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There are many different processes in the plastics industry, as in industry in general, that
generate waste. In cast film extrusion, the amount of waste is increased by production
interruptions caused by cleaning the residues that accumulates on the surface of the cooling
roll.

The purpose of the literature part of this thesis is to elucidate the theory of extrusion and
cleaning chemicals, as well as the relevant concepts related to them. In addition, possible
devices used to automate roll washing are mapped out.

In the experimental part of the thesis, the composition of the residues accumulating on the
surface of the cooling roll is investigated by means of FTIR analyzes and melting point
determinations. The thesis examines the residues arising from the manufacture of a total of
four different products. In addition, the use of water as a cleaning chemical is being tested
to replace the current solvent, ethyl acetate.

Based on the results obtained in the thesis, it is possible to clean the residues accumulating
on the roll edges with water. However, it was found that water is not suitable for cleaning
the center of the roll because the composition of the residues accumulating on the surface of
the roll differs between the center and the edges. Due to differences in the composition of
the residues, no cleaning chemical was found for the complete replacement of ethyl acetate.
However, it is possible to automate, at least in part, the cleaning of the roll with a cleaning
device integrated in the production line.
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Muoviteollisuudessa, kuten teollisuudessa yleisestikin, on paljon erilaisia prosesseja, joissa
syntyy jatettd. Tasokalvoekstruusiossa jatteen maarédéd kasvattaa ja&hdytystelan pintaan
kerdantyvan lian puhdistamisesta aiheutuvat tuotantokatkot.

Taman tyon Kirjallisuusosassa tarkoituksena on selvittdd teoriaa ekstruusion ja
pesukemikaalien osalta, seka ndihin liittyvid oleellisia késitteitd. Liséksi kartoitetaan
mahdollisia telanpesun automatisointiin kaytettavia laitteita.

Tyon kokeellisessa osassa selvitetdadn jaédhdytystelan pintaan kertyvien jdédmien koostumusta
FTIR ja sulamispiste analyysien avulla. Tydssa tutkitaan yhteensa neljan eri tuotteen
valmistuksesta syntyvia polymeerijddmid. Liséksi veden kayttéa puhdistuskemikaalina
testataan, nykyisen liuottimen, etyyliasetaatin, korvaamiseksi.

Ty0ssa saatujen tulosten perusteella telan laitoihin kertyvat likapartikkelit on mahdollista
puhdistaa vedelld. Tuloksista kuitenkin huomattiin, ettd vesi ei sovellu telan keskiosan
puhdistamiseen, koska telan pintaan kertyvien likapartikkelien koostumus eroaa keskiosan
ja laitojen vélilla. Johtuen likapartikkelien koostumuseroista, ei etyyliasetaatille 16ydetty
taysin korvaavaa pesukemikaalia. Telan puhdistus on kuitenkin ainakin osittain mahdollista
automatisoida tuotantolinjaan integroitavalla puhdistuslaitteella.
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SYMBOLS AND ABBREVIATIONS

Roman characters

C cohesive energy density [J/m?]
AHvap heat of vaporization [kJ/mol]
R general gas constant [J/K mol]
T absolute temperature [K]

o molar volume of the liquid [m3/mol]

Greek characters

) solubility parameter [Mpa®?]
Subscripts

D dispersion forces

H hydrogen bonding

Hildebrand term to describe Hildebrand solubility parameter

P polar forces

Abbreviations

A.lS.E. International Association for Soaps, Detergents and Maintenance Products
CMC Critical micelle concentration

EVOH Ethylene vinyl alcohol

FCC FilmCylinderCleaner™

FTIR Fourier Transform Infrared Spectroscopy



LDPE Low density polyethylene

HDPE High density polyethylene
PA Polyamide

PA-6 Polyamide-6

PE Polyethylene

PET Polyethylene terephthalate
PP Polypropylene

REACH Registration, Evaluation, Authorization and Restriction of Chemicals

VOC Volatile organic compounds
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1. Introduction

The importance of the packaging product industry to people and society is constantly
growing, as products need to be protected to ensure health and well-being. For example, in
food packaging industry, improving the protection and preservation of products is constantly
present (Crawford & Martin 2020, p. 317). Plastic is one of the used packaging materials
and packaging industry uses 26 percent of all plastics (Szaky 2019, p. 14).

The purpose of the packaging films is to keep unwanted components outside the package
and thus cover the product inside it (Ebnesajjad 2013, p. 1). For example, in medical
packaging application, the film needs to provide microbial barrier. At the same time, the
sterilization of the package should be possible, and the film should allow sterilization agents,
such as gases, to enter and exit the package. (Ebnesajjad 2013, p. 36) The plastic film, from
which the packaging is eventually made, is produced, for example, in cast film extrusion
process (Crawford & Martin 2020, p. 315-316). However, in cast film extrusion, as in
industry in general, waste is also generated. By reducing the amount of waste, savings are

made, as well as reductions for the impact of the process on the environment.

The aim of this thesis is to find ways and alternatives to reduce the amount of waste
generated by the cast film extrusion line on an annual basis. One option to reduce the amount
of waste is to find alternative, more environmentally friendly, cleaning chemical with better
occupational safety. Also, the roll cleaners available on the market can be option to reduce
waste because with roll cleaners, the cleaning of the roll can be done continuously during
production and thus, the downtime of the line could be reduced. By reducing the downtimes,

the reductions in the amount of waste can be generated.

Based on previous research, it is known that at least one roller cleaner is available on the
markets that suitable for the type of production line studied in this work. Also, there are
alternatives to the current solvent on the market when focusing on cleaning efficiency.
However, the composition of residues to be cleaned from the surface of the roll is not
researched. Identification of polymer residues facilitates the selection of the right washing

chemical.
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Because residues are not previously recognized, one of the aims of this thesis is to recognize
residues and choose the cleaning chemical based on that information. For residue
recognition, the six samples are collected on the roll surface and analyzed. Four of the
samples are from the edges of the roll and other two are from the center of the roll. The
samples are from different products manufactured in production line. These are Film FF,
Film PA, Film XX PA, and Film XX+. The compositions of the residue samples are analyzed
with FTIR, and this is supported by melting point measurements. Based on the sample
analyzes, one cleaning chemical is selected and tested in cleaning of the chill roll. Also, the

solubility of the residue samples from the edges of the roll to water is tested.
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Literature part

2. Description of cast film extrusion process

Extrusion is one of the most common processes used to treat plastics. With extrusion process,
the plastic granules or powder can be edited to desired shape. (Crawford & Martin 2020, p.
280) One of the forms of extrusion process is cast film extrusion process, in which the plastic
raw materials are formed into a film and collected in a roll at the end of the line (Spalding &
Chatterjee 2017, p. 412). Cast film extrusion can be performed with single extruder to
produce a film which contain only one polymer like polyethylene (PE) (Spalding &
Chatterjee 2017, p. 339-341).

However, PE films do not have oxygen barrier and are inappropriate in many applications
(Morris 2017, p. 15). Therefore, there is often a need to produce multilayer films which fulfil
the desired properties (Giles et al. 2005, p. 373). The desired properties may be, for example,
certain properties affecting the function of the film which cannot be obtained by using only
one polymer. Also, one driver for use of multilayer films is costs since with multilayer

structures the reductions in costs can be achieved. (Ebnesajjad 2013, p. 21)

Multilayer structures can be produced with cast film extrusion process (Crawford & Martin
2020, p. 316). The production of multilayer films is called coextrusion and it is used to make
films, for example, for the packaging applications. Multilayer structures vary from two-layer
to even 11-layer structures and these can be produced with two to five extruders. Even more

extruders can be used in packaging industry. (Giles et al. 2005, p. 373-381)

In this chapter the steps involved in the cast film extrusion process from extruders to film
cooling are introduced. In addition, the coextrusion itself and components related to the
performance of coextrusion are presented in more detail. Also, the raw material options in

coextrusion are introduced.
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2.1. Extrusion — extruder and hopper

Extruder is the screw-like unit which main task is melt and mix the plastic granules and form
homogenous molten mass. At the same time, the mass is carried to the other end of the
extruder because of the rotational movement of the screw. (Macro Engineering &
Technology Inc. 2015, Crawford & Martin 2020, p. 280-281) Hopper is a unit which
dispenses the polymer granules into the extruder. The feed rate of the hopper depends on the
rotational speed of the extruder. (Morris 2017, p. 25) This type of polymer feeding wherein
the granules flow into the extruder as a result of the rotational motion of screw is called
“flood feed” and it is the most common type of feeding. In flood feeding the hopper is placed
straight above the extruder. (Giles et al. 2005, p. 4) The basic structure of extruder is shown

in Figure 1.

Powder or
granules

Heater
bands Feed hooper

NG

Variable
speed
motor

) Barrel Rotating Coolin
Filter screw ~00ling
plate jacket

Figure 1 Example structure of an extruder (Crawford & Martin 2020, p. 281).

An extruder can be divided for three different sections and each of the sections has their own
task (Morris 2017, p. 26). Each section can, for example, cover about 1/3 of the length of the
screw, but the layout may vary a lot depending on the polymer being melted (Morris 2017,
p. 26, Crawford & Martin 2020, p. 283). First section task is to convey the polymer
granulates forward in the extruder and it is called feed zone. The feed zone ensures that the

screw receives enough raw material and prevent the following sections from overfilling.
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Also, the preheating of raw material is occurring in this section. The used raw material,
model of the screw, and frictional forces are affecting to feed zone’s design. (Crawford &
Martin 2020, p. 281)

The second section is called compression zone and its task is to compress the mass into a
smaller space. At the same time the pressure of the polymer mass is increased. (Morris 2017,
p. 26-27, Crawford & Martin 2020, p. 281) Another task of this section is to melt the
polymers and that is why the second section is also called melting zone. The melting of
polymers should be occurred completely at the end of this section. (Morris 2017, p. 26-27)

Last section is called metering or pumping zone. Its task is to pump the melted polymer mass
evenly towards die and the quality of the mass evens out during this section. (Morris 2017,
p. 27, Crawford & Martin 2020, p. 282) After the mixing, melting, and conveying, the melted
polymer mass is pumped through the filter into the die. In cast film extrusion, there is also

feedblock between extruder and die. (Macro Engineering & Technology Inc. 2015)

However, the possible design of the extruder is not limited to just one screw, but there are
also configurations in which the two or even three screws are used inside one extruder. Twin
screw extruders are used more and more in industry and the use of triple screw extruders
focuses more on laboratory scale. (Crawford & Martin 2020, p. 297) The type of twin-screw
extruder can be determined based on which direction the screws are rotating and how the
screws are positioned relative to each other. Screws can be rotated to the same direction, and
it is known as co-rotating screws. If the screws rotate to different directions, it is known as
counter-rotating screws. Intermeshing and non-intermeshing are terms related to positioning
between screws. (Crawford & Martin 2020, p. 298, Giles et al. 2005, p. 95) In intermeshing,
the flights of the screws are interleaved. In non-intermeshing, the flights of the screws are

side by side or they have a small gap between them. (Crawford & Martin 2020, p. 298)

Twin screw configurations have better conveying and mixing efficiencies than single screw.
For example, the output of the twin screw can be triple compared to a single screw. Also,
less heat is generated during the use and the energy efficiency is better with twin screw
configurations. As a drawback of twin-screw systems, the narrower temperature distribution,
can be mentioned. (Crawford & Martin 2020, p. 299)
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2.2. Coextrusion

As mentioned earlier, the packaging industry often needs materials that meet several
different property requirements. To meet this need, it is possible to make multilayer films,
and this method of making multilayer films is called coextrusion. By using several extruders,
the properties of the different polymers can be combined and thus the film can be well suited
for the required application (Morris 2017, p. 37, Giles et al. 2005, p. 373).

However, the molten polymer mass produced by several different extruders is not sufficient
for successful coextrusion because these masses must also be somehow combined. A device
called feedblock is often used to combine the polymer masses and to complete the film
formation, the die is used after the feedblock (Morris 2017, p. 37, Giles et al. 2005, p. 373).
Feedblock and die are introduced in more detail below. The use of coextrusion is encouraged
by both economic reasons and requirements for product properties set by customers (Giles
et al. 2005, p. 373).

