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ABSTRACT 
 

The increase in environmental awareness and the concern about the rapidly dimin-
ishing resources are the driving force for eco-friendly and sustainable technology 
development in the textile industry. Conventional exhaustion dyeing consumes 

extended amounts of water and generates partly toxic and hazardous effluent. The 
supercritical carbon dioxide technology is an eco-friendly method and can meet 

the requirements for low resource consumption and waste generation. Even 
though this technology is extensively studied for dyeing of synthetic fibres and 

commercially available in industrial scale, it is not completely implemented in the 
textile industry yet. To overcome the hindrance of the high investment costs of 

such technology new application possibilities need to be explored. 

For this purpose, this thesis study presents a novel approach of a simultaneous 

dyeing and functionalisation method of polyester fabric in supercritical carbon 
dioxide. Environmentally benign silicone (polydimethylsiloxane (PDMS)) was 

introduced in the process as a water repellent in order to obtain hydrophobic sur-
face properties of the treated textile. The supercritical carbon dioxide process was 

carried out at a pressure of 250 bar with a dye concentration of 0.3% o.w.f. and a 
PDMS concentration of 3% o.w.f for one hour. The influence of the process pa-

rameter temperature (95°C and 120°C) and silicone molecular weight (770 g/mol 
and 28000 g/mol) on the colour strength (K/S) and water contact angle (Ɵ) were 
investigated. Further the simultaneous process was compared to two-step process-

es in supercritical carbon dioxide in which the dyeing and functionalisation step 
was carried out separately.  

Results showed that the simultaneous dyeing and functionalisation process was 

feasible under the investigated conditions. The dye and PDMS presented a good 
compatibility in the system assessed by the resulting colour strength and water 
contact angle. The process parameters temperature and PDMS molecular weight 

showed no influence on the colour strength whereas the temperature exhibited a 
significant effect on the water contact angle. Here, the water contact angle in-

creased with increasing process temperature. The samples dyed in this study ob-
tained acceptable colour strength which are comparable to colouration results 

found in the literature. The successful application of PDMS onto the substrate was 
confirmed by FTIR-ART measurements which showed characteristic absorption 

bands for silicon containing groups. The treated samples (Ɵ ≈ 96°) showed an 
increase in water contact angle compared to the untreated reference sample (Ɵ ≈ 
56°). Nevertheless, treated samlples could not meet the requirements for water 

replellency because of their good wettability and absorption towards liquid water. 
This is suggested to be caused by the lack of optimal methyl group (hydrophobic 

functional group) orientation of the silicones. 
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The results obtained in this study support the understanding of silicone behaviour 

in supercritical carbon dioxide as well as the interaction of silicone, dye and su-
percritical carbon dioxide in one system. Overall the thesis is emphasising the 

need for eco-friendly technologies in the textile industry and motivates research in 
the field of silicone functionalisation for textiles with the supercritical carbon di-
oxide technology.   

 

Keywords: Dyeing, supercritical carbon dioxide, silicone, water repellent, polyes-

ter, eco-friendly, technology, functionalisation, textiles, hydrophobic 
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POPULAR ABSTRACT 

 

Textile processing methods such as conventional exhaustion dyeing, pre-
treatments and printing consume high amounts of water and use partly toxic and 
hazardous chemicals which are non-degradable. These chemicals (e.g. excess 

amount of dye, additives and catalysts) remain partially in the waste-water which 
is drained out and ends up polluting the environment (Chakraborty 2010c). The 

supercritical carbon dioxide dyeing technology presents an eco-friendly and wa-
ter-free method with reduced use of chemicals and energy. The benefits of such 

technology are currently not overcoming the relative high investment costs which 
impede its full implementation into the textile industry.  

This study presents an approach to extent the application of the eco-friendly su-
percritical carbon dioxide technology. It combines the well-studied supercritical 

carbon dioxide dyeing process for polyester with the functionalisation process to 
obtain water repellent surface properties. As water repellent (substance) 

environmentally benign silicones are used. 

Results showed that the simultaneous dyeing and functionalisation process was 
feasible assessed by the compatibility of the dye and silicone in the system. Sili-
cone and dye did not interfere in each other’s functionality (colour strength and 
water contact angle). Further the process temperature and silicone molecular 
weight showed no influence on the colour strength of the fabric whereas the water 

contact angle (water repellence) increased with increasing temperature. The re-
sulting polyester fabric showed acceptable colour strength yet did not obtain suf-

ficient water repellent properties despite the increase in water contact angle of the 
treated samples to the untreated reference sample. The poor water repellence is 

suggested to be caused by the hydrophobic functional groups of the silicones ori-
ented towards each other rather than toward the outer fabric surface. 

Overall the thesis is promoting research which combines eco-friendly technolo-
gies including environmental benign chemicals for the textile industry. Silicones 

are widely used in textile processing not only as water repellents, but also as anti-
foaming agents, lubricants and softeners. Therefore a water-free and eco-friendly 

application method can benefit a wide range of finishing processes.  
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1. INTRODUCTION 
 

The increase in environmental awareness and the concern about rapidly diminish-
ing resources led the textile industry to reconsider the presently used production 

methods and to focus on resource efficient process development (Domingo & 
Subra-Paternault 2016). In addition more and more restrictions and regulations, 
especially in the developed countries, for effluent and industrial air (polluted) 

emissions arise which are a driving force for the industry to implement eco-
friendly technologies. The textile industry contributes to a large extend to the en-

vironmental pollution and use of limited resources such as water. Especially the 
finishing processes for textiles can include the usage of hazardous chemicals and 

consume extensive amounts of water and energy (Ren, Zheng, Li, Xia & Zhang 
2018). Therefore high efforts have been made to develop and research eco-

friendly technologies for textile applications which are still ongoing. Technolo-
gies which support such developments are among others the supercritical fluid 
(SCF) technology, digital printing, 3D printing and plasma technology for textile 

processing. While all these technologies provide the advantage of low material 
consumption, the supercritical fluid and plasma technology are especially of inter-

est when it comes to water free textile dyeing and surface modification (Ren et al. 
2018; Zille, Oliveira & Souto 2015).  

The plasma treatment for textiles is applied for surface alterations, without modi-
fying the bulk properties of the polymer, such as cleaning effects, micro-

roughness increase and the creation of free radicals for plasma polymerisation 
(Zille, Oliveira & Souto 2015). Whereas, the supercritical fluid technology has 

received more and more attention for textile dyeing and functionalisation process-
es due to the unique properties of carbon dioxide in its supercritical state which 

shows adequate solvent properties for non-polar substances and an enhanced mass 
transfer behaviour (Bach, Cleve & Schollmeyer 2002). This technology and more 
specific the supercritical carbon dioxide (SC-CO ) technology is the focus of the 

thesis study. The main advantages of the SC-CO  technology in textile dyeing lie 

in the high degree of water, effluent and energy savings compared to the conven-
tional exhaustion dyeing in water. Under optimal conditions this technology al-
lows a very even distribution of dissolved substances throughout the whole fibre 

matrix resulting in enhanced performance and can therefore be used for versatile 
finishing processes (Ren et al. 2018).   
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1.1 PROBLEM DESCRIPTION 
 

Focusing on textile dyeing and functionalisation, the traditional processing meth-
ods rapidly consume high amounts of limited resources (specifically water) there-
by cannot meet the requirements of an eco-friendly and sustainable industry (Ren 

et al. 2018). The eco-friendly supercritical carbon dioxide technology for textile 
dyeing presents an excellent alternative for the traditional wet-dyeing process es-

pecially for synthetic fibres. It is extensively studied for synthetic fibres and re-
cently available in industrial scale. Therefore the SC-CO  technology plays a ma-

jor role in leading the textile industry towards a greener future. Beside being state 

of the art in some industries (e.g. extraction processes in food and petroleum in-
dustry) it is not yet well implemented in the textile sector (Bach, Cleve & 

Schollmeyer 2002).  

The reluctant implementation of the SC-CO  technology in the textile industry is 

mainly due to the high investment costs for this technology and the low solubility 

of polar substances in the medium which limits its application possibilities 
(Leitner 2000; Senthil Kumar & Gunasundari 2018). In order to promote the im-

plementation, the range of application possibilities needs to be extended. By 
broadening the application field of the SC-CO  technology (e.g. including func-

tionalisation processes) a higher return of invest and motivation for textile pro-
ducers to implement this technology can be achieved. It seems that the SC-CO  

technology limited to textile dyeing of mainly synthetic fibres does not present an 

argument strong enough for a wide implementation in the industry. Therefore it is 
important to continue research in other textile processing areas to support the 

profitability of such technology.  

The aim of this thesis is to obtain knowledge in order to extend the application 
field of the SC-CO  technology by not only including the water repellent treat-

ment with silicones but also to combine the dyeing and functionalisation treatment 
into a simultaneous process. To the authors knowledge only few publications re-
garding simultaneous dyeing and functionalisation of textiles in SC-CO  exist, 

which mostly focus on antimicrobial finishing (Abate et al. 2019; Elmaaty, El-
Aziz, Ma, El-Taweel & Okubayashi 2015). This research gap shows a high poten-
tial to benefit the implementation of the SC-CO  technology in the textile sector if 

successfully filled. Water repellent treatments of textiles are next to colouration 
an important and highly demanded finishing process with versatile application 

possibilities. Silicone is chosen for the water repellent treatment since it is one of 
the few environmental benign water repellents which supports the concept of the 

eco-friendly technology (Holmquist et al. 2016).  

Simultaneously dyeing and functionalisation can save resources and limit emis-

sions due to the elimination of single processes. In addition it can lead to a signif-
icant decrease in time and a higher flexibility of the finishing process. This can 



 

3 
 

lead to low delivery times and small stock-keeping of products (Bach & 

Schollmeyer 2007). 

Challenges of the thesis project are posed by the small amount of information on 

silicones as water repellents for polyester in supercritical carbon dioxide and the 
compatibility of the silicone and dye in SC-CO . Achieving a high durability of 

the water repellent behaviour is complicated due to the lack of covalent bonding 

possibilities between the silicone and PET fibres (Sanli & Erkey 2013). 

With the successful outcome of this thesis project the implementation of the SC-
CO  technology in the industry can be supported by showing that the combination 

of the dyeing and functionalisation process in SC-CO  is feasible. This promotes 

the overall goal to replace the existing technology which consumes high amounts 
of limited resources in textile dyeing and functionalisation. In addition this thesis 

project generates new data related to the silicone and supercritical carbon dioxide 
interactions as well as the behaviour of dye, silicone and SC-CO  in one system.  

 

1.2 RESEARCH QUESTIONS AND HYPOTHESIS 
 

The research questions guide the thesis and are answered at the end of this report.  

  

 Is it possible to simultaneously dye and functionalise polyester (PET) fab-
ric with polydimethylsiloxane (PDMS) as water repellent in supercritical 
carbon dioxide and achieve acceptable colour strength and water repellent 
properties?   
 

 How do the process parameters temperature and silicone molecular weight 
influence the colour strength and water repellent properties of the treated 
fabric?  

 
 What differences on the colour strength and water repellence arise when a 

simultaneous process is compared to a two-step SC-CO  process design? 
 

The hypotheses for this thesis can be stated as followed. 
 

 The water repellent properties of the treated PET fabric in SC-CO  are in-

creasing with increasing process temperature and silicone molecular 
weight. 

 

 The colour strength of the treated PET fabric in SC-CO  is increasing with 

increasing process temperature. 

 

 The colour strength and water repellence of the treated samples are inde-

pendent on the SC-CO  process design. 
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It is important to mention that it is not the optimization of the process but the pro-

cess parameter (temperature and PDMS molecular weight) effect on the outcome 
(colour strength and water contact angle) that is investigated in this thesis. In ad-

dition supplementary work was carried out in order to obtain useful information 
on the phenomena of the dyeing and functionalisation process in SC-CO  and to 

define process related parameters.  
 

1.3 LITERATURE REVIEW  
 

This literature review is focusing on the supercritical carbon dioxide technology 

for the application in textile dyeing and functionalisation. Multiple studies have 
been found on textile dyeing and especially on the successful dyeing of polyester 
fibres in SC-CO  (Chang, Bae & Shim 1996; Ferri, Banchero, Manna & Sicardi 

2006; Knittel & Schollmeyer 1995; Saus, Knittel & Schollmeyer 1993; van der 
Kraan, Fernandez Cid, Woerlee, Veugelers & Witkamp 2007a). On the contrary 
textile functionalisation in SC-CO  is reported only to a limited extend and is a 

rather recent topic which shows a research potential. Studies in this field concen-

trated on antimicrobial (Abate et al. 2019; Elmaaty et al. 2015), fluorescent 
(Xiong et al. 2017), arthropod repellent (Pajnik et al. 2018) as well as hydro- and 

oleophobic treatments with perfluorocarbons (Prorokova, Kumeeva, Zavadskii & 
Nikitin 2009; Xu et al. 2015) of different fibres in SC-CO . The research on hy-

drophobic treatments of textiles in SC-CO  (especially with eco-friendly water 

repellents) is limited. Furthermore, a research gap concerning simultaneous dye-

ing and functionalisation has been disclosed.  
 

1.3.1 HISTORY AND FUTURE OUTLOOK OF THE SUPERCRITICAL CAR-

BON DIOXIDE TECHNOLOGY 
 

The supercritical carbon dioxide technology has developed from laboratory to 

industrial scale over the last years. The technology shows various applications 
such as separation, extraction and synthesis in a variety of fields such as engineer-
ing, pharmaceutical, nutraceutical, polymers, food, petroleum, materials and tex-

tiles (Domingo & Subra-Paternault 2016; Ren et al. 2018). A detailed review on 
publication trends and research locations of the SC-CO  technology can be found 

in the literature (Hendrix 2001).  

The first application of the supercritical fluid technology dates back to 1879 

where distinctive solubility of liquid and solid in supercritical fluids were report-
ed. In the 1950ies, 60ies and 70ies fundamental research on the principle, measur-
ing techniques, phase equilibrium theory, equipment, design and application of 

the supercritical carbon dioxide technology was revealed (Ren et al. 2018). 

https://dict.leo.org/englisch-deutsch/fluorescent
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Focusing on the SC-CO  functionalisation technology, first patents on the im-

pregnation of thermoplastic polymers in 1986/87 by fragrance, pharmaceutical 

compounds and dyes were granted. Extensive research was carried out in Germa-
ny by the Deutsches Textilforschungszentrum Nord-West (DTNW) together with 
universities and in collaboration with other textile companies who developed a 
SC-CO  textile dyeing pilot plant starting from 1989 which was scaled up to in-

dustrial scale in 2003. Next to Germany, the United States and countries in Asia 
such as Japan and China developed SC-CO  textile dyeing solutions (Bach & 

Schollmeyer 2007).  
Recently the first commercial SC-CO  dyeing plants have been developed by 

DyeCoo Textile Systems B.V., Netherlands (Abate et al. 2019) and are located in 
east Asia (four plants), west Asia (one plant) and Europe (one plant) (DyeCoo 

Textile Systems B.V. 2015). 

In general the SC-CO  technology has made rapid progress in material processing 

in the last decade. Nevertheless, it could not overcome the hindrance from labora-

tory to fully industrial implementation despite available commercial machinery. 
Impediments for the successful integration of such technology are the lack of po-

tential awareness of this technology, the complexities encountered in the replace-
ment of present technology as well as the requirement for modified dyes and suit-
able substrates (low polarity) for the SC-CO  dyeing process. Moreover the initial 

very high investment costs retard the willingness of companies to implement this 
technology (Domingo & Subra-Paternault 2016).  

Recent research is dealing with the optimization of the dyeing process for natural 
fibres (especially cotton), the development of more suitable dyes, easier work 

conditions (Abou Elmaaty & Abd El-Aziz 2018) and the expansion of the applica-
tion possibilities towards other finishing processes such as sizing, scouring, 

bleaching and functionalising (Bach & Schollmeyer 2007). The research in textile 
functionalisation especially of sterilisation/disinfection and hydrophobic treat-
ments show a commercialisation potential (high demand) for the medical and out-

door field (Bach, Cleve & Schollmeyer 2002; Ren et al. 2018). The successful 
application of the SC-CO  technology for different finishing processes and fibres 

can support the economic benefits of such technology and therefore strengthen the 

argument for industrial implementation.  
 

