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Abstract  
Conductive polymers, since from their discovery, have become a prominent area of research and 

found many useful applications in all fields of our daily life. Examples are light emitting diodes, heat 

generation, chemical sensors and electro-active membranes. Polymer coated textile substrates give 

flexible and lightweight materials.  

One well utilized and thoroughly explored conductive polymer is poly(3,4-ethylenedioxythiophene) 

also known as PEDOT. Although there are different ways to produce PEDOT one of the most common 

is the VPP technique. The typical procedure when using VPP is to introduce the monomer vapor to an 

oxidant coated substrate so that it polymerizes on the surface of the substrate. 

Throughout this study, the VPP technique has been used to produce PEDOT on different textile 

fibers. Aim was first of all optimizing the process gaining low electric resistance, i . e. high 

conductivity, of produced coated fibers but also multilayer coatings of fibers.  

Outcome indicates some parameters not having a clear influence over the results while others had a 

more distinct impact.  

A noteworthy result was obtained by coating a substrate, namely lyocell fiber, multiple times with 

layers deposited directly on each other. This decreased the resistance from 5.1 (± 1.6) kΩ/10 cm to 

1.0 (± 0.1) kΩ/10 cm, for one layer and multiple layers respectively. Adding 15 wt. % of the 

copolymer PEG-PPG-PEG to the oxidant solution decreased the resistance from 6.8 (± 1.2) kΩ/10 cm 

to 3.9 (± 0.8) kΩ/10 cm. 

Final conclusion is that among the ways, to improve conductivity for PEDOT coated fibers, applied in 

this study are best results obtained by multi-layer coating. 
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1 Introduction 
Smart Textiles (ST), a branch of University of Borås (UB), is a driving force regarding the 

development of smart textiles and the purpose of this study was to contribute to this 

development. 

The specific purpose was to use controlled vapor phase polymerization (VPP) to polymerize 

monomers on the surface of existing textile fibres. The focus was to go beyond the present 

paradigm of one layer and create multilayer structures but most important of all obtain polymer 

coated textile fibres exhibiting low electric resistance, i . e. high conductivity. 
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2 Background 

2.1 Conductive Polymers 
Polymers are large molecules that are formed of monomers that are covalently linked consequently 

polymers have a high molecular weight. Polymers are often natural but can also be synthetic. 

(Albertsson, Edlund & Odelius 2012). Some polymers are conductive, this is due to their conjugated 

backbone structure and delocalized electrons, π-orbitals, which provide possible charge transport 

(Trindade, Martins & Baptista 2015). However, these double bonds are not the only property that 

makes a polymer conductive, since the conjugated polymers in themselves are either 

semiconductors or insulators. The crucial step to obtain conductive polymers is the doping step of 

their precursors. One way is to divide doping in two groups, p- and n-doping, respectively. In the first 

case, the backbone including π-electrons is partially oxidized and in the second case partially reduced 

(MacDiarmid 2001). 

Polymeric organic conductors were first discovered in 1977. H. Shirakawa, A. G. MacDiarmid and A. J. 

Heeger received, in 2000, the Nobel Prize for their discoveries in the field of intrinsically conducting 

polymers (ICP). The remarkable with their breakthrough was the discovery that polyacetylene (PA) 

could be doped (oxidized) which generated a higher conductivity of more than 105 S cm-1. However, 

the doped polyacetylene was never commercialized because of its poor stability (Kirchmeyer & 

Reuter 2005). ICP are clearly distinguished from extrinsically conducting polymers (ECP) that are 

blends of nonconductive polymers and material, with electrical properties, such as metal or carbon 

nanotubes (Bashir 2013; MacDiarmid 2001). 

Other candidates for ICP, except polyacetylene, are a few other commonly used conjugated polymers 

like polyaniline (PANI), polypyrrole (PPy) and polythiophenes (PT) for example poly(3,4-

etyhylenedioxythiophene) (PEDOT) (Bashir, Naeem, Skrifvars & Persson 2014). 

2.2 PEDOT 
PEDOT was first introduced in the 1980´s and display both chemical and physical stability but also 

good electrical properties (Trindade, Matos, Lucas, Miguel, Pereira & Silva 2015). This polymer also 

has great environmental stability (Bashir et al. 2014). 

In situ PEDOT is produced through chemical reaction in the final step of product chain, i . e. directly 

deposited on the final product. In contrast there are prefabricated products such as PEDOT:PSS. 

Polystyrene Sulfonate (PSS) acts in this complex as a stabilization template polymer, and the product 

is used in several applications (Kirchmeyer & Reuter 2005). A drawback of PEDOT:PSS is that it is 

hygroscopic, acidic and consequentially may cause degradation of used substrates  (Metsik, Saal, 

Mäeorg, Lõhmus, Leinberg, Mändar, Kodu & Timusk 2014). Highest conductivities have been 

obtained by in situ PEDOT (Alemu Mengistie, Wang & Chu 2013; Kirchmeyer & Reuter 2005; Kumar, 

Gopinathan & Singh 2014).  

One likely polymerization process mechanism for PEDOT is the one shown in figure 1. An oxidant 

initiates the conversion of EDOT to a radical cation, as displayed in step 1. In step 2 the radicals react 

with each other and a carbon-carbon coupling is established that leads to termination of the radicals 
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(Skorenko, Faucett, Liu, Ravvin, Bernier, Mativetsky & Jones 2015). The dimers are then stabilized in 

the PEDOT forming step 3 by scavenging of protons by, in this case, the oxidant anions. The anion can 

then, in step 4, further stabilize the polymer which is called doping and is the main reason for charge 

transport and conductivity (Trindade, Martins & Baptista 2015). 

 

Figure 1: A possible polymerization process for PEDOT (Skorenko et al. 2015). 

2.3 Polypyrrole 
Pyrrole differs in oxidative potential compared to EDOT, which has a higher one, and is known to 

result in a less conductive polymer than EDOT (Laforgue & Robitaille 2010). A noteworthy 

characteristic for pyrrole, compared to EDOT, is its higher vapor pressure allowing it to be 

polymerized at lower temperatures (Shang, Yang, Tao & Lam 2010). 

 

Figure 2: A possible polymerization process for Polypyrrole (Wei, Yang & Tian 1992). 
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2.4 Conductivity 
Conductivity corresponds to a samples ability to conduct electric current, i. e. electrons. Due to this 

characteristic, synthetic metals are a common term for ICP (MacDiarmid 2001). There are two 

models for electron energies and motions in metals. First, the electron sea model where the metal 

cations make a regular pattern that is surrounded by a sea of highly mobile valence electrons. 

Second, a more detailed view is given from the band model where the same electrons are placed in 

molecular orbitals (MO). Every electron can be placed in bands with different energies. The 

characteristic that explains thermal and electric conductivity is that an empty MO is close in energy 

to a filled MO (Zumdahl & DeCoste 2013). In an article about ICPs are these two named HOMO 

(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital). These two 

correspond to the redox-behavior, HOMO to oxidation peak and LUMO to reduction peak. The 

difference gives the electrochemical band gap (Kumar, Gopinathan & Singh 2014).  