2.3. Feedblock and die

The basic principle of the feedblock is to bring together the polymer masses produced by the
different extruders before the die (Morris 2017, p. 37, Giles et al. 2005, p. 391). Giles et al.
(2005, p. 391-392) introduces the example structure of the five-layer film produced by using
feedblock. This structure of the feedblock is shown in the Figure 2. The feedblock allows the
melts to be distributed in their own slots and the melt flows can also be halved into several
different layers. In the example feedblock, this splitting is done for flows from extruder A
and B. The feedblock determines the thicknesses of the different layers and these thicknesses
can be changed if necessary. (Giles et al. 2005, p. 391-392) Also, the number of layers can
be changed, for example, by using special plugs which distributes the melt flows differently
(Morris 2017, p. 37). Cast film extrusion process is one of the feedblock’s main applications
(Giles et al. 2005, p. 391).
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Individual Layers Combined in Coextrudad Structure

Melt Transfer
Pipe Melt Transfer Melt Transfer
Extruder C\ Pipe Pire.
] Side View Extruder A Extruder B
(7 \.‘
Melt Transfer ' P [ ";
Pipe B |— >
Extruder A=~ C

End View

Figure 2 The structure of feedblock in three extruder system (Giles et al. 2005, p. 391).

The feedblock is connected to die, which spread the molten layered mass over the entire
width of the die. (Morris 2017, p. 36-37, Giles et al. 2005, p. 391) There is two different
designs for the die when die is used together with feedblock. The first one is so-called T-slot
die and the second one is coat hanger die. The difference between the two is that the coat
hanger die uses manifolds to distribute the polymer mass and T-slot die not. (Morris 2017,
p. 36, Spalding & Chatterjee 2017, p. 414-415)

There is also configuration in which there is no feedblock but the polymer melts from the
various extruders are applied to the final width and then combined. This configuration is
known as multi-manifold die. (Morris 2017, p. 37, Giles et al. 2005, p. 393) These multi-
manifold dies are used when the specific structure is produced only and that makes their use
non-versatile (Morris 2017, p. 37). In addition, the feedblock-based configurations are
cheaper because the structure of die can be simpler (Morris 2017, p. 37, Giles et al. 2005, p.
391).

2.4. Casting roll and chill roll

The next step in the cast film process after the polymer melt exits the die is the cooling of
the film. The polymer mass settles from the die onto a coated roll, which have a speed greater
than the melt. This roll is known as casting roll, and its cooling is often done by circulating
water inside the roll. (Morris 2017, p. 36, Spalding & Chatterjee 2017, p. 416-417, Giles et
al. 2005, p. 447) The differences in velocity between the melt coming from the die and the
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cooling roll allow the film to be stretched to the desired width and thickness (Giles et al.
2005, p. 447, Morris 2017, p. 36).

There is also possibility to use several chill rolls to enhance the cooling and the surface
properties of the film (Giles et al. 2005, p. 448). For example, by using two cooling rollers,
cooling of the film on both sides can be ensured (Macro Engineering & Technology Inc.
2015). Also, if the cooling is wanted to be maximized, film should form S-shape while

passing the cooling rolls (Giles et al. 2005, p. 448).

As the casting roll rotates, airflow accumulates on the surface of the roll and air must be
removed to enhance film cooling. Air can be removed in two different ways. First one is
vacuum box which is located behind the die above the casting roll. (Giles et al. 2005, p. 447-
448) The vacuum box, as the name implies, makes a vacuum between the film and the roll,
i.e., it sucks the air out from the surface of the roll (Morris 2017, p. 36). Another option for
the improving the contact between the film and the roll is not based on the removal of air,
but the film is forced to the surface of the roll by air blowing. This is done with air knives
which can blow air for the whole width of the film or only in the edges of the film. (Morris
2017, p. 36, Giles et al. 2005, p. 447-448) The structure of casting roll with die, vacuum box

and air knife is shown in Figure 3.

Vacuum box

~

- +«— Film

Air knife --,.‘

Figure 3 Illustration of film formation on the roll. Modified from (Giles et al. 2005, p.
448).
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The temperature of the cooling roll is one of the important factors influencing the result of
the film (Morris 2017, p. 36). The correct temperature of the cooling roll ensures that the
film does not stick to the roll and cooling of the film does not happen too quickly (Morris
2017, p. 36, Giles et al. 2005, p. 448). According to Giles et al. (2005, p. 448) the correct
casting roll temperature is about 5.5 °C degree below the temperature when the film is just
about to start stick into the surface of roll. Also, the temperature of the cooling roll must be

kept almost unchanged all the time.

In this thesis, the chill roll is at the centre of research in experimental part. While the film is
produced in the process, polymer particles from the film begin to accumulate on the surface
of the roll. This accumulation is affecting negatively on the quality of the product over time
and the cleaning of the roll is necessary almost daily. The rate of soiling can be affected by,
for example, the used raw materials and the efficiency of the used washing chemical. Also,
how the cleaning chemical is applied in cleaning action, can affect the result of the washing
and thus the time when surface is again soiled. In addition, the material of the roll and its
surface roughness can affect to the soiling rate. The roll under research in this thesis is
chrome-plated and its surface Ra-value is 0.52 um. Temperature of the roll is kept in about
24 °C.

2.5. Raw materials

In coextrusion, there is a large selection of different raw materials used in film production.
Low density polyethylene (LDPE), high density polyethylene (HDPE), polypropylene (PP),
polyamide (PA), and polyethylene terephthalate (PET), just to name a few. (Morris 2017, p.
72, Giles et al. 2005, p. 373) Different raw materials provides different functionality in the
end-product and these features include (Giles et al. 2005, p. 374, Morris 2017, p. 69), for

example,

e flavor and aroma barrier,

e gas barrier (oxygen, carbon dioxide, nitrogen),
e moisture barrier,

e light barrier, and

o barrier for oil and grease.
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Barriers keep the desired components inside the package, and at the same time the undesired
components outside. For example, it may be desirable to keep moisture inside the package
film to maintain the properties of the product and oxygen outside to prevent the product from
changing. (Giles et al. 2005, p. 378-379) It is therefore important to assess the need for these
properties as they affect the structure of the film. In addition, the choice of raw material is
influenced by, among other things, whether the final product will be in contact with food,
for example (Giles et al. 2005, p. 374).

When the desired properties required of the film are known, as well as the raw materials with
which these property requirements can be met, the compatibility of the raw materials must
be determined. If the polymers are not compatible, the additional tie layer can be used to
combine the layers and form a structure (Giles et al. 2005, p. 373, Morris 2017, p. 89).
According to Giles et al. (2005, p. 375), PE and ethylene vinyl alcohol (EVOH) are not
compatible without tie layer, for example. Thus, a five-layer structure can be made from
these two materials as follows: cheap PE in the surface layers, EVOH in the middle providing

an oxygen barrier, and tie layers between these two components to bond the structure.

As has already been shown, the importance of the raw materials for the properties of the film
is great. However, the aim of this thesis is not to study the properties of raw materials or film
structures in more detail, but to find out the raw materials that cause the fouling of the chill
roll in the process. The raw materials will be considered in this thesis but to a small extent

only.
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3. Cleaning chemicals and aspects to consider

Currently, ethyl acetate, which is highly flammable, is used in the process as a solvent for
residue cleaning purposes. Ethyl acetate is applied to the chill roll through a perforated tube
when production is suspended but the line is still running. When the line is stopped, washing
is performed manually with a nonwoven fabric and ethyl acetate. Flammability poses a risk
to both solvent users and the process. However, the dangers of fire and explosion due to
flammability are not the only hazards to the user as the use of a solvent may result in lower

exposures such as inhalation of gases.

Precise instructions have been defined for ethyl acetate use to ensure safe working but at the
same time the constraints caused by the solvent slow down production and cause
unnecessary waste. For these reasons, an alternative cleaning chemical or a means by which
the use of chemicals can be completely ruled out, should be found. The alternative cleaning
chemical should be safe to use and at the same time safe for the environment and equipment.

This section presents the theory behind solvents and detergents, such as what the washing
performance is based on. The selection of alternative cleaning chemical focuses on
compatibility of washing chemical and soil particles but also on operational safety and
environmental considerations. The target is to find a chemical that allows safe roll washing

and reduces waste because of quicker and efficient cleaning action.

3.1. An overview of solvents

In general, a solvent is a substance that is capable of dissolving another substance, for
example, from the surface, and moving it into solution (Durkee 2014, p. 29, Martin 2010, p.
98, Wypych 2000, p. 65). One good example of a solvent is water. It can dissolve many
substances and thus meets the definition of a solvent. According to Martin (2010, p. 94),
during surface cleaning the unwanted particles are removed so that the particles cannot
interfere with the initial process. Based on the definitions of solvent and surface cleaning,
solvents are good options to be used as cleaning chemicals because with solvents the

unwanted particles can be removed from the surfaces.
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However, when solvents are used for cleaning purposes, consideration must be given, for
example, to safety, solvent efficiency, and compatibility between solvent and residues. In
the other words, solvent use must be safe for user and the equipment, solvent must remove
the desired soil effectively and solvent should only affect the soil itself, not the surface
beneath it. For the solvent to work well on the residue to be removed, one approach is that
the solvent contains the same components as the soil. (Durkee 2014, p. 2) For example,
ethylene contains only carbon and hydrogen atoms. Thus, the polymer of ethylene, PE, is
also composed only of these atoms. (LyondellBasell 2022, p. 3, Spalding & Chatterjee 2017,
p. 106) Therefore, a solvent containing both carbon and hydrogen might work well to clean

polyethylene residues.

However, it cannot be unequivocally said that, for example, benzene and toluene which
contains only carbon and hydrogen, are good solvents for the removal of ethylene residues
since the choice of a suitable solvent is influenced by many aspects. Wypych (2000, p. 66)
defines solvent to be good if its solubility parameter is close to solubility parameter of
residue. However, there are exceptions to this definition as well. Two commonly used

solubility parameters are introduced in next chapter.

According to Durkee (2014, p. 7), solvent used for cleaning purposes have three common
properties and these are safety/health/environmental (SHE), physical, and solvency. These
properties play a significant role in solvent selection. SHE properties are related to the effects
of the solvent on its environment and these properties may be affected by, for example, local
or state regulations and laws. For example, in Europe, the chemical use is regulated with
Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) regulation
program. (Durkee 2014, p. 126-127) Under REACH, all chemical manufacturers must
identify the risks of their substances and ensure that those who use their chemicals can use
them safely. If the risks from the use of the chemical cannot be controlled, the use of the

chemicals may be restricted. (European Chemicals Agency 2022)

Physical properties, instead, are exact values for solvent properties like boiling or flash point
(Durkee 2014, p. 29). Physical properties can also affect the safety of use and thus effects of
a chemical on its environment. Solvency of the solvent describes how the solvent can
dissolve other particles and, for example, Hansen solubility parameter is used to obtain
values for this property. Solvency determines how well a solvent is compatible with the soil
to be dissolved. (Durkee 2014, p. 1-27)
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Kohli & Mittal (2016, p. 512) says that every chemical can be thought to be dangerous in
some way. Thus, it is important to recognize the hazards of the used chemicals. Which of
these before mentioned properties is considered most important depends on the application
of the solvent and the person or entity who is choosing the solvent, and there may not be one
right solvent for the application (Durkee 2014, p. 59).

3.1.1. Hildebrand and Hansen solubility parameters

In assessment of compatibility between a solvent and a solute, the solubility parameters are
used. Hildebrand one-dimensional and Hansen three-dimensional solubility parameters are
two known parameters (Durkee 2014, p. 40-47). Solubility parameter developed by
Hildebrand describes the energy that is involved in interactions of molecules (Danner &
High 1993, p. 9). The intermolecular forces hold the solvent molecules together, and to
separate them, the solvent needs to evaporate. Evaporation energy is thus the amount of

energy needed to release the solvent from itself. (Durkee 2014, p. 41)

According to Durkee (2014, p. 41) the amount of energy that is needed to dissolve, for
example, the soil for the solvent, is the same than the energy needed to solvent detach from
itself. This energy is known as cohesive energy density C and it can be calculated with
Equation 1 (Durkee 2014, p. 41, Hansen 2004, p. 77, Kohli & Mittal 2012, p. 37).