1.3.2 SUPERCRITICAL CARBON DIOXIDE TECHNOLOGY 
 

Carbon dioxide above its critical temperature (TC) and pressure (PC) point is 

called to be in the supercritical state (supercritical carbon dioxide, see figure 1). In 
the supercritical state no boundary exists between the liquid and gaseous phase 
and therefore there is no surface tension in pure supercritical carbon dioxide 

(Domingo & Subra-Paternault 2016). The properties of the two phases are com-
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bined with the density close to the liquid state and the diffusion coefficient close 

to the gas state. Which of these properties dominates can be controlled by temper-
ature and pressure changes.  

 
Figure 1: Phase diagram of a pure substance, showing the phase equilibria lines, the 

triple point (where the gas, liquid and solid phase coexists) and the critical point (where 

the liquid and gas phase densities are equal) (Hendrix 2001, p. 44).  

The density of supercritical carbon dioxide regulates the solubility of substances 
in it. Further the low viscosity enhances the mass transfer properties. The unique 

properties of supercritical carbon dioxide provide it with an adequate solvent 
power for non-polar substances (Ren et al. 2018).  

Carbon dioxide is the most commonly used substance for the supercritical fluid 
technology due to its substantial characterisation and moderate critical point (��= 

304.25 K, �= 7.38 MPa). The critical point is reached at rather low temperature 

and pressure compared to other substances and can be achieved by standard high-
pressure systems (Ren et al. 2018). Moreover carbon dioxide is non-flammable, 

inexpensive, nontoxic, inert and recyclable (up to 90%) and therefore can be con-
sidered as an environmental-friendly solvent (Ren et al. 2018). Next to the men-
tioned positive properties of CO , it is also an inexhaustible resource, easy to han-

dle, commercially and logistically available and easy to discard (Chakraborty 
2010a). Commercial quantities of CO  can be recovered from other industry pro-

cesses such as fermentation operation or combustion which would otherwise be 
released to the atmosphere. In that case the SC-CO  technology does not contrib-

ute to CO  emissions but rather creates an opportunity to recycle CO  waste (Bach 

& Schollmeyer 2007). In that sense the technology can meet the industries de-
mand for non-emission, high efficiency and low cost production methods (Ren et 
al. 2018).  
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1.3.3 SUPERCRITICAL CARBON DIOXIDE AS A SOLVENT IN TEXTILE 

DYEING 
 

When SC-CO  is used for textile dyeing of polyester, polyamide or polypropylene 

there is no need for auxiliary chemicals and reductive cleaning. It also eliminates 
water and water pollution throughout the dyeing process, shows a high degree of 
dyestuff exhaustion and shortens the dyeing time compared to conventional aque-

ous exhaustion dyeing (Chakraborty 2010a). The dye uptake, colour depth and 
dye exhaustion is similar for SC-CO  and water dyeing of polyester. This means 

that the dyeing medium plays a minor role in the colouration of such substrate 

dyed with disperse dyes (van der Kraan, Vanesa Fernandez Cid, Woerlee, 
Veugelers & Witkamp 2007b). Further the textile after SC-CO  dyeing leaves the 

vessel in a dry condition which eliminates the otherwise high energy consuming 

drying process (Bach & Schollmeyer 2007). In addition the resource independen-
cy of the technology allows a more flexible planning of plant locations compared 
to the water dependant technologies (conventional exhaustion dyeing).  

Even though the investment costs for water dyeing machines are a lot less com-
pared to CO  dyeing plants, the dyeing process costs (e.g. for PET) are compara-

ble for water and CO  on an industrial level. Calculations which support this 

statement were done by ADO Gardinenwerk GmbH & Co., Germany and did not 

take the drying process costs into account (necessary after dyeing in water). It is 
important to mention that a comparison between these two dyeing technologies 

can only be made on a broad scope since energy, water/wastewater and personnel 
costs are strongly location-dependant (Bach, Cleve & Schollmeyer 2002).  

 
Some drawbacks of this technology are the high investment costs and the low 
solubility of polar substances in the medium which restrict the application of such. 
The dyeing process of natural fibres in SC-CO  is challenging due to the polar 

chemical structure and the resulting low interaction of disperse dyes (high solubil-
ity in SC-CO  with the fibres. Commonly used reactive, direct and acid dyes for 

natural fibres are almost insoluble in SC-CO  (Bach & Schollmeyer 2007). An 

increase in dye solubility was achieved by the introduction of cosolvents (Leitner 

2000, p. 129) or the modification of the dyes (e.g. disperse reactive dyes) (van der 
Kraan et al. 2007a). In addition CO  is not able to break hydrogen bonds (in cellu-

lose fibres) and shows only a low degree of polar fibre swelling (Bach & 

Schollmeyer 2007). When considering possible solutions for dyeing of natural 
fibres in SC-CO  it must be contemplated that pre- and after-treatments consume 

water and energy which stands in contrast to the motivation of this technology to 
be water-free (Bach & Schollmeyer 2007).  

 
The solvent power of supercritical carbon dioxide increases with increasing pres-

sure due to a higher density of the fluid. An increase in the fluids density reduces 
the intermolecular mean distance and more interactions takes place between the 
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solvent (carbon dioxide) and solute (dye) (Montero, Smith, Hendrix & Butcher 

2000). Accordingly, dye solubility is increasing with increasing pressure (Bao & 
Dai 2005). Therefore, the solvent power of SC-CO  and dye solubility can be reg-

ulated through simple pressure change which is favourable for the process design 
(Domingo & Subra-Paternault 2016).  

By increasing the temperature the solute vapour pressure increases as well but the 
fluids density will decrease (Bach & Schollmeyer 2007). At lower pressures the 

decrease in the fluids density dominates and the dye solubility is decreasing with 
increasing temperature. At higher pressures the increase in the solutes vapour 

pressure overcomes the effect of the decreasing density of the fluid and the dye 
solubility increases with increasing temperature (Montero et al. 2000).  

Nevertheless, the mentioned temperature and pressure effect on substance (dye) 
solubility is not applicable in all cases. In general there is no strict rule or one ap-
plicable equation of state to predict the solubility of a substance in SC-CO , yet 
investigations on dye solubility in SC-CO  showed that their polarity, molecular 

weight and chemical structure has a great influence on it. Non-polar dyes are 
more likely to show a higher solubility in SC-CO  due to their similar non-polar 

chemical structure than polar dyes which show a low solubility in SC-CO . The 

molecular weight and structure correlate with the polarity and influence the solu-
bility. An increase in the molecular weight usually decreases the solubility of the 
substance in SC-CO  (Draper, Montero, Smith & Beck 2000). Even though there 

is no overall formula to predict the solubility of substances in SC-CO , different 

approaches can be found in the literature which suggest mathematic models and 
measuring methods for it (Sim Yeoh, Hean Chong, Mohd Azahan, Abdul Rahman 

& Yaw Choong 2013) (Khansary et al. 2014; Noroozi & Paluch 2017; Zhang, 
Dou, Wang & Yu 2017). 

It was found that a too high solubility of the dye in the medium is not beneficial 
for high dye uptake of the fibre since the dyeing process in SC-CO  follows the 

partition rule. That means a very high dye solubility would lead to a higher dye 

content dissolved in the medium and the lack or reduction of the affinity towards 
the fibre so that most of the dye remains in the medium (Bao & Dai 2005; 

Montero et al. 2000).  
A sufficient solving power of the medium (fluids density control) and a high af-
finity of the dye to the fibre is required for an adequate dissolution of the dye and 

deep penetration into the fibre pores resulting in high colouration. In addition an 
adequate solubility of the dye needs to be achieved at conditions that can be ob-
tained with commercial SC-CO  dyeing units (Draper et al. 2000). The dye affini-

ty to the fibre investigated by the partition of the dye between the supercritical 
fluid and the polymeric matrix is a very important factor next to the dye solubility. 

A dye which shows a lower solubility in the medium can obtain a higher dye up-
take compared to another, when the affinity to the fibre is greater (Ferri et al. 

2006; von Schnitzler 2002).  
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In polyester dyeing, the high affinity of the disperse dye to the fibre is the reason 
why the dyeing process in SC-CO  is successful even though most used dispersed 

dyes show a solubility range of only 10-6 to 10-9 mole fraction (mol dye/ mol 
CO  (Bao & Dai 2005; Chang, Bae & Shim 1996; Ferri et al. 2006). Successful 

dyeing of polyester fibres in SC-CO  is a very complex process and requires not 

only optimal process parameters but an adequate solubility of the dye in the medi-
um and a high affinity of the dye to the fibre.  

 

1.3.4 POLYESTER DYEING IN SUPERCRITICAL CARBON DIOXIDE 
 

Supercritical carbon dioxide dyeing is in particular suitable for synthetic fibres 
due to the ability of the medium to swell the fibres and the solubility of the used 
non-polar disperse dyes in the medium. SC-CO  dyeing for the high demand fibre 

polyester (PET) is extensively studied and can achieve excellent colour depth and 
better abrasion resistance than with conventional exhaustion methods. Other fi-
bres such as aramids (Kevlar and Nomex), polyamides, polypropylene and elas-
tomers can be dyed effectively and with good dye distribution in SC-C O  

(Chakraborty 2010a).  

Supercritical carbon dioxide shows a low viscosity which result in high diffusion 
properties of the mono-molecularly dissolved disperse dye in polyester dyeing. 

The high diffusivity gives the disperse dye the opportunity to penetrate even small 
pores without the need of intense convection. This leads to short process times 
and enhanced colour performance (Chakraborty 2010a). Due to the non-polarity 

of PET fibres, non-reactive disperse dyes are suitable which show a sufficient 
solubility in SC-CO  and high affinity to the fibre (van der Kraan et al. 2007a). 

The dyeing principle of polyester fibres in SC-CO  can be explained by the physi-

cal trapping of the dye molecules in the polymer matrix. This principle is neces-

sary since polyester fibres lack functional groups required for covalent dye bond-
ing. Supercritical carbon dioxide dissolves the disperse dye and swells the PET 

fibres which increases the accessibility for the dye molecules to penetrate into the 
fibres. This phenomenon is supported by the reduction of the intermolecular inter-

actions between the polymer chains due to the swelling of the fibres (Abou 
Elmaaty & Abd El-Aziz 2018). 

In figure 2 the dyeing principle for PET can be seen. The medium transports the 
dye molecules to the fibre surface where they are adsorbed. Then the dye mole-

cules and the medium penetrate into the amorphous regions of the fibres through 
the fibre pores (pore model). With the depressurisation of the system, CO  exits 

the shrinking fibres thereby physically trapping the dye molecules in the polymer 
matrix (Abou Elmaaty & Abd El-Aziz 2018). During this process the polymer 

chains can reorient themselves into stable positions (Bach, Cleve & Schollmeyer 
2002). The temperature decrease of the system needs to be as fast as possible be-



 

10 
 

low the glass transition temperature (T�  of the material in order to avoid dye ex-

traction from the fibre bulk (Bach & Schollmeyer 2007). 

 

Figure 2: Schematic drawing of the dyeing principle of PET in supercritical carbon 

dioxide; dye dissolved in SC-C , dye adsorption on fibre surface, dye and SC-C  

penetration into the fibre and SC-C  leaving the fibre with depressurisation. 

Dyed polyester fibres in SC-CO  can show changes in the morphology and ther-

mo-mechanical behaviour such as an increase in crystallinity, lowering of the 

glass transition T�  and melting temperature T�  and changing of the micro-

void system. The SC-CO  treatment increases the overall crystallinity of the pol-

ymer by formation of new crystalline regions. At the same time the existing crys-
tallite dimension is decreasing so that the resulting polymer shows more but 

smaller and less perfect crystallites. The drop of the T�  also depends on the degree 

of the amorphous phase in the PET material. A higher degree of the amorphous 
phase allows more CO  to penetrate the fibres which result in a higher drop of the 

glass transition temperature. In addition PET oligomers can diffuse from the bulk 
to the surface of the material thereby creating new micro voids in their previous 
locations (Bach, Cleve & Schollmeyer 2002; Drews & Jordan 1998; Hou, Xie & 

Dai 2004).  
Experiments with heat-set and non-heat-set polyester in SC-CO  showed signifi-

cant changes of the crystallites for the latter. On the other hand heat-set PET 

showed no significant structural changes. Therefore, a heat-set treatment prior to 
dyeing is favourable and can lower the influence of the SC-CO  on the fine struc-

ture of the polymer which relates to the T� and the thermo-mechanical behaviour 

(Bach, Cleve & Schollmeyer 2002). This is especially of interest since changes of 
the crystallinity during the dyeing process strongly influence the dye diffusion 
rate and the dye uptake of the fibres (synthetic) and are difficult to control 

(Fleming, Kazarian, Bach & Schollmeyer 2005).  
 

In the literature many studies can be found on dyeing of PET fibres in supercriti-
cal carbon dioxide with disperse dyes or reactive disperse dyes. All studies agree 
that SC-CO  dyeing is a fast and reliable process for PET fibres.  

Investigations on the influence of the process parameters time and dye concentra-
tion on the colour strength (K/S) showed an increase in the K/S values with in-
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creasing parameter value (Cardozo-Filho et al. 2014; Hou, Chen, Dai & Zhang 

2010; Özcan & Özcan 2005; van der Kraan et al. 2007a). Thereby an increase in 
dyeing time and dye concentration led to an increase in colour strength and dye 

uptake only until a saturation point was achieved (Chang, Bae & Shim 1996; Hou 
et al. 2010; Özcan & Özcan 2005). In addition the colouration and fixation of the 
dye (%) for PET is reported to be independent of water addition to the process 

(relative humidity of the medium) (van der Kraan et al. 2007a).  
The influence of the temperature on the colour strength and dye uptake is reported 

mostly to be significant. An increase in colour strength and/or dye uptake with 
increasing process temperature was obtained by various researchers (Cardozo-

Filho et al. 2014; Chang, Bae & Shim 1996; Ferri et al. 2006; Hou et al. 2010; 
Saus, Knittel & Schollmeyer 1993). The temperature influence on the dye uptake 

is explained by the increasing free volume of the polymer matrix when exceeding 
the glass transition temperature, the increase in swelling of PET in SC-CO , a 

higher diffusivity of the dye and the increase in chain mobility of PET (Chang, 
Bae & Shim 1996; Ferri et al. 2006; Hou et al. 2010). A study which observed no 

significant influence of the temperature on the colour strength (van der Kraan et 
al. 2007a) was performing the experiments in a rather small temperature range 

from 100°C to 116°C. These results can be explained by the reduction in the SC-
CO  density with increasing temperature which is promoting the dye diffusion but 

reduces the dye solubility and supply on the fibre surface (Hou et al. 2010; Saus, 

Knittel & Schollmeyer 1993).  
The pressure influence on the dye uptake is reported oppositional. Ferri et al. 
(2006) investigated that no significant increase was obtained on the dye uptake of 

PET fibres with increasing pressure (exceeding 180-200 bar) at constant tempera-
tures for three different azoic dispersed dyes. Others reported that the dye uptake 

of PET fibres is increasing with increasing pressure at constant temperatures due 
to the density increase of the medium and higher dye solubility (Chang, Bae & 

Shim 1996; Saus, Knittel & Schollmeyer 1993).  
 
As seen on the partly different results of the studies, dyeing of PET in SC-CO  is 

a very complex process with many influencing parameters which need to be ad-
justed for the specific dye type and substrate. 
 

1.3.5 SILICONE-BASED WATER REPELLENT FOR TEXTILES 
 

A water repellent property is defined as the ability of a surface to withstand pene-

tration of liquid water under static conditions. The interface between the water 
droplet and textile surface is characterising its ability to absorb or repel water. 