The unit for conductivity is the reciprocal of resistivity (Bashir 2013). 

𝜌 =
𝑅 · 𝐴

𝐿
 

𝑐 =  
1

𝜌
 

R (Ω) is the resistance over length L (m), A (m2) is the cross sectional area of the fiber. From these 

values are the other two calculated, volume resistivity ρ (Ωm) and conductivity 𝑐 (S/m) (Bashir 2013).  

2.5 Vapor Phase Polymerization (VPP) 
VPP is the polymerization technique used in this thesis and it is one of three polymerization metho ds 

for PEDOT. The others are electrochemical polymerization and wet chemical oxidation, the latter also 

called Liquid Phase Polymerization (LPP). 

According to one source there are three different kinds of VPP available, divided due to operation 

pressure: atmospheric VPP, chemical vapor deposition (CVD) and vacuum VPP (VVPP) (Mueller, 

Fabretto, Evans, Hojati-Talemi, Gruber & Murphy 2012). Whatsoever in this field nomenclature is not 

clearly distinct from each other, and different researchers might use different words in different 

ways (Sreenivasan & Gleason 2009). 

The VPP technique is to introduce a monomer vapor, usually EDOT vapor, to an oxidant coted 

substrate and let it polymerize on the surface (Li, Hu, Zhou, Yang, Yan, Sun & Chen 2014). This is 

usually performed in a reactor with control of pressure (usually vacuum) and temperature (Trindade 

et al. 2015). 

Utilizing VPP or CVD has proven to give best PEDOT capacity, i. e. conductivity (Skorenko et al. 2015). 

Furthermore, they are more economical and sustainable than methods like LPP because of the lower 

amount of monomer needed, the less complex process and the reduced need for organic solvents  

(Trindade et al. 2015). VPP also makes it possible to coat nonconductive substrates and gives more 

even surface morphology which in turn is dependent of the evenness of the oxidant layer.  
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There are also disadvantages with VPP: first of all is the evenness of the coating dependent on the 

coverage of the oxidant layer and second of all is the potential harmful effect of monomer vapors 

used (Shang et al. 2010).  

2.6 Substrates 

2.6.1 Regenerated fibers 

Regenerated fibers are made from natural resources, but processed in an artificial way. Viscose and 

lyocell are such fibers made of cellulose, in these cases plant biomass (Rose & Palkovits 2011). 

Cotton, that consists mainly of cellulose requires much water and is cultivated on areas possible for 

food growth. Thus, regenerated cellulose fibers are promising candidates within textile to contribute 

to a sustainable society (Olsson 2011).  

2.6.1.1 Viscose 

Viscose is a natural and clean fiber but has a huge environmental disadvantage due to the use of 

carbon disulfide as solvent and in addition use of heavy metals. Paradoxically, by this method it is an 

environmentally friendly fiber processed in an extremely poisonous way (Rose & Palkovits 2011).  

2.6.1.2 Lyocell 

An alternative of carbon disulfide is nowadays used as solvent: N-methylmorphine-N-oxide (NMMO). 

The regenerated cellulose fiber that is a product of this process is lyocell. This is a fiber that gives low 

contamination during processing and better mechanical properties, compared with viscose (Carrillo, 

Colom, Sunol & Saurina 2004). The process takes place in a closed system, where the chemicals are 

recycled and the use of energy is lower (Olsson 2011; Rose & Palkovits 2011).  

2.6.2 Polyamide 

Unlike the regenerated fibers above, PA is a synthetic polymer. And to problematize this  raw material 

is not a renewable resource, since it is usually oil (Nationalencyklopedin).  

                                               

   

Figure 3: Structural formulas of cellulose (Wikipedia) and general polyamide (University of York). 

2.7 Oxidizing agents 
The most common used oxidants in the polymerization process for PEDOT are ferric chloride (FeCl3) 

and ferric p-toluene sulfonate (FepTS) (Trindade et al. 2015). In general, the oxidants have two 

functions: as polymerization agents and as polymer dopants (Zuber, Fabretto, Hall & Murphy 2008). 
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When using an oxidant based on iron the difference is the counter ion and how hard it is bound. A 

weaker bound like the one between iron and p-toluene sulfonate yields a less stable salt and thereby 

a lower separation energy. The result is more anions doping the polymer compared to the when the 

salt based on Cl- - ions would have been used. Therefore, p-toluene sulfonate, being the less bound 

counter ion, gives the most conductive polymer (Skorenko et al. 2015). 

2.8 PEG-PPG-PEG 
When using vacuum during VPP there are no water in the polymerization chamber in form of water 

vapor. This could be problematic because of the potential effect that water molecules have as proton 

scavengers during polymerization. A theory is that water molecules “de -protonate” the EDOT cation 

radical dimers thereby stabilizing them for further polymerization. However, when using FepTS and 

vacuum, there is no proton scavenger available and no reaction is believed to take place. On the 

other hand, in the case of FeCl3 the Cl—ion might work as a proton scavenger producing HCl. 

Adding the co-polymer PEG-PPG-PEG to the oxidant solution could provide some water for 

polymerization. This could be possible because of PEG-PPG-PEG hygroscopic properties and having 

some bound water. A possibility is that water releases during complexation between PEG-PPG-PEG 

and the iron center of FepTS (Mueller et al. 2012).  

It has been shown that PEG-PPG-PEG like other surfactants also inhibits crystal formation of oxidant 

and decreases its reactivity resulting in a higher conductivity (Fabretto, Müller, Zuber & Murphy 

2009; Mueller et al. 2012). 

2.9 Applications 
For materials based on conductive polymers there are a wide range of applications like for example 

light emitting diodes, heat generation, chemical sensors and electro-active membranes. To use 

conductive polymers together with textile substrates, coating them, gives flexible and lightweight 

materials (Bashir et al. 2014). These conductive polymer coated materials can be called “smart” due 

to their capability to respond to an electric charge. This also makes them candidates for use as 

artificial muscles, or more generally as actuators, i. e. a device that acts mechanically at a given signal 

(Maziz, Khaldi, Persson & Jager 2015). Other applications worth mentioning are antistatic coatings, 

enabling of conduction, organic light emitting diodes (OLED), organic field effect transistors (OFET), 

solar cells, (cathodes in) capacitators, electrochromic applications (Kirchmeyer & Reuter 2005), 

thermoelectric materials (Wei, Mukaida, Kirihara, Naitoh & Ishida 2015), biosensors (Fabregat, 

Armein & Aleman 2014),nerve tissue engineering and strain sensors (Trindade et al. 2015).  

The first use of PEDOT as a commercial product was an antistatic layer on photographic film. Here it 

helped avoiding discharges during manufacturing. Still there are a multitude of uses, possible 

wherever there is need of protection against static electricity. 