AH,,, — RT
C= ( vap ) (1)
Vin
Where C cohesive energy density [J/mq]
AHyap heat of vaporization [kJ/mol]
Vi molar volume of the liquid [m%/mol]

general gas constant [J/K mol]

T absolute temperature [K]

Hildebrand determined solubility parameter to be the square root of cohesive energy density
(Equation 2), and it is known as Hildebrand solubility parameter Jniidebrand. It describes the

ability of specific solvent to dissolve. (Durkee 2014, p. 41)



22

(AHyqp — RT)

o @)

SHildebrand = VC = \/

The unit of Hildebrand solubility parameter is square root of megapascals, MPa'? (Durkee
2014, p. 41, Hansen 2004, p. 77). For the solvent to dissolve soils or residues as well as
possible, the Hildebrand solubility parameter of the solvent should correspond as closely as
possible to the corresponding value of the soil or residue. However, based on the Equations
1 and 2, as the temperature changes, the value of solubility parameter is also changing and

thus the solubility parameters are not constant. (Durkee 2014, p. 42)

However, the intermolecular forces between molecules contain three components. These
components are dipole forces (P, Polar), dispersion forces (D, nonpolar), and hydrogen
bonding (H). (Durkee 2014, p. 32-47, Hansen 2004, p. 78) Another option to determine the
ability of solvent to dissolve is to use Hansen solubility parameter which considers all these
dimensions when Hildebrand solubility parameter do not. Different molecules and atoms
interact using different forces and Hansen solubility parameters can be used to determine
values for these three different forces. (Durkee 2014, p.46-47) The relationship between
Hildebrand and Hansen solubility parameters is shown in Equation 3 (Durkee 2014, p. 47,
Hansen 2004, p. 78, Danner & High 1993, p. 11, Kohli & Mittal 2012, p. 40).

6I?Iildebrand = 613 + 65 + 61?1 (3)
where op solubility parameter from polar forces [MPa'/?]
) solubility parameter from dispersion forces [MPa'?]
OH solubility parameter from hydrogen bonding [MPa%?]

So, in a nutshell, the Hildebrand solubility parameter squared corresponds to the sum of the
squares of all three dimensions. Although the Hansen solubility parameter is more accurate,
it is more difficult to determine than the Hildebrand solubility parameter (Durkee 2014, p.
47). Some common solvents Hildebrand and Hansen solubility parameters are mentioned in
Table 1. However, both, Hildebrand, and Hansen solubility parameters can be found more

widely from literature, for example, from (Durkee 2014, p. 391-481).
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Table | Solubility parameters for selected solvents. For Hildebrand solubility
parameters, the superscript indicates the source from which the values are.

Hildebrand solubility parameter, [MPa'/?],

(Durkee 2014, p. 472-48111, Kohli &

Mittal 2012, p. 381)

(T=25 °C),

Hansen solubility parameter, [MPa'?],

(Hansen 2007, p. 347-483)

Solvent OHildebrand op op O

Ethanol 26.22 8.8 15.8 194
Acetone 19.72 104 15.5 7.0
Methanol 29.82 12.3 15.1 22.3
Benzene 18.5¢ 0.0 18.4 2.0
Ethyl acetate 18.2¢ 5.3 15.8 7.2
0-Xylene 19.0t 1.0 17.8 3.1
Toluene 18.21 14 18.0 2.0
Water 47.92 16.0 155 42.3

As mentioned before, the solubility parameter of the soil or residue should be as close to

solvent solubility parameter as possible that the cleaning performance could be maximized.

In cast film extrusion, the raw materials are most likely the source of the soils in the surface

of the chill roll. Thus, the soils can contain polymers like LDPE, PET or PP. Also, other

polymers that are used in the production line may end up on the surface of the roll. The

common polymers and their solubility parameters are presented in Table II.

Table 1l Solubility parameters of the common polymers used in cast film extrusion

(Wypych, 2016).

Hildebrand solubility

parameter [MPa?]

Hansen solubility

parameters [MPa?]

Polymer OHildebrand op op On
Polyethylene, PE 15.76-17.60 3.8 16.8 3.8
High density polyethylene, HDPE 17.10 - - -
Polyamide-6, PA-6 20.30 3.4 17.0 10.6
Poly (ethylene terephthalate), PET 17.10-20.80 6.3 18.7 6.7
Polypropylene, PP 18.00-19.20 2.9 17.7 1.2
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According to Venkatram et al. (2019, p. 4188) the solvent is good for the polymer if its

solubility parameter is above or below 2 MPa'?

of the polymer’s solubility parameter. In
accordance with this rule, if the soil particles on the surface of the cooling roll contain for
the most part, for example PP, the solubility parameter of the solvent should be between 17
and 21 MPa'. In case of HDPE, the solvent solubility parameter should be between 15 and
19 MPa'?, respectively. When comparing solubility parameters from Table | and Table I,
appropriate solvents for PP could be Acetone or o-Xylene. For HDPE, benzene, toluene, or
ethyl acetate might be the right solvent. These combinations are only examples and there are
options for different solvent-polymer combinations much more broadly. However,
according to Durkee (2014, p. 42), even though the solubility parameters of the residue and
solvent matches, the dissolution of residue to solvent might not be possible because of
bonding between residue and the surface. Also, the surface tension of the solvent may

prevent dissolution.

3.1.2. Flammability and evaporation rate

One important concept related to solvent is flammability. Flammability means the conditions
required for an explosion to occur. However, flammability says nothing about the solvent
nature or ability to ignite, but it is more important to know the flash point of the solvent.
(Kohli & Mittal 2016, p. 513-519) Flash point can be used to determine the flammability of
the solvent (Wypych 2000, p. 67).

According to Kohli & Mittal (2016, p. 514) the flash point indicates the lowest possible
temperature at which vapor is generated on the surface of the solvent which, when combined
with air, can form a flammable mixture. According to EU legislation (Regulation
1272/2008), the liquid is flammable if its flash point is under 60 °C. The susceptibility of the
solvent to ignite is a property related to operational and fire safety and should therefore be

considered.

However, to be flammable, the mixture needs to have right amount of fuel (the solvent) and
oxygen and there must be any source that ignites the mixture. If the ratio of oxygen to solvent
Is incorrect, the mixture cannot ignite even if exposed to the source of ignition, like to a
spark, for example. (Kohli & Mittal 2016, p. 519-520) Thus, if the flash point of the solvent
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is low but solvent is used only in small amounts, there is not necessarily the risk of flash

because the solvent concentrations in the air remain low.

The flash point is related to the rate of solvent evaporation (Durkee 2014, p. 302). This poses
a new problem as to which solvent would be a good option and which would not because
the faster the solvent is desired to evaporate, the lower the flash point is likely to be. A lower
flash point, on the other hand, exposes target of the cleaning more easily to fire safety risks.
For this reason, trade-offs need to be made as to whether fire safety should take precedence
over washing speed. The relation of flash point and evaporation rate is illustrated in Figure
4,

(8]

Evaporation rate [n-BuAc = 1]
2
L J

-40  -20 0 20 40 60 80 100 120 140 160
Flash pomt [°C]

Figure 4 The relation of evaporation rate and flash point for solvents (Durkee 2014, p.
391-481). The data points used in this figure can also be found from Appendix
1.

It can be well seen from Figure 4, that as the evaporation rate increases, the flash points of
the solvents decrease. While this is common in the big picture, there are some exceptions as
well. For example, pentane has the flash point in 54.4 °C and its evaporation rate is 10.46
(Durkee 2014, p. 391-481). Thus, its flash point is quite high in relation to the evaporation
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rate, and it differs quite a lot from other conventional solvents. The flash point is also related
to the boiling point of the solvent, since as the boiling point decreases, the flash point also

decreases (Durkee 2014, p. 19). This relation is shown in Figure 5.

140
120 .
100 .
80 ,
60 o o .
40 L .

Flash point [°C]

0 20 40 60 80 100 120 140 160 180 200
Boiling point [°C]

Figure 5  The relation of flash point and boiling point (Durkee 2014, p. 391-481). The
data points used in this figure can also be found from Appendix 1.

Figure 5 confirms the above, i.e., as the boiling point decreases, the flash point also
decreases. The flash point is thus dependent on the boiling point. However, some solvents
may have a flash point up to 75 degrees higher than others, even if they have the same boiling
point. The boiling point cannot therefore be deduced directly from the flash point or vice

versa.

One option is to use water as a part for cleaning, as water cleans many soils as it is. The
existing solvent can be diluted with water, for example. (Durkee 2014, p. 304) Or water can
be used alone. However, according to Durkee (2014, p. 304) the use of water as part of the
solvent does not significantly change the flash point of the mixture. Thus, the use of water
as part of a cleaning solvent does not improve operational safety if the solvent is already

flammable. However, there might be financial benefits to be gained from diluting solvents.



27

3.1.3. Volatile organic compounds and solvent legislation

Some of the regulations and laws were already mentioned before, when the properties of the
solvents were discussed. There are also other legislative matters affecting the use of solvents.
The boiling point of the solvent is associated with the concept of volatile organic compounds
(VOCs) (Martin 2010, p. 99). According to EU directive (Directive 2004/42/CE), VOC
chemicals are those compounds which have a boiling point below 250 °C at normal
atmospheric pressure. In addition, there is definition in EU legislation which defines organic
compound to be volatile if its vapor pressure is at least 10 Pa when its temperature is 20 °C
(Directive 2010/75/EU).

Finland regulates the use of VOCs by various laws and regulations, for example, with
Environmental Protection Act (2014) and Government Degree 64/2015 (2015). The
Environmental Protection Act determines the cleaning of surfaces using organic solvents to
be a licensed activity if the consumption of solvents is between 1 and 200 tons per year
(Environmental Protection Act 2014). Regulation 64/2015 is based on the Environmental
Protection Act, and it regulates emissions from different installations as well as permits
related to the emissions. The regulation should be followed if the consumption of organic
solvents is more than determined in regulation. Permissible emissions per quantity of solvent
used (ton/year) are reported in milligrams of total organic carbon (mg C) per normal cubic
meter (m3(n)). (Government Degree 64/2015) If chemicals containing VVOCs are used, it may
be necessary to arrange for vapor recycling before release to the atmosphere. This can be
done, for example, by burning the vapors. (Martin 2010, p. 99)

3.2. An overview of detergents

One option for cleaning surfaces is to use detergents. Detergents are a group of substances
that are intended to enhance washing. They are either solid (water-soluble) or liquid mixtures
containing various surfactants and other components. (Franceschetti 2017, p. 240)
According to Uner & Yilmaz (2014, p. 213) the surfactants are the main component of the

detergents. Detergents are used in both, industry, and households.
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The basic principle of detergents is that they surround the soil particles without breaking
them down, after which the particles become water-soluble (Franceschetti 2017, p. 241-242,
Martin 2010, p. 100). This ability of detergents is largely based on surfactants, which act as
component surrounding the soils. Water solubility is based for micelles which are formed
from soil particles and surfactants. (Franceschetti 2017, p. 241-242)

Before synthetic detergents, the soaps were used for cleaning (Franceschetti 2017, p. 240).
The problem with soaps is that they react with metal ions and the cleaning effect is reduced
(Franceschetti 2017, p. 240, Martin 2010, p. 100). This can be nowadays ignored because of
synthetic detergents. The difference between solvents and detergents is that the solvents
allow the soil particles to be decomposed and transferred to the solution, whereas the

detergents only allow the particles to be transferred from the surface to the solution.

In this thesis, the detergents are considered as a one option to replace the currently used ethyl

acetate in cleaning action.