Thereby the textile material, structure of the yarn and fabric and the microstruc-
ture of the contact area (smooth, continuous, micro rough, discontinuous etc.) are 

influencing the surface tension (γ) at the interface. The water contact angle (Ɵ) 
based on Young’s equation includes the interfacial surface tension value and is 
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used to assess the behaviour of a textile surface towards liquid water (Loghin, 

Ciobanu, Ionesi, Loghin & Cristian 2017). The Zisman´s method is based on ex-
perimental findings that a liquid spreads freely on a surface if the liquids surface 

tension is lower or equal to that of the surface which it is spreading. This method 
includes Young’s contact angle values and can be used to determine the critical 
interfacial surface tension (γc) where the liquids and analysed materials interfacial 

surface tension is equal (Kabza, Gestwicki & McGrath 2000). 
If not inherently hydrophobic, fibres and fabrics can obtain hydrophobic proper-

ties by the addition of water repellents to lower the surface energy (tension) 
and/or an increase of the surface roughness (Holmquist et al. 2016). Superhydro-

phobic properties require both a high surface roughness (multi scale) and low sur-
face tension based on the Wenzel and Cassie−Baxter theories (Cai et al. 2018). 

These theories elucidate the mechanism of superhydrophobic surfaces however 
they are only suitable for specific conditions and still include experimental pa-
rameter (Barashkov, Sakhno, Semenov, Irgibayeva & Sakhno 2016).  

 
Silicones are commercially used in the textile industry as coatings or additives 

due to their unique surface properties. Next to the water repellent characteristics, 
silicones show good spreading on surfaces, long term elasticity, stability under 

challenging conditions (extreme temperatures, chemicals, UV radiation and oxi-
dation), resistance to ageing, inertness and excellent dielectric properties. In addi-

tion silicones are environmentally benign and degrade rather fast (few weeks) 
when exposed to the atmosphere or soil. Silicones are used in all stages of textile 
processing on the fibre, fabric or finished products as lubricant, softeners, foam 

control agents (anti-foam) or functional textile modifiers (e.g. hydrophobic coat-
ings, anti-wrinkle agent) (Ziya Özek 2017). 

The basic repeating unit of silicone is known as “siloxane” and shows alternating 
silicon and oxygen atoms in the backbone where substituents are attached to the 

silicon atom (see figure 3). A common silicone used as a water repellent is poly-
dimethylsiloxane (PDMS) which shows methyl groups attached to the silicon at-

om in the polymer backbone (see figure 3). The water repellent properties of the 
silicone arise from the hydrophobic functional groups (e.g. methyl groups) incor-
porated in the silicone molecule and the thereby obtained low surface energy. Due 

to the high flexibility and mobility of the polymer backbone, the methyl groups 
can easily rotate and orient themselves towards the outer surface of the fibres gen-

erating the water repellent functionality (see figure 4). Treated fabric with sili-
cone-based water repellents benefit from gas (e.g. water vapour) permeability due 

to the open structure of the silicone molecules which in turn increases the wearing 
comfort if used for clothing applications. In addition silicone water repellents are 

highly effective at relative low (0.5%-1% o.w.f.) concentrations (Ziya Özek 
2017). 
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Figure 3: Chemical structure of siloxane and polydimethylsiloxane adapted from (Ziya 

Özek 2017, p. 157). 

In most cases PDMS is used in silicone-water-emulsions and applied to the sub-
strate by padding, spraying, coating or exhaustion processes followed by a drying 

and curing step. Other application methods include printing, lamination and plas-
ma treatments of fabrics. The curing step can be carried out by application of heat, 

UV radiation or simple exposure to the atmosphere. When water is used as the 
medium toxic effluent can arise (additives, catalysts etc.) which needs to be han-

dled and disposed accordingly (Ziya Özek 2017).  
Good durability of the hydrophobic treatment with PDMS is achieved either by 

crosslinking reactive PDMS with each other using suitable catalysts (sheath 
around the fibre) or by chemical bonding of the water repellent to the fibre 
(Holmquist et al. 2016). Fibre bonding (hydrogen bonds) usually takes place be-

tween the hydrophilic backbone of the PDMS and polar surface groups of the fi-
bre (e.g. cellulosic fibre). Smaller PDMS molecules are used for this purpose 

which penetrate deeply into the fibre and chemically bond with it. In figure 4 the 
mechanism of the hydrophobic treatment with silicone can be seen (e.g. methyl 

groups oriented towards the outer surface) together with the covalently bonded 
backbone of the PDMS to the fibre surface (polar fibre). Crosslinking reactive 

PDMS around the fibre is used if the fibre lacks functional groups (e.g. non-polar 
PET) for fibre bonding. Catalysts like tin salts, zirconium salts, aluminium salts, 
epoxy amines or amides and peroxides are used to crosslink reactive PDMS such 

as silanol, silane or modified PDMSs (Ziya Özek 2017).   
 

 

Figure 4: Mechanism of the hydrophobic functionality of PDMS and fibre bonding of 

PDMS to a polar fibre; A, hydrophobic surface; B, hydrogen bond between PDMS and 

fibre; C, fabric; adapted from (Ziya Özek 2017, p. 158). 

Silicone-based water repellents are environmentally benign and are grouped to-
gether with hydrocarbons and others substances including dendrimers and inor-

Methyl groups 
(A) 

Covalent bond 
(B) 

Fabric (C) 
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ganic nanoparticles as non-fluorinated alternatives for long chain fluorocarbons. 

Long chain per- and polyfluoroalkyl substances (PFASs) were commonly used as 
water repellents in the textile industry but are phased-out due to their negative 

environmental impact. The currently used fluorocarbon-based durable water re-
pellents show shorter side chains yet environmental concerns remain. On the other 
hand fluorocarbons are very effective and they can combine highly durable water, 

soil and oil repellent properties which silicones and all other non-fluorinated al-
ternatives cannot offer (Holmquist et al. 2016). In addition the water repellence is 

usually higher compared to silicone-based repellents owing to the lower surface 
tension of fluorocarbons (Ziya Özek 2017). The choice of a durable water repel-

lent depends mainly on the application and is always a trade-off between func-
tionality and hazards (Holmquist et al. 2016). 

The approach to use silicone as an environmental benign water repellent is im-
plemented in the textile industry. Research using nanotechnology to improve the 

hydrophobicity, durability and scalability of this approach are a recent topic and 
have been extensively reported in the last years. Cai et al. (2018) developed an 

eco-friendly dip-coating method to obtain superhydrophobic surface properties of 
PET fabric by deposition of a PDMS/silica/PDMS layer from water-emulsion and 

silica suspension. The surface roughness was increased due to the silica nanopar-
ticle layer whereas the surface tension was decreased by the low surface energy 
material PDMS. A high durability was obtained by crosslinking the PDMS chains 

within the material and with the silanol groups of the silica particles. Next to Cai 
et al. numerous research groups investigated silica nano-/microparticles together 

with a low surface tension coating to obtain suberhydrophobic surface properties 
of textile substrates (Jeong & Kang 2017; Ma et al. 2018; Mahltig & Böttcher 

2003; Moiz, Vijayan, Padhye & Wang 2016; Rosu, Lin, Jiang, Breedveld & Hess 
2018; Zahid, Heredia-Guerrero, Athanassiou & Bayer 2017; Zhao, Wu, Huang & 

Liu 2016). While all studies show an eco-friendly approach in regards to the used 
chemicals, the methods for the application of silica particles or silicone on to the 
substrate mostly include water as the medium.  

 

1.3.6 SILICONES IN SUPERCRITICAL CARBON DIOXIDE 
 

Silicones including polydimethylsiloxane (PDMS) are in their liquid state at room 
temperature and show solubility in SC-CO  at high pressures due to their low sur-

face tension (Xiong & Kiran 1995). Solubility data for PDMS in supercritical car-

bon dioxide is reported in the literature (Alessi, Ireneo, Angelo, Alessia & 
Mariarosa 2003; Lee et al. 2017; O`Neill, Cao, Fang & Johnston 1998; Xiong & 

Kiran 1995) for different molecular weight PDMSs and conditions. Thereby the 
lattice fluid and statistical associating fluid theory (SAFT) has been proven to 
predict the phase boundaries and phase equilibrium of the PDMS and SC-CO  so-

lution (Lee et al. 2017; O`Neill et al. 1998; Xiong & Kiran 1995). Phase bounda-
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ries of the binary mixture of PDMS and CO  show an upper and lower critical 

solution temperature (UCST and LCST). The changing temperature range of the 
UCST to LCST is higher than the critical temperature of CO  and shifts to higher 

temperatures with increasing molecular weight of the PDMS. The demixing pres-
sure (minimum pressure level for complete miscibility) of the PDMS and C O  

system is very sensitive to temperature. For 5 wt% PDMS in SC-CO  the demix-

ing pressure is initially rapidly decreasing with increasing temperature however 
the trend is reversed and the demixing pressure is increasing with further increase 

in temperature. This indicates that complete miscibility of the system (lowest de-
mixing pressure) is obtained at lower temperatures rather than high temperatures 
(Xiong & Kiran 1995). Next to the temperature, the PDMS content in SC-CO  is 

determining the demixing pressure and is increasing the latter with decreasing 
PDMS content at constant temperatures (Sanli & Erkey 2013).  

Reported solubility studies include Alessi et al. (2003) who investigated the solu-
bility of low molecular weight PDMS surfactants in carbon dioxide. Results 

showed that an increase in pressure would lead to an increase in weight percent 
solved in the medium until a saturation point was reached. On the other side the 

results of a temperature increase did not show a clear trend and in some cases the 
solubility of PDMS in SC-CO  was decreasing with increasing temperatures at 

constant pressure levels. The same pressure and temperature effects on the solu-

bility were found by Shi and Qiao (2017) who investigated the solubility of silox-
ane polyether surfactants in SC-CO . The study of Alessi et al. (2003) also report-

ed that PDMS surfactants can be used as cosolvent for polar high molecular 
weight substances due to its solubility in carbon dioxide. Increased solubility of 

these substances can lead to enhanced polymeric material impregnation.  

Promoting the solubility of a substance in SC-CO  can also be obtained by modi-

fication of the substance with a more soluble silicone fragment. Thereby hydro-
gen-containing silicones (SiH) and modified compounds show a higher solubility 

in SC-CO  than hydroxyl containing silicones (SiOH) (Li, Li & Wang 2007).  

The distribution of PDMS in treated substrates (cotton fabric or silica aerogel) 
with SC-CO  as a medium is reported to be very homogeneous and silicone mole-

cules were not only evident on the surface but could penetrate to the centre on the 

samples (Mohamed, Er-Rafik & Moller 2013; Sanli & Erkey 2013).  
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1.3.7 HYDROPHOBIC SURFACE FUNCTIONALISATION BY DEPOSITION 

OF POLYMERIC MATERIAL FROM SUPERCRITICAL CARBON DIOXIDE 
 

In the literature various scientific articles can be found which are dealing with the 
water repellent and/or oil repellent treatment of textiles in supercritical carbon 
dioxide. Two of the most commonly used approaches include the rapid expansion 

of supercritical solutions or suspensions (RESS) method and the supercritical an-
tisolvent (SAS) method. In the RESS method, a polymer and SC-CO  solution is 

exposed to the gaseous phase by spraying it onto the substrate. Thereby the gase-

ous phase acts as an anstisolvent and the polymer loses its solubility which leads 
to its deposition on the substrate surface. In the SAS method the SC-CO  acts as 

the antisolvent when a polymer and liquid solvent solution is exposed to it 

(Gallyamov et al. 2007; Ovaskainen et al. 2014).  

A third method for the deposition of uniform coatings from solution in supercriti-

cal carbon dioxide is using this medium as a solvent for the polymer. When the 
pressure and/or temperature is decreased the polymer loses its solubility in the 

medium and is deposited on accessible surfaces, including the substrate surface 
(Gallyamov et al. 2007). This approach was followed by numerous research 

groups which used fluorinated polymers to achieve superhydrophobic surface 
properties of different substrates (Evsyukova et al. 2009; Gallyamov et al. 2007; 

Nikitin, Gallyamov, Said-Galiev, Khokhlov & Buznik 2009; Prorokova et al. 
2009; Xu et al. 2015; Zefirov et al. 2018). This method shows an eco-friendly 
approach to form a hydrophobic coating onto textile substrate yet the water repel-

lents used in the studies so far were all fluorocarbon-based which stand in contrast 
to the eco-friendly development.  

 

2. EXPERIMENTAL SECTION 
 

In the following chapter the used materials and method in this thesis are specified. 
Thereby the focus lays on the sample preparation and characterisation for the SC-
CO  treatment of polyester fibres.  

 

2.1 MATERIALS 
 

The materials used for the experiments in this thesis are mentioned in the 
following.  

DYE  

The dispersed dye Colourtex Corangar Orange PE-3330 (molecular weight of 383 

g/mol) provided by DyeCoo B.V. (Weesp, Netherlands) was used in this study. It 
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is an azo dye also known as Disperse Orange 25 which shows the characteristic 

chromophore of an azo group bonded to an aromatic group on both sides (von 

Schnitzler 2002). The molecular structure can be seen in figure 5.  

  

Figure 5: Molecular structure of the azo disperse dye Organge PE-3330 (Oprea, 

Popescu & Goga 1988). 

 

WATER REPELLENT 

Polydimethylsiloxane (PDMS) – trimethylsiloxyterminated (molecular weight 

770, 9000 and 28000 g/mol) was purchased from Alfa Aesar (Karlsruhe, Germa-
ny) and used as the water repellent (figure 6). The weight average molar mass in 

g/mol is represented as numbers in the abbreviation of the samples.  

 

Figure 6: Chemical structure of polydimethylsiloxane – trimethylsiloxyterminated 

(PDMS) (Somasundaran, Mehta & Purohit 2006, p. 104). 

 

SUBSTRATE 

A 100% polyester (PET) plane weave and heat set fabric from F.O.V. Fabrics AB 

(Borås, Sweden) was used as the substrate. One PET filament (167 dtex) is used 
in the warp direction whereas two filaments are combined into a single yarn 

(2*167 dtex) in the weft direction. The glass transition temperature was obtained 
by differential scanning calorimetry (DSC) and found to be at 87.78°C. On the 

basis of the DSC the substrates crystallinity is calculated to be 27.52 %. 
 

CARBON DIOXIDE 

The carbon dioxide was purchased from AGA Industrial gases (Lidingo, Sweden) 

with 99.5% purity and used in all experiments.  
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2.2 METHOD 
 

In this chapter the main experimental design (sample preparation) and the SC-
CO  apparatus are mentioned in detail. Further the characterisation methods and 

tests as well as the statistical analysis are explained elaborately.  
 

2.2.1 SAMPLE PREPARATION 
 

The operation manual for the SC-CO  apparatus suggests that pressures of 250 bar 

and temperatures of 120°C shall not be exceeded (Labocom Rapid Color 2002). 
Considering the manual suggestions, material specifications (process temperature 

> Tg of PET), the literature study and the results of supplementary experiments the 
used process parameters were determined. The SC-CO  experiment was carried 

out at a pressure of 250 bar (139g CO  filled in each vessel) for one hour. The dye 

concentration of 0.3% o.w.f., the PDMS concentration of 3% o.w.f. and the PET 

substrate were kept constant in all experiments. The temperature and silicone mo-
lecular weight varied from 95°C to 120°C and from 770 g/mol to 28000 g/mol. 

The main experimental design can be seen in figure 7. Additional samples were 
treated and analysed for comparison under conditions indicated by table 1.  

 

Figure 7: Main design of experiment: Process parameters temperature and PDMS mo-

lecular weight vary on two levels which results in four experiment runs, all other parame-

ters are kept constant. 
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The sample notation used in graphs and tables in the result and discussion chapter 

are shown in table 1. 

Table 1: Sample notation in this thesis report. 