In the most applications PEDOT works as conductive coating. In OLED, the function of PEDOT is to act 

as a conductive layer from anode to the layer of photoluminescent conjugated polymers. In other 

words, these large molecules have the crucial property to send out photons. Thus, makes this a 

possible material for LED´s, useful as flat displays. 
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The function of organic solar cells is very similar to OLED´s, though it is  reversed: photons generate 

charges. Since these devices generate current there is consequently a voltage, an often used term is 

photovoltaics. While this generates energy, the requirement of photo sensors is restricted to detect 

light. Another electrooptical property is used in electrochromic devices, e. g. commercialized 

windows. The phenomenon gives color changes, e. g. from transparency, when voltage is changed. 

This shift is due to electrochemical redox reactions, i . e. electrons are transferred.  

Another promising application within organic electronic is in integrated circuits. One of the most 

highlighted applications are as counter electrodes in capacitators, where conductivity is about 1000 

times higher than for previous material and safety of operation is increased (Kirchmeyer & Reuter 

2005). 

2.10 Characterization 

2.10.1 Measurement of resistance 

 There are two ways to measure resistance: the two-probe method and the four-probe method. By 

four-probe method, contact resistance can be reduced which is preferred dealing with highly 

conductive fibers (Bashir, Fast, Skrifvars & Persson 2012).  

2.10.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a common thermal analysis, i. e. there properties are measured 

as function of temperature. 

In TGA a sample is heated or cooled with controlled rate, to give physical transitions and chemical 

reaction in the material. The method gives quantified changes of weight due to change in 

temperature, which is shown in a graph where decrease in weight percent is a function of 

temperature. 

2.10.3 Tensile 

Tensile testing is probably the most common testing method for mechanical properties. 

Characteristics like strength and rigidity can be obtained. Furthermore, the strain and stress 

(elongation) at break can be determined.  

The procedure is to detach the material at the ends and apply a force which slowly elongates the 

material with a constant speed. The force needed is registered and is set as a function of the 

elongation. This is displayed in a stress-strain curve. 

The materials can roughly be divided in different categories. Ductile materials are more capable of 

elongation while brittle materials break faster. A material with a higher stress/strain-ratio, higher 

Modulus of Elasticity, is called stiff while the opposite is a soft material. 

Strength of fibers is usually presented in tenacity (Wikipedia). 

2.10.4 Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy (IR) is used to characterize the polymer structure and functional groups. Pure 

polymers as well as polymer mixtures, breakdown products and surfaces can be analyzed. The result 
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is given in a graph, interferogram, where absorbance or transmittance is a function of frequency ( cm-

1) (Albertsson, Edlund & Odelius 2012).  

Almost all infrared spectrometers are using the mathematical procedure Fourier analysis to 

transform the interferogram to a more accurate spectrum (Harris 2010). 

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) is a technique that provides 

information of polymer surface, normally the outmost micrometers (Albertsson, Edlund & Odelius 

2012).  
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3 Experimental 

3.1 Chemicals 
The ferric (III) tosylate (FepTS) (40 wt% in butanol), Clevios C-B 40 V2, and the EDOT monomer, 

Clevios M V2, from Heraeus were used. Pyrrole (98%), PEG-PPG-PEG (Mn 2900), Acetone (99,9%) and 

ferric (III) chloride (FeCl3) (97%) were from Sigma Aldrich. Ferric chloride was prepared as a solution 

in butanol, 15 wt%. The butanol (> 99,5%) came from Fisher Scientific.  

Used substrates were Lyocell (Tencel) (Ne 30/1), Viscose (T-FIL) (Ne 30/1), an unspecified polyamide 

and an unspecified cellulose based fabric. 

3.2 Methods 

3.2.1 Polymerization of PEDOT 

The polymerization procedure was performed with the setup shown in figure 4 displaying a Selecta 

Vacuo-Temp polymerization chamber and a Comecta Ivymen vacuum pump. 

 

Figure 4: The used setup for polymerization. 

Each batch, consisting of four fibers, were cut in approximately the same length of about 30 cm and 

then dipped in oxidant solution for a specific time, 5-60 minutes. The concentration of oxidant 

solutions were kept constant for all batches.  A few batches were dried, 1-10 minutes, after this but 

for the main part the fibers were immediately attached to a large Petri dish with crocodile clips, that 

provided coated length between the attach points from clips of, approximately 15 cm. This Petri dish 

was then put inside the polymerization chamber together with a separate Petri dish containing a few 
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drops of EDOT. The pressure inside the chamber was lowered, with the vacuum pump, to -26 cmHg 

relative to atmospheric pressure, i. e. absolute pressure 50 cmHg. This was the lowest pressure 

obtained with the specific pump.  The heat inside the chamber fixed at a certain temperature for 

each batch, from room temperature to 90 °C, and the time of polymerization, in the range 20-120 

minutes, was kept thoroughly for every batch. The atmosphere inside the chamber was always 

saturated with EDOT vapor, since it was controlled that EDOT liquid never ran out.  

After polymerization the samples were washed with methanol in two steps to remove excess of 

oxidant and unpolymerised EDOT monomer. This was the standard washing procedure. Then the 

samples were dried for approximately 30 minutes at 60 °C in an oven to evaporate methanol and 

other residues. When referring to drying, this was the standard procedure for treated samples. 

For lyocell fibers coated with PEDOT, it was tested which value of respective parameter that give 

lowest resistance. Each parameter was investigated one at a time, holding the others fixed.  

Table 1: Applied conditions for tested fibers. Varied variable marked in gray. 

Substrate Oxidizing 
agent 

Time in 
oxidant 

solution (min) 

Time of 
reaction (min) 

Temperature 
of reaction 

(°C) 

Additional 

Lyocell FepTS 15 30 40 1 min drying 

Lyocell FepTS 15 30 40 10 min 
drying 

Lyocell FepTS 15 30 40  

Lyocell FepTS 15 30 50  

Lyocell FepTS 15 30 60  

Lyocell FepTS 15 30 70  

Lyocell FepTS 15 20 60  

Lyocell FepTS 15 40 60  

Lyocell FepTS 15 50 60  

Lyocell FepTS 15 90 60  

Lyocell FepTS 5 30 60  

Lyocell FepTS 10 30 60  

Lyocell FepTS 15 30 60  

Lyocell FepTS 20 30 60  
Lyocell FepTS 60 30 60  

Lyocell FepTS 15 30 60 Oxidizing 
agent in low 

amount 

Lyocell FepTS 15 30 60 Oxidizing 
agent in high 

amount 
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Lyocell FepTS 15 30 60 Acetone 
pretreatment 

Lyocell FepTS 15 30 60 Multiple 
coating (6 

layers) 

Lyocell FepTS 15 30 60 5 wt. % PEG-
PPG-PEG 

Lyocell FepTS 15 30 60 15 wt. % 
PEG-PPG-

PEG 

Lyocell FepTS 15 30 60 25 wt. % 
PEG-PPG-

PEG 
Lyocell FepTS 15 30 60 15 wt. % 

PEG-PPG-
PEG + water 

Lyocell FeCl3 15 30 60  

Lyocell FepTS 15 30 Room 
temperature  

Pyrrole 
monomer 

Viscose FepTS 15 30 60  

Polyamide FepTS 15 30 60 Multiple 
coating (4 

layers) 

 

Every setup of parameters above was run with two batches of totally 8 samples. 