3.2.1. Surfactants

As mentioned earlier, the surfactants are the main component of detergents. The basic
structure of surfactants includes both a water-seeking head and a water-repellent head. These
are by another names, hydrophilic and hydrophobic heads, respectively. (Franceschetti 2017,
p. 242, Martin 2010, p. 100, Kohli & Mittal 2016, p. 596) The ability of surfactants to
dissolve in water is due to the hydrophilic head (Martin 2010, p. 100). Surfactants also have
the ability to lower the surface tension of water, making it easier to remove residues from
surfaces (Martin 2010, p. 100, Uner & Yilmaz 2014, p. 214).

Surfactants hydrophobic head consists of hydrogen and carbon atoms from which the latter
forms the skeleton of alkyl chain (Kohli & Mittal 2016, p. 596). The molecule chain can
contain 4-18 methylene (CH) units and this chain is attached to hydrophilic head of the
surfactant (Kohli & Mittal 2016, p. 596, Franceschetti 2017, p. 242). There is also the methyl
(CHs) group at the end of the chain. The hydrophobic head is non-polar which means that
the hydrophobic head will be more likely to interact with another non-polar hydrocarbons.
(Kohli & Mittal 2016, p. 596-597)



29

For example, the polyethylene is this kind of hydrocarbon since it has the non-polar structure
and contains only hydrogen and carbon (Spalding & Chatterjee 2017, p. 140). Thus, the
detergents might be good option for cleaning of, for example, PE residues from the surface
of chill roll. However, the bonds between the polymers and bonds between polymers and
surfaces affects to the surface energies and how well the polymers are able to detach from
the surface (Morris 2017, p. 77). Therefore, the suitability of the detergent for removing the

polymer cannot be determined only based on fact that both have non-polar nature.

Hydrophilic head of the surfactant have a functional group which is, for example, sulfate or
sulfonate (Kohli & Mittal 2016, p. 596). These are anionic groups with negative charge but
there are also other groups like cationic, nonionic, and amphoteric. Cationic hydrophilic
heads are positively charged when nonionic do not have a charge. Amphoteric heads have
both negative and positive character. (Uner & Yilmaz 2014, p. 214)

When surfactants act in water solution by forming micelles, the hydrophobic heads go
towards the inside of the micelle. Hydrophilic heads remain outside the micelle, allowing
interaction with water. Micelle formation is driven by solutions need to reduce the
interactions between alkyl chains and water molecules. (Franceschetti 2017, p. 242) The
more detergent dissolved in the water, the higher the concentration of surfactants. This
increase in concentration promotes the formation of surfactant aggregates. (Kohli & Mittal
2016, p. 597) At the same time, the surface tension of water decreases and at some point, it
stabilizes at a value which is typical for each surfactant. The point when surface tension is
turned to be constant is called critical micelle concentration (CMC). (Franceschetti 2017, p.
242) After this concentration is achieved, the micelle formation is possible (Kohli & Mittal
2016, p. 600).

3.2.2. Detergent legislation

As in case of solvents, there is also legislation that affects to the use of detergents. According
to International Association for Soaps, Detergents and Maintenance Products, A.l.S.E.
(2014) the use of detergents in the EU is regulated with The Detergent Regulation (EC)
648/2004. The main objectives of this regulation are

o general regulations for sale and use of detergents,
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e ensuring the environment protection and human health and

e providing the information related to surfactants.

The human health and protection of the environment can be ensured with the more
comprehensive packaging labels and that surfactants must be completely biodegradable
(A.1.S.E. 2014). The use of detergents in Finland is regulated by Chemicals Act 599/2013,

and it is based on the above-mentioned EU legislation of detergents (Chemicals Act 2013).
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4. Washing equipment

One option to clean chill roll is washing equipment developed for cleaning purposes. On the
market, there are washing devices that utilize washing chemicals in cleaning, those which
are used mainly without chemicals and those based on brush technology. The key properties

of each option are listed in Table IlI.

Table I Compilation of washing device options.
Company Baldwin Polymag® Tek Fastpap
) Step ) ) ] )
Machine name FCC ] Traversing Light LineSprint
Traversing

Chemicals used in o — I
Yes No/Possibility ~ No/Possibility ~ No/Possibility =~ No/Water

cleaning
Traversal movement

. . No No Yes Yes Yes
during cleaning
Fabric movement

. . Yes No Yes No Brush
during cleaning
Cleaning during o

Possibility Yes Yes Yes Yes

production

In this chapter, the washing equipment presented in Table I11, are introduced in more detail.
Based on the information found from manufacturers, every of these washing devices might
be suitable options for the production line discussed in this thesis. However, to confirm that,
one of the washing equipment are selected for closer inspection and results from this are

shown later.

4.1. Baldwin Technology Co.

Baldwin is an international company that provides automation solutions for many different
industries (Baldwin Technology Co. 2022a). Baldwin offers cast and chill roll cleaner,
known as FilmCylinderCleaner™. Its basic principle is that the cleaning device contacts the
surface to be cleaned, for example a cooling roll. The roll rotates and at the same time the
cloth of the cleaning device cleans the roll throughout. The cloth is soaked in the used
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washing solution and the dirty cloth is collected on a separate roll. The soiled cloth will be
replaced by a new clean cloth. (Baldwin Technology Co. 2022b) If the cleaned roll is wider
than FCC, the cleaning is performed in sections. The cleaning device is not moved across

during the contact on roll. (Baldwin technology 2016)

The washing machine is operated from the control panel, and it can be programmed to do
washing during production or, for example, when switching production from one product to
another. Because the machine is operated via the control panel, occupational safety is
improved when workers do not have to be in contact with the roll by themselves. The
washing machine also provides even cleaning, i.e., the roll is cleaned at all points and there
is no risk of uncleaned parts remaining on the roller. This may not be possible with manual
cleaning. Advantages mentioned by manufacturer are safer working environment, better

product quality, and lesser downtimes. (Baldwin Technology Co. 2022b)

4.2. Polymag® Tek Inc.

Polymag® Tek is a US company with a few different options in its product catalog for
cleaning the cooling roll. They offer three variants of process roll cleaners and these variants
are called Step Traversing, Traversing, and Light. Each cleaning device is intended primarily
for use without detergents or solvents, but cleaning chemicals can also be used. (Polymag®
Tek 2022a) Each device can be operated up to 100 °C of the ambient temperature and cleaned
surface can be up to 204 °C. The fiber cloths in each model are easily interchangeable. Each

device also can perform cleanings during production. (Polymag® Tek 2022b, 2022¢, 2022d)

Step Traversing is cleaning system where the cleaning is based on zone-specific contacts
during transverse movement on the surface to be cleaned. Cleaning head of the cleaner is
covered with fabric which is changed to clean fabric during the movement for the next zone.
Cleaning head and fabric is not moved during the contact to chill roll. Device is suitable for
clean different kind of residues from chill, casting, and chrome rolls. Step Traversing
cleaning system can be programmed to do cleaning at certain intervals and the contact

pressure of the cleaning head can be modified. (Polymag® Tek 2022b)

Traversing is roll cleaning system which cleans the roller during transverse movement. The

difference between this model and the step traversing system is that here the washing does
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not take place zone by zone. Cleaning head and the fabric are refreshed during the traversal
movement and cleaning. This model is suitable for clean different residues from process
rolls. The traversing system can be programmed to operate at certain intervals just like the
step traversing system. Also, the cleaning heads contact pressure is customizable. (Polymag®
Tek 2022c¢)

Light is version of cleaning system which is developed to work in small spaces. The cleaning
head is about 12.5 cm wide, and it is covered with fabric just like other options. Cleaning
head and fabric do not move during the cleaning but is changed after cleaning. Cleaning is
performed as in the Traversing system, i.e., it cleans the roller in transverse motion without
zones. The cleaner is suitable to be used for cleaning the same surfaces as Step Traversing
system and it cleans different kind of residues. This model also has the options for fabric
material used. The time between cleanings and the cleaning head pressure can be

programmed separately in this model. (Polymag® Tek 2022d)

4.3. Fastpap Oy

Fastpap is a Finnish company which provides solutions for pulp and paper industry (Fastpap
2022a). Their option for roll surface cleaning is device known as LineSprint. It is based on
brush cleaning and do not require any use of washing chemicals. However, water can be
used for enhancing the cleaning. The brush removes residues from the surface of the roll and
at the same time system vacuums the loose soil particles. Brush can be selected to be suitable
for the cleaned surface. Also, the cleaning of soft coated surfaces is possible. (Fastpap
2022b)

LineSprint can be programmed to move certain speed and cleaning speed is also controllable.
Cleaning head can be traversed from 1.25 up to 11.65 meters and the beam in which the
cleaning head is moving can be from 2.5 to 12.9 meters in length. The advantages mentioned
by the manufacturer include occupational safety, consistent quality of produced material,

and savings coming from lesser cleaning times. (Fastpap 2022b)
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Experimental part

5. Materials and experimental methods

In this part, the experiments done during the master’s thesis are introduced. The aim of the
experiments was to identify the residue particles from the surface of the cooling roll and by
using this information, choose the alternative cleaning chemical for chill roll cleaning
experiments. FTIR analysis, melting point measurements and solubility tests are used to

identify residues.

5.1. Sampling of raw material residues from the roll surface

The representative samples of the residues accumulated on the roll surface were collected
during sampling. Sampling was done by factory employees, and it was performed during or
after each product cycle. Products, from which the samples are taken, are Film FF, Film PA,
Film XX PA, and Film XX+. Total of six residue samples were obtained from which four
was from the edges and two from the centre of the roll. Samples from the edges of the roll
was collected from all the products and samples from centre of the roll were collected after
production of Film FF and Film PA. Control samples were also taken from the seven

different raw materials used in the production.

Residue samples taken from the edge of the roll are accumulated into a white powder during
production. It is assumed that the same particles also accumulate elsewhere on the surface
of the roll. However, to confirm that assumption, the samples from the centre of the roll were
collected. White powder in the edges of the roll was taken at various points by scratching
the surface of the roll with a metal spatula. Samples from the centre of the roll were collected
by using same method than with other samples. Samples were collected to sample bags.

Samples from seven different raw materials were collected to sample bags, that the residue
samples can be compared to the used raw materials. Samples were taken directly from the

containers used to store the raw materials. Also, the recipes containing the information of
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the raw materials used in production during the sampling, were collected. This ensured that

it was possible to draw links between used raw materials and residues afterwards, if needed.

5.2. FTIR analyses

Residue samples and unprocessed raw material samples were analyzed with Fourier
Transform Infrared Spectroscopy (FTIR). Measurements were performed with two different
devices, Thermo Scientific Nicolet iS10 (device A), and Perkin Elmer FT-IR spectrometer

Frontier™ (device B). Both devices are shown in Figure 6.

Figure 6 Devices used in FTIR analyses. Thermo Scientific’s Nicolet iS10 is on the left
(A) and Perkin Elmer’s FT-IR spectrometer Frontier™ on the right (B).

The first measurements were performed with device A, and it was used to analyze both the
raw materials and the samples taken from the surface of the roll. Total of 13 samples were
analyzed from which six was samples from the roll surface and seven was raw materials.
Second measurements were performed with device B and only residue samples from the
edges of the roll were analyzed with it. Double measurements for these samples were made
to rule out the possibility of error. The settings for both measurements can be found in the
Table IV.
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Table IV Measurement settings for FTIR analysis.

Thermo Scientific Perkin Elmer FT-IR

Nicolet iS10 Spectrometer Frontier™
Wavenumber [cm™] 500 - 4000 500 - 4000
Resolution [cm™] 8. 4,
Number of scans 32 4
Source IR MIR
Beamsplitter KBr OptKBr
Window Diamond KBr

A small amount of sample was dispensed into both devices and the samples were analyzed.
In first measurements, the results were compared to the device library and equivalences was
tried to find for the sample spectrum. In second measurements, there were no libraries
available, and therefore comparison was omitted. Also, the original spectra from both

measurements were tuned up after the analyses by correcting the baseline.