Sample  Description 

U Untreated PET fabric 

T PET fabric treated with SC-CO  at 250 bar and 120°C 

D Only dyed PET fabric at 250 bar and 120°C 

PDMS 770  Only functionalised PET with PDMS 770 g/mol at 250 bar 

and 120°C 

PDMS 28000 Only functionalised PET with PDMS 28000 g/mol at 250 
bar and 120°C 

PDMS 770 + D Dyed and functionalised PET with PDMS 770 g/mol 

PDMS 28000 + D Dyed and functionalised PET with PDMS 28000 g/mol 

dyeing-PDMS Two-step process with first the dyeing and then the func-

tionalisation step  

dyeing-PDMS-1 Two-step process, results obtained after the first step 

dyeing-PDMS-2 Two-step process, results obtained after the second step 

PDMS-dyeing Two-step process with first the functionalisation and then 

the dyeing step 

PDMS-dyeing-1 Two-step process, results obtained after the first step 

PDMS-dyeing-2 Two-step process, results obtained after the second step 

 

Three different SC-CO  processes were carried out in this thesis and are compared 

in chapter 3.4. In the simultaneous dyeing and functionalisation process (main 
experiment) the dye and PDMS were added to the SC-CO  vessel together with 

the PET fabric. In the two-step process the dyeing step was carried out first and 
the functionalisation step second as well as the other way around. Within the two-

step process, the water contact angle or colour strength after the first step is com-
pared to the measurements after the second step. The sample notation for the pro-

cess comparison is shown in table 1.  
 

2.2.2 SUPERCRITICAL CARBON DIOXIDE LABORATORY APPARATUS 

AND PROCEDURE 
 

The Labocom – Rapid Color CF/SF type LA2002 was used in this study for SC-
CO  dyeing and functionalisation of PET fabric. The apparatus can be seen in 

figure 8 and is equipped with a rotating mount for four vessels, a temperature and 
time controller, a heating and cooling element and a motor. The rotating mount 

with the vessels is embedded in a high-temperature oil (glycerine) bath and shows 
a constant rotation of the vessels in the bath during the process. The stainless steel 
vessels (internal volume = 290 ml, Pmax = 30 MPa, and Tmax = 130 °C) are 
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equipped with a Teflon seal and a safety valve for CO  release by overpressure as 

well as a needle valve used to fill and vent the CO  before and after the process.          

                                                        

Figure 8: Schematic of SC-C  laboratory dyeing apparatus Labocom – Rapid Color; 

(1) Control panel, (2) Dyeing vessel mounted on the shaft, (3) Rotating shaft, (4) High-

temperature oil (glycerine) bath. 

In the SC-CO  dyeing and functionalisation procedure the polyester fabric was 

wrapped around a stainless steel beam and inserted into the high pressure and 
temperature cylinders. The dye and silicone were then weighted and added to the 

cylinder. The amount of dye used was 0.3% on the weight of fabric (o.w.f.) and 
was inserted directly into the vessel. The amount of silicone was 3% o.w.f. and 

was measured and added to the cylinder on a small cotton fabric piece. Before 
closing the cylinders with the lid, eight metal balls were inserted to improve the 
circulation during the process. 

Next, the vessels were cooled down in a freezer in order to fill them with the 
needed amount of CO . In the following the vessels were filled with CO  until the 

desired pressure was reached. Afterwards the cylinders were mounted into the 
SC-CO  apparatus and the programme with the chosen process parameters was 

started. The programme included a heating step for 30 min. to desired process 
temperature, a running step for 60 min. and a cooling step for 30 min. from pro-

cess temperature to approx. 50°C. 
After the end of the dyeing and functionalisation process the cylinders were re-
moved from the oil bath and the CO  was released (in approx. 5 min.) via the nee-

1 

2 

3 

4 
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dle valve until atmospheric pressure was reached. In a last step the PET fabric was 

retrieved from the vessels and the metal balls, vessels and beams were cleaned.   
 
The used SC-CO  dyeing and functionalisation method is applied in several scien-
tific articles and currently in the industry. Thereby two types of SC-CO  circula-

tion methods are applied. One is pumping the SC-CO  through the reaction vessel 

in a closed loop (Bach & Schollmeyer 2007; van der Kraan et al. 2007a; Xu et al. 

2015). The advantages are that the dye or functionalisation chemical can be dis-
solved in the medium before streaming through the substrate and the CO  can be 

reused. In the other procedure (usually laboratory scale) the CO  is filled in a 

closed cylinder (Cardozo-Filho et al. 2014; Gallyamov et al. 2007; Knittel & 

Schollmeyer 1995; Mohamed, Er-Rafik & Moller 2013; Pajnik et al. 2018) and 
circulation is achieved by rotating the cylinder with steel balls inside (as done in 

this experiment) or stirring. 
 

2.2.3 COLOUR STRENGTH (K/S) MEASUREMENT  
 

The colour strength (K/S) of the treated PET fabric was determined by a spectro-

photometer (Datacolor, Sweden). The colour data was measured in the visible 
spectrum region of 360-700 nm and is converted into tristimulus values which 

describe a point in the colour space. The reflectance at the wavelength of maxi-
mum absorption (ƛmax) was used to calculate the colour strength of dyed fabrics by 

the Kubelka-Munk equation: K =  − 2
   

Where K is the absorption coefficient of the substrate, S is the scattering coeffi-

cient of the substrate and R is the reflectance of the dyed fabric at the wavelength 

of maximum absorbants (Choudhury 2015). 

Five indepentant readings of reflectance at 470 nm were used at different 
positions on each sample to calculate the mean K/S value of one sample. The 

mean value based on four replicates (samples) per dyeing and functionalisation 
run are reported together with the sample standard deviation. All samples were 
conditioned (temperature 20 ± 2 °C, relative humidity 55 ± 5 % and time 24 h) 

prior to the testing. 

In this report the colour difference is determined by the tolerancing system (based 
on CIELCH) developed by the Colour Measurement Committee of the Society of 

Dyes and Colourists of Great Britain (CMC). This tolerancing system sets the 
default ratio of lightness (l) to chroma (c) to 2:1 allowing twice as much differ-
ence in lightness than chroma (numerical). The default ratio was set in this way 

due to the fact that a human eye is more sensitive to chroma than to lightness 
change. A CMC ∆E ≤1 is considered an acceptable value which means no visible 
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colour difference of the measured values. The complex colour difference formula 

(CMC ∆E ) can be found in the literature (Choudhury 2015). This tolerancing 
system was chosen due to the good agreement between visual assessment and 

measured colour difference and higher accuracy for textile substrate compared to 
other tolerancing systems (Choudhury 2015).  
 

2.2.4 WATER REPELLENCE MEASUREMENT 
 

The water repellence of the treated PET fabric was assessed by water contact an-

gle (Ɵ) measurements. All samples were conditioned (temperature 20 ± 2 °C, 
relative humidity 55 ± 5 % and time 24 h) prior to the testing. The water contact 

angle was measured with an optical tensiometer (Biolin Scientific, Sweden) and 
analysed via the OneAttension software using the sessile drop method and the 

Young-Laplace equations. A CCD camera was recording the first 10 sec. of a de-
ionised water droplet (3 µL) placed on the surface of the sample. The water con-
tact angle was measured at atmospheric pressure and room temperature (approx. 

20° C). Five independent measurements were performed at different positions on 
each sample and the mean value of four replicates per dyeing and functionalisa-

tion run are reported together with the sample standard deviation.   
The results need to be considered with care and should take into account that the 

surface of the samples was wetted within seconds (3-4) while the water droplet 
was being analysed. 

 

2.2.5 WASHING TEST 
 

The dye and water repellent fastness to washing was tested in a washing laundry 

facility (Electrolux) by following the ISO 6330:2012 standard. According to the 
standard programme 6A (40 ± 3 °C, 24 min. and 20 ± 1 g of reference detergent 3, 
non-phosphate powder detergent without optical brightener and without enzymes) 

and a domestic laundering machine (type A) were used. The makeweight of the 
washed textile was polyester fabric and the loaded weight was 2kg (sample 

weight of PDMS 770 g/mol treated: 12.04g, sample weight of PDMS 28000 
g/mol treated: 12.65g). After the washing cycle the samples were dried according 

to drying procedure 3 (flat dry).  
 

2.2.6 ABRASION TEST (MARTINDALE) 
 

The colour strength and water repellent fastness to abrasion was tested using the 
Martindale (SDL Atlas M235, Sweden) with a speed of 47.5 revolutions per 

minutes (RPM), a weight load of 9 KPa and 5000 turns. A standardised woven 
wool fabric was used as the opposite rubbing cloth. All samples were conditioned 
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(temperature 20 ± 2 °C, relative humidity 55 ± 5 % and time 24 h) prior to the 

abrasion test.  
 

2.2.7 FTIR-ART MEASUREMENT 
 

Fourier-transform infrared spectroscopy (FTIR) was used to obtain an infrared 
spectrum of the untreated PET and the SC-CO  treated PET (PDMS 770 g/mol 

and 28000 g/mol at 120°C) samples. A Nexus 510 Nicolet™ FTIR spectrometer 

(Thermo Scientific™, Sweden) was used with 0.32 cm/sec mirror velocity, 3900-
500 cm-1 spectral range, 35 mm aperture and a standard mid-IR splitter. The spec-

trometer was equipped with a ZnSe crystal with 45° angle of incident and 64 
scans at 4.0 cm-1 resulution were taken.  

 

2.2.8 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
 

The behaviour of the PET fabric to heat was tested in the DSC (TA Instruments - 

DSC Q2000, Sweden) instrument. A heating – cooling – heating cycle was ap-
plied in order to erase any “thermal history” of the material. The second heating 

cycle was then analysed. A temperature range of 25°C to 300°C with a heating 
and cooling rate of 20°C/min was chosen. The sample weight in the pan was 7.2 

mg and the reference sample pan (empty) 20.5 mg. 
 

2.2.9 STATISTICAL ANALYSIS 
 

Two different statistic tools were used in this thesis. The t-test (unpaired or 
paired) was used to compare two sample mean values with each other at a 95% 

confidence level (α= 0.05). The result stated if the sample means were significant-
ly different or not. This is an important analysis in order to find clear trends which 

are not only present by chance.  
In addition a 22 factorial design of experiments replicated four times was used to 

evaluate the influence of temperature and silicone molecular weight on the colour 
strength and water contact angle of the resulting fabric. Here, a two-way ANOVA 

(analysis of variance) analysis was carried out to compare multiple sample mean 
values with each other (α= 0.05) and evaluate which of the investigated factors 
show a significant effect on the water contact angle and colour strength.  
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3 RESULTS AND DISCUSSION 
 

In the following chapter the results of the SC-CO  dyeing and functionalisation of 

polyester are stated and discussed together with supplementary results carried out 
in the frame of this thesis. At last, the environmental considerations of this thesis 
are mentioned.   

 

3.1 SUPPLEMENTARY WORK 

The supplemetary work is associated with experiments prior to the main SC-CO  

dyeing and functionalisation process in order to obtain a better understanding of 

the phenomena in the system and to define the process paramters for the 
experiment.  

 

3.1.1 DSC ANALYSIS OF THE PET FABRIC 
 

The differential scanning calorimetry (DSC) was used to investigate the behaviour 
of the PET fibres to heat. Thereby the glass transition temperature ( Tg =. °�), the melting temperature (Tm = . °�) and the crystallisation tem-

perature (Tc = . °�) were determined (table 2). These temperature values 

are very important in order to design the dyeing and functionalisation process ac-
cording to prominent property changes of the PET material at these temperature 
points. The process temperature depends on the substrates Tg and needs to exceed 

this temperature level to provide adequate accessibility for the dye and PDMS 

molecules to penetrate into the fibres.  
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The second heating cycle of the DCS thermogram is showing a clear glass transi-

tion region, an exothermic crystallization peak and an endothermic melting peak 
as seen in figure 9.  

 

 

 
Figure 9: DSC thermogram of the heat flow as a function of temperature for PET fabric 

at the second heating and cooling cycle, including a close-up of the endothermic glass 

transition region of the PET fabric. 

The glass transition temperature is determined in this thesis by the intersection 

point of two tangents at the start and end of the corresponding endothermic region 
(see upper diagram in figure 9).  
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Table 2: DSC results of glass transition temperature (��), the melting temperature (�� ), 

the crystallisation temperature (��) and corresponding heat of fusion and crystallinity 

measurements. 

Sample  Tg   
[°C] 

 Tm  
[°C] 

 Tc   

[°C] 

Melt onset 

temperature 

[°C] 

Crystalline 

onset 

temperature 

[°C] 

Enthalpy 

for 

melting 

[J/g] 

Crystallinity 

[%] 

U (PET) 87.78 251.68 179.85 239.61 192.41 37.15 27.52 

 

This thesis uses the following formula to detemine the crystallinity of the PET 
material. 

Θ = 
ΔHmΔH�0  x 100% 

Where  ΔHm is the heat of fusion of the sample and ΔH� is the heat of fusion of 

the PET polymer with 100% crystallinity (Mehta, Gaur & Wunderlich 1978). 

Θ =  
7. 5��5 ��  x 100% = 27.52 % 

 

3.1.2 INTERFACIAL TENSION MEASUREMENTS BETWEEN SILICONE AND 

CARBON DIOXIDE 
 

Interfacial tension measurements between silicone oil and carbon dioxide were 

carried out in the frame of supplementary work at Eurotechnica GmbH, Germany. 
The detailed measuring method and additional results can be seen in Appendix A. 

In figure 10 the measured interfacial tension (γ) between silicone (PDMS 770, 
9000 and 28000 g/mol) and carbon dioxide is shown as function of pressure at 

120° C. The interfacial tension between the PDMS and carbon dioxide decreases 
with increasing pressure for all samples.  

The interfacial tension decreases with increasing pressure from 14.59 mN/m at 
atmospheric pressure to 0.38 mN/m at 200 bar for PDMS 770 g/mol. At higher 
pressures the density of the silicone is lower than the CO  density, so that a pen-

dant drop cannot be obtained.  
The graphs of the silicone with a molecular weight of 9000 and 28000 g/mol 
show a very similar slope at which the 9000 g/mol silicone is having a slightly 

lower interfacial tension than the 28000 g/mol silicone at the same pressure level. 
The condition where no pendant drop could be formed was reached with an ex-

ceeding pressure of 360 bar for the silicone of 9000 g/mol. The lowest interfacial 
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tension for PDMS 28000 g/mol was measured at 400 bar with a value of 0.12 

mN/m. 

 

Figure 10: Interfacial tension vs. pressure between PDMS 770, 9000 and 28000 g/mol 

and carbon dioxide at 120°C. 

The interfacial tension measurements provide information on the miscibility of 

the two substances. At a specific temperature and pressure (the minimum misci-
bility pressure, MMP) the interface disappears and no interfacial tension can be 

determined (the γ value is equal to zero). Beyond this point the two substances are 
fully miscible. For the functionalisation of the PET fabric an adequate miscibility 

of supercritical carbon dioxide and the silicone is beneficial. High miscibility (low 
γ) of silicone and CO  requires rather high pressures at a temperature of 120°C. 

Due to the obtained results indicated in figure 10 the pressure is set to 250 bar 
(maximum allowable pressure for the used SC-CO  apparatus) for the functionali-

sation and dyeing process of the main experiment. At this pressure and at 120°C 
the PDMS with a molecular weight of 770 g/mol and the medium will be fully 
miscible. The PDMS 28000 g/mol shows a low interfacial tension value between 

1.73-1.38 mN/m at these conditions which is considered as a favourable miscibil-
ity. The pressure determination is also supported by results obtained from Knittel 

and Schollmeyer (1995) who investigated the disperse dye uptake of PET fabric 
in SC-CO  at 120°C. The results showed a steep increase in dye uptake with in-

creasing pressure above 180 bar. Considering these results a good dye uptake and 

miscibility of the PDMS with the medium is expected at 250 bar and 120°C.  
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3.1.3 SUPERCRITICAL CARBON DIOXIDE TREATMENT OF PET AT ELE-

VATED TEMPERATURE AND PRESSURE 
 

The polyester fabric was dyed and functionalised in supercritical carbon dioxide 
at elevated temperatures (120°C and 135°C) and pressures (250 bar and 350 bar) 
in a modified high pressure extraction unit with a closed loop CO  circulation. 