A cellulose based fabric was dipped for 15 minutes in FepTS solution and then put inside the chamber 

for 120 minutes at 60 °C. This was then washed before drying. Under these conditions two batches 

were run, the first with one and the second with two fabrics that were run under modified 

conditions. In the second batch one was dipped in FepTS solution for 60 minutes and the other was 

pretreated with aceton and then dipped in FepTS solution for 15 minutes. Later were two fabrics 

polymerized simultaneously with some changes: these were dried for 20 minutes after being dipped 

for 5 minutes in oxidant solution, one in FeCl3 and the other in FepTS. They were then polymerized 

for 30 minutes, washed and dried. 

Pure PEDOT was prepared for characterization by plating out FepTS solution on a Petri dish and by 

putting it inside the chamber until it got dark blue. Afterwards conductivity was measured to ensure 

that some PEDOT would have been gained. 

3.2.2 Measurement of electrical resistance 

The resistances of 10 cm fibers were measured at 10 V with a multimeter, a Metriso 2000 or a 

Mastech MY-68 (for resistances below 1.0 kΩ). For this measurement, the setup in figure 5 was used 

according to the two-probe method. This setup might however give a higher resistance in 

comparison to use of just crocodile clips (Bashir et al. 2012). The reason why this setup was used was 
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because of the impact the crocodile clips might have on the mechanical properties when attaching 

and dethatching them multiple times. 

In this case the resistance was measured at various locations along the length of the fibers and the 

best value was recorded for each fiber. 

Measuring the resistance of each fabric, another method was used. Each sample was measured eight 

times at different locations, making different lengths, ranging from 5.5 to 12.5 cm between tips of 

crocodile clips.  Resistance per centimeter was calculated and mean of this eight values was 

converted to same unit (kΩ/10 cm) as for fibers. 

All samples were analyzed. 

 

Figure 5: Setup for measurement of resistance. 

3.2.3 Thermogravimetric analysis (TGA) 

To find out the thermal properties of samples, a TA instrument Q500 TGA was used. The rate of 

heating was set to 20 °C/minute and the final temperature was set to 680 °C with nitrogen gas.  

The samples were cut in small pieces and placed in different pans after the taring of these.  

Just a few selected samples and pure PEDOT were analyzed. 

3.2.4 Fourier Transform Infrared Spectroscopy (FTIR) 

For analyzing surfaces of the samples, ATR mode was applied for a Thermo Scientific Nicolet iS10 

Smart iTR spectrometer run in transmission mode. All samples were collected with the frequency 

range of 500 to 4000 cm-1, a resolution of 4 cm-1 and over 64 scans. 

Before analyzing samples the spectrometer was cleaned with ethanol and background spectrum was 

collected. Each sample was then analyzed with cleaning in between. After a few samples, or about 20 

minutes, the background data was collected again.  
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Just a few selected samples and pure PEDOT were analyzed. 

3.2.5 Optical microscope 

An optical microscope, Nikon SMZ800, was used to measure diameters of pure fibers and coated 

fibers, respectively. This instrument also provides some information about the structure of the 

samples.  First, length scale in microscope was calibrated and then for each fiber ten values were 

measured. From these values were mean diameter with standard deviation calculated. Minimum and 

maximum diameter of the ten values was provided as well. Used magnification was 6.3X. 

Just a few selected samples were analyzed. 

3.2.6 Tenacity 

Tenacity (kJ/g) was calculated by dividing max force (N) with Tex (g/km): 

𝑇𝑒𝑛𝑎𝑐𝑖𝑡𝑦 =  
𝐹𝑚𝑎𝑥

𝑇𝑒𝑥
  

Tex (g/km) was calculated from two measured values, length and weight of fiber. Length was 

determined using a ruler, which makes an accuracy of ± 2 mm. The used balance was an ALS 120-4 

from KERN. For every parameter the average Tex was calculated from two samples for every 

parameter. 

Tensile testing of samples was performed with the universal testing machine, a Tinius Olsen H10kT. 

The attaching of samples can be seen in figure 6. For the performed tests the crosshead speed was 

set to 20 mm/minute.  

Four samples were tested for every parameter, except pure fibers that were tested in batches of 

eight, and the tenacity calculated, by applying Tex. 
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Figure 6: Grips with attached sample. 

 

 

 

 

 

 

 

 

 

 

 



Examensarbetet omfattar 15 högskolepoäng och ingår som ett obligatoriskt moment i 

Högskoleingenjörsexamen i Kemiteknik – tillämpad bioteknik, 180 högskolepoäng 

Nr 2016.24.03/2016 

 

4 Results 

4.1 Polymerization of PEDOT 
During the reaction, synthesis of PEDOT could be observed after a while as the oxidant drained 

substrate started to get darker and finally black.  

For substrates that were brown or yellow (colored by oxidant solution) for the main part of the 

reaction, the measured resistance was higher. Additionally a lot of the PEDOT was removed during 

washing. When 10 minutes drying was applied before reaction the samples were brown for a long 

period of time resulting in a high resistance.  

Another obvious example was the attempt to coat the cellulose based fabric. The undried was brown 

during the main part of the reaction. Because of that time in VPP-chamber was extended from 

planned 30 minutes to 120 minutes. This resulted in black coating that fell off during washing in 

methanol. In contrast, two fabrics were dried after dipping in oxidant solution. After polymerization 

process, these were blue and black for FeCl3 and FepTS, respectively. 

The times when using polyamide the main part of oxidant solution ran off the slippery surface after 

dipping. This resulted in an uneven coating with white spots. Observed was also that the PEDOT layer 

detached in some extent during washing in methanol. After the second dipping the oxidant solution 

seemed to attach better.  

4.2 Measurement of electrical resistance 

4.2.1 General measurements 

The fibers were in general 30 cm long, and resistance was measured at all positions.  The different 10 

cm parts provided resistance values that scattered in various extents. Moreover, differences in 

resistance were generally found both within a set of parameters and even a single batch. When 

white areas where visible within the measuring range, this correlated to a higher resistance.  

In general when measuring along the fiber it was easy to get the same or almost the same resistance 

at different locations, except some samples that differed.   

4.2.2 Drying 

The result of the first analyzed parameter, time of drying after dipping in oxidizing agent, was 

significant. Drying of soaked lyocell, is not only unnecessary, more important is that it gives a higher 

resistance as seen in figure 7. Measured resistance for the samples that were dried at 10 minutes 

was even higher, all of them over 1000 kΩ/10 cm. 
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Figure 7: Effect of drying of lyocell (kΩ/10 cm). 

4.2.3 Basic parameters 

When other important factors, displayed in figure 8, 9 and 10, were varied for coating of lyocell it did 

not result in significant differences. However, there were two exceptions: difference in optimum 

temperature in the CVD chamber, 60 °C differs from 40 °C and difference in optimum time inside the 

chamber, 30 minutes differs from 90 minutes. 