5.3. Melting point measurements

Melting points of all the samples (residues and raw materials) were measured with Perkin
Elmer Differential Scanning Calorimeter DSC 4000 (Figure 7). The sample were placed on
little sample cup and the lid of the cup was pressed onto the cup so that the sample remained
inside the cup. The sample disc within which the sample was, was placed into the heating
chamber of the device and the covers of the device were put in place (can be seen from the

Figure 7). For each sample, the sample mass was estimated to be 5 mg.

Starting temperature of the analyse were 50 °C and the temperature was kept in this for 1
minute. After that, the temperature of the sample started to increase, and the pace of the
heating was set to 20 °C per minute. The upper temperature limit of the heating was set to
280 °C. After reaching the melting point, the heat flow of the measurement unit was observed
from the device program. When the heat flow had remained unchanged long enough
(approximately temperature rise of 40-50 °C, i.e., couple minutes), the measurements were

stopped.
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Figure 7 The device used in melting point measurements. Heating chamber is at the top
of the device.

During measurement, the program plotted the heat flow as a function of temperature. After
the measurement, the melting point for each of the samples was calculated from this figure
with data analysis tool. The melting point of each sample was found at the point on the figure

where the heat flow was greatest.

5.4. Solubility tests

The solubility of the residue samples to water was tested. In dissolution experiments, three
of the four samples (Film FF, Film PA, and Film XX PA) collected from the edges of the
roll were tested. The solubility of the fourth sample from the edges of the roll (Film XX+)
was not measured because of different composition compared to other samples. In addition,

the solubility of pure g-Caprolactam was tested in temperature of 20 °C.

To confirm insolubility of the fourth sample, the sample was added slightly to the test tube
with water (temperature 20 °C). The sample did not mix with water at all, and the solid pieces
remained floating on the surface of the water. Purpose of these solubility tests was to
determine whether the samples taken from the edges of the roll were soluble in water, and

thus possibly use water as a cleaning chemical.
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The solubility tests were performed in three different temperatures, 20 °C, 40 °C, and 50 °C
for all three samples. The measuring equipment is shown in Figure 8. At the beginning of
the measurement, 100 mL of water was added to the beaker. The amount of water was
measured with 100 mL measuring glass. First set of the measurements were performed in 20
°C and in that measurement set, the solutions were only mixed because the temperature of

water was already at 20 °C.

Figure 8 The measuring equipment of solubility tests.

The weighed samples were added to the water while the mixing was already running and at
the same time, the timing was started. Masses of the added samples are shown in Table V.
The temperature of the solution was monitored throughout the experiment to ensure that the
temperature remains constant through the mixing. The mixing speed of the solution was 500
rpm. Mixing was continued for five minutes, after which the timing was stopped, and a 30
ml sample (3 x 10 mL) of the solution was taken with a pipette. Collected samples was placed

in tared aluminium cups and samples were placed in the oven to evaporate the water. The
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temperature of the oven was set to 65 °C. When all the liquid was evaporated from the

aluminium cups, the mass of cups and residues left in the cup was measured.

Table V Masses of the samples used in solubility tests.

Temperature of

dissolution [°C] 40 >0
Material Mass [mg]

e-Caprolactam 252.2 - -
Film FF 240.2 244.2 248.7
Film PA 247.6 239.2 232.4
Film XX PA 258.6 235.8 237.4

The experiments in 40 and 50 °C degree was done in the same way as in 20 degrees, but the
water was first heated to the target temperature, after which the residue samples were added
to the water. Heating was continued after starting the experiment to maintain the right

temperature of solution.

5.5. Solubility parameters

Based on the Equations 1 and 2, the Hildebrand solubility parameters for water and &-
Caprolactam were calculated. Solubility parameter for water was calculated as it is used as
a cleaning chemical in chill roll cleaning experiments. The choice of e-Caprolactam for the
calculation of the solubility parameter was based on the results of the experiments. The
calculations were done to illustrate the issues presented in the literature part of the thesis,
like how well the solubility parameter tells the efficiency of cleaning chemical to a particular

residue. Calculations were done by Excel.

5.6. Chill roll cleaning experiments

Chill roll cleaning experiments were performed to test suitability of selected washing

chemical in practice. The roll was kept as uncleaned about one day. At the beginning of the
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experiment, the production line was stopped. The chill roll was divided into sectors for the

whole width of the roll. The principle of the sectors is illustrated in Figure 9.

Figure 9 Illustration of cleaning sectors in chill roll cleaning experiments. The number
of the sectors is bigger than shown in this figure.

Cleaning cloths (nonwoven fabric and terry cloth) of the same size were prepared for the
experiment. These are shown in Figure 10. First sector was cleaned with currently used
cleaning chemical, ethyl acetate, that the efficiency of water as a cleaning chemical could be
compared to it. Nonwoven fabric was used as a cleaning cloth. During the first sector
cleaning, the roll was allowed to rotate once about its axis. This takes 20 seconds and during
that time the cloth was pushed towards surface of the roll with the same force. Second sector
was left to untouched that the cleaning efficiency of ethyl acetate could be compared to the
dirty surface. Third sector was cleaned with combination of ethyl acetate and terry cloth and

the cleaning time was same as in first sector.
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Figure 10  The used cleaning cloths. Nonwoven fabric is on the left and terry cloth on the
right. Nonwoven fabric has an uneven surface and does not have much
porosity. Terry cloth has very porous and slightly rougher surface than
nonwoven fabric.

After that, the cleaning tests with water were performed. These tests were also done by using
both cleaning cloths, nonwoven fabric, and terry cloth. First water sector was cleaned by
using combination of water and nonwoven fabric. The cleaning time was one rotation of the
roll (20 seconds). Second water sector was cleaned with terry cloth and the cleaning time
was same (one rotation, 20 seconds). As in ethyl acetate cleaning test, the dirty sectors were
left between the cleaned sectors to comparison.

After the water and ethyl acetate were tested, the two last sectors were cleaned with cleaning
cloths without using any cleaning chemical to compare the effect of dry cleaning to chemical
cleaning. Cleaning time for both sectors were one rotation, i.e., 20 seconds. First sector was
cleaned with nonwoven fabric and second with terry cloth. Again, the uncleaned sector was
left between cleaned sectors. In each test, where the cleaning chemical was used, the used
cleaning cloth were soaked throughout with cleaning chemical. The temperature of the roll
during experiments were 24 °C. The temperature of the used water was 25 °C. The used

cleaning chemical and cloth combinations and cleaning times are shown in Table VI.
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Table VI Cleaning chemicals, cloths, and time used in different sectors in chill roll
cleaning experiments.

Sector Cleaning chemical Cloth Cleaning time
(rotations / time [s])
1 Ethyl acetate Nonwoven fabric 1/20
3 Ethyl acetate Terry cloth 1/20
4 Water Nonwoven fabric 1/20
6 Water Terry cloth 1/20
7 - Nonwoven fabric 1/20
9 - Terry cloth 1/20

In addition to the cleaning tests in the above sectors, both cleaning chemicals were tested at
the edges of the roll, where white powder accumulates during production. Both ends were
cleaned by using terry cloth. First edge was cleaned with water and roll rotates once about
its axis during cleaning. Second end was cleaned with ethyl acetate and the cleaning time
was same one rotation. The aim of these tests was to compare the currently used cleaning

chemical and potential new one. Also, the effect of the used cleaning cloth was studied.

5.7. Chill roll cleaner

Based on the literature search, the one of the three chill roll cleaner manufacturers was
selected for further considerations. The selected company was Fastpap because of its
location and the possibility of solvent free cleaning. A possible limiting factor for the
suitability of the device is the space in the vicinity of the chill roll of the production line.
The aim of contacting the company was to find out the possible suitability of the device for

the production line.



43

6. Results

During experiments, the six residue samples, that were collected during production of four
different material (Film FF, Film PA, Film XX PA, and Film XX+), and seven raw material
samples, were analysed. All the samples were analysed with FTIR and the melting points of
samples were measured. Also, the solubility of three of the residue samples (Film FF, Film
PA and Film XX PA samples collected from the edges of the roll) to water were examined.
The solubility parameters for water and residues from the edges of the roll were determined.
The selected cleaning chemical was tested in practice, and it was compared to the currently
used ethyl acetate. In addition, one chill roll cleaner was studied in more detail. The results

obtained from these are presented in the following sections.

6.1. FTIR analyses

FTIR measurements were performed with two different devices, Thermo Scientific Nicolet
iIS10 (device A) and Perkin Elmer FT-IR spectrometer Frontier™ (device B). Results from
both devices for the residue samples from the edges of the roll are shown in Figure 11.
Spectra obtained from device A were compared to the device library to find similarities.
Similarities for Film FF, Film PA, and Film XX PA samples collected from the edges of the
roll was found from spectrum of e-Caprolactam. e-Caprolactam is the raw material of
polyamide-6 (PA-6) (Ebnesajjad 2013, p. 8, Wypych 2016, p. 215). Thus, residue samples
spectra were compared to the spectra of PA-6 used in the production to find out if there are
any similarities between residue and raw material spectra. Results from these are shown in

Figure 12.

According to the device A library, the fit of the three samples collected from the edges of
the roll to the spectrum of pure e-Caprolactam was between 82.43 and 84.73 %. Fourth
sample (Film XX+) did not have any considerable similarities from the library. To support
the library of device A, pure -Caprolactam (Merck, purity 98 %) was analyzed by FTIR so
that the spectra obtained from device B could also be compared with those of e-Caprolactam.

The comparison of the residue samples from both devices to e-Caprolactam are shown in
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Figure 13. At wavenumbers of 2700-1800 cm™, no peaks were observed during the analysis

of any of the samples, so that wavenumber range has been disregarded in the figures.
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Figure 11  Absorbances of four products residue samples from the edges of the roll as a function of wavenumber. The residue samples were

analysed with two different devices from which the device A results are shown in the upper figure (a) and the device B results in

lower (b).
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Figure 12 Absorbances of four different products residue samples as a function of wavenumber. Residue samples are from the edges of the
roll. Each figure also shows the absorbance of the PA-6 used to make the product as a function of wavenumber.
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Figure 13  Absorbance of e-Caprolactam and the residue samples of all products from the edge of the roll as a function of wavenumber. Each
figure shows absorbance of one product residue sample analysed with two different devices (device A and B).
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As can be seen from Figure 11, the spectra of Film FF, Film PA, and Film XX PA match to
each other very well in both devices. All the peaks are in same wavenumbers and the heights
of the peaks are close to each other. Spectra of Film XX+ instead, differs a lot from all other
spectra. However, a few similarities can be observed, for example at the wavenumbers of
3000-2800 cm™* and 1700-1400 cm™. At these wavenumbers, the peaks of the spectra are at
the same points, but their intensities differ. Intensities may differ depending on modification
of spectra or settings of the analyse. However, all the spectra are modified in the same way,
S0 it cannot be expected to cause differences in intensities. Thus, most of the differences in
intensities are most likely caused by used measurement device. When comparing the Film
XX+ spectra obtained from devices A and B, they seem to be close to each other.

In Figure 12, the spectra of residue samples were compared to the spectra of used PA-6 raw
material. The spectrum of Film FF, Film PA, and Film XX PA have the similarities to PA-6
spectra at the wavenumbers of 3000-2800 cm™ and 1700-1600 cm™. Also, the same
similarities at the same wavenumbers can be detected between Film XX+ and its raw
material. However, there are many differences between raw materials and each product
residues and thus, based on the Figure 12, none of the residue samples is the polyamide used

in production.

In Figure 13, the comparison is made between residue spectra and e-Caprolactam. The
spectrum of Film FF (Figure 13a) from device B is almost identical to spectrum of e-
Caprolactam. Also, the results from device A corresponds the spectrum of e-Caprolactam,
even though the intensities of the peaks at higher wavenumbers are little bit stronger.
However, these intensity differences might be due to used analyse device since e-
Caprolactam sample was analysed with device B.

