For better understanding with the material type, the 

materials have divided in two groups, where group-1 represents the regular polyester 

materials (1-4) and group-2 represents Trevira CS materials (5-9). 

4.1 Results for materials diameter and antimony content 
In this section the results that have achieved after microscopic and antimony content analysis 

has been presented according to the material type. The antimony content have considered 

here as the starting concentration in the materials that have found before dyeing. Also the 

results have arranged here with a gradient (linear) from smaller to bigger diameter of the 

materials. The reason for such arrangement was to see if there is any co-relation in terms of 

material diameter to antimony content (starting concentration). 
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Group-1: Results for regular polyester materials (Apparel)- 

 

Figure 12: Diameter-wise antimony content in regular polyester materials (1-4). 

Group-2: Results for Trevira CS materials- 

 

Figure 13: Diameter-wise antimony content in Trevira CS materials (5-9). 

In the above figure-12&13, the diameter of the materials means the diameter of the 

fibres/filaments. If it is looked on both figure 12&13, it is hard to find any linear relationship 

in terms of antimony content among the materials. The antimony content within the linear 

diameter relation among the materials is in a discrete situation. That indicates, at the moment 

there are no primary standards has been maintained among the materials, in terms of 

antimony content while receiving them from their suppliers. Material-wise it is also 

comparable from the figure-13 that, most of the Trevira CS materials contain higher values in 

antimony concentration compared to regular polyester materials. The reason for such high 

concentration in Trevira-CS could be for ensuring the flame retardant property for such 

materials. The literature review sections 2.2.3 also tells about the sequences on how antimony 
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compounds (di antimony tri-oxide) can impart flame retardant property to the material. As 

shown in figure-12 & 13, for measuring the diameter of the filament and staple fiber by 

microscope, the raw white samples (as received) were used (figure-9). The measurement of 

the dyed samples (filament & staples fiber) diameter were not performed as there was an 

issue of human error, since the dyed samples under microscope resolution exhibit very shiny 

appearance. The shiny appearance of the dyed samples makes the microscope scale 

positioning imperfect to carry out the accurate results. 

4.2 Results for antimony diffusion after dyeing 
In the following figures (14-17), the results have arranged according to the materials diameter 

with the blue bars (from small to big) and with the dyeing process (1-4). As in above section 

4.1, both regular polyester and Trevira-CS materials have divided here in 2 groups. Group -1 

(figure 14 & 15) represents the results for regular polyester materials and group-2 (figure 16 

& 17) represents the results for Trevira-CS materials. In each group figures, the green bar 

shows the result simulations (antimony diffusion %) according to the Fick’s law of diffusion 

that have expected before the dyeing experiments. The red bar represents the actual diffusion 

% from the dyeing experiments. So, for regular polyester material 1-4 is for each process and 

in Trevira-CS the results are for material 5-9 for each process. To compare the results it is 

also recommended to have a look on table number -6 for the experiment numbers. 

Group- 1:  Antimony diffusion in regular polyester materials (Apparel). 

 

Figure-14: Process-wise antimony diffusion (%) in regular polyester materials. 

If it been looked into figure-14 & 15 in below, which represents the results of regular 

polyester materials dyeing experiments, antimony diffusion ratio are below than the expected 

ratio for all of the materials. 
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Figure-15: Process-wise antimony diffusion (%) in regular polyester materials. 

According to Fick’s law of diffusion, the diffusion ratio for material 1 should be even higher 

than 100% for process 1-3, that means it will not contain any residual amount of antimony 

after dyeing. But, from the waste water results for material 1, it can be seen the diffusion ratio 

distance is so far from the expectations. Apart from this, for dyeing process 1, all of the 

materials dyeing experiments gives higher diffusion rate compared to the experiments where 

a standard chemical recipe have used (process 3). For dyeing process 2, antimony diffusion 

ratio with material 1 & 3 (exp. Number 2 & 10) are even with dyeing process 3 (exp. Number 

3 & 11), in where material 2 & 4 have a lower diffusion ratio compared to materials 1 & 3. 

Process 3 and 4, which was a dyeing temperature and cycle time based experiments, shows 

process 4 diffusion ratios is always less compared to process 3 and this phenomenon are 

same for all of the experimented materials.  

Group – 2: Antimony diffusion in Trevira-CS materials. 

 

Figure-16: Process-wise antimony diffusion (%) in Trevira-CS materials. 
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Figure-17: Process-wise antimony diffusion (%) in Trevira-CS materials. 

For the dyeing experiments of Trevira CS materials, it can be seen from figure-16 & 17, 

process-wise the antimony diffusion ratio for 15 dyeing waste water are below than the 

expected ratio, whether only 5 experiments (29, 33-36 in table 6) ratio are above than the 

expectation. Also, among the 5 exceeded ratio, 4 experiments (33-36, in table 6) antimony 

diffusion % in dyeing waste water belongs to the same material group (material-9). Apart 

from this, for dyeing process 1, experiment number 21 & 33 (material 2 & 5) result follow 

opposite trend than other materials results. It is also to be noted, through dyeing process 1, 

which were only a temperature and cycle time-based experiment, material number 1, 3 & 4 

(exp. number 17, 25 & 29) gives higher diffusion % compared to process 3 where a standard 

chemical recipe has used. For dyeing process 2 where the levelling agent was absent in the 

dyeing recipe, antimony diffusion ratio with material 2-5 are less or even, whether material 1 

has a higher diffusion ratio compared to the materials 2-5. As like, regular polyester 

materials, for process 3 and 4, process 4 diffusion ratio is always less compared to process 3 

and this variation was same for all of the experimented materials. 