This dyeing and functionalisation process was carried out in the frame of supple-
mentary work at Eurotechnica GmbH, Germany. The detailed SC-CO  treatment 

method and additional results can be seen in Appendix A. 

The water contact angle (Ɵ) of the PET fabric after the functionalisation or dyeing 
+ functionalisation process are shown in figure 11. It can be observed that an in-
crease in pressure from 250 to 350 bar resulted in an increase in the water contact 

angle of the PET sample treated with PDMS 28000 g/mol at 120°C. While the 
increase in pressure did not significantly affect the water contact angle of PMDS 

770 g/mol.  

 

Figure 11: Water contact angle measurements of PET samples treated with silicone 

(PDMS) or silicone and dye (PDMS + D) in SC-C  at elevated temperature and pres-

sure levels including their standard deviation; PDMS 770 g/mol (PDMS 770), PDMS 

28000 g/mol (PDMS 28), blue bracket indicating a mean difference at a 95% confidential 

level. 

The influence of the temperature increase from 120°C to 135°C on the water con-
tact angle of samples functionalised with PDMS 770 g/mol is evident in figure 11. 

The water contact angle is increasing with increasing temperature. This trend can 
also be seen in the figure for PDMS 770 g/mol when dye was added to the pro-

cess. In contrast to the only functionalised samples (PDMS 770) the mean water 
contact angles (PDMS 770 + D) show no statistical difference.   
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Samples treated with PDMS 28000 g/mol show slightly higher contact angle val-

ues compared to the PDMS 770 g/mol when no dye was added. However, statisti-
cally the mean water contact angles are not different at a 95% confidential level.  

By comparing the results of the sample 770 g/mol with and without dye at both 
temperature levels, it was statistically proven that the addition of dye to the pro-

cess showed no significant effect on the mean water contact angle of the samples.   

The water contact angle of the sample 28000 g/mol with dye (135°C and 250 bar) 
shows no statistical difference to the samples with the same PDMS without dye 
but reduced temperature (120°C and 250 bar).  

The results of this supplementary work show no clear trend when it comes to 

temperature or pressure increase. The influence of these process parameters de-
pend on the PDMS molecular weight. Nevertheless the increase in temperature or 

pressure was leading to an increase in the water contact angle when the process 
parameter had a statistical significant effect. The results suggest that the addition 
of dye does not interfere in the effectivity of the PDMS (hydrophobicity). In addi-

tion an even distribution of the PDMS on the sample surface is indicated by ob-
servations.  

 

3.2 SAMPLE CHARACTERISATION AFTER THE SUPERCRITICAL 

CARBON DIOXIDE TREATMENT (MAIN EXPERIMENT)  
 

In the following the PET samples after the SC-CO  dyeing and functionalisation 

process of the main experiment are characterised on the basis of their water con-

tact angle and colour strength. Further the process temperature and PDMS molec-
ular weight effect on these outcomes are evaluated.  

 

3.2.1 T-TEST ANALYSIS OF THE INFLUENCE OF TEMPERATURE AND 

PDMS MOLECULAR WEIGHT ON WATER CONTACT ANGLE 
 

Figure 12 shows the resulting water contact angles (Ɵ) of samples after treatment 
in SC-CO  and of the untreated PET reference sample. It can be seen that the un-

treated reference sample and the treated sample in SC-CO  with no additives 

show very similar results. Statistically there is no difference between the mean 

values of the water contact angle between the untreated and treated PET (no addi-
tives) sample at a 95% confidence level. The water contact angle of all treated 
samples with silicone or silicone and dye show a higher value than the untreated 

reference sample. There is a statistical difference between the mean values of the 
treated samples with silicone or silicone and dye to the untreated reference sample 

at a 95% confidence level (indicated in figure 12). The partly large standard de-
viation seen in figure 12 reflects on one hand the sensitivity of the water contact 
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angle measuring method and on the other hand suggests an uneven distribution of 

the PDMS on the sample surface. The uneven distribution of PDMS on the sam-
ple after the SC-CO  treatment is supported by visual observations and is dis-

cussed in the adjacent chapter.  

 

Figure 12: Water contact angle of the reference sample and samples after the dyeing and 

functionalisation process including their standard deviation; PDMS 28000 g/mol (blue), 

PDMS 770 g/mol (green), untreated and only SC-C  treated (orange); blue bracket 

indicating a mean difference at a 95% confidential level. 

The samples PDMS 28000 and PDMS 28000 + D (120°C) show no statistical 
significant difference in the mean value of the water contact angle. The same ap-

plies to the sample PDMS 770 and PDMS 770 + D (120°C) even though a slight 
increase in the water contact angle can be seen with the addition of the dye in fig-

ure 12. This result indicates that the addition of dye to the process does not show a 
significant effect on the water contact angle of the fabric and therefore on the 

PDMS functionality.  

By comparing the samples on the basis of the PDMS molecular weight it can be 

seen that PDMS 28000 shows a slightly higher water contact angle than the PET 
treated with PDMS 770 at the same temperature. Statistically this is true for the 

samples dyed and functionalised at 95°C whereas the samples treated at 120°C 
show no significant difference in water contact angle (�=0.05). When considering 

this result, the PDMS molecular weight seems to have an effect on the water con-

tact angle at lower temperatures, namely reducing it with decreasing PDMS mo-
lecular weight. On the other hand this effect vanishes at higher process tempera-
ture and the water contact angle results are statistically equal which means the 

choice of the PDMS type becomes irrelevant.  

On the first sight, the temperature increase from 95°C to 120°C leads to an in-
crease of the water contact angle for both PDMS 770 (around 20°) and PDMS 
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28000 samples. This is only statistically supported for PDMS 770 whereas PDMS 
28000 shows no significant difference in the mean water contact angle (�=0.05) 

between the two temperature values. The increase in water contact angle for 
PDMS 770 is suggested to arise from the increase in PDMS diffusivity with in-
creasing temperature which is overcoming the simultaneous reduction in SC-

CO  density and PDMS solubility.  

The results of the water contact angles indicate the compatibility of dye and 
PDMS in the SC-CO  treatment of PET assessed by the investigated outcome. The 

influence of the temperature and PMDS molecular weight on the water contact 
angle does not show a clear trend. Nevertheless the water contact angle is increas-

ing with increasing parameter value in statistical significant cases. Most of the 
obtained water contact angle values in this study indicate a hydrophobic surface 
(Ɵ>90°) behaviour (Loghin et al. 2017). In addition the water contact angle of the 

treated samples showed a clear increase (about 40°) compared to the untreated 
reference sample. However, the sample surface was wetted by the liquid water 

within seconds and the water droplet was absorbed within 3 min. which stands 
against acceptable water repellent properties for textiles. Water repellent textile 

materials hinder water droplet spreading and absorption and lead to easy removal 
of the droplets from the fabric surface (Loghin et al. 2017). This means that the 

resulting fabric obtained in this thesis cannot be classified as water repellent. In 
addition the obtained water contact angles in this study are noticeable lower than 
the values found in the literature which used silicone-based water repellents for 

textile substrate (Cai et al. 2018; Rosu et al. 2018; Xue, Bai & Jia 2016; Zhao et 
al. 2016). Here the functionalisation methods, substrate and chemicals differ very 

much which makes a detailed comparison impossible. 
 

3.2.2 SILICONE DISTRIBUTION AND CHARACTERISTICS ON THE SAMPLE 

SURFACE 
 

After the dyeing and functionalisation process some of the treated samples 

showed dark “stained” edges, as seen in figure 13. The thought that water might 
have wetted the edges was dismissed since the SC-CO  treatment is a water-free 

process and the dark edges were not vanishing with exposure to an ambient envi-
ronment. In addition the particular area felt rather oily compared to the middle 

area of the sample. This observation suggests the uneven distribution of PDMS on 
the sample surface. The collection of excess PDMS on the lower edge of the sam-

ple most likely took place when PDMS precipitated with the depressurisation 
step.  
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Figure 13: Dyed and functionalised PET fabric after the SC-C  treatment showing dark 

orange edges. 

The suggested uneven distribution of the PDMS on the substrate is supported by 
the high standard deviation of the water contact angle measurements after the SC-
CO  treatment. During the measurements a clear difference between the values 

obtained from the middle part to the ones obtained from the edges of a sample 
were evident. It was observed that the darker area on the edges showed a noticea-
ble hydrophilic behaviour (low Ɵ) in contrast to the middle part of the sample. 

This observation presents conflictive results, namely that a higher PDMS content 
led to a more hydrophilic surface behaviour. On the other hand the hydrophobic 

behaviour of the middle part is supporting the low concentration efficiency of 
PDMS as a water repellent (Ziya Özek 2017).  

The rather hydrophilic behaviour (reduction in water repellence) of high PDMS 

content on substrate surfaces can be explained by the surface interactions and is 
mentioned in the literature as one of the disadvantages of PDMS-based water re-
pellents (Schindler & Hauser 2004; Ziya Özek 2017). If excess amount of PDMS 

is applied to the fibre surface the polymer chains (e.g. in a double layer) can be 
oriented with the hydrophobic methyl groups facing each other due to hydropho-

bic attraction forces and the high flexibility of the polymer backbone. This orien-
tation will result in a polar surface caused by the outwards facing backbone (po-

lar) of the PDMS chains (figure 14) (Schindler & Hauser 2004).  

 

Figure 14: PDMS double layer on a polar fibre surface; polar surface (A), hydrophobic 

attraction of the methyl groups (B), hydrogen bonds (C), fibre surface (D) (Schindler & 

Hauser 2004, p. 79). 
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The lack of covalent bonds between the PET fibres used in this study and the 

PDMS together with the non-polarity of the fibres suggest an orientation of some 
PDMS chains as described above (methyl group attraction). Further it gives rea-

son to assume that in some cases hydrophobic attraction could have caused the 
methyl groups of a PDMS single layer to orient themselves towards the non-polar 
PET fibre surface. This means that the full potential of the PDMS as a water re-

pellent was not exploited in this study and could be investigated in future work 
(covalent bonding of PDMS to the fibre to gain optimal orientation and fastness).  

The lack of an optimal PDMS chain orientation with the hydrophobic methyl 

groups facing outwards can also be assumed to be the reason why the PDMS mo-
lecular weight showed no significant effect on the water contact angle. Further a 
higher PDMS molecular weight is suggested to result in a lower solubility in the 

medium and a reduction in PDMS diffusivity which decreases the PDMS supply 
on the sample surface and penetration into the fibre. 

 

3.2.3 T-TEST ANALYSIS OF THE INFLUENCE OF TEMPERATURE AND 

PDMS MOLECULAR WEIGHT ON COLOUR STRENGTH (K/S) 
 

The colour strength (K/S) of the samples dyed and functionalised or only dyed in 
SC-CO  is shown in figure 15. In addition table 3 indicates the calculated colour 

difference (CMC ∆E) of the samples based on the temperature, PDMS molecular 
weight and on the individual dyed + functionalised sample to the sample only 

dyed in SC-CO . 

 

Figure 15: Colour strength (K/S) of the dyed sample and samples after dyeing and 

functionalisation in SC-C  including their standard deviation; PDMS 28000 g/mol 

(blue), PDMS 770 g/mol (green), only dyed sample (orange); blue bracket indicating a 

mean difference at a 95% confidential level. 
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The colour strength of the samples treated with dye and PDMS at 120°C (K/S of 

10.27 and 11.07) is slightly higher to the colour strength of the sample which was 
only dyed in SC-CO  (K/S of 10.08). In contrast, the samples treated with dye and 

PDMS at 95°C show a slightly lower colour strength (9.73 and 9.4) than the sam-
ple which was only dyed (see figure 15). Statistically there is no significant dif-
ference (�=0.05) in the mean colour strength between the dyed and functionalised 

samples (at 120°C and 95°C) to the only dyed sample, except for sample PDMS 
28000 +D (120°C). Sample PDMS 28000 +D (120°C) shows a statistical signifi-

cant difference in the mean K/S value to the only dyed sample. This is supported 
by the calculated colour difference which indicates no visible colour difference in 

the first (CMC ∆E ≤1) and a slight one at close observation (CMC ∆E >1) in the 
latter case (Choudhury 2015). The results indicate that the addition of PDMS in 

the process shows no negative impact on the colour strength (even increasing it in 
one case) suggesting compatibility of dye and PDMS in the system. 

Comparing the samples based on the temperature and PDMS molecular weight 
respectively, the results show no statistical difference of the colour strength mean 

at a 95% confidential level. This is supported by the colour difference (CMC ∆E 
≤1) calculated in table 3. The only exception is the temperature effect for the 

sample treated with PDMS 28000 g/mol. Here, the statistics show no significant 
difference in the colour strength yet the calculated colour difference suggests a 
slight increase in colour strength (CMC ∆E = 1.47) with increasing temperature. 

Since no statistical difference in the colour strength was evident by comparing the 
simultaneously dyed and functionalised samples of same temperature or PDMS 

molecular weight, it is suggested that the influence of these process parameters on 
the colour strength is irrelevant. The obtained result that PDMS molecular weight 

was not influencing the colour strength of the treated samples was suspected due 
to preliminary findings which showed no interference of the PDMS on the dyeing 

outcome.  

Table 3: Calculated colour difference (CMC ∆E) of samples only dyed and dyed + 

functionalised in SC-C  on the basis of temperature, PDMS molecular weight and in 

comparison to the sample only dyed. 
Sample Process tem-

perature [°C] 

CMC ∆E 

Based on 

temperature 

CMC ∆E  

Based on 

PDMS  

CMC ∆E to D 

PDMS 770 + D 120 0.51 0.83 0.28 

PDMS 770 + D 95 0.32 0.30 

PDMS 28000 + D 120 1.47  1.06 

PDMS 28000 + D 95  0.51 

D 120    

 
The absence of a significant temperature influence on the colour strength in this 

study is agreeing with results obtained by Van der Kraan et al. (2007a) who dyed 
PET fibres with dichlorotriazine dye in SC-CO  under similar conditions (P= 250 
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bar, T=100°C-116°C, t= 2h, dye con. 2% o.w.f.). The colouration of the PET fi-

bres showed no significant change with increasing temperature at constant pres-
sure. In addition the obtained colour strength in this study (K/S = 10.08-11.07 at 

120°C and K/S = 9.40-9.73 at 95°C) is comparable with the results (K/S = 10.10-
10.40) obtained by Kraan et al. (2007a) and Hou et al. (2010) (K/S = 10). Hou et 
al. (2010) dyed PET fabric (T=120°C, P=200 bar, t=1h, dye con. 3% o.w.f) with 

C.I. Disperse Blue 79. This suggests a good colouration of the PET fabric in this 
study.  

The insignificant temperature effect on the colour strength is suggested to be 
caused by the reduction in the SC-CO  density with increasing temperature which 

is promoting the dye diffusion but reduces the dye solubility and supply on the 

fibre surface (Hou et al. 2010; Saus, Knittel & Schollmeyer 1993). This result also 
indicates that the diffusivity of the dye is not the rate determining factor of the 

dyeing process. However, since detailed information is lacking on the kinetics of 
this particular dyeing process, this cannot be concluded with absolute certainty.  
 

 

3.2.4 FULL FACTORIAL DESIGN OF THE PROCESS 
 

A 22 factorial design was performed in order to examine the influence of the pro-

cess parameters temperature and PDMS molecular weight on the colour strength 
(K/S) and the water contact angle (Ɵ) of the PET fabric dyed and functionalised 
in SC-CO . The process temperature was varied from 95°C to 120°C (-1; 1) 

whereas the PDMS molecular weight was varied from 770 g/mol to 28000 g/mol 
(-1; 1). In table 4 the experimental results of colour strength and water contact 

angle of all investigated conditions (runs) with coded factors and the factor effects 
are shown.  
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Table 4: Experimental factorial design matrix for estimating the interaction and main 

effects of temperature and PDMS molecular weight on colour strength (K/S) and water 

contact angle (Ɵ) of PET fabric. 