The spectra of Film PA (Figure 13b) from both devices also corresponds the spectra of -
Caprolactam. Again, there are differences in peak intensities, but the wavenumbers of the
peaks are identical. The spectra of Film XX PA (Figure 13c) are as the spectra of Film FF,
I.e., the spectrum from device B is almost identical to the spectrum of e-Caprolactam and
the spectrum from device A differs only for intensities of the peaks. There is only one little
difference between spectra from device B and e-Caprolactam at the wavenumbers of 1150-
1000 cm. However, this is not significant for the results, as the samples clearly correspond
to the spectrum of e-Caprolactam. The spectrum from device A has the peaks at the same

wavenumbers as the e-Caprolactam over the entire wavenumber range (4000-500 cm™2).
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The spectra of Film XX+ (Figure 13d), however, are not as all the others. Figure 13 confirms
the above observation from Figure 11 that the spectra from devices A and B correspond well
to each other. However, there is a lot of differences for the spectrum of e-Caprolactam. There
are clear high single peaks in the Film XX+ spectrum over the entire wavenumber range,
whereas much oscillation is observed in the spectrum of e-Caprolactam at lower
wavenumbers. The peaks at wavenumbers of 3000-2800 cm™ and 1700-1600 cm™ are the
only slightly clearer correspondences between Film XX+ and e-Caprolactam spectra but

otherwise the spectra are different.

Based on the comparisons in Figure 13, it can be said that Film FF, Film PA, and Film XX
PA residues from the edges of the roll are most likely e-Caprolactam. However, the
composition of the residues in the centre of the roll cannot be confirmed based on these
results and thus the analyse was done for the Film FF and Film PA samples from the centre
of the roll. The connection between the e-Caprolactam and the Film XX+ cannot be
established and thus the residues that form on the edges of the roll during the production of
the Film XX+ cannot be confirmed by these analyses. This is also supported by the fact that
no considerable similarity was found for the composition of Film XX+ in the libraries of

device A.

As it was possible to identify Film FF, Film PA, and Film XX PA residue samples from
Figure 13 to e-Caprolactam, a raw material of PA-6, it can be concluded that the used PA-6
decompose partially back to its monomer during the production. However, the mechanisms
of decomposing and the affecting parameters cannot be evaluated based on these

experiments.

The degradation phenomenon of PA-6 to e-Caprolactam is noticed before. According
Sustaita-Rodriguez et al. (2019, p. 2016-2023), the PA-6 is mainly degraded to its monomer,
e-Caprolactam. However, the temperature has effect on degradation since the higher the
temperature, the more the starting material decomposes, and the more complex compounds
are formed. This effect was studied by Bockhorn et al. (1999, p. 97-110), and they noticed
that e-Caprolactam is almost only formed product in PA-6 decomposing at the lower
temperatures. However, the yield of e-Caprolactam remains below 5% up to 350 °C. When
temperature increases over 400 °C, the formation of other products is present, and more PA-
6 is degraded. Temperatures of this high, however, are not the problem in production line

studied in this thesis, and the degradation would appear to be limited to e-Caprolactam.



52

In addition, the effect of water and moisture on the degradation of PA-6 has been reported
in the literature (Deshoulles 2022, p. 1-9, La Mantia et al. 2002, p. 1899-1903, Deshoulles
et al. 2021, p. 1-8). For example, Deshoulles et al. (2022, p. 1-9) mention that PA-6 can
undergo both reversible and irreversible reactions with water and these can lead to the chain
scission of the polymer. Also, the presence of oxygen increases the chain scission. Thus, the
moisture in PA-6 granulates might be one affecting factor to the degradation of PA-6 in

extrusion process.

The Film PA sample collected from the center of the roll was analyzed with device A and
results from this is shown in Figure 14. In the same figure, there is a comparison to the
spectrum of the Film PA sample obtained from the edge of the roll. The comparison to device
A library was done and the best match was found with stearamide (88.72 %). There was also
other 84.59 % match with N,N’-Ethylene bis(stearamide), that should be considered.

The Film FF sample from the center of the roll was also analyzed. Comparison to the Film
FF sample from the edge of the roll was done and results are shown in Figure 15. The
comparison to device A library results same as in analyze of Film PA sample from the center
of the roll. Best match is for Stearamide (89.98 %). However, other considerable similarity
between sample and the library differs from the Film PA sample, since the second-best match
was with PE (89.53 %). Both samples from the center of the roll are also compared to e-
Caprolactam as a confirmation that residues in center and edge of the roll do not completely
match. The comparison between Film FF and Film PA samples from the center of the roll is

also done. Results of these comparisons are shown in Figure 16.
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The spectra of the Film PA samples from the edge and the centre of the roll are compared in
Figure 14. The clear similarities can be obtained in wavenumbers of 3000-2800 cm™ and in
1600 cm™. A large oscillation downwards of 1500 cm™ can also be observed in both spectra,
but there are no clear similarities in peaks below the wavenumber of 1500 cm™. Based on
Figure 14 comparison of the spectra it can be confirmed that the residues at the edges and in

the middle of the roll are not the same compounds.

However, the composition of Film PA sample from the centre of the roll cannot be confirmed
clearly with FTIR experiments, since there are two possible options, stearamide and N,N’-
Ethylene bis(stearamide), what residues might be according the library of device A. There
is also possibility that the residues are something else than the comparison suggests. Both
suggested components are used as an additive in plastics (National Center for Biotechnology
Information 2022a, 2022b). However, the additives and raw materials used in production

line do not contain these two components that reference library suggests.

In Figure 15, the Film FF samples are compared. At the higher wavenumbers, the clear
similarities can be observed between wavenumbers of 3000 and 2800 cm™. All three peaks
in this area are at same wavenumbers but their intensities vary. Samples have also one clear
correspond at wavenumber of 1650 cm™. In other respects, the samples from the center and
the edge of the roll do not match. According to the comparison, the composition of residues
in center of the roll differs from the residues from the edge of the roll, i.e., the results are

same as with Film PA.

In Figure 16, the comparison between Film FF and Film PA samples from the centre of the
roll is made. Both samples are compared also to the e-Caprolactam. Film FF and Film PA
spectra have identical peaks between wavenumbers of 3500 and 2700 cm™. Both samples
have also peak at wavenumbers of 1700 and 1650 cm™. Large oscillation can be observed
from both spectra between 1500 and 500 cm™ and there are noticeable similarities in that
range. However, the differences can be also noticed. Based on Figure 16, the Film FF and
Film PA samples from the centre of the roll contain the same components, although there

may be slight differences in composition.

The similarities between both residue sample and e-Caprolactam spectra are a three-pronged
peak at wavenumbers 3000-2800 cm, a single peak at 1650 cm™, and a large oscillation

from 1500 cm™ downwards. Even though, the peaks observed at low wavenumbers hardly
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meet between spectra but there are also similarities. For example, the peaks at wavenumbers
of 1500-1350 cm™ are almost identical when comparing Film PA and e-Caprolactam. Also,
the peak in Film FF spectrum at wavenumber of 1400 cm™ corresponds the peak in e-
Caprolactam spectra. However, there is also lot of peaks in the spectra of Film FF and Film
PA samples which are not in the e-Caprolactam spectrum. Therefore, it can be deduced that
Film FF and Film PA samples from the centre of the roll do not have completely same
composition than residues in the edges of the roll. However, there is possibility of the

presence of g-caprolactam.

Since the Film FF and Film PA samples from the center of the roll differs from the -
Caprolactam and samples from the edge of the roll, and the library comparisons found
indications of raw materials used in the film layer against the roll, the comparison to the raw
materials used in the layer against the surface of the roll were made. Results from these
comparisons for Film PA sample from the center of the roll are shown in Figure 17 and
Figure 18. Same comparisons were made for Film FF sample from the center of the roll and

results are shown in Figure 19 and Figure 20.
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In Figure 17, the similarities in spectra between Film PA residue sample from the centre of
the roll and used polyethylene are shown. The only similarities are the peaks at wavenumbers
of 2950-2800 cm™ and 1450 cm™. Thus, it is possible that ethylene accumulates on the
surface of the roll and causes peaks in the FTIR spectrum at the above-mentioned
wavenumbers. However, there are also many different peaks in the spectrum of the sample
at different wavenumbers compared to the spectrum of the pure raw material. Thus, it is also
possible that ethylene does not accumulate on the surface of the roll or there are some other
components that are accumulating to the surface of the roll during production. Hence,

converging peaks in the spectra may be also caused by another substances.

When additives spectra are compared to the Film PA sample spectrum in Figure 18, the more
similarities can be observed than between polyethylene and residue sample. When
comparing the spectra, both additives have congruent peaks with the sample at wavenumbers
of 3000-2800 cm™, 1650 cm™, 1450 cm™, and about 700 cm™. On closer inspection,
however, the slip-agent has more similarities to the spectrum of the sample than the other
additive. For example, at wavenumbers of 3400 cm™ and 3200 cm, there is little peaks in
the spectra of slip-agent and these peaks corresponds the spectrum of the Film PA sample.
These peaks cannot be detected from the spectrum of another additive. Also, the antiblock
spectrum differs from other spectra at wavenumbers of 1200-900 cm®, where there is one
high peak that did not exist on the other spectra. In general, it can be said that, from the
additives, the sample spectrum corresponds better the spectrum of slip-agent. Similarities
are stronger at higher wavenumbers since sample spectrum have much oscillation at lower
wavenumbers and slip-agent do not. This oscillation at the lower wavenumbers might be due

another component, for example, g-Caprolactam.

In Figure 19, the polyethylene spectrum has four peaks over the whole wavenumber range.
Corresponding peaks can be found in the spectrum of Film FF. At wavenumbers of 2900
and 2800 cm?, the peaks differs only in intensities. At lower wavenumbers, about 1500 cm-
1 and 700 cm™, the peaks are almost identical. Based on the comparison to the device A
library and the Figure 19, the residues from the used PE are possibly accumulated in the

surface of the roll during production of Film FF.

Film FF sample comparison to used additives (Figure 20) corresponds the comparison of
Film PA sample and additives. The same peaks at wavenumbers of 3000-2800 cm™, 1650

cm?, 1450 cm™, and about 700 cm™, can be observed from all the spectra. However, the
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closer look shows that used slip-agent have more similarities to Film FF sample than the
other additive. Therefore, it is possible that both additives are accumulating to some extent
to the surface of the roll, but the amount of the slip-agent might be more significant. Based
on Figure 19 and Figure 20, the residues at the centre of the roll from Film FF production
are partly components from the layer against the roll surface (PE and additives). However,
the oscillation in FTIR spectra at the lower wavenumbers shows that there are also other

components that are accumulating to the roll surface.

6.2. Melting point measurements

Melting point measurements were performed for a total of 13 samples. Seven of these were
raw material samples and the results of these are shown in Table VII. In Table VII, there are
also melting points of raw materials as reported by the manufacturers. The melting points of
the six residue samples are shown in Table VIII. Heat flows of all samples as a function of

temperature from residue sample measurements are shown in Figure 21.

Table VII  Melting points of raw materials according to measurements and manufacturers.

Raw material Melting point Melting point according Reference

(measured) [°C] to manufacturer [°C]

MPE Marlex 121 90-140 (Chevron Phillips

Chemical Company LLC
2022)

PE-LLD Dowlex 132 124 (Dow 2022)

PolyPlus SL LD 122 - -

PolyPlus AB 108 - -

Alphalon PA 222 220 (Grupa Azoty 2022)

Domamid PA 229 220 (Domo Chemicals 2022)

Lanxess PA 230 222 (Lanxess 2022)

Based on the measurements, each of the measured melting points of polyamide slightly
differs from the melting points reported by manufacturers. However, the differences are not

significant and temperatures (measured and reported by the manufacturers) are at values
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typical of PA. Measured melting point of the first PE is in the temperature range reported by
manufacturer. The melting point of second PE differs little from the value of manufacturer,
but it has no effect to the results. The temperatures of additives are in the same range as the

melting points of polyethylene.

Table VIII  Melting points of the residue samples.