 

Figure 8: Dipping time in FepTS solution for lyocell (kΩ/10 cm). 
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Figure 9: Polymerization time (kΩ/10 cm). 

 

 

Figure 10: Polymerization temperature (kΩ/10 cm). 

4.2.4 Amount of oxidant solution 

When applying high or low amount of oxidizing agent it yielded a clear distinction in resistance which 

figure 11 indicates. 
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Figure 11: Effect of the amount of FepTS solution (kΩ/10 cm). 

4.2.5 Pretreatment 

The pretreatment with acetone, presented in figure 12, did not result in apparent deviating 

resistance.  

 

Figure 12: Effect of pretreatment of lyocell with acetone (kΩ/10 cm). 

4.2.6 Additives 

When PEG-PPG-PEG was added to the FepTS solution it provided significant better resistance 

compared with no addition, at least for 5 and 15 wt%. The comparison is shown in figure 13. 
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Figure 13: A comparison of different amounts added PEG-PPG-PEG to the FepTS solution (kΩ/10 cm). 

The PEG-PPG-PEG batches where five drops of water were added resulted in high resistance. Five of 

the samples had resistance over 1.0 MΩ/10 cm the other three around 450 kΩ/10 cm. 

4.2.7 Multilayer 

When adding further layers on fibers the measured resistance decreased with each new layer, 

although more rapidly between the first two layers. As seen in the figure 14 the standard deviations 

are larger for the first deposited layers. 

 

Figure 14: Multilayer of PEDOT on lyocell (kΩ/10 cm). 

4.2.8 Oxidizing agents 

In addition to the results of lyocell and FepTS, above: 
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When using the same parameters, as above, for lyocell and FepTS, but instead had FeCl3 as oxidation 

agent the provided resistance was distinct higher. This can be seen in figure 15 below. 

 

Figure 15: Different oxidant solutions for lyocell (kΩ/10 cm).  

4.2.9 Pyrrole 

When using pyrrole instead of EDOT, as monomer, the resulting lyocell fibers hade a higher 

resistance, all of them above 1000 kΩ/10 cm. 

4.2.10 Substrates 

Comparing viscose with lyocell resulted in no difference in resistance, when the same parameters 

were used. This is displayed in figure 16. Although, using polyamide and the same conditions gave a 

different result, all of the samples, except two, displayed a resistance above 1000 kΩ/10 cm. 

Applying one more layer on this two polyamide batches gave in turn a resistance of 57.5 ± 17.2 

kΩ/10 cm. When polyamide fibers were coated with three and four layers the resistance  were 71.2  ±  

40.0 and 59.8 ± 39.2 kΩ/10 cm, for three and four layers respectively.  
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Figure 16: A comparison between viscose and lyocell (kΩ/10 cm).  

The two coated fabrics resistances were 4.4 ± 1.9 kΩ/10cm and 16.7 ± 2.1 kΩ/10 cm for FepTS and 

FeCl3, respectively. 

4.3 Thermogravimetric analysis (TGA) 
Overall, PEDOT enhances the thermal stability at higher temperatures, for coated lyocell (figure 17). 

Some of the loss of weight is dislocated to higher temperature when applying PEDOT as a coating. 

However, the curve for the coated substrate (red) starts also to decline before the other two at 

approximately 290 °C. 

The graphs, for pure and coated, have a reduction in weight, up to 5 wt. %, before 200 °C.  

In relation to the 0 wt. % level the readout at 400 °C for both pure and coated says that the coated 

sample has a content of PEDOT of about 60 wt. %. 

The graph for PEDOT is somehow unexpected. First there is a gain in weight at the start and second 

the weight loss of over 100 % in the end.  
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Figure 17: TGA graphs for Pure PEDOT (blue), pure lyocell (black) and PEDOT coated lyocell (red). 

4.4 Fourier Transform Infrared Spectroscopy (FTIR) 
By comparing the FTIR spectra for pure lyocell (figure 18) and pure PEDOT (figure 19) it is possible to 

distinguish peaks confirming PEDOT coated substrate (figure 20).  

Analyzing the FTIR spectra for lyocell, a cellulose based material, the characteristic absorption peaks 

should somehow display content of cellulose but also residues of hemicellulose, lignin and absorbed 

water. First of all, a typical area is the broad peak in the range of 3000-3500 cm-1 disclosing stretching 

of hydroxyl groups, a common functional group for cellulose and hemicellulose. The second peak 

from the left, at 2888 cm-1, is due to a CH stretching, also available for both these polymers. Presence 

of absorbed water, the bending of OH, can most likely be observed through the third peak from the 

left at 1644 cm-1. Proceeding to the right, the peak at 1416 cm-1 and the peak at 1311 cm-1 reveal the 

presence of bending and vibration of HCH, respectively, for cellulose. The peak at 1365 cm-1 is very 

likely a CH bending. To the right of this CH peak there is a smaller one, at 1334 cm -1 that might belong 

to lignin and the stretching of syringyl, one of its main units. The other unit of lignin, the stretching of 

guaiacyl, is then in turn displayed at 1261 cm-1. The corresponding bending to the peak at 1226 cm -1 

is the COH for cellulose at C6. The stretching of COCis indicated by the peak at 1197 cm-1 and at 1156 

cm-1. The large 1017 cm-1 peak is due to vibrations of CC, C-OH and CH. For cellulose, stretching and 

deformation of COC, CCO and CCH correspond to the peak at 893 cm -1 while bending of C-OH 

corresponds to the one at 665 cm-1 (Dai & Fan 2011). 
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Figure 18: FTIR spectra for pure lyocell. 

It is likely that the peaks at 1501 cm-1 and 1470 cm-1 is owing to the stretching of the C=C double 

bond (Ates, Serin, Ekmen & Ertas 2015; Bashir, Skrifvars & Persson 2012; Skorenko et al. 2015). The 

1277 cm-1 peak is most probable a C-C stretch (Skorenko et al. 2015). The 1163 cm-1 peak and the 

1118 cm-1 peak are almost certainly due to a C-O stretch. The stretching of C-O-C and the C-S-C 

stretch is possibly displayed at 1020 cm-1 and at 995 cm-1, respectively. The following 865 cm-1 peak 

can be due to a C-S stretch which leaves the 710 cm-1 peak, probably a C-H bend. 
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Figure 19: FTIR spectra for pure PEDOT. 

 

Observing figure 20 and the absorption spectra for coated lyocel l the peak at 1432 cm-1 is most likely 

due to the C=C stretching (Bashir, Skrifvars & Persson 2012). For pure lyocell there is no such sharp 

peak that close to this wavenumber.  
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Figure 20: FTIR spectra for PEDOT coated lyocell. 