 Coded factors Response 

Run Temperature 
A 

PDMS 
B 

Interaction 
AB 

Ɵ [°] K/S 

1 1 -1 -1 97.33 9.21 

2 1 -1 -1 95.65 11.74 

3 1 -1 -1 114.09 9.48 

4 1 -1 -1 98.67 10.65 

5 1 1 1 109.96 11.68 

6 1 1 1 105.97 10.79 

7 1 1 1 101.46 11.16 

8 1 1 1 103.76 10.65 

9 -1 -1 1 79.41 9.25 

10 -1 -1 1 88.44 9.31 

11 -1 -1 1 74.45 10.28 

12 -1 -1 1 83.83 10.06 

13 -1 1 -1 75.34 6.76 

14 -1 1 -1 102.33 9.57 

15 -1 1 -1 106.29 10.95 

16 -1 1 -1 105.54 10.31 

Effect Ɵ 6.95 4.92 -3 96.41  

Effect K/S 0.55 0.12 0.28  10.12 

 

The statistical model for the prediction of the water contact angle (Ɵ) and colour 
strength (K/S) responses were calculated as followed: 

Ɵ = 96.41 + 6.95A + 4.92B - 3AB       (1) 

K/S = 10.12 + 0.55A + 0.12B + 0.28AB   (2) 

 

FACTOR EFFECT ON WATER CONTACT ANGLE  

The investigated factor effects on the water contact angle outcome are shown in 
the pareto chart in figure 16. The temperature is the only factor exceeding the un-

certainty line which refers to the significance of the factor effect on the outcome. 
Therefore, temperature shows a significant effect on the water contact angle of the 

PET fabric in contrast to PDMS molecular weight and the interaction of the fac-
tors. The calculated prediction model shows a statistically significance (p= 0.017) 

with an R2 value of 56.10%.  
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Figure 16: Main and interaction effect of the investigated factors temperature and PDMS 

molecular weight on the water contact angle; uncertainty (dashed line). 

The temperature effect on the water contact angle for the different molecular 
weight PDMS can be seen in figure 17. In the figure it is shown that the tempera-

ture has a greater effect on the water contact angle when PDMS 770 g/mol is used 
(steeper slope) than when PDMS 28000 g/mol is used. The water contact angle in 

both cases is increasing with increasing temperature.  
When looked at figure 17 and the comparison via t-test, the PDMS effect is more 

pronounced at lower temperatures than at higher temperatures.  
 

 

Figure 17: Temperature effect on the water contact angle for PDMS 28000 g/mol (red) 

and PDMS 770 g/mol (blue). 
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In the 3D surface response plot in figure 18 the temperature and PDMS molecular 

weight effect is shown on the water contact angle which are supporting the find-
ings from figure 17. It can be observed that the lowest water contact angle is ob-

tained at low temperature and PDMS molecular weight. The highest water contact 
angle is reached at the higher temperature level and PDMS molecular weight. The 
temperature effect is more pronounced for the low molecular weight PDMS than 

the high molecular weight PDMS. In addition the choice of the PDMS molecular 
weight at high temperatures is almost irrelevant due to similar water contact an-

gles.  

 

Figure 18: 3D surface plot for the effect of temperature and PDMS molecular weight on 

the water contact angle of PET fabric dyed and functionalised in SC-C . 

The results from the factorial design suggest a process temperature of at least 

120°C in order to obtain the highest water contact angle achievable in the frame 
of the investigated factors. The PDMS molecular weight is not having an effect on 

the water contact angle response. Therefore, the choice of the PDMS type is irrel-
evant for the water contact angle in the frame of this work.  

The significant effect of temperature on the water contact angle obtained from the 
factorial design analysis and supported by the t-test for PDMS 770 g/mol is show-

ing an increase in the water contact angle with increasing temperature. The posi-
tive temperature effect is assumed to result from the increase in PET fibre swell-

ing in the medium, a higher diffusivity of the PDMS molecules and the increase in 
PET chain mobility. It suggests that the increase in PET accessibility and PDMS 
diffusivity is overcoming the reduction in PDMS solubility caused by the SC-CO  

density decrease with increasing temperature which was investigated by different 

researchers (Alessi et al. 2003; Shi & Qiao 2017). This indicates that the high 
PET accessibility and PDMS diffusivity at higher temperatures result in an in-

creased PDMS content of the fibres and therefore a higher water contact angle.  
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FACTOR EFFECT ON COLOUR STRENGTH 

For the colour strength (K/S) none of the investigated factors show a significant 
effect as seen in figure 19. The calculated prediction model does not show a statis-

tical significance (p= 0.217) and obtained a R2 value of 30.02%. This suggests 
that other not investigated factors have a significant effect on the colour strength 

of the PET fabric.  

 

Figure 19: Main and interaction effect of the investigated factors temperature and PDMS 

molecular weight on the colour strength; uncertainty (dashed line). 

The results from the factorial design for the colour strength are indicating that the 
choice of the process temperature and PDMS molecular weight (among the inves-

tigated levels) are irrelevant to the outcome. 
 

3.3 FASTNESS TESTS  
 

In this chapter the PET samples after the SC-CO  dyeing and functionalisation 

process are analysed towards their wash and abrasion fastness. The fastness is 
assessed on the basis of measured water contact angles and colour strength prior 
and after the wash and abrasion test.  

 

3.3.1 FASTNESS TO WASHING AND ABRASION ON WATER CONTACT 

ANGLE  
 

In figure 20 the water contact angle (Ɵ) measurements of samples treated in su-
percritical carbon dioxide and the untreated sample are shown prior and after the 

washing or abrasion test.  
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A decrease in the water contact angle of the treated samples after one washing 

cycle to the ones prior to washing can be observed (around 20%). This trend is 
statistically supported (�=0.05) for all samples except for the sample treated with 

PDMS 770 g/mol at 95°C which shows no statistical difference in the mean water 
contact angle of both measurements. The reduction in the water contact angle 

suggest that (excess) PDMS was washed off from the surface of the substrate. 
This is supported by the observation that water contact angle measurements did 

not show a trend in regards to the measurement location on the sample (edge or 
middle). Further the darker edges (excess PDMS collection) which were evident 

before disappeared. It is assumed that polyester fibres show only weak interaction 
forces (Zhao et al. 2016) to the PDMS molecules due to the absence of fibre 

bonding functional groups (PET) and lack of PDMS crosslinks. In that case ex-
cess PDMS on the sample surface can easily be washed off which was observed 

in this study.  
 
The water contact angle of all samples after the abrasion test increased compared 

to the measurements before the abrasion test (initial). The increase in the water 
contact angle is also observed for the untreated sample after abrasion. This trend 

suggests that an increase in the fabric surface roughness due to the abrasion is the 
main reason for the increased water contact angle. In addition water contact angle 

measurements of the opposite rubbing cloth before and after the test showed no 
significant change, indicating that PDMS did not or just to a small extend rubbed 

off from the substrate.  

 

Figure 20: Water contact angle measurements of treated samples in SC-C  and the 

untreated sample before and after the washing and abrasion test including their standard 

deviation; blue bracket indicating a mean difference at a 95% confidential level. 
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The treated PET fabric shows a rather poor wash fastness for the functionalisation 

compared by the water contact angle. The water contact angle reduced by around 
20% for all samples which show a statisitcal difference in their mean value after 

only one washing cycle.  
Due to the high influence of the fabric roughness on the water contact angle in-
crease after the abrasion test, the behaviour of the PDMS to abrasion stress cannot 

be concluded with absolute certainty. 
 

3.3.2 FASTNESS TO WASHING AND ABRASION ON THE COLOUR 

STRENGTH (K/S) 
 

In table 5 the calculated colour difference between the sample before and after the 

washing or abrasion test is shown. Figure 21 is showing the colour strength of the 
SC-CO  treated samples before and after the washing test for comparison. The 

colour strength of the same sample is not or only slightly decreasing after the 
washing cycle. Statistically there is no difference in the mean K/S value of the 

samples before and after the washing test for each run, respectively. Overall the 
mean K/S value is varying very little from 9-11 for the shown samples. The statis-

tical results are backed by the calculated colour difference (CMC ∆E ≤1) for each 
sample pair. The colour difference is so small that it is not visible for the human 

eye. These results indicate that the dye is physically trapped in the PET fibres 
which leads to an excellent wash fastness under the investigated conditions.  

 

Figure 21: Colour strength (K/S) of the treated samples in SC-C  before and after one 

washing cycle including their standard deviation. 
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Table 5: Colour difference (CMC ∆E) between the same sample prior and after the wash-
ing test and prior and after the abrasion test. 

 

As seen in figure 22 the colour strength is decreasing after the abrasion test com-

pared to the colour strength measured prior to the test. The decrease in colour 
strength is statistically supported for the samples treated with PDMS 770 g/mol at 

95°C and the sample treated with PDMS 28000 g/mol at 120°C. The other two 
samples show no significant difference (�=0.05) in their mean K/S value and 

therefore a high resistance to abrasion. The colour difference (CMC ∆E ≤1) as 
seen in table 5 is indicating no visible colour change for all samples pairs, respec-
tively.  

 

Figure 22: Colour strength (K/S) of the treated samples in SC-C  before and after the 

abrasion test including their standard deviation; blue bracket indicating a mean differ-

ence at a 95% confidential level. 
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The opposite cotton rubbing cloth from the Martindale test showed that some dye 

was rubbed off the PET substrate (figure 23). Due to the fact that the samples 
were not rinsed with any kind of solvent after the SC-CO  treatment, it is sup-

posed that the abraded dye was excess dye from the dyeing process. 

 
Figure 23: Cotton rubbing cloth used in the Martindale abrasion test showing abraded 

dye from the samples. 

 

3.4 COMPARISON OF THE SUPERCRITICAL CARBON DIOXIDE 

PROCESS TYPES 
 

In this chapter the three different process types (simultaneous, dyeing-PDMS and 
PDMS-dyeing) are compared by the samples water contact angle and colour 
strength.  

 

3.4.1 INFLUENCE OF THE PROCESS TYPE ON THE WATER CONTACT AN-

GLE 
 

In figure 24 the water contact angle of the different process types (and steps) can 

be seen. The water contact angle within the PDMS-dyeing process (step 1 to step 
2) as well as between the two-step processes are very similar (Ɵ = 116.51°, 
115.98° and 115.85°) and do not show a statistical difference in their mean value 
(�=0.05). This result indicates that the order of the steps is irrelevant to the out-

come of the water contact angle measurements. Further the water repellent effi-
ciency obtained after the functionalisation step (PDMS-dyeing-1) is not influ-
enced by the dyeing step (PDMS-dyeing-2) in SC-CO . This agrees with previous 

results related to the dye-PDMS interactions which showed an excellent compati-
bility of the two substances accessed by their function on the PET fabric.  
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Figure 24: Water contact angle measurements (T: 120°C, P:250 bar, t:1h) vs. process 

type including the standard deviation; simultaneous process (orange), dyeing-

functionalisation process (green dotted), functionalisatio-dyeing process after step 1 

(green vertical stripes), functionalisation-dyeing process after step 2 (green horizontal 

stripes), blue bracket indicating a mean difference at a 95% confidential level. 

By comparing the water contact angle of the simultaneous process to the two-step 
process (including PDMS-dyeing-1) a visible and statistical difference (�=0.05) is 

shown. Here, the two-step process (either one) shows a slight increase of the wa-
ter contact angle of about 10° compared to the simultaneous process as seen in 

figure 24. This result suggests a slight increase in PDMS penetration into the fi-
bres (PDMS content) when the functionalisation step is carried out separately 

from the dyeing step. With lack of dye stuff a higher amount of PDMS could be 
dissolved in the medium and penetrate the fibres resulting in a higher water repel-

lence of the PET fabric. In addition the increase in the water contact angle indi-
cates a suitable affinity of the PDMS to the fibre which is necessary in order to 
maintain the PDMS molecules in the fibre matrix (low diffusivity out of the fibre)  

by repeated SC-CO  treatment (PDMS-dyeing-2).  

The PDMS distribution observed during the water contact angle measurements 

after the two-step process was very even. In addition no dark orange edges were 
evident on the samples. This indicated that the distribution of PDMS was improv-

ing with treatment time.  

The comparison of the process types on the water contact angle suggests a two-

step process in order to obtain a higher water contact angle than with the 
simultaneous process. Nevertheless, the increase in the water contact angle needs 

to be worth the additional efforts. In this case the overall moderate water repel-
lence of the treated PET fabric (surface wetting in less than 3-4 sec.) needs to be 

considered as well.  
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3.4.2 INFLUENCE OF THE PROCESS TYPE ON THE COLOUR STRENGTH 
 

In figure 25 the colour strength of the PET fabric obtained through different pro-

cess types can be seen. Table 6 is showing the corresponding colour difference 
measurements (CMC ∆E). In contrast to the water contact angle, the simultaneous 
process shows no statistical difference (�=0.05) in the colour strength (K/S = 

11.07) compared to the two-step processes (K/S = 10.54, 10.12 and 10.73). This is 
supported by the colour difference measurement (CMC ∆E ≤1) which is indicat-
ing no visible colour change between the samples. The result is agreeing with 

previously obtained results in this thesis (chapter 3.2.3) which showed no influ-
ence of the PDMS in the dyeing process and thereby on the resulting colour 

strength.  

 

Figure 25: Colour strength (K/S) (T: 120°C, P: 250 bar, t: 1h) vs. process type including 

the standard deviation; simultaneous process (orange), functionalisation- dyeing process 

(green dotted), dyeing-functionalisation process after step 1 (green vertical stripes), dye-

ing-functionalisation process after step 2 (green horizontal stripes), blue bracket indicat-

ing a mean difference at a 95% confidential level. 

Further the mean colour strength between the two-step processes (PDMS-dyeing 

to dyeing-PDMS-2) does not show a statistical difference as well as the mean col-
our strength within the dyeing-PDMS process (step 1 to step 2). This result indi-

cates that the order of the two-step process does not influence the outcome of the 
colour strength. The colour difference measurements within the dyeing-PDMS 

process (CMC ∆E ≤1) agree with the t-test results showing no visible colour 
change between the steps. Therefore, a high affinity of the dye to the fibre and a 
low diffusivity of dye out of the fibre in the repeated SC-CO  treatment is sus-

pected.   
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Table 6: Colour difference CMC ∆E of the simultaneous process to the two-step process 

and within the dyeing-PDMS (step 1 to step 2) process. 

Sample 

Colour difference CMC ∆E  

Between two-step process 

to simultaneous process  

Colour difference CMC ∆E  

Between step 1 and step 2 

Dyeing-PDMS-1 0.95 0.33 

Dyeing-PDMS-2 0.85 

PDMS-dyeing 0.92  

 

The results of the comparison suggests that the colour strength is independent of 

the process type. Therefore, the simultaneous process is preferred in order to save 
time, energy and costs. 
 

3.5 VERIFICATION OF SILICONE IN THE SAMPLE 
 

In this chapter the results of FTIR-ART measurement are shown and discussed. 
This characterisation method provides information on the presence of PDMS in 
the PET sample after the SC-CO  dyeing and functionalisation process.  

 

3.5.1 FTIR-ATR MEASUREMENTS  
 

In order to confirm the silicone presence in the samples after the dyeing and func-

tionalisation process, infrared spectra of the untreated and treated samples were 
carried out. The overlay of the untreated sample, the sample treated with PDMS 

770 g/mol and 28000 g/mol at 120°C are shown in figure 26. In the wavenumber 
range from 750 cm-1 – 1100 cm-1 a clear difference between the treated samples 

and the untreated sample can be observed, while otherwise all graphs are more or 
less following the same path.  

The FTIR spectra shows all the identifying peaks for a polyester substrate such as 
the high absorption band at 1711 cm-1 which related to the C=O stretching vibra-

tion. In addition the peak around 2963 cm-1 which is characteristic for C-H 
stretching (Mohamad, Rohani, Mastar Masdar, Mohd Nor & Md. Jahim 2016).  