Sample Melting point [°C]
Film FF

Edge of the roll 71

Centre of the roll 80
Film PA

Edge of the roll 73

Centre of the roll 73
Film XX PA

Edge of the roll 73
Film XX+

Edge of the roll 97

As can be seen from Table VIII, melting points of Film FF, Film PA, and Film XX PA
samples from the edge of the roll are at the same range (about 72 °C). Melting point of Film
XX+ sample from the edge of the roll differs from others about 25 °C. Melting points of
residue samples from the edges of the roll partially confirms the results from FTIR analyses.
Three residue samples from the edge of the roll (Film FF, Film PA, and Film XX PA) are
most likely e-Caprolactam, and the fourth residue sample (Film XX+) is unknown. The
structure of the Film XX+ differs from the other three products in the outermost layer, and
this may affect the formation of e-Caprolactam. This might have effect on different melting
point. The melting point of e-Caprolactam is about 70 °C (ILO International Chemical Safety
Cards 2009). The melting points of residue samples from the edge of the roll and e-
Caprolactam are close to each other. Based on melting points and FTIR spectra, it can be
deduced that Film FF, Film PA and Film XX PA residue samples from the edge of the roll
are e-Caprolactam.

The melting point of the Film PA sample obtained from the center of the roll is in same range

than those samples which are most likely the e-Caprolactam. However, based on the FTIR
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measurements, the sample might be stearamide or N,N’-Ethylene bis(stearamide).
According to the literature, the melting points of these compound are 107 °C (Rumble 2021,
p. 416) and 135-146 °C, (ILO International Chemical Safety Cards 1997), respectively.
Thus, the melting point obtained is inconsistent with the melting points of suggested
compounds found from the literature, and the results of the melting point experiments do not
support the result of the comparison to the device A library. However, since neither of the
components suggested in the library comparison is found in the raw materials used, the
melting points of stearamide and N,N’-Ethylene bis(stearamide) cannot be compared. Also,
as the similarities were found between both residue samples from the center of the roll and
raw materials used, the comparison to the device A library can be rejected. The residues in
the center of the roll are most likely a mixture of different compounds and thus the melting

point cannot be connected into a particular component.

The melting point of the Film FF sample from the center of the roll is little bit higher than
Film PA sample from the center of the roll. This melting point also differs almost 10 °C from
the melting point of Film FF sample from the edge of the roll. Based on the library
comparison, a connection is found between the sample and the stearamide. Also, the
connection between PE and Film FF residues was found in library comparison. As
stearamide is not found in the raw materials used and the melting point of PE is significantly
higher than the measured value of the residues, it is not possible to determine from the

melting points what is the composition of residues from production of Film FF.
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Figure 21  Heat flows of residue samples as a function of temperature. Sample 1 of the
Film FF and Film PA are from the edge of the roll and the sample 2 are from
the centre of the roll.

Figure 21 illustrates the differences between melting points by using the heat flows. The
melting temperature of Film XX+ is considerably higher than that of the other four samples
from the edge of the roll. When the melting point is lower (Film FF, Film PA, and Film XX
PA samples from the edge of the roll), the increase and decrease of the heat flow is sharp
near the melting point. For the Film FF and Film PA samples from the center of the roll, the
heat flow change near the melting point is so much smaller in relation to the samples from
the edge of the roll that the phenomenon cannot be observed in Figure 21. However, the

same effect for these two samples is occurring.

In contrast, at the higher melting point of the Film XX+, the increase in heat flow occurs
more slowly and stabilizes moderately fast after melting. Also, the heat flow near the melting
point is two to three times lower with Film XX+ when compared to the other samples from

the edge of the roll.
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6.3. Solubility tests

Solubility of three residue samples collected from the edge of the roll to water were tested
to confirm the findings from the FTIR and melting point measurements and test, if the water
can be used as a cleaning chemical for the residues. Also, the solubility of the pure e-
Caprolactam to the water was tested as a reference analyze. Results from these tests are

shown in Table IX.

Table IX Results of solubility tests.

Material Temperature Mass of residues in Water-soluble material
[°C] aluminium cup [mg] in the sample [%]
g-Caprolactam 20 0.7 0.9
Film FF 1.2 0.8
Film PA 20 0.6 0.6
Film XX PA 0.5 1.7
Film FF 0.8 0.4
Film PA 40 0.3 1.0
Film XX PA 0.7 1.1
Film FF 0.7 0.1
Film PA 50 0.1 0.6
Film XX PA 0.4 0.9

Based on the results (Table 1X), each of the samples are at least partially dissolved into water.
The amounts of the residues after evaporation are small but since something has remained
at the bottom of the aluminium cups, something must also have dissolved. At the temperature
of 20 °C, the amount of dissolved pure e-Caprolactam is in same quantities than the dissolved
residues. It confirms the results of the previous measurements that the residues accumulating
on the edge of the roll from production of the Film FF, Film PA, and Film XX PA are -
Caprolactam. Also at other temperatures, the amount of dissolved sample is in the same
range as pure g-caprolactam. A small difference in the amounts dissolved can be observed
when higher temperatures are used and, as a result, warmer water dissolves the samples less
well. However, the effect of temperature on dissolution efficiency cannot be entirely inferred

from the results.
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Since only about one third of the solutions were used in evaporation, the amount of the
dissolved residues might be even triple. However, this cannot be proved based on the results.
It could be possible to increase the amount of dissolved sample by adding significantly more
sample to the dissolution and prolonging the dissolution time. Also, the dissolution could be
enhanced by increasing the mixing speed of the solution. However, the aim of the solubility
tests was to confirm the assumption that the residues can be dissolved in the water. However,
the usefulness of water for roller cleaning in the process cannot be said from these results
and it will be confirmed in roll cleaning experiments. Also, findings from the FTIR analyses

of samples from the centre of the roll can be barrier to usefulness of the water in roll cleaning.

6.4. Solubility parameters

Based on the Equations 1 and 2, the Cohesive energy densities and Hildebrand solubility
parameters were calculated for e-Caprolactam and water in temperature of 25 °C. These are
shown in Table X. Also, solubility parameters for both were calculated in different
temperatures to illustrate the effect of temperature. Solubility parameters as a function of

temperature are shown in Figure 22.

Table X Cohesive energy densities and Hildebrand solubility parameters for e-
Caprolactam and water in temperature of 25 °C. Used values for e-
Caprolactam, Vim = 110.7 cm®/mol (Hansen 2007, p. 410), AHy = 75.06 kJ/mol
(Steele et al. 2002, p. 694), and for water, Vim = 18.0 cm®/mol (Hansen 2007,
p. 482), AHy = 43.99 kJ/mol (Engineering Toolbox 2010)

Cohesive energy Hildebrand solubility
density [MPa] parameter [MPa’1/2]
e-Caprolactam 655.7 25.6

Water 2306.2 48.0
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Figure 22 Hildebrand solubility parameters for e-Caprolactam and water in different
temperatures. Both water and e-Caprolactam graphs also show the variation of
+ 2 MPa'? at which dissolution should occur. Heat of vaporization and
densities for e-Caprolactam are adapted from (Steele et al. 2002, p. 693-694),
and for water from (Engineering Toolbox 2010, Engineering Toolbox 2003).

As can be seen from the Table X and Figure 22, the Hildebrand solubility parameters for -
Caprolactam and water are far from each other. The effect of the temperature is same for
both compounds (Figure 22), i.e., the solubility parameters are decreasing when the
temperature is increasing. However, the water solubility parameter decreases twice as fast
as e-Caprolactam with increasing temperature since solubility parameter of ¢-Caprolactam
is decreasing about 2 MPa'’? in temperature range under review and with water this decrease
is about 4 MPa'?. The solubility parameter calculated for water corresponds the value found

from the literature (Table I).

Based on the solubility parameters, water would not be a good solvent for cleaning of &-
Caprolactam residues from the cooling roll. However, according to Ritz et al. (2011), the
solubility of pure e-caprolactam is very high for water (82 wt % at 20 °C) and based on that,
the water might be suitable in cleaning of residues. Also, solubility tests proved that e-
Caprolactam and residues from the edges of the roll are partly soluble in water. Thus, the

solubility parameters do not necessarily express whether a particular solvent is suitable for
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the cleaning of a specific substance. Therefore, the suitability of water for e-Caprolactam

cleaning was tested in practice.

6.5. Chill roll cleaning experiments

The suitability of the water as a cleaning chemical was tested. To compare the efficiency of
water in cleaning, the current cleaning chemical, ethyl acetate, was also used in the cleaning
of part of the chill roll. Two different cleaning cloths were used to test how the material of
the cloth is affecting to the result of the manual cleaning. The efficiency of the different
cleaning cloth and chemical combinations are evaluated in the scale of 1 to 5. The purpose
of the scale is to obtain a value estimate to the visually observed effectiveness of the various

cleaning chemical and cloth combinations. Results are shown in Table XI.

Table XI Results of the cleaning experiments. Scale of the evaluation is from 1to 5 (1 =

very poor cleaning efficiency, 5 = very good cleaning efficiency).
Sector Cleaning chemical Cloth Efficiency

1 Ethyl acetate Nonwoven fabric 4

3 Ethyl acetate Terry cloth 5

4 Water Nonwoven fabric 1

6 Water Terry cloth 2

7 - Nonwoven fabric 2

9 - Terry cloth 3

1. edge Water Terry cloth 4,5
2. edge Ethyl acetate Terry cloth 3

The ethyl acetate was used with two different cleaning cloths. Nonwoven fabric is currently
used more often in cleaning of the roll. However, according to the results (Table XI), the
terry cloth worked better in cleaning of the centre of the roll when used together with ethyl
acetate. The difference between the cleaning result of nonwoven fabric and terry cloth when
used with ethyl acetate is shown in Figure 23.
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Figure 23  Difference between nonwoven fabric and terry cloth when cleaned with ethyl
acetate. On left (A) is result with nonwoven fabric and on right (B) result with
terry cloth.

As can be seen from Figure 23, both cleaning cloth and ethyl acetate combinations cleaned
the surface of the roll well enough. Uncleaned parts of the roll remained darker grey than the
cleaned parts. However, when cleaning the surface with terry cloth, the surface looked
shinier and cleaner than when cleaned with nonwoven fabric. Thus, based on visual
information, it can be concluded that the terry cloth is better option as a cleaning cloth. After
the ethyl acetate cleaning, the water was tested. The results of water cleaning tests are shown
in Figure 24.
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Figure 24  Results of water cleaning experiments. Water used with nonwoven fabric is on
the left (A). Results of terry cloth water combination is on the right (B).

In general, the water was not good option for cleaning the centre of the roll since its
efficiency was quite poor. The residues do not loosen almost at all but rather under the
influence of water and cleaning cloths, the dirt only spread during cleaning. Also, the water
remained on the surface of the roll for a long time after cleaning. A few drops of water were

visible on the surface of the roll even after 30 minutes from the cleaning.

However, the terry cloth and water seemed a slightly better combination than nonwoven
fabric and water, because terry cloth had some residues attached to it after cleaning. Also,
the terry cloth and water combination left the roll surface slightly brighter than the nonwoven
fabric and water combination. This can be seen from Figure 24. The results of water cleaning
shows that there is only little amount of e-Caprolactam in the centre of the roll if not at all.
If there is e-Caprolactam in the centre of the roll, it may also be entangled in other residues
and thus water do not loosen any particles. After water cleaning, the dry cloths were used to
see if the cleaning could be possible without any cleaning chemical. Results from these are

shown in Figure 25.
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Figure 25  Results of dry-cleaning experiments. Results of nonwoven fabric is on the left
(A) and terry cloth is on the right (B).

In general, when cleaning cloth was used alone without any cleaning chemical at the centre
of the roll, the results of cleaning were better than with water. Terry cloth loosens the
particles moderately when the dry nonwoven fabric largely only spread the residues like
terry cloth and water combination. It can be seen from Figure 25, that both dry cloths

achieved a partially cleaned surface (slightly different coloured strips).

Dry cleaning tests shows that the water is quite poor cleaning chemical for the cleaning of
the centre of the roll since dry cloth cleans the surface better than water. A common
consideration for every cleaning chemical and cloth combination used is that a terry cloth is
a better cleaning cloth option. Cleaning results of terry cloth are better with ethyl acetate,

water, and without any chemical.