4.5 Optical microscope 
Figure 21 shows images of the different used substrates. Viscose and lyocell yarns and the fabric 

consist of several filaments in contrast to polyamide being a monofilame nt fiber. Moreover, from 

optical microscope images one can see the twisted nature of lyocell, being spun. 
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Figure 21: Pictures of substrates, (a) Lyocell, (b) Viscose, (c) Polyamide and (d) Cellulose based fabric 

seen with light microscope (Scale mark: 0.1mm). 

 

Figure 22: Pictures of coated lyocell fibers. Single layer coated (a), single layer coated with additional 

PEG-PPG-PEG in oxidation solution (b), multilayered coated fiber (c). 
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Figure 23: Diameters for different lyocell fibers. 

 

Table 2: Processing parameters for samples in figure 23. 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 
number 

t(ox) 
(min) 

t(VPP) 
(min) 

T 
(VPP) 
(°C) 

 

Additional 

1 - - - Pure 
lyocell 

2 10 30 60 - 

3 30 30 60 - 
4 15 30 60 High 

amount 
oxidant 
solution 

5 15 30 60 Multilayer 

6 15 30 60 PEG-PPG-
PEG in 

oxidation 
solution 
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4.6 Tenacity 
Usually length of yarn was about 30 cm with a weight between 5 – 10 mg, and that gave Tex (g/km) 

typically between 20 and 25 g/km for lyocell coated with single layer PEDOT. Higher Tex was 

measured for the substrate coated with multilayers of conductive polymer.  

 

Figure 24: Tenacity of lyocell fibers. 
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Table 3: Processing parameters of samples in figure 24. Samples 4-26 and 28 coated with PEDOT. 

Sample 
number 

t(ox) 
(min) 

t(CVD) 
(min) T(CVD) 

Oxidation 
agent Additional information 

1 - - - - Pure lyocell 
2 - - - - Pure lyocell 

3 - - - - Pure lyocell 
4 15 30 40 FepTS t(drying) 1 min ; T(drying) 60 °C 

5 15 30 40 FepTS  
6 15 30 50 FepTS  

7 15 30 60 FepTS  

8 15 30 70 FepTS  
9 15 40 60 FepTS  

10 15 50 60 FepTS  
11 15 20 60 FepTS  

12 5 30 60 FepTS  
13 10 30 60 FepTS  

14 20 30 60 FepTS  

15 30 30 60 FepTS  
16 60 30 60 FepTS  

17 15 90 60 FepTS  
18 15 30 60 FepTS High amount oxidation agent 

19 15 30 60 FepTS Low amount oxidation agent 
20 15 30 60 FepTS Washed with aceton 

21 15 30 60 FepTS Multilayer 

22 15 30 60 FepTS Multilayer (control) 
23 15 30 60 FepTS PEG-PPG-PEG wt5% 

24 15 30 60 FepTS PEG-PPG-PEG wt15% 
25 15 30 60 FepTS PEG-PPG-PEG wt25% 

26 15 30 60 FepTS PEG-PPG-PEG wt15% + H2O 
27 15 30 22 FepTS PPy 

28 15 30 60 FeCl3  
 

The two batches of pure viscose had tenacity 0.17 (±0.03) kJ/g and 0.14 (±0.03) kJ/g while the one 

with coated viscose showed a value of 0.18 (±0.01) kJ/g. 

Coated polyamide 0.24 ± 0.03 kJ/g compared to pure, whose two batches showed tenacity of 0.24 ± 

0.05 and 0.23 ± 0.13 kJ/g. 
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5 Discussion and Conclusion 

5.1 Polymerization of PEDOT 
That polyamide is white after polymerization is most likely due to bad coverage from oxidant 

solution. Unlike lyocell and viscose the surface of polyamide seemed to be  more slippery allowing a 

lot of the oxidant solution to drain which explains the white spots after the polymerization step. 

Removal of coating by washing is likely due to poor attachment of polymer coating to the polyamide 

surface. This result was similar to the obtained for the cellulose based fabric that not was dried after 

soaking up oxidant solution. Drying it seemed to have a positive effect and allowing the polymer 

coating to attach better and polymerization to proceed faster. If one should continue further with 

polyamide, drying could be a next step.  

In contrast to the lyocell fiber less polymer were attached to the preparated fabric without the drying 

step, between soaking in oxidizing agent and polymerization. A theory for this is that the PEDOT 

coating just covers the outermost of the oxidant solution applied. Then, during washing, the PEDOT 

coat was easily removed. One conclusion of this, in the case of the fabric, is that the amount of 

oxidant solution on the surface of the substrate might have been too large. 

On the other hand, it says in literature that researchers have proven PEDOT to be a bottom-up 

mechanism. This means that polymer film continues to be produced by capillary transport of oxidant 

solution to the formed PEDOT layer on the surface of substrate (Evans, Fabretto, Mueller, Zuber, 

Short & Murphy 2012). This suggests that after a sufficient time, and as long EDOT is provided, 

reaction will go on. Then, all oxidation solution will be transported to surface and a thick layer of 

PEDOT with contact to substrate will be formed. An explanation to results in our report that concur 

to results in literature saying that most of polymerization takes place in the beginning is that there is 

not more oxidation solution in fibers than it will ran out in the beginning of polymerization time  

(Trindade et al. 2015). To test this theory and thereby also empirically test the bottom-up 

mechanism, the two different oxidation amounts could be investigated for different polymerization 

times.  

Polymerization of the fabric taking longer time without drying might be due to evaporated butanol. If 

the atmosphere inside the chamber was saturated with butanol it is not likely that the same amount 

of EDOT evaporated compared to when no butanol were present. This could also be an explanation 

why adding water using PEG-PPG-PEG gave such poor result, i. e. high resistance. 

Although drying seems to increase attachment of coating, in some cases a possible alternative might 

be to use a base, a seed layer, to make it able for next to attach better. This was also utilized in other 

studies (Maziz et al. 2015). 

The aim with the monofilament polyamide was to, owing to its single filament, easily show different 

layers with Scanning electron microscope (SEM). The thought was to use some sort of isolating 

silicone layer inbetween the polymer layers. However, this was never done but could be further 

investigated. 
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In this work it has being shown that it is possible to coat the fabric. Although it is not enough basis to 

have statistical presentable values, each fabrics resistance/length unit is similar to those for 

respective oxidation solution at lyocell fibers. 

5.2 Measurement of electrical resistance 

5.2.1 General measurements 

When measuring resistance over the length of fibers the difference could be explained by uneven 

coating or some destruction of coating from handling the fibers after polymerization. In case of 

polyamide fibers, many of them had white spots after polymerization and even more so after 

washing. Even though, this was most obvious for polyamide it is most likely for other materials as 

well and thereby explaining these differences in measurements. 

5.2.2 Drying 

Checking different parameters for coating of lyocell, the effect of drying was the first one. Of some 

reason the measured resistance increased with increasing drying time. This could be due to stopped 

polymerization since oxidant solution in substrate has run out.  Consequently after the reasoning 

around the bottom-up mechanism above. 

5.2.3 Basic parameters 

The only final set to draw from the result regarding dipping time in oxidant solution and the reaction 

time is that it is not crucial. The only apparent is the fact that 30 minutes of reaction time is a little bit 

more preferable than 90 minutes. 