With support of FTIR spectra from the literature the peak around 1260 cm-1 can 
be assigned to the Si-CH3 symmetric deformation for the treated samples (Cui et 

al. 2018; Huth et al. 2012; Mohamad et al. 2016). The untreated sample shows a 
similar transmittance peak in that area (1242.06 cm-1) which can be related to 

C(=O)-O, C-C and C-O stretching vibration of the ester group (Silverstein & 
Webster 1963).  
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Figure 26: FTIR-ART spectra of the untreated PET and the SC-C  treated PET (PDMS 

770 g/mol and 28000 g/mol at 120°C) samples. 

The lower transmittance at the peak around 1000 cm-1 and 1100 cm-1 and the ad-
dition of small peaks at 1040 cm-1 for the treated samples are characteristic for Si-
O-Si asymmetric stretching (Huth et al. 2012; Mohamad et al. 2016). 
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The treated samples show a lower transmittance (57-62 %) at the band 793.97  

cm-1 and 793.43 cm-1 than the untreated sample at 793.16 cm-1 with 77 %. The 
band around 793.97 cm-1 is associated with the Si–CH3 stretching, C=O and C-H 

vibration (Crompton 2008; Cui et al. 2018; Mohamad et al. 2016). Here a clear 
difference can be seen between the treated and untreated samples where the Si–
CH3 stretching is considered responsible for the lower transmittance of the treated 

samples.  

It is noticeable that the sample treated with PDMS 28000 g/mol shows a stronger 
signal (stronger dipole moment) at particular wavenumbers which are related to 

silicon containing groups than the sample treated with PDMS 770 g/mol. This 
suggests a higher amount silicon in the sample treated with PDMS 28000 g/mol 
than in the sample treated with PDMS 770 g/mol and a stronger stretching of the 

Si–O–Si and/or Si–CH3 bonds for the first.  

The results of the FTIR-ART analysis confirm the presence of silicone in the PET 
fabric after the SC-CO  treatment.  

 

3.6 DYEING AND FUNCTIONALISATION OF A MODIFIED POLY-

ESTER FABRIC 
 

A modified PET fabric was used in an additional SC-CO  dyeing and functionali-

sation process. The fabric was made out of staple fibre yarn in contrast to the PET 

filament yarn which was used for the substrate in the main experiment. In a pre-
treatment the surface was modified with a 2M sodium hydroxide solution for 90 

min at 40°C. The modification was obtained by the hydrolysis of the PET poly-
mer through the solution resulting in a more hydrophilic character of the surface. 
This treatment can be used in the textile industry prior to aqueous dyeing and 

printing in order to improve adhesion and medium absorption (Chakraborty 
2010b).   

The fabric after modification and SC-CO  dyeing and functionalisation showed a 

high water contact angle of 129.23° (mean value from five readings; standard de-

viation 4.85, see figure 27). In addition the water droplet did not wet the fabric 
surface for at least 50 min. and could be removed easily indicating a high water 
repellence.  
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Figure 27: Water droplet on PET fabric (staple fibre yarn) which was modified prior to 

dyeing and functionalisation in SC-C  indicating the water contact angle. 

This result suggest that with the pre-treatment of the fibre, the surface was left 

hydrophilic which resulted in beneficial PDMS chain orientation (see chapter 
3.2.2) for the creation of a hydrophobic outer surface after the SC-CO  treatment. 

The polar PDMS backbone is proposed to face the newly hydrophilic fibre surface 

which leaves the methyl groups to orient themselves away from the fibre surface. 
This indicates that the diffusivity is high enough to provide PDMS molecules on 
the fibre surface even though the affinity of the medium and PDMS to the fibre 

was possibly lowered (more hydrophilic). In addition the fabric surface showed a 
higher roughness (staple fibre yarn) than the fabric used in the main experiment  

which is supporting the hydrophobicity of the fabrics surface which in general is 
considered to increase the water contact angle (Holmquist et al. 2016).   

Considering this results, the pre-treatment with sodium hydroxide was also carried 
out with the PET fabric consisting out of filament yarn. Here, the resulting fabric 

showed a very hydrophilic character after dyeing and functionalisation in SC-
CO . This suggests that the inherently high fabric surface roughness of the staple 

fibre fabric is an important factor influencing the hydrophobicity. For future work 

it would be interesting to compare the staple fibre fabric outcome after dyeing and 
functionalisation with and without pre-treatment to determine if the fabric surface 

roughness is the main factor influencing the water contact angle.  
 

3.7 ENVIRONMENTAL CONSIDERATIONS 
 

The supercritical carbon dioxide technology is an eco-friendly method which re-
duces the need for additives, energy consumption and eliminates water compared 

to the conventional exhaustion dyeing. Further this technology does not contribute 
to more CO  emissions if a closed loop CO  supply is used as in the industrial 

machinery. Carbon dioxide is non-toxic and non-flammable which provides a 
save work environment if adequate ventilation is in place.  

Polyester fabric can pose environmental problems when it comes to the lifetime 
and disposal of it. When washed micro plastic from the fabric can contaminate the 
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effluent and enter the water cycle. In addition PET is a non-biodegradable poly-

mer which needs to be disposed correctly or recycled in order to minimise the 
environmental contamination.  
On one hand the most commonly used azo disperse dyes in SC-CO  dyeing are 

environmentally concerning and difficult to degrade in nature (Rawat, Mishra & 

Sharma 2016). On the other hand the SC-CO  technology provides the possibility 

to collect and reuse excess dye in the dyeing process as well as reverse the dyeing 
process and separate dye from the fibres. In comparison, the aqueous dyeing pro-

cess is left with high amounts of excess dye in the effluent which is challenging to 

discard (Chakraborty 2010c).  

Siloxane compounds including PDMS are biodegradable and can degrade by hy-
drolysis rather quick (days in the atmosphere and weeks in soil) (Ziya Özek 

2017). In addition PDMS is non-toxic which poses a low risk to personnel han-
dling it. During the lifetime of a product treated with PDMS small amounts of the 
water repellent can be released to the environment due to laundering, wearing 

(abrasion), evaporation and/or wash out through rain penetrating the fibre surface. 
The rate of loss is influenced by the surface roughness and the bonding mecha-

nism between the fibre and the water repellent (Ziya Özek 2017). While the weak 
bonds between the PDMS and the PET fibre enhance the loss, the rather smooth 

surface of the fibres lower the abrasion of the water repellent. The use of silicones 
as a water repellent is considered as one of the most eco-friendly alternatives to 

fluorocarbons (Ziya Özek 2017) and therefore shows a great research potential to 
find a suitable eco-friendly application method.  
 

4. CONCLUSION 
 

In the following the results and discussion part of this thesis are concluded in or-

der to answer the research questions and hypothesis. In addition the outcome of 
this project is brought into context with the implication on society and the society 

demands.  
 

4.1 ANSWERS TO RESEARCH QUESTIONS AND HYPOTHESIS 
 

This thesis study presents an approach to combine the supercritical carbon dioxide 

dyeing and functionalisation process. In addition the water repellent functionalisa-
tion of PET by silicones in SC-CO  was investigated. The results of this thesis 

showed that simultaneous dyeing and functionalisation of polyester (PET) fabric 

with polydimethylsiloxane (PDMS) as water repellent in supercritical carbon di-
oxide is feasible under the investigated conditions. The dye and PDMS do not 

interfere in each other’s functionality assessed by the colour strength and water 
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contact angle measurements and can be described as compatible from this point of 

view. 

The water contact angle of the treated samples (Ɵ ≈ 96°) showed a clear increase 

(about 40°) compared to the untreated reference sample (Ɵ ≈ 56°). Nevertheless, 
the sample surface was wetted by the liquid water within seconds and therefore 

cannot be classified as water repellent. The insufficient water repellent property of 
the obtained PET fabric is supposed to arise from the lack of optimal methyl 

group orientation. The fastness test to washing showed poor results whereas the 
abrasion test showed an increase in the water contact angle after abrasion. How-

ever, the increase in the water contact angle was found to be caused by the in-
crease in fabric surface roughness which make assumptions regarding the PDMS 
influence difficult.  

The obtained colour strength of the treated samples showed acceptable values 

which are comparable to results under similar conditions found in the literature. 
The results from the fastness tests showed an excellent colour fastness to washing 

and a good fastness to abrasion in the frame of the investigated conditions.  

Focusing on the influence of the process temperature and PDMS molecular 

weight on the resulting water contact angle, it was indicated that the temperature 
but not the PDMS molecular weight show a significant influence on it. Thereby 

the hypothesis that the water contact angle is increasing with increasing process 
temperature (from 95°C to 120°C) can be confirmed whereas the hypothesis that 

the water contact angle is increasing with increasing molecular weight of the used 
PMDS (from 770 to 28000 g/mol) is rejected.  
Both investigated factors (temperature and PDMS molecular weight) did not show 

a significant effect on the colour strength of the treated samples. This means that 
the hypothesis which suggests an increase in colour strength with increasing pro-

cess temperature (from 95°C to 120°C) is rejected.  
 
By comparison of the different SC-CO  processes on the water contact angle, it 

was shown that the two-step process led to slightly higher values than the simul-

taneous process. This leads to the rejection of the hypothesis that the process type 
is irrelevant for the water contact angle results. Nevertheless, all process types 

showed a similar wettability of the sample surface which indicates independents 
of the hydrophobicity towards the process types from this point of view. In addi-
tion the process type is not influencing the colour s trength of the treated samples 

which is confirming the hypothesis. These results support the simultaneous pro-
cess which is saving energy and time compared to the two-step process.  

Overall this thesis points out the necessity of eco-friendly technologies in textile 

finishing and presents an approach towards a water and energy efficient dyeing 
and functionalisation process. During this thesis new data has been generated on 
silicone behaviour in supercritical carbon dioxide which should support future 

research in this field.  
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4.2 SOCIETY IMPLICATIONS AND ETHICAL CONSIDERATIONS 
 

The society is demanding more and more sustainable and eco-friendly production 
methods especially for the textile industry (Domingo & Subra-Paternault 2016). 

This thesis presents one approach to fulfil such a demand by showing the feasibil-
ity of a simultaneous dyeing and functionalisation process in SC-CO  with envi-

ronmentally benign chemicals.  Thereby it is raising awareness of the eco-friendly 
SC-CO   technology and the application possibilities of it. By increasing the ap-

plication of this technology high amounts of water, energy and effluent can be 

saved which would benefit not only the environment but residents of neighbour-
ing textile finishing plants, the textile manufacturer and many more (Chakraborty 
2010a). Further the SC-CO  plant location is independent from access to water 

which can lead to social and economic development of remote places.  

The SC-CO  technology and chemicals used in this thesis project are predomi-

nantly harmless and environmental benign. In addition no human or animal partic-

ipates in the study and therefore the ethical considerations are kept to a limit. Fur-
thermore the successful outcome of the experiment will not lead to destructive 

measures for the environment or living organism, on the contrary it will support to 
save limited resources and avoid/limit emissions. The SC-CO  technology also 

presents a safe work environment for personnel compared to water-based dyeing 

where the safety standards are often ignored and personnel comes in direct contact 
with the dyeing bath (Chakraborty 2010c).  

5. FUTURE RESEARCH  
 

The increasing awareness of the overall environmental issues in the last decade is 
the main driving force for sustainable development in the textile industry. Due to 

the fact that eco-friendly technologies are not state-of-the-art in this industry yet 
it’s important to push sustainable development such as the SC-CO  technology 

forward.  

During this thesis work different approaches to answer the research question came 

to mind which could not be investigated.  
One approach would be to add small amounts of cosolvents such as acetone or 
methanol to the supercritical carbon dioxide dyeing and functionalisation process 

in order to increase the dye and PDMS solubility in the medium. Chang, Bae and 
Shim (1996) investigated that the addition of acetone to the SC-CO  dyeing pro-

cess of PET fibres leads to an 2-5 times increase in dye uptake of the fibres. The 
use of cosolvents to increase a substance solubility in SC-CO   is also found in 

other studies (Frolov & Kiselev 2014; Li, Zhang, Zhong, Liu & Zhou 2003). This 
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phenomenon might also relate to the PDMS uptake of the PET fibres when the 

cosolvent is able to increase the PDMS solubility in the medium. Here, investiga-
tions on the kinetic and thermodynamic phenomena of the dyeing and functionali-

sation process are showing a high research potential.  
Another approach is focusing on the surface roughness of the fabric or fibre. As 
seen from the results obtained with modified PET and after the abrasion test in 

this study a high contact angle (>120°) can be obtained with increased surface 
roughness. An increase in surface roughness together with the hydrophobic 

PDMS layer showed good water repellent properties of the fabric. Of interest 
would be if it is possible to increase the surface roughness of the fabric and/or 
fibre in the SC-CO  process without the need of a pre-treatment. Another idea 

would be to add silica nanoparticles to the process in order to increase the surface 
roughness.  

Future research should also include the investigation of reactive PDMS types such 
as silanol which can be crosslinked with silane using catalysts such as tin octoate 
(Ziya Özek 2017). If a crosslinking reaction is carried out in the high pressure and 
temperature cylinder of the SC-CO  machine, thermodynamic calculation need to 

confirm the safety of such experiments. The crosslinked PDMS layer around the 
fibres (sheath) is supposed to lead to higher wash and abrasion fastness properties. 

In addition it would be insteresting to see the effect of a modification of the PET 
fibres in order to form covalent bonds between the reactive PDMS and the func-

tional groups of the fibres. Further the treatment of a different substrate (e.g. pol-
yamide) with silicone in supercritical carbon dioxide for a water repellent func-
tionalisation can be of interest.  

Silicones show a wide application field in textile finishing. Fabric treatment with 
silicones do not only enhance the water adsorption and water repellence but can 

also lead to improved physical properties such as tear strength, abrasion, stretch 
recovery, wrinkle resistance and shrinkage reduction. In addition they add soft-

ness to the fabric and reduce the sensibility for wet stains (Ziya Özek 2017). Due 
to the wide application possibilities for silicones it is important to continue re-

search on sustainable application methods for textile. The functionalisation of 
textiles in SC-CO  with silicones shows a high research potential and this thesis 

should support future investigations in this direction.  
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1. MATERIALS 
 

The following materials were used in the experiments carried out at Eurotechnica 

GmbH, Germany.  

DYE  

The dispersed dye Colourtex Corangar Orange PE-3330 (molecular weight of 383 
g/mol) provided by DyeCoo B.V. (Weesp, Netherlands) was used in this 

experiment. 
 

WATER REPELLENT 

Polydimethylsiloxane (PDMS) – trimethylsiloxyterminated (molecular weight 770, 
9000 and 28000 g/mol) was purchased from Alfa Aesar (Karlsruhe, Germany) and 

used as the water repellent.  
 

SUBSTRATE 

A 100% polyester (PET) plane weave and heat set fabric from F.O.V. Fabrics AB 
(Borås, Sweden) was used as the substrate. One PET filament (167 dtex) is used in 

the warp direction whereas two filaments are combined into a single yarn (2*167 
dtex) in the weft direction. The glass transition temperature was obtained by 

differential scanning calorimetry (DSC) and found to be at 87.78°C. On the basis 
of the DSC the substrates crystallinity is calculated to be 27.52 %. 

 

MEDIUM 

The used liquid CO  was provided by Westfalen, Germany and was of 99.999% 

purity. 
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2. EXPERIMENTAL SETUP  
The dyeing and functionalisation process was carried out using a modified high 

pressure extraction unit (HPE lab-700r Eurotechnica, Germany). The experimental 
setup can be seen in figure 1 with the main components indicated. Table 1 is 

showing the specifications of the unit components. 

 

Figure 1: High pressure laboratory extraction unit at Eurotechnica GmbH, Germany. 

 

 

 

 

 

 

 

CO − cylinder  

High pressure viewing cell 

Hand pump 

Extractor 

Separator 

Compressor 

BPR 
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Table 1: Component specifications - maximum allowable operating pressure (MAOP) and 

temperature (MAOT). 