After the cleaning experiments in the centre of the roll were completed and the terry cloth
was noticed to be better option for a cleaning cloth, the residues in the edges of the roll was
cleaned with terry cloth and both cleaning chemicals. First edge was cleaned with terry cloth
and water combination and as a result, all the white powder that was accumulated into edge
of the roll, was cleaned. Terry cloth and ethyl acetate were used to other edge of the roll and

as a result, only part of the residues was cleaned. These results supported the results of the
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previous analyses, that the white powder in the edges of the roll is e-Caprolactam. The

difference between results of the cleaning is shown in Figure 26.

.’- L34 8 g

Figure 26  Difference between water (A) and ethyl acetate (B) when g-Caprolactam is
cleaned from the edges of the roll with terry cloth.

As can be seen from Figure 26, the terry cloth and water combination cleaned all the particles
that were accumulated in the edge of the roll during one day of production. Only drawback
when surface is cleaned with water is that water cleaning left the surface of the roll wet.
However, this problem can be overcome by drying the surface of the roll after water
cleaning. The use of ethyl acetate together with terry cloth left the harder white particles onto
the surface of the roll. These particles were cleaned afterwards again with terry cloth and

water and all the particles were cleaned completely. This is shown in Figure 27.
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Figure 27  Surface of the second edge of the roll when cleaned with water and terry cloth
after ethyl acetate and terry cloth cleaning.

As can be seen from the Figure 27, all the white particles that were left on the surface after
cleaning with ethyl acetate and terry cloth (Figure 26), are gone. Based on the edge cleaning
experiments, some other residue particles accumulate on the edge of the roll in addition to
e-Caprolactam, as partial cleaning was also achieved with ethyl acetate. There is also option
that ethyl acetate is partially effective against e-Caprolactam. However, as the completely
cleaned surface is achieved with water and terry cloth, the use of ethyl acetate is not needed

in the edges of the roll.

As experiments show that ethyl acetate cannot be completely replaced by water, other
alternative cleaning chemicals must be found. Based on roll cleaning tests, detergents should
not be used to clean the roll as they are used in combination with water. Even if the detergent
cleans the residue from the surface of the roll, water will remain on the surface of the roll,
causing problems later in the process. By using solvents, the quick evaporation can be
achieved and therefore the cleaning chemical do not affect later in the process.

Wypych (2016, p. 178-351) suggests that toluene and xylene might be good solvents for
different forms of PE. The use of these two solvents in solvation of LDPE together with

isooctane, benzene, chlorobenzene, and trichlorobenzene were studied by Wong et al.
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(2014). From these six solvents, toluene and xylene were safest to use even though the safety
of user needs to be ensured with correct protection. When using solvents, safety risks always
exist and since rapid evaporation is one of the required properties of a cleaning chemical,
safety risks such as the risk of flammability cannot be completely eliminated. However, as
the xylene and toluene are tested to be suitable to dissolve LDPE, and the solubility
parameters of toluene and xylene are also close to PE (Table I and Table II), these two
solvents could be potentially effective solvents for removing residues from the center of the

roll.

6.6. Chill roll cleaner

The possible integration of the Fastpap’s Linesprint -chill roll cleaner to production line was
studied. Chill roll cleaners’ operation is based on the use of brush and chemical-free
technique. There are no insurmountable obstacles to the installation of the roller washer, but
more space must be provided for the washing machine at a possible installation location by
changing the positions of the rollers. In the current installation, there is a space of about 10
cm between the cooling roller and the auxiliary roller carrying the film. It is possible to
install a roller washer if this distance can be increased to 30 cm. The most optimal situation
is if the space can be increased to 50 cm.

The use of cleaning chemicals is also possible if the dry cleaning is not the efficient enough.
Two nozzles can be installed in the roll cleaner, one of which can spray water to wash the
roll and the other a washing chemical, for example ethyl acetate. There is also possibility to
use only one nozzle, from which both chemicals are dosed into cleaning. When using
chemicals, it is possible to direct the chemical, either to the brush or directly to the surface

of the roll.
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7. Conclusions

The aim of this thesis was to find ways to reduce the annual waste generated during the
cleaning of the chill roll in cast film extrusion process. To solve this problem, the
composition of the residues from the surface of the chill roll were studied by using FTIR
analyses and melting point measurements. A total of six samples from four different products
manufactured in cast film extrusion line, were studied. Products, during the production of
which the samples were taken are Film FF, Film PA, Film XX PA, and Film XX+. Based on
the analysis of residue samples, the solubility of the residues from the edges of the roll to
water were tested. By using the information obtained from these experiments, the water as
an alternative cleaning chemical for the roll cleaning were chosen and its suitability as a
cleaning chemical were tested in practice. In addition, the seven raw material samples were
analysed with FTIR and the melting points of these were measured that the comparison
between residues and raw materials were possible to made. One of the aims was also study

the use of the automation in cleaning of the chill roll.

The initial assumption before the experiments was that the same substance accumulates
throughout the surface of the roll. However, based on the results of FTIR analyses, the
composition of the residue samples from the edge and from the centre of the roll differ from
each other. From this it can be concluded that residues from different layers of the film end
up in the centre of the roll and on the edges. Residues in the edges of the roll from production
of Film FF, Film PA, and Film XX PA are g-Caprolactam. The residues from production of
the Film XX+ do not correspond the other samples from the edges of the roll and the
composition cannot be confirmed. Both these results are supported by melting point
measurements since the melting points of Film FF, Film PA, and Film XX PA corresponds
the melting point of the e-Caprolactam, and the Film XX+ sample’s melting point is about
25 °C over that.

Based on the results and the literature, the PA-6 used in the process partially decomposes
back into its monomer due to the combined effect of humidity and temperature. The effect
of moisture on the decomposition could be prevented in the future by drying the PA-6 used
before use and thus the amount of residues formed during production might be reduced.

However, these conclusions have been drawn based on experiments and studies found in the
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literature, and it is recommended to investigate the phenomenon more closely in the future

to gain an understanding of the effect of moisture in this process.

Based on FTIR analyses of the samples from the edges of the roll, solubility tests and the
fact that e-Caprolactam is highly soluble in water, the edges of the roll can be cleaned with
water when the Film FF, Film PA, and Film XX PA are produced. The water was observed
to be efficient in cleaning of residues from the edges of the roll in chill roll cleaning
experiments. Based on the solubility parameters of water and e-Caprolactam, water is not
expected to be a suitable cleaning chemical for e-Caprolactam. This discrepancy between
cleaning experiments and solubility parameters indicates that solubility parameters do not
always determine the compatibility of solvent and residue. The cleaning of the edges during
production may influence the cleaning interval of the roll and thus it may be possible to
reduce the amount of waste on an annual basis. However, the effect of this can only be
noticed in the longer term. By using water, the cleaning can be implemented during
production and the quality of the product might stay good for longer time. Also, water not

cause fire and flash hazards and thus the operational safety of cleaning can be improved.

The composition of the residues in the middle of the roll could not be unambiguously
determined by FTIR analyses, but the connection to the layer against the roll could be
deduced from the FTIR spectra. The spectra of Film FF and Film PA samples from the centre
of the roll contains same peaks than PE and used additives and all these components are
found from the layer against the surface of the chill roll. Even though, only the Film FF and
Film PA samples from the centre of the roll were analysed, the findings obtained from these
samples can be generalized to correspond the residues from other products, as the same raw
materials are used in the layer against the roll in each product studied in this thesis. However,
a specific composition could not be determined from the FTIR analyses and the residue
adhering to the roll is likely to contain all the raw materials used in the layer or their
degradation products. Based on the FTIR spectra, there were also indications that -
Caprolactam residues also ends up in the centre of the roll.

The possible composition of the residues from the center of the roll is not supported by the
determined melting points. The melting points of the raw materials used for the layer against
the roll are between 108 and 132 °C. However, the measured melting points of residues are
between 73 and 80 °C and thus, based on the melting points, the residues cannot be

confirmed to be from the layer against the roll. Differences in melting points between raw
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materials and residues may be due, for example, to structural changes in the polymers caused
by melting of the polymers. The possible presence of g-caprolactam may also affect the
melting point. However, the mechanisms causing the changes in melting points were not
further investigated and the exact composition of the residues was not determined.
Therefore, more detailed studies will be needed in the future if the exact composition of the

residues found in the center of the roll is to be determined.

Based on the results of the roll cleaning tests, water is not a suitable cleaning chemical for
cleaning the residue accumulating in the middle of the roll. However, it can be used to clean
the edges of the roll. The cleaning efficiency of ethyl acetate is good, but more research
should be done to replace it. Since it could be concluded from the FTIR analyzes that the
residues in the center of the roll are mainly ethylene-based, suitable solvents could be, for
example, toluene or xylene. However, more experiments are needed to ensure the usefulness
of these two solvents. If the above-mentioned solvents achieve better cleaning efficiency
than ethyl acetate, it is possible to reduce the amount of solvent and thus minimize the risks

caused by the cleaning chemical.

Based on the cleaning efficiency of the cleaning cloths, the terry cloth is a better option for
cleaning the roll when performed manually. Although, based on roll cleaning tests, water
cannot be recommended for washing the entire roll, and thus no substitute washing chemical
was found for ethyl acetate. However, the use of ethyl acetate can be further reduced by

washing the edges of the rolls with water.

There are several options on the market for automated roll cleaning. Based on further
research and contact with one company, it became clear that the device provided by the
company for automated roll washing is feasible. The company’s equipment is based on brush
cleaning with no need of using chemicals. To install the machine, more space must be made
around the roll to be cleaned by slightly repositioning one of the auxiliary rollers. The device
makes it possible to clean the roll more frequently, and cleaning can be performed, for
example, during other maintenance operations, in which case it is not necessary to stop the
production line for cleaning the roll separately. This would reduce downtime and the amount
of waste generated, thus creating savings. Further research is recommended to select the

correct brush material and final configuration.
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Based on the experiments, some of the components accumulating on the surface of the roll
could be identified. However, more experiments are needed to find unidentified components.
The use of water was found as an alternative method to clean the roll edges, but no substitute
for ethyl acetate was found to clean the roll center. To find an alternative chemical, samples
taken from the center of the roll could be, for example, dissolved in different solvents at
different temperatures under laboratory conditions. Further studies are recommended to
eliminate the safety risks caused by ethyl acetate for the process and operators if the chemical
cleaning is continued. However, these safety risks might be possible to be mitigated by

adapting the founded roll cleaner as a part of the production line.
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Appendix 1. Data for evaporation rates and flash and boiling points (Durkee 2014, p. 391-

481).
Flash point Boiling point Evaporation rate

Chemical [°C] [°C] [n-BuAc = 1]
Hexane 9.4 68.7 6.82
Acetone 1.4 55.5 5.76
Acetonitrile 35.6 81.6 2.3
Toluene 39.9 110.6 1.98
Ethyl cyclohexane 64.4 131.8 1.07
Pyridine 68 115.2 0
Cyclohexanone 111.2 155.7 0.3
D-Limonene 118 176.1 0.2
Ethyl formate -4 54.3 6.93
Methyl acetate -14 56.9 5.5
Ethanol 62.6 78.2 3.3
Acetic acid 104 118 0.97
Methanol 53.6 64.7 5.9
Ethyl acetate 26.6 76.5 4.17
Amyl acetate 71.6 149 0.42
Cyclopentyl methyl ether 31.8 106 3.5
Methyl butyl ether 14 70 7.2
Methyl propyl ketone 44.6 102.3 24
Diethyl ketone 55.4 101.7 2.3
SBP 5 -0.4 92 3.9
SBP 3 194 100 2.7
Methyl cyclohexane 25.7 100.9 2.99
Cypar 9 75.2 162 0.68
Cypar 7 194 100 3.1
Dimethyl carbonate 64.4 90 3.22
1,4-Dioxane 53.6 101.5 2.2
1,3 Dioxolane 21.2 76.5 35