Although one can see in figure 8 that a dipping time of five minutes is likely to give the lowest 

resistance, we chose to use 15 minutes as time of soaking substrate in oxidati on solution. This is due 

to the similarities and uncertainties of the values and that 15 minutes is in the middle of the range. 

One could argue against this, that five minutes had saved time.  On the other hand a longer time 

could contribute to less relative deviations between the dipping times of the samples. This due to a 

different handling time and that our priority was to maintain the same conditions. 

Reaction temperaure displays an expected trend. Although it is not confirmed by the data there is a 

indication that the optimum temperature is around 60 °C which, in contrast for some other 

parameters, gives a clue about the best condition to use. 

5.2.4 Amount of oxidant solution 

A close related parameter to drying is the amount of oxidant solution used. Some how it seems to be 

beneficial for polymerization to have a lot of extra oxidant solution when the reaction is taking place. 

This could be explained by the bottom-up mechanism. 

5.2.5 Pretreatment 

Residues from production of lyocell fibers might affect the polymerization process and conductivity 

of our samples in a negative way. Because of this two batches were pretreated with acetone in 

cleaning purpose. However, when result showed no effect this hypothesis was rejected and not 

investigated more extensively.  
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5.2.6 Additives 

The idea to use a surfactant, in this case PEG-PPG-PEG, was because of extraordinary results made by 

others (Fabretto, Jariego-Moncunill, Autere, Michelmore, Short & Murphy 2011; Fabretto et al. 2009; 

Mueller et al. 2012; Zuber et al. 2008).  

The obtained result adding PEG-PPG-PEG was both expected and unexpected. Expected in the way 

that it produced samples showing a lower resistance but unexpected in the case of magnitude of 

improvement. The decrease in resistance was estimated to be lower, a few times lower, which has 

been done before with PEG-PPG-PEG (Mn 2900) and then also showing 15 wt. % proving to give the 

best value (Fabretto et al. 2011).  

The unexpected small improvement could be due to the relative high pressure inside the chamber. 

The work mentioned above was performed during vacuum or 45 mbar to be exact. In this case it was 

done with a pressure of roughly 0.67 bar, more than 14 times higher. If the role of the surfactant is to 

supply the reaction with water it might not have the same effect when the pressure is that high 

because there are already some water vapor in the atmosphere of the chamber. This is at least the 

result gained in other studies (Mueller et al. 2012). The same source also points out the 

ineffectiveness, or negative effect, of adding water when applying PEG-PPG-PEG which could explain 

the results achieved doing just that. In our case it resulted in resistance values over 1000 kΩ/10 cm, 

except for three samples having some lower values. This result demonstrates somehow the 

importance of humidity inside the chamber, not being too low or too high. It  is possible to much 

water has a negative impact on polymerization and that the oxidants have some affection for water 

leading to crystallite formation in the oxidant layer during polymerization. This in turn makes the 

oxidant less affective as polymerization agent (Zuber et al. 2008). To be able to control the humidity 

inside the chamber could be a next step for improvement of the used setup.  

Continuing the research of additives to add to the oxidant solution could be proven useful. An often 

mentioned additive is pyridine (Li et al. 2014; Mueller et al. 2012; Skorenko et al. 2015) but also 

imidazole (Fabretto et al. 2011). The two later are examples of base inhibitors that act by increasing 

pH of oxidant solution and thereby give a more controlled polymerization. Recent studies when co-

addition of surfactant and base inhibitor has been applied have  resulted in excellent properties to 

the generated film compared to pure PEDOT. Still are several other properties to bad or 

uninvestigated for reliable practical applications (Khadka & Yim 2015).  

5.2.7 Multilayer 

Like for PEG-PPG-PEG the idea of multilayers of PEDOT was taken from literature, showing a 

minimum resistance value after six polymerization layers. In the study referred to plain weave fabrics 

were coated. Worth noticing is the fact that the standard deviation decreases for each layer, as in our 

case. The difference from our results is regarding the first layer, not occuring as large as in our study. 

On the other hand, the relative standard deviation for the second layer was on the same level as i n 

this study. Apparently there are some difference between electrical properties of coated fibers and 

fabrics. A hypothesis is that a fabric provides more alternative ways for transport of electrons. This 

could explain the higher standard deviation for fibers in the first layer. If the coating of the fibers 
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were uneven or destroyed this would most likely explain the difference. The second layer gives 

alternative ways just like the fabric.  

For both cases, some kind of limit seems to be reached at five or six layers of polymerization, 

indicating some kind of limit of decrease in resistance. Although it might be a coincidence, the 

decrease in resistance is almost in the same magnitude, approximately one fifth for ours compared 

to one fourth for the mentioned study (Trindade et al. 2015).  

To somehow further investigate the use of multilayers it was done in the same way but for 

polyamide and the same results were expected. Measuring the resistance after the addition of the 

second layer gave a hint that the same pattern as for multilayered lyocell would be presented. 

Nonetheless, this was not the case for layer three and four both of them showing a higher resistance 

than layer two. This result, an increase in resistance, makes no sense and is thereby hard to explain. 

A likely theory is a deviation of some condition inside the chamber like humidity or some inhibiting 

chemical. With more time, the research with multiple coating of polyamide would have been done 

again to discard results of layer three and four as a contingency. 

The larger standard deviation of the first layer says that it is difficult to get an even coating for single 

layer film. That the big improvement regarding even coating occurs between layer one and two 

shows that two layers could be enough for many accuracy demands to get an even coating. Beyond 

that an explanation could be that the first layer in some extent act as a seed layer as discussed 

before. 

5.2.8 Oxidizing agents 

Utilizing FeCl3 as oxidation agent and comparing it with FepTS gave a distinct result where FepTS 

proved to give a lower resistance. However, one should be aware of that just one set of parameters 

were tested. This was just a comparison to see if there would be a big difference between these two 

oxidizing agents. The result, FepTS being somewhat better, is comparable with previous performed 

work comparing these oxidizing agents (Skorenko et al. 2015).  

5.2.9 Pyrrole 

Mentioned in the background were a few different conjugated polymers, among them PPy. Using 

pyrrole instead of EDOT for polymerization showed an increase in resistance which was expected 

since PEDOT is known to be much more conductive than PPy (Laforgue & Robitaille 2010). Of course 

one should have in mind that the exact same conditions used for pyrrole  never were applied for 

EDOT. For pyrrole a lower temperature was needed inside the chamber because of it being more 

volatile (Shang et al. 2010). 

5.2.10 Substrates 

The equivalent nature of lyocell and viscose, both being cellulose based, is likely the most probable 

cause for the indifference in resistance when these two were compared. In this case the physical 

properties do not seem to affect in a substantially way. If one  are to compare the results of these 

two with the results from polyamide there is a larger difference. It is difficult drawing any conclusions 

by this comparison because of the great alteration between these two cellulose base d fibers and the 
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amide based fiber. Still, additionally to being monofilament, it is likely some structural variance of the 

surface of the polyamide making it less suitable for coating. 