Component MAOP MAOT Volume/ Volume 
flow 

Extractor 1000 bar 150° C 4 l 
Separator 500 bar 100° C 0.5 l 
Compressor 1000 bar  - Approx. 5 l/h 
Viewing cell 500 bar 180° C 5 ml 
Back Pressure 
Regulator (BPR) 

690 bar 80° C Max. 10 kg/h 

Heating 
recirculator 

Atm 150 ° C - 

 

The extractor and the separator are heated individually with a heat circulation 
system (Julabo-SE, Germany), so that they can be operated at different 

temperatures. The temperature is indicated through calibrated thermocouples which 
are mounted on the lid of the extractor and the separator and reach into the 

autoclaves.  

An electrical membrane gas compressor (Nova Swiss, Switzerland) compresses the 

carbon dioxide and circulates the compressed gas through the extraction cycle. The 
frequency and stroke strength of the compressor are fixed. The pressure in the 

extractor is controlled by a manual back pressure regulator (BPR, Tescom Europe). 
The pressure in the separator can also be regulated with the adjusted BPR and the 

amount of carbon dioxide in the cycle. The separator is usually operated at lower 
temperature and pressure (close to the CO -cylinder pressure of 50 bar) compared 

to the extractor in order to precipitate substances that were dissolved in the 
extractor. In the separator the regenerated CO  is transported to the suction side of 

the compressor, where it is compressed again and used in a closed CO  loop. The CO  flow in the extractor is operated from top to bottom.  

A stainless steel cylinder is used to load the source material into the extractor 
autoclave. It has a mesh bottom in order to let the carbon dioxide flow through. The 

hand pump and high pressure viewing cell (Eurotechnica, Germany) are connected 
with a bypass onto the main CO  cycle. The CO  stream through the viewing cell 

can be controlled by opening or closing the connection valves (see figure 2 and 3). 
The hand pump allows the insertion of previously charged substances into the 
viewing cell (inlet valve B) and therefore into the main CO  cycle at any time during 

the process.  
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Figure 2: High pressure viewing cell (PSch-03-18 Minisichtzelle) and hand pump 

(Eurotechnica, Germany). 

 

3. METHOD 
 

In this chapter the supercritical carbon dioxide treatment procedure is elaborated 

together with the sample and substance characterisation methods which include 
water contact angle and interfacial tension measurements.  

 
3.1 SUPERCRITICAL CARBON DIOXIDE DYEING AND 

FUNCTIONALISATION PROCDURE 
 

In the first step the textile substrate (PET) and filling material (to reduce the 
autoclave volume) were loaded into a stainless steel cylinder and inserted into the 
extractor autoclave. The extractor lid was then closed tightly and the CO  tube from 

the compressor, the connection tube to the viewing cell and the thermocouple were 
connected to the lid. The extractor was then heated to the desired temperature by 

adjusting the heating bath temperature. All valves were initially closed. 

In figure 3 the schematics of the functionalisation and dyeing cycle can be seen with 
all valves, thermocouples (T1 and T2), manometers (P1 and P2), rupture disks (RD1 
and DR2) and the main components.  

Connection valves C and D 

Filling valve A 

Inlet valves B 
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Figure 3: Schematics of the high pressure laboratory extraction unit at Eurotechnica 
GmbH. 

The hand pump was loaded with the desired substance (silicone or silicone and dye 
dispersion) by opening the filling valve A and rotating the hand pump. When the 

hand pump was filled valve A was closed tightly.  

In a next step valve , , V , V�  and V� were opened. Then the CO -cylinder was 

opened and the gas was passing from the cylinder into the compressor, the extractor, 
the separator and the viewing cell with CO -cylinder pressure. The high pressure 

unit was then checked for any leakages. 

In the following step valve V  was closed and the compressor was switched on, 

which was then pumping the compressed gas into the extractor up to the desired 
pressure value. When the desired value was reached, valve V  was slowly opened 

and the manual back pressure regulator was adjusted so that the pressure value in 

the extractor was kept constant but the gas could still flow from the extractor into 
the separator. From the separator the CO  returned to the compressor, closing the CO  cycle while the separator pressure was maintained constant using the CO  

bottle pressure. After reaching a stable system the CO  supply was stopped (closing 

the CO -cylinder and valve V�). 

The process time was around one hour and the silicone (PDMS) or silicone and dye 
dispersion was continuously added to the CO  stream via the hand pump (opening 

and closing of valve B). Experiments were carried out at extractor temperature of 
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120° C and 135° C and pressure of 250 bar and 350 bar. The separator temperature 

and pressure was kept constant at 56° C and around 50 bar.   

After one hour process time the compressor was stopped and the system was 
depressurized through valve V  and V  from process pressure to atmospheric 

pressure in approximately 40 min. Extract from the separator was collected and 
weighted.  

An overview of the process parameters of each run can be seen in table 2 which 
also states the weight gain or loss of the substrate and the inserted and extracted 

amount of silicone.  
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Table 2: Process parameters and overview of all produced samples.  

Sample  PDMS 
molecular 
weight 
[g/mol] 

Pressure 
[bar] 

Temperature 
[°C] 

Time 
[min.] 

Textile weight 
[g] 

Weight 
gain/loss 
[%] 

Inserted 
PDMS / 
Dye [g] 

Extracte
d PDMS 
[g] 

Comments and observations 

initial post 
tre. 

I 770  250 120 ≈120 12.29 12.31 0.16 2.86 0.77 Leaking viewing cell (PDMS exits as 
vapour) when PDMS is inserted. 

II 770 350 120 ≈60 11.57 11.93 3.11 2.86 1.18 Leaking viewing cell (PDMS exits as 
vapour) when PDMS is inserted. 

III 28000 250 120 ≈60 10.27 10.34 0.68 0.913 0.52 When PDMS is inserted the viewing cell 
becomes cloudy and after a few minutes 
it clears up again. 
Inserted less PDMS compared to previous 
experiments due to limited PDMS 28000 
g/mol fluid. 
 

IV 28000 350 120 ≈60 11.18 11.26 0.72 0.913 0.29 When PDMS is inserted the viewing cell 
becomes cloudy and after a few minutes 
it clears up again. 
 

V 770 250 135 ≈60 10.17 10.27 0.98 2.86 1.47 Textile was in the autoclave overnight at 
around 100°C and atmospheric pressure. 
 

VI 770 250 120 ≈60 9.70 9.76 0.62 PDMS: 
2.90 
Dye: 
0.052 

1.56 The viewing cell turns a little yellow 
when PDMS and the dye are inserted until 
they dissolved and were “washed” away 
in CO  stream. 
Textile is light orange after treatment. 
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VII 770 250 135 ≈60 10.38  10.36 -0,19 PDMS: 
2.97 
Dye: 
0.054 

2.07 Textile is light orange after treatment. 
Extract was mainly silicone and a little 
amount of dye (can be the result from the 
collection of extract overnight). 
 

VIII 770 250 135 ≈60 11.57  11.56 -0,09 PDMS: 
1.067 
Dye: 
0.051 

0.45 Textile shows a stronger orange colour 
than sample VI & VII. 
 

Referen
ce 

- 250 120 ≈60 10.45  10.36 -0.86 - -  
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3.2 WATER CONTACT ANGLE MEASUREMENTS 

The water contact angle (Ɵ) was measured by recoding a water droplet on the 

surface of the fabric (first 10 sec.) with a CCD camera and analysing one image of 
the recorded video via the analysing software ADVANCE from KRÜSS GmbH. 

The software used the sessile drop method and the Young-Laplace equations in 
order to calculate the water contact angle. The water contact angle was measured at 

atmospheric pressures and at room temperature (approx. 20° C).  

3.3 INTERFACIAL TENSION MEASUREMENTS 

The interfacial tension (γ) between PDMS and carbon dioxide was measured in a 
high pressure viewing cell (Eurotechnica, Germany) via the pendent drop method. 
A PDMS droplet was squeezed out of a capillary into the viewing cell which was 
filled with CO . A CCD camera was recording the shape of the droplet (pendent 

drop). The interfacial tension was calculated on the basis of the droplets shape with 
the analysing software ADVANCE from KRÜSS GmbH using the Young-Laplace 

equations. The temperature in the viewing cell was kept constant at 120°C and the 
pressure was increased (20 bar steps) starting at atmospheric pressure until the 

system was fully miscible and the minimum miscibility pressure (MMP) was 
reached; at this point no droplet could be formed and the PDMS was flowing out of 

the capillary. The resulting measurements are a mean out of three replicates. The 
interfacial tension measurement is indicating the miscibility of PDMS and carbon 
dioxide at different pressures and at 120°C. The two substances are fully miscible 

when no interfacial tension is present. Three different PDMS were tested which 
varied in their molecular weight (770, 9000 and 28000 g/mol). The densities of the 

PDMS fluids were taken from the technical data sheet of each which was indicated 
as densities at 20°C.  
 

4. RESULTS  

The results of the water contact angle measurements after the supercritical carbon 
dioxide treatment are shown in this chapter together with the interfacial tension 

measurement results as well as the PDMS and dye miscibility observations.  

 

4.1 SILICONE AND DYE MISCIBILITY AND EXTRACTION 
 

In the dyeing and functionalisation process (sample VI-VIII) the PDMS oil was 

combined with the dye powder in order to insert it into the viewing cell and thereby 
into the CO  cycle. The PDMS oil and the dye showed no miscibility and a 

dispersion was obtained which separated quickly when stirring was stopped (see 

figure 4).  
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Figure 4: PDMS and dye in a phase separated state. 

Silicone oil and dye particles were also extracted in the dyeing and functionalisation 
process and collected in the separator. The extract showed a light yellow colour. 

Specific information on the amount of PDMS and dye retained in the textile cannot 
be given by evaluating the inserted and extracted values due to unknown amounts 

of PDMS and dye dispositioned in the tubes, spindle, autoclaves, viewing cell and 
all connecting valves. A thick silicone film was found on the surface of the filling 

material in the extractor cylinder whereas dye was found on the inlet pipe to the 
separator (figure 5).  

   

Figure 5: Silicone and dye extract (left) and dye disposition in the separator vessel (right). 

 
4.2 WATER CONTACT ANGLE MEASUREMENT  

The results of the water contact angle measurements can be seen in table 3 and 
figure 6. The obtained data measured in a high pressure view cell at Eurotechnica 

differs from the results measured with the optical tensiometer (Attension theta, 
Biolin Scientific) at the University of Borås. In this report the water contact angle 

values obtained at the University of Borås will be discussed due to higher precision 
of the drop dosing system (designed for ambient pressures with a constant droplet 
size and positioning on the surface) compared to the high pressure setup at 

Eurotechica.  
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Table 3: Results of water contact angle measurements (Ɵ) for all samples with 

corresponding standard deviation (σ).  

sample 

Inserted 

PDMS/Dye 

Pressure 

[bar] 

Temperature 

[°C] 

Ɵ  [°] 

measured at 

Eurotechnica 

Measured in the 

university   

Ɵ [°] 

Standard 
deviation 

(σ) 

I 770 250  120 124.33 124.89 2.83 

II 770 350  120 110.05 127.9 1.89 

III 28000 250  120 101.59 126.86 0.54 

IV 28000 350  120 101.92 133.17 3.21 

V 770 250  135 135.81 133.84 1.30 

VI 770 + dye 250 120 100.58 130.15 4.71 

VII 770 + dye 250  135 113.31 133.71 3.82 

VIII 28000 + dye 250  135 125.34 123.94 4.87 

IX   250  120 56.08  56.95 3.19 

 

In table 3 it can be seen that all samples treated with silicone or silicone and dye 

show a higher water contact angle compared to the reference sample where no 
substance was added in the process. 

 
Figure 6: Water contact angle measurements of PET samples treated with silicone (PDMS) 

or silicone and dye (PDMS + D) in SC- �  at elevated temperature and pressure levels 

including their standard deviation; PDMS 770 g/mol (PDMS 770), PDMS 28000 g/mol 

(PDMS 28), blue bracket indicating a mean difference at a 95% confidential level. 

 

In figure 6 it can be observed that an increase in pressure from 250 to 350 bar results 

in an increase in the water contact angle of the PET sample treated with PDMS 
28000 g/mol at 120°C. While the increase in pressure did not show a statistical 

effect on the water contact angle of PMDS 770 g/mol.  
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The influence of the temperature increase from 120°C to 135°C on the water contact 

angle of samples functionalised with PDMS 770 g/mol is evident in figure 6. Here 
the water contact angle is increasing with increasing temperature. This is not the 

case for PDMS 770 g/mol when dye was added to the process. The mean water 
contact angle here shows no statistical difference.   

Samples treated with PDMS 28000 g/mol show slightly higher contact angle values 
compared to the PDMS 770 g/mol when no dye was added. Statistically the mean 

water contact angles are not different at a 95% confidential level.  

By comparing the results of the sample 770 g/mol with and without dye at both 

temperature levels, it was statistically proven that the addition of dye to the process 
showed no significant effect on the mean water contact angle of the samples.   

The water contact angle measurement of the sample 28000 g/mol with dye (135°C 

and 250 bar) shows no statistical difference to the samples with the same PDMS 
without dye but decreased temperature (120°C and 250 bar).  

In figure 7 the reference sample is compared to sample V regarding the images of 
the droplet on the fabric surface and the determination of the water contact angle. 

It can be seen that the water contact angle is higher for sample V than for the 
reference sample. This indicates that silicone is present at the treated sample which 

is increasing the hydrophobicity. The wettability of the reference sample surface 
was also obsereved to be much higher than the one of all samples treated with 
silicone. Nevertheless the treated samples were wetted and absorbed the water 

droplet after a specific amount of time (approx. 10 min). 

 

  

Figure 7: Indication of the water contact angle (Ɵ) on the reference sample (left) and 

sample V (right). 
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4.3 INTERFACIAL TENSION MEASUREMENT  

In figure 8 the interfacial tension measurements between silicone and carbon 

dioxide are shown as the function of pressure at 120° C. It can be seen that the 
interfacial tension between the PDMS and the carbon dioxide is decreasing with 

increasing pressure for all samples.  
The interfacial tension is decreasing almost linearly with increasing pressure for 

PDMS with a molecular weight of 770 g/mol. At atmospheric pressure and 120°C 
the interfacial tension lays at 14.59 mN/m. The lowest interfacial tension was 
obtained at 200 bar with 0.38 mN/m. When a pressure of 200 bar was exceeded, the 

silicone was flowing out of the capillary and a drop formation was impossible.  
The graphs of the silicone with a molecular weight of 9000 and 28000 g/mol show 

a very similar slope with the 9000 g/mol silicone having a slightly lower interfacial 
surface tension than the 28000 g/mol silicone at the same pressure level. The 

condition where no pendant drop could be formed was reached with an exceeding 
pressure of 360 bar for the silicone of 9000 g/mol. The lowest interfacial tension 

for PDMS 28000 g/mol was measured at 400 bar with a value of 0.12 mN/m. 

 

Figure 8: Interfacial tension vs. pressure for PDMS 770, 9000 and 28000 g/mol and carbon 

dioxide at 120°C. 

In the following pictures the decreasing drop size and changing drop shape of the 
silicone oils in carbon dioxide at 120°C can be seen at increasing pressure.  
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PDMS 770 g/mol 

      

   

        

 

 

 

 

 

 

 

 

Pressure: atm  20 bar 40 bar 60 bar 

80 bar 100 bar 120 bar 140 bar 

160 bar 180 bar 200 bar 220 bar 
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PDMS 9000 g/mol 

                       

                            

                                

                                    

                   
 
 

Pressure: atm  20 bar 40 bar 60 bar 

80 bar 100 bar 120 bar 140 bar 

160 bar 180 bar 200 bar 220 bar 

240 bar 260 bar 300 bar 

320 bar 

280 bar 

340 bar 360 bar 
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PDMS 28000 g/mol 

                          
 

                                  

                                      

                                       

                                                

Pressure: atm  20 bar 40 bar 60 bar 

80 bar 100 bar 120 bar 140 bar 

160 bar 180 bar 200 bar 220 bar 

240 bar 260 bar 280 bar 300 bar 

320 bar 340 bar 360 bar 380 bar 400 bar 