In above, the result sections have represented the data’s that have achieved after the analysis 

of experimented materials. It was also noticeable that the dyeing of polyester materials in 

different process parameters causes a different level of antimony diffusion. Apart from the 

individual antimony diffusion, process-wise the materials released antimony differently. 

Dyeing machine’s process accuracy, analysis lab accuracy or chemicals adding options 

accuracy could be a reason here. According to the Swedish local standard, the accepted 

antimony concentration in waste water is 100μg/L. So for the above experimented materials, 

it comes about 12 μg/120ml. Since, it is also known from the method section 3.2.3, that the 

dyeing experiments have done by following the commercial process standard. On such 

regards, if it be looked over the figures-14-17, all of the dyeing experiments waste water 

exceeds the local limit (standards). From Fick’s 2nd law of diffusion (literature section -2.5) it 

was expected that, under same process parameter and antimony content in the materials, 

smaller diameter materials will result in higher antimony diffusion ratio (Mr/Mc= %) 

compared to bigger diameter materials. In accordance with Fick’s law of diffusion, for the 

experimented materials the probable diffusion ratio have calculated and placed on the figures: 
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14-17. It could be seen, from such plot that the ratio for process 1,2,3 is always same, as 

because material-wise the dyeing process temperature and cycle time is same for those 

processes. 

With the simulation in result sections, both Trevira-CS and regular polyester materials were 

expected to maintain a 50% difference in antimony diffusion ratio for process 3 & 4. But, 

from the analysis of the experiments dyeing waste water, these differences were not found for 

all of the materials. The possible reason for such phenomena could be the temperature ramp 

set during dyeing. From the figure-10, it could be seen during the temperature ramp the 

materials actually passing through its glass transition temperature (Tg). Also from the 

literature review (section-2.3), it could be known that dyeing of polyester takes place above 

its Tg, that means dyeing actually takes place before it reaches to the dyeing temperature. 

Hence the difference of antimony diffusion (%) between process 3 & 4 was not same as 

expected. It also be noted that, from the dyeing experiments, there should be a difference of 

shade depth (after dyeing) in the materials for process 3 & 4. As the diffusion (dyeing) time 

in process 4 were 50% less than process 3. Since the experiments were limited to only dyeing 

process, hence, reduction cleaning process were not performed after dyeing and thus such 

variation were not visible on the materials after drying. 

5. Conclusion 

From the result & discussion section 4.1 it can be seen, the materials haven’t maintained a 

standard antimony concentration level as in the form of pre-dyeing. So, it urges to the 

industries for establishing a strategy in their supply chain, so there is consistent level of 

antimony among the materials. There is neither any correlation between fibre diameter and 

starting antimony concentration nor between fibre diameter and antimony extraction. There is 

an exception for the Trevira -CS yarn that loose more antimony with increasing diameter, 

which is contrary to the trend of the three coarser regular polyester yarns. It is also observable 

from the above experiments and analysis- under same chemical concentration, 5°C temp 

decrease and halved time gives reduced antimony extraction, in particular for the lower 

temperature recipe. In case of process 1, it seems to increase antimony diffusion. The 

substitution of levelling agent type could be considered, as during the dyeing process 3, the 

leveling agent seems to increase the antimony diffusion slightly. Since, the research problem 

description section tells different adverse effect of the antimony and its compound for human 

health and environment, hence here the issue of sustainability arises. The literature review 

section (2.6) also tells about the limitations to substitute antimony compounds from polyester 

and that also estimates about a long period of time requirement. To be sustainable, the dyeing 

industries can adopt a strategy to source the polyester material with a low concentration of 

antimony and then select gentle process parameters for dyeing with regards to existing 

resources. Otherwise, the dyeing of polyester would need to be introduced with even more 

sustainable dyeing process, like – supercritical CO₂, where it says to be more sustainable. 
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6. Future Research:  

For the future work on the same background can be with wide extent. The possible 

future work could be on the following question that was not possible to solve during 

this thesis work - 

 

I. As during this experiment it keeps a remark on the results section 4.2 for 

all of the dyeing process. Most of the materials have behaved differently 

while compared to the expected diffusion %. That keeps a question why 

the materials behave as such?  What is the kinetics behind that?    

II. In this thesis work the antimony different level of antimony diffusion 

have take place because of dyeing process variation. What could be the 

standard dyeing parameters and techniques in terms of color shade depth, 

to keep the diffusion levels as less as possible? The gentle processing also 

ensures the quality of the final product as it is maintaining now along with 

the cost factors. 

III. As in recent days the polyester textiles are also recycled for making new 

textiles. Is there a possibility of high antimony diffusion from the 

recycling also? Also what would be the diffusion % for the recycled 

polyester after dyeing?  

IV. From the dyeing experiments it is also seen that the materials still 

contains a significant amount of antimony even after the dyeing as a 

residue. Is there a chance to diffuse further antimony from such processed 

material while using as clothing attire?   

V. This thesis work has used exhaust dyeing method. As included in 

literature review there are other methods available, such as thermosol and 

CO₂ dyeing. In regards to the antimony diffusion it could be interesting to 

investigate further with thermosol and CO₂ dyeing as a method, since both 

dyeing method requires small amount of time for dyeing compared to 

exhaust method. 
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