5.3 Thermogravimetric analysis (TGA) 
When observing the graphs in figure 17 the graph of pure PEDOT differ from the other two 

presenting a weight loss of over 100 %. The first thought is that this should not be possible.  Because 

of this the analysis was done all over again but with no remarkable difference. The only explanation 

for this, that we know, could be remains from earlier analyses not being completely decomposed 

because of to low temperature inside the furnace. Then, when our run was performed the remaining 

mass was tared together with the pan and thereby included into this. Performing the analysis the 

remaining mass would be included with our sample and resulting in a weight loss of over 100 %.  This 

could be due to higher temperature in our run. However, this is not likely because, before using the 

pan, it was burned off in a flame.  

There is gain in weight at the beginning at a very low temperature. Thinking about this without 

restrictions, one thought is that there has been some kind of absorption resulting in an increase in 

mass. Looking at the other two graphs, for pure and coated lyocell, there is a decrease in weight 

approximately at the same temperature. This is most likely to moisture evaporating. A theory is then, 

the other way around, that PEDOT absorbs moisture or at least some unknown mass.  Without good 

explanations the graph for PEDOT still gives some useful information about the thermal stability. 

Comparing the graphs for the two pure compounds, most of the decomposition of PEDOT takes place 

at a higher temperature. This phenomenon can also be detected for coated lyocell, strengthening the 

conclusion that the fibre is coated with PEDOT. This property is because of the conjugated bond 

structure giving it a rigid conformation preventing it from easily melting or dissolving (Shang et al. 

2010). For coated substrate the decrease starts however before the both pure compounds. One 

assumption for this is a thermal weakening of the present lyocell. Another observation that might 

contribute to this early decrease is the early start of decomposition of PEDOT.  

Our estimation is that 60 % of the coated lyocell consists of PEDOT is rough. The certainty could also 

be discussed because of the result of pure one.   

5.4 Fourier Transform Infrared Spectroscopy (FTIR) 
To somehow verify the presence of PEDOT on the fibers ATR-FTIR was used. The spectra for pure 

lyocell displayed many characteristic peaks for a cellulose based material (Dai & Fan 2011). But 

PEDOT on the other hand proved more difficult to characterize based on the acquired spectra. One 

source states that the characteristic peaks of PEDOT usually are found in the region of 700 – 1600 cm-

1 which is consistent with our gained result (Trindade et al. 2015). To point out absorption peaks 

corresponding to some functional group proved to be harder for PEDOT than for lyocell but most of 

the peaks were estimated based on a couple of different sources.  

The most characteristic peak for PEDOT, corresponding to the C=C stretch, should be located at 

around 1500 cm-1. In our case this is most likely the peaks at 1501 cm-1 and 1470 cm-1 or at least one 

of them. This provides some strength to the conclusion that it is PEDOT.  



Examensarbetet omfattar 15 högskolepoäng och ingår som ett obligatoriskt moment i 

Högskoleingenjörsexamen i Kemiteknik – tillämpad bioteknik, 180 högskolepoäng 

Nr 2016.24.03/2016 

 

The PEDOT sample was hard to figure out but even harder was the samples of coated lyocell. One 

distinctive peak present for this is the one at 1432 cm-1, not present for pure one. This correspond, 

according to some sources, with the C=C stretch. Another interesting result is the peak at 1118 cm -1, 

present for both pure PEDOT and coated lyocell, but not present for pure lyocell. This could be due to 

a C-O stretch present because of PEDOT. Of course lyocell, being a cellulose based material, also has 

this stretch but it does not occur at the same wavenumber as for PEDOT.  

Purity of samples has not been examined. A lot of known, for example Fe pTS, and unknown 

chemicals have for certain made this analysis more difficult. For a more advanced analysis this 

spectrum should also be compared with the one for FepTS, probably the chemical with most 

influence over this result. 

5.5 Optical microscope 
Results from microscope showed for some of the examined fibers a distribution of diameter. This 

occurred since some of the fibers had regions with a larger diameter. Looking at the chosen fibers at 

a few locations, though it was not a conscious choice in this case, one can easily see that the 

selection of measurement points effect the mean diameter. Interestingly enough the samples with 

high amount of oxidation agent show a large standard deviation while the one´s where PEG-PPG-PEG 

was added to the oxidation solution show a small standard deviation.  

5.6 Tenacity 
The results regarding tenacity depend on several uncertainties. Accuracy in method, by calculating 

one Tex-value per batch to save time and by making tensile test of two samples, could be discussed. 

This can however be seen as negligible compared to uncertainties caused of the used grip seen in 

figure 5. This method resulted in jaw breaks, i. e. that fabric broke at attaching point to grip, in 

almost every case. Thus, the strength with which the grip jaws are hold together is to be seen as a 

crucial factor for measured values. Consequently, the values are not reliable in detail and no 

conclusions can be drawn, but the pattern is clear enough to be used for discussion. 

In general are yield force- and max force-values identical but in some few cases is yield force 

considerably lower, likely explanation is burst of some filaments. To get comparable values have max 

force been chosen in calculations. 

All three batches of pure lyocell are among the seven with highest mean value and this indicates that 

addition of oxidation solution and monomer to be polymerized decrease tenacity of fiber. There are 

four parameters with considerably lower mean values than the others. One of them was run an extra 

time with the four remaining fibers as control. For the first two (5 and 6) a likely explanation is the 

strength of the grips holding the fibers in place. This was, however, the only possible setup for our 

short fibers. 

The duplicated tensile test batches of multilayered lyocell indicated in a clear way that these 

multilayered fibers had a significant lower tenacity. This is important to retain when eventually 

scaling this up through increased length, knitting and so on towards products. There should be some 

explanations to decreasing tenacity with increasing number of layers. Generally speaking, the reason 



Examensarbetet omfattar 15 högskolepoäng och ingår som ett obligatoriskt moment i 

Högskoleingenjörsexamen i Kemiteknik – tillämpad bioteknik, 180 högskolepoäng 

Nr 2016.24.03/2016 

 

could be that the fibers have been treated several times. The effecting stages of being put down in 

oxidation solution and twisted, being washed in methanol and dried in oven might be a cause.  

Methanol is an organic solution agent, though the most hydrophilic of alcohols which make the most 

likely effect at cellulose based lyocell on hydroxyl- and ether-groups. The lower tenacity of the 

multilayered fibers can also be explained by the more rigid structure  from multilayers. The most 

likely degrading cause is the acidic effect of the anion, TS-, not being as degrading as Cl-.  

Additionally, the fourth parameter with a considerably lower tenacity is the only one that has been 

treated with another oxidation solution, i. e. FeCl3. These results support the theory that chloride 

ions are stronger Lewis acids than TS- ions since the mean value is considerably lower than for single 

layer coated fibers treated with FepTS. 

Values of measured lyocell it is too uncertain and makes it hard to draw any conclusions. The basis 

for viscose and polyamide is also limited with respect to number of samples.  
